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Abstract

Identification of epigenetic reversal agents for use in combination chemotherapies to treat human
pancreatic ductal adenocarcinomas (PDAC) remains an unmet clinical need. Pharmacological
inhibitors of Enhancer of Zeste Homolog 2 (EZH2) are emerging as potential histone methylation
reversal agents for the treatment of various solid tumors and leukemia; however, the surprisingly
small set of MRNA targets identified with EZH2 knockdown suggests novel mechanisms
contribute to their anti-tumorigenic effects. Here, 3-deazaneplanocin-A (DZNep), an inhibitor of
S-adenosyl-L-homocysteine hydrolase and EZH2 histone lysine-N-methyltransferase, significantly
reprograms noncoding miRNA (miR) expression and dampens TGFB1-induced epithelial-to-
mesenchymal (EMT) signals in pancreatic cancer. In particular, miR-663a and miR-4787-5p were
identified as PDAC-downregulated miRs that were reactivated by DZNep to directly target TGFp1
for RNA interference. Lentiviral overexpression of miR-663a and miR-4787-5p reduced TGFp1
synthesis and secretion in PDAC cells and partially phenocopied DZNep’s EMT-resisting effects,
whereas locked nucleic acid (LNA) antagomiRs counteracted them. DZNep, miR-663a, and
miR-4787-5p reduced tumor burden in vivo and metastases in an orthotopic mouse pancreatic
tumor model. Taken together, these findings suggest the epigenetic reprogramming of miRs by
synthetic histone methylation reversal agents as a viable approach to attenuate TGFp1-induced
EMT features in human PDAC and uncover putative miR targets involved in the process.
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INTRODUCTION

The tendency of pancreatic tumors to metastasize to lymph nodes, the abdominal cavity, and
the liver at a very early stage compromises the effectiveness of chemotherapeutic agents (1,
2). Hence, challenges to prevent tumor spread and drug resistance continue to exist for
pancreatic cancer treatment. Evidence shows EMT, distinct cellular events characterized by
loss of epithelial phenotypes and gain of mesenchymal phenotypes, contributes to the early
dissemination of primary tumor cells and metastatic spread (2—4). Further, the process of
EMT itself has been shown to promote stem-like characteristics of tumor cells and increase
drug resistance (2—4). Therefore, therapeutic strategies directed against EMT would likely
prove useful in controlling metastasis and drug resistance in PDAC patients.

Transforming growth factor beta 1 (TGF-B1) is one of the critical cytokines known to drive
EMT in pancreatic cancer (5, 6). It binds and activates TGF-p Receptor 2 (TGFBR2),
propagating signaling through phosphorylation of Smad proteins and associating with
transcription factors to regulate gene expression (7). Although the primary roles of TGF-p1
are to inhibit epithelial cell proliferation and orchestrate mesenchymal development (8), loss
of growth control responses and activation of EMT become salient in advanced tumors (9,
10). These outcomes are due to the loss of normal responsiveness to the ligand as a result of
either mutations in TGF-p receptors (e.g., TGFBR2) and/or intracellular SMAD proteins
(e.g., Smad4) (11, 12). Other non-genetic mechanisms have also shown to contribute to
aberrant TGF-p signaling (13, 14). Evidence also presents that the aforementioned events,
largely in a stochastic manner, allows transcriptional reprogramming of a network of EMT-
related genes and alterations in the nucleosome state to promote a sustained mesenchymal
signature (9, 15).

Recent studies have uncovered novel epigenetic mechanisms such as methylation of lysine
in histones to preferentially amplify pro-tumorigenic signaling of cancer cells to EMT (16—
19). In particular, a striking correlation between TGF-p1 and EZH2, a histone methyl
transferase enzyme in the Polycomb Repressive Complex 2 (PRC2) involved in silencing of
genes via H3K27Me, was recognized to regulate EMT (20, 21). Other members of the PRC2
including EED and JARID2 have also been reported to drive TGF-p-induced EMT,
suggesting a possible widespread effect of histone methylation in the steps leading to EMT
(22, 23). Unlike the advancements in the biological understanding of EZH2 on TGF-$-
induced EMT, the cancer pharmacology of EZH2 inhibitors is lagging behind. Despite new
and more specific EZH2 inhibitor candidates currently being evaluated in clinical trials for
lymphoma and multiple myeloma (24), their utilities in metastatic control of solid tumors
remains obscure. We have previously reported DZNep, a carbocyclic analog of adenosine
that depletes cellular levels of EZH2 and erases the H3K27Me mark, to curtail growth,
proliferation, and anticancer nucleoside analog resistance of pancreatic cancer cells (25).
Here, we report DZNep’s role in dampening TGF-p1-induced EMT features in PDAC. We
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present evidence for DZNep-induced miRNA reprogramming as a mechanism for EMT
inhibition in PDAC.

MATERIALS & METHODS

Cell Culture, MTT Cytotoxicity Assays, Clonogenic Assays, Western Blotting, Real-time
PCR Analysis, and MiRNA Overexpression

All cell lines were received from ATCC (Manassas, VA) and were used within 25 passages,
not exceeding a period of 2-3 months of revival. The ATCC uses morphological, cytogenetic
and DNA profile analyses for characterization of cell lines. Human pancreatic ductal
epithelial (HPDE) cells were received from Dr. Ming Tsao of the Ontario Cancer Institute
(Toronto, Canada). The L3.6pl cell line was received from Dr. Isiah D. Fidler at The
University of Texas MD Anderson Cancer Center (Houston, TX). Both HPDE and L3.6pl
cell lines were handled as other cell lines and were genotyped by DNA fingerprinting
(PowerPlex 16; Promega, Madison, WI1) as per the manufacturer’s instructions. The growth
conditions of cell lines were performed as described previously (26). Panc 10.05 was grown
in RPMI-1640 Medium with 15% FBS and 10 U/ml human recombinant insulin while
CFPAC-1 was grown in Iscove’s Modified Dulbecco’s Medium with 10% FBS.

Tumor RNA

Total RNA from normal pancreas and PDAC were procured from Asterand (Detroit, MI)
(Table S1).

Materials, Scratch Wound Assay, Transwell Invasion Assay, ELISA, MicroRNA Microarray,
Luciferase In Vitro Reporter Assay, Knockdown of miRNA, RT2 Profiler PCR Array,
Orthotopic Pancreatic Tumor Xenograft Model (27), and Statistical Analysis

See Supplemental Materials and Methods.

RESULTS

DZNep resists TGF-Bl-induced EMT in pancreatic cancer cells

To investigate DZNep effects on TGF-p1-induced EMT, we tested TGF-B1-induced changes
in morphology and growth of two moderately-poorly differentiated PDAC cell lines, viz.
MIA PaCa-2 and PANC-1. Recombinant-derived human TGF-p1 (10 ng/ml; 72 h) induced
distinct EMT-like, morphological changes in both MIA PaCa-2 and PANC-1 (Fig. 1A) but
not in normal HPDE (data not shown). More spindle shaped cells with elongated cellular
processes and diminished cell-to-cell contacts (Fig. 1A) as well as reduced expression of
epithelial markers (E-cadherin and cytokeratin8/18) and increased expression of
mesenchymal markers (N-cadherin and vimentin) were noted with TGF-p1 treatment (Fig.
1B). TGF-B1-induced EMT changes were independent of changes in cell proliferation in
MIA PaCa-2 with only a slight growth reduction in PANC-1 (12.23+0.35%; p<0.05; Fig.
S1-S2). On the contrary, TGF-B1 significantly reduced cell proliferation in normal HPDE
(30.25+1.99%); p<0.005; Fig. S1). These data confirmed the presence of TGF-g1-mediated
EMT-like features in MIA PaCa-2 and PANC-1 and were therefore used for further studies.
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In sub-confluent conditions, MIA PaCa-2 appears more plastic with the presence of both
epithelial- and mesenchymal-looking cells while PANC-1 appears predominantly epithelial
(Fig. 1A). Interestingly, DZNep treatment visibly increased the epithelial morphological
characteristics of both cell lines that were more readily identifiable in MIA PaCa-2 than
PANC-1 (Fig. 1A). Biochemically, DZNep increased expression of E-cadherin and
cytokeratin-8/18 and decreased expression of vimentin and N-cadherin in PANC-1 as judged
by Western blotting analysis (Fig. 1B). Similar results were also obtained in MIA PaCa-2
(except that N-cadherin was not expressed; Fig. 1B), L3.6pl, PANC10.05, CFPAC-1, and
SW1990 (Fig. S3) suggesting the effects are widespread in PDAC. DZNep treatment also
resisted migratory and invasive characteristics of MIA PaCa-2 and PANC-1 (Fig. 1C-1F)
and even retained its growth inhibitory effects in the presence of TGF-p1 (Fig. S2).
Combined treatment of DZNep and TGF-B1 opposed the morphological and biochemical
EMT changes in MIA PaCa-2 and PANC-1 (Fig. 1A-1B; Fig S4). Further, the presence of
DZNep significantly inhibited TGF-B1-induced increases in cell migration and invasion in
MIA PaCa-2 and PANC-1 (Fig 1C-1F). DZNep in the presence of TGF-B1 increased
gemcitabine cytotoxicity in PDAC cell lines (Fig. 1G-1H) but not in HPDE (Fig. 1G & 11).
Together, these data identified DZNep’s antagonistic effects on TGF-B1-induced EMT
features in PDAC cell lines.

DZNep inhibits endogenous TGF-B1 protein expression and secretion in a dose- and time-
dependent manner

The increase in epithelial characteristics of inherently mesenchymal MIA PaCa-2 (Fig. 1A;
top panel labeled DZNep) was suggestive of the inhibition of endogenous TGF-B1 by
DZNep. To test this possibility, we assayed the endogenous TGF-B1 in MIA PaCa-2 and
PANC-1. Since cellular TGF-B1 exists as either a latent TGF-p1 complex (290 kDa) or a
biologically active monomeric or homodimeric form (13 kDa and 26 kDa, respectively) (28),
we first examined the identity of TGF-p1 in MIA PaCa-2 and PANC-1. Western blotting
analysis displayed endogenous TGF-B1 in both cell lines to migrate predominantly as a 26
kDa homodimeric TGF-B1, although a band corresponding to the monomeric form (13 kDa)
was faintly detectable in some cases (Fig. 2A). A non-specific ~20 kDa protein was also
detectable. Under the same conditions, recombinant hTGF-B1 also migrated as both
monomeric and dimeric forms (Fig. 2A), so we focused on the better-detectable 26 kDa
homodimeric bands for subsequent experiments. Treatment with DZNep distinctly reduced
the 26 kDa TGF-B1 immunoreactivity in both MIA PaCa-2 and PANC-1 in a dose- and
time-dependent fashion (Fig. 2A). Significant reductions in TGF-B1 were evident from 48 h
of 10 pM DZNep treatment with almost complete loss of immunoreactivity observed at ~96—
120 h in MIA PaCa-2 (Fig. 2A). Reduction in TGF-B1 with DZNep treatment was also
evident in several other PDAC cell lines (Fig. 2B). Intriguingly, none of these changes in
TGF-B1 expression appeared to be transcriptionally regulated as real time PCR analysis of
total RNA extracted from DZNep-treated cells showed a lack of change in TGF-p1
transcripts (Fig. 2C & S5).

Since TGF-B1 plays a vital role in modulating tumor microenvironment via autocrine/
paracrine mechanisms (29), we examined whether DZNep can inhibit secretory levels of
TGF-B1. Using a quantitative sandwich ELISA, we assayed the culture media of DZNep-
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treated PDAC cells for changes in extracellular TGF-B1 (Fig. 2D). Consistent with a
reduction in TGF-B1 protein, DZNep (10 uM) decreased TGF-B1 secretion into the
extracellular media in a time-dependent manner (~40-50% reduction in 5-6 days) (Fig. 2D).
In addition, we tested whether the reductions in TGF-B1 protein and secretion can affect its
downstream signaling by investigating the phosphorylation status of Smad?2 (a critical
mediator of TGF-B signaling pathway) in DZNep-treated PANC-1 (Fig. 2E). Western
blotting analysis revealed DZNep to significantly reduce p-Smad2 without altering total
Smad2 (Fig. 2E). Consistently, DZNep significantly inhibited the expression of several
known TGF-p1-induced genes (Fig. 1F). Collectively, these data identified that DZNep can
significantly inhibit TGF-B1 synthesis and secretion as well as TGF-p signaling in PDAC.

DZNep-induced epigenetic reprogramming of microRNAs in pancreatic cancer cells

The mechanism of DZNep inhibition of TGF-B1 remained unclear, but it was unlikely that
TGF-p1 was regulated at the transcriptional level. The lack of a major change in the slope of
the line representing TGF-B1 secretory levels after DZNep treatment (compared with
untreated control) (Fig. 2D) also argued against probable alterations in the post-translational
stability of TGF-B1. Hence, we postulated that DZNep could reprogram miRNAS in cancer
cells to repress TGF-B1 protein by RNA interference. To test this hypothesis, we screened
>1900 human miRNAs (referenced in the Sanger miRBase Release 18.0.) using microarrays
to identify possible global alterations in MIA PaCa-2 treated with DZNep as opposed to
untreated MIA PaCa-2 (Fig. 3A & 3B). Further, the miRNA profile of MIA PaCa-2 was
compared with that of HPDE to understand miRNAs differentially expressed (Fig. 3C &
S6). The heat map generated from hierarchical cluster analysis showed a significant
reduction in miRNAs in cancer cells with 52.3% of miRNAs (91 out of 174 detectable
miRNAs) downregulated in MIA PaCa-2 (Fig. 3C-3E & S6; Table S3). Similarly, we
identified 68.8% of miRNAs (161 out of 234 detectable miRNAS) downregulated in 10
different patient-derived PDAC tissues compared with two normal pancreatic tissues (data
not shown). Thirty-five miRNAs were found commonly downregulated in both MIA PaCa-2
and PDAC tissues (Table S4). Interestingly, DZNep increased the expression of >50
mMiRNAs (22 miRNAs at 8 h; 34 miRNAs at 72 h) (Fig. 3B & 3D; Table S5) and even
partially reversed the downregulation pattern of miRNAs seen in MIA PaCa-2 (Fig. 3E &
3F; Table S6).

We next examined whether any of the DZNep-upregulated miRNAs can target TGF-p1 for
RNA interference. First, we utilized publicly available algorithms to predict binding of
DZNep-upregulated miRNAs to the 3'UTR of TGF-B1. The initial analysis identified
several DZNep-upregulated miRNAs to possibly regulate known players in the TGF-p
signaling pathway including TGF-B1 (Table S8). MiR-663a and miR-4787-5p in particular
were predicted to bind to the 3"UTR of TGF-B1 (Table S8). Interestingly, those miRNAs
were significantly downregulated by 5-10 folds in both MIA PaCa-2 (Fig. 3F). Further
comparison of DZNep upregulated miRNAs with those downregulated in MIA PaCa-2
showed that DZNep restored expression of 17 miRs with miR-663a and miR-4787-5p
expressions restored at both the 8 h and 72 h time points (Fig. 3E & 3F). Real-time PCR
analysis with individual primers/probes further validated downregulation of miR-663a and
miR-4787-5p in several PDAC tissues (Fig. 4A) and cell lines (Fig. 4B) as well as
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restoration of expression with DZNep in PDAC cell lines (Fig. 4C & 4D). DZNep-induced
expression of miR-663a and miR-4787-5p was dose- and time-dependent with maximal
changes observed within 8-24 h of 0.1-1 pM DZNep treatment in MIA PaCa-2 and PANC-1
(Fig. 4E & 4F). Induction of miR-663a and miR-4787-5p was specific to DZNep and no
other clinically-used nucleoside analogs (Fig. S7). Importantly, EZH2 shRNA induced
miR-663a and miR-4787-5p levels and decreased TGF-p1 expression in MIA PaCa-2 cells
suggesting EZH2 silencing can phenocopy DZNep’s actions (Fig. S8).

DZNep-induced miR-663a and miR-4787-5p directly target TGF-B1 for RNA interference

On subsequent DNA analysis, we identified five binding sites for the miR-663a seed
sequence and a single probable binding site for miR-4787-5p within a 60 bp region of the
beginning of the TGF-B1 3"UTR (Fig. 5A). To experimentally evaluate whether miR-663a
or -4787-5p can target TGF-B1 for RNA interference, we examined the changes in the
expression of an engineered dual luciferase construct in which the 3"UTR of TGF-B1 was
cloned downstream of a luciferase cDNA. Interestingly, DZNep treatment of PANC-1 itself
significantly destabilized the luciferase activity of the engineered construct in both a dose-
and time-dependent fashion (Fig. 5B), providing preliminary evidence for the DZNep
reprogrammed miRNAs to alter binding interactions with TGF-B1 3’UTR. To test if
miR-663a or miR-4787-5p can directly bind to the TGF-B1 3'UTR and direct the transcripts
for RNA interference, we repeated the luciferase assays on MIA PaCa-2 and PANC-1 stably
expressing miR-663a or miR-4787-5p (Fig. 5C). Stable expression was achieved using
lentiviral gene constructs wherein ~3-5-fold and ~10-12-fold increases in miR-663a and
miR-4787-5p expression, respectively, was achieved (Fig. S9). The results obtained from
these luciferase assays indicated that both miR-663a and miR-4787-5p can directly bind to
the 3"UTR of TGF-B1 and destabilize luciferase expression in MIA PaCa-2 and PANC-1
(Fig. 5C). Western blotting analysis using cell lysates and ELISA on culture supernatant
showed a reduction in TGF-p1 protein synthesis (Fig. 5D) and secretion (Fig. 5E) in cells
overexpressing miR-663a and miR-4787-5p. Again, these changes were independent of
TGF-p1 transcriptional variations (Fig. 5F). The reductions in luciferase activities noted
with miRNAs were effectively counteracted with their respective LNA-derived antagomirs
(Fig. 5G), suggesting the observed effects were specific to miR-663a and miR-4787-5p.
Additionally, LNA-derived antagomiRs significantly antagonized the respective miRNA-
induced reductions in TGF-B1 protein (Fig. 5H-5I). These data identified the direct binding
of miR-663a and miR-4575-5p to the 3’UTR of TGF-B1 and supported RNA interference as
a mechanism of DZNep inhibition of the TGF-p signaling pathway in PDAC.

miR-663a and miR-4787-5p contribute to DZNep-mediated EMT control in pancreatic

cancer

We next investigated whether miR-663a and miR-4787-5p can suppress TGF-p1-induced
EMT in PDAC as observed with DZNep (Fig. 1). Overexpression of either miR-663a or
miR-4787-5p significantly induced E-cadherin and decreased vimentin (Fig. 6A) similar to
DZNep (Fig. 1B). Both miR-663a and miR-4787-5p also increased cytokeratin 8/18 and
decreased N-cadherin in PANC-1 (Fig. 6A). Both miR-663a and miR-4787-5p
overexpressing cells exhibited reduced cell migration (Fig. 6B & 6D) and invasion (Fig. 6C,
6E & S10) similar to that observed with DZNep treatment. Morphologically, miR-663a and
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miR-4787 overexpression visibly increased the epithelial appearance of MIA PaCa-2 as
observed with DZNep treatment; however, the changes between control and miR-
overexpressing PANC-1 were indistinguishable (data not showr). Both miR-663a and
-4787-5p significantly diminished the p-Smad2 level without altering total Smad2 in
PANC-1 (Fig. 6F). As seen with DZNep, miR-663a and miR-4787-5p also significantly
reduced expression of the TGF-f responsive genes examined in Fig. 1F. However, to further
extend the understanding of the miR-induced effects on the entire TGF-p axis, we profiled
transcript changes of 84 pathway-related genes (Table S2). PCR array data analyses of Ct
values identified a negative TGF-p pathway scores of —0.4 for miR-663a (p<0.01) and —0.2
for miR-4787-5p (p=n.s.), respectively, confirming the repressive roles of miRNAs on TGF-
B signaling pathway (Fig. 6G & 6H). As expected, TGF-p activated the pathway and
generated a positive pathway score of +0.865 (p<0.001; Fig. 6G & 6H). In addition to
attenuation of TGF-p signaling, both miRNAs moderately reduced growth and cell
proliferation rates in MIA PaCa-2 and PANC-1 cells as observed from MTT and colony
formation assays (Fig. 61 & 6J).

DZNep, miR-663a, and miR-4787-5p suppress the growth and metastasis of pancreatic
cancer xenografts

Finally, we investigated whether the effects of DZNep and miRNAs on EMT resistance
could be recapitulated /n vivo. Athymic nude mice were orthotopically implanted with
PANC-1 stably transduced with control, miR-663a, or miR-4787-5p lentiviral constructs.
Mice injected with control PANC-1 were also treated with DZNep (3 mg/kg, IP, twice a
week) until sacrificed. At the end of 10 weeks, tumor growth was found to be significantly
smaller in DZNep-treated mice as well as in mice transplanted with miR-663a or
miR-4787-5p cells as compared to untreated mice injected with control cells (Fig. 7A &
7B). Consistently, 10-week tumor weights (Fig. 7C) and volumes (Fig. 7D) were
significantly less for DZNep-treated group as compared with control group. Mice
transplanted miR-663a or miR-4787-5p overexpressing cells also showed reduced tumor
weights and volumes against control groups (Fig. 7A-D). Furthermore, as predicted from /n
vitro data (Fig. 1 & Fig. 6), the total number of metastatic lesions in the secondary organs
(liver, spleen, lungs, and kidneys) were significantly less in DZNep-treated
(mean=0.83%0.8), miR-663a-tranduced (mean=1.5+1.4), and miR-4787-5p-transduced
(mean=0.83+1.6) mice as compared to control groups (mean=4.83+2.9) (Fig. 7E-G). In fact,
67% of mice in the DZNep-treated or miRNA-transduced group showed no metastatic
lesions in the liver (main site of pancreatic cancer metastasis) while 83.33% of mice in the
control group demonstrated visible liver metastases. DZNep-treated or miRNA-transduced
mice also exhibited reduced metastatic foci in the spleen, lungs, and kidneys as compared to
control groups (Fig. 7F & 7G). Overall, DZNep and miRNAs in tumors were well tolerated
by the mice as evident by no significant changes in hepatic enzyme (sGPT and sGOT) levels
or body weight (Fig. 7H). Finally, DZNep also induced regression of tumors in mice (Fig. 71
& Fig. S11). These results support that DZNep and miR-663a and miR-4787-5p can
suppress the metastatic capacity of orthotopically implanted pancreatic tumor cells.
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Discussion

Increasing evidence is recognizing the critical role of EZH2-induced chromatin alterations
and transcriptional reprogramming of genes in EMT (20). For instance, SOX4 was identified
as a master regulator of EMT by directly controlling EZH2 expression in normal and
cancerous breast epithelial cells (21). EZH2 was shown to support cancer cell invasion and
metastasis via the TGF-B1 axis in various solid tumors and serves as a predictive indicator of
treatment outcomes in PDAC and ovarian cancer patients (30, 31). Despite recognizing
EZH2 regulation of EMT, studies on the development of pharmacological inhibitors of
EZH2 to mitigate EMT progression are limited. While DZNep inhibition of EZH2 has been
shown to increase the expression of the epithelial marker E-cadherin in certain cancer types
(e.g., renal cell carcinoma) (32), its role in modulating overall EMT characteristics in solid
tumors remains elusive. The current study uncovers the role of DZNep in dampening TGF-
B1-induced EMT characteristics in PDAC. To our knowledge, this is the first study that
demonstrates a direct effect of a histone methyltransferase inhibitor in decreasing TGF-p1
protein and secretory levels in cell lines representing various subtypes of PDAC.
Pharmacological treatment with DZNep distinctly induced epithelial characteristics of
PDAC cells, counteracted TGF-p1-induced mesenchymal characteristics, and inhibited
migratory and invasive signals that drive tumor progression. The mechanism of DZNep
inhibition of TGF-B1 was identified as epigenetic reprogramming of miRNAs, which
included a subset of miRNAs downregulated in PDAC. Significant contributions came from
two epigenetically reprogrammed miRNAs (miR-663a and miR-4787-5p) that directly
targeted TGF-p1 for RNA interference and reduced TGF-p1 synthesis and secretory levels.
These findings reveal an alternative mechanism of TGF-B1 regulation of EMT in PDAC and
better explain the anti-metastatic effects of synthetic histone methyl transferase inhibitors
that have so far only been known to upregulate a small number of coding genes.

Earlier we reported DZNep to induce delayed cytotoxic and apoptotic effects in moderately-
poorly differentiated MIA PaCa-2 and PANC-1 (25). While we demonstrate here that
DZNep can also dampen EMT in these cell types, we also observed some cell-line specific
differences with respect to TGF-p1 activation of EMT characteristics. It is likely that the
inherent genetic variations in the TGF-B1 signaling components of these cell types
contribute to variations (33, 34). While PANC-1 has intact TGFBR2, it is mutated in MIA
PaCa-2 (33). Consistently, a modest growth inhibitory effect of TGF-B1 was evident in
PANC-1 but not MIA PaCa-2. Next, we noted exogenous TGF-B1 to activate the
endogenous synthesis in PANC-1 but not MIA PaCa-2 (Fig. S12) and the auto-stimulatory
effects in PANC-1 were attenuated by DZNep. Further, TGF-B1 phosphorylated Smad3 in
PANC-1 but not significantly in MIA PaCa-2 (Fig. S12B). Moreover, the endogenous levels
of TGF-p1 were significantly higher in PANC-1 than MIA PaCa-2 (Fig. S12B). Given the
genetic aberrations in TGF-p1 signaling pathway in MIA PaCa-2, the mechanism by which
TGF-p1 triggers mesenchymal characteristics in MIA PaCa-2 remains perplexing; however,
it becomes increasingly clear that non-canonical TGF-f pathways, including the epigenetic
pathways, could play prominent roles in deciding the EMT signature of PDAC cells. Further
intriguing was that DZNep resisted TGF-B1-induced EMT characteristics at approximately
equal magnitudes in both these cell types. These observations suggest that epigenetic
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reprogramming of miRNAs could likely play a dominant role in inhibiting TGF-p1 in PDAC
cells. In addition to p-Smad2, DZNep suppressed p-Smad3 induced by TGF-p1 in PANC-1
and decreased endogenous p-Smad3 levels in MIA PaCa-2 and PANC-1 (Fig. S12B).
DZNep also suppressed many of the TGF-p1-induced cellular EMT phenotypes, including
their migratory and invasive behaviors in both cell types. Even in the presence of TGF-f1,
DZNep consistently increased nucleoside analog cytotoxicity in PDAC cell lines regardless
of whether TGF-B1 promoted further chemoresistance or not. Although the mechanism of
how DZNep inhibits exogenous TGF-p1-induced EMT characteristics in pancreatic cancer
cells warrants further investigation, overall these findings support the overriding potential of
synthetic epigenetic reversal agents in inhibiting TGF-p-mediated EMT characteristics in
PDAC.

The identification of profound reprogramming of miRNAs by DZNep uncovered several
putative mechanisms involved in cytostatic growth control and EMT reversal in PDAC. For
instance, DZNep induced the expressions of ~50 miRNAs by 21.5-10 folds. Of these miRs,
several candidates have been reported earlier to confer anti-tumorigenic roles in various
solid tumors (35-41). While they provide supportive evidence for DZNep’s growth control
effects in PDAC, comparison of DZNep-induced miRNAs with downregulated miRNA
datasets in PDAC further revealed which miRNAs are playing a role in the TGF-B1-induced
EMT. Particularly, we focused on miR-663a and miR-4787-5p for their consistent
downregulation in PDAC tissues and cell lines and upregulation by DZNep at various time
points. Interestingly, miR-4787-5p is a novel miRNA with no studies available in literature.
MiR-663a has been previously reported as a primate-specific miRNA silenced in other solid
tumors by DNA methylation (42-44). This study provides primal evidence for silencing of
miR-663/4787 in human PDAC due to histone methylation and for the use of DZNep as a
pharmacological activator of miR-663/4787 expression for EMT reversal.

Intriguingly, the majority of DZNep-induced miRNAs, particularly miR-663a and
miR-4787-5p (>90%), were high in GC content (Table S7). The mechanism of induction of
GC-rich miRs by DZNep is unclear at present, but it is interesting to note that the 3’"UTR
region of the TGF-B1 mRNA, where most miRNAs bind and function, also has GC-rich
regions (45). Further, miR-663a and miR-4787-5p reduced TGF-B1 protein levels without
affecting TGF-B1 mRNA by directly binding to the TGF-B1 3"UTR and causing RNA
interference. Even in presence of Actinomycin-D (transcription inhibitor), exogenous
miR-663a or miR-4787-5p had no effect on TGF-B1 mRNA (data not shown) suggesting the
lack of changes in TGF-B1 mRNA are not due to high turnover of the TGF-p1 mRNA.
These findings are supportive of a physiological role for miR-663a and miR-4787-5p in
regulating TGF-p1 function. Indeed, as this manuscript is completed, two independent
groups showed miR-663 involvement in regulating TGF-p signaling in glioblastoma and
thyroid carcinoma (46-48). Surprisingly, miR-663a and miR-4787-5p also attenuated TGF-
B1-induced p-Smad2 which suggests their role in regulating other signaling components in
addition to TGF-p1. Bioinformatics analyses failed to predict the involvement of any
canonical TGF- signaling players as targets for miR-663a or miR-4787-5p, and hence the
mechanism of miR-663a and miR-4787-5p mediated suppression of p-Smad2 requires
further investigation.
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We suspect that several other DZNep-reprogrammed miRNAs are also capable of directly
targeting the TGF-B1 3’UTR to RNA interference since DZNep induced a much stronger
TGF-p1 RNA interference effect than either miR-663a or miR-4787-5p in PANC-1 cells.
Recent findings in the laboratory showed DZNep to reduce the expression of TGF-p
receptors and could provide a plausible explanation for DZNep’s antagonistic effects on
exogenous TGF-B. While this is further explored in the laboratory, we also note that DZNep
could target other key players (in addition to TGF-B) in the TGF- signaling pathway (Table
S8). Together, these scenarios provide support for why DZNep imparted stronger growth and
metastasis inhibition effects on PANC-1 derived tumors /n vivo than that observed with
either miRNAs. Further, it is likely that the decreased metastatic load in DZNep/miR arms,
at least in part, could be due to decreased size of primary tumors. However, we did not
always find a correlation between tumor size and metastatic lesions (Fig. 7B-7G). For
instance, miR-4787-5p tumors were relatively larger as compared with DZNep and
miR-663a; however, it was as efficient, if not better, as them in suppressing metastasis.
Nonetheless, at this point we do not have further evidence to explain the apparent
discrepancies. Experimentally, we found no evidence for increased Caspase-3 cleavage in
tumors from mice belonging to DZNep and miR groups (Fig. S13), whereas our /n vitro data
from this study (Fig. 61 & 6J) and our previous study on cultured pancreatic cancer cells
showed DZNep to reduce cellular proliferation (25). These results indicate that the reduced
tumor sizes noted with DZNep and miRs could be more likely attributed to reduced cell
proliferation and not increased apoptosis. While the current study confirms the role of
miR-663a and miR-4787-5p in growth control and EMT resistance in PDAC, the functions
of numerous other PDAC-downregulated and DZNep-induced miRs remain to be
interrogated.

The development of DZNep as a potential therapeutic compound may present some
limitations. For example, DZNep exerted some nonspecific actions such as increasing the
expression of certain potential oncomiRs (e.g., miR-10a and miR-10b) and decreasing the
expression of certain potential tumor suppressor miRs (i.e., miR-181b). Further, DZNep’s
anti-tumorigenic effects occurred only at lower micromolar concentrations, although this
may not be a significant concern since most FDA-approved nucleoside analogs exhibit an
effective therapeutic plasma concentration at this range. DZNep has also been reported to
cause an unintended nephrotoxicity in rodents over long-term usage with some studies even
suggesting DZNep can hinder normal developmental functions. While this could be very
well attributed to DZNep’s global histone methylation altering effects, an attempt was made
in this study to refine the applicability of histone methylation reversal agents by
investigating its molecular targets and identifying candidates responsible for its beneficial
actions. As the cause for cancer initiation and progression are multifactorial, it also becomes
imperative to globally reprogram the cancer genome in a directed manner to desirably
impart growth and EMT control. In this regard, both microRNAs and DZNep-like
compounds offer a tremendous potential to future research in this direction. Identification of
more favorable DZNep analogs exploiting desirably reprogrammed miRNASs or direct
delivery of reprogrammed miRNAs into tumors offers two potential avenues for therapeutic
development. The recent preclinical pharmacokinetic studies optimizing intravenous
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administration of DZNep for utilities in advanced-stage solid tumors are also very
encouraging (49).

It is well known that EMT facilitates migration and invasion of tumor cells that leads to
metastasis and development of chemoresistance. EMT is triggered by perturbations of the
autocrine/paracrine TGF-p signaling towards late stage cancer. Hence, this pathway remains
an attractive target of intervention to control EMT. Plasma TGF-B1 levels are also elevated
in advanced pancreatic carcinoma patients who are presented with increased risk of poor
prognosis (50). TGF-B1 levels are also significantly higher in patients not responding to
chemotherapy as compared with the responding group (50). These clinical correlations
suggest that TGF-p ligands and/or their receptors could be important targets in curtailing
PDAC progression. Indeed, humanized monoclonal antibodies targeting TGF-p ligands and
receptors, antisense oligonucleotides targeting TGF-p ligands, and small molecule inhibitors
of TGF-p receptors have been developed and tested (5). While a few remain in phase | and |1
clinical trial evaluations, unfortunately, many of them have already been terminated due to
low efficacies or high toxicities (5). So far, LY2157299, a small molecule inhibitor of
TGFBR1, is the most advanced TGF- signaling inhibitor currently under clinical
development (5, 51). The approach used in this study provides a new direction for
investigating small molecule inhibitors of TGF- signaling in PDAC via microRNA
reprogramming of cancer cells.
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The findings support the potential for synthetic histone methylation reversal agents to be
included in future epigenetic-chemotherapeutic combination therapies for pancreatic

cancer.

Implications
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Figure 1. DZNep inhibitsEMT and chemoresistance in pancreatic cancer
A. DZNep resisted TGF-p1-induced morphological EMT features. Phase contrast images of

live cells after treatments (72 h). Original magnification, X10. B. DZNep resisted TGF-p1-
induced changes in epithelial and mesenchymal markers. Whole cell lysates (50 ug) from
cells treated with TGF-B1, DZNep, or both for 72 h subjected to Western blotting for EMT
markers. B-actin, the internal loading control, is shown with a representative blot. The
position of a non-specific band is indicated by an asterisk (*). C. Representative images of
cell monolayers subjected to a scratch wound assay shows DZNep inhibited cell migration.
Original magnification X4. D. Quantification of wound closure measurements. E. A
representation of cells invaded into a Matrigel-coated transwell insert after crystal violet
staining. F. Invaded cells were counted and plotted. G & H. DZNep resisted TGF-p1-
induced gemcitabine chemoresistance in pancreatic cancer cell lines. 3X103 cells seeded in a
96-well plate were treated with TGF-B1 (24 h) in the presence (G; dotted lines) or absence
(G & H; solid lines) of DZNep (24 h) followed by an MTT cytotoxicity analysis with
gemcitabine. I. DZNep did not increase cytotoxicity in TGF-p1 treated HPDE. For all
experiments, cells were treated with DZNep at 10 uM and TGF-B1 at 10 ng/mL. Points,
mean of triplicates; bars, SD. n=3.
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Figure 2. DZNep inhibits TGF-B1 synthesisand secretion in pancreatic cancer
A. DZNep decreased TGF-B1 protein in a time- and dose-dependent manner. Whole cell

lysates (50 ug) of DZNep-treated cells subjected to Western blotting for TGF-B1 expression.
A rhTGF-B1 used as a positive control and p-actin as a loading control. B. DZNep decreased
TGF-B1 protein in PDAC cell lines. C. DZNep mediated decrease in TGF-B1 was
independent of transcriptional changes. Densitometric values of TGF-B1 protein (A, right)
and transcript levels were compared. GUSB used as an internal control for gRT-PCR. D.
DZNep reduced TGF-B1 secretion into the culture supernatants. The extent of decrease in
secretion was measured by ELISA. E. DZNep attenuated TGF-f1 signaling in a dose-
dependent fashion. Whole cell lysates of PANC-1 treated with TGF-B1 (10 ng/mL; 60 mins)
and DZNep (24 h pre-treatment) subjected to Western blotting for total and p-Smad2. F.
DZNep decreased transcript levels of TGF-p-responsive genes as determined by gRT-PCR.
Points, mean of triplicate; bars, SD. n=3.
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Figure 3. DZNep reprograms PDAC-downregulated miRNAs in pancreatic cancer
A. Clustering of miRNAs differentially expressed in DZNep (1 uM)-treated MIA PaCa-2

versus untreated. Heat maps with statistically significant (p<0.1) changes in miRNA
expression shown by a 2-color system (light green, lowest expression; dark red, highest
expression). Each row represents expression of a single miRNA while each column
represents a single sample. n=2. B. Fold changes in miRNAs after 8 h or 72 h of DZNep
treatment in MIA PaCa-2. Purple bars indicate miRNAs upregulated by DZNep at both time
points. C. MiRNAs downregulated in MIA PaCa-2 compared against HPDE. D. Pie charts
showing expression patterns of miRNAs. A fold change of = or <1.5 considered as
upregulated or downregulated respectively. E. Venn diagram comparing miRNAs
downregulated in MIA PaCa-2 against HPDE (blue; n=2) with those upregulated by DZNep
in MIA PaCa-2 at 8 h (orange) or 72 h (green). F. Fold changes of miRNAs downregulated
in MIA PaCa-2 (Pan Can) but upregulated after DZNep treatment.
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Figure 4. DZNep restores miR-663a and miR-4787-5p expression in pancreatic cancer
A & B. MiR-663a and miR-4787-5p are downregulated in patient-isolated PDAC tissues (A)

and cell lines (B) as determined by gRT-PCR. GUSB and U6B were used as an internal
control for assaying miR-663a and miR-4787-5p. C & D. DZNep increased miR-663a (C)
and miR-4787-5p (D) expression in PDAC cell lines. E and F. DZNep increased miR-663a
and miR-4787-5p expressions in a dose- and time-dependent manner. Bars, SD. n=3.
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Figure 5. MiR-663a and miR-4787-5p directly targets TGF-B1 for RNA interference
A. Schematic representation of predicted miR-663a and miR-4787-5p binding site(s) in the

TGF-B1 3’-UTR. B. DZNep reduced luciferase activity in cells transfected with the TGF-p1
3’-UTR luciferase reporter construct. C. MiR-663a or miR-4787-5p directly binds to TGF-
B1 3’UTR. Cells stably overexpressing miRNAs were transfected with the TGF-p1 3"-UTR
luciferase reporter and percent activities recorded. D. MiR-663a and miR-4787-5p decreased
TGF-B1 protein. Whole cell lysates (50 ug) of cells stably overexpressing miRNAs
subjected to Western blotting to determine TGF-p1 protein levels with B-actin as a loading
control. E. MiRNA overexpression decreased TGF-B1 secretion into the culture
supernatants. F. MiR-663a and miR-4787-5p did not affect TGF-p1 transcripts. Total RNA
from cells stably overexpressing miRNAs subjected to gRT-PCR to determine TGF-p1
transcript levels with GUSB as an internal control. G. LNA-663a or LNA-4787-5p (50 nM;
48 h) antagonized respective miRNA-induced decreases in luciferase activity of cells. H & I.
LNA-663a or LNA-4787-5p antagonized respective miRNA-induced decreases in TGF-p1
protein levels (H) but had no effect on TGF-B1 transcripts (at 50 nM; 48 h) (1). Points, mean

of triplicate; bars, SD. n=3.
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Figure 6. MiR-663a and miR-4787-5p resisssEM T features and slows cellular growth in
pancreatic cancer cells

A. MiR-663a and miR-4787-5p increased epithelial markers and decreased mesenchymal
markers. Whole cell lysates (50 pg) of cells overexpressing miRNAs were subjected to
Western blotting for EMT markers with B-actin as a loading control. B & D. MiR-663a and
miR-4787-5p decreased cell migration. Representative images of cells subjected to a scratch
wound assay (B) and quantification of wound closure measurements (D). Original
magnification X4. C & E. MiR-663a and miR-4787-5p decreased cell invasion. F. MiR-663a
and miR-4787-5p reduced p-Smad2 levels. Whole cells lysates of TGF-B1 (10 ng/mL; 60
minutes) treated cells subjected to Western blotting to detect total and p-Smad2. G & H.
MiRNAs decreased expression of TGF-B1-responsive genes and attenuated TGF-B1
signaling pathway. Total RNA from cells subjected to a RT2-PCR profiler array. Heat maps
showing transcript level changes of TGF-B-responsive genes (H) and overall TGF-p
pathway activity scores depicted (G). | & J. MiR-663a and miR-4787-5p reduced cellular
proliferation as determined by MTT (1) and colony formation (J) assays. Points, mean of
triplicate; bars, SD. n=3
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Figure 7. DZNep and miRNAs suppress pancreatic cancer growth and metastasisin vivo
A & B. DZNep and miRNAs reduced primary tumor burden in an orthotopic pancreatic

xenograft model. Representative photographs of tumor xenografts (A) and excised tumor
specimens (B) after 10 weeks of cell injections. C & D. Average tumor weights (C) and
volumes (D) in DZNep treated and miRNA-expressed conditions. Each point represents data
obtained from one mouse within a group. E. Representative images of tumor metastases to
the liver with arrows pointing to metastatic foci. Tumor characteristics were confirmed by
histopathology. F & G. DZNep, miR-663a, and miR-4787-5p reduced overall metastasis in
secondary organs. F. The total number of metastatic nodules per mouse was added and
plotted as a data point. The bar indicates mean number of lesions per mouse within a group.
G. Metastatic incidences per organ. H. Average body weights of mice with each point
representing average mice weight (n=6) for a group. I. DZNep induced regression of tumors
in mice (n=3 for each group). Arrows indicate days of DZNep treatment. Bars, SD.
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