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EDITORIAL

Gene-environment interplay

he advent of increasingly powerful and inex-
pensive DNA sequencing methods is changing
many aspects of genetics research. In particular,
human genome sequencing is transforming our
understanding of many aspects of human biol-
ogy and medicine. However, we must be careful
to remember that genes alone do not determine
our futures—environmental factors and chance also
play important roles.

I recall a discussion with Nobel laureate Michael
Brown at a scientific meeting some years ago when he
described his opening lecture for a medical school human
genetics course. He asked
the class, “How would you
produce a new genetic dis-
ease in the state of Texas?”
After listening to answers
almost invariably based on
inducing mutations, Dr.
Brown described his pre-
ferred answer—he would
change the building codes
so that no doorway could be
taller than 6 feet. This would
produce a “bruised forehead
syndrome” that would be
sex-linked (more common in
males) and would also have
other predisposing genetic
factors for which variations
are associated with tall stat-
ure. His answer captures an
essential aspect of the in-
terplay between genes and
environment. Genetic vari-
ants that have evolved in one set of circumstances to be
beneficial or neutral can be quite detrimental in other
conditions. For example, many aspects of our metabolism
evolved under conditions where calories were hard to
come by. Now, in the environments of rich nations where
calories are all too easy to acquire, these genetic factors
contribute to obesity and other detrimental health effects.

Among the oldest and most powerful methods for
examining the genetic contributions to different traits
is the study of twins. In these studies, populations of
monozygotic (“identical”’) and fraternal twins are ex-
amined for the likelihood that twins share particular
traits. For example, height is highly heritable, and most
monozygotic twin pairs differ in height by less than an
inch. Nonetheless, a small percentage of such twins
show larger height differences, and these have been as-

“..genes alone do not
determine our futures...”

sociated with the occurrence and timing of early child-
hood illnesses—chance events related to environmental
factors. Other traits show much lower concordance in
twin studies. For example, if one member of a monozy-
gotic twin pair has developed the autoimmune disease
rheumatoid arthritis, then the probability that the other
member will develop it is estimated to be 15%. This is
substantially higher than the risk in fraternal twin pairs,
supporting the presence of important genetic risk fac-
tors; indeed, some important genes have been identified.
Clearly, however, other, environmental and chance fac-
tors are also important, although these remain largely
elusive at present.

Even if traits are largely
determined by genetics,
predicting these traits from
genome sequence informa-
tion can be extremely chal-
lenging. For example, in a
recent large study, variations
in more than 400 genes were
associated with differences
in adult stature that together
account for less than half of
the observed distribution in
height. This result is hum-
bling, but it should not be
surprising considering all
of the cell-cell interactions,
growth factor expression cas-
cades, and other events that
occur between fertilization
and maturity.

In addition to elucidating
genetic makeup, powerful
genetic analysis tools should enable progress in un-
derstanding environmental effects on health and other
important traits. Investigators can stratify populations
according to genetic makeup and inferred genetic risk
as a prelude to examining environmental factors, just as
has been done with monozygotic twins. Without tools
for such stratification, the effects of genetic and envi-
ronmental factors are entangled in ways that greatly
obscure insight. This is particularly important because
precise and accurate measurement of environmental
exposures, including diet, materials in our surround-
ings, and stress, is a great challenge. New technologies
such as wearable devices that monitor personal char-
acteristics and, perhaps, environmental exposures may
help in this regard, but only time will tell.

-Jeremy Berg

Editor-in-Chief,
Science Journals
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&& One of her favorite expressions is the four-paw pounce.
Take her a weak idea and you'll get the four-paw pounce.99

William Madia, vice president of the Stanford Linear Accelerator Center in

Menlo Park, California, on the high standards of Department of Energy Deputy Director for
Science Programs Pat Dehmer, who steps down 10 November. http://scim.ag/Dehmerretire

IN BRIEF

At 5.8 kilometers above the comet'’s surface, Rosetta snapped an image of curious, 3-meter-wide “goosebumps” in deep pits on the comet; these may be its building blocks.

Rosetta’s last moments, in pictures

t was an unusual grand finale. The crowded
European Space Agency operations center in
Darmstadt, Germany, waited in silence. Then, the
signal from the descending Rosetta mission simply
stopped, at 1:19 p.m. local time—some 40 minutes af-
ter the spacecraft had, presumably, landed on comet
67P/Churyumov-Gerasimenko, because of the time the
signal takes to reach Earth. Mission controllers hugged
each other, and there was gentle applause from onlook-
ers. Seven of Rosetta’s instruments kept gathering data
until the end. Holger Sierks, principal investigator of
the 12-year mission’s main camera, showed the gathered

staff, officials, and journalists Rosetta’s final picture: the
comet’s rough, gravelly surface, with a few larger rocks
covering an area 10 meters across. “It’s very crude raw
data ... but this will keep us busy,” Sierks said. The mis-
sion achieved many firsts: orbiting a comet for the first
time; landing on a comet, twice; finding organic mole-
cules that could be the building blocks of life; and show-
ing that the water on the comet is unlike that on Earth,
confounding theories that comets supplied our planet
with water. Said Patrick Martin, the mission manager:
“Farewell Rosetta, you’ve done the job. That was space
science at its best.”

AROUND THE WORLD

Acquittal ends L'Aquila saga

ROME | Seven years of legal and scientific
wrangling ended last week when a judge
cleared an Italian official of manslaughter
charges in connection with the deadly 2009
earthquake in the city of L’Aquila. Guido
Bertolaso, head of Italy’s Civil Protection
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department at the time, was accused of
sending a panel of scientists to L’Aquila in
the days before the disaster to falsely re-
assure citizens that hundreds of small
tremors essentially ruled out a major quake.
Judge Giuseppe Grieco acquitted Bertolaso
on 30 September, and as a result of Italy’s
“period of limitation,” time has already

run out for prosecutors to appeal. The trial

followed that of seven scientists found

guilty of manslaughter in 2012 because they
allegedly reassured L’Aquila residents. The
convictions of six of them were later over-
turned (Science, 14 November 2014,

p. 794), but one, Bertolaso’s deputy, Bernardo
De Bernardinis, was confirmed with a lesser
2-year sentence, which will remain sus-
pended. http://scim.ag/BertolasoLAquila
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Kratom gets a reprieve

SPRINGFIELD, VIRGINIA | A Southeast
Asian plant that has become a popular
remedy for chronic pain remains legal—for
now. The Drug Enforcement Administration
(DEA), headquartered in Springfield,
Virginia, on 30 August announced its
plans to place the two active ingredients

of Mitragyna speciosa, a tropical evergreen
related to coffee, on its Schedule I listing

of the most restricted drugs as early as

30 September. The news prompted a
backlash, and as of 4 October, when Science
went to press, the ingredients remained off
the list. More than 140,000 people signed a
petition urging the White House to block the
listing; last week 51 members of the House
of Representatives signed a letter asking
DEA to allow more time for scientists and
the public to weigh in on the potential ben-
efits of kratom. The letter cites two research
projects investigating its potential to help
people suffering from opioid withdrawal.
Kratom advocates hope for an indefinite
postponement, but a DEA spokesperson told
U.S. News & World Report last week: “It’s not
a matter of if, it’s just a matter of when.”

Ideology shapes views on climate

WASHINGTON, D.c. | Political ideology
shapes what U.S. citizens think about cli-
mate researchers and their findings, suggest
the results of a survey conducted in May by
the Pew Research Center. Some 1534 adults
answered questions about their trust in cli-
mate scientists and the role scientists should
play in setting climate policy. The results,
reported this week, revealed sharp divi-
sions along party lines: Seventy percent of
liberal Democrats said they trusted climate
scientists “a lot,” compared with only 15% of
conservative Republicans; 45% of conserva-
tives had “little or no trust” in scientists,
compared with only 6% of liberals. Some
57% of conservative Republicans cited career
advancement as a major driver of scientists’
conclusions, compared with 16% of liberal
Democrats. And 90% of respondents who
care a lot about climate change said that sci-
entists should play a major role, compared
with 34% who don’t care. As for trustworthi-
ness: Thirty-nine percent of all respondents
said scientists are trustworthy on climate
issues—scoring well above the media, at 7%,
and elected officials, at 4%.

U.S. shutdown averted
WASHINGTON, D.c. | The U.S. govern-
ment remains open after Congress passed a
10-week budget extension on 28 September
that freezes agency spending at current
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Trudeau says Canada will put a price on carbon

As federal, provincial, and territorial environment ministers met in Montreal, Canada,
this week to hammer out a national carbon reduction plan, Prime Minister Justin
Trudeau dropped a bombshell on their negotiations. He announced to the House

of Commons on 3 October that in 2018, Ottawa will impose a pan-Canadian tax on
carbon, at $7.62 per metric ton minimum. The tax will rise by $7.62 each year, up to
$38.11 per metric ton in 2022. Some provinces and territories already have plans to
help meet Canada’s carbon emissions reduction goal: British Columbia and Alberta
have introduced carbon taxes, and Ontario and Quebec began cap-and-trade systems
to buy and sell emissions permits. But with Trudeau's announcement, the government
will impose a tax on provinces and territories that don't pick an approach. Provincial
reaction ranged from tacit approval to outrage: Three provincial environment ministers
protested the announcement by walking out of the high-level meeting. Meanwhile,
some critics say carbon pricing isn't enough, and that the country will also need strong
regulations to meet its climate targets. Trudeau said he would meet with provincial and
territorial ministers in December to finalize his plan. http://scim.ag/Canadacarbon

levels. The so-called “continuing resolution”
provides $1.1 billion to combat Zika, but
otherwise postpones a final decision on any
proposed budget hikes for the 2017 fiscal
year that began on 1 October until after the
8 November elections. Republican leaders
say they hope to pass a new blueprint for
federal investment in biomedical research
after the elections, and bills to reauthorize
programs at NASA and the National Science
Foundation are also awaiting action.

NEWSMAKERS

Three Qs

The new top scientist at NASA has spent
the past 2 decades as a solar physicist at

the University of Michigan, Ann Arbor. But
Thomas Zurbuchen, who this week became
associate administrator of NASA’s science
mission directorate, says he’s well versed in
all aspects of the agency’s $5 billion port-
folio, from earth and planetary science to
astrophysics and heliophysics.

Q: What do you want to accomplish?
A: There’s an amazing program going

Published by AAAS

on right now, and I'll focus on executing
that program to its success. [I also want]
to build the future—to create success by
working with the team that’s there. I look
forward to building consensus.

Q: How will your background inform your
new role?

A: If you look carefully, you’ll see that I've
done more than heliophysics. I had an
instrument on the MESSENGER mission
[to Mercury], and I’ve written papers on
intergalactic issues. I've worked in all
phases of a mission; from the drawing
board to an instrument crashing onto the
planet Mercury after a successful mission
and everything in between.

Q: Any particular missions or ideas you're
excited about?

A: The knowledge in many fields is
exploding. Look at the planetary side:

The evidence for life and organics and
other exciting processes is coming up in a
variety of measurements, whether it’s on
Europa, or Mars, or elsewhere. That’s really
reformulating and redefining some of the
questions we're asking.
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BIOMEDICINE

Battle over rare disease drug ensnares NIH

Firms and parents of kids with fatal condition clash over drug delivery and role of agency

By Meredith Wadman

he National Institutes of Health’s

(NIH’s) ambitious center devoted to

speeding research from bench to bed-

side regularly touts an experimental

drug for a rare metabolic disorder as

one of its first big successes. But a bit-
ter fight involving NIH, two companies, and
opposing camps of researchers and parents
of children with the fatal condition is mar-
ring the triumph. The flashpoints include
how to administer the drug and whether the
5-year-old National Center for Advancing
Translational Sciences (NCATS) in Bethesda,
Maryland, has tilted the commercial playing
field in favor of one company. A disgruntled,
competing firm has even sent a letter to
Francis Collins, the director of NIH, with cop-
ies to several members of Congress, complain-
ing that the agency is “choosing winners
and losers in the development programs of
private enterprises.”

The furor surrounds the use of cyclo-
dextrins, a family of doughnut-shaped sugar
molecules, to treat Niemann-Pick type C-1
(NPC), a lethal, inherited disease that pre-
vents the body from metabolizing cholesterol
and other lipids. The resulting accumulation
of fats harms the brain, liver, and lungs. It is
almost always the brain damage that Kills,
often by the time children reach their teens.

Over the past decade, researchers work-
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ing with cat and mouse models of NPC have
shown that cyclodextrins can alleviate symp-
toms and slow progression of the disease.
Although their mechanism of action isn’t
fully understood, cyclodextrins readily bind
cholesterol, depleting it from cells in cul-
ture. As word of the animal findings spread,
a number of desperate parents obtained U.S.
Food and Drug Administration approval for
their physicians to administer the drug un-
der “compassionate use” protocols. Their
experiences produced anecdotal reports
of improvements.

Meanwhile, to conduct lab studies of the
compound and then formal human safety tri-
als, NCATS was orchestrating a collaboration
between several extramural investigators, six
NIH institutes, and a handful of foundations
launched by parents of children with NPC.
In December 2014, the center entered a co-
operative research and development agree-
ment under which Vtesse, a Gaithersburg,
Maryland, company, took over the therapy,
speeding the drug into a pivotal, late-stage
clinical trial in the space of 18 months. This is
“a huge win for us, for patients: having gotten
this compound through the so-called Valley
of Death in this kind of collaborative team-
based way in a remarkably short time and
successfully handed it off to private industry;”
says NCATS Director Chris Austin.

But Vtesse has a rival, which is starting
clinical trials of its own cyclodextrin. CTD
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Holdings, a small, Gainesville, Florida-based
company that makes cyclodextrins for a broad
variety of purposes, became aware of their po-
tential as an NPC treatment after being con-
tacted by Chris and Hugh Hempel, the parents
of twin girls with the disease. Last month,
it won regulatory approvals in the United
States and the United Kingdom to launch
trials studying the safety and pharmaco-
logical effects of Trappsol Cyclo, the cyclo-
dextrin it has developed for NPC treatment.
Whereas Vtesse’s clinical trial delivers its
drug, VTS-270, directly into the cerebrospinal
fluid by lumbar puncture, CTD will test intra-
venous (IV) administration.

That difference is at the heart of the multi-
faceted dispute. To most effectively attack
neurological symptoms, the drug must reach
the brain, and cyclodextrin is a large mol-
ecule that does not cross the blood-brain
barrier. That’s why Vtesse, and before it the
NCATS-convened team, chose the “intra-
thecal” route, into the cerebrospinal fluid.
Vtesse says that unpublished results from
an earlier trial when the drug was still being
shepherded by NCATS showed that children
with NPC who received the drug intrathecally
had “significantly” less neurological progres-
sion after 12 and 18 months than a control
group of untreated children. It is now run-
ning a late-stage, randomized, double blind,
sham-controlled trial of its intrathecal cyclo-
dextrin in children and teens with NPC in the
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Hugh and Chris Hempel, whose daughters Addi (left)
and Cassi have Niemann-Pick type C-1 and receive
cyclodextrin intravenously and via spinal injections.

United States and Europe, with additional
trial sites awaiting approval in Australia.

How the drug could aid the brain if instead
given intravenously is unclear, but some data
suggest it can. In mouse models of the dis-
ease, cyclodextrin administered peripherally
delayed disease onset, reduced brain accu-
mulation of fat, and lengthened life signifi-
cantly, several published studies have found.
In presentations this summer, CTD represen-
tatives reported anecdotal cases of neuro-
logical improvements—such as in motor
skills and speech—in children treated intra-
venously with the company’s cyclodextrin on
a compassionate use basis, includ-
ing the Hempels’ daughters. The
company further notes that the IV
delivery method may protect other
organs affected by NPC.

The suggestion that the IV form
of the drug can cause meaning-
ful neurological improvements in
children enraged some parents,
however. At a June meeting in Tus-
con, Arizona, of the Ara Parseghian
Medical Research Foundation
“all hell broke loose,” recalls bio-
chemist Elizabeth Neufeld of the
University of California, Los Ange-
les, an expert in lysosomal storage
diseases including NPC. “I have
never seen anything like that at a
meeting.” The tensions continued
at an August meeting of the Na-
tional Niemann-Pick Disease Foun-
dation in Danvers, Massachusetts.

Some parents and scientists
charge that CTD is promising
brain improvements its drug can-
not deliver and siphoning rare patients who
might otherwise enroll in the Vtesse clinical
trial. “If you are going to try to start selling
parents on ‘You don’t need to do intrathecal,
you are putting children at risk in my opin-
ion. I got very upset,” says Philip Marella,
who lost his daughter at 19 to the disease
and whose 17-year-old son is receiving cyclo-
dextrin intrathecally as part of Vtesse’s trial.
“If we could hold the neurological symptoms
off some other way than giving my son a spi-
nal tap every 2 weeks, believe me I would
doit”

Some NPC researchers not connected to
Vtesse echo such concern. “This is a neuro-
logical disease and to have the best hope of
helping the kids, the drug has to get into the
brain,” says biochemist Suzanne Pfeffer of
Stanford University in Palo Alto, California.

Yet some parents of children with NPC
are supportive of CTD’s proposed trial and
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equally adamant that the IV route should
be an option. “Not all NPC patients present
with neurological complications. To general-
ize about a condition that is highly hetero-
geneous misses the point entirely;” Chris
Hempel says. “Intrathecal therapy alone is
not enough for him,” adds Shannon Reedy,
whose 7-year-old son Chase has NPC. “I can
tell you with certainty that after beginning
just intravenous [cyclodextrin] my son began
rapidly adding vocabulary and had improved
swallow studies. His fine motor improved
markedly as well.”

A European NPC expert, who has no ties to
either company and wishes to remain anony-
mous, says that a clear case can be made for
testing IV-only cyclodextrin treatment of the
disease—for instance, in families that may

Andrew and Dana Marella, in 2012. Dana died in 2013. Now 17, Andrew receives
cyclodextrin by spinal injection in a clinical trial. An estimated 43 babies are
born with Niemann-Pick type C-1in the United States each year.

not want to expose their children to the
more invasive intrathecal procedures, and
in adults who develop a later-onset form of
the disease that progresses more slowly. This
researcher says that the CTD trial, which is
enrolling adults in the United States and
children in Europe, should resolve whether
IV therapy has no neurological benefit, as
critics contend.

In a new twist, two Vtesse-affiliated, NIH-
funded scientists are proposing their own
trials of IV delivery. The development has
infuriated CTD, which is criticizing NIH and
several of its intramural and extramural in-
vestigators who study NPC. In a 19 August
letter to Collins, attorneys representing CTD
warned that NIH will undermine the com-
pany if it supports the two proposed trials,
which would test IV delivery of Vtesse’s cyclo-
dextrin in babies and children, in hopes of
protecting their livers and other organs that
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intrathecal delivery cannot reach.

One of the proposals lambasted by CTD
comes from Forbes Porter of NIHs Eu-
nice Kennedy Shriver National Institute of
Child Health and Human Development in
Bethesda, who ran the NCATS-sponsored
early human studies of the cyclodextrin that
became VTS-270 and who now co-chairs
Vtesse’s Scientific Advisory Board. Porter
would give the drug intravenously to affected
children and monitor markers of chronic
liver inflammation and liver lipid and cho-
lesterol storage. In the other proposal, Daniel
Ory, who studies NPC biomarkers at Wash-
ington University in St. Louis in Missouri and
is a member of Vtesse’s Preclinical Scientific
Advisory Board, is seeking NIH funding to
test VTS-270 intravenously in NPC newborns
suffering from aggressive liver
disease because of fat accumula-
tion. The hope is that they might
be spared liver transplants or
downstream cancer or cirrhosis.
In a second arm, Ory would add IV
therapy to the regime of children
receiving the drug intrathecally.

“Why would NIH launch an
intravenous trial? That’s a dupli-
cation of effort,” charges develop-
mental neuroscientist Sharon
Hrynkow, CTD’s senior vice presi-
dent of medical affairs and former
acting director of NIH’s Fogarty
International Center. “It’s a waste
of taxpayer dollars, because it is al-
ready being done by CTD.”

CTD’s complaints are “troubl-
ing” because the duplication of pri-
vate sector work “is exactly what
NCATS is not doing,” Austin says.
“We don’t have any more control
over what Vtesse is doing than I
have over the Washington Nation-
als. ... In fact, NCATS did exactly what the
congressional legislation that established it
said: to de-risk something just to the point
where it can be licensed to the private sector.”

N. Scott Fine, CTD’s CEQ, is not placated.
“There is no line between Vtesse and NIH in
this [VTS-270] development program. When
NIH stands in public and speaks about cyclo-
dextrin and Niemann-Pick type C, they speak
from the mouth of Vtesse.”

In the end, there is one thing that all sides
agree on: that the conflict between parties
who all share the goal of helping dying chil-
dren is sad—and not what any of them would
have chosen. Indeed, the whole controversy,
says the European NPC expert, is muddying
the water for parents challenged with decid-
ing whether to enter a child in a clinical trial,
and, if so, which one. “It makes it very dif-
ficult for them to make informed decisions
about what they should do.”
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CELL BIOLOGY

Nobel honors discoveries
in how cells eat themselves

Cellular sanitation helps keep diseases at bay

By Martin Enserink and Elizabeth Pennisi

s the stench of the streets during a

garbage strike quickly drives home,

sanitation workers are the unsung

heroes of modern cities and towns.

Similarly, the cell’s garbage collec-

tors are key to health. By performing
“autophagy”—literally, self-eating—they de-
grade or recycle toxic protein aggregates and
cell components, keeping neurodegenera-
tion and infectious diseases at bay and per-
haps even helping control cancer.

This week, the cell biologist who initially
worked out much of the genetics and me-
chanics of this process received the 2016 No-
bel Prize in Physiology or Medicine. When
Yoshinori Ohsumi, now at the Tokyo Insti-
tute of Technology’s Frontier Research Cen-
ter, did his pioneering work in yeast in the
early 1990s, his results drew little attention
outside cell biology. But in the past 15 years,
others have shown that cells’ clean-up ma-
chinery is crucial to human health.

“This is an excellent decision,” says bio-
chemist Volker Haucke of the Leibniz Insti-
tute for Molecular Pharmacology in Berlin,
who knows Ohsumi personally and calls him
“a very modest man.” He “is a prime example
of someone who did basic research and dis-
covered a process that otherwise might have
stayed hidden for decades.”

In the 1950s and 1960s, researchers recog-
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nized that some animal cells stuff proteins
and other cellular machinery into sacs, or
vesicles, to be recycled or disposed of. They
knew that autophagy was especially active
when the cell was under stress, for example
when nutrients were in short supply or when
the organism was fighting off an infection.
But how the process worked—and even
which cells it operated in—was unclear.
Ohsumi and his colleagues set out to ex-
plore these questions in yeast, a single-celled
organism that nevertheless uses
many of the same biochemical
processes as animal cells. They
developed yeast strains lacking
key enzymes suspected of playing
a role in autophagy, hoping to see
what happened when the process

MEDICINE NOBEL

“...to a new paradigm
in our understanding
of how the cell recycles
its content.”

Yoshinori Ohsumi

Akey initial step in Yoshinori Ohsumi’s Nobel-winning
work was figuring out how to image recycling vesicles.

his team identified 15 genes essential to the
process. Further studies showed that very
similar genes control autophagy in animal
and human cells, and also helped piece to-
gether how the genes keep the cells’ recycl-
ing running.

In a first step, damaged or excess proteins
or organelles may be tagged with molecules
that enable them to snare a piece of mem-
brane, which expands and encircles the tar-
get. The resulting vesicle makes its way to
another cellular component, the lysosome,
fusing with it. Enzymes in the lysosome then
break down the vesicle’s contents.

Over the years, Ohsumi and others have
shown that autophagy plays a crucial role
in embryo development, cell differentiation,
and the immune response. In animal mod-
els, a healthy autophagy system is correlated
with longevity, whereas a faulty one can ac-
celerate symptoms of aging and lead to a
wide variety of diseases, including cancer,
diabetes, and Huntington disease.

About half a dozen labs are studying exist-
ing drugs approved for other conditions but
known to boost autophagy. They are test-
ing them in animal models of Parkinson’,
Alzheimer’s, and Huntington diseases and
in early clinical trials. Charbel Moussa at
Georgetown University Medical Center in
Washington, D.C., is planning trials of an
autophagy-boosting drug normally used
for leukemia in patients with neurodegen-
erative diseases. Beth Levine, an autophagy
researcher at the University of Texas South-
western Medical Center in Dallas, is part of a
large effort funded by the National Institutes
of Health to screen autophagy enhancers for
the ability to combat infections. Thanks in
part to Ohsumi’s efforts, she says,
“the field has evolved to the point
where we can exploit the knowl-
edge to begin to develop specific
inducers to treat human diseases.”

Some of the work on mamma-
lian autophagy was done by peo-

didn’t work as it should. When
Ohsumi’s team starved the yeast, the cells
developed unusually large vacuoles, the cel-
lular garbage dumps that collect materials to
be recycled. Usually yeast vacuoles are too
small to see under the light microscope, but
in the mutant yeast, they were easy to ob-
serve, presumably because the mutant cells
could not empty them of molecular garbage.
Ohsumi then used chemicals to induce
still more mutations in the yeast strains,
looking for cells that failed to form visible
vacuoles even when they were starving. Such
cells, he reasoned, lacked other key genes for
autophagy. In a key 1993 paper, Ohsumi and
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ple trained in Ohsumi’s lab, such
as Tamotsu Yoshimori at Osaka University in
Japan and Noboru Mizushima at the Univer-
sity of Tokyo. Both have “really been influen-
tial,” says David Rubinsztein, a cell biologist
at the University of Cambridge in the United
Kingdom. “One thing that Ohsumi should
get credit for is being a very good mentor.”
“I couldn’t be happier” seeing others build
on his basic work, Ohsumi said after getting
the Nobel news, adding, “I'm looking for-
ward to seeing more and more light shed on
this phenomenon.”

With reporting by the Science News staff.
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CONDENSED MATTER

Trio wins Nobel for effects
of topology on exotic matter

Work presaged research revolution in topological insulators

By Adrian Cho

ow is a doughnut like a coffee cup, but

different from a coiled spring? The

riddle is key to understanding this

year’s Nobel Prize in Physics, which

honors theorists David Thouless

of the University of Washington,
Seattle, Michael Kosterlitz of Brown Uni-
versity, and Duncan Haldane of Prince-
ton University.

The answer is that because each has one
hole, the doughnut and the coffee cup have
the same topology. An infinitely pliable cup
could be molded into a doughnut without
tearing it. The spring, on the other hand,
can be unwound into a wire, flattened into a
sheet, or squished into a ball. But it cannot
be smoothly deformed to a make a dough-
nut. Thus, it has a different “topological
charge”—essentially, the number of holes.
Thouless, Kosterlitz, and Haldane showed
that topology is more than a mathematical
abstraction: It can show up in surprising
ways and dramatically affect the properties
of condensed matter, such as its ability to
conduct electricity.

“These are three pioneers who are com-
pletely deserving of the honor,” says Charles
Kane, a condensed matter theorist at the
University of Pennsylvania (UPenn). The
prize is divided with one half going to
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A scanning tunneling microscope image shows quantum particles on the surface of a topological insulator.

Thouless, and the other half split between
Haldane and Kosterlitz. “When I heard the
names I had to look to see which of their
many contributions they were cited for,”
says Eugene Mele, a theorist at UPenn.

In 1972, Kosterlitz and Thouless explained
how topology can produce order where none
is expected. The pair studied an
abstract construct known as the
XY model, which theorists had
used to explain the onset of super-
fluidity in liquid helium—its abil-
ity to flow without resistance at
temperatures below 2.17 K. That
happens because all the atoms
crowd into a single quantum wave
that can be described by the XY
model. However, in the 1960s theorists had
argued that liquid helium in a 2D film could
not become superfluid because thermal fluc-
tuations would scramble the quantum wave.

Kosterlitz and Thouless showed other-
wise. They realized that the lowest energy
thermal fluctuations in the XY model would
be tiny whirlpools called vortices and, at
sufficiently low temperatures, they would
appear only in countercirculating pairs
with opposite topological charges. As a re-
sult, the effects of the paired vortices would
largely cancel out, permitting a phase
transition and superfluidity. In 1978, ex-
perimenters observed the predicted super-
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“... for theoretical
discoveries of
topological phase
transitions.”

David Thouless
Duncan Haldane

Michael Kosterlitz

fluidity in films of liquid helium.

In 1982, Thouless used topology to ex-
plain another odd phenomenon, the inte-
ger quantum Hall effect. It occurs when a
thin semiconductor slab sits in a perpen-
dicular magnetic field. As current runs
along the slab, a voltage develops across
it. The voltage increases with the strength
of the magnetic field. But if the semi-
conductor is pure enough, the voltage goes
up in specific jumps even as the magnetic
field increases smoothly. Thouless showed
that, at any given magnetic field, the com-
plicated “bands” that describe the permit-
ted energies and momenta of the electrons
in a semiconductor have a specific topo-
logical charge. That charge can only
change in jumps as the magnetic
field increases, which explains
the voltage steps.

In 1983, Haldane analyzed a
purely abstract model: quantum
mechanical particles arranged like
pearls on a string. Each particle
could interact with its neighbors,
and its behavior would depend on
its spin. Physicists use spin to di-
vide particles into two classes: bosons, such
as photons, and fermions, such as electrons.

Defying expectations, Haldane showed
that strings of fermions and bosons behave
very differently. A chain of fermions can be
excited by an infinitesimally small energy
perturbation. Fiddle with the chain at all,
and ripples of torqueing spins zip up and
down the line. On the other hand, a chain of
bosons needs a good jolt for an excitation.
The difference depends on the topology of
the quantum wave describing the particles,
and the result persuaded researchers that
they could engineer material properties by
controlling such topology.

Since then, the tools that the new No-
bel laureates developed have become bed-
rock for the study of so-called topological
phases of matter—perhaps the hottest field
in condensed matter physics. For example,
insulators such as bismuth selenide are
known to become conductive on their sur-
face because their twisted band structures
unwind at the material’s edge. Other topo-
logical effects could lead to phenomena
like unquenchable currents on the surfaces
or edges of materials. Within materials,
excitations that carry topological charges
might even be braided with one another to
perform quantum calculations. “A lot has
been built on this foundation,” Kane says.

At a press conference announcing the
prize, Haldane said that in the 1980s his
work seemed very abstract. “I wrote in my
paper that [my model] seemed to be an in-
teresting toy model,” he said. Some toys are
more interesting than others.
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European XFEL to shine as
brightest, fastest x-ray source

Free electron laser’s rapid-fire pulses will probe free-
floating molecules in their natural habitat

By Edwin Cartlidge

3.4-kilometer-long, fearsomely bright

x-ray strobe is about to light up

on the outskirts of Hamburg, Ger-

many. On 6 October, scientists at the

€1.4 billion European x-ray free elec-

tron laser (XFEL) will officially kick
off a roughly 4-month-long process of cool-
ing down and firing up the facility’s super-
conducting electron accelerator, which pow-
ers the x-rays. By next June the machine
should be delivering the world’s brightest
and fastest pulses of x-ray light to materi-
als scientists and structural biologists prob-
ing the atomic structure of molecules in
natural settings.

The new laser will help relieve the over-
whelming demand for time on the world’s
handful of FELs, which includes the Linac
Coherent Light Source (LCLS) at the SLAC
National Accelerator Laboratory in Menlo
Park, California, as well as an FEL in Japan
and facilities due to open over the coming
year in South Korea and Switzerland. There
is a “tremendous shortage of FEL radiation
worldwide,” says Massimo Altarelli, Euro-
pean XFEL management board chair in
Schenefeld, Germany.

The new light source will also stand out
for its unique rapid-fire capability. With
27,000 flashes of light per second—more than
200 times the pulse rate of the LCLS—the
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European XFEL will allow scientists to get
lucky, capturing free-floating molecules in
dilute solutions where other FELs would
fire and miss. “Researchers will be queuing
around the block to use the machine,” says
admiring LCLS Director Mike Dunne.

For decades, ring-shaped accelerators
called synchrotrons have been the work-
horses of x-ray science. These machines tap
the radiation that a beam of electrons emits
as it is bent in a circular path. But synchro-
tron light is relatively dim and diffuse com-
pared with FEL pulses. Scientists must pack-
age billions of identical molecules into large
crystal lattices to generate x-ray diffraction

The European XFEL's superconducting accelerator
allows the machine to produce rapid-fire x-ray pulses.

patterns vivid enough to determine the mo-
lecular structure.

In 2009, the LCLS dazzled researchers
when it opened as the world’s first XFEL light
source. Instead of sending electrons around a
ring, FELs accelerate bunches of electrons to
high energies in a linear accelerator and then
send them through a gauntlet of magnets,
which forces them through a series of slalom-
like turns. At each wiggle the electrons emit
x-rays that in turn exert a force on the elec-
trons, causing them to bunch up and amplify-
ing their emissions. The resulting laserlike
flashes are up to a billion times brighter than
synchrotron light.

With these bright and brief flashes, FELs
can study short-lived phenomena like the
making and breaking of chemical bonds.
They can also determine the atomic structure
of molecules arranged in crystals as small as
a micrometer across. Christian Betzel, a bio-
chemist at the University of Hamburg,
says the capability is vital for studying bio-
molecules that cannot be grown into large
crystals, such as certain cell membrane pro-
teins that regulate molecular traffic.

The LCLS and other existing FELs can’t
produce these pulses in rapid succession,
however. That’s because the electrical power
needed to achieve a higher pulse rate would
destroy the bulbous metal cavities used to
accelerate electrons, which are made from
nonsuperconducting copper. In any case, the
electricity would be prohibitively expensive.
The lower pulse rate makes it challenging for
investigators to go after individual molecules
suspended in a fluid, rather than arrayed in a
crystal, because the chance of any individual
flash of x-ray light scoring a hit on a stray par-
ticle is low, Altarelli says.

The European XFEL’s superconducting ac-
celerator will change the calculus by vastly
boosting the available pulse rate. Among

Going great guns

Three new free electron lasers (FELs) are set to open up in the next year. The European XFEL gets its high repetition
rate from the superconducting cavities that drive its electron beam.

UNITED  UNTED  SAcLa/ XFEL/ . SWISSFEL/  SOUTH
NAME/COUNTRY STATES STATES JAPAN  GERMANY SWITZERLAND ~ KOREA
Date of first x-rays 2009 2020 2011 2017 2017 2016
Cost (in U.S. millions) $415 $1000 $370  $1600 $280 $400
Number of instruments 7 9 8 6 3 4
Max. electron energy (GeV) 14.3 45 85 175 58 10
Min. pulse duration (femtoseconds) 15 15 10 5 2 30
Pulses per second 120 1,000,000 60 27000 100 60

*SACLA is the Spring-8 Angstrom Compact free electron Laser and PAL-XFEL is the Pohang Accelerator Laboratory X-ray Free Electron Laser
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the molecules that could be scrutinized, says
Dunne, are catalysts—substances that speed
up chemical reactions—because studying
them frozen in crystals reveals little about
their behavior.

Going beyond the molecular scale,
Andrea Cavalleri, a physicist at the Max
Planck Institute for the Structure and Dy-
namics of Matter in Hamburg, is planning to
use the European XFEL to track the real-time
motion of electrons within high-temperature
superconductors and other materials.
Cavalleri will pump his test materials with
precisely shaped laser pulses, and then use
the FEL light to gauge the effect on the mate-
rials’ electronic and magnetic properties.

Altarelli says that the superconducting
accelerator should be fully operational by
2017 and that the first x-rays should arrive
around mid-April. Two instruments are due
to be available to users in June 2017, and the
full suite of six should be up and running by
the spring of 2018, he says. Not only will the
higher pulse rate allow new types of experi-
ments, but it also should make the science
more efficient: Altarelli estimates that experi-
ments will be carried out “two orders of mag-
nitude faster” than on existing FELs.

Not to be outdone, physicists at SLAC
are currently upgrading the LCLS to have
a superconducting accelerator of its own.
Expected to start up in 2020, the $1 billion
LCLS-II will generate as many as a million
x-ray pulses per second. Dunne thinks that
this ultrahigh pulse rate could give the U.S.
machine the edge when it comes to study-
ing rapid processes, such as those in photo-
synthesis, in which certain proteins absorb
four photons in quick succession. He also
notes that the LCLS-II’s pulses will be more
uniformly spaced in time than those of the
European device, which makes developing
detectors easier.

Altarelli, in turn, points to what he calls
the European XFELs “real atomic resolu-
tion” The machine produces the highest
energy light with the shortest wavelengths—
as small as half the diameter of a hydrogen
atom. That means it will do better resolv-
ing fine structure than the LCLS-II, which
will produce light with wavelengths five
times longer.

Still, the competition between facili-
ties is “fair and very friendly,” says Altarelli,
and they organize “club of five” meetings
once every year or so to compare notes. At
the next meeting, late this month in South
Korea, there will be plenty of discussion of
the European facility’s impending startup.
But Altarelli says the transatlantic power
shift hasn’t happened, at least not quite yet.
“Whether there will be one, we will see,” he
says. “It would be better to ask that ques-
tion in a year or two.”
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U.S. charges journal publisher
with misleading authors

OMICS Group Inc. has drawn numerous complaints about
allegedly shady editorial practices and meetings

By John Bohannon

n one of the first cases of its kind, the

U.S. Federal Trade Commission (FTC)

is taking action against a journal pub-

lisher accused of deceiving its authors.

FTC is asking a federal judge to order

OMICS Group Inc., the publisher of
hundreds of open-access journals, to stop
making false and misleading claims about
its pricing, editorial staff, and peer-review
practices. The agency is also asking the
court to consider requiring the firm to re-
fund authors and conference participants
millions of dollars in fees.

The case, now before a federal judge in
Las Vegas, Nevada, is sending shock waves
through the traditionally self-regulated
world of technical journals. “It’s a shame

“It is vital that we stop
scammers who seek to take
advantage of the changing
landscape of academic
publishing.”

Jessica Rich, Federal Trade Commission

it’s the government that has to regulate
the scholarly publishing industry,” says
Jeffrey Beall, a librarian at the University
of Colorado, Denver, who has been an out-
spoken critic of what he calls “predatory”
publishers. OMICS threatened Beall with
a $1 billion lawsuit after he criticized its
journal practices.

Since OMICS put its first journal online
in 2008, the India-based firm has grown
into a publishing empire that also spon-
sors conferences. The company, run by
former biomedical researcher Srinubabu
Gedela, publishes 653 of its own journals,
on topics ranging from agrotechnology to
zoology, according to its website. It pub-
lishes many more under an ever-changing
array of subsidiaries. The articles are free
to readers after authors pay fees of up to
several thousand dollars to publish.

Published by AAAS

FTC, which enforces consumer protec-
tion laws, is suing Gedela, OMICS, and
two related companies in the wake of nu-
merous complaints from researchers who
say OMICS journals charged for publish-
ing their papers without delivering prom-
ised services, such as peer review, or that
OMICS enticed them to poorly organized
and attended meetings. FTC is also using
as evidence the results of an investigation
by Science that revealed that some OMICS
journals accepted papers without peer
review (Science, 4 October 2013, p. 60);
this reporter was asked to submit a dec-
laration about those findings to the court.
“It is vital that we stop scammers who
seek to take advantage of the changing
landscape of academic publishing,” said
Jessica Rich, director of FTC’s Bureau of
Consumer Protection in Washington, D.C.,
in a statement.

Over the past year, FTC has been quietly
building its case against OMICS by collect-
ing statements from scholars including
Pamela Regan, a psychologist at Califor-
nia State University, Los Angeles. “I was
scammed,” Regan claims. She says that in
2014 she received an unsolicited email from
the International Journal of Emergency
Mental Health and Human Resilience invit-
ing her to submit a paper. She did not real-
ize that the journal, once respected in her
field, had been taken over by OMICS after
the original publisher folded. She and a
colleague submitted a review article they
had worked on for months. There was no
sign of any peer review. Instead, they re-
ceived an invoice for $1819. Fearing that
the journal had become illegitimate, says
Regan, “I asked to withdraw the paper,”
and that’s when things turned ugly. “They
said I couldn’t!”

After months of increasingly threatening
email communications between OMICS
and Regan, with help from the university’s
legal counsel, “things went quiet,” she says.
But just as she was about to submit the ar-
ticle to a different journal, OMICS notified
her that it had published her paper. “I was
horrified,” she says. “It’s so destructive to
a scientist’s reputation to have work pub-
lished in a sham journal.”
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Seeking help, she contacted each of
the 29 scholars named on the journal’s
masthead as editors. She discovered that
“many of them had no idea their names
were being used.” Others had been try-
ing to get OMICS to remove their names,
to no avail. Finally, the journal withdrew
her paper, but Regan was infuriated. She
believes that OMICS takes advantage of
inexperienced scientists who are eager to
be published. “They are really targeting

The Federal Trade Commission
is “working towards favoring
some subscription based
Journal publishers who are
earning millions of dollars
Jfrom scientists.”

OMICS Group Inc.

grad students and scholars in the develop-
ing world,” she says. “It’s shameful”
OMICS did not respond to repeated emails
from Science.

At stake in the case is “the integrity of
the marketplace of ideas,” says Gregory
Ashe, an FTC attorney in Washington, D.C.
In its 25 August complaint, the agency lays
out a long list of charges, among them that
OMICS used researchers’ names to pro-
mote journals and conferences without
their permission; falsely claimed journals
are indexed by PubMed, the citations data-
base maintained by the National Library
of Medicine in Bethesda, Maryland; and
untruthfully stated that its journals were
granted independently calculated im-
pact factor scores (a measure of citation
rates). The agency wants the judge to or-
der OMICS to end such practices, and also
to consider forcing the company to refund
“ill-gotten monies.” (Bank records ob-
tained by the agency show OMICS earned
revenues of $26 million between 2009
and 2015.)

In a 22 September response, OMICS
claims that FTC has no jurisdiction over
its activities and that the case is a conspir-
acy on the part of its competitors to shut
down open-access publishing. The agency
is “working towards favoring some sub-
scription based journal publishers who are
earning billions of dollars from scientists,”
OMICS alleges on its website.

As Science went to press, FTC was wait-
ing for the court to decide whether it will
grant a preliminary injunction against
OMICS, ordering it to stop deceptive prac-
tices until a final resolution of the case.

24 7 OCTOBER 2016 « VOL 354 ISSUE 6308

The first Polynesians crossed
thousands of kilometers of open
ocean in outrigger canoes.

HUMAN EVOLUTION

First Polynesians launched

from East Asia to settle Pacific

“Game-changing” study of ancient genomes traces
Polynesian roots solely to East Asian farmers

By Ann Gibbons

t was only 3000 years ago that humans
first set foot on Fiji and other isolated is-
lands of the Pacific, having sailed across
thousands of kilometers of ocean. Yet
the identity of these intrepid seafarers
has been lost to time. They left a trail of
distinctive red pottery but few other clues,
and scientists have confronted two different
scenarios: The explorers were either farm-
ers who sailed directly from mainland East

The Lapita people left behind a trail of distinctive
stamped red pots at about 100 archaeological sites
in Oceania.
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Asia to the remote islands, or people who
mixed with hunter-gatherers they met along
the way in Melanesia, including those from
Papua New Guinea.

Now, the first genome-wide study of an-
cient DNA from prehistoric Polynesians has
boosted the first idea: that these ancient
mariners were East Asians who swept out
into the Pacific. It wasn’t until much later
that Melanesians, probably men, ventured
out into Oceania and mixed with the Polyne-
sians, according to the new study.

“The paper is a game-changer,” says
Cristian Capelli, a population geneticist at
the University of Oxford in the United King-
dom, noting that it settles a decades-long
dispute. By showing that the East Asians hop-
scotched past islands already populated by
Melanesians without picking up their genes,
it is also a case study in how culture can ini-
tially bar mixing between groups. “Farmers
move in and don’t mix much with the hunter-
gatherers,” says evolutionary geneticist Mark
Thomas of University College London. “We
see this again and again and again” else-
where in the world.

The first Polynesians left plenty of tantaliz-
ing artifacts, including their stamped red
pottery, obsidian tools, and shell ornaments.
Collectively known as the Lapita culture, this
set of artifacts first appeared more than 3000
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Peopling the Pacific

At least 3000 years ago, the first Polynesians sailed
past New Guinea without mingling with the Mela-
nesians already living there, and settled the distant
islands of Vanuatu, Tonga, and beyond.

First people (Melanesians)
reach Near Oceania

First people (Lapita culture) reach
remote Oceania

Later Melanesian
migrations and mixture

Bismarck

Archipelago !
~3000 s I
B.CE Q-
~2500
B.C.E.

~500
B.C.E.

years ago in the Bismarck Archipelago east
of New Guinea (see map, above). The Lapita
grew taro, yams, and breadfruit, and brought
pigs and chickens with them as they spread
rapidly to the islands of Vanuatu and New
Caledonia and eventually to Fiji, Tonga, Sa-
moa, and beyond.
Backin1985,archaeologist Peter Bellwood
of the Australian National University in
Canberra proposed that the Lapita had roots
in farming cultures in East Asia. Based on
dating of Lapita sites, he proposed that they
moved rapidly from mainland China to Tai-
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wan and the Philippines, then out across the
open ocean from Vanuatu to Samoa, cover-
ing 2300 kilometers in about 300 years.
This “express train” picture fit with lin-
guists’ models, in which Austronesian lan-
guages spread from East Asia into Oceania
and were distinct from Papuan languages
in Melanesia.

But other researchers argued that the
DNA of living Polynesians showed evidence
that their Lapita ancestors had lingered
in Melanesia, mixing with the locals and
slowly spreading eastward. This so-called
“slow boat” model had prevailed in recent
years (Science, 2 March 2001, p. 1735).

In the new study, an international team
extracted ancient DNA from four skeletons,
all female, from the islands of Vanuatu and
Tonga and dated from 2300 to 3100 years
ago; three skeletons were directly associ-
ated with the Lapita culture. The team
sequenced the DNA at up to 231,000 posi-
tions across the genomes of each woman,
and compared the sequences with those
of nearly 800 present-day people from
83 populations in East Asia and Oceania.

The four women were from a distinct
population that had no evidence of mix-
ing with the ancestors of people living in
Papua New Guinea today, as the team re-
ports in Nature this week. Instead, the
women shared all their ancestry with the
indigenous Atayal people in Taiwan and
the Kankanaey people in the Philippines.
“The Lapita have no evidence for Papuan
ancestry,” says co-author Pontus Skoglund,
a postdoc in David Reich’s lab at Harvard
Medical School in Boston. That suggests
that their ancestors rode the fast train,
sweeping all the way to Oceania without
mixing with Melanesians on the way.

Polynesians today do carry a significant
amount of Melanesian DNA. But that DNA
is in relatively long, unbroken chunks, the
analyses found, suggesting that it was incor-
porated into Polynesians’ genomes recently,
after the Lapita period, perhaps about
500 to 2500 years ago. The team also noted
that the Polynesian X chromosome has less
Melanesian DNA than other nuclear chro-
mosomes. Because X chromosomes are
more likely to be inherited from mothers
(sons get only a Y from their fathers), that
suggests that much of the Melanesian DNA
came through the male line, as Melanesian
men interbred with Polynesian women.
“The female ancestors of modern-day Ocea-
nians are mainly Lapita, whereas their male
ancestors include Papuans,” Skoglund says.

Bellwood is pleased. “All the evidence
from different disciplines has come to-
gether,” he says. By getting DNA from the
ancient Polynesians themselves, “the ge-
nomics has clinched it.”
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RESCUING THE

GUARDIAN

OF THE GENOME

New drugs combat cancer by propping up
a mutated tumor-fighting protein

By RobertF. Service
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t has been nearly impossible to get a
good look at Rommie Amaro’s favorite
protein in action. Called p53, the pro-
tein sounds the alarm to Kill cells with
DNA damage and prevent them from
becoming cancerous—one reason why
it has been called the “guardian of the
genome.” But it is big and floppy, a mo-
lecular shapeshifter that is hard to fol-
low with standard imaging tools. So Amaro,
a computational biologist at the University of
California (UC), San Diego, turned to super-
computers. She plugged in new x-ray snap-
shots of p53 fragments and beefed up her
program to make a movie of the quivering
activity of each of the protein’s 1.6 million at-
oms over a full microsecond, an eternity on
the atomic scale that required about a month
of supercomputer time. She watched as four
copies of p53 linked up and wrapped them-
selves around a DNA strand, an essential
dance the protein performs before it sends off
messages for cellular self-destruction.

Amaro wasn’t just interested in the be-
havior of healthy p53: She wanted to under-
stand the effects of mutations that the
gene for p53 is prone to. In dozens
of simulations, she and her col-
leagues tracked how common p53
mutations further destabilize the
already floppy protein, distorting
it and preventing it from bind-
ing to DNA. Some simulations also
revealed something else: a finger-
hold for a potential drug. Once in
a while, a small cleft forms in the mutated
protein’s core. When Amaro added virtual
drug molecules into her models, the com-
pounds lodged in that cleft, stabilizing
p53 just enough to allow it to resume its
normal functions.

For Amaro and a few other researchers,
those computer simulations are an inspi-
ration. “A long-standing dream of cancer
biology is to find small molecule drug com-
pounds to restore the activity of p53,” Amaro
says. “We're very excited about this.”

Of the nearly 1.7 million people diagnosed
with cancer each year in the United States
alone, about half have mutated versions of
p53—a sign of how important the normal
protein is in preventing the disease. It is one
of the most intensely studied proteins in sci-
ence, and a highly sought-after target for
drugmakers. But of the dozens of p53 drugs
in development, the vast majority simply try
to boost levels of healthy p53. And despite de-
cades of effort, none has made it to market.

Amaro’s work illustrates how a handful of
academic labs and small companies are mak-
ing progress with a fresh approach to target-
ing p53: rescuing it when it’s sick. Theyre
finding drugs that bind to and prop up cop-
ies of mutated p53, restoring its shape and
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ability to carry out its job. One such drug has
already passed an early stage safety trial in
humans, and a more advanced clinical trial
is now underway in Europe. Other would-be
medicines are nearing human tests. If any
succeed in the clinic, they could dramatically
change the landscape for cancer treatment—
and for other diseases that involve misfolded
proteins, perhaps even Alzheimer’s.

It won’t be easy. Restoring normal func-
tion to a mutated protein is more difficult
than simply blocking a protein, the strategy
used by most medical therapies, says Klas
Wiman, a tumor cell biologist at the Karolin-
ska Institute in Stockholm. As a result, large
drug companies have shied away from the
rescue approach and progress has been slow,
he says. “It’s a little out of the mainstream for
big pharma.”

The payoff could be big, however. Not only
could the strategy treat many kinds of cancer,
but just a handful of drugs might be enough,
particularly when coupled with chemo-
therapy drugs that induce the tumor cell dam-
age to which p53 responds. P53 mutations
tend to be clustered in the core of the protein,

“A long-standing dream of cancer biology
is to find small molecule drug compounds
to restore the activity of p53.”

Rommie Amaro, University of California, San Diego

where it binds to DNA, and they have similar
effects on its shape. Cell assays and animal
studies suggest that drugs that restore p53’s
activity work with not just one mutant form
of the protein, but many, says Alan Fersht, a
chemist at the University of Cambridge in the
United Kingdom. “The beauty of these things
is that they are broadly applicable.”

AN UNDERSTANDING of p53’s seemingly magi-
cal powers to suppress tumors didn’t emerge
until well after the protein’s discovery in
1979. Early on it was thought to be an onco-
gene capable of turning a cell cancerous un-
der some circumstances. Only a decade later
was it confirmed to bind to DNA and turn on
the expression of other genes aimed at heal-
ing cell damage. If that damage is deemed too
extensive by other cellular actors that inter-
act with p53, it triggers p53 to launch the call
for the cell to commit suicide.

The protein is now known to interact
with and control dozens of different genes
and proteins, and it helps regulate the
cycle of molecular events by which cells
grow and reproduce. Because of its outsize
importance, its presence in cells is tightly
controlled. Another protein, MDM?2, latches
onto p53 molecules and destroys them,

Published by AAAS

keeping their numbers in check.

But this control mechanism can fail in
multiple ways. For starters, when p53 itself is
mutated, MDM2 cannot attack it. As a result,
the malfunctioning protein builds up in cells
unchecked and keeps the remaining healthy
p53 from doing its job. Without the genome’s
guardian on patrol, precancerous cells sur-
vive and reproduce. This gives them the
opportunity to build up the additional mu-
tations they need to become fully malignant.

Most attempts to target p53 in the can-
cer fight involve trying to boost its level.
One popular approach has been to prevent
MDM2, and a relative called MDMX, from
reducing p53 levels. The hope has been that
doing so might allow some nonmutated p53
to stick around longer and kill damaged cells.
“Everyone is working on these [drugs] like
crazy,” says David Lane, a cancer biologist
at the Agency for Science, Technology and
Research in Singapore, and a co-discoverer
of p53.

A host of cell culture and animal data sug-
gests they should work. However, Lane adds,
“the clinical trials have not been as successful
aswehoped.” For example,an MDM2-
targeting drug shrank deep-tissue
fat cell tumors in just one out of
20 patients in a phase I safety trial,
published in 2012. Blocking MDM2
comes with other potential down-
sides, Fersht says—not least that
the approach can only work if there
is still healthy p53 left inside cells.
Also, because p53 is involved in so many cel-
lular processes, boosting its level too much
can have side effects. In the 2012 trial, for
example, eight people had serious side ef-
fects, such as a sharp decrease in immune
cells called neutrophils, and 14 people had
comparatively mild side effects like nausea.
Yet many MDM2 blockers remain in human
trials, and if they pass muster, they are likely
to be the first p53 drugs on the market.

Still, Fersht, Lane, Amaro, and others want
to target the heart of the problem: mutant
p53. In the early 1990s, in vitro tests on can-
cer cells by Lane and his colleagues hinted
that some compounds could restore mutant
p53’s normal function. But the drugs weren’t
always doing what investigators thought.
It turned out that one compound, called
CP-31398, was indeed triggering cell death—
but not by restoring p53. It killed cells by
gumming up their DNA.

Later candidates have done a better job.
In 1998, for example, Wiman’s team screened
a library of 2000 compounds from the U.S.
National Cancer Institute and found two
that appeared to restore mutant p53’s ability
to Kill cancer cells. One, known as MIRA-],
turned out to Kkill more than cancer cells:
It was toxic in mice. But the other, called
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Cellular sentries

The protein p53 guards against genetic mutations that turn a cell cancerous. When mutations are detected, four
copies of p53 join together and bind to DNA, sounding a cellular alarm that triggers repair or self-destruction.

'Patching up p53

Genetic mutations lead to defective p53 that is too floppy to bind to DNA.
Computer simulations have revealed pockets in the core of the misfolded protein,
perfect for drugs that stabilize the protein and restore its DNA-binding ability.

Unstable mutant p53

Stabilized with drug

PRIMA-1, proved more promising. A later
study showed that PRIMA-1 breaks down
into another compound, abbreviated MQ,
and 3 years ago Amaro and her colleagues re-
ported computer modeling results that sug-
gested MQ was binding to the inside of the
pocket that forms within a mutated p53 core.
Her results also showed that the compound
props the protein back into shape, rescuing
its function.

Wiman and his colleagues have since come
up with amore active version of PRIMA-1, and
the Karolinska Institute has spun out a bio-
tech startup called Aprea AB to commercial-
ize the drug. Now called APR-246, in 2012 it
made it through the first round of safety tri-
als on patients with a type of blood cancer
that shows high rates of mutations in p53. It
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Peto’s paradox

In the 1970s, epidemiologist Richard Peto wondered why
large mammals like elephants get cancer less often than
people, even though they have more cells. It may be
because elephants have more genes that can make p53.

Human
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is now in a phase II clinical trial in women
with ovarian cancer, which almost always has
p53 mutations. The trial, at centers across
Europe, will likely be completed within
2 years, says Lars Abrahmsen, Aprea AB’s
chief scientific officer in Stockholm.

Side effects are a concern because APR-246
binds to the amino acid cysteine and irrevo-
cably changes it—and cysteines are abundant
on numerous other proteins besides p53. But
so far, Abrahmsen says, APR-246 has been
tolerated well in clinical trials, even in rela-
tively high doses. Wiman suspects that this
is because the drug’s shape makes it interact
primarily with the cysteines in the core of
mutated p53. But he and his colleagues are
now working to confirm this.

Meanwhile, Fersht’s group is making head-
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way with other cysteine-binding compounds.
And Amaro’s computational studies suggest
that the right molecule could lodge tem-
porarily in the mutated p53’s cleft, staying
in place just long enough for the guardian
protein to do its job. Yet unlike APR-246, it
would eventually fall off and so would avoid
making permanent changes to other pro-
teins in the body, reducing the risk of side ef-
fects. In fact, a team led by Amaro, UC Irvine
biochemist Peter Kaiser, and UC Irvine com-
puter scientist Rick Lathrop recently used
computer modeling to screen more than
1 million different compounds for binding
in the cleft. The team found several hundred
that might do so and restore the protein to
its functional shape; more than 30 did the
job when tested in cell culture, although they
don’t know whether they attached to p53 in
the pocket. Several have now been licensed
by a biotech startup in San Diego called
Actavalon, founded in 2013 by Kaiser,
Amaro, and others.

Another biotech startup, called Z53 Thera-
peutics, in Cleveland, Ohio, is taking aim not
at the cleft in mutated p53, but at mutations
that knock out a key site for binding zinc
ions in p53’s core. Without zinc, the protein
loses the shape it needs to bind DNA. Drugs
designed to shuttle zinc into cells can help
restore the activity of the most common of
these mutant p53s, lab studies suggest.

At this point, it’s unclear which—if any—
p53 stabilization strategy will pan out, Lane
says. But success could leave a lasting mark
on cancer care, by helping hundreds of thou-
sands of patients every year, far more than
other genetically targeted therapies. The
protein-rescuing strategy could also pave the
way for similar medications aimed at restor-
ing other mutant proteins. The strategy is
already helping fight cystic fibrosis, where
a newly approved drug known as Orkambi
helps stabilize the proper shape of proteins
that balance the flow of ions in cells lining
the lung’s airways (Science, 16 September,
p. 1194). And the same approach may even-
tually help treat patients with other mis-
folded protein disorders, such as Alzheimer’s
and Parkinson’s.

But perhaps the most far-reaching goal of
this approach would be to prevent tumors
from ever arising in the first place. Wiman
notes that current blood screening tech-
niques can already reveal whether a person
is shedding cancer-linked proteins into their
blood stream, even before they show signs of
having a full-blown tumor.

Someday it may be possible to give people
with such warning signs drugs that rescue
p53, getting their cellular guardians to snap
to attention and wipe out the cancer before
it ever gets started. “In the long run,” Lane
says, “it’s a very attractive idea.”
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Alayer of iridescent and
resilient nacre constitutes the
inner layer of mollusk shells.

Growing a synthetic mollusk shell

Three-dimensional organic templates control calcium carbonate precipitation

By Francois Barthelat

he deposition of dissolved minerals
is usually harmful and can cause the
failure of boilers or heat exchangers.
Likewise, uncontrolled calcification
in our bodies can cause kidney stones
or failure of aortic valves. Yet mineral-
ization is also critical in our bones and teeth
to achieve stiffness, strength, and hardness.
In these materials, biomineralization is
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controlled and harnessed through intricate
organic templates that guide the growth
and shape of crystals (7). As a result, bones,
mollusk shells, diatoms, and corals have or-
ganic shapes that bear little resemblance to
the angular crystals typical of geology. On
page 107 of this issue, Mao et al. (2) report
the biomimetic synthesis of nacre-like ma-
terial fabricated by controlled mineraliz-
ation of a multilayered organic template
based on chitosan.

Published by AAAS

Nacre, also called mother-of-pearl, is
the iridescent material found in the inter-
ior of mollusk shells. It features a “brick-
and-mortar” microstructure, in which
microscopic tablets of calcium carbonate
(about 0.5 pm thick) are bonded by nan-
ometers-thick layers of chitin and proteins.
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Mollusks “grow” nacre through a complex
sequence that starts with the secretion
of a multilayer organic template (see the
figure, top). Calcium carbonate slowly
crystallizes at multiple locations simultan-
eously, filling the template and forming
a highly regular, three-dimensional (3D)
microscopic brick wall.

The final material is not only stiff and
hard because of its high mineral content
(>95% by volume) but is also surprisingly
tough (it resists crack propagation and im-
pacts). The micromechanisms of deforma-
tion and fracture in nacre are distinctive
and involve crack deflection along the tab-
lets, crack bridging, and “sliding” of the
microscopic tablets over one another over
large volumes (see the figure, bottom).
These mechanisms make nacre three orders
of magnitude tougher (on an energy basis)
than the brittle mineral of which it is made,
providing superb protection to mollusks
(3). This level of toughness amplification
has not been achieved to this day with any
synthetic composite.

Can we make synthetic materials that
duplicate the structure and mechanics of
natural nacre? This question has been a focus
of research for two decades. Conventional
methods do not work well to make nacre-
like composite materials (4), so creative
approaches such as freeze-casting (5), mag-
netically assisted slip-casting (6), 3D print-
ing (7), and laser engraving (8) were recently
developed. These methods can produce com-
posite materials with a large volume concen-
tration of aligned inclusions at the microscale
(5, 6), but “perfect” brick wall-like structures
can only be achieved at larger-length scales
(7, 8). Controlled mineralization is still of
high interest because of the highly controlled
structures it would enable at the microscale
(9). Hydrogels have been successfully used as
templates for mineralization (Z0) but only up
to moderate levels of mineral content, in the
form of isolated aggregates. Sequential layer-
by-layer mineralization can produce highly
mineralized nacre-like materials, but the
method is relatively expensive and limited to
thin films (11, 12).

A tough act to follow

Mollusk shell
20 mm

Growing a brick-and-mortar structure
A multilayered template made of
proteins and chitin is slowly mineralized
by microscopic mineral “bricks,” which
will eventually form dense nacre.
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Incoming cracks are deflected on the tablets, which then form reinforcing “bridges”
across the faces of the crack. In addition, the high stresses around the crack make

the tablets slide on one another over large volumes in the “frontal zone” and “wake."
Nacre dissipates a tremendous amount of energy in these regions, which translates
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The mineralization method proposed by
Mao et al. is a breakthrough because it suc-
cessfully combines two critical steps: the
fabrication of a large volume of a 3D multi-
layered template of chitosan with controlled
microscopic spacing between the layers, and
the complete mineralization of this template
up to very high mineral contents (91% vol-
ume of calcium carbonate). The material
is formed in only a couple of weeks (com-
pared with years for natural nacre). A silk
fibroin, infiltrated at the interfaces between
the mineral layers, serves as the deformable
mortar. The final material duplicates many
of the features of nacre, including its brick-
and-mortar microstructure and the nano-
structure of the individual mineral tablets.
In terms of mechanics, the weak interfaces
in the material deflect cracks, which results
in an increase in toughness (13). This syn-
thetic nacre is about four to five times less
“tough” than natural nacre (on an energy
basis) but is 100 to 200 times tougher than
the pure mineral.

This fabrication method could serve as a
“sandbox” with which to study the funda-
mentals of biomineralization in highly con-
trolled and tunable environments, by using
different combinations of minerals and poly-
mers as raw ingredients. This method could
also be used to make large volumes of nacre-
like bone grafts that would duplicate the
mechanical and in vivo response of natural
bone, an urgent challenge in orthopedics
(14). Because the method works with various
sets of organic and inorganic ingredients, it
could also lead to many new “bioinspired”
engineering materials. In particular, this
method could lead to materials that are both
very hard and tough, two properties that are
mutually exclusive in traditional engineer-
ing materials (15).
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HEALTH CARE

A pragmatic way forward?

Training of informal providers may improve the quality
of primary health care in rural India

By Timothy Powell-Jackson

any health care providers in India
have no formal medical training,
despite regulations prohibiting
informal practice. Although such
informal providers typically offer
poor-quality services, they are used
by more than half of the population for out-
patient care (1, 2). A well-performing public
sector might be expected to outcompete in-
formal providers, putting them out of busi-
ness (3), but the delivery of primary health
care in India is generally considered to be
weak (4). Some argue for accepting the real-
ity on the ground and engaging with the in-
formal sector, at least in the short term. On
page 80 of this issue, Das et al. (5) show that
a training intervention with 304 informal
care providers in West Bengal, India, led to
improved case management but had no effect
on inappropriate drug prescriptions.
Conducting rigorous research on ap-
proaches to improving health care qual-
ity is challenging. What distinguishes the
study by Das et al. is the randomized design
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that allows us to interpret the findings as
causal. The study also uses “mystery clients”
that provide excellent measures of clinical
practice to evaluate the training program.
To limit bias, providers were blinded to
measurement, and trainers did not know
what conditions the providers would be as-
sessed on. The training program was atypi-
cally long (72 sessions over 9 months), used
mixed training methods, focused on mul-
tiple diseases, and covered a diverse range
of topics from human anatomy to clinical
practice. Average attendance per session
was 56%, impressively high given the du-
ration. The training increased correct case
management by 7.9 percentage points and
improved adherence to disease-specific
checklists by 4.1 percentage points but did
not improve drug prescribing behavior.

The effect on correct case management
is consistent with, albeit at the lower end
of, other well-conducted studies of training
included in a recent systematic literature re-
view (6). The training in West Bengal raised
correct treatment levels to that of qualified
primary care providers in the public sector.
But quality remained far below acceptable
levels, with 40% of the intervention group
continuing to manage cases incorrectly.

Published by AAAS

In India, health care providers without formal medi-
cal training are commonly referred to as informal
providers. They are the first choice for many rural
residents seeking care for common conditions, such
as diarrhea and chest infections.

Caution must always be exercised when
generalizing the findings from a single ran-
domized trial (7). The most pertinent ques-
tion is whether the training could be scaled
up from a demonstration project to a state
policy without diluting the effect. Ensuring
a successful transition is likely to involve re-
taining the clinical focus, the use of mixed
training methods, and the long duration of
the training (6). The low cost of the training
should make an expanded program afford-
able. But there are reasons to expect that the
conditions under which the trial was con-
ducted may differ once the training program
is implemented at scale. The trial was con-
ducted on a small scale by a well-run non-
governmental organization, and it is unclear
whether such organizations have the capac-
ity to implement the training program on a
larger scale with the same degree of fidelity
and high level of attendance. Future research
should also explore whether the training
remains effective when implemented by
government, as has been done in studies on
participatory women’s groups in India (8).

To generalize the findings further, it will
be important to better understand the path-
ways through which training improves qual-
ity of care. Training may improve clinical
practice simply by increasing knowledge.
Unfortunately, Das et al. do not report data
on measures of knowledge to shed light on
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this channel. It is also possible that training
increases health-worker effort, instills higher
ethical standards, or gives health providers
more confidence to trust their own judg-
ment. Finally, understanding how training
improves quality may help to explain why the
program was unable to address the impor-
tant problem of overprescribing antibiotics.

The government of India has endorsed
the goal of providing “universal access to
good quality health care services without
anyone having to face financial hardship”
(9). The informal health care sector has no
role in this vision; that implies that directly
funding the public sector to strengthen pri-
mary health care will crowd out unqualified
providers from the market. Indeed, this has
been the experience of countries such as
Sri Lanka and Thailand (10). Government
health expenditure in India is low by inter-
national standards (I1), and it is plausible
that this underlies the poor performance of
the public sector. But most policy experts
agree it is not just about resources (72). In
many states of India, governance problems
are pervasive, health workers are poorly
motivated, and absenteeism is high. The
informal sector is thus likely to persist, at
least in the short term.

Better evidence on the effectiveness of ap-
proaches to improve health service delivery
in India’s public sector is needed before more
money is poured into the system. The dearth
of evidence in part reflects the inherent chal-
lenge of conducting this type of research, as
well as the neglect of health systems research
relative to clinical and epidemiological re-
search (13). In the absence of such evidence,
Das et al.’s findings provide a compelling case
for training informal providers as a prag-
matic way forward in the short term. Before
scaling up this approach, however, it would
be prudent to understand how high rates
of attendance were achieved and why many
providers did not improve clinical practices
despite numerous hours of training.
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Cold atoms twisting spin
and momentum

Ultracold atoms can simulate complex quantum systems

By Monika Aidelsburger

nspired by the intriguing topological
phenomena recently observed in con-
densed-matter systems (I), a variety of
different research areas, from optical to
mechanical systems, have devoted their
studies to topological physics. Owing to
their high level of experimental controlla-
bility, cold atomic gases offer a promising
platform to simulate condensed-matter
models. Their charge neutrality, however,
is an apparent limitation. To overcome
these constraints, new experimental tech-
niques are currently being developed that
mimic the physics of charged particles. On
page 83 of this issue, Wu et al. (2) report
on such a new experimental technique to
simulate two-dimensional (2D) spin-orbit
coupling (SOC) for neutral atoms in an
optical lattice—an important ingredient to
explore topological quantum states.
SOC is a relativistic effect that links the
spin degree of freedom of a particle to its
momentum. Intuitively, this can be under-
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stood if we consider a moving particle in
a static electric field. In the rest frame of
the particle, the electric field gives rise to
a magnetic field that interacts with the
spin of the particle. This leads to a mo-
mentum-dependent Zeeman or spin-orbit
interaction. A well-known example is the
atomic fine-structure splitting that arises
as a result of the motion of the electron
in the electric field of the nucleus. In sol-
ids, the SO interaction emerges owing to
the motion of the electrons in the intrin-
sic electric field of the material. It can oc-
cur in materials with broken interfacial
or bulk inversion symmetry, known as
Rashba (3) and Dresselhaus (4) contribu-
tions, respectively.

After the discovery of quantum Hall in-
sulators, it was believed that topological
quantum states can only exist in 2D and
only if time-reversal (TR) symmetry is
broken by applying a magnetic field. SOC
was essential in understanding that there
is a new class of topological materials that
exists without TR symmetry breaking (5).
The observation of 2D and even 3D topo-
logical insulators soon followed (7). More
recently, there has been increasing interest
in topological superconductors, in particu-

Synthetic 1D-SOC with cold atoms

A pair of Raman beams couples two hyperfine levels labeled |1 ) and || ), using a two-photon transition
(energy-level diagram). The resulting 1D-SOC leads to a band splitting and shifts the dispersion relation in a
spin-dependent way, resulting in a twofold-degenerate ground state. (Right) Rotating the two parabolas around
the vertical axis results in a ring of degenerate states at the bottom, the spin polarized with the opposite sign

between the inner and outer surface.
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lar because they host exotic quasi-particle
excitations known as Majorana fermions
with fascinating properties. They are pre-
dicted to exhibit unusual exchange statis-
tics that go beyond bosonic or fermionic
ones and could find application in topo-
logical quantum computation (6). Again,
the SO interaction was part of the break-
through when it was realized that topologi-
cal superconductivity could be induced in
a material with strong SOC by making use
of the proximity effect with a conventional
superconductor.

Ultracold atoms provide a promising
alternative to studying exotic quantum
states that emerge as a result of SOC. But,
because this type of interaction does not
naturally arise in cold-atom experiments,
it needs to be artificially synthesized by
other means. Typically, the role of the spin
is played by different internal states of the
atom, and the coupling to its motional de-
grees of freedom is engineered with laser
light (7). The technique of choice (8), now
widely used in many laboratories, uses a
pair of laser beams to couple two hyper-
fine levels via a Raman transition (see
the figure, left panel). The atoms absorb
a photon from one of the two laser beams

13

and re-emit it into the second one. The at-
oms thereby experience a momentum Kick
given by the difference between the two
photon recoil momenta. This couples spin
and momentum and generates a 1D SOC. A
first step toward higher-dimensional SOC
was reported earlier this year (9), in which
the authors demonstrated 2D-SOC with
tunable anisotropy and magnitude. The
experimental flexibility of cold atoms sys-
tems allows for the engineering of a vari-
ety of different forms of SOC even without
solid-state analog, and combining them
with optical lattice potentials may lead to
even richer band structures (10).

Wu et al. demonstrate a new technique
to simulate 2D-SOC in a square optical lat-
tice using Raman transitions. The dimen-
sionality is tunable between 1D and 2D,
and the lowest-energy band can be made
topologically nontrivial by changing the
strength of an effective out-of-plane mag-
netic field. The setup is particularly appeal-
ing because it involves only a single laser
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«.80-coupled quantum gases...[have]...
potential for investigating exotic phenom-
ena...beyond traditional condensed-matter
physics...[extending]...to exotic forms of
SOC that involve larger spin states.”

source and does not require phase-locking
between several optical beams. Instead, a
single laser beam is split into two parts to
produce a spin-independent optical lattice
and a frequency-shifted Raman beam.

The latter, together with some of the opti-
cal lattice beams, creates a double Raman
transition in the 2D plane to induce spin-
flips. The engineered Hamiltonian has no
analog in solid-state systems, but expand-
ing it around zero quasimomentum reveals
a term reminiscent of Rashba-type SOC (see
the figure, right panel). In addition, there
is a kinetic energy term that couples to the
out-of-plane component of the spin that
makes the system different from the normal
Rashba Hamiltonian. It will be interesting
to study in future theoretical and experi-
mental works to what extent this Hamil-
tonian gives rise to Rashba-type physics or
leads to novel exotic quantum states.

The study of SO-coupled quantum gases
is a fascinating research area that is evolv-
ing rapidly and has a great potential for
investigating exotic phenomena that go
beyond traditional condensed-matter phys-
ics. As an example, the above ideas could be
extended to 3D-SOC (II) or to exotic forms
of SOC that involve larger spin states (12).

Currently, one limi-
tation lies in heating of
the quantum gas due
to spontaneous emis-
sion of photons, and an
important research di-
rection consists of de-
veloping new schemes
or identifying different
atomic species, where
such effects are miti-
gated. One of the major goals in the field
is to study strongly interacting SO-coupled
quantum gases, where many exciting ques-
tions remain to be addressed, both experi-
mentally and theoretically.
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CELL DEATH

The MIFstep
in parthanatos

Preventing cells from killing
themselves may save tissues
from damage during disease

By Elizabeth Jonas

f we knew how cells die, we might be

able to prevent cell death, thereby sav-

ing vital tissues and organs in diseases

as diverse as heart attack, stroke, dia-

betes, liver and kidney failure, and neu-

rodegenerative diseases of the brain.
Indeed, it has become clear from recent
studies on anastasis, or reversal of apoptotic
cell death (7), that cells can survive many se-
vere insults and recover completely. On page
82 of this issue, Wang et al. (2) show that
cell death can be prevented by blocking the
breakdown of DNA that is a hallmark of a
set of related cell death subtypes, grouped
under the name of parthanatos (3).

Cells can die in several ways, such as
loss of membrane integrity, loss of organ-
elle function, loss of metabolites such as
adenosine triphosphate (ATP), or damage
and/or loss of genomic DNA. Investigators
have focused on either preventing the cell
from starting down the road toward death
(e.g., opening a blocked artery in the brain
during stroke) or finding the “commit-
ment” step in the cell death pathway and
thwarting death at that point, turning the
cell back onto a road to recovery (4).

The phenomenon studied by Wang et al.,
parthanatos, occurs when the prominent
feature of injury is DNA damage, in the
setting of imminent risk of cell death such
as during stroke. When a cell’s DNA repair
pathways (5) are rendered ineffective or are
simply missing, cells must decide either to
live with damaged DNA or to die, as mu-
tations may favor cancer or other disease
states. Fragile mutant cells face difficulties
surviving, and one decision point toward
death occurs when DNA damage is too ex-
tensive for a given setting. Indeed, mutant
cancer cells with defective DNA repair are
vulnerable to treatments designed to dis-
able the remaining DNA repair machinery
(6). In injury, some repair enzymes become
overwhelmed while others become overac-
tivated, leading to the destruction of a cell’s
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DNA. Parthanatos is associated
with overactivation of the en-
zyme poly(ADP-ribose) poly-
merase (PARP), a member of a
group of DNA repair proteins
(7). PARP contains a DNA bind-
ing domain consisting of two
zinc fingers, and a catalytic site
containing a nicotinamide ad-
enine dinucleotide (NAD) bind-
ing site and a poly(ADP-ribose)
(PAR) synthesizing domain (3).
The PARP enzyme makes use of
oxidized NAD* to label broken
DNA with PAR polymer, a sig-
nal that elicits the activation of
a complex of proteins involved
in cell stress management and
DNA repair (see the figure).
When DNA damage is exten-
sive, lengthening and exten-
sive branching of PAR occurs
and the cell manifests further
stress responses, including loss
of mitochondrial membrane
potential and release of the mi-
tochondrial apoptosis-inducing
factor (AIF). AIF translocates
to the nucleus and activates an

Thoroughly MIFfed

PARP requires the nuclease activity of MIF to execute the final steps of DNA
destruction during parthanatos.

1 Loss of oxygen and abnormal Nucleus
release of neurotransmitter

glutamate NMDA receptor

Ca2+
2 Production of reactive
oxygen species (ROS)
and reactive nitrogen
species (ONOO")
3 DNA damage, PARP

activation, and DNA labeling
with PAR at strand breaks

4 Depletion of NAD,
depletion of ATP, loss of
mitochondrial membrane
potential, and release of AIF
from mitochondria

5 Interaction of AIF with MIF,
translocation to the nucleus of
AIF-MIF, total DNA breakdown,
and cell death

6 Translocation to nucleus
of AIF-mutant MIF complex,
DNA repair, and cell survival

and repair their DNA, even
after extensive DNA damage
in cells that had already been
marked for death. MIF may
destroy not only severely dam-
aged cells but also relatively
healthy cells. This could occur
even if MIF is not actually acti-
vated in the healthy cells but is
instead secreted by unhealthy
neurons and endocytosed (I14)
by relatively intact neurons
whose DNA it might then be at
liberty to “seek and destroy.”

It is not difficult to imagine a
positive role for MIF as a nucle-
ase in long-lived postmitotic cells
such as neurons, where DNA re-
pair is crucial to cell health. It is
also not surprising that a mol-
ecule that can so easily ramp up
its activities is an important ally
for PARP in the total destruc-
tion of neuronal DNA during
parthanatos, when DNA damage
has become too extensive for the
cell to be salvageable.

When designing therapies
for neuroprotection, it is cru-

enzymatic system that causes
large-scale DNA fragmentation, indicat-
ing that the cell has passed the point of
no return. Wang et al. chose to look for
the nuclease that carries out the final DNA
destruction step during parthanatos by
screening for AIF binding proteins. The
screen identified macrophage migration in-
hibitory factor (MIF) as a new member of a
large nuclease superfamily.

Given the known roles of MIF (8), it is
perhaps not surprising that MIF would
work with PARP-1 and AIF during par-
thanatos to accomplish large-scale DNA
fragmentation, although a nuclease activity
for MIF has not previously been described.
MIF is a highly conserved 12.5-kDa pro-
tein with cytokine-like properties as well
as endocrine and enzymatic functions. It
works both outside the cell and intracellu-
larly, where it regulates signaling pathways
and presumably exerts tautomerase activ-
ity, although physiological substrates for
this enzymatic activity have not yet been
described (9). MIF was first discovered to
have an innate immune function (10, 11). In
its canonical role, it participates in immune
modulation during severe illnesses such as
salmonella infection. In the setting of el-
evated secreted lipopolysaccharide (LPS)
that forms part of the cell wall of Gram-
negative bacteria, MIF up-regulates innate
immunity to facilitate the response to LPS.
MIF is then released by macrophages, other
tissue cells, and lymphocytes and binds to
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receptors on T cells, promoting the produc-
tion and release of cytokines. This leads to
activation of intracellular signaling path-
ways and proliferation of immune cells.

MIF’s contribution to proliferation, ac-
companied by its cytokine-releasing proper-
ties, can lead to an overstimulated immune
response; overactivation of MIF is associ-
ated with a poor prognosis in septicemia,
acute inflammatory lung diseases, cancer,
diabetes, and rheumatological disorders. In
these settings, MIF depletion or inhibition
is protective (12). MIF is also present in
the brain, where proinflammatory stimuli
lead to an up-regulation of MIF. MIF has
been suggested to play a physiological role
in metabolism of neurotransmitters and
a pathological role in the onset of inflam-
mation contributing to neurodegenerative
disease (13). It is now easy to see how the
nuclease activity of MIF might contrib-
ute to protection from, or progression of,
diverse brain diseases.

Wang et al. found that the overactivated
version of MIF Kills neurons in the brain
during stroke. Inhibition of MIF’s nuclease
activity by mutation of its nuclease domain
or by prevention of its translocation to the
nucleus (by inhibiting its interaction with
AIF) markedly attenuates acute brain in-
jury during stroke in rodents and prevents
the long-term sequelae of stroke. This may
mean that neurons can step back from the
brink of parthanatotic cell death to survive

Published by AAAS

cial to take into account the
dichotomy between beneficial and harm-
ful actions of molecules such as MIF and
PARP. Therapies to block DNA repair in the
nervous system may not be advantageous
over the long term because they will pre-
vent DNA repair and immune modulation.
Agents to specifically prevent the overacti-
vation of these proteins will therefore need
to be developed. Nevertheless, inhibition
of MIF and PARP during acute stroke, as
shown by Wang et al., is clearly useful be-
cause these molecules are already in their
destructive mode. The authors have dem-
onstrated that neuroprotective strategies
to halt the progression of parthanatos are
well worth pursuing.
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NEURODEVELOPMENT

Human brains teach us a surprising lesson

Young interneurons continue migrating to the frontal lobe during the first few months of life

By Melissa McKenzie' and Gord Fishell*

he wunique cognitive abilities of

humans have long captured the

imagination of philosophers and neu-

roscientists alike. But which features

of the human brain set us apart from

other mammals? Most likely, our in-
tellectual advantages result from a relative
expansion of cortical regions responsible
for associative and executive function (7).
However, the question of how this corti-
cal expansion is achieved during human
development has remained unresolved. A
major clue came from the elucidation of
neurogenic events taking place during the
later phases of embryonic human brain
development. This began with the recogni-
tion that the human cortical subventricular
zone is greatly expanded relative to that of
lower mammals. This evolutionary inno-
vation allowed for the marked expansion
of associative cortex, especially the frontal
lobes. Subsequently, a thorough investiga-
tion of the fetal human cortex revealed the
existence of a number of distinct excitatory
neuronal progenitor types (e.g., outer radial
glia) that were identified as key to driving a
remarkable burst of late neurogenesis (2).
However, the cortex is able to function only
when excitatory and inhibitory activities in
the brain are balanced. On page 81 of this
issue, Paredes et al. (3) identify a popula-
tion of interneurons that migrate to the cor-
tex during infancy to establish inhibitory
circuits.

In rodents, inhibitory cortical interneu-
rons are predominantly generated in the ven-
tral telencephalon and then migrate into the
cortex (4). There is also considerable postna-
tal neurogenesis of GABAergic interneurons
that contributes to the olfactory bulb and,
to a limited extent, the anterior forebrain
(5). By contrast, previous human studies (6)
hinted that inhibitory interneurons in hu-
mans could arise from within the cortical pri-
mordium itself. However, subsequent studies
did not find evidence for cortically derived
interneurons in humans (7, 8). Furthermore,
postnatal neurogenesis within humans ap-
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pears to be considerably more modest than
in rodents (9). Paredes et al. have now uncov-
ered an alternative mechanism by which em-
bryonically derived but uncommitted cortical
interneurons integrate postnatally into the
human cortex.

Paredes et al. examined postmortem hu-
man brain samples from infants between
birth and 3 months of age. They discovered
a periventricular complex of morphologically
and biochemically identified young migrat-
ing neurons, which they named Arc cells
for their characteristic trajectory from the
ventricle. Arc cells appeared to form a four-
tier assemblage that originated as a compact
accumulation in the cortical subventricular
zone (SVZ) and extended into chains of mi-
grating neurons. The presence of these neu-

-
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rons in the SVZ is noteworthy, as the SVZ is
the embryonic epicenter of pyramidal cell
neurogenesis. During migration, Arc cells
associated with blood vessels and formed
finger-like chains connected by adherent
junctions, reminiscent of migratory cells in
the rodent cortex. Paredes et al. were able to
label this population with adenovirus carry-
ing green fluorescent protein, and then used
video microscopy to capture them in the act
of migration.

The authors found that migratory Arc
cells primarily expressed markers associ-
ated with the inhibitory neurotransmitter
v-aminobutyric acid (GABA). However, un-
like previous findings in rodents, actively pro-
liferating cells were absent, which suggests
that these migrating GABAergic neurons
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are already generated before birth. Cortical
interneurons are renowned for their diver-
sity, which has been shown to relate to their
region of origin (10). The Arc populations
identified appear to run the gamut of differ-
ent interneuron subtypes, which in rodents
are known to arise from distinct ventral tel-
encephalic progenitor zones. The source and
precise timing of the origin of migrating Arc
cells, and how they are assembled in the cor-
tex, remain open questions.

Studies on human brain development
are technically difficult and typically rely
on piecemeal data. The heroic effort needed
to histologically examine and track virally
labeled Arc cells using the meager human
samples available should not be underesti-
mated. By overcoming the inherent difficul-
ties involved in such studies, Paredes et al.
have begun to scratch the surface of how
this novel mode of circuit integration could
influence human brain development. Despite
the sparseness of their data, both indirect
and direct lines of evidence support their
conclusions. With striking symmetry, Arc
cells migrate in a manner indistinguishable

\‘! ”/q |

The dynamic integration
of cells continues
postnatally in the frontal
lobe of humans.
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from their embryonic predecessors, making
a strong but circumstantial case for their
findings. More important, the authors were
able to support their histologic evidence with
T2 signal intensity in magnetic resonance
images of developing and postnatal human
brains, which allowed them to detect migra-
tory streams of cells, providing an important
in vivo correlate for their conclusions. The
cross-correlation between high-resolution in
vitro analysis and lower-resolution in vivo
imaging is extremely promising. It suggests
that with modest improvements, noninva-
sive clinical studies will allow us to explore
the postnatal migration of cells within the
human brain.

What are the implications of these findings
for our understanding of brain development?
With a shift in focus from neurogenesis to
maturation, the authors raise the question
of what aspects of brain development we
have missed. The loss of markers of young
migrating neurons such as doublecortin by
6 months implies that shortly after birth the
residual migration of interneurons is com-
plete. Nonetheless, it remains possible that
a postmigratory but immature interneuron
population is retained within the young
brain for months or perhaps years. If hu-
mans possess an “interneuron reserve,” its
potential to contribute to plasticity under
normal or pathophysiological conditions
may be considerable. Accumulated evidence
indicates that specific interneuron popula-
tions control critical-period plasticity within
the brain (1I). Moreover, transplantation
studies pioneered by this same group have
indicated that the grafting of interneuron
precursors can reopen critical-period plastic-
ity (12). The present data suggest that these
findings, rather than being epiphenomena,
may reflect the underlying biology of how
our brains are assembled.
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DEVELOPMENT

Apes know
what others
believe

Understanding false beliefs
is not unique to humans

By Frans B. M. de Waal

f all the human uniqueness claims
proposed over the years, theory of

mind enjoys perhaps the most prom-

inent status. The term “theory of
mind” refers to the ability to know

what others know, that is, to attri-

bute mental states such as intentions, goals,
and knowledge to others. It is widely held
to be unique to humans. Yet, given the re-
sults reported by Krupenye et al. on page
110 of this issue, this claim is starting to
wobble (I). The authors show that apes can
correctly anticipate where human actors
will look for a hidden item, even if the apes
know that the item is no longer there. Ironi-
cally, this finding brings us back to square
one, because apes played a major role in the
formulation of the theory of mind concept.
In the late 1960s, the primatologist Emil
Menzel often took a young chimpanzee by
the hand out into a large, grassy enclosure
to show her hidden food or a scary object,
such as a toy snake. After this, Menzel
brought the ape back to a waiting group
of juveniles and released them together.
Would the others pick up on her knowl-
edge? The other apes proved eager to fol-
low an ape who knew a food location, but
reluctant to stay with one who had seen a
snake (2). Ever since, the hiding and find-
ing of items has been the main way of in-
vestigating what individuals know about
what others know. A more controlled ape
experiment gave the phenomenon its name
when Premack and Woodruff asked, “Does
the chimpanzee have a theory of mind?” (3).
Theory of mind soon became a staple of
developmental psychology. Many animal
studies followed as well, including on mon-
keys and birds (4). During all of the debates
about animal theory of mind, however,
one assumption seemed unassailable: that
nonhuman species have trouble with false
beliefs. This means that they fail to grasp
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Using eye-tracking technology, Krupenye et al. show that chimpanzees and other apes can grasp what others know, even when it differs from what they themselves know.

knowledge of others if it deviates from what
they themselves know.

In children, the capacity for false beliefs
is tested in a hiding-and-rehiding scenario.
Children first see Sally, a doll, hide an item.
Once Sally exits the room, another doll
quickly rehides the item in a different place.
The children are then asked where Sally will
look upon return. Young children pick the
place where they themselves know the item
to be, but older children understand that
Sally does not share their knowledge (5). In
general, children pass this false-belief test
only after the age of four.

In 2007, an innovative experiment chal-
lenged the conclusion that younger children
fail to grasp false beliefs (6). Relying on eye-
tracking technology, scientists measured
where children look when the protagonist
returns to the scene. Children as young as
24 months correctly anticipated the agent’s
searching pattern even if they knew it to be
wrong. This experiment inspired Krupenye
et al.’s ape study. The investigators had ac-
cess to an unusually large number of apes of
three species: 19 chimpanzees, 14 bonobos,
and 7 orangutans. In the experiments, the
apes watch videotapes in which a human
actor interacts with another human actor
in a King Kong (KK) suit.

In one scenario, an ape sees KK steal an
object from a human actor and hide it un-
der one of two boxes, say the one on the left.
KK then chases off the human and secretly
rehides the object under the box on the
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right. After this, KK takes the object away
and leaves the scene. The human actor now
returns to search for the object while an in-
frared eye-tracker measures precisely which
parts of the video the ape subject pays atten-
tion to. Even though the ape knows that both
boxes are empty, he should expect the hu-
man to go to the left-hand box, where he last
saw the item being put. Eye-tracking shows
that the apes correctly anticipate the human
searching pattern, despite the discrepancy
with their own knowledge.

This nonverbal paradigm is a genuine
breakthrough, not only because it avoids an
undue reliance on language skills required
to understand narrative and questions in
theory of mind testing in children but also
because it highlights the mental continuity
between great apes and humans. Given the
importance attached to theory of mind in
developmental psychology and its possible
deficits in relation to autism spectrum disor-
der and schizophrenia, it is important to put
this capacity in a biological context. It likely
evolved in the complex societies that mark
the Hominidae (humans and apes) to offer
individuals the benefit of better anticipating
the behavior of others.

The results contain a lesson for those
who jump on negative outcomes regarding
animal mental capacities as proof of human
distinctiveness. As the old mantra goes, ab-
sence of evidence is not evidence of absence.
‘We should always keep an open mind about
the capacities of nonhuman species (7).

Published by AAAS

Whether other animals possess theory of
mind has been treated as an all-or-nothing
question. It may be more fruitful, however,
to break larger capacities into smaller el-
ements, many of which may be shared
across species (8).

Theory of mind is probably part of a much
larger picture that includes empathy, social
connectedness, and the way bodies relate to
other bodies. It is no accident that the tests
conducted here focus on the body, i.e., sub-
jects’ eyes following the physical movements
of actors. As such, the study by Krupenye et
al. may help us move away from the prevail-
ing assumption that theory of mind relies on
a cognitive simulation of what is going on in
the heads of others. Reading others’ minds
is beyond anybody’s capacity. All we can
do—and what apes apparently do in similar
ways—is read bodies.
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RETROSPECTIVE

Roger Y. Tsien (1952-2016)

An exceptionally creative scientist shed light
(of many colors) on biological mysteries

By Stephen J. Lippard

he world of biological chemistry lost

one of its most creative pioneers when

Roger Y. Tsien died on 24 August 2016

at the age of 64 while biking on a chal-

lenging trail in Eugene, Oregon, where

he and his wife Wendy had their home.
Tsien, who shared the 2008 Nobel Prize in
Chemistry, was a professor in the Depart-
ments of Pharmacology and of Chemistry
and Biochemistry at the University of Califor-
nia, San Diego (UCSD). Born in New York City
and raised in Livingston, New Jersey, Roger
had special talents that were manifested
early—he won the Westinghouse Science Tal-
ent Search at age 16 for his original research
project, “Bridging in Transition Metal
Thiocyanate Complexes.” After gradu-
ating summa cum laude from Har-
vard College with a bachelor’s degree
in chemistry and physics, he studied
at Cambridge University, receiving a
Ph.D. in physiology in 1977 before join-
ing the faculties of the University of
California (UC), Berkeley, and, 7 years
later, UCSD, where he spent most of
his career. His thesis on the design and
use of organic tools in cellular physiol-
ogy set him on a course to investigate
the chemistry of the brain.

I first met Roger in the late 1960s
when he appeared at my office in the
Chemistry Department of Columbia
University as a high school senior
trying to decide between Columbia
and Harvard. It was immediately ob-
vious that he was a very special per-
son—bright, inquisitive, personable
and, above all, determined. His choice
of Harvard, I learned recently from
Wendy, may have been influenced by his
passion for combining science with music.
Roger often walked wearing earbuds, deep in
thought. He was also an avid photographer,
a hobby that paralleled one of his principal
scientific interests—using light to image bio-
logical function. Art and music were a huge
part of his life. We reconnected in 1998, when
I took a sabbatical in his lab at UCSD to steer
my own research program toward “metal-
loneurochemistry.” Roger’s work on imaging

Department of Chemistry, Massachusetts Institute of
Technology, Cambridge, MA 02139, USA. Email: lippard@mit.edu
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calcium in biology provided powerful tools
and tactics that I needed to learn. I was de-
lighted that he found it “compelling” to host
someone who had reached out to him when
he was in high school to offer advice on how
best to fulfill his own career ambition to use
chemistry to reveal biology.

The Tsien lab at UCSD was a spectacular
place. As a toolmaker, Roger was unparal-
leled, producing molecule after molecule that
provided the means to unveil many mysteri-
ous intricacies of cellular processes. An early
success was Fura-2, a fluorescent sensor for
imaging Ca** in cells. Roger’s seminal pa-
per describing this and closely related Ca*
sensors has been cited over 20,000 times.
Additional Roger Tsien creations for prob-

ing calcium biology included chelators, like
BAPTA, that bind to and prohibit the ion
from performing its functions; acetoxy-
methyl esters that enable fluorescent sensors
to enter cells in cases where a membrane is
impenetrable; and so-called “caged” com-
pounds, synthetic constructs that turn on il-
lumination after photochemical cleavage of a
bond to release the active species. This tool
allows control of the timing, location, and
signal intensity of a probe.

Roger had an encyclopedic knowledge of
the literature, which enabled him to design
synthetic routes to molecules with mini-
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mal sequential steps. After my sabbatical at
UCSD, my lab at the Massachusetts Insti-
tute of Technology embarked on a program
to image mobile zinc in the central nervous
system. When our first construct (Zinpyr-2),
prepared in a multistep synthesis, responded
well to zinc in the test tube, I called Roger
to enlist his assistance to image zinc in live
cells. He was very excited to learn about this
result (I could imagine him waving his hands
in characteristic fashion as he spoke to me on
the phone) because, for a very different rea-
son, he had independently prepared a closely
related compound that behaved similarly, in a
single step! We published the results together
and, needless to say, his Zinpyr-1 became the
“go-to” molecule for imaging mobile zinc in
the early days of our explorations.

Roger’s work on calcium signaling was
worthy of the Nobel Prize, and many were
surprised when the announcement came
from Stockholm that he received it for work
on green fluorescent proteins (GFPs). These
amazing proteins, discovered by Osamu
Shimomura in the jellyfish Aequorea victo-
ria, give off a green fluorescence upon ir-
radiation with blue to ultraviolet light
and could be genetically encoded into
animals to explore biological phe-
nomena, as demonstrated by Martin
Chalfie. Roger, who referred to GFP
as “dim, fickle, and spectrally impure”
modified one of the amino acids at
a key position in GFP to produce
enhanced GFP, which shone more
brightly, and then engaged in an ex-
tensive program to mutate amino ac-
ids across the 11-stranded {3 barrel of
the protein to produce versions that
fluoresced in colors across the rain-
bow. Shimomura, Chalfie, and Tsien
shared the Nobel Prize for their work.

Toward the end of his all too short
life, Roger became interested in
contributing to medicine and devised
a means to color-code nerve cells
to enable surgeons to avoid cutting
them during operations—fluores-
cence-guided surgery. He came up
with ideas, and devised ways to test
them, for investigating where long-term
memories are stored in the brain. Early de-
tection of cancer was also of interest, and
he viewed cancer-illuminating probes (one
is currently in clinical trials) as more im-
portant than nerve-highlighters.

One can only wonder what creative inven-
tions were taken from us by the untimely
loss of Roger Tsien, a true giant of chemis-
try and biology. He is survived by Wendy;
two brothers, Richard and Louis; and step-
son, Max Rink. We miss him greatly.
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POLICY FORUM

COLLECTIVE ACTION

Social norms as solutions

Policies may influence large-scale behavioral tipping

By Karine Nyborg, John M. Anderies, Astrid Dannenberg, Therese Lindahl, Caroline Schill,
Maja Schliiter, W. Neil Adger, Kenneth J. Arrow, Scott Barrett, Stephen Carpenter, F. Stuart
Chapin ITI, Anne-Sophie Crépin, Gretchen Daily, Paul Ehrlich, Carl Folke, Wander Jager,
Nils Kautsky, Simon A. Levin, Ole Jacob Madsen, Stephen Polasky, Marten Scheffer, Brian
‘Walker, Elke U. Weber, James Wilen, Anastasios Xepapadeas, Aart de Zeeuw

limate change, biodiversity loss, an-
tibiotic resistance, and other global
challenges pose major collective ac-
tion problems: A group benefits from
a certain action, but no individual
has sufficient incentive to act alone.
Formal institutions, e.g., laws and treaties,
have helped address issues like ozone deple-
tion, lead pollution, and acid rain. However,
formal institutions are not always able to
enforce collectively desirable outcomes. In
such cases, informal institutions, such as
social norms, can be important. If condi-
tions are right, policy can support social
norm changes, helping address even global
problems. To judge when this is realistic,
and what role policy can play, we discuss
three crucial questions: Is a tipping point
likely to exist, such that vicious cycles of so-
cially damaging behavior can potentially be
turned into virtuous ones? Can policy create
tipping points where none exist? Can policy
push the system past the tipping point?
In small groups, social norms can facilitate

See supplementary materials for author affiliations. Email:
karine.nyborg@econ.uio.no
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cooperation (I). Solutions can be specific to
context (e.g., small-scale irrigated rice pad-
dies in Nepal) and local in nature. Yet social
norms can affect behavior on larger scales,
e.g., cessation of smoking in public places (2,
3), abandonment of foot-binding in China (4),
and changed fertility norms (4)—all striking
large-scale transformations of social (dis)ap-
proval and behavior.

The concept of social norms varies across
disciplines [e.g., psychology (5) and econom-
ics (4)] and that creates an obstacle to in-
terdisciplinary communication. We define a
social norm as a predominant behavioral pat-
tern within a group, supported by a shared
understanding of acceptable actions and sus-
tained through social interactions within that
group (I). We focus on recurrent behavioral
patterns that are widely conformed to but
are also widely perceived as the right thing
to do. Social feedback helps make norms self-
reinforcing and thus stable.

When norms do change, however, that
can happen abruptly. Ecologists have de-
veloped a thorough understanding of tip-
ping points—and the role feedbacks play
in crossing them—that is highly relevant
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to understanding social norm changes (6).
Here, we try to integrate these views.

IS THERE A TIPPING POINT?

For vicious and virtuous behavioral cycles
to arise, people must be more willing to
choose a behavior the more widespread it
is. The tipping point is where a vicious cy-
cle turns into a virtuous one, or vice versa.
Social, economic, and technical factors of-
ten invoke a need for people to coordinate
their behavior. Striking cases are provided
by network externalities, in which a good’s
value to the individual increases with the
frequency of others consuming that same
type of good. For example, if few own elec-
tric cars, charging stations are rare and few
will buy electric cars; if most cars are elec-
tric, gas stations are rare, and few buy gas-
fueled cars.

Similar coordination benefits occur in
social life. Diet variation across countries
cannot be fully explained by prices, in-
comes, and nutrition content (7); it appears
that other forces, like norms, are involved.
Differing diets make cooking shared meals
cumbersome. If people tend to prefer the
foods they are used to, sticking to the most
common diet is convenient. The availabil-
ity and quality of particular foods in stores
and restaurants may increase with demand.
Hence, if a less meat-intensive diet became
the norm, individuals might conform partly
owing to social pressure or a wish to be en-
vironmentally friendly; but a primary mo-
tive may simply be to enjoy pleasant and
convenient joint meals.

When behavior is easily observable (e.g.,
smoking), social sanctioning can create
tipping points. If norm followers sanction
norm violators, the social sanctioning of
violators increases as the share of follow-
ers grows (2). Other mechanisms inducing
people to act like others include conditional
cooperation—an often observed willingness
to cooperate more when others cooperate
more (8)—and social learning of personal
moral responsibility through observing the
behavior of others (9).

Social, economic, and other feedbacks
can be intertwined and hard to disen-
tangle. What matters for behavior is their
combined effect. For example, recycling
of household waste with curbside collec-
tion requires little cost and effort and is
easily observable by neighbors. A modest
social feedback, like conformity, may thus
suffice to create a tipping point. In other
cases, counteracting factors dominate:
Misuse of antibiotics is not easily observed
by peers, and perceived medical benefits
can be substantial. Firms’ and individuals’
greenhouse gas emissions originate from
a plethora of actions; many of which are
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barely observable and yield considerable
material benefits. In such cases, there may
be no tipping points.

In some cases, policy can make tipping
points arise even where none were initially
present (10). Policy can make individual
choices more interrelated, e.g., by increas-
ing visibility. Customers of a major electric
utility were much more likely to participate
in a program preventing blackouts when
their neighbors could tell who signed up
(I1): Observability tripled participation,
strongly outperforming a cash incentive of
$25. If reinforcing social feedbacks are pres-
ent but dominated by other incentives, pol-
icy can modify the latter through, e.g., taxes,
subsidies, or infrastructure investments,
like bicycle lanes. If new bicycle lanes are
increasingly likely to be constructed when
more people are cyclists, the policy itself
adds reinforcing feedback.

PASSING TIPPING POINTS
Unlike ecological processes, human behav-
ior is affected by expectations of others’
behaviors and attitudes (4). When people
prefer to act like most others, beliefs can
be self-fulfilling—and changed expectations
of what others will do can produce abrupt
behavioral changes (4). Thus, a potentially
powerful role of policy is to provide reasons
for people to change their expectations (4).
This is different from attempting to per-
suade people to change normative values.
Experiments confi rm that expectations
are crucial for cooperative behavior and
that they are affected by variables like
framing, communication, moral suasion,
and ability to be identified (8). Although
formal enforcement of Norway’s 1988 anti-
smoking laws was limited, smokers began
expecting stricter social sanctions, going
outdoors to smoke even in unregulated
areas like private homes. Nonsmokers be-
came less accustomed to passive smoking,
strengthening their negative reactions, un-
til the new norm of not smoking indoors
was nearly universal in regulated and un-
regulated areas (2). Even so, psychological
phenomena like expectations are hard to
steer: In Greece, antismoking laws did not
seem to affect expected social sanctions suf-
ficiently, and smoking prevailed (3).
Nevertheless, costly public investments,
like bicycle lanes or charging points for
electric cars, provide strong indications that
a policy (and behaviors supported by the
policy) will prevail. A policy that changes
material incentives indicates to everyone
that others’ incentives are changed, not just
their own, making expectations of behav-
ioral changes reasonable. Making behaviors
visible to peers can strengthen expected
social reactions (8), but visibility can also
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create beliefs that others expect stricter
social sanctions and thus will change their
behavior. Simultaneous or well-sequenced
introduction of several policy instruments
may support the psychological perception
of a major change. Norway has the world’s
highest per capita number of electric cars
following multiple policy measures, such as
bus lane access, exemption from road tolls,
and reduced taxes (12).

Even temporary policies can be effective
(2). If behaving like the crowd (e.g., not
smoking) is easier or more convenient, sub-
stantial permanent external pressure (e.g.,
smoking ban or social sanctions) may no
longer be needed once the tipping point has
been passed.

DIFFUSION, FEASIBILITY, COLLABORATION

Theory on innovation diffusion (13) de-
scribes how a critical mass of connected
people adopting a new behavior can spread
a norm change through a social network.
For example, encouraging a small set of
randomly selected students in 56 U.S.
schools to take a public stance against bul-
lying reduced reported student conflicts by

“..a potentially powerful
role of policy is to provide
reasons for people to change
their expectations.”

30% in a year (I4). Pioneers may invent a
better (nonconformist) practice or per-
form new behavior just to deviate from the
crowd (anticonformist). If others recognize
an individual benefit of this behavior (5), a
local cluster of adopters may emerge. The
more socially infectious this group is and
the more visible and easy to copy the new
behavior, the faster and more widely the
behavior spreads (14). Role models are criti-
cal in this process. The tipping point occurs
when sufficient positive social feedback
emerges, causing the new behavior to be-
come cool and ultimately normal.

Information on what others do can affect
behavior via direct messaging; metrics, such
as fuel-efficiency labels; or other feedback (5,
15). Before the tipping point is reached, how-
ever, awareness of others’ nonadoption tends
to work against change. For example, telling
students that a majority of their peers drink
more alcohol than they do may increase
drinking (15). The potential impact of policy
is also observed in negative examples. If not
compatible with local social norms, legal and
institutional measures may turn virtuous
cycles into vicious ones (7).
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Political feasibility may itself be part of a vi-
cious or virtuous cycle that limits policy-mak-
ers’ ability to act. If a high birth rate insures
parents against poverty in old age, public
pension systems can reduce preferred family
size by providing alternative insurance. How-
ever, a high birth rate may itself limit political
support for public pension schemes, because
families with more children are less in need
of pensions and less able to pay taxes. With-
out voter support, there may be little scope
for policy change.

Judging whether patterns of socially or
environmentally detrimental behaviors may
be broken by changed social norms is not
easy. When looking for tipping points, the
following questions are useful: Is the behav-
ior observable? Does it involve coordination
benefits? Are tastes likely to be shaped by
behaviors (e.g., preferring foods one is used
to)? Is the alternative behavior low cost? If
the answers are negative, policies may be
used to change some of them. If answers are
positive, the next step is to look for ways to
break self-fulfilling expectations, by provid-
ing reasons for people to believe that others
will take up less damaging behaviors.

The potentials and limits of social norm
changes as a means to solve large-scale
problems are not yet fully understood. Key
issues we did not engage here but which re-
quire continued study include group norms,
social identity, norm internalization, and the
role of new technologies and social media.
Active communication and collaboration be-
tween disciplines are key for success.
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PHYSICS

The folly of

The many-worlds interpretation of
quantum mechanics is not, writes
Roger Penrose, “a sensible viewpoint
with regard to physical reality.”

Jashionable thinking

A physicist casts a critical eye on popular ideas in
cosmology, quantum mechanics, and string theory

By Mario Livio

n the personal coda to Fashion, Faith,

and Fantasy in the New Physics of the

Universe, mathematical physicist Roger

Penrose describes how, in response to

a question by a Dutch journalist, he re-

plied that he does not consider himself
to be a “maverick” He interprets the term
to mean someone who deliberately goes
against conventional thinking for the sake of
standing apart from the crowd. Under this
definition, Penrose is indeed not a maverick.
He does, however, stand out as an indepen-
dent thinker, who for years has been critical
of a few current trends in theoretical physics
and cosmology.

You don’t have to agree with all, or even a
part, of Penrose’s criticism to realize that his
latest book represents an extremely original,
rich, and thoughtful survey of today’s most
fashionable attempts to decipher the cosmos
on its smallest and largest scales.

The “fashion” in the book’s title refers
mostly to the popularity of string theory and
the so-called “M-theory”—the efforts to for-

The reviewer is an astrophysicist and the author of
Brilliant Blunders (Simon & Schuster, New York, 2013).
Email: dr.mario.livio@gmail.com
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mulate a quantum theory of gravity. “Faith”
refers to our persistent belief in the reality
underlying quantum mechanics, even when
it seems to clash with the reality we experi-
ence in the large-scale “classical” world. “Fan-
tasy” targets mainly the inflationary model,
which contends that our universe underwent
a stupendous expansion when it was only a
fraction of a second old. However, Penrose
doesn’t spare other theories that he regards
as fantasies, such as eternal inflation and the
multiverse, from harsh criticism either.
Penrose makes a strong case for the fact
that once a physical theory becomes fashion-
able, students are mainly guided into that di-
rection of research, sometimes at the expense
of other, perhaps equally promising ideas.
Using string theory as an example, he points
out a number of potential difficulties with
the theory’s requirement for the existence
of extra (unobserved) dimensions. As he has
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done in previous books, he also emphasizes
the fact that string theories, despite their
fashionable status, have failed so far to pro-
duce any directly testable predictions.

Penrose acknowledges the successes and
predictive power of quantum mechanics. He
argues, however, that there should be a limit
to our quantum faith, such as when the theo-
ry’s predictions are in clear conflict with mac-
roscopic reality. (Schrodinger’s proverbial cat
could not pass simultaneously through two
separate doors in the classical world, for ex-
ample.) Penrose uses the example of a Geiger
counter, which detects energetic particles
resulting from radioactive decays, to con-
struct an explanatory bridge between the
subatomic and the classical worlds.

When it comes to cosmology, Penrose
returns to a topic he has tackled before:
the second law of thermodynamics (I, 2).
This impactful law states that the entropy
in the universe constantly increases. One
interpretation of this law argues that just
as shaking a box containing a completed
LEGO model will result in increased ran-
domness, the universe started from an ex-
traordinarily ordered state. Penrose uses
this notion to argue that the inflationary
model cannot provide the answer to a
number of puzzling observations, such as
the “smoothness” (the extreme cosmic uni-
formity) and “flatness” (the Euclidean geo-
metrical structure) of the universe.

Penrose is not satisfied with merely criti-
cizing fashionable theories. He concludes
with a new theory that he calls “conformal
cyclic cosmology;” in which each cosmic eon
is but one of an infinite succession of such
eons. What is remarkable about this proposal
is not necessarily its correctness—although
he does offer a few potential observational
tests—but rather the fact that Penrose has
the imagination, creativity, and indeed
“chutzpah” to suggest an original model that
is entirely outside the mainstream.

As in his previous books, Penrose’s con-
cept of what constitutes a “popular” sci-
ence book is somewhat different from that
of most other science writers. Accordingly,
even though much of the mathematics is
pushed to appendices, uninitiated readers
will probably find this book challenging.
Those who put in the required effort, how-
ever, will be amply rewarded by the, dare I
say, “fantastic” ideas of an original thinker
with an unparalleled geometrical intuition.
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MATHEMATICS

Quantifying culture

A humanist’s ode to mathematics reveals how numbers
underlie literature, art, and music

By Christopher J. Phillips

iven the near-constant drumbeat

promoting the promise of “Money-

ball” methods, “data-mining” algo-

rithms, and statistical models, one

might argue that there is no need

to defend mathematics in the early
21st century. Yet Steven Connor’s Liv-
ing by Numbers: In Defence of Quantity
opens with the assertion that the
“strength and prevalence” of an
“anti-numerical animus” is “re-
markable” His response, in this
erudite and wide-ranging book,
to those who lament the expan-
sion of numerical methods into
the humanities is that they fail to
realize the degree to which math
has been there all along.

Connor, a faculty member in
English at the University of Cam-
bridge, is mainly out to convince
mathphobic humanists that lit-
erature, art, and music have long
drawn explicitly on concepts of
enumeration, cardinality, pattern,
and quantity. Instead of blindly
resisting mathematical tools, crit-
ics would do better to understand
how number has already “entered
into quality” (He reminds the
reader that even expressing the
fear that the qualitative might be
reduced to the quantitative im-
plies the measurability of both.)

Connor also seeks to convince
those who would keep numbers
locked away in some ideal Pla-
tonic realm or who imbue them
with magical properties that
they are missing mathematics’ actual pres-
ence across many fields. Connor proposes
the terms “quantality” and “quantical” for
this tendency to express things in terms of
quantity, which he argues was present long
before formal statistical tests or electronic
computers were invented.

Although written for those of a humanistic
bent, the book is full of delights and insights
for mathematicians and nonmathematicians

The reviewer is in the Department of History, Carnegie Mellon
University, 240 Baker Hall, 5000 Forbes Avenue, Pittsburgh,
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alike, from the surprising etymology of “pre-
cision” (derived from the Latin for “cut off”)
and the humor inherent in numbers (many
jokes, like mathematical proofs, take “effort
to show that something is exactly what it
was all along”) to the significance of numer-
osity in poetry and music.

Connor is particularly focused on the
19th and 20th centuries, when mathemat-
ics took on pride of place in modernist ex-

pression: from James Joyce’s novel Ulysses
to Roman Opalka’s serial painting 1965/1-«.
His analysis of the way literature became a
mass phenomenon in the 19th century—a
landslide of words alongside the avalanche
of numbers provided by new statistical so-
cieties—is particularly evocative. Living by
Numbers suggests that, even as literature
was setting itself against mathematics,
number concepts and word concepts were
becoming ever more entangled.

At times, the book veers toward narra-
tive chaos. A discussion about aggregation,
for example, moves from the ancient Greek
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philosopher Eubulides through the Old
Testament and Kantian philosophy to the
20th-century poet W. B. Yeats in less than
four pages. As with any provocative book,
there is much to quibble about (Is reread-
ing Middlemarch really like the process of
intuiting the Enigma machine?), but such
claims help us see our own presumptions
about literature and iteration afresh.

For those out of practice at reading phi-
losophy, the prose will seem labored at
times. “Number is that to which,
and through which, time moves,
for time is nothing without, and
so nothing but, the movement of
nothing into number;” reads one,
admittedly nonrandom, sentence.

Curiously, Connor mentions
almost nothing about the ways
we learn mathematics and con-
sequently neglects how we come
to experience and express so
much about the world in math-
ematical idioms. He also doesn’t
explore the mundane ways (tip
calculations, grocery store pur-
chases) most people actually use
mathematics.

Number concepts appear fully
realized, ready to be deployed,
rather than constantly negoti-
ated and reimagined. It would
have been nice for Connor to
have engaged directly with the
many thoughtful accounts pro-
vided by modern practitioners,
rather than stopping with the
early-20th-century work of Eng-
lish mathematician G. H. Hardy.
I suspect that there will also be
some mathematicians who recoil
from Connor’s occasionally glib
portrayal of their discipline.

Living by Numbers turns the question
of whether a problem might best be ap-
proached qualitatively or quantitatively on
its head, suggesting that it misses the point.
Instead of asking how the humanities and
arts might respond to the expansion of sta-
tistics and data sciences, Connor asserts that
the important questions about life—and the
historical, philosophical, and artistic ways
of addressing them—have always also been
about numbers.
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LETTERS

NEXTGEN VOICES

Applied science

In July, we asked young scientists to “describe one skill you’ve honed in your science career and one way you
could apply that skill outside of academia.” We received more than 100 responses. We have printed some of the
most interesting skills and applications below. —Edited by Jennifer Sills

Health

EVIDENCE-BASED CRITICAL THINKING has
saved me a lot of trouble. Every day we are
flooded with a stream of fad diets. When
tempted to embark on a new nutritional reg-
imen, I ask myself: “Is there solid evidence
supporting this extravagant diet?” and “Has
there been a large sample of individuals
thriving on the advised or forbidden foods?”
I often discover that the fad in question fails
these logical tests, leading me to conclude
that the best ingredient for a healthy life is a
good dose of healthy skepticism.
Dario Del Giudice
Department of Global Ecology, Carnegie Institution

for Science, Stanford, CA 94305, USA.
Email: ddelgiudice@carnegiescience.edu
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Sports

AS A BIOINFORMATICIAN and an amateur
marathon runner, I have applied my data
analysis skill to building a high-performance
team. For each practice session, I keep track
of the pace and the completed distance
of each of my team members, run computer
scripts to quantify improvements, identify
abnormalities early on, and adjust our train-
ing schedule accordingly. My biomedical
knowledge empowers me to interpret the
nuanced changes in the data, which helps
me and my teammates realize our full poten-
tial without getting sports injuries.
Kun-Hsing Yu

Biomedical Informatics Program, Stanford University,
Stanford, CA 94305, USA. Email: khyu@stanford.edu
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AS AN ECOLOGIST, I often create graphs
to clarify my thinking. I have started
applying this skill to paddling. As part of
a canoe racing team, I am currently learn-
ing a new technique. To enforce learning,
I have been visualizing a graph of body
speed vs. time (similar to an electrocardio-
gram) as I paddle.
William King
Department of Biology, University of Washington,

Seattle, WA 98195, USA.
Email: wking2@uw.edu

Friendship

MY CAREER IN science has helped me
limit my use of the term “maybe,” and as
a result I've become a much more reliable
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colleague and friend. In industrial science,
being decisive is critical—even if it means
killing projects. I have found that in life, as
in science, sometimes it’s better to say “no”
because it enables you to say “yes” and actu-
ally mean it.
Laura Kingsley
Genomics Institute of the Novartis Research

Foundation, San Diego, CA 92121, USA.
Email: Ikingsle@gnf.org

IN THE SPIRIT of science, I have realized
that my critics are often the solution to my
problems. As a result, I've begun asking
for criticism and opinions in all aspects of
life. This constructive approach to critics
has helped me foster stronger interper-
sonal relationships.

Raffaele Fiorenza

New York Genome Center, New York, NY 10075, USA.
Email: ralphie.fiorenza@gmail.com

ONE SKILL THAT I have found particularly
important for effective science commu-
nication is the ability to recognize when
someone does not understand me. In order
to maintain an engrossed audience, one must
actively seek the social cues that signal con-
fusion or inattentiveness. This skill can also
be applied in the social arena when a story
you think is entertaining misses the mark.
Joseph W. Meisel
Department of Chemistry and Biochemistry,

University of Missouri, Saint Louis, Saint Louis, MO
63121, USA. Email: jwm5hd@umsl.edu

Business

ONE OF THE crucial skills I have learned as a
scientist is the ability to work collaboratively
with researchers from diverse backgrounds.
I hope to apply this skKill to the business
world by helping to ensure that companies
are using and coordinating their human
capital in the most efficient and effective
ways possible.

Noah Frey Greenwald

Allston, MA 02134, USA.
Email: noahfgreenwald@gmail.com

1 HAVE LEARNED to create visually gripping
graphs and cover art for research papers.
Industries love it when statistical graphs are
presented on their websites.
Shrishti Singh
Department of Biomedical Engineering, University of

Bridgeport, Bridgeport, CT 06604, USA.
Email: shrsingh@my.bridgeport.edu

1 BELIEVE THAT project management is
the most important skill that I have picked
up during my career. An excellent project
manager must be able to abstract an entire
project into orderly and discrete tasks;
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prioritize them by their logistical, time,
and budgetary requirements; and ensure
their efficient completion. I have used my
experience managing academic projects
to organize the operations of a residential
construction company.

Julian Spagnuolo

Institute of Fundamental Sciences, Massey University,
Palmerston North, 4442, New Zealand.
Email: julianspagnuolo@gmail.com

Domestic Life

FAILURE! OH ALL the failures! In science,
I've learned to live for the little wins (I
didn’t catch fire today!) as much as the
big ones (I published a thing!). I appreci-
ate completion and a sense of control over
an outcome in my home life, whether it’s
the cake I managed not to burn or the
novel I read in a single afternoon. If you
concentrate only on the publications and
big life milestones, you miss too much.
Matilda Skye Newton

Department of Biochemistry, Molecular Biology,
and Biophysics, University of Minnesota, St. Paul,
MN 55108, USA. Email: msnewton@umn.edu

MY SCIENTIFIC CAREER has taught me
endurance: seeing that specific goal and
being willing to work through lunch
breaks or late nights for the best possible
result. For me, the real-life equivalent of this
is found during spring cleaning.

Maria Winberg Olsen

Department of Biology, Copenhagen University,
Kongens, Lyngby, 2800, Denmark.
Email: gks199@alumni.ku.dk

Politics

THE ABILITY TO quickly look over research
and determine whether it met certain
basic standards for quality, objectivity, and
comprehensibility was incredibly useful for
sorting out dueling studies on key issues
when I worked for a state legislature.
Colin Murphy
NextGen Climate America, San Francisco, CA 94104,
USA. Email: persuasivescience@gmail.com

Editor’'s Note: NextGen Climate America is unaffiliated
with Science’s NextGen VOICES survey.

Baking

MY KITCHEN IS my laboratory. As it turns
out, pharmaceutical compounding translates
well to the art of baking. Rather than tritu-
rate tablets into dust for incorporation into
dermatologic creams, the mortar and pestle
in my Kitchen is used to grind chocolate into
a fine dust and pound almonds into coarse
granules for use in my creations. Not every
formulation is a success, but my mistakes

Published by AAAS

and masterpieces are well-documented
within a meticulous, laboratory-style note-
book. Instead of USP-grade pharmaceuticals
and prescriptions, grocery-grade goods
are combined via amateur recipes—using
geometric dilution and other techniques as
required. After all, cooking is chemistry.
Joseph Michael Cusimano

Columbus, OH 43220, USA.
Email: joecusi@hotmail.com

Art

IF THERE IS one transferable skill you
acquire while pursuing a Ph.D., it is the
confidence and intellectual rigor to teach
yourself how to become an expert at just
about anything. I've used this newfound
ability to turn my interest in time-lapse
photography into real expertise through
seeking out professionals and conducting
a number of failed experiments.
Tyler Hulett
Molecular Microbiology and Immunology, Oregon
97213, USA and Earle A. Chiles Research Institute,

Providence Cancer Center, Portland, OR 97213, USA.
Email: hulett@ohsu.edu

Parenthood

THE MOST VALUABLE skill I've honed in
my science career has been learning how to
put creative ideas into practice. As a science
educator, it enables me to motivate and
engage my students, which leads to better
learning outcomes. As a mother, it provides
me with joy in helping my young daughter
construct crazy craft projects!
Rachel Pillar
Kangaroo Island Community Education, Kingscote,

SA 5223, Australia.
Email: rachel.pillar@kice.sa.edu.au

I LEARNED TO cope with exhaustion, both
physical and mental. This better equipped
me to become a mother. Spending hours
in darkness staring at a computer trying
to figure out what is wrong with your
R code is not so different from spending
the night trying to figure out why your little
one won't stop crying.

Marie-Caroline Lefort

Unitec Institute of Technology and Bio-Protection
Research Centre, Auckland, 1025, New Zealand.
Email: mlefort@unitec.ac.nz

Cards

T've honed my ability to spot fraud. This
ability will probably come in most handy at
the poker table. Richard L Hilleary

Department of Botany, University of Wisconsin,
Madison, Madison, WI 53706, USA.
Email: hilleary@wisc.edu
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GENES UNDER

PRESSURE

By Laura M. Zahn and Beverly A. Purnell

ons of selective pressure have shaped Earth’s biological
life, genetically optimizing organisms to survive var-
ied environments and exposures. This selection may
establish novel genetic variants in the genomes of a
population or species, including humans. For example,
genetic responses to diet and altitude helped humans
adapt to new climes as they exited Africa and moved
across the globe. Furthermore, the influence of envi-
ronment can encompass the cellular level—for exam-
ple, in shaping how cells in our immune system interact with
both external and internal influences to maintain our health.
Recent work shows that adaptation extends beyond changes
in DNA sequences. The inheritance of environmentally influ-
enced traits can also occur through epigenetic mechanisms.
Although these mechanisms assist in adapting to new or shift-
ing environments, some genetic and epigenetic changes may
have resulted in modern pathology owing to recent and rapid
changes in our diets, lifestyles, and exposures.

The challenge is to understand how we can mitigate harms
caused by discordant responses to our surroundings. Under-
standing how human genetics and epigenetics respond to the
multitude of external‘influences should help us prevent pathol-
ogy and treat dis€ase in ourselves and future generations.
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A smoggy day in Qingdao,
China. There is interest in the
extent to which environmental
pressures, such as pollution,
may affect human genetic and

epigenetic processes. N
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REVIEW

Going global by adapting local: A
review of recent human adaptation

Shaohua Fan,'* Matthew E. B. Hansen,'* Yancy Lo,">* Sarah A. Tishkoff">t

The spread of modern humans across the globe has led to genetic adaptations to diverse
local environments. Recent developments in genomic technologies, statistical analyses,
and expanded sampled populations have led to improved identification and fine-mapping
of genetic variants associated with adaptations to regional living conditions and

dietary practices. Ongoing efforts in sequencing genomes of indigenous populations,
accompanied by the growing availability of “-omics” and ancient DNA data, promises a new
era in our understanding of recent human evolution and the origins of variable traits and

disease risks.

odern humans originated ~200,000 years

ago in Africa. Over the past 100,000 years,

humans spread across the globe into a

variety of habitats, from tropical to arc-

tic, from high altitudes to lowlands and
even to toxic environments. After humans mi-
grated out of Africa, they encountered and
interbred with archaic populations such as
Neandertals and Denisovans, resulting in in-
trogression of archaic genomes into non-African
modern human genomes (~1 to 6% of modern
genomes) (I). Introgression within Africa also
likely occurred (2) but is more challenging to
quantify because ancient DNA (aDNA) does not
preserve well in that region, and no archaic
African genomes are currently available. Within
the past 10,000 years, most human populations
have transitioned from a hunting-gathering life-
style to practicing agriculture and pastoralism,
resulting in rapid population growth, increased
population densities, and an increase in infec-
tious diseases. The selection pressures for adapt-
ing to local environments and new diets have
resulted in population- or region-specific genetic
variants that influence variable phenotypes (such
as height, innate immune response, lactose tol-
erance, fatty acid metabolic efficiency, and he-
moglobin levels).

Establishing a complete picture of local hu-
man adaptation can be challenging because it
involves identifying the genomic regions under
selection, the phenotypes that selection is acting
upon, and ideally, the external conditions driving
the selection. Populations that have adapted to
environments that severely challenge survival
provide well-characterized cases for local adap-
tation. Here, we review several recent examples
that illustrate the use of emerging data, such as

'Department of Genetics, University of Pennsylvania,
Philadelphia, PA 19104, USA. ?Institute for Biomedical
Informatics, University of Pennsylvania, Philadelphia, PA
19104, USA. Department of Biology, University of
Pennsylvania, Philadelphia, PA 19104, USA.

*These authors contributed equally to this work. tCorresponding
author. Email: tishkoff@mail. med.upenn.edu
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aDNA and genome-wide association studies (GWAS),
and the impact these adaptations have for disease
risk (Fig. 1).

Adaptation to dairy consumption

The advent of cattle domestication in the Middle
East and North Africa, ~10,000 years ago, lead to
strong selection pressure for the ability to drink
milk as adults. Variants near the LCT locus—
coding for the lactase enzyme that metabolizes
lactose, the main carbohydrate in milk—show
some of the strongest signals of selection in the
human genome (3). In most mammals and in most
humans, the level of the lactase enzyme decreases
after weaning [lactase nonpersistence (LNP)]. How-
ever, many populations that have traditionally
practiced dairying maintain high levels of lactase
into adulthood [lactase persistence (LP)].

A genetic variant associated with LP in Europeans
was mapped to intron 13 of MCM6 upstream of
LCT (4). Additional variants located within 100
base pairs (bp) of the European variant were iden-
tified in African populations (5). The LCT region
was repeatedly reported as a target of a recent
strong selective sweep (Fig. 2A) in Europeans
and Africans, on the basis of numerous statistical
tests including allele frequency comparisons be-
tween global populations [fixation index (Fsr)
analyses] and extended haplotype homozygosity
tests within [extended haplotype homozygosity
(EHH) and integrated haplotype score (iHS)] and
across [cross-population EHH (XP-EHH)] pop-
ulations (Fig. 3) (3, 6, 7). Indeed, the homozygosity
of African haplotypes containing the LP-associated
variants extends on average nearly 2 Mb, but only
~2000 bp in ancestral haplotypes (5, 8). In vitro
studies showed that these derived alleles enhance
the expression of LCT (5, 9). The European LP-
associated variant is estimated to be ~9000 years
old, whereas the most common East African LP
variant is ~5000 years old, which is consistent
with archeological evidence for cattle domestica-
tion in the Middle East and east Africa (5). Se-
quencing of aDNA indicates that the European
LP-associated allele was absent in early Neolithic
Central Europeans and was at low frequency in

late Neolithic Europeans (10), suggesting that LP
spread recently (within the past ~4000 years)
across Europe (11).

The genetic adaptations resulting in LP are
examples of convergent evolution in modern hu-
mans (causative genetic variants arose indepen-
dently in geographically diverse populations owing
to strong selective pressure for an adaptive phe-
notype). However, the identified LP-associated
variants do not entirely explain the LP pheno-
type, particularly in western Africans and some
central and southern Asian pastoralist popula-
tions. For example, the Fulani populations from
Nigeria and Cameroon have the European variant
at moderate frequency but lack the eastern African
LP-associated variants and have a distinct haplo-
type with extended homozygosity near LCT, sug-
gesting the presence of additional unknown
functional variants (8). Furthermore, an outstand-
ing question is the role that the human gut mic-
robiome plays in LP.

Adaptation to an arctic environment

The Inuit populations in Alaska, Canada, and
Greenland have adapted to a cold and dark Arctic
environment and a marine diet rich in omega-3
polyunsaturated fatty acids. A recent study com-
pared genomic diversity in Greenlandic Inuits
with Europeans and Chinese using the population
branch statistic (PBS) (Fig. 3B, iii) (72) and found
that the most differentiated region encompasses a
gene cluster that codes for fatty acid desaturase
enzymes (FADS), which are important modula-
tors of fatty acid composition. Two variants in
the FADS region were significantly associated
with short stature in the Inuits, possibly because
of the influence of fatty acid composition on growth
hormone regulation (72). These variants were also
associated with height in a larger study of Europeans,
but the variants were present at low frequencies and
would have been hard to discover without studying
the Inuit population, demonstrating why studies
of indigenous populations can be informative for
identifying variants of functional importance
across ethnic groups (13).

Adaptation to tropical rainforests

Tropical rainforests are some of the harshest en-
vironments in the world, characterized by high
temperature and humidity as well as the prev-
alence of parasites and other pathogens. Individ-
uals living in tropical environments often have
very short life spans, which directly affects repro-
ductive success and, hence, can act as a selective
pressure.

Short stature

One distinctive phenotype thought to be adapt-
ive to a tropical rainforest environment is short
stature (commonly referred to as a “pygmy” phe-
notype), which is defined as an average height of
<150 cm in adult males. The short stature trait is
an example of convergent evolution in rainforest
hunter-gatherer (RFHG) populations across Africa,
Asia, and South America. Selection for small body
size may be due to limited food resources, re-
sistance to heat stress, immune response, and/or
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a trade-off between early onset of reproduction
and cessation of growth (74, 15). Perturbations in
the GH1-IGF1 pathway have been implicated to
play a role in short stature in RFHG populations
in central Africa and southeast Asia (16).

In central African RFHG populations where
admixture with neighboring populations is com-
mon, short stature is significantly correlated with
ancestry and is highly heritable (74). Central African
RFHG-specific genomic adaptations were identified
through comparisons with other African popu-
lations by using methods such as locus-specific
branch length (LSBL) (17) and XP-EHH (3) tests,
which have high power to detect population-
specific positive selection (Fig. 3B). These tests
identified a 15-Mb region on chromosome 3 that
shows signatures of strong positive selection (74).
Several genes in this region are associated with
short stature in Pygmies, including DOCK3, which
is associated with height variation in non-Africans,
and CISH, which is important in immune response
but also inhibits human growth hormone receptor
activity, indicating that short stature could be a
product of selection acting on pleiotropic loci
(14). A subsequent study discovered a ~200-kb
haplotype containing HESXTI at high frequency
in central African RFHGs but low frequency in
other African populations; HESXT is involved in
the development of the anterior pituitary, where

growth hormone is produced (78). This haplotype
was not tagged in previous genotyping arrays,
demonstrating the importance of including eth-
nically diverse populations in whole-genome
sequencing studies (I18). However, RFHG and
neighboring agriculturalist populations in Uganda
exhibit a distinct set of loci associated with short
stature, which raises the possibility of convergent
evolution of this trait across the RFHGs in Africa (15).

The studies discussed above suggest that short
stature in central African RFHG is mostly driven
by strong selection affecting a relatively small num-
ber of loci of moderate to strong effect. In contrast,
hundreds of loci are associated with European
height variation (79, 20). Detecting selection on a
polygenic trait such as height is difficult because
the causative variants can be ancient polymor-
phisms each of relatively small effect. Several re-
cent methods use GWAS to identify trait-associated
variants then test for allele frequency shifts be-
tween populations [either unweighted (20) or
weighted by effect size (21)] greater than expected
from neutral drift. Polygenic selection tests using
GWAS data (Fig. 2C) have suggested weak selection
influencing average height differences among
European populations, with Northern Europeans
generally being taller than Southern Europeans
(20, 21). A recent aDNA analysis of Neolithic
European populations suggests that the North-

South European height gradient may reflect selec-
tion for shorter height in Early Neolithic migrants
into southern Europe and admixture of taller
steppe populations with northern Europeans (71).
Although analysis of aDNA holds great promise
for revealing human phenotypic history, this ap-
proach faces challenges for studies of indigenous
populations such as RFHG because DNA is not
well-preserved in tropical climates, and large-scale
GWAS are not available.

Adaptation to endemic pathogens

Pathogenic environments are an important driver
of local adaptation in humans (22), and nowhere
is the challenge of survival from pathogens greater
than in tropical rainforests. In particular, malaria, a
mosquito-borne protozoan parasitic infection, is a
major cause of mortality in sub-Saharan Africa.
The most lethal malarial species, Plasmodium
Jfalciparum, causes >1 million child deaths in Africa
each year (23). Tropical populations have long been
known to have genetic variants that confer resist-
ance to malaria, including the sickle cell, o~ and
B*-thalassemia-causing alleles at the hemoglo-
bin loci, as well as variants at ABO, GYPA, GYPB,
GYPE, and G6PD [reviewed in (23)]. These var-
iants are likely adaptive, as initially evidenced by
the strong correlation between allele frequency
and prevalence of malaria infection. However,
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Fig. 1. Examples of human local adaptations, each labeled by the phenotype and/or selection pressure, and the genetic loci under selection. [Adapted

from (13)]
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Adaptation to high altitude

. Living at high altitude (>2500 m above sea level)
i in regions such as the Tibetan Plateau, the Andean
*=0 o Altiplano, and the Semien plateau of Ethiopia can
w e o—f be deadly because of an insufficient supply of oxy-
gen to vital organs (hypoxia). However, populations
living in these high-altitude regions for thousands
Pae N of years have adapted and thrived, with varying
. physiological adaptations to hypoxic environments
[ B - [reviewed in (26)].
O pare § Recent genome-wide scans of selection (such as
LSBL, PBS, iHS, and XP-EHH) (Fig. 3B) uncovered
 0— oW < § genetic adaptations to high altitude by comparing
Andean, Ethiopian, and Tibetan genomes with
lowland populations with similar genetic ances-
* o - ° ® — 'I' try [reviewed in (27)]. Signatures of positive se-
lection were found repeatedly at genes involved
in the hypoxia-inducible factor (HIF) pathway
[reviewed in (28)] but on different haplotype
backgrounds (for example, EGLNI in Andean
and Tibetan populations) owing to convergent
evolution (29). One of the strongest signals of
selection in the Tibetan populations is at EPASI,
a transcription factor influencing the HIF pathway.
Sequence analysis suggests that the selected Tibetan
haplotype may have originated from introgression
of genomic DNA from Denisovans (Fig. 2D) (30).
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Adaptation to toxic environments

. *-o g - Arsenic is acutely toxic to humans but is naturally

present at high levels in groundwater across the
globe (3I). San Antonio de los Cobres (SAC),

® - Argentina, is one such locale with high levels of
) = arsenic yet has been settled by human popula-
tions for the past ~11,000 years. Arsenic metab-
olism involves methylating inorganic arsenic to
Fig. 2. Genomic signatures of local adaptation. (A) A hard sweep. (B) A soft sweep acting on (i) multiple monomethylarsonic acid (MMA) and subsequently
de novo beneficial mutations and (ii) standing variation. (C) Polygenic adaptation. (D) Adaptive introgression. to dimethylarsinic acid (DMA), which is less toxic.
Each horizontal bar represents a haplotype (a sequence of genetic variants on the same chromosome). The | The fraction of arsenic metabolites (%DMA/
orange segment is graded to indicate the strength of linkage disequilibrium between beneficial (stars) and %MDMA) in urine indicates the efficiency of arsenic
neutral (dots) variants. metabolism. Individuals in SAC show particularly
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low urinary excretion of MMA, suggesting a local
adaptation to arsenic. A recent association study
in SAC identified potential protective regulatory
variants upstream of AS3MT, a gene involved in
the arsenic methylation pathway. The variants are
likely under positive selection because they are
embedded in long haplotypes in the SAC popula-
tion and are at higher frequency than in neighboring
low-arsenic groups with similar genetic ancestry (31).

Adaptation to ultraviolet exposure

Variation in human skin color is one of the most
striking examples of human phenotypic diversity.
Unlike other primates, human skin is not covered
by dense body hair and is the primary interface
between our body and the environment. Ultraviolet
radiation (UVR) exposure is an important driver of
pigmentation evolution in humans, with selection
pressure for darker skin at low latitudes for UVR
protection and for lighter skin at higher latitudes,
possibly to maintain vitamin D photosynthesis (32).

The earliest studies of the genetics of human
pigmentation were based on candidate genes iden-
tified in model organisms and highly penetrant
genetic variants of Mendelian disorders [for exam-
ple, SLC24A5 in zebrafish color patterns, MCIR in
mouse coat colors, and OCAI4 in human oculo-
cutaneous albinism (33)]. GWAS in European
populations have included additional candidate
loci associated with light skin, a subset of which
(such as OCA2, TYRPI, TYR, SLC24A5, and SLC45A42)
are under strong selection, as evidenced by multiple
genome-wide scans of selection [reviewed in (33)].
Furthermore, a recent analysis of 230 ancient Eur-
asian genomes found that the allele associated
with light skin pigmentation has likely reached
fixation in modern Europeans from very low fre-
quency during the Neolithic period due to strong
selection pressure over the past ~4000 years (1I).

Although many genetic variants associated with
European light skin color are identified, little is
known about the genetic basis of skin color in
Asia and Africa. Indeed, Africans exhibit high
variability in skin color (ranging from dark-skinned
Nilotic pastoralists to light-skinned San hunter-
gatherers), and the genetic basis of pigmentation
in these populations has just recently begun to
be explored (34).

Impact of local adaptation on common
complex diseases

Genetic variants that were adaptive in the past
can be maladaptive in modern environments.
For example, the high prevalence of type 2 dia-
betes was proposed to be due to common variants
that were adaptive for the efficient conversion of
food into energy in the past when resources were
scarce, but are maladaptive in modern urban en-
vironments (the “thrifty gene hypothesis”). This
hypothesis remains controversial; an alternative
hypothesis is that the disease-associated variants
were never beneficial but became common through
genetic drift (the “drifty gene hypothesis”) (35).
A recent study of Samoans provides functional
evidence supporting the thrifty gene hypothesis.
Over 80% of Samoans are overweight or obese
[body mass index (BMI) > 26 kg/m?], which is
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among the highest prevalence in the world (36).
By genotyping ~3000 Samoans, a missense var-
iant in CREBRF was found to be associated with
BMI and fasting glucose levels. This variant is
under strong recent positive selection, as evi-
denced by extended haplotype homozygosity and
high allele frequency in the Samoan population
but not other populations. Functional expression
experiments in adipose cells showed that the
Samoan variant decreases energy use and in-
creases adipose fat storage, suggesting that this
variant may have been adaptive in the past by
increasing tolerance to periods of starvation but
is associated with risk for obesity and type 2
diabetes in modern populations.

Future directions
Unearthing human adaptation with aDNA

aDNA sequencing provides a direct historical
record of genomic variation and provides new
possibilities for inferring recent human evolu-
tionary history of modern phenotypes. Studies
based on comparison of modern human with
Neandertal and Denisovan genomes have found
evidence of adaptive archaic haplotypes in genes
related to innate immune response, metabolism,
and skin phenotypes in ethnically diverse mod-
ern human populations [reviewed in (I)]. Future
studies of aDNA will be informative for recon-
structing the origin of functional variants and
inferring the strength of selection based on direct
observation of changes in allele frequencies over
time (37). However, current understanding of an-
cient adaptation events is limited by sparse aDNA
data over broad geographic and temporal scales.
Moreover, methods for studying ancient genotype
variation tend to focus on ascertained variants in
specific populations, particularly Europeans (7).

Adaptive potential of structural variation

Structural variants (SVs)—including duplications,
copy number variants, deletions, insertions, and
inversions—encompass a much larger fraction of
the genome than single-nucleotide polymorphisms
(SNPs) [~4.1 million to 5.0 million base pairs for
SNPs compared with ~20 million base pairs for
SVs (38)] and may consequently have substantial
contributions to human adaptive evolution (39).
For example, Perry et al. (40) observed higher
copy numbers of AMY1, an enzyme that breaks
down starches, in populations with high-starch
diets. Further, a common inversion polymorphism
at chromosome 17q21.31 is hypothesized to be
under positive selection in Europeans because of
increased fecundity of women carrying the in-
verted haplotype (41). However, SVs are extremely
challenging to detect by using short-read sequenc-
ing technologies. The development of cost-effective
high-throughput methods for obtaining long-
sequence reads and novel computational approaches
will facilitate identification and characterization
of SVs in the future (42).

Challenges to detecting selection

Although numerous methods for detecting selec-
tion have been developed, there is a known lack
of concordance across methods (43), partly be-

cause of the different selection time scales each
method is capable of detecting (44). Strong pos-
itive selection on a de novo (newly arising) mu-
tation is the classic process that many methods
have been devised to detect, in which the haplotype
containing the beneficial variant rapidly rises in
frequency in the population, resulting in long
stretches of identical haplotypes around the se-
lected variant within the population (Figs. 2 and
3). There is some debate over the fraction of the
human genome affected by selective sweeps within
the past ~250,000 years, in part owing to complex-
ities in accounting for background selection that
purges deleterious genetic variation (45, 46) and
the difficulty in detecting simultaneous selection
on multiple beneficial haplotypes at a locus (“soft
sweeps”) (Fig. 2B) (47). Although recent methods
have increased the power to scan for soft sweeps
(48, 49), their detection is still limited because of
relatively weak genomic signals (50) and because
regions flanking a hard sweep (the “shoulders”)
can mimic a soft sweep (51, 52). Development of
machine-learning methods, which can effectively
“learn” the appropriate signals within complex data
when given training examples, may be effective
for detecting hard and soft selective sweeps (53).

Perhaps the largest challenge to detecting se-
lection is the fact that most traits are polygenic. It
is difficult to distinguish small frequency shifts
over large numbers of independent loci (Fig. 2C)
from neutral drift without knowing a priori which
trait is under selection and the genetic variants
that influence the trait. Incorporating the results
of GWAS into selection tests (20, 2I) is one prom-
ising avenue to identify cases of polygenic adap-
tation, although such integration will have to
overcome issues common to genetic association
tests, including ascertainment bias in the set of
genotyped variants, population stratification, and a
lack of observed heritability (“missing heritability”).

Integration of genetic, phenotypic, and
functional data into adaptation studies

The best-characterized human adaptive variants
are those related to Mendelian, or near Mendelian,
traits for which the adaptive phenotype can be
easily distinguished (for example, LP and skin
pigmentation). Characterizing the functional var-
iants that affect nonobvious or intermediate
phenotypes—such as blood metabolite levels,
gene expression across cell types, and epigenetic
modifications—motivates the need for detailed
phenotyping of global populations based on “-omics”
profiling (such as transcriptomics, metabolomics,
or epigenomics). Additionally, integration of genome-
wide selection scans with GWAS helps improve
the power of genotype-phenotype association anal-
yses by localizing putative regions with a functional
impact. This is particularly important in studies
of indigenous populations, in which obtaining
large sample sizes is challenging. Lastly, functional
experiments in model organisms can directly es-
tablish the link between candidate adaptive var-
iants and phenotypes. For example, a derived
allele at the EDAR locus (EDAR370A) is signifi-
cantly associated with hair thickness and dental
morphology [reviewed in (27)] and is a target of
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Fig. 3. lllustrations of basic concepts of population genetics and methods
for detecting recent positive selection. (A) Population genetics terminology.
(i) A genetic variant (A/T, red) on the diploid chromosomes of an individual.
(i) The allele frequency of a variant in a population is the fraction of chromosomes
containing the variant. In this case, allele frequency of variant T (red) = 0.4. (iii) Fst
measures proportion of genetic differentiation between populations. Fst = 0
means the two populations have equal allele frequencies. Fst = 1 means the two
populations are completely differentiated. (iv) Haplotype homozygosity is the
shared stretches of variants between pairs of sampled haplotypes, typically mea-
sured around a focal variant (red square) and extending out to flanking variants
(light blue). (B) Means of detecting positive selection. (i) Changes in the allele
frequency spectrum. Positive selection (red) drives the alleles under selection and
the hitchhiking alleles to high frequencies; at the same time, new mutations arise,
creating an excess of rare alleles. (ii) Fst along the genome. High Fsr values in-

dicate loci enriched for targets of selection, with a cutoff (red dashed line) arbi-
trarily set to be the top 1%. (iii) LSBL, which quantifies branch lengths of a
phylogenetic tree with three or more populations by using pairwise Fsr (17). At a
locus, long branch length for one population (red) indicates a population-specific
divergence. A similar statistic is the PBS. (iv) Haplotype homozygosity statistics
[extended haplotype homozygosity (EHH) and integrated haplotype score (iHS)].
Overabundance of along haplotype (H1, red) surrounding a focal variant indicates
positive selection at the locus. The EHH statistic has also been extended to iden-
tify population-specific selective sweeps through cross-population comparisons
(XP-EHH). (v) Results from GWAS, which identify genetic variants significantly asso-
ciated with a specific trait (such as height), indicated by red dots on the Manhattan
plot (left). Shifts in the frequency distribution of alleles associated with the trait
(right) in specific populations (red) compared with the expectation under neutrality
(blue) indicates that the trait is under selection. [Part of Fig. 3B is adapted from (27)]

recent strong positive selection in Asian popula-
tions (3, 54). Development of humanized mice
containing EDAR370A replicated the hair thick-
ness phenotype and also identified previously
unknown phenotypic impact on mammary and
eccrine glands (55). With the development of
in vitro and in vivo technologies, such as tissue-
specific cell lines, genome/RNA-editing (such as
CRISPR technology), and induced pluripotent
stem cells, it is increasingly possible to validate
the function of adaptive variants in humans.

Conclusions

Selection pressures in response to regional con-
ditions have influenced global human genomic
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diversity, as evidenced by the reviewed local adap-
tations to diverse physical environments, path-
ogen exposure, and dietary practices. None of
these insights would be possible without global
genome-wide population genetic data collected
over the past 15 years. New insights into local
human adaptation will require high-coverage
whole-genome sequencing of ethnically diverse
populations and detailed phenotyping. Extend-
ing current GWAS-based methods to detect
polygenic adaptation in order to include more
accurate models of genetic architecture that
take into account nonadditive, epistatic, and
gene-environment effects is an important fu-
ture direction. The integration of high-quality

genomic data from ancient and modern pop-
ulations, detailed phenotype data, and advances
in computational approaches will illuminate the
mode and tempo of local adaptation as humans
settled the globe.
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Transgenerational inheritance:
Models and mechanisms of non-DNA
sequence-based inheritance

Eric A. Miska> and Anne C. Ferguson-Smith*

Heritability has traditionally been thought to be a characteristic feature of the genetic
material of an organism—notably, its DNA. However, it is now clear that inheritance

not based on DNA sequence exists in multiple organisms, with examples found in
microbes, plants, and invertebrate and vertebrate animals. In mammals, the molecular
mechanisms have been challenging to elucidate, in part due to difficulties in designing
robust models and approaches. Here we review some of the evidence, concepts, and
potential mechanisms of non-DNA sequence-based transgenerational inheritance. We
highlight model systems and discuss whether phenotypes are replicated or reconstructed
over successive generations, as well as whether mechanisms operate at transcriptional
and/or posttranscriptional levels. Finally, we explore the short- and long-term implications
of non—-DNA sequence-based inheritance. Understanding the effects of non—DNA
sequence—based mechanisms is key to a full appreciation of heritability in health

and disease.

dvances in molecular biology in the second

half of the 20th century firmly established

DNA sequence as the molecular substrate

of inheritance (7). DNA seems to satisfy the

requirements of both Darwin and Wallace’s
evolutionary theory and Mendel’s laws of inher-
itance, now unified in the “modern synthesis,” as
put forward by Huxley (2). DNA provides a sub-
strate for random variation—for example, through
mutation during replication. In the view of mod-
ern synthesis, biological forms or phenotypes in-
teract with the environment and are the subject
of natural selection, but the heritable substance
or genotype is not. This strict separation of geno-
type from phenotype also led to the rejection
of the inheritance of acquired traits. This was
first formalized by Weismann in the germ-plasm
theory (3) and is often also referred to as the
“Weismann barrier.” The idea of the Weismann
barrier is that the information flow from geno-
type to phenotype is strictly irreversible. This
places the germline on a pedestal, responsible
for all inheritance devoid of influence from so-
matic cells. Today, genetics is usually and ap-
propriately equated with DNA sequence-based
mechanisms. Yet, it appears that biology is much
richer: Many phenomena and mechanisms of
nongenetic and/or non-DNA sequence-based
inheritance have been described in a range of
model organisms, challenging our perception of
the well-established relationship between trans-
mitted genotype and phenotype. How can we
learn more about the mechanism and effects of
this extended type of inheritance?

!Department of Genetics, University of Cambridge, Downing
Street, Cambridge CB2 3EH, UK. 2Gurdon Institute,
University of Cambridge, Tennis Court Road, Cambridge CB2
1ON, UK.

*Corresponding author. Email: afsmith@mole.bio.cam.ac.uk

What is the evidence for nongenetic or
non-DNA sequence-based inheritance?
Look beyond humans!

Given that DNA is the major substrate of inher-
itance, convincing evidence for inheritance that
is not based on DNA sequence often emerges
where genomic DNA can easily be experimentally
controlled. This is the case for species that are
parthenogenetic, self-fertilizing (hermaphroditic),

“..a complete understanding
of non-DNA sequence-based
heritable effects requires

a number of components,
and we do not currently
have the complete picture
Jfor any natural example.”

or isogenic, as is the case for many laboratory
model organisms. Even when genetics can be
controlled, other caveats need to be considered:
These include changes in the environment such as
parental nurturing (4); microbiome; and, in mam-
mals, milk (5) or even cultural influences. For
example, in mice, maternal nurturing can have
profound effects on phenotype (6). Finally, a use-
ful distinction is often made between intergen-
erational and transgenerational inheritance. In
the former, the environment of the parent can
directly affect germ cells of the offspring. For the
latter, in the case of mammals, a true transgen-
erational effect can be defined if transmitted to
the F; and possibly future generations, arising
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from a germline in the F, generation that has
not been exposed (7, 8). Examples of non-DNA
sequence-based inheritance and/or the inheri-
tance of acquired traits have recently been reviewed
elsewhere (7-1I) and span many diverse orga-
nisms. For instance, in plants, a naturally occur-
ring mutant of Linaria vulgaris (toad flax) that
was originally described by Linnaeus more than
250 years ago and dramatically alters the flower
shape (Fig. 1) was found to be due to the meth-
ylation state of the Lcyc gene and did not involve
alteration of the DNA sequence (12). In yeast,
prions are a natural and common mechanism
for the inheritance of traits independent of
DNA (13). In the ciliate Tetrahymena, swimming
behaviors in isogenic populations are depen-
dent on the environment and are heritable
(14). In animals, such as the nematode Caeno-
rhabditis elegans, the RNA interference (RNAi)
pathway results in non-DNA sequence-based
heritable changes (15-17), genetic manipulation
can result in multigenerational phenotypic var-
iation that is independent of DNA sequence
(18-23), and environmental perturbation can re-
sult in heritable phenotypic changes (8, 24-26).
In mice, a number of different types of nonge-
netic intergenerational or transgenerational
inheritance have been observed, as reviewed
in detail elsewhere (8, 9, 11, 27, 28). For exam-
ple, genomic imprinting (as discovered in mice
by Surani and Solter) results in the expression of

Fig. 1. Epialleles. Shown is an example of a natural non—DNA sequence-mediated multigenerational epigenetic inheritance in
toad flax: breaking flower symmetry (12). The flower changes from bilateral symmetry (left) to radial symmetry (right) via a
naturally occurring mutant. The molecular basis of this mutant is a metastable and heritable DNA methylation state of the Lcyc

gene locus.
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“Many phenomena

and mechanisms of
nongenetic and/or non-DNA
sequence-based inheritance
have been described in a
range of model organisms,
challenging our perception
of the well-established
relationship between
transmitted genotype

and phenotype.”

genes being dependent on their parental origin,
a process regulated by epigenetic mechanisms
(29). In addition, specific loci show variable and
heritable nongenetic changes in expression, such
as at the Agouti viable yellow (Avy) locus affect-
ing coat color and metabolic outcome, caused
by the insertion of a transposable element, an
endogenous retrovirus, providing a variably DNA
methylated ectopic promoter for agouti (30). A
number of such heritable effects, including at
Avwy, can be modulated by environmental influ-
ences. When considering environmentally in-

duced effects, a particular emphasis has been
put on nutrition and stress as inducers of non-
genetic effects. For example, parental diet can
affect the phenotype of the offspring (27, 31-34),
as shown in one recent study exploring meta-
bolic outcomes in both male and female mice
born to parents that consumed a high-fat diet
(33). Early life stress is another example for
which several rodent models have been reported
(85-37). An emphasis on nutritional models in
mice might be the consequence of evocative
epidemiological studies in humans that suggest
maternal and paternal inheritance of nutri-
tional states (38, 39). Although in most of the
examples mentioned above the mechanisms of
inheritance are unlikely to be DNA sequence-
based, with varying strength of evidence, the
mode(s) of transmission of nongenetic effects
remain to be discovered.

How to reconsider the concept of
inheritance without the restriction
of the DNA model—Replication

or reconstruction?

The semiconservative mechanism of DNA rep-
lication (40) provides a clear paradigm of how
genetic information is faithfully transmitted dur-
ing each cell division in mitosis and meiosis.
This paradigm is so powerful that great emphasis
has been placed on replicative inheritance of
other information. Due to the well-understood
mechanisms associated with
the propagation of epige-
netic states such as DNA
methylation, experiments
analyzing epigenetic mod-
ifications to DNA and chro-
matin have proved popular
in attempts to explain the
heritable memory of envi-
ronmental experience. In
both cases, enzymes have
been identified that can
“read” a modification and
replicate it locally on the
newly synthesized strand
(in the case of DNA) or can
propagate it on newly as-
sembled histones on chro-
matin (41). Both mechanisms
fit an appropriately narrow
mechanistic definition of
“epigenetics” that is discussed
in detail elsewhere (42).
Yet, as pointed out by
Jablonka (43), information
might not only be copied or
replicated but may also be
reconstructed in each gen-
eration (Fig. 2). Whether trans-
generational mechanisms
leading to adverse outcomes
are replicated between gen-
erations or reconstructed in
each generation (or a com-
bination of both) has impli-
cations for our consideration
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of the mechanisms themselves, as well as for
the design of experiments to determine them.
The prospect of reconstruction is possible at
the Avy locus, where epigenetic reprogram-
ming has been shown to occur in the pre-
implantation embryo despite the nongenetic
transmission of the phenotype across gen-
erations. Metabolic or cell signaling loops or
noncoding RNA expression are examples that
might also fit a reconstructive model of in-
heritance. It is important to consider that epi-
genetic marks such as DNA methylation or
histone modifications might be reconstructed
with RNAs, transcription factors, or even meta-
bolic loops acting as intermediate carriers of
information. Heritable epigenetic informa-
tion, including DNA methylation or histone
marks, might therefore not be present in all
cells of an organism but might be reconstructed
in a specific tissue or tissues only. As a conse-
quence, careful consideration of the under-
lying mechanisms of extended inheritance is
relevant when considering specific paradigms
and vice versa.

When one considers the basis for transgen-
erational inheritance of phenotypic traits, the
first and most likely port of call will, and should,
be a genetic one. DNA for the storage of her-
itable information is often thought to be ex-
ceptionally conservative. The replication error
rate is small (~10~® per base pair) and surpris-
ingly similar across many organisms (44). How-
ever, the DNA mutation rate is not necessarily
random throughout the genome (45), can de-
pend on epigenetic state (46), and might be
tunable in response to environmental stress, at
least in some organisms (47). In particular, DNA
methylation is a mutagen, with recent exam-
ples of its potential effect being observed in the
increased incidence of C-to-T transitions found in
cancer genomes (46). Once a genetic mechanism
can be excluded and non-DNA sequence-based
mechanisms inferred, such information might
also reveal very distinct behaviors. Instead of
being deterministic, this information might be
metastable, stochastically switching between two
(or more) states every few or many generations,
or might exhibit parental-origin effects that
differ based on whether it is transmitted via sperm
or egg. A clear example of state-switching is found
with metabolic loops in prokaryotes that have
recently been characterized quantitatively (48).
Any state-switching might be completely de-
pendent, independent, or tunable through the
environment. In the latter case, prolonged envi-
ronmental exposure, perhaps even over several
generations, might be required for state-switching.
All of the above have been observed (9). When
discussing the heritability of environmental in-
formation, or acquired traits, a controversy be-
tween Lamarckian and Darwinian models of
heritability is often evoked, with the former
having been largely dismissed. Alas, the his-
tory of the science of heredity is more complex;
this has been discussed in detail elsewhere (49).
For example, Darwin’s theory of pangenesis sug-
gested the presence of gemmules, nongenetic
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factors that could be transmitted via the germ-
line to influence the inheritance of acquired
characteristics (50).

What is the known mechanistic toolkit
beyond DNA sequence?

A non-DNA sequence-based mechanism of
heritability requires a substrate that transmits
the information from one generation to the
next. There must also exist a mechanism for the
transmitted information to be “read” or inter-
preted in the offspring to alter the phenotype.
Finally, when considering environmental cues,
the transmitted information should also be tunable

Generation1

in the parent. Thus, a complete understanding
of non-DNA sequence-based heritable effects
requires a number of components, and we do not
currently have the complete picture for any na-
tural example. Nevertheless, diverse organisms
provide clues and candidate mechanisms that
we will examine here with regards to mammals,
including humans (Fig. 3).

In plants, stable replicative inheritance of DNA
methylation marks throughout many genera-
tions is a well-characterized mechanism (see
above and Fig. 1). The simplicity of this mech-
anism and the fact that the DNA methylation
machinery is conserved in mammals (57) makes

Generation 2

A Reprociuction Development
B N & &
o A

Fig. 2. Replication versus reconstruction as mechanisms of inheritance. As proposed by Jablonka
and Raz (9, 43), inheritance might be replicative in nature and involve direct copying of DNA and epigenetic
marks (A) or, alternatively, inherited information might be reconstructed during development (B). In the
latter case, the epigenetic marks are not present in all cells at all times. Instead, epigenetic information is
reconstructed from another substrate (green cheese, RNA, etc.): “The laws of genetics had never
depended upon knowing what the genes were chemically and would hold true even if they were made of

green cheese” [Ed Lewis (76)].

Statel

f\/’\m

non-coding RNA, histone modification I and DNA methylation

‘\/

State 2

Fig. 3. Interaction between epigenetics and genetics. Genomes contain mobile elements (red) and
genes (green). Cellular defense mechanisms such as piRNAs (blue) silence the expression of transcripts
from mobile elements by modifying the epigenetic state (e.g., locus-specific histone modification, DNA
methylation). Silencing of mobile elements that have inserted close to genes might affect gene expression
locally (state 1). This polar effect on gene expression might be influenced through intrinsic and extrinsic

factors (state 1 versus state 2).
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this an attractive mechanistic model. The DNA
methylation state of genomic DNA in somatic
tissues can be modulated by the intrinsic de-
velopmental environment and age in mice and
humans (52, 53) and hence has the potential to
be extrinsically and directly modulated. Still,
germline and preimplantation reprogramming
in mammals are formidable barriers to repli-
cative inheritance: In both the female
and male germlines, DNA methylation
is largely eliminated from the genome A
and can be considered a molecular man-
ifestation of the Weismann barrier (54).
However, in mammals, germline DNA
methylation erasure appears to be in-
complete (55), with some nonrepetitive
and particular classes of repeat sequences
being reported as somewhat resistant to
reprogramming. The idea of certain se-
quences that might be refractory to germ- B
line epigenetic reprogramming provides
a compelling mechanism for the inher-
itance of modulated epigenetic states. A
second wave of genome-wide reprogram-
ming occurs in the mammalian preim-
plantation embryo. At this developmental
stage, mechanisms exist to prevent the re-
programming of particular sequences,
such as genomic imprints (29). Related
mechanisms might also be operational at
other sequences, including those targeting
repressive epigenetic states to repetitive
endogenous retroviral sequences during
and after the reprogramming period. These
epigenetic targeting approaches might
provide a mechanism for reconstructing
epigenetic states between one generation
and another and may involve not only
DNA methylation but also the targeting
of repressive histone modifications (56).
Histones, which are closely associ-
ated with DNA in the histone octamer
forming the nucleosome, are a suitable
candidate substrate of information that
can be propagated during DNA replica-
tion through local nucleosome retention. Anal-
ogous to DNA methylation, classes of “reader”
and “writer” proteins that can maintain histone
marks have been identified for a number of
posttranslational modifications (41). Evidence
from nematodes, flies, mice, and humans sug-
gests that histone modifications might be in-
volved in heritable effects (19, 20, 57-59). However,
whether histone marks are heritable in a repli-
cative manner across generations in mammals
is questionable because they are subject to era-
sure during germline reprogramming, as is the
case for DNA methylation (54). Furthermore, in
the male germline, histones associated with ge-
nomic DNA are largely replaced with protamines
in sperm. Immediately upon fertilization, the
protamines are removed and the paternal chro-
matin rapidly remodeled using maternally de-
posited stores of histones. However, the few
modified histones in sperm that are carried
through to the egg upon fertilization have re-
cently been linked to altered development in the
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offspring, indicating that their correct modifi-
cation is important for offspring development
(60, 61). Hence, similar to DNA methylation, his-
tone modifications might contribute a repli-
cated mechanism of inheritance but might also
be reconstructed upon remodeling of the pa-
rental genomes after fertilization. Therefore,
environmental influences have the potential
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Fig. 4. A generalized model of inheritance: a role in adaptation
and evolution? (A) The classic genetic model where a single
attribute y describes all heritable information that gives rise to y' in
the offspring and that is operated on by two stochastic kernels
that represent heritability (H) and reproduction (R), giving rise to ¢
number of offspring. Reproduction is influenced by the environment
Xt at the current time. (B) A generalized model where a third sto-
chastic kernel represents development (D) that specifies a pheno-
type based on an inherited genotype y. Development, reproduction,
and heritability are all under the influence of external environmental
factors (xy, vt zy). The three red arrows can be thought of as devel-
opmental plasticity (P), soma feedback to the germline (F), and
Lamarckian effects (L). Certain environments might favor Lamarckian
inheritance in the generalized model. [Adapted from figure 1 of (70)]

to compromise important normal developmental
processes associated with the germline and early
developmental dynamics of epigenetic states.

RNA-mediated mechanisms

Although DNA methylation and histone modifi-
cation represent epigenetic mechanisms that are
compelling heritable environmental mediators
of nongenetic states, this is not necessarily the
case for RNA. However, specific long and short
noncoding RNAs are tightly linked to both mech-
anistic pathways and, hence, can contribute to
a dialogue between environment and genome.
This is particularly well understood for the small
noncoding RNAs involved in RNAi-related path-
ways. Specifically, such small interfering RNAs
and their relatives are known to direct histone
modification and/or DNA methylation changes
in a sequence-specific manner in yeasts, plants,
nematodes, and insects (7). The current molecu-
lar models suggest that nascent gene transcripts
are recognized by small RNAs through base-

pairing, which brings about a local change in
gene transcription through DNA methylation and
histone modification.

An increasing literature implicates small RNA-
mediated mechanisms in the nongenetic trans-
mission of phenotypic traits in many organisms.
In these instances, the models have small RNA
amplification mechanisms that fit well with a

reconstructive mode of inheritance. In
some instances, specific patterns of DNA
methylation and histone modification re-
sult in small RNA production that recon-
structs the DNA methylation and histone
state. The RNAi-related Piwi-interacting
(piRNA) pathway in animals is a perfect
candidate: It is conserved in mammals,
including humans; is germline expressed;
is known to direct histone modification
and likely DNA methylation (62); and is
amplified via the ping-pong pathway, among
others. piRNAs themselves can be direct-
ly inherited by the offspring in inverte-
brates, fish, and possibly humans (63). In
e some paradigms of non-DNA-based in-
heritance in mice, sperm total RNA in-
jection into oocytes was able to replicate
paternal environmental exposure (64). How-
ever, although small RNA-based multi-
generational inheritance in the nematode
C. elegans has been directly demonstrated,
such evidence is lacking in mammals.
Other classes of RNA might be involved;
for example, tRNA fragments are an abun-
dant class of RNA in the sperm of mice and
cows (65, 66). Two recent studies of her-
itable effects of paternal diet in mice found
that the sperm small RNA fraction (67, 68)
and even the tRNA fragments themselves
(67) were able to phenocopy the effect of
paternal diet when provided in the zy-
gote. However, how parental diet might
result in altered sperm tRNA fragment
concentration or how these fragments
might exert an effect in the egg remains
entirely unknown.

The candidate mechanisms discussed above
have the potential to share another biological
function—namely, the control of the expression
and mobility of transposable elements in the
genome. The discovery of the first non-DNA-
based alleles in plants, which are formed via a
process known as paramutation (69), involved
the interaction between transposable elements
and genes. Many plant paramutation loci are
now known to involve DNA methylation, histone
modification, and repetitive genomic loci. In mice,
the interindividual variation in expression at the
Awy locus is modulated through variable methyl-
ation of an adjacent endogenous retroviral repet-
itive element (IAP), although a role for small RNAs
in its control has not been shown. Finally, piRNAs
and other small RNAs are important for transpos-
able element control in many animal models, in-
cluding mammals. Thus, transposable element
insertions might sit at the interface between
genetics and epigenetics and may generally be
a source of metastable epigenetic alleles, some
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of which (such as Avy) might be under envi-
ronmental control. These examples emphasize
the importance of the interaction between ge-
netic and epigenetic factors in apparent non-
genetic inheritance and provide an important
framework through which to consider candi-
date mechanisms.

With a number of putative candidate mech-
anisms in mammals having been identified, it
might be tempting to measure DNA methylation
states, histone modification, RNAs, etc., in popu-
lation studies to identify candidate loci. However,
analogous studies in plants suggest that matching
phenotypes to epialleles might be challenging. In-
stead, a focus on a few robust, highly penetrable
phenotypes might be the key to demonstrating a
molecular mechanism for non-DNA sequence-
based inheritance in mammals.

Are non—-DNA sequence—based
mechanisms adaptive, and does
this matter at a population and
evolutionary level?

Assuming it will be possible to clearly demon-
strate new inheritance mechanisms in mammals,
what might be their effects? The concept of miss-
ing heritability is sometimes evoked in this context,
referring to the fact that genome-wide association
studies in humans often identify genomic loci
whose effect sizes cannot explain the heritable
component of the phenotype in question. How-
ever, contributions of additional rarer genetic loci
that require large population sizes to pass signif-
icance thresholds might provide a more parsimo-
nious explanation. A different and useful starting
point might therefore be a theoretical consider-
ation of non-DNA sequence-based mechanisms
and the constraints that they themselves might be
subject to, as outlined by Rivoire and Leibler (70)
(Fig. 4). Linking quantitative genetics to stochastic
control theory, the authors develop a mathematical
model to compare the adaptive value of classic in-
heritance versus an extended model that allows
for information flow from the soma to the germ-
line. These considerations suggest that, given a
changing environment, the inheritance of ac-
quired traits can be adaptive. A clear demonstra-
tion of such adaptive behavior is currently lacking
for most systems. However, hypotheses such as
the “thrifty phenotype” idea, whereby a compro-
mised in utero environment programs offspring
for a similarly matched environment ex utero,
compellingly explains the associations between
poor fetal and infant growth and increased risk of
metabolic syndrome in adults born into an un-
matched ex utero environment (38). But these
might be considered short-term adaptations. On
even longer time scales, considerations of an
evolutionary role for non-DNA sequence-based
mechanisms have been met with severe criticism
(71), yet a potential link might be found at the
interface between epigenetics and genetics. For
example, the increased mutation rate at 5-methyl-
cytosine in DNA compared with unmethylated
cytosine (72) provides a longer-term mechanistic
link between DNA sequence and other mechanisms.
Another complexity to consider at the interface
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between genetics and epigenetics is heterozygosity.
Although it is important to exclude genetic varia-
tion when establishing epigenetic mechanisms,
heterozygous individuals might enhance epigenet-
ic effects. For example, a recent study of hybrid
crosses in tomato revealed an extraordinary de-
gree of epigenetic effects (73). In this context, it is

“The idea of certain sequences
that might be refractory

to germline epigenetic
reprogramming provides a
compelling mechanism for the
inheritance of modulated
epigenetic states.”

also noteworthy that environmentally associated
changes in epigenetic state that depend on under-
lying genetic variation have recently been described
in both humans and mice (74, 75).

It really is the phenomenal success of molec-
ular genetics and a deep understanding of DNA
sequence-based variation and its inheritance that
make non-DNA sequence-based heritable effects
seem so exotic. However, nongenetic or non-DNA
sequence-based forms of inheritance have major
implications for human health. It will be particu-
larly exciting to unravel the mechanisms and their
effects on humans. The tractability of nonhuman
paradigms with large intergenerational or trans-
generational effects will be essential for elucidat-
ing the molecular mechanisms. The consequences
of delineating the interactions between genetic
and epigenetic factors, even in these established
paradigms, is a challenge. However, it is worth
considering that even minor effects of non-DNA
sequence-based inheritance might play impor-
tant roles at the level of human public health.
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Writ large: Genomic dissection of the
effect of cellular environment on

immune response

Nir Yosef>* and Aviv Regev®**

Cells of the immune system routinely respond to cues from their local environment and feed
back to their surroundings through transient responses, choice of differentiation trajectories,
plastic changes in cell state, and malleable adaptation to their tissue of residence. Genomic
approaches have opened the way for comprehensive interrogation of such orchestrated
responses. Focusing on genomic profiling of transcriptional and epigenetic cell states, we
discuss how they are applied to investigate immune cells faced with various environmental
cues. We highlight some of the emerging principles on the role of dense regulatory circuitry,
epigenetic memory, cell type fluidity, and reuse of regulatory modules in achieving and
maintaining appropriate responses to a changing environment. These provide a first step toward
a systematic understanding of molecular circuits in complex tissues.

omeostasis is a hallmark of biological sys-

tems that actively maintain a near-constant

function in the face of a changing environ-

ment. In most animals, multiple systems,

from the cellular to the organismal level—
including the immune system, the nervous sys-
tem, and fibroblasts in connective tissue—play
crucial homeostatic roles as they sense, respond,
and adapt to an ever-changing environment, both
external and intraorganismal, in different tissues
in the body. In particular, the immune system
achieves tunability, plasticity, and adaptability to
the environment at several levels (Fig. 1). First,
immune cells have transient responses to diverse
factors, such as microbes, vaccines, tissue damage,
or cancer cells (7). Second, controlled differentia-
tion from progenitor cells generates different cell
type balances (2). Furthermore, cells exhibit plas-
ticity, such that certain immune cells can change
their identity in the context of new signals (3, 4).
Finally, cells can locate and relocate throughout
the body, adapting their identity to their locale
, 5).

These abilities are controlled by a complex
molecular circuitry, both intracellular (within
immune cells) and through interaction among
immune cells, or between immune cells and other
cell types, including cells of the nervous system or
fibroblasts. Malfunction in each of these mech-
anisms can contribute and give rise to disease.
Manipulating them, in turn, provides important
avenues for therapies, as has been the case in
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autoimmune disease and cancer. However, given
the diversity of molecules, cell types, and tissues,
as well as the inherent uncertainties and noise in
both molecular systems and measurement tech-
niques, systematic dissection of these intra- and
intercellular circuitries is remarkably challenging.

Genomics approaches have opened unique
opportunities to address this challenge (Fig. 2).
Profiling of the genome, epigenome, transcriptome,
proteome, and metabolome has been instrumental
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in defining cell types and states and characterizing
the molecular changes that occur as cells respond to
their surroundings. Recently, single-cell genomics
can distinguish these with remarkable resolution,
even when the types and states of immune cells
are not necessarily known (6-8) and when they
are embedded in complex tissues (6, 9, 10) with
spatial resolution (77-13). Profiling assays, especially
of molecular interactions with chromatin immuno-
precipitation sequencing (ChIP-seq) (14) and inter-
action proteomics, help identify key aspects of the
underlying molecular mechanisms, such as key
transcription factors (TFs) and regulatory regions.
To determine causality, large-scale perturbations,
either engineered with RNA interference and
clustered regularly interspaced short palindromic
repeats (CRISPR)-based genome editing (75) or
natural variation between individuals in a pop-
ulation (16-19), provide a systematic means to
assess the causal role of different circuit compo-
nents, including in the context of disease in vivo.

Although these assays can be applied in prin-
ciple to many systems, analysis of immune cell
responses has been at the forefront, providing a
paradigm for other systems. First, the identity of
many immune cell subtypes is known, and they
can be isolated for analysis from both humans
and mice; this has been critical, especially before
the advent of single-cell genomics. Furthermore,
many primary immune cells can be studied both
ex vivo and in vivo, including adoptive transfer of
cells, bone marrow transplants, and lineage tracing
in animal models (6, 20, 2I). Finally, immune cells
are present throughout the body, differentiate

B Differentiation O

'

D Tissue residence

lﬂ %pm

Fig. 1. Key modes of immune-environment interaction. (A) Transient responses to signals. A cell
responds to an environmental signal (lightning bolt) with a short-term, transient response (marked time
points). (B) Balanced differentiation along hematopoiesis. Shown is a schematic of a lineage tree. Solid
arrows, individual (known) differentiation steps; dashed arrows, multistep process. (C) Stable yet plastic
cell-type polarization. After polarization (solid black arrows) from a progenitor cell (e.g., naive Ty cell; gray
circular cell), cells with different differentiated states (colored cells) can plastically transition (dashed gray
lines) to other states under appropriate signals—for example, from other immune cells (e.g, dendritic cell;
large tentacle gray cell). (D) Malleable adaptation of tissue-resident cells. A cell of a single type (e.g., macro-
phage, gray; T cell, blue) can reside long term in different tissues (gray), assuming unique characteristics
stereotypical to that tissue.
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Fig. 2. Genomic tools for dissecting immune-environment interactions. Shown are key components of the cur-
rent genomic tool box, including profiling of RNA, protein, and protein modification levels in bulk samples (A) and single
cells (B); epigenomic measurements of TF binding, histone modification (HMS), DNA methylation, and chromatin acces-
sibility (C); the ability to systematically perturb genes through genome engineering (D) or natural variation; tracing of cells
and cell lineages with engineered molecular barcodes accruing throughout cell division or TcR and BcR clonality (E); and
computational algorithms that use profiling and perturbation data to infer genetic causality and molecular mechanisms (F).

continuously, and are implicated in many dis-
eases, thus providing a broad lens into organismal
physiology.

Here, we highlight the power of genomics to
dissect environmental responses in immune cells.
We focus on assays related to the regulation of
mRNA expression, especially transcriptional and
epigenetic profiling. Using macrophages and T
cells as case studies, we illustrate the types of fea-
tures that are underscored with different genomic
profiles, the resulting testable hypotheses that can
be followed up in dedicated low-throughput exper-
iments, and the emerging organizing principles
and mechanisms (Fig. 3). Finally, we discuss how
these lessons, learned in immune cells, can be ex-
tended to develop approaches to dissect the overall
function of diverse cells in maintaining homeostasis.

Molecular responses of the
immune system through transient
intracellular circuits

Macrophages, innate immune cells of the mye-
loid lineage, serve key immune defense functions
through phagocytosis and by communicating with
adaptive immune cells through antigen presenta-
tion and secretion of and response to cytokines
and chemokines (22-24). Mononuclear phagocyte
subpopulations are located in the circulatory sys-
tem and spleen and can differentiate into macro-
phages, but macrophages also reside in other
tissues, where they acquire specific characteristics
and contribute to local hemostasis (7, 22, 23).

In their role as immune sensors, macrophages
express pattern-recognition molecules [e.g., Toll-
like receptors (TLRs)], which detect conserved
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pathogen-associated or tissue damage-associated
molecular patterns, and mount the appropriate
response. Genomic analysis of macrophages pro-
vided key insights on how these transient responses
(Fig. 1A) are carried out. For instance, transcrip-
tional profiling along a time course after TLR4
activation with bacterial lipopolysaccharide (LPS),
an inducer of inflammation, showed that genes
are induced in several consecutive “waves” (25), a
phenomenon observed in many other response
systems (26) (Fig. 3). The response waves are reg-
ulated through successive activation of transcrip-
tional regulators (27, 28), whose identity can be
predicted from DNA-binding motifs enriched in
the 5’ regions of the responding genes. This ap-
proach helped identify activating TF 3 (ATF3) as
an early regulator of the LPS response in macro-
phages (25). ATF3 was then shown to recruit his-
tone deacetylase to repress its target genes, thus
forming a negative feedback. This mechanism may
be essential for controlling the extent and duration
of TLR-induced inflammation during infection,
avoiding rampant inflammation and tissue damage.

The importance of epigenetic regulation as a
way of controlling macrophage activation was
further demonstrated by investigating the forma-
tion of “memory” in antigen-exposed macrophages
(Fig. 3), where macrophages repeatedly exposed to
a specific component (e.g., LPS) become tolerant
and selectively produce antimicrobial, but not pro-
inflammatory, signals to avoid tissue damage
(27, 28). Profiling of gene expression and histone
modifications (Fig. 3) during the macrophage
response to repeated stimulation reveals that “tol-
erant” genes that are not reinduced in repeated

remodeling complexes. These distinct
epigenetic mechanisms depend on the
protein products generated during the
first exposure to LPS, emphasizing
the common role of negative feedback
in controlling innate immune response
(26, 29) (Fig. 3).

Depending on their tissue of origin
and stimulus, macrophages can acquire
distinct functional states. Two well-
studied states are proinflammatory M1
cells, derived in the presence of inter-
feron gamma, and immunosuppressive
M2 cells that can be induced with
interleukin-4: (IL-4) or IL-13 (30). Pro-
filing the transcriptional response of
monocyte-derived macrophages to a
more diverse set of stimuli suggests
that macrophages can mount diverse transcrip-
tional programs beyond these two states, depend-
ing on the metabolites, cytokines, or ligands
to which they are exposed (30). Computational
analyses of gene modules that are coregulated
across programs suggested that diversity between
programs is generated by different combinations
of active transcriptional regulators (Fig. 3). Some
of these regulators are “reused” across all pro-
grams (e.g., the lineage-specifying factor PU.1),
whereas others are important only in certain con-
texts (e.g., STAT1 and STATS, in the interferon
gamma and IL-4 responses, respectively). Map-
ping the diverse activation programs also provided
a way to decompose bulk samples into constituent
responses—for instance, proposing that alveolar
macrophages from chronic obstructive pulmonary
disease patients are depleted in the inflammatory
(M1) state, which may explain their poor response
to anti-inflammatory therapeutics. Such analysis
could further benefit from application of single-
cell genomics (Fig. 3).

Systematic perturbations have helped establish
the causality of circuits inferred from genomic
profiles. Causal loci were discovered either by as-
sociating natural genetic variation with variation
in the transcriptional response across human in-
dividuals (16, 18, 19) or mouse strains (I7) or by
perturbing genes and measuring the effect on the
transcriptome (15, 29).

Balanced differentiation from
progenitor cells

The diverse cell types of the hematopoietic system
are organized in a taxonomy of different lineages
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and are produced daily from a small pool of stem
cells (Fig. 1B). The composition of hematopoietic
cell subsets is tightly controlled, ensuring both
homeostatic control and responsiveness to environ-
mental cues. As in studies of transient immune
responses, genomic and epigenomic profiling have
shed light on the transcriptional shifts during
hematopoiesis and the regulatory programs that
govern them (Fig. 3), primarily focusing on unper-
turbed, homeostatic conditions in humans (2, 31)
and mice (14, 32). Transcriptional profiling re-
vealed substantial expression changes between
hematopoietic cell subtypes, comparable to those
between different tissues (2). Computational anal-
ysis of these data, focused on “modules” of coreg-
ulated genes and the regulators associated with
them, has identified global organizing principles
in hematopoiesis that may also apply more gen-
erally (Fig. 3).

First, a large set of predicted transcriptional
regulators (across all hematopoietic lineages) form
a dense interconnected network of regulatory
interactions in each cell type and with the same
regulator used in multiple hematopoietic sub-
sets. This organization may confer robustness but
could also be liable to dysregulation and cancer
(2). This model challenged and expanded an earlier
hierarchal model of hematopoiesis controlled by a
small number of TFs, expressed sequentially (33).

Furthermore, there is no simple partitioning
of regulatory activity at different lineages. Instead,
entire modules of coregulated genes, along with
their upstream regulators, are reused across dis-
tinct lineages, either because of shared functional
needs in otherwise different cells [e.g., mitochon-
drial and oxidative phosphorylation in erythroid
progenitors, granulocytes, and monocytes (2)] or
due to shared developmental descent. This latter
pattern is often reflected in “transitional” cases
(Fig. 3), with a gradual onset and offset of pro-
grams along the hematopoietic cell hierarchy (2).
The transitional gene modules could be explained
either by the presence of cells at different phases
of development within seemingly pure popula-
tions of progenitor cells or because regulatory
programs of a more differentiated state are fore-
shadowed by preexisting programs at earlier stages.
Both models are plausible and nonexclusive, and
the second model is strongly supported by pro-
filing of TF binding in humans (2) and of chro-
matin organization in hematopoiesis in mice (14)
and humans (31), where a large portion of the
enhancers exhibited a “transitional” behavior—
already established in the precursor cells, pos-
sibly in a poised (and transcriptionally inactive)
state. Single-cell RNA-sequencing (RNA-seq) studies
can help further address how transition to multiple
lineages is concomitantly encoded in progenitor
cells. To date, some studies suggested that there
may be distinct subsets within myeloid progenitor
cells that are partially skewed toward distinct
functional fates by the expression of key sublineage
regulators (34), whereas others emphasized evi-
dence for obligatory mixed-lineage states within
the same single progenitor cell (35).

While it is tempting to think of hematopoiesis
as stereotypic, differentiation is affected and driven
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by the environment, including not only the stromal
niche and other immune cells but also stress and
pathogens (27, 36). For example, stress signals
can lead to production of more innate immune
myeloid cells at the expense of other lineages,
especially lymphoid cells (36). Furthermore, dis-
tinct subpopulations of stem and progenitor cells
can be activated (37) to produce cytokines that affect
core immune responses. Genomic analysis, includ-
ing at the single-cell level, will shed more light on
the regulation of hematopoiesis by such signals.

Plasticity of cell differentiation

As immune cells become more committed, dif-
ferentiation and balancing between subtypes
become even more intertwined with environmental
responses. For example, naive T helper (Ty) cells
can differentiate into multiple specialized cell
types, including conventional (T.,,,) Ty cells
(e.g., Tyl, T2, Til7, and Ty9 cells) and regula-
tory Ty cells (e.g., Treg and Tr1) (4). Given the
diverse and partially opposing functions of dif-
ferent Ty cells (4), it is critical to maintain their
correct blend in a manner sensitive to and con-
trolled by environmental signals. First, the relative
proportion of Ty subtypes that will develop from
a limited pool of naive Ty cells is regulated by the
blend of cytokines to which a naive cell is exposed,
often produced by antigen-presenting cells (e.g.,
to T cells in the presence of transforming growth
factor-f but skewed to Ty17 cells if IL-6 is also
present). Second, while differentiated Ty; cell sub-
types can be maintained stably over time, including
in the memory pool (38), some can also transition
into other, parallel subtypes (Fig. 1C), depending on
extracellular signals, from cytokines, to oxygen or
nutrients (39), to components of the microbiome
(3). The process leading to these diverse types is
often called polarization, rather than terminal dif-
ferentiation, and the change between the types is
referred to as plasticity (7, 4) and can play critical
physiological roles. For example, plastic polariza-
tion of tissue-resident macrophages helps fulfill
changing functional demands from the tissue in
which they reside (I, 40); Ty cell plasticity could
allow an organism to respond to a changing en-
vironment even if cells were originally committed
to the memory pool in a different state (20).

The distinction between a permanent and
plastic state can be defined in principle but is
challenging to identify in practice (4I) because
it can be hard to determine whether a stable state
is permanent and whether concomitant expres-
sion of markers of different cell type is not mere
noise (41). Genomic profiling coupled with lineage
tracing and functional studies were instrumental
in addressing this question (Fig. 3).

Specifically, using the RNA profile of the cell
as its functional identity and coupling it to line-
age tracing has helped identify both how the
state of TH cells is stably maintained and when
it shifts plastically [(20, 38, 42), reviewed in (4)].
For example, T17 cells can begin to express both
cytokines and seminal TFs of other Ty cells (20, 38)
but these could reflect either transition to another
type or a transient functional deviation. Lineage
tracing of Ty17 cells in the gut followed by RNA-seq

showed that they can adopt a transcriptional sig-
nature of regulatory T cells and anti-inflammatory
capacity (20). Conversely, tracing Ty17 cells in a
melanoma mouse model showed that, although
they can acquire transcriptional features of Tyl
cells, they remain distinct from similarly traced Tyl
cells, acquiring stem-cell-like signatures and long-
evity, with increased tumor eradication capacity (38).

Although these studies profiled cell populations
defined by cell surface, cytokine, or TF expression,
recent single-cell genomic studies (6, 43) have
increased the resolution at which we characterize
cellular subtypes and their fluidity. For example,
T17 cells were shown to span a continuum of
states, from higher expression of a program asso-
ciated with pathogenic effect to one characteristic
of regulatory cells, with distinct regulators for each
program (6). Single-cell RNA-seq also provides a
way for lineage tracing by capturing the sequence
of the T cell receptor transcript (10, 44, 45).

Profiling of chromatin organization, especially
histone marks, across different Ty cell types
highlighted how epigenetic memory maintains
cell state stably, while remaining sufficiently
malleable to allow for plasticity (Fig. 3). Although
signature cytokines often have a chromatin pattern
congruent with strict cell type definitions, chromatin
at other key signature genes of one lineage is not
always repressed in other Ty lineages, offering a
possible basis for future plasticity. Indeed, chro-
matin marks and accessibility can change even
for signature cytokines or TFs after stimulation
(46). Conversely, DNA demethylation and stable
chromatin organization, with contribution from
chromatin regulators and long noncoding RNAs,
play an important role in stability. For instance,
demethylation of specific regulatory elements in
a CpG island in the locus of Foxp3, a key regulator
of T cells, helps stabilize the cells’ identity, fur-
ther reinforced by a transcriptional positive feedback
loop (47). The ability of chromatin organization to
function as a malleable memory device is reflected
by the preponderance of DNA variants associated
with autoimmune disease that map to enhancer
and other regulatory regions in Ty; cells (48).

Finally, RNA and TF ChIP-seq profiles, com-
bined with genetic perturbations, have helped shed
light on the intricate intracellular circuits control-
ling these processes in T,e, (49) and inflamma-
tory Ty17 cells (50, 51). For example, in Ty17 cells,
they revealed a “yin-yang” network of TFs, with
two densely connected self-reinforcing, but mu-
tually antagonistic, modules: A larger module pro-
motes the Ty17 cell fate and suppresses alternative
fates, and a smaller module has an opposite func-
tion (Fig. 3). The dense, interconnected positive
module provides stability, as has also been pro-
posed for other Ty lineages (42, 49). The smaller
negative module could promote alternative plas-
tic fates.

Malleable cell states mirror
tissue location

Immune cells sense, adapt, respond to, and affect
their environment in the context of the tissue
(Fig. 1D). Tissue-resident immune cells, some-
times lifelong sessile inhabitants, play critical
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roles in homeostasis and pathology, well beyond
responses to pathogens. Tissue-resident macro-
phages perform unique functions as “accessory
cell types” (I) that serve “client” primary cells
defining the respective tissue. For example (1, 23),
alveolar macrophages are critical for surfactant
homeostasis in the lungs, microglia are essential
for synaptic pruning in the brain, osteoclasts are
critical for the dynamic balance of bone, and splenic
red-pulp macrophages help manage heme and iron
from aging red blood cells. Tissue-resident Tyegs (5)
have been identified in visceral adipose tissue
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(VAT) (562, 53), the intestine (54), muscle (55), and
lung (56), with roles from metabolic homeostasis
to tissue repair and regeneration.

Genomic analysis has played a critical role in
identifying tissue-resident immune cells, charac-
terizing their unique features, determining their
tissue-specific functions, and inferring the prin-
ciples and mechanisms by which they adapt to
the diversity of tissues in the body and their
changing local conditions.

RNA profiling has identified the level at which
immune cells of a single “type” vary given their

tissue of residence (Fig. 3). In addition to a core
set of macrophage-associated genes, tissue-resident
macrophages (I8, 21, 40, 57) express distinct gene
modules in each tissue type. For example, brain-
resident microglia (which are deposited prenatally),
develop in lockstep with the rest of the central
nervous system during brain development and
are susceptible to environmental signals prenatally
(58). Tiegs isolated from different tissues have
shown similar distinctions (52-55). The profiles
and derived gene signatures then become the
fingerprint of the cell’s identity, and—when coupled
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to transfer, chimera, or lineage-tracing experiments—
can establish whether a cell is stably resident in
a tissue (52). It is possible that other immune
lineages may also follow such principles; single-
cell profiling of entire tissues (9, 10) will help de-
termine this.

Individual genes expressed in these tissue-
specific modules—including TFs, cytokines, che-
mokines, and receptors—provide critical starting
points to determine the cells’ functions {e.g., lipid
metabolism in Tyeg in VAT (53), regulatory mech-
anisms [e.g., Gata6 in peritoneal macrophages
(567)], and interaction with other tissue cells [e.g.,
T,eg -adipocyte interaction through IL-10 (53)1}.
The exquisite tunability reflected by these pro-
grams led in turn to the exploration of how they
are diversely yet stably imprinted on a cell type
based on its local environment (7). Two distinct
mechanisms (or a blend thereof) can in principle
underlie this phenomenon: a preprogrammed set
of states, both preceding and succeeding tissue
residence, and/or an environmentally directed
process, either permanent (tissue-resident dif-
ferentiation) or signal-dependent (plasticity).

Epigenomic analysis of macrophages from dif-
ferent tissues strongly supports the environmentally
directed, signal-dependent model. Tissue-resident
macrophages have distinct enhancer landscapes
(more so than promoters) in either poised or
active state. These enhancers can be substan-
tially, albeit not completely, reprogrammed by
environment-specific signals in either bone-marrow
transplant, tissue-transfer experiments, or ex vivo
manipulations (18, 2I). As for Ty cell plasticity,
such differential enhancer usage may underlie
the preponderance of genetic variants associ-
ated with human immune disease in enhancer
regions (48).

Combinatorial regulation by TFs helps in turn
to establish transcriptional programs for tissue-
resident macrophages. During differentiation, a
set of lineage-determining “pioneer” factors delin-
eates cell-type-specific enhancers through nucleo-
some repositioning and recruitment of histone-
modifying enzymes. In macrophages (18, 21), some
enhancers are indeed shared across all tissues but
are only poised. Signal-dependent TFs modulate
the activity of this preexisting enhancer repertoire
to achieve context-dependent gene expression. Other
enhancers are formed “de novo” to create epige-
netic memory of tissue residence. Thus, signal-
dependent (40), tissue-specific TFs either can
work cooperatively with the macrophage pioneer
factor PU.1 to form new enhancers or can acti-
vate poised enhancers that have been formed
and prebound by PU.1. This mechanism can also
account for transient tissue-resident programs.

Tissue-specific Tees also exhibit cooperation
between tissue-specific and lineage-specific factors
(18, 21,40, 53). For example, peroxisome proliferator-
activated receptor y (PPARY), the master regulator
of adipocyte differentiation, is the key regulator
of the tissue-specific program in VAT T,egs (563).
PPARy in adipose tissue Tz responds to the
tissue’s signal of insulin and orchestrates the
relevant metabolic response, mediated through
the same biochemical and molecular mechanisms
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as in adipocytes. It is tempting to speculate that
this intracellular “molecular mirroring” between
two different cell types in a single tissue could
help synchronize not only their response to signal
but also how this signal is precisely processed and
affects the same output modules, beyond what
could be achieved by intercellular communication
alone. Such mirroring could exist between other
cell types in tissue, immune and nonimmune.

Perspective: Toward a tissue circuit

The cellular environment is interwoven into a
single integrated whole in tissues, bringing together
diverse cell types—epithelial, immune, neural,
stromal, and more—as they differentiate and
respond to each other, microbes, nutrients, and
other stimuli. These responses can be transient,
permanent, or plastic and include migration. Every
aspect of this “tissue circuit,” including the propor-
tion of cell types and their states, functions, and
interactions, changes as the local environment varies.

Dissecting how cells interact to maintain
tissue function requires knowing the census of
cell types and states, their biological roles in
the tissue, the signals received and emitted by
each cell and their effects, and the cascade of
events underlying dynamic tissue processes. Ad-
dressing these questions requires the ability to
profile the individual cells that comprise the
tissue, consider their spatial position and physical
interactions in faithful biological samples, have
computational means to reconstruct molecular-
level quantitative models that combine intra-
cellular with intercellular circuits, and have the
functional means to test them. Recent techno-
logical breakthroughs in single-cell genomics (59),
spatially resolved profiling (72, 13), systematic
genetic perturbations (75), and access to tissue
biopsies and organoids provide promising steps in
that direction.

Analysis at a whole-tissue level should provide
an unprecedented view into the cellular and mo-
lecular composition of tissues and an understand-
ing of the molecular and functional interactions
by which cells cooperate to fulfill tissue function
and maintain homeostasis. Ultimately, such an
understanding will have the potential to be trans-
lated to exceptionally effective new therapies that
can restore tissue function and human health.
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REVIEW

Exposing the exposures responsible
for type 2 diabetes and obesity

Paul W. Franks“>? and Mark I. McCarthy*>*

The rising prevalences of type 2 diabetes and obesity constitute major threats to human health
globally. Powerful social and economic factors influence the distribution of these diseases
among and within populations. These factors act on a substrate of individual predisposition
derived from the composite effects of inherited DNA variation and a range of environmental
exposures experienced throughout the life course. Although “Western” lifestyle represents a
convenient catch-all culprit for such exposures, effective treatment and prevention will be
informed by characterization of the most critical, causal environmental factors. In this Review,
we examine how burgeoning understanding of the genetic basis of type 2 diabetes and obesity
can highlight nongenetic exposures that drive development of these conditions.

bout 10% of the global population already

has type 2 diabetes (T2D) or is likely to de-

velop it, and ~40% of adults are overweight

or obese. Current strategies for prevention

are limited in scope and effectiveness, and
the persistently high prevalences of both condi-
tions speak to the inadequacies of available
therapeutic options.

Individual predisposition to these conditions
has a strong genetic basis. Consensus estimates
of heritability for obesity and T2D are ~70 and
~35%, respectively (1, 2), and scores of genetic
variants are now known to influence risk (3, 4).
T2D and obesity are, however, also “diseases of
lifestyle.” Rates of both have risen sharply over
recent decades in tandem with widespread social
changes, and these observations are supported
by randomized lifestyle intervention trials that
demonstrate convincing reductions in body weight
and delayed progression to T2D in high-risk adults
(5). The environmental exposures driving the de-
velopment of these conditions must be both im-
pactful, given the rapid shifts in disease prevalence
that they have engendered, and pervasive, given
that no contemporary industrialized population
has been spared.

Epidemiological studies have highlighted many
potential environmental “perpetrators” (Fig. 1),
the combination of physical inactivity and caloric
excess being the most prominent. There are,
however, many other plausible environmental
factors for which a role has been advanced, in-
cluding sleep deprivation, endocrine disruptors,
and smoking (6). The core limitations of obser-
vational studies—confounding, bias, and reverse
causality—hinder efforts to determine which
among these highly correlated exposures is
truly causal (7). Yet clearer definition of these
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critical exposures is a prerequisite if more effec-
tive, targeted interventions are to be implemented
at both the personal and the population levels.
The “nature versus nurture” framework for
describing the contributions of genetic and envi-
ronmental influences has been replaced by a more
nuanced view that recognizes that the mecha-
nisms through which environmental and genetic
variation modify risk may be shared (Fig. 2). En-
vironmental exposures that disturb cellular and
physiological processes and influence individual
predisposition to diseases such as T2D are likely
to do so through active, or reactive, modulation
of genome function (through changes in DNA
methylation and transcription, for example).

Genetics of T2D and obesity

T2D is the consequence of reduced insulin secre-
tion from pancreatic B cells, typically observed in
the context of insensitivity to the peripheral ac-
tions of insulin. Such insulin insensitivity is usually
compounded by excess lipid deposition, particularly
in nonstandard sites such as the liver and muscle.
Physiological and genetic data from humans and

rodents support a model whereby multiple con-
current molecular, cellular, and physiological pro-
cesses contribute to the development of disease
(Fig. 3).

Rare variants of large effect are causal for
extreme phenotypes such as neonatal diabetes
and severe early-onset obesity, but these con-
tribute little to the population burden of T2D and
obesity. Genome-wide association studies (GWAS)
have identified scores of loci containing common
variants robustly associated with T2D and obe-
sity (3, 4), and elucidation of the mechanisms
through which these operate provides novel patho-
physiological insights. With notable exceptions
(8), these common variant signals are of modest
effect, collectively explaining only a minority of
the overall genetic risk [~20% for T2D and <5%
for body-mass index (BMI)] (3, 4). Much of the
remainder can be attributed to a large number
of common variant signals with individual effects
that are undetectable at stringent levels of statis-
tical significance; for BMI, these underlie ~40%
of overall variance (9). Sequence-based analyses
are extending discoveries to variants of lower
frequency, but the contribution that these make
to population variation in the risk of T2D and
obesity appears to be limited (10, 1I).

This Review focuses on the application of this
improved understanding of genetically driven var-
iation in disease risk to provide mechanistic insights
into the causal impact of proposed environmental
exposures and thereby to define more effective
interventions. These applications may, for example,
take genetic variants that mimic environmental
exposures and use the principles of Mendelian
randomization to determine whether those ex-
posures are likely to be causal for disease (7).
Alternatively, they may aim to detect gene-
environment interaction effects, whereby the im-
pact of a given genetic variant is modified by the
environmental milieu (or the reverse). Data from
rodent and cellular models can also provide clues
as to mechanism and causation, but their value is
crucially dependent on the extent to which these

Environmental exposures

Delivery mode Total calorie intake ~ Basal metabolism Maternal disease Sleep debt
Antibiotic usage Macronutrients Exercise Placental function Endocrine
Diet: processed Micronutrients Sedentary behavior ~ Maternal nutrition dlsruptf)rs

foods Vitamins Ambient temperature  Postnatal growth __ Chronic
inflammation
Microbiome Diet Energy . Early life Other
expenditure influences

[ l

J J

Type 2 diabetes and obesity

Fig. 1. Examples of environmental exposures and mechanisms implicated in the development of T2D
and obesity. Inclusion in this figure does not indicate that a causal connection has been demonstrated.
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Fig. 2. Environmental exposures act in a range of ways to perturb genome function. The joint effects of genetic and environmental factors can, for
example, drive variations in ligand binding efficiency, membrane channeling, DNA replication and repair, or methylation. Variations in the “intrinsic environment,”
reflected in metabolite, proteome, or microbiome profiles, for example, may also perturb genome function, thus generating complex feedback loops of gene-

environment interactions.

models recapitulate exposures and processes that
are relevant to humans.

Genetics and diet

Obesity is a major risk factor for the development
of T2D. Most people with T2D are overweight or
obese at the point of diagnosis, and interventions
that reduce body weight lower diabetes risk (5).
Those who develop T2D despite having a normal
body weight tend to have more prominent de-
fects in insulin secretion, which translate into a
more rapid requirement for exogenous insulin
treatment. In some individuals, this reflects pat-
terns of genetic predisposition that have features
of both T1D and T2D and concomitant loss of
B-cell capacity caused by autoimmune insult; in
others, T2D with a lean body composition simply
reflects one end of the spectrum of T2D presentation.

The consensus is that increased energy intake,
facilitated by widespread availability of energy-
dense foods, has contributed, in concert with
lower energy expenditure (e.g., reduced physical
activity), to trends of positive energy balance (12).
However, human diets are complex, and there
are many specific dietary components that have,
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at various times, been implicated in T2D risk
(Fig. 1). The details have been debated, most re-
cently with respect to the relative dangers of
diets rich in processed carbohydrates (especially
sugars) and fats. Nevertheless, there is no com-
pelling evidence from epidemiological or clinical
trial data that any given dietary configuration is
more effective at reducing long-term body weight
(13), and it is becoming clear that although some
types of dietary fat may be metabolically harmful,
others may in fact be protective (74).

What insights can genetic data provide? Var-
iants discovered by GWAS to influence overall
adiposity are enriched for a role in hypothalamic
control of energy balance, with overrepresentation
of pathways involved in both food intake and
physical activity (3). Common variation at the
FTO locus (which accounts for ~1% of population
variance in BMI) affects energy balance (15), and
BMI-raising FTO alleles correlate with higher
dietary protein intake in adults, but not children
(15), and with higher total energy intake in chil-
dren (75) and adults (16). More recently, BMI-
associated alleles at this locus have been linked
to increased expression of JRX3 and IRX5 during

early adipocyte differentiation and a reduction
in the potential to dissipate energy through adi-
pocyte browning, raising the possibility that dif-
ferences in food choice and energy intake associated
with some BMI-risk variants are the consequence,
rather than the direct cause, of primary altera-
tions in adipose mass (7). Although taste, macro-
nutrient preference, and food patterns are under
some degree of genetic control (18), these var-
iants have no evident impact on the risk of T2D
or obesity. This highlights the complex ways in
which adiposity loci such as FTO may act and
illustrates the need for careful partitioning of
causal from noncausal relationships.

Most of the ~100 loci known to influence T2D
risk (4) do so through primary effects on insulin
secretion, pointing to underlying defects in pan-
creatic islet development and/or function; only a
minority act through reducing insulin action.
Among these T2D loci, the most obvious mech-
anistic connection to diet involves coding varia-
tion within PPARG. This gene encodes a nuclear
receptor implicated in insulin signaling, adipo-
genesis, and the matching of lipid storage pro-

vision to nutritional state. Modest interactions
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between PPARG variants and dietary fat type
[mainly polyunsaturated fatty acids (PUFAs)] with
respect to T2D risk have been reported, but these
remain unconfirmed (19), and there is no evidence
of positive clinical outcomes arising from individ-
ualized approaches to prevention or management
of T2D predicated on PPARG variation.

Inherent challenges associated with the accu-
rate assessment of nutritional intake complicate
efforts to define the contribution of diet to the
development of T2D and obesity. Genetic data
can help to address some of these challenges,
particularly with respect to the effects of micro-
nutrients. Vitamin D [25(OH)D] deficiency, for
example, has long been touted as a cause of T2D
on the basis of abundant observational evidence
(20) and experiments showing positive effects of
vitamin D supplementation on insulin secretion
(21). Genetic variants that influence vitamin D
metabolism can be used to define population sub-
groups that will experience lifelong differences
in 25(0OH)D exposure. Because allocation to the
high- and low-exposure groups reflects the chance
segregation of alleles at fertilization (hence the
term Mendelian randomization), such groups
should be, subject to some critical assumptions,
matched for environmental and other factors
that might otherwise confound interpretation (7).
Comparisons between such genotype-defined
groups indicate that although BMI has a causal
impact on 25(OH)D levels (22), there is little or no
causal relationship between variation in 25(OH)D
levels and T2D (23). This is consistent with recent
randomized controlled trial data that indicate no
clinically relevant effects of supplemental vitamin
D on glycemic indices in people with or without
T2D (24).

Increasing numbers of similar genetic “instru-
ments” are being identified that serve as proxies
for environmental exposures relevant to obesity
and T2D. For example, failure to detect overlap
between the sets of genetic variants influencing
T2D and obesity and those influencing regulatory
inflammatory and immune function argues strongly
that the chronic inflammation characteristic of
T2D and obesity is a reaction to, rather than a
cause of, these conditions. More recently, identifica-
tion of variants that influence sleep behavior has
enabled dissection of causal relationships between
sleep disturbance and metabolic disease (25).

A further opportunity for genetic insight is
afforded by populations with distinct patterns of
environmental exposure. Greenlandic Inuits, for
example, have needed to survive in a cold climate
on a marine diet rich in omega-3 PUFAs. This
has driven genetic adaptation, with selection for
variation at loci that influence fatty acid metab-
olism and brown fat differentiation (26). Some of
these historically advantageous adaptations now
seem to promote obesity and T2D (8). Homo-
zygote carriers of the nonsense p.Arg684Ter allele
in the TBCID4 gene, which is common among the
Inuit but rare elsewhere, are at a severalfold in-
creased risk of T2D. The underlying mechanism
for this risk appears to involve muscle-selective
loss of the long isoform of TBC1D4, leading to
reduced insulin-stimulated GLUT4-mediated glu-
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cose uptake into muscle and marked postprandial
(but not fasting) hyperglycemia.

In overfeeding studies in twins (27), pheno-
typic responses to dietary interventions dem-
onstrate strong familial clustering in weight change;
this may reflect the modifying effects of genetic
variants on the response to dietary manipulation
(that is, gene-environment interaction). Here we
restrict the use of the term gene-environment
interaction to situations of evident nonadditivity
(that is, where the joint effects of a pair of spec-
ified genetic and nongenetic exposures are sig-
nificantly greater or less than the sum of their
individual effects). Identification of robust (in-
dependently replicated) gene-environment interaction
effects could provide the basis for personalization
of disease prevention and management. However,
the detection of gene-environment interactions in
humans is prone to multiple sources of bias and
confounding (28), and power is constrained by
imprecision in the measurement of exposures
and outcomes (29).

Nevertheless, there is some evidence that
“healthy” diets modify the impact of individual
BMI-associated variants in observational studies
(30) and clinical trials (3I). Interactions have been
reported between BMI-associated genetic risk
scores and diverse exposures including sugar-
sweetened beverages (32), fried foods (33), and
television viewing (34), though replication data
are sparse. The most comprehensive epidemio-
logical study of gene-diet interactions in T2D, a
prospective study involving ~4 million person-
years of follow-up in 340,000 participants (35),
provided no evidence that a Mediterranean
diet influenced the individual or collective effects
of known T2D variants.

Clinical trials are often thought to overcome
the limitations of epidemiology that might lead

@ OQ

to confounded results, but few trails account
adequately for the effects that adherence and/or
compensatory behaviors might have on meta-
bolic traits. Lifestyle interventions typically occupy
<5% of waking hours, and how participants be-
have during the rest of the day—the food they
eat, the physical activities they pursue, and the
quality of their sleep—is likely to contribute to
heterogeneous responses (36). These limitations
are hard to overcome, because lifestyle interven-
tions, unlike drug interventions, cannot be easily
masked, and the ubiquitous monitoring of be-
havior remains challenging. Nevertheless, the
most comprehensive trial-based assessment of
gene-lifestyle interactions in T2D incidence, which
involved 2843 adults from the Diabetes Prevention
Program, found no interaction between genetic
measures of T2D risk and intervention with
either metformin or lifestyle changes (37). Overall,
on the evidence as it stands now, there is no
compelling basis for using gene-diet interaction
data to support clinically useful individualization
of management for these conditions.

Genetics and energy expenditure

The processes that contribute to overall energy
expenditure (including those related to basal
metabolism, exercise, nonexercise activity thermo-
genesis, and food-related thermogenesis) are
obvious candidates with respect to obesity risk.
There is, however, little evidence to indicate that
the T2D- and obesity-risk variants identified by
GWAS directly influence these processes, and
many of the candidate genes implicated by earlier
studies (e.g., those encoding the uncoupling pro-
teins) have not been substantiated in the much
larger studies. Although intervention studies have
demonstrated that phenotypic responses to exer-
cise are familial (38), there has been little success
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Fig. 3. Multiple processes contribute to the development of T2D. Examples are shown of T2D-
associated loci for which the evidence points to specific mechanisms. At some of these loci, the
specific effector gene has not yet been defined, so the gene labels are purely indicative.
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Fig. 4. Mechanisms underlying the observed relationships between extremes of fetal growth and subsequent risk of T2D. Distinct genetic and
nongenetic processes are implicated in both arms of the U-shaped curve that describes the relationship between birth weight and future T2D risk.

in identifying specific variants that, at the popula-
tion level, influence exercise tolerance or modulate
how exercise influences weight gain or metabolism.

Interactions between BMI-associated variation
and measures of physical activity that influence
adult adiposity appear to be more robust than
those involving dietary exposures or diabetes out-
comes. The BMI effect associated with F70 varia-
tion has consistently been shown to be weaker in
physically active than in inactive carriers (39), and
there have been similar interactions found for sets
of obesity-associated variants (#0). However, such
studies are challenging to perform and interpret
(41) and need further replication. Despite pro-
mising epidemiological data, the largest clin-
ical trial analysis found no evidence that F70
variation influences weight loss after lifestyle
intervention (31).

Our assessment is that there is only meager
evidence to date that common genetic variation
modifies the effects of lifestyle exposures with
respect to the development or management of
obesity or T2D. This may be because the inter-
action effects are nonexistent or of small mag-
nitude, or because our research methods and
available data sets are insufficient to characterize
the complexity of the interactions (Fig. 2).

Genetics and the microbiome

There has been an explosion of interest in the
role of the gut microbiome in the development of
T2D and obesity. Variation in the diversity and
composition of gut microflora, in part reflecting
personal histories of antibiotic exposure and
dietary intake, has been tied to individual risk,
as well as to the sharp rise in the prevalences of
these conditions (42, 43). In addition, the meta-
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bolic benefits of metformin and bariatric surgery
have been ascribed to their impact on the micro-
biome (44, 45). In rodents, manipulation of the
microbiome (e.g., through fecal transplantation)
can lead to weight loss and diabetes remission
(42), though evidence that similar interventions
are effective in humans remains limited (46). How-
ever, an algorithm that integrates personal clinical
(biochemistry and anthropometry), behavioral
(dietary preferences and physical activity), and
microbiome data has been shown to predict an
individual’s metabolic response to food intake
and to provide dietary recommendations that
limit glycemic excursions after meals (7).
Several studies have detected marked shifts
in microbiome content among those who are
obese or diabetic, though the data are inconsistent
(48, 49). A variety of mechanisms for the metabolic
effects of microbiome diversity have been pro-
posed, including impacts on short-chain fatty
acid production, bile acid metabolism, and in-
flammation. However, these studies tend not to
distinguish between microbiome variation that
is causal for T2D and/or obesity and that which
is a function of the disease or its treatment or
merely a consequence of correlated exposures.
The range of environmental factors influencing
gut microbiota is considerable (50), and, in the
case of T2D, early reports of disease-associated
variation in microbiome content proved to be
confounded by metformin treatment, which has
a marked impact on microbiome integrity (44).
Characterization of the impact of host genome
variation on microbiome diversity and content
(51) will provide genetic instruments that will
support efforts to define, much more precisely
than has been hitherto possible, the extent to

which genetic variants that influence individual
risk of T2D and obesity do so through direct, or
indirect, impacts on the gut microbiome.

Genetics and early life environment

Genetic and environmental exposures offer sharply
contrasting explanations for the widely replicated
associations between low birth weight (and early
growth) and increased propensity to develop obesity,
T2D, and cardiovascular disease in later life (52). The
dominant explanation has been provided by the
developmental origins (or “fetal programming”)
hypothesis, which attributes this relationship to
the long-term effects of restricted intrauterine
nutrient availability (reflecting maternal nutri-
tion and placental function) on the risk of meta-
bolic disease decades later. This hypothesis, which
is consistent with observational studies in humans
exposed to severe nutritional restriction during
early life, is also supported by experimental studies
in rodents. These studies have focused attention on
the detection of methylation signatures that might
convey the “memory” of early life events across the
life course (52). However, most of the T2D- and
obesity-associated methylation signals detected
in blood-based epigenomic studies have either
failed to be replicable or appear to be reactive or
confounded, not causal (53). One exception may
involve TXNIP, which encodes a thioredoxin-
reducing protein implicated in diverse metabolic
processes including nutrient sensing, islet function,
and energy expenditure (54): Methylation in this
region has been associated with both prevalent
and incident T2D (55), though, as yet, not with
early growth restriction.

In populations in which maternal obesity and
gestational diabetes are frequent, the relationship
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between early growth and adult T2D is best
described as U-shaped (56), in that both high and
low birth weights are linked to T2D in later life.
The elevated T2D risk in those with high birth
weight likely reflects the impact of maternal
hyperglycemia. Excessive placental transfer of
glucose from hyperglycemic mothers not only
promotes fetal growth (insulin is a major trophic
factor in early life) but also drives a direct, non-
genetic increase in offspring propensity to T2D
(57), possibly because of the additional metabolic
burden imposed on the developing endocrine
pancreas.

Although the fetal programming hypothesis is
alluring, the effects of shared genetic variants
offer a complementary explanation for these ob-
served relationships. Carriers of variant alleles
that compromise insulin secretion or action and
that therefore increase risk of T2D in later life,
will also, given insulin’s trophic effects, tend to
exhibit reduced fetal growth (reproducing the
low-birth-weight arm of the U). Those same risk
alleles may, when present in the mother, con-
tribute to maternal hyperglycemia, providing a
potential mechanistic explanation for the high-
birth-weight arm (58). Such genetically mediated
links between early growth and subsequent meta-
bolic dysfunction have been well documented
in families segregating rare monogenic forms
of diabetes, such as glucokinase MODY (maturity
onset diabetes of the young) (58).

Common alleles implicated in T2D dis-
proportionately influence variation in birth weight,
though the directional relationships are com-
plex (59). Children carrying the T2D-risk allele
at some loci, such as MTNRIB and GCK, have
higher birth weights, reflecting a predominant
effect of those variants on maternal hyperglycemia.
At other loci, such as ADCY5 and CDKALI, the
T2D-risk allele lowers birth weight, a pattern
consistent with direct fetal growth restriction.
These explanations fit with the epidemiological
data: In 236,000 UK Biobank participants, a pa-
ternal history of T2D was associated with reduced
birth weight and a maternal history with elevated
birth weight (60).

The model that emerges is one in which the
relationship between early growth and later dis-
ease is influenced by an intimate weave of genetic
and environmental mechanisms connecting both
extremes of early growth and birth weight to
subsequent T2D (Fig. 4)). The direct effects of fetal
genotype on both early growth and later T2D are
modulated by the countervailing effects of the
same genotypes in the mother (acting at least
in part through the fetal environment) and by
other nongenetic influences that affect fetal
nutrition. This relationship may turn out to be
even more mechanistically complex, subject to
the contribution of transgenerational epigenetic
influences (61) and/or environmentally triggered
polyphenism (62).

Where next?

One-size-fits-all diet and exercise recommenda-
tions for weight loss and diabetes prevention
elicit uneven and unpredictable responses, and
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the development of effective personalized ap-
proaches is a highly desirable goal that genetics
might help us to achieve. However, at present, we
lack definitive insight into the specific components
of modern lifestyles that are most responsible
for T2D and obesity risk, as well as the genetic
variants that reliably predict individual metabolic
or adiposity responses to common exposures, and
that could justifiably be used to personalize life-
style interventions.

Improved specification of the genetic basis
of disease predisposition (through whole-genome
sequencing) and more detailed temporal assess-
ments of exposures and outcomes (combining near-
continuous objective measurements of movement,
sleep, and diet collected with biomarker tech-
nologies), conducted in ever larger biobanks and
health care settings, will allow for the detection
of mechanistic overlap and interaction and greater
clarity regarding key causal exposures. An im-
portant opportunity exists in tying these data to
robust, accessible, molecular signatures of in-
dividual disease trajectory, which are able to
capture the summated, actual (rather than pre-
dicted) impact of genetic and environmental
influences on a given individual at a given point
in time. As well as quantifying risk, these sig-
natures may provide a more nuanced classifica-
tion of disease etiology and support more precise,
personalized diagnostic assignment.

The discovery of such signatures will require
investment in the analysis of longitudinal repeated-
measures data from large population samples and
trials. By enabling more accurate specification of
individual disease risk and molecular pathology,
such signatures have the potential to support more
effective targeting of preventative and therapeutic
strategies. By combining these approaches—definition
of the key causal exposures and individualiza-
tion of prognostic and diagnostic information—
we can hope to move closer to the desired goals
of effective prevention and treatment of T2D and
obesity.
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Archaea make methane with a tungsten-containing enzyme.

STRUCTURAL BIOLOGY
The long and winding road to methane

he process by which archaea make methane involves a
series of reactions and enzymes. First, CO, and metha-
nofuran (MFR) are reduced to formyl-MFR by an as yet
unresolved mechanism. Wagner et al. solved the x-ray
crystal structure of a tungsten-containing formyl-MFR
dehydrogenase complex. Two active sites in the complex
are separated by a 43-A tunnel, which is responsible for
transferring the formate made after CO, reduction. The com-
plex also contains a chain of 46 iron-sulfur clusters. Although
the exact function of this chain is unclear, it may electronically
couple the four tungsten redox centers. —NW

Science, this issue p. 114

SCIENCE sciencemag.org

N

MIF is a death effector
assisting in DNA breakdown

Wang et al., p. 82

NEURODEVELOPMENT
Building the human brain

As the brain develops, neurons
migrate from zones of prolif-
eration to their final locations,
where they begin to build
circuits. Paredes et al. have
discovered that shortly after
birth, a group of neurons that
proliferates near the ventricles
migrates in chains alongside cir-
culatory vessels into the frontal
lobes (see the Perspective by
McKenzie and Fishell). Young
neurons that migrate postnatally
into the anterior cingulate cortex
then develop features of inhibi-
tory interneurons. The number
of migratory cells decreases over
the first 7 months of life, and by
2 years of age, migratory cells are
not evident. Any damage during
migration, such as hypoxia, may
affect the child's subsequent
physical and behavioral develop-
ment. —PJH

Science, thisissue p. 81;
seealsop.38

BIOCATALYSIS
Something like
the real thing

Artificial metalloenzymes ideally
combine the favorable proper-
ties of natural enzymes with the
high efficiency of synthetic cata-
lysts. Inserting new metal groups
into existing native proteins,
however, often leads to poorer
overall catalytic efficiency. To
break through this limitation,
Dydio et al. replaced the iron in
the heme group of cytochrome
P450 with iridium and subjected
it to directed evolution. The
enzyme catalyzed a range of
reactions with kinetics similar to
those of the native enzyme.

It was also able to functionalize
fully unactivated C—H bonds,
areaction that previously has
only been mediated by synthetic
catalysts. Moreover, the artificial
enzyme was stable across tem-
peratures and scales that are
used industrially. —NW

Science, thisissue p.102

COGNITION
Apes understand
false beliefs

We humans tend to believe that
our cognitive skills are unique,
not only in degree, but also
in kind. The more closely we
look at other species, how-
ever, the clearer it becomes
that the difference is one of
degree. Krupenye et al. show
that three different species
of apes are able to anticipate
that others may have mistaken
beliefs about a situation (see
the Perspective by de Waal).
The apes appear to understand
that individuals have different
perceptions about the world,
thus overturning the human-
only paradigm of the theory of
mind. —SNV

Science, thisissue p.110;

seealsop.39

SOLAR CELLS
Maintaining
a stable phase

For solar cell applications,
all-inorganic perovskite phases
could be more stable than those
containing organic cations. But
the band gaps of the former,
which determine the electrical
conductivity of these materials,
are not well matched to the solar
spectrum. The cubic structure
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of CsPbl, is an exception, but it
is stable in bulk only at high tem-
peratures. Swarnkar et al. show
that surfactant-coated a-CsPbl,
quantum dots are stable at
ambient conditions and have
tunable band gaps in the vis-
ible range. Thin films of these
materials can be made by spin
coating with an antisolvent tech-
nique to minimize surfactant
loss. When used in solar cells,
these films have efficiencies
exceeding 10%, making them
promising for light harvesting or
for LEDs. —PDS

Science, thisissue p. 92

GEOPHYSICS
Earthquakes get a
more flexible source

Earth's surface deforms in part
as a result of ruptures along
brittle crustal faults that gener-
ate earthquakes. Understanding
rock deformation in the ductile
lower crust and mantle is
challenging. Using the densest
seismic arrays in the world, Inbal
et al. have found an unexpected
localization of seismicity at these
depths under the Newport-
Inglewood fault in southern
California. The seismicity points
to a type of earthquake that may
help us understand how ductile

Deep ductile deformation in the lower crust

causes localized seismicity.

deformation operates in this
region of Earth. —BG
Science, this issue p. 88

WATER SUPPLY
Megadrought risk in the
American Southwest

Prolonged droughts have long-
term negative effects on water
resources and agricultural
productivity. Such events can
be particularly devastating in
regions such as the American
Southwest, where fresh water
is in short supply. Ault et al. are
able to predict megadrought
risk in that region based on how
the moisture balance at Earth's
surface responds to precipita-
tion and temperature changes
simulated by climate models.
The findings are alarming, but
the authors suggest that dra-
matic reductions in greenhouse
gas emissions could cut mega-
drought risk by half. —KVH

Sci. Adv. 10.1126.sciadv.1600873

(2016).

CANCER
More than a FLT-ing
success in leukemia

Acute myeloid leukemia is a dif-
ficult disease to treat under the
best of circumstances,
and the subtype
containing internal
tandem duplication
of fms-like tyrosine
kinase 3 (FLT3-ITD) is
particularly challenging.
In a high-throughput
drug screen, Lam et
al. identified homo-
harringtonine as a
candidate treatment for
this type of leukemia
and confirmed its
effectiveness in cancer
cells, mouse models,
and patients. Promising
results were obtained
from a phase Il clinical
trial that included
elderly patients and
patients for whom all
! previous treatments
el K had failed. —YN

Sci. Transl. Med. 8,

359ral29 (2016).

78 7 OCTOBER 2016 « VOL 354 ISSUE 6308

IN OTHER JOURNALS

PSYCHOLOGY
Learning physics
through vectors

Long before they first learn about
Newtonian mechanics, children
develop an understanding of how
objects interact. They learn that
taller objects can hide shorter
objects (visual occlusion) and
that two objects cannot occupy
the same space at the same time
(collision). Wang et al. examined
children’s understanding of
a third property (support) by
investigating whether 7.5- and
8.5-month-old infants were sur-
prised by the stable arrangement
of a wide block resting on top of
a small cube. When the center
of the bottom of the wide block
overhung the cube edge, only
the older infants were surprised
that it did not fall, which may
signal the start of learning about
the center of mass and gravity.
—GJC

Cognition157,100 (2016).

NEUROIMMUNOLOGY
Autoimmunity
in narcolepsy

Narcolepsy is a neurological
disorder characterized by sleep
that can strike at any time,

Published by AAAS

Edited by Sacha Vignieri
and Jesse Smith

lasting from seconds to minutes.
Most narcoleptics experience
loss of muscle tone (cataplexy)
and have low levels of orexin
(hypocretin), a neurotransmit-
ter that promotes wakefulness.
Destruction of orexin-producing
neurons in the brain is thought
to cause narcolepsy. Bernard-
Valnet et al. report that cytotoxic
T cells infiltrate the brain,
interact with orexin-producing
neurons, and destroy them. The
authors engineered a mouse
model to express a specific
self-antigen in hypothalamic
neurons that produce orexin.
Cytotoxic T cells that recognize
this antigen infiltrated the brain
and destroyed these neurons.
Consequently, the animals had
sleep attacks and cataplectic
episodes. This potential autoim-
mune mechanism may provide
targets for narcolepsy therapies.
—LDC

Proc. Natl. Acad. Sci. U.S.A. 10.1073/

pnas.1603325113 (2016).

NEURODEVELOPMENT
Modular brain
construction

The mammalian cerebellum
looks complex on the surface,
with a stereotypical pattern of

sciencemag.org SCIENCE
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HEALTH ECONOMICS
Delivering health care
to mystery patients

Many families in developing
countries do not have access
to medical doctors and instead
receive health care from informal
providers. Das et al. used “mys-
tery” patients (trained actors) to
test whether a 9-month training
program improved the quality of
care delivered by informal pro-
viders in West Bengal (see the
Perspective by Powell-Jackson).
The patients did not identify
themselves to the providers and
were not told which providers
had participated in the train-
ing program. The results of this
blinded assessment showed that
medical doctors delivered better
care than informal providers but
that the training program closed
much of the gap. —GJC

Science, thisissue p. 80;

seealsop.34

CELL DEATH
DNA damage-activated
nuclease identified

Cells that experience stresses
and accumulate excessive dam-
age to DNA undergo cell death
mediated by a nuclear enzyme
known as PARP-1. During this
process, apoptosis-inducing
factor (AIF) translocates to the
nucleus and activates one or
more nucleases to cleave DNA.
Wang et al. found that mac-
rophage migration inhibitory
factor (MIF) is an AlF-associated
endonuclease that contributes
to PARP-1-induced DNA frag-
mentation (see the Perspective
by Jonas). In mouse neurons in

79-B

culture, loss of MIF protected
neurons from cell death caused
by excessive stimulation.
Targeting MIF could thus provide
a therapeutic strategy against
diseases in which PARP-1 activa-
tion is excessive. —LBR

Science, thisissue p. 82;

seealsop.36

QUANTUM SIMULATION
Spin-orbit coupling
in an optical lattice

Studying topological matter in
cold-atom systems may bring
fresh insights, thanks to the
intrinsic purity and controllabil-
ity of this experimental setting.
However, the necessary spin-
orbit coupling can be tricky to
engineer. Wu et al. conceived and
experimentally demonstrated a
simple scheme that involves only
a single laser source and can
be continuously tuned between
one- and two-dimensional
spin-orbit coupling (see the
Perspective by Aidelsburger).
Although this experiment used
bosonic atoms, it is expected
that the setup would also work
for fermions. —JS

Science, thisissue p. 83;

seealsop.35

QUANTUM GASES
Sluggish turmoil
in the Fermi sea

The nonequilibrium dynamics of
many-body quantum systems
are tricky to study experimen-
tally or theoretically. As an
experimental setting, dilute
atomic gases offer an advantage
over electrons in metals. In this

7 OCTOBER 2016 « VOL 354 ISSUE 6308

environment, the heavier atoms
make collective processes that
involve the entire Fermi sea
occur at the sluggish time scale
of microseconds. Cetina et al.
studied these dynamics by using
a small cloud of “°K atoms that
was positioned at the center of
a far larger °Li cloud. Controlling
the interactions between K and
Li atoms enabled a detailed look
into the formation of quasiparti-
cles associated with K “impurity”
atoms. —JS

Science, this issue p. 96

DEVICE TECHNOLOGY
A flatter route to
shorter channels

High-performance silicon tran-
sistors can have gate channel
lengths as short as 5 nm before
source-drain tunneling and loss
of electrostatic control lead to
unacceptable leakage current
when the device is off. Desai et
al. explored the use of MoS, as
a gate material, given that its
electronic properties as thin
layers should limit such leakage.
A transistor with a 1-nm physical
gate was constructed with a
MoS, bilayer gate and a single-
walled carbon nanotube gate
electrode. Excellent switching
characteristics and an on-off
state current ratio of ~10° were
observed. —PDS

Science, thisissue p. 99

BIOINSPIRED MATERIALS
Making nacre
shine in the lab

Many of the materials that
animals use to make shells and

Published by AAAS

skeletons are built with brittle or
soft molecules. They owe their
amazing mechanical properties
to their layered construc-
tion, which is a challenge for
synthetic fabrication. Pearly
nacre, for example, has proved
challenging to make owing
to its complex structure of
aragonite crystals in an organic
matrix. Using an assembly-and-
mineralization approach, Mao
et al. have managed to fabricate
nacre in the laboratory (see the
Perspective by Barthelat). First,
a layered, three-dimensional
chitosan matrix is made, within
which aragonite nanocrystals
are precipitated from a solution
containing calcium bicarbon-
ate. —NW

Science, thisissue p.107;

seealsop.32

VIRAL INFECTION
Kinase inhibitors
for viral encephalitis

Japanese encephalitis virus
(JEV) is a mosquito-transmit-
ted flavivirus related to dengue,
West Nile, and Zika viruses.
The neuroinflammation and
severe neurological damage
caused by JEV infection can
be fatal. Ye et al. found that
inhibiting kinase signaling
pathways reduced inflamma-
tory responses by infected
glial cells in culture. Treating
infected mice with a JNK kinase
inhibitor improved survival and
limited neuroinflammation and
neuronal death. This strategy
offers promise for treating JEV
and other neurogenic viruses.
—NRG

Sci. Signal. 9,ra98 (2016).

sciencemag.org SCIENCE
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lobules and fissures. Although
its subregions all seem to use
similar types of cells, tracts
coming from elsewhere in the
brain target distinct portions
of the cerebellum, suggesting
that surface formations reflect
functional zones. Legué et al.,
studying developing mouse
brains, showed how the prolif-
eration and differentiation of
granule cells determines the size
of a fully developed lobule. Each
lobule gets a different propor-
tion of granule cell progenitors;
anchoring centers at the base
of developing fissures prohibit
sharing. The cerebellum thus
develops as a modular con-
struction, which may enable
acquisition of new functions
during evolution. —PJH

Neural Dev. 10.1186/513064-016-

0072-z (2016).

Mammalian predators
can make great pets,
but as invasive species,
they have big negative
impacts on natives.

DIVERSITY
Instructor gender
versus student ratings

Despite evidence suggesting
that student evaluations of
teaching are unreliable, they
are often included in promotion
and tenure criteria. How unreli-
able are student evaluations
with respect to gender bias?
Wagner et al. analyzed student
evaluations of mixed-gender
teaching teams at a multi-
cultural European university.
Covariates such as course
leadership, teacher experi-
ence, and research quality were
included in the analysis. Results
showed a striking disadvantage
for women, with women being 11
percentage points less likely to
reach a promotion-level teach-
ing score than men teaching

Compartmentalized granule cells feed cerebellar development.

SCIENCE sciencemag.org

INVASIVE SPECIES

the same course. Several policy
implications are suggested by
the authors, including the call
for teacher evaluations to be
adjusted for gender bias. —MM
Econ. Edu. Rev. 10.1016/
j.econedurev.2016.06.004 (2016).

OCEAN CLIMATE

Clouds and Atlantic

Ocean temperatures

The Atlantic Multidecadal
Oscillation (AMO), which is
characterized by quasi-periodic
variations in sea surface tem-
perature (SST) in the North
Atlantic, has important effects
on the weather and climate of
the surrounding continents.
Attention has been focused
more on the details of the AMO
in high and mid-latitudes and
less on its tropical branch.
Bellomo et al. present an analy-
sis of long-term observational
records for most of the past

70 years, finding evidence for

a positive feedback between
total cloud amount, SST, and
atmospheric circulation that
can strengthen the persistence
and amplitude of the AMO at
low latitudes. They estimate that
cloud feedbacks can account
for as much as nearly one-third

The problem with our predators

n our modern world, in which people move them-

selves and their goods across the entire globe,

species invasions have become commonplace.

Such invasions have varying degrees of impacts,

with some species actually performing important
functional replacements and others driving native spe-
cies to extinction. Doherty et al. look at one of the most
damaging groups, invasive mammalian predators. Just
as predators in their own habitats have strong struc-
turing effects, invading predators have large impacts
on native species. Such effects are strongest and most
damaging in island environments. Finding that islands
should be the highest priority for action provides some
hope for the potential to decrease predator impacts
through removal, an option often frowned upon in
continental areas, where invasive predators may be
our own companions. —SNV

Proc. Natl. Acad. Sci. U.S.A.
10.1073/pnas.1602480113 (2016).

of the observed AMO-related
SST anomalies over the Atlantic
tropics. —HJS
Geophys. Res. Lett.
10.1002/2016GL069961 (2016).

SUPERCONDUCTIVITY
Combining transport
and photoemission

Angle-resolved photoemis-
sion spectroscopy (ARPES)
is routinely used to map the
electronic structure of complex
materials. Most commonly
when studying a phase transi-
tion, the spectra are recorded
and analyzed as a function of
temperature. Kaminski et al.
expanded the use of ARPES
in cuprate superconductors
by taking measurements in a
sample that was experienc-
ing current flow. After taking
into account the potentially
confounding effects of Joule
heating, the researchers found
that the current destroyed
single-particle coherence in
an underdoped sample of
Bi,Sr,CaCu,0,,, before the
normal state was reached. The
technique may be useful in the
study of other materials with
complex phase diagrams. —JS
Phys. Rev. X 6,031040 (2016).
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The impact of training informal
health care providers in India:
A randomized controlled trial

Jishnu Das, Abhijit Chowdhury, Reshmaan Hussam, Abhijit V. Banerjee*

INTRODUCTION: In rural India, health care
providers without formal medical training
and self-declared “doctors” are sought for up
to 75% of primary care visits. The frequent
use of such informal providers, despite legal
prohibitions on their practices, in part re-
flects the absence of trained medical profes-
sionals in rural locations. For example, in the
majority of villages in the Indian states of
Rajasthan, Madhya Pradesh, and West Bengal,
informal providers are the only proximate
source of health care.

RATIONALE: The status of informal pro-
viders in the complex Indian health system
is the subject of a highly charged debate among
policy-makers and the medical establish-
ment. The official view of the establishment
is that fully trained providers are the only
legitimate source of health care, and train-
ing informal providers legitimizes an illegal
activity and worsens population health out-

Despite 56% mean attendance,
trained informal providers
correctly managed more cases,

Providers who completed the full
training course correctly managed
cases as often as public-sector

comes. In contrast, given the lack of availa-
bility of trained providers and the fact that
informal providers are tightly linked with
the communities that they serve, others be-
lieve that training can serve as a stopgap mea-
sure to improve health care in tandem with
better regulation and reform of the public
health care system. However, despite the pol-
icy interest and important ramifications for
the country, there is little evidence regard-
ing the benefits (or lack thereof) of training
informal providers.

We report on the impact of a multitopic
training program for informal providers in
the Indian state of West Bengal that provided
72 sessions of training over 9 months. We used
a randomized controlled trial design, together
with visits by unannounced standardized pa-
tients (“mystery clients”), to measure the extent
to which training could improve the clinical
practice of informal providers over the range
of conditions that they face. The conditions

However, training had no
impact on the avoidance
of unnecessary

closing half the gap with the doctors. antibiotics.
public sector.
+ 70%-
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Informal health care providers are the backbone of India’s primary health care system. In rural
India, up to 75% of primary care visits are to informal providers. We evaluated a training program for
these informal providers by using a randomized controlled design. In our sample of 200 villages in
West Bengal, there are 30 informal providers for every public-sector doctor. Error bars show 95% Cls.
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presented by standardized patients were
blinded from program implementers. There-
fore, we view the evaluation of this multitopic
training program as a measure of impact on
primary care in general. Standardized patient
data are accompanied by data from day-long
clinical observations, providing a comprehen-
sive picture of provider practice. Our study also
benchmarks the impact of training against the
performance of doctors in public primary health
centers serving the same region. Lastly, it ex-
plores whether the training affected patient de-
mand for informal providers.

RESULTS: Mean attendance at each training
session was 56% [95% confidence interval
(CI): 51, 62%], with no contamination from
the control group. Using standardized pa-

tient data, we find that
providers allocated to the
Read the full article training group were 4.1
at http://dx.doi. (17, 6.5) percentage points,
org/10.1126/ or 15.2%, more likely to ad-
science.aaf/384 here to condition-specific
checklists than those in
the control group. The training increased rates
of correct case management by 7.9 (04, 15.5)
percentage points, or 14.2%, and patient case-
load by 0.8 to 1.8 (0.13, 3.57) patients per day,
or 7.6 to 17.0%. Data from clinical observa-
tions show similar patterns. Although correct
case management among doctors in public
clinics was 14.7 (-0.1, 30.4) percentage points,
or 28.3%, higher than among untrained in-
formal providers, the training program re-
duced this gap by half for providers with
mean attendance and reduced the gap al-
most entirely for providers who completed
the full course. However, the training had no
effect on the use of unnecessary medicines
and antibiotics, although both training- and
control-group informal providers prescribed
18.8 (7.7, 28.9) percentage points, or 28.2%,
fewer unnecessary antibiotics than public-
sector providers.

CONCLUSION: Training informal providers
increased correct case management rates but
did not reduce the use of unnecessary medi-
cines or antibiotics. At the same time, training
did not lead informal providers to violate rules
with greater frequency or worsen their clin-
ical practice, both of which are concerns that
have been raised by representatives of the
Indian Medical Association. Our findings
thus suggest that multitopic medical train-
ing may offer an effective short-run strategy
to improved health care provision and com-
plement critical investments in the quality of
public care.

The list of author affiliations is available in the full article online.
*Corresponding author. Email: banerjee@mit.edu
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The impact of training informal
health care providers in India:
A randomized controlled trial

Jishnu Das,"? Abhijit Chowdhury,> Reshmaan Hussam,* Abhijit V. Banerjee®*

Health care providers without formal medical qualifications provide more than 70% of all
primary care in rural India. Training these informal providers may be one way to improve the
quality of care where few alternatives exist. We report on a randomized controlled trial assessing
a program that provided 72 sessions of training over 9 months to 152 informal providers (out
of 304). Using standardized patients (“mystery clients”), we assessed clinical practice for three
different conditions to which both providers and trainers were blinded during the intervention,
representative of the range of conditions that these providers normally diagnose and treat.
Training increased correct case management by 7.9 percentage points (14.2%) but did not
affect the use of unnecessary medicines and antibiotics. At a program cost of $175 per trainee,
our results suggest that multitopic medical training offers an effective short-run strategy

to improve health care.

n countries such as Nigeria, India, Bangladesh,
and Thailand, health care providers without
formal medical training account for between
one-third and three-quarters of primary care
visits (7). In rural India, these estimates range
from 54% in West Bengal to 75% in states such as
Rajasthan, Madhya Pradesh, Andra Pradesh, and
Uttarakhand (2-5). The frequent use of informal
providers reflects, in part, their widespread avail-
ability in rural areas and the absence of trained
medical professionals. Despite legal prohibitions
on their ability to practice, a census of providers
in rural Madhya Pradesh counted 12 times as
many informal providers as trained doctors with
M.B.B.S. degrees (the equivalent of the M.D. degree
in the United States) (3), and a census in rural West
Bengal identified over 107,000 rural informal pro-
viders in the state (5). Proportionally scaled up
to all of India, this would imply a population of
1.6 million rural informal providers compared
with just under 1 million M.B.B.S. doctors (6), a
large proportion of whom are concentrated in
urban areas. It is therefore no surprise that in
the majority of villages in Rajasthan, Madhya
Pradesh, and West Bengal, informal providers are
the only proximate source of health care.
How to place these informal providers in the
context of the health care system is now a highly
charged debate among policy-makers and the
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medical establishment in India. Since the Bhore
Committee Report in 1946, India specifically es-
chewed the model followed in several other low-
income countries of allowing multiple cadres of
medical professionals with varying degrees of
training to diagnose and treat patients (7). In 25
of 47 countries in sub-Saharan Africa, for instance,
officially recognized nonphysician clinicians play
an active role in medical care, undertaking even
specialty tasks such as Caesarean sections and
anesthesia (8). The medical establishment in India
has, however, relentlessly opposed any deviation
from the standard degree requirement for prac-
ticing medicine. For example, attempts to intro-
duce a 3-year diploma in the Indian state of
Chhattisgarh for rural health care practitioners
was attacked as a dilution of the standards of
medical education and forced to stop (9).

The Indian medical establishment is equally
opposed to the view that training informal pro-
viders is a useful stopgap response to the acute
shortage of trained providers, especially given
that informal providers are already tightly linked
with the communities that they serve. The view
that such training can act as a complement to
better regulation and a ramping up of the public
health care system clashes with the position of
the medical establishment, which argues that
such training will legitimize an illegal activity and
worsen population health outcomes. For instance,
a large-scale training program in the state of
Andhra Pradesh in 2009 had to be terminated
in 2012 because of increasing resistance from
the Indian Medical Association. The chairman
of the Andhra Pradesh Medical Council argued
that it was unlikely that informal providers would
alter their behavior after a matter of months of
training (10): “They are already violating rules.
[After the training] they will violate them even

more.” Similarly, in 2016, the president of the
Indian Medical Association’s Kolkata branch
(Kolkata is the capital of West Bengal) equated
training informal providers to “teaching burglars
how to steal more effectively” (77).

One reason for the current impasse in this de-
bate is the dearth of evidence on either side. Al-
though recent research provides new insights into
the availability and practice of informal providers,
at present there is no comprehensive evaluation
of the impact of training informal providers on
their clinical practice. We cannot develop effective
policy without understanding the nature of the
demand for informal providers, the kind of health
care that they provide, and whether the quality
of care that they provide can be improved.

We report on a research project in the Indian
state of West Bengal that attempts to bridge this
evidence gap, building on a body of research in
which some of us have been involved for over a
decade. The study does three things: First, using
a range of different approaches that we have de-
veloped in previous research, it provides detailed
descriptive evidence on the clinical practice of
informal providers and how that compares with
the public M.B.B.S. doctors serving the same pop-
ulation. It then uses a randomized controlled trial
(RCT) to measure the extent to which training can
improve their clinical practice. Lastly, using the
random variation brought about by the training,
it asks whether potential patients react positively
to improvements in quality by visiting trained
informal providers more often.

To assess the training program, we used a new
blinded methodology that differs from previous
evaluations. Although there is a small amount of
RCT literature on the impact of training informal
providers, it focuses on the evaluation of only
those specific conditions for which the informal
providers were explicitly trained [for instance,
see Adu-Sarkodie et al. (12) on the impact of training
pharmacists for urethral discharge, Garcia et al.
(13) on sexually transmitted illnesses (STT) in Peru,
Shah et al. (14) on STT and HIV-focused training in
Pakistan, and Abuya et al. (15) on treatment for
malaria]. However, showing that informal pro-
viders can successfully execute the specific tasks
in which they have been trained is far from dis-
positive from the point of view of the present policy
debate. Because informal providers deal with a
variety of conditions of unknown origins—a fever
can indicate either malaria, a flu, or a large num-
ber of other illnesses—the relevant training pro-
gram must be able to demonstrate improvement
across the spectrum of clinical tasks that informal
providers routinely need to perform. These can
range from (i) immediate treatment for certain
acute conditions to (ii) triage into higher-quality
care for more serious conditions to (iii) diagnosis
and maintenance care for chronic patients.

The training program and evaluation that we
report here addresses this critical issue in two
ways. First, the program offered a generalized
curriculum, training providers on multiple topics
such as basic physiology and anatomy, principles
of harm reduction, and specific illnesses. Second,
the program was evaluated using unannounced
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standardized patients, or trained actors playing
the role of patients suffering from a particular
condition. Our standardized patients, who were
blinded to the group assignment of the providers
that they visited, presented providers with a
strategically chosen set of conditions that allowed
us to assess provider ability across a broad range
of the clinical tasks that they are expected to
manage in their patient populations. Trainers
and trainees in the program were both blinded
to the conditions chosen for assessment, and the
standardized patients were neither anticipated
nor, ex post, recognized as actors. In addition to
standardized patient data on clinical practice, we
also implemented day-long clinical observations
to verify clinical practice for a broader sample of
patients, and we collected patient caseload and
fees data to examine the effect of training on
patient demand for informal providers’ services.

The particular design of our evaluation there-
fore allows us to overcome the limitations of pre-
vious studies of this kind. This study provides the
first reliable evidence on the impact of a multi-
topic training program on diagnostic and treat-
ment quality for conditions unanticipated by both
trainers and providers.

Intervention

The training program was designed and executed
by the Liver Foundation, a public health organi-
zation based in West Bengal. The organization
invited 360 providers across its district of opera-
tion to participate, out of whom 304 providers
expressed interest and were randomized equally
into training and control groups. Members of the
training group were offered admission to the
Liver Foundation Rural Health Care Practitioner
Training Program, and those in the control group
were told that they would be eligible for the
program the next year. The control group was in-
deed offered the training program after the ev-
aluation was complete. Sample selection is described
in further detail in the Methods section.

Our sample was comparable to those of other
studies of informal providers in India: 95% were
male, with a mean age of 40 [95% confidence
interval (CI): 39.16, 41.22] years and 13.1 (12.21,
14.07) years of experience; 62% had completed
high school; and 75% reported zero formal training
(table S1). The remaining providers were in pos-
session of certificates of limited legal validity but
of perceived credibility and value in the rural
medical market.

The training consisted of 72 sessions and 150
teaching hours over a 9-month period. It included
a wide variety of topics, with an emphasis on basic
medical conditions, triage, and avoidance of
harmful practices. The Methods section details
the structure of the program, and the supplement
materials provide the program curriculum.

From the beginning, the Liver Foundation
stressed that informal providers would not re-
ceive any certificates on completion of the training
and should not think of themselves as qualified
doctors. The program was free to all students,
each of whom was provided a transportation al-
lowance of $1.30 and a meal at each training
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session. Throughout the training, providers con-
tinued to operate their clinics more or less as usual.

Measurement and data

To evaluate the program, we strategically chose
three tracer conditions, targeting the multiple
skills that need improvement, and used un-
announced standardized patients as the primary
means of assessment. Standardized patients are
increasingly used to assess condition-specific
quality of care in low-income countries (16-21)
and regarded as being close to a gold-standard
measure of clinical practice. The three tracer
conditions that we chose—chest pain, respiratory
distress, and child diarrhea—allowed us to assess
the ability of the informal provider to triage a
patient with a condition that is likely severe (chest
pain); treat or refer a patient with a condition that
requires management (respiratory distress); and
assess and treat a patient with a condition that
can potentially be managed at the primary level
(child diarrhea). For each condition, we chose to
teach the standardized patients the most obvious
answers to history questions that should have
led the provider, with proper questioning and
examination, to conclude that the patient was
suffering from angina (chest pain), asthma (res-
piratory distress), or dysentery (child diarrhea).
Further details on standardized patient tracer
conditions are included in the Methods section.

Throughout the intervention, the implementers
and trainers in the program did not know the
conditions for which the informal providers would
ultimately be evaluated, limiting the possibility
of teaching to the test. During the evaluation, the
standardized patients were blind to the training
status of their providers, limiting reporting bias
from the patients. Given the standardization of
patients across providers, this methodology also
allowed us to address the possibility of con-
founders in terms of patient characteristics and
illnesses. Lastly, the fact that the patients were
unannounced trained actors also limited the pos-
sibility of Hawthorne effects, whereby providers
would alter their behavior because they knew
that they were being observed. Further informa-
tion on the standardized patient recruitment and
training process is detailed in the Methods section.

One limitation of the standardized patient ap-
proach is the small number of conditions (though
wide in range) for which the providers can be eval-
uated. To extend our results to the typical patient
who visits these informal providers, we therefore
also assessed clinical practice by using trained
observers who remained with the provider for
1 full day.

Lastly, we collected data on the prices and fees
charged by the informal providers in the training
and control groups. (Some informal providers
charge fees, whereas others sell medicine to their
patients at a premium in lieu of a fee. We report
the sum of these two.) We also collected data on
their caseload, or the number of patients that they
see in a day. These data were collected through
day-long clinical observations as well as weekly
provider diaries, as detailed in the Methods sec-
tion. We did this because one important aspect

of the success of a training program is the effect
of training on the demand for the services of the
trainees. If improvements in clinical practice
adversely affect the market share or earnings
of informal providers, informal providers will
either stop implementing what they have learned,
or the decline in their caseload will affect their
relevance and long-term sustainability. This is
a legitimate concern, given that it has been doc-
umented that patients often make their health
care choices on the basis of subjective theories that
can be at odds with what science tells us (22, 23).
Conversely, if the quality of their treatment,
earnings, and market share increased as a re-
sult of training, we would be reassured about the
sustainability of the program and the welfare
of the patients.

Baseline data were collected before the ran-
domization and included information on pro-
vider backgrounds and practice characteristics.
To allow for potential short-term decay in training
skills, endline data collection commenced 3 to
6 months after the completion of training and
9 to 10 months after the completion of the illness-
specific portion of the training. Standardized
patients were sent to the entire study population,
as well as to the total of 11 public primary health
centers (PHCs) in the 203 villages. The quality
of health care delivered in the PHCs was used to
benchmark the performance of trained informal
providers. After standardized patient data collec-
tion was complete, a day-long clinical observa-
tion was conducted with each provider, and the
baseline measures were collected once again.
Because the use of standardized patients and
clinical observations could have primed pro-
viders to expect such cases in the future, both
were restricted to the endline survey data col-
lection only.

Our primary outcomes, pre-specified in our
pre-analysis plan, are condition-specific metrics
obtained from the standardized patient inter-
actions. We assessed potential improvements in
necessary care through condition-specific checklists
of recommended care (supplementary materials)
(24-26) and rates of correct case management.
‘We present our results using three definitions of
correct case management. The first is an inclusive
binary definition, where the case is correctly
managed as long as necessary care was provided,
with or without additional components. In the
second stricter binary definition, the case is cor-
rectly managed if only the necessary care was
provided, without any unnecessary components.
The third is a grade on a continuous scale, as
evaluated by independent M.B.B.S. doctors blinded
to providers’ training status, which has the ad-
vantage that both necessary and unnecessary
components are evaluated jointly, allowing for
a more nuanced gradation of case management.
All three are described in detail in the Methods
section. We also assessed potential reductions in
unnecessary or harmful care through the use of
antibiotics, injections, and polypharmacy, the
latter defined as the total number of medicines
dispensed or prescribed. Antibiotic use was as-
sessed for all three conditions, as well as for
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Table 1. Impact of training on main standardized patient outcomes. History
and exam checklist completion refers to the percent of items that were com-
pleted from the structured questionnaire. Correct case management is defined
as an inhaler, corticosteroid, or referral for asthma; asking to see the child or
recommending ORS for child diarrhea; and aspirin or referral for angina. Un-
necessary or harmful medicines are any other medication treatment; a single
case can be categorized as either or both correct and unnecessary or harmful
treatment. “Correct management only” means correct case management without
any unnecessary or harmful treatments. All regressions control for case presentation

Control group

fixed effects and the age of the attending provider, with standard errors clustered
at the level of the village. Ninety-five percent Cls are presented in parentheses
below the means and estimated coefficients. Estimates that are significant at the
90% level of confidence are marked with an asterisk, at the 95% level of confidence
with two asterisks, and at the 99% level of confidence with three asterisks. OR, odds
ratios. Marginal effects (ME) are computed at the mean of dependent variables for
the logistic specification and are the coefficients on training (ITT) or attendance (IV) in
the linear specifications. The F statistic for the first stage in IV regressions is >300.
Wilson intervals without continuity correction are used for dichotomous variables.

Training group

T T Linear . v
n Mean n Mean logistic logistic ME Linear
OR ME ME
Continuous outcome variables for desirable and nondesirable outcomes
History and 0.273 0.314 0/0417%% 0.069***
exam checklist completion 396 (0.259, 388 (0.300, (0.017, (0.031,
(percent) 0.287) 0.328) 0.065) 0.107)
Consultation 3.252 3.511 0.247 0.416
length 396 (3.079, 388 (3.326, (-0.046, (-0.064,
(minutes) 3.425) 3.695) 0.54) 0.896)
N 2.162 2222 0.065 0.109
of medicines = (2.033, 388 (2.083, (-0.162, (=0.269,
2.291) 2.36) 0.291) 0.487)
Dichotomous outcome variables for desirable outcomes
it caee 0.520 0.598 1402 0.083** 0.079%* 0.133**
management 396 (0.471, 388 (0.549, (1.017, (0.004, (0.004, (0.009,
0.569) 0.647) 1.931) 0.162) 0.155) 0.258)
Correct 0.109 0.124 1124 0.012 0.012 0.020
management 396 (0.078, 388 (0.091, (0.703, (-0.035, (-0.036, (-0.059,
only 0.139) 0.157) 1.798) 0.058) 0.060) 0.100)
Average-quality 0.114 0.174 1.679%** 0.060%** 0.062%*+ 0.104%**
case management 394 (0.083, 384 (0.136, (1.145, (0.017, (0.016, (0.03,
or better 0.146) 0.213) 2.462) 0.104) 0.107) 0.178)
e e 0.285 0.341 1.306 0.057 0.055 0.093
(asthma or angina) 263 (0.234, 258 (0.283, (0.881, (-0.026, (-0.026, (-0.042,
0.343) 0.399) 1.937) 0.14) 0.137) 0.228)
Dichotomous outcome variables for nondesirable outcomes
Lowest-quality 0142 0102 0.664 -0.042 -0.043 -0.072
case management 394 (0.108, 384 (0.071, (0.411, (-0.091, (-0.094, (=0.156,
0.177) 0.132) 1.073) 0.007) 0.008) 0.012)
0477 0485 1.059 0.014 0.011 0.018
Antibiotics (all) 396 (0428, 388 (0435, (0.752, (-0.071, (-0.055, (-0.092,
0.527) 0.534) 1.49) 0.099) 0.077) 0.129)
o 0.331 0.337 1.047 0.010 0.009 0.016
Antibiotics — - -0.112
(asthma or angina) 263 (0.274, 258 (0.279, (0.718, (-0.071, (-0.067, ( .
0.388) 0.395) 1.526) 0.091) 0.086) 0.143)
Offered injection 0.011 0.019 1612 0.004 0.007 0.012
(asthma or angina) 263 © 258 (0.003, (0.337, (-0.012, (-0.017, (-0.028,
0.024) 0.036) 7717) 0.021) 0.031) 0.051)
Any unnecessary 0.707 0.701 0.978 -0.004 -0.004 -0.007
o e s 396 (0.662, 388 (0.655, (0673, (-0.077, (-0.07, (-0.116,
0.752) 0.747) 1.421) 0.068) 0.062) 0.102)

asthma and angina alone, because in these two
instances, antibiotics are almost never required.

These condition-specific quality metrics were
complemented with secondary outcomes that
were not condition-specific but that have been
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shown to relate to higher-quality care (16). The
general measures of care assessed, obtained from
both the standardized patient interactions and
clinical observations, included consultation length,
history-taking, and examinations performed.

We present age-adjusted intention-to-treat
(ITT) estimates, as well as age-adjusted instru-
mental variable (IV) estimates to deal with
partial compliance. Standard errors have been
adjusted for clustering at the village (standardized
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Table 2. Clinical practice of control-group, training-group, and public providers, assessed using standardized patients. Shown (from left to right) are means
for each group, estimated differences between informal providers in the control group and doctors in PHCs, and estimated differences between informal providers in
the training group and doctors in PHCs. Definitions, asterisks, and the presentation of statistics are as in Table 1. All regressions include dummies for each condition,
with standard errors clustered at the level of the village. Odds ratios could not be computed for lowest-quality case management because no interactions with PHCs

fell into that category.

Means Control group — PHC Training group — PHC
e col T M e wmw e
(n =33) (n = 396) (n = 394) ME OR ME OR
Continuous outcome variables for desirable and nondesirable outcomes
History and 0.202 0.273 0.313 0.071** 0.111%**
exam checklist completion (0.16, (0.259, (0.299, (0.017, (0.055,
(percent) 0.244) 0.287) 0.327) 0.125) 0.166)
Consultation 1735 3.252 3.495 1.519%** 1.762%*%%
length (1403, (3.079, (3.312, (1.077, 1.3
(minutes) 2.067) 3.425) 3.677) 1.961) 2.223)
Number of 2.758 2.162 2.208 —0.595%* -0.548
medicines (2.296, (2.033, (2.07, (1158, (1123,
3.219) 2.291) 2.346) -0.031) 0.026)
Dichotomous outcome variables for desirable outcomes
Correct case 0.667 0.520 0.594 -0.147 0.519 -0.073 0.724
e — (0.505, (0471, (0.545, (-0.304, (0.249, (-0.23, (0.353,
0.828) 0.57) 0.643) 0.01) 1.082) 0.085) 1.482)
Correct 0,091 0.109 0.127 0.018 1.219 0.036 1456
management (0,0189) (0.078, (0.094, (-0.077, (0.398, (-0.059, (0.484,
only ' 0.139) 0.16) 0.112) 3.737) 0.131) 4.38)
Average-quality 0.182 0.114 0.174 -0.068 0.580 -0.007 0.954
case management (0.05, (0.083, (0.137, (-0.177, (0.267, (-0.118, (0443,
or better 0.314) 0.146) 0.212) 0.042) 1.26) 0.104) 2.054)
Referred case 0.182 0.285 0.344 0.104 1.843 0.162** 2.435%
(asthma or (0.02, (0.23, (0.286, (-0.05, (0.665, (0.003, (0.87,
angina) 0.343) 0.34) 0.401) 0.258) 5.106) 0.32) 6.816)
Dichotomous outcome variables for nondesirable outcomes
Loversiaualig 0 0.142 0.103 0.142%** 0.102%**
case management ©. - (0.108, (0.072, (0.103, - (0.071, -
0.177) 0.133) 0.181) 0.134)
0.667 0477 0.480 -0.191** 0.371** -0.188** 0.372*%*
Antibiotics (all) (0.505, (0428, (043, (-0.348, (0.156, (-0.346, (0.156,
0.828) 0.527) 0.529) -0.034) 0.885) -0.029) 0.885)
Antibiotics 0.636 0.331 0.332 -0.306*** 0.244%** —0.304*** 0.242%**
i 6 eLgelie) (0435, (0.274, (0.275, (-0.502, (0.095, (-0.503, (0.094,
0.838) 0.388) 0.389) -0.11) 0.63) -0.106) 0.621)
Offered injection 0.045 0.011 0.019 -0.034 0.233 -0.026 0.403
(asthma or (o, (0, (0.002, (-0.123, (0.02, (-0.116, (0.04,
angina) 0.133) 0.024) 0.036) 0.054) 2.674) 0.063) 4.06)
Any unnecessary 0.879 0.707 0.695 —-0.171%** 0.268** —-0.183*** 0.276**
or harmful (0.767, (0.662, (0.65, (-0.278, (0.095, (-0.289, (0.103,
medicine 0.99) 0.752) 0.741) -0.063) 0.757) -0.077) 0.738)

patient data) or provider (clinical observation
data) level.

We show a CONSORT (Consolidated Stan-
dards of Reporting Trials) diagram of partici-
pant flow in fig. S1. Of the study population of
304 providers, standardized patients visited 267
(87.8%). There were no statistically significant
differences in provider characteristics by train-
ing status between providers who were assessed
at endline and those who were not (table S2). All
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baseline covariates were well balanced, except for
provider age, which was slightly higher in the
training group (table S1). We therefore controlled
for age in our analysis.

Results
Attendance at training sessions
Mean attendance, or the average attendance of

training-group providers at each session, was
56% (95% CI: 51, 62%). No control providers

attended any session. Attendance in each session
varied between 19 and 82% and was negatively
correlated with distance to the training site
and rainfall on the day of the training (fig. S2
and table S3).

Outcomes using standardized patients

Table 1 presents case management outcomes
from standardized patient observations. Among
providers in the control group, the mean standardized
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Respiratory Distress

Prescribed or Offered Corticosteroid
Referred to Hospital or Specialist
Prescribed or Offered Inhaler
Correct Case Management
Average Quality Treatment or Better

0.01

Child Diarrhea

Asked to See Child

Oral Rehydration Salts

Correct Case Management
Average Quality Treatment or Better

0.01

Chest Pain

ECG

Prescribed or Offered Aspirin
Referred to Hospital or Specialist

. orrect Treatment

Average Quality Treatment or Better

0.01

« Favors Control

Favors Training —

| . "
Odds Ratio [95% Confidence] P-value
—o— 1.22 [0.73, 2.05] 0.4547
—+o— : 1.28 [071, 231] 0.4085
[ = 10.23** [123, 85.36] 0.0317
—lo—i : 1.15 [0.68, 1.96] 0.6046
: —e— : 0.93 [0.41, 21] 0.8618
: | :
0.1 1.0 10 100
« Favors Control Favors Training —
|
| Odds Ratio [95% Confidence] P-value
H-—i 1.33 [081, 219] 0.2588
l-\_—o—|._| 1.64* [096, 281] 0.0682
1.33 [082, 2.16] 0.2538
f——o— 1.45 [0.69, 3.07] 0.3299
N I N
0.1 1.0 10 100
« Favors Control Favors Training —
| . "
Odds Ratio [95% Confidence] P-value
| 1.57 [0.85, 2.91] 0.153
| ———e————— 7.57** [1.67, 34.37] 0.0088
e 1.32 [081, 215] 0.2606
—o—1 1.76* [1.1, 2.83] 0.0194
k | ——a 2.61%** [1.46, 465] 0.0012
: | :
0.1 1.0 10 100

Fig. 1. Impact of training on condition-specific components of correct case management. The odds ratios of the ITT estimator are computed from a
logistic regression model relating each outcome variable to group status (training versus control), with condition-specific dummies and age of the provider as
additional controls. Every component of correct case management improved in the training group, although the small sample size limits the precision of the
estimates. Estimates that are significant at the 90% level of confidence are marked with a single asterisk, at the 95% level of confidence with two asterisks, and at

the 99% level of confidence with three asterisks.

patient interaction lasted 3.3 (95% CI: 3.08, 3.43)
min, and mean adherence to the checklist of re-
commended questions and examinations was
27.3% (25.9, 28.7%). Correct case management
was offered in 52% (47.1, 56.9%) of interactions,
with independent raters grading (only) 11.4%
(8.3, 14.6%) of all treatments in the control group
as “average quality or higher.” Polypharmacy
and antibiotic use, the latter unnecessary in all
cases, was high, with an average of 2.2 (2.03,
2.29) medicines dispensed per interaction. Un-
necessary or harmful medicines were prescribed or
dispensed in 70.7% (66.2, 75.2%) of standardized
patient interactions, and antibiotics were pre-
scribed or dispensed to 33.1% (27.4, 38.8%) of
asthma and angina standardized patients, none
of who should have been recommended such
treatments. Control informal providers saw a
mean of 8.4 (7.21, 9.53; clinical observations) to
10.6 (9.43, 11.72; provider diaries) patients per
day and charged between 46.6 (40.07, 53.18; ob-
servations) and 73.1 (6414, 81.98; diaries) rupees
per visit. Caseloads are lower in the clinical ob-
servations data because they were conducted in a
low-morbidity season, with less severe illnesses,
relative to the provider diaries (table S5).
Correct case management was significantly
higher among providers in the trained group [7.9
(0.4, 15.5) percentage points], as was the likelihood
of providing “average-quality or higher” treatment
[6.2 (1.6, 10.7) percentage points] (Table 1). Higher
correct case management rates were also accom-
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panied by greater adherence to condition-specific
checKlists (Table 1) among trained providers [4.1
(1.7, 6.5) percentage points].

Because the average provider attendance per
session over the duration of the training course
was 56%, we also used group assignment to
estimate what would have happened if all the
informal providers in the training group had
attended every class. Only training-group pro-
viders were permitted to attend the training, so
our setting is one of one-sided noncompliance—
i.e., there are no noncompliers in the control
group. Therefore, the local average effect of train-
ing in an IV analysis is equivalent to the “treat-
ment on the treated,” or in other words, the effect
for an informal provider who attended every
class (27). Identifying the impact of training on
providers had they had 100% attendance is es-
pecially relevant because attendance rates were
highly correlated with distance to the training
center and might therefore be substantially im-
proved by bringing the center closer to the pro-
gram participants.

The IV results suggest that, with perfect at-
tendance, correct case management rates would
have been 13.3 (0.9, 25.8) percentage points higher
in the training group than in the control group
(Table 1). This is equivalent to a 25.6% increase in
correct case management relative to the control
group. However, neither the ITT nor the IV spec-
ifications show statistically significant differences
in the use of antibiotics, injections, or polypharmacy

or the likelihood of very low-quality case man-
agement, as assessed by the independent raters
(Table 1).

With regard to specific process indicators across
the three conditions presented by the stan-
dardized patients, providers assigned to the
training group were more likely to prescribe
inhalers and refer patients for symptoms of
respiratory distress; recommend oral rehydra-
tion salts (ORS) for the child with diarrhea;
and administer aspirin and refer patients for
chest pain (Fig. 1). Encouragingly, out of 110
referrals for chest pain, 70 were to cardiologists
or chest specialists, in line with recognition of
a potentially serious heart condition. However,
because the study was not powered to detect
condition-specific differences, these results are
imprecisely estimated and therefore generally not
statistically significant, except in the use of in-
halers for respiratory distress and correct case
management for chest pain.

Outcomes calculated using
clinical observations

Data from 2311 observations of clinical practice
with real patients collected 3 months or more
after the conclusion of training show similar im-
provements, with trained informal providers asking
0.65 (0.06, 1.24) or 13.0% more recommended
history questions and conducting 0.42 (0.15, 0.68)
or 18.3% more recommended examinations
than their control counterparts. As in the case
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of standardized patients, there is no evidence of a
difference in the use of polypharmacy, injec-
tions, or antibiotics (table S4).

Benchmarking with public-sector
performance among
standardized patients

Table 2 presents results relative to the bench-
mark of the performance of the public-sector
providers, all of whom have M.B.B.S. qualifica-
tions. Relative to public-sector providers in the
same villages, untrained and trained informal
providers were respectively 7.1 (1.7, 12.5) and 11.1
(5.5, 16.6) percentage points more likely to adhere
to condition-specific checklists than public pro-
viders, who completed an average of 20.2% of
checklist items (Table 2). Both trained and un-
trained informal providers also spent more time
with their patients: Trained informal providers
spent more than twice the amount of time as
public providers, who averaged 1.74 min per pa-
tient. Polypharmacy, offers of injections, and
antibiotic prescriptions were also substantially
lower among informal providers, trained and
untrained, relative to the public providers. For
example, trained providers were 18.8 (7.7, 28.9)
percentage points, or 28.2%, less likely than
public providers to prescribe antibiotics to
standardized patients.

However, public-sector doctors were 14.7 (-1.0,
30.4) percentage points more likely to correctly
manage a case compared with untrained informal
providers, with this difference halved for informal
providers in the training group (neither difference
is statistically significant because of the small total
of 11 public-sector doctors). The likelihood of
“correct case management only” as well as “average-
or higher-quality case management” was equally
high among public providers and informal pro-
viders in the training group, although the like-
lihood of “very low-quality case management”
was lower for public doctors.

Heterogeneity in training impact

It is possible that these average effects mask het-
erogeneity linked to various provider character-
istics. We explore the heterogeneity of training
effects in five dimensions. Two of these proxy for
prior learning (whether the provider had any
formal training, which could include some months
of distance education or training received through
the government for community health work, and
the provider’s prior experience), one relates to the
provider’s connection to the community (whether
the provider owned rather than rented his or her
clinic), one proxies for local competition (whether
there were other providers in the same village),
and one measures provider caseload (table S6).
Across all five dimensions, we find no evidence
of heterogeneous effects in the training group.
We do, however, find evidence suggestive of dif-
ferential training effects related to case manage-
ment rates predicted on the basis of providers’
baseline characteristics. Providers who were pre-
dicted to perform poorly absent the training show
larger training effects (table S7). For example,
those providers in the middle tercile of correct
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case management had a response to the training
that was four times as large [12.4 (-2.3, 27.1)
percentage points] as those in the highest tercile
[3.0 (-11.5, 17.5) percentage points], which is sig-
nificant at the 10% level. This suggests that pro-
viders with lower quality of care improved the
most through the program.

Furthermore, we find a strong dose response
related to attendance among providers in the
training group (fig. S3). Rates of correct case
management remain roughly constant at the same
level as the average of the control group until
attendance reaches 40% and then rise contin-
uously, peaking at nearly the level of PHCs by
90% attendance. Although attendance was not
randomly allocated and more motivated providers
likely had higher attendance, the dose response
is consistent with training as the key channel
for the impacts we observed.

Impact of training on demand
and revenue

The number of patients counted on the day of
clinical observation and in provider diaries sug-
gests an increase in patient caseload. The IV
estimate, which is the estimate relevant for as-
sessing the provider’s potential revenue gain from
attending the training, is 1.30 (-1.33, 3.94) more
patients per day based on our observations and
3.05 (0.24, 5.86) more patients per day based on
the diaries (table S5). This implies an increase in
patient demand of 15.5 to 28.9%. We do not find
evidence of a change in the prices that providers
charged, with positive but statistically insignificant
estimates from standardized patients and negative
but statistically insignificant estimates from clin-
ical observations. The increased patient caseload
is consistent with multiple channels of impact:
Patients could be reacting to the improved treat-
ment by returning to the same provider or re-
commending the provider to others; patients
may have also heard that the provider received
training and updated their expectations of the
providers’ ability. Although providers did not
explicitly advertise their training (for example,
by displaying a certificate—they received none),
some providers reported informing their patients
that their office was closed 2 days per week for
the purpose of attending a training course in the
district capital.

Program costs

On the cost side of the program, total costs in-
cluded training center rent, staff salaries, materials,
travel stipends, and meals for the providers. As-
suming at least 50% attendance (comparable
to the 56% actually attained), the per-student
cost of the program was 10,528 rupees ($175 at
60 rupees to $1). A conservative estimate of a 10%
increase in caseload (which is below our lowest
estimate) with no change in prices charged (which
is what we observed) suggests that the provider
would earn 50.2 rupees ($0.84) extra per day, and
210 working days would be required to recoup the
training costs, assuming no opportunity cost of
training time and travel or the ability to shift
additional patients to other times of the day. At

the higher end of the caseload increase estimates,
the cost of training would be fully recouped
within 66 days. Although we did not experiment
with providers’ willingness to pay for the program,
a priori, there appears to be a sufficient revenue
gain for the program to be self-financing.

Limitations

Our study faces limitations inherent to the use of
standardized patients to evaluate clinical prac-
tice. In addition, there is a question of general-
izability, because the impact of training is estimated
for those who expressed interest in the program,
rather than all those who were approached. Lastly,
in the absence of a household survey, we can only
assess the change in caseload as an impact of the
training; we cannot determine the quality of the
provider that the marginal patient would have
seen in the absence of training. We discuss each
of these limitations in turn.

Extrapolation from standardized patients

The use of standardized patients restricts our
primary outcomes to conditions for which (i)
the lack of physical symptoms does not undermine
the claim of an underlying condition, (ii) invasive
examinations are not required, and (iii) a child
need not be present at the clinic. Therefore, though
our findings are considerably broader than those
in the existing literature, we cannot extend them
to all cases that informal providers may be re-
quired to manage.

The results from standardized patients also
pertain to the specific characteristics of those
individuals, which in our case could include a
sense by the provider that the patient was more
educated than the average villager and resided
outside the village. Although this should not af-
fect internal validity because both training- and
control-group providers faced the same stan-
dardized patients, we cannot automatically extrap-
olate the findings to the entire patient population
that informal providers treat in their clinics.
However, it is worth pointing out that previous
studies have found little influence of standardized
patient characteristics on provider behavior (79).
Moreover, the parallel evidence from our clinical
observations, showing that more history-taking
and physical examinations were performed for
real patients by the trained providers, suggests
that the findings from the standardized patients
may hold for a wider set of illnesses and patients.
It must be acknowledged, however, that to con-
clusively prove this, we would need to use a
larger and more diverse population of stand-
ardized patients or obtain measures of population-
level health outcomes. Lastly, the impact of training
beyond the 9-month period is uncertain and
depends on whether the effect of training decays
over time (alternatively, it could be reinforced by
the improved results) and, if so, the rate at which
such decay (or reinforcement) occurs.

Extrapolations to training effects
in the population

We are also limited in our ability to extrapolate
training effects to the population of informal
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providers, because this would have required a
separate study design in which randomization
occurred at the population level rather than
among those informal providers who expressed
an interest in the program. We can nevertheless
make use of the fact that, out of the 360 informal
providers who were approached, 304 consented
to be part of the study. Assuming that the training
effect would have been zero among the remaining
56, the estimated impact of training on correct
case management in the population would have
been 6.5 (95% CI: 3.9, 8.9) rather than 7.9 per-
centage points (fig. S4).

However, this may be too pessimistic. As we
discussed previously, the distance to the training
center was the single most important determi-
nant of attendance (table S3 and fig. S2). It is not
unreasonable to assume that, were the policy to
be implemented on a larger scale, there would be
more than one training center and they would be
in different locations. If we make the (brave) as-
sumption that the relation between distance and
attendance that we estimate is causal, it implies
that we could achieve around 80% attendance if
a training center were within 5 km of each in-
formal provider. If we additionally assume that
the relation that we estimate between attendance
and the training effect (fig. S5) is causal, we could
conclude that those who attend 80% of the time
have a training effect that is close to the IV es-
timate of 13.3 percentage points. Therefore, the
IV estimate may well be the policy-relevant es-
timate. Alternately, if these providers were some-
how different from those observed in the sample
and continued to not attend the training despite
greater proximity to the training center, their train-
ing effect would be zero. In this case, applying the
IV estimate only to the 304: providers who chose
to participate in the program and appropriately
reweighting would suggest an IV estimate of
10.6 percentage points for the effect on correct
case management.

Health care quality for patients who
switched providers

The gap in correct case management rates be-
tween public and informal providers presents an
additional concern to those explored above: Given
that patient demand increased for trained in-
formal providers, overall quality of care may
have declined if patients switched away from
the public sector toward trained informal providers.
This is a concern in the 11 villages with a public
PHC, because patients rarely seek primary care
outside the surroundings of their own village
(16). In fact, our data show that in the villages
where both options exist, the training had no
effect on the informal providers’ caseloads; the
caseloads of trained informal providers increased
only in villages without a public-sector clinic. In
addition, when we asked patients where they
would seek care for a variety of conditions, in-
cluding the conditions evaluated using stand-
ardized patients, 90% said they would use a local
provider, with no difference between patients
treated by providers in the training and control
groups (table S8). This suggests that our increased
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caseload results for the trained providers must
have come from an increased retention of ex-
isting patients or patients switching from oth-
er informal providers rather than from public
M.B.B.S. doctors.

Discussion

Even with a relatively inclusive definition of cor-
rect case management that ignores the prescrip-
tion of unnecessary medications, only 52% of
control informal providers can be said to manage
the cases of the standardized patients correctly,
compared with 66% correct management for the
11 M.B.B.S. doctors. Both rates are very low, es-
pecially given that the cases were designed with
no complications and the most obvious diagnosis,
but broadly consistent with other studies from
India and China that used standardized patients.
In particular, using the same tracer conditions,
Das et al. (16) reported correct case management
rates of 42% among a representative sample and
50.7% among trained M.B.B.S. providers in rural
Madhya Pradesh; Sylvia et al. (17) reported correct
case management rates of 52 to 53% among
village clinicians in rural China for chest pain
and child diarrhea; and Mohanan et al. (I18) re-
ported that only 3.5% of providers recommended
ORS for child diarrhea in Bihar. Low rates have
also been reported for other tracer conditions;
for tuberculosis, correct case management rates
were 21% for a sample of providers from Delhi,
India (19).

Against this worrying backdrop, our results
offer some grounds for optimism. Despite an
average of 13 years of experience, the clinical
practice of informal providers appears to be highly
malleable across multiple topics. Although pro-
portions of correct case management are higher
in PHCs than in informal provider clinics, this
difference was cut in half through training, and
our IV estimates suggest that it would have been
nearly eliminated if attendance rates had been
close to perfect.

Our estimates provide the first evidence that
can inform an ongoing debate in India about the
utility of multitopic training programs for informal
providers. At the same time, any such debate also
has to take into account important considerations
regarding (i) the allocative efficiency of funding
training programs for informal providers, rather
than improving the public sector; (ii) the impact
of training on health outcomes; and (iii) the
absence of an effect of training on the use of
unnecessary medicines or antibiotics. Our dis-
cussion brings in additional information and
some speculation on each of these issues.

Training or investment in the
public sector?

It is difficult at first to countenance the fact that,
based on our IV estimates, 72 sessions of training
can lead to equivalent or even better care than in
the public sector (“better” because although the
correct case management rates were similar among
public-sector doctors and those informal providers
who had high attendance rates, the use of un-
necessary antibiotics and medicines was lower

among all informal providers). This should not
be interpreted to mean that the knowledge
gained through this short training program is
equivalent to the knowledge obtained from a
professional medical degree granted by a reputed
medical college. The equivalence that we docu-
ment here points to two different explanations.

First, as has been previously documented,
medical knowledge among doctors with a M.B.B.S.
degree can vary dramatically, arguably because
of differences in the quality of training among
medical colleges (28). Second, low quality in the
public sector is a reflection of poor governance
that leads to very high levels of absence (2) and
low effort (29). The mean consultation length in
the public clinic was only 1.74 (95% CI: 1.40,
2.07) min, a result that has also been documented
in samples from Delhi (the national capital) and
the state of Madhya Pradesh (76, 30). This is con-
sistent with the fact that the quality of care from
the same public-sector doctors is markedly higher
when they practice in their private clinics rather
than in their public role (76). Despite this lack
of effort, the superior knowledge of the public-
sector doctors allowed them to provide higher-
quality care than our control-group informal
providers; however, the training was sufficient
to improve the clinical practice of the most regular
attendees to the point where the performance
of these informal providers matched that of better-
trained, but presumably poorly motivated, public-
sector doctors.

Given the greater knowledge of M.B.B.S. pro-
viders in the public sector, one could ask whether
alternate (nontraining) investments that improved
their effort and/or increased the use of the public
system would yield higher dividends relative to
training private-sector informal providers. In
theory, this is an attractive option. In practice,
it has turned out to be very hard to do. In terms
of trying to directly influence provider effort,
Banerjee et al. (30), in the state of Rajasthan
and Dhaliwal and Hanna (31) in Karnataka worked
closely with state governments to try to improve
the simplest measure of governance—nurse and
doctor attendance—but as their studies show,
this has proven to be inordinately difficult owing
to the combination of resistance from staff and
the reluctance of the administration to enforce
the programs. In terms of trying to manipulate
the demand for care from the formal health care
system, studies by Powell-Jackson, Mazumdar,
and Mills (32) and Mohanan et al. (33) of large
government programs that provided conditional
cash transfers to households to encourage in-
stitutional births suggest that there was no
impact on health outcomes.

We pair this literature with the reality that
public health care infrastructure is exceedingly
scarce in rural Indian villages relative to the
ubiquity of informal providers (in our study’s
setting, the 203 villages had only 11 PHCs but at
least 360 informal providers). This suggests that
the magnitude of resources required to expand
the care of public doctors to the full patient pop-
ulation would be considerable. A back-of-the-
envelope calculation estimates that, at the average
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yearly salary for a public M.B.B.S. doctor in
West Bengal of $6000, the government could hire
just 11 additional M.B.B.S. doctors for the same
cost as training 360 informal providers yearly
in training centers 5 km from their residences
(34, 35). We would expect this high-intensity re-
peated training to durably bring these informal
providers to near-M.B.B.S. case management rates.
In addition, this estimate ignores the costs of
infrastructure for the PHCs and the various ben-
efits (e.g., pensions and health care) that govern-
ment doctors receive. Although speculative, the
difficulty of improving the quality of public health
care, combined with the scarcity and cost of such
doctors, suggests that investing in the clinical
practice of informal providers is at least an equally
efficient allocation of resources.

Potential impact of training
on health outcomes

Improved health care provision is only relevant
if it generates improved patient health outcomes.
This study was designed to assess the impact of
training on the former rather than the latter, but
now we explore two channels through which pa-
tient health may have been substantively affected.
At the very least, training improved correct case
management rates for the tracer conditions that
we evaluated using standardized patients; in this
case, the impact on health outcomes will depend
on the prevalence of these conditions in the
population and the health benefits accruing from
the increase in correct case management. More
optimistically, given that the conditions were
blinded from the implementers and therefore
did not receive special emphasis in the training,
it is also plausible that the training generated
improvements in correct case management for
the broader range of conditions that informal
providers see in their clinics, yielding a greater
breadth of impact on the health of the patient
population.

We focus first on the tracer conditions only.
Diarrheal disease kills more than 200,000 chil-
dren per year in India, and it is especially prev-
alent in low-lying areas with heavy rainfall, such
as our study area (36, 37). India has also seen a
sharp increase in the prevalence of noncommu-
nicable diseases (38). Although asthma preva-
lence is lower than the self-reported European
Union (17-state) rate of 3.8% (39), the nationwide
prevalence rate of 2.05% among adults in 2012 is
consistent with a substantial burden in the pop-
ulation (40). With regard to angina, South Asians
are particularly prone to the condition relative to
Caucasians; for instance, the Whitehall-II study
in the United Kingdom suggests a cumulative
frequency of typical angina of 17.0% among South
Asians versus 11.3% among Caucasians (41). With-
in India, the few existing epidemiological studies
have all been conducted around the national cap-
ital of Delhi. In rural samples, two studies pub-
lished 20 years apart suggest that the prevalence
of probable chronic heart disease increased from
17 to 26 per 1000 (42).

Nevertheless, these statistics, given that they
are drawn from very few epidemiological studies
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spread throughout the country, may not be rele-
vant for our population. In interviews with pro-
viders (carried out after the standardized patient
work), we therefore asked directly how often
they saw patients with the symptoms that our
standardized patients presented. Fifty-seven per-
cent reported seeing a case of diarrhea or dys-
entery every day, 40% reported seeing a patient
with symptoms consistent with asthma at least
once every week, and 59% reported seeing a case
of chest pain at least once every month (table S9).
The relative frequencies are consistent with the
underlying burden of disease from epidemiolog-
ical studies. Equally, they suggest that the tracer
conditions that we used are of more than mar-
ginal importance in this population.

Tt is difficult to benchmark the effect sizes that
we observe on the treatment of these tracer con-
ditions against health outcomes. This is because
it is difficult to use clinical trials to compare the
health outcomes of people with and without a
correct diagnosis; typically, this would require
the researcher to know the correct diagnosis but
not inform the patient, which has obvious ethical
implications. Nevertheless, systematic reviews con-
clude that the use of ORS and appropriate referral
for diarrhea, the use of inhaled corticosteroids
for asthma, and the use of aspirin and especially
appropriate actions in the first day after a myo-
cardial infarction can all have significant effects
on subsequent health outcomes and mortality
(43-47). In our data, ORS use increased by 9.5
percentage points, inhaled corticosteroids by 5.2
percentage points, referrals for angina [either for
an electrocardiogram (ECG) or to higher care] by
8.0 percentage points, and aspirin prescription by
7.5 percentage points (table S10).

If we take the more optimistic view and look
beyond the tracer conditions, we find some evi-
dence that the training increased correct case
management rates for the broader range of con-
ditions that informal providers see in their daily
practice. There was a significant increase among
training-group providers in history-taking and
examinations in clinical observation data with
real patients. In our standardized patient data,
greater history-taking and examinations measured
through the checklist completion rate is consist-
ently highly correlated with the rate of correct case
management; correlational regression analysis
suggests that a 100% increase in the checklist
increases correct case management rates by 99.5
(72.7, 126.3) percentage points. Previously in the
literature, an increase in checklist scores has been
linked with improvements in health outcomes
among children. Gertler and Vermeesch (48)
showed that a 0.16-standard-deviation increase
in the checklist score among Rwandan health care
providers was associated with a 0.53-standard-
deviation increase in the weight-for-age of children
less than 1 year old and a 0.25-standard-deviation
increase in the height-for-age of children between
2 and 4 years of age (48). In our data, the equiv-
alent increase in the checklist score was 0.29
standard deviations. These facts taken together
given us reason to believe that there was an im-
provement in correct case management for a broad

range of conditions. It must be acknowledged,
however, that without data on health outcomes,
the potential impact on patient and population
health remains speculative and open to multiple
interpretations.

Why was there no effect on unnecessary
medicines or antibiotics?

At the same time, the lack of any effect of train-
ing on the use of unnecessary medicines, in-
jections, or antibiotics is worrying, particularly
because it does not reflect a lack of adequate
focus in the training program. In fact, one of the
stated aims of the program was what the Liver
Foundation calls “harm reduction,” which spe-
cifically involved reducing the use of unnecessary
medicines and antibiotics. We believe that these
null results are directly tied to the revenue model
of informal providers. In focus groups, informal
providers clarified that their profits depended
both on consultation fees and the medicines
that they dispense in the clinic; patients pay a
single price for the consultation and medicines.
The medicines are either purchased directly from
wholesale providers in big cities or from sales
representatives of pharmaceutical companies.
In our sample, 97% of the providers reported that
they dispense at least some drugs. 75% reported
purchasing from wholesale providers or sales rep-
resentatives, with the bulk (70%) purchasing from
the former only.

A standard result in economic models of health
care is that in settings where providers can earn
profits through medicine sales that are tied to
their diagnoses, overtreatment is a natural out-
come (49). This has led, for instance, to regulators
in the West legislating a split between diagnosis
and treatment; typically, primary care providers
in the West are not allowed to profit from drug
sales. Conversely, in our setting, an exit survey
of 2318 patients collected on the same day as the
clinical observation shows that 83% of all medi-
cines were directly dispensed by the providers
in our sample rather than prescribed. Therefore,
it is likely that decreasing the use of unnecessary
medicines and antibiotics would have a large ef-
fect on their revenues, and we find that training
alone was insufficient to overcome this hurdle.
In past studies, delinking drug purchases from the
process of diagnosis has been shown to dramat-
ically reduce the use of antibiotics (50).

We do not claim that this is the only reason for
the lack of impact on unnecessary medicine use.
Given that unnecessary or harmful practices are
higher in the public sector, such behavior may
also be driven by perceived (or active) patient de-
mand for such drugs (51, 52). Alternately, beliefs
about the efficacy of antibiotics among providers
may have been too rigid to change during this
training; this remains an area of active research.

Conclusion

Our results provide the first evidence on the
impact of non-disease-specific training for in-
formal providers, an approach that is being con-
sidered by several Indian states as a complement
to regulation (53). We do not find that training
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informal providers leads them to violate rules
with greater frequency or to worsen their clinical
practice, which are both concerns that have been
raised by representatives of the Indian Medical
Association. In all dimensions, we either find
significant improvements in clinical practice or
no discernable change. It is noteworthy that the
practices that do not change with training (for
instance, the unnecessary use of antibiotics) are
considerably worse among the fully trained public
M.B.B.S. doctors in our sample, a result that has
also been noted previously (16). Both the evidence
of a potential beneficial effect of informal provider
training as well as that of persistence in certain
provider practices should be important inputs
into the formulation of strategies regarding in-
formal provider regulation and integration in
low-income countries.

Methods
Training program sample selection

Between May and June 2012, the Liver Founda-
tion invited 360 informal providers who had been
practicing for at least three years in 203 villages
across Birbhum district (one of 20 districts in the
state) to participate in the training. This list of 360
providers was the outcome of a census conducted
across three community development blocks (I11-
ambazar, Labpur, and Sainthia) between 2011
and 2012. This census listed all untrained health
workers who practiced modern (allopathic) med-
icine, and therefore did not include traditional
healers, those who mostly practiced homeopathy
or ayurveda, or veterinarians. It also excluded
those providers who were not living in the villages
in which they were working. Of these, 304 agreed
to participate and were randomized into training
and control groups with equal allocation to each.
Providers randomized into the training group
were offered admission to the Liver Foundation
Rural Healthcare Practitioner Training Program,
which commenced in January 2013. The providers
randomized into the control group were informed
that they would be eligible for the program at a
later date. They were contacted again after the
completion of the evaluation in June 2014 and
offered enrollment into the next training program.

Structure of the training program

The objective of the training program was to
improve the quality of curative care provision
in rural areas, including primary, lifesaving, and
referral services, by training the existing health
care human resources of the informal sector
within the community. Instruction focused on
how to identify common ailments, provide early
primary remedy, identify cases that required
higher-level care, refer such cases to doctors and
health facilities, and manage emergencies within
a provider’s locality before stabilizing the patient
for transport to a facility. Emphasis was placed
on the role of informal providers, not as “doc-
tors,” but as health workers who have the respect
of the community as well as on “harm reduction”
among informal providers.

The program covered a broad range of topics,
ranging from anatomy and physiology to first aid

SCIENCE sciencemag.org

in trauma and public health programs. All in-
struction was in the regional language (Bengali).
Theoretical classes were supplemented with
periodic patient simulations and clinical dem-
onstrations of problems encountered in pri-
mary care.

The 9-month program was taught through
two sessions a week, on two different days, with
each session consisting of ~2 hours of interac-
tion. Classes were taught at the district capital,
which was 9 to 45 km from the providers’ clinics.
The program totaled 72 sessions and 150 hours of
interaction. Trainees maintained their clinics as
usual during the training period, though some
had to close on the days of training given the
long time commitment inclusive of travel. Teachers
were all medical doctors with extensive work
experience in rural areas.

Training on specific health conditions
was conducted between the third and sixth
months of the course, preceded by an intro-
duction to medicine and followed by a focus on
community medicine and humanity in medi-
cine (table S11).

Standardized patient tracer conditions
and correct case management

Three tracer conditions were used to assess the
impact of the multitopic training for informal
providers. These were: (i) Chest pain suggestive
of unstable angina: The 40- to 45-year-old
standardized patient begins his interaction with
the provider with the opening statement: “Doctor,
this morning I had pain in my chest.” (ii) Res-
piratory distress suggestive of asthma: The 25-
to 30-year-old standardized patient begins his
interaction with the provider with the opening
statement: “Doctor, last night I had a lot of dif-
ficulty with breathing.” (iii) Diarrhea in a child
sleeping at home: The father of the child begins
his interaction with the provider with the opening
statement: “My child has been having loose motion.
Can you give me some medicines?”

Whether a standardized patient case was man-
aged correctly was assessed in three ways. First,
we defined correct case management for each
standardized patient interaction (1 if correctly
managed, 0 otherwise) on the basis of critical
case-specific actions, even if paired with addi-
tional unnecessary treatments. Second, we defined
“only correct case management” as 1 if correctly
managed on the basis of critical case-specific
actions without the prescription of additional
unnecessary treatments, and 0 otherwise.

To account for the widespread use of unnecessary
medicines and allow for finer assessments, our
third definition employed three independent med-
ical professionals (blinded to provider identity)
at a leading teaching hospital in the state capital,
Kolkata, who rated the quality of case manage-
ment using a five-item Likert scale ranging from
“Lowest quality case management” (1) to “Case
management of choice” (5). Using these ratings,
we construct two additional outcome variables:
whether case management was “average quality
or higher” and whether case management was
the “lowest quality.”

For the binary characterizations, we employed
definitions of correct management appropriate for
informal providers, which in practice implies that
for conditions such as asthma, “referral” is coded
as appropriate. Table S12 documents the condition-
specific definitions used in the manuscript.

Alternatively, the treatment grading assigned
by the raters allows for finer distinctions as well
as the consideration of additional medicines that
may have been unnecessary. The results in Table
1 therefore suggest that the findings are robust to
alternate methods of assessing the quality of the
treatment. Nevertheless, robustness to alternate
definitions was also assessed. For instance, for
diarrhea, the provision of ORS alone could be
used as correct case management; for angina,
referral or referral for an ECG could be used as
the appropriate definition for correct case man-
agement. Depending on the specific definitions
used, the most conservative estimate for the mean
effects for the intention to treat estimator was 7.6
(95% CI: 0.4, 14.8) percentage points compared to
7.9 (04, 15.5) percentage points in the main text.

Standardized patient recruitment
and training

An initial group of candidates was extensively
screened, and a total of 16 standardized patients
was recruited from this pool and trained for
150 hours by a multidisciplinary team. Protocols
developed for a past deployment in rural India
were followed in this study (21). There were no
adverse events for standardized patients during
the fieldwork, reflecting the standardized patients’
ability to use evasion techniques developed during
training to successfully avoid any such situations.
During the interactions, standardized patients
noted if the provider challenged the presenta-
tion, forcing them to disclose that the interac-
tion was part of the standardized patient study;
no such challenges were recorded so that detec-
tion rates were effectively zero.

Previous studies have documented low inter-
rater differences in quality of clinical practice
assessed using standardized patients (19). Neverthe-
less, in order to minimize potential bias from
variation in care across different standardized
patients, we ensured that each standardized pa-
tient visited multiple providers and each provider
was visited by multiple standardized patients. The
assignment allows us to use an additional full set
of standardized patient indicators to control for
potential inter-rater differences that may be
correlated with the assignment to the training
group. Including the full set of indicators does
not alter any of the results, although there is a
marginal decline in precision for some outcome
variables (results available on request).

Clinical observation

The clinical observation tool assesses the behav-
ior of health care providers with real patients
using observers who remain in the providers’
clinics for the entire duration of their practice
for one day. Since providers saw patients at mul-
tiple times, and often at night, observer timings
could vary, starting at 08:00 when the clinic
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opened and finishing as late at 23:00 if the
provider closed the clinic late. During the inter-
action with each patient, a structured question-
naire was completed by the observer with details
such as the number and type of examinations
completed, the number of questions asked, and
the consultation time. Observers were not allowed
to speak to the provider or patient at any time
during the consultation. At the end of the con-
sultation, the provider would list the medicines
dispensed or prescribed for the patient, which
would be noted in the structured observation
form. The clinical observation tool was adapted
for this study from previous use in a number of
studies (20).

We recognize that clinical observations may

be subject to Hawthorne effects as well as po-
tential confounds—e.g. the patient population
may be different for trained and untrained pro-
viders. It is also the case that the true underlying
patient condition remains unknown to the ob-
server. Nevertheless, clinical observations provide
information on a broader sample of conditions
that affect real patients and allow assessments
of the impact of training on the actual use of
injections and IVs, which were intentionally
avoided by standardized patients.

Caseload and fees data collection

Caseload data was collected through clinical ob-
servations as well as provider diaries, in which
informal providers recorded the number of pa-
tients seen one day of each week for three months
between months 6 to 9 of the training program.
Patient fees were assessed through clinical ob-
servations, standardized patient reports, and
provider diaries.

Further methodological details are provided

in the supplementary materials.
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Extensive migration of young neurons
into the infant human frontal lobe
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INTRODUCTION: Inhibitory interneurons
balance the excitation and inhibition of neu-
ral networks and therefore are key to normal
brain function. In the developing brain, young
interneurons migrate from their sites of birth
into distant locations, where they functionally
integrate. Although this neuronal migration is
largely complete before birth, some young in-
hibitory interneurons continue to travel and
add to circuits in restricted regions of the juve-
nile and adult mammalian brain. For example,
postnatally migrating inhibitory neurons travel
from the walls of the lateral ventricle, along
the rostral migratory stream (RMS) into the
olfactory bulb. In humans, an additional ven-
tral route branching off the RMS, the medial
migratory stream (MMS), takes young neu-

rons into the medial prefrontal cortex. It has
been suggested that recruitment of neurons
during postnatal life could help shape neural
circuits according to experience. Specifically, in-
hibitory interneuron maturation during post-
natal development is associated with critical
periods of brain plasticity. We asked whether
neuronal recruitment continues into early child-
hood in the frontal lobe, a region of the human
brain that has greatly increased in size and
complexity during evolution.

RATIONALE: Migrating young neurons per-
sist for several months after birth in an exten-
sive region of the subventricular zone (SVZ)
around the anterior lateral ventricles in the hu-
man brain. Are all these young neurons migrat-

DCX GAD67 DAPI

()

DCX GABA

Widespread neuronal migration into the human frontal lobe continues during postnatal
life. (A) Sagittal schematic of the newborn forebrain shows prominent collections of young mi-
gratory neurons (illustrated in green) adjacent to the lateral ventricle (LV) and in the overlying
white matter. Directional axes: D, dorsal; A, anterior. (B and C) DCX" cells coexpress GABA and
GADG67, markers of inhibitory interneurons (marked by arrows).
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ing into the RMS and MMS, or do they have
other destinations? Using high-resolution mag-
netic resonance imaging (MRI), histology, and
time-lapse confocal microscopy, we observed
the migration of many young inhibitory inter-
neurons around the dorsal anterior walls of
the lateral ventricle and into multiple cortical
regions of the human frontal cortex. We deter-
mined the location and orientation of these
young neurons, demonstrated their active
translocation, and inferred their fates in the
postnatal anterior forebrain.

RESULTS: A large collection of cells express-
ing doublecortin (DCX), a marker of young
migrating neurons, traveled and integrated
within the infant frontal lobe. This migratory
stream, which was most prominent during

the first 2 months after
birth and persisted until
Read the full article 3t 1east 5 months, formed
at http://dx.doi. a caplike structure sur-
org/10.1126/ rounding the anterior body
science.aaf/073 of the lateral ventricle. We
refer to this population
of young neurons as the Arc. This structure
could also be visualized by brain MRI. Young
neurons in the Arc appeared to move long dis-
tances in distinct regions around the ventricu-
lar wall and the developing white matter. The
orientation of elongated DCX" cells suggested
that migratory neurons closer to the ventricular
wall dispersed tangentially. In contrast, migra-
tory neurons within the developing white matter
tended to be orientated toward the overlying
cortex. These cells expressed markers of inter-
neurons, and their entry into the anterior cin-
gulate cortex (a major target of the Arc used for
quantification) was correlated with the emer-
gence of specific subtypes of y-aminobutyric acid
(GABA)-expressing interneurons (neuropeptide
Y, somatostatin, calretinin, and calbindin). Ex-
pression of transcription factors associated with
specific sites of origin suggested that these neu-
rons arise from ventral telencephalon progeni-
tor domains.

CONCLUSION: Widespread neuronal migra-
tion into the human frontal lobe continues
for several months after birth. Young neurons
express markers of cortical inhibitory inter-
neurons and originate outside the cortex, likely
in the ventral forebrain. The postnatal recruit-
ment of large populations of inhibitory neurons
may contribute to maturation and plasticity
in the human frontal cortex. Defects in the
migration of these neurons could result in cir-
cuit dysfunctions associated with neurodevel-
opmental disorders.

The list of author affiliations is available in the full article online.
*Corresponding author. Email: alvarezbuyllaa@ucsf.edu
(A.A-B.); eric.huang2@ucsf.edu (E.J.H.)

Cite this article as M. F. Paredes et al., Science 354, aaf7073
(2016). DOI: 10.1126/science.aaf7073
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Extensive migration of young neurons
into the infant human frontal lobe

Mercedes F. Paredes,"? David James,"® Sara Gil-Perotin,** Hosung Kim,®
Jennifer A. Cotter,” Carissa Ng,"® Kadellyn Sandoval,»?> David H. Rowitch,"5"°
Duan Xu,® Patrick S. McQuillen,® Jose-Manuel Garcia-Verdugo,*

Eric J. Huang,“”* Arturo Alvarez-Buylla®>*

The first few months after birth, when a child begins to interact with the environment, are critical
to human brain development. The human frontal lobe is important for social behavior and
executive function; it has increased in size and complexity relative to other species, but the
processes that have contributed to this expansion are unknown. Our studies of postmortem
infant human brains revealed a collection of neurons that migrate and integrate widely into the
frontal lobe during infancy. Chains of young neurons move tangentially close to the walls of
the lateral ventricles and along blood vessels. These cells then individually disperse long
distances to reach cortical tissue, where they differentiate and contribute to inhibitory circuits.
Late-arriving interneurons could contribute to developmental plasticity, and the disruption

of their postnatal migration or differentiation may underlie neurodevelopmental disorders.

ocal inhibitory interneurons in the cerebral
cortex play key roles in the final assembly
of brain circuits, and their maturation is
essential to critical-period plasticity and

completed during fetal development (8, 9). How-
ever, in many species, migrating young neurons
persist in the postnatal subventricular zone (SVZ)
of the lateral ventricles (10, I1). In rodents, SVZ-

learning (I, 2). Interneurons are born in
ventral progenitor zones, primarily the medial
and caudal ganglionic eminences (MGE and
CGE), and then migrate dorsally to reach the ce-
rebral cortex (3-7). Neuronal migration is largely

Fig. 1. Migrating young neurons in the infant
frontal lobe are widely distributed in four tiers.
(A) Serial Nissl-stained sections (taken at birth)
reveal cell-dense collections around the anterior
body of the lateral ventricle (black arrows, defined
here as the Arc); LV, lateral ventricle. (B and C) The
cells in these densities (yellow arrows) and next to
the ventricular wall express DCX. (D) Coronal sec-
tions (38 GW) showing cell densities close to the
ventricular wall (eyebrow-shaped, black arrows).
(E) Dense aggregates of DCX" cells around the
walls of the lateral ventricles (white arrows), around
blood vessels (red arrowhead), and in the paren-
chyma within the Arc (gray arrows). (F to I) DCX*
cells also express PSA-NCAM; (F) and (G) show
cells within the Arc; (H) and (1) show cells next to
the ventricular walls. (J and K) Schematic draw-
ings of traced DCX* cells (in green) illustrating how
cells within the Arc are organized into four tiers
(see text). Blood vessels are shown in red; light
green clusters correspond to DCX™ cellular den-
sities seen in (B) and (E). Scale bars, 2 mm [(A)
and (B)], 50 um (C), 1 mm (D), 25 um [(F) to (1)].
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derived neurons migrate along the rostral migra-
tory stream (RMS) into the olfactory bulb, where
they replace neurons throughout life (712-15). A
small number of these neurons, born perinatally,
migrate into the anterior forebrain to become
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small axonless neurons (16, 17) or into the ven-
tral forebrain to become granule cells in the
islands of Calleja (18). In the infant human brain,
SVZ-derived young neurons migrate along the
RMS (19, 20) into the olfactory bulb, and a sub-
population of these cells migrates along a medial
migratory stream (MMS) into the ventral medial
prefrontal cortex (20). The postnatal human SVZ
extends dorsally, but it is not known whether
cells in this region also contribute to other areas
of the human forebrain. Given the tremendous
postnatal growth of the human frontal lobe and
the prevalence of migrating young neurons in
the adjacent SVZ, we investigated whether neu-
rons also continue migrating into the frontal
lobe of infants and young children.

Postnatal migratory pathways
into the frontal lobes

In samples from the anterior forebrain of chil-
dren younger than 3 months of age, regions of
high cell densities were observed in the SVZ.
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Fig. 2. Arc cells have ultra-
structural features of
migrating young neurons.
(A) Toluidine blue staining of
a semithin sagittal section from
a 1-month-old brain showing
a chain of cells around a blood
vessel in tier 3 (see Fig. 1).
Locations of images in (B) and
(C) are shown. (B) Electron
microscopy shows that this
chain is made up of elongated
cells with ultrastructural
features of young migrating
neurons; the chain is flanked
by astrocytes (As) whose
expansions (arrows) contain
intermediate filaments. (C) An
elongated migrating neuron
(outlined in pink) next to a
microglial cell (Mg). Migrating
young neurons (N) frequently
had an elongated morphology,
a leading process, poly-
ribosomes, and no intermediate
filaments. (D) The cytoplasm
of astrocytes is lighter and
contains intermediate fila-
ments. (E and F) 3,3'-
Diaminobenzidine (DAB)
staining of semithin coronal
sections (adjacent to those
used for electron microscopy)
shows DCX expression within
the chain and GFAP expres-

sion surrounding them; the counterstain is toluidine blue. Scale bars, 50 um (A), 10 um (B), 2 um (C), 200 nm (D), 15 um [(E) and (F)].

These densities were adjacent to the anterior
body of the lateral ventricle and within the neigh-
boring subcortical white matter, forming a dis-
tinct arching structure in sagittal sections or an
eyebrow-shaped extension in coronal sections
(Fig. 1, A and D, black arrows). The majority of
cells within these regions coexpressed double-
cortin (DCX) and polysialylated neural cell ad-
hesion molecule (PSA-NCAM), markers of young
migrating neurons (Fig. 1, B, C, and E, and fig.
S1B) (21, 22). Many of these cells displayed mi-
gratory morphology, with an elongated cell body
and a leading process that was occasionally bi-
furcated (23-25). DCX" cells did not express Olig2
(see below), which marks oligodendrocytes and
their precursor cells, nor the astrocytic markers
glial fibrillary acidic protein (GFAP) and AldhlL1
(fig. S1 and fig. S2, K and L).

In postmortem brains collected at birth and
at 1 month, these putative migrating young neu-
rons were organized into four layers, or tiers,
around the anterior body of the lateral ventri-
cles (Fig. 1, J and K, and fig. S1F). Tier 1 corre-
sponded to a cell-dense SVZ band of DCX* cells
next to the walls of the lateral ventricle; between
6 and 12 months, tier 1 is depleted of young neu-
rons, becoming a hypocellular gap layer (20).
Tier 2 contained a more dispersed collection of
DCX" cells. Tier 3 was an intermediate region
with many DCX" cells within clusters, frequently

aaf7073-2 7 OCTOBER 2016 « VOL 354 ISSUE 6308

around blood vessels, and dispersed DCX* cells
around these clusters (fig. S3). Tier 4 contained
a group of DCX" cells dispersed within areas of
the developing white matter. Many cells in tier 4
were organized around radial finger-like exten-
sions of triangular shape (Fig. 1B, yellow arrows).
We analyzed these tiered regions in 1-day-old
and 28-day-old brains by electron microscopy.
Cells with the ultrastructure of young migrating
neurons were found throughout tiers 1 to 4. Mig-
rating young neurons were organized as chains
(12) or as individual cells (Fig. 2, A to D, and fig.
S4, C and G). Those within chains had adherent
junctions similar to those observed in the RMS
(fig. S4, G and H). Confocal and electron micro-
scopy showed that chains of migrating neurons
were flanked by cells rich in intermediate filaments
containing GFAP (Fig. 2F, fig. S1C, and movie S1).

To generate a multiplanar representation of mi-
gratory streams of cells, we used high-resolution
magnetic resonance imaging (MRI) to image
intact hemispheres from postmortem human
brains between birth and 2 months of age, in-
cluding a premature case born at 34 gestational
weeks (GW) (table S1). MRI analysis revealed a
T2 hyperintense signal adjacent to the anterior
horn of the lateral ventricle (fig. S5, A and B, red
shading). Three-dimensional rendering of the
segmented areas of T2 signal in brains at 34 GW
and at birth showed that this structure formed

a cap around the anterior horn of the lateral
ventricle (fig. S5D). In sagittal MRI planes, this
cap structure had an arc shape (fig. S5, A and G),
running parallel to the anterior cingulate cortex
and extending caudally to approximately the
level of the central sulcus. This arc was also ob-
served in live MRI images of the developing
human brain (fig. S5, H and I). The T2 hyper-
intense signal was localized to ventricular re-
gions densely populated by DCX" cells (fig. S1, E
to G). Given the organization we observed in
both histological and radiographic images, we
refer to these streams of cells as the “Arc.”

Migratory features of young neurons
in the human infant brain

To confirm that these cells were in fact actively
migrating, we obtained human neonatal brain
samples (table S1) with short postmortem in-
tervals and infected them with adenovirus carry-
ing green fluorescent protein (adenoGFP) for
time-lapse confocal microscopy. Elongated GFP*
cells (n = 18) with leading processes were iden-
tified, and we studied their behavior for 24 to
48 hours (Fig. 3C). As shown (movies S2 and
S3), these cells actively migrated in coronal and
sagittal slice cultures, displaying leading process
extension, nucleokinesis, and retraction of trail-
ing process. These features were indistinguishable
from the migratory behavior of neurons in the
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Fig. 3. Migration and directionality of young neurons in the infant brain.
(A) Boxed region shows area of the neonatal brain that was imaged in (B)
and (C) in the cingulate gyrus. (B) DCX" adenoGFP-labeled cell with migra-
tory morphology. (C) Time-lapse sequence (15 hours) of adenoGFP-labeled
cell revealing leading process extension, nucleokinesis, and trailing process
retraction. This cell traveled ~100 um, migrating anteriorly in the sagittal
plane. (D and E) Vector mapping of orientation of DCX* cell leading processes,
in sagittal and coronal sections; note how directionality changes in the different
tiers. See figs. S6 and S7 for complete analysis. (D" and E”) Red arrowheads

indicate the modal (most frequent) direction of DCX" cells’ leading process.
(F) Spatiotemporal mapping of DCX* cells in coronal cortical sections; be-
tween birth and 1.5 months, many DCX™ cells have moved from the peri-
ventricular and parenchymal regions into the developing cortex of the
cingulate and superior frontal gyrus. DCX" cells then rapidly decrease at 3
and 5 months, but a few DCX" cells with clear migratory morphology remain
at 7 months. (G) Quantification of DCX™ cells in the cingulate gyrus (white matter
and gray matter). Scale bars, 10 um (B), 50 um (C), 5 mm (F). Directional axes:
D, dorsal; L, lateral; A, anterior.

fetal brain (24, 26, 27). Active migration was also
observed within clusters of cells (movies S3 and
S4) at the dorsolateral ventricular edge, but be-
cause of their high cellular density, the behavior
of individual cells was often not evident. In one of
these clusters, we captured a labeled cell escaping
the cluster to begin individual migration (movie
S4). Immunostaining of these brain slices after
time-lapse imaging confirmed that the migrating
cells were DCX" (Fig. 3B). Thus, neurons in the
newborn brain within the Arc and immediate
surroundings are actively migrating.

Using fixed tissue, we inferred possible migra-
tory trajectories from the orientation of the lead-
ing process of DCX* young neurons. We defined

SCIENCE sciencemag.org

a vector from the center of the cell body in the
direction of the leading process (see supplemen-
tary materials). We applied this analysis to DCX*
cells in coronal and sagittal sections at birth
and 1.5 months of age in periventricular and
subcortical white matter regions in the frontal
lobe (Fig. 3, D and E). We observed that the
vector orientation of the cells changed depend-
ing on the region. The leading process of DCX*
cells could not be discerned in tier 1 because of
the high cellular density, but the majority of cells
in tier 2 appeared to be migrating tangentially,
parallel to the ventricle wall. In the sagittal plane,
cells were oriented ventrally and dorsally. In tier 3,
the orientation remained largely tangential, but

cellular direction was more variable than in tier
2. Lastly, in tier 4 and at the gray matter-white
matter junction, more cells were oriented toward
the developing cortex (Fig. 3, D and E, and figs.
S6 and S7). A similar pattern of vector orienta-
tion was also observed in the coronal plane of
the frontal lobe at 1.5 months (fig. S8). These data
suggest that young neurons in regions close to
the ventricles primarily migrate in the tangential
plane, whereas those in tiers 3 and 4, and in the
developing white matter and cortex, are more
widespread and cortically directed.

We next mapped the distribution of young
migratory neurons adjacent to the ventricular
wall and in the overlying cortices at birth and
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Fig. 4. Interneuron and subpallial marker expression in migrating DCX*
cells in the infant brain. (A) Schematic of coronal section indicating
the Arc area that was analyzed at the dorsolateral edge of the ventricle;
see fig. S2 for marker expression next to the walls of the lateral ventricle.
(B to D) DCX* cells express GAD67, GABA, and the cytokine receptor CXCR4
present in migrating interneurons. (E to H) Subpopulations of DCX™ cells
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Fig. 5. Interneuron subtype
development in the cingulate
gyrus. (A to E) Many DCX" cells
in the neonatal cingulate cortex
express GAD67 (A), and sub-
populations also coexpress inter-
neuron subtype markers: calbindin
(CalB) (B), neuropeptide Y (NPY)
(C), somatostatin (SST) (D), and
calretinin (CalR) (E). DAPI, 4” 6-
diamidino-2-phenylindole. Yellow
arrows point to DCX* cells that
coexpress the indicated subtype
markers. (F) Spatiotemporal
distribution of interneuron sub-
types from birth to 24 years. NPY*
and SST* cells are located pri-
marily in the white matter at
birth but shift to the cortex over
time. CalR* and CalB™ are already
expressed in cells throughout the
cortex at all ages, but their
number continues to increase
during the first five postnatal
months. (G) Stereological quan-
tification of interneuron subtypes
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the CGE or MGE. (I) Quantification of DCX™ cells expressing Sp8, COUP-
TFII, Nkx2.1, and Lhx6. Bars show means = SEM of counts performed on
three or four individual cases. (J and K) DCX* cells do not express Olig2
or Sox2. Scale bar, 20 um.
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in the cingulate cortex from birth to 24 years. The number of NPY*, SST*, CalB*, and CalR™ cells increases between birth and 5 months, coinciding with the arrival of DCX*
cells in the cingulate cortex (see Fig. 3G). Scale bars, 50 um [(A) to (E)], 2 mm [(F), 1 day to 6 years], 1 mm [(F), 24 years]. Directional axes: D, dorsal; L, lateral.
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Fig. 6. Migratory streams of young neurons in the frontal lobe of the
early postnatal human brain. In the frontal lobe of the neonatal human
brain, cut in sagittal and coronal planes in this schematic, large numbers of
young migrating neurons persist (shown in green) (see Figs. 1 to 3). Multiple
concentric tiers of migrating cells are observed around the anterior pole
of the lateral ventricle (see Fig. 1). Close to the ventricular wall, migrating

young neurons are largely oriented tangentially; dense subpopulations are
also clustered around blood vessels (red). Farther out, young neurons are
more dispersed, many now oriented radially; they appear to migrate long
distances through the developing white matter to reach the cortex. Ven-
trally, we also illustrate the RMS and the MMS, which target the olfactory
bulb and medial prefrontal cortex, respectively (20).

at 1.5, 3, 5, and 7 months. At and immediately
after birth, elongated DCX" cells were found
at the dorsal ventricular wall and in the man-
tle region of the developing white matter (Fig.
3F). By 1.5 months, DCX" cells were mainly found
in the dorsal cortex in the superior and middle
frontal gyri and the cingulate cortex, but many
remained in the developing white matter. The
total number of DCX™ cells with migratory mor-
phology decreased between 1.5 and 7 months
of age (Fig. 3, F and G; for representative DCX*
cells at 5 and 7 months, see fig. S9). The entry
of DCX" cells into the anterior cingulate gyrus
was correlated with an increase in the number
of cells expressing NeuN, a marker of mature
neurons (fig. SI0B). We also examined the cin-
gulate cortex at 2, 6, and 15 years of age. Four
to six DCX™" cells were observed per section
in the 2-year-old sample, but these cells did
not have a clear migratory morphology. None
were detected at 6 or 15 years. Sagittal sections
mapped at birth also demonstrated migrating

SCIENCE sciencemag.org

young neurons moving into the anterior pole
of the developing human brain (fig. S11). These
observations indicate that postnatal neuronal
migration in the human frontal lobe, in the Arc
and beyond, occurs primarily within the first
3 months after birth, with a few DCX" elongated
cells persisting at 7 months.

Postnatally migrating neurons
differentiate into interneurons

We sought to determine which types of neu-
rons the DCX" cells in the Arc become. DCX*
cells in all tiers at birth and at 1.5 months ex-
pressed y-aminobutyric acid (GABA), the main
inhibitory neurotransmitter in the adult brain;
GADG67, an enzyme involved in the production
of GABA; and the chemokine receptor CXCR4,
seen in migrating interneurons (Fig. 4, B to D).
Within tiers 1 and 2 (close to the ventricular wall),
92.5 + 2.9% (SD) of DCX" cells were GAD67" and
96.1 + 2.4% were GABA*. Farther away, within
tiers 3 and 4, 91.2 + 4.4% of DCX" cells were

GAD67" and 94.8 = 5.8% were GABA". Because
cortical interneurons primarily arise from the
MGE and CGE (3, 5, 19, 22), we asked whether
DCX" cells in the Arc expressed Nkx2.1 or Lhx6
(transcription factors associated with the MGE),
or Sp8 and COUP-TFII [associated with the
CGE and possibly the lateral ganglionic emi-
nence (LGE)]. At birth, about 10% of DCX* cells
were Nkx2.1" and 28% were Lhx6" (Fig. 4, G to
I, and fig. S2, F and G). Sp8 and COUP-TFII
were expressed in 24% and 22% of DCX" cells,
respectively (Fig. 4, E, F, and I, and fig. S2, D
and E). DCX" cells did not express Sox2 or Thr2,
transcription factors associated with early and
intermediate progenitor cells, respectively (Fig.
4K and fig. S2), nor did they express EmxI,
CTIP2, or SATB2, transcription factors associ-
ated with excitatory neurons (fig. S2). In tiers
1 to 4 at birth, we found very few cells positive
for Ki67, a marker of proliferating cells (fig.
S12). Most of these Ki67" cells were also Olig2*
and none were DCX". Thus, DCX" cells in the
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postnatal frontal lobe correspond to postmitotic
migrating young inhibitory interneurons, likely
derived from the developing ganglionic eminences
(CGE, MGE, and possibly LGE).

The interneuron subtype composition
in the anterior cingulate cortex
changes postnatally

To address how the Arc might contribute to
developing cortical circuits, we mapped and
quantified the total number of cells, neurons,
and interneuron subtypes from birth until adult-
hood. We focused on the anterior cingulate cortex,
which runs parallel to the Arc and had many
DCX* cells during the first postnatal months.
The cell number and volume of the cingulate
cortex increased between birth and 5 months
of age (fig. S10, A and C). The neuronal popula-
tion in the cingulate cortex, as identified by NeuN
expression, also increased during this time. These
population changes followed the peak in the total
number of DCX" cells, at ~1.5 months, suggesting
that the cingulate cortex receives young migra-
tory neurons up to 5 months after birth. Most
DCX* cells found postnatally in the cingulate
cortex white matter expressed GAD67, and a
subpopulation expressed interneuron subtype
markers [neuropeptide Y (NPY), somatostatin
(SST), calretinin (CalR), or calbindin (CalB)] (Fig.
5, A to E). If these different subtypes of migrating
young neurons enter the cingulate cortex, we
hypothesized that its interneuron subtype com-
position would change over time. Indeed, by
quantifying the abundance of different inter-
neuron subtypes in this region, we found that
the number of cells expressing NPY, SST, CalR,
and CalB increased during the first 5 months
after birth (Fig. 5, F and G). The number of
parvalbumin-expressing cells also changed with
age (from ~20,000 cells per cingulate segment at
3 months to >72,000 cells at 24 years), but we
do not know whether this increase is due to cell
addition or due to their late maturation (28, 29).
These data suggest that DCX" cells from the Arc
contribute to interneuron subtype populations
within the infant cingulate cortex.

Discussion

We have identified a large, heterogeneous pop-
ulation of late-migrating neurons in the infant
human brain that targets an extensive region of
the anterior forebrain, including the cingulate
gyrus and prefrontal cortex. In the rodent cortex,
a population of CGE-derived young migrating
neurons continues to migrate into the cortex with-
in the first few weeks of postnatal life (16, 17, 30).
The population of young migrating neurons in
the frontal lobe of postnatal humans appears to
include this population but also others, including
SST, NPY, and CalB. This assortment of subtypes,
along with the expression of the regionally specific
transcription factors Nkx2.1, Lhx6, COUP-TFII,
and SP8, suggests that cells within the Arc derive
from various progenitor zones in the ventral fore-
brain. The extensive tangential migration in the
SVZ and perivascular region of the infant brain
(Fig. 6 and movie S5) could allow for mixed
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populations of interneurons from distinct pro-
genitor zones (3I) to reach appropriate corti-
cal regions. The precise time and birthplace of
young migrating neurons within the postnatal
human frontal lobe remains to be determined.

Because migrating neurons from the Arc reach
cortical circuits during postnatal life, sensory
experience could shape their recruitment and
possibly their connectivity (32-36). Periods of
plasticity are tightly linked to the time course
of inhibitory interneuron maturation; thus, the
late incorporation of inhibitory neurons into
the frontal cortex could also be associated with
the extension and delay in periods of plasticity
during postnatal human development (37-39).
Given the large numbers of young neurons that
continue to migrate in the human brain at birth
and during the first few months of life, injuries
during this time (e.g., hypoxic ischemia) could
affect neuronal recruitment from the Arc (40, 41)
and may contribute to sensorimotor handicaps
and neurocognitive deficits, including those seen
in epilepsy, cerebral palsy, and autism spectrum
disorders (42, 43).
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A nuclease that mediates cell death
induced by DNA damage and
poly(ADP-ribose) polymerase-1
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INTRODUCTION: Poly(ADP-ribose) (PAR)
polymerase-1 (PARP-1) is a nuclear enzyme
responding to oxidative stress and DNA dam-
age. Excessive activation of PARP-1 causes an
intrinsic caspase-independent cell death pro-

the AIF homolog, our group and others showed
that EndoG does not have an essential role
in PARP-dependent chromatinolysis and cell
death in mammals. Thus, the identity of the
nuclease responsible for large DNA fragmen-

tation following AIF entry to the nucleus
during parthanatos has been a long-standing
mystery.

RESULTS: Using two sequential unbiased
screens, including a human protein array and
a small interfering RNA screen, we discovered
that macrophage migration inhibitory factor

(MIF) binds AIF and is
required for parthanatos.
Read the full article  L1ree-dimensional mod-
at http:/dx.doi. eling of MIF revealed that
org/10.1126/ the MIF trimer has the
science.aad6872 same core topology struc-
ture as PD-D/E(X)K super-
family nucleases. In the presence of Mg>* or
Ca®*, MIF has both 3’ exonuclease and endo-
nuclease activity. It binds to 5’ unpaired bases
of single-stranded DNA with stem loop struc-
ture and cleaves its 3' unpaired bases. These
nuclease activities allow MIF to cleave genomic
DNA into large fragments. Depletion of MIF
markedly reduced chromatinolysis and cell
death induced by N-methyl-p-aspartate (NMDA)
receptor-activated glutamate excitotoxicity in

gram designated parthanatos, which
occurs in many organ systems be-
cause of toxic or stressful insults,
including ischemia-reperfusion in-
jury after stroke and myocardial
infarction, inflammatory injury, re-
active oxygen species-induced in-
jury, glutamate excitotoxicity, and
neurodegenerative diseases. Inhibi-
tion or genetic deletion of PARP-1 is
profoundly protective against such
cellular injury in models of human
disease.

RATIONALE: The molecular mech-
anisms underlying parthanatos
involve release of mitochondrial
apoptosis-inducing factor (AIF) and
its translocation to the nucleus,
which results in chromatinolysis into
20- to 50-kb large DNA fragments—
a commitment point for partha-
natos. Because AIF itself has no
obvious nuclease activity, we pro-
pose that AIF recruits a nuclease
or a nuclease complex to the nucleus
to trigger DNA cleavage and partha-
natos. Although the endonuclease
G (EndoG) homolog may promote
DNA degradation in Caenorhabditis
elegans through cooperating with
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primary neuronal cultures, DNA
damage caused by N-methyl-N'-

Nucleus . . e
excmgﬁcity Stroke  MNNG mtro-N—mtrosog.;uam.dlne(MNNG)
; or focal stroke in mice. Mutating
key amino acid residues in the
DNA damage PD-D/EX)K nuclease domain of
MIF eliminated its nuclease acti-

s QA :

\ PARP savation é v1Fy anq prevented parthanatf)s.
Disrupting the AIF and MIF in-

= le =

teraction prevented the transloca-

S I m—) e Cytosol tjon of MIF from the cytosol to

Mitochondria the nucleus and protected against
parthanatos. Moreover, depletion

of MIF, disruption of AIF and MIF

interaction, and eliminating MIF’s

AIF relzlease

1 nuclease activity has long-lasting

l histological and behavioral res-

cue in the focal ischemia model
of stroke.

! |
&® &

MIF binding mutant MIF knockout MIF nuclease deficient

AIF+MIF
mutant
No interaction . .
CONCLUSION: We identified
MIF as a PARP-1-dependent AIF-
Nuclear translocation Nuclear translocation Nuclear translocation associated nuclease that is required
l Nucleus l Nucleus for parthanatos. In response to
@ @ oxidative stress or DNA damage,
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activity inhibited chromatinolysis
and parthanatos. Targeting MIF
nuclease activity may offer an im-
portant therapeutic opportunity
for a variety of disorders with ex-
cessive PARP-1 activation.

Stressors lead to DNA damage, PARP-1 activation, and PAR forma-
tion. PAR facilitates the release of AIF from mitochondria where it binds
MIF. This complex translocates to the nucleus to bind DNA; the result is
DNA fragmentation and cell death. Interference with this cascade by pre-
venting the formation of the AIF-MIF complex or by a nuclease-deficient
MIF prevents DNA fragmentation and promotes cell survival.
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CELL DEATH

A nuclease that mediates cell death
induced by DNA damage and
poly(ADP-ribose) polymerase-1

Yingfei Wang,»>%*+ Ran An,">° George K. Umanah,? Hyejin Park,"?¢

Kalyani Nambiar,"? Stephen M. Eacker,*¢ BongWoo Kim,? Lei Bao,?

Maged M. Harraz,“?7 Calvin Chang,! Rong Chen,"? Jennifer E. Wang,?> Tae-In Kam,">¢
Jun Seop Jeong,>° Zhi Xie,'®* Stewart Neifert,">¢ Jiang Qian,'® Shaida A. Andrabi,">t
Seth Blackshaw,”%'° Heng Zhu,®® Hongjun Song,?” Guo-li Ming,">7

Valina L. Dawson,>%7'{ Ted M. Dawson"2%78+

Inhibition or genetic deletion of poly(ADP-ribose) (PAR) polymerase-1 (PARP-1) is
protective against toxic insults in many organ systems. The molecular mechanisms
underlying PARP-1-dependent cell death involve release of mitochondrial apoptosis-
inducing factor (AIF) and its translocation to the nucleus, which results in chromatinolysis.
We identified macrophage migration inhibitory factor (MIF) as a PARP-1-dependent
AlF-associated nuclease (PAAN). AIF was required for recruitment of MIF to the nucleus,
where MIF cleaves genomic DNA into large fragments. Depletion of MIF, disruption of

the AIF-MIF interaction, or mutation of glutamic acid at position 22 in the catalytic
nuclease domain blocked MIF nuclease activity and inhibited chromatinolysis, cell death
induced by glutamate excitotoxicity, and focal stroke. Inhibition of MIF’s nuclease activity
is a potential therapeutic target for diseases caused by excessive PARP-1 activation.

oly(ADP-ribose) (PAR) polymerase-1 (PARP-
1) is a nuclear enzyme that is activated by
DNA damage and facilitates DNA repair (7).
Excessive activation of PARP-1 causes an in-
trinsic caspase-independent cell death pro-
gram designated parthanatos (2, 3), which occurs
after toxic insults in many organ systems (4, 5),
including ischemia-reperfusion injury after stroke
and myocardial infarction; inflammatory injury;
reactive oxygen species-induced injury; glutamate
excitotoxicity; and neurodegenerative diseases,
such as Parkinson’s disease and Alzheimer’s disease
(2, 4, 6). Consistent with the idea that PARP-1is a
key cell-death mediator, PARP inhibitors or genetic
deletion of PARP-1 protect against such cellular
injury in models of human disease (2, 4, 5, 7).
During parthanatos, PAR causes release of
apoptosis-inducing factor (AIF) from the mito-
chondria and its translocation to the nucleus, re-
sulting in fragmentation of DNA into 20- to 50-kb
fragments (2, 8-11). AIF itself has no obvious nucle-
ase activity (2). Although it has been suggested
that CED-3 protease suppressor (CPS)-6, an endo-
nuclease G (EndoG) homolog in Caenorhabditis

elegans, cooperates with the worm AIF homolog
(WAH-1) to promote DNA degradation (72), mam-
malian EndoG does not seem to have an essential
role in PARP-dependent chromatinolysis and cell
death (13, 14) and after transient focal cerebral
ischemia in mammals (75). Thus, the nuclease re-
sponsible for the chromatinolysis during partha-
natos is not known.

PARP-1-dependent cell death
requires MIF

To confirm that the EndoG is dispensable for
parthanatos, the CRISPR-Cas9 system was used
to deplete (knockout) EndoG from human neu-
roblastoma cell line (SH-SY5Y) cells (fig. S1A). We
found that knockout of EndoG failed to block N-
methyl-N-nitro-N-nitrosoguanidine (MNNG)-
induced parthanatos (fig. S1B) and large DNA
fragmentation (fig. S1C); thus, EndoG is unlikely
to be the main contributor to PARP-1-dependent
large DNA fragmentation and MNNG-induced
cell death (fig. S1) (13, 15).

To identify a PARP-1-dependent AlF-associated
nuclease (PAAN), we probed protein chips con-

taining more than 16,000 and 5000 human re-
combinant proteins in duplicate along with several
control proteins (16) with recombinant mouse AIF.
The 160 strongest interacting proteins were de-
pleted with small interfering RNA (siRNA) in cul-
tured human HelLa cells to screen for modifiers
of parthanatos induced by MNNG (2, 9, II) (Fig.
1, A and B). We further tested whether depletion
of these potential AIF-interacting proteins provided
protection equivalent to that of depletion of PARP-
1 and whether the proteins exhibited sequence and
structure similarity consistent with possible nucle-
ase activity. Depletion of AIF interactor 18 was
as protective as depletion of PARP-1 (Fig. 1B).
ATF interactor 18 is previously known under var-
ious synonyms (glycosylation-inhibiting factor,
phenylpyruvate tautomerase, 1-dopachrome tau-
tomerase, .-dopachrome isomerase), and it is
collectively known as macrophage migration in-
hibitory factor (MIF or MMIF) (17, 18). Effects of
three different short hairpin RNA (shRNA) con-
structs against human and mouse MIF con-
firmed that depletion of MIF protected against
parthanatos induced by MNNG toxicity in HeLa
cells or N-methyl-p-aspartate (NMDA) excitotox-
icity in mouse primary cortical neurons (fig. S2,
A to F). To rule out off-target effects from the
shRNA, we prepared MIF constructs that were
resistant to ShRNA 1 (RshRNA1) and 3 (RshRINA3).
Cells expressing these constructs were impervious
to effects of the ShRNAs (fig. S2, G and H).

MIF contains three PD-D/E(X)K superfamily
motifs that are found in many nucleases (19-21)
(Fig. 1, C and D) and are highly conserved across
mammalian species (fig. S3A). It also contains a
CxxCxxHx(n)C zinc finger domain (Fig. 1C and fig.
S3B), which is commonly found in DNA damage-
response proteins (20). MIF exists as a trimer
(22-24). The core PD-D/E(X)K topology structure
in the MIF trimer consists of four B strands next
to two o strands (Fig. 1E and fig. S3, C to G, and
supplementary text), which is similar to those of
well-characterized nucleases, including Eco RI,
Eco RV, Exo III, and Pvu II (fig. S3, H to O, and
supplementary text). These sequence analyses
and three-dimensional (3D) modeling results
indicated that MIF belongs to the PD-D/E(X)K
nuclease-like superfamily (25, 26).

MIF is a nuclease

To determine whether MIF has nuclease activity,
we incubated a plasmid c-promoter DNA (pcDNA)
vector with recombinant human MIF. Super-
coiled pcDNA was cleaved by MIF—but not by
its nuclease-deficient mutant MIF E22Q [in
which glutamine (Q) replaces glutamic acid (E)
at position 22] identified in the nuclease assays
below—into an open circular form and, further,
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to a linear form (Fig. 2A). Moreover, MIF cleaved
human genomic DNA in a concentration- and time-
dependent manner (fig. S4, A and B). Addition of
10 mM Mg>*, 2 mM Ca®*, or 1 mM Mn>* was
required for MIF nuclease activity (fig. S4C),
consistent with the divalent cation concentra-
tions required for in vitro activity of other similar
nucleases (27). EDTA blocked MIF’s nuclease
activity against human genomic DNA (Fig. 2B).
In the absence of the divalent cation or with

the cation at 2 to 10 uM, MIF had no nuclease
activity (fig. S4C). Addition of 200 uM Zn>* pre-
cipitated genomic DNA in the presence of MIF,
whereas 2 M Zn** had no effect. Na* had no
effect on MIF’s nuclease activity (fig. S4C). Pulsed-
field gel electrophoresis indicated that MIF cleaves
human genomic DNA into large fragments com-
parable to those of DNA purified from HeLa
cells treated with MNNG (Fig. 2B, lane 8). De-
pletion of MIF with shRNA prevented MNNG-

induced DNA cleavage, which was similar to the
effect of PARP inhibition by 3,4-dihydro-5[4-(1-
piperindinyl)butoxy]-1(2H)-isoquinoline (DPQ) (Fig.
2C). Because MIF has been reported to have
tautomerase activity, we tested the effects of the
MIF tautomerase inhibitor ISO-1 (28). ISO-1 failed
to prevent MNNG-induced DNA damage (Fig. 2C).
Moreover, the MIF P2G (also known as the P1G)
tautomerase mutant, which lacks tautomerase
activity (29), had no effect on MIF’s nuclease

A - B 50 5 parp-1
Primary <
Protein chips screen ;
AlF-interacting proteins %
>
®
_ O
siRNAs
knockdown ¢ Secondary
MNNG screen
Cell viability - = PD-E 22 PD-E & CCHCzPD-D =
D Bl .
hMIF 1 MPMFIVNTNVPRA........... SVIERGFL .. .AQAT...GHPPQY 37
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APE]l 2 LKIATENVNSIRSRLHIVIPWLKENKIEBILCM QETKVENRKFPEADFH IGYH 56
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EcoRI IKIEBGGT KDDYGEWRVVLVAIZAIN
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Rsrl IREBIGGITEV .GNWRVILVGESI
EcoRV HYEBFTLYKP. .. .SEPNK....... KIATIPTIA
................ K
B2 45 B3 55 57 60 B4 a2 86,
—> >
hMIF 38 IAVHVVEQLMAFGGSSEP ALISLESIGEIGGAQNRSYSKLL GLLAERL 88
C..C..H.................
PD.........E...........
*9*3 p5 101 6
hMIF 89 RISEBRVYINYYEMNAANVGWNNSTFA 115

PD....... D

Fig. 1. Identification of MIF as a key cell-death effector mediating
PARP-1-dependent cell death. (A) Strategy for identifying AlF-associated
proteins involved in PARP-1-dependent cell death. (B) siRNA-based PARP-
1-dependent cell viability high-throughput screening in Hela cells 24 hours
after MNNG treatment (50 uM, 15 min); n = 8. The experiments were repeated
in four independent tests ***P < 0001, one-way ANOVA. (C) Schematic
representation of MIF's PD-D/E(X)K domains. Single-letter abbreviations
for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F,
Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg;
S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr; and X, any amino acid. (D) Alignment of
the nuclease domain of human MIF and other nucleases. Arrows above
the sequence indicate B strands and rectangles represent o helices.
Amino acid residues that were mutated are indicated with an arrow
and number (see Results). Nuclease and CxxCxxHx(n)C domains are
highlighted in green and pink, respectively. (E) Crystal structure of MIF
trimer (pdb:1GDO) (left) and MIF PD-D/E(x)K motif in trimer (right).

aad6872-2 7 OCTOBER 2016 « VOL 354 ISSUE 6308

sciencemag.org

SCIENCE

Downloaded from http://science.sciencemag.org/ on October 8, 2016


http://science.sciencemag.org/

RESEARCH | RESEARCH ARTICLE

A B MIF
@ <X <X
cDNA RS Q R
= P Qv\‘” ¢ K O éeo
— WT E22Q NS g\@ @Q PP P

Fig. 2. MIF is a nuclease that cleaves genomic DNA. (A) In vitro MIF (2 uM) nuclease assay with pcDNA as substrate. (B) In vitro pulsed-field gel
electrophoresis MIF (4 uM) nuclease assay with human genomic DNA (hgDNA) as a substrate in buffer containing Mg?* (10 mM) with or without EDTA (50 mM) or
Ca* (2 mM) with or without EDTA (25 mM). (C) Pulsed-field gel electrophoresis assay of MNNG-induced DNA damage in MIF-deficient HeLa cells and wild-type
(WT) Hela cells treated with or without DPQ (30 uM) or ISO-1 (100 uM). NT/MNNG (nontargeting shRNA/MNNG). (D) Nuclease assay of MIF WT and mutants (4 uM)

using human genomic DNA as the substrate.

activity (fig. S4D). These data indicate that MIF
is a nuclease that functions in PARP-1-dependent
DNA fragmentation.

To identify amino acid residues critical for MIF’s
nuclease activity, we mutated key aspartate, gluta-
mate, and proline residues within the PD-D/EX)K
domains of MIF. E22Q, but not Glu replaced by
Asp (E22D), inhibited MIF’s nuclease activity,
whereas replacement with Ala (E22A) partially
reduced MIF’s nuclease activity (Fig. 2D; fig. S4,
E to H; and supplementary text). Thus, this glu-
tamic acid residue (E22) in the first o helix of
MIF is critical for its nuclease activity, which is
consistent with reports that this glutamic acid in
the first o helix of many exonuclease-endonuclease-
phosphatase (EEP) domain superfamily nucleases
is highly conserved and that it is the active site
for nuclease activity (25, 26). MIF has both oxido-
reductase and tautomerase activities (28, 30, 3I).
MIF active site mutants E22Q and E22A had no
effect on MIF’s oxidoreductase or tautomerase
activities (fig. S5, A and B, and supplementary
text). The lack of effect indicated that MIF nu-
clease activity is independent of its oxidoreductase
and tautomerase activities. Moreover, MIF’s pro-
tein conformation was unaffected by the E22Q and
E22A mutations as determined by far-ultraviolet
(UV) circular dichroism (CD) and near UV CD
spectroscopy (fig. S5, C to M, and supplementary
text). The purity of MIF proteins was confirmed
by Coomassie blue staining, fast protein liquid
chromatography (FPLC), and mass spectrometry
(MS) assays (fig. S4G and fig. S5, C and D; Mate-
rials and methods; and supplementary text). No
adventitious nuclease contamination was observed.

MIF preferentially binds to stem-loop
single-stranded DNA

To determine the characteristics of DNA sequences
bound by MIF in an unbiased manner, HeLa cells
were treated with dimethyl sulfoxide (DMSO) or
MNNG (50 uM, 15 min), followed by anti-MIF
chromatin immunoprecipitation (ChIP) assays and
deep sequencing (fig. S6 and supplementary text).

SCIENCE sciencemag.org

We used the multiple Em for motif elicitation
(MEME) program, which performs comprehen-
sive motif analysis on large sets of nucleotide se-
quences (32), and we identified two classes of
MIF-binding motifs (Fig. 3A). The first class (se-
quences 1 through 3) represents a highly related
family of overlapping sequences (Fig. 3A and fig.
S7A). The sequence features of this family are best
captured in sequence 1 with 30 nucleotides and
designated PS?, the most statistically significant
motif identified, as determined by the MEME pro-
gram (E-value = 14e-051) (Fig. 3A and fig. S7A). The
second class identified was a poly(A) sequence.

‘We performed 3D modeling to determine likely
points of DNA interaction with MIF’'s PD-D/EX)K
motif. Within the PD-D/E(X)K motif, P16 and
D17 on MIF are predicted to be positioned close to
double-stranded DNA (dsDNA), whereas E22 is
close to ssDNA, indicating MIF might bind single-
stranded DNA (ssDNA), dsDNA, or both (fig. S7B).
We examined both single-stranded and double-
stranded forms of MIF DNA substrates for MIF
binding and cleavage specificity. We synthesized
the ssPS*® sequence with a 5' biotin label and sub-
jected it to an electrophoretic mobility shift assay
(EMSA) (fig. S7C). MIF bound to the biotin-labeled
ssPS, forming one major complex in the presence
of 10 mM Mg>* (fig. S7C), which was completely
disrupted by the addition of excess unlabeled
DNA substrate (PS®°) or a polyclonal antibody to
MIF (fig. S7C). MIF E22Q, E22A, P16A, P17A, and
P17Q mutants still formed MIF/ssPS* complexes
(fig. S7C).

Because ssPS*® has the potential to form a stem-
loop structure with unpaired bases at the 5’ and 3’
ends, we tested whether MIF binds to ssDNA with
sequence or structure specificity. We used 5’ biotin-
labeled ssPS** and sequence-related substrates
with different structures created by removing un-
paired bases at the 5’ end, 3’ end, or both 5" and 3’
ends, or by eliminating the stem loop in the EMSA
(Fig. 3B and fig. S8). Completely removing the 3’
unpaired bases (5'bLF) had no effect on the DNA-
MIF complex formation (Fig. 3B). In contrast,

7 OCTOBER 2016 » VOL 354 ISSUE 6308

removing the 5’ unpaired bases (5'bRF) reduced,
but did not abolish DNA-MIF binding. Similar
results are observed when both 5’ and 3’ unpaired
bases were removed (5'bSL). Thus MIF appears to
mainly bind to 5’ unpaired bases in ssDNA with
stem-loop structures. We also used a poly(A) se-
quence that has no stem loop (5'bPA®) and a
short poly(A) sequence at the 5’ end of a stem-loop
structure (5'b3F1) as the substrates. MIF failed to
bind to 5'bPA?° but did bind to 5'b3F1. These
results indicated that a stem loop is required for
MIF-ssDNA binding (Fig. 3B and fig. S8). We also
tested a substrate unrelated in sequence but that
had a stem loop-like structure (5'bL3). MIF bound
weakly to 5'bL3. But its binding efficiency was
much lower than that of 5bPS>°. These data in-
dicate that MIF preferentially binds to ssDNA
with a stem loop and that its specificity is not
entirely determined by the sequence. We also tested
whether MIF bound to dsDNA with PS?’; poly(A);
substrates with sequence similarity to PS* (5bPS™,
5'bSL, 5'bLF, 5bRF, 5bPA*’, and 5bPA5E); and
others with nonrelated sequences (PCS and 5'bL3)
(Fig. 3B and fig. S8). MIF failed to bind to any of
these double-stranded substrates (Fig. 3B).

MIF cleaves 3' unpaired bases of
stem-loop ssDNA

To determine whether MIF cleaves ssDNA or
dsDNA, we added 35 random nucleotides to both
the 5" and 3' ends of the PS® DNA binding motif
(designated PS'®) and, under identical conditions,
measured cleavage of ssSDNA (ssPS'’) or dsDNA
(dsPS'®) . MIF cleaved ssPS'® and its complemen-
tary strand ssPS'°°%, but not dsPS'* (fig. S9, A
and B). The MIF DNA binding motif identified
by ChIP sequencing (PS®°) appeared to be suffi-
cient for MIF cleavage because MIF cleaved ssPS*®
in a concentration-dependent manner (fig. S9C).
MIF cleavage of ssPS* required Mg?*, and MIF
E22Q and E22A mutations blocked the cleavage
of ssPS*° (fig. S9D). MIF cleaved ssPS* in a time-
dependent manner with a ;5 of 12 min, and it
cleaved ssPS®® in a concentration-dependent
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manner with an affinity for substrate (K,,,) of 2 uM
and a maximum initial velocity (Vy,a) of 41.7 nM/
min (fig. S9, E to G). These kinetic properties are
similar to those of other PD-D/E(X)K nucleases,
such as Eco RI (27, 33). MIF also cleaved dsPS*°
(fig. SOH), but required at least 4 times as high
MIF concentrations and a four-fifths reduction
in substrate concentration (compare lane 2 of
fig. SOC to lane 2 of fig. SOH). MIF failed to cleave
its related sequence dsRF, or the nonrelated se-
quence dsL3 (fig. SOH). MIF’s preference for
ssDNA is consistent with the 3D model of ssDNA
binding to MIF’s active site (fig. S7B) and our MIF-
DNA binding assays (Fig. 3B). In the presence
of AIF, MIF more efficiently cleaved genomic
DNA and dsPS (fig. S10, A to C), which might
be because of the observation that AIF enhanced
MIF binding to dsDNA (fig. S1I0D).

To determine whether MIF has sequence- or
structure-specific endonuclease or exonuclease ac-
tivity, we synthesized a series of variants labeled at
the 5" and 3’ ends with biotin, on the basis of the
secondary structure of the DNA substrate ssPS*,
and measured their cleavage by MIF (Fig. 3C and
fig. S8). MIF had 3' exonuclease activity and pref-
erentially recognized and degraded unpaired bases
at the 3’ end of ssPS®. This was blocked by biotin
modification at the 3’ end (lanes 2 to 5 in Fig. 3C,
fig. S8, and tables S1 and S2). MIF’s 3’ exonu-
clease activity was also supported by cleavage
assays in which the 5'bRF or 5'b3E substrates were
used (Fig. 3C, fig. S8, and tables S1 and S2). More-
over, we used poly(A) (PA*®), which lacks second-
ary structure and cannot be stained by ethidium
bromide (EtBr) (Fig. 3C, top). We found that MIF’s
3' exonuclease activity allowed it to cleave 5’ biotin-
poly(A) (5DPA®), but not 3' biotin-poly(A) (3bPA>),
so that MIF’s 3’ exonuclease activity can occur
independently of secondary structure (Fig. 3C,
bottom, and fig. S8). MIF endonuclease activity
was also influenced by secondary structure, be-
cause it cleaved short unpaired bases of ssDNA
at the 3’ end adjacent to the stem loop (5'bPS*°,
3'bPS*®, 5'b3F1, 3'b3FL, and 5'bL3), as well as 3
OH or 3'-biotin adjacent to the stem loop (3'bSL
and 3'bLF) (Fig. 3C and fig. S8). In contrast to its
exonuclease activity, MIF’s endonuclease activity
was not blocked by biotin modification at the
substrate’s 3’ end (3bSL, 3bLF, 3bPS*’, and 3b3F1).
However, 5bL3, a sequence not related to PS* but
with a similar stem-loop structure, was cleaved
by MIF, but with less efficiency (Fig. 3C and fig.
S8). These results indicate that MIF has both 3’
exonuclease and endonuclease activities and cleaves
unpaired bases of stem-loop ssDNA at the 3’ end. In
the presence of AIF, AIF also increased the binding
of MIF to ssDNAs, including 5bPS%°, as well as
5'bSL, which has no 5’ unpaired bases (fig. SI0D).
Nevertheless, we found that AIF increased both
exonuclease and endonuclease activities of MIF
(0.5 uM) on 5'bPS*, 3bPS*°, and 3'bSL (fig. S10E).
However, AIF has a rather weak effect, if any, on
the nuclease activity of MIF at 4 uM (fig. SIOF). At
this higher concentration, MIF itself can efficiently
bind and cleave ssDNAs. These data suggest that
ATF may enhance MIF nuclease activity by in-
creasing its binding to ssDNAs.

aad6872-4

To further study where MIF cleaves DNA and
to avoid the potential interference of biotin label-
ing, we used non-labeled PS?* and 3F1, which has
only one unpaired base at the 3’ end of the stem-
loop structure as substrates and customized two

different DNA ladders based on PS*°. After incu-
bation of these substrates with MIF (2 uM) for
2 hours, two major products of 20 and 22 nucleo-
tides were detected (Fig. 3D). Faint bands of higher
molecular mass were also observed. These bands
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Fig. 3. MIF binds and cleaves ssDNA. (A) MIF DNA binding motif determined by ChiP-seq. (B) Binding
of MIF to biotin-labeled small DNA substrates with different structures or different sequences in an EMSA
assay (see fig. S8 for illustrations of substrates, and tables S1 and S2 for sequences). Arrow indicates
the DNA-MIF complex. Asterisk indicates nonspecific bands. PCS, positive control substrate from the
LightShift Chemiluminescent EMSA Kit (Thermo Scientific) containing 60 base pairs (bp) of 5’ biotin-
labeled duplex. With or without BSA, bovine serum albumin; PC, Epstein-Barr nuclear antigen extract from
the LightShift Chemiluminescent EMSA Kit or MIF. (C) MIF cleavage of unpaired bases at the 3" end of the
stem loop of 5’ or 3' biotin-labeled small DNA substrates with various structures or sequences in a nuclease
assay (see fig. S8 for illustrations of substrates, and tables S1 and S2 for sequences). Experiments were
replicated four times with three independent preparations of MIF protein. (D) MIF cleavage of 3’ unpaired
bases from nonlabeled PS° and 3F1 substrates. DNA ladders 1 and 2 were customized with PS3C and its
cleavage products by removing its 3' nucleotides one by one. DNA ladder 1 was prepared using PS*°, PS?%,
PS?6, PS?* PS?2 and PS?°. DNA ladder 2 was prepared using PS?°, PS?’, PS?, PS?3 and PS?L. (E) MIF
cleavage sites on nonlabeled PS™° and 3F1 substrates.
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Fig. 4. Requirement of AIF for the recruitment of MIF to the nucleus in
NMDA excitotoxicity. (A) Binding of immobilized GST-MIF WT and GST-MIF
variants to AIF. (B) Nuclease activity and AlF-binding activity of MIF WTand MIF
variants. (C and D) Coimmunoprecipitation (IP) of MIF and AIF in control (CSS)
and NMDA-treated cortical neurons. Asterisk indicates IgG. Ab, antibody.
(D) Intensity of treated versus untreated cultures. *P < 0.05, Student’s t test.
(E) Images of nuclear translocation of AIF and MIF after NMDA treatment in WT,
AIF knockdown, and MIF knockdown cortical neurons. AIF shRNA (AIF sh) and
MIF shRNA (MIF sh) caused a 71.3 £ 5.2% and 73.3 = 6.1% protein reduction,
respectively. White color indicates the overlay of AlF, MIF, and 4',6"-diamidino-2-
phenylindole (DAPI), showing the nuclear translocation of AIF and MIF. Purple
color indicates the overlay of AIF and DAPI, showing the nuclear translocation
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of AIF. Z stacks illustrating the x,z and y,z axis are provided to demarcate the
nucleus. Arrowheads indicate cells with the high magnification. (F) Quantifica-
tion of the percentage of cells with nuclear translocation of MIF and AIF after
NMDA treatment in WT, AIF knockdown, and MIF knockdown cortical neurons.
CSS, control salt solution. ****P < 0.0001, versus its CSS control; ###p <
0.0001, versus its WT treated with NMDA, one-way ANOVA. (G) Immunoblots of
nuclear translocation of AIF and MIF after NMDA treatment in WT, AIF knock-
down, and MIF knockdown cortical neurons. Compare total protein (T), post-
nuclear fraction (PN), nuclear fraction (N), and Mito, mitochondrial antibody.
(H and 1) Relative levels of AIF and MIF in T, PN, and N. Means + SEM. Exper-
iments were replicated at least three times; ****P < 0.0001, versus its CSS
control; ##P < 0.01, ##P < 0.0001, versus its total protein, one-way ANOVA.
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were more obvious in the experiment in which
PS®° was biotin labeled and the incubation time
was 1 hour (Fig. 3D). MIF cleavage of the 3F1 sub-
strate yielded only a 29-nucleotide (nt) band con-
sistent with cleavage of one unpaired base at the
3’ end of the stem-loop structure (Fig. 3, D and E).
These data indicate that PS*° is initially cleaved by
MIF after “A23|T24:|T25|” (arrow indicates cleav-
age) by both 3’ exonuclease and endonuclease
activity (Fig. 3E, left). Then the resulting product
appears to form a new stem-loop structure, as
predicted by the online RNA/DNA structure pre-
diction software (http://rna.urme.rochester.edu/
RNAstructureWeb/Servers/Predictl/Predictl.html)
(Fig. 3E, right). MIF then cleaves at the new un-
paired bases at the 3’ end of this stem-loop struc-
ture after “G20|G21|G22|”. We conclude that MIF
cleaves unpaired bases at the 3’ end adjacent to
the stem loop at the +1 to ~+3 positions through
both 3’ exonuclease and endonuclease activities.

AIF interacts with MIF and recruits MIF
to the nucleus

Wild-type (WT) glutathione S-transferase-tagged
ATF (GST-AIF) associated with MIF, and wild-type
GST-MIF associated with AIF in GST pulldown
analyses from cell lysates (Fig. 44; fig. S11, A to D;
and supplementary text). We mapped the MIF-
ATF binding domain. MIF bound to AIF at amino
acids 567 to 592 (fig. S11, A to C, and supplementary
text). Conversely, the MIF E22A mutant showed
reduced binding to GST-AIF, whereas the E22D
and E22Q mutants still bound to GST-AIF (Fig. 4,
A and B, and fig. S11D). The other PD-D/E(X)K
and C57A;C60A mutations still bound GST-AIF
(fig. S11D). Thus, MIF E22 appears to be critical
for AIF binding. Endogenous AIF also coimmu-
noprecipitated with MIF from cortical neurons
treated with NMDA (500 uM) but was barely de-
tectable in untreated cultures (Fig. 4, C and D).

MIF was localized predominantly to the cyto-
sol of both cortical neurons (Fig. 4E) and HeLa
cells (fig. S12A). Both MIF and AIF translocated
to the nucleus in cortical neurons treated with
NMDA (Fig. 4, E and F) and HelLa cells stimulated
with MNNG (fig. S12A). Depletion of AIF with
shRNA led to a loss of MIF translocation to the
nucleus, but depletion of MIF did not prevent
translocation of AIF to the nucleus in cells exposed
to NMDA (Fig. 4, E and F). Subcellular fractiona-
tion into nuclear and postnuclear fractions con-
firmed the translocation of MIF and AIF to the
nucleus in cultured cortical neurons exposed to
NMDA (Fig. 4, G to I). AIF was required for MIF
translocation (Fig. 4, E to I). DPQ prevented ac-
cumulation of both MIF and AIF in the nucleus
in HeLa cells treated with MINNG (fig. S12, A to C)
and cortical neurons treated with NMDA (fig. S13,
A to C). Consistent with the notion that NMDA
excitotoxicity involves nitric oxide production,
the nitric oxide synthase inhibitor nitro-arginine
(N-Arg) prevented accumulation of both MIF and
ATF in the nucleus (fig. S13, A to C).

We transduced primary cortical cultures from
WT MIF knockout mice with lentivirus carrying
Flag-tagged MIF (MIF-WT-Flag) or MIF mutants
(MIF-E22Q-Flag and MIF-E22A-Flag) to confirm
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that AIF and MIF binding is required for MIF
nuclear accumulation after NMDA administra-
tion (Fig. 5, A and B). Wild-type MIF and E22Q
interacted with AIF, but MIF E22A did not bind
to ATF (Fig. 5B). In nontransduced MIF knockout
cultures and in MIF knockout cultures transduced
with MIF-WT-Flag, MIF-E22Q-Flag, and MIF-E22A-
Flag, ATF translocated to the nucleus when cells
were exposed to NMDA (Fig. 5, C and D). Both
MIF wild-type and MIF E22Q also translocated to
the nucleus; however, the MIF E22A mutant,
which is deficient in AIF binding, failed to do so
(Fig. 5, C and D). Separation of nuclear and post-
nuclear fractions confirmed the observations made
by immunofluorescence (Fig. 5, E to G). These
results indicate that MIF’s interaction with AIF
is required for the nuclear translocation of MIF.

MIF nuclease activity is required for
chromatinolysis and parthanatos

To determine whether MIF’s nuclease activity and
AlF-mediated recruitment are required for par-
thanatos, we transduced MIF knockout cultures
with the nuclease-deficient MIF E22Q mutant
and the AIF binding-deficient MIF E22A mutant.
Consistent with the shRNA experiments, cortical
cultures lacking MIF were resistant to NMDA ex-
citotoxicity (Fig. 6, A and B). Transduction of cells
with wild-type MIF or the tautomerase-deficient
mutant MIF P2G fully restored NMDA excitotox-
icity; conversely, neither MIF E22Q nor MIF E22A
restored NMDA excitotoxicity (Fig. 6, A and B). By
the comet assay, a method to measure DNA dam-
age, we found that NMDA administration in wild-
type cortical neurons resulted in substantial numbers
of neurons with DNA damage, whereas no such
damage was detected in MIF knockout neurons
(Fig. 6, C to F). Transduction of knockout neu-
rons with wild-type MIF, but not with MIF E22Q
or MIF E22A, restored DNA damage in cells
treated with NMDA (Fig. 6, C to F). Depletion of
MIF with shRNA in HeLa cells with two different
shRNAs resulted in a reduced number of cells
showing damaged DNA after treatment with
MNNG compared with DNA in cells treated with
nontargeted shRNA (fig. S14, A to D). A pulsed-
field gel electrophoresis assay of genomic DNA
confirmed that NMDA administration caused large
DNA fragments in wild-type cortical neurons but
not in MIF knockout cortical neurons (Fig. 6G).
No obvious large DNA fragments were observed
in MIF knockout neurons transduced with MIF
E22Q or MIF E22A (Fig. 6G). Transduction of
knockout neurons with wild-type MIF or MIF
P2G restored NMDA-induced formation of large
DNA fragments (Fig. 6G). HeLa cells lacking MIF
after we used CRISPR-Cas9 were resistant to
MNNG toxicity (fig. S15, A to C). Transduction of
knockout HelLa cells with wild-type MIF or MIF
P2G restored MNNG-induced formation of large
DNA fragments and toxicity (fig. S15). These re-
sults indicate that MIF is the major nuclease in-
volved in large-scale DNA fragmentation during
MNNG- or NMDA-induced parthanatos, which is
independent from MIF’s tautomerase activity.

To evaluate the requirement of MIF nuclease
activity and MIF binding to AIF in cell death due to

parthanatos in vivo, we transduced MIF knockout
mice with adeno-associated virus serotype 2 virus
(AAV2) containing wild-type MIF, or the nuclease-
deficient MIF E22Q mutant or the AIF-binding-
deficient MIF E22A mutant by injecting the
different AAV2 MIFs into the intracerebroventri-
cular zone of newborn mice. The effectiveness of
transduction was confirmed by immunostaining for
MIF-Flag in the cortex, striatum, and hippocam-
pus in adult mice (fig. S16, A and B). Two-month old
male mice were then subjected to 45-min transient
occlusion of the middle cerebral artery (MCAO).
Despite the similar intensity of the ischemic insult
(fig. S16C), infarct volume as previously reported
(34) was reduced in MIF knockout mice in the
cortex, striatum, and hemisphere by about 75%
compared to that in their wild-type counterparts
(Fig. 7, A to D). Moreover, the neuroprotection in
MIF knockout mice remained for at least 7 days
(Fig. 7, C and D). Expression of wild-type MIF, but
not MIF E22Q or MIF E22A, in the MIF knockout
mice restored infarct volume to that observed in
wild-type animals (Fig. 7, A to D). We assessed
behavior by spontaneous activity in the open field
task on days 1, 3, and 7 after MCAO. Consistent
with the infarct data, MIF knockout mice had
improved behavioral scores compared to those
of wild-type mice. MIF knockout mice expressing
wild-type MIF had behavioral scores equivalent to
those of wild-type mice whereas expression of MIF
E22Q or MIF E22A had no effect (Fig. 7, E and F).
Over 3 and 7 days, the behavioral scores of MIF
knockout mice remained higher than those of
wild-type treated mice (Fig. 7, F and G). A corner
test measuring sensorimotor function showed that
all mice do not show a side preference before MCAO
surgery. However, wild-type mice and MIF knockout
mice expressing wild-type MIF had significantly
(P < 0.05 to P < 0.001, one-way analysis of var-
iance (ANOVA)] increased turning toward the non-
impaired side at days 1, 3, and 7 after MCAO (Fig.
7G), indicating these mice have more severe sen-
sory and motor deficits. No preference was ob-
served in MIF knockout mice and MIF knockout
mice with expression of MIF E22Q or MIF E22A
(Fig. 7G).

Significant (P < 0.0001, one-way ANOVA) DNA
damage as assessed by pulse field gel electropho-
resis was observed at days 1, 3, and 7 after MCAO
in wild-type mice or MIF knockout mice expressing
wild-type MIF (Fig. 7, H and I). DNA damage was
reduced in the MIF KO mice and MIF knockout
mice expressing E22Q or E22A MIF (Fig. 7, H and
I). We examined the localization of AIF and MIF
by confocal microscopy in the penumbra region
of the stroke (fig. S17, A and B). Consistent with
the observation in cultured cortical neurons, AIF
significantly (P < 0.001, one-way ANOVA) translo-
cated to the nucleus at 1, 3, and 7 days after MCAO
in wild-type animals. In MIF knockout animals as
well as MIF knockout mice injected with MIF
wild-type, E22Q, and E22A ATF significantly (P <
0.001, one-way ANOVA) translocated to the nucleus
at 1and 3 days after MCAO and there was reduced
translocation of AIF at 7 days (fig. S17, A and B). Both
MIF wild-type and MIF E22Q also significantly
(P < 0.001, one-way ANOVA) translocated to the
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nucleus at 1 and 3 days after MCAO and there
was reduced translocation at 7 days; however, the
ATF binding-deficient mutant MIF E22A failed to
do so (fig. S17, A and B). These data indicate that
MIF is required for AIF-mediated neurotoxicity
and DNA cleavage and that AIF is required for
MIF translocation in vivo.

Conclusion

We identified MIF as a PAAN. Prior crystallization
studies of MIF allowed us to show via 3-D mod-

eling that MIF is structurally similar to PD-D/E(x)K
nucleases (25, 26). The MIF monomer, which has
pseudo 2-fold symmetry does not contain the
core PD-D/E(X)K structure since the MIF mono-
mer has four p strands next to the two o helices,
and the orientations of the B-strands within an
isolated monomer do not fit the requirement of the
PD-D/E(x)K topology (23). However, our structure-
activity analyses based on the MIF trimer, which
has 3-fold symmetry, indicated that the interac-
tions of the B strands of each monomer with the

other monomers results in a MIF PD-D/E(x)K struc-
ture that consists of four B strands next to two o
strands (23). Two of the B strands are parallel (34
and B-5), whereas the other two strands (3-6 and
B-7) (from the adjacent monomer) are antiparallel.
This topology exquisitely supports the idea that
MIF’s nuclease activity requires the trimer as the
monomers do not support the required topology
and is consistent with MIF existing as a trimer. The
PD-D/E(X)K domains in MIF are highly conserved
in vertebrates. The glutamic acid residue (E22) in
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Fig. 5. MIF E22A mutant prevents AlF’s recruitment of MIF to the
nucleus in NMDA-excitotoxicity. (A) Expression of MIF in WT and knockout
(KO) neurons. (B) Coimmunoprecipitation of Flag-tagged MIF variants and
AIF in cortical neurons after NMDA treatment. (C) Images of nuclear trans-
location of AIF and exogenous MIF WTand MIF variants after NMDA treatment
in MIF KO cortical neurons. Scale bar, 20 um. White color indicates the
overlay of AIF, MIF, and DAPI, showing the nuclear translocation of AIF and
MIF. Purple color indicates the overlay of AIF and DAPI, showing the nuclear
translocation of AlF. Z stacks illustrating the x,z and y,z axis are provided to
demarcate the nucleus. (D) Quantification of the percentage of cells with
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nuclear translocation of AIF and exogenous MIF WT and MIF variants after
NMDA treatment in MIF KO cortical neurons. ****P < 0.0001, versus KO
group; P < 0,001, versus KO-WTgroup, one-way ANOVA. (E) Immunoblots
of nuclear translocation of AIF and exogenous MIF WT and MIF variants
after NMDA treatment in MIF KO cortical neurons. H4, histone H4; mito,
mitochondrial antibody. (F and G) Relative levels of AIF and MIF in total
protein (T), postnuclear fraction (PN) and nuclear fraction (N). Means + SEM.
Experiments were replicated at least three times. **P <0.01, ****P < 0.001,
versus KO control group; ##P < 0.01, ###p < 0.0001, versus its total protein,
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the first o helix of MIF is critical for its nuclease
activity, which is consistent with prior reports that
this glutamic acid in the first o helix of many
exonuclease-endonuclease-phosphatase (EEP)
domain superfamily nucleases is highly conserved,
and it is the active site for nuclease activity (25, 26).

MIF has both 3’ exonuclease and endonuclease
activity. It preferentially binds to 5’ unpaired bases
of ssDNA with the stem-loop structure and cleaves
its 3’ unpaired bases. AIF interacts with MIF and
recruits MIF to the nucleus where MIF binds and
cleaves genomic DNA into large fragments similar
to the size induced by stressors that activate
parthanatos. MIF binding to AIF facilitates its
cleavage of double-stranded genomic DNA, and,
based on the chromatin immunoprecipitation
sequencing ChiP-seq data, the average distance
of MIF binding is about 15 to 60 kb, which is
comparable to the size of large DNA fragments
caused by MIF. MIF’s cleavage of genomic DNA
into 20- to 50-kb fragments is likely due to its
rare binding on genomic DNA. Knockout of MIF
reduces DNA fragmentation induced by stimuli
that activate PARP-1-dependent cell death. Mu-
tating a key amino acid residue, glutamic acid
residue (E22), in the PD-D/E(X)K motif elim-
inates MIF’s nuclease activity and protects cells
from parthanatos both in vitro and in vivo. Dis-
ruption of the AIF and MIF protein-protein in-
teraction prevents the translocation of MIF from
the cytosol to the nucleus, which also protects
against PARP-1-dependent cell death both in vitro
and in vivo. Neither MIF’s thiol-protein oxido-
reductase activity nor tautomerase activity are
involved in its actions as a nuclease. Knockout
of MIF, a MIF nuclease-deficient mutant and a
MIF AIF binding-deficient mutant all reduce
infarct volume and have long-lasting behavioral
rescue in the focal ischemia model of stroke in
mice. Thus, MIF is a PAAN that is important in
cell death because of activation of PARP-1 and the
release of AIF (2). Future studies are required to
further determine whether the stem-loop-ssDNA
binding activity or the 3’ exonuclease and endo-
nuclease activities of MIF, is important for its in
vivo PAAN activity. In addition, our stroke data
from MIF knockout mice indicate that other nu-
cleases other than MIF might be involved in is-
chemic neuronal cell death. However, how these
nucleases interact with MIF and contribute to
PARP-1-induced cell death requires future studies.

MIF has a variety of pleiotropic actions. It is
widely distributed throughout the brain (35, 36).
It functions as a nonclassically secreted cytokine
and may play important roles in cancer biology,
immune responses, and inflammation (I8, 37). MIF
also has important roles in cellular stress and
apoptosis (34, 38, 39). How MIF’s nuclease ac-
tivity relates to its role in the immune system and
its other actions requires future studies.

Like PARP, inhibition of MIF nuclease activity
is an attractive target for acute neurologic dis-
orders. However, it may have advantages over
PARP inhibition in chronic neurodegenerative
diseases where long-term inhibition of PARP
could impair detection and repair of DNA damage.
Inhibition of MIF’s nuclease activity could bypass
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this potential concern and offer a therapeutic
opportunity for various disorders.

Materials and methods
Human protein chip
high-throughput screening

Human protein chips (16K and 5K), which were
prepared by spotting more than 16,000 or 5000
highly purified proteins onto special nitrocellulose-
coated slides (16), were incubated in renaturation
buffer containing 50 mM Tris-HCl, pH 8.0, 100 mM

NaCl, 1 mM DTT, 0.3% Tween 20 for 1 hour at 4°C.
After Blocking with 5% non-fat dry milk for
1 hour at room temperature, protein chips were
incubated with purified mouse AIF protein (50 nM,
NP_036149) in 1% milk for 1 hour. Protein inter-
action was then determined either by sequentially
incubating with rabbit anti-AIF antibody (JH532,
JHU) (9, 17) and Alexa Fluor 647 donkey anti-rabbit
IgG, or Alexa Fluor 647 donkey anti-rabbit IgG
only as negative control. Protein microarrays were
scanned with GenePix 4000B Microscanner (Tecan)

using the Cy5 image and the median fluores-
cence of each spot was calculated. We used the
same procedure described previously to identify
interacting proteins (16).

Reverse transfection format
siRNA-based screen for
PARP-1-dependent cell viability

On-Target plus SMARTpool siRNAs targeting AIF-
interacting proteins resulting from human protein
chip high throughput screening were customized
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penumbra 1day, 3days, or 7days kb L0 AP0 P AP 2 AT0 A0 D A 51004 == 3 days
after 45-min MCAO surgery in B = =17 days

MIF WT, KO, and KO mutant mice,
which were injected with AAV2-
MIF WT, E22Q, or E22A.WT
MCAO (n = 15); KO MCAO (n =
15); and KO-WT MCAO (n = 15).
KO-E22Q (n = 15) and KO-E22A
MCAO (n =15). (I) Quantification
of noncleaved genomic DNA.
Means + SEM. ****P < 0.0001,
versus its sham treatment group,
one-way ANOVA.
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in 96-well plates from Dharmacon. The plates were
rehydrated using DharmaFECT 1 transfection
reagent at room temperature for 30 min. HeLa
cells were then seeded in the plates with the cell
density at 1 x 10*/well. 48 hours after transfec-
tion, cells were treated with MNNG (50 uM) or
DMSO for 15 min and then incubated in normal
complete medium for 24 hours. After adding Alamar
Blue for 1-4 hours, cell viability was determined
by fluorescence at excitation wavelength 570 nm
and Emission wavelength 585 nm. PARP-1 siRNAs
were used as the positive control and non-target
siRNAs as the negative control.

Nuclease assays

Human genomic DNA (200 ng/reaction, Pro-
mega), pcDNA (200 ng/reaction) or PS*° and its
related and non-related substrates (1 uM) was
incubated with wild-type MIF or its variants at a
final concentration of 0.25-8 uM as indicated in
10 mM Tris-HCl buffer (pH 7.0) containing 10 mM
MgCl, or specific buffer as indicated, for 1 hour
(with pcDNA and small DNA substrates) or 4 hours
(with human genomic DNA) at 37°C. The reaction
was terminated with loading buffer containing
10 mM EDTA and incubation on ice. The human
genomic DNA samples were immediately sep-
arated on a 1.2% pulse field certified agarose in
0.5 X TBE buffer with initial switch time of 1.5 s
and a final switch time of 3.5 s for 12 hours at
6 V/cm. pcDNA samples were determined by 1%
agarose gel. Small DNA substrates were sepa-
rated on 15% or 25% TBE-urea polyacrylamide
(PAGE) gel or 20% TBE PAGE gel. The gel was
then stained with 0.5 pg/ml Ethidium Bromide
(EtBr) followed by electrophoretic transfer to a
nylon membrane. Biotin-labeled DNA was further
detected by chemiluminescence using the Chemi-
luminescent Nucleic Acid Detection Module
(Thermo Scientific).

Electrophoretic mobility shift assay (EMSA)

EMSA assays were performed using the Light-
Shift Chemiluminescent EMSA Kkit (Thermo Sci-
entific) following the manufactures instruction.
Briefly, purified MIF protein (2 uM) was incubated
with biotin-labeled DNA substrates (10 nM) in
the binding buffer containing 10 mM MgCl, for
30 min on ice. Then samples were separated on 6%
retardation polyacrylamide followed by electropho-
retic transfer to a nylon membrane. Biotin-labeled
DNA was further detected by chemiluminescence
using the Chemiluminescent Nucleic Acid Detec-
tion Module (Thermo Scientific).

Comet assay

Comet assays were conducted following proto-
cols provided by Trevigen (Gaithersburg, MD).
Briefly, HeLa cells with or without MNNG treat-
ment and cortical neurons with or without NMDA
treatment were washed with ice-cold PBS 6 hours
after the treatment, harvested by centrifugation at
720 g for 10 min and re-suspended in ice-cold PBS
(Ca®* and Mg>" free) at 1 x 10° cells/ml. Cells were
then combined with 1% low melting point agarose
in PBS (42°C) in a ratio of 1:10 (v/v), and 50 ul of the
cell-agarose mixture was immediately pipetted
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onto the Comet Slide and placed flatly at 4°C in
the dark for 30 min to enhance the attachment.
After being lysed in lysis buffer, slides were im-
mersed with alkaline unwinding solution (200 mM
NaOH, pH >13, 1 mM EDTA) for 1 hour at RT.
The comet slides were transferred and electro-
phoresed with 1 L of alkaline unwinding solution
at 21 Volts for 30 min in a horizontal electrophoresis
apparatus. After draining the excess electrophoresis
bulffer, slides were rinsed twice with dH,O and then
fixed with 70% ethanol for 5 min and stained with
SYBR Green for 5 min at 4°C. Cell images were
captured using a Zeiss epifluorescent microscope
(Axiovert 200M) and image analysis was performed
with CASP software (version 1.2.2). The length of
the “comet tail,” which is termed as the length from
the edge of the nucleus to the end of the comet tail,
for each sample, was measured.

Protein expression and purification

Human EndoG (NM_004435), cyclophilin A
(NM_021130), mouse AIF (NM_012019), human
MIF (NM_002415) cDNA and their variants were
subcloned into glutathione S-transferase (GST)-
tagged pGex-6P-1 vector (GE Healthcare) by EcoRI
and Xhol restriction sites and verified by sequenc-
ing. The protein was expressed and purified from
Escherichia coli by glutathione sepharose. The GST
tag was subsequently proteolytically removed for
the nuclease assay. MIF point mutants were con-
structed by polymerase chain reaction (PCR) and
verified by sequencing. The purity of MIF proteins
that were used in the nuclease assays was further
confirmed by mass spectrometry. MIF proteins
purified by FPLC were also used in the nuclease
assays and no obvious difference was observed
between FPLC MIF and non-FPLC MIF proteins.
GST protein was used as a negative control in the
nuclease assay.

Middle cerebral artery occlusion (MCAO)

Cerebral ischemia was induced by 45 min of re-
versible MCAO as previously described (40). Adult
male MIF knockout (KO) mice (2 to 4 months
old, 20 to 28 g) were anesthetized with isoflurane
and body temperature was maintained at 36.5 +
0.5°C by a feedback-controlled heating system. A
midline ventral neck incision was made, and un-
ilateral MCAO was performed by inserting a 7.0
nylon monofilament into the right internal ca-
rotid artery 6-8 mm from the internal carotid/
pterygopalatine artery bifurcation via an external
carotid artery stump. Sham-operated animals were
subjected to the same surgical procedure, but the
suture was not advanced into the internal carotid
artery. After 1 day, 3 days or 7 days of reperfusion,
mice were perfused with PBS and stained with
triphenyl tetrazolium chloride (TTC). The brains
were further fixed with 4% PFA and sliced for
immunohistochemistry (9, 11, 41).

ChiP-seq

We preformed ChIP-seq as previously described
(42, 43). Briefly, HeLa Cells were first treated
with DMSO or MNNG (50 uM, 15 min). 5 hours
after MNNG treatment, cells were cross-linked
with 1% formaldehyde for 20 min at 37°C, and
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quenched in 0.125 M glycine. Chromatin extrac-
tion was performed before sonication. The anti-
MIF antibody (ab36146, Abcam) was used and
DNA was immunoprecipitated from the soni-
cated cell lysates. The libraries were prepared ac-
cording to Illumina’s instructions accompanying
the DNA Sample kit and sequenced using an
Illumina HiSEq. 2000 with generation of 50 bp
single-end reads. Detailed procedures are as
follows. HeLa cells were treated with DMSO or
MNNG (50 uM) for 15 min and cultured in the
fresh medium for an additional 5 hours. Cells
were then cross-linked with 1% formaldehyde for
10 min at 37°C, and the reaction was quenched in
0.125 M glycine for 20 min at room temperature.
Chromatin was extracted using SimpleChIP En-
zymatic Chromatin IP kit from Cell Signaling
Technology (Cat# 9003), and sonicated 30 s on
and 30 s off for 15 cycles using a Bioruptor Twin
(Diagenode). The quality and size of sheared chro-
matin DNA were examined on an agarose gel by
DNA electrophoresis. 10% of chromatin was kept
as input and the rest of the chromatin was diluted
and pre-cleared using 10 ul Magnetic protein G
agarose slurry for 30 min at 4°C to exclude non-
specific binding to protein G agarose beads directly.
The pre-cleared chromatin was incubated over-
night with an anti-MIF antibody (3 ug/ml, ab36146,
Abcam) or control IgG (3 ug/ml) in the presence of
Magnetic protein G agarose slurry (30 ul) at 4°C.
After washing the protein G agarose beads for
3 times, half of the protein G agarose/antibody
complex was subjected to immunoblot assays
to check the quality of the immunoprecipitation.
Another half of the protein G agarose/antibody
complex was eluted in 170 ul of elution buffer
containing 1% SDS, 0.1 M NaHCO; at 65°C. The
eluates as well as the chromatin input were treated
with 1 mg/ml RNase A at 37°C for 30 min, and
reverse-crosslinked by incubating at 65°C for
4 hours after adding 3 ul of 5 M NacCl and 1 ul of
10 mg/ml proteinase K. Finally the chromatin DNA
was purified using phenol/chloroform/isoamyl
alcohol and precipitated by ethanol. The ChIP and
input DNA libraries were prepared using Illumina’s
Truseq DNA LT Sample Prep Kit according to the
instructions. The final product was amplified for
15 cycles. The quality and the size of the insert was
analyzed using a bioanalyzer. Sequencing was per-
formed in the Next Generation Sequencing Center
at Johns Hopkins using an Illumina HiSEq. 2000
with generation of 50 bp single-end reads. The
ChIP-seq raw data have been deposited in the
GEO database accession #: GSE65110.

ChlIP-seq data analysis

Raw data from the HiSEq. 2000 was converted to
FASTQ using CASAVA v1.8 and demultiplexed.
Reads were mapped to the human genome (hg19)
using Bowtie2 (v2.0.5) using the default parame-
ters. Converted SAM files were passed to MACS
(v1.4.1) for peak calling using the default param-
eters. Peaks from DMSO- and MNNG-treated li-
braries were reported in .bed format and are
provided in GEO. Peaks differentially identified in
the DMSO- and MNNG-treated groups were parsed
by a custom R script. Sequence corresponding to
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peaks identified in only MNNG-treated, but not
DMSO-treated libraries were fed into SeSiIMCMC _
4. 36, Chipmunk v4.3+, and MEMEchip v4.9.0 for
motif discovery using default parameters.

Data transfer: The CASAVAV1.8 software was
used to convert the raw files into FASTQ files as
well demultiplex the lanes.

MIF-DNA docking methods

A DNA duplex structure (44) (PDB accession
1BNA) and a single-stranded DNA structure [PDB
accession 2RPD (45)] were docked onto the surface
of MIF [PDB accession 1FIM (24)] using Hex-8.0.
protein-DNA docking program (46, 47). The HEX
program uses a surface complementarity algorithm
to identify contact between protein and DNA. MIF
surfaces were generated using Pymol. All images
were viewed and labeled with pdb viewer, Pymol.
The MIF-DNA docked models are shown as ob-
tained from the HEX program.

Lentivirus, adeno-associated virus (AAV)
construction and virus production

Mouse MIF-WT-Flag (NM_010798), MIF-E22Q-
Flag and MIF-E22A-Flag were subcloned into a
lentiviral cFugw vector by Agel and EcoRI rest-
riction sites, and its expression was driven by the
human ubiquitin C (hUBC) promoter. Human
MIF and mouse MIF shRNAs were designed using
the website <http://katahdin.cshl.org/siRNA/RNA.
cgi?type=shRNA>. The program gave 97 nt oligo
sequences for generating ShRNAmirs. Using Pacl
SME2 forward primer 5 CAGAAGGTTAATTAA-
AAGGTATATTGCTGTTGACAGTGAGCG 3 and
Nhel SME2 reverse primer 5 CTAAAGTAGC-
CCCTTGCTAGCCGAGGCAGTAGGCA 3, we then
PCR amplified them to generate the second strand
and added Pacl and Nhel restriction sites to clone
the products into pSME2, a construct that inserts
an empty shRNAmir expression cassette in the
PSM2 vector with modified restriction sites into
the cFUGw backbone. This vector expresses GFP.
The lentivirus was produced by transient transfec-
tion of the recombinant cFugw vector into 293FT
cells together with three packaging vectors: pLP1,
pLP2, and pVSV-G (1.3:1.5:1:15). The viral super-
natants were collected at 48 and 72 hours after
transfection and concentrated by ultracentrifuga-
tion for 2 hours at 50,000 g. MIF-WT-Flag, MIF-
E22Q-Flag and MIF-E22A-Flag were subcloned
into a AAV-WPRE-bGH (044 a.m./CBA-pI-WPRE-
bGH) vector by BamHI and EcoRI restriction sites,
and its expression was driven by chicken B-actin
(CBA) promoter. All AAV2 viruses were produced
by the Vector BioLabs.

Sequences of MIF substrates, templates,
and primers

Sequences of MIF substrates, templates and pri-
mers used for ShRNA constructs and point mu-
tation constructs are provided in Table S1.

Cell culture, transfection, lentiviral
transduction, and cytotoxicity

HelLa cells were cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with
10% fetal bovine serum (HyClone). V5-tagged MIF
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was transfected with Lipofectamine Plus (Invitro-
gen). Primary neuronal cultures from cortex were
prepared as previously described (9). Briefly, the
cortex was dissected and the cells were dissociated
by trituration in modified Eagle’s medium (MEM),
20% horse serum, 30 mM glucose, and 2 mM
L-glutamine after a 10-min digestion in 0.027%
trypsin/saline solution (Gibco-BRL). The neurons
were plated on 15-mm multiwell plates coated
with polyornithine or on coverslips coated with
polyornithine. Neurons were maintained in MEM,
10% horse serum, 30 mM glucose, and 2 mM
L-glutamine in a 7% CO2 humidified 37°C in-
cubator. The growth medium was replaced twice
per week. In mature cultures, neurons represent
70 to 90% of the total number of cells. Days in
vitro (DIV) 7 to 9, neurons were infected by len-
tivirus carrying MIF-WT-Flag, MIF-E22Q-Flag,
or MIF-E22A-Flag [1 x 10° units (TU)/ml] for
72 hours. Parthanatos was induced by either MNNG
(Sigma) in HeLa cells or NMDA (Sigma) in neu-
rons. HeLa cells were exposed to MNNG (50 uM)
for 15 min, and neurons (DIV 10 to 14) were
washed with control salt solution [CSS, contain-
ing 120 mM NacCl, 5.4 mM KCl, 1.8 mM CaCl,,
25 mM tris-Cl, and 20 mM glucose (pH 7.4)], ex-
posed to 500 uM NMDA plus 10 uM glycine in
CSS for 5 min, and then exposed to MEM con-
taining 10% horse serum, 30 mM glucose, and
2 mM 1-glutamine for various times before fixa-
tion, immunocytochemical staining, and confocal
laser scanning microscopy. Cell viability was de-
termined the following day by unbiased objective
computer-assisted cell counting after staining of
all nuclei with 7 uM Hoechst 33342 (Invitrogen)
and dead cell nuclei with 2 uM propidium iodide
(Invitrogen). The numbers of total and dead cells
were counted with the Axiovision 4.6 software
(Carl Zeiss). At least three separate experiments
using at least six separate wells were performed
with a minimum of 15,000 to 20,000 neurons or
cells counted per data point. For neuronal toxicity
assessments, glial nuclei fluoresced at a different
intensity than neuronal nuclei and were gated
out. The percentage of cell death was determined
as the ratio of live to dead cells compared with the
percentage of cell death in control wells to account
for cell death attributed to mechanical stimulation
of the cultures.

Pull-down, coimmunoprecipitation,
and immunoblotting

For the pull-down assay, GST-tagged MIF or AIF
proteins immobilized glutathione Sepharose beads
were incubated with 500 pg of HeLa cell lysates,
washed in the lysis buffer, and eluted in the protein
loading buffer. For coimmunoprecipitation, 1 mg
whole-cell lysates were incubated overnight with
ATF antibody (1 ug/ml) in the presence of protein
A/G Sepharose (Santa Cruz Biotechnology), fol-
lowed by immunoblot analysis with mouse anti-
Flag antibody (Clone M1, Sigma), mouse anti-V5
(V8012, Sigma) or Goat anti-MIF (ab36146, Abcam).
The proteins were separated on denaturing SDS-
PAGE and transferred to a nitrocellulose mem-
brane. The membrane was blocked and incubated
overnight with primary antibody (50 ng/ml; mouse
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anti-Flag; rabbit anti-AIF; or goat anti-MIF) at
4°C, followed by horseradish peroxidase (HRP)-
conjugated donkey anti-mouse, anti-rabbit or anti-
goat for 1 hour at RT. After washing, the immune
complexes were detected by the SuperSignalWest
Pico Chemiluminescent Substrate (Pierce).

Subcellular fractionation

The nuclear extracts (N) and postnuclear cell ex-
tracts (PN), which is the fraction prepared from
whole-cell lysates after removing nuclear proteins,
were isolated in hypotonic buffer (9, 17). The in-
tegrity of the nuclear and postnuclear subcellular
fractions was determined by monitoring histone
H3 or H4 and MnSOD or mitochondria antibody
(MTC02) (Mito) immunoreactivity (9, 7).

Immunocytochemistry,
immunohistochemistry, and
confocal microscopy

For immunocytochemistry, cells were fixed 4 hours
after MNNG or NMDA treatment with 4% para-
formaldehyde, permeabilized with 0.05% Triton X-
100, and blocked with 3% BSA in PBS. AIF was
visualized by Donkey anti-Rabbit Cy3 or donkey
anti-rabbit 647. MIF was visualized by donkey
anti-mouse cy2 (2 pug/ml), donkey anti-goat Cy2
or donkey anti-goat 647. Immunohistochemistry
was performed with an antibody against Flag.
Immunofluorescence analysis was carried out with
an LSM710 confocal laser scanning microscope
(Carl Zeiss) as described (9).

Quantification of relative percentage
levels of AIF and MIF in
subcellular fractions

The relative levels of AIF and MIF in different frac-
tions were quantified and calculated as the percent-
age of their total proteins based on the intensity
of protein signals relative to the protein amount
prepared from the same number of cells (6 million).
The detailed calculation is as follows: 1) The signal
intensity of each interested band was measured and
normalized to their mitochondrial and nuclear
markers, with the total proteins of CSS in Fig. 4,
Gto I and knockout neurons treated with NMDA
in Fig. 5 E to G. A volume factor was used to
calculate the relative amount of total protein (T),
post-nuclear protein (PN) and nuclear protein
(N) prepared from the same number (6 million)
of cells. As such, the relative ratio of different sam-
ples in the same fractions and the same sample in
different fractions will be calculated as the relative
intensity of total protein (T;), post-nuclear fraction
(PN;) and nuclear fraction (Nj;). 2) A Z factor for the
adjusted total proteins for each sample was deter-
mined via Z = (PN; + N;)/T;. 3) Relative protein
levels in PN and N fractions were calculated as
follows: PN% = (PN; x Z)/ T; x 100%; N% = (N; x Z)/
T; x 100%; T% = (T; X Z)/ T; x 100%.

FPLC

The native state and purity of the purified re-
combinant MIF were determined using stan-
dard calibration curve between elution volume
and molecular mass (kD) of known molecular
weight native marker proteins in Akta Basic FPLC
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(Amersham-Pharmacia Limited) using Superdex
200 10/300GL column (GE Healthcare, Life Scien-
ces). The gel filtration column was run in standard
PBS buffer at a flow rate of 0.5 ml/min. The fol-
lowing molecular weight standards were used:
Ferritin (440 kD), aldolase (158 kD), conalbumin
(75 kD), ovalbumin (43 kD), carbonic anhydrase
(29 kD), and ribonuclease (13.7 kD) respectively
(GE Healthcare, Life Sciences). Eluted fractions
containing MIF were resolved on 12% SDS-PAGE
and stained with commassie blue to check the
purity of the protein.

Mass spectrometry analysis for MIF
protein purity

MIF proteins used for nuclease assays were also
examined by mass spectrometry in order to ex-
clude any possible contamination from other
known nucleases. We performed analyses using
different criteria at a 95% and lower confidence
levels in order to capture any remote possibility
of a nuclease. Analysis and search of the NCBI
database using all species reveal that no known
nuclease that can digest single or double-stranded
DNA was detected in the MIF protein that was
used in the nuclease assays.

Circular dichroism (CD) spectroscopy

CD spectroscopy was performed on a AVIV 420
CD spectrometer (Biomedical Inc., Lakewood, NJ,
USA). Near-UV CD spectra were recorded between
240-320 nm using a quartz cuvette of 0.5 cm path
length with protein samples at a concentration of
2 mg/ml at room temperature. Far UV CD spectra
were also recorded at room temperature between
190-260 nm using quartz sandwich cuvettes of
0.1 cm path length with protein samples at a con-
centration of 0.2 mg/ml (48). The proteins were
suspended in PBS buffer with or without magne-
sium chloride (5.0 mM) and/or zinc chloride
(0.2 mM). The CD spectra were obtained from
0.5 nm data pitch, 1 nm/3 s scan speed and 0.5 s
response time were selected for the recordings.

Oxido-reductase activity assay

The thiol-protein oxidoreductase activity of MIF
was measured using insulin as the substrate as
described previously (30). Briefly, the insulin as-
say is based on the reduction of insulin and sub-
sequent insolubilization of the insulin B-chain.
The time-dependent increase in turbidity is then
measured spectrophotometrically at 650 nm. The
reaction was started by adding 5 uM MIF to WT,
E22A, E22Q, C57A;C60A or and P2G mutants dis-
solved in 20 mM sodium phosphate buffer (pH
7.2), and 200 mM reduced glutathione (GSH) to
ice-cold reaction mixture containing 1 mg/ml in-
sulin, 100 mM sodium phosphate buffer (pH 7.2)
and 2 mM EDTA. MIF insulin reduction was mea-
sured against the control solution (containing GSH)
in the same experiment.

Tautomerase activity assay

Tautomerase activity was measured using p-
dopachrome tautomerase as the substrate as
described previously (49). Briefly, a fresh solution
of p-dopachrome methyl ester was prepared by
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mixing 2 mM 1-3,4 dihydroxyphenylalanine meth-
yl ester with 4 mM sodium peroxidate for 5 min
at room temperature and then placed directly
on ice before use. The enzymatic reaction was ini-
tiated at 25°C by adding 20 pl of the dopachrome
methyl ester substrate to 200 pl of MIF WT, E22A,
E22Q, C57A;C60A (final concentration 5 uM) or
and P2G mutants prepared in tautomerase assay
buffer (50 mM potassium phosphate, 1 mM EDTA,
pPH 6.0). The activity was determined by the
semi-continuous reduction of OD 475 nm using
a spectrophotometer.

Quantification of noncleaved
genomic DNA

Noncleaved genomic DNA was quantified as per-
centage (%) of the total genomic DNA that in-
cluded both noncleaved genomic DNA and cleaved
genomic DNA in each individual group.

Quantification of cells with AIF and MIF
nuclear translocation

Nuclear translocation of AIF and MIF was cal-
culated as the percentage of total cells in each
individual immunostained image. At least 5 to 12
images were quantified for each group. 500 or
more neurons were counted for each condition.
‘White indicates the overlay of AIF (red), MIF (green)
and 4/,6"-diamidino-2-phenylindole (DAPI) (blue)
suggesting the nuclear translocation of both AIF
and MIF. Pink indicates the overlay of AIF (red)
and DAPI (blue) suggesting the nuclear trans-
location of AIF only. Cyan indicates the overlay
of MIF (green) and DAPI (blue) suggesting the
nuclear translocation of MIF. Representative im-
munostaining images of MIF and AIF nuclear
translocation were shown in Figs. 4E and 5C and
fig. S17A.

Intracerebroventricular (ICV) injection

Three microliters of AAV2-MIF WT, E22Q and
E22A (1 x 10* GC/ml, Vector BioLabs) were in-
jected into both sides of intracerebroventricular
of the newborn MIF KO mice (4I). The expres-
sion of MIF and its variants were checked by
immunohistochemistry after MCAO surgery at 8-
16 weeks of age.

Neurobehavioral activity

Spontaneous motor activity was evaluated 1 day,
3 days and 7 days after MCAO by placing the
animals in a mouse cage for 5 min. A video camera
was fitted on top of the cage to record the activity of
a mouse in the cage. Neurological deficits were
evaluated by an observer blinded to the treatment
and genotype of the animals with a scale of 0-5 (0,
no neurological deficit; 5, severe neurological de-
ficit). The following criteria were used to score
deficits: 0 = mice appeared normal, explored the
cage environment and moved around in the cage
freely; 1 = mice hesitantly moved in cage but
could occasionally touch the walls of the cage, 2 =
mice showed postural and movement abnormal-
ities, and did not approach all sides of the cage,
3 = mice showed postural and movement ab-
normalities and made medium size circles in the
center of cage, 4 = mice with postural abnormal-
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ities and made very small circles in place, 5 =
mice were unable to move in the cage and stayed
at the center. Recordings were evaluated by ob-
servers blinded to the treatment and genotype of
the animals.

The corner test was performed 1 day, 3 days
and 7 days after MCAO to assess sensory and
motor deficits following both cortical and striatal
injury. A video camera was fitted on top of the
cage to record the activity of a mouse in the cage
for 5 min. The mice were placed between two
cardboards each with a dimension of 30 cm X 20
cm X 0.5 mm attached to each other from the
edges with an angle of 30° Once in the corner,
the mice usually rear and then turn either left or
right. Before stroke mice do not show a side pref-
erence. Mice with sensory and motor deficits fol-
lowing stroke will turn toward the non-impaired
side (right). Percent of right turn = right turns/
total turns x 100 was calculated and compared.
Recordings were evaluated by observers blinded
to the treatment and genotype of the animals.

Animals

The Johns Hopkins Medical Institutions are fully
accredited by the American Association for the Ac-
creditation of Laboratory Animal Care (AAALAC).
All research procedures performed in this study
were approved the Johns Hopkins Medical Insti-
tutions Institutional Animal Care and Use Com-
mittee (IACUC) in compliance with the Animal
Welfare Act regulations and Public Health Service
(PHS) Policy. All animal studies were performed
in a blinded fashion. Mouse genotype was deter-
mined by K.N. Stroke surgery was performed by
R.A. Mouse genotypes were decoded after the
stroke surgery, mouse behavior tests and data
analysis. Based on their genotype, mice were
grouped as WT, KO, KO-WT, KO-E22Q and KO-
E22A. Within each group, mice were randomly
assigned to subgroups including sham, 1 day-post
stroke, 3 days- or 7 days-post stroke.

Statistical analysis

Unless otherwise indicated, statistical evaluation
was carried out by Student’s ¢ test between two
groups and by one-way analysis of variance (ANOVA)
followed by post hoc comparisons with the
Bonferroni test using GraphPad Prism software
within multiple groups. Data are shown as means +
SEM. P <0.05 is considered significant. Experi-
ments for quantification were performed in a
blinded fashion. In order to ensure adequate
power to detect the effect, at least 3 independent
tests were performed for all molecular biochem-
istry studies and at least 5 mice from 3 different
litters were used for animal studies.
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QUANTUM SIMULATION

Realization of two-dimensional
spin-orbit coupling for
Bose-Einstein condensates

Zhan Wu,?? Long Zhang,"*® Wei Sun,?® Xiao-Tian Xu,">? Bao-Zong Wang,"**
Si-Cong Ji,? Youjin Deng,”>? Shuai Chen,?"3* Xiong-Jun Liu,*** Jian-Wei Pan">3*

Cold atoms with laser-induced spin-orbit (SO) interactions provide a platform to
explore quantum physics beyond natural conditions of solids. Here we propose and
experimentally realize two-dimensional (2D) SO coupling and topological bands for a
rubidium-87 degenerate gas through an optical Raman lattice, without phase-locking
or fine-tuning of optical potentials. A controllable crossover between 2D and 1D SO
couplings is studied, and the SO effects and nontrivial band topology are observed by
measuring the atomic cloud distribution and spin texture in momentum space. Our
realization of 2D SO coupling with advantages of small heating and topological
stability opens a broad avenue in cold atoms to study exotic quantum phases,

including topological superfluids.

he spin-orbit (SO) interaction of an elec-
tron is a relativistic quantum mechanics
effect that characterizes the coupling be-
tween the motion and spin of the electron
when moving in an electric field. In the
rest frame, the electron experiences a magnetic
field proportional to the electron velocity and
couples to its spin by the magnetic dipole in-
teraction, rendering the SO coupling. The SO in-
teraction plays an essential role in topological
insulators, which have been predicted and ex-
perimentally discovered in two-dimensional (2D)
and 3D materials (7, 2), and topological super-
conductors (3, 4), which host exotic zero-energy
states called Majorana fermions (5) and still
necessitate rigorous experimental verification.
For topological insulators, the strong SO inter-
action leads to band inversion, which drives
topological phase transitions in such systems.
In superconductors, triplet p-wave pairing may
occur when SO coupling is present and results
in topologically nontrivial superconductivity
under proper conditions (6).
Recently, there has been considerable interest
in emulating SO effects and topological phases
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with cold atoms, driven by the fact that cold atoms
can offer extremely clean platforms with full con-
trollability to explore such exotic physics. In cold
atoms, the synthetic SO interaction can be gen-
erated by Raman coupling schemes that flip atom
spins and transfer momentum simultaneously
(7, 8); 1D SO interaction (9) has been successfully
demonstrated in experiment for both cold boson
(10, 11) and fermion degenerate gases (12, 13).
With the 1D SO coupling, which corresponds to
an Abelian gauge potential (74), one can study
effects such as the magnetized or stripe ground
states for bosons (15-18), spin dynamics (19, 20),
and 1D insulating topological states for fermions
(21). Realizing higher dimensional SO couplings,
which correspond to non-Abelian gauge poten-
tials (7, 8), can enable the study of a broader range
of nontrivial quantum states such as topological
insulators driven by 2D and 3D SO interactions
(1, 2). Furthermore, a 2D SO interaction is the
minimal requirement to reach a gapped topolog-
ical superfluid phase through a conventional s-
wave superfluid state (22, 23).

Several schemes have been proposed for gen-
erating 2D and 3D SO couplings (7, 8, 24-26).
Notable progress was recently achieved when 2D
SO couplings were demonstrated for pseudospins
defined by two dark states in an empty tripod
system (27). However, realizing 2D SO coupling
for quantum degenerate atom gases remains
challenging. Very recently, it was proposed that
2D SO coupling can be realized by a simple optical
Raman lattice scheme that applies two pairs of
light beams to create the lattice and Raman po-
tentials simultaneously (28). However, this scheme
requires the challenging realization of two Raman
transitions with a locked relative phase. Here we
propose a minimal scheme that overcomes these

challenges and realizes 2D SO coupling with $’Rb
Bose-Einstein condensates (BECs).

Theoretical proposal

‘We aim to realize 2D SO coupling and topological
band for ultracold atoms on a square lattice with
the Hamiltonian

K>
H= {— + Vm(m)} ® 1+
2m

Ma(2,2)0, + My(2,2)0y + M0, (1)

where h is Planck’s constant £ divided by 2r, Kk is
the wave vector that represents the momentum of
the atoms, 1 is the 2-by-2 unit matrix, c,, . are
Pauli matrices acting on the spins, m is the mass
of an atom, V}, denotes the lattice potential in
the az plane, M, are periodic Raman coupling
potentials, and m,, is a tunable Zeeman constant.
The lattice potential V7, is spin-independent and
can induce nearest-neighbor hopping that con-
serves the atom spin, whereas M, ,, induce hopping
that flips atom spin. This is different from the laser-
assisted tunneling scheme without spin-flip (29-31).
The overall effect of hopping along & and # direc-
tions results in 2D SO coupling, which can lead to
nontrivial topological bands for the square lattice.
Here we propose to realize the Hamiltonian
(Eq. 1) through a minimal scheme, which is generic
and applicable to both boson and fermion atoms.
Figure 1 illustrates the realization in a *’Rb Bose
gas, with [1) = |1,-1) and |]) = [1,0); the hyper-
fine state |1, +1) can be removed by a sufficiently
large two-photon detuning. The minimal ingre-
dients of the realization include a blue-detuned
square lattice created with two light components
denoted by the blue lines, and the periodic Raman
potentials generated together with additional
light components denoted by the red lines (Fig.
1A). Both ingredients can be achieved with a sin-
gle in-plane (22) linearly polarized laser source.
The initial phases of the light beams have no
effect on this optical Raman lattice scheme (32),
and we neglect them in the following discussion.
The optical lattice is generated by Ej, and Ep.
(blue lines), which are incident from horizontal
() and vertical () directions, respectively (Fig. 1A),
and can be created from a single light of frequency
; by a beam splitter. The beams are reflected
by two mirrors (M, and M,) and form standing
waves in the intersecting area described by
Ey, = 8Ee./*cos(kox — @1/2) and Ep, =
&E1.€"1/2 cos(koz — @1./2), where Ey, )y, are
amplitudes and the phase @1, = koL is acquired
through the optical path L from the intersecting
point to mirror M, then to M,, and back to the
intersecting point, with ko = w;/c. For alkali
atoms, we can show that the optical potential
generated by linearly polarized lights is spin-
independent when the detuning A is much
larger than the hyperfine structure splittings
(32). The lattice potential then takes the form

Viaw (@, 2) = Voacos® (kox — @, /2)+
Vozcos*(koz — ¢, /2) (2)

where Vo /0: = h1Qy)z |* /A. The Rabi frequency am-
plitudes of the standing waves Q. =def-Eqy/12/ 1,
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where Ey, /1, = Eiz/1:4/4 and the effective dipole
matrix d.s takes into account the transitions
from a ground state (g3, ) to all relevant excited
states in D; and D, lines (Fig. 1B). The lattice
potential induces spin-conserved hopping, as
illustrated in Fig. 1D.

The Raman couplings are induced when another
beam E,, of frequency w, is incident from the &
direction. The light components Ey, and E,,
can be generated from a single laser source via
an acoustic-optic modulator (AOM), which con-
trols their frequency difference 5w = w; —m, and
amplitude ratio Eo./E.. The light E,. generates
plane-wave fields E,, = #E,.e”* and E,, =
E o eihowtor=doL) wwhere the irrelevant initial
phase is neglected (32). The relative phase 3¢, =
L3w/c, acquired by E,,, is a crucial parameter,
which can be precisely manipulated by changing the
optical path L or dw, and it controls the di-
mensionality of the realized SO coupling. The
standing-wave and plane-wave beams form a
double-A type configuration (Fig. 1C), with Ej,
and E,, generating one Raman potential via |F, 0)
in the form My,cos(kox — @ /2)e'ko==91/2) and
E;; and E,, producing another one via |F, -1) as
Moycos(koz — @r,/2)e hor-01/2)=%¢1  Note that
lattice sites of a blue-detuned lattice are located
around zeros of optical fields. It follows that terms
such as cos(kox — @1./2)cos(koz—1./2), which is
antisymmetric with respect to each site in both &
and g directions, have small contribution to low-
band physics. Neglecting such terms yields

M (2, 2) = My —M,cosder, (3)

A

Fig. 1. Proposal of the optical Raman lattice scheme. (A) Sketch of the
setup for realization. The light components Ey, 1, (blue lines) form a spin-
independent square optical lattice in the intersecting area and generate two
periodic Raman potentials, together with the light components E, », (red lines).
(B) Optical transitions to generate lattice potentials by £, 1, for the states |1, mg)
(mr =0,-1),with |t) = |1,-1) and [{) = |1, 0), including all relevant D; and D,
transitions. Here, F is the quantum number of hyperfine states, mg is the
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My (2, 2) = Mysindy, (4)

Here M/, = Mo,/ycos(kox/z — @L/2)sin(koz/
X — (pL/2), with MOx/MOy = EL’Z‘EZZ/(EIZEZZ)
(82). Together with an effective Zeeman term
(m, = h8/2), which is controlled by tuning the
two-photon detuning & (Fig. 1C), we reach the
effective Hamiltonian (Eq. 1). Note that M, (M)
is antisymmetric with respect to each lattice
site along the & (%) direction (Fig. 1, E and F). This
feature has an important consequence that M,
(M,) leads to spin-flipped hopping only along 2
(2) direction. Moreover, the phase difference d¢y,
governs the relative strength of the o, and o,
terms and thus determines the dimensionality of
the SO coupling. For example, setting dw = 50 MHz
yields 8¢y, = n/2 for L = 1.5 m, resulting in op-
timal 2D SO coupling. Further increasing the
optical path to L = 3.0 m gives 8¢, = &, and the
SO coupling becomes 1D. This enables a fully
controllable study of the crossover between 2D
and 1D SO couplings by tuning d¢y, and provides
a comparison measurement to confirm the real-
ization of 2D SO interaction.

2D SO coupling and topological band

The Hamiltonian (Eq. 1) has an inversion sym-
metry defined by (6, ® Rap)H (0, @ RQD)’1 =H,
where the 2D spatial operator R,yp transforms
the Bravais lattice vector R — —-R. For the s-
band, the Bloch Hamiltonian is given by H(q) =
[m - 2txo(c0Sga + 08¢za)]0; + 250ysing a +
21y, 0,8ing.a, which, around the I" point, takes
the form H(q) = [m, - 4ty + toa*(@2 + ¢2)]o.+

B |F,mp— 1) |F,mg) |F,mg+ 1)

[1,mp)

M,

AsoqzOy + Asoq=0z, With the SO coefficient As, =
2ats, being tunable by varying Raman coupling
strength (32), unlike in the previous schemes
(10-13, 27). Here, t, and t,, denote the spin-
conserved and spin-flip hopping coefficients,
respectively, and a is the lattice constant. This
is a quantum anomalous Hall model driven by SO
coupling (28), which cannot be exactly realized
in solid-state materials. It was shown (33) that
the topology of inversion symmetric Chern bands
can be determined by the product of the spin-
polarizations P(A;) at four highly symmetric mo-
menta © = IT} ;sgn[P(A;)], with the momenta
{A;} ={G(0,0),X;(0,n),X5(m,0),M(m,m)}. The
topological (or trivial) phase corresponds to © =
-1 (or +1). Two typical examples are shown in
Fig. 2 by exactly diagonalizing H, with V¢, . = 5E;,
Moyy = 1.2E;, 8¢y, = /2, and m, = 0.1E, (Fig.
2, A, B, E, and F) or m, = 0.4E; (Fig. 2, C and D),
where the recoil energy is E, = /#k2/2m. For the
chosen parameters, the lowest two subbands are
gapped (Fig. 2, A to D). When m,, = 0.1E, the spin
polarizations at the I" and M points are opposite
(Fig. 2, B, E, and F), implying that the band is
topologically nontrivial. In contrast, the polar-
izations are the same for m, = 0.4E, (Fig. 2D),
and the band is trivial.

The present scheme displays several essential
advantages: (i) Fluctuations, such as those caused
by the mirror oscillations, have a tiny effect on L
and, thus, do not affect 8¢, appreciably. The
initial phases of light beams globally shift the
optical Raman lattice but cannot affect the rel-

ative configuration between V3,; and the Raman

C ron IF,0)
Al 1 Py
A+ A, ,
Pyjn
EZx EZZ
Elz Elx
i
L - N
[1,0)
F

quantum number of magnetic substates, and A denotes the fine-structure
splitting. (C) Two periodic Raman potentials are generated through a double-A
type configuration by Ey, 5, and Ey, o, respectively. (D to F) Profiles of lattice
potential for Vo, = Vo, = 5E; (D) and Raman potentials M, (E) and M,, (F) for
Moy = Mo, = 1.2E,. The color intensity characterizes the relative height of the
potentials. The Raman potentials M, and M,, are antisymmetric (or symmetric)
with respect to the lattice site along the x (or z) and z (or x) directions, respectively.
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potentials (32). Thus, the present scheme is in-
trinsically immune to any phase fluctuations in
the setting, which avoids the need for phase-
locking, a challenging task in practical realizations.
(i) Aslongas E, = Ey, and Es, = E,,, which
are easily accomplished, the system becomes
uniform in the x and z directions: 7y, = V,, and
Mo, = My,. No fine-tuning of optical potentials
is required. (iii) All of the coupling beams can be
created from only a single laser source, simplify-
ing the experimental layout. (iv) Compared with
the generation of 1D SO coupling, the present
double-A Raman configuration (Fig. 1C) does not
suffer additional instability or heating in the
realization. These advantages render the present
scheme immediately feasible in ultracold atom
experiments with the current technology.

Experimental setup

In our experiment, a BEC of about 1.5 x 10° 8Rb
atoms in the state |1, -1) is prepared in a crossed
optical dipole trap with trapping frequencies of
{wz, 0y, 05} = 21 x {45,45,55}Hz, which can
suppress the antitrapping effect of blue detuned
lights. A bias magnetic field of 49.6 G is applied
along the # direction to generate the Zeeman
splitting and determine the quantization axis. As
shown in Fig. 3A, three laser beams (wavelength =
767 nm) in the xz plane illuminate the atoms for
the generation of the Hamiltonian (Eq. 1). Among
these laser beams, a pair of counterpropagating
lasers with the same frequency w; (the blue lines
in Fig. 3A labeled as “lattice lasers”) produces the
two-dimensional optical lattice. These two lasers

A Topological

o
fing E =
3.4
1 o\/o1

q,/k, -

qz/ kO

E(q)/E,

are incident along the & and 2 directions, re-
spectively, and are reflected by two mirrors (M,
and M,) to form the standing waves in both
directions. The polarizations are set in the az
plane so that the interference between the Zand &
directions is automatically avoided. The third
laser with frequency w, (the red line in Fig. 3A
labeled as “Raman laser”) is a running wave,
which is incoming along the # direction with the
same polarization as the lattice lasers. All three
laser beams are generated from the same Ti:
sapphire laser, and the frequencies and amplitudes
of these beams are controlled by two phase-locked
AOMs. Thus, the phase coherence is automa-
tically kept, and no additional phase-locking is
needed. The Raman and lattice lasers are also
coupled into the same optical fiber and then lead
to the science chamber, which helps to avoid the
phase noise due to the imperfect overlap in prop-
agation. The frequency difference w; —m, is set
to 35 MHz to match the Zeeman splitting be-
tween the [1,-1) and |1, 0) states. The [1,1) state
is effectively suppressed because of a large qua-
dratic Zeeman splitting, and the system can be
treated as a two-level system. The detuning m,
can be adjusted by tuning the bias magnetic
field. By controlling the intensities of the lattice
and Raman lights, we set the lattice depth as
Vox = Vo and the Raman coupling strength as
Moy = Moy.

In the experiment, the BEC is first prepared
in the dipole trap with the bias magnetic field
being switched on. Then, the intensities of the
lattice and the Raman beams are simultaneously

C Trivial

E(q)/E,

X M r

ramped up to the setting value in 40 ms. As a
consequence, the BEC atoms are adiabatically
loaded in the local minimum of the lowest band
at the I" point. The phase difference 3¢y, in the
Hamiltonian can be achieved by setting the prop-
agating length between the two mirrors M; and
M. The detection is performed in the same way
as described in (11, 18, 34). The spin-resolved
time-of-flight (TOF) imaging is taken after all
laser beams and the bias magnetic field are
suddenly turned off and the gas has expanded
freely for 24 ms within a gradient magnetic field
to resolve both the momentum and spin.

Experimental results

To demonstrate the realization of 2D SO coupling,
we study the crossover effect in the BEC regime by
tuning 6¢1,. At m, = 0 and by preparing the atoms
in the spin-up state, we can adiabatically load the
87Rb condensate into the I" point. Then, we per-
form the spin-resolved TOF expansion, which
projects Bloch states onto free momentum states
with fixed spin polarizations. Figure 3B shows
the TOF images for various values of .. For the
spin-up (|1)) state, five atom clouds are observed:
The major portion of the BEC cloud remains at
momentum (k,, k.) = (0, 0), whereas four small
fractions are transferred to momenta (+2%, 0)
and (0, +2k, ) by the first-order transitions due to
the lattice potential V5. Depending on 3¢y, two
or four small BEC clouds are formed in the ||)
state at the diagonal corners with momenta
(*ko, ko). This is a consequence of SO coupling;
the atom clouds are generated by the Raman

éé

lowest subband

-0.5

0 0.5
qx/kO

second subband

éé

?

-1 -05 0 05
q,/k,

—_

Fig. 2. Band structure and spin texture with 2D SO interaction. This figure shows an example of gapped band structure with nontrivial band topology (A), spin
texture along the loop I'-X-M-T" (B), and spin polarization distributions (c,) of the lowest band (E) and the second band (F) for m, = 0.1E,. (C and D) Example of a
trivial band with gapped band structure (C) and spin texture along the loop I'-X-M-T" (D) for m, = 0.4E.. For all panels, we take Vo, = Vo, = 5E;, Moy = Moy, = 1.2E,,

and d¢ =n/2.
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transitions, which flip spin and transfer momenta
of magnitude v/2k, along the diagonal directions.
As given in Egs. 3 and 4, the Raman terms M,
and M, depend on &¢y. For ¢y, = /2, four
small clouds in the || ) state with TOF momentum

Probe lasers

Optical Dipole
Trap Lasers

2-10 12 2-10 12

-2-10 1 2
K, /K,

= (*ko,+ko) are observed (Fig. 3B), reflecting
the 2D SO coupling. On the other hand, by tuning
the relative phase to 3¢, = 3n/4, the population
of atom clouds in the two diagonal directions
becomes imbalanced. Furthermore, the system

c

0.5

I
IS

0.3

Aysueq eando

2-1 01 2

Fig. 3. Experimental realization of 2D SO interaction and 1D-2D crossover. (A) Experimental setup.
B is the biased magnetic field, which generates the Zeeman splitting and gives the quantum axis of the
atoms. (B) Spin-resolved TOF images of BEC atoms for 8¢ = n/2, 8¢ = 3n/4, 8¢ ==, and ¢ = 2r. The
other parameters are measured as Vo, = Vo, = 4.16E, Mo, = Mo, = 1.32E,, and m, = 0. (C) Measured
imbalance W between the Raman coupling—induced atoms in the two diagonal directions as a function of the
relative phase 8¢, compared to a cosine curve cosdoy . The results are averaged over ~30 TOF images.

A ; T=75nK T=125nK T=175nK T=250nK P
) +1 6
-0.5
S L 3 |
o
1 lg
-1-05 0 05 1 -05 0 05 1 -05 0 05 1 -05 0 05 1
q,/ko
T=263+ 12nK

T=118+ 13nK

T=169+ 15nK

P
6

-1 -05 0 05 1 -05 0 05

1

H,

-0.5 0 05 05 0 05 1

a,/kq
Fig. 4. Spin texture at different temperatures with ¢, = n/2. (A) Numerical calculations for temper-
atures T = 250, 175, 125, and 75 nK. P is the polarization of the atomic spin, where +1 means spin up and
-1 means spin down. (B) Experimental measurements of spin polarization at different measured tem-
peratures. Parameters for the numerical calculation are the same as the experimental parameters:
VOX = VOZ = 416Er, MOX = MOy = 132Er, and m, = 0.
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reduces to 1D SO couplings when 8¢, = n and
2m, with M, = M,+M, and M, = 0. In this
case, the Raman pumping generates only a
single diagonal pair of BEC clouds, as shown in
Fig. 3B for 8¢y, = m, 2. This is similar to the
1D SO coupling in the free space in (1), where
the Raman coupling flips the atom spin and gen-
erates a pair of atom clouds with opposite mo-
menta. Figure 3B also shows that there is a
difference of distribution between the lower
left and upper right BEC clouds at || ), which is
due to non-tight-binding correction. A simple
analysis reveals that although the fully anti-
symmetric Raman terms cos (ko + 0.)cos(koz + B)
have negligible effects in the tight-binding limit
of the lattice, they give finite contributions in
the moderate lattice regime and are responsible
for such difference of distribution (32). To quantify
the crossover effect, we define W = (N _s~N )/
(N3_s+ Nz to characterize the imbalance of
the Raman coupling-induced atom clouds, with
N4 denoting the atom number of the two BEC
clouds along the diagonal #+£ direction. W can
be fitted by a simple cosine curve cosdo;, (Fig.
30), reflecting the crossover between the 2D and
1D SO couplings realized in the present BEC
regime.

Next, we focus on the 2D isotropic SO coupling
with 8¢y, = 1/2, measure the spin distribution in
the first Brillouin zone, and detect the topology
of the bands by varying the bias magnetic field to
tune 4, which governs m.. For this purpose, we
need a cloud of atoms with a temperature such
that the lowest band is occupied by a sufficient
number of atoms, whereas the population of
atoms in the higher bands is small. A similar
procedure used in the above BEC measurement
is followed, except that the atoms are cooled to
relatively higher temperatures, which are measured
a posteriori using the momentum distribution
of hot atoms. After a TOF expansion, we obtain
the atom distributions of both spin-up and spin-
down states in the momentum space and then map
them back to the Bloch momentum space accord-
ing to the plane-wave expansion of eigenfunctions.
We define the spin polarization P(q) = [n4(q) -
n(q)]/[n (@) + ny(q)], with 7, (q) being the
density of atoms of the corresponding spin state
in the first Brillouin zone. Figure 4, A and B, shows
the numerical results and experimentally mea-
sured spin polarizations at different temperatures,
respectively, for m, = 0, Vo, = Vo, = 4.16E;, and
My, = Moy = 1.32E,. In performing numerical
simulation, the finite temperature effect is taken
into account based on the Bose-Einstein statistics
F(E) = 1/[eFa=w/BT) 1] with kg the Boltzmann
constant and E, given by band energies of the
Hamiltonian (Eq. 1), plus the Kinetic energy
hij /2m due to the motion in the out-of-lattice
plane (y) direction. The average atom density is
taken as 7 = 3 x 10 m™3, which determines the
chemical potential p. There is good agreement
between the theoretical and experimental results,
which demonstrates the feasibility and reliability
of the spin polarization measurement. Further-
more, the results in Fig. 4 suggest that a tem-
perature around 7 = 100 nK is optimal to extract
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Fig. 5. Spin texture and band topology with 3¢, = n/2. (A and B) Spin texture at different m, by tuning the two-photon detuning. Experimental
measurements (B) are compared to numerical calculations at T =100 nK (A). (C and D) Measured spin texture in topologically trivial bands at m, = —0.6E, (C)

andm; =

0.6E; (D). (E and F) Measured spin polarization P(A;) at the four symmetric momenta {A;} = {I", X;, X2, M} as a function of m; (E), and the product

0= Hﬁzlsgn[P(A,)] (F), which determines the Chern number Ch; and characterizes the topology of the band. In all the cases, we set Vo, = Vo, = 4.16E, and

Moy = Mo, = 1.32E,.

the spin-texture information of the lowest band.
In comparison, if the temperature is too high,
atoms are distributed over several bands and the
visibility of the spin polarization will be greatly
reduced, whereas too low a temperature can also
reduce the experimental resolution because the
atoms will be mostly condensed at the band
bottom.

We then measure the spin polarization as a
function of detuning m,, to reveal the topology of
the lowest-energy band, with 7, = V. = 4.16E,
and Mo, = Moy = 1.32E;. The numerical calcu-
lations and TOF-measured images of P(q) are in
agreement (Fig. 5A and Fig. 5, B to D, respectively).
In Fig. 5E, we plot the values of polarization P(A;)
for the four highly symmetric momenta I', X3, M,
and X,. P(X;) and P(X,) always have the same
sign, whereas the signs of P(G) and P(M) are
opposite for small |m,| and the same for large
|m|, with a transition occurring at the critical
value of |m| that is a bit larger than 0.4E,. At
transition points, the spin polarization P(X;)

SCIENCE sciencemag.org

or P(X,) vanishes due to the gap closing and
thermal equilibrium. From the measured spin
polarizations, the product © and the oonespondmg
Chern number, given by Ch; = - 1= @ ,sen
[P(Ay)] (32, 33), can be read off (Flg 5Ty, A nu-
merlcal calculation using exact diagonalization
(32) in the present experimental parameter regime
can show two transitions between the topolog-
ically trivial and nontrivial bands near m{ =
+0.44E,, according to the theory in (33), which
agrees with the experimental observation. Note
that around m, = 0, the spin polarizations at X ,
change sign through zero, implying the gap closing
at X;, and a change of Chern number by 2. This
confirms that for the 2D SO-coupled system re-
alized in the present experiment, the energy band
is topologically nontrivial when 0 < |m;| < |m¢|,
whereas it is trivial for [m,| > |mg).

Estimation of heating

The heating rate of the dipole trap is measured to
be 18 nK/s, mainly owing to the photon scattering

and the intensity noise. This results in a BEC
lifetime of about 10 s. The heating rate of the
lattice and the Raman lights caused by photon
scattering is about four times that of the dipole
trap, in the regime for V, = 4.16E, and M, =
1.32E; (32). Nevertheless, in the current exper-
iment, residual heating is induced by the fluc-
tuation of the bias magnetic field, which drives
additional spin-flip dynamics in the presence
of resonant Raman couplings. This contribu-
tion to the heating is about one order higher
that of the dipole trap, reducing the lifetime of
the SO-coupled BEC to just 