global genome demethylation and a loss of
the ability to methylate newly integrated ret-
roviral DNA (/2). Domt3L is required spe-
cifically for the establishment of genomic
imprints but is dispensable for their propaga-
tion, and Dnmi3L is the only gene known to
be essential for the de novo methylation of
single-copy DNA sequences. The results of
this and prior studies (27) confirm that the
methylation of single-copy sequences and re-
peated sequences are independently regulat-
ed. The sequence of Dnmt3L suggests that
the protein is likely to function not directly as
a DNA methyltransferase but as a regulator
of methylation at imprinted loci, and identi-
fication and characterization of germ cell fac-
tors that interact with Dnmt3L should lead to
a better understanding of the mechanisms that
establish genomic imprints.
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Requirement of
Heterochromatin for Cohesion
at Centromeres

Pascal Bernard,’* Jean-Frangois Maure,2* Janet F. Partridge,’
Sylvie Genier,? Jean-Paul Javerzat,2 Robin C. Allshire’f

Centromeres are heterochromatic in many organisms, but the mitotic function
of this silent chromatin remains unknown. During cell division, newly replicated
sister chromatids must cohere until anaphase when Scc1/Rad21-mediated
cohesion is destroyed. In metazoans, chromosome arm cohesins dissociate
during prophase, leaving centromeres as the only linkage before anaphase. It
is not known what distinguishes centromere cohesion from arm cohesion.
Fission yeast Swi6 (a Heterochromatin protein 1 counterpart) is a component
of silent heterochromatin. Here we show that this heterochromatin is specif-
ically required for cohesion between sister centromeres. Swi6 is required for
association of Rad21-cohesin with centromeres but not along chromosome
arms and, thus, acts to distinguish centromere from arm cohesion. Therefore,
one function of centromeric heterochromatin is to attract cohesin, thereby
ensuring sister centromere cohesion and proper chromosome segregation.

Before anaphase onset, each duplicated chromo-
some must be bilaterally attached to the mitotic
spindle. This is achieved by sister centromeres
and their associated kinetochores attaching to
microtubules that emanate from opposite spin-
dle poles. Accurate chromosome segregation
requires that sister chromatids remain associated
until all chromosomes have bilaterally attached
to the spindle; only then can anaphase ensue.
Sister chromatid cohesion is mediated by a con-
served protein complex, known as cohesin (/).
Anaphase is triggered by the cleavage of the
Sccl/Rad21 subunit of cohesin allowing sister
chromatid separation (2). In most organisms,
cohesin is concentrated at centromeric regions
(3-7). Metaphase chromosome spreads suggest
that centromeres have a specialized role in hold-
ing sister chromatids together. Indeed, mamma-
lian and fly cohesin is retained only at centro-
meric regions until anaphase (6, 7). What dis-
tinguishes cohesion at centromeres from cohe-
sion along chromosome arms? The integrity of
centromeric heterochromatin is known to be
important for normal chromosome segregation,
although its role has not been elucidated (8).
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One possibility is that heterochromatin main-
tains cohesion between sister centromeres. Sev-
eral observations suggest that heterochromatin
may play a role in sister chromatid cohesion (9,
10). Here we demonstrate that the high concen-
tration of cohesin and, thus, cohesion at centro-
meres is an intrinsic property of the underlying
heterochromatin.

Schizosaccharomyces pombe  (fission
yeast) centromeres contain two distinct silenced
chromatin domains composed of different pro-
teins (/7). Swi6 coats the outer repeat regions,
whereas Mis6 and Cnpl (the homolog of
CENP-A) are restricted to the central domain
(Fig. 1A). Mutations affecting these proteins
alleviate transcriptional repression of a marker
gene inserted only within their respective do-
mains (//-13). Mutations or conditions that
disrupt silencing over the outer repeats lead to a
high incidence of lagging chromosomes on late
anaphase spindles (/4-16).

Recently, it has been shown that Rad21
strongly associates with the outer repeat regions
(5, 17). To test for a link between outer repeat
chromatin and cohesion, a strain was used in
which Swi6 synthesis was driven by the re-
pressible nmtI promoter (18). Growth in the
presence of thiamine represses swi6™ expres-
sion. Although Swi6 alone is not essential for
cell viability, its withdrawal from rad2I1-KI
cells (conditionally defective in cohesin func-
tion) () results in loss of viability (Fig. 1, B and
C). Synthetic lethality often indicates functional
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interactions. In support of this, rad21-KI cells  tion between Swi6 and Rad21, sister chromatid  plex) (20). At the restrictive temperature (36°C),
display a high rate of lagging chromosomes at  cohesion was examined in swi6A cells by fluo-  cur9-665 cells arrest at metaphase with short
both permissive and restrictive temperatures  rescent in situ hybridization (FISH) with the use  spindles and unseparated sister chromatids, as
(Fig. 1D), as previously observed in swi6A cells  of chromosome 1 cosmids as probes (19). Cells  revealed by the single FISH signals produced by
(14). were arrested in metaphase by the cut9-665  the centromere proximal and arm probes (Fig.

To further investigate the functional interac-  mutation (defective Anaphase Promoting Com-  2A). In contrast, cut9-665 rad21-KI cells dis-

Fig. 1. The rad27-K7 and  p otriL imriL  tm1 imriR

swi6A mutations are syn-
thetically lethal. (A) Sym-
metrical organization of

played two separated FISH signals with both
otriR probes, demonstrating a complete lack of cohe-
sion. In the absence of Swi6 (swi6A), sister
centromeres clearly separate, forming two dis-
tinct signals distributed along the spindle axis in

E;;iogwi)éei?atgeme g:?e Sr J Swi6 L Mis6é Cnp1 Swib cut9 arrested cells. However, the distal arm
inverted repeats; Mis6 and probe only produced one spot, indicating that
Cnp1 are restricted to the Growth conditions cohesion along chromosome arms remained in-
central domain. Vertical °C: 25 25 36|  tact. To define more precisely the extent of the
lines in Eg;r]ni‘r]dic?te t(l’:rl;l‘/;« Strain  Genotype Thi: - + 2 cohesion defect in swi6A cells, FISH was per-
genes. lamine LThi e R aheE _ formed with cosmids positioned at increasing
ﬁfﬁaaczggd ,,,:f; ﬁsnyar}tllzt'f o9 w . . %A . . e . distances from cenl (Fig. 2B). Again, single
centration) to repress the 1000 SwWiBA . . % . . ,@ g signals were dgtected in ‘cut9-665 SWI6A cel}s
nmt1  promoter. Equal o in for the most distal cosmid probes, whereas in
numbers of cells were plat- 4606 rad21-K1 ﬁ doi s . ek cut9-665 rad21-K1 cells both the centromere
ed onto media with or - roximal and chromosome arm probes pro-
. o 4884 nmt1-swié p P P

WE}:(I:I‘lout thllelasmm‘e:. Swg @ . 2 . @ @ . duced a signal that was usually separated into
::_'l d ;xt{:l::ebufiﬁ vs}er(e L ethv:lt- 4886 nmti-swi6 rad21-K1 . . -ﬂ . two spots. These data indicate that a Swi6 defi-
ed by Western blottin ; ? ciency specifically disrupts cohesion at the cen-
with gfﬁnity-Puriﬁed anti% 949 w . . ﬁ . . % . tromere but not along the chromosome arms.
bodies to Swi6 (74) and The high concentration of cohesin at centro-
monoclonal TAT1 antibod- meres may counteract spindle forces across sis-
. . ) ) ) %) y Y

ies. Total P"°ct’e'? extraclt'; Strain i AP &606 b.‘a%h s b-‘#’& o2 ter centromeres due to bilateral spindle attach-
;g;npil:l:ﬁ;ep . esrg:; ecéo ; Thi - = =« =« =« + % ment. Therefore, we asked whether sister-cen-
) e el T e absene of mictotabule. Figre 26 shovs

iamine at °C. .

Asynchronous  cultures ‘ that when spindles are destroyed in these cells,
were fixed at 25°C or after -TUIDUTIN [ S sister centromeres are no longer resolved. Thus,

4 hours (one doubling) at
36°C. Cells were stained )
with TAT1 (a-tubulin) p wt SWibA
and 4',6'-diamidino-2-
phenylindole (DAPI)
(DNA) (74). One hun-
dred late anaphase cells
(spindle >5 pm) were
examined for DAPI stain-
ing distant from the

remaining arm cohesion is sufficient to hold
rad21-K1 sister centromeres together when not subjected
to opposing traction forces.

The above data indicate that Swi6 specifical-
ly influences cohesion at and nearby centro-
meres. One possibility is that Swi6 is required
for association of cohesin with centromeres. The
endogenous rad2l open reading frame (ORF)

spindle poles (lagging 25°C 36°C 25°C 36°C 25°C 36°C was tagged with the 3xHA epitope, and associ-
chromosomes). Bar, 5 0% 0% 13% 5% 19+3% 46+1%  ation of Rad21-3xHA with centromeres was
wm. examined by chromatin immunoprecipitation
A rad21-K1 SWIBA =
| cutg-665 cutg-665 cut9-665 < ) 3 100
Probe: ' Cen  Arm ' Cen Arm ' Cen  Am 2 i 5 Cc
c % 80 -
] o c
o
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Fig. 2. Lack of Swi6 disrupts only sister centromere cohesion. Cells
were shifted to 36°C for 4 hours (metaphase arrest), fixed, stained for
tubulin, and hybridized with cosmid probes (29). More than 100 cells
were examined for each sample. (A) Cosmids SPAC1694 and
SPACS56F8 were used to monitor cohesion near cen7 (Cen) and ~3000
kb away from cen? (left arm, Arm), respectively. Bar, 5 pm. (B) Co-

hesion integrity along chromosome 1. Black, cut9-665 swi6A; light
gray, cut9-665 rad21-K1; dark gray, cut9-665. (C) cut9-665 met-
aphase-arrested cells were treated with Benomyl (microtubule poi-
son) at 200 pg/ml in dimethyl sulfoxide (DMSO) (black) or with
DMSO alone (gray) before centromeric cohesion was monitored by
FISH (cosmid SPAC1556).
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(ChIP) (11) in wild-type and swi6A cells. This
assay measures Rad21-3xHA association with
ura4™ inserted within the outer repeats or cen-

tral domain of cenl. Untagged wild-type cells
provide a convenient negative control. In wild-
type cells, Rad21-3xHA associates mainly with

the outer repeats and less with the central do-
main (Fig. 3A) (5, 17). However, in swi6A cells
association of Rad21-3xHA with ura4* inser-

tions in the outer repeats is lost. Similar results

Fig. 3. Swi6 attracts A " i B w switA were obtained with swi6A cells arrested in early
Rad21 to centromeric urad*location  (notag) rad21-HA rad21-HA (hotag) rad2i-HA rad2IHA - mitosis (19). Thus, Rad21 dissociation was not
:j?gggz.tionk:gi:?;tﬁ T e T P T e o TP T " T " causedby cell cycle perturbation in swi6A cells.
was determined by ChIP — i) _‘ = < = In Saccharon.zyces cerevisiae, col'lesm 1s.fTe-
with antibodies to the - ; - o o quentl)( a§soc1ated with nontrapscpbgd regions;
HA epitope. T, total ex- imriL(Hind 1) SR S S o o o  transcription may block cohesin bmdmg 3. 4.
tract; IP, immunopre- g . 204 Because deletion of swi6 allows expression of a
cipitated sample. (A) —imriliNeo ) SRRl SR L normally silent ura4™ residing in outer repeats
Competitive PCR assay ‘ — (12), loss of Rad21 might be restricted to the
e T arcrbed marc. However, Rad21-B1A s
band) over the ura4-  tANA(Hpa ) 1. - sociation with native centromeric sequences is
DS/E minigene (lower " Ew Wwe also dependent on Swi6 (Fig. 3, B and C, upper
band). Enrichment was wt swiA D w eriia panel), and some centromeric sequences remain
calculated as follows: Ao )., FBOSTiFA: lradzt-HA (notag) rad21-HA  rad21-HA transcriptionally inert even in the absence of
t!‘le ura4:ura4-DS/'E' ra- TP T P T P e Te T e TP e Swi6 (Fig. 3C, lower panel). In addition, Rad21
E'; t‘)lretsfalj\y;?:uglzgf adjacent ausace associates with DNA sequences near the centro-
DS/E ratio of the total - " - ::J‘Lt:;::a‘* PR SRR o LT;E:Q::{M mere proximal RNA, which are transcnptlor}-
extract. Values were 7.2 13 » G o8 ally active in the presence or absence of Swi6
normalized to their re- =08 04 2.4 01 "(Fig. 3D). Rad21 association with this transcrip-
spective untagged con- SRT AT HE tionally active sequence is still dependent on the
trols. (B) Multiplex PCR G 'w swiss wt swiea a 5o s s presence of Swi6. This clearly demonstrates that
;f:::tyiofr?r ;'g; '?:Jéﬁtc'tl & i 3 sk DS Swi is crucial for association of Rad21 across
(imr1/otr1) relative to . ;’L’; I;:;;v;m T P the centromere and provides a simple explana-

the fbp1 control (fbp).
(C and D) Upper panels:

adjacent

Semi-competitive PCR (77) shows Rad21-3xHA association with native sequences adjacent to otr1L(Hind
)::ura4™ and tRNA(Hpa )::ura4™*. Primer 1 is anchored 800 bases upstream of the first codon of the
ura4 (ATG) (also detects ura4-DS/E). Primer 2 corresponds to sequence neighboring otr1L(Hind Ill) or
tRNA(Hpa I). Primer 3, adjacent to ura4-DS/E, yields the larger product. Lower panels: The same primers
were used to amplify cDNA generated by RT-PCR from total RNA primed within ura4. G: genomic DNA.

Fig. 4. Rad21 association along
chromosomes arms is Swi6-in-
dependent. (A) For each cosmid,
ORFs (arrowheads) and inter-

A wt

Sites examined

SWIBA

IP/T ratios

40 50 60 7.0

tion for the lack of cohesion between sister
centromeres in swi6A cells.

Examination of Rad21-3xHA association
with chromosome arms required the identifica-
tion of cohesion sites along chromosome 1. In
S. cerevisiae, cohesin preferentially binds inter-
genic regions (4). Primer pairs were designed
to assess enrichment of several intergenic re-
gions within cosmids c8C9 (centromere proxi-
mal) and c56F8 (centromere distal) in anti-
Rad21-3xHA immunoprecipitates (19). Poly-

genic regions (bars) are repre- ‘g‘:’ o T i merase cha‘in re‘action (PCR) conditior}s gave
sented (not to scale), and coor- a8 linear amplification of product from serial dilu-
dinates of PCR primers are indi- = /s . % gégf_ﬁj” tion of genomic DNA [see Web fig. 1 (19)].
cated. R'a(i|2l1l epnc}l:menﬁ atcenl ¢ oos e e e b rad21-HA swi This allowed enrichment of sequences in im-
otr1L(Hind lll) is shown for com- 3 ) 2 munoprecipitates to be quantified relative to
parison. For numerical values, <2 12457 & .
see Web table 1 (79). (B) Rad21- ; -ig0ig .- = total cell extracts. Figure 4A shows two nega-
3xHA distribution at the mating- Y 1019 L i tive and seven positive arm sites. Rad21-3xHA
type locus and left telomere of s -d6eT, is enriched at these positive sites, even in the
chromosome 1 was determined 2 - absence of Swi6. Therefore, we conclude that
by ChIP with antibodies to the . Swib is required for the association of Rad21 at
:}A efpltope: Competitive PCRas- 5 g 27011 " centromeres but not along chromosome arms,
y for enrichment of ura4 (up- $5 . . on th h
per band) inserted adjacent to ' o c.ons1.stent.w1t!1 the.observatlon at arm cohe-
mat3 or next to the telomere, sion is maintained in the absence of Swi6 (Fig.
relative to the ura4-DS/E mini- i ool - - 2A). '
gene (lower band). (C) Upper o In S. cerevisiae, kinetochore function is re-
1(313;")95 Seml-?r:;]z)?tltlve ) ECR v ko o quired to recruit high concentrations of centro-
) to assess Rade | association g . meric cohesin (3). It is possible that in fission
with native telomeric associated o M swiga et SwibA . in only infl th
sequences (TAS) adjacent tO jocaton (029 /Ad21HA raazr.pgs  (10120) rad2i-HA rad2t-tin yeast Swi6 heterochromatin only influences the
urad. Primers 1 and 3 are as in TR T P T WP T P T P T P uaeDSE  recruitment of Rad21 in the context of a func-
Fig. 3. P.rimer 2 corresponds to - adjacent tional centromere. Alternatively, silent chroma-
TAS neighboring ura4. Lower mat3 ' ' - - - - lg:alé':;‘t tin itself may suffice. Swi6 is not only associ-
panel: The same .primers were 007 =007 ! 8 Be ated with centromeres but contributes to hetero-
used to amplify cONA generated - chromiatin at the mating type loci (mat2-mat3)
by RT-PCR from total RNA 10111 g e i - +RT -RT . -
primed within ura4. G: genomic 5 1 G wt swis wt swid and telomeres (11, 12, 14).’ Association of
DNA. 002 2004 g wa4DSIE  Rad21-3xHA with silent ura4™ inserted adja-
— T eIJ ik cent to mat3 or next to a telomere was exam-
adjacent ined (Fig. 4B). In both cases, Rad21-3xHA
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coated these silent ura4™ genes and association
was abolished in swi6A cells. This dissociation
of Rad21 cannot be attributed to transcriptional
interference because Rad21-3xHA also coats
the telomere adjacent sequence, which is tran-
scribed in swi6* and swi6A cells (Fig. 4C).
Therefore, these data indicate that silent Swi6
chromatin alone forms domains with a high
affinity for Rad21-cohesin and that the high
concentration of cohesin over centromeric re-
gions occurs outside of the context of a func-
tional kinetochore.

Clr4 [equivalent to mammalian and fly Su-
(var)39] methylates histone H3 on lysine-9 (21,
22), Swib6 association with centromeres requires
this activity, and the chromo-domain of Swi6
binds specifically to histone H3 NH, termini
only when methylated on lysine-9 (23). The
assembly of this silent Swi6 chromatin is re-
quired to attract cohesin to centromeres, be-
cause centromere association of Rad21 and an-
other cohesin component, Psc3 (5), were de-
pendent on Swi6 (/9). Many mutants known to
alter this heterochromatin coating the outer re-
peats of fission yeast centromeres lose chromo-
somes and have a high incidence of lagging
chromosomes on late anaphase spindles (12,
14, 16). Figure 1D shows that the major segre-
gation defect observed when Rad21-cohesin
function is perturbed is also anaphase-lagging
chromosomes. Lagging chromosomes are
mostly single separated chromatids (/6). A
similar defect is observed in trichostatin
A-treated cells, where mouse Heterochromatin
protein 1 (HP1) or S. pombe Swi6 are also
mislocalized (15, 24). In rat kangaroo PtKl
cells, most lagging chromosomes are single
chromatids resulting from the attachment of an
individual kinetochore on the laggard to micro-
tubules from both poles (25) (merotelic attach-
ment). In metazoans, cohesin persists only be-
tween the heterochromatic domains of sister
centromeres at metaphase (6, 7). Thus, as in
fission yeast, lagging chromosomes may result
from defective centromeric cohesion due to
HP1 dispersal. Intriguingly, lagging chromo-
somes have not been reported in any mutant
defective in centromere or cohesin function
in budding yeast. Indeed, the major mitotic
defect observed in S. cerevisiae cells lacking
cohesin is nondisjunction (26). S. cerevisiae
kinetochores have been shown to bind only
one microtubule (27), and centromeric het-
erochromatin has not been described. In con-
trast, S. pombe centromeres are packaged in
heterochromatin and bind two to four micro-
tubules (28) and, thus, have the capacity for
merotelic attachment.

We propose that one function of silent
Swi6 chromatin at fission yeast centromeres
is to attract a high concentration of cohesin so
that sister kinetochores face away from each
other. The architecture formed by this silent
chromatin in cooperation with cohesin might,
therefore, aid the arrangement of multiple

REPORTS

microtubule attachment sites at each sister
kinetochore so that all sites at one kineto-
chore capture microtubules from the same
pole. Assuming that this role for centromeric
heterochromatin is conserved, we expect that
deficiencies in heterochromatin formation
will contribute to aberrant mitotic and meiot-
ic chromosome segregation in humans, driv-
ing tumor formation and the production of
aneuploid offspring.
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Stem Cell Self-Renewal
Specified by JAK-STAT
Activation in Response to a
Support Cell Cue
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Madolyn B. Rogers,' Margaret T. Fuller'?}

Stem cells generate many differentiated, short-lived cell types, such as blood,
skin, and sperm, throughout adult life. Stem cells maintain a long-term capacity
to divide, producing daughter cells that either self-renew or initiate differen-
tiation. Although the surrounding microenvironment or “niche” influences stem
cell fate decisions, few signals that emanate from the niche to specify stem cell
self-renewal have been identified. Here we demonstrate that the apical hub cells
in the Drosophila testis act as a cellular niche that supports stem cell self-
renewal. Hub cells express the ligand Unpaired (Upd), which activates the Janus
kinase-signal transducer and activator of transcription ( JAK-STAT) pathway in
adjacent germ cells to specify self-renewal and continual maintenance of the

germ line stem cell population.

Stem cell self-renewal must be regulated to
avoid either stem cell loss or hyperprolifera-
tion. In some systems stem cell numbers are
limited by asymmetric cell division, where

one daughter cell retains stem cell identity,
while the other initiates differentiation. How-
ever, stem cells can also divide symmetrical-
ly to expand stem cell numbers after wound-
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