1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

&

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

j Nat Genet. Author manuscript; available in PMC 2016 March 07.

Published in final edited form as:
Nat Genet. 2015 October ; 47(10): 1149-1157. doi:10.1038/ng.3385.

Broad H3K4me3 is associated with increased transcription
elongation and enhancer activity at tumor suppressor genes

Kaifu Chen12:34510 7hong Chen®10, Dayong Wu®, Lili Zhang’, Xuegiu Lin128, Jianzhong
Sul2, Benjamin Rodriguez!2, Yuanxin Xil:2, Zheng Xial2, Xi Chen2, Xiaobing Shi®,
Qianben Wang®11, and Wei Lil-211

1Division of Biostatistics, Dan L. Duncan Cancer Center, Baylor College of Medicine, Houston, TX
77030, USA

2Department of Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX 77030,
USA

SInstitute for Academic Medicine, Department of Cardiovascular Sciences, The Methodist
Hospital Research Institute, Houston, TX 77030, USA

4Center for Cardiovascular Regeneration, Department of Cardiovascular Sciences, The Methodist
Hospital Research Institute, Houston, TX 77030, USA

SWeill Cornell Medical College, Cornell University, New York, NY 10065, USA

8Department of Molecular Virology, Immunology and Medical Genetics and the Comprehensive
Cancer Center, The Ohio State University College of Medicine, Columbus, OH, USA

"Ocular Surface Center, Cullen Eye Institute, Department of Ophthalmology, Baylor College of
Medicine, Houston, TX77030

8Department of Bioinformatics, School of Life sciences and Technology, Tongji University,
Shanghai 20092, China

9Department of Molecular Carcinogenesis and Center for Cancer Epigenetics, The University of
Texas MD Anderson Cancer Center, Houston, TX, 77030, USA

Correspondence should be addressed to Q.W. (gqianben.wang @osumc.edu) or W.L. (WL1@bcm.edu).
These authors contributed equally to this work.
U These authors jointly directed this work.

URLS

TCGA project website: http://cancergenome.nih.gov

ENCODE project website: hgdownload.cse.ucsc.edu/apache/htdocs/goldenPath/hg19/encodeDCC
Website for additional data sets for this project: https:/sites.google.com/site/broadh3k4me3/

ACCESSION CODES

H3K4me3 ChIP-seq data of A549 cells and tumor/normal pairs have been submitted to the NCBI GEO database (GSE67471). To
further increase transparency and reproducibility, we have created a website (see URLS) to host additional data sets used in this paper,
including the bed and bigwig files for the H3K4me3 peaks and the data underlying the graphical representations used in the figures.
AUTHOR CONTRIBUTIONS

K.C. and W.L. conceived the project, designed the experiments and performed the data analysis. Z.C, D.W and Q.W. designed and
performed the experiments. L.Z. designed the experiments and performed the data analysis, X.L., J.S., Y.X., and Z.X. analyzed the
data. K.C., Q.W., and W.L. interpreted the data and wrote the manuscript with comments from B.R. X.C., and X.S.

COMPETING FINANCIAL INTERESTS

The authors have no competing financial interest that might influence the performance or presentation of the work described in this
manuscript.


http://cancergenome.nih.gov
http://hgdownload.cse.ucsc.edu/apache/htdocs/goldenPath/hg19/encodeDCC
https://sites.google.com/site/broadh3k4me3/

1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Chen et al. Page 2

Abstract

Tumor suppressors are mostly defined by inactivating mutations in tumors, yet little is known
about their epigenetic features in normal cells. Through integrative analysis of 1,134 genome-wide
epigenetic profiles, mutations from >8,200 tumor-normal pairs, and our experimental data from
clinical samples, we discovered broad H3K4me3 (wider than 4 kb) as the first epigenetic signature
for tumor suppressors in normal cells. Broad H3K4me3 is associated with increased transcription
elongation and enhancer activity together leading to exceptionally high gene expression, and is
distinct from other broad epigenetic features, such as super-enhancers. Broad H3K4me3 conserved
across normal cells may represent pan-cancer tumor suppressors, such as P53 and PTEN, whereas
cell-type-specific broad H3K4me3 may indicate cell-identity genes and cell-type-specific tumor
suppressors. Furthermore, widespread shortening of broad H3K4me3 in cancers is associated with
repression of tumor suppressors. Together, the broad H3K4me3 epigenetic signature provides
mutation-independent information for the discovery and characterization of novel tumor
SUppressors.

INTRODUCTION

Most cancers are results of a small number of somatic driver mutations that either activate
growth-promoting oncogenes or repress growth-constraining tumor suppressor genes.
Recent sequencing efforts! of thousands of tumors and matched normal tissues have
identified recurrent and distinct somatic mutational patterns in those cancer drivers, namely
residue-specific activating mutations in oncogenes and discrete inactivating mutations in
tumor suppressors>>. The remaining large number of somatic mutations are passengers
possibly due to genome instability, thus may not contribute to cancer development.
Meanwhile, recent studies have proposed the mechanisms underlying cancer somatic
mutations, including DNA replication timing®, chromatin structure’ and gene expression
level®. While those epigenetic mechanisms can explain the majority of somatic mutations
and thus facilitate the detection of significantly mutated genes, they fail to distinguish tumor
suppressors from oncogenes. It is unclear whether there are epigenetic features in normal
somatic cells that are explicitly associated with tumor suppressors or oncogenes.

Among all the epigenetic features, trimethylation of histone H3 on lysine 4 (H3K4me3) has
been widely recognized as an active promoter mark’. H3K4me3 may regulate preinitiation
complex formation and gene activation by interacting with the TFIID complex8. It was
reported that over 80% of genes with promoter H3K4me3 were transcribed”. Other functions
of H3K4me3 include pre-mRNA splicing!?, recombination!!, DNA repair!? and
enhancers'3. However, the role of H3K4me3 in cancer development remains poorly
understood.

The extension of an epigenetic domain along the genome is emerging as a new concept in
the control of cancer development. For example, in contrast to typical enhancers that are
normally 200 to 500 bp long!3, recent studies revealed super-enhancers that are large
clusters of enhancers spanning up to 50 kb!4, which are bound by cell-type-specific master
transcription factors to specifically drive expression of cell-identity genes. Consistently,
super-enhancers were found at key oncogenes in many cancer types!>. Therefore, inhibiting
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chromatin regulators, such as BRDA4, leads to selective inhibition of key oncogenes, such as
16

MYC, by disruption of super-enhancers-"°.
In this study, to gain insights into epigenetic signatures of cancer drivers, we conducted an
integrative analysis of 1,134 genome-wide epigenetic profiles (Table S1) and cancer somatic
mutations from >8,200 tumor-normal pairs. We discovered an exceptionally broad, low-
density and conservative H3K4me3 epigenetic signature that is explicitly enriched in tumor
suppressors, but not in oncogenes or house keeping genes. We also experimentally validated
our findings in human primary tumor-normal pairs and cell models.

Exceptionally broad H3K4me3 signature on tumor suppressor

We recently observed that the ChIP-seq signal of H3K4me3, a well-known active promoter
epigenetic mark, can span up to 10 kb with low density from promoter to gene body on
several well-known tumor suppressors, such as IKZF117-19 and PTEN29-2! in human CD4+
T cells?? (Fig 1a). In contrast, H3K4me3 has sharp ChIP-seq peaks of ~1 kb long on other
active genes, such as housekeeping genes COPB223 and CWC2223 (Fig 1a). This
observation motivated us to perform a systematic analysis of the height and width (Fig 1b)
of every H3K4me3 promoter peak. We observed a subset of low-density H3K4me3 peaks
that are exceptionally wide (defined as broad peaks thereafter) and another subset of high-
density H3K4me3 peaks that are relatively narrow (defined as sharp peaks thereafter) (Fig
1¢c). Interestingly, there is no overlap between the broad and sharp peaks, suggesting
potential distinct mechanisms for those two groups of peaks. To conduct a quantitative
comparison between broad and sharp H3K4me3 peaks, we retrieved 500 broad H3K4me3
peaks wider than 4kb, which is 5 fold wider than the median width of all peaks, 500 sharp
peaks with the top peak height, and 500 random peaks as control (Fig 1d). The broad
H3K4me3 peaks have skewed distribution around transcription start site (TSS), spanning ~
=500 bp to +3,500 bp, whereas sharp and control H3K4me3 peaks are enriched in ~1 kb
symmetric region around TSS (Fig le). As expected, the signal density of broad H3K4me3
is significantly lower than that of sharp H3K4me3 but slightly higher than that of control
H3K4me3 peaks. A composite plot of normalized H3K4me3 ChIP-Seq and input samples
indicates that the difference between broad and sharp peaks is not due to variation in
genome background (Fig S1).

KEGG pathway analysis was used to characterize enriched functions in the 3 groups of
H3K4me3 peaks. T cell receptor signaling (hsa04660) is explicitly enriched in broad
H3K4me3 group (Q value: 1.68x10710), but not in sharp or control groups (Fig 1f). An
excellent example is the gene encoding T Cell surface marker CD4 that contains an
H3K4me3 peak as wide as 5kb (Fig 5e). This observation suggests that broad H3K4me3
might be associated with genes maintaining cell identity. Another interesting term, Pathways
in cancer (hsa05200), a collection of well-curated signaling networks involved in cancer
development, is also uniquely enriched in broad H3K4me3 with a significant Q value of
5.67x107> (Fig 1f). In contrast, oxidative phosphorylation (hsa00190) housekeeping genes2*
are uniquely enriched in sharp H3K4me3 (Fig 1f).
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To further confirm the association between broad H3K4me3 and cancer development, we
collected the top 500 high-confidence tumor suppressors and oncogenes that were defined
based on distinct somatic mutational patterns from genome sequencing of >8,200 tumor-
normal pairs2. We also used 500 randomly selected house-keeping genes as control?3. We
repeated the same enrichment analysis on different H3K4me3 groups, with 500 peaks in
each group, ranking from wide to narrow (left), high to low (middle), or randomly (right)
(Fig 1g). Surprisingly, the H3K4me3 group with the broadest peaks is only enriched in
tumor suppressors but not in oncogenes or housekeeping genes. And the enrichment levels
gradually diminish with the decrease of peak width. We further confirmed that this
enrichment preference towards tumor suppressors is not due to bias in our driver gene
collection, since both tumor suppressors and oncogenes show similar significant enrichment
with KEGG Pathways in cancer (Fig S2). In addition, H3K4me3 usually has broader peaks
on tumor suppressors than on oncogenes or other genes within the same KEGG pathways
(Fig S17). Therefore, the enrichment of functional pathways, such as “T cell receptor
signaling” (Fig 1F, S17a), in genes associated with broad H3K4me3 is mainly contributed
by tumor suppressors within the same pathway. Finally, broad H3K4me3 peaks, although
have low signal intensity (Fig le), show exceptionally higher expression levels than sharp or
control H3K4me3 (Fig 1h, 1i and S24). Together, we conclude that broad H3K4me3 in
CD4+ T cell is strongly and uniquely associated with cell identity genes, tumor suppressors
and highly expressed genes.

Broad H3K4me3 is not associated with alternative TSS

An obvious question is whether broad H3K4me3 implies alternative TSS and induces
cryptic transcription®. To address this, we collected a pool of 244,524 unique TSSs from
gene models such as RefSeq, UCSC known gene, Ensembl and GENCODE. We observed
no difference in TSS density among genes associated with broad, sharp or control H3K4me3
(Fig S3a). To further confirm this result, we repeated the same analysis using CAGE (Cap
Analysis Gene Expression) data, i.e. direct sequencing of TSS, in CD4+ T cells, but we still
observed little difference among 3 groups of H3K4me3 peaks (Fig S3b). Together, we
conclude that broad H3K4me3 is not associated with alternative TSS.

Many promoter epigenetic marks coincide with broad H3K4me3

To understand the possible mechanisms underlying broad H3K4me3, we mapped ChIP-seq
data of 42 distinct epigenetic marks in CD4+ T cells to the same 3 groups of H3K4me3
peaks. In total 28 epigenetic marks are enriched around promoters, whereas 2 marks show
depletion (Fig 2a, S4). The remaining 12 marks have weak or complicated patterns thus
were excluded from further analysis (Fig S5). 27 out of 28 promoter-enriched epigenetic
marks, except for histone variant H2A.Z, have similar wide peaks on genes with broad
H3K4me3, and similar sharp peaks on genes with sharp or control H3K4me3. Spearman
correlation analysis also indicated the strong similarity between most of those epigenetic
marks and broad H3K4me3 peaks (Fig S6). The co-occurrence of broad or sharp epigenetic
marks is frequently observed on individual genes. For example, the tumor suppressor |IKZF1
is strongly associated with broad peaks of promoter epigenetic marks, whereas the
housekeeping gene COPB2 has all sharp peaks (Fig 2b). This observation suggests the
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extension of almost all promoter epigenetic marks on a small group of genes, with
H3K4me3 being a suitable surrogate marker.

Broad H3K4me3 reveals increased transcription elongation

Interestingly, at genes with broad H3K4me3, the Pol II ChIP-Seq signal is not only enriched
at the promoter and gene body, but also shows a clear peak at the 3’ end (Fig 3a left). This
pattern has been reported to be specific for genes undergoing active transcription
elongation2%-27_ Consistently, the elongation histone mark H3K79me?2, a mark beneficial to
early phase of productive elongation and correlated strongly with elongation rates8:29,
shows strong peaks at genes with broad H3K4me3 (Fig 3a right).

We used a well-established Pol II pausing index (or traveling ratio) to quantify the
transcriptional elongation. Pausing index is the promoter to gene body ratio of Pol IT ChIP-

26.30_ thus a larger pausing index indicates more poised Pol II and less elongation.

seq density
As expected, the Pol II pausing index shows a strong negative correlation with promoter
H3K4me3 width (Spearman coefficient: —0.70) in human CD4+ T cell (Fig 3b).
Furthermore, this strong negative correlation is highly reproducible in 14 additional normal
cell types (Fig 3b and Fig S7). Those observations are consistent with the association

between broad H3K4me3 and increased transcription elongation.

To gain insights into the cause-and-effect relationship, we measured H3K4me3 levels after
manipulating the elongation machinery. The oncogene c-Myc has been reported to promote
Pol II pausing release and hence amplify global transcriptional elongation and gene
expression in cancers20-30, An interesting question is whether c-Myc has similar effect on
both oncogenes and tumor suppressors? When c-Myc expression level is lower (blue curves
in Fig 3c and 3d)3931, the Pol II pausing index increases significantly at genes with sharp
and control H3K4me3 but not broad H3K4me327 (Fig 3c). Accordingly, the H3K4me3
width also changes significantly at sharp and control H3K4me3 but not on promoters with
broad H3K4me328 (Fig 3d). We also observed similar change in H3K4me3 width by
treating human A549 cells for 1 h with Flavopiridol (Fig 3e), a specific inhibitor for positive
transcription elongation factor b (P-TEFb)32, followed by H3K4me3 MNase ChIP-seq.
Together, we conclude that transcriptional elongation regulators, such as c-Myc and P-
TEFb, seem to drive the H3K4me3 epigenetic domain extension on genes with low baseline
of elongation, but not on genes already undergoing strong elongation, such as tumor
SUppressors.

Broad H3K4me3 has strong and distinct enhancer activity

Several enhancer marks, such as H3K27ac and H3K4mel, also show strong enrichment on
genes with broad H3K4me3 (Fig 4a and 4b). To further test the enhancer association, we
collected motif instances of 127 transcription factors (TFs) across the whole genome33, and
evaluated their enrichment levels at the 3 groups of H3K4me3 peaks. Interestingly, motif
occurrence is significantly higher across the entire gene body of genes associated with broad
H3K4me3 (Fig 4c). We further analyzed in-vivo binding sites of 119 TFs in 72 cell lines
based on 411 ENCODE ChIP-Seq data3*. In agreement with the motif result, we also
observed significantly higher TF binding intensity at genes with broad H3K4me3 (Fig 4d).
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The strong link to enhancer marks suggests that broad H3K4me3 might be associated with
super-enhancers!* that are also exceptionally broad. To test this hypothesis, we collected
super-enhancers and typical enhancers defined in CD4+ T cells!. As expected, 231 (39%)
genes assigned with super-enhancers have strong overlap with genes assigned with broad
H3K4me3 (Fig 4e). Most of the remaining 358 (61%) genes with super-enhancers contain
sharp H3K4me3 peaks (Fig 4f). On the other hand, 231 (46%) of the top 500 genes assigned
with broad H3K4me3 peaks have overlap with genes assigned with super-enhancers (Fig 4e,
4f). In contrast, genes with sharp or control H3K4me3 peaks have little overlap with genes
with super-enhancers (Fig S8). Interestingly, tumor suppressors are only enriched (Fig 4g) in
genes assigned with broad H3K4me3 lacking super-enhancers (group I in Fig 4e), indicating
that the tumor suppressor link is highly specific to broad H3K4me3. These results are highly
reproducible in most of the 61 additional cell or tissue types (Fig S9). In contrast, cell
identity genes, e.g. those involved in T cell signaling, are enriched (Fig 4g) in genes with
either broad H3K4me3 or super-enhancers (group I, II, or III in Fig 4e). In summary, broad
H3K4me3 is strongly associated with enhancer activity and its unique functional
enrichment, i.e. tumor suppressors, makes broad H3K4me3 distinct from super-enhancers.

Broad H3K4me3 at tumor suppressors is highly conserved

To understand broad H3K4me3 beyond CD4+ T cells, we collected 105 ENCODE
H3K4me3 ChIP-Seq data from 43 normal cells. Together, we detected 4,167 non-redundant
promoter H3K4me3 peaks wider than 4kb (Fig 5a). We ranked and further divided these
H3K4me3 peaks into 9 groups (A to I) based on the conservation level of H3K4me3 peak
width (% samples with H3K4me3 peaks longer than 4kb) from high to low. The top group A
is highly conserved with H3K4me3 peaks wider than 4kb in more than 50% of cell types.
Embryonic stem cells (ESCs) often have small numbers of broad H3K4me3 peaks (Fig 5b,
Table S3), but they tend to retain the most conserved ones. Those conserved broad
H3K4me3 peaks might be developed very early at ESCs, and maintained in various somatic
cells.

Interestingly, tumor suppressors are only significantly enriched in the top two most
conserved H3K4me3 groups, and quickly becomes non-enriched in the less conserved
groups (Fig 5¢). P53 and PTEN are examples of well-established tumor suppressors with
conserved broad H3K4me3 across 105 ENCODE normal H3K4me3 ChIP-Seq data (Fig 5d).
In contrast, cell identity genes, such as CD4, show broad H3K4me3 only in a few specific
cell types (Fig 5e). These results are highly reproducible in another independent H3K4me3
ChIP-Seq dataset from the Roadmap Epigenomics Project. The Roadmap data contain 153
H3K4me3 ChIP-Seq samples from different normal cells and tissues, which allowed us to
detect 8,143 promoters with H3K4me3 wider than 4 kb (Fig S10a). Similar to ENCODE,
only the most conserved broad H3K4me3 peaks derived from Roadmap are enriched in
tumor suppressors (Fig S10b). Furthermore, the majority (75%) of the top 500 genes with
the most conserved broad H3K4me3 are in common between ENCODE and Roadmap (Fig
S10c). The combined ENCODE and Roadmap broad (>4kb) H3K4me3 peaks are in Table
S2.
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To understand the difference between conserved and cell type specific broad H3K4me3, we
used KEGG pathway enrichment to compare broad H3K4me3 derived from CD4+ T cell
alone (broad group in Fig 1c) and conserved across 105 ENCODE samples (group A in Fig
5a). As expected, the conserved broad H3K4me3 removes cell identity genes, but maintains
the pan-cancer tumor suppressors that are required by many somatic cells, such as p53
signaling (hsa04115), cell cycle (hsa04110), pathways in cancer (hsa05200), and various
cancer pathways including colorectal cancer, leukemia, glioma, prostate cancer, basal cell
carcinoma, renal cell carcinoma, melanoma, endometrial cancer, and small cell lung cancer
(Fig 5f). In contrast, the cell type specific broad H3K4me3 is enriched in both T cell
receptor signaling and pathways in cancer. Together, the conserved broad H3K4me3 are
likely to originate from ESCs and represents a group of pan-cancer tumor suppressors that
function in a variety of normal somatic cells.

H3K4me3 shortening indicates transcription repression

To compare between cancer and normal cells, we collected additional 63 H3K4me3 ChIP-
Seq data from 20 ENCODE cancer cells. By pooling ChIP-seq data from cancer (63) and
normal (105) samples together, we detected a total of 6,104 promoter H3K4me3 peaks wider
than 4kb. Close inspection of this rich dataset allowed us to observe that many tumor
suppressors, such as KLF16 and SPRY2 (Fig 6a), with conserved broad H3K4me3 across
normal cells, are subject to H3K4me3 shortening in cancer cells.

These examples motivated us for a systematic comparison of known tumor suppressors that
have conserved broad H3K4me3 in either cancer or normal (Fig 6b—6d). Based on a Poisson
test p-value cutoff of 1x107190 and a subtraction cutoff of 500 bp, we defined 50 tumor
suppressors with H3K4me3 shortening in cancers, 3 fold more than the 17 H3K4me3
lengthening events. We also defined 29 stable tumor suppressors with broad H3K4me3
(mean width > 4kb) in both cancer and normal cells. Through randomly shuffling cancer or
normal labels of ChIP-seq samples, we repeated the mock comparison 1,000 times, and
defined 36.2 genes on average with stable broad H3K4me3, but almost no genes with
H3K4me3 shortening or lengthening. Expanding the cancer-normal comparison to all genes
(not limited to known tumor suppressors) with conserved broad H3K4me3 generated similar
result, with 200 genes showing H3K4me3 shortening and enrichment in tumor suppressors,
and 91 genes showing H3K4me3 lengthening but no tumor suppressor enrichment (Fig
S11a—S11c). These analyses confirmed the widespread shortening of broad H3K4me3 in
cancers. To evaluate expression changes of genes with broad H3K4me3, we collected 79
and 157 microarray data from ENCODE cancer and normal cells, respectively. As expected,
genes with H3K4me3 shortening in cancers correlates with transcription repression, whereas
genes with stable broad H3K4me3 display high expression levels in both cancer and normal
cells (Fig 6d, S11d). We also observed similar results through comparison between Jurkat
leukemia T cell and normal CD4+ T cells (Fig S13), and between breast cancer cells MCF7
and normal breast cells HMEC (Fig S14). As expected, the shortening of broad H3K4me3 is
also associated with increase in Pol II pausing index (Fig S13c), suggesting reduced
transcription elongation and expression level. Together, we conclude that the widespread
shortening of broad H3K4me3 is associated with reduced expression of tumor suppressors in

cancers.
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Widespread shortening of broad H3K4me3 in primary tumors

Based on the above pan-cancer analysis in cell lines, we hypothesize that widespread
shortening of broad H3K4me3 also exists in primary human tumors. As we were not able to
find any published tumor H3K4me3 ChIP-seq data probably due to unsolved technical
issues, we performed H3K4me3 ChIP-seq assays using matched tumor/normal pairs from
lung (Fig 7) and liver (Fig S12), respectively. Of note, the matched tumor/normal pairs from
the same patients allow an unbiased and efficient analysis of the H3K4me3 width. As
observed in cell lines, broad H3K4me3 in normal lung tissues is associated with tumor
suppressors (Fig 7a) and shortening of broad H3K4me3 is frequently observed at established
tumor suppressors, such as GPX3% and PLK236-38 (Fig 7b). In total, we identified 209, 108,
and 248 genes with shortened, lengthened, and stable broad H3K4me3 in lung tumors
relative to normal lung tissues (Fig 7c). As expected, the shortening of broad H3K4me3 is
associated with gene repression (Fig 7d). We also observed similar results through
comparison between liver tumors and matched normal tissues (Fig S12). Together, these
patient sample data generalize our results from cell lines and suggest the potential clinical
significance of our findings that widespread shortening of broad H3K4me3 is associated
with reduced expression of tumor suppressors.

Conserved broad H3K4me3 suggests putative tumor suppressor

The strong enrichment of known tumor suppressors in genes with conserved broad
H3K4me3 (Table S2) suggests that this epigenetic mark might be used to identify candidate
tumor suppressors. We therefore tested this hypothesis in 3 tissue types: liver, lung and
breast. We first defined putative candidate tumor suppressor for a given tissue type by
requiring that 1) they have not been defined (Q value >0.5) as tumor suppressors or
oncogenes based on mutations analysis of 8,200 tumor-normal pairs2; 2) their promoter
H3K4me3 is wider than 4kb in over 20% of encode normal cells; 3) their promoter
H3K4me3 is wider than 3kb in the given tissue type; 4) their mRNA expression levels in the
given tissue type are higher than the median level of all genes. This allowed us to identify
251, 393, and 539 putative candidate tumor suppressors in liver, lung, and breast cancers,
respectively (Fig S15). As an initial analysis to characterize the function of these putative
candidate tumor suppressors, we randomly selected 24 candidates (8 from each tissue type),
further requiring that they have not been defined as tumor suppressors in the literature. We
then assessed the effect of silencing these genes on cell proliferation. Knockdown of known
tumor suppressor PTEN had the expected effect on cell growth (Fig 8). Similarly,
knockdown of the vast majority of candidate tumor suppressors with conserved broad
H3K4me3 led to a significant (P < 0.05) increase of cell growth, whereas knockdown of 10
randomly selected genes with sharp H3K4me3 and comparable expression (Fig 8a, 8b and
Fig S19) does not promote cell growth in A549 lung cancer cells. Similar effects of
candidate gene silencing on cell growth were also observed in HepG?2 liver cancer cells and
MCF7 breast cancer cells (Fig 8c—f). Together, these results indicate that the expression of
the vast majority of candidate tumor suppressors inhibit cancer cell growth.

Nat Genet. Author manuscript; available in PMC 2016 March 07.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Chen et al.

Page 9

DISCUSSION

We have uncovered the first epigenetic signature, namely broad H3K4me3, specifically
enriched in tumor suppressors. Broad H3K4me3 that is conserved across normal cells
probably represent a set of pan-cancer tumor suppressors, whereas cell-type specific broad
H3K4me3 is associated with cell-identity genes, some of which might be cell-type specific
tumor suppressors. Furthermore, widespread shortening of broad H3K4me3 in cancers is
strongly associated with repression of tumor suppressors. This observation suggests that,
besides complete loss of a few tumor suppressors at the DNA level, cancer development
may be supplemented by a collective reduction in expression of dozens of tumor
SUppressors.

Different from typical H3K4me3, broad H3K4me3 is an indicator of increased transcription
elongation and enhancer activity. Our analysis indicates that the transcription elongation
regulators may control the broad H3K4me3. Another possible regulator of broad H3K4me3
is UpSET, which has been reported to prevent the spread of active chromatin in
Drosophila®®. MM5, the human homolog of UpSET, was also reported to bind H3K4me3
downstream of TSS*0. Our MNase digestion based H3K4me3 ChIP-Seq data indicated the
nucleosome positioning in broad H3K4me3 peaks is fuzzier than that in sharp peaks (Fig
S16). More work will be needed to fully understand the mechanisms governing broad
H3K4me3.

Broad H3K4me3 is distinct from other epigenetic features reported before. First, although
broad H3K4me3 and super-enhancers are both wide epigenetic domains that are enriched for
TF binding sites and cell-identity genes, they have different conservation patterns and
functional implications. Broad H3K4me3 is conserved across cell types and uniquely
enriched in tumor suppressors; in contrast, super-enhancers tend to be cell-type specific and
indicate cancer-specific key oncogenes!4. Second, the DNA methylation valleys*! or
canyons*2 have extended regions of low methylation that are at least 10 times larger than
typical CpG islands; however, only < 50% of them have overlap with broad H3K4me3.
Third, recent studies reported H3K4me2 expansion in tissue specific genes*3 and H3K4me3
spreading in a subset of autism patients**; however, their functional implications in cancers
have not been established. Finally, while this work was under review, Benayoun et al.*5
reported that H3K4me3 breadth is linked to cell identity. Novertheless, the major novelty of
our work is the discovery of the association between pan-cancer tumor suppressors and
conserved broad H3K4me3 in normal cells. Furthermore, Benayoun et al.* indicated that
H3K4me3 breadth was not correlated with gene expression. However, through careful
reanalysis of Benayoun et al. H3K4me3 raw data and simulation study, we conclude that the
lack of correlation is largely due to their inappropriate statistical methodology (Fig S18).

Recent cancer genome sequencing has characterized a large number of non-uniformly
distributed somatic mutations, with difference in local mutation density exceeding up to 5-
fold®. The underlying mechanisms of mutational heterogeneity includes DNA replication
timing® and gene expression level®. Therefore, to identify significantly mutated genes in
cancers, a common practice is to correct for variation by using patient-specific and gene-
specific “background” mutation rates®. Our study, suggests a new layer of “foreground”
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information so that genes with conserved broad H3K4me3 (Table S2) are more likely to be
tumor suppressors (Fig 8). Together, the broad H3K4me3 epigenetic signature provides
mutation-independent information for the discovery and characterization of novel tumor
SUppressors.

ONLINE METHODS

Tissue and cell line Native MNase H3K4me3 ChlP-seq

Native MNase ChIP-seq was performed as we descried previously#® with modifications. For
tissue H3K4me3 ChIP-seq, the frozen tissues (50-100 mg), purchased from Cureline, were
trimmed and chopped into small pieces on ice, and then washed with ice cold PBS twice.
The pellets were homogenized in PBS containing proteinase inhibitor. The nuclei were
checked by phase-contrast microscopy to maximize the yield of nuclei (~5x107). With
sufficient lysis in 25% sucrose, 0.2% NP-40/TBS, the pellets were layered on 50% [w/v]
sucrose/TBS, and then centrifuged at 21,000 g, 30 min, 4°C. The nuclei pellets were
resuspended in digestion buffer (0.32 M sucrose, 50 mM Tris-HCI (pH 7.5), 4 mM MgCl,, 1
mM CaCl,), and digested with MNase for ~10 min to generate mainly mononucleosomes
that were immunoprecipitated with an anti-H3K4me3 antibody (ab8580, Abcam). After
incubation over night, Protein A Dynal magnetic beads were washed 6 times using modified
RIPA buffer (50 mM Tris-HCL pH 7.8, 1 mM EDTA, 0.25% Na Deoxycholate, 1% NP-40,
0.5 M LiCl). The DNA was eluted in 1% SDS and 0.1M NaHCO3 and reversed cross-
linking at 65°C, over night. The library was generated using NEBNext ChIP-Seq Library
Prep Master Mix Set, and amplified with 10 PCR cycles. The library was prepared by size
selection for mononucleosome fragments. High throughput sequencing was performed using
Ilumina HiSeq 2500 at the Ohio State University Comprehensive Cancer Center
(OSUCCC) sequencing core. For cell line native MNase H3K4me3 ChIP-seq, human lung
cancer A549 cells were treated with 1uM of flavopiridol or DMSO alone for 1 h before
rapid isolation of nucleus, following the same protocol described above to construct
sequencing libraries.

Cell Proliferation Assay

Human breast cancer cell line (MCF7), lung cancer cell line (A549) and hepatocellular liver
carcinoma cell line (HepG2) were obtained from the American Type Culture Collection
(ATCC). The cell lines have been authenticated by ATCC by STR profiling and
karyotyping, and the cell lines were regularly tested for mycoplasma infection. The cells
were maintained in 10% fetal calf serum (FCS)-supplemented DMEM medium. Cell
proliferation assays were performed as we described previously*®#7 with modifications. For
WST-1 assays, cells were seeded (2x103 cells/well for A549, 4x103 cells/well for MCF7
and 8x103 cells/well for HepG2 cells) in 96-well plates in triplicates 24 h before
transfection. For direct cell counting assays, A549 cells were seeded at 5x10* cells/well in
6-well plates. siRNAs (on target plus Smart pool) targeting putative tumor suppressor genes
or randomly selected genes with comparable expression, and on-target plus siRNA Controls
were purchased from GE Dharmacon. siRNAs were transfected using Lipofectamine 2000
reagent according to the manufacturer’s instructions. After transfection for 4 days, the
numbers of living cells were measured using a colorimetric WST-1 assay (Rhoch) or by
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direct cell counting. The data are presented as the mean + SD. Student’s t-test was used to
determine the statistical significance of the differences between the siControl and siPutative
tumor suppressor genes.

Data source

A total of 1,134 data sets that were used in this manuscript are listed in Table S1. The table
contains information about the web link and reference to each data set. Specifically, the
tumor suppressors and oncogenes used in this study were defined by the TUSON algorithm
from genome sequencing of >8,200 tumor-normal pairs*8, TUSON is a computational
method that analyzes the patterns of mutational signatures in tumors and predicts the
likelihood that any individual gene functions as a tumor suppressor or oncogene. We ranked
tumor suppressors by their TUSON predicting P values from the most to the least
significant, and used the top 500 genes (p-value <0.01) as reference tumor suppressors
throughout this study. We also used the same strategy to define the top 500 reference
oncogenes.

ChIP-Seq, MeDIP-Seq, and MRE-Seq analysis

Sequencing reads were mapped to the human genome hg19 or mouse genome mm9. The
Dregion function in DANPOS*? version 2.2.0 was used for reads density calculation and
peak calling. Briefly, We extended each read at the 3’ end to be 200bp long, and then
calculated read density as the number of reads covering each base pair in the genome. For
each data set, the total number of mapped reads was normalized to the same 25 million
followed by quantile normalization. We used MACS2’s broad-peak function for steps (1)
and (2), and add an additional step (3) for a more stringent definition of broad peak: (1) use
a peak-calling occupancy cutoff (i.e., Poisson P value 1e-8) to define seed peaks; (2) use an
extending occupancy cutoff (i.e., Poisson P value 1e-5) to extend seed peak. If the
occupancy at each nucleotide between seed peaks are all higher than this cutoff, the seed
peaks will be merged into a single broad peak; (3) Only neighboring seed peaks with
distance < 3kb can be merged into a single broad peak. When the distance between two seed
peaks are too far, even if there are considerable H3K4me3 signal between them, it is still
possible that they are two independent peaks. Therefore, we added a step (3) to require that
only an extension shorter than 3kb can be allowed. Notably, using different extension
lengths does not change our observations, e.g., the broad and sharp peaks (Fig S20), or the
association between broad H3K4me3 and tumor suppressor (Fig S21). The multi-modal
distribution of H3K4me3 peak sharpness is also not due to the extension length, but may be
due to different statistical property of H3K4me3 signal at different genes (Fig S23). We
mapped each peak to TSS based on the GREAT algorithm, requiring the peak to locate
within from 10kb upstream to 4kb downstream of TSS. We used the Profile function in
DANPOS version 2.2.0 to calculate average read density flanking a group of TSS or gene
body. MEV version 4.5.0 was used for plotting heatmaps.

Microarray analysis

We downloaded Affymetrix array data from ENCODE project website, and Affymetrix
U133 Plus 2.0 array data for CD4+T cells from NCBI GEO. We then used the Read Affy and
RMA functions in the R package Affy to calculate the expression value of each gene.
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RNA-Seq analysis

For TCGA data sets, expression value (Transcripts Per Million, or TPM) of each gene in
each sample was downloaded from the project website (see URLS). For other RNA-Seq
data, we downloaded raw reads from the GEO database, used Tophat to map reads to the
human genome hg19, used the htseq-count function in HTSeq to calculate reads count for
each gene, and then calculated gene expression (Fragments Per Kilo base pairs Per Million,
or FPKM) value based on the reads count. Gene expression values between samples were
normalized using normalizeQuantiles function in the R package Limma.

Function enrichment analysis

We used DAVID for KEGG pathway analysis. Each pathway with a Q value (Bonferroni
correction) smaller than 1x1073 in Figure 1 or 0.05 in other Figures was defined as
significantly enriched. Enrichment level of tumor suppressor, oncogene, and housekeeping
genes were defined based on Fisher’s Exact Test. Since gene number may affect the P value
(Fig S22), to make fair comparison between different gene sets, we always use the same
number of top ranked genes for Fisher’s Exact Test.

Pol Il pausing index calculation

We defined pausing region as from 30bp upstream to 300bp downstream of TSS, and
defined elongation region as from 300bp downstream of TSS to 1kb downstream of TTS.
We then calculated pausing index as the pausing to elongation ratio of Pol II ChIP-Seq read
density.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Broad H3K4me3 in human CD4+ T cellsmarkstumor suppressorsand cell identity
genes
(a) H3K4me3 density at housekeeping genes COPB2 and CWC22 and tumor suppressors

IKZF1 and PTEN. (b) Definition of H3K4me3 peak height and width. (¢) H3K4me3 peak
height (y-axis) plotted against width (x-axis). Blue and red dots indicate top 500 sharp and
broad H3K4me3 peaks. (d) Heatmap of promoter H3K4me3. Each row represents a
promoter region from —10kb to +10kb. The left panel contains all promoters. The right 3
panels are enlarged view of 500 broad (top), sharp (bottom), and random control H3K4me3
peaks (middle). Average density plots around TSS (e) and KEGG pathway enrichment (f)
for the same broad, sharp and random control H3K4me3 peaks as in (d). (g) Enrichment P
values (y-axis) of tumor suppressors, oncogenes, and housekeeping genes in different
promoter groups (x-axis) ranked by H3k4me3 peaks from wide to narrow (left), high to low
(middle), or randomly (right). Each group contains 500 genes. The left most groups in each
panel contain the broad, sharp and random control H3K4me3 peaks. Enrichment P value
was calculated using Fisher’s exact test. (h) H3K4me3 peak widths (left) and heights (right)
plotted against gene expression levels. Red and blue dots indicate broad and sharp
H3K4me3 peaks, respectively. (i) Boxplot showing gene expression levels associated with
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H3K4me3 peaks. The bottom, middle, and top lines indicate the first, second, and third
quartiles, with whisker range defined as 0.5. *P < 1x10720 by KS test.
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Figure 2. Most promoter epigenetic marks coincide with broad H3K4me3 in human CD4+ T
cells

(a) Heatmap showing average density of 30 epigenetic marks at promoters associated with
broad (left), sharp (middle) and random control (right) H3K4me3 peaks. Columns represent
the region from 10 kb upstream of TSS to 10 kb downstream of TTS. All genes are scaled to
be 40 kb long. Each row represents one epigenetic mark. (b) Genome browser tracks of 6
selected epigenetic marks at tumor suppressor TGFBR2 (left) and housekeeping gene ASL2
(right).
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Figure 3. Broad H3K4me3 is associated with increased transcription elongation
(a) Average density plots of Pol II and H3K79me2 at genes associated with broad, sharp and

random H3K4me3 peaks. (b) Pol II pausing index plotted against promoter H3K4me3 width
in human T cell (left), mouse B cells (middle) and human B cell (right). Spearman
correlation coefficients are indicated on top of each panel. Expressed genes whose promoter
Pol II ChIP-seq intensity 50% higher than the mean value of all genes were used for the
analysis. Genes were binned into groups (50 genes per group). (c) Accumulative plots of
gene proportion against Pol II pausing index in mouse B cells with high (red) or low (blue)
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c-Myc expression. (d) Accumulative plots of gene proportion against H3K4me3 peak width
in human B cells with high (red) or low (blue) c-Myc expression. (e) Accumulative plots of
gene proportion against H3K4me3 peak width in cells under normal condition (red) or
flavopiridol treatment (blue). P values were calculated based on K-S test.
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Figure 4. Broad H3K 4me3 has strong enhancer activity in human CD4+ T cells
Average density plots of enhancer mark H3K27ac (a) and H3K4mel (b) at genes associated

with broad, sharp and random H3K4me3 peaks. Occurrence of annotated TF binding motifs
(c) and ChIP-Seq TF binding sites (d) plotted at genes associated with broad, sharp and
random H3K4me3 peaks. (e) Venn diagrams showing the overlap between genes associated
with super-enhancers and broad H3K4me3 peaks. (f) The distribution of H3K4me3 peaks,
typical enhancers, and super-enhancers flanking TSS, which were divided into 3 groups as
indicated in (e). (g) Enrichment levels of the 3 gene groups as indicated in (e) in
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housekeeping genes, oncogenes, tumor suppressors, and KEGG T cell receptor signaling
pathway.
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Figure5. Broad H3K4me3 at tumor suppressorsis conserved across ENCODE normal cell types
(a) Heatmap for H3K4me3 peak widths of 4,167 promoters (rows) across 105 ENCODE

normal samples (columns). Promoters were further divided into 9 groups (A-I) based on the
conservation level of H3K4me3 peak width (% samples with H3K4me3 peak longer than
4kb) from high to low. (b) Number (y-axis) of genes with H3K4me3 peak wider than 4kb in
each sample (x-axis). (c) The enrichment levels of 9 promoter groups as indicted in (a) in
tumor suppressors, oncogenes, and housekeeping genes. Enrichment P value was calculated
based on Fisher’s exact test. (d) H3K4me3 density on two well-known tumor suppressor
genes P53 (left) and PTEN (right) across 105 ENCODE normal samples. Each row is the
H3K4me3 density in the region from 5kb upstream to 10kb downstream of TSS in one
sample. (e) H3K4me3 density on cell-identity gene CD4 across 105 ENCODE normal
samples. (f) KEGG pathways enrichment analysis of promoters associated with conserved
broad H3K4me3 from ENCODE samples and broad H3K4me3 from human CD4+ T cells
alone.
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Figure 6. Widespread shortening of broad H3K 4me3 at tumor suppressors
(a) H3K4me3 density on two tumor suppressors KLF16 (left) and SPRY2 (right) across 105

normal and 63 cancer ENCODE samples. (b) Broad H3K4me3 peaks at tumor suppressors

that are shortened, lengthened, or stable between 105 normal and 63 cancer samples or

through 1,000 mock comparisons. Heatmap of H3K4me3 peak widths (c) or expression

levels (d) at each tumor suppressor (row) in each sample (column). The same 3 groups of

genes with broad H3K4me3 peaks shortening, lengthening, or stable as indicated in (b) were

plotted. Genes were ranked in the same order in the two heatmaps. A boxplot was plotted at

the right side of each heatmap to show quantitative difference between cancer and normal

samples. *P<1x~20 by Wilcoxon test; NS represents P>0.05.
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Figure 7. Shortening of broad H3K 4me3 peaksin lung tumors
(a) Enrichment P values (y-axis) of tumor suppressors in different promoter groups (symbols

along the curves) ranked by H3k4me3 peaks from wide to narrow. Each promoter group

contains 500 genes. The left most promoter group contains the broad H3K4me3 peaks.

Enrichment P value was calculated using Fisher’s exact test. (b) Snapshots of broad

H3K4me3 shortening in two tumor suppressor genes GPX3 (top) and PLK2 (bottom). (c)

Heatmaps for H3K4me3 density flanking TSS in lung normal tissues (left 2 panels) and lung

tumors (right 2 panels). In each panel, each row represents a 10kb region flanking TSS. (d)

Gene expression levels in lung normal tissues and lung tumors. Genes were ranked as in (c).
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a
lung tissue ENCODE normal cell types
gene Expression H3K4me3| H3K4me3 H3K4me3
(TPM x 10°) width (kb)|mean width (kb) 4kb-wider%
FERMT2 63.50 3.52 3.51 43.81
KCTD12 82.62 5.27 3.85 44,76
HLX 16.24 4.70 3.08 23.81
HOXAS5 12.67 7.07 2.37 27.62
PPAP2B 89.42 6.08 3.97 39.05
PTGER4 21.57 4.69 478 62.86
SLIT2 26.53 7.32 4.38 76.19
TMEM47 28.30 3.30 3.37 46.67
c
liver tissue ENCODE normal cell types
gene expression H3K4me3| H3K4me3  H3K4me3
(TPM x 10°) width (kb)|mean width (kb) 4kb-wider%
ADAMTS1 16.91 4.07 5.18 84.76
CSRNP1 46.15 3.60 3.72 33.33
DUSP10 32.61 4.55 3.83 23.80
GADD45B 345.03 4.21 4.29 81.80
PNRC1 113.61 472 4.49 80.00
PPAP2B 91.98 6.26 3.96 39.04
RHOB 535.38 4.30 3.53 31.42
SPRY2 16.91 6.51 6.64 98.09
e
breast tissue ENCODE normal cell types
gene Expression H3K4me3| H3K4me3 H3K4me3
(TPM x 10°) width (kb)|mean width (kb) 4kb-wider%
KCTD12 88.49 3.96 3.85 44.76
TMEM47 4211 3.85 3.37 46.67
PTGER4 13.72 475 478 62.86
PHLDA1 36.78 561 L 90.48
OSR1 29.62 6.19 4.90 69.52
SPRY2 62.75 77 6.64 98.10
NR3C1 78.20 10.37 7.62 93.33
HOXAT7 17.16 5.43 2.94 40.95
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Figure 8. Functional characterization of putative novel tumor suppressors defined by conserved
broad H3K4me3

A549 (a, b), HepG2 (c, d) or MCF-7 (e, f) cells were transfected with indicated siRNAs, and
cell proliferation was measured using the WST-1 assay. Error bar indicates standard
variation calculated from three replicates. ***P <0.001, **P< 0.01, *P<0.05 compared to
siControl based on T test.
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