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Summary

Mono-methylation of lysine 4 on histone H3 (H3K4mel) is a well-established feature of
enhancers and promoters, although its function is unknown. Here, we reveal novel roles for
H3K4mel in diverse cell types. Remarkably, we find that MLL3/4 provokes mono-methylation of
promoter regions and the conditional repression of muscle and inflammatory response genes in
myoblasts. During myogenesis, muscle genes are activated, lose MLL3 occupancy, and become
H3K4-trimethylated through an alternative COMPASS complex. Mono-methylation mediated
repression was not restricted to skeletal muscle. Together with H3K27me3 and H4K20me1,
H3K4mel was associated with transcriptional silencing in embryonic fibroblasts, macrophages,
and human ES cells. On promoters of active genes, we find that H3K4mel spatially demarcates
the recruitment of factors that interact with H3K4me3, including ING1, which, in turn, recruits
Sin3A. Our findings point to a unique role for H3K4 mono-methylation in establishing boundaries
that restrict the recruitment of chromatin-modifying enzymes to defined regions within promoters.

Introduction

Genome-wide mapping of histone modifications in diverse cell types has revealed distinct
chromatin signatures (e.g., active and repressed euchromatin, facultative and constitutive
heterochromatin) and allowed the identification and characterization of distal and proximal
transcriptional regulatory elements (Ernst et al., 2011). Mono-methylation of H3K4
(H3K4me1) is found at both transcriptionally active promoters and distal regulatory

© 2014 Elsevier Inc. All rights reserved.

“Correspondence: brian.dynlacht@nyumc.org.

Accession Numbers: All ChlP-seq and RNA-seq data reported in this paper have been deposited in the Gene Expression Omnibus
(GEO) database, www.nchi.nlm.nih.gov/geo (accession no. GSE50590).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


http://www.ncbi.nlm.nih.gov/geo

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Cheng et al.

Page 2

elements. Promoters of active genes are characterized by an intriguing, but poorly
understood, combination of all three methylated forms of H3K4. H3K4me3 localizes closest
to the TSS, whereas H3K4mel extends furthest downstream (Barski et al., 2007). H3K4
methylation at promoters results from the combined activity of Setla/b (COMPASS) and
MLL1-4 (COMPASS-like) complexes. Setla/b are thought to regulate genome-wide H3K4
methylation, whereas MLL1/2 specifically targets the Hox genes (Wu et al., 2008, Wang et
al., 2009a). Although these complexes are distinguished by unique subunits, Wdr5, RbBP5,
and Ash2 are commonly found in all COMPASS and COMPASS-like complexes (Milne et
al., 2002). The activity of H3K4 methylating enzymes is counter-balanced by histone de-
methylases, including LSD1, which is capable of reversing the mono- and di-methylated
states (Shi et al., 2004). Furthermore, in ES cells, LSD1 is recruited to enhancers and plays a
role in differentiation through enhancer decommissioning (Whyte et al., 2012).

A chromatin signature for enhancers has been studied extensively. Enhancers are
distinguished by robust levels of H3K4mel and H3K27 acetylation (H3K27ac), as well as
recruitment of RNA polymerase 11 (Pol 11) and the histone acetyl-transferase, p300 (Blum et
al., 2012, Visel et al., 2008, Heintzman et al., 2007). In contrast with promoters, enhancers
exhibit relatively low levels of H3K4me3. The MLL3/4 complex has recently been shown to
promote H3K4 mono-methylation at enhancers (Herz et al., 2012, Hu et al., 2013).
Therefore, it is likely that a single histone modification (H3K4mel) serves multiple context-
dependent functions at distal and proximal regulatory elements.

Despite extensive studies related to H3K4 mono-methylation at enhancers or promoters, a
clear function for this mark has not emerged. In contrast, H3K4me2/3 has been shown to
function as a beacon for recruitment of chromatin “readers” or interactors, proteins with
canonical motifs that facilitate binding to H3K4me2 and me3 (Yun et al., 2011). As an
example, the PHD fingers of ING1 and ING2 have been shown to bind to H3K4me2/me3,
with a preference for H3K4me3 (Shi et al., 2006). Although ING1 itself does not serve any
enzymatic function, it is known to associate with the Sin3A/histone deacetylase (HDAC)
complex via an N-terminal SAP30-interacting (SAID) domain (Pefia et al., 2008). As
H3K4me3 marks the promoters of active genes, this would paradoxically suggest that ING1
recruits a co-repressor (Sin3A) to transcriptionally active genes. Indeed, the presence of
HDACSs at promoters of active genes has been previously reported (Wang et al., 2009b, van
Oevelen et al., 2010). This strongly suggests that transcriptional regulators often regarded as
repressors are not strictly recruited by “repressive” histone marks but are also recruited to
active genes.

Here, we have uncovered novel roles for H3K4 mono-methylation and describe an
association between this modification and gene repression in diverse cell types. First, we
show that MLL3/4-mediated H3K4 mono-methylation of promoters is associated with
conditional repression of inducible genes. Loss of MLL3/4 leads to decreases in H3K4mel
and a concomitant increase in expression of these genes. In striking contrast, on
transcriptionally active genes, H3K4mel is deposited with H3K4me2/3 on MLL1/2 target
genes. We show that H3K4mel delimits chromatin “boundaries” on active promoters by
spatially restricting readers of H3K4me3, including ING1. Aberrant spreading of H3K4mel
across TSS-proximal regions of active genes leads to gene repression and diminished
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recruitment of H3K4me3 interactors. Our findings identify novel roles for H3K4mel at gene
promoters and shed light on mechanisms by which cells interpret the balance between H3K4
mono- and tri-methylation at promoters.

H3K4 mono-methylation at promoters is associated with gene repression

Previously, we analyzed genome-wide patterns of histone modifications, factor occupancy,
and gene expression in skeletal muscle (C2C12) myoblasts and differentiated myotubes
(Asp et al., 2011, Blum et al., 2012). To determine if there are distinct roles for H3K4mel
and H3K4me3 at promoters, we closely examined the occurrence of both marks. We defined
promoters as regions spanning 3 kb upstream and downstream of all transcription start sites
(TSS) and separated them into groups based on enrichment of H3K4mel and H3K4me3
(Figure 1A, Table S1). Promoters could be partitioned into three unique groups. Group 1
promoters were associated with both H3K4mel and H3K4me3 and represent almost all
expressed genes. Although H3K4mel and H3K4me3 were both abundant on this set of
promoters, there was a marked difference in the pattern of deposition: H3K4me3 was found
on regions immediately adjacent to the TSS, whereas H3K4mel was depleted from these
regions. Group 2 promoters lacked H3K4me1, were either marked exclusively by
H3K27me3 or lacked all of the activating and repressive histone modifications that we
previously investigated, and were generally repressed.

The most unexpected pattern was observed on ~5,000 promoters wherein H3K4mel was
accompanied by a lack of H3K4me3 (Group 3). Unlike Group 1 promoters, Group 3
promoters exhibited a unique pattern of H3K4 mono-methylation in which this mark
spanned, and extended beyond, the entire 6 kb promoter region. This unique pattern of
H3K4mel is reminiscent of similar block-like domains of H3K27me3, which we have noted
in skeletal muscle cells (Asp et al., 2011). The presence of H3K4mel and concomitant
absence of H3K4me3 has been used to define enhancers (Figure 1B; Blum et al., 2012).
However, Group 3 promoters lacked other features associated with active enhancers,
including recruitment of Pol 11 and p300, and H3K27ac deposition. Furthermore, the
majority of genes in Group 3 exhibited H3K27me3, and expression analysis showed that
these genes were repressed. We validated the distinct genome-wide patterns of H3K4mel
and H3K4me3 across a select group of active Group 1 and repressed Group 3 genes in
myoblasts using quantitative ChIP (qChlP; Figure 1C and Figure S1A). To further
characterize the Group 3 genes, we determined which gene ontology (GO) terms were most
highly enriched (Figure 1D). We found that Group 3 genes, primarily in the top cluster of
3,832 H3K27-trimethylated genes, were involved in muscle contraction and development
(including Actal, Mybph, Tnncl, and Myog), response to stress, wound healing, and the
immune and inflammatory response.

Previous studies have shown that stress and inflammatory response genes can be acutely
induced in response to certain stimuli in C2C12 myoblasts, whereas muscle development
genes are activated during differentiation (Frost et al., 2003, Cao et al., 2010). These results
suggested that Group 3 genes could be induced in a condition-dependent manner. If so, the
inducibility of these genes could indicate that H3K4mel is a feature of facultative
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heterochromatin or condition-specific gene repression. To test this possibility, we
determined if the inflammatory response and myogenic genes were enriched for histone
marks commonly associated with facultative (H3K27me3 and H4K20me1) or constitutive
(H3K9me3, H4K20me3) heterochromatin (Trojer and Reinberg, 2007). H4K20me3 has also
been shown to repress inflammatory response genes (Stender et al., 2012). We found that
conditionally repressed (Group 3) genes exhibited a unique signature of histone
modifications compared to active (Group 1) and constitutively repressed (Group 2) genes
and enhancers (Figure 1C). That is, strong enrichment of H3K27me3 and H4K20me1l was
more prominent on muscle development and inflammatory response genes. By contrast,
enrichment of H3K9me3 was not evident on these genes, and together with H4K20me3, it
was most pronounced on constitutively repressed (Group 2) genes. Interestingly, Group 3
genes exhibited higher levels of H3K4mel than regions flanking the TSS of highly
expressed genes and myoblast enhancers. Overall, these findings suggest a role for
H3K4mel in condition-dependent repression typically associated with facultative
heterochromatin.

H3K4 mono-methylation depends on recruitment of MLL3/4

In order to directly investigate the role of H3K4mel in gene repression, we sought to
identify the enzyme(s) responsible for this mark. Recently, MLL3/4 complexes have been
implicated in H3K4 mono-methylation at enhancers in mammalian cells (Herz et al., 2012,
Hu et al., 2013). Therefore, we asked whether MLL3 and MLL4 were recruited to Group 3
repressed genes in C2C12 myoblasts. We found that MLL3 and MLL4 co-occupy promoters
of both muscle development and inflammatory response genes (Figure 2A) and validated the
specificity of both antibodies by performing ChIP after depletion of both proteins. Next, we
determined MLL3 binding sites genome-wide using ChlP-seq. Globally, MLL3 binding
mimicked the pattern of H3K4me1 across promoters of Group 1 and Group 3 genes, while
MLL3 was relatively depleted from the Group 2 genes (S1B-C and S2A). Distinct, focal
peaks of MLL3 and H3K4mel can be found across Group 1 promoters, whereas widespread
blocks of H3K4mel and H3K27me3 across Group 3 promoters correlated with a similarly
broad pattern of MLL3 localization (Figure S1C-D).

To determine if MLL3 regulates the expression of H3K4-mono-methylated target genes,
especially the repressed Group 3 genes, we conducted genome-wide expression profiling
(RNA-seq) after depleting MLL3 alone or MLL3 and MLLA4 together (Figure 2B, Figure
S2B). By examining changes in the expression of mono-methylated genes that bound
MLL3, we found that loss of MLL3 alone strongly induced expression of a cluster of genes
that are primarily in Group 3 (Figure 2B-C; Table S2). Interestingly, Group 3 genes were
further de-repressed upon depletion of both MLL3 and MLL4 (by =2.5-fold), a result that
we further validated with gPCR (Figure 2B-D). These results reinforce previous studies
indicating that MLL3 and MLL4 are functionally redundant (Hu et al., 2013). Strikingly, the
cluster of genes up-regulated upon loss of MLL3 or MLL3/4 together was enriched in
muscle development genes (Figure 2B). On the other hand, Group 2 genes, which lack
H3K4mel, were unaffected by MLL3 or MLL3/4 depletion. We note that a subset of Group
1 and 3 genes were down-regulated. This subset contained genes were highly H3K27 tri-
methylated, suggested that these genes were expressed at low levels even before the loss of
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MLL3/4. Genes in these groups may also be positively regulated by MLL3/4 through an
established role for these proteins at enhancers. Alternatively, expression of these genes,
including a cluster involved in cell cycle control, could diminish as a result of accelerated
differentiation in MLL3/4-depleted cells (see below).

H3K4-trimethylated Group 1 genes were largely unaffected by loss of MLL3 or MLL3/4,
perhaps because H3K4 methylation is mediated by MLL1-Menin (Figure 2B-C). In support
of this conclusion, loss of Wdr5 consistently resulted in reduced expression of active (Group
1), H3K4-trimethylated genes (Figure S2C). In stark contrast, we found that ablation of
WAdr5 resulted in the increased expression of H3K4-mono-methylated, muscle development
(Group 3) genes. Interestingly, although loss of MLL3/4 was not sufficient to de-repress the
inflammatory response genes, combined ablation of MLL3/4 and treatment with a known
pro-inflammatory inducer, lipopolysaccharide (LPS), resulted in enhanced induction of
MRNA levels as compared to LPS alone (Figure 2E).

Next, we determined if MLL3 plays a role in H3K4-mono-methylation of the Group 3
repressed genes. Since MLL3 and MLL4 are functionally redundant, we silenced both
proteins and observed significant reductions in H3K4mel on promoters of muscle and
inflammatory response (Group 3) genes, as well as enhancers, although Group 1 genes were
largely refractory to depletion (Figure 2F). This suggests that, in addition to their role at
enhancers, MLL3/4 complexes are involved in the H3K4-mono-methylation of certain
repressed genes. To address the possibility that loss of MLL3/4 indirectly de-repressed
Group 3 genes through modulation of histone occupancy or other modifications associated
with facultative heterochromatin or active genes, we investigated enrichment of H3K27me3,
H4K20mel, and H3K4me3 and found that they were not altered in the absence of MLL3/4
(Figure S2D-F). Furthermore, we examined the impact of MLL3/4 loss on myogenic
differentiation and found that depletion of these proteins dramatically accelerated terminal
differentiation, consistent with the up-regulation of the master regulator, Myog, as well as
skeletal muscle-specific proteins (Figure 2G).

To extend our findings regarding H3K4mel and MLL3 to another cell type, we took
advantage of genome-wide studies using MLL3”7- MEFs (Herz et al., 2012). We identified a
group of ~750 genes that showed loss of TSS-proximal H3K4me1l in MLL3" versus wild-
type MEFs, and we validated a subset of these genes as MLL3 targets by qChIP using wild-
type MEFs (Figure S2G-H). Notably, MLL3-dependent methylation was preferentially
enriched over the TSS. Importantly, genes that lose H3K4 mono-methylation are involved in
synaptic transmission, expressed at very low levels as compared to genes that are H3K4-
monomethylated independently of MLL3, and are significantly de-repressed in MLL3"-
cells, reminiscent of Group 3 genes (Figure S2G, 1). Taken together, these results lead to
several key conclusions: (1) MLL3/4 complexes mediate H3K4 mono-methylation of Group
3 target genes, attenuating expression of both acutely inducible genes and muscle-related
genes activated during differentiation; (2) loss of MLL3/4 promotes stimulus-dependent
gene expression without impacting H3K27me3, H4K20mel, or H3K4me3; and (3) on a
subset of active promoters, MLL3/4 does not play an observable role in H3K4-
monomethylation or maintenance of expression.
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Loss of gene repression coincides with a switch from H3K4mel to H3K4me3

Currently, the exact role of H3K4mel in gene expression is unclear, and connections to gene
repression have not been previously established. A pattern in which H3K4mel spanned the
entire promoter of repressed genes (Group 3), including the TSS, which is typically depleted
of nucleosomes, suggested that H3K4mel could mark regions with high nucleosome
occupancy. To determine how H3K4mel associates with individual nucleosomes, we
performed deep sequencing of MNase-digested chromatin and used sequence tags to map
nucleosome positions (MNase-seq) (see Supplemental Experimental Procedures). We also
mapped nucleosomes enriched for H3K4mel, H3K4me3, H3K27ac, and H3K27me3 in
myoblasts. We limited our analysis to regions 500 bp upstream and downstream of the TSS,
identified ten clusters marked by distinct patterns of nucleosomes, and further sorted genes
within each cluster by expression (Figure S3A). Through MNase-seq and ChlP-seq analyses,
we detected two patterns of nucleosomes: (1) positioned nucleosomes across a promoter
containing a nucleosome free region and (2) nucleosomes that span the TSS in an
uninterrupted manner. Unlike Group 1, Group 3 (and Group 2) genes were strikingly similar
to the latter pattern wherein there is uniform distribution of nucleosomes throughout the TSS
region (Figure S3C). This suggests that H3K4mel can mark regions with relatively high
nucleosome occupancy and that promoters that are highly enriched for H3K4mel may
therefore be refractory to transcription.

Since many transcription factors have a tendency to localize to regions depleted of
nucleosomes, we hypothesized that the loss of H3K4mel and acquisition of H3K4me3 (a
switch from the Group 3 to Group 1 pattern of histone modifications) might accompany a
transition from gene repression to activation. We identified 247 genes that shift from a
Group 3 to Group 1 profile during muscle differentiation (Figure S4A; Figure 3A; Table
S3). Within this group, we focused on a cluster of 71 genes, which primarily are (1) known
to play a critical role in muscle development and differentiation (Figure 1D), (2) were
identified as repressed by MLL3/4 (Figure 2B), and (3) were up-regulated during
differentiation as indicated by expression and enrichment of Pol Il (Figure 3A). Upon
activation of these Group 3 genes during myogenesis, we observed dramatic decreases in
H3K4mel across TSS-proximal regions, which we confirmed by qChIP (Figure 3B),
coinciding with the acquisition of H3K4me3. By contrast, genes that were constitutively
expressed at low levels in myoblasts and myotubes showed persistently high levels
H3K4mel (and low levels of H3K4me3) across promoter regions.

Importantly, the decrease in H3K4mel in myotubes coincided with reduced recruitment of
MLL3 to Group 3 muscle development genes (Figure 3C). Interestingly, the loss of MLL3
during myogenesis was not accompanied by changes in Wdr5 recruitment to Actal, Mybph,
or Myog (Figure S4B). Previously, we had shown that Setla is recruited to Actal and Myog,
trimethylating these genes specifically in myotubes (Vethantham et al., 2012). Therefore, we
conclude that muscle development genes recruit MLL3/4 in myoblasts, leading to H3K4
mono-methylation and repression. The loss of this mark in myotubes coincides with
decreased MLL3/4 enrichment, gene activation, and the recruitment of a distinct COMPASS
complex for deposition of H3K4me3. Loss of H3K4mel during myogenesis may be further
mediated by the activity of LSD1, an H3K4-mono-methyl demethylase (Shi et al., 2004).
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Remarkably, by ChIP-seq and qChIP, we find that LSD1 specifically localizes to the muscle
development genes in myotubes, suggesting that H3K4mel may be regulated through the
concerted loss of the mono-methyltransferase, MLL3, and recruitment of the mono-methyl-
demethylase (Figure 3D-E, 3G).

Next, we sought to examine the mechanistic consequences of this transition from a Group 3
to Group 1 profile. In agreement with previous studies, we showed that Sin3A is recruited to
muscle development genes upon differentiation, concomitant with deposition of H3K4me3
(Figure 3B, 3F; van Oevelen et al. 2008). Previous studies demonstrated that recruitment of
Sin3A was necessary for the proper expression of these genes (van Oevelen et al., 2010).
Indeed, although Sin3A was originally identified as a transcriptional repressor, we found
that it was strikingly enriched on ~70% of the 71 muscle development genes (Figure 3A)
exclusively in myotubes, when they are H3K4-tri-methylated but essentially devoid of
H3K4mel over the TSS (Figure 3E). In contrast to inflammatory response genes, such as
Nos2, which remain H3K4-monomethylated during differentiation, transcriptional activation
of Actal and Mybph coincided with loss of H3K4me1, acquisition of H3K4me3, and
recruitment of LSD1 and Sin3A (Figure 3G, Figure S4C).

methylation state is necessary to recruit ING1 and Sin3A to promoters

Although factors specifically recognizing the H3K4me1 state have not been reported, an
array of proteins that recognize H3K4me3 have been identified. Since Sin3A is not thought
to bind chromatin directly, we investigated which proteins could recognize H3K4me3 in
concert with Sin3A. We subjected solubilized myoblast chromatin to immuno-affinity
purification using anti-Sin3A antibodies and performed mass spectrometry to identify
proteins known to interact with chromatin and specific DNA sequences. These interactors
included the paralogous ING1 and ING2 proteins (which recognize H3K4me2/3), Wdr5, and
Mxil and Max (sequence-specific factors known to recruit Sin3A) (Figure S5A; C.B., D.
Ayer, and B.D.D., in prep.; Alland et al., 2007). We validated interactions between
endogenous Sin3A and both ING1/2 and Wdr5 and by enforced expression of flag-tagged
ING1 and ING2 in myoblasts (Figure S5B-C). These data indicated that Sin3A could be
recruited to chromatin in skeletal muscle cells via distinct mechanisms that include
recognition of specific DNA binding sites and methylated H3K4.

Next, we performed ChIP-seq on Sin3A, ING1, LSD1, and Wdr5, and merged these data
with our genome-wide maps of histone modifications and gene expression profiles. We also
identified regions bound by MLL1 and Menin, a component of MLL1/2 complexes, because
(1) Sin3A has been shown to interact with MLL1 (Nakamura et al., 2002), and (2) we sought
to determine if MLL1/2 is responsible for methylating H3K4 at the promoters of active
genes. We plotted enrichment of all factors across a 6 kb region spanning the TSS and sorted
all genes based on expression profiles (Figure 4A, Table S4). We found that Sin3A co-
localized with ING1, LSD1, Wdr5, MLL1, and Menin on the majority of active genes
(Cluster 1). In striking contrast, these factors were largely depleted from genes that were not
expressed and exhibited high levels of H3K4mel (cluster 2A) or H3K27me3 (cluster 2B).
Although the MLL1/2 complex is thought to tri-methylate H3K4 on a small fraction (<5%)
of all promoters in MEFs (Wang et al., 2009a), our data indicate that MLL1 and Menin co-
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localize extensively on the majority of active promoters with H3K4me3 (Figure 4A, Figure
S5D). Furthermore, superimposition of Sin3A and ING1 ChIP-seq tags upon MNase-seq
data indicated that Sin3A and ING1 localize to nucleosomes with reduced H3K4 mono-
methylation but significant H3K4-trimethylation (Figure S3B; asterisks denote nucleosomes
with low H3K4mel/high H3K4me3).

We overlapped our enrichment profiles for histone marks with Sin3A, ING1, and LSD1
(from Figure 4A). We found that Sin3A and ING1 peaks (red) were completely enveloped
by H3K4me3 (green, H3K4me3; yellow, overlap) (Figure 4B). However, Sin3A and ING1
binding did not extend throughout the entire H3K4me3 domain, suggesting that H3K4me3
cannot solely dictate ING1 recruitment. More importantly, Sin3A, ING1, and LSD1
occupancy anti-correlated with the presence of H3K4mel, strongly indicating that
recruitment of these factors and deposition of this histone mark are mutually exclusive. We
also plotted the average enrichment of Sin3A, ING1, H3K4mel, and H3K4me3 across all
Sin3A target genes, which reinforced these observations (Figure 4C). Moreover, Sin3A and
INGL1 localized to regions depleted of H3K4mel (as indicated by gray shading) across the
Hoxa and Hoxc clusters and selected Group 1 genes (Figure 4D, Figure S6). Notably, as we
had observed previously (Figure 1A), H3K4me3 was highly enriched within regions
depleted of H3K4me1l and strongly correlated with binding of LSD1, MLL1, Wdr5, and
Menin. These analyses indicated (1) that ING1 (and to a lesser extent, Sin3A) pervasively
overlapped with H3K4me3 and (2) that both factors, together with LSD1, were situated
within regions depleted of H3K4mel. We conclude that on active genes, H3K4 mono-
methylation could limit the binding of Sin3A and ING1 to distinct TSS-proximal regions
marked by tri-methylation.

Impact of LSD1 and ING1/2 depletion on Sin3A recruitment

Our observations suggested that the balance between H3K4mel and H3K4me3 might limit
the recruitment of ING1/Sin3A complexes. Therefore, we speculated that enzymes able to
influence the mel/me3 ratio, such as LSD1, could impact Sin3A binding. Indeed, we
consistently detected very robust LSD1 binding to regions with low levels of H3K4mel and
high levels of H3K4me3 by ChIP-seq and gPCR, reminiscent of Sin3A binding (Figure 4A,
4E: compare with Figures 1D and Figure 4D).

We next sought to determine the impact of depleting LSD1 on the levels of H3K4mel and
H3K4me3, and we asked whether factor recruitment and gene expression were also
perturbed. Loss of LSD1 in myoblasts provoked a dramatic increase in H3K4mel on
promoters that recruit this enzyme, whereas regions that did not recruit LSD1 (Actal, Tnncl,
and Mybph) did not exhibit any change after LSD1 ablation (Figure 4F; Figure S5E). Unlike
H3K4mel, LSD1 target genes exhibited consistent reductions in H3K4me3 after LSD1
depletion. Most importantly, the loss of LSD1 coincided with reduced expression of many of
these LSD1 target genes (Figure 5A). Next, we investigated the impact of LSD1 knock-
down on ING1 and Sin3A recruitment to active genes. We found that ING1 and Sin3A
occupancy decreased after LSD1 knock-down, concomitant with loss of H3K4me3 and
increased H3K4mel (Figure 5B-C). However, the reductions in Sin3A recruitment were not
universal. Interestingly, we found that promoters could be segregated into two groups based
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on their response to LSD1 knock-down: genes bound by E2F4, a factor known to recruit
Sin3A to DNA, were relatively insensitive to changes in H3K4mel and H3K4me3, despite
robust alterations brought about by LSD1 depletion (Ren et al., 2002, van Oevelen et al.,
2008). On the other hand, Sin3A recruitment was significantly reduced on target genes
unable to recruit E2F4 (“Sin3-only” group). We propose that E2F4, and other sequence-
specific factors, may be sufficient to recruit and stabilize Sin3A on chromatin, and Sin3A
recruited through this mechanism may be less sensitive to changes in the H3K4mel/me3
ratio.

To further explore this hypothesis, we asked whether recruitment of the Sin3A complex
relied directly on recognition of H3K4me3. Our proteomics data and immunoprecipitation
experiments showed that Sin3A interacts with ING1 and ING2, factors that specifically
recognize H3K4me2/3. We observed that both proteins co-localized with Sin3A on
chromatin (Figure 5D and Figure 3F). Next, we knocked down both ING1 and ING2 and
determined whether there was an effect on Sin3A recruitment to Sin3A/INGL1 target genes.
Remarkably, Sin3A recruitment was perturbed on all Sin3A-only genes after ING1/ING2
depletion, but regions bound by Sin3A/E2F4 were unaffected, similar to loss of LSD1
(Figure 5E-F). As a more direct test of this phenomenon, we showed that Sin3A recruitment
to regions downstream of E2F4 binding sites was significantly diminished by loss of
ING1/2, whereas regions bound by E2F4 and Sin3 <1 kb upstream were considerably less
sensitive to loss of ING1/2 (compare Aurkb and Brd8; Figure 5F, right panel). Interestingly,
similar to Sin3A, which has been shown to play a role in the activation of muscle
development genes, the over-expression of ING1 led to enhanced differentiation (van
Oevelen et al., 2010; Figure 5G). These observations suggest that the Sin3A complex can be
recruited by sequence-specific transcription factors, but its recruitment also strongly depends
on recognition of H3K4me3 and attenuation by H3K4mel.

H3K4 mono-methylation is associated with gene repression in diverse cell types

Overall, our data support a model in which H3K4me1 at promoters is not only linked to
gene repression but also plays a role in limiting the recruitment of H3K4me3-interacting
proteins. To test whether this is a general phenomenon, we examined H3K4mel and
H3K4me3 deposition at promoters in other cell types, including bone marrow-derived
macrophages (BMDM). Whereas LPS treatment of skeletal muscle myoblasts serves as an in
vitro model for studying muscle damage, the recruitment of macrophages and expression of
116 by these cells in muscle tissue is necessary for proper muscle regeneration (Heredia et
al., 2013, Zhang et al., 2013). By taking advantage of genome-wide studies using LPS-
treated murine BMDM (Figure S7A-B; Ostuni et al., 2013), we sought to determine if LPS-
inducible genes were H3K4-mono-methylated in untreated BMDMs, as seen in C2C12s.
Genes were assigned to the LPS-inducible category based on Pol 11 recruitment after 4 hours
of LPS exposure, but not before treatment. Genes exhibiting similar enrichment of Pol Il
before and after LPS treatment were considered constitutively active and served as a control.
We identified 89 genes as LPS-inducible. Surprisingly, although genes in the control group
showed no differences in H3K4mel enrichment, LPS-inducible genes showed a decrease in
TSS-proximal mono-methylation (Figure S7A-B, indicated by gray). Conversely, H3K4me3
increased after LPS treatment across the same locations on LPS-inducible genes. Overall,
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we conclude that in skeletal muscle, embryonic fibroblasts, and macrophages, H3K4mel is
associated with context-depending gene repression, and gene activation correlates with a
loss of H3K4mel.

Lastly, we investigated whether H3K4me1-associated repression plays a cell-type specific
role using genome-wide histone modification and factor (Sin3A, Pol I1) binding data from
human ES cells (Figure 6A, Table S5). Like skeletal muscle cells, promoters in ES cells
could be segregated into three groups based on patterns of H3K4 mono- and trimethylation.
Furthermore, there was again a strong anti-correlation between Sin3A binding and
H3K4mel on one hand, and a highly robust positive correlation between Sin3A and
H3K4me3 on the other. Interestingly, we identified 367 genes (Cluster 7) that were densely
marked with H3K4mel and indicators of facultative heterochromatin (H3K27me3 and
H4K20mel) but lacked Pol Il and Sin3A. To determine any shared biological function for
this group of genes, we searched for enriched Gene Ontology (GO) terms. Interestingly, we
found that these genes regulate transcription, pattern specification, cell fate commitment,
and development and differentiation of various cell lineages and signify the pluripotency of
ES cells (Figure 6B). However, in contrast with skeletal muscle, inflammatory response
genes were not observed in this cluster. Instead, genes involved in defense and inflammatory
response and taxis lacked all of these marks, consistent with the notion that they are not
inducible in ES cells (Foldes et al., 2010; Figure 6C). These findings indicate that the
combination of H3K4mel, H3K27me3, and H4K20mel is a general signature of repression
and facultative heterochromatin and that Sin3 recruitment to H3K4me3-rich/H3K4me1-
depleted regions surrounding the TSS is conserved across cell types and between species.
Importantly, genes harboring this signature are expressed in an inducible and highly
dynamic, cell-type and condition-specific manner.

Discussion

A role for H3K4mel in gene repression

Although all three methylation states of histone H3 lysine 4 are thought to act in concert to
mark the promoters of actively transcribed genes, no functional distinctions have been
drawn for each methylation state until now. Our detailed analyses suggest a model in which
(1) MLL3/4-mediated H3K4mel marks the promoters of a subset of repressed genes and (2)
H3K4mel demarcates the occupancy of H3K4me3 interactors on active genes (Figure 7).

A surprising finding of our work is that a chromatin signature consisting of H3K4me1,
H3K27me3, and H4K20mel marks a unique subset of promoters. The H3K4-mono-
methylated genes (Group 3, Figure 1A) identified in our study display a similar context-
dependent expression pattern, wherein muscle development genes are silenced in skeletal
muscle myoblasts but expressed in myotubes. The ability of these genes to adopt a
chromatin conformation conducive to expression during differentiation suggests that TSS-
proximal H3K4mel is related to conditional gene repression. We further propose that
H3K4mel marks a subset of promoters with elevated nucleosome occupancy at the TSS and
suggest that this mark may be linked to nucleosome compaction commonly associated with
gene repression (Figure S3), although the mechanism by which compaction could be
effected remains to be determined.
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A role for MLL3 in promoter mono-methylation and repression

We further show that MLL3/4 deposits H3K4mel on the promoters of repressed muscle
genes in myoblasts, whereas MLL1/2 or Setla/b deposit H3K4me3 on the same genes in
myotubes. The MLL3/4 complex, but not other COMPASS complexes, contains the
H3K27me3 demethylase, UTX (Agger et al., 2007, Lee et al., 2007, and Herz et al, 2012).
Interestingly, our study indicates that muscle development and inflammatory response genes
are simultaneously marked with H3K4mel and H3K27me3 in myoblasts, and loss of
MLL3/4 has little effect on H3K27me3 (Figure 1, Figure S2D). While the co-occurrence of
both marks requires further study, we note that other proteins, besides MLL3/4, are able to
recruit UTX to chromatin. For example, during myogenic differentiation, the trans-activator
Six4 has been shown to recruit UTX to Myog (Seenundun et al., 2007). Further, MLL3/4
belong to large multi-subunit complexes that interact with other transcriptional regulators
(Lee et al., 2008). Therefore, it remains formally possible that the repressive activity of
MLL3/4 could arise from a combination of catalytic and non-catalytic activities.

We also found that the pattern of H3K4mel distinguishes active and repressed promoters.
This pattern of H3K4mel may be dictated by nucleosome positioning, where active
promoters have both nucleosome and H3K4mel free regions, resulting in a bi-modal peak of
H3K4mel, while repressed Group 3 promoters instead exhibit broad, block-like peaks
(Figure 1A, Figure S3C). Although we have yet to determine how H3K4mel is linked to
nucleosome density, enhanced nucleosome density may prevent the recruitment of
transcriptional activators. Uni- and bi-modal peaks of H3K4mel within enhancers have been
previously reported. At enhancers, bi-modal H3K4mel peaks correlate with the binding of
pioneering factors, including Pax7 and Foxa2 (Hoffman et al., 2010, Budry et al., 2012).
Hoffman et al. also showed that a uni-modal peak of H3K4mel correlated with lower gene
expression, although distinctions between enhancers and promoters were not drawn. Our
data suggest that at promoters, bi-modal H3K4mel peaks result from recruitment of Setla or
MLL1/2 complexes, which tri-methylate nucleosomes very close to the TSS, whereas uni-
modal peaks are generated by MLL3/4. As enhancers are defined as regions with relatively
low H3K4me3 levels, bi-modal peaks of H3K4mel are likely to be generated through
distinct mechanisms at enhancers and promoters. Furthermore, in our genome-wide studies,
we found that, irrespective of whether the peak of H3K4mel at enhancers is bi- or uni-
modal, Sin3A is not recruited.

A multi-valent binding model for Sin3A in mammalian cells

Previously, we found that Sin3A occupancy extended into the coding region of active genes,
and such binding could not be accounted for by the presence of E2F4, prompting the
prediction that this spreading was due to recognition of a histone mark (van Oevelen et al.,
2008). Indeed, studies in yeast, have strongly suggested a role for H3K36me3 in the
recruitment of Sin3 (Carrozza et al., 2005). In striking contrast, our genome-wide mapping
of H3K36me3 in C2C12 cells suggests that H3K36me3 deposition is located significantly
downstream of regions bound by Sin3A or ING1 (Asp et al., 2011, and data not shown).
These findings underscore an important difference between Sin3 recruitment in yeast and
mammalian cells. Instead, we propose that Sin3A complexes could be recruited to certain
promoters through “multi-valent” binding by sequence-specific transcription factors on one
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hand, and by the presence of H3K4me3 and absence of H3K4me1l on the other (Figure 7).
Nevertheless, this recruitment strategy may be analogous to mechanisms in yeast, wherein
Sin3 is recruited via PHD and chromo-domains of Rcol and Eaf3, respectively, which
recognize H3K36me3 (Li et al., 2007).

How H3K4 mono-methylation is “interpreted” at promoters

ING1 was shown to recognize H3K4me2/3, and it has been suggested that this mechanism
could thereby recruit Sin3A (Kuzmichev et al., 2002). Nevertheless, our data clearly
demonstrate that for a given promoter marked by H3K4me2/me3, ING1 and Sin3A binding
is spatially constrained. Although the localization of ING1 and Sin3A to valleys of
H3K4mel does not unequivocally demonstrate a functionally antagonistic relationship, we
have used three scenarios to definitively show that H3K4me1l limits the recruitment of
Sin3A and ING1: (1) muscle development and inflammatory response genes are repressed
and heavily enriched with H3K4me1l in myoblasts and do not recruit Sin3A or ING1; (2)
Sin3A and ING1 localize to TSS-proximal regions on active promoters characterized by
high H3K4me3 and low H3K4mel; and (3) loss of LSD1 induced H3K4mel at TSS-
proximal regions and disrupted Sin3A and ING1 recruitment to chromatin (Figure 7).
Furthermore, although H3K4mel is incompatible with Sin3A and ING1 binding, loss of
H3K4mel alone through ablation of MLL3/4 is not sufficient to recruit Sin3A and ING1 to
muscle development genes in myoblasts (data not shown). Instead, only the combination of
low H3K4mel and robust H3K4me3 is sufficient to recruit Sin3A to these genes. Such a
model--whereby the recruitment of Sin3A and ING1 to chromatin is defined by the dynamic
enzymatic activity of various histone methyltransferases and demethylases—may be a useful
paradigm for studying other chromatin-interacting factors that could adopt similar modes of
recruitment—and restrictions--to diverse histone modifications.

Experimental Procedures

Quantitative RT-PCR and transfections

RNA isolation and RT-gPCR were performed as described (Blum et al. 2012). Briefly,
transfections of synthetic oligonucleotides obtained from Dharmacon were performed in
myoblasts using Lipofectamine RNAIMAX (Invitrogen). siRNA transfected cells were
harvested 24 hours after transfection. In each case, expression was normalized to a control
gene. Nuclear extracts were prepared as described (Blum et al. 2012).

ChlIP, ChiIP-seq and MNase-seq

ChIP was performed as described (Blais et al. 2007) using antibodies listed in the
Supplemental Experimental Procedures. The optimal antibody/chromatin ratio was
determined through serial titrations. All ChlP experiments were carried out using excess
antibody. Real-time quantitative PCR after ChlP was performed as previously described
(Asp et al., 2011). In all experiments presented, background 1gG enrichment was generally
<0.02% of input levels. All primer sequences are listed in Supplemental Table S6 and the 5
end of each amplicon relative to the TSS is denoted. ChlP-seq and MNase-seq experiments
were performed and analyzed as described previously (Asp et al. 2011) and in Supplemental
Experimental Procedures.
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Statistical Analysis

All experiments were repeated at least twice independently, and the data are presented as
mean + SD. Statistical significance was determined using the Student's t test. A p value of <
0.05 was considered to be statistically significant and is presented as *p < 0.05 or **p <
0.01.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. H3K4mel is associated with features of gene repression and facultative
heterochromatin

(a) Genes enriched for H3K4mel but depleted of H3K4me3 are repressed. All genes were
sorted into categories based on enrichment of H3K4mel and H3K4me3 (Group 1:
H3K4mel+/H3K4me3+; Group 2: H3K4mel-; Group 3: H3K4mel+/H3K4me3-). ChiP-seq
data were plotted on regions 3 kb upstream and downstream of the TSS and (b) with respect
to the midpoint of C2C12 myoblast-specific enhancers identified in Blum et al., 2012.
Expression (from Liu el al., 2010) of associated genes is displayed in the far right column.
Red-green key indicates relative expression. Numbers of genes in each cluster are displayed
on the left. (¢) A chromatin signature consisting of H3K4mel, H3K27me3, and H4K20mel
marks the promoters of muscle and inflammatory response (Group 3) genes. qChIP
enrichment (presented as percent input) with the indicated antibodies in C2C12 myoblasts
for Group 1, 2, and 3 genes and enhancers. Bars indicate SD. (d) H3K4mel marks inducible
genes. GO analysis of genes in Group 3 was performed, and statistically significant
enrichments corresponding to EASE scores are plotted on the x-axis (logarithmic scale).
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Figure 2. MLL3/4 mediates H3K4 mono-methylation of promoters and repression of Group 3

genes

(a) Specificity of the MLL3 and MLL4 antibodies was determined through qChlP of MLL3
or MLL4 after transfection with a non-specific (NS) control or double knockdown of
MLL3/4. Background ChlIP signal was determined using an antibody against IgG. (b)
MLL3/4 regulate the expression of muscle development Group 3 genes. Differential
expression of MLL3 and H3K4me1 target genes after the knock-down of MLL3 or MLL3/4
was determined using RNA-seq (right columns). Up- and down-regulated genes exhibited a
>2.5 fold change, expression of genes with <1.3 fold change was categorized as no change.
A subset of muscle development genes was identified as significantly up-regulated after loss
of MLL3/4. ChIP-seq using the indicated antibodies was plotted 3kb upstream and
downstream of the TSS. (c) Genes up- or down-regulated and no change genes were
identified as belonging to Group 1 or 3 from Figure 1A. Group 2 genes were unaffected by
loss of MLL3 alone or MLL3/4. (d) Silencing of MLL3 and MLL3/4 increases the
expression of muscle (Group 3) genes as compared to immune response genes (Ccl5, 116,
Tnfsf9) and constitutively expressed genes (Srs2, Vim). Expression was normalized to siNS.
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(e) Knock-down of MLL3/4 followed by LPS treatment leads to enhanced expression of
several inflammatory response (Group 3) genes. siNS and siMLL3/4 transfected cells were
treated with 100ng/ml LPS for 3 hours. Expression was normalized to siNS. (f) qChIP
analysis was carried out to determine the impact of MLL3/4 depletion on deposition of
H3K4mel at promoters. (g) Loss of MLL3/4 leads to enhanced myogenic differentiation.
Cells were stained with MHC (red) and DAPI (blue). Day 0 (DO) represents fully confluent
cells and the onset of differentiation. Error bars indicate SD. For all gChlP, y-axis represents
enrichment as percent input. Student's t test was performed to indicate significance: *
indicates p-values <0.05 and ** <0.01, respectively.
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Figure 3. Loss of gene repression coincides with dynamic changes in H3K4mel

(a) Transcriptional activation of a subset of Group 3 genes during myogenic differentiation.
H3K4mel, H3K4me3, and Pol Il ChIP-seq data was plotted for all Group 3 genes up-
regulated during myogenesis (top) or a representative subset of genes constitutively
expressed at low levels (bottom), as indicated by expression (right column). The bottom
cluster of (71) up-regulated genes is enriched with muscle development genes. The dashed
box highlights a region that loses H3K4mel in the 71 genes up-regulated genes. (b, f)
Dynamic regulation of H3K4mel, H3K4me3, and Sin3A on muscle development genes in
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myoblasts (blue) and myotubes (red). (c) Enrichment of MLL3 on constitutively active
Group 1, muscle genes that switch from a Group 3 to Group 1 signature, and Group 2 genes
during differentiation. (d) Enrichment of LSD1 on Group 3 muscle genes during
differentiation compared to constitutively expressed Hoxc cluster genes. (e) Distribution of
LSD1, Sin3A, and ING1 ChlP-seq data plotted 3kb upstream and downstream of the TSS of
the 71 up-regulated genes identified in Figure 3A (g) Pattern of histone modifications
switches from a Group 3 to Group 1 signature across Actal and Mybph during
differentiation. Read density profile for H3K4mel, H3K4me3, H3K27me3, H3K27ac,
LSD1, Pol 11, Sin3A, and INGL1 across Actal and Mybph in myoblasts and myotubes
indicated by gray shading. The y-axis corresponds to ChlP-seq signal density. All ChIP data,
expressed as percentage of input, are plotted on the y-axis. Error bars indicate SD. Student's
t test was performed to indicate significance: * indicates p-values <0.05 and ** <0.01,
respectively.
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Figure 4. Sin3A is recruited to regions that lack H3K4mel

(a) Genome-wide, Sin3A is recruited to H3K4-trimethylated regions of active promoters.
Genes in heat map were sorted based on expression in myoblasts (right-most column). Red-
green key indicates relative expression. ChIP-seq data for the indicated antibodies was
plotted for regions 3 kb upstream and downstream of the TSS. Cluster 1 includes all
expressed genes. Cluster 2A/B includes all non-expressed genes sorted based on pattern of
H3K4mel. (b) Heat map indicates overlap of Sin3A, ING1, and LSD1 (red) with H3K4mel
H3K4me2, H3K4me3, and H3K27me3 peaks (green) in a 1.5 kb window upstream and
downstream of the TSS of genes in Cluster 1 in a. Regions containing an overlap of factors
with histone marks are shown in yellow. (c) ING1 and Sin3A localize to a valley of
H3K4mel. ING1 (teal; left panels), Sin3A (green; right panels), H3K4mel (blue; top
panels), and H3K4me3 (yellow; bottom panels) enrichment by ChlP-seq was plotted for
regions 3 kb upstream and downstream of the TSS of all myoblast Sin3A target genes. The
X- and y-axes represent the distance from the TSS of Sin3A target genes, and average
enrichments, respectively. (d) H3K4mel localization is anti-correlated with H3K4me3 and

Mol Cell. Author manuscript; available in PMC 2015 March 20.

4011 -
+2935 B

Sin3A

[
=
E

4911 )

+2995 NN
+3457

Tyx

+01] —

+2995 -

"
=
E

Isy 41 by

Hoxa9-1493 |

y-41 B
1493 I
Actal 41995 bes

+205 W —

+3457 =

+3791 B

Sfrs2

H3K4mel

Hoxa9

4205 )

+3791

Sfrs2
H3Kdme3

+205 W

+3457 -
+3791 )

Sfrs2

- NS
®LSD1

Actal +1995 Y
Tnncl +800 W
Mybph +1926 Y

s
g
1
g

Tnncl 4800 b=

Mybph $1926 e

Unbound

+363 IEE———
+931

=
3

+363 |
#8931 |

=
3

+367 EEEEE
+931

s
3



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Cheng et al.

Page 23

Sin3A across Zyx, Sfrs2, and Vim. (e) LSD1 localizes to regions on active (Group 1) genes
with low H3K4mel in myoblasts. (f) LSD1 depletion leads to increased enrichment of
H3K4mel (top) and decreased enrichment of H3K4me3 (bottom). qChlIP signals expressed
as percentage of input are plotted on the y-axis. Error bars indicate SD.
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Figure 5. Sin3A recruitment depends on H3K4 methylation state and ING1
(a) gRT-PCR analysis after LSD1 knock-down on genes that differentially recruit this

protein. Expression was normalized to the siNS control. (b) LSD1 depletion leads to
decreased enrichment of ING1 and Sin3A (c). (d) ING1 and ING2 co-localize on chromatin.
(e) After ablation of ING1/2 with siRNA, myoblast extracts were immuno-blotted for ING1,
ING2, and H3 (loading control). (f) (Left) ING1/2 depletion leads to strong reductions in
Sin3A recruitment to regions bound by Sin3A-only. (Right) Schematic indicating locations
of Sin3A/E2F4 target gene primers. (g) The effect of ING1 over-expression on myogenic
differentiation. Cells were stained with MHC (red) and DAPI (blue). Day 0 (DO) represents
fully confluent cells and the onset of differentiation; D3 indicates differentiation for three
days. Student's t test was performed to indicate significance: * indicates p-values <0.05 and

** <0.01, respectively. Error bars indicate SD.
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Figure 6. Profiles of H3K4mel, H3K4me3 and Sin3A in H1-hESC
(a) ChlP-seq data for H3K4mel, H3K4me3, H3K27ac, H3K27me3, H4K20me1, Pol 11, and

Sin3A were obtained from the ENCODE Project Consortium (see Supplemental
Experimental Procedures). Genes were sorted as in Figure 1A. (b, c) GO analysis of genes
with (b) H3K4mel, H3K27me3, and H4K20mel and (c) H3K4mel-/H3K4me3- signatures
using EASE. The analysis was conducted as in Figure 1C.
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Figure 7. Model in which H3K4 methylation state dictates recruitment of ING1 and Sin3A to
chromatin
H3K4mel covers the promoters of a subset of repressed, but inducible, genes. MLL3/4-

mediated H3K4mel is necessary for gene repression. Gene activation coincides with a
change in H3K4mel levels and loss of MLL3/4. On some genes, MLL3/4 are replaced with
a distinct COMPASS complex (Setla or MLL1) able to tri-methylate H3K4 on chromatin
linked to the TSS. Although H3K4me3 is necessary for ING1 and Sin3A recruitment,
H3K4mel at the same promoters might restrict the localization of ING1 and Sin3A.
Alterations in the ratio of H3K4mel and H3K4me3 on active genes lead to loss of Sin3A
recruitment to chromatin and repression. Multi-valent interaction with sequence-specific
factors also contributes to Sin3 recruitment (omitted for simplicity). See text for details.
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