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Abstract

Objective—The dismal prognosis of pancreatic cancer has been linked to poor tumor
differentiation. However, molecular basis of pancreatic cancer differentiation and potential
therapeutic value of the underlying molecules remain unknown. We investigated the mechanistic
underexpression of Kriippel-like factor 4 (KLF4) in pancreatic cancer and defined a novel
epigenetic pathway of its activation for pancreatic cancer differentiation and treatment.

Design—Expressions of KLF4 and DNMTL in pancreatic cancer tissues were determined by
immunohistochemistry and the genetic and epigenetic alterations of KLF4 in and KLF4’s impact
on differentiation of pancreatic cancer were examined using molecular biology techniques. The
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function of dietary 3,3’-diindolylmethane (DIM) on miR-152/DNMT1/KLF4 signaling in
pancreatic cancer was evaluated using both cell culture and animal model.

Results—Overexpression of DNMT1 and promoter hypermethylation contributed to decreased
KLF4 expression in and associated with poor differentiation of pancreatic cancer. Manipulation of
KLF4 expression significantly affected differentiation marker expressions in pancreatic cancer
cells. DIM treatment significantly induced miR-152 expression, which blocked DNMT1 protein
expression and its binding to KLF4 promoter region, and consequently, reduced promoter DNA
methylation and activated KLF4 expression in pancreatic cancer cells. Additionally, DIM
treatment caused significant inhibition of cell growth in vitro and tumorigenesis in animal model
of pancreatic cancer.

Conclusions—This is the first demonstration that dysregulated KLF4 expression associates with
poor differentiation of pancreatic cancer. Epigenetic activation of miR-152/DNMT1/KLF4
signaling pathway by dietary DIM causes differentiation and significant growth inhibition of
pancreatic cancer cells, highlighting its translational implications for pancreatic and other cancers.
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Introduction

Pancreatic cancer, mainly pancreatic adenocarcinoma (PDAC), is currently the third leading
cause of cancer-related death in the United States, with a 5-year survival rate of less than 8%
(1). The dismal prognosis of pancreatic cancer has been linked to poor tumor differentiation
(2, 3), a widely accepted index for prediction of therapeutic response and prognosis of many
cancers including pancreatic cancer. Despite significant clinical implications, however, the
molecules and signaling pathways that regulate the differentiation of pancreatic cancer
remain poorly understood.

Cancer is a disease that results from the successive accumulation of genetic and epigenetic
alterations, while epigenetic changes frequently precede and can induce genetic mutations
that cause cancer (4, 5). DNA hypermethylation is one of the best-understood epigenetic
mechanisms that contribute to cancer development and progression (6, 7), which is attributed
to either excessive DNA methylation or deficient demethylation; the former is regulated by a
family of DNA methyltransferase enzymes (DNMT1, DNMT3A, and DNMT3B) that
mediate the transfer of methyl groups from S-adenosylmethionine to the 5 position of
cytosine (5-methylcytosine, 5mC) bases in the dinucleotide sequence CpG.
Hypermethylation of tumor suppressor genes has been observed in all kinds of cancers and
is generally assumed to be functionally equivalent to genetic loss-of-function mutations (8).
The potential reversion of epigenetically silenced tumor suppressors has emerged as a
promising strategy for cancer prevention and treatment (9, 10). However, drugs that can
effectively reactivate silent tumor suppressors by targeting aberrant DNA methylation with
high specificity and low toxicity have yet to be identified. Other epigenetic mechanisms
involved in cancer include histone modifications and altered expression of microRNAs (4,
5), a group of small non-coding, single-strand RNAs of 19-25 nucleotides in length that
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have profound implications in cancer development, progression, diagnosis and, in particular,
treatment (11, 12). Thus, identification of novel and nontoxic compounds that can modulate
microRNA expressions for cancer target therapy has drawn much attention (12).

KLF4 is a zinc-finger transcription factor. Physiologically, KLF4 is expressed primarily in
terminally differentiated epithelial cells in organs such as the skin, gastrointestinal tract and
pancreatic duct , whereas disruption of A//4in mice selectively perturbs late-stage
differentiation of skin structures, colonic goblet cells, and causes precancerous changes in
the adult stomach because of altered gastric epithelial cell proliferation and differentiation
(13). Clinically, reduced or loss of KLF4 expression has been found in various tumors and
associates with poor tumor differentiation (14-17), and genetic and epigenetic alterations
have been attributed to loss of KLF4 expression in these cancer cells (13, 18, 19). We and
others have shown previously that KLF4 has tumor suppressive function in pancreatic cancer
(20-22), although elevated KLF4 expression was found in premalignant lesion of pancreas
(23, 24). However, the characteristic alterations of KLF4 and associated mechanisms in
pancreatic cancer have not been well understood. In addition, whether KLF4 is involved in
the regulation of pancreatic cancer differentiation and whether KLF4 could be a potential
target for pancreatic cancer treatment await for further investigation.

It has long been known that certain foods contain bioactive molecules that can modulate
epigenome and have chemopreventive and/or anti-tumor activities. Mounting evidence
showed that 3,3’-diindolylmethane (DIM), the major bioactive metabolite of nutritional
component indole-3-carbinol found relatively high in cruciferous vegetables, is a promising
cancer preventative and anti-tumor agent in various cancers including breast, prostate, and
cervical cancers (25, 26), and several clinical trials have been approved in healthy subjects
or patients with premalignant or malignant lesion (see clinical trials: NCT01391689,
NCT01022333, NCT02197000, NCT01726127, NCT00392652, NCT00784394) (21, 28).
Available preliminary data indicate that supplementation with 13C or the related dimer 3,3’-
diindolylmethane (DIM) may have beneficial effects in treating conditions related to human
papilloma virus infection, such as cervical intraepithelial neoplasia and recurrent respiratory
papillomatosis (25, 29, 30). However, whether DIM has antitumor effect in pancreatic cancer
and if so, the exact molecular mechanisms behind remain poorly understood.

In present study, we demonstrated for the first time that reduced or loss of KLF4 expression
associated with increased DNMT1 expression and poor differentiation of pancreatic cancer;
dietary DIM significantly induced KLF4 expression in and differentiation of pancreatic
cancer cells, in which a novel epigenetic signaling pathway of miR-152/DNMT1/KLF4 was
discovered. This pathway may have translational implications for pancreatic and other
cancers.

Materials and Methods

Detailed information about cell proliferation and Spheroid colony formation assay, Western
and southern blot analysis, Methylation specific and real-time PCR, immunocytochemistry,
and Chromatin immunoprecipitation assay are described in the Supplementary Materials and
Methods.
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Cell lines and culture conditions

Human pancreatic adenocarcinoma cell lines CaPan-1, CaPan-2, AsPC-1, BxPC-3, Hs766T,
MiaPaCa-2, PANC-1, PANC-28, PANC-48, PaTu8902, FG, Colo357 and L3.7, and gastric
cancer cell lines GT5 and N87 were purchased from the American Type Culture Collection
(Manassas, VA) or obtained as described previously (21). The HCT-116 parental colorectal
cells and the cells with DNA methyltransferase 1 genetic disruption (HCT-116-DT1-KO)
were gifts from Dr. Bert Vogelstein (The Johns Hopkins University School of Medicine,
Baltimore, MD). All cancer cell lines were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) or otherwise
described.

miRNA array hybridization and analysis

RNA was extracted using Trizol reagent. Total RNA (5 g) was reverse transcribed using
biotin end-labelled random random octamer oligonucleotide primers. Hybridization of
biotin-labelled complementary DNA was performed using a custom miRNA microarray chip
(ncRNA Program at Center for Targeted Therapy, M.D. Anderson Cancer Center, USA). A
beta-uniform mixture (BUM) model was used for data analysis and unpaired t-test was used
to identify differentially expressed genes when the false discovery rate (FDR) was set at
20% (31).

Luciferase reporter construction and activity assay

A 325-bp fragment of DNMT1 3’-UTR was amplified and subcloned into Spe I/Hind 111
sites of pMir-Report Luciferase vector (Ambion, Austin, TX). The constructed vector was
co-transfected with miR-152 mature minics, anti-miR-152 (Ambion, Austin, TX), or non-
target control (NC) oligos. In some experiments, transfected cells were also treated with 15
uMol DIM for 36h. Luciferase activity was measured at 48 hr after transfection using a
Dual-Glo Luciferase Assay kit (Promega, Madison, WI) and expressed as the relative ratio
of firefly luciferase activity to Renilla luciferase activity (32).

Human tissue samples and immunohistochemical analysis

Expression of KLF4 and DNMT1 was analyzed using human pancreatic cancer and normal
tissue arrays (US Biomax, Inc., Rockville, MD). The use of the tissue samples was approved
by the Institutional Review Board of The University of Texas MD Anderson Cancer Center.
Standard immunohistochemical procedures were carried out using anti-KLF4 (Abgent, San
Diego, CA) or anti-DNMT1 antibody (Cell Signaling Technology), and the staining results
were scored by 2 investigators who were blinded to the clinical data, as described previously
(32).

Animal model of tumor growth

PANC-1 and PANC-28 tumor cells in exponential growth phase were prepared, and then
1.5x10°% cells were injected into the subcutis of 7~8-week-old female athymic BALB/c nude
mice (NCI, Fredrick), respectively. When tumors became palpable, the mice were fed with
AIN-93G control diet or the diet containing 2000 ppm of Bio-DIM (from BioResponse,
Boulder, CO; the food was produced by Research Diets, Inc) for 6 weeks according to a
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previous report (33). For tumorigenic assay using orthotopic mouse model, PANC-28 cells
(1.5x10°% cells/50 pL in growth factor reduced matrigel (Corning Life Sciences, Tewksbury,
MA) were injected into the pancreases of nude mice, the mice were fed with control or Bio-
DIM containing diet for 5 weeks beginning on Days 4 after tumor cell injection. Then, the
animals were killed and the primary tumor tissues were harvested, weighed, and processed
for further analysis. All animal experiments were reviewed and approved by the University
of Texas MD Anderson Cancer Center Institutional Animal Care and Use Committee.

Statistical analysis

Results

The significance of the /n vitro data and /n vivo data was determined by Student ftest (2-
tailed), Mann-Whitney test (2-tailed), one-way ANOVA or Fisher’s exact test. < 0.05 was
considered significant.

Reduced or loss of KLF4 expression predicts poor differentiation of pancreatic cancer

Previously, our and other studies have shown that the level of KLF4 expression is
significantly reduced in pancreatic cancer tissues when compared with that in normal tissues
(20-22). The clinicopathologic impact of altered KLF4 expression on pancreatic cancer was
further analyzed using a pancreatic cancer tissue microarray (TMA). Strikingly, reduced or
loss of KLF4 expression predicted poor tumor differentiation (P=.014) (Figure 1A
&Supplementary Table 1), which is consistent with our previous study (34). Similarly,
poorly differentiated pancreatic cancer cell lines (7.e.,, PANC-1, PANC-28, L3.7) expressed
lower levels of KLF4 protein than well (CaPan-1, COLO357) or moderately differentiated
(CaPan-2, MiaPaCa-2) cells (Figure 1B: panels B1 & B2) (35), which was consistent with
the results of immunofluorescent (IF) staining showing that cells with relative higher KLF4
expression had higher E-cadherin staining (Figure 1B: panel B3). Significantly, transduction
of KLF4 gene dose-dependently induced the expression of pancreatic ductal epithelial
markers while reduced progenitor cell marker expressions in poorly differentiated PANC-1
and PANC-28 cells (Figure 1C). These results demonstrated that KLF4 regulated pancreatic
cancer cell differentiation.

Genetic and epigenetic alterations of KLF4 in pancreatic cancer

To understand the mechanisms of KLF4 underexpression in pancreatic cancer, we first
investigated KLF4 gene status in pancreatic cancer cell lines by Southern blot analysis. We
identified an LOH in PANC-1 cells (Figure 2A), which was consistent with the result of
Western blot analysis, showing that PANC-1 cells had a relative low level of KLF4
expression (Figure 1B: panel BZ). Although a previous study of in situ hybridization using
microsatellite marker (D9S105) claims a high frequency (46.9%) of LOH at the loci close to
KLF4 gene in PDAC (22), a recent TCGA data indicates a much lower frequency (less than
15%) of loss KLF4gene in PDAC (Supplementary Figure 1A), suggesting that there are
other mechanisms responsible for reduced or absence of KLF4 protein expression in PDAC
(20, 21). Additionally, we also identified a KLF4 point mutation in BXPC3 pancreatic cancer
cell line, but this mutation did not significantly affect the subcellular localization and
function of KLF4 protein (Supplementary Figure 1B).
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Given that the promoter region of KLF4 contains typical CpG islands (Figure 2B: panel BI)
(32), methylation-specific PCR method was used to determine the methylation status of
KLF4 promoter region in pancreatic cancer cell lines, and found that pancreatic cancer cell
lines exhibited differential hypermethylation, especially in L3.7, PANC-1, PANC-28 cells
(Figure 2B : panel B2), and furthermore, KLF4 promoter DNA methylation was confirmed
by bisulfate DNA sequence analysis with an example showing in Figure 2B (panel B3, L3.7
cells). Additionally, treatment of pancreatic cancer cells with 5-Aza-2"-Deoxycytidine (5-
AZA), an inhibitor of DNA methyltransferase, significantly induced KLF4 expression at
both mRNA and protein levels (Figure 2C & Supplementary 1C). Consistently, significant
KLF4 promoter methylation was detected in human pancreatic cancer tissues when
compared with that in matched adjacent normal tissue specimens (Figure 2D &
Supplementary Figure 2). These results suggest that promoter hypermethylation contributes
to reduced or loss of KLF4 expression in a subset of pancreatic cancer.

DNMT1 expression inversely correlates with KLF4 expression in pancreatic cancer

To explore possible mechanisms underlying KLF4 hypermethylation in pancreatic cancer,
we first examined the expressions of DNMT1 and KLF4 by IHC analysis of consecutive
sections of TMAs containing 6 paired pancreatic normal and cancer tissues. \We observed
that pancreatic normal tissues, in general, exhibited moderate KLF4 but negative or weak
DNMT1 staining, whereas pancreatic cancer tissues exhibited negative or weak KLF4 but
moderate or strong positive DNMT1 staining (Figure 3 A; Supplementary Figure 3). In
sharp contrast to KLF4 expression (Figure 1A), increased DNMT1 expression correlated
with poor differentiation of pancreatic cancer (Figure 3B), which was consistent with
previous studies (36, 37). An inverse correlation between KLF4 and DNMT1 expressions in
pancreatic cancer tissues was statistically significant (Figure 3C; P<0.01, r=—0.504). To
provide causal evidence of the impact of DNA methyltransferase on KLF4 expression
regulation, both DNMT1 and DNMT3B siRNAs were used to transfect PANC-1 cells,
respectively, and found that knockdown of DNMT1 expression increased KLF4 protein
expression, while knockdown of DNMT3B expression had no significant effect (Figure 3D).
Consistently, transduction of DNMT1 siRNA into L3.7 and PANC-28 cells resulted in
upregulation of KLF4 expression at both protein and mRNA levels (Figure 3E). In contrast,
forced expression of DNMT1 led to reduced KLF4 protein expression in AsPC-1 and
PANC-28 cells (Figure 3F). Additionally, increased KLF4 mRNA and protein expressions,
reduced KLF4 promoter methylation and less spindle-like cellular morphology were
observed in HCT116 colon cancer cells with DNMT1 gene knockout when compared with
that in HCT116 control cells (DNMT1 gene intact) (Figure 7G). These results suggest a
close relationship between DNMT1 overexpression and KLF4 underexpression in and its
important role in poor differentiation of pancreatic cancer.

Induction of growth inhibition and differentiation of pancreatic cancer cells by dietary DIM

treatment

To explore whether DIM has novel function of modulating epigenome and inducing cell
differentiation in pancreatic cancer, we first examined the effect of DIM on cell growth
(since induction of cell differentiation requires cell growth inhibition or cell cycle arresi). As
shown in Figure 4A, DIM treatment dose-dependently inhibited the growth and cell cycle
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progression in AsPC-1 and PANC-1 cells in vitro (Figure 4A & Supplementary 4), which
was associated with significant cell morphological changes as indicated by flat and
monolayer cell growth (Figure 4A, panel A2), suggesting that DIM can induce pancreatic
cancer cell differentiation. Consistently, we found that DIM treatment significantly inhibited
spheroid colony formation of stem-like AsPC-1 and L3.7 cells in a dose-dependent manner
(Figure 4B & Supplementary Figure 5). When the dose of DIM increased to 20 pM, the
spheroid colony formation was drastically reduced with few live cells growing in a flat and
monolayer pattern (Figure 4B: panel B3, insert), suggesting that DIM can also inhibit the
growth and induce the differentiation of spheroid-forming pancreatic cancer cells. Next, we
asked whether DIM has antitumor effect in animal model. Consistent with /in vitro data, DIM
treatment significantly inhibited tumor growth in nude mice bearing PANC-1 and PANC-28
xenograft tumors (Figure 4C & Supplementary Figure 6), clearly indicating the potential
clinical application of DIM for pancreatic cancer treatment.

Modulation of cellular differentiation related gene expressions in pancreatic cancer cells
by DIM treatment

To explore the potential mechanism of DIM treatment on pancreatic cancer cell
differentiation and growth inhibition, we asked whether DIM treatment affects DNA
methyltransferase expression given the profound effect of DIM on epigenetic modification,
particularly DNA methylation (38). We first treated poorly differentiated AsPC-1, PANC-1,
and PANC-28 cells with DIM, and found that DIM treatment dose-dependently inhibited
DNMT1 but had no significant effect on DNMT3B expression (Figure 5A). Next, we
examined the effect of DIM on cell differentiation marker expression. As shown in Figure
5B, DIM treatment dose-dependently increased KLF4, CK-19, CA2, E-Cad, P27, and P21,
but decreased pancreatic progenitor or cancer stem cell markers CD44 and SOX-9
expressions. Immunofluorescent staining also supported this observation (Figure 5C &
Supplementary 6). Although P27 and P21 are two key cell cycle negative regulators essential
for cell growth inhibition, they are also required for cell differentiation (39, 40). Since KLF4
plays an important role in the regulation of pancreatic ductal epithelial differentiation and
those cell differentiation markers have been approved to be downstream target genes of
KLF4 (41, 42), we assumed that DIM’s effect on inhibition of DNMT1 expression may be
involved in upregulation of KLF4 expression after DIM treatment, and thus, we performed
Chromatin Immunoprecipitation (CHIP) assay. We found that DIM treatment significantly
reduced the binding of DNMT1 to KLF4 promoter region rich in CpG islands (Figure 5D);
and concomitantly, significantly inhibited KLF4 promoter hypermethylation (Figure 5E).
Similarly, tumor bearing mice treated with DIM resulted in significant reduction of DNMT1
but induction of KLF4 expression in tumor tissues as determined by IHC analysis (Figure 5F
& Figure 4C). These results discover a novel antitumor function of DIM in pancreatic cancer
by inducing cancer cell differentiation (43).

Upregulation of miR-152 expression correlates with reduced DNMT1 but increased KLF4

expression

Given that microRNA plays an important role in regulation of gene expression in
physiological and pathological conditions(44-46) and in order to further understand
epigenetic mechanism behind DIM’s regulatory effect on DNMT1 expression, we performed
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microRNA microarray analysis and identified 64 differentially expressed microRNAs
(Figure 6A), of which 35 were unregulated and 29 were down-regulated (Supplementary
table 3 & 4). Based on bioinformatic target prediction (Figure 6B), miR-152, a previously
identified tumor suppressor microRNA (47, 48), was selected for further functional
validation. Consistent with microarray data, RT-gPCR analysis conformed the significant
upregulation of miR-152 in the RNA samples used for microarray analysis or in newly
extracted RNA samples from DIM treated cells in repeat experiments (Figure 6C). To
validate the regulatory function of miR-152 on DNMT1 expression, DNMT1 3’'UTR
luciferase reporter construct containing the miR-152 target site was cotransfected with
mature miR-152 mimics or anti-miR-152 oligos into PANC-1 and AsPC-1 cells,
respectively, the results showed that miR-152 mimics significantly downregulated while
anti-miR-152 upregulated DNMT1 3’UTR luciferase reporter activity (Figure 6D).
Additionally, DIM treatment significantly attenuated anti-miR-152’s action on DNMT1
3’UTR luciferase reporter activity (Supplementary Figure 8). Causally, transfection of
miR-152 mature mimics resulted in decrease of DNMT1 but increase of KLF4 protein
expression, whereas transfection of anti-miR-152 did the opposite (Figure 6E). We also
observed that forced expression of miR-152 significantly regulated the expressions of E-
Cadherin, CK-19, and Vimentin expression in PANC-28 cells (Supplementary Figure 7B),
which were identified as DNMT1 and/or KLF4 downstream target genes and are consistent
with the results showing in Figure 5A-B & Figure 6E. Clinically, pancreatic cancer tissues
with positive DNMT1 expression had lower miR-152 and KLF4 expressions than the tissues
with negative DNMT1 expression (Figure 6F). All these data suggest that upregulation of
miR-152 contributes to the decreased DNMT1 and increased KLF4 expression induced by
DIM in pancreatic cancer cells.

Discussion

In present study, we demonstrated for the first time that overexpression of DNMT1
contributed to promoter DNA hypermethylation and reduced or loss of KLF4 expression,
which associated with poor differentiation of pancreatic cancer; and dietary DIM
significantly induced KLF4 expression in and differentiation of pancreatic cancer cells, in
which a novel epigenetic signaling axis of miR-152/DNMT1/KLF4 was discovered. Thus,
our study not only provides new insight into the alterations of KLF4 in pancreatic cancer but
also discoveres a novel mechanistic action of DIM’s antitumor activity, which may have
translational implications for pancreatic and other cancers.

Pancreatic cancer is generally thought to arise from pancreatic acinar epithelial cells,
although ductal and other differentiated or progenitor/stem cells have also been suggested as
potential cells of origin , KLF4 has been demonstrated to play a critical role in induction of
pancreatic ductal epithelial differentiation, and a context-dependent function has been
recently identified in pancreatic cancer (23, 41, 49),. However, the molecular mechanisms
underlying KLF4 loss of expression or inactivation in developed PDAC remain largely
unknown. In the present study, we found that loss of KLF4 expression correlated with poor
tumor differentiation, and forced expression of KLF4 not only significantly increased the
expression of the pancreatic ductal epithelial markers such as CK19, CA2, and E-cadherin,
but also decreased the expression of the pancreatic progenitor or cancer stem cell markers
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such as SOX-9 and CD44, which substantiates the critical role of KLF4 in regulating the
differentiation of pancreatic cancer cells and further support the notion of tumor suppressive
function of KLF4 in pancreatic cancer (20, 50, 51). In addition, our data clearly showed that
KLF4 gene promoter methylation contributed to reduced or loss of KLF4 expression in
pancreatic cancer, which is consistent with previous findings in gastric, colon and
hepatocellular cancers, and lymphoma or medulloblastoma (16, 18, 32, 52-54). The
epigenetic mechanism of KLF4 inactivation prompted us to explore the possibility of
targeted activation of KLF4 expression for pancreatic cancer treatment. Interestingly, in the
present study, we found that dietary DIM effectively activated KLF4 expression, and this
activation associated with significant induction of differentiation and growth inhibition of
pancreatic cancer cells. This novel finding not only provides new insight into the
mechanisms of DIM’s cancer prevention and therapeutic effects but also suggest that
targeted activation of KLF4 might be a promising differentiation therapy for pancreatic and
other cancers, and such attempt has been proposed in clinical trials for solid tumors and
acute myeloid leukemia (AML) (NCT01281592).

Both experimental and animal studies have shown that DIM has preventive and/or
therapeutic effects in various cancers, which has led to clinical trials of DIM in healthy
volunteers or for the treatment of cervical diseases, laryngeal papilloma, and prostate
cancers (55, 56). However, how DIM triggers these biological effects and the underlying
signaling cascades involved have remained unclear. In the present study, by using sSiRNA,
adenoviral vectors, and functional analyses, we identified KLF4 as a critical mediator of
DIM’s antitumor activity in pancreatic cancer, which may help to explain the dependency of
5,5”-dibromo-bis(3’-indolyl)methane, an analogue of DIM, on KLF4 for induction of
p21CIP1 expression in colon cancer cells (57). Additionally, DIM’s novel functions of
inducing pancreatic cancer cell differentiation, suppressing the expression of CD44, a
pancreatic cancer stem cell (CSC) marker and a downstream target gene of KLF4 and then
inhibiting the spheroid colony formation of pancreatic cancer cells are of clinical
significance. These findings are also in line with a recent study showing that pancreatic
CSCs expressed higher DNMT1 levels than non-CSC, and thus, had a higher level of DNA
methylation; and pharmacologic or genetic targeting of DNMT1 in CSCs reduced their self-
renewal and in vivo tumorigenic potential, defining DNMT1 as a candidate CSC therapeutic
target (58). Given that pancreatic CSCs are mainly responsible for therapeutic resistance and
relapse, our findings may help the development of novel anti-CSC strategies to improve the
poor outcome of PDAC patients.

Furthermore, our findings add to the accumulating evidence demonstrating the important
role of DNMTL in pancreatic cancer development and progression. DNMT1 is required to
maintain CpG methylation and aberrant silencing of many tumor-suppressor genes including
the p16'™k4A gene, which is essential for cancer cell proliferation and survival (59), while
inaction of p16 is observed in more than 95% of human pancreatic cancer cells (60, 61).
Reduced DNMTT1 levels resulted in a decrease in both early- and late-stage lesions and
reduced tumorigenesis of pancreatic cancer in an animal model (62), whereas elevated
DNMT1 expression was observed in nearly 80% of human pancreatic cancer tissues and cell
lines (37, 63). In present study, we found that elevated DNMT1 expression associated with
poor differentiation of and contributed to the promoter methylation and reduced expression
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of KLF4 in pancreatic cancer. Although the molecular mechanisms underlying DNMT1
overexpression in various cancers still remain unclear, a negative feedback regulatory loop
between miR-148a/152 and DNMT1 was identified in breast cancer (64), and reduced
miR-152 expression may contribute to DNMT1 overexpression in various cancers including
pancreatic cancer (47, 48, 65), and our data support this notion. Therapeutically, several
DNMT inhibitors are currently being evaluated in preclinical and clinical studies, which
include various analogues of adenosine, cytidine or deoxycytidine (66). However, such drugs
have had limited clinical success, perhaps because of their cytotoxicity associated with their
incorporation into DNA and their instability in vivo (66). Development of related, stable,
non-nucleoside compounds that can facilitate activation of tumor-suppressive genes in
cancer cells by directly inhibiting DNMTs without being incorporated into DNA would be
ideal for chemoprevention and chemotherapy. Our novel finding that dietary DIM, a low
toxic, non-nucleoside and naturally occurred compound that can potently suppress DNMT1
expression, should have immediate applications in cancer prevention and therapy. This study
is also the first demonstration that dietary DIM can significantly induce miR-152 expression,
which provides a hovel mechanism through which dietary DIM modulates epigenome.
Nevertheless, there are still many questions remaining unanswered, such as how DIM
activates miR-152 expression and whether there are other mechanisms that are involved in
DIM’s regulation of DNMT1 and KLF4 expressions.

In summary, this study provides critical insight into dysregulated KLF4 expression in and its
impact on the differentiation of pancreatic cancer. Epigenetic activation of miR-152/
DNMT1/KLF4 signaling pathway by dietary DIM causes differentiation and significant
growth inhibition of pancreatic cancer cells, highlighting its translational implications for
pancreatic and other cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational significance

We have used human pancreatic adenocarcinoma (PDAC) specimens and molecular
biology and animal models to evaluate the activation and function of miR-152/DNMT1/
KLF4 pathway in human PDAC differentiation. In primary human PDAC, increased
expression of DNMT1 correlated with decreased expression of KLF4, while increased
DNMT1 expression inversely correlated with decreased expression of miR-152. Our
mechanistic findings indicate that DNMT1 is a direct transcriptional target of miR-152
and that frequently downregulated miR-152 expression leads to DNMT1 overexpression.
Moreover, DNMT1 overexpression causes hypermethylation of KLF4 promoter and
suppresses the expression of KLF4 and promotes PDAC cell dedifferentiation, while
treatment of dietary 3,3’-diindolylmethane (DIM) reverses this process /n vitro and
animal models, suggesting a novel molecular basis for the critical role of miR-152/
DNMT1/KLF4 pathway in PDAC progression and its potential as a target to design
effective therapy. Therefore, our findings may have a significant effect on clinical
management of patients with PDAC.
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Figure 1.
Relationship between KLF4 expression and pancreatic cancer differentiation. (A) IHC

analysis of KLF4 expression in pancreatic cancer tissues. Representative images of KLF4
expression in different tumor grades (panel A1) and the overall KLF4 expression associated
with tumor differentiation (panel A2, Fisher’s exact Test, P=0.014). (B) Western blot
analysis of KLF4 expression in pancreatic cancer cell lines, with relative KLF4 level
expressed as K/G (KLF4/GAPDH) shown in below (panel B1); morphological images of
related cell lines (panel B2); immunofluorescent (IF) staining of E-Cadherin expression in
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related cell lines (B3). (C) Western blot analysis of Flag-KLF4 and related protein
expressions in pancreatic cancer cells at 48 hr after transduction of Ad-KLF4 viral vectors.
Ad-GFP viral vectors were used as a control or to make the total multiplicity of infection
(MQI) equal in each group.
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Figure 2.
Genetic and epigenetic alterations of KLF4 in pancreatic cancer. (A) Southern blot analysis

of KLF4 gene status in pancreatic cancer cell lines and previously examined gastric cancer
cell lines were included for controls. Representative blot images with related probes (panel
A1) and the Ratio of KLF4/GAPDH signal intensity for normalization and comparison
(panel A2). (B) Diagram of CpG sites and CpG islands in the promoter region of KLF4 gene
(panel B1). Methylation-specific PCR analysis of DNA methylation using primers specific
for the unmethylated (U) or methylated (M) KLF4 promoter region using the genomic DNA
extracted from pancreatic and gastric cancer cell lines (panel B2). Note: Ne, H,0 was used
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as a negative control for the primers of U and M, respectively. Bisulfite—-DNA sequence
analysis confirmed the existence of KLF4 promoter methylation in L3.7 cells (panel B3).
Note: * indicates methylated C in CpG sites. (C) Poorly differentiated pancreatic cancer
cells were cultured in the presence of AZA (1 umol/L) or not (PBS) for 3 days. Total RNA
was extracted and used for RT-gPCR analysis of KLF4 mRNA expression. (D) Methylation-
specific PCR analysis of genomic DNA extracted from laser-capture microdissection
samples of paired pancreatic normal (N) and tumor (T) tissues (panel D1), with an average
ratio of U/M shown in Panel D2Note: H,0 (Ne) and methylation-positive DNA sample (Po)
were used with methylation specific primers, respectively; AP < .01 vs control. (See also
supplementary Figures 1&2).
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Figure 3.
Comparison of DNMT1 and KLF4 expressions in pancreatic cancer tissues determined by

IHC analysis. (A) Average scores of KLF4 and DNMT1 immunostaining in tissue arrays
containing paired pancreatic normal and cancer tissue sections (AA<.01 vs normal) (panel
A1l), and representative imaging of IHC staining (panel A2). (B) Representative images of
DNMT1 expression in different tumor grades (left 3 panels) and the overall DNMT1
expression associated with tumor differentiation (right panel, Fisher’s exact Test, P=0.019).
(C) Correlation analysis of overall KLF4 and DNMT1 expressions in pancreatic cancer
tissue array. (D) Western blot analysis of KLF4 protein expression in PANC-1 cells at 48 hr
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post-transfection of DNMT1 or DNMT3 siRNA. (E) Western blot (uper panel) or RT-gPCR
(lower panel) analysis of KLF4 expression at 48 hr post-transfection of DNMT1 siRNA in
the cell lines indicated. (F) Western blot analysis of KLF4 protein expression at 48 hr post-
transfection of DNMT1 expressing vector in the cell lines indicated. (G) Morphorlogical
images of HCT116 Ctr or with DNMT1 gene knockout (HCT116-DT1-KO) cells (G1);
Bisulfite—DNA sequence analysis confirmed reduced KLF4 promoter DNA methylation in
HCT116-DT1-KO cells when compared to HCT116-Ctr cells (G2), which is consistant with
the results of RT-qgPCR or Western blot analysis of KLF4 expression in HCT116-Ctr and
HCT116-DT1-KO cells (G3). (See also supplementary Figure 3).
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Figure 4.
Induction of growth inhibition and differentiation by DIM in pancreatic cancer cells. (A)

Dose-dependent inhibition of cell proliferation by MTT assay in AsPC-1 and PANC-1 cells
after DIM treament (panel A1), and concomitant with significant cellular morphological
change (at 60 hr after DIM treatment) (panel A2). (B) Secondary-spheroid colony formation
of spheroid forming cells isolated from typical spheres of AsPC-1 cells and treated with
different doses of DIM (panels B1-3) for 2 weeks, and the statistical results are shown (panel
B4) (C) Inhibitory effect of DIM treatment on tumorigenesis of PANC-1 (panel C1) and
PANC-28 (Panel C2) cells in xenograft mouse model. *P < .05; **P < .01 versus control.
Scale bar: 50um. (See also supplementary Figures 4, 5, and 6).
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Figure 5.
Effects of DIM on DNMT1, KLF4, and cell differentiation marker expressions in pancreatic

cancer cells. (A) Western blot analysis of DNMT1 and DNM3B protein expression at 48 hr
after different doses of DIM treatment in pancreatic cancer cells. GAPDH expression served
as the loading control. (B) Western blot analysis of KLF4 and related marker expressions at
48 hr after different doses of DIM treatment. (C) IF staining of CK-19 and E-Cadherin
expressions at 48 hr after DIM treatment. (D) ChIP analysis of DNMT1 binding to the
promoter region of KLF4 in pancreatic cancer cells treated with control (DMSQ) or DIM
(20 uM) for 2 days. (E) Methylation-specific PCR analysis of DNA derived from pancreatic
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cancer cells treated with DMSO control, 15 uM DIM, or 2.0 uM AZA for 5 days. Note: Ho0
(Ne) and methylation-positive DNA sample (Po) were added, respectively, into PCR
reactions containing methylation-specific primers. (F) IHC analysis of DNMT1 and KLF4
expression in xenograft tumor tissue samples of PANC-1 cells derived from mice fed with
DIM or control food, respectively. (See also supplementary Figure 7).
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Figure 6.
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Regulation of miR-152 and its downstream gene expressions by DIM in pancreatic cancer
cells. (A) Microarray analysis identification of differentially expressed microRNAs
(heatmap) in PANC-1 cells treated with DIM (15 pM) or control (DMSO) for 48 hr. (B)
microRNA target prediction indicates that miR-152 seed sequence can bind to 3’-UTR
region of DNMT1 mRNA. (C) RT-gPCR validation of miR-152 expression in the RNA
samples used for microarray analysis (upper panel) or newly extracted RNA samples from
cells treated with DIM (15 pM) or control (DMSO) for 48 hr (lower two panels). (D) Effect
of cotransfection of pMIR-DNMT1-3’UTR reporter with non-targeting control (NC),
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miR-152 mimic or inhibitor oligos on luciferase activity in AsPC-1 (left panel) and PANC-1
(right panel) cells. (E) Western blot analysis of DNMT1 and KLF4 expressions at 48 hr after
transfection of NC, miR-152 mimic or inhibitor oligos in AsPC-1 and PANC-1 cells. (F)
Representative images of human pancreatic cancer tissues with strong (panels F1 & F2:
higer magnification) or negative (panels F3 & F4: higer magnification) DNMT1 staining
were microdissected and used for RT-gPCR analysis of miR-152 expression with
quantitative results showing in panel F5 Similarly, microdissection samples with strong or
negative KLF4 staining were used for RT-gPCR analysis of miR-152 expression, with
quantitative results showing in panel F6. *P < .05; **P < .01 versus control. (See also
supplementary Figure 8).
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