TUMOR BIOLOGY

Cellular Changes on the
Route to Metastasis

Before marching his army into battle, any
good general wants to gather as much intelli-
gence as possible about the enemy. The goal,
of course, is to find the weak points—the
Achilles’ heel—where the opposing forces
are most likely to succumb to an attack. That’s
the strategy now being pursued by the scien-
tific generals waging war on one of the body’s
most insidious and dangerous enemies—
breast cancer. By comparing breast cancer
cells with their normal counterparts, they are
trying to pick up the biological changes that
cause the cancer cells not only to grow out of
control in their original site but, worse, to
spread and form tumors at distant organs,
including the lung, bone, and brain.

While the researchers on the front lines
would be the first to admit that their knowl-
edge of the adversary is by no means com-
plete, they have identified a few promising
points of possible tumor vulnerability. In
particular, they've found that breast cancer
cells change their patterns of protein ex-
pression in two key ways: They make in-
creased amounts of proteins that stimulate
growth and help the diseased cells metasta-
size to distant organs, and at the same time
they decrease the production of proteins that
put the brakes on growth and metastasis.

Identification of these protein changes
could provide a route to successful attacks on
the cancerous cells. In fact, trials based on
blocking the action of growth- or metastasis-
enhancing proteins are already getting under
way. And that could be of help to a huge
number of women, since only 7% of women
with breast cancer have full-blown metastases
in distant organs when their cancer is first
detected. Which tells researchers, says mo-
lecular biologist Patricia Steeg of the Na-
tional Cancer Institute (NCI), that “a tremen-
dous therapeutic window” is still open at the
time of diagnosis. (See Perspective by Marc
Lippman on “The Development of Biologi-
cal Therapies for Breast Cancer.”)

But finding out what makes tumor cells
become metastatic isn’t just the equivalent
of finding an Achilles’ heel in a powerful
opponent’s defenses. It's also analogous to
intercepting the same enemy’s coded signals.
The reason is that some of the same protein
changes may be used to identify patients
whose cancers are most likely to metastasize
and are therefore most in need of aggressive
chemotherapy or other systemic therapy once
their primary breast tumors have been surgi-
cally removed. There’s now a desperate need
for such prognostic indicators, especially for
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“node-negative” women—the roughly 50%
of breast cancer patients whose lymph nodes
show no sign of cancer spread at the time of
their original surgery.

Although these women have a much bet-
ter chance of remaining disease-free than
node-positive women, they nonetheless must
face a daunting fact: There'sstill a 30% chance
that their cancer will return. Some indica-
tors, such as loss of receptors for the hor-
mones estrogen and progesterone (see box),
have been in use for several years, but none of
them predict with complete reliability which
node-negative patients are likely to relapse.
These women are therefore forced to make
an agonizing choice between undergoing che-
motherapy, which often has debilitating side
effects—and which may well be unneces-
sary—and taking their chances that they
won't be one of the unfortunate 30%. Hence
current efforts to understand the biology of
breast cancer cells could not only point the
way to better breast cancer therapies, it could
also help women decide how much treat-
ment they need.

Increased supply lines

Several cellular changes have already emerged
that might fit the bill as good predictors of
metastasis. Many appear to be working to
increase the proliferation of tumor cells. In
work done a few years ago, for example, tu-
mor biologist Robert Kerbel of the Univer-
sity of Toronto found that metastatic breast
cancer cells can outgrow nonmetastatic cells
both in lab cultures and in a mouse model.
“Cells that have the capacity to metastasize
may have a growth advantage that not only
allows them to grow at the distant sites, but

also in the primary tumor,” concludes Kerbel.

But simply having a proliferative advan-
tage isn’t sufficient for tumor cells to form a
tumor of more than minimal size. Like an
invading army, a tumor’s ability to grow,
and then to metastasize, is intimately linked
to its ability to expand its lines of supply—
in this case to grow new blood vessels. In-
deed, from the clinical point of view, one of
the more promising biological changes re-
searchers are focusing on is a tumor’s cap-
acity to stimulate vascular growth, a process
known as angiogenesis.

At some point in their development, tu-
mor cells begin putting out several angiogenic
proteins, such as basic fibroblast growth fac-
tor and vascular-endothelial cell growth fac-
tor. Although it’s not yet clear exactly what
triggers the factors’ release, an accumulation
of two decades worth of evidence shows that
tumors need their own blood supply to grow
beyond a size of 2 to 3 millimeters. And since
small, nonvascularized tumors rarely metas-
tasize, it is a good bet that the blood vessels
provide an opening—the “hole in the dam,”
as molecular biologist Adrian Harris of the
Imperial Cancer Research Fund’s lab in Ox-
ford, England, describes it—through which
metastatic cells can escape and spread to dis-
tant sites in the body.

About 3 years ago, these observations led
angiogenesis researcher Judah Folkman of
Harvard Medical School, and pathologist
Noel Weidner, then also at Harvard, to see if
they could find any correlation between the
extent of angiogenesis in breast cancers and
metastasis. Their approach was relatively
straightforward: They stained tumor tissue
obtained from women treated for primary
invasive breast cancer at Brigham and
Women’s Hospital in Boston between 1978
and 1983 with an antibody to clotting factor
VIII, which is made exclusively by the endot-
helial cells lining blood vessels. The result:
As the number of vessels counted per high
power microscope field went up, so did the
likelihood of metastasis, Folkman says. Only

Some Tumor Changes Linked to Poor Breast Cancer Prognosis

Characteristic Change Effect Status as
prognostic marker
Estrogen receptor Lost Loss of normal growth In use
control
Progesterone receptor Lost Loss of normal growth In use
control
Angiogenesis High blood  Blood vessel proliferation Experimental
vessel count promotes tumor growth and
escape of metastatic cells
erbB2/HER2/neu gene Amplified Increased number of Experimental
growth factor receptors
nm23 gene Activity Increased tumor cell Experimental
decreased motility? Other?
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one of seven women with a count below 33
developed metastases, compared to all 15
women with counts above 100. Those with
intermediate counts had intermediate
metastasis rates. The extent of angiogenesis
“predicted the occurrence of metastasis better
than other indicators,” Folkman concludes.

Since then, the result has been confirmed
in reports from four other groups, including
Harris,’ as well as in a second and larger study
by the team led by Weidner, who is now at
the University of California, San Francisco,
and Folkman. In a particularly encouraging
development, the researchers are finding that
measuring the extent of angiogenesis in
breast tumors may help to identify the node-
negative women who are likely to relapse.
“It’s good for picking out prognosis in node-
negative as well as in node-positive women,”
Harris says.

Because the growth of both the primary
tumor and metastatic tumors depends on their
ability to stimulate new blood vessel growth,
angiogenesis may also be a good therapeutic
target for breast and other cancers. Finding
drugs that block blood vessel growth into
tumors may not be an easy job, however,
since tumors produce not just one, buta range
of angiogenic factors. Indeed, the Harris group
has found that one line of cultured breast
cancer cells produces at least four angiogenic
proteins: basic fibroblast growth factor, vas-
cular-endothelial growth factor, pleiotrophin,
and platelet-derived endothelial cell growth
factor. Nonetheless, researchers are suffi-
ciently hopeful about the anti-angiogenesis
approach to cancer therapy that they are be-
ginning clinical trials. For example, Marc
Lippman’s group at Georgetown University
School of Medicine in Washington is testing
pentosan polysulfate, a drug that blocks the
activities of basic fibroblast growth factor and
related angiogenesis-stimulating proteins, in
women with breast cancer.

Two trials have also recently gotten un-
der way in patients with Kaposi’s sarcoma, a
cancer that frequently afflicts people with
AIDS. One of these is being conducted at
NCI with a drug originally isolated from a
fungus by the Folkman group and the other is
being carried out at San Francisco General
Hospital with platelet factor IV, an angio-
genesis-inhibiting protein produced by the
biotech firm Repligen Corp. of Cambridge,
Massachusetts. All the trials are still in the
early stages and it’s too soon to tell how effec-
tive anti-angiogenic treatments will be.

Altered growth control patterns

In addition to studying and attacking a tumor’s
supply lines, cancer researchers are focusing
on cancer cells’ ability to stimulate their own
growth by releasing growth factors (although
this direct growth stimulation is not com-
pletely independent from angiogenesis, since
some of the same factors participate in both).
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g broblast growth factor, and the insu-
< lin-like growth factors. The cells may
§ also become more responsive to the
} growth factors they are producing
by making more of the receptors
through which the proteins act.
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Receptor gene targeted

One of those receptors, in particu-
lar, has gained a lot of attention re-
|g cently—because of its potential both

|8 as a prognostic indicator and a ther-
2 apeutic target. About 5 years ago,
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Danger sign. The small can-
cer at the bottom of this breast
duct is already inducing angio-
genesis (indicated by orange
staining). At right is angiogen-
esis researcher Judah Folk-
man of Harvard.

Take, for example, Toronto’s
Kerbel. To follow up on his
observation that metastatic
breast cancer cells grow faster
than nonmetastatic cancer
cells, Kerbel switched to mela-
noma, which, because it is a skin cancer, can
be followed throughout all its developmental
stages, something that’s not been possible
with breast cancer.

The Kerbel group showed that as the skin
lesions progress from the early premalignant
state to advanced metastatic melanomas, their
properties change markedly. In particular,
cells from advanced melanomas produce
growth factors, including the angiogenesis-
stimulating basic fibroblast growth factor, that
are not made by normal cells or those of the
early lesions. What’s more, Kerbel and his
colleagues came up with a curious finding:
Proteins such as transforming growth factor
beta and interleukin 6 that inhibit the growth
of normal and early lesion cells stimulate the
growth of cells from advanced melanomas—
another change that may drive the cells to
increased growth.

This turnaround in the cells’ responses
took some observers, including NCI’s Steeg,
by surprise. “When I first saw some of the
papers | thought they were wrong. This is a
night and day difference in cell behavior, and
biology usually doesn’t work this way,” she
says. Steeg has since changed her mind about
the idea, however, as further work from
Kerbel’s group and others, including her own,
has provided continued support. “What we're
coming on is that in the final colonization
response [when metastatic tumors form] meta-
static cells may be inappropriately respond-
ing to negative signals.”

Kerbel’s melanoma model seems to apply
to breast cancer cells as well. Lippman’s group,
for example, has shown that breast cancer
cells pour out several growth-stimulatory pro-
teins, including epidermal growth factor, fi-
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Dennis Slamon’s group at the Uni-
versity of California, Los Angeles
(UCLA), School of Medicine found
that breast cancer cells from some
women have extra copies of a gene
variously known as erbB2, HER2, or
neu. As a result, the cells make
greater than normal amounts of the
erbB2 protein, which appears to be
the receptor for a growth factor.

Slamon and his colleagues went
on to show that women whose tu-
mors have this gene amplification
have a worse prognosis, with a
shorter disease-free interval and lower sur-
vival rates, than those whose tumors don’t
have it. Although there was controversy at
first as some groups were not able to detect
the correlation, larger studies done 3 years
ago by Slamon’s group and also by those of
Lippman and Harris (Science, 12 May 1989,
pp- 654 and 707) have borne out the original
conclusion. The later studies also suggest that
erbB2 amplification may be used to predict
the prognosis of node-negative, as well as
node-positive, women.

Additional evidence that erbB2 amplifi-
cation may enhance the ability of breast can-
cer cells to grow and spread comes from ani-
mal experiments in which Slamon’s group
introduced extra copies of the normal human
erbB2 gene into cultured human breast can-
cer cells. Not only did the growth rate of the
cells go up, but their ability to form tumors in
nude mice also increased “dramatically.”

The possibility that erbB2 amplification
and over-expression contribute to the patho-
genesis of breast cancer makes the erbB2 re-
ceptor protein another tempting target for
therapy. Test-tube and animal studies have
been encouraging, Slamon says. Antibodies
directed against the receptor protein inhib-
ited the growth of breast cancer cells in cul-
ture and in nude mice.

Buoyed by these results, the Slamon group
has gone on to conduct a “phase I” clinical
trial of a monoclonal antibody against the
erbB2 receptor in 10 women who have ad-
vanced breast cancer and whose tumors
overexpress the erbB2 gene. The trial was not
designed to find out if the antibody, which
was supplied by the biotech firm Genentech
Inc. of South San Francisco, is effective. In-
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stead its goal was to determine how the body
handles the antibody and to assess its toxic-
ity. And it’s passed these tests. The antibody
localized in the patients’ tumors, Slamon says,
and showed no toxic side effects in doses up
to 500 milligrams.

Because the particular antibody used for
this trial was of mouse origin, however, it
cannot be given more than once since it will
induce antibodies against itself. More recent-
ly, the Slamon group has been testing a “hu-
manized” antibody, made by Genentech re-
searcher Paul Carter, in which all but the
antigen-recognition portions of the molecule
are replaced by human antibody sequences.
This antibody worked about as well as the
original one in inhibiting breast tumor growth
in mice, Slamon says, and the 16 patients
who received single doses tolerated it well.

but that they have ovaries.”

studying RU-486.

capable of functioning.

resistant to the drug.

RS
Hormone Receptors: Dangerous Loss

Among the many changes in breast tumors that have been linked to poor patient survival
is loss of the receptors for the hormones estrogen and progesterone. Indeed, the absence of
these receptors on the surface of tumor cells is already in wide use as a prognostic indicator,
with chemotherapy generally prescribed for such patients even if there is no sign of spread
to the lymph nodes. Only recently, however, have researchers begun to get an idea of how
the loss of these receptors causes cancer cells to become more aggressive.

At first glance, it might seem that the receptor loss might be a good thing since
estrogen and progesterone are growth stimulators for normal breast cells. Indeed, expo-
sure to the hormones is considered to be an important factor contributing to the onset
of breast cancer. Noting that women who have their ovaries, the major source of
estrogen in the body, removed before age 35 rarely get breast cancer, endocrinologist
Kate Horowitz of the University of Colorado Medical Center in Denver says: “The
reason that women rather than men get breast cancer is not that women have breasts,

The UCLA workers are currently beginning
a multiple-dose toxicity trial in which they
will also look for therapeutic effects.

Gene’s loss is tumor’s gain

Although for growth factors and their re-
ceptors, such as the erbB2 protein, it’s over-
production that’s linked to tumor growth, in
other cases researchers have found that it’s
the loss of a particular protein product that
correlates with a poor prognosis. A recent
example comes from Steeg. In work done
about 6 years ago, she and her colleagues
identified a gene whose activity suppresses
the metastatic capabilities of melanoma
cells. The NCI workers subsequently showed
that the activity of the gene, which they
named nm23 (where nm stands for non-
metastatic), was low in breast tumors from

Losing the estrogen and progesterone receptors is bad, however, because when that
happens breast cancer cells apparently gain the ability to grow even in the absence of the
hormones. Not only does that make them very aggressive and dangerous, it also makes
them resistant to therapy. When breast cancer cells lose the receptors, for example, the
cancers can’t be treated with drugs that bind to the receptors and prevent the hormones
themselves from binding. The anti-estrogen tamoxifen, which is already widely used, is
one such drug. And RU-486, the progesterone-blocking drug best known for its use in
inducing abortions, is another candidate for breast cancer therapy. “If you could block
progesterone receptors, you could get a double-whammy,” says Horowitz, who is herself

As part of an effort aimed at understanding why tumors lose their sensitivity to
tamoxifen, molecluar biologist Suzanne Fuqua of the University of Texas Health Sci-
ence Center in San Antonio has found mutations in the estrogen receptor gene in breast
cancers that are estrogen receptor negative that may help explain why these cells are so
aggressive. In tumors from about half of the patients, the gene is missing the region that
encodes the portion of the receptor that binds estrogen. But the receptor’s inner portion,
which is that part that transmits the growth signal to the cell nucleus, remains intact and

This mutation is thus analogous to the one that converts the gene for the epidermal
growth factor receptor into a cancer-causing oncogene. The supposition is that with the
hormone- or growth factor-binding segment of the receptor gone, the inner portion
becomes locked in the active position. Or as Fuqua puts it, “ The gas pedal is on all the
time, and there’s no brake.” Fuqua cautions that she hasn’t done the clinical trials
needed to see if the patients who have the mutation are in fact resistant to tamoxifen,
although she has found that putting the mutant gene into breast cells makes them

-] M.
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women with positive lymph nodes and other
signs of poor prognosis. And just last year,
they took the observation a step further, show-
ing that low production of the protein en-
coded by nm23 correlates with reduced sur-
vival of breast cancer patients. Additional
studies buttressing the idea that loss of nm23
activity might contribute to a poor breast
cancer prognosis come from groups led by
Colm Hennessy of the University of New-
castle on Tyne in England, Katsuiku Hiro-
kawa of the Tokyo Metropolitan Institute
of Gerontology, and Robert Rees of the Uni-
versity of Sheffield in England.

While these correlations suggest that mea-
suring nm23 gene activity might give an-
other indication of breast cancer prognosis,
Steeg herself concedes that by themselves
they can’t prove that nm23 is a metastasis
suppressor. Indeed, loss or inactivation of the
gene might be merely a “bystander effect,”
caused by an alteration in another gene that
is the true culprit. So the NCI group submit-
ted their hypothesis to an acid test. They
transferred the normal nm23 gene into highly
metastatic melanoma or human breast can-
cer cells, both of which had the expected low
nm23 protein production. The result: By
boosting the production of the protein, the
transferred gene greatly reduced the number
of metastases the recipient cells form in ex-
perimental animals.

Exactly how nm23 might suppress meta-
stasis is unclear, although a possible clue
comes from experiments done by Bruce
Zetter’s group at Harvard Medical School.
Steeg supplied Zetter and his colleagues with
the mouse melanoma and human breast cell
lines with the transferred nm23 gene and also
unaltered control cell lines. Without know-
ing which were which, the Zetter group then
measured the cells’ ability to migrate in re-
sponse to several different substances, includ-
ing platelet-derived growth factor and insu-
lin-like growth factor-1, that stimulate the
motility of the unaltered cancer cells. When
the researchers broke the code, they found

" that in every case, the acquisition of thenm23

gene blocked the migration response. “The
metastatic cell gets out of the primary tumor
and into the circulation where it has a very
short half-life—about 30 to 60 minutes,” ex-
plains Zetter. “Therefore the one that mi-
grates out of the circulation most rapidly is
the one that will form a metastasis.”

Because nm23 suppressed responses to sev-
eral different chemoattractants, Zetter sug-
gests that it exerts its effect through a signal-
ing pathway common to them all. Steeg
agrees: “If | had to guess at what nm23 is
doing, I would guess it is modulating signal
transduction, although I don’t know how.”

If so, then it might be possible to find
drugs that fight metastasis by mimicking
nm23’s effects in the cell, although that’s not
likely to happen any time soon.



Genetic master switches?

Asresearchers identify more and more changes
as breast cells undergo their insidious progres-
sion to a malignant state, a central question
keeps coming up: What causes all those
changes? The leading hypothesis right now is
that it’s due to the loss of one or more “tumor
suppressor” genes, which are thought to keep
cell growth in check by regulating other genes,
possibly including those encoding growth fac-
tors and their receptors. The breast cancer
susceptibility gene that Berkeley geneticist
Mary-Claire King and several other groups are
now homing in on (see preceding article) may
be one such tumor suppressor gene. Another
is the p53 gene, which has already been im-
plicated in breast cancer, as well as several
other types of cancer.

Stephen Friend’s group at Massachusetts
General Hospital has found, for example, that
inactivation of the p53 gene may account for
perhaps 10% of hereditary breast cancer cases.
And in an intriguing related development
last fall, teams led by Thea Tlsty of the Uni-
versity of North Carolina in Chapel Hill and
Geoffrey Wahl of the Salk Institute in San
Diego reported results showing that p53 gene
inactivation not only causes a loss of normal
cell cycle control but also an increased fre-
quency of gene amplification—the same kind
of defect seen with erbB2. Suppressor gene
inactivation may therefore produce the
myriad changes contributing to the forma-
tion of malignant tumors in at least two ways:
by unleashing the activity of growth stimula-
tory genes and by causing genetic instability,
thereby producing gene amplifications and
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Metastasis suppressor? The
noninvasive tumor cells within
the breast duct have higher
nm23 gene activity than the tu-
mor cells invading the sur-
rounding tissue. Patricia
Steeg, nm23 discoverer.

other kinds of mutations.

One development that may
help in working out the con-
tributions thatall these genet-
ic alterations make to breast
cancer is a new system for cul-
turing human breast cells devised by Ole
Petersen of the University of Copenhagen,
Mina Bissell of the Lawrence Berkeley Labo-
ratory, and their colleagues. The work also
points up the importance of the basement
membrane, the layer of protein and carbohy-
drate that separates mammary epithelial cells,
which are the ones that give rise to breast
cancers, from underlying cells.

Molecular and genetic studies of breast
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|& cancerdevelopmenthave been han-
% dicapped, Bissell says, because “peo-
ple have not been able to culture
normal and tumor cells under condi-
tions where they can compare them.”
But Petersen and Bissell found that if
they culture normal mammary cells
in basement membrane material,
rather than on it as most researchers
do, the cells will form tiny, sac-like
structures that look very much like
the sac-like alveoli of breast tissue.
Under the same circumstances,
Bissell says, breast cancer cells form
structures that are three to four times
bigger than normal and “completely
disorganized.” By allowing direct
comparisons between the normal
and cancer cells, the culture system
should help find out just what goes
wrong during cancer development.
But even if all the important
changes can be identified, Kerbel
cautions that that still might not
enable physicians to predict a
woman’s prognosis with 100% ac-
curacy. He notes that about 15 prog-
nostic indicators have been identified so far.
“They always start with encouraging results.
But once the more rigorous trials are done,
they look less good,” Kerbel says. “I'm wor-
ried that we won’t ever be able to clearly
separate those who will progress from those
who won’t.” Still, he says, 95% to 99% might
be possible. “And then women will be able to
make an informed choice” about therapy.
—Jean Marx
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