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Trimethylation of histone H3 on Lys 27 (H3K27me3) is
key for cell fate regulation. The H3K27me3 demethylase
UTX functions in development and tumor suppression
with undefined mechanisms. Here, genome-wide chro-
matin occupancy analysis of UTX and associated histone
modifications reveals distinct classes of UTX target genes,
including genes encoding Retinoblastoma (RB)-binding
proteins. UTX removes H3K27me3 and maintains ex-
pression of several RB-binding proteins, enabling cell cy-
cle arrest. Genetic interactions in mammalian cells and
Caenorhabditis elegans show that UTX regulates cell
fates via RB-dependent pathways. Thus, UTX defines an
evolutionarily conserved mechanism to enable coordinate
transcription of a RB network in cell fate control.
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The N termini of histone tails are subject to a wide array
of post-translational modifications that determine chro-
matin state and transcriptional activity (for review, see
Rando and Chang 2009). Trimethylation of histone H3 at
Lys 27 (H3K27me3) is associated with epigenetic gene
silencing by the Polycomb group (PcG) proteins, which
play key roles in developmental fate decisions and cell
growth control (Sparmann and van Lohuizen 2006).
H3K27me3 has been shown to inhibit the transcription
of tumor suppressor genes (Bracken et al. 2007; Kotake
et al. 2007). The H3K27 methylase EZH2 is amplified or
overexpressed in human breast, prostate, and melano-
cytic tumors, and is a strong predictor of cancer pro-
gression (Varambally et al. 2002; Bracken et al. 2003;
Kleer et al. 2003). The recent discovery of two H3K27me3
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demethylases, UTX and JMJD3, revealed that removal of
H3K27me3 is also under active control. UTX is required
for proper activation of HOX genes and anterior-posterior
identity (Agger et al. 2007; Lan et al. 2007; Lee et al. 2007),
while JMJD3 can drive post-mitotic differentiation and
oncogene-induced senescence (Jepsen et al. 2007; Sen
et al. 2008; Agger et al. 2009; Barradas et al. 2009).
Biallelic somatic mutations of UTX in human cancers
suggest UTX as a tumor suppressor gene (van Haaften
et al. 2009}, but the mechanism of UTX-mediated tumor
suppression is still unclear.

UTX is associated with the Mixed Lineage Leukemia
2-4 (MLL2-4) H3K4 methylase complexes, members of
trithorax group proteins involved in gene activation
(Issaeva et al. 2007; Lee et al. 2007). UTX occupancy in
the HOX loci is concentrated near promoters, and can
occur focally within either H3K4me2 or H3K27me3
chromatin domains (Lan et al. 2007). Thus, UTX may
not simply associate with all sites of H3K4 or H3K27
methylation, but instead constitutes a dynamic and in-
dependent layer of epigenetic regulation. The full set of
genes targeted by UTX is not known, nor has the re-
lationship of UTX occupancy to underlying histone
methylation states been fully explored. Here we describe
the chromatin occupancy of UTX genome-wide, and re-
veal an unanticipated role for UTX to prevent the epi-
genetic silencing of the Retinoblastoma (RB) pathway and
mediate cell fate control that is conserved from humans
to Caenorhabditis elegans.

Results and Discussion

To explore the roles of UTX in transcriptional regulation,
we mapped the chromatin occupancy of UTX, H3K4me2,
and H3K27me3 in primary human fibroblasts using
chromatin immunoprecipitation (ChIP) followed by hy-
bridization to tiling arrays interrogating >30,000 human
promoters (Materials and Methods). UTX occupied 1945
promoters, most often upstream of transcriptional start
sites, and these UTX target genes can be organized into
distinct functional classes based on the associated his-
tone methylation patterns (Fig. 1A; Supplemental Table
1). The majority of UTX target genes (62%) are enriched
for univalent H3K4me2, consistent with the idea that
UTX is associated with the MLL2-4 complex involved
in gene activation (Issaeva et al. 2007; Lee et al. 2007).
UTX-occupied genes represent less than a quarter of
H3K4me2-enriched genes in the genome, which is also
consistent with the division of labor among more than
eight known H3K4 methylases (Ruthenburg et al. 2007).
UTX-occupied promoters are significantly underrepre-
sented for co-occupancy with H3K27me3 (211 observed
vs. 338 expected by chance alone, P = 6.9 X 1077, hyper-
geometric distribution), suggesting that many of the UTX
occupancy events lead to H3K27me3 demethylation.
Twenty-seven percent of UTX target genes exhibit nei-
ther H3K4 nor H3K27 methylation, and smaller percent-
ages of UTX targets demonstrate both histone marks (7 %)
or only H3K27me3 (4%). Issaeva et al. (2007) found that
MLL2 is required for UTX occupancy of several, but not
all, target genes, and our results expand the set of genes
potentially targeted by UTX in manners independent of
H3K4 methylation. These histone marks also reflect the
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Figure 1. Genome-wide occupancy of UTX and histone modifica-
tions define distinct classes of UTX target genes. (A) Distribution of
UTX occupancy in association with H3K27 and/or H3K4 methyla-
tion. (B) UTX target genes with H3K4 methylation tend to be
expressed, whereas other classes are silent. Box plot showing 25th,
50th, and 75th percentile expression levels for different target gene
categories. Whiskers show the 2.5 and 97.5 percentiles. (C) Gene
Ontology terms enriched in genes with occupancy of UTX and
H3K4me2. (D) Distinct gene cluster families are enriched for UTX
occupancy and bivalent histone H3 modifications (protocadherins)
or neither histone modification (olfactory receptors).

transcriptional state of the UTX target genes as revealed
by mRNA profiling: H3K4me2-occupied genes show a
broad range of mRNA levels, while the three other classes
of genes are largely silent (Fig. 1B).

Gene Ontology analysis of UTX target genes revealed
striking enrichment of distinct functional classes based
on associated histone marks. UTX target genes with
H3K4me2 demonstrate enrichment in broad classes of
genes representing diverse cellular function, including
chromosome organization and biogenesis, RNA splicing,
and cell cycle (all reported enrichments have Benjamini-
Hochberg false discovery rate [FDR] < 0.05) (Fig 1C; Sup-
plemental Table 2). In contrast, protocadherin genes are
strikingly overrepresented among UTX target genes with
both H3K4me2 and H3K27me3 (33 genes observed vs.
one expected by chance alone, P = 3.5 X 10~*°), while
genes encoding olfactory receptors are very significantly
overrepresented among UTX target genes with neither
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H3K4 nor H3K27 methylation (59 genes observed vs. 10
expected by chance alone, P = 7.3 X 10~%°) (Fig. 1D; Sup-
plemental Fig. 1). Both protocadherin and olfactory re-
ceptor genes are organized into clusters where dozens of
family members are grouped, and intricate regulatory
mechanisms ensure that only one or a few select family
members are expressed in each cell (Morishita and Yagi
2007; Olender et al. 2008). Finally, UTX target genes with
only H3K27me3 are enriched for genes involved in de-
velopmental processes (including HOX genes), consistent
with the functional class of genes known to be targeted by
H3K27me3 (Bracken et al. 2006). Together, these data
suggest that the majority of UTX target genes are tran-
scriptionally active, as evidenced by H3K4 methyla-
tion on their chromatin and mRNA accumulation. The
main exception to this rule is gene clusters such as HOX
genes, protocadherins, and olfactory receptors, which are
marked by UTX but also by silencing marks such as
H3K27me3 or absence of H3K4 methylation.

To better understand potential functional roles of UTX,
UTX-bound genes were organized by Ingenuity Pathway
Analysis, a bibliomic approach that organizes sets of
genes into structured networks and nominates biological
contexts for gene function (Calvano et al. 2005). Notably,
and consistent with the independent Gene Ontology
analysis, the most significant gene network among UTX-
bound genes is involved in cell cycle, and this network of
49 genes is centered on the tumor suppressor gene RB,
a key inhibitor of G1-S transition and enforcer of termi-
nal differentiation (Fig. 2A; for review, see Burkhart and
Sage 2008). UTX bound directly to multiple genes that
encode proteins that interact physically with pRB and
function in the RB pathway, including RB1 itself, HBP1,
and RB-binding proteins (RBBP) 4, 5, 6, and 9; all of these
genes were also enriched for H3K4me2 occupancy (Sup-
plemental Table 1). ChIP followed by quantitative PCR
(qPCR) confirmed UTX occupancy of these RB pathway
genes (Fig. 2B). Several of these pRB-binding proteins are
individually required for RB function, including HBP1,
a high-mobility group protein required for RB-dependent
cell cycle arrest (Tevosian et al. 1997). These data suggest
the hypothesis that UTX may enable the coordinate
transcription of genes encoding the pRB complex.

As a first test of this idea, we examined the coordinate
activation or deactivation of UTX and the 49 UTX-
occupied RB gene networks in a compendium of 1973
microarrays, comprised of 22 human tumor types and
their normal counterparts, using the gene module map
method (Segal et al. 2004). For each microarray, we
determined whether these 50 genes were significantly
coinduced or corepressed (P < 0.05, FDR < 0.05), and next
examined whether those microarrays demonstrating co-
ordinate UTX target gene regulation were systematically
enriched for specific clinical annotations (P < 0.05, FDR <
0.05). As shown in Figure 2C, UTX and its targets were
indeed coordinately expressed in many instances. Nota-
bly, while coordinate expression of UTX and its targets
occurred in diverse instances, and therefore were not
enriched for any specific clinical annotation, coordinate
repression of UTX and its targets were enriched in
cancers relative to their normal counterparts, including
human acute myelogenous leukemia (P < 107°) and
human B-cell lymphomas (P < 10™%), and among epithelial
cell lines in the NCI60 collection of tumor cell lines (P <
1072). In human primary breast cancer where high EZH2
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Figure 2. UTX regulates many RB-binding proteins, which are
coordinately decreased in expression in human cancers. (A) Top
network of genes occupied by UTX organized by Ingenuity Pathway
Analysis. (Center) Forty-nine UTX-occupied genes are known to be
associated with RB. The solid line indicates known physical in-
teraction, while the dashed line indicates known interaction by
regulation of expression. Genes of special interest are in large font.
(B) Validation of UTX occupancy of RB pathway genes by ChIP-
qPCR. CDKNZ2D is not a UTX target gene and served as negative
control. (C) The UTX-RB gene network is coordinately repressed in
human cancers. We interrogated a compendium of 1973 microarrays
representing 22 human tumor types and diverse normal controls for
coordinate regulation of the genes occupied by UTX. In the bottom
matrix, each column is a sample showing significant coordinate
induction (red) or repression (green) of UTX network genes (P < 0.05,
FDR < 0.05); each row is a UTX network gene. The middle bar shows
the average level of activity of the UTX-RB network in each sample.
The top matrix displays whether the coordinate induction or repres-
sion of UTX-RB network is enriched for specific clinical annota-
tions. Each brown hatch mark indicates a sample with the indicated
annotation; each row is an enriched annotation (P < 0.05, FDR <
0.05, hypergeometric distribution) that shows selective deactivation
of the network in cancers relative to their normal counterparts. (D)
RB pathway gene expression is correlated with UTX. Genes are
sorted and ranked based on Pearson correlation to UTX. Gene set
enrichment analysis of the Pearson correlation of UTX-bound genes
in 295 human breast cancer patients shows that UTX-bound genes
are significantly positively correlated with UTX expression (P <
0.001). (E) UTX expression level is a predictor of patient survival.
Kaplan-Meier analysis of patients with high versus low UTX expres-
sion is shown for the 295 breast cancer patients (160 patients have
“high” UTX expression; 135 patients have “low” UTX expression).

expression is a known poor prognosis factor (Kleer et al.
2003), UTX target genes including RB1, HBP1, and
several RBBPs are significantly and positively correlated
with UTX expression (P < 0.001) (Fig. 2D), and low UTX
expression is a significant predictor of subsequent patient
death (P = 0.01) (Fig. 2E). Thus, loss of UTX expression

UTX and RB network

may be a rather common occurrence in human cancers, is
linked to transcriptional silencing of the RB pathway, and
has prognostic significance for cancer progression.
Interestingly, the prognostic impact of the UTX level is
conditional on EZH2 status: In tumors with a low EZH2
level, low UTX has a substantially larger impact on sub-
sequent patient survival and metastasis, and, conversely,
the EZH?2 level has a large impact on patient survival and
metastasis in tumors with high UTX expression. But in
tumors that have EZH2 overexpression, the UTX level is
not a significant predictor of patient survival, nor is the
EZH2level significant in tumors with low UTX expression
(Supplemental Fig. 2). These data are consistent with the
idea that excess EZH2 or lack of UTX comprises redundant
mechanisms to dysregulate H3K27me3 levels in cancer.
Next, we directly tested the effect of UTX on the
chromatin states and transcription of RB pathway genes
and cell cycle progression. Acute depletion of UTX by
two independent siRNAs in primary human fibroblasts
led to increased H3K27me3 level on HBP1 and RBBP6
promoters (Fig. 3A,B), and their cognate mRNA levels
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Figure 3. UTX is necessary and sufficient to mediate cell cycle
arrest of primary human fibroblasts. (A) Depletion of UTX protein by
siRNAs. (B) UTX depletion causes increased H3K27me3 levels at
UTX-occupied sites of target genes. ChIP-qPCR of H3K27me3 at
the indicated promoters is shown; HOXA9 and GAPDH served
as positive and negative controls, respectively. (C) UTX depletion
causes decreased mRNA levels of HBP1 and RBBP6 as assayed by
qRT-PCR. (D) UTX depletion increases cell proliferation. Serial cell
counts of fibroblasts transfected with one of two siRNAs targeting
UTX versus control siRNA targeting GFP. (E) Increased S-phase
entry of UTX-depleted cells. BrdU immunofluorescence (left) and
quantification (right) showing increase percentage of S-phase cells in
population versus control. n = 1000+ for each condition. (F) Over-
expression of UTX results in decreased cell proliferation. Serial cell
counts of fibroblasts transduced with UTX or puromycin-resistant
vector alone. (G) Catalytic activity of UTX is required to induce
cell cycle arrest, as measured by BrdU incorporation. (UTXmut)
UTXH!U26A 1 = 1000+ in each condition. (H) UTX overexpression
does not induce apoptosis. Staurosporine treatment served as
positive control. Mean = SD is shown in all bar graphs.
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were decreased correspondingly (Fig. 3C). The gain of
H3K27me3 on pRB pathway promoters was as strong as
or stronger than that seen on HOXA9, a known UTX
target gene (Lan et al. 2007), but H3K27me3 did not
increase on GAPDH, a gene not targeted by UTX (Fig. 3B).
Rb1 also showed little change in H3K27me3 or mRNA
levels in the same experiments. Thus, UTX is continually
required to prevent H3K27me3 accumulation on select
genes in the pRB network. Moreover, acute depletion
of UTX caused significantly increased cell proliferation
and S-phase entry, as measured by serial cell counts
and bromodeoxyuridine (BrdU) incorporation (Fig. 3D,E).
Fluorescence-activated cell sorting confirmed a decrease
in GI1 fraction and corresponding increase in S and G2
fractions of the cell cycle (8% vs. 17% S-phase fraction in
GFP vs. UTX-depleted cells, respectively). Conversely,
enforced expression of UTX in primary human fibroblasts
by retroviral transduction led to cell cycle arrest but not
apoptosis, as measured by serial cell counts, BrdU in-
corporation, and apoptotic caspase activity (Fig. 3F-H).
Importantly, the catalytic-inactive mutant UTX!H!1264
was unable to inhibit BrdU incorporation, indicating that
H3K27me3 demethylase activity is required to induce
cell cycle arrest (Fig. 3G). Collectively, these data suggest
that UTX demethylates H3K27me3 at the promoters of
genes encoding pRB complex subunits to enable their co-
ordinate transcription, and UTX is necessary and suffi-
cient to mediate cell cycle arrest of primary human cells.
Our model predicts that RB pathway genes are required
for UTX-mediated cell cycle arrest. Overexpression of
UTX led to cell cycle arrest as measured by BrdU in-
corporation, but concomitant depletion of either RB or
HBP1 reversed the cell cycle arrest (Fig. 4A,B). Indeed, RB-
or HBP1-depleted cells cycle more than wild-type cells,
and become insensitive to UTX overexpression. We also
employed a genetic approach to examine the epistasis
between the UTX and RB pathways. In the mouse, Rb
and its family members p107 and p130 exhibit cross-
regulation and compensation, but triple knockout (TKO)
of all three Rb family members fully inactivates the
RB pathway (Sage et al. 2003). In the TKO setting, we hy-
pothesized that loss of UTX can no longer have an
additive effect on relaxing the G1 checkpoint, and over-
expression of UTX should no longer lead to cell cycle
arrest. Indeed, in wild-type mouse embryonic fibroblasts
(MEFs), two independent siRNAs targeting mouse Utx
led to ectopic cell proliferation, and enforced expression
of UTX, but not its catalytic mutant, led to cell cycle
arrest. But in TKO MEFs, neither Utx depletion nor
overexpression had an appreciable effect on the cell cycle
(Fig. 4C). In sum, these data suggest that UTX controls
cell cycle arrest by activating a RB-dependent pathway.
In addition to cell cycle regulation, the RB pathway also
controls lineage-specific differentiation. In the classic
genetic model C. elegans, genes encoding RB and RB-
binding proteins were first discovered for their roles in
controlling vulval cell fate (for review, see Fay and
Yochem 2007). The vulva develops from six equipotent
vulval precursor cells (VPCs), in which only three adopt
the vulval fate. Animals in which more than three VPCs
adopt the vulvlal fate are defined as Multivulvae (Muv).
The synthetic Multivulvae (synMuv) genes are a group of
genes that act redundantly to prevent extra adoption of
the vulval fate. The synMuv genes can be classified into
three classes: A, B (containing most genes encoding RB
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Figure 4. Genetic interaction between UTX, RB, and RB-binding
proteins. (A) Depletion of RB1 or HBP1 by siRNAs. (siluc) Control
siRNA targeting luciferase. (B) RB or HBP1 depletion reverses UTX-
mediated cell cycle arrest. Quantifications of percentage of cells in
S phase as measured by BrdU incorporation is shown. n = 1000+. (C)
UTX modulation of cell cycle progression in mouse embryonic
fibroblasts (MEFs) requires the Rb family members. (Left) Wild-type
MEFs. (Right) Rb, p107, and p130 triple knockout (TKO) MEFs. (D)
C. elegans UTX-1 is synMuv. RNAI of utx-1 was performed on eight
characteristic synMuv strains and N2 wild-type worms. Wild-type
worms were exposed to utx-1 RNAi and showed a very weak Muv
phenotype (<1% penetrance). Strains representing class A (lin-15A,
lin-8, 1in-38, and lin-56; genes labeled in red), class B (lin-35 Rb,
lin-53 RbBP4, and lin-15B; genes labeled in blue), and class C (mys-1
TIP60; gene label in green) were used to test for UTX-1 synMuv
activity. All of these strains present a normal vulva (Ferguson and
Horvitz 1989), except for mys-1, which produces <10% Muv (Ceol
and Horvitz 2004). Penetrance of the synMuv interactions vary
between 8% and 24% for class A and 18 % and 48 % for class B, and is
57% for class C. Overall, utx-1 genetically interacts with classes A,
B, and C, and behaves similarly to set-16 mll (K Fisher and GB
Poulin, pers. comm.). The number of worms analyzed is indicated
above each bar. (E) Photomicrograph of representative synMuv
phenotype in an early L4 stage worm. Arrows indicate extra cells
adopting the vulval fate. The normal vulva is underlined.

and RBBPs), and C. Mutants of each class present a normal
vulva (an exception is class C) (see the legend for Fig. 4),
but double mutants between classes are defined as
synMuv. We reasoned that, if worm UTX-1 functions in
the RB pathway, depletion of UTX-1 should cause the
synMuv phenotype in appropriate genetic backgrounds.



We inactivated UTX-1 in wild-type animals and eight
characteristic synMuv backgrounds representing classes
A, B, and C (Fig. 4D,E). Consistent with being synMuyv,
UTX-1 RNAI in wild-type animals had no vulvae abnor-
malities, but caused Muv in all synMuv backgrounds.
This promiscuous synMuv activity is anticipated be-
cause lin-53/RBBP4, a presumptive UTX target gene, is
also synMuv A and B (Solari and Ahringer 2000), and set-
16, encoding a C. elegans MLL homolog, is also synMuv
with classes A, B, and C (K Fisher and GB Poulin, pers.
comm.). The promiscuous synMuv activity of UTX-1 is
consistent with UTX-1 regulation of Rb, Rb-binding pro-
teins, and likely additional targets that are in the class A
and C group of synMuv genes. Taken together, these
results suggest that UTX regulation of RB and RB-binding
proteins occurs in vivo, can affect developmental fate
decisions, and is conserved from worms to humans.

In this study, we identify promoters occupied by UTX
genome-wide, and reveal RB-binding proteins as key
target genes mediating UTX-dependent cell cycle arrest
and fate decision. Our results suggest that UTX deme-
thylates H3K27me3 at the promoters of genes encoding
PRB complex subunits to enable their coordinate tran-
scription, and loss of UTX may lead to coordinate silenc-
ing of the RB network in cancer. UTX-mediated cell cycle
arrest requires its H3K27me3 demethylase activity, and
the prognostic impact of UTX expression is conditional
on EZH2, suggesting that H3K27me3 demethylation is
an important readout of UTX activity. Nonetheless, the
genome-wide colocalization of UTX with H3K4 methyl-
ation and genetic interaction profiles in C. elegans
paralleling SET-16/MLL strongly suggest that UTX is
also linked with H3K4 methylation.

The two H3K27 demethylases UTX and JMJD3 appear
to have different roles regulating cell proliferation.
JMJD3, but not UTX, is transcriptionally induced by onco-
genic Ras to activate expression of the CDKN2A cyclin-
dependent kinase inhibitor (Agger et al. 2009; Barradas
et al. 2009). Consistently, UTX depletion provides normal
cells with an immediate proliferative advantage (Fig. 3),
whereas JMJD3 depletion does not affect cell proliferation
until a senescence checkpoint is engaged (Agger et al.
2009; Barradas et al. 2009). These findings imply a division
of labor among H3K27 demethylases in cell cycle control.
UTX transcript level is constant through the cell cycle
(Supplemental Fig. 3A), but is induced during wound
healing (Shaw and Martin 2009); in contrast, EZH2 is
induced in S phase (Bracken et al. 2003). UTX occupancy
of RB network genes also differs in embryonic stem cells
(Supplemental Fig. 3B). While our results strongly link
UTX to the RB network, how the UTX-RB network may
be modulated during the cell cycle or differentiation
should be investigated in future studies. In this regard,
vulval fate determination in C. elegans requires the inter-
play of receptor tyrosine kinase signaling, Notch signal-
ing, and chromatin regulation (Fay and Yochem 2007).
Our identification of UTX as a synMuv gene identifies
a genetically tractable system to dissect the regulation of
UTX activity.

Among the many UTX target genes, HBP1 emerges as
a key effector of UTX. HBP1 was initially discovered as
a HMG-box protein that physically interacted with pRB
and can enforce cell cycle arrest (Tevosian et al. 1997).
Somatic mutations and loss of expression of HBP1 in
human cancers indicate that HBP1 is also a tumor sup-
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pressor gene (Paulson et al. 2007). UTX occupies the
HBP1 promoter and is required to prevent H3K27me3 and
silencing of HBP1, allowing HBP1 to accumulate and
work with pRB. Further, cell cycle arrest induced by UTX
can be suppressed by concomitant inactivation of HBPI.
Our data thus implicate a UTX-RB-HBP1 pathway that
functionally links three human tumor suppressor genes.
Drosophila Utx is also a suppressor of tissue overgrowth
that modulates the fly Rb pathway (H-M Herz, LD
Madden, Z Chen, C Bolduc, E Buff, R Gupta, R Davuluri,
A Shilatifard, IK Hariharan, and A Bergmann, in prep.).
Together with our studies in mammalian cells and C.
elegans, we suggest that the UTX-RB connection is
evolutionarily conserved and fundamental to metazoan
growth control.

Materials and methods

ChIP-chip and data analysis

ChIP with affinity-purified UTX antiserum (Agger et al. 2007; Issaeva et al.
2007; Lan et al. 2007) and H3K27me3 and H3K4me2 (Rinn et al. 2007)
from human fibroblasts were as described and were hybridized to arrays
tiling human promoters (Roche Nimblegen). Peak calling (Johnson et al.
2008), Gene Ontology analysis (Lan et al. 2007), Ingenuity Pathway
Analysis (Calvano et al. 2005), gene module map (Segal et al. 2004), and
GSEA (Subramanian et al. 2005) were as described. qPCR primers are
listed in Supplemental Table 3. Array data are available at Gene Expres-
sion Omnibus (http://www.ncbi.nlm.nih.gov/geo), GSE 16221.

Cell proliferation assays

Primary human or mouse fibroblasts were transfected with siRNAs or
plasmids as in Lan et al. (2007), and were scored for BrdU incorporation as
described (Liu et al. 2007) or for viable cells using MTT assay (Roche).

C. elegans RNAi

N2, lin-15A(n767), lin-8(n111), 1in-38(n751), lin-56(n2728), lin-35(n745),
1in-53(n833), lin-15B(n744), and mys-1(n4075)/nT1[qls51] strains were
fed UTX-1 bacterial RNAi clone and scored for Muv phenotype using DIC
microscopy.

Detailed information is available in the Supplemental Material.
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