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AbstrAct
Pancreatic differentiation 2 (PD2), an important subunit of the human PAF 

complex, was identified after differential screening analysis of 19q13 amplicon, and its 
overexpression induces oncogenic transformation of NIH3T3 cells, hence raising the 
possibility of a role for PD2 in tumorigenesis and metastasis. To test this hypothesis, 
we analyzed here the functional role and clinical significance of PD2 in pancreatic 
ductal adenocarcinoma (PDAC) and its pathogenesis. Using immunohistochemical 
analysis, we found that PD2 is detected in the acini but not in the ducts in the normal 
pancreas. In human PDAC specimens, PD2 was instead primarily detected in the 
ducts (12/48 patients 25%; p-value < 0.0001), thereby showing that PDAC correlates 
with increased ductal expression of PD2. Consistently, PD2 expression was increased 
in telomerase-immortalized human pancreatic ductal cells (HPNE cells) modified to 
express the HPV16 E6 and E7 proteins, whose respective functions are to block p53 
and RB. In addition, ectopic expression of PD2 in PDAC cells (Capan-1 and SW1990) 
led to increased clonogenicity and migration in vitro, and tumor growth and metastasis 
in vivo. Interestingly, PD2 overexpression also resulted in enrichment of cancer stem 
cells (CSCs) and upregulation of oncogenes such as c -Myc and cell cycle progression 
marker, cyclin D1. Taken together, our results support that PD2 is overexpressed in the 
ducts of PDAC tissues, and results in tumorigenesis and metastasis via upregulation 
of oncogenes such as c-Myc and cyclin hence D1 implicating PD2 upregulation in 
pancreatic oncogenesis with targeted therapeutic potential.

IntroductIon

Pancreatic ductal adenocarcinoma (PDAC) is the 
fourth leading cause of cancer-related deaths in USA and 
projected to be the second leading cause of cancer deaths 
by 2020 [1]. According to the American cancer society, 
PDAC incidence to mortality ratio is nearly one [2]. 

The poor survival rate of PDAC patients is due to late 
diagnosis, early metastasis [3] and resistance to current 
therapies. Nearly 70 percent of PDAC deaths are due to 
metastasis to distant organs and hence recent research 
has been focused towards the identification of molecular 
targets to prevent metastasis and disease recurrence. 
Emerging reports have shown that cancer stem cells 
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(CSCs) contribute to the epithelial to mesenchymal 
transition (EMT) phenotype, metastasis [4] and disease 
recurrence. The high mortality rate of PDAC patients 
makes it imperative to study the key oncogenic molecules 
essential for the maintenance of CSC population that 
causes PDAC progression and metastasis.

Early genetic alterations and inactivation of 
various gatekeeper genes involved in cell cycle 
regulation such as p16INK4A/p14ARF and p53 are reported 
to cause PDAC [5]. Likewise, epigenetic alterations 
such as histone modifications and DNA methylation 
are also shown to contribute to PDAC development 
[6]. Moreover, recently proven CSC hypothesis in 
various cancers including PDAC ascertains that there 
are specific alterations, including overexpression of 
CD133, Sox2, CXCR4 and Pancreatic differentiation 2 
(PD2) in a minor subpopulation of cancer cells, which 
are responsible for chemotherapeutic resistance and 
tumor recurrence [7–9]. Further, it has been shown that 
acinar to ductal metaplasia (ADM) plays a major role 
in PDAC pathogenesis [10, 11]. Cumulatively, many 
such alterations could give rise to PDAC. One such 
molecule which plays a role in cell cycle regulation, 
mouse embryonic stem cell (mESCs) maintenance, 
oncogenesis, histone methylation, chromatin remodeling, 
ADM, CSC maintenance and drug resistance is PD2  
[9, 12–16]. PD2 is the human homologue of yeast Paf1 
and is the core component of the human PAF complex, 
which consists of other subunits, such as hCtr9, hCdc73, 
hLeo1 and hSki8 [17]. PD2 was identified as a potential 
oncogene and its overexpression led to the oncogenic 
transformation of NIH3T3 fibroblast cells [14]. In 
addition, PD2 was found to assist in the maintenance of 
mESCs via interaction with Oct3/4 [13]. PD2 has also 
been shown to be involved in histone methylation and 
chromatin remodeling in PDAC cells [12, 15]. Further, 
our recent findings demonstrated the role of PD2 in the 
maintenance of pancreatic CSCs and drug resistance [9].

Here, we have investigated the functional role 
and clinical significance of PD2 in PDAC and its 
pathogenesis. We have demonstrated the expression of 
PD2 in tissues obtained from PDAC patients and normal 
pancreas. Expression of PD2 was observed in various 
PDAC cell lines and in telomerase-immortalized human 
pancreatic ductal cells. By using PD2 overexpressed 
Capan-1 and SW1990 PDAC cells, we have shown that 
PD2 increases PDAC cell growth and tumorigenesis 
both in vitro and in vivo. In addition, we have shown 
that overexpression of PD2 leads to an increase in side 
population (SP)/CSCs and an enhancement in signaling 
by downstream molecules and its implications in 
metastasis. Altogether, our study showed for the first 
time that PD2 promotes tumorigenesis in pancreas, as 
presented below.

rEsuLts 

Expression of Pd2 is high in human PdAc and 
metastatic tissues

To investigate the clinical significance of 
PD2 in PDAC pathogenesis, PD2 expression 
pattern was analyzed in normal and PDAC tissues. 
Immunohistochemistry (IHC) analyses revealed that the 
expression of PD2 was significantly higher in PDAC 
ducts when compared to the normal duct (Figure 1A, 1B).  
A negative control was included to confirm that the 
antibody had specific staining (data not shown). The PD2 
immunostaining was analyzed in a total of 89 spots which 
were comprised of 48 PDAC, 32 metastasis to different 
organs (20 liver spots, 8 diaphragm spots, and 4 small 
bowel spots), and 9 normal tissue sections. Approximately 
8.33% of ducts in Pancreatic Ductal Adenocarcinomas 
(PDACs) showed weak PD2 staining (composite score 
(CS) 1–4), 66.67% moderate staining (CS 5–8), and 25% 
strong staining (CS 9–12). The normal pancreatic tissues 
showed no specific staining in the ducts, whereas the acini 
stained moderately positive. The median CS (CS = 8) 
was higher in PDAC tissues when compared to normal 
pancreas as seen by Wilcoxon rank sum test with a p-value 
< 0.0001 (Figure 1C). Similarly, all the metastatic sites 
such as liver and diaphragm showed higher expression  
(CS = 8) of PD2 (Figure 1D) when compared to normal 
tissues (CS = 0). PDAC tissues obtained from the patients 
who underwent Whipple procedure revealed that 33 tissues 
(70%) stained positive for PD2, whereas, 10 tissues scored 
negative (p = 0.037). The CS of PDAC tissues obtained 
from RAP and Whipple samples are combined and plotted 
together along with the CS of metastatic sites present in 
the tissue arrays (Figure 1E).

Pd2 is differentially expressed in PdAc cells

The expression of PD2 was analyzed in a line of 
telomerase-immortalized human pancreatic ductal cells 
(hTERT-HPNE) and its transformed variants produced by 
stepwise introduction of oncogenes, including HPV16 E6 
and E7 proteins (E6/E7), SV40 small t antigen (st), and 
oncogenic K-Ras (Kras) [18]. Interestingly, immunoblot 
analyses revealed that the expression of PD2 was higher in 
the HPNE cells expressing the E6 and E7 proteins, whose 
respective functions are to block the tumor suppressors 
p53 and RB (Figure 2A). In addition, immunoblot 
analysis (Figure 2B) and real time RT-PCR (Figure 2C) 
revealed that PD2 was ubiquitously expressed in all 
PDAC cell lines. PD2 expression level was higher in 
poorly-differentiated PDAC cells (Panc-1, MiaPaCa and 
Hs766T), and moderate to weak in both well-differentiated 
(Suit2, CD18/HPAF, CD11/HPAF, Capan-1, CD11/HPAF, 
Capan-2, S2CP9) and moderately-differentiated (Panc-89, 
BxPC3, T3M4, AsPC-1) (Figure 2B) PDAC cell lines. 



Oncotarget3319www.impactjournals.com/oncotarget

Figure 1: Immunohistochemical comparison of the expression of Pd2 in normal pancreas, PdAc and metastatic 
tissues. (A) The expression of PD2 was investigated in the normal and the PDAC tissues. PD2 expression was absent in the ducts of 
the normal pancreas whereas positive staining was observed in the pancreatic ductal adenocarcinoma (yellow box). There is a significant 
increase in the expression of PD2 in the PDAC tissues when compared to the normal pancreas. (b) The expression of PD2 was elevated in 
tissue samples obtained from patients who underwent Whipple procedure. The magnified image in the right panel indicates overexpression 
of PD2 in few cells. (c) The staining score and the intensity scores were multiplied to obtain the composite score which was subsequently 
represented as box plots. The box plot denotes the PD2 expression in the ductal region of PDAC tissue in X-axis and its composite score in 
Y-axis. (d) PD2 expression in the metastatic tissues was examined. (E) The staining score and the intensity score were multiplied to obtain 
the composite score which was represented in the box plots as shown in the bottom panel. The box plot denotes the total no. of spots in the 
primary and the metastatic tissues along with the composite scores on the y axis. Both the primary tissues (1A) as well as the metastatic 
tissues had significantly higher CS than the normal tissues.
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Figure 2: Pd2 expression level in a panel of PdAc cell lines using western blot and real time Pcr. (A) Protein lysates from 
the HPNE progression model were resolved on a 10% SDS-PAGE gel. PD2 expression was observed in all the cell lines. The expression of 
PD2 was higher in the oncogenes transformed cell lines when compared to the parental HPNE. (b) Protein lysates from 17 PDAC cell lines 
were resolved on a 10% SDS-PAGE gel. The expression of PD2 was observed in all the cell lines when incubated with anti-PD2 antibody 
(upper panel). For loading control, membranes were stripped and re-probed with anti-β-actin (lower panel). PD2/hPaf1 presents a band of 80 
kDa. (c) hPaf1 expression was analyzed by real time-PCR on 14 PDAC cell lines, SW1990, AsPC-1, Panc-89, T3M4, CD18/HPAF, Panc-
1, MiaPaCa, Suit2, FG-Colo, Qgp1, HPAC, BxPC3, Capan-1, Capan-2. GAPDH expression was used as an internal reference. There is a 
30-fold overexpression of PD2/hPaf1 in the poorly differentiated Panc-1 cell line, correlating with its gene amplification. MiaPaCa, another 
poorly differentiated cell line, and ASPC-1, a moderately to poorly differentiated cell line, showed moderate to high PD2/hPaf1 expression, 
thus indicating that PD2/hPaf1 is expressed at higher levels in poorly differentiated cells as compared to the well differentiated cells.
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Quantitative analysis by qRT-PCR revealed that 
the expression of PD2 transcript was significantly higher 
in the poorly-differentiated cell line, Panc-1 with a  
30-fold overexpression as compared to the other cell lines 
(Figure 2C). These data retrospect to the discovery of PD2 
by a differential screening analysis which revealed that 
PD2 was 30 fold overexpressed in poorly differentiated 
cell line, Panc1 when compared to well differentiated cell 
line CD11 [14]. Another poorly-differentiated cell line 
MiaPaca also showed a high level of PD2 expression at 
RNA level, which correlated with the protein expression 
(Figure 2C vs. 2B). These results reveal a differential 
expression pattern of PD2 in PDAC cell lines, thereby 
suggesting a potential association between PD2 expression 
and the differentiation of PDAC cells. GAPDH was used 
to normalize the transcript levels. 

Pd2/hPaf1 gene contains no mutations 

PDAC is characterized by inherited and acquired 
mutations in a variety of genes [19]. PD2 is part of 
the 19q13 locus, containing the AKT2 gene, which is 
amplified in 10% of PDACs [20]. We thus wanted to 
investigate mutation in the PD2 gene, apart from the 
gene amplification that occurs in PDAC. The PD2 coding 
region was amplified in 2 overlapping fragments from 13 
different PDAC cell lines (Panc-1, MiaPaCa, BxPC-3, 
Capan-1, HPAF, SW1990, AsPC-1 T3M4, Capan-2, CD18, 
CFPAC-, Panc-89, Colo357) (Supplementary Figure S1). 
The amplified regions were then sequenced and analyzed 
by Mutation Surveyor™ version 3.01 (SoftGenetics, 
LLC). Our results revealed that there were no mutations 
in the coding region of PD2 in any of the PDAC cell lines 
(Supplementary Figure S1).

overexpression of Pd2 increases PdAc cell 
growth 

To investigate its tumorigenic role, PD2 was 
ectopically overexpressed in Capan-1 and SW1990 PDAC 
cells. FACS sorted GFP positive cells were validated by 
both immunoblot and qRT-PCR for PD2 expression. 
We could find at least, 2.5 fold overexpression by 
immunobloting and > 3 fold overexpression at RNA level 
in both Capan-1 and SW1990 PDAC cells as compared to 
the vector control cells (Figure 3A). As shown in Figure 3B,  
PD2 overexpression led to the increased growth of PDAC 
cells as compared to the vector transfected control cells, 
with a p-value of < 0.01 (Figure 3B). 

Pd2 overexpression increases clonogenic and 
migratory abilities of PdAc cells

The in vitro tumorigenic potential of PDAC cells 
upon variation of PD2 expression was analyzed by a 
clonogenic assay. Ectopic overexpression of PD2 in 

Capan-1 and SW1990 leads to formation of significantly 
greater number of colonies compared to the control cells 
(Figure 4A), indicating that PD2 overexpression increases 
clonogenic potential. Further, the migratory properties 
of PD2 overexpressing cells were analyzed both in 
Capan-1 and SW1990 PDAC cells. Our results show 
that ectopic overexpression of PD2 led to a significant 
two-fold increase in migration of PDAC cells (Capan-1 
and SW1990) (Figure 4B). These in vitro results suggest 
that PD2 overexpression can lead to increased metastatic 
potential of PDAC cells.

Pd2 overexpression increases tumorigenicity and 
metastasis in vivo 

To determine the effect of PD2 overexpression in 
tumorigenicity and metastasis in vivo, PD2 overexpressing 
and control cells were orthotopically implanted in the 
head of the pancreas of nude mice (n = 6 per group). 
Animals were monitored daily and sacrificed 7 weeks 
after implantation. Primary tumors in the pancreas were 
resected and gross metastatic lesions were carefully 
observed in distant organs. PDAC cells with ectopic 
overexpression of PD2 formed significantly bigger 
tumors (average weight = 540 mg) when compared to the 
vector injected PDAC cells (average weight = 290 mg)  
(Figure 5A, 5B). Interestingly, PD2 overexpression in 
PDAC cells resulted in metastasis to distant sites such 
as liver, stomach, kidney capsule, diaphragm, peritoneal 
wall and intestine. In addition, splenic adhesions were 
observed in 5/6 animals injected with PDAC cells 
overexpressing PD2 (Figure 5C). Hematoxylin and eosin 
staining of the sections from distant organs of nude mice 
implanted with PDAC cells further verify the metastatic 
potential of PD2 overexpressed cells (Figure 5D). Similar 
orthotopic experiments was performed with Capan-1 in 
a smaller number of animals (n = 3 per group) which  
further strengthen our results that PD2 overexpression 
resulted in increased tumor formation and metastasis 
(Supplementary Figure S2).

Increased sP/csc population in Pd2 
overexpressed cells

Our previous study demonstrated that overexpression 
of PD2 led to the maintenance of SP/CSCs in PDAC [9]. 
Based on this observation, we performed a retrospective 
study to examine the effect of PD2 overexpression on the 
SP/CSC population. Interestingly, we observed that PD2 
overexpression led to an increase in SP/CSCs of 5.3 fold 
in Capan-1 (1.53% vs. 0.29%) and 1.3 fold in SW1990 
(3.86% vs. 2.96%) PDAC cells compared to the vector 
transfected cells (Figure 6A). These results show that PD2 
overexpression is associated with the CSC phenotype, 
thereby corroborating our previous results [9].
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Effect of Pd2 overexpression on other PAF 
complex members

PD2 is a crucial member of the hPAF complex 
which consists of other members, including hCtr9, 
hSki8, hLeo1, and hCdc73. Earlier studies revealed that 

downregulation of PD2 in Panc1 and MiaPaca-2 PDAC 
cells resulted in the down regulation of PAF complex 
members hCtr9, hLeo1, hCdc73, but not hSki8 [15]. In 
Capan-1 cells, we observed that overexpression of PD2 led 
to the upregulation of hCdc73 alone by 1.3 fold in Capan-1 
cells, with no observed difference in the expression level 

Figure 3: Ectopic overexpression of Pd2 led to increased PdAc cell growth. (A) The expression of PD2 was analyzed in  
the Capan-1 and SW1990 transfected cells using western blot. A 2.5 fold and > 3 fold overexpression of PD2 was observed at protein 
and RNA levels respectively in Capan-1 and SW1990 when compared to the vector transfected cells. β-actin served as a loading control 
(p-value < 0.0005). (b) PD2 overexpression led to increased growth in cancer cells. Growth kinetics was performed in PD2 overexpressing 
and control Capan-1 and SW1990 cells. The cell growth rate was recorded on days 1, 2, and 3. PD2 overexpression led to increased growth 
of cancer cells in the overexpressed Capan-1 and SW1990 cells when compared to the control cells (p-value < 0.05).
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Figure 4: Pd2 enhances colony forming and migratory potential. (A) Under anchorage dependent conditions Capan-1-PD2 
and SW1990-PD2 cells showed increased colony formation ability when compared to the vector transfected cells. The colonies were 
stained using crystal violet and photographed. The total number of colonies were counted and averaged. (b) PD2 overexpression promotes 
migration of Capan-1 and SW1990 cells. Overexpression of PD2 led to increased migration potential in Capan-1-PD2 and SW1990-PD2  
transfected cells when compared to the vector transfected cells. Cell migration was assessed using trans-well migration chambers. 
Representative photographs were shown. The total number of migrated cells were counted and averaged. These results are an average of 
20 random microscopic fields taken from 2 independent experiments (p-value < 0.05 = *p-value < 0.005 = **p-value < 0.0005 = ***).
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Figure 5: Pd2 overexpression promotes tumor growth and metastasis in vivo. (A) Orthotopic implantation of PD2 
overexpressed SW1990- PDAC cells show increased tumor forming ability when compared to the vector transfected cells. Photographs 
represent the tumors which were harvested from both the groups. (b) The tumors were resected from mice (n = 6) weighed and averaged; 
the histogram displays the tumor weights of mice that received PD2-transfected cells compared to the mice which received control vector 
transfected PDAC cells (p-value = 0.021). (c) Nude mice developed widespread macro-metastases when SW1990-PD2 overexpressing 
cells were orthotopically injected into the pancreas. There were a significant number of metastatic nodules observed in the spleen (83.3%) 
and diaphragm (66.7%). P-values of less than 0.05 were considered statistically significant. (d) Micrographs of H & E staining represent 
the occurrence of metastasis in kidney, spleen and stomach in the SW1990-PD2 transfected animals.
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of other subunits (Figure 6B). In SW1990 cells, no 
significant difference was observed in the expression of 
the PAF complex subunits (Figure 6B). 

Pd2 increases the expression of oncogenes and 
affects downstream signaling 

To investigate the perturbations in oncogenic 
signaling caused by PD2 overexpression, we examined 
the expression of c-Myc, a critical regulator of the G1/S 
transitions involved in tumorigenesis in PDAC [21]. 
Interestingly, we found that PD2 overexpression leads 
to the up-regulation of c-Myc in Capan-1 cells. PD2 
overexpression also led to increased cyclin D1 expression, 
a downstream target of c-Myc and central regulator of the 
G1/S transition (Figure 6C). These results suggest that 
PD2 overexpression is causing an elevated expression 
of c-Myc and cyclin D1 either by localizing at their 
promoters or by activating other transcription factors 
upstream of these genes. 

Microarray analysis reveals differential gene 
expression pattern

In order to see the differential expression of 
genes in the PD2 overexpressed cells, microarray was 
performed using vector control and PD2 overexpressing 
Capan-1 cells. The analysis of the microarray data 
revealed that genes such as BMP2 and LIF were 
upregulated in the PD2 overexpressing Capan-1 cells 
(Supplementary Figure S3). These two proteins have 
been showed to be important for PDAC progression 
and stem cell maintenance. Earlier reports demonstrate 
that Bone Morphogenetic Protein 2 (BMP2) induces 
invasiveness in PDAC cells via Smad1 induction [22]. 
Furthermore, Leukemia inhibitory factor (LIF) is known 
to aid in the maintenance of stem cells [26].

dIscussIon

The current study seeks to investigate the expression 
pattern of a multifaceted molecule, PD2, in normal and 
PDAC tissues, and elucidate its functional importance 
in PDAC tumorigenesis and metastasis. Previous studies 
have been carried out to demonstrate that PD2 plays a 
role in cell cycle regulation and maintenance of mESCs, 
dictates histone methylation and is involved in ADM  
[12, 13, 15, 16]. However, no study has demonstrated its 
role in PDAC tumorigenesis and metastasis. The current 
study for the first time uncovers its role in tumorigenicity 
and metastasis. 

The immunohistochemical analysis revealed that 
majority of the ducts present in the PDAC tissues had 
overexpression of PD2, whereas its expression was absent 
in the ducts of normal pancreatic tissues, thus emphasizing 
the importance of PD2 in PDAC. Normal tissues displayed 

a focal expression of PD2 in the acini suggesting that 
a basal level of PD2 is required to carry out normal 
function of acinar cells. In addition, it might also assist 
in the maintenance of the differentiated state of the acinar 
cell. Our previous and current studies suggest that the 
expressional variation of PD2 may be playing differential 
roles in different cell types. 

Based on the differentiation status, the cell lines 
were classified into three groups such as well, moderately, 
or poorly-differentiated. The PDAC cell lines showed an 
increased expression of PD2 in the poorly-differentiated 
cell lines when compared to the moderately and  
well-differentiated cell lines. Similarly, the expression 
pattern of PD2 in the HPNE progression model suggests 
that PD2 is a potential oncogene whose expression is 
found to be increased in the transformed variants when 
compared to untransformed HPNE cells. This result 
indicated that PD2 overexpression may aid in cancer 
progression. In addition, it might aid in increasing the 
expression of oncogenes due to its role in transcription 
initiation and elongation. These results correspond 
to earlier observations of progressive increase in the 
expression of PD2 with increasing grades of PanIN lesions 
in KrasG12D; Pdx1-Cre (KC) and KrasG12D; Trp53R172H/+; 
Pdx1-Cre (KPC) mice [16]. The hPAF complex is 
crucial in playing a regulatory role in the transcription 
initiation and elongation of genes [23]. Therefore, it 
can be speculated that overexpression of PD2 leads to 
dysregulation in gene expression, resulting in cancer.

In our previous study, we have demonstrated that 
PD2 is overexpressed and is involved in the maintenance 
of pancreatic CSCs [9]. In the present study, we 
analyzed the tumorigenic effect of PD2 in both Capan-1 
and SW1990 PDAC cells. Our results showed that 
overexpression of PD2 resulted in increased growth, 
colony formation as well as significant increase in 
tumor formation. This could be due to an increase in the 
expression of tumor promoting genes or decrease in tumor 
suppressing genes and/or an altered cell cycle. Indeed, 
overexpression of c-Myc and cyclin D1 was observed 
in PD2 overexpressed Capan-1 cells which support our 
earlier observation of PD2 regulating the expression of 
cyclins such as D1, E1, A1, A2 and B1, thus playing a 
key role in cell-cycle progression [14]. Additionally, the 
microarray data revealed that two important genes, LIF 
and BMP2, were overexpressed in PD2 overexpressing 
cells. These genes were essentially found to increase 
PDAC growth and invasiveness [22, 24]. These results 
suggest that PD2 is a positive regulator of oncogenesis 
in PDAC. 

Previous studies have shown that poorly-
differentiated pancreatic adenocarcinoma usually results 
in metastasis [25]. According to a recent study, it has 
been suggested that ~70% of the PDAC patients die due 
to extensive metastasis [26]. We have investigated the 
expression of PD2 in metastatic sites (from the same patient) 
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such as liver and diaphragm, and found that the expression 
of PD2 was increased in both sites. These results suggest 
that PD2 may play a potential role in the progression of 
PDAC and metastasis. Interestingly, PD2 overexpressed 
PDAC cells showed significantly increased migration 
which suggests that PD2 is also involved in the metastatic 
process. It is well known that PDAC cells metastasize 
to distant organ sites such as liver, peritoneal cavity, 
lung, lymph nodes, and intestinal lining. As expected, 
orthotopic implantation of PD2 overexpressing PDAC 
cells resulted in significantly higher metastasis to distant 
organs such as liver, stomach, diaphragm, peritoneal 
region and intestine.

The major cause of PDAC is the presence of 
activating point mutations in oncogenes such as Kras 
[27]. Therefore, an effort was made to perform a mutation 
analysis in the PDAC cell lines. The cell lines were 
found to contain no mutations in the coding sequence 
of the PD2 gene. This result could be similar to that of 
oncogenes including c-Myc, which are known to be 
devoid of mutations and whose aberrant expression leads 
to pathogenesis [28]. However, examination of PDAC 
patient samples is warranted for an in depth analysis of 
mutations of the PD2 gene. Sequence analysis of intronic, 
promoter and downstream regions of the gene may further 
give insight into any mutations present in the gene, which 
could affect its expression and function 

It has been demonstrated that PAF complex requires 
the concerted action of all its components to exhibit 
its function in yeast. The PAF complex is reported to 
facilitate transcription elongation, mRNA processing and 
maturation [29]. However, a recent study demonstrated 
that the PAF1 depletion increased a group of nascent 
and mature transcripts in HCT116 cells through release 
of paused polymerase II from the promoter proximal 
site [30]. Under normal conditions, the human PAF 
complex is essential for transcription elongation 
through recruitment of FACT (facilitates chromatin 
transcription), a histone chaperone [31]. However, in our 
observation, PD2 plays a role independent of the PAF 
complex components in mESCs and pancreatic CSCs 
[9, 13]. Analysis of the effect of PD2 overexpression 
on the expression of other PAF complex members in 
PDAC cells showed a moderate upregulation of hCdc73; 
however, there was no difference in the expression of 
other PAF complex members. As Cdc73 or Parafibromin 
belongs to the PAF complex, it would be interesting to 
analyze the contribution of Cdc73 in tumor progression. 
Rather et al. showed that overexpression of Cdc73, 

a tumor suppressor resulted in downregulation of 
an oncogene such as c-Myc [32]. During cancer 
progression it is possible that overexpression of PD2 
results in transcriptional elongation of certain genes via 
favorable chromatin structure and/or release of paused-
RNA polymerase II from promoter proximal sites. 
Interestingly, our results showed that PD2 overexpression 
accelerates the expression of c-Myc in Capan-1 cells. 
c-Myc is an important oncogene whose overexpression 
results in increased cell proliferation, metastatic ability, 
downregulation of the expression of growth inhibitory 
genes and many others [33]. Interestingly, one of 
the previous reports showed that c-Myc expression 
accelerates the number of tumor-initiating-cells (TICs) 
in human keratinocytes transformed by Ras and IκBα 
[34]. Besides, c-Myc overexpression in residual cells 
could transform these dominant cells into TICs, thereby 
suggesting the importance of c-Myc in PDAC [35]. A 
recent study claims that c-Myc controls the self-renewal 
process in metastatic PDAC cells [36]. Interestingly, 
our studies reveal that PD2 overexpression leads to 
an increased SP/CSC population, thus corroborating 
with our previous reports [9]. This result suggests that 
overexpression of PD2 induces c-Myc expression which 
may be essential for the de-differentiation of cancer cells, 
thereby converting the cells into CSCs. At this point the 
possible mechanism could be that PD2 overexpression 
leads to increased LIF which may leads to increased 
c-Myc, thus resulting in oncogenesis. However, 
further analysis is required to understand the complete 
mechanism.

Collectively, our studies showed the overexpression 
of PD2 in the malignant ducts compared to undetectable 
levels in the ducts of the normal pancreas, suggesting 
the significance of PD2 in PDAC progression. Also, 
expression of PD2 is observed in the primary tumors and 
matched metastatic sites such as liver and diaphragm, 
denoting that PD2 may be an essential player during 
metastasis (Figure 6D). For the first time, we have 
demonstrated that increased expression of PD2 accelerates 
tumorigenesis and metastasis in PDAC cells. Our work 
has further shown that PD2 controls the expression of 
oncogenes such as c-Myc and cyclin D1, which are 
involved in promoting PDAC. In a nutshell, our results 
suggest that PD2 is an essential member of the oncogene 
family, and its association with PDAC and metastasis 
necessitates further studies on the structural and functional 
characterizations of PD2 which may facilitate the design 
of various therapeutic strategies.
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Figure 6: Effect of Pd2 overexpression on the enrichment of sP/csc population and on other PAF1 complex member 
proteins. (A) FACS analysis shows a clear increase in the number of SP/CSC population in PD2 overexpressed cells when compared to 
control cells. A total of 0.29% and 2.96% SP population were observed in Capan-1 and SW1990 vector transfected cell line and 1.5% and 
3.86% SP were observed in the PD2 transfected Capan-1 and SW1990 PDAC cells respectively. Verapamil treated cells served as a control 
for isolating SP cells and it shows a clear decrease in the SP cells (Capan-1-Vector-0.001%, Capan-1-PD2-0.003%, SW1990-Vector-0.216%, 
SW1990-PD2-0.287%). (b) The effect of PD2 overexpression was assessed on other PAF1 complex proteins. PD2 overexpression led to a 
moderate upregulation of Cdc73 in Capan-1-PD2 cells when compared to the control cells. However, there was no change in the expression 
of Ctr9 and Leo1. No difference was observed in the expression of PAF complex members in SW1990 cells. (c) The expression of c-Myc 
was found to be two fold upregulated in Capan-1-PD2 cells. However, SW1990 cells lacked the expression of c-Myc. Cyclin D1 was found 
to be upregulated in Capan-1. (d) Schematic representation of the effect of PD2 overexpression in PDAC on tumorigenesis and metastasis. 
PD2 overexpression results in increased growth of PDAC cells due to upregulation of c-Myc and cyclin D1 which led to increased tumor 
growth in the pancreas of the nude mice (as indicated by the spotted arrow). Overexpression of PD2 led to metastasis (indicated as the white 
spotted lesions) to distant organs including liver and diaphragm. Most importantly, the elevated expression of PD2 led to an increase in the 
CSC population when compared to the control cells.
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MAtErIALs And MEtHods

Ethics statement

Tissue samples were obtained through the Rapid 
Autopsy Program (RAP) at UNMC. An informed consent 
was signed prior to tissue collection from all the patients. 
The Whipple samples were obtained from the UNMC 
tissue bank after the Institutional Regulatory Board 
approval number IRB#186-14.

tissue specimen and cell lines

A total of 43 formalin fixed and paraffin embedded 
(FFPE) PDAC tissues were obtained from patients who 
were eligible for the Whipple procedure. In addition,  
3 tissue arrays were also obtained from the RAP which 
contained tissues from the normal pancreas (n = 9 spots) 
and also the primary and metastatic sites of the PDAC 
patients (n = 80 spots in total). The details of RAP at UNMC 
are well described in our previous publication [37]. The 
PDAC tissue array containing primary tumor spots were 
classified as well-differentiated adenocarcinoma (n = 2),  
moderately-differentiated carcinoma (n = 27) and poorly-
differentiated carcinoma (n = 16). 

All the PDAC cell lines used in the present study 
such as Panc-1, AICPC-1, AsPC-1, BxPC3, Capan-1, 
Capan-2, CD11, CD18/HPAF, FG, HPAC, Hs766T, 
MiaPaCa-2, Panc-89, QgP1, S2CP9, Suit2 and T3M4 
were originally obtained from American Type Culture 
Collection (ATCC). These PDAC cell lines were regularly 
cultured in respective culture medium (RPMI or DMEM) 
supplemented with 10% fetal calf serum and antibiotics 
(penicillin and streptomycin 100U/ml) in the presence of 
5% CO2 at 37°C. 

This study also used hTERT-HPNE (Human 
Pancreatic Nestin-Expressing) cells, a line of telomerase-
immortalized normal human pancreatic ductal cells [18]. 
hTERT-HPNE cells can be transformed by the stepwise 
introduction of oncogenes designed to mimic PDAC 
progression, including oncogenic Kras (carrying G12D 
mutation), HPV16 E6 and E7 proteins (to abrogate p53 
and RB), and SV40 small t antigen (to inhibit PP2A). 
These cell lines were grown in medium D which contains 
three volumes of DMEM and one volume of medium M3, 
with the mixture supplemented with 5% fetal calf serum 
and 10 ng/mL EGF. 

Lentiviral-mediated infection

Approximately 1.5 × 106 HEK cells were seeded 
in a 10 cm plate containing 5% RPMI media and 
10 ml L-glutamine. The following day 6 ml of serum-
free DMEM media was added to the cells. Lenti-viral 
transfection was carried out 3-4 hours after the media 
change. The pPACKH1 Lentivector packaging kit (System 

biosciences, CA) plus lentiviral vector carrying PD2 
was used to perform the transfection. For this, 20 µl of 
pPACKH1 and 30 µl of lipofectamine were added to 2 µg 
of the empty vector and the PD2 overexpression vector. 
To this, 20 µl plus reagent was added, gently tapped and 
incubated. Slowly the mixture was added drop by drop 
into the plates. Meanwhile, 100,000 parental PC cells 
were seeded in a 6 well plate. 48 hours after transfection 
in HEK cells the viral supernatant was collected and added 
to the parental PC cells along with polybrene (10 mg/ml). 
Approximately, 10 µl of polybrene was added to 1 ml of 
viral supernatant. After 48–72 hours of transduction, the 
GFP expression was detected in the cells.

Immunohistochemistry

Immunohistochemistry (IHC) analysis was 
performed as described previously [38]. For IHC, our  
in-house generated anti-PD2 mouse monoclonal antibody 
was used [14]. PD2 expression in human tissues was 
scored by pathologists from UNMC on a double blind 
condition. The intensity of PD2 expression was graded 
on a scale of 0–3 (0− no staining, 1+ weakly positive, 
2+ moderately positive and 3+ strongly positive). The 
percentage of PD2-positive staining in PDAC ducts was 
scored in a range of 1–4 (1: 0–25% positive cells; 2:  
26–50%; 3: 51–75% positive; and 4: 76–100% positive 
cells.). A composite score (CS) was calculated by 
multiplying the intensity and positivity which ranges between 
0 and 12. The tissues were categorized as negative (CS = 0) 
and positive (CS > 1) based on their composite scores.

rnA extraction and Pcr

Total RNA was extracted and PCR was performed 
using cDNA as described previously [9]. Primers used in 
this study are (i) PD2 RT-PCR primer;
Forward1-(5′-TTCCTCGGATCAGGCGTCCC-3′)
Reverse1-(5′-CTGGGACTCAGTCACTGTCACTA-3′), 
(ii) PD2 qRT-PCR primer; 
Forward2-(5′-TGATTCAGACAGCGGCA-GCAATGG-3′), 
Reverse2-(5′-TTGCT-GCCGCTGTCTGAATCATTG-3′).

Western blot analysis

Western blot (WB) analysis was carried out using 
standard procedures as described previously [9]. The 
membrane was probed overnight with antibodies such as 
rabbit polyclonal antibodies anti-hPaf1, anti-Parafibromin, 
anti-Ctr9, (Bethyl Laboratories, TX) and anti-c-Myc 
(Sigma). β-actin was used as a loading control. To quantify 
the band intensity, densitometry was performed using the 
ImageJ program (http://rsb.info.nih.gov/). For relative 
protein level, the band intensity was first normalized to 
the relative β-actin protein level, then to their respective 
control groups. The control ratio was set to equal 1.
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cell proliferation assay

In order to compare the effect of PD2 on growth rate, 
cell proliferation was determined in PD2 overexpressed 
and respective control cells using WST-1 assay [39]. 

Migration and clonogenic assay

To perform the migration assay, 0.1 × 106 and 1 × 106  
of SW1990 and Capan-1 PDAC cells were used and the 
assay was carried out as described previously [40]. For 
clonogenic survival assay, approximately, 500 control and 
PD2 overexpressing PDAC cells per 10 cm plates were 
seeded in triplicates in 10 ml of 10% serum containing 
media. Cells were fed with fresh media every 3 days. 
After two weeks, the media was aspirated from the plates, 
cells were washed twice with PBS and fixed using ice 
cold methanol. After fixation the cells were stained using 
0.2% crystal violet and destained with excess water. The 
total number of colonies was counted, averaged and the 
representative pictures were presented.

orthotopic implantation

Four to six weeks old nude mice (n = 6 per group) 
were purchased from Harlan Sprague dawley, Indianapolis, 
IN and were housed at UNMC animal facility in pathogen 
free conditions and fed with sterile water and ad libitum. 
The mice were treated in accordance with the IACUC 
guidelines. The cells were washed using PBS, counted 
using the haemocytometer and were resuspended at 
a concentration of 0.5 × 106 cells/µl. The mice were 
anesthetized using ketamine and xylazine mixture (4:1). 
A small incision was made in the left abdominal flank and 
the cell suspension was slowly injected into the head of the 
pancreas. The animals were monitored periodically. After 
six weeks, animals were sacrificed and tumor weights 
were measured. All the major organs and potential sites 
were excised and analyzed for metastasis. For micro and 
macrometastasis, the resected organs were sectioned and 
processed for histochemical analysis.

Microarray analysis

RNA was extracted from both control and PD2 
overexpressing cells. The quality of RNA was determined 
using a bioanalyzer and the RNA integrity number  
(RIN = 9.9) was measured. Approximately 1 µg RNA 
was used for the microarray analysis. Microarray was 
performed using Affymetrix GeneChip Human Gene 
2.0ST array. The differential expression analysis was 
performed using the online software-ingenuity pathway 
analysis (Qiagen).

csc/sP analysis

To determine the shift in the percentage of CSC 
population, both the control and PD2 overexpressed cells 
were subjected to FACS analysis. The percentage of SP/
CSC population was analyzed as described previously [9]. 

Mutation analysis

The PD2 coding region was amplified in 2 
overlapping fragments from 13 different PDAC cell 
lines (Panc-1, MiaPaCa-2, BxPC-3, Capan-1, HPAF, 
SW1990, T3M4, Capan-2, CD18, CFPAC-, Panc-89, and 
Colo357). The amplified regions were then sequenced 
and determined by dye-labeled terminator chemistry 
using the ABI 3700 automated DNA sequencer (Applied 
Biosystems, Foster City, CA) at Macrogen USA, 
Rockville, MD. Data generated i.e., the sequences were 
analyzed using the Mutation Surveyor™ version 3.01 
(SoftGenetics, LLC).

statistical analysis

For the RAP tissue scoring, Wilcoxon rank sum 
test was used to compare composite scores (CS) between 
groups. For paired samples, Wilcoxon signed rank test was 
employed. We also categorized CS score as 0, 1–4, 5–8, 
and 9–12 and compared by tissue type and differentiation 
status with chi-square tests (Fisher’s exact test was 
used for small sample situations). Paired samples were 
compared with a test of symmetry (similar to McNemar’s 
test). For Whipple samples, Fisher’s test was used to 
determine an association between the average composite 
score and cancer vs. normal. P-values less than 0.05 were 
considered to be statistically significant.

AcknoWLEdgMEnts

The authors acknowledge the invaluable technical 
support from Kavita Mallya. We also thank FACS 
Core and Statistical Core facility at UNMC, for their 
support.

grAnt suPPort

This work was supported, in part, by the grants 
from National Institutes of Health (RO1 CA183459, 
TMEN U54CA163120, EDRN UO1 CA111294, SPORE 
P50CA127297 and K22 CA175260).

conFLIcts oF IntErEst

No potential conflicts of interest were disclosed.



Oncotarget3330www.impactjournals.com/oncotarget

rEFErEncEs

 1. Kadera BE, Li L, Toste PA, Wu N, Adams C, Dawson DW,  
Donahue TR. MicroRNA-21 in pancreatic ductal 
adenocarcinoma tumor-associated fibroblasts promotes 
metastasis. PLoS One. 2013; 8:e71978.

 2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA 
Cancer J Clin. 2015; 65:5–29.

 3. Rhim AD, Mirek ET, Aiello NM, Maitra A, Bailey JM,  
McAllister F, Reichert M, Beatty GL, Rustgi AK, 
Vonderheide RH, Leach SD, Stanger BZ. EMT and 
dissemination precede pancreatic tumor formation. Cell. 
2012; 148:349–361.

 4. Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY,  
Brooks M, Reinhard F, Zhang CC, Shipitsin M, Campbell LL,  
Polyak K, Brisken C, et al. The epithelial-mesenchymal 
transition generates cells with properties of stem cells. Cell. 
2008; 133:704–715.

 5. Bardeesy N, Aguirre AJ, Chu GC, Cheng KH, Lopez LV, 
Hezel AF, Feng B, Brennan C, Weissleder R, Mahmood U, 
Hanahan D, Redston MS, Chin L, et al. Both p16(Ink4a) 
and the p19(Arf)-p53 pathway constrain progression of 
pancreatic adenocarcinoma in the mouse. Proc Natl Acad 
Sci U S A. 2006; 103:5947–5952.

 6. Omura N, Goggins M. Epigenetics and epigenetic 
alterations in pancreatic cancer. Int J Clin Exp Pathol. 2009; 
2:310–326.

 7. Hermann PC, Huber SL, Herrler T, Aicher A, Ellwart JW, 
Guba M, Bruns CJ, Heeschen C. Distinct populations of 
cancer stem cells determine tumor growth and metastatic 
activity in human pancreatic cancer. Cell Stem Cell. 2007; 
1:313–323.

 8. Herreros-Villanueva M, Zhang JS, Koenig A, Abel EV, 
Smyrk TC, Bamlet WR, de Narvajas AA, Gomez TS, 
Simeone DM, Bujanda L, Billadeau DD. SOX2 promotes 
dedifferentiation and imparts stem cell-like features to 
pancreatic cancer cells. Oncogenesis. 2013; 2:e61. 

 9. Vaz AP, Ponnusamy MP, Rachagani S, Dey P, Ganti AK, 
Batra SK. Novel role of pancreatic differentiation 2 in 
facilitating self-renewal and drug resistance of pancreatic 
cancer stem cells. Br J Cancer. 2014; 111:486–496.

10. Crawford HC, Scoggins CR, Washington MK, Matrisian LM,  
Leach SD. Matrix metalloproteinase-7 is expressed by 
pancreatic cancer precursors and regulates acinar-to-ductal 
metaplasia in exocrine pancreas. J Clin Invest. 2002; 
109:1437–1444.

11.  Wagner M, Luhrs H, Kloppel G, Adler G, Schmid RM. 
Malignant transformation of duct-like cells originating 
from acini in transforming growth factor transgenic mice. 
Gastroenterology. 1998; 115:1254–1262.

12. Moniaux N, Nemos C, Deb S, Zhu B, Dornreiter I, 
Hollingsworth MA, Batra SK. The human RNA polymerase 
II-associated factor 1 (hPaf1): a new regulator of cell-cycle 
progression. PLoS One. 2009; 4:e7077.

13.  Ponnusamy MP, Deb S, Dey P, Chakraborty S, Rachagani S, 
Senapati S, Batra SK. RNA polymerase II associated factor 1/
PD2 maintains self-renewal by its interaction with Oct3/4 in 
mouse embryonic stem cells. Stem Cells. 2009; 27:3001–3011.

14.  Moniaux N, Nemos C, Schmied BM, Chauhan SC, Deb S,  
Morikane K, Choudhury A, Vanlith M, Sutherlin M,  
Sikela JM, Hollingsworth MA, Batra SK. The human 
homologue of the RNA polymerase II-associated factor 1 
(hPaf1), localized on the 19q13 amplicon, is associated with 
tumorigenesis. Oncogene. 2006; 25:3247–3257.

15.  Dey P, Ponnusamy MP, Deb S, Batra SK. Human RNA 
polymerase II-association factor 1 (hPaf1/PD2) regulates 
histone methylation and chromatin remodeling in pancreatic 
cancer. PLoS One. 2011; 6:e26926.

16.  Dey P, Rachagani S, Vaz AP, Ponnusamy MP, Batra SK. 
PD2/Paf1 depletion in pancreatic acinar cells promotes 
acinar-to-ductal metaplasia. Oncotarget. 2014; 5:4480–4491. 
doi: 10.18632/oncotarget.2041.

17.  Zhu B, Mandal SS, Pham AD, Zheng Y,  
Erdjument-Bromage H, Batra SK, Tempst P, Reinberg D. 
The human PAF complex coordinates transcription with 
events downstream of RNA synthesis. Genes Dev. 2005; 
19:1668–1673.

18.  Campbell PM, Groehler AL, Lee KM, Ouellette MM, 
Khazak V, Der CJ. K-Ras promotes growth transformation 
and invasion of immortalized human pancreatic cells by Raf 
and phosphatidylinositol 3-kinase signaling. Cancer Res. 
2007; 67:2098–2106.

19.  Iacobuzio-Donahue CA, Velculescu VE, Wolfgang CL, 
Hruban RH. Genetic basis of pancreas cancer development 
and progression: insights from whole-exome and whole-
genome sequencing. Clin Cancer Res. 2012; 18:4257–4265.

20.  Kuuselo R, Savinainen K, Azorsa DO, Basu GD, Karhu R, 
Tuzmen S, Mousses S, Kallioniemi A. Intersex-like (IXL) 
is a cell survival regulator in pancreatic cancer with 19q13 
amplification. Cancer Res. 2007; 67:1943–1949.

21.  Buchholz M, Schatz A, Wagner M, Michl P, Linhart T, 
Adler G, Gress TM, Ellenrieder V. Overexpression of c-myc 
in pancreatic cancer caused by ectopic activation of NFATc1 
and the Ca2+/calcineurin signaling pathway. EMBO J. 
2006; 25:3714–3724.

22.  Gordon KJ, Kirkbride KC, How T, Blobe GC. Bone 
morphogenetic proteins induce pancreatic cancer cell 
invasiveness through a Smad1-dependent mechanism that 
involves matrix metalloproteinase-2. Carcinogenesis. 2009; 
30:238–248.

23.  Rozenblatt-Rosen O, Hughes CM, Nannepaga SJ, 
Shanmugam KS, Copeland TD, Guszczynski T, Resau JH, 
Meyerson M. The parafibromin tumor suppressor protein 
is part of a human Paf1 complex. Mol Cell Biol. 2005; 
25:612–620.

24.  Kamohara H, Ogawa M, Ishiko T, Sakamoto K, Baba H. 
Leukemia inhibitory factor functions as a growth factor in 
pancreas carcinoma cells: Involvement of regulation of LIF 
and its receptor expression. Int J Oncol. 2007; 30:977–983.



Oncotarget3331www.impactjournals.com/oncotarget

25.  Kamisawa T, Isawa T, Koike M, Tsuruta K, Okamoto A. 
Hematogenous metastases of pancreatic ductal carcinoma. 
Pancreas. 1995; 11:345–349.

26.  Iacobuzio-Donahue CA, Fu B, Yachida S, Luo M, Abe H, 
Henderson CM, Vilardell F, Wang Z, Keller JW, Banerjee P, 
Herman JM, Cameron JL, Yeo CJ, et al. DPC4 gene status 
of the primary carcinoma correlates with patterns of failure 
in patients with pancreatic cancer. J Clin Oncol. 2009; 
27:1806–1813.

27.  Almoguera C, Shibata D, Forrester K, Martin J, Arnheim N,  
Perucho M. Most human carcinomas of the exocrine pancreas 
contain mutant c-K-ras genes. Cell. 1988; 53:549–554.

28.  Depinho RA, Schreiber-Agus N, Alt FW. myc family 
oncogenes in the development of normal and neoplastic 
cells. Adv Cancer Res. 1991; 57:1–46.

29.  Mueller CL, Porter SE, Hoffman MG, Jaehning JA. The Paf1 
complex has functions independent of actively transcribing 
RNA polymerase II. Mol Cell. 2004; 14:447–456.

30.  Chen FX, Woodfin AR, Gardini A, Rickels RA, Marshall SA,  
Smith ER, Shiekhattar R, Shilatifard A. PAF1, a Molecular 
Regulator of Promoter-Proximal Pausing by RNA 
Polymerase II. Cell. 2015; 162:1003–1015.

31.  Pavri R, Zhu B, Li G, Trojer P, Mandal S, Shilatifard A, 
Reinberg D. Histone H2B monoubiquitination functions 
cooperatively with FACT to regulate elongation by RNA 
polymerase II. Cell. 2006; 125:703–717.

32.  Rather MI, Swamy S, Gopinath KS, Kumar A. 
Transcriptional repression of tumor suppressor CDC73, 
encoding an RNA polymerase II interactor, by Wilms tumor 
1 protein (WT1) promotes cell proliferation: implication for 
cancer therapeutics. J Biol Chem. 2014; 289:968–976.

33.  Miller DM, Thomas SD, Islam A, Muench D, Sedoris K. 
c-Myc and cancer metabolism. Clin Cancer Res. 2012; 
18:5546–5553.

34.  Wong DJ, Liu H, Ridky TW, Cassarino D, Segal E,  
Chang HY. Module map of stem cell genes guides creation 
of epithelial cancer stem cells. Cell Stem Cell. 2008; 
2:333–344.

35.  Lin WC, Rajbhandari N, Liu C, Sakamoto K, Zhang Q, 
Triplett AA, Batra SK, Opavsky R, Felsher DW, DiMaio DJ,  
Hollingsworth MA, Morris JP, Hebrok M, et al. Dormant 
cancer cells contribute to residual disease in a model  
of reversible pancreatic cancer. Cancer Res. 2013; 
73:1821–1830.

36.  Ischenko I, Zhi J, Moll UM, Nemajerova A, Petrenko O. 
Direct reprogramming by oncogenic Ras and Myc. Proc 
Natl Acad Sci U S A. 2013; 110:3937–3942.

37.  Haridas D, Chakraborty S, Ponnusamy MP, Lakshmanan I,  
Rachagani S, Cruz E, Kumar S, Das S, Lele SM, 
Anderson JM, Wittel UA, Hollingsworth MA, Batra SK. 
Pathobiological implications of MUC16 expression in 
pancreatic cancer. PLoS One. 2011; 6:e26839.

38.  Chakraborty S, Swanson BJ, Bonthu N, Batra SK. Aberrant 
upregulation of MUC4 mucin expression in cutaneous 
condyloma acuminatum and squamous cell carcinoma 
suggests a potential role in the diagnosis and therapy of skin 
diseases. J Clin Pathol. 2010; 63:579–584.

39.  Torres MP, Rachagani S, Souchek JJ, Mallya K, Johansson SL,  
Batra SK. Novel pancreatic cancer cell lines derived from 
genetically engineered mouse models of spontaneous 
pancreatic adenocarcinoma: applications in diagnosis and 
therapy. PLoS One. 2013; 8:e80580.

40.  Torres MP, Ponnusamy MP, Chakraborty S, Smith LM, 
Das S, Arafat HA, Batra SK. Effects of thymoquinone 
in the expression of mucin 4 in pancreatic cancer cells: 
implications for the development of novel cancer therapies. 
Mol Cancer Ther. 2010; 9:1419–1431.


