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Figure 23. Activation of K-ras and inactivation of p16 in HPNE cell line induced tumorigenesis 
and metastasis in the orthotopic mouse model.  (A) In vivo bioluminescence imaging of tumor 

growth for HPNE/K-ras/p16shRNA cell lines at 8 weeks’ postinjection is shown. (B)  The rate of 

tumor formation and metastasis in NOD/SCID mice is shown. (C)  Representative micrographs 

showing the histopathology of the orthotopic tumors formed by HPNE/K-ras/p16shRNA cell lines 

by HE staining. (i) Undifferentiated ductal carcinoma with sarcomatoid feature, (ii) necrosis, (iii) 

liver metastasis, and (iv) spleen metastasis. Scale bar: 100 µm. 

 

        We succeeded in isolating and culturing the tumor cell line HPNE/K-ras/p16p14shRNA T from 

the orthotopically growing tumors. In tissue culture plate, the tumor cells maintained their parental 

cell morphology and displayed comparable growth rate as the parental cell line HPNE/K-

ras/p16shRNA.   

 

Aactivation of signaling pathway downstream of K-ras  

        To dissect the molecular mechanisms of malignant transformation of HPNE cells, we first 

examined the three most common downstream signaling pathways of K-ras: RalGDS/Ral, 

RAF/MEK/ERK, and PI3K/AKT. To determine whether RalGDS-Ral is activated in transformed 

cell lines, we examined the RalA and RalB activity by precipitating Ral-GTP protein using Ral 

effector protein RalBP1. Very interestingly, we found that RalA activity was dramatically increased 

in transformed cell line HPNE/K-ras/p16shRNA cells and slightly increased in HPNE/K-ras cells 

compared with control cells (Fig. 24A). Immunoblot analysis revealed that the total level of RalA 

was also higher in HPNE/K-ras/p16shRNA cell line than in HPNE/K-ras and HPNE cell lines  

 

Cell type Tumor formation Tumor metastasis

HPNE 0/5 0/5

HPNE/K-ras 0/5 0/5

HPNE/K-ras/p16shRNA 5/5 3/5

A

C

i ii iii iv

B
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Figure 24. Activation of signaling pathways downstream of K-ras in HPNE cell lines. (A) 

Activation of RalA and FAK in HPNE cell lines. RalA activity was detected in HPNE cell lines by 

Ral activity assay. The expression of total RalA, phosphorylated FAK, and total FAK was detected 

in HPNE cell lines by Western blot analysis. (B) Activation of MAPK signaling pathway by mutant 

K-ras in HPNE cell lines. The expression of phosphorylated ERK and phosphorylated p38 and their 

total protein levels was detected by Western blot analysis. 

 

 

(Fig. 24A). However, there was no difference in activation of RalB among different cell lines (data 

not shown). We did not find activation of PI3K/AKT pathway in HPNE cell lines in Western blot 

analysis (data not shown). We also found the expression and activation of focal adhesion kinase 

(FAK), a non-receptor protein tyrosine kinase regulating integrin and growth factor signaling, was 

induced by mutant K-ras in the HPNE/K-ras and HPNE/K-ras/p16shRNA cell lines (Fig. 24A). The 

total level and phosphorylated form of FAK (Tyr397) was remarkably enhanced compared with 

control cell line in Western blot analysis (Fig. 24A).  

        To explore whether mutant K-ras induced activation of downstream pathway MAPK ERK and 

p38, we examined the expression of phosphorylated protein level and total protein level in these cell 

lines by Western blot analysis. The mitogen-activated protein kinase (MAPK) pathway ERK and p38 

were activated by activated K-ras in the HPNE/K-ras and HPNE/K-ras/p16shRNA cell lines (Fig. 

24B). We found that the phosphorylated ERK, phosphorylated p38 were enhanced in the cell lines of 

HPNE/K-ras/p16shRNA and HPDE/K-ras compared with the control cell line, but their respective 
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total proteins levels were at comparable level (Fig. 24B). These results indicate that MAPK 

pathways ERK and p38 were activated in transformed HPNE cells. Taken together, these results 

suggested that mutant K-ras activated its downstream effectors–RalA, MAPK and FAK pathways, 

and that activation of these pathways may play critical roles in the transformation of HPNE cells. 

 

Increased expression of cell proliferation related proteins by mutant K-ras  

        As Ras increased proliferation is due to induction of cell cycle regulators such as cyclins, and 

our results showed that mutant K-ras induced increased cell proliferation, we therefore examined 

whether the expression of cell proliferation-related genes cyclins and c-myc were altered in the 

transformed cells. We found that the expression of cyclin D1, cyclin E, cyclin B1, and c-Myc, which 

are involved in the regulation of cell cycle progression in the G1/S transition and the G2/M phases, 

as well as cell proliferation and growth, were significantly induced by mutant K-ras in HPNE/K-ras 

and HPNE/K-ras/p16shRNA cell lines (Fig. 25A). The expressions of cyclinD1, cyclinB1 and cyclin 

E was dramatically elevated in HPNE/K-ras and HPNE/K-ras/p16psh cell lines in Western blot 

analysis (Fig. 25A). The expression of c-myc was significantly enhanced in HPNE/K-ras and 

HPNE/K-ras/p16psh cell lines in Western blot analysis (Fig. 25A). However, we also found that K-

ras upregulated the expression of cyclin-dependent kinase inhibitors- p15, p21, and p27 and 

apoptosis inhibitor Bcl-2 in HPNE cell lines (Fig. 25B & Fig. 25C), but the expression of p21 and 

p27 in the transformed cell line HPNE/K-ras/p16sh was lower than that of the HPNE/K-ras cell line 

(Fig. 25B). Hyperactivation of mitogenic stimulation may induce cyclin-dependent kinase inhibitors 

(CKI) such as p15, p16, p21. CKIs are strong inhibitors of cell proliferation and transformation.  

Overexpressions of c-myc and cyclins may abrogate cellular responses to a variety of growth-

inhibitory signals, block the effect of CDK inhibitors, and thus induce increased cell proliferation in 

transformed cells. These results suggest that upregulation of cyclins and c-Myc by mutant K-ras may 

play a role in increased cell proliferation and transformation. As the late stage of PDAC always is 

accompanied by inactivation of p53 and Smad4, we examined the expression of p53 and Smad4 

tumor suppressor genes in HPNE cell lines. We found that mutant K-ras also induced increased 

levels of p53 and Smad4 expression, but the Smad4 level was decreased in HPNE/K-ras/p16shRNA 

cells compared with HPNE/K-ras cells (Fig. 25B).  
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Figure 25. Increased expression of cell proliferation related proteins by mutant K-ras in HPNE 

cell lines. (A) The expression of cell cycle protein cyclins and c-Myc were increased by mutant K-

ras in HPNE cell lines. Western blot analysis of the expression of cyclin D1, cyclin B1, and cyclin E, 

and c-Myc in HPNE cell lines. (B) The expression of cyclin-dependent kinase inhibitors, p53 and 

Smad4 in HPNE cell lines. The expression of cyclin-dependent kinase inhibitors p15, p21, p27,  p53 

and Smad4 was analyzed by Western blot in HPNE cell lines. (C) The expression of Bcl-2 in HPNE 

cell lines was detected by Western Blot analysis. 

 

 

The expression of EMT marker and invasion related genes in HPNE cell lines 

        As epithelial to mesenchymal transition (EMT) plays a role in the tumor progression, and as our 

results above showed that the transformed cells were invasive, and formed metastasis to liver and 

spleen, we therefore determined whether activated K-ras and loss of p16 could induce changes of 

expression of EMT marker and other invasion related genes in the transformed cell line. We 

examined the expression of several EMT markers, uPA and MMP2 in HPNE cells by Western blot 

analysis. We found that the epithelial markers cytokeratin-19 and E-cadherin were expressed in 

HPNE cells and that the expression of cytokeratin-19 was slightly reduced by mutant K-ras. The 

expression of E-cadherin, and vimentin were not significantly changed (Fig. 26A). However, the 

expression of N-cadherin, matrix metalloproteinase 2 (MMP2), and urokinase plasminogen activator 

(uPA) were induced by activation of K-ras and were markedly increased in HPNE/K-ras and  
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Figure 26. The expression of EMT markers and invasion-related proteins in HPNE cell lines. 
(A) The expression of EMT markers in HPNE cell lines. The expression of cytokeratin-19, E-

cadherin, vimentin, and N-cadherin was detected in HPNE cell lines by Western blot analysis. (B) 

The expression of invasion-related proteins MMP2 and uPA in HPNE cell lines was detected by 

Western blot analysis. 

 

 

HPNE/K-ras/p16shRNA cell lines (Fig. 26A & 26B). Our results suggest that upregulation in the 

expression of N-cadherin, MMP2, and uPA may contribute to tumorigenic transformation and 

metastasis of HPNE cells. 

 

The alterations of gene expression and signaling pathway for transformation in microarray 

analysis  

        To explore the molecular mechanism of transformation and obtain further view into the detailed 

molecular and signaling pathway alterations involved in the transformation of pancreatic cells, we 

performed microarray analysis and Ingenuity Pathway Analysis (IPA) signaling pathway analysis 

with cDNA microarray data from HPNE, HPNE/K-ras, and HPNE/K-ras/p16shRNA cell lines. The 

top most significant gene alterations between HPNE/K-ras and HPNE, and between HPNE/K-ras 

/p16shRNA and HPNE/K-ras, were shown in Table 3. Some significantly altered expressions of 
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genes were the following: genes of up-regulation: IL13RA2, NOX4, CRK, PGR, ROBO1; genes of 

down-regulation: NEFL, MTSS1, PLXDC2, SEPP1.  

 

Table 3. The top most significant molecular changes for HPNE/K-ras versus HPNE and 

HPNE/K-ras/p16shRNA versus HPNE/K-ras in the microarray analysis. 

 

HPNE/K-ras versus HPNE  HPNE/K-ras/p16sh versus HPNE/K-ras  

Top molecules   

upregulated   

Fold 

change  

Top molecules  

downregulated  

Fold change  Top 

molecules   

upregulated  

Fold change  Top Molecules  

downregulated   

Fold 

change  

PITX2  304.09  PDPN  422.67  IL13RA2  176.20  SH3GL3  423.64  

MEST  297.85  SOX17  353.18  TCF7L1  129.42  NEFL  358.92  

POSTN  282.49  SH3GL3  334.97  NOX4  125.89  WWC1  331.89  

TACSTD2  274.79  ARMC4  316.96  CRK  81.47  PDZD2  291.07  

PCDH9  160.69  PDZD2  275.42  PGR  80.91  C21ORF129 138.68  

GABRB1  159.22  CLMN  247.17  CNTN6  61.80  DAZL  137.40  

FAM198B  140.28  CELF2  208.45  CHSY3  61.24  MTSS1  133.66  

CRK  140.28  SLC35F3  180.30  MPDZ  54.95  PLXDC2  129.42  

RNF150  136.14  CPPED1  143.55  FAM101B  53.83  RUNDC3B  119.12  

MFAP5  135.52   NEFL  97.27  ROBO1  51.17  SEPP1  116.95  

 

 

        IPA canonical pathway analysis of the gene expression profiles between these cell lines 

demonstrated that the most significant signaling changes for transformation in HPNE/K-

ras/p16shRNA versus HPDE/K-ras cell line were ILK, integrin, axonal guidance signaling, RhoA, 

actin cytoskeleton, and Notch signaling (Fig. 27A). The most significant alterations of biological 

functions associated with transformation were cellular movement, cellular growth and proliferation, 

gastrointestinal disease, and cell death (Fig. 27B). In conclusion, the IPA pathway analysis 

demonstrated that abnormal ILK signaling, integrin signaling and axonal guidance signaling were 

strongly associated with tumorigenic transformation of human pancreatic ductal cells. 
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Figure 27. The alterations of signaling pathways for malignant transformation in the  

microarray analysis of the HPNE cell lines. (A) IPA canonical signaling pathway analysis of 

microarray data. Bar indicates significance; the significance of an altered signaling pathway is 

expressed by –log (p-value) mapping to a signaling pathway in the IPA knowledge base; the length 

of the bar only indicates that the differentially expressed proteins are related to this pathway but does 

not indicate upregulation or downregulation of the pathway. (B) IPA biological function analysis of 

microarray data. Bar indicates significance; the significance of an altered biological function is 

expressed by –log (p-value) mapping to a biological function in the IPA knowledge base. 
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 Summary  

          In the present study, through the stepwise introduction of mutant K-ras and inactivation of p16 

genes into the hTERT immortalized human pancreatic ductal HPNE cells, we developed a novel 

experimental cell culture model to recapitulate human pancreatic carcinogenesis. We demonstrated 

that the expression of mutant K-ras and the silencing of K-ras–upregulated p16 expression in 

hTERT-immortalized HPNE cells induced tumorigenic transformation. We found that the 

transformed cells exhibited increased cell proliferation and anchorage-independent growth in soft 

agar in vitro and tumor growth in an orthotopic mouse model in vivo. Histological analysis of the 

tumors formed by the HPNE/K-ras/p16shRNA cell line demonstrated an undifferentiated ductal 

carcinoma with sarcomatoid features and with metastasis to liver and spleen. Molecular analysis 

revealed that activation of K-ras downstream signaling pathways -RalA, FAK and MAPK signaling 

and upregulation of cyclins and c-myc were involved in the transformation. The IPA signaling 

pathway analysis from microarray data showed that abnormal ILK, integrin, RhoA, Notch, and actin 

cytoskeleton signalings were the most significant signaling alterations involved in the transformation 

of human pancreatic cells. These results suggest that expression of mutant K-ras and inactivation of 

p16 were sufficient for tumorigenic transformation of immortalized human pancreatic cells into 

pancreatic cancer cells and that mutation of K-ras and loss of p16 play important roles in the 

tumorigenic transformation. This novel transformation model is the first one in achieving malignant 

transformation of human pancreatic ductal cells without using any DNA tumor viral oncogenes, thus 

more closely recapitulates the development of PDAC from gene lesion, activation of specific 

signaling pathway. These findings enhance our understanding of the signaling pathways important 

for malignant transformation in PDAC. 
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Discussion 

 

Conclusion 

        PDAC is the most lethal cancer in the world. The activation of K-ras, Her2, and inactivation of 

p16/p14 and Smad4 are the most common gene alterations in PDAC. We used two immortalized 

human pancreatic ductal cell lines as our in vitro system to establish experimental cell culture models 

with the most frequent gene alterations such as activation of K-ras and Her2, inactivation of p16/p14 

and Smad4 in PDAC, to recapitulate human pancreatic carcinogenesis, to study the role of these 

signature molecular alterations in the development of PDAC, to determine which genes alterations 

are required to transform these cell lines, and to further dissect the molecular mechanism of 

transformation. 

        In the HPDE transformation study, we established a novel cell culture transformation model of 

human pancreatic ductal epithelial using E6E7 gene immortalized human pancreatic duct epithelial 

(HPDE) cell line. We demonstrated that sequential introduction of defined gene lesions frequently 

found in human PDAC including activation of K-ras, Her2, inactivation of p16/p14 and Smad4 

genes, led to tumorigenic transformation of HPDE cells. We found that these transformed cells 

displayed increased cell proliferation, migration and invasion, formed colony in soft agar, and grew 

tumors with PDAC histopathological features in mice orthotopically. These results suggested that the 

combination of activation of K-ras and Her2, inactivation of p16/p14 and Smad4 was sufficient and 

essential to transform immortalized human pancreatic ductal epithelial into PDAC cells. Molecular 

analysis showed that the activation of K-ras and Her2 downstream signaling pathway MAPK 

signaling, upregulation of cell proliferation related genes such as cyclins, c-myc and Id2 were 

involved in the transformation. We then discovered that MDM2, BMP7 and Bmi-1 were 

overexpressed in the tumorigenic HPDE cells, our results implied that Smad4 plays important roles 

in the regulation of gene expression of BMP7 and Bmi-1 and the tumorigenic transformation of 

HPDE cells. IPA signaling pathway analysis from microarray data revealed that abnormal ILK 

signaling,  and cell cycle dysregulation are the most significant changes of signaling pathways 

involved in the transformation of human pancreatic epithelial cells. This is the first report that a 

combination of the most common gene alterations in human PDAC induced completely tumorigenic 

transformation of human pancreatic ductal epithelial cells. This novel transformation model more 

accurately recapitulates the process of human pancreatic carcinogenesis in cell origin, gene lesion, 

activation of specific signaling pathway and histopathological features. This study largely enhances 

our understanding of the molecular mechanism of PDAC. 
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        In the HPNE cell transformation study, we described the establishment of a relevant 

experimental cell culture model of human pancreatic cell carcinogenesis for studying altered 

signaling pathways driven by the two PDAC signature mutations –oncogenic K-ras and the loss of 

p16 expression. We found that the expression of p16 was induced by oncogenic K-ras in hTERT-

immortalized HPNE cells and that further silencing mutant K-ras–upregulated p16 expression in 

HPNE cells resulted in tumorigenic transformation. The transformed cells displayed enhanced cell 

proliferation and an anchorage-independent growth in soft agar in vitro and formed tumors in vivo in 

an orthotopic xenograft mouse model, histological analysis revealed an undifferentiated ductal 

carcinoma with sarcomatoid features and with metastases. Molecular analysis showed that activation 

of K-ras downstream effectors –RalA, FAK and MAPK signaling together with upregulation of 

cyclins and c-myc were involved in the malignant transformation. Gene expression analysis and IPA 

signaling pathway analysis revealed that ILK, integrin, RhoA, Notch, and actin cytoskeleton 

signaling pathways are significantly involved in the transformation. This model is the first one for 

malignant transformation of human pancreatic ductal cells with the most common gene alterations in 

PDAC without using any DNA tumor viral oncogenes, thus more faithfully recapitulates the human 

pancreatic carcinogenesis.  

 

The gene requirements for transformation of human pancreatic ductal cells HPDE and HPNE 

cells 

        Cancer arises from normal cells through stepwise accumulation of genetic lesions. Tumorigenic 

transformation is a multi-step process. During the multistep development of human tumors, the cell 

acquires six biological capabilities of cancer hallmarks including sustaining proliferating signaling, 

evading growth suppressors, resisting cell death, acquiring replicative immortality, inducing 

angiogenesis, invasion and metastasis (145). Recent research in human cell culture transformation 

models have shown the malignant transformation of a variety of different normal human cells 

following introduction of a limited number of various combinations of genetic alterations (115-124). 

However, the many previous studies relied on the expression of DNA tumor viral oncogenes such as 

the SV40 early region encoding both the large T and small t antigens for malignant transformation 

(115-119, 125).  In addition, these viral genes are not correlated with most of these human cancers. 

Furthermore, the role and cellular target of these viral genes in human carcinogenesis are still not 

well-understood which render the study of the molecular mechanisms of transformation more 

complicated. One striking difference for our models compared to other models is that our 

transformation models used the most frequent gene alterations in pancreatic cancer. In the HPNE 
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transformation study only the three most common gene alterations seen in PDAC: hTERT, mutant 

K-ras, and inactivation of p16, without using any DNA viral oncogene element, enabled  

 

 

 

 

 

Figure 28.The proposed model for transformation of HPNE cell line. hTERT enabled cell to 

acquire replicating immortality, oncogenic K-ras rendered HPNE cells to obtain sustaining 

proliferative signaling, and thus the ability of increased cell proliferation and cell growth, 

inactivation of p16 by shRNA silencing enabled HPNE cells to evade growth suppressors and disrupt 

senescence checkpoint, and ultimately induce transformation of HPNE cells. 

 

 

HPNE cells to acquire immortality, sustained proliferative signaling, evasion of growth suppressors, 

disruption of senescence checkpoint and ultimately attain tumorigenesis (Fig. 28). This is also the 

first study that mutated K-ras in combination with loss of p16 function induced tumorigenic 

transformation of human pancreatic ductal cells. We found that introduction of the mutant K-ras, 

inactivation of p16 into HPNE cells led to the rapid acquisition of a transformed phenotype as 

indicated by the ability of HPNE cells to form colonies in soft agar, exhibit increased cell 

proliferation and tumor formation in orthotopic mouse model. These results suggest that mutation of 

K-ras and inactivation of p16 play critical and cooperative role in PDAC progression. The present 

model thus more faithfully recapitulates the molecular mechanisms of human pancreatic 

carcinogenesis than previous models.      

        In the HPDE transformation model study, we show that sequential introduction of a limited set 

of genetic alterations frequently found in human PDAC sufficed to convert human pancreatic ductal 

epithelial cells into pancreatic cancer cells. This is the first study that K-ras and Her2 oncogene in 

conjunction with inactivation of p16/p14 and Smad4 function induced tumorigenic transformation in 

HPDE cells. The transformed HPDE cells exhibited increased cell proliferation, migration and 

invasiveness, anchorage-independent growth in soft agar and grew tumors in orthotopic mouse 
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model, histopathological analysis displayed pancreatic ductal adenocarcinoma. This is the first report 

to achieve complete malignant transformation of human pancreatic ductal epithelial cells with 

defined gene alterations. One remarkable difference for this model from other models is that genetic 

elements used in this experimental transformation model are the most frequent gene alterations in 

PDAC: activation of K-ras and Her2, inactivation of p16/p14 and Smad4. These most common gene 

alterations enabled HPDE cells to acquire sustaining proliferative signaling, evade growth 

suppressors, and finally led to tumorigenic transformation (Fig.29). Therefore, this model more 

closely mimics the development of PDAC from molecular lesions and the histological characteristics 

of human PDAC than previous studies. 

 

 

 

 

 

Figure 29. The proposed model for transformation of HPDE cell line. E6E7 inactivated p53 and 

Rb tumor suppressors, and also immortalized HPDE cell. Oncogenic K-ras and Her2 rendered HPDE 

cells to obtain sustaining proliferative signaling, and thus the ability of increased cell proliferation 

and cell growth. Inactivation of p16/p14 and Smad4 by shRNA silencing enabled HPDE cells to 

evade growth suppressors. Inactivation of Smad4 upregulated c-myc and Id2, and increased BMP7 

and Bmi-1 expression. These alterations together induced increased cell proliferation and growth, 

prompted EMT, migration and invasion, and ultimately induced transformation of HPDE cells. 

  

 

        Our studies showed that different human pancreatic cell types had different requirements for 

malignant transformation. In the HPNE experimental model system, only three of the most common 

gene alterations in human pancreatic cancer –hTERT, mutant K-ras and inactivation of p16 are 

sufficient to transform the HPNE cell line. Whereas, in HPDE transformation model, disruption of 

six pathways including K-ras, Her2, p16/Rb, p53, p14 and Smad4 are required for tumorigenic 
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transformation of human pancreatic ductal epithelial cells (Fig. 30). The fact that more gene 

alterations are required for transformation of HPDE cells than HPNE cells indicates that more gene 

lesions hits are necessary for mature ductal cell transformation than progenitor HPNE cells. These 

results are similar with previous findings that different cell types have different specific requirements 

of gene alterations for transformation, which may be related with their intrinsic biological 

differences (134, 146). The difference in requirements of gene lesions for transformation may reflect  

 

 

 

 

Figure 30. Overview of the interplay of the major genetic alterations identified in PDAC and 
gene alterations used in our transformation models.  All major genetic alterations including K-

ras, Her2, p16, p14, p53 and Smad4 directly or indirectly regulates the G1/S phase cell cycle 

progression. Genes used in our model are indicated in Red.   

 

the nature of the different cells. The less number of gene alterations required for HPNE 

transformation than HPDE cell may be explained by the fact that HPNE cell is a progenitor, 

undeveloped cell, which is easier to transform than mature and differentiated HPDE cell. Similar 

findings were reported from mouse model. Mouse model of expressing mutant K-ras in 

differentiated pancreatic cells (acinar or ductal) do not progress to PanINs or PDAC. The expression 

of K-ras in embryonic pancreatic cells induced PDAC, while adult pancreatic cells are refractory to 
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transformation by mutant K-ras and require the induction of chronic pancreatitis to induce PDAC 

(147). Expression of K-ras under the control of cytokeratin-19 promoter target to mature ductal 

epithelial cells failed to induce PanINs or PDAC.  These results suggested that mature ductal cells 

are resistant to K-ras induced transformation (148, 149).  

        One limitation in our models is the strategy with the shRNA experiment, knockdown is unlikely 

to be complete, because basal levels of p16 and Smad4 still can be detected compared with knock 

out experiments. Thereby, the effects of knockdown could be affected by the basal levels of p16 and 

Smad4 and thus may not be as prominent as knock out in mouse model. In HPDE model, the 

limitation of this model is that viral gene E6E7 was used to immortalize the HPDE cell line. 

Therefore, future study would investigate the transformation potential of the human pancreatic 

epithelial cell without using any viral gene.   

 

Ras level and transformation   

        There are different reports regarding the requirement of Ras expression level for transformation 

(116). Elenbaas showed that the tumorigenicity of the transformed human mammary epithelial cells 

by SV40 large T antigen, the telomerase catalytic subunit, and oncogenic H-ras, was dependent on 

the levels of Ras oncogene expression. High-level of oncogenic Ras expression was required for 

transformation (116). In contrast, other studies demonstrated that overexpression of mutant K-ras 

protein was not required for transformation. High levels of Ras expression may result in senescence 

(150). There may exist a selection against cells with overexpression of K-ras, leaving a population 

with moderate expression of activated K-ras to undergo transformation. In fact, lower levels of 

oncogenic Ras more closely approximate those observed in human tumors. In the HPNE cell 

transformation model, the Ras expression in transformed cells with mutant K-ras and knockdown 

p16 was decreased compared with the K-ras expressing cell line, indicating that high level of Ras 

expression is not required for transformation of HPNE cells.  

 

The role of p16 and p14 in proliferation  

        Both p16 and p14 are involved in the regulation of cell cycle and cell proliferation, p14 

regulates cell cycle progression by inducing p53-dependent cell cycle arrest. Our results showed that 

knockdown of p14 and p16 further enhanced cell growth compared with knockdown of p16 alone in 

HPDE/K-ras cells, indicating that the loss of p14 and p16 simultaneously gives cells additional 

growth advantage compared with the loss of p16 alone. These results suggest that the p16 levels in 

these cells were not growth limiting, the loss of p14 increases the cell growth potential but did not 

change the tumorigenic effect between HPDE/K-ras /p16sh and HPDE/K-ras/p16p14sh cell line. 
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This result is consistent with the previous studies in human fibroblasts. Knockdown of p14 or p53 

had a much more potent growth accelerating effects in human fibroblast cells that had reduced p16 

protein levels compared with wild type cells. Suppression of p16 expression by knock down does not 

affect cellular proliferation, but synergizes with p53 loss to accelerate growth and cause 

transformation. Loss of p14 and p16 simultaneously caused a dramatic increase in growth speed 

compared to cells that have lost p16 expression alone (151, 152). Our results indicate that p16/p14 

functions to suppress mitogenic stimulation K-ras and Her2 induced cell proliferation, loss of 

p16/p14 release the limitation for proliferation, thus induce increased cell proliferation in HPDE 

cells.   

 

The role of p16 in oncogene-induced senescence, proliferation and transformation        

        Oncogene-induced senescence (OIS) in cells harboring oncogenes such as myc, or Ras is 

thought to form an important barrier to cancer (150). Senescence is characterized by a flattened and 

enlarged cellular morphology, a large nucleus with a prominent nucleolus, chromatin reorganization, 

and activation of the p16 and p53 pathways, expression of senescence-associated β-galactosidase 

activity and senescence-associated heterochromatic foci (150). 

        In response to activation of K-ras, normal cells undergo growth arrest or cellular senescence to 

protect against transformation (153, 154). The different responses to activation of Ras are dependent 

on the cellular contexts (150, 154-158). Oncogenic K-ras-induced proliferation or senescence is 

dependent on its levels of expression (157, 159). Ras-induced senescence is also dependent on signal 

intensity. Overexpression of oncogenic Ras at super physiological level induces senescence; whereas 

it’s normal levels or expression at physiological level does not activate tumor suppressor pathways 

and trigger growth arrest and senescence (150, 157, 158, 160-162). Our results showed that high 

levels of mutant K-ras expression in HPNE cells induced senescence in a small percentage of cells. 

These K-ras expressing cells also had enhanced proliferation rate. A recent study showed that 

expression of mutant-K-ras also inhibits senescence in pancreatic ductal cells (163). These results 

suggest that high level of K-ras in a small of percentage of cells triggered senescence, whereas 

expression of K-ras in most of these cells induced proliferation in HPNE cells. 

        Oncogenic Ras-induced senescence in primary human and rodent cells is associated with 

accumulation of p53 and p16. In response to Ras activation, cells undergo senescence which is 

abrogated by disruption of p53 or p16/Rb pathways (150, 159). Expression of mutant K-ras induces 

high level of p16 expression and senescence, the loss of p16 in cancer could be one key mechanism 

required to overcome growth arrest and senescence in mutated cells, thereby to abrogate senescence 

and allow tumor progression to full malignancy (162, 164). p16 is a potent inducer of senescence in 



81 

 

many cell types (165, 166).  p16 level determines how a cell will respond to Ras, some cell types 

with lower p16 level are resistant to Ras-induced arrest (150, 153, 167-169). 

        OIS occurs during the early stages of tumorigenesis. Senescent cells are abundant in 

premalignant lesions or benign lesions which harbor activated oncogenes. In contrast, senescent cells 

were rare in malignant tumors due to loss of senescence effectors p16 or p53 (156, 160, 170-174). 

OIS has recently been described in vivo in preneoplastic tissues of both the mouse and human (160, 

170, 172, 175). K-ras trigger senescence during early stage of tumorigenesis in the lung and 

pancreas, mutant K-ras mouse model developed PanIN preneoplastic lesions in the pancreas and 

lung with expression of p16 and displayed senescence; whereas senescence was negative in PDAC 

(170, 173, 176). Inactivation of senescence program results in the progression of the precursor 

lesions to malignant cancer in mouse model (160, 162, 176, 177). OIS acts as an important tumor 

suppressive mechanism and a barrier to cell transformation and tumorigenesis by restricting 

unchecked proliferation of cells with oncogenic mutations (178). The ability to escape senescence is 

a necessary step for cell tumorigenic transformation and one of the hallmarks of cancer cells (179). 

Therefore, disruption of senescence checkpoint by oncogenic activation or inactivation of tumor 

suppressor such as p53, p16 not only results in escaping from Ras-induced senescence, but also 

greatly promotes oncogenic transformation and causes the progression of tumors to the malignant 

stage (162, 164).  

        p16 is not normally expressed or typically difficult to detect in normal adult tissues(180). 

However, it is induced in various situations of stress and is highly expressed in senescent cells (166, 

181). The level of p16 expression is upregulated by overexpression of K-ras in normal human and 

mouse cells (150).  The level of p16 is low in normal HPNE cells, the marked increase in expression 

of p16 induced by mutant K-ras in HPNE cells is consistent with those earlier reports in which p16 

expression in primary human fibroblasts was stimulated by Ras
V12 

 (150, 152)
 
. The upregulation of 

p16 expression in cells with mutant Ras is regarded as an important barrier to transformation. In fact, 

p16 plays a critical role in blocking the progression of K-ras–initiated pancreatic neoplasms into 

invasive or metastatic PDAC in mouse models (28, 30). Our results demonstrated that mutant K-ras 

induced increased level of p16 and silencing enhanced p16 caused tumorigenic transformation of 

HPNE cells. Upregulation of p16 by Ras mutation may restrain the proliferation signals provided by 

mutant K-ras thus blocking proliferation; loss of p16 release the inhibition on proliferation, thus 

promoting cell proliferation and cell transformation. In our model, mutant K-ras promoted cell 

proliferation, but loss of p16 did not further increase growth in K-ras-expressing HPNE cells, 

indicating that p16 may have other roles in promoting transformation beyond its role in cell cycle 

regulation. However, we found that silencing K-ras-upregulated p16 expression abrogated oncogenic 
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K-ras–induced senescence in HPNE cells. Induction of senescence is also one of  roles of p16 tumor 

suppression  (182).  These results suggest that inactivation of p16 is one key mechanism required to 

overcome growth arrest, disrupt senescence checkpoint, and thus trigger cell transformation in 

mutated K-ras cells. 

 

Role of Smad4 in proliferation and EMT regulation and transformation 

        The role of Smad4 in tumor-promoting effects of TGF β signaling has been studied for years; 

however, the molecular mechanism of how inactivation of Smad4 contributes to the tumorigenesis 

and progression of PDAC is still not well understood. The function of inactivation of Smad4 in 

tumorigenesis may be involved in its central role in TGF β-mediated growth inhibition, cell 

proliferation and EMT. Inactivation of Smad4 leads to disruption of TGF β signaling in the 

regulation of cell cycle and cell proliferation by dysregulating the expression of Smad4 downstream 

genes such as p21, p15, p27, c-myc, Ids (91, 93, 94, 107). 

        Loss of Smad4 plays an important role in the transformation of HPDE cells. Our study 

demonstrated that there is not only no significant difference of in vitro growth rate in cell culture and 

soft agar but also no significant difference in the ability of in vitro cell migration and invasion 

between the two cell lines HPDE/K-ras/Her2/p16p14shRNA with or without Smad4shRNA cell line. 

Only HPDE/K-ras/Her2/p16p14shRNA/Smad4shRNA grew tumors in SCID mice, this result 

suggest that Smad4 plays an important role in tumorigenic transformation. This result is consistent 

with previous findings from mouse and human studies. The results from mouse model showed that 

inactivation of Smad4 accelerates the progression of K-ras-initiated pancreatic cancer (31, 32, 105). 

Restoration of Smad4 in human pancreatic cancer cells suppressed tumor growth in vivo (92, 93, 95-

97).    

        Previous studies showed that Smad4 plays an important role in the regulation of cytostatic 

response of TGF β signaling. We found that Smad4 inactivation was not significantly associated 

with cell proliferation of HPDE cells.  To investigate the role of Smad4 in transformation, we 

examined the expression of EMT marker proteins in HPDE cells. We found that inactivation of 

Smad4 reduced the expression of mesenchymal marker N-cadherin and vimentin, and epithelial 

marker cytokeratin simultaneously in transformed cell line. Our results showed that inactivation of 

Smad4 reduced the expression of epithelial marker pancytokeratin and cytokeratin-19. Cytokeratins 

are components of intermediate filament system and regulate the tissue homeostasis of high-turnover 

epithelia, downregulation of cytokeratin was found in tumor tissues. The pattern of expression of 

cytokeratin is a marker of cell differentiation and transformation (183). Decreased expression of 

cytokeratins in Smad4-inactivated cells suggests a more mesenchymal phenotype in Smad4 
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knockdown cells. We found that inactivation of Smad4 increased the ability of cell migration and 

invasion in some HPDE cell lines, knockdown Smad4 increased cell invasion in vivo for HPDE/K 

ras/Her2/p16p14sRNAh/Smad4shRNA tumorigenic cell line, tumor invaded locally. Therefore, the 

overall effect of Smad4 inactivation may promote EMT in HPDE cells. These results are consistent 

with the findings from previous studies in human PDAC cells, which showed that expression of 

Smad4 in Smad4-deficiency PDAC cell line suppressed TGF β-induced cell motility and invasion, 

and inactivation of Smad4 by knockdown in Smad4 intact PDAC cell line significantly enhanced 

TGFβ-induced invasion (98, 99). There are contradictory reports about the role of Smad4 in 

regulation of EMT.  Mouse model showed that Smad4 is required for TGF β–induced EMT, loss of 

Smad4 results in decreased EMT in the murine pancreatic cancer (31). In contrast, another study 

described that Smad4 is required for TGFβ-induced cell cycle arrest and migration, but not EMT in 

keratinocyte and human pancreatic cancer cell line (108). The role of Smad4 in EMT regulation is 

still elusive and need to be further explored.  

         Our results showed that transformed HPDE cells with Smad4 inactivation formed differentiated 

PDAC histology with expression of epithelial marker cytokeratin-19 and E-cadherin. This result is 

similar with the findings from mouse model. Smad4 deletion induced well-differentiated PDAC 

histopathology in the K-ras/p16INK4A/p14ARF deletion model compared with mice with intact 

Smad4 (31). This result also is consistent with the study of human PDAC cell lines, Smad4 

expression was associated with poor cell differentiation in human PDAC cell lines, poor 

differentiation was observed in 4/6 Smad4 wild-type compared with 0/5 Smad4 mutant cell lines 

(184). Furthermore, in a study of xenografts from16 human PDAC cell lines, undifferentiated 

histology was observed only in tumors derived from Smad4 wild-type cell lines (31). Loss of Smad4 

results in a well-differentiated tumor histopathology, suggesting disruption of TGF β-driven EMT. 

     

Cyclins, c-myc and Id2 in cell proliferation of transformed cell lines 

        One hallmark characteristic of cancer is enhanced proliferation and growth which is controlled 

by the cell cycle. We found that both  the transformed HPNE cell line with expression of mutant K-

ras and knockdown of p16 and the transformed HPDE cell line with expression of mutant K-ras, 

Her2, and knockdown of p16/p14 and Smad4 displayed increased cell proliferation rate. The 

expression of cell cycle proteins cyclin B1, cyclin D1 and cyclin E in the transformed HPNE cell line, 

and the levels of cyclin B1 and cyclin D1 in the transformed HPDE cell line were elevated. As cyclin 

D1 and cyclin E are involved in the regulation of cell cycle progression of G1/S transition and cyclin 

B1 is associated with transition G2/M phase.  These results suggested that dysregulation of cell cycle 

is responsible for the increased cell proliferation and transformation.  
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        Our results showed that c-myc was overexpressed in both of the transformed HPDE and HPNE 

cell lines. c-myc is an important transcription inducer of cell division, and is involved in regulation 

of cell cycle progression, cell growth and cell proliferation, stem cell self-renewal and transformation 

(185, 186). The upregulation of c-myc in transformed cell lines indicate that c-myc is correlated with 

increased cell proliferation and transformation. 

        We found that the expression of Id2 was increased in the transformed HPDE cell line. Id2 is a 

nuclear factor that functions as inhibitor of differentiation and negative regulator of bHLH 

transcription factors, Id2 is implicated in the regulation of cell cycle and cell proliferation (187-190). 

It promotes cell proliferation by interacting with and inactivating the tumor suppressor Rb (191) and 

interfering with proliferation bHLH transcription factors (192). Id2 is frequently overexpressed in 

pancreatic cancer samples and pancreatic cancer cell lines, increased Id2 expression may be 

associated with enhanced proliferative potential of pancreatic cancer cells (193, 194). The enhanced 

Id2 expression in the transformed HPDE suggested that Id2 may play a role in increased cell 

proliferation and transformation. 

        We found CDK inhibitors p15, p21, p27 were induced by mitogenic stimulation K-ras in HPNE 

cell lines, and thus may block K-ras induced transformation. Overexpression of c-myc, Id2 and 

cyclins may blunt the effect of CDK inhibitors, thus may induce increased cell proliferation in 

transformed cells (195) . 

 

EMT regulation and transformation    

        Epithelial-mesenchymal transition (EMT) is a biological process by which an epithelial cell 

loses features of epithelial-cell and acquires properties of mesenchymal cell and becomes more 

motile (196-198). During EMT, cell-cell junctions are altered; epithelial cells lose their polarity and 

cell to cell contact, reorganize the actin cytoskeleton, and acquire a fibroblastoid morphology, and 

migration and invasive phenotype. Cells undergoing EMT display downregulation of epithelial 

marker proteins (E-cadherin, cytokeratin) and other components of epithelial cell junctions, and 

upregulation of mesenchymal marker proteins (vimentin, α-smooth muscle actin and N-cadherin). 

EMT is associated with the acquisition of invasive potential, elevated cell migration and invasion is a 

hallmark of cancer, and is believed to be involved in carcinogenesis and plays an important role in 

tumor progression by stimulating invasiveness and metastasis (196, 197).  

        Local invasion and distant metastasis are hallmark of pancreatic cancer; our results showed that 

transformed HPNE cells exhibit invasion and metastasis. We therefore examined the EMT marker 

changes in HPNE cells. Our results showed that K-ras induced increased N-cadherin and slight 

decreased cytokeratin-19 expression in HPNE cells. These results suggest that EMT is involved in 



85 

 

transformation of HPNE cells. Lee (144) showed that HPNE cells  have the ability to differentiate to 

pancreatic ductal cells. Treatment of  HPNE with inhibitors of histone deacetylases (sodium butyrate) 

and  DNA  methyltransferases( 5-aza-2’-deoxycytidine) lead to the formation of pancreatic ductal 

cells marked by the expression of p-glycoprotein 9, multidrug resistance MDR-1, carbonic anhydrase 

II, cytokeratin 7, 8 and 19.  The expression of E-cadherin and cytokeratin 19 in HPNE cell line 

indicates that these HPNE cells have bi-potential or multipotential ductal stem cell characteristics.  

        Our results showed that uPA and MMP2 were overexpressed in tumorigenic HPNE cells. uPA 

plays a crucial role in pericellular proteolysis during cell migration and tissue remodelling. uPA 

convert plasminogen to plasmin, which degradates fibrin, type IV collagen, fibronectin, and laminin 

and activates latent collagenases. Overexpression of uPA is found in pancreatic cancer (199). The 

matrix metalloproteinase 2 (MMP2) is a type IV collagenase, a zinc-containing proteolytic enzyme 

that break down extracellular matrix proteins and plays an important role in cancer invasion. The 

level of MMP enzyme activity has been demonstrated to be correlated with tumor grade, regional 

lymph node metastases, and distant metastases. MMP-2 is overexpressed in pancreatic cancer (200, 

201). The expression of these MMPs has been shown to directly correlate with invasion and 

metastasis in pancreatic cancer. Overexpression of uPA and MMP2 in the transformed and 

metastatic HPNE cells suggest that uPA and MMP2 play roles in transformation and metastasis of 

HPNE cells. 

 

p16 and Her2 in EMT regulation 

        Our results showed that different cell lines have different growth rate and migration, invasion. 

HPDE/K-ras/p16shRNA cell line display many EMT characteristics, showed fibroblast-like 

morphology in culture dish, increased cell migration and invasion, markedly increased EMT protein 

expression such as vimentin and N-cadherin. However, this cell line is not tumorigenic in mice. It 

seems that p16 is also involved in the regulation of EMT and EMT protein expression, inactivation 

of p16 promoted EMT in HPDE-K-ras cell as it increased mesenchymal maker expression and 

induced migration and invasion. A recent report showed that p16 is involved in the regulation of 

myocardin expression and the differentiation process which is at least partially responsible for p16 

tumor-suppressor function (202). The role of inactivation of p16 in EMT regulation need to be 

further investigated.  

        Our results showed that Her2 is involved in regulation of EMT; it reduced the expression of 

pancytokeratin in HPDE cell line. This result is consistent with the report which showed that Her2 

expression induced EMT, increased vimentin and N-cadherin expression in mammary epithelial cells 

(203). 
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Histopathological characteristics recapitulate PDAC  

        Histological analysis of the tumors formed by transformed HPDE/-K-

ras/Her2/p16p14shRNA/Smad4shRNA cell line revealed pancreatic ductal adenocarcinoma feature, 

and the tumors were locally invasive, as characterized by infiltration into the neighboring muscle 

tissue. This result is different from the tumor formed by HPDE/K-ras cell line reported from Tsdao’s 

group. The tumor was a poorly differentiated carcinoma. This result is also distinct from K-ras 

mouse model that showed a sarcomatoid or a poorly differentiated histology (27, 28, 30). One of the 

remarkable features of PDAC is that it almost always elicits an intense desmoplastic host reaction. 

Histology analysis showed that stromal fibroblasts were found in HPDE tumors. These results 

suggest that this model more closely recapitulated histological characteristic of human PDAC. In 

addition, we did not observe metastasis to other organs in mice, suggesting that additional genetic or 

epigenic changes may be necessary to acquire a metastasis phenotype.            

        Histological analysis of the tumors formed by the transformed HPNE/-K-ras/p16p14shRNA cell 

line revealed undifferentiated ductal carcinoma with sarcomatoid feature, a poorly differentiated 

histology and the tumors were invasive and metastatic to liver and spleen. The histological features 

of these tumors are consistent with the results found in a previous mouse model of mutant K-ras and 

deletion of p16INK4A/p14ARF (28, 30) with a higher propensity for poorly differentiated PDAC 

histology, undifferentiated sarcomatoid features. In human, ductal adenocarcinoma histology 

predominates, sarcomatoid subtypes are uncommon variants of PDAC with more aggressive clinical 

behavior (1, 8, 204). Undifferentiated carcinomas are among the most aggressive of all the 

carcinoma of pancreas, the medium survival is only 5 months (204, 205). The different cell lines 

form different histological subtypes, suggesting that cell origin also affects the histological 

differentiation of tumors.  

 

Cell origin of PDAC 

        The cell origin of PDAC has remained elusive; it is unclear whether PDAC arises from duct 

cells, acinar cell, islet cells, stem cell or progenitor cell in the pancreas. Ductal cells have been 

widely believed as the cell origin since PDAC cells morphologically resemble pancreatic ductal cells 

at the histological levels, displaying cuboidal shape, formation of tubular structures, and expression 

of ductal makers (7, 10). There are many evidences to support that PDAC arise from ductal cells. 

Precursor PanIN lesions are located in ducts. Studies from mouse model showed that PDAC 

developed from PanIN lesions to invasive cancer (28, 206).  
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        Although the histologic appearance of PDAC suggests a ductal origin, stem cells and other 

differentiated cells such as acinar cells have been suggested as potential origin. Mouse model 

showed that endogenous expression of mutated K-ras in the nestin-expressing pancreatic exocrine 

progenitor cells induced pancreatic intraepithelial neoplasms (PanINs) lesions as in a Pdx1-Cre/LSL-

K-ras model with K-rasG
12D

 targeting to the whole pancreas, this result suggested that the adult 

nestin-expressing cells are the cells origin of PDAC, a progenitor cell origin for PDAC (207, 208). 

The frequent observations of premalignant acinar-to-ductal metaplasia in humans and mouse models 

suggest an acinar origin (208, 209). Acinar cells are capable of giving rise to PanIN-like lesions and 

PDAC in the mouse model, expressing oncogene K-ras
 
in acinar cells of mouse pancreas showed that 

precursor PanIN lesions transdifferentiation of acinar cells led to mPanIN and PDAC (147, 210, 

211). 

        Mouse models can’t address the cellular origin of PDAC as mouse models using PDX1 

(pancreatic and duodenal homeobox gene 1) or Ptf1a (pancreatic transcription factor 1a) promoter  

target mutant K-ras in all pancreatic progenitor cells including endocrine and exocrine pancreas, also 

including both acinar and duct cells, making it impossible to determine the cell origin of PDAC (28). 

A recent study showed that targeting expression of K-ras
G12D

 mutation to pancreatic ducts using the 

CK19CreERT allele induced small numbers of mucinous metaplastic lesions with the morphological 

and molecular characteristics of early PanINs, but not PDAC. These results indicated that pancreatic 

ducts may have the potential to give rise to pancreatic cancer (212). Therefore, a defined cell culture 

based system or more differentiated pancreatic cell lineage will be a better model to address the 

question of the cell origin of PDAC and allow us to test the hypothesis that ducts could be the origin 

of PDAC. Our results demonstrated that human pancreatic ductal cells gave rise to PDAC, thus 

providing support for the hypothesis that ductal cells are the cell origin of PDAC.  PDAC arise from 

progenitor HPNE cells suggesting a progenitor origin of PDAC. Two different pancreatic ductal cell 

lines gave rise to PDAC but formed different histology in our cell culture models, suggesting that 

cell origin influences tumor pathological feature of PDAC. Understanding how PDAC arises is 

important for finding new biomarkers and developing new targets for treatment of PDAC. 

 

Activation of signaling pathway downstream of K-ras in transformation    

        Dissecting the underlying mechanism of transformation, especially dissecting which K-ras 

effector pathways are critical in tumorigenic transformation would lead to the finding novel 

therapeutic targets for human PDAC. The three principal Ras downstream effector pathways 

RAF/MEK/ERK, RalGDS/Ral, PI3K/AKT play pivotal roles in Ras-triggered transformation and 

tumorigenesis (17, 18). Our results showed that mitogen-activated kinase (MAPK) –ERK and p38 
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were activated in both the transformed HPDE and HPNE cells. Activation of ERK MAPK signaling 

cascade leads to cell proliferation, resistance to apoptosis, and cell migration. Activation of MAPK 

pathway is found in a variety of transformed cells and mediates the transformation induced by Ras, 

RAF and other oncogenes, and is recognized as one of the hallmarks in cancer models. Therefore, 

inhibition of MEK/ERK signaling pathway is a promising therapeutic target in pancreatic cancer, 

and results in decreased cell proliferation and cell growth (213, 214). In our two models, we found 

ERK MAPK was activated by K-ras in transformed cell line, suggesting that K-ras-induced ERK 

MAPK activation may play a role in the malignant transformation of human pancreatic ductal cells. 

        p38 MAPK pathway is involved in regulation of cell cycle and cytoskeleton remodeling, 

apoptosis, and differentiation. The role of p38 in cancer is complex. The function of p38 in cancer 

may depend on the cellular context, tumor cell type and tumor stage. There are many evidences to 

support its role as a tumor suppressor to inhibit cell growth and induce apoptosis (215-217).  p38 

may function as an oncogene to promote cancer progression such as invasion and migration (218). 

Increased level of p38 phosphorylation has been associated with malignancy in various cancers. 

Several studies showed that p38 MAP kinase pathway is required for TGF β induced EMT and cell 

migration in different cells (219-221). Our results showed that p38 MAPK are activated in both 

transformed HPDE and HPNE cells, indicating that activation of p38MAPK pathway may play an 

important role in the tumorigenic transformation of human pancreatic ductal cells. However, the role 

of p38 activation in pancreatic cancer remains to be further investigated. The activation of MAPK- 

ERK and p38 in transformed cell line suggest that these pathways may play an important role in the 

tumorigenic transformation of human pancreatic ductal cells. 

        RalA is a small GTPase. It mediates diverse cellular effects including cellular motility, 

proliferation, cytoskeletal organization, and transformation. Previous studies showed that activation 

of RalA signaling is a crucial effector involved in Ras-induced transformation and tumorigenesis of 

human cells (222). Recent studies have demonstrated that elevated levels of active RalA were 

frequently detected in human PDAC tumor tissues and cell lines (222, 223).  Recently, Lim showed 

that RalA not RalB is critical for PDAC cell line anchorage-independent growth in vitro and 

tumorigenic growth in vivo (222, 223). Inhibition of RalA by siRNA suppresses anchorage-

independent growth in vitro and tumorigenic growth in vivo of human PDAC cell lines (223, 224). 

Knockdown of RalA also suppressed tumorigenicity of Ras-transformed human cells. Our results 

showed that RalA is highly activated in transformed HPNE/K-ras/p16shRNA cell line, indicating 

that RalA may play a critical role in Ras-driven tumorigenic transformation of HPNE cells. As the 

strategy for targeting oncogenic K-ras such as K-ras inhibitor always failed, and as RalA is critical 
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for Ras-mediated tumor growth of human PDAC cells, targeting specific Ras downstream effector 

pathway such as inhibiting RalA function may be an effective anti-Ras strategy for cancer treatment.  

        The results of different Ras effectors activation in tumorigenic HPDE and HPNE cells is similar 

to previous findings that different human cell types have distinct requirements of Ras effector 

pathways for transformation (17, 134, 225). Ras effector pathway may be modulated  by distinct 

cell-type specific signaling pathways, pancreatic cancer cell lines harboring with mutated K-ras 

differ in other genetic lesions, Ras can have vastly different effects dependent on cellular gene 

lesions context (17).  

        Focal adhesion kinase (FAK) is non-receptor cytoplasmic protein tyrosine kinase, localized in 

cellular focal adhesion. FAK is associated with integrin and growth factor signaling and regulates 

cell proliferation, cell growth, survival, cell adhesion, angiogenesis migration and invasion of tumor 

cells (226, 227). Enhanced expression of FAK was found in human PDAC (227, 228); FAK 

expression is correlated with the grade of tumor differentiation, tumor size, and the presence of 

distant metastasis (229, 230). Activation of FAK is involved with the aggressive capability of PDAC 

through enhancing cell adhesion and invasion of PDAC cells (231). Inhibition of FAK by siRNA and 

FAK kinase inhibitor has anti-tumor activity; silencing FAK has been shown to inhibit cell survival, 

mobility, invasions and metastasis of PDAC cell lines in mouse model (230, 232-236). The 

expression and activation of FAK is increased in transformed HPNE and HPDE cells, suggesting 

FAK may play a role in transformation. 

 

 Molecular alterations in transformation  

        In an attempt to better understand the molecular mechanisms that are involved in pancreatic 

cancer transformation, we performed microarray gene expression analysis. Because Smad4 plays an 

important role in the transformation, we are interested in finding which Smad4 downstream genes 

are changed during the transformation. One interesting finding is that the expression of BMP7 

mRNA level was significantly increased in transformed cell lines. The studies from other cancers 

have showed that BMP7 plays important role in cancer development and metastasis. BMP7 

expression was increased in melanoma and bone metastatic prostate cancer, colorectal cancer and 

breast cancer and was correlated with metastasis and poor prognosis (237-241). The role of BMP7 in 

human PDAC is unknown. We found that enhanced expression of BMP7 in 9 of 14 (64%) human 

pancreatic cancer cell lines. These results indicate that BMP7 may be involved in the transformation 

of HPDE cells and play a role in tumorigenesis of PDAC. As Smad4 is also a central signal mediator 

of bone morphogenetic protein (BMP) and activin signaling pathways (242, 243). BMP7 has been 

shown to inhibit Smad4-mediated TGF β signaling such as inhibition of EMT (244, 245). 
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Inactivation of Smad4 thus disrupting both BMP signaling and TGF β signaling might contribute to 

the development of human PDAC. 

        Another very significant finding we discovered is that Bmi-1 was involved in the transformation 

of human pancreatic cells. We first found that the mRNA level of Bmi-1 was enhanced in 

transformed HPDE cell line, and that overexpression of Bmi-1 protein was found in transformed 

HPDE cell line and HPDE tumor cell lines isolated from mouse tumor. Very interestingly, we further 

found that Bmi-1 was regulated by Smad4 in HPDE cells; inactivation of Smad4 enhanced the 

expression of Bmi-1 protein in Western blot analysis.  Bmi-1 was also overexpressed in 85% (11/13) 

pancreatic cancer cell lines compared with very low level of expression in immortalized human 

pancreatic cell lines. Bmi-1 is a putative polycomb ring finger oncogene; it is involved in regulation 

of cell proliferation and senescence, growth and survival, EMT, invasion and metastasis (246-255). 

Bmi-1 is also a stem cell marker, plays a key role in regulating the proliferation and self-renewal of 

normal stem and progenitor cells (251, 252, 256-259). Overexpression of Bmi-1 is found in diverse 

cancers (247, 253, 255, 260, 261). Bmi-1 expression has been reported to be correlated with 

aggressiveness of the cancer, metastatic propensity, poor prognosis, and shorter survival time (262-

264). Bmi-1 has been demonstrated to play important roles in malignant transformation and 

tumorigenesis of several cancers such as prostate cancer, breast cancer and skin cancer (258, 265, 

266). 

        Previous studies have shown that Bmi-1 plays a role in PDAC. Mouse model displayed that 

Bmi-1 expression was upregulated in premalignant PanIN lesions and PDAC (267). Bmi-1 was 

significantly elevated in pancreatic cancer stem cells, suggesting it may play a role in the self 

renewal capacity of these cells (268). Bmi-1 expression also was found in human PanIN lesions 

(268). Overexpression of Bmi-1 was found in both PDAC cell lines and patient tissues; level of Bmi-

1 expression is correlated with lymph node metastasis, patient’s survival and poor prognosis (267, 

269). Bmi-1 has been demonstrated to play roles in regulation of cell cycle, cell proliferation and 

survival of pancreatic cancer cells; silencing of Bmi-1 suppressed proliferation and growth, survival 

of PDAC cells and reduced anchorage-independent colony growth in vitro and xenograft tumor 

growth in vivo in animal models (269). These results indicated that Bmi-1 plays important roles in 

the progression of PDAC. Altogether, these results suggest that Smad4 regulated Bmi-1 expression 

and that increased Bmi-1 may play an important role in transformation of human pancreatic cells. 

Bmi-1 may represent a novel target for treatment of PDAC. 

        Taken together, these results indicate that inactivation of Smad4 results in dysregulation of 

Smad4 downstream genes and thereby might contribute to transformation and tumorigenesis of 

human pancreatic cells.  
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Alterations of IPA signaling pathways in transformation  

        PDAC is a complex genetic disease resulting from sequential accumulation of multiple gene 

lesions that function through a relatively small number of pathways, biological and disease 

processes. To better understand the molecular mechanisms that involved in pancreatic cancer 

transformation and pathogenesis lies in the identification of disease-associated signaling pathways 

and biological process. Dissecting the signaling pathway critical for tumorigenic transformation and 

understanding biological process responsible for these cancer phenotypes will be useful for the 

discovery of potential tumor biomarkers and for the development of efficacious therapeutic agents 

that target the altered signaling pathways and process.  

        IPA signaling pathway analysis is a more comprehensive form of analysis compared with the 

analysis of individual gene expression. Our gene expression profiling and IPA signaling pathway 

analysis made it possible to identify the crucial signaling pathways involved in the transformation 

and tumorigenesis of pancreatic ductal cells. Our results from IPA signaling pathways analysis 

demonstrated that ILK signaling and cell cycle dysregulation are the most significant changes 

involved in transformation of HPDE cells. The top alterations in molecular biological functions in 

HPDE cell transformation were cell death; cellular growth and proliferation; cell cycle; DNA 

replication, recombination and repair; and cellular movement. In the HPNE cell transformation 

study, our bioinformatics pathway analysis revealed that a number of the signaling pathways such as 

ILK, integrin signaling, RhoA, and Notch are significantly associated with the malignant 

transformation of HPNE cells. The present studies, for the first time, used bioinformatics pathway 

analysis to reveal the significant signaling pathways that are associated with tumorigenic 

transformation of pancreatic ductal cells. These findings contribute to a better understanding of the 

molecular mechanisms of tumorigenic transformation in PDAC. 

                                                                                                                                                                                                                                                          

Significance and future direction 

        In the present study through the sequential introduction of the most common genetic alterations 

in PDAC, we developed a novel experimental cell culture model system to transform the 

immortalized human pancreatic ductal cells, to study the biology of the human pancreatic cancer and 

to further dissect the molecular basis of pancreatic cancer transformation. 

        These models are the first in vitro model systems more faithfully recapitulating the human 

pancreatic carcinogenesis. The HPDE cell model is the first fully transformation model of human 

pancreatic ductal epithelial cells using the most common gene alterations in human PDAC. The 

HPNE cell transformation model is the first experimental cell culture system for studying mechanism 
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of tumorigenic transformation of human pancreatic ductal cells by utilizing the signature lesions 

found in PDAC without using any DNA tumor viral oncogenes. Taken together, these novel cell 

transformation model systems more accurately recapitulate human pancreatic ductal cell 

carcinogenesis from the cell origin, genetic lesions, activation of specific signaling pathways, and 

histopathological characteristics of PDAC.  

        The present study used bioinformatics pathway analysis for the first time to analyze differential 

signaling pathways that are involved in tumorigenic transformation of human pancreatic ductal cells. 

These findings would substantially enhance our understanding of the molecular mechanisms of 

transformation, especially, to better understand the signaling pathways and processes critical for 

transformation and tumorigenesis of PDAC. These novel in vitro experimental cell transformation 

model systems will be useful in several respects.  First, these experimental cell culture systems 

would provide a necessary tool for studying the molecular mechanism of PDAC development. These 

models can be used to study the function and role of new genes in the progression or metastasis of 

PDAC by introducing the suspected genes into these cells and analyzing their effects. Second, these 

studies can serve as a guide to direct the development of new detection strategy and more effective 

therapeutic agents to target the specific altered oncogenic signaling pathways in human PDAC. 

These cell model systems with genetically defined nature could be used as an in vivo cancer model to 

assess the efficacy of new therapeutic agents on tumors with various gene or signaling pathway 

alterations in PDAC without the confounding interference by other unknown genetic alterations. For 

example, the HPNE model will be useful for testing new therapeutic agents targeting K-ras-mediated 

oncogenic signaling pathways.           

         Therefore, future study will first focus on identifying the critical molecular and signaling 

pathway alterations in transformation and metastasis; importantly, determining Smad4 regulated 

downstream gene’s function in transformation and tumorigenesis. Second, future research will use 

these models to develop new detection strategies and therapeutic agents to target the specific altered 

oncogenic signaling pathways, such as testing the new therapeutic agents targeted                                                                                                                              

RalA or Bmi-1.   
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