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Although regulation of histone methylation is believed

to contribute to embryonic stem cell (ESC) self-renewal,

the mechanisms remain obscure. We show here that the

histone H3 trimethyl lysine 4 (H3K4me3) demethylase,

KDM5B, is a downstream Nanog target and critical for ESC

self-renewal. Although KDM5B is believed to function as a

promoter-bound repressor, we find that it paradoxically

functions as an activator of a gene network associated

with self-renewal. ChIP-Seq reveals that KDM5B is pre-

dominantly targeted to intragenic regions and that it

is recruited to H3K36me3 via an interaction with the

chromodomain protein MRG15. Depletion of KDM5B or

MRG15 increases intragenic H3K4me3, increases cryptic

intragenic transcription, and inhibits transcriptional

elongation of KDM5B target genes. We propose that

KDM5B activates self-renewal-associated gene expression

by repressing cryptic initiation and maintaining an

H3K4me3 gradient important for productive transcrip-

tional elongation.
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Introduction

Embryonic stem cells (ESCs) derived from the inner cell mass

(ICM) of pre-implantation embryos can differentiate into all

somatic lineages and have an unlimited capacity for self-

renewal (Niwa, 2007a). ESCs serve as a model for the study of

development specification and as an important resource for

cell replacement therapy. Insight into the transcriptional and

epigenetic mechanisms that regulate ESC self-renewal is

essential for their use in medicine.

The transcription factors Oct4 and Nanog have a central

role in the initiation and maintenance of ESC pluripotency

and self-renewal (Chambers et al, 2003; Mitsui et al, 2003; Do

and Scholer, 2009). Nanog is also essential for the acquisition

of pluripotency in the embryo and during reprogramming

(Silva et al, 2009). ESC pluripotency is believed to depend

on an epigenetic state that facilitates unlimited self-renewal

and prevents developmental gene silencing. ESCs are charac-

terized by a relaxed chromatin conformation (Niwa, 2007b)

and unique bivalent domains (Bernstein et al, 2007). During

reprogramming of somatic cells, extensive epigenetic remo-

delling occurs, including loss of repressive histone and

DNA methylation and re-establishment of bivalent histone

modifications (Maherali et al, 2007). Although Nanog

has been reported to interact with chromatin complexes

(Liang et al, 2008), the downstream mechanisms by which

Nanog regulates initiation and maintenance of pluripotency

remain unclear. We utilized a ChIP-Seq screen to identify the

histone demethylase KDM5B as a major downstream target

of Nanog.

KDM5B is an H3K4me2/3 demethylase that is up-regulated

in a wide range of human cancers and enhances cancer self-

renewal (Lu et al, 1999; Yamane et al, 2007; Hayami et al,

2010; Roesch et al, 2010). Forced KDM5B expression also

increases histone H3 Ser10 phosphorylation in ESCs and

reduces neural progenitor cell differentiation (Dey et al,

2008). Nevertheless, the molecular mechanisms by which

KDM5B regulates self-renewal have not been well characte-

rized. Although KDM5B is believed to function as a transcrip-

tional repressor by removing promoter-associated H3K4me3,

we show here that KDM5B also functions as an activator of

self-renewal-associated gene expression. ChIP-Seq analysis

shows that KDM5B occupancy is highly correlated with

H3K36me3, a chromatin mark associated with active trans-

criptional elongation. KDM5B is recruited to intragenic

H3K36me3 at least, in part, via its interaction with the chromo-

domain protein MRG15. Moreover, we demonstrate that

KDM5B safeguards transcriptional elongation by repressing

spurious intragenic transcription. Our study reveals that com-

partmentalization of a histone demethylase to a distinct chro-

matin domain results in an unexpected role in gene regulation.

Results

KDM5B is a transcriptional target of Nanog and

contributes to ESC self-renewal

Nanog and Oct4 are core transcriptional regulators of

ESC self-renewal. Analysis of ChIP-Seq data showed that

Nanog and Oct4 co-occupy the KDM5B genomic locus in

mouse ESCs (Figure 1A). ChIP-PCR confirmed Nanog and

Oct4 occupancy at these regions in both mouse and human

ESCs (Figure 1B; Supplementary Figure S1A). Tetracycline-

mediated depletion of Oct4 in ZHBTc4 ESCs (Niwa et al,

2000) markedly reduced KDM5B protein and mRNA levels

(Figure 1C). Likewise, depletion of endogenous Nanog or

Oct4 in ESCs attenuated KDM5B expression (Figure 1D; data

not shown). Transient knockdown of KDM5B increased

expression of lineage-associated genes (Figure 1E). These

genes are likely indirectly regulated because the majority of
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them are not associated with KDM5B occupancy as assessed

by ChIP-Seq (Supplementary Table S1). Prolonged knock-

down of KDM5B triggered morphological differentiation,

loss of alkaline phosphatase activity, and a reduction in a

subset of pluripotency-associated genes (Figure 1F; Supple-

mentary Figure S1B). Consistent with its proposed role in

cancer stem cell self-renewal (Roesch et al, 2010), KDM5B

depletion markedly decreased ESC proliferation (Supple-

mentary Figure S2A). In particular, S phase was reduced

and the percentage of cells in G1 increased (Supplementary

Figure S2B). These data suggest that KDM5B contributes to

ESC self-renewal.

KDM5B is an activator of self-renewal-associated gene

expression

Previous studies suggest that KDM5-family demethylases

repress genes involved in developmental processes

(Christensen et al, 2007; Dey et al, 2008; Lopez-Bigas et al,

2008; Pasini et al, 2008). We explored the mechanisms by

which KDM5B regulates ESC self-renewal by profiling gene

expression following siRNA-mediated KDM5B knockdown.

Surprisingly, the majority of significantly regulated genes

showed decreased expression (Supplementary Table S2).

Moreover, gene ontology (GO) analyses revealed that the

most significantly regulated categories were exclusively asso-

ciated with genes down-regulated by KDM5B knockdown

(Figure 2A). Significant GO categories were not associated

with developmental processes, but were linked to mitosis,

chromatin, and nucleotide metabolism. Interestingly, genes

down-regulated by KDM5B depletion were significantly (KS

test Po1�106) correlated with genes whose expression

decreases during ESC differentiation (Figure 2B). Real-time

PCR confirmed the down-regulation of a subset of these genes

following KDM5B knockdown (Supplementary Figure S3).

These data strongly suggest that KDM5B functions as an

activator of genes associated with self-renewal.
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Figure 1 KDM5B is a Nanog and Oct4 target and critical for ESC self-renewal. (A) UCSC genome browser track depicting Oct4 and Nanog
ChIP-Seq occupancy in the vicinity of the murine KDM5B genomic locus. (B) Confirmation of Oct4 and Nanog occupancy at KDM5B (P1 and
P2) by ChIP-PCR. The Oct4 enhancer region is a positive control. (C, D) ZHBTc4 ESCs were treated with tetracycline (Tet) for 48 h to deplete
Oct4 (C). J1 ESCs were transfected with siNanog or non-targeting control (siCon) (D). KDM5B cDNA and protein levels were measured by
RT–PCR (left) and immunoblot (right). (E) RT–PCR analysis of lineage-associated marker gene expression following siKDM5B in ESCs.
(F) ESCs were transfected with control (siCon) or KDM5B siRNA (siKDM5B); 72 h post-transfection cells were stained for alkaline phosphatase
activity (AP).
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KDM5B occupies transcribed regions

of self-renewal-associated genes

The ability of KDM5B to function as an activator could result

from indirect regulation. To address this question, we utilized

ChIP-Seq to profile the genome-wide occupancy of KDM5B in

an unbiased manner. The 8 425 313 ChIP-Seq tags were

sequenced of which 3 864 894 mapped to a single genomic

locus. A sliding-window algorithm identified 11142 KDM5B

ChIP-Seq peaks significantly enriched at an FDR of 5%

(Supplementary Table S1). The KDM5B antibody used for

ChIP-Seq identified only one protein by western blot (Supple-

mentary Figure S4A) and ChIP-PCR confirmed occupancy of

a randomly selected subset of peaks with antibodies to

distinct epitopes (Supplementary Figure S4B and C). More-

over, siRNA-mediated depletion of KDM5B attenuated

KDM5B ChIP signal (Figure 2C). GO analysis of genes adja-

cent to KDM5B ChIP-Seq peaks generated categories that

were highly similar to those associated with genes down-

regulated following KDM5B knockdown (Figure 2A and D).

Surprisingly, unbiased ChIP-Seq revealed that 84% of KDM5B

ChIP-Seq peaks were present in intragenic regions (Wilcoxon

rank-sum Po1�10�6; Figure 2E–G), while only 36% of

random loci and 40% of Oct4 ChIP-Seq peaks were located

inside genes.

The accumulation of KDM5B in transcribed regions

suggested an association with transcriptional activity. We

utilized ChIP-Seq to profile occupancy of a phosphorylated

form of PolII associated with elongation (Ser2P) and the

promoter-associated epigenetic mark, H3K4me3. We found

that B59% of KDM5B peaks were within 2 kb of a Ser2P peak

(Wilcoxon rank-sum Po1�10�6; Figure 2E–G), while only

6% of random loci and 13% of Oct4 ChIP-seq peaks were

adjacent to a Ser2P peak. KDM5B was not significantly

associated with H3K4me3 (Wilcoxon rank-sum P¼ 0.23).

These data strongly suggest that KDM5B functions as a

transcriptional activator. Consistent with this idea, KDM5B

ChIP-Seq tags accumulated in intragenic regions of genes

positively regulated by KDM5B, but not in intragenic regions

of genes repressed by KDM5B (Figure 2H and I). Comparison

of ChIP-Seq tag accumulation relative to ranked microarray

data reveals that KDM5B occupancy is significantly correlated

with genes decreased by KDM5B knockdown (Figure 2J;

Supplementary Figure S5). Consistent with this finding,

KDM5B occupies intragenic regions of highly expressed

RefSeq genes, but was not significantly detected in genes

expressed at lower levels (Figure 2K–M). The lack of

ChIP-Seq peak correlation with genes increased following

KDM5B knockdown shows that KDM5B functions predomi-

nantly as an activator of gene expression. Both microarray

and ChIP-Seq studies identify an overlapping set of genes that

are transcriptionally activated by KDM5B. Taken together,

these data indicate that KDM5B regulates self-renewal by

functioning as a direct activator of a self-renewal-associated

gene network. Analyses of microarray and ChIP-Seq data

identified a large set of KDM5B targets associated with cell-

cycle progression and DNA biosynthesis, including Ccnb1,

Ccna2, Cdc25a, Pola1, Mcm3/4/5/6/7, Cdc45, and Orcl1/2/

3/5/6 (Supplementary Figure S6A; data not shown). We

confirmed that these genes were directly occupied by

KDM5B (Supplementary Figure S6B). These data indicate

that KDM5B regulates a novel gene network that directly

regulates ESC self-renewal.

Demethylation of intragenic H3K4me3 domains

by KDM5B

Although the majority of H3K4me3 is localized near promoters

(Mikkelsen et al, 2007), our data indicate that KDM5B is predo-

minantly localized to intragenic regions. This led us to examine

whether KDM5B functions as a demethylase at intragenic loci.

Knockdown of KDM5B modestly increased global H3K4me3,

but not H3K9me3, H3K27me3, or H3K36me3 in ESCs

(Figure 3A). To test whether KDM5B specifically regulates

intragenic H3K4me3 at its targets, we utilized ChIP-Seq to

examine global changes in H3K4me3 following knockdown of

KDM5B. Interestingly, we observed highly localized increases in

H3K4me3 near KDM5B peaks following knockdown of KDM5B

(Figure 3B and C). Importantly, the increase in H3K4me3 at

KDM5B ChIP-Seq peaks was highly significant (Wilcoxon

rank-sum Po1�10�6) and occurred on a genome-wide basis

(Figure 3D). We utilized ChIP-PCR to confirm this observation

by showing that KDM5B knockdown increased H3K4me3 at

ChIP-Seq peaks, but not at upstream or downstream regions

(Figure 3E). These data show that KDM5B functions to erase

intragenic H3K4me3 specifically at its target sites.

Recruitment of KDM5B to chromatin depends on

H3K36me3

The enrichment of KDM5B in transcriptionally active regions

is reminiscent of the distribution of H3K36me3, an epigenetic

mark deposited by elongating PolII (Li et al, 2007). We

compared the localization of KDM5B to H3K4me3 ChIP-Seq

data generated in this study and published H3K36me3 and

H3K27me3 ChIP-Seq data (Mikkelsen et al, 2007) (Figure 4A

and B). A total of 83% of KDM5B regions were within 5 kb of

H3K36me3 peak (Wilcoxon rank-sum Po1�10�6), while only

B18% of KDM5B peaks were near H3K4me3 peaks (Wilcoxon

rank-sum P¼ 0.23). As the majority of KDM5B ChIP-Seq peaks

(84%) are localized to RefSeq intragenic regions, we examined

the density of H3K36me3 relative to RefSeq genes ordered by

KDM5B ChIP-Seq peak area. H3K36me3 density was highly

correlated with genes containing the most KDM5B occupancy

(Figure 4C). Importantly, the spatial profile of KDM5B occu-

pancy in highly expressed genes mirrored that of H3K36me3

(Figure 4D and E). ChIP-PCR confirmed that H3K36me3 was

specifically enriched at KDM5B ChIP-Seq peaks, but not at

down- or upstream regions (Figure 4F). The colocalization of

KDM5B and H3K36me3 raised the possibility that KDM5B is

directly recruited by this epigenetic mark. We tested this by

examining KDM5B occupancy following knockdown of the

Setd2 H3K36me3 methyltransferase (Figure 4G). Setd2 deple-

tion markedly decreased KDM5B occupancy (Figure 4H) and

induced a localized increase in H3K4me3 (Supplementary

Figure S7A). These data show that H3K36me3 deposition

facilitates recruitment of KDM5B. As H3K36me3 is deposited

by elongating PolII, KDM5B recruitment should also be depen-

dent on transcriptional elongation. Inhibition of PolII elonga-

tion markedly attenuated occupancy of KDM5B and elongating

PolII, while sparing promoter-bound PolII (Supplementary

Figure S7B and C). These data strongly suggest that KDM5B

is recruited by elongation-associated H3K36 methylation.

An Rpd3S-like complex recruits KDM5B to H3K36me3

The KDM5B orthologue, little imaginal discs (Lid), interacts

with the chromodomain H3K36me3-binding protein MRG15
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in Drosophila (Lee et al, 2009b). Interestingly, mammalian

KDM5B also interacts with MRG15 in ESCs (Figure 5A).

Similar results were seen with epitope-tagged KDM5B and

MRG15 in a heterologous expression system (Figure 5B).

Moreover, ChIP-PCR analysis showed that MRG15 was selec-

tively enriched at KDM5B peaks, but not at distal regions

(Figure 5C). Knockdown of MRG15 modestly decreased

KDM5B occupancy, increased intragenic H3K4me3, and

reduced expression of KDM5B target genes (Figure 5D–G).

These data indicate that MRG15 contributes to recruitment

of KDM5B to H3K36me3. The yeast MRG15 orthologue

Eaf3 functions to recruit the Rpd3S histone deacetylase and

Sin3 to transcriptionally active chromatin. Thus, we asked

whether KDM5B interacts with a mammalian Rpd3S-like

complex. Pull down experiments show that KDM5B interacts

with mammalian Rpd3S components, HDAC1 and Sin3A
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(Figure 5H). KDM5B was not detected in HDAC1-containing

Mi-2/NURD immunoprecipitates (data not shown). Impor-

tantly, KDM5B knockdown did not affect H4 acetylation or

H3K36me3 (Supplementary Figure S8). We next utilized

ChIP-Seq to test whether MRG15 colocalized with KDM5B

on a genome-wide scale. MRG15 ChIP-Seq signal was highly

correlated with KDM5B occupancy (Figure 5I and J) and 49%

of KDM5B ChIP-Seq peaks were within 5 kb of an MRG15

peak (Wilcoxon rank-sum Po1�10�6). Like KDM5B, MRG15

was predominantly associated with intragenic transcription

(71% of MRG15 peaks are inside RefSeq genes; Wilcoxon

rank-sum Po1�10�6) and the spatial profile of MRG15

occupancy overlapped with that of KDM5B and H3K36me3

(Supplementary Figure S9). Moreover, MRG15 occupancy

was highly correlated with KDM5B, but not Nanog intragenic

occupancy (Figure 5K). Although the Nanog negative control

showed no correlation with KDM5B occupancy, a general

enrichment for Nanog (over regions without KDM5B) is

Figure 2 An unexpected role for KDM5B in transcriptional activation. (A) Gene ontology (GO) analysis of microarray data showing categories
of genes significantly down-regulated following siKDM5B. No up-regulated gene categories were detected at Qo1�10�6. (B) Heatmap
comparison of microarray data from ESC retinoic acid (RA) differentiation and KDM5B knockdown experiments. (C) ChIP analysis of KDM5B
ChIP-Seq peaks and negative control regions (Neg) following KDM5B knockdown (siKDM5B). Data are expressed as the ratio of siKDM5B ChIP
signal over siCon. Each dot represents a distinct ChIP-Seq locus (pairwise comparisons to Peak data Po0.01). (D) GO analysis of RefSeq genes
within 5 kb of a KDM5B ChIP-Seq peak 50 end. (E–G) UCSC genome browser tracks depicting H3K4me3, KDM5B, and Ser 2 phosphorylated
PolII (Ser2P) ChIP-Seq peaks at representative gene loci. The RNA-Seq track depicts 30-directed RNA-Seq data from ESCs. The numbers on the
left axes indicate peak amplitude. (H, I) ChIP-Seq tag density relative to significantly down- (H) and up-regulated (I) genes following KDM5B
knockdown. All Ref-Seq gene lengths were scaled to 1. The left y axis corresponds to H3K4me3 ChIP-Seq data, while the right y axis represents
other data. (J) Histogram of KDM5B ChIP-Seq peak tag density relative to ESC RefSeq microarray data rank ordered by fold-change following
KDM5B knockdown. The black profile above the heat map depicts average number of significant ChIP-Seq KDM5B peak tags found per gene.
The grey profile represents a randomized control and the blue line delineates an FDR of Po0.01. (K–M) ChIP-Seq tag density relative to the top
(K), middle (L), and bottom third (M) of RefSeq genes expressed in ESCs. All Ref-Seq gene lengths were scaled to 1. The left y axis corresponds
to H3K4me3 ChIP-Seq data, while the right y axis represents other data.
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plotted relative to the centre of mass of KDM5B ChIP-Seq peaks (black line) or randomized controls (grey line). The ChIP-Seq difference was
normalized by total tag counts and tags within 1.5 kb of RefSeq gene 50 ends were not included. The difference of H3K4me3 ChIP-Seq tag counts
following knockdown of KDM5B was highly significant (Wilcoxon rank-sum Po1�10�6). (E) Scatter plot depicts H3K4me3 ChIP data
following KDM5B knockdown (siKDM5B) at KDM5B ChIP-Seq peaks (Peak), upstream regions (Up), associated promoters (Prom), and
downstream regions (Down). Data are expressed as the ratio of H3K4me3 ChIP signal from siKDM5B over siCon. Each dot represents a distinct
ChIP-Seq peak locus and all comparison to Peak data Po0.01.
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expected due to the tendency of KDM5B to demarcate tran-

scriptionally active chromatin. These data strongly suggest

that KDM5B can be recruited to H3K36me3 via its interaction

with MRG15. As not all KDM5B peaks are associated with

MRG15 occupancy, additional recruitment mechanisms likely

also exist.

KDM5B represses cryptic transcription by removing

intragenic H3K4me3

Rpd3, the catalytic core of the Rpd3S complex, is believed to

repress cryptic transcription by erasing histone acetylation

deposited by elongating polymerase (Carrozza et al, 2005;

Joshi and Struhl, 2005; Keogh et al, 2005). Our observation

that KDM5B interacts with mammalian orthologues of

Rpd3S complex suggests that KDM5B functions in a manner

analogous to Rpd3. In support of this hypothesis, we found

that mammalian H3K4me3 methyltransferase subunits form

a complex with elongating RNA PolII (Figure 6A). Conse-

quently, we examined whether intragenic H3K4me3 deposi-

tion was dependent on transcriptional activity. Treatment of

ESCs with the inhibitor of PolII elongation, DRB, significantly

decreased intragenic H3K4me3 at both 1 h (Figure 6B) and 6 h

time points (data not shown). Unphosphorylated PolII is

tethered to sites of initiation, at least in part, via an inter-

action with TFIID/TBP (Usheva et al, 1992; Nikolov et al,

1995). Interestingly, KDM5B knockdown markedly stimu-

lated recruitment of unphosphorylated PolII to intragenic

H3K4me3 peaks strongly suggesting that these sites represent

sites of cryptic initiation (Figure 6F). As H3K4me3 is highly

correlated with transcriptional start sites and recruits

the PolII preinitiation complex via interactions with TFIID

(Vermeulen et al, 2007), we hypothesized that KDM5B

repressed cryptic transcription by preventing intragenic

initiation.

Knockdown of KDM5B markedly increased expression

of cryptic unspliced transcripts (Figure 6C). Moreover, ChIP

and global ChIP-Seq analyses show that the increase in

cryptic transcription was associated with a localized increase

of H3K4me3 (Figure 3B–E), but not H4Ace or H3K36me3

(Supplementary Figure S8). These non-coding transcripts did
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Figure 4 H3K36me3 recruits KDM5B to transcriptionally active intragenic regions. (A, B) UCSC genome browser tracks depicting H3K4me3,
KDM5B, and H3K36me3 ChIP-Seq peaks at representative gene loci. The numbers on the left axes indicate peak amplitude. (C) Histogram
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not originate from the canonical promoter because we

detected no change in Ser5P PolII recruitment at promoter

regions after KDM5B knockdown (Figure 6E). The position

of intragenic H3K4me3 at the 30 end of the gene led us to

examine whether some of this cryptic transcription was

antisense to the coding strand. We found that both Tet1 and

Unc45b contained cryptic transcripts antisense to the coding

strand (Supplementary Figure S10). These cryptic transcripts

did not originate from other transcripts because KDM5B-

regulated transcription was not detected outside the tran-

scribed locus (data not shown). Moreover, full-length

(intron-spanning) transcription of KDM5B targets was always

down-regulated following KDM5B depletion (Figure 6D).

Recruitment of Ser5P to promoter regions was unaffected

by KDM5B depletion, but Ser5P and Ser2P recruitment was

selectively decreased from the 30 ends of KDM5B target genes,

suggesting a defect in later phases of transcriptional elon-

gation (Figure 6E). We observed similar effect for MRG15

knockdown (data not shown). These data strongly suggest

that KDM5B functions to prevent cryptic transcription by

removing intragenic H3K4me3 (Figure 6F) and that KDM5B

safeguards expression of a gene network associated with self-

renewal by maintaining an H3K4me3 gradient that favours

productive elongation (Figure 6G; data not shown).

Discussion

KDM5-family demethylases are believed to repress transcrip-

tion by removing promoter-associated H3K4me3 (Christensen

et al, 2007; Klose et al, 2007; Yamane et al, 2007). Surprisingly,
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we show that KDM5B paradoxically functions as a transcrip-

tional activator of genes linked to ESC self-renewal. ChIP-Seq

analyses reveal that KDM5B predominantly occupies actively

transcribed chromatin and is recruited to domains enriched for

elongating PolII. KDM5A has been shown to function as an

activator or repressor depending on gene context (Chan and

Hong, 2001; Benevolenskaya et al, 2005) and apparently occu-

pies promoters and intragenic regions (Christensen et al, 2007;

Hayakawa et al, 2007). Interestingly, the Drosophila KDM5B

orthologue Lid is associated with transcriptionally active chro-

matin, positively regulates gene expression, and antagonizes

heterochromatin formation (Lee et al, 2007; Secombe et al,

2007; Lloret-Llinares et al, 2008). Thus, KDM5B’s role in gene

activation may be evolutionarily conserved.

Nanog is required for the initiation and maintenance of

pluripotency (Chambers et al, 2003; Mitsui et al, 2003; Silva

et al, 2009). We utilized ChIP-Seq data to identify KDM5B

as a Nanog target gene. KDM5B depletion attenuated ESC

self-renewal and decreased expression of genes associated

with mitosis and nuclear metabolism. In particular, KDM5B

regulated core DNA biosynthesis machinery, including Pola1,

Cdc45, Mcm3–7, Orc1/2/3/5/6, Cdc25a, and Ccnb1. Interes-

tingly, Mcm4 and Mcm6 contribute to rapid early embryonic

proliferation (Coue et al, 1996) and both Mcm4 and Cdc25a

null embryos fail to expand ICM (Shima et al, 2007; Lee et al,

2009a). Interestingly, many KDM5B-regulated genes are not

targets of core pluripotency-associated transcription factors.

Thus, KDM5B regulates ESC self-renewal by activating a
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novel gene network that regulates ESC proliferation and

DNA synthesis.

We show here that KDM5B recruitment depends on

H3K36me3, a histone modification associated with transcrip-

tional elongation (Li et al, 2007). The KDM5B orthologue

Lid interacts with MRG15, a chromodomain protein that

recognizes H3K36me2/3 (Zhang et al, 2006; Lee and

Shilatifard, 2007). We show that KDM5B interacts with

MRG15 and that knockdown of MRG15 reduced KDM5B

recruitment. Genome-wide MRG15 ChIP-seq analysis shows

a high degree of colocalization with KDM5B. MRG15 is an

orthologue of Eaf3, a yeast Rpd3S histone deacetylase com-

plex component (Carrozza et al, 2005; Keogh et al, 2005) and

has also been linked to transcriptionally active genes in

Drosophila (Filion et al, 2010). Interestingly, KDM5B also

interacts with Rpd3S complex orthologues, HDAC1 and

Sin3A. Similarly, Drosohpila Lid and mammalian KDM5A

also interact with an Eaf3/MRG15, Sin3, and Rpd3/HDAC1

Rpd3S-like complex (Hayakawa et al, 2007; Moshkin et al,

2009). Our data indicate that KDM5B can be tethered to

chromatin by H3K36me2/3 via association with an Rpd3S-

like complex. As B17% of KDM5B ChIP-Seq peaks are not

adjacent to H3K36me3, other mechanisms for recruitment

may also exist. Interestingly, Setd2 knockdown and inhibition

of PolII elongation induced a more robust decrease in KDM5B

occupancy than MRG15 knockdown, suggesting recruitment

to H3K36me3 may involve additional mechanisms. Recent

work has identified a family of PWWP domain proteins that

also interact with H3K36me3 in mammalian cells (Vermeulen

et al, 2010; Vezzoli et al, 2010).

Recruitment of Rpd3S by H3K36me3 is believed to prevent

cryptic transcription by removal of transcription-associated

histone acetylation (Carrozza et al, 2005; Keogh et al, 2005).

Mutation of Set2 or Rpd3S subunits increases cryptic intra-

genic transcription in Saccharomyces cervisiae and antisense

transcription in Schizosaccharomyces pombe (Carrozza et al,

2005; Keogh et al, 2005; Nicolas et al, 2007). Interestingly,

elongating PolII also interacts with the Set1 H3K4 methyl-

transferase in yeast (Krogan et al, 2003; Ng et al, 2003;

Dehe et al, 2006) and cryptic intragenic deposition of

H3K4me3 represses gene expression in yeast (Pinskaya

et al, 2009). We show that elongating PolII interacts with

core subunits of the H3K4 methyltransferase and that inhibi-

tion of polymerase elongation reduces intragenic H3K4me3

deposition. As H3K4me3 has been proposed to serve as a

nucleation site for PolII (Vermeulen et al, 2007), we propose

that KDM5B recruitment functions to prevent cryptic trans-

cription. Consistent with this idea, KDM5B knockdown

triggered a marked increase in H3K4me3 specifically at

intragenic target sites and ChIP-Seq analyses confirmed that

KDM5B knockdown is correlated with localized increase in

H3K4me3. Importantly, knockdown of KDM5B increased

spurious transcription in KDM5B target genes. Cryptic tran-

scription induced by KDM5B knockdown is associated with a

marked decrease in the transcription of functional full-length

mRNAs. Decreased production of functional transcripts was

associated with repression of elongation because PolII

recruitment was specifically reduced in intragenic regions,

but not at sites of initiation. We also show that some cryptic

transcripts specifically originate from the antisense strand.

Cryptic transcription could have a role in repressing produc-

tive transcription via inhibition of PolII processivity, altering

nucleosomal structure, or post-transcriptional mechanisms,

such as RNAi. The recent observation that MRG15 regulates

PTB-dependent alternative splicing also suggests a possible

role for KDM5B’s regulation of intragenic H3K4me3 in

splicing (Luco et al, 2010).

Accumulation of H3K4me3 is believed to generate an

epigenetic landscape conducive to high levels of transcrip-

tional activity (Kouzarides, 2007; Li et al, 2007) via its ability

to recruit initiating PolII (Vermeulen et al, 2007). Our data

suggest that active demethylation of intragenic H3K4me3 by

KDM5B is another mechanism by which this H3K4me3

gradient is established. Interestingly, the human H3K4me2/

me1 demethylase, LSD2, also accumulates in intragenic

regions presumably via its interaction with elongating PolII

(Fang et al, 2010). Nevertheless, several lines of evidence

suggest that KDM5B and LSD2 have distinct functions. Unlike

H3K4me3, LSD2’s substrate (H3K4me2/me1) is not asso-

ciated with recruitment of initiating polymerase. Moreover,

KDM5B but not LSD2 interacts with the Rpd3S component

HDAC1, while LSD2 but not KDM5B directly interacts with

elongating PolII (Fang et al, 2010). These experiments suggest

that LSD2 and KDM5B exist in different complexes and are

recruited to active genes via different mechanisms. A recent

study also found that the H3K36 demethylase, KDM2A, is

recruited to non-methylated CpG islands and maintains low

levels of H3K36me at these regions (Blackledge et al, 2010).

As CpG islands are associated with promoter regions, a

phenomenon similar to the action of KDM5B may serve to

repress accumulation of H3K36me at promoters.

Recent studies suggest that initiation of elongation is a

rate-limiting step for ESC transcriptional activity. In all, 30%

of human ESC genes undergo transcriptional initiation

without evidence of productive elongation (Guenther et al,

2007) and PolII is paused at the promoters of many ESC genes

(Rahl et al, 2010). Our data show that KDM5B safeguards

productive elongation complements data linking c-Myc to

initiation of transcriptional elongation (Rahl et al, 2010) and

suggest that regulation of elongation may contribute to ESC

self-renewal. Regulators of transcriptional elongation and

KDM5-family demethylases have also been implicated in

cancer. Nup98 fusions to the NSD1 H3K36 methyltransferase

and KDM5A induce leukaemia (Wang et al, 2007, 2009).

Moreover, KDM5B is up-regulated in human cancers (Xiang

et al, 2007; Yamane et al, 2007; Hayami et al, 2010) and

contributes to self-renewal of a subpopulation of melanoma

cells required for tumour growth (Roesch et al, 2010). It

would be interesting to determine whether epigenetic regula-

tion of transcriptional elongation by KDM5B contributes to

cancer cell renewal.

Materials and methods

Plasmids
Mouse KDM5B was amplified using PCR from murine cDNA and
cloned into pUB6-V5 (Invitrogen). HA-tagged MRG15 vector is a gift
from Dr Kaoru Tominaga and Dr Olivia M Pereira-Smith. All vectors
were verified by sequencing.

Cell culture and reagents
J1 and ZHBTc4 mouse ESCs were cultured at 371C with 5% CO2.
All cells were maintained on gelatin-coated dishes in Dulbecco’s
modified Eagle medium (Invitrogen), supplemented with 10% ESC-
tested foetal bovine serum (PAA), 0.1 mM MEM NEAA (Invitrogen),
2 mM L-glutamine (Invitrogen), 100 U/ml/100 mg/ml Pen Strep
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(Invitrogen), 0.055 mM b-mercaptoethanol (Invitrogen), and
1000 U/ml LIF (Chemicon). Human ESCs (H1) were cultured on
matrigel-coated plates in mTeSR1 medium (StemCell Technologies)
and passaged using collagenase IV according to the manufacturer’s
protocol (StemCell Technologies). The 5,6-dichloro-1-b-D-ribofura-
nosylbenzimidazole (DRB, 50mM; Sigma) was directly applied to
ESC medium for indicated periods of time. AP activity was
monitored using the commercial Alkaline Phosphatase Detection
kit (Millipore) according to the manufacturer’s instructions.

Antibodies
Antibodies used for immunoblotting include KDM5B (Abcam 50958
or Santa Cruz sc-67035), Oct4 (Santa Cruz sc-5279), Nanog
(Chemicon AB5731), Histone 3 (Abcam ab1791), H3K4me3 (Active
Motif 39159), H3K9me3 (Abcam ab8898-100), H3K27me3 (Abcam
ab6002-100), H3K36me3 (Abcam ab9050-100), MRG15 (gift from Dr
Kaoru Tominaga and Dr Olivia M Pereira-Smith), RbBP5 (Bethyl
A300-109A), WDR5 (Abcam, ab22512-100), and Ash2L (Bethyl
A300-112A). Antibodies utilized for ChIP or IP: KDM5B (Abcam
ab50958 and Santa Cruz sc-67035), Nanog (Chemicon, AB5731),
Oct4 (Santa Cruz, sc-5279), Histone 3 (Abcam, ab1791), H3K4me3
(Active Motif, 39159), H3K36me3 (Abcam, ab9050-100), MRG15
(AVIVA Systems Biology, ARP32832-T100), non-phosphorylated
RNAP (Covance 8GW16), Ser2P RNAP (Abcam ab5095-100 and
Covance H5), Ser5P RNAP (Covance H14), WDR5 (Abcam,
ab22512-100), and Ash2L (Bethyl A300-112A).

RNA interference
RNA interference of J1 ESCs was conducted as previously described
(Loh et al, 2006). The following 19 mer sequences were cloned into
the pSUPER.puro backbone according to the manufacturer’s
instructions (Oligoengine). We used at least two shRNA for each
knockdown experiment to minimize off-target effectsKDM5B-1: 50-
TCTTTGCCCTCGGTGTGAC-30; KDM5B-2: 50-GAGATGCACTCCGA
TACAT-30; MRG15-1: 50-GAGTACCATCGGAAAGCCG-30; MRG15-2:
50-ACAATATGCAGAGGGCAAG-30; Setd2-1: 50-GTCTTAAGCTCATT-
CAGAA-30; Setd2-2: 50-GGGAGTGTCTGATGTTGAA-30. The 19-mer
sequences for GFP, Oct4, and Nanog were previously described
(Loh et al, 2006). Puromycin (Sigma) selection was introduced
1 day after transfection at 1 mg/ml, and maintained for 2–3 days
prior to harvesting.

RNA isolation, reverse transcription, and quantitative
real-time PCR
Total or nuclear RNA was isolated using the Trizol (Invitrogen)
method following manufacture’s protocol and reverse transcribed
using MMLV (Invitrogen). Real-time PCR was conducted as
described previously (Impey et al, 2004). All quantitation utilized
standard curve real-time PCR. For detection of cryptic transcripts,
we performed gene-specific and strand-specific RT–PCR. Briefly,
primers were designed toward introns of validated KDM5B target
genes where we observed significant increase of H3K4me3
following KDM5B knockdown. Additionally, we designed primers
spanning a terminal 30 intron of corresponding KDM5B target genes
to detect functional full-length transcripts. Primers will be provided
upon request.

Proliferation assay and cell-cycle analysis
Equal numbers of J1 ESCs (500 000) were plated in six-well plates
and transfected with the indicated plasmids. And three wells were
counted with a hemocytometer at the indicated times. For FACS
analyses, ESCs were trypsinized, washed with PBS, fixed with 70%
ice-cold ethanol, and stained with propidium iodide (10mg/ml,
Sigma). DNA cell-cycle analysis was conducted using an FACS
Calibur instrument (Becton Dickinson) in the Oregon Stem Cell
Center Flow Cytometry Core. Cell-cycle compartments were
deconvoluted from single-parameter DNA histograms of 20 000
cells and cell-cycle data were analysed using ModFit (Verity
Software House).

Chromatin immunoprecipitation assay
ChIP was conducted as described previously (Impey et al, 2004).
Briefly, ESCs were fixed with 1% formaldehyde for 10 min at room

temperature. Chromatin was sonicated and immunoprecipitated
using indicated antibodies overnight. All ChIP-PCR analysis was
conducted using real-time PCR. Primers will be provided upon
request.

Microarray analysis
Control and KDM5B siRNA (designed from Darmacon) treated
samples were run on MOE430 2.0 Affymetrix chips using standard
procedures. ESC retinoic acid time course microarray data were
obtained from GEO (GSE2972). CEL file data were processed using
RMA and significant genes were isolated using the limma (heatmap
analysis) or SAM (gene lists) R packages.

ChIP-Seq and RNA-Seq analysis
For RNA-Seq, B10 ng of Poly(A) RNA was converted to double-
stranded cDNA as described previously (Nagalakshmi et al, 2008).
ChIP and cDNA samples were sequenced using standard Solexa
protocols. In total, 25 bp reads were mapped to the mouse genome
(UCSC mm9) and unique tags were selected for analysis. For ChIP-
Seq, areas of enrichment at an FDR of 0.05 were determined using a
custom sliding-window approach based on previous work (Fejes
et al, 2008), but implemented in Cþ þ . For RNA-Seq analyses,
counts of mapped tags in RefSeq exons were determined and
significantly regulated genes were selected using an FDR-adjusted
w2 statistic. Statistical analyses were carried out in the R
programming environment. H3K36me3 and H3K36me27 ChIP-Seq
data used in this study were generated from Solexa/Illumina output
from a previous study (Mikkelsen et al, 2007).

Bioinformatic and statistical analyses
Microarray heatmaps were generated by selecting significantly
regulated genes at an FDR of 0.1 using the Bioconductor limma
package and sorting based on fold-change (Gentleman et al, 2004).
The RNA-Seq heatmap was generated in R by selecting genes with
an FDRo0.001 and a fold-change 42 and sorting based on the FDR-
adjusted w2 P-value. All heatmap data were log scaled and row
scaled. Pie charts were generated using custom annotation scripts
and statistical significance was assessed with the Wilcoxon rank-
sum test. Profile plots of ChIP-Seq data relative to RefSeq genes
were generated in R by setting all gene lengths equal to 1 and
plotting tag density. Profile plots of histone methylation relative to
Ref-Seq genes sorted by KDM5B Peak area were generated by
selecting equal sets of histone methylation ChIP-Seq peaks and
plotting peaks counts that either overlap with a Ref-Seq gene or are
within 1 kb of a gene end. ChIP-Seq profile plots relative to
heatmaps were generated by displaying averaged ChIP-Seq peak
counts that overlap with at least 1 bp of a Ref-Seq genes present in
the heatmap (black profile). A ‘background’ for ChIP-Seq profile
plots was generated by randomizing the position of ChIP-Seq peaks
and the blue significance line was generated using a permutation
test. The UCSC genome browser was used to visualize RNA-Seq and
ChIP-Seq data. Gene ontology analysis was conducted using DAVID
(Dennis et al, 2003). Comparison of low-throughput biological
data utilized the Student’s t-test or ANOVA followed by a post-test
where appropriate. The Storey Q-value was used for all FDR
adjustments (Storey and Tibshirani, 2003). ChIP-Seq, RNA-Seq, and
microarray data have been deposited in GEO (accession number
will be added).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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