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ABSTRACT: TGFp expression acts as a biomarker of poor prognosis in prostate cancer. It plays a dual functional role in prostate cancer. In the
early stages of the tumor, it acts as a tumor suppressor while at the later stages of tumor development, it promotes metastasis. The molecular
mechanisms of action of TGFp are largely understood through the canonical and non-canonical signal transduction pathways. Our understand-
ing of the mechanisms that establish transient TGFB stimulation into stable gene expression patterns remains incomplete. Epigenetic marks like
histone H3 modifications are directly linked with gene expression and they play an important role in tumorigenesis. In this report, we performed
chromatin immunoprecipitation-sequencing (ChIP-Seq) to identify the genome-wide regions that undergo changes in histone H3 Lysine 4 tri-
methylation (H3K4me3) occupancy in response to TGFB stimulation. We also show that TGFf stimulation can induce acute epigenetic changes
through the modulation of H3K4me3 signals at genes belonging to special functional categories in prostate cancer. TGFB induces the H3K4me3
on its own ligands like TGFB, GDF1, INHBB, GDF3, GDF6, BMP5 suggesting a positive feedback loop. The majority of genes were found to be
involved in the positive regulation of transcription from the RNA polymerase Il promoter in response to TGF. Other functional categories were
intracellular protein transport, brain development, EMT, angiogenesis, antigen processing, antigen presentation via MHC class I, lipid transport,
embryo development, histone H4 acetylation, positive regulation of cell cycle arrest, and genes involved in mitotic G2 DNA damage checkpoints.
Our results link TGFB stimulation to acute changes in gene expression through an epigenetic mechanism. These findings have broader implica-

tions on epigenetic bases of acute gene expression changes caused by growth factor stimulation.
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Introduction
Prostate cancer is the major cause of death in males, and it cor-
relates with advanced age. However, the incidence of prostate
cancer in young men is increasing and it thus poses a higher
risk for metastatic disease and increased mortality in increas-
ingly young subjects.! High levels of transforming growth
factor-B (TGFPB) correlate with poor prognosis for cancer
patients, especially in cases of prostate cancer.? TGFp plays a
dual functional role in many cancer types including prostate
cancer. In the early stages of tumorigenesis, it acts as a tumor
suppressor while at the later stages of tumor progression, it
promotes metastasis.’ TGFp is a multifunctional cytokine that
regulates proliferation, differentiation, development, angiogen-
esis, wound healing, and many other different processes in dif-
ferent cell types.* The known 32 members of TGF superfamily
of ligands are grouped into TGFB and BMP subfamilies based
on the sequence similarity and functions. TGFB subfamily
consists of TGFp ligands (TGFB1, TGFB2, TGFp3),2 activins
(A and B), Nodal, growth, and differentiation factor GDF1,
GDF3,GDF8, GDF9,and GDF11. The BMP subfamily con-
sists of 10 BMPs, several GDFs, and anti-Mullerian hormones.
The antagonistic ligands are Lefty and Inhibin.®

TGFp binds to the receptors (TGFBRI and TGFBRII)
and then initiates a cascade of phosphorylation which subse-
quently activates different intracellular signaling pathways.
Overexpression of TGFp and its receptors has been described

in various types of human cancer, which correlates with tumor
progression, metastasis, angiogenesis, and poor prognostic
outcome.” TGFp expression may be useful in clinic pathologi-
cal features for prostate cancer.®

In the canonical TGF signaling pathway, TGFp binds to
the TGFBR1 and TGFBR2 leading to the phosphorylation of
the receptor Smads (Smad 2/3). The receptor Smads co-operate
with Smad4 and translocate to the nucleus to regulate the
expression of diverse TGFp target genes.” TGFp also signals
through a non-canonical/non-Smad signaling pathway by acti-
vating ERK, p38, PI3K, Akt, and other kinases performing dif-
ferent functions. These non-Smad pathways work independently
or together with Smad complexes to regulate the functions of
TGFp. For example, the activation of Akt signaling by TGFB
has been shown to promote cell proliferation.’® TGFp receptors
activate MMPs, p38 MAPK, and Zinc finger E-box-binding
homeobox 1 (ZEB1), ZEB2, Snail and Slug, leading to
Epithelial to Mesenchymal transition (EMT), which is required
for cancer cell invasion and metastasis. TGFf can also regulate
target gene expression through the MAPK signaling pathway.!!
The type III TGFp receptor (TGFBRIII, also known as beta
glycan) is a coreceptor that is not involved directly in TGFB
signal transduction; rather, it mediates TGFf superfamily sign-
aling to both Smad and non-Smad signaling pathways.!?

Epigenetic modifications like DNA methylation, histone
acetylation or methylation, and non-coding RNAs play an
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important role in abnormal cell proliferation and cancer devel-
opment. Global disruptions in the epigenetic landscape are a
key feature of cancer.!> Histone methylation is an essential part
of histone modification involved in various biological processes
including chromatin organization, transcriptional regulation,
and DNA damage repair. Altered histone methylation plays an
important role in tumor development and progression. Histone
methylation is very complex and can lead to activation/repres-
sion of a gene, depending on the position of the lysine residue
that is methylated.!®1* Histone H3 lysine 4 (H3K4) methyla-
tion leads to the activation of genes while the methylation at
lysine 9 of histone H3 (H3K9) leads to a silencing of the target
genes. H3K4 trimethylation is the major chromatin modifica-
tion in eukaryotes and it plays an important role in cancer.’
Some studies have shown the association of H3K4 methylation
and cancer survival and many have provided conflicting
results.!® Another level of complexity is that Arginine can be
mono- or di-methylated while lysine can be mono-, di-, and
tri-methylated. Lysine residues can also be modified by mono-,
di-, or tri-methylation of H3K4, H3K9, H3K27, H3K36,
H3K?79, and H4K20 residues. Histone methylation is con-
trolled by site-specific histone methyltransferases (HMTs) and
can be reversed by specific demethylases. Numerous experi-
mental studies have suggested that the regulation of gene
expression by HMTs and demethylases are closely associated
with cancer development.’> SET/MLL family and SMYD
family are the most well-studied histone methylases for lysine
4 of histone H3.17

A limited number of H3K4 methyltransferases have been
studied in prostate cancer. It has been shown that MLL1 com-
plex binds directly to the androgen receptor (AR) and is upreg-
ulated in castration-resistant prostate cancer. Upregulated
MLL1 expression correlates with low overall survival in indi-
viduals diagnosed with prostate cancer.’® MLL2 has been
shown to activate the PI3K/EMT pathway and induce DNA
damage in prostate cancer.’” SMYD3 depletion inhibits pros-
tate cancer progression through a mechanism that blocks the
transcription of AR or cyclin D2.1920 SET7/9 plays a prolifera-
tive role in prostate cancer. A recent study suggested that
SETD1A can be used as an important marker for predicting
the proliferation and prognosis of metastatic castrate-resistant
prostate cancer.?!

There have been some studies that address the link between
TGFp signaling and epigenetic modifications like histone
methylation. It has been shown that R-Smads forms a complex
with histone methyltransferase in a TGFP signaling-depend-
ent manner.?> Smad1/5 also binds to H3K9 methyltransferase
Suv39h, leading to the silencing of the target genes.?
Investigations on the epigenetic reprograming during the
TGFp induced EMT have found a global reduction in the het-
erochromatin mark H3 Lys9 dimethylation (H3K9me2), an
increase in the euchromatin mark H3 Lys4 trimethylation
(H3K4me3) and an increase in the transcriptional mark H3

Lys36 trimethylation (H3K36me3).2* Comparison of the epi-
genetic switches and gene expression switches between normal
primary and cancer cells indicated an H3K4me3/H3K27me3
epigenetic signature in prostate carcinogenesis.?

However, the role of H3K4me3 in TGFB-induced target
genes in prostate cancer has not been explored. Thus, we
wanted to understand the functional role of H3K4me3 in regu-
lating TGFp target genes and to identify the genes regulated
by TGFp in an H3K4me3-dependent manner. In the present
work, we focus on a global search for the H3K4me3 associated
regionsinresponse to TGFp.Chromatin Immunoprecipitation-
sequencing (ChIP-Seq) was performed in Prostate cancer cells
(PC3). Interestingly, the number of H3K4me3 associated
regions were increased in response to TGFp. Distribution of
H3K4me3 occupancy at introns and distal intergenic regions
showed increases in response to TGFp stimulation for 6 and
24hours. H3K4me3-associated regions were divided based on
the molecular functions and biological processes they are
involved in. Our results suggest a function-specific gene expres-
sion regulation by acute TGF stimulation through epigenetic
mechanisms involving H3K4me3.

Results
Verification of TGFP stimulation and summary

of ChIP-sequencing-phred scores(Q), percentage-
alignment, and peak calling

Our experimental strategy was to stimulate PC3 cells with
TGFP to characterize changes in H3K4me3 occupancy using
ChIP-Seq. We first needed to validate the efficacy of TGFf
stimulation in our cellular system using established markers.
Cells were stimulated with TGFP for 6 or 24 hours. The RNA
from these cells was extracted at time-points that mimic the
points at which cells were to be harvested for ChIP-Seq. qRT-
PCR was performed for 2 of the known TGF target genes in
prostate cancer (PC3) cells, p212¢ and N-cadherin®’ to verify the
TGFp stimulation in these cells (Supplemental Figure 1). The
gRT-PCR established that the TGFf stimulation was effective
in producing marker gene expression changes as expected.

At the same time points, cells were harvested for ChIP (see
methods for details). The ChIP-DNA were subjected to
sequencing using the Illumina HiSeq X platform. Paired-end
ChIP-Sequencing was performed without TGFpB as well as
with TGF stimulation for 6 and 24 hours. Table 1 details the
basic parameters of the ChIP-Seq libraries and sequencing
output including Phred quality score distributions. The per-
centage GC content of the aligned reads output of the Control
(H3K4me3-Control) and TGFf treated samples, 6hours
(H3K4me3-6h) and 24hours (H3K4me3-24h) showed an
interesting difference. H3K4me3-Control sample showed an
average of 40% GC content while H3K4me3-6h and
H3K4me3-24hours showed an average of 50% GC content.
Percentage Alignment for H3K4me3-Control was calculated
and found to be 93.67% while it was 98.99% and 98.82% for
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Table 1. Details of the sequencing run. Each sample was subjected to paired-end sequencing on lllumina HiSeq X. More than 90% of reads were aligned to the Reference

Human Genome which were used for further analysis.
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H3K4me3-6h and H3K4me3-24h respectively. We used
MACS2 callpeak to call the peaks in the aligned reads (Table 1).
We found 26917, 71173, and 73 629 peaks (g-value <0.05) in
H3K4me3-Control, H3K4me3-6h and H3K4me3-24h sam-
ples respectively. The increase in the number of peaks reflected
the influence of TGFp stimulation. Average Peak pile-up was
found to be 54.30,117.84, and 116.57 for H3K4me3-Control,
H3K4me3-6h and H3K4me3-24hours samples respectively
(Table 1). Overall, we obtained good quality scores and sub-
stantial alignment with the 3 samples and we used these data
for further analysis.

H3K4me3 occupancy increases upon TGFB
stimulation

We analyzed the proportions of the total regions called among
H3K4me3-Control and treated samples H3K4me3-6h and
H3K4me3-24h. Total regions (g-value <0.05) associated with
H3K4me3 were called using MACS2 callpeak function, wherein
23% regions were associated with Control, 38% were associated
with H3K4me3-6h and 39% were associated with H3K4me3-
24h (Figure 1a). The total peaks obtained across all samples were
considered as 100. The gene list is mentioned in Supplemental
File 1.1t brings out the fact that the number of regions associated
with H3K4me3 increases in response to TGFp induction, elevat-
ing the transcriptional activity associated with H3K4me3. All the
regions called were annotated using CAIPsecker, an R/
Bioconductor package.?® All the annotated genes were catego-
rized based on their association to the time-point of TGFf
induction, that is, 0, 6, and 24 hours. Twenty-four percent of all
annotated genes were present in Control, 38% were associated
with 6 hours of TGF stimulation and 38% were associated with
24hours of TGFp stimulation (Figure 1b). The annotated gene
list is mentioned in Supplemental File 2.

A Venn diagram (Figure 2) demonstrates the overlapping
and non-overlapping regions among the 3 datasets, that is,
H3K4me3-Control  (A), H3K4me3-6hours (B) and
H3K4me3-24h (C). From the Venn diagram, we observed that
the majority of regions (Samples ABC; 14762 regions) were
common to all 3 datasets. In samples BC the 9298 regions were
common between H3K4me3-6h and H3K4me3-24h, but were
absent in H3K4me3-Control. These were the regions poten-
tially associated specifically with TGFp induction. Sample C
(1472) consisted of regions possibly associated only with rela-
tively long-term (24 hours) induction of TGFp. Regions exclu-
sive to sample B (1182) were the regions associated with
relative short-term induction (6 hours) with TGFp. Exclusively
present in sample A (266) were the regions which were not
associated with TGFp induction (Figure 2). Further analysis of
regions in Sample BC can elucidate genes that are associated
with H3K4me3 and are transcriptionally affected upon TGFB
stimulation. It is also possible that further analysis of these
genes brings out key players in the process of EMT in cancer,
some of which might be relevant to research on new
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Figure 1. Peaks obtained from MACS2 callpeak function were identified using the ChIPseeker R/Bioconductor package. The total number of peaks
across all samples was taken as 100%. (a) Pie-Chart distribution of the number of regions that are associated with H3K4me3 modification in Control-Oh
(H3K4me3-Control), 6 hours (H3K4me3-6h) and 24 hours (H3K4me3-24h) induction of TGFB1. (b) Pie-Chart distribution of Annotated genes obtained after

removal of Pseudogenes and unidentified transcripts from total regions associated with H3K4me3.
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A 266
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Figure 2. Venn diagram of comparison of 3 gene lists — H3K4me3-Control-A, H3K4me3-6h-B and H3K4me3-24h-C obtained by annotation of MACS2
peaks using ChiPseeker package. The comparative list was constructed by identifying common and unique genes using conditional formatting in MS
Excel for visualization of common regions and unique regions with respect to each sample dataset.

therapeutic targets in cancer. Enriched regions from Sample B
and Sample C hold the key to many time-specific activation of
gene transcription. Regions enriched in Sample A interestingly
could point to genes associated with H3K4me3 which are
transcriptionally repressed in presence of TGFp. It would be
interesting to further find out if certain candidate genes from
this category could be knocked out to potentially reverse the
EMT process induced by TGFp. The list of genes in each cat-
egory is mentioned in Supplemental File 3.

The percentage of promoter regions associated with
H3K4me3 decreases with the TGFP stimulation,
while the percentage of distal intergenic regions
increases

After calling peaks using MACS2 callpeak from the aligned
sequences, the list of H3K4me3 bound regions was obtained.

We investigated the genomic distribution of H3K4me3 in
response to TGFP. The locations of the peaks were annotated
in terms of genomic features. Annotate Peak function from the
ChIPseeker package was used to assign the genomic annotation.
We classified the peak annotations as promoters, 5UTR,
3'UTR, first exon, other exons, first intron, other introns,
downstream or distal intergenic. In the Control sample (Figure
3a), 31.54% of regions were located in the promoters, 34.57%
were located in introns and 25.41% of regions were located in
distal intergenic regions.

In samples with 6hours of TGFf induction (Figure 3b),
25.82% of regions were located in the promoters, 38.21% were
located in introns and 28.53% regions were located in the distal
intergenic regions. In samples with 24 hours of TGFp induc-
tion (Figure 3c), 25.62% of regions were located in the promot-
ers, 38.19% were located in introns and 28.82% regions were
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Figure 3. Visualization of Genomic annotations using annotatePeak
function of ChiPseeker R/Bioconductor package of H3K4me3 occupied
regions with Ohours (H3K4me3-Control) (a), 6h-H3K4me3-6h (b) and
24h-H3K4me3-24h (c) of TGFp induction. The categories used were
Promoter(<1kb), Promoter (1-2kb), Promoter (2-3kb), 5’'UTR, 3'UTR, first
exon, other exons, first intron, other introns, downstream (<300), and
distal intergenic.

located in the distal intergenic regions. It was observed that the
percentage distribution of distal intergenic regions increased in
the treated samples - 28.53% in 6 hours and 28.82% in 24 hours
of TGFp stimulation respectively as compared to the Control
sample with only 25.41%. This pointed to the role of TGFp in
increasing the association between the intergenic regions and
H3K4me3. It was also interesting to note that the percentage
distribution of promoters decreased from 31.54% in Control to
25.82% in the 6hours and 25.62% in the 24hours samples
(Figure 3a—c). This implied the effect of TGFB on the

decrement of the extent of association of promoter regions of

genes with H3K4me3.

Most of the genes associated with H3K4me3 in

response to TGFP belong to the functional category

ATP binding”

A Gene Ontology (GO) term analysis was performed using
DAVID (https://david.nciferf.gov) for genes that were present
in H3K4me3-6h and H3K4me3-24h, but were absent in
H3K4me3-Control. Figure 4a shows a distribution of the differ-
ent significantly detected GO Biological Process terms against
the genes count for each term. One Hundred seventy-seven
genes were observed to be associated with GO:0045944 (posi-
tive regulation of transcription from RNA-polymerase II pro-
moter) indicating that these genes are involved in transcriptional
activation or increasing the frequency of rate or extent of tran-
scription from RNA polymerase II promoter upon TGEFf
induction at the H3K4me3-occupied region. A set of 25 genes
associated with GO:0051091 indicate the involvement of TGF(
signaling in increasing or activating the extent of various tran-
scription factor bindings at the H3K4me3-occupied regions. A
list of all the genes with their biological process is mentioned in
Supplemental File 5. Enrichment of GO:0001837 (Epithelial to
mesenchymal transition) points to the involvement of H3K4me3
in mediating the TGFpB-induced EMT. Enrichment of
GO:0043967 (Histone H4 acetylation) interestingly suggests
the coordination between TGFB mediated H3K4 trimethyla-
tion and acetylation of Histone H4 (Figure 4a). This may also
suggest possible crosstalk between the well-conserved H4K16ac
and H3K4me3 marks in driving tumorigenesis.

Figure 4b represents the graph of GO Molecular Function
terms against the genes counts for each term. GO:0005524
(ATP binding) showed the highest gene count of 265 pointing
out the importance of ATP as an enzyme regulator in TGFp
signaling. Genes associated with GO:0003379 (Actin binding)
can play an important role in TGFp in actin cytoskeleton reor-
ganization during the invasion or migration of cancer cells.
Other significant GO “Molecular Function” categories associ-
ated with H3K4me3 during TGFB induction were serine-
endopeptidase activity (52 genes), protein complex binding (49
genes), carbohydrate-binding (41 genes), protein tyrosine
phosphatase activity (24 genes), core promoter binding (17
genes), tRNA binding (14 genes), TGFp receptor binding (13
genes), aminopeptidase activity (9 genes), substrate-specific
transmembrane transporter activity 6 genes), actinin binding
(6 genes), dynactin binding (5 genes), and ion channel inhibi-
tor activity (5 genes) (Figure 4b). A list of all the genes with
their molecular functions is mentioned in Supplemental File 4.
As H3K4me3 is linked with the transcriptional activation of
genes, we performed RT-PCR to quantify the expression of
some genes belonging to the ATP binding category as men-
tioned in Supplemental File 4. The expression of TGFBRI,
KRAS, RUVBL1, NUBP1, and CHD?7 was increased in
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Figure 4. The annotated genes identified in H3K4me3-6h and H3K4me3-24h but absent in H3K4me3-control were used to identify enriched GO:
biological processes (a) and GO: molecular function (b) terms associated with TGFp stimulation using David Functional enrichment (v 6.8). gRT-PCR of
randomly selected genes associated with ATP binding molecular function (c).

response to TGFP stimulation for both 6 hours and 24 hours,
confirming the role of H3K4me3 in transcriptional activation

(Figure 4c).

Minor overlap between H3K4me3 occupied genes
in TGFP stimulated prostate cancer cells (PC3)
and TGFB conditioned normal monocyte-derived
dendritic cells (moDCs)

A list of genes identified only in 6 and 24 hours of TGFp stim-
ulation and not in the Control sample without TGFp was pre-
pared. We focused on the genes where H3K4me3 occupancy
increases with the time of TGFP stimulation. Alongside, for
comparison with a non-cancerous cell line dataset, we extracted
a list of genes that came up in TGFP conditioned monocyte-
derived Dendritic Cells (moDCs) bound to H3K4me3 with a
log2 expression change greater than 1.2.2° Only 72 common
genes were found after comparing the 2 gene lists. The 72
genes were subjected to analysis for identification of enriched
GO annotations using the DAVID annotation tool
(Supplemental File 6). We found that 24 GO Biological
Processes categories were enriched in these 72 genes (Figure
5a). Enrichment of biological processes such as Protein
Phosphorylation including peptidyl serine and threonine phos-
phorylation and autophosphorylation indicated the association

of phosphorylation event with H3K4me3 mark and TGFp

signaling. The analysis also revealed significant enrichment of
genes associated with signal transduction, GTPase activity, cell
adhesion and cell migration. Molecular Function categories
such as protein kinase activity, specifically transmembrane
receptor protein serine/threonine kinase activity were signifi-
cantly enriched (Figure 5b). Consistent with our results (Figure
4b), the ATP binding function was also significantly enriched.
Other enriched molecular functions included SMAD binding,
cadherin binding in cell-cell adhesion and binding of metal
ions and phospholipids.

Changes in H3K4me3 occupancy upon TGFB
stimulation show a PC3 cell type specificity as
compared to normal moDCs

Next, we prepared a list of genes that were absent in our Control
sample and showed increasing fold-enrichment in the 6 and
24hours sample and were also absent in TGFp conditioned
moDCs dataset (Supplemental File 7). Using the David
Functional enrichment tool, 138 GO Biological Process cate-
gories were enriched (Figure 6a). We observed some processes
that were associated with carcinogenesis such as positive regu-
lation of GTPase activity, positive regulation of cell migration,
Wt signaling pathway, epithelial to mesenchymal transition,
negative regulation of cell adhesion and response to hypoxia

which indicated that TGFB promotes carcinogenesis, EMT
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Figure 5. David functional enrichment analysis (a) biological process and (b) molecular function of enriched genes associated with H3K4me3 mark
common between TGFp conditioned moDCs and PC3 cells stimulated with TGFp for 6hours and 24 hours.

and metastases through active H3K4me3 mark. Alongside
Biological Processes, 57 Molecular Functions were also identi-
fied (Figure 6b). Consistent with our earlier result and com-
parison with moDCs dataset, ATP binding function was
significantly enriched indicating its role in the association of
H3K4me3 mark with TGFp signaling in a cancer-derived as
well as a non-cancer-derived cell line. Enrichment of Histone
Acetyltransferase binding also hinted toward possible crosstalk
between active H3K4me3 mark and acetylation of another his-
tone mark under the influence of TGFp signaling. Other sig-
nificantly enriched functions included protein kinase binding,
actin-binding, chromatin binding, and SH3 domain binding.

H3K4me3 plays a major role in TGFP induced
EMT and malignant phenotype

A recent study by Ke and colleagues®® has identified genes
associated with H3K4me3 during epithelial to mesenchymal

transition in prostate cells. Therefore, in addition to comparing
the gene list associated with H3K4me3 mark in TGFf stimu-
lated PC3 cells with a non-cancerous cell line-moDCs, we also
compared the genes obtained in our dataset for 6 and 24 hours
of TGFB stimulation associated with H3K4me3 with the
genes identified by Ke and colleagues.

To specifically identify genes associated with EMT, we pre-
pared a list wherein the genes showed the increasing intensity
of H3K4me3 in terms of log2 ratio across EP156T (benign
epithelial phenotype), EPT1 (benign mesenchymal pheno-
type) and EPT2 (malignant phenotype). The list was com-
pared to the list of genes that had higher fold-enrichment in
PC3 cells treated with TGFB for 24hours as compared to
6hours but were absent in control cells. A panel of 1271 com-
mon genes were identified and were later subjected to David
Functional enrichment to identify the categories of Biological
Processes and Molecular Functions associated with the process
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Figure 6. David Functional Enrichment of Gene list unique to H3K4me3-6h and H3K4me3-24h mark in TGFp stimulated PC3 cells, and not found in TGFB

conditioned moDCs: (a) biological process and (b) molecular function.

of EMT and TGFB stimulation enriched with H3K4me3
mark (Supplemental File 8). Biological Processes categories
showed significant enrichment of positive regulation of
GTPase activity, positive regulation of cell migration, Wnt
signaling pathway, positive regulation of NF-kappa B tran-
scription factor activity, positive regulation of peptidyl-serine
phosphorylation, epidermal growth factor receptor signaling
pathway, positive regulation of epithelial to mesenchymal tran-
sition, positive regulation of CREB transcription factor activ-
ity, hypoxia-inducible signaling pathway.
Enrichment of these processes indicates the activation of
TGFpB signaling in promoting tumorigenesis and EMT
through transcription activating H3K4me3 mark. Potentially,
targeting the methylation of H3K4 can be a beneficial thera-
peutic measure. Another interesting result was the enrichment
of the histone H4 acetylation process (Figure 7a). Consistent
with our earlier comparison with moDCs dataset, acetylation
of histone mark was positively associated with H3K4me3 indi-
cating possible crosstalk between methylation and acetylation
on histones in promoting tumorigenesis.

Consistent with our previous comparison with moDCs
dataset, ATP binding function was again found to be signifi-
cantly enriched in the process of EMT, indicating its active role
in TGFP signaling mediated downstream processes. Protein
kinase activity was enriched indicating the association of phos-
phorylation with EMT (Figure 7b). GT Pase-related molecular
functions identified included GTPase activator activity, Rab

factor-lalpha

GTPase binding and GTPase regulator activity which pointed
out the possible role Rab GTPases and other GTPases in can-

cer pI‘OngSSiOﬂ.

The motifs found to be associated with H3K4me3
in response to TGFPB belong to HXC10, CPEBI,
and PRDMG6 genes

To discover novel DNA-binding motifs we extracted 500bp
sequences around the summits of the peaks using MEME-
ChIP (https://meme-suite.org/meme/tools/meme-chip) with
the sequence from H3K4me3-6h and H3K4me3-24h sample
as primary Sequence and sequence from H3K4me3-Control as
control Sequence (discriminative mode). The output of
MEME-ChIP was imported into Tomtom to analyze the sim-
ilarity of the motif we obtained against known binding motifs
from the HOCOMOCO v11 database. There were 82 com-
mon motifs between H3K4me3-6h and H3K4me3-24h. We
shortlisted 14 motifs whose p-value was less than 0.001. Out of
the 14, the top 3 known motif hits are shown in Figure 8,
remaining motif hits can be found in Supplemental File 9. The
3 known motifs that came up against our submitted motifs
were binding sites of HXC10, CPEB1, and PRDMS6 (Figure
8). Further analysis needs to be carried to study as to how these
motifs play a role in the regulation of histone modification and
TGFp induced EMT. A list of all 14 motifs with their P-values

is mentioned in Supplemental File 9.
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Figure 7. David Functional enrichment of genes identified common in benign prostate epithelial cells undergoing EMT and malignant transformation and
TGFp stimulation in Prostate cancer cells moDCs: (a) biological process and (b) molecular function.

Discussion

ChIP-Seq was performed to find out the changes in regions
associated with H3K4me3 in prostate cancer cells in response
to TGF for 6 and 24 hours.?® The previous study on AML12
mouse hepatocytes reported a global increase in H3K4me3
levels and a decrease in H3K9me3 levels in response to TGFp
during the process of EMT.>* Our results also confirmed a
similar global increase in H3K4me3-occupied regions in
response to TGFB for 6 and 24hours. The H3K4me3-
associated regions increased by 15% in cells stimulated with
TGFP for 6 and 24 hours as compared to the control without
TGFB. We compared the number of H3K4me3 associated
regions in control (without TGFp) and TGFf stimulated cells
for 6 and 24 hours. The number of regions common between
TGFp stimulated samples were much higher than the ones
compared with the control without TGFB. It would be very
interesting to study the regions associated with H3K4me3
unique to 6 or 24 hours of TGFp stimulation in comparison to
control.

Although all types of H3K4 methylations have a strong cor-
relation with active transcription, the distribution of H3K4
methylation types on chromosomes is distinctly different.
H3K4mel is rich in active and priming enhancer regions
whereas H3K4me2 is an enhancer marker, although it is con-
centrated predominantly toward the 5 ends of actively tran-
scribing genes. In contrast, H3K4me3 has been a hallmark of

promoters and is predominantly localized near transcription
start sites (T'SSs) where it is responsible for RNA Pol II recruit-
ment for the activation of gene expression.?*3! Our results
show that 31.5% of the promoters, 23% of the intronic regions
and 25.4% of distal intergenic regions were occupied by
H3K4me3. Surprisingly, in response to TGFP stimulation, the
percentage of promoter regions decreased to 25.8% while the
percentage occupancy at intronic and distal intergenic regions
increased to 26.4% and 28.5%, respectively. The functional sig-
nificance of H3K4me3 occupancy at intronic and intergenic
regions is yet to be explored.

We analyzed the data and separated the genes found only in
the TGF stimulated samples for both 6 and 24 hours as com-
pared to the control without TGFp. Next, we divided them
based on their GO molecular function and biological process
categories. We found that 177 genes were found to be involved
in the positive regulation of transcription from RNA Pol II
promoter in response to TGFp stimulation for 6 and 24 hours.
Other functional categories were intracellular protein trans-
port, brain development, EMT, angiogenesis, antigen process-
ing, antigen presentation via MHC class II, lipid transport,
embryo development, H4 acetylation, a positive regulator of
cell cycle arrest, genes involved in mitotic G2 DNA damage
checkpoints and various other functions. Interestingly, 13 genes
coding for proteins binding to the TGFp receptor were found
to be enriched with H3K4me3 in response to TGF for 6 and
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Figure 8. Discovery and identification of novel Nucleotide Motifs located in central regions of the Promoter Regions using MEME-ChIP (v5.3.3). The
Motifs were discovered and identified by importing a 500bp-length sequence surrounding the summit of MACS peaks into the MEME-ChIP program
(v5.3.3). The motifs were then compared against HOCOMOCO v11 Database using Tomtom-Motif Comparison Tool to identify similar known motifs and

Top 3 hits with E-value <0.05 were (a) HOXC10, (b) CPEB1, and (c) PRDM6.

24hours. Surprisingly, TGFB induced the H3K4 trimethyla-
tion on genes encoding its own ligands creating a possible
teedback loop. Only 13 ligands were found to have this epige-
netic change in response to TGFf. The mechanism of how
TGFp regulates these genes has not been explored. This is the
first report which shows that TGF can selectively regulate the
H3K4me3 occupancy on specific genes with particular func-
tions and thus regulate their expression. This enrichment was
not found on all the TGFp ligands, but it was only specific for
these 11 genes enriched in H3K4me3 in response to TGFp:
GDF10, TGFB2, LEFTY1, TGFpB, GDF1, INHBB, GDF3,
GDF6, BMP5, TGFBR3, BMP2, LRG1, LEFTY2.

Based on the arrangement of cysteines, TGFp ligands are
divided into 4 categories.3?> Our results have specific genes
from all 3 categories except from the third one which has only
6 cysteine residues instead of 7. Surprisingly, the antagonist
ligands like Lefty and Inhibin were found to have H3K4me3
in response to TGFB, suggesting the role of H3K4me3 in reg-
ulating both the positive and negative feedback loops in TGFB
signaling. In addition to the TGFp ligands, we also found 2
other genes that were enriched in H3K4me3 methylation: leu-
cine-rich alpha-2-glycoprotein-1 (LRG1) and TGFBR3.
LRG1 has been shown to modulate TGFp signaling via
TGFpR2/Alk1/Smadl, SmadS, and Smad8 and plays an
important role in TGFf-induced angiogenesis.> LRG1 was
also shown to inhibit the ESCC cell metastasis by reducing
TGFB/Smad signaling-induced EMT.333 Our results show
an enrichment of H3K4me3 on LRG1 in response to TGFp
suggesting a positive regulation of LRG1 in response to TGFp.

The other gene found was the TGFBR3. TGFBR3 is a
membrane proteoglycan that often acts as a coreceptor with
other TGF receptor superfamilies. As a co-receptor TGFBR3
plays an important role in mediating ligand-dependent TGFp
superfamily signaling and possesses importance for ligand-
independent functions. TGFBR3 has been identified as a
tumor suppressor gene in prostate cancer.’® Less TGFBR3 was
found in prostate cancer cells than in benign tissues, in

metastatic versus primary tumors, and advanced clinical stage
tumors or in tumors with higher PSA recurrence. Interestingly,
a loss of heterozygosity in the TGFBR3 genomic locus was
found in prostate cancer cells.3¢ Restoration of TGFBR3
expression in human PCa cells may lead to inhibition of migra-
tion and invasion, independently of the ligand TGFf. In a
human PCa xenograft model, restoring TGFBR3 function
decreased tumor growth, suggesting its tumor suppressor role.3
LRG1 and TGFBR3 have been shown to regulate the TGFp
signaling but our results suggest that TGFB can regulate
H3K4me3 levels at these genes and thus affect their expression.
It would be interesting to understand the mechanism and the
functional importance of H3K4me3 on LRG1 and TGFBR3
in response to TGFP in prostate cancer.

Several genes regulating the TGFf-induced EMT like
S100A4, HGE, hnRNP, HMGA2 were found to be occupied by
H3K4me3 in response to TGFp suggesting an important role of
H3K4me3 in TGFp-induced EMT. TGFf has been shown to
induce the expression of fibroblast-specific protein S100A4 and
silencing of this gene can inhibit the TGFB induced EMT.3
TGEFp has been shown to regulate hepatocyte growth factor
(HGF)-induced cell migration and HGF receptor MET expres-
sion in breast cancer.3® TGFf and HGF both can phosphorylate
the linker regions of the Smads® and coordinate the process of
EMT. HGF has also been shown to upregulate BMP7 in pros-
tate cancer cells and lead to the development of bone metastasis.*°
Phosphorylation of heterogeneous nuclear ribonucleoprotein E1
(hnRNP E1) is required for the TGFB induced EMT in
NMuMG cells.# TGFB can also induce the expression of
HMGAZ2 and it has also been shown that TGFB-induced Smad4
binds to the HMGA2 promoter.*> Our results suggest the impor-
tant role of H3K4me3 in regulating the TGFp induced EM'T.

One of the unique categories of genes found in our analysis
was the genes regulating H4 acetylation like MSL3P1, IRF4,
MORF4L2, LEF1, RUVBL1, EP400, EP300, CHD5, EPC1,
ELP3. Most of the genes found in this category belong to the
NuA4 HAT complex. NuA4 complex has been shown to play
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an important role in chromatin remodeling, cell cycle, and
DNA repair.®3

MORF4L2 is a component of the NuA4 histone acetyl-
transferase complex which is involved in transcriptional acti-
vation of select genes principally by acetylation of nucleosome
histone H4 and H2A. This modification may alter nucle-
osomes as well as promote interaction of the modified his-
tones with other proteins which positively regulate
transcription.** The ATPase and helicase activity of NuA4
seems to be in part contributed by the association of RUVBLI1,
RUVBL2 with EP400.4 EPC1 is also a part of NuA4 acetyl-
transferase complex and can act as a transcriptional activator
as well as a repressor.*® ELP3 primarily acts as a tRNA acetyl-
transferase subunit of the RNA polymerase II elongator com-
plex and is involved in transcriptional elongation.*” MSL3P1
is a pseudogene and is thought to play an important role in
chromatin remodeling and histone acetylation.*

The association of TGFpB with the NuA4 complex has not
been investigated. Following our findings reported here, it will
be interesting to investigate this further and understand the
functional role of H3K4me3 on the components of the NuA4
complex, in response to TGFp.

The protein encoded by the gene IRF4, belongs to the IRF
(interferon regulatory factor) family of transcription factors,
characterized by a unique tryptophan pentad repeat DNA-
binding domain. The IRFs are important in the regulation of
interferons in response to infection by virus, and in the regula-
tion of interferon-inducible genes.* IRF4 interacts with
Smad2/3 and it cooperatively activates IL9 promoter.#>° Our
results suggest crosstalk between the TGFB and interferon
signaling pathway at the epigenetic level.

To verify the correlation of H3K4me3 with the transcrip-
tional activation, RT-PCR were performed on some candi-
date ATP binding genes that were identified in our
ChIP-Seq experiment. We have thus confirmed the upregu-
lation of TGFBR1, KRAS, RUVBL1, NUBP1 and CHD?7
in response to TGFp for 6 and 24 hours. The upregulation
of TGFBR1 suggests the role of H3K4me3 in regulating a
positive feedback loop in TGFp signaling. Studies have
shown that CHD?7 is required to maintain open, accessible
chromatin, thus fine-tuning the transcriptional regulation
of certain classes of genes.’’ CHD7 expression positively
correlates with a small subset of classical oncogenes, notably
NRAS, in breast cancer. The chromodomains of CHD7
have a unique specificity for the monomethylated H3K4
mark.’’>2 To the best of our knowledge, no reports are sug-
gesting a functional link between TGFp and CHD7 to date.
Our results report that TGFp can induce the expression of
CHD7 by modulating the H3K4me3 levels in response to
TGFB for 6 and 24 hours.

A comparison of H3K4me3 ChIP-Seq data in PC3 cells
treated with TGFB with normal dendritic cells treated with
TGFB, reinforces a significant role of TGFp in the tumorigen-
esis. Only 72 regions were found to be common between the 2
data sets and a significant increase in the number of H3K4me3

occupied regions in PC3 cells treated with TGFf was observed
as compared to normal dendritic cells stimulated with TGFp.

In humans, there are 4 types of T'SS (classified as A, B, C, or
D) depending on the GC- and AT-rich regions upstream or
downstream of TSS. A and B are both GC rich in the upstream
region while C and D are both AT-rich in the upstream region.
The difference between A and B lies in the downstream region
such that A is GC rich while B is AT-rich. The difference
between C and D also lies in the downstream sequence, C is
GC rich and D is AT-rich. Majority of the promoters belong
to the A category with maximum CpG island content while B,
C,and D are relatively rare.”?

Surprisingly in our dataset, we identified 3 motifs in the pro-
moter region belonging to the rare category D. The 3 top hits
with E-value <0.05 were motifs belonging to HXC10, CPEB1
and PRDMBS6 both in the 6 as well as 24 hours of TGFp stimula-
tion. Recently it has been shown that silencing HXC10 inhib-
ited the expression of interleukin-6, TNF-a, TGFf, and
epidermal growth factor, and overexpressing HXC10 induced
their expression both in vitro and in vivo. In PD gastric cancer
cells, silencing of HXC10 suppressed proliferation, migration
and invasion of these cells.”* Cytoplasmic polyadenylation ele-
ment-binding (CPEB) proteins are key mRNA-binding pro-
teins that control the translation of several mRINAs. CPEB1 and
CPEB4 knockdowns also attenuated TGFB-activated Smad-
dependent and -independent signaling cascades by reducing the
levels of TAK1, P38, ERK, JNK, and phosphorylated Smad 2
and Smad 1/5/8 in fibroblasts.”® The protein encoded by
PRDMS6 (putative histone-lysine N-methyltransferase) is a
transcriptional repressor and a member of the PRDM family.
The PRDM family members contain a PR domain and multiple
zinc-finger domains. The encoded protein is involved in the
regulation of vascular smooth muscle cells (VSMC) contractile
proteins.>? No research work has been reported on PRDMS6 in
the context of its regulation by TGFP so it would be very inter-
esting to understand the connection between these 2.
Interestingly, all 3 hits belong to the category of transcriptional
repressors and it would be very valuable to understand the func-
tional role of these motifs in relation to TGF.

Material and Methods

In vitro cultivation and maintenance of prostate
cancer cells

Prostate cancer (PC3) cells were cultured in RPMI-1640
Medium (HiMedia Labs, India) supplemented with 10% Fetal
Bovine Serum (FBS) (Gibco, U.S.A) and 1% Antibiotic and
Antimycotic solution (HiMedia Labs, India).

TGFB treatment

PC3 cells were cultured in T-75 flask until 70% to 80% conflu-
ency. The cells were then serum starved for 24 hours in serum-
free medium. Post serum starvation, TGFB (Abcam, USA) was
added to the cells to a final concentration of 5 ng/mL. TGFf

induction was given for O hours (Control), 6 and 24 hours.
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gRT-PCR
PC3 cells were cultured in T-75 flask until 70% to 80% con-

fluency. The cells were then Serum starved for 24 hours in
Serum-free Medium. Post serum starvation, TGFp (Abcam,
USA) was added to the cells to a final concentration of 5 ng/
mL. TGFp induction was given for 0 hours (Control), 6 and
24 hours. The total RNA was extracted using RNeasy Mini
Kit (Qiagen, Germany) according to the manufacturer’s pro-
tocol. DNA was removed from the samples by the RNAse
free DNAse set (Qiagen, Germany). The mRNA was then
reverse transcribed to cDNA (Eppendorf Mastercycler) with
the help of iScript ¢cDNA Synthesis kit (Biorad, USA).
Primers specific for N-cadherin, p21, NUBP1, RUVBLI1,
CHD7, TGFBR1, and KRAS with the following sequences
were used:

N-cadherin: For, 5" TCTTTGTGCCCATCTCCCAT-3'
and Rev, 5'-AAGTCCCCAATGTCTCCAGG-3'; p21: For,
5'-AAGACCATGTGGACCTGTCA-3"and Rev,5'-GGCGT
TTGGAGTGGTAGAAA-3'; NUBP1: For, 5-AAAGCACA
TTCAGCGCCC-3' and Rev, 5-TCTCCCCAGTCCACA
TCTC-3; RUVBLI1: For, 5-AGCCAAAGAAGACAGAA
ATCAC-3" and Reyv, 5'-ACCTCATCAACAAACAGCAC-3'
CHD?7: For, 5'-GACGCTATAAACGCCAACTC-3' and Rey,
5" TCTGGGCTTTCACCTTCTTT-3"; TGFBR1: For, 5'-
AGGATTTCTTTGGACCCAGG-3' and Rev, 5'-CAGC
ACAGCAGAGTTACCTA-3"; KRAS: For, 5'-ACAGAGAG
TGGAGGATGCTTT-3" and Rev, 5-TTTCACACAGC
CAGGAGTCTT-3" and GAPDH: For, 5-ATGTTCGTC
ATGGGTGTGAA-3" and Rev, 5'-TGTGGTCATGAGTCC
TTCCA-3'. ¢DNA was amplified in Optical 8-tube strip
(Applied Biosystems) and quantified in Applied Biosystems
QuantStudio 5 qRT-PCR system using iTaq Universal SYBR
Green Supermix (Biorad, U.S.A). The following were the cycling
conditions: 30seconds at 95°C, followed by 40 Cycles of 15 sec-
onds at 95°C, and 1 minute at 60°C. Data was collected and ana-
lyzed using QuantStudio Design and Analysis Software v1.5.1
with GAPDH as reference gene.

Cross-linking of cells

Histone proteins were crosslinked to DNA using 37%
Formaldehyde solution (Sigma-Aldrich, USA) to final con-
centration of 1% and cells were incubated for 10 minutes at
37°C in CO, Incubator. The cross-linking reaction was ter-
minated by quenching the formaldehyde by adding Glycine
to a final concentration of 125 mM and incubated with shak-
ing at Room Temperature. Post-Quenching, cells were
washed with ice-cold Phosphate Buffered Saline (PBS)
(137mM NaCl, 2.7mM KCl, 10mM Na,HPO,, 1.8 mM
KH,PO,) containing Protease Inhibitor Cocktail (Sigma-
Aldrich, USA), scraped and pelleted by centrifugation. Pellet
was flash-freezed using Liquid-Nitrogen and stored at
-80°C until further use.

Cell Lysis, chromatin shearing, and
Immunoprecipitation

Cell pellet was resuspended in SDS Lysis Buffer (1% SDS,
10mM EDTA and 50mM Tris, pH 8.1) with Protease inhibi-
tors and incubated for 10 minutes on ice. The lysate was soni-
cated using Diagenode Bioruptor. The samples were centrifuged,
and supernatant was collected. The Supernatant was diluted
10-fold in ChIP-Dilution Buffer (0.01% SDS, 1.1% Triton X-
100, 1.2mM EDTA, 16.7mM Tris-HCIl, 167mM NaCl, pH
8.1). Immunoprecipitation antibody specific for H3K4me3
(Abcam, USA) was added followed by addition of Protein A
Sepharose beads (Abcam, USA) and were incubated overnight
at 4°C. A No-Antibody sample to be used as Input-DNA was
kept aside for each sample. The Histone-DNA-Antibody com-
plex was washed with Low Salt Immune Complex Wash Buffer
(0.1% SDS, 1% Triton X-100,2mM EDTA, 20mM Tris-HC,
pH 8.1, 150mM NaCl), High Salt Immune Complex Wash
Buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM
Tris-HCI, pH 8.1, 500mM NaCl), LiCl Immune Complex
Wash Buffer (0.25M LiCl, 1% IGEPAL CA630, 1% deoxy-
cholic acid (sodium salt), 1mM EDTA, 10mM Tris, pH 8.1),
and 1X TE buffer (10mM Tris-HC, pH 8.0, 1mM EDTA) in
that order. The DNA was eluted using Elution Buffer (1% SDS,
0.IM NaHCO;) by vortexing and incubating at Room
Temperature for 15 minutes with rotation. The mixture was cen-
trifuged and supernatant (eluate) was collected. Reverse
crosslinking was carried out using 5M NaCl by heating at 65°C
for 4hours followed by overnight RNase treatment at 60°C and
Proteinase K treatment at 45°C for 1 hour. The DNA was recov-
ered and purified using a DNA Purification kit.

Library preparation and sequencing

Libraries for ChIP sequencing were prepared using NEBNext®
Ultra IT DNA Library preparation kit. In brief, ChIP DNA
and the Input DNA were subjected to various enzymatic steps
for repairing the ends and tailing with dA-tail followed by liga-
tion of adapter sequences. These adapter-ligated fragments
were then size selected using SPRI beads. Next, the size
selected fragments were indexed during limited cycle PCR to
generate final libraries for paired-end sequencing. The result-
ing libraries were quantified before getting sequenced on
Illumina HiSeq X system to generate 2X150bp sequence
reads. Prepared libraries were sequenced on Illumina HiSeqX
to generate 100M, 2 X 150bp reads/samples. Sequenced data
was processed to generate a FASTQ file.

Bioinformatic analysis

Read quality check: We checked the following parameters
from fastq file (a) Base quality score distribution (b) Sequence
quality score distribution (c) Average base content per read (d)
GC distribution in the reads (e¢) PCR amplification issue (f)
Check for overrepresented sequences.



Naik et al

13

Adapter trimming: Based on quality reports of fastq files,
sequence reads were trimmed where necessary to only retain high-
quality sequences for further analysis. In addition, the low-quality
sequence reads were excluded from the analysis. The adapter trim-
ming was performed using Trimmomatic (Ver-0.36).5

Read alignment: The paired-end reads were aligned to the
Human reference genome (hgl9) Feb. 2009 release down-
loaded from UCSC database (GRCh37/hg19). The chromo-
some fasta file was downloaded from the following website
(http://hgdownload.soe.ucsc.edu/goldenPath/hg19/bigZips/
chromFa.tar.gz) and the Alignment was performed using
BWA MEM (Ver-0.7.12).

Peak Calling and annotation: Model-based Analysis of
ChIP-Seq (MACS 2.1.3 version) was used for peak calling
analysis).”” ChIPseeker, an R Bioconductor package?® was used
for the annotation of the enriched peaks obtained from the
MACS?2 callpeak function.

Functional annotation: Database for Annotation,
Visualization and Integrated Discovery (DAVID) v6.8 was
used to identify enriched biological themes, particularly GO
terms, discover enriched functional-related gene groups and
cluster redundant annotation terms.

Functional analysis of gene lists

Annotated genes that were present in H3K4me3-6h and
H3K4me3-24h but absent in H3K4me3-Control were used
for the DAVID Functional Analysis. The gene list was
imported to the David Analysis Wizard. “OFFICIAL_
GENE_SYMBOL” was selected as the Identifier with List
type set to “Gene List.” The list was analyzed with default
parameters on DAVID platform. From the DAVID Functional
annotation tools, Functional annotation Chart was down-
loaded and analyzed for enriched GO terms.>$*?

MEME-ChIP motif analysis
The 500bp Sequences around the peak summits from the

Promoter Region were extracted. We imported the sequences
into the MEME-ChIP motif discovery tool (v5.3.3).60 Motif
Discovery was performed in the Discriminative Mode by using
Sequences obtained from treated samples as Primary Sequence
and Sequences from Control Sample as Control sequences in
the MEME-ChIP Program. Default Parameters were used for
the discovery of motifs. HOCOMOCO Human (v11)%06! was
used as a Known Motif Database. Motifs discovered for
H3K4me3-6h and H3K4me3-24h through the MEME-ChIP
tool were compared against the HOCOMOCO Human(v11)
motifs database using Tomtom-a Motif Comparison tool-using
default settings.%?
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