EZH1 and EZH2 cogovern histone H3K27
trimethylation and are essential tor hair
tollicle homeostasis and wound repair

Elena Ezhkova,'> Wen-Hui Lien,! Nicole Stokes,! H. Amalia Pasolli,' Jose M. Silva,?
and Elaine Fuchs'*

"Howard Hughes Medical Institute, Laboratory of Mammalian Cell Biology and Development, The Rockefeller University, New
York, New York 10065, USA; %Institute for Cancer Genetics, Irving Cancer Research Center, Columbia University Medical
School, New York, New York 10032, USA

Polycomb protein group (PcG)-dependent trimethylation on H3K27 (H3K27me3) regulates identity of embryonic
stem cells (ESCs). How H3K27me3 governs adult SCs and tissue development is unclear. Here, we conditionally
target H3K27 methyltransferases Ezh2 and Ezh1 to address their roles in mouse skin homeostasis. Postnatal

phenotypes appear only in doubly targeted skin, where H3K27me3 is abolished, revealing functional redundancy
in EZH1/2 proteins. Surprisingly, while Ezh1/2-null hair follicles (HFs) arrest morphogenesis and degenerate due
to defective proliferation and increased apoptosis, epidermis hyperproliferates and survives engraftment. mRNA
microarray studies reveal that, despite these striking phenotypic differences, similar genes are up-regulated in HF
and epidermal Ezh1/2-null progenitors. Featured prominently are (1) PcG-controlled nonskin lineage genes, whose
expression is still significantly lower than in native tissues, and (2) the PcG-regulated Ink4a/Inkb/Arf locus.

Interestingly, when EZH1/2 are absent, even though Ink4a/Arf/Ink4b genes are fully activated in HF cells, they

are only partially so in epidermal progenitors. Importantly, transduction of Ink4b/Ink4a/Arf shRNAs restores
proliferation/survival of Ezh1/2-null HF progenitors in vitro, pointing toward the relevance of this locus to the
observed HF phenotypes. Our findings reveal new insights into Polycomb-dependent tissue control, and provide
a new twist to how different progenitors within one tissue respond to loss of H3K27me3.
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Understanding how proliferation, apoptosis and differenti-
ation are balanced in tissue development and homeostasis
is important not only for uncovering key regulators that
control tissue biology, but also for elucidating processes
that, when altered, can lead to disease states such as cancer.
Increasing evidence indicates that epigenetic chromatin
modifications play critical roles in these processes. By
changing chromatin structure, chromatin modifiers alter
the accessibility of a gene to the transcriptional machinery
and promote either its activation or its silencing.

Recent studies have revealed an important role for a
chromatin regulator called the Polycomb group (PcG)
complex in regulating normal tissue homeostasis and
promoting cancer progression when awry (Sauvageau and
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Sauvageau 2010). Polycomb proteins form chromatin
remodeling complexes referred to as Polycomb-repressive
complexes (PRCs) (Ringrose and Paro 2004). Comprised of
EZH2, Eed, and Suzl12, PRC2 is recruited to chromatin,
where the catalytic component methyltransferase EZH2
catalyzes trimethylation on Lys 27 of histone H3
(H3K27me3) (Cao et al. 2002). This histone mark then
provides a platform to recruit PRC1 (Cao et al. 2002; Min
et al. 2003), which aids in Polycomb-mediated gene re-
pression by mechanisms still unclear (Francis et al. 2004;
Ringrose and Paro 2004; Sarma et al. 2008; Simon and
Kingston 2009).

Genetic studies in Drosophila have long revealed an
essential role for the PcG complex in repressing the Hox
genes that pattern tissues in developing fly embryos
(Lewis 1978; Simon and Kingston 2009). In vitro studies
on cultured human embryonic stem cells (ESCs) have
substantiated the evolutionary conservation of PcG pro-
teins in repressing these key developmental genes, but in
addition identify a much larger cohort of key differenti-
ation genes as targets of this methylation mark (Boyer
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et al. 2006; Lee et al. 2006). Further chromatin analysis
coupled with loss-of-function studies has led to a model
whereby the mark might maintain the pluripotent state
by repressing differentiation genes, but making the re-
pressed state flexible by interacting with chromatin
activators.

Most of what is known about the role of the PcG
complex in mammalian tissues stems from ablation of
Bmil, encoding a component of the PRC1 complex. Mice
lacking Bmil succumb in early adult life due to defects in
their hematopoietic and neuronal tissues. The loss seems
to specifically affect the SCs, where compromise of self-
renewal has been attributed to derepression of the Ink4a/
Arf locus (Molofsky et al. 2003; Park et al. 2003). In-
terestingly, however, the loss of Bmil does not affect the
H3K27me3 histone mark (Cao et al. 2005), raising ques-
tions as to the extent to which PcG chromatin repression
is crippled by this mutation, and whether the PRCI
complex may function in additional ways.

The role for the H3K27me3 mark in adult mammalian
tissues has remained elusive, and has been only partially
resolved by conditional targeting of Ezh2. Loss of EZH2 in
a diverse array of tissues—including epidermis, pancreas,
blood, and cerebral cortex—has yielded surprisingly mild
phenotypes (Pereira et al. 2010; Su et al. 2003, 2005; Chen
et al. 2009; Ezhkova et al. 2009). In the pancreas, loss of
EZH2 results in mild diabetes, associated with an in-
crease in pl6™%* and p19AT (Chen et al. 2009). In the
brain, loss of EZH2 shifted the balance of cortical pro-
genitors from self-renewal to differentiation, similar to
loss of Bmil (Pereira et al. 2010). In embryonic skin, loss
of EZH2 accelerated embryonic skin development by
derepressing epidermal differentiation genes in the basal
cell progenitors, without globally derepressing other
differentiation pathways controlled by PcG (Ezhkova
et al. 2009). Importantly, despite the apparent loss of
H3K27me3 marks in embryonic basal cells, other skin
epithelial cells appeared oblivious to EZH2 loss, display-
ing what appeared to be a full complement of H3K27me3
marks. Moreover, by birth, this histone mark reappeared
in the basal cells. The incomplete loss of H3K27me3,
coupled with the relatively mild defects in tissues lacking
EZH2, raises the possibility of redundancy and precludes
definitive statements about the role of this key epigenetic
mark in tissue development and homeostasis.

Recent studies on cultured ESCs have shown that
EZHI1, a homolog of EZH2, also has histone H3 methyl-
ase activity and binds to an overlapping subset of genes
(Margueron et al. 2008; Shen et al. 2008). EZH1 is also
broadly expressed and is enriched in nonproliferative
adult tissues. That said, it has been proposed that the
two proteins associate with somewhat different PCR2
complexes and contribute somewhat differently to Poly-
comb-mediated gene repression. Our previous in vivo
studies have shown that EZH1 and EZH2 are both
expressed in skin, and both can establish the H3K27me3
histone mark at epidermal differentiation genes in vitro
(Ezhkova et al. 2009). These collective studies point to
the importance of conditionally targeting Ezh1 in vivo in
the presence and absence of Ezh2 in order to uncover the
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role of EZH1 specifically and H3K27me3 generally in the
normal homeostasis of adult mammalian tissues.

We have now done so, focusing on the skin epidermis
and its prominent but dispensable appendage, the hair
follicle (HF), which features its own appendage, the se-
baceous gland (SG). HFs are particularly well-suited for
exploring the importance of epigenetic chromatin modi-
fiers, since they undergo cyclical bouts of degeneration
(catagen), rest (telogen), and regeneration (anagen) that
necessitate a substantial reservoir of SCs. HF-SCs reside
in each HF in a region called the bulge, located just below
the SG in the outer root sheath (ORS) (Supplemental Fig.
1). When activated at the start of the hair growth phase
(anagen), HF-SCs regenerate the cycling portion of the HF,
below the bulge. They produce a trail of ORS cells that
extends from the bulge to the base (bulb) of the HF, where
the ORS forms a large pool of transit-amplifying (TA)
matrix cells. Matrix cells proliferate rapidly but tran-
siently, soon opting for one of several programs of upward
differentiation that constitute the hair (medulla, cortex,
and cuticle), its surrounding channel (the inner root
sheath [IRS]), and a companion layer that is sandwiched
in between the IRS and ORS (Blanpain and Fuchs 2009;
Schneider et al. 2009). While their normal role is to fuel
the hair cycle, HF-SCs can be activated to re-epithelialize
epidermis and SGs in response to wounding (Tumbar
et al. 2004; Levy et al. 2005, 2007; Horsley et al. 2006; Ito
et al. 2007).

In the present study, we show that loss of either EZH1
or EZH2 alone is without apparent consequence to skin
integrity. In contrast, loss of both of these histone
methylases abolishes the H3K27me3 mark and severely
compromises HF formation and maintenance. Surpris-
ingly, while proliferation and cell survival are markedly
impaired in both the HF-SC compartment and the TA
progenitors that fuel hair growth, the epidermis is hyper-
proliferative and survives long-term engraftment. In
contrast, in culture, neither HF nor epidermal progenitors
survive. These differences afford a unique opportunity to
explore the diverse consequences of quantitative loss of
H3K27me3 chromatin modification in three different
postnatal progenitor populations in vivo and their differ-
ent behaviors in vitro. In so doing, we uncovered the
hitherto unrecognized existence of compensatory and
tissue-specific mechanisms that can be activated in
certain situations in SCs to lessen the consequences of
loss of PcG modification that dramatically affect life and
death decisions.

Results

The Polycomb complex is required for the HF lineage

Mice lacking EZH1 were viable, fertile, and healthy, and
will be reported elsewhere. Similarly, although condi-
tional targeting of Ezh2 in mouse skin accelerated epi-
dermal formation during embryogenesis (Ezhkova et al.
2009), postnatally, they too were healthy, fertile, and
viable, and displayed a normal hair coat. Additionally,
each follicle was histologically normal and replete with
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SGs and an anatomically well-defined niche, or bulge, of substantiating the efficacy of their skin as a barrier
SCs (Supplemental Fig. 2A,B). (Supplemental Fig. 2G,H). The early postnatal lethality
In striking contrast, mice lacking both EZH1 and EZH2 in these mice was therefore most likely attributable to
in their skin were born alive, but were unable to eat, the activity of the K14 promoter in oral and some other
lacked milk spots, and died within 24 h after birth internal stratified epithelia.
(Supplemental Fig. 2C). Immunofluorescence microscopy HFs and SGs normally continue to mature during the
revealed a complete loss of H3K27me3 specifically in the first week of postnatal life. To analyze whether these
double-knockout epithelium but not the (K14-Cre-nega- processes were affected by loss of EZH1 and EZH2, we
tive) dermis (Fig. 1A). Singly targeted skin epithelium was grafted postnatal day O (PO) skins onto the backs of
still positive for the chromatin mark (Supplemental Fig. immunocompromised Nude mice (Fig. 1B). Typically,
2D), demonstrating that EZH1 and EZH2 function re- this results in a developmental delay of ~1 wk. Within
dundantly in establishing this epigenetic chromatin mark 14 d post-grafting (P14), Ezh1/2 double-knockout grafts
in skin cells. were completely hairless, in striking contrast to their
The skin of newborn animals doubly targeted for Ezh1 wild-type littermate grafts (Fig. 1C). As expected, immu-
and Ezh2 appeared normal in morphology and in their nolabeling for H3K27me3 was positive for donor dermis
expression of differentiation markers (Supplemental Fig. but not epithelium. Fluorescence quantifications of these
2E,F). In addition, these animals were refractory to blue images from Ezh1/2 double-knockout skin revealed that
dye adsorption and dehydration (body weight) assays, the nuclear levels of H3K27me3 in the epithelium were
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Figure 1. Arrested morphogenesis and progressive degeneration of HFs and SGs lacking EZH1 and EZH2. (A) Immunofluorescence
confirms the absence of H3K27me3 in PO Ezh1/2 double-knockout (2KO) skin epithelium. Tissue sections are counterstained for 4
integrin (green) and chromatin (DAPI, blue). (Epi) Epidermis; (der) dermis. (B) Schematic of full-thickness grafting protocol (Kaufman
et al. 2003) used to examine postnatal consequences of Ezh1/2 ablation. (C) Absence of surface hair in double-knockout versus wild-
type (WT) skin grafts. (D) Histological analysis reveals that HFs of double-knockout grafts are short, and lack hair shafts (HS). (Mx)
Matrix. (E) Oil-red-O stains lipids and confirms impaired SG formation in Ezh1/2 double-knockout skins. (F) Quantification of HF
lengths at times and hair cycle stages indicated. Note that double-knockout HFs arrest in the first growth phase of the hair cycle. (G)
The old hair and surrounding bulge (Bu) SC compartment are evident in wild-type but not double-knockout HFs by P34. (H) P156 grafts
reveal that wild-type HFs have undergone two hair cycles, but double-knockout skin has lost all HFs. Note hyperthickening
of epidermis in double-knockout skin. (I) Immunofluorescence confirming that P156 double-knockout epidermis lacks H3K27me3.
Bars: A,G-I, 30 pm; D,E, 90 pm.
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~1000-fold less than those of dermal cells and were not
distinguishable from background levels (Supplemental
Fig. 3A). These data confirmed that the Ezh1/2 double-
knockout donor epithelial cells had survived and were
responsible for the epidermis and HFs seen within each of
the grafts (Supplemental Fig. 3A).

Histological analysis revealed marked abnormalities
within double-knockout skin epithelium. At the base of
each follicle, a bulb of relatively undifferentiated matrix
cells still encased the cluster of dermal papilla cells in
double-knockout HFs. However, HFs were stunted and
appeared to lack both a mature hair shaft and also SGs,
which in wild-type skin were readily visible by Qil-red-O
staining for lipids (Fig. 1D,E). A paucity of sebocytes was
further revealed by Ppary immunostaining (Supplemental
Fig. 3B). Together, these data indicate a severe defect in
the production of mature structures within the HF lin-
eage of double-knockout mice.

To determine whether skin morphogenesis in Ezh1/2
conditionally null mice was simply delayed or had ar-
rested, we examined grafts at later time points. By P34,
HFs of wild-type engrafted skins had already completed
the first hair cycle and were into the next growth phase.
In striking contrast, Ezh1/2 conditional knockout folli-
cles from the first hair cycle had arrested at an immature
state, with no visible signs of hair shaft or SG formation
(Fig. 1F,G; Supplemental Fig. 3C,D). As time progressed,
HF morphology became increasingly perturbed, and signs
of degeneration were evident (Supplemental Fig. 3E). By
P156, double-knockout grafts almost completely lacked
HFs (Fig. 1H). Surprisingly, however, the epidermis was
intact, and immunostaining confirmed that it was still
null for H3K27me3 (Fig. 11).

Loss of EZH1/2 leads to neither changes in cell fate
nor blocks in differentiation

In cultured ESCs, the Polycomb complex has been shown
to repress key transcriptional regulators that control SC
differentiation to different developmental lineages (Boyer
et al. 2006; Lee et al. 2006). Moreover, upon retinoic acid
induction, PcG-defective ESCs fail to suppress pluripo-
tency genes and execute neuronal differentiation (Pasini
et al. 2007, 2010). Thus, to dissect the biological processes
that led to the impairment in HF formation and mainte-
nance, we first verified by chromatin immunoprecipita-
tion (ChIP) and Solexa deep-sequencing (ChIP-seq) anal-
ysis that HF-SCs are similar to ESCs in targeting multiple
developmental lineage genes by the H3K2.7me3 histone
mark (W-H Lien and E Fuchs, in prep.). We then focused
on analyzing whether HF cells maintain their cell fate
and are able to undergo differentiation in the absence of
H3K27me3.

At P14, both wild-type and double-knockout follicles
showed normal expression of K14’s partner, K5, in the
ORS and K6 in the companion layer (Supplemental Fig.
4A). Similarly, antibodies specific for trichohyalin (AE15)
detected an IRS, and those specific for hair keratins
(AE13) detected a cortical layer in both wild-type and
double-knockout follicles (Supplemental Fig. 4B,C). That
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said, the medulla at the center of the hair shaft appeared
to be missing in the double-knockout follicles, as judged
by a lack of anti-K6 and AE15 labeling and the lack of any
cells central to the AE13-positive hair shaft cortex.
Ultrastructural analysis confirmed these findings (Sup-
plemental Fig. 4D). Like the cortex, IRS, and companion
layer, the medulla arises from differentiation of the
matrix. However, since the medulla is the last of the
matrix lineages to emerge during normal HF morphogen-
esis, it seems more likely that its absence reflected a failure
to progress through morphogenesis rather than a differen-
tiation defect per se. We revisit this issue again later.

For the epidermis and hair channel orifice (infundibu-
lum), both early and late differentiation markers were
localized normally (Supplemental Fig. 4E,F). The absence
of cell fate alterations differed from cultured ESCs but
was in good agreement with observations on embryonic
basal epidermal cells lacking H3K27me3 (Ezhkova et al.
2009). However, in contrast to Ezh2 conditional knock-
out embryonic epidermis, Ezh1/2 double-knockout post-
natal skin displayed no signs of accelerated development/
differentiation. Rather, postnatal epidermal homeostasis
seemed relatively normal, while HF tissue production
was arrested.

SCs are specified in double-knockout skin

The block in SG development and arrest in HF morpho-
genesis observed in our K14-Cre-mediated conditional
ablation of Ezh1/Ezh2 bore a marked resemblance to
K14-Cre-mediated conditional ablation of Sox9 (Nowak
etal. 2008). These events in tissue development are depen-
dent on slow-cycling, Sox9-expressing bulge SCs that are
specified early during development and are located in
the upper portion of the ORS (Nowak et al. 2008; Vidal
et al. 2008). We therefore wondered whether the Ezh1/
Ezh2 double-knockout phenotype might originate from
a failure to form this early SC compartment.

To test this hypothesis, we immunolabeled PO skins for
Sox9, Lhx2, and Nfatcl, three key transcription factors of
early HF-SCs. In contrast to Sox9 targeted skin, Ezh1/
Ezh?2 double-knockout mice faithfully expressed all three
of these factors, suggesting that HF-SCs had been speci-
fied (Fig. 2A; Supplemental Fig. 5). Since HF morphogen-
esis occurs in waves, some follicles were more mature
than others at PO, but overall patterns were comparable
between wild type and double-knockout. Moreover, even
in P14 engrafted double-knockout tissue when HF and
SG formation was clearly arrested, the early bulge cells
appeared to be present in normal locations and numbers
(Fig. 2B,C). During embryogenesis, SG progenitors are
derived from Sox9-expressing cells (Nowak et al. 2008).
To determine whether this lineage progression takes
place in the absence of H3K27me3, we immunolabeled
for Blimp1, a critical transcriptional repressor of sebocyte
progenitors (Horsley et al. 2006). Again, even at P14 when
SG development was clearly perturbed, Blimpl-express-
ing sebocyte progenitors appeared to be present in the
ORS in the vicinity of where SGs should have developed
(Fig. 2D).



Figure 2. Cells expressing HF-SC and SG-SC markers are still
present in Ezh1/2 double-knockout skin. (A-E) Immunofluores-
cence microscopy of sections from PO (A), P14 (B-D), or P34 (E)
skin grafts analyzed for temporal and spatial expression of SC
markers. Color-coding is according to the secondary antibodies
used. Blimpl is a marker of SG-SCs; Nfatcl, Lhx2, Sox9, and
CD34 are HF-SC markers. (F) A short (4-h) BrdU pulse followed
by immunofluorescence analysis shows that, similar to wild
type, none of Lhx2* SCs are BrdU-labeled. In contrast, the cells
above the bulge are hyperproliferative in double-knockout
compared with wild-type skin. Bar, 30 wm.

While SCs appeared to be properly specified in the
absence of EZH1 and EZH2, some abnormalities in SC
markers were discovered. Notable was CD34, which
was present in the HF bulge region of engrafted skins
from wild-type but not double-knockout mice (Fig. 2E).
Since CD34 is a marker of only postnatal and not
neonatal HF-SCs (Trempus et al. 2003; Blanpain et al.
2004; Nowak et al. 2008), this appeared to be another
reflection of an early developmental arrest of postnatal
double-knockout HFs and their inability to progress to
adulthood.

To further explore the properties of double-knockout
HF-SCs, we addressed whether they are quiescent, a fea-
ture of both neonatal and adult HF-SCs (Cotsarelis et al.
1990; Tumbar et al. 2004; Nowak et al. 2008). A short
(5- to 6-h) BrdU pulse was administered to wild-type and
Ezh1/Ezh2 double-knockout mice (Fig. 2F). Counterla-
beling for SC markers further showed that, typical of
wild-type follicles in the middle of their growth phase,
double-knockout bulge SCs and their early upper ORS
progeny remained relatively quiescent. Together, these
data indicated that the arrested HF and SG development
observed in double-knockout skin was not likely due to
a lack of SCs per se, or their ability to maintain the
undifferentiated and quiescent features of their wild-type
counterparts. However, the HF-SCs of double-knockout
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skin did not express the full complement of mature HF-
SC markers, nor did they appear to generate tissue at the
rate of their wild-type counterparts.

Without EZH1/EZH2, the HF-SC lineage exhibits
proliferation deficits while the epidermal SC lineage
shows signs of hyperproliferation

Interestingly, proliferative activity in the lower portion of
double-knockout HFs showed a striking reduction com-
pared with their wild-type counterparts. Indeed, double-
knockout matrix cells appeared to have reduced numbers
of BrdU* cells compared with their wild-type counter-
parts (Fig. 3A,B). The double-knockout follicle matrix was
also noticeably small (Fig. 3A,C). Analysis of the pro-
liferative marker Ki67 (S + M-phase cells) confirmed the
markedly reduced proliferation within the double-knock-
out matrix compartment (data not shown). Together
these data indicate that both the size and the proliferation
rates within the TA compartment are defective when
EZH]1 and EZH?2 are missing.

The small matrix could be due to a defect in their
ability to proliferate. However, it also could be a sign of
a compromised ability of HF-SCs to fuel tissue regener-
ation during morphogenesis. To address this question, we
focused on the region of the follicle ORS between the HF-
SCs and matrix. In wild-type HFs, cells in the upper zone
of this ORS segment maintain their stemness and cycle
infrequently, while cells in the lower ORS proliferate
more rapidly. BrdU pulse experiments on wild-type and
double-knockout mice showed little if any difference in
BrdU incorporation in the upper zone of the ORS below
the bulge; however, the lower zone showed a marked
decline in BrdU"-labeled cells when EZH1 and EZH2
were missing (Fig. 3D,E). Taken together, these findings
suggest that double-knockout HF-SCs do not produce
sufficient ORS cells to fuel matrix cell production.

In striking contrast to the HF-SC lineage, proliferative
activities within the infundibulum of the HF and the basal
layer of double-knockout interfollicular epidermis were
actually accelerated relative to wild-type control skin (Fig.
3F-I). Moreover, although P14 double-knockout epidermis
showed considerably more BrdU* basal cells than at later
time points, even at P73, double-knockout basal cells were
still more actively cycling than their wild-type counter-
parts (Fig. 3H,I). Taken together, these findings revealed
marked differences in proliferative activities within the
epidermal versus HF progenitors of double-knockout skin.

A priori, epidermal hyperproliferation can be reflective
of an inflammatory response, rather than an intrinsic
feature of the keratinocyte. In this case, however, we did
not observe signs of inflammation, as judged by immu-
nodetection for T lymphocytes, granulocytes, and mac-
rophages (Supplemental Fig. 6A). Moreover, even after
treating with dexamethasone as an immunosuppressor,
double-knockout skin grafts continued to display signs of
epidermal hyperproliferation (Supplemental Fig. 6B-D).
Thus, neither sustained survival of the double-knockout
epidermis nor corresponding loss of HFs/SGs appeared to
rely on an inflammatory response.
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Figure 3. Loss of EZH1/2 results in reduced proliferation of HF ORS and matrix, but hyperproliferation in infundibulum and
epidermis. (A-E) A short (4-h) BrdU pulse was administered to engrafted mice prior to processing the engrafted tissue for anti-BrdU and
hair keratin (AE13) immunofluorescence microscopy and quantitative analyses. Note reduction in proliferation in the matrix (Mx), hair
shaft precursors (cells above horizontal bars and internal to or including AE13* layer) and ORS (cells above horizontal bars and external
to and excluding AE13* layer) in double-knockout (2KO) versus wild-type (WT) skins. Note also that overall matrix size of double-
knockout HFs was normal at P6, but markedly diminished by P14 and P34 post-engraftment. (F-I) Similar analyses as in A-E, except on
double-knockout infundibulum and interfollicular epidermis. Note hyprerproliferation in both compartments by P14. By P73, double-
knockout grafts still show more proliferation than wild type, but overall proliferative levels in the epidermis decline with age.

Bar, 30 pm.

Ezh1/2 double-knockout HF-SCs are defective
in proliferation even in response to stimuli

HF-SCs are known to contribute to epidermal regenera-
tion in response to injury (Levy et al. 2005, 2007; Nowak
et al. 2008). To test whether HF-SCs lacking EZHI and
EZH2 are compromised in their tissue-regenerative ca-
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pacity, we performed split-thickness grafts, in which skin
epidermis from male PO mice is first enzymatically
removed from underlying dermis, and then remaining
dermis/HFs are grafted onto the backs of female Nude
mice recipients (Fig. 4A). To repair the wound, male HF-
SCs proliferate, migrate, and repair the surface epithe-
lium. They also compete with Nude epidermal cells that
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Figure 4. Double-knockout HFs are defective in proliferation even upon wound-induced stimulation. (A) Schematic of split-thickness
grafting protocol. The ability of HF cells to migrate out and re-epithelialize the epidermis is largely dependent on functional bulge SCs,
although wounds will eventually close by Nude mouse epidermal migration (Nowak et al. 2008). Male dermis + HFs are engrafted onto
female Nude mice to distinguish the two events by Y-chromosome in situ hybridization. (B) Six weeks after engraftment, double-
knockout split thickness grafts finally close their wounds, a feat accomplished by their wild-type counterparts in 2 wk. (C) At PO,
epidermis is completely missing in split-thickness grafts. By P14, re-epithelialization of wild-type grafts is accomplished largely by HF
migration (Y-chr®). In double-knockout grafts, re-epithelialization, still in progress, is exclusively by Nude host-derived epidermal
migration. (D) A short BrdU pulse administered 5 d post-engraftment shows lack of a proliferative response by the H3K27me3-deficient
HFs of double-knockout skin. (E-G) Double-knockout HF progenitors are unable to proliferate in vitro. (E) Rhodamine B staining
of primary mouse HF cultures after 3 wk in enriched media. Note that only doubly targeted cells fail to form visible colonies.
Quantifications show that plating efficiencies are comparable but colonies simply fail to grow in the absence of H3K27me3. Bar, 30 pm.

migrate from outside of the graft to close the wound
(Nowak et al. 2008).

Two weeks after performing split-thickness engraft-
ments, wild-type grafts had completely re-epithelialized
the epidermis, and even showed signs of growing a hair
coat (Fig. 4B). On the other hand, double-knockout split-
thickness grafts still displayed a bare epidermis in the
middle of the graft, indicating that double-knockout SCs
were defective in their ability to re-epithelialize the
surface skin. Eventually, the wounds were closed and,
by 6 wk after engraftment, the skin surface was repaired
(Fig. 4B).

To ascertain whether wound closure in double-knock-
out split-thickness grafts was a consequence of HF-SCs
or Nude epidermal migration, we used Y-chromosome
fluorescence in situ hybridization (Y-FISH). Y-FISH re-
vealed that, at P14 and P42, the interfollicular epidermis

in double-knockout split-thickness grafts was host-
derived, as no Y labeling was observed (Fig. 4C; data
not shown). This was confirmed by H3K27me3 im-
munofluorescence (Supplemental Fig. 7A). In contrast,
although reconstituted epidermis in wild-type split-
thickness grafts was positive for H3K27me3, it was also
positive for Y-FISH, indicating that the cells originated
from HFs (Fig. 4C).

Consistent with the defect in the ability of double-
knockout HF-SCs to participate in wound repair was
a defect in their proliferative response. Thus, in contrast
to wild-type HFs, which showed appreciable incorpora-
tion of BrdU in a short (4-h) pulse 5 d following engraft-
ment, double-knockout HFs exhibited little if any BrdU
incorporation (Fig. 4D). These data indicated that HFs
from double-knockout skin are defective in proliferating
and regenerating tissue in response to injury.
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To further investigate the proliferative ability of dou-
ble-knockout HF cells, we turned to in vitro studies.
When plated in culture, wild-type HF cells develop into
large (>2-mm) colonies or holoclones, thought to derive
from individual SCs (Barrandon and Green 1987). HF
cells from either Ezhl knockout or Ezh2 conditional
knockout follicles formed holoclones with efficiencies
comparable with their wild-type counterparts (Fig. 4E-G).
In striking contrast, even after >4 wk in culture, Ezh1/
Ezh2 double-knockout HF cells showed no signs of
forming visible colonies. This difference was not rooted
in the ability of these cells to adhere, which was similar
to wild type (Fig. 4F). Rather, it appeared that, in the
absence of EZH1 and EZH?2, HF cells were defective in
proliferation.

Since Ezh1/Ezh2-null epidermis was hyperproliferative
in vivo, we anticipated that epidermal keratinocytes in
vitro would be similarly proliferative. Unexpectedly,
however, Ezh1/2-null epidermal and HF keratinocytes
behaved analogously in vitro, with no large colonies
visible after 4 wk in culture (Supplemental Fig. 7B-D).
This result revealed a striking difference in behavior of
Ezh1/Ezh2-null epidermal keratinocytes in vivo and in
vitro, and points to the existence of some mechanism
that enables H3K27me3-deficient epidermal cells to sur-
vive in the context of tissue.

Increased apoptosis in double-knockout HF cells

Tissue homeostasis involves a tight balance between
proliferation, differentiation, and apoptosis. In the HF,
apoptosis is normally confined to the destructive phase
(catagen), where the matrix compartment degenerates.
However, in double-knockout skin, activated caspase
3" cells were detected in HFs and at a stage where their
wild-type counterparts were in the active growth phase
(Supplemental Fig. 8A). Quantifications of immunolabel-
ing for activated caspase 3 revealed an approximately
threefold overall increase in apoptotic cells in double-
knockout versus wild-type HFs, which was confirmed by
ultrastructural analyses (Supplemental Fig. 8B,C).

In contrast, we saw little or no evidence for apoptosis in
the epidermis of our engrafted animals at the level of
either immunofluorescence (Supplemental Fig. 8D) or
ultrastructure (data not shown). Thus, both proliferation
and cell survival appeared intact in double-knockout
epidermis, and in this way differed from HFs.

Complete loss of H3K27me3 in different proliferative
compartments in skin results in the activation
of a common ‘PcG signature’ list of genes

To begin to explore how H3K27me3 loss of function can
lead to such a diversity of tissue imbalances within the
skin, we performed microarray analysis on mRNAs
isolated from fluorescence-activated cell-sorted (FACS)
populations of the ORS (including bulge), matrix, and
basal layer epidermis (Supplemental Table 1). The purity
of sorted populations was verified by analysis of expres-
sion of nonskin genes (Supplemental Table 2; Supplemen-
tal Fig. 9A). In wild-type mice, these cell populations
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display quite distinct programs of gene expression, ex-
tending to the major lineage-specific transcription fac-
tors involved (Blanpain and Fuchs 2009). In contrast,
when EZH1/2 were missing, ORS, matrix and epidermal
mRNAs displayed many shared probe sets called as
present and up-regulated by twofold or more (Fig. 5A).
These findings suggested that a common subset of genes
is regulated by the H3K27me3 PcG mark in different
populations of skin cell progenitors, and when this
chromatin modification is erased, their transcriptional
repression is diminished.

The common subset of up-regulated genes represented
only 30% of the mouse genes that scored by ChIP-seq as
being decorated by H3K27me3 marks in purified popula-
tions of postnatal skin progenitors (Fig. 5B; data not shown).
Hierarchical clustering analysis revealed that genes up-
regulated in double-knockout ORS do not cluster with
genes expressed in either wild-type matrix or wild-type
basal epidermal cells. These data were consistent with the
biology, and showed that, upon EZH1/2 loss, ORS/HF-SC
progenitors do not globally precociously/ectopically ex-
press other skin lineage genes. Importantly, genes that are
normally induced as wild-type HF-SCs transition to matrix
cells did not appear to be preferentially repressed by
H3K27me3 (Fig. 5C). Taken together, these results suggest
that, in contrast to embryonic epidermis (Ezhkova et al.
2009), H3K27me3 does not govern repression of skin
lineage-specific programs in undifferentiated postnatal skin
progenitors. Instead, EZH1/2 appear to repress a common
subset of genes controlling other features of tissue biology.

To gain further insights into PcG’s functions, we exam-
ined the specific ORS genes whose expression is affected
by loss of EZH1/EZH2. By using a functional gene anno-
tation tool (Huang et al. 2009), probe sets were subdivided
into categories. By comparing expression trends of genes
within categories, we learned that key transcriptional
regulators of nonskin cell lineages were featured promi-
nently in the signature, along with the Ink4a/Arf and
Ink4b genes, which regulate the G1/S transition of the cell
cycle and control of apoptosis (Fig. 5D). These results were
strikingly similar to the genes up-regulated upon loss of
EZH2 in cultured human ESCs (Boyer et al. 2006), but
again differed from embryonic epidermis, where progeni-
tors do not activate nonskin genes (Ezhkova et al. 2009).

To probe further into the mechanisms involved, we
compared the overall expression levels of nonskin genes
in their native lineages with the levels of ectopic gene
derepression achieved by loss of EZH1/EZH2 in skin. As
shown in Figure 5E, the levels of nonskin gene activation
in Ezh1/Ezh2-null matrix, epidermal, and ORS skin pro-
genitors were considerably lower than those achieved by
the native lineages (+Ctrl). These results underscore the
existence of additional mechanisms, presumably tissue-
specific factors, which govern the optimal expression of
these genes. Moreover, they extend significantly our
prior observations from basal epidermal cells of Ezh2
conditional knockout embryos, which showed that mere
removal of the H3K27me3 mark does not guarantee that
a locus relieved of PcG modifications will be transcribed
(Ezhkova et al. 2009).
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EZH1 and EZH2 repress Ink4b/Ink4a/Arf genes

Ink4a and Ink4b encode the p16 and p15 inhibitors of the
G1/S phase of the cell cycle, and Arf encodes the p19
inhibitor of the p53 suppressor MDM2 (Sherr and Roberts
2004). The perturbations in proliferation and apoptosis
seen in both the HF-SC and TA cell compartments sug-
gested that the >70-fold increase in Ink4a/Arf and >10-
fold increase in Ink4b gene transcription are physiologi-
cally relevant. To test this hypothesis, we first conducted
ChIP-seq analyses on HF-SCs and matrix and basal
epidermal progenitors. As shown in Figure 6A, the
Ink4a/Arf and Ink4b genes are replete with H3K27me3
chromatin modifications in all three progenitor popula-
tions. Conversely, these genes lacked H3K79me2, a mod-
ification that is normally present throughout the chro-
matin of actively transcribed genes (Fig. 6A; Barski et al.
2007).

We next used real time PCR (RT-PCR) to examine the
relative transcript levels from these loci in the three
progenitor populations purified from wild-type and
Ezh1/2 double-knockout skins (Fig. 6B). Both the ORS/
bulge and matrix progenitors displayed particularly dra-
matic transcriptional changes at the Ink4a/Arf locus.
Interestingly, however, and also likely relevant, differ-
ences were not nearly so great in the epidermis, most
notably for Ink4a (Fig. 6B).

Immunofluorescence microscopy reflected these tran-
scriptional differences at the protein level (Fig. 6C,D).
Both p16 and pl9 proteins were localized to the nucleus
of double-knockout HF cells. Particularly for p16, immu-
nolabeling was considerably stronger in HFs than in
interfollicular epidermis or infundibulum (Fig. 6C). No
signal was observed in Ink4a/Arf double-knockout skin,
validating the efficacy of the antibodies. Quantifications
corroborated the representative images shown (Fig. 6E,F;
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Figure 6. The Ink4b/Ink4a/Arf gene locus is targeted by EZH1/2-dependent H3K27me3 in skin progenitors, but activation levels upon
Ezh1/2 ablation differ markedly among skin progenitor populations. (A) ChIP-seq data reveal that the Ink4b/Ink4a/Arf gene locus is
targeted by H3K27me3 in bulge SCs (SC)/ORS, matrix (Mx), and basal epidermal (Epi) cells. ChIP-seq for the H3K79me2 histone mark
confirms that these H3K27me3-decorated genes are in a repressed state. The housekeeping gene Mtap is shown here as a control. (B)
RT-qPCR reveals that Ink4b, Ink4a, and Arf genes are all up-regulated in double-knockout skin progenitors relative to their wild-type
counterparts, but the levels of induction vary dramatically among progenitor populations. (C,D) Immunofluorescence confirms variation
in the induction of p16 (Ink4a) and p19 (Arf) by epidermal versus HF progenitors. Ink4a/Arf knockout tissue was used to control for
antibody specificity. Note elevated nuclear (active) p16 and p19 labeling in double-knockout progenitors, not seen in wild type. Wild
type only shows cytoplasmic staining (asterisk) of terminally differentiated HF lineages. (E,F) Quantifications of relative protein levels
shows that p16 is significantly lower in double-knockout epidermis versus HE, while p19 levels are comparable. (G) P19 stabilizes p53,
whose transcriptional activity can be monitored by activation of its target genes: Bbc3 (PUMA; proapoptotic protein), Pmaipl (NOXA;
proapoptotic protein), and Bax and Cdknla (p21). Note that, despite comparable expression of p19 protein in double-knockout epidermis
and HFs, p53 target proapoptotic genes are significantly more activated in the HF than epidermal progenitors. Bar, 30 wm.

see the Supplemental Material for details of quantifica-
tion methods).

Finally, the up-regulation of p19 should lead to p53
activation. Indeed, a number of p53 target genes were
elevated in Ezh1/2 double-knockout skin relative to
controls (Fig. 6G). This was true for ORS and matrix but
not interfollicular epidermis basal cells. Taken together,
these findings demonstrated that loss of the H3K27me3
mark was sufficient to derepress the Ink4b/Ink4a/Arf
locus, leading to transcriptional activation of these genes.
However, they also unveiled differences in how epider-
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mal and HF progenitors responded to H3K27me3 loss.
Overall, the results for this locus correlated strongly with
the phenotypic differences between epidermis and HFs,
thereby underscoring the likely physiological relevance.

Expression of Ink4b/Ink4a/Arf genes in double-
knockout HF progenitors is directly responsible
for impeding their proliferative activity

To determine the extent to which the global decrease in
HF proliferation was directly attributable to the aberrant



activation of Ink4a/Arf-Ink4b genes, we performed RNAi
experiments. To accomplish this aim, HF cells were
purified from PO animals, placed into culture, and then
infected with lentiviral vectors expressing GFP-tagged
histone H2B and an shRNA construct targeting Ink4b (sh-
Ink4b) = Ink4a/19 (sh-Ink4a/Arf) or no mRNA (sh-Ctrl).
To assay proliferation, infected cells were plated onto
fibroblast feeders, and colony formation was analyzed
over time.

Two weeks after infection, wild-type or double-knock-
out cells expressing either sh-Ctrl, sh-Ink4b, sh-Ink4a, or
sh-Ink4b + sh-Ink4a/Arf formed visible colonies (four or
more cells) (Fig. 7C; data not shown). Expression of
sh-Ink4b + sh-Ink4a/Arf did not significantly affect growth
of wild-type HF cells, but the effect on double-knockout
HF cells was dramatic. Surprisingly, these effects were
largely due to suppression of Ink4b, and only a modest
gain was obtained when both Ink4a/Arf and Ink4b were
targeted for repression. Histological and quantitative
analyses revealed that colony morphology, efficiency of
colony formation, and the proliferative potential was
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largely restored upon knockdown of these genes in
Ezh1/2 double-knockout keratinocytes (Fig. 7A-D). Im-
munofluorescence of transduced cells verified that
H3K27me3 was still absent (Fig. 7E), and that the
shRNAs had the expected effects on repressing their
respective mRNAs (Fig. 7F). As shown in Figure 7G,
suppression of the Ink4/Arf/Ink4b locus did not affect
the ability of progenitors to undergo calcium-induced
terminal differentiation. Overall, the results emphasize
the importance of PcG-mediated repression of the Ink4a/
Arf/Ink4b locus for self-renewal and survival of HF
progenitors. However, they also uncovered a new
difference—the importance of Ink4b (p15) in vitro versus
Ink4a (p16) in vivo—for these progenitors.

Finally, we examined the expression of the nonskin
genes that we found to be repressed by PcG/H3K27me3
and ectopically activated in postnatal skin progenitors.
Unexpectedly, and in contrast to postnatal skin progen-
itors in vivo, the cultured double-knockout keratinocytes
expressing Ink4a/Arf/Ink4b shRNAs showed no signs of
ectopic activation of nonskin genes (Fig. 7H). Although
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Figure 7.

shRNA-mediated down-regulation of Ink4b/Ink4a/Arf expression restores proliferation of Ezh1/2 double-knockout HF

progenitors in vitro. (A-D) PO wild-type and double-knockout HF cells were cultured and transduced with lentiviral expression vectors
harboring shRNA hairpins that target Ink4a/Arf (shared region) and/or Ink4b. Rhodamine B staining (A) and quantification (B,C)
revealed that double-knockout cells expressing control (scrambled) shRNA or shRNA targeting Ink4a/Arf fail to form visible colonies
4 wk after plating, in contrast to double-knockout cells expressing Ink4b and (optimally) Ink4b + Ink4a/Arf. Plating efficiencies (B)
were comparable, but proliferation (C) and colony morphologies (D) were significantly enhanced when the locus was repressed. (E)
Immunofluorescence confirms that the shink4b transduced (GFP*) double-knockout cells still lack the H3K27me3 mark in contrast to
transduced wild-type cells. (F) Efficiencies of RNAi knockdown of Ink4b and Ink4a/Arf genes as analyzed by RT-qPCR on FACS-
isolated populations 4 wk after transduction. (G) Double-knockout + shInk4b cells are able to induce terminal differentiation genes
keratin 1 (K1), keratin 10 (K10), loricrin (Lor), and filaggrin (Flg) upon a shift from low to high calcium. Analysis is by RT-qPCR. (H)
Genes encoding transcription factors of nonskin lineages are not expressed in cultured HF progenitors that can grow following rescue

of the Ink4a/Arf/Ink4b locus.
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double-knockout keratinocytes do not grow in culture
without suppressing the Ink4a/Arf/Ink4b locus, the reac-
quired repression of these genes in the absence of PcG
was not likely a consequence of the suppression of this
locus. Rather, our findings show that, whereas nonskin
PcG-regulated genes can be induced—in some cases,
>100-fold—in vivo when EZHI1 and EZH2 are missing,
they can also be repressed in a PcG-independent fashion.

Discussion

Although in vitro EZH1 and EZH2 have been shown to be
functionally redundant (Margueron et al. 2008; Shen et al.
2008; Ezhkova et al. 2009), it has been ambiguous as to
whether this is the case in the context of tissue de-
velopment and homeostasis. Since H3K2.7me3 is quanti-
tatively abolished in skin progenitors only upon targeting
both EZH1 and EZH2, we can now say definitively that
both proteins possess compensatory methylase activities
in vivo. Although we cannot exclude an additional
methylation-independent role of EZHI in gene control,
as proposed by Margueron et al. (2008), it is notable that,
like EZH?2, loss of EZH1 alone also resulted in a normal
postnatal skin phenotype. In contrast, here we show that
loss of both EZH1 and EZH2 results in a striking arrest of
HF and SG development, with progressive degeneration
of these tissues. These findings underscore functional
redundancy between EZH2 and EZH1 in controlling skin
homeostasis.

How similar or different are the roles of the Polycomb
complex in governing pluripotent ESCs in vitro and
tissue-specific skin SCs in vivo? In ESCs, the Polycomb
complex appears to be required for differentiation, as,
upon retinoid acid stimulation, Suz12- and/or Jarid2-null
ESCs fail to differentiate toward the neuronal lineage.
This feature has been attributed to the failure of PcG-
deficient ESCs to down-regulate stemness genes (Pasini
et al. 2007, 2010). Our data show that, for several weeks,
Ezh1/2 double-knockout skin progenitors in vivo still
down-regulate skin stemness genes, undergo specifica-
tion of spatially and temporally defined lineages, and
execute their terminal differentiation programs. These
findings show that the early consequences of PcG de-
ficiency are rooted in other aspects of tissue homeostasis,
and that, postnatally, skin progenitors maintain stemness
and differentiation programs, at least for a while, with
either low or no PcG silencing.

Despite these differences between PcG-dependent reg-
ulation of ESCs and tissue-specific skin SCs, we also
observed some similarities. In ESCs, H3K27me3 re-
presses genes encoding key transcriptional regulators
of multiple developmental lineages (Boyer et al. 2006;
Margueron et al. 2008; Shen et al. 2008). Intriguingly,
many of the same genes are targeted by H3K27me3 in
postnatal epidermal and HF progenitor cells. Since the
majority of these genes are never expressed in cells of the
skin lineage, this indicates that, as in ESCs, the PcG com-
plex globally represses multiple developmental lineages
in skin progenitors. More importantly, Ezh1/2 double-
knockout skin progenitors showed, in some cases, >80-
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fold increases in transcript levels of the nonskin PcG-
regulated genes. That said, these levels were still dramat-
ically low relative to their natural lineages. Thus, our
findings underscore the importance, pointed out previ-
ously (Ezhkova et al. 2009), of tissue-specific transcrip-
tion factors in fully activating PcG target genes.

The advantage of focusing on in vivo consequences of
ablating H3K27me3 is that we could superimpose the
molecular biology of epigenetics on physiological rele-
vance to tissue homeostasis. In this regard, the most
striking abnormality in Ezh1/2-null skin was the pro-
gressive and complete loss of regenerative capability of
the HF lineage. We traced these tissue defects to markedly
decreased proliferation and increased apoptosis. More-
over and intriguingly, despite the myriad of H3K27me3-
repressed genes, these aberrations were largely rooted in
ectopic activation of the Ink4a/Arf/Ink4b locus in HF
cells. In culture, Ezh1/2 double-knockout HF progenitors
also failed to proliferate and survive, features that were
largely overcome by repressing the locus.

Loss of the PRC1 component Bmil in neural and
hematopoietic lineages has been shown previously to
result in activation of Ink4a/Arf genes. Interestingly,
however, while activation occurred in both the SCs and
their proliferative progenitors, self-renewal defects were
confined to the SCs (Molofsky et al. 2003; Park et al.
2003). In this regard, it was surprising that, in Ezh1/2-null
HFs, activation of the Ink4b/Ink4a/Arf genes led to
impaired proliferation not only in the SCs, but also in
their TA progeny: matrix cells. Whether this is due to
tissue-specific variation or the fact that Bmil ablation
does not alter H3K27me3—while Ezh1/2 ablation abol-
ishes this epigenetic mark—awaits future investigation.
Importantly, our studies show that PcG regulation of the
Ink4a/Arf/Ink4b locus can no longer be viewed as purely
an SC regulatory circuit, and they further reveal a new-
found role of both EZH2 and EZHI1 in governing this
locus.

Perhaps the most surprising finding of our study was
that the global loss of H3K27me3 did not cause wide-
spread differentiation defects in the epidermis or HF.
Thus, even though many PcG-repressed differentiation
genes (Boyer et al. 2006; Lee et al. 2006; Schwartz et al.
2006) showed signs of transcriptional activation in the
absence of Ezh1/2, the levels of nonepidermal/HF differ-
entiation programs were still too low to reroute already
established skin fates. For the epidermis, this was true
even after long-term propagation by engraftment. These
results are intriguing in light of Drosophila loss-of-Poly-
comb-function mutations, which also show no global
effects on differentiation programs, even though they
lead to homeotic transformations (Schwartz et al. 2006).
The startlingly small numbers of genes that appear to be
dramatically up-regulated upon loss of H3K27Me3 stand
in stark contrast to the remarkably large number of genes
that are decorated by this repressive histone mark. Such
findings underscore the importance of additional epige-
netic modifiers and backup mechanisms (other repressive
histone marks, DNA methylation, and noncoding RNAs)
that appear to have evolved in complex organisms to



ensure the reinforcement and maintenance of lineage
programs in their adult tissues.

Materials and methods

Mice, grafts, BrdU injections, and barrier
and dehydration assays

Mice were housed in the Association for Assessment and
Accreditation of Laboratory Animal Care accredited animal
facility at The Rockefeller University in accordance with uni-
versity and NIH guidelines. Mice conditionally ablated for Ezh2
in Kl4-expressing tissues of skin were reported previously
(Ezhkova et al. 2009). Ezh1 knockout mice were obtained from
Thomas Jenuwein’s laboratory and will be reported elsewhere.
Genotyping was confirmed by PCR of tail skin DNAs. Grafting
procedures were essentially as described previously (Nowak
et al. 2008). BrdU (Sigma-Aldrich) was administered to pregnant
mice or neonatal pups by peritoneal injection (50 wg/g BrdU).
Dye exclusion assays were performed as described (Hardman
et al. 1998).

Microarray analysis

RNAs from FACS-purified wild-type and Ezh1/2 double-knockout
ORS, matrix, and epidermal cells (Rendl et al. 2005) were provided
to the Genomics Core Facility at Memorial Sloan-Kettering
Cancer Center for quality control, quantification, reverse tran-
scription, labeling, and hybridization to MOE430A 2.0 microarray
chips (Affymetrix). Arrays were scanned per the manufacturer’s
specifications for the Affymetrix MOE430v2 chip. Images were
background-subtracted. Probe sets were identified as differentially
expressed when the absolute fold change was =2. Probe sets
selected for visualization were log2 transformed, analyzed with
hierarchical clustering (Pearson correlation, average linkage), and
visualized with heat maps to assist in interpretation.

Accession numbers

Microarray data of genes expressed in wild-type and Ezhi1/2
double-knockout cells have been deposited to the Gene Expres-
sion Omnibus repository under series accession number
GSE26616.

Statistics

For all graphs, mean value *= one standard deviation was
presented with the number of replicates indicated in the figure
legends. To determine the significance between two groups (as
indicated in the figures by a bracket), comparisons were made
using Student’s t-test. For all statistical tests, the 0.05 level of
confidence was accepted for statistical significance.

ChIP assays/ChIP-seq

ChIP assay/ChIP-seq was performed as described by Cole et al.
(2008) and Marson et al. (2008) and will be reported elsewhere.
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