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Abstract

Altered nitric oxide (*"NO) metabolism underlies cancer pathology, but mechanisms explaining
many ¢NO-associated phenotypes remain unclear. We have found that cellular exposure to sNO
changes histone posttranslational modifications (PTMs) by directly inhibiting the catalytic activity
of JmjC-domain containing histone demethylases. Herein, we describe how *NO exposure links
modulation of histone PTMs to gene expression changes that promote oncogenesis. Through high-
resolution mass spectrometry, we generated an extensive map of *\NO-mediated histone PTM
changes at 15 critical lysine residues on the core histones H3 and H4. Concomitant microarray
analysis demonstrated that exposure to physiologic *NO resulted in the differential expression of
over 6,500 genes in breast cancer cells. Measurements of the association of H3K9me2 and
H3K?9ac across genomic loci revealed that differential distribution of these particular PTMs
correlated with changes in the level of expression of numerous oncogenes, consistent with
epigenetic code. Our results establish that «+NO functions as an epigenetic regulator of gene
expression mediated by changes in histone PTMs.
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Introduction

It is increasingly clear that aberrant epigenetic modifications play major roles in cancer
progression (1). Recent pre-clinical and clinical research has provided evidence that tumor-
associated nitric oxide (¢NO, nitrogen monoxide) production and nitric oxide synthase
(NOS) expression are associated with the development and progression of various cancers
(2-6). Despite these correlations, however, current signaling mechanisms of NO are
insufficient to explain a significant proportion of its bioactivity in cancer. Histone
posttranslational modifications (PTMs) play a major role in the organization of chromatin
structure and subsequent regulation of gene expression. The number of unique histone PTMs
being discovered is continually increasing, however, methylation and acetylation of lysine
residues on the core histones remain among the most well-studied. While lysine (K)
acetylation (ac) is almost exclusively associated with increased gene expression, methylation
(me) can either increase or decrease gene expression depending on the degree of methylation
(mono, di, tri) as well as its location and proximity to other modifications (7).

The notion that *NO can directly affect the epigenetic landscape is novel. Most studies that
have elucidated epigenetic functions of *NO describe indirect mechanisms of action
including regulation of NOS isoform expression and activity (8,9), regulation of
transcription factor activities via S-nitrosation (10) or regulation of the expression or
functions of histone modifying enzymes (11-14). Previous studies have also demonstrated
regulation of microRNAs by «NO as an important disease related epigenetic event (15). Our
recent findings, however, provided a direct mechanistic link between cellularly-derived «NO
and significant changes in histone PTMs by demonstrating its ability to inhibit the catalytic
activity of JmjC-domain containing histone demethylases (16). Although these studies
demonstrated a key role for eNO as an endogenously produced regulator of global histone
PTM levels, it remains to be understood whether eNO-mediated changes in gene expression
could be attributed to specific alterations in the histone code.

Herein, we provide a comprehensive description of the magnitude of histone PTM changes
on the core histones H3 & H4 in response to «NO. Critically modified lysine residues were
identified using high-resolution mass spectrometry. ChlP-sequencing of key histone PTMs
revealed characteristic patterns of their association at specific genomic loci, which
correlated to changes in gene expression, transcription factor binding, and phenotypic
responses (proliferation and migration). These results introduce a novel signaling
mechanism of «NO, which is distinctly different from currently well-accepted models: i.e.
direct interactions of *NO with heme proteins such as guanylyl cyclase (sGC), or via the
formation of higher nitrogen oxides that form protein adducts containing nitrogen oxide
functional groups (i.e. S-nitrosothiols) (17,18). These results, which force us to rethink
classical *NO signaling paradigms are discussed in the context of cancer biology.

Materials and Methods

Cell Culture

MDA-MB-231 human triple negative breast cancer cells were obtained from American Type
Culture Collection (ATCC) and cultured in Dulbecco’s Modified Eagle Medium (DMEM)
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supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin in a
controlled environment (37°C and 5% CQO,). Cell line authentication was performed by
Short Tandem Repeat (STR) profiling at the University of Illinois Research Resource Center
before use. Prior to experiments, cells were grown to 80% confluency and serum starved
overnight prior to treatment with DETA/NO.

Western blotting

Histones were acid extracted from cultured cells and incubated overnight with either
H3K9me2 (Cell Signaling #4658) or H3K9ac (Cell Signaling #9649) primary antibody prior
to imaging (Supplementary Materials and Methods).

Quantitative mass spectrometry analysis of histone PTMs

Microarrays

Isolated histone proteins were derivatized by propionic anhydride and digested with trypsin
as described previously (19). Peptides were then derivatized by propionic anhydride and
desalted by Cg Stage-tips. Histone peptides were loaded to a 75 um I.D. x 15 cm fused
silica capillary column packed with Reprosil-Pur C1g-AQ resin (3 pm; Dr. Maisch GmbH,
Germany), and resolved by an EASY-nLC 1000 HPLC system (Thermo Scientific, Odense,
Denmark). The HPLC gradient was 2-35% solvent B (A = 0.1% formic acid in water; B =
0.1% formic acid in acetonitrile) in 40 min and from 35% to 98% solvent B in 20 minutes at
a flow-rate of 300 nL/min. HPLC was coupled to an LTQ-Orbitrap Elite (Thermo Fisher
Scientific, Bremen, Germany). Full MS spectrum (m/z 290-1400) was performed in the
Orbitrap with a resolution of 60,000 (at 400 m/z), and the 10 most intense ions were selected
for MS/MS performed with collision-induced dissociation (CID) with normalized collision
energy of 35 in the ion trap. AGC targets of full MS and MS/MS scans are 1x10° and
1x10%, respectively. Precursor ion charge state screening was enabled and all unassigned
charge states as well as singly charged species were rejected. The dynamic exclusion list
was restricted to a maximum of 500 entries with a maximum retention period of 30 s. Lock
mass calibration in full MS scan is implemented using polysiloxane ion 371.10123. Histone
peptide abundances were calculated from the acquired raw data by EpiProfile program (in
revision).

RNA was extracted using the RNAqueous 4PCR kit (Ambion, for mMRNA) or the miRNeasy
kit (Qiagen, for microRNA) and prepared for hybridization onto Affymetrix GeneChip®
PrimeView™ Human Gene Expression Arrays (for mRNA) or Affymetrix GeneChip®
mMiRNA 4.0 Arrays (for microRNA). mRNA and microRNA samples were labeled using the
Affymetrix GeneChip® 3’ IVT Expression Kit and the Affymetrix FlashTag™ Biotin HSR
RNA Labeling Kit respectively as per manufacturer’s protocols. The GeneChip®
Hybridization, Wash, and Stain Kit was used to prepare samples for hybridization as per
manufacturer’s protocols. The GeneChip® Fluidics Station 450 was used for washing and
staining. Microarray chips were read on the GeneChip® Scanner 3000 7G with AGCC
version 4.0.0.1567. RNA quality was determined using the Agilent 2100 Bioanalyzer. Data
has been deposited online in the GEO database and is in accordance with prescribed
MIAME guidelines (Accession number; GSE66324).
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Analysis of gene expression data from microarrays

Raw microarray data was normalized by RMA using the affy package in R (20). Differential
expression between treated and untreated conditions was assessed using a t-test.

Real-time cell proliferation and migration assays

The xCELLigence® DP system (ACEA Biosciences Inc.) was used to measure the
proliferative and migratory potential of MDA-MB-231 cells (+/- 250 uM DETA/NO)
(Supplementary Materials and Methods).

Chromatin Immunoprecipitation sequencing (ChlP-seq)

Chromatin immunoprecipitation and subsequent library preparation was performed as
described in Supplementary Materials and Methods. Briefly, MDA-MB-231 cells in culture
were crosslinked, lysed and sheared to 200-500 bp by sonication. Chromatin from 2 million
cells was used for each ChlIP reaction. Immunoprecipitation was performed by incubating
diluted chromatin with Dynabeads G (Invitrogen, pre-washed with BSA/PBS) and the
following antibodies overnight at 4°C: H3K9me2 (Abcam, ab1220; 2 ug per ChIP) or
H3K9ac (Millipore #07-352; 3.5 pl per ChlP). DNA was purified using the MinElute PCR
Purification Kit (Qiagen). Input and ChIP DNA libraries were made using the Diagenode
MicroPlex Library Preparation™ kit and sequenced on the lllumina HiSeq 2000. Raw
sequencing data has been deposited online in the GEO database (Accession humber:
GSE66324). Raw reads were trimmed for sequence quality, aligned to human reference
genome hg19, and alignments were filtered for quality and uniqueness prior to peak calling.
Peak calls for H3K9ac and H3K9me2 data were created with MACS2 and SICER
algorithms respectively.

Gene Ontology analysis

Gene Ontology analysis was conducted using the Database for Annotation, Visualization
and Integrated Discovery (DAVID) web tool (21). Significant terms with FDR<5% were
selected for visualization using bar plots or the Enrichment Map (22) plugin for Cytoscape
version 3.2.0 for network analysis (23) (www.cytoscape.org/).

Analysis of transcription factor binding motifs

Upregulated genes associated with a new «NO-induced promoter H3K9ac peak were
analyzed for the presence of motifs from the JASPAR core database (24) using CLOVER
(25). Sequences from the promoters of upregulated genes (TSS +/- 2 kb) were used as the
query sequence, and sequences from all annotated promoters in hg19 (UCSC refseq
annotation) were used as background for enrichment testing. Motifs with a p-value < 0.01
were considered enriched.
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Results

Nitric oxide alters global levels of posttranslational modifications (PTMs) at numerous
sites on core histones

Previously, we elucidated several mechanisms by which physiological and pathological
amounts of *NO (~5 — 400 nM) altered histone methylation patterns at key lysine residues
(16). In addition to methylation, however, it is well-known that lysines can be modified by
acetylation. To comprehensively characterize the full magnitude of PTM alterations in
response to *NO, we quantified simultaneous changes in acetylation and methylation at
critical lysine residues on the core histones H3 and H4. This was accomplished by exposing
MDA-MB-231 triple negative breast cancer cells to a continuous, steady-state, physiologic
*NO concentration for either 24 or 48 h (500 uM of the +NO-donor DETA/NO, ~250 nM
[*NO]ss) (16). To determine whether these modifications were reversible, we examined the
permanence of *NO-mediated changes in histone PTMs following removal of the +NO
source. For this group, cells were treated with *NO for 24 hours, the *NO source was
removed (wash), and then maintained in culture for an additional 24 hours (48 h total).
Following these treatments, histones were isolated and PTMs were identified and quantified
by high-resolution mass spectrometry. We focused on lysines 9, 27, 36, 79, and 122 on
histone H3 and lysine 20 on histone H4, as acetylation and methylation of these residues are
all known to have important gene regulatory functions (Fig. 1A, B) (26,27). All lysine
residues were substantially modified in response to *NO and we noted significant changes in
the majority of the 38 PTMs that were analyzed (Fig. S1A, B).

Quantitative analysis of these data revealed that methyl modifications of lysine residues
were far more abundant (7-99%) than acetyl modifications (0-3%), both before and after
*NO exposure (Fig. 1A and Fig. S1A, B). This was true for all lysines examined with the
exception of H3K122, where methylation could not be detected under any condition.
Nevertheless, changes in global methylation and acetylation in response to *NO were similar
in magnitude (~2 fold). In some cases, however, changes in acetylation (~20 fold) far
exceeded changes in methylation (~2 fold). Substantial changes in methylation could be
seen following *NO exposure at several lysine residues known to have critical gene
regulatory functions (H3K9me2 +63%, H3K27me2 +24%, H3K36me3 +100%, H4K20me3
+267%) (27). Additionally, the levels of some methyl modifications persisted long after the
*NO source was removed (H3K27me2, 48 h sNO vs. Wash, Fig. 1A, Fig. S1B), whereas at
other lysine residues basal levels were restored within 24 hours (H3K9me2, 48 h «NO vs.
Wash, Fig. 1A, Fig. S1B).

Similarly, the direction and extent of acetylation changes at H3K9, H3K27 and H3K122
were significantly altered following «NO exposure (Fig. 1B, Fig. S1A, B and Table S1).
While «NO decreased acetylation at H3K9 (-76%), the opposite effect was seen at H3K27
(+2,118%). At certain lysine residues such as H3K122, acetylation levels were unaffected by
*NO treatment (Fig. 1B). Together, these results highlight the scope of *NO-induced
epigenetic changes at the histone level, and demonstrate that differential outcomes depend
on the location of lysine residues as well as the exposure conditions of sNO.
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H3K9 was one of the most heavily modified residues following *NO treatment (Fig. 1A).
Therefore, this residue was selected to further examine the temporal relationship between
*NO exposure and the kinetics of methylation and acetylation changes (Fig. 1C). Acetylation
and methylation are mutually exclusive for any given lysine residue; therefore, global
changes in the amounts of one modification could differentially affect the other. Consistent
with our earlier studies (16), continued *NO exposure resulted in increased H3K9me2 over a
period of 24 hours. During the same time period, we observed a concurrent decrease in
global H3K9ac levels. When the «NO source was removed, both acetyl and methyl
modifications returned to their basal levels within 24 hours, suggesting that the effects of
*NO on these histone PTMs were persistent yet reversible. We also asked whether the ability
of «NO to regulate epigenetic changes could be extended to other cell types. Fig. 1D
demonstrates that *NO similarly decreased global H3K9ac levels and increased
dimethylation at H3K9 in all 8 cell lines examined. This suggests that the underlying
mechanisms governing *NO-mediated changes in histone PTMs are strongly conserved.

Nitric oxide is a principal regulator of transcriptional changes across the genome

In order to investigate the impact of histone PTM changes on gene transcription, it was
necessary to first identify all genes that were differentially expressed in response to *NO. As
there has never been a comprehensive gene array study for the expression analysis of sNO-
regulated genes in breast cancer, we treated MDA-MB-231 cells with «NO for 24 h and
isolated total RNA for hybridization onto microarrays. Out of a total of 44,854 transcripts
examined (MRNA and microRNA (miRNA)), an astonishing number of genes were
changing in response to *NO. Specifically, we observed upregulation of 2,965 genes (2,920
MRNA, 45 miRNA) and a downregulation of 3,888 genes (3,816 MRNA, 72 miRNA) at a
1.5 fold change (FC) cut-off (Table S2). The most highly upregulated mRNA transcripts in
this data set including MMP1 (28), PTGS2 (29), 1L-1(30), EGR1 (31) and STC1 (32) are all
associated with increased breast cancer proliferation and metastasis (Fig. 2A). Similarly,
many of the most strongly downregulated genes such as COL1A2 (33) and BMP4 (34) have
been correlated to disease progression and a worse prognosis when silenced. Gene Ontology
analysis (FDR<0.05) of microarray data using Database for Annotation, Visualization and
Integrated Discovery (DAVID) broadly revealed that downregulated genes were involved in
mediating cell adhesion processes, whereas upregulated genes were functionally associated
with pathways regulating cell growth, migration, development of vasculature, and
inflammatory response (Fig. S2, Dataset S1).

To examine whether eNO-mediated changes in gene expression conferred tumor-associated
cell phenotypes, we measured rates of cell proliferation and migration. Fig. 2B demonstrates
that the growth rate of MDA-MB-231 cells significantly increased upon exposure to *NO.
Concomitantly, the migratory potential of *NO-exposed cells was higher than untreated
controls (Fig. 2C). Together, these results are consistent with previously published studies
supporting the notion that *NO-associated gene expression changes in breast cancer favors
an oncogenic phenotype (4,35).
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Nitric oxide alters the distribution of H3K9me2 and H3K9ac across genomic loci

As shown in Fig. 1, methylation and acetylation of H3K9 were heavily modified in response
to *NO. To investigate whether these modifications correlated with transcriptional changes,
MDA-MB-231 cells were treated with «NO for 24 hours and both H3K9me2- and H3K9ac-
associated DNA were isolated using standard chromatin immunoprecipitation (ChIP)
protocols. ChiP-seq antibodies were validated for specificity prior to use (Fig. S3A) as per
ENCODE guidelines. In addition to immunoblot testing of antibodies, H3K9me2/H3K9ac
enrichment was confirmed at known control gene regions by PCR using the standard percent
input method (Fig. S3B, primer sequences listed in Table S3).

Analysis of the ChlP-seq data revealed striking differences between the distribution patterns
of H3K9me2 and H3K9ac across the genome. As expected, the majority of H3K9ac peaks
were centered at the transcriptional start site (27) (TSS) (+/- 5 kb) (Fig. 3A), with very little
enrichment around the transcriptional end site (TSE) (Fig. 3B). Heatmaps depict the general
patterning of H3K9ac in the untreated control samples; histograms illustrate differences in
enrichment between control and *NO-treated samples (Fig. 3A, B). When we examined
genes enriched for H3K9ac across the genome, we noted that a staggering 3,028 genes
gained H3K9ac following *NO exposure, while only 88 genes lost this mark upon treatment
(Fig. 3C and Fig. S3C, D). The majority of genes (12,785) retained H3K9ac enrichment
following *NO treatment, however, the associated peaks became wider to cover more bases
(Fig. 3C and Fig. S3E). A closer look at changes in the enrichment of H3K9ac at specific
genes revealed that many of them gained H3K9ac at the TSS in response to *NO (Fig. 3D;
TSS with new peaks highlighted in green).

Analysis of the distribution of H3K9me2 revealed enriched regions away from the TSS, and
in particular along the gene body, which became maximal around TSEs (Fig. 3E, F).
Proportionally, the majority of H3K9me2 peaks (+/- *NO) were located near gene deserts
and distal regions (+/- 200 kb from the TSS) (Fig. S3C, D). This is not surprising because
H3K9me2 has been shown to influence enhancer driven transcriptional responses via long-
range interactions (36). Approximately equal number of genes gained or lost H3K9me2
upon *NO treatment (Fig. 3G). Since methyl peaks tended to be much broader (>20 kb) than
acetyl peaks, only marginal increases in H3K9me2 peak widths was observed upon «NO
exposure (Fig. S3F). This indicates that *\NO-induced diffusive spreading of H3K9me2
across the genome was less pronounced compared to its effect on the distribution of
H3K9ac. Lastly, we noted striking increases in H3K9me2 around TSEs following «NO
exposure at numerous gene loci, which emerged as a dominant trend across this ChlP-seq
data set (Fig. 3F, 3H; highlighted in green).

H3K9ac is enriched at promoter sites of genes that are upregulated by «NO

Acetylation of lysine residues is associated with increased gene expression (27). Not
surprisingly, 74% of all eNO-upregulated genes (2,187 out of 2,965 genes) showed higher
levels of promoter-associated H3K9 acetylation. This included the appearance of new
H3K9ac peaks as well as increases in the heights of preexisting H3K9ac peaks around gene
promoters after s\NO exposure. Many of the most eNO-upregulated genes in our array (Fig.
2A), for example, PTGS2 (encodes for COX2), STC1, and CS+2 showed significant
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H3K9ac enrichment around their promoters specifically after sNO exposure (Fig. 4A).
Additionally, *NO increased H3K9 acetylation at promoters of several genes known to be
commonly upregulated in breast cancer including FOS, JUN, VEGFA, CXCR4, CXCRY7,
PDK1, RAB27B, LOX, SERPINE2, IGFBP3 and RND1 (Fig. 4A) (37-39). GO analysis
revealed that upregulated genes with a new *NO-induced promoter H3K9ac peak were
involved in a variety of diverse processes, some being critical to tumorigenesis such as
migration, DNA replication, and hypoxic responses (Fig. S4, Dataset S2).

Next, we set out to identify transcription networks that interact with H3K9ac enriched
promoter regions, as these would have a high likelihood of mediating the upregulation of
*NO-associated target genes. To this end, we conducted motif analysis on upregulated genes
that gained new promoter H3K9ac peaks after eNO exposure. We used the JASPAR core
database and scanned for the presence of binding motifs corresponding to over 400
transcription factors around the TSS (+/- 2 kb) of these genes using CLOVER. We detected
32 transcription factor binding motifs exclusively within this gene set (Table S4). This
included 4,477 binding instances for Ets-1, a proto-oncogene in breast cancer that is known
to activate transcription of genes involved in matrix remodeling, angiogenesis etc (40). It
was previously reported that Ets-1 transcriptional activation by «NO contributed to the
increased migratory potential of MDA-MB-231 cells (41). Our microarray data revealed that
ETSL was upregulated by *NO and Fig. 4B demonstrates the distribution of H3K9ac around
the Ets-1 binding motif. The Ets-1 binding motif is centered at the “0” position. It is
important to note the “dip” in the enrichment of H3K9ac around the “0” position (Fig. 4B,
C), which suggests nucleosome exclusion corresponding to Ets-1 binding. We also noted a
gradual decrease in H3K9ac enrichment as we moved away from the “0” position of the
Ets-1 binding motif. This indicated that putative Ets-1 binding occurred at H3K9ac peaks,
suggesting direct cross talk with the histone mark. In addition to Ets-1, CLOVER analysis
also revealed other transcription factor binding motifs such as Gata-1 and Sox-2 (Table S4)
near new H3K9ac peaks of *NO-upregulated genes. These are well-known to be important
in activating genes responsible for driving cancer cell stemness and proliferation (42,43).
Together these findings demonstrate that not only does *NO alter the distribution of histone
PTMs, but these changes can also affect transcriptional networks and result in measurable
down-stream phenotypic effects.

Changes in H3K9me2 correlate to corresponding changes in gene expression

H3K9me2 is generally considered to be a gene-silencing mark (7). Although our data
revealed that the majority of H3K9me2 was distributed around the TSE (Fig. 3F), a
significant proportion was also found at the promoter regions of specific genes. We
examined candidate genes where changes in promoter-associated H3K9me2 correlated with
changes in gene expression consistent with the epigenetic code. For example MMP1, the
most upregulated gene in our microarray dataset, along with MMP10, had significant loss of
H3K9me2 around their promoter regions following *NO exposure (Fig. 2A, 5A-C).
Conversely, appearance of hew H3K9me2 peaks around the BANK1 promoter correlated
with downregulation of its transcript (Fig. 5D, E). Although these are representative
examples, MMP1, MMP10 and BANK1 are all known to be involved in various aspects
cancer etiology. Specifically, matrix metalloproteinases (MMPs) are involved in breast

Cancer Res. Author manuscript; available in PMC 2016 December 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vasudevan et al.

Page 9

cancer invasion and metastasis because of their ability to degrade extracellular matrix
proteins (28). BANK1, a tumor suppressor, is often silenced in certain cancers and its
downregulation is associated with increased breast-brain metastasis (44). Together these
results demonstrate that gene expression changes in response to *NO could arise from
alterations in different histone PTMs and that eNO-mediated transcriptional responses are
consistent with the induction of an oncogenic phenotype (Fig. 2).

Discussion

One of the most important aspects to emerge from this study is a deeper appreciation for the
true magnitude of NO signaling. We also introduce novel epigenetic signaling mechanisms
that may underlie many *NO-mediated gene expression changes. Our results demonstrate
that cellular exposure to physiologically relevant concentrations of *NO alters the expression
of thousands of genes. Additionally, these studies are the first to comprehensively
characterize alterations in numerous histone PTMs in response to «NO. Over the past 30
years, the majority of research on «NO signaling has focused on the activation or
inactivation of discrete proteins and the subsequent down-stream consequences of these
events. Our data links changes in gene expression to alterations in specific histone
posttranslational modifications and suggests that epigenetic regulation represents an
overarching signaling mechanism of *NO. This model could have profound implications on
how we think about *NO as a pleiotropic signaling molecule as well as its role as an
endogenously produced epigenetic regulator.

We previously elucidated several mechanisms by which «NO alters global histone
methylation patterns (16). It was established that «NO could directly inhibit the catalytic
activity of JmjC-domain containing histone demethylases by binding to the non-heme iron
cofactor in the active site. This mechanism has recently been corroborated by studies that
elucidated a crystal structure of the JmjC demethylase, KDM2A, with «NO bound to the
catalytic iron (45). Indirectly, we found that eNO could inhibit demethylation by changing
the expression levels of methyl modifying enzymes (demethylases/methyltransferases) as
well by reducing iron cofactor availability via formation of dinitrosyliron complexes.

On the other hand, mechanisms explaining *eNO-mediated changes in histone acetylation
remain obscure. The levels of steady-state histone acetylation are a function of the concerted
activities of acetyltransferases (HATSs) and deacetylases (HDACs). Alterations in histone
acetylation levels by NO imply disruption of the equilibrium between the forward
(acetylation) and reverse (deacetylation) reactions. On the basis of current literature
describing the structural composition and catalytic activities of HATs and HDACs, these
enzymes do not appear to be logical direct targets for sNO. Nevertheless, several important
studies have demonstrated disruption of intrinsic HDAC activity via *\NO-dependent S
nitrosation of critical cysteine residues (12,14). Another potential explanation is that +NO
could affect the activity of certain classes of HDACs by disrupting their zinc finger moieties.
Additional indirect mechanisms include the ability of eNO to alter substrate availability
(acetyl CoA) as well as induce transcriptional changes in the expression of acetyl-modifying
enzymes (unpublished observation). Regardless, methylation and acetylation are mutually
exclusive modifications at any specific lysine residue (7); therefore, it is not surprising that
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changes in methylation at a given location are directly tied to corresponding changes in
acetylation. Although our findings do not conclusively elucidate the molecular pathways
upstream of «NO-induced histone acetylation changes, these alterations are significant and
have demonstrable phenotypic effects.

Our results clearly show that «NO has a significant effect on differentially altering global
levels of acetyl- and methyl-lysine modifications at numerous locations on the core histones
H3/H4 (Fig. 1). The ChIP-seq data demonstrated that a redistribution of histone marks
across the genome is equally important as changes in their overall abundance. Although
western blotting revealed quantitative increases in global H3K9me2 and a decrease in
H3K9ac in response to *NO, the genomic location of these changes is a more important
determinant of their overall effect on transcription. For example, although we observed a
significant decrease in acetylation around exons and gene deserts following *NO exposure
(Fig. S3C, D), we observed an enhanced association of H3K9ac around gene promoters
following NO treatment. Therefore, sNO-mediated decreases in global H3K9ac (Fig. 1), as
evaluated by western blots, may not necessarily result in repressing a significant portion of
the genome.

In many cases, the magnitude of *NO-induced PTM changes is large. For example, the
extent of dimethylation at H3K9 almost doubles after 24 h of NO exposure. At H4K20,
me2 levels double after 24 h of *NO treatment, and are further elevated almost three fold
after 48 h of sustained NO exposure. Assuming that the average number of histones (H3
and H4) in the genome do not change, this means that twice as many become dimethylated
in response to *NO after 24 hours. As the amount of DNA associated with these histone
modifications also doubles, this could lead to significant cumulative effects on chromatin
structure, gene transcription, and overall cellular phenotype. It is interesting that some of
these modifications persist after eNO removal (H3K27me2), whereas others return to
baseline within 24 hours (H3K9me2, H3K9ac). This suggests that differential gene
expression arising from certain histone PTM changes will potentially mirror the duration of
*NO exposure, yet in other instances transcriptional changes could persist long after sNO
synthesis has ceased. The tissue and cell type distributions of NOS isoforms are varied, with
subsequent fluctuations in the amount and duration of *NO production (5). Therefore, our
findings suggest that dissimilar cellular phenotypes could be observed in varying
microenvironments since the genetic makeup of cells and the extent of epigenetic regulation
are expected to be different. The persistence of many of these modifications (48 h) implies
that they represent true heritable epigenetic changes.

It is clear that the histone epigenetic code is an important determinant of cellular phenotype
(46). H3K9ac is associated with open chromatin and gene activation, while H3K9me?2 is a
silencing mark associated with condensed chromatin (7). Our data demonstrated that for
numerous genes, their patterns of regulation by «NO abided by this code. For example, *NO
enriched H3K9ac around promoter regions of upregulated genes (Fig. 4A). We also noted
loss of promoter H3K9me2 for candidate upregulated genes (Fig. 5C) and gain of H3K9me2
at certain silenced loci (Fig. 5E). Not all gene expression changes, however, were consistent
with alterations in the epigenetic code. Although histone acetylation is explicitly associated
with open chromatin and gene activation, we observed enrichment of H3K9ac around the
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TSS of downregulated genes as well. The simplest explanation is that regulation of these
genes is occurring via non--NO-mediated mechanisms or by «NO through non-epigenetic
means. This study only examined the functional consequences of two histone PTMs
(H3K9ac/me2), yet it is clear that changes in numerous other histone PTMs are occurring
simultaneously in response to *NO (Fig. 1). Combinatorial PTM patterns are well-known to
have significant functional consequences on gene expression (27,46,47), therefore, it is not
surprising that the differential distribution of one histone modification does not correlate
with the transcriptional responses of all its associated genes. Moreover, bivalent histone
marks as well as crosstalk between PTMs within the same histone tail or between different
histones (cis or trans) can differentially influence gene expression (48,49). Furthermore,
long-range interactions via enhancers or the effects of increased H3K9me2 at TSESs in
response to *NO may have important yet unrealized consequences (Fig. 3F, H). What our
data also revealed was that the expression levels of numerous miRNAs are significantly
changing in response to *NO (Table S2). This may be another means of epigenetic
regulation by *NO as the expression levels of miRNAs within a tumor will affect amounts of
target mMRNAS and their down-stream protein products. As miRNAs can serve as tumor
biomarkers, elucidating their expression profiles could have diagnostic or therapeutic value
in *NO-associated cancers (50). Regardless, our data provides compelling evidence to
establish epigenetic regulation via histone PTM changes as a vital upstream mechanism
driving *NO-induced gene expression changes.

Ets-1 is a transcription factor known to activate numerous oncogenes (40) and has been
implicated in the mechanism of *NO-induced proliferation of MDA-MB-231 cells (41).
Interestingly, we noted upregulation of ETSL by *NO in our microarray as well as the
enhanced proliferation and migration of MDA-MB-231 cells (Fig. 2B, C). Additionally, we
found the presence of Ets-1 binding motifs around the TSS of numerous upregulated genes
with a new *NO-induced H3K9ac peak. More specifically, our analysis indicated that Ets-1
binding likely centered within a given H3K9ac peak. Therefore, communicative signals
between Ets-1 and the acetylated histone could be important in activating transcription of the
gene at the TSS (Fig. 4B). In this manner, not only do our results corroborate previously
established findings, but they also provide additional important insights into the potential
upstream mechanisms driving these phenotypic observations.

In general, tumor-associated nitric oxide (*NO) production and elevated nitric oxide
synthase (NOS) expression are associated with the development and progression of more
aggressive cancers. Similarly, it is being increasingly realized that epigenetic regulation is
an important component in cancer development. Our findings establish a relationship
between epigenetics and *NO in the context of tumor etiology by demonstrating that sNO
exposure results in significant alterations in numerous histone PTMs that go on to alter
cellular transcription and phenotype. This represents a novel alternate molecular mechanism
to explain signaling actions of *NO in cancer (and other settings). To summarize this model:
*NO is synthesized by or around tumor cells, it then inhibits surrounding JmjC
demethylases, which directly changes the distribution of histone methylation and also
indirectly influences other histone PTMs. These histone PTMs function in combination with
microenvironmental factors, which ultimately favor an oncogenic gene expression profile
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and cellular phenotype. Although our findings do not explain all upstream mechanisms
driving *NO-mediated gene expression changes, the notion that a substantial amount may be
occurring through epigenetic means is novel. In additional to the numerous biological roles
of «NO, it should now be considered an endogenous epigenetic regulatory molecule by
virtue of its ability to impact gene expression through significant changes in the histone
architecture.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nitric oxide changes histone posttranslational modifications at numerous sites on core
histones

All cells were treated with the eNO-donor DETA/NO (500 uM) and histones were isolated
for PTM analysis. (A, B) Relative changes in PTMs at key sites on the core histones H3 and
H4 measured by high-resolution mass spectrometry. MDA-MB-231 cells were cultured in
the presence or absence of *NO and histones were isolated at the indicated time points (0,
24, 48 h). The “wash” column shows data collected from cells that were treated with eNO
for 24 h, followed by 24 h of incubation in eNO-free media (histones were collected 48 h
after initial treatment). Significant differences and standard error of mean are provided in
Fig. S1 and Table S1. (C) Temporal changes at H3K9me2/ac in response to *NO. MDA-
MB-231 cells were exposed to «NO for 24 h, followed by 24 h of incubation in *\NO-free
media. At the indicated time points, histones were isolated and immunoblots were conducted
for H3K9me2/ac. (D) *NO-mediated changes in H3K9me2/ac in 9 different cell types. All
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cells were exposed to «NO for 24 hours, histones were extracted and immunoblotted for
H3K9me2/ac.
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Figure 2. Nitric oxide induces changes in gene expression and cellular phenotype
(A) List of the 10 most up- and downregulated genes in response to s\NO. MDA-MB-231

cells were treated with 500 UM DETA/NO for 24 hours. mRNA was extracted and prepared
for hybridization onto GeneChip® PrimeView™ Human Gene Expression Arrays
(Affymetrix). Microarray data was analyzed to determine differential gene expression in the
presence or absence of *NO. (B) Real-time measurement of cell proliferation (+/- *NO)
using the XxCELLigence® DP system. MDA-MB-231 cells were seeded in E-plates
containing 10% serum and allowed to adhere for 12 h before the addition of *NO (250uM
DETA/NO). Cell proliferation was measured for 12 hours following *NO treatment. (C)
Real-time measurement of cell migration (+/- «NO) using the xCELLigence® DP system.
MDA-MB-231 cells were seeded in CIM plates containing 10% serum as a migratory
stimulant. Cell migration was measured for 12 hours following addition of *NO (250uM
DETAJ/NO).
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Figure 3. Nitric oxide results in differential patterns of H3K9ac and H3K9mez2 distribution
across genomic loci

MDA-MB-231 cells were treated with «+NO (500 uM DETA/NO) for 24 hours; H3K9me2/ac
ChIP-DNA was isolated using validated antibodies and sequenced to appropriate depths.
MACS?2 (narrow peak caller) and SICER (broad peak caller) algorithms were used for peak
calling within H3K9ac and H3K9me2 enriched regions respectively. (A, B) Heatmaps
represent the distribution of H3K9ac in untreated controls. Histograms represent differences
in the average H3K9ac enrichment profiles around the TSS and TSE in control and «NO-
exposed cells. (C) Number of genes associated with H3K9ac peaks that occur within +/- 5
kb of TSS in control and *NO-treated cells. (D) Representative heatmaps demonstrating the
distribution patterns of H3K9ac across genomic loci at TSS and TSE following *NO
exposure. Example genes associated with eNO-induced increases in H3K9ac around the TSS
are highlighted by green boxes. (E, F) Heatmaps represent the distribution of H3K9me2 in
untreated controls. Histograms represent differences in the average H3K9me2 enrichment
profiles around the TSS and TSE in control and *NO-exposed cells. (G) Number of genes
associated with H3K9me2 peaks that occur within +/- 200 kb of TSS in control and *NO-
treated cells. (H) Representative heatmaps demonstrating the distribution patterns of
H3K9me2 across genomic loci at TSS and TSE following *NO exposure. Example genes
associated with eNO-induced increases in H3K9me2 around the TSE are highlighted by
green boxes.
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Figure 4. Genes upregulated by *NO gain promoter H3K9ac enrichment
(A) Visualization of increased H3K9ac around gene promoters following *NO exposure

using Integrative Genomics Viewer (IGV). Bar plots represent expression changes of
corresponding mRNA transcripts as measured by GeneChip® PrimeView™ Human Gene
Expression Arrays (Affymetrix). (B) Motif analysis from the JASPAR core database using
CLOVER within the same gene set revealed multiple Ets-1 transcription factor binding sites
around H3K9ac-associated promoters emergent following *NO treatment. Histogram
represents average H3K9ac enrichment around potential Ets-1 binding sites. The “dip” at 0
represents Ets-1 binding and nucleosome exclusion. Right panel is a magnified version of
the left panel. (C) Ets-1 binding motif sequence.
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Figure 5. +NO-induced gene expression correlates to changes in H3K9me2 around their

promoters

(A, B, D) Changes in the expression levels of three *NO-regulated cancer genes measured
using GeneChip® PrimeView™ Human Gene Expression Arrays (Affymetrix). (C, E)
Visualization of H3K9me2 enrichment at the candidate gene loci using Integrative
Genomics Viewer (IGV).
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