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ABSTRACT OF THE DISSERTATION 

 

The Role of SOCS3 and CXCL1 
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Professor Nicholas Cacalano, Chair  

 

 

Suppressor of Cytokine Signaling (SOCS) proteins are inhibitors of cytokine signaling that 

function via the Janus kinase (JAK)/ signal transducers and activators of transcription (STAT) 

pathway. Our lab has previously demonstrated that SOCS3-deficient mouse embryonic 

fibroblasts (MEFs) display enhanced sens itivity to DNA damaging agents, but the molecular 

mechanism of this effect is not well understood. In this study, we have confirmed SOCS3 as a 

radioprotector in fibroblasts and human solid tumors and identified a novel mechanism through 

which SOCS3 exerts its radioprotective effect. SOCS3 regulates the DNA damage response by 

promoting p21 induction and controlling STAT3-mediated proliferation. We have found that the 

transcriptional repressor BCL6 is targeted by SOCS3/STAT3 and this novel axis is responsible 
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for specific control of the G1-S transition, as SOCS3-deficient cells display normal S-phase 

checkpoint. Further, by overexpressing SOCS3 in human pancreatic cancer cell lines that signal 

through insulin- like growth factor (IGF) receptor and the RON receptor tyrosine kinase, we have 

determined that the radioprotective effect of SOCS3 supercedes its ability to block specific 

kinase pathways that increase radiation resistance in tumor cells.   

In addition to these novel effects of SOCS3 on the DNA damage response, we have also 

identified radiation- independent functions for SOCS3 in aggressive, metastatic solid tumors. 

Initial cDNA microarray studies in SOCS3 knockout MEFs revealed that the pro- inflammatory 

C-X-C family chemokines CXCL1 and CXCL2 are underrepresented in SOCS3-deficient 

fibroblasts, due to transcriptional repression by uncontrolled STAT3 signaling. On the basis of 

these observations, we have identified three molecular subtypes of human pancreatic ductal 

adenocarcinoma (PDA) based on SOCS3 expression and CXCL1/2 dependence. We have 

stratified human PDA cell lines into three groups in which SOCS3 is either highly expressed, 

partially repressed, or severely repressed/totally silenced in response to IL-6 or oncostatin M 

(OSM). Repression of the SOCS3 gene in PDA is not CpG island methylation-dependent, 

suggesting a possible novel mechanism through which SOCS3 expression is silenced in PDA.   

Our laboratory has shown that ectopic expression of SOCS3 can promote CXCL1 gene 

activation and tumor aggressiveness in the molecular subtype with partial SOCS3 repression but 

not the others. Thus, the three molecular subtypes of PDA that we have identified display distinct 

biological behaviors, responses to SOCS3 overexpression and CXCL1-dependence. Using an 

orthotopic xenograft model of human PDA in immunodeficient mice, we demonstrated the in 

vivo relevance of the STAT3/SOCS3/CXCL1 axis in tumor aggressiveness and metastatic 

behavior. Our results suggest a novel mechanism for controlling pro- inflammatory signaling in 
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human solid tumors and that SOCS3 can regulate both metastasis and radiation sensitivity 

through distinct pathways. Our ability to stratify human PDA on the basis of 

SOCS3/STAT3/CXCL1/2 dependence has implications for the development of individualized 

therapy for cancer patients. By targeting STAT3, SOCS3, as well as CXCL1, we can regulate 

metastatic behavior in solid tumors, and increase radia tion sensitivity of tumors in the clinic. 

 

Keywords: JAK/STAT signaling, cytokine, chemokine, SOCS3, CXCL1, DNA damage response, 

metastasis, radiation therapy, pancreatic ductal adenocarcinoma. 
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I. Introduction 

1. JAK/STAT Signaling Pathway and SOCS Proteins  

1.1 JAK/STAT signaling pathway 

The Janus kinase (JAK)/signal transducers and activators of transcription (STAT) pathway is the 

principal signaling mechanism that regulates a variety of cytokines and growth factors. It is well 

known that cytokine signaling mediated by the JAK/STAT pathway plays essential roles in 

differentiation, maturation, proliferation and apoptosis of a various types of cells. A variety of 

ligands and their  receptors stimulate the JAK/STAT pathway. Intracellular activation occurs 

when ligand binding induces the  multimerization of receptor subunits. For signal propagation 

through either homodimers or heteromultimers, the cytoplasmic domains of two receptor 

subunits must be associated with JAK tyrosine kinases. JAK activation occurs upon ligand-

mediated receptor multimerization because two JAKs are brought into close proximity, allowing 

trans-phosphorylation. The activated JAKs subsequently phosphorylate additional targets, 

including both the receptors and the major substrates, STATs, which are latent transcription 

factors that reside in the cytoplasm until activated. Phosphorylated STATs enter the nucleus and 

once in the nucleus, dimerized STATs bind specific regulatory sequences to activate or repress 

transcription of target genes. Thus the JAK/STAT cascade provides a direct mechanism to 

translate an extracellular signal into a transcriptional response (Reviewed by Jason S, 2004). The 

JAK/STAT pathway is often mutated or aberrantly activated in multiple human cancers, and 

correlates with increased proliferation and tumor aggressiveness (J. N. Ihle, 1995; V. Boundy, L. 

Li and N, Kaur, 2002; E. B. Haura, 2005; R. J. Leeman, 2006). 
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1.2 SOCS proteins  

There are three major classes of negative regulator of JAK/STAT pathway: SOCS (suppressors 

of cytokine signaling), PIAS (protein inhibitors of activated stats) and PTPs (protein tyrosine 

phosphatases) (reviewed by Greenhalgh and Hilton, 2001). The SOCS protein family includes 

eight members: the Cytokine- inducible SH-2 containing protein (CIS) and SOCS1-7 (Hilton DJ, 

1998). Each SOCS protein contains three distinct domains: an N-terminal domain with low 

conservation, a conserved central Src homology (SH)-2 domain and a more highly conserved 

SOCS box at the C-terminus (Alexander, 2002). In addition, a small kinase inhibitory region 

(KIR) located N-terminal to the SH2 domain has been identified for SOCS1 and SOCS3, which 

is responsible for inhibition of JAK. There are 4 possible steps that SOCS proteins inhibit 

cytokine signaling: (1) block STATs recruitment to the cytokine receptor by masking STAT 

binding sites of the receptor, (2) target proteins for proteasomal degradation via ubiquitination (3) 

bind to JAKs and inhibiting their kinase, or (4) target JAKs for degradation via the proteasome  

(Yoshimura A, 2012). The SOCS complete a classical negative feedback loop in the JAK/STAT 

signaling: activated STATs stimulate transcription of the SOCS genes and the resulting SOCS 

proteins bind phosphorylated JAKs and their receptors to turn off the pathway (Jason S, 2004; T. 

A. Endo, T. Naka and R. Starr, 1997). 

SOCS1 and SOCS3 inhibit not only STATs but also other signaling pathways such as Ras/ERK 

and PI3K, which affect cell proliferation,  survival,  and differentiation (Lu, 2006; Madonna, 

2008). Interestingly, SOCS3 is tyrosine phosphorylated upon cytokine or growth factor 

stimulation, and phosphorylated Y221 of SOCS3 interacts with p120-RasGAP, resulting in a 

sustained activation of ERK. Although SOCS proteins inhibit growth factor responses, tyrosine  
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phosphorylation of SOCS3 can ensure cell survival and proliferation through the Ras pathway 

(Cacalano, 2001). 

In addition to their classic function as negative regulators of JAK/STAT pathway, recent studies 

using gene-disrupted mice have revealed that SOCS proteins play unexpected and important  

roles in many immunological processes, atherosclerosis, metabolism, and cancer (Reviewed by 

Akihiko Yoshimura, 2012). 

2. SOCS3 in DNA Damage Response 

2.1 DNA damage response and signaling pathways 

The DNA damage response evolved primarily as a way for cells to deal with chromosome 

instability, errors in DNA replication and reactive oxygen species (ROS) that result in DNA 

breakage (Reviewed by Stephen P. Jackson and Jiri Bartek, 2009). This response gives the cell 

two choices:  undergo cell cycle arrest, repair the damage, and re-enter the cell cycle, or undergo 

programmed cell death, if the extent of the damage is too great. The importance of this pathway 

cannot be overstated: spontaneous mutations in the DNA damage response pathway lead to a 

number of human DNA breakage syndromes, immunodeficiencies, susceptibility to cancer, and 

sensitivity to radiation. Among the most well studied mutations are those occurring in ATM 

(Ataxia Telangiectasia ), FANCD2 (Fanconi’s anemia), BRCA1/2 (breast cancer), p53, p21, and 

NBS1 (Nijmegen Break Syndrome) (Moldovan and D’Andrea, 2009; David W. Meek, 2009).  

Ionizing radiation (IR) activates the same response, and is a key determinant of tumor cell 

responses to cancer therapy. Not surprisingly, signal transduction pathways, genetic mutations 

and epigenetic events in tumors that modulate the DNA damage response greatly affect the 

outcome of radiotherapy. A Major obstacle to effective radiation therapy is the accumulation of 



 

 4 

mutations that can directly impair the DNA damage response or effectively antagonize it. A 

number of receptor tyrosine kinase families as well as cytoplasmic kinases are often 

constitutively active in tumors and can inhibit the effectiveness of radiotherapy. A number of 

activated signaling pathways such as JAK/STAT, ERK MAPK, mTOR and PI3K/Akt are linked 

to radioresistance in tumors by promoting DNA repair or increasing the expression of anti-

apoptotic molecules that interfere with IR- induced cell death (Matusoka S, 2007; Kastan M.B., 

2008). Several of these pathways are targets for pharmacologic inhibitors that can synergize with 

radiotherapy. 

The STAT3 transcription factor is an oncogenic signaling protein/transcription factor that can 

drive cellular proliferation and promote cell survival in cancer. One component of STAT3-

mediated oncogenesis is its ability to disrupt the expression of cell cycle inhibitory proteins. The 

p21 (Cip-1/Waf1) promoter has three STAT binding sites which are capable of recruiting STAT3. 

Recently, it was demonstrated that STAT3 represses p21 expression by directly binding the p21 

promoter, but failing to recruit the histone acetylase CBP300 and RNA polymerase, suggesting 

that STAT3 can act as direct transcriptional inhibitor of p21 (B. Benjamin, 2002). In another 

study, STAT3 has also been shown to directly repress p53 gene expression (G. Niu, 2005). 

STAT3 may also negatively regulate p21 by indirect mechanisms as well. The STAT3 target 

genes c-Myc and BCL6 have been shown to repress p21 gene expression and activate cell cycle 

progression (S. Mukherjee, 2005; T. Shirogane, 1999; A.L. Gartel, 2003; H.A. Coller, 2000; 

Gisela F. Claassen, 2000; Phan RT, 2005). Therefore, STAT3 is capable of acting as a 

radioprotector or radiosensitizer, depending on cellular context. In particular, the degree to which 

STAT3 signaling is uncontrolled may determine which pathway the cell takes following 



 

 5 

radiation exposure. In this study, we show that SOCS3 plays a key role in the regulation of 

STAT3-dependent radiation outcomes. 

2.2 SOCS3 as a radioprotector 

Our laboratory has previously identified a novel and unexpected function for SOCS3 in the DNA 

damage response. We have found that SOCS3 has a radioprotective effect, as SOCS3-deficient 

fibroblasts display enhanced sensitivity to DNA damaging agents in a clonogenic survival assay. 

We demonstrated that SOCS3-deficient cells failed to undergo G1 cell cycle arrest in response to 

radiation. Further, we demonstrated that this defect is likely due to uncontrolled STAT3 

signaling in irradiated cells, which results in repression of p21 gene expression (J. C. Sitko, 

2008).  

In this study, we further investigate the molecular mechanisms by which STAT3 represses p21 

expression in mouse embryonic fibroblasts (MEFs) as well as human cancer cell lines following 

DNA damage. We demonstrate that SOCS3 regulates DNA damage response by inhibiting 

STAT3 activation, resulting in repressed expression of STAT3 target genes BCL6 and c-Myc, 

and increased induction of p21. We have also found that the SOCS3/STAT3/BCL6 axis is 

responsible for specific control of the G1-S transition, as SOCS3-deficient cells display normal 

S-phase checkpoint and SOCS3 expression does not affect CDC25A degradation or SMC1 

phosphorylation following ionizing radiation. Our findings indicate that the balance between 

proliferation and cell cycle arrest following DNA damage requires strict regulation of the STAT3 

transcription factor. Thus, SOCS3 may be a key factor in checkpoint control following DNA 

damage. In addition to ionizing radiation, we report that SOCS3 also protects MEFs from UV 

irradiation by in vitro clonogenic survival assay. We extend this finding to human cancer cell 

lines and confirm the radioprotective effect of SOCS3 in non-small cell lung cancer (NSCLC) 
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cell lines. Besides, overexpression of SOCS3 in NSCLC lines enhanced resistance to DNA 

damaging agents such as Cisplatin. We further analyzed radiation responses in human pancreatic 

cancer cells where SOCS3 has been shown to target specific radioprotective kinase pathways. 

We found that SOCS3 remained radioprotective despite its ability to block IGF-1R and RON 

receptor tyrosine kinase signaling and biological responses of tumor cells. Since tumor cells have 

altered responses to ionizing radiation compared to non-transformed cells, targeting the STAT3-

SOCS3 pathway may modulate radiation sensitivity and be of therapeutic benefit.  

3. SOCS3 in Tumors 

3.1 SOCS3 as tumor suppressor 

There have been a growing number of studies on the role of SOCS protein family in the 

oncogenesis of solid and haematological tumors. So far, several laboratories, including ours, 

have identified defects in SOCS1 and SOCS3 expression in human tumors, indicating an 

important role of SOCS proteins in cancer pathogenesis (H. Yoshikawa, 2001; R. Rottapel, 2002; 

O. Galm and H. Nagi, 2003; H. Zhou, 2007). Aberrant hypermethylation of promoter regions in 

CpG islands has been shown as the principal mechanism which may result in SOCS gene 

silencing and subsequent loss of negative feedback control on the JAK/STAT signaling pathway 

in tumor cells (Laird P.W., 2003). 

Expression of SOCS3 is normally induced by cytokines through JAK/STAT signaling in normal 

cells, which in turn inhibits JAK activity and subsequent STAT3 activation. In addition to its 

physiologic role in inhibiting cytokine signaling, SOCS3 may also function as an important 

tumor suppressor gene by blocking the transforming activity of oncogenic forms of STAT3. 

Several studies supported the role of SOCS3 as a tumor suppressor gene in melanoma (T. Tokita, 
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2007), non-small cell lung cancer (B. He, 2004), head and neck squamous cell carcinoma (C. 

Rossa, 2012), and liver cancer (H. Ogata, 2006) and associated the silencing of SOCS3 

expression by epigenetic mechanisms with the occurrence and progression of these tumors (T. 

Tokita, 2007; B. He, 2004; C. Rossa, 2012; H. Ogata, 2006).  

Lung cancer has been the leading cause of cancer-related deaths in the United States. According 

to American Cancer Society (ACS), lung cancer accounts for more deaths than any other cancer 

in both men and women. An estimated 159,480 deaths, accounting for about 27% of all cancer 

deaths, were expected to occur in 2013. Lung cancer is classified as small cell (15%) or non-

small cell (84%) for the purposes of treatment. Annual screening with chest x-ray has not been 

shown to reduce lung cancer mortality. Because the disease has usually spread by the time it is 

discovered (American Cancer Society, 2013). This disease is often diagnosed at an advanced 

stage, which greatly impairs treatment efforts using surgery, radiation, and chemotherapy either 

alone or in various combinations. 

The involvement of SOCS3 in human non-small cell lung cancer (NSCLC) tumorigenesis has 

been well studied. During the development of NSCLC, the negative regulation of STAT3 

activation is suppressed because of the silencing of SOCS3 by promoter hypermethylation. This 

may result in cells becoming more sensitive to aberrant growth stimulating signals, functioning 

through the JAK/STAT pathway, which lead to cell growth and survival. It has been reported 

that restoration of SOCS3 in lung cancer cells where SOCS3 was methylation-silenced resulted 

in the down-regulation of active  STAT3, induction of apoptosis, and growth suppression (B. He, 

2003). The high prevalence of SOCS3 promoter hypermethylation supports targeted therapies 

using the JAK/STAT pathway for treatment of NSCLC. Reactivation of SOCS3 can functionally 

restore the endogenous negative regulatory machinery of the cytokine-signaling cascade, thus 
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restoring the apoptotic machinery in these cancer cells. It has been suggested that SOCS3 

targeted therapy may be used to sensitize NSCLC cells to traditional chemotherapies (B. He, 

2004). 

3.2 SOCS3 in pancreatic cancer 

Despite the fact that many studies support a role for SOCS3 as a tumor suppressor gene in 

various types of cancer, the exact role of SOCS3 is complex. For example, overexpression of 

SOCS3 associated with decreased survival in a cohort of patients with de novo follicular 

lymphoma (Krishnadasan R, 2006). While hypermethylation mediated reduction in SOCS3 

expression has been observed in malignant human melanoma (Tokita T, 2007), constitutive 

SOCS3 expression has also been shown to confer a proliferative advantage  to a human 

melanoma cell line (Komyod W, 2007).  

Pancreatic cancer is one of the deadliest cancer types with the worst prognosis of any adult 

malignancy (Lowy, 2003; Shields, 2011). Most pancreatic cancer patients will die within the first 

year of diagnosis, and just 6% will survive five years. The pancreas contains two types of glands: 

the exocrine and endocrine glands. The exocrine glands produce enzymes that help digest food; 

the endocrine glands produce important hormones such as insulin, which regulates blood sugar 

levels. Exocrine and endocrine cells form completely different types of tumors with distinct risk 

factors, symptoms, diagnostic tests, treatment, and survival rates. Exocrine tumors are by far the 

most common type of pancreatic cancer, representing about 95% of cases (American Cancer 

Society, 2013). The causes of pancreatic cancer are not well understood. Early stage pancreatic 

cancer usually has no symptoms. When symptoms do occur, the tumor has usually spread to 

surrounding tissues or distant organs. The high mortality rate from pancreatic cancer is a result of 

the high incidence of metastatic disease at the time of diagnosis. The frustrating lack of 
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significant clinical advancements in the treatment of metastatic pancreatic cancer remains one of 

medical oncology's biggest disappointments (Nieto, 2008).   

It has been reported that in non-small cell lung cancer and pancreatic cancer, malignant cells can 

rapidly acquire activities that confer both infiltration and colonization competence, as implied by 

the short time between primary tumor diagnosis and metastatic relapse in these two diseases 

(Don X. Nguyen, 2009). So far, metastasis and resistance to radiotherapy are two important 

problems that determine patient outcomes and are still very difficult to overcome clinically. It is 

for this reason that much effort has been dedicated toward the identification of novel signaling 

pathways as well as biomarkers of metastatic disease to more fully understand the molecular 

basis of human PDA pathogenesis and to develop biological targeting agents for use in the clinic. 

Recently, the function of concomitant inflammation in pancreatic ductal adenocarcinoma (PDA) 

has garnered increasing interest, because pro- inflammatory markers in the serum, such as 

interleukin (IL)-1β  and IL-6, are associated with outcomes in PDA (Ebrahimi et al., 2004; Sawai 

et al., 2003). Additionally, chronic pancreatitis is a risk factor for PDA, supporting the  

involvement of concomitant inflammation in pancreatic oncogenesis  (Lowenfels et al., 1993). 

STAT3 activation in PDA has been documented in human tissues and pancreatic cancer cell lines 

and reported to support the malignant phenotype of human pancreatic cancer (Scholz, A., 2003). 

A recent study has demonstrated that higher STAT3 phosphorylation level correlates with the 

markers of aggressiveness of pancreatic cancer cell lines (K. Patel, 2014). It has also been 

reported that STAT3/SOCS3 activation by IL-6 transsignaling promotes progression of 

pancreatic intraepithelial neoplasia (PanIN) and development of pancreatic cancer. Aberrant 

activation of STAT3 through homozygous deletion of SOCS3 in the pancreas accelerates PanIN 

progression and PDA development (M. Lesina, 2011).  



 

 10 

RON, also referred to as macrophage stimulating 1-receptor (MST1R), is a receptor tyrosine 

kinase (RTK) of the hepatocyte growth factor (HGF)/Met receptor family primarily expressed on 

epithelial cells and macrophages (Reviewed by Wagh, 2008). The ligand for RON is hepatocyte 

growth factor- like (HGFL) protein and is also known as macrophage stimulating protein (MSP). 

Binding of HGFL to RON activates RON and leads to the induction of a variety of intracellular 

signaling cascades that leads to cellular growth, motility and invasion. RON has been identified 

as an overexpressed protein and a potential novel therapeutic target in pancreatic cancer (Jocelyn 

Logan-Collins, 2010). Studies of the expression and function of RON in pancreatic cancer have 

identified that RON receptor is highly expressed in several human pancreatic cell lines, including 

AsPC1, BxPC3, CFPAC-1, FG, and L3.6 pl (Camp, 2007). In one report, 93% of the human 

pancreatic cancer tissues showed overexpression of RON relative to normal ductal epithelium 

(Camp, 2007). Several strategies are currently being undertaken to inhibit RON as a potential 

therapeutic target; current strategies include the use of RON blocking proteins, small interfering 

RNA (siRNA), monoclonal antibodies, and small molecule inhibitors. In total, these data suggest 

that RON is a critical factor in tumorigenesis and that inhibition of this protein, alone or in 

combination with current therapies, may prove beneficial in the treatment of cancer patients 

(Wagh, 2008). 

Several studies have identified insulin- like growth factor receptor (IGF1-R) as a RON partner 

(Potratz,J.C, 2010; D.V. Jaquish, 2011) and showed that IGF-1-induced STAT3 activation is at 

least partially dependent on RON signaling (D.V. Jaquish, 2011). Our laboratory has recently 

demonstrated that SOCS3 inhibited both IGF-1R and RON signaling in human PDA cell lines, 

indicating the involvement of SOCS3 in PDA pathogenesis . Despite some circumstantial data 

suggesting that SOCS3 may act as a tumor suppressor in some specific animal models of PDA, 
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nothing is currently known about its role in human pancreatic cancer and no studies have been 

published that describe SOCS3 expression patterns or defects in human PDA. In order to further 

explore the role of SOCS3 in pancreatic cancer cell growth, proliferation, differentiation, and 

invasion, our lab has conducted both in vitro and in vivo research on a panel of human PDA cell 

lines.  

We examine the epigenetic regulation of SOCS3 expression in a panel of PDA cell lines as well 

as the effect of overexpressing SOCS3 in PDA cell lines on pancreatic tumor growth, metastasis  

and response to ionizing radiation. We identify PDA cell lines into three distinct molecular 

subtypes based on expression of SOCS3 in response to IL-6/OSM stimulation. In the PDA cell 

line FG, SOCS3 is highly expressed upon IL-6/OSM stimulation and overexpression of SOCS3 

in FG does not affect tumor growth. On contrast, re- introduction of SOCS3 into PDA cell lines 

2.8 and PL12 in which SOCS3 expression is  severely low or totally repressed inhibits tumor 

growth and metastasis, indicating a tumor suppressor role of SOCS3 in these cell lines. In 

another PDA cell line AsPC1, SOCS3 expression is partially repressed. Our in vitro and in vivo 

data demonstrate that overexpression of SOCS3 in AsPC1 results in increasing cell migration, 

malignant tumor growth, aggressive metastasis as well as enhancing resistance to ionizing 

radiation and genotoxic agents. Interestingly, we do not identify SOCS3 promoter 

hypermethylation in PDA cell lines by methylation-specific PCR (MS-PCR), suggesting that 

SOCS3 repression in human PDA is via mechanism(s) other than promoter CpG island 

methylation. Although our data indicated the involvement of SOCS3 in PDA pathogenesis, the 

molecular mechanism(s) by which SOCS3 regulate pancreatic tumor progression and invasion 

still remains to be clarified. 
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4. CXCL1 in Tumors  

4.1 CXCL1 in tumor metastasis 

By performing gene expression microarray assay using WT and SOCS3 KO mouse embryonic 

fibroblasts (MEFs), we identified a few genes that were under-represented in SOCS3 KO MEFs, 

one of which caught our interest is the pro- inflammatory C-X-C chemokine, CXCL1.  

It is now well understood that chemokines play a number of functional roles in tumor biology, 

including cellular transformation, tumor growth, homing, and metastasis (Richmond  A, 2004; 

Payne AS, 2002). The C-X-C chemokine CXCL1, previously designated as melanoma growth 

stimulatory activity/growth related protein (MGSA/GRO), has been shown to play an important 

role in tumorigenesis and angiogenesis and its overexpression has been associated with tumor 

progression. CXCL1, and its receptor CXCR2, are expressed by melanoma cells as well as 

tumors from breast, bladder and prostate, and it has been shown that autocrine CXCL1-CXCR2 

signaling can drive tumor cell migration and increase metastatic potential (H. Kawanishi, 2008; 

Swarnali Acharyya, 2012).  

In normal immunologic physiology, CXCL1 is expressed by macrophages, neutrophils and 

epithelial cells and functions as a neutrophil chemoattractant to sites of infection (Moser B, 1990; 

Schumacher C, 1992). Therefore, it is not surprising that CXCL1 secretion by solid tumors often 

results in neutrophil infiltration of the tumor microenvironment. Indeed, it has been shown that 

CXCL1 specifically induces the migration of neutrophils, drives them to leave the bloodstream 

and enter into the surrounding tissue (Schumacher C, 1992). It is becoming increasingly clear 

that tumor-associated neutrophils (TAN) play a major role in cancer biology. There is suggestive 

evidence for a role for TAN in enhanced disease progression in specific human tumors (Kuang 

D.M., 2011; Wislez M., 2003). And the infiltration of neutrophils in the tumor microenvironment 
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often correlates with poor prognosis (de Visser et al., 2006). It has also been reported that TANs 

can produce soluble factors, including pro-inflammatory mediators such as S100A8 and S100A9, 

as well as metalloproteases MMP7 and MMP9, which contribute to promote destruction of the 

extracellular matrix (ECM), tumor metastasis, and angiogenesis. Several studies showed that 

MMP-13 was highly expressed in invasive bladder tumor tissue  (H. Kawanishi, 2008; Bostrom 

PJ, 2000), and a glioma cell line overexpressing CXCL1 showed an increase in motility and 

invasiveness and that CXCL1-transfected cells showed increased expression of MMP-2 (Zhou, 

2005). Interestingly, both CXCL1 and TANs have been described in pancreatic tumors and cell 

lines, yet their function in the pathogenesis of PDA is poorly understood. 

4.2 Regulation of CXCL1 expression 

CXCL1 has also been characterized as one of the many chemokines involved in radiation 

response (Van der Meeren A, 2003; Dhawan P, 2002). It is indicated that radiation- induced 

enhancement of CXCL1 may contribute to tumor growth and survival during subsequent 

radiation response (Prakash C, 2005). Increased expression of CXCL1 has been attributed to 

constitutive activation of NF-κB through mitogen-activated protein kinase (MAPK) signaling 

(Dhawan P, 2002). Although chemotherapy and radiation are used to conquer cancer, they also 

produce reactive oxygen species (ROS) in the tumor microenvironment, which in turn activates 

NF-κB and thus leads to the production of factors like C-X-C chemokines involved in tumor 

progression (Reuter et al., 2010). Recently, CXCL1 and CXCL2 were revealed to be at the center 

of a chemotherapy-triggered process leading to chemoresistance and metastasis in breast cancer. 

In vitro experiments revealed that chemotherapy induced TNF-α production from endothelial 
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and other stromal cells, which in turn caused CXCL1/2 up-regulation in cancer cells via NF-κB 

activation and resulted in metastasis and chemoresistance (Swarnali Acharyya, 2012). 

Another key regulator of CXCL1 is STAT3. It has been reported that STAT3 signaling via the 

IL-6 common receptor subunit gp130, negatively regulates production of a number of 

inflammatory genes, including chemokines such as CXCL1 (T Wang, 2004; A. Matsukawa, 

2005; C. A. Fielding, 2008). Of greatest interest to our laboratory is the fact that SOCS3 

negatively regulates STAT3 and therefore may modulate CXCL1 expression in cancer though 

the STAT3 pathway. We have shown that the SOCS3 gene is silenced in a subset of pancreatic 

cancer cell lines, which results in repression of CXCL1 production, presumably due to increased 

STAT3 activation. Thus, we hypothesize that SOCS3-regulated CXCL1 expression may control 

cell migration and metastasis in human pancreatic cancer. 

We have found that restoration of SOCS3 confers to up-regulated expression of CXCL1 and 

MMP7 in non-small cell lung cancer (NSCLC) cell line H1703 and PDA cell line AsPC1. While 

overexpressing SOCS3 in FG, PL12, and 2.8 does not affect CXCL1 secretion. Further, using an 

orthotopic xenograft model of human PDA in immunodeficient mice, we demonstrate that 

immunodeficient mice injected with AsPC1 SOCS3 have a shorter survival time and develop 

more aggressive disease compared to mice injected with control cells. Overall, our results 

suggest a novel mechanism for controlling pro- inflammatory signaling in human solid tumors 

and that SOCS3 can regulate both metastasis and radiation sensitivity through distinct pathways. 

SOCS3 and CXCL1 may constitute interesting therapeutic targets for pancreatic cancer. By 

targeting STAT3, SOCS3, as well as CXCL1, we can inhibit metastatic behavior in solid tumors, 

and increase radiation sensitivity in radiation therapy. 
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II. In vitro studies on the role of SOCS3 in DNA damage response in mouse embryonic 

fibroblasts (MEFs) and human cancer cell lines 

1. Materials and Methods  

1.1 Materials 

Cell lines and cell culture . Mouse embryonic fibroblasts (MEFs), human non-small cell lung 

cancer (NSCLC) cell lines A549, H1703 and H460M, human pancreatic ductal adenocarcinoma 

(PDA) cell line AsPC1 were used in this study. MEFs (WT, SOCS1 KO and SOCS3 KO) were 

cultured in Dulbecco's modified Eagle's medium or DMEM (Cat. #10-013-CV, CORNING 

cellgro, Mediatech. Inc) supplemented with 10% Fetal Bovine Serum (Sigma-Aldrich) and 100 

µg/ml of Antibiotic Antimycotic Solution (Cat. #30-004-CI, CORNING cellgro, Mediatech.  Inc) 

at 37°C in 6% CO2. Human cancer cell lines were cultured in RPMI 1640 (Cat. #10-040-CV, 

CORNING cellgro, Mediatech. Inc) supplemented with 10% FBS and 100 µg/ml of Antibiotic 

Antimycotic Solution at 37°C in 6% CO2. 0.25% Trypsin-EDTA (Cat. #25-053-CI, CORNING 

cellgro, Mediatech. Inc) was used to lift the cells. 

1.2 Methods  

Genetic reconstitution of human cancer cell lines. We have previously generated C-terminal 

FLAG epitope tagged cDNAs encoding WT SOCS3 and a Y705F dominant negative (DN) 

mutant of STAT3 in the pMX-IRES-GFP retroviral expression vector which generates a 

bicistronic message containing SOCS3 (or DNSTAT3) followed by a picornavirus internal 

ribosome entry site (IRES) followed by the gene for green fluorescent protein (GFP) (Zhou Hong, 

2007; John Sitko, 2008). In this study, we continued to use the pMXs-IRES-GFP (also known as 



 

 16 

pMXs-IG) retroviral vector (Cell Biolabs, Inc.) to deliver exogenous genes into genome of 

human cancer cell lines. The pMXs-SOCS3-IRES-GFP plasmid was made by Dr. Cacalano and 

used for stable transfection of PA317 retrovirus packaging cells. Supernatant from the stable cell 

line PA317 expressing SOCS3 was used to infect MEFs and human cancer cell lines for at least 

24 hours with 8 µg/ml of polybrene (Millipore). Retrovirus infection was repeated for at least 

two times. Once GFP positive cells were detected under the fluorescence microscope, cells were 

sorted by flow cytometry (UCLA JCCC) and SOCS3 positive cells were collected.  

Clonogenic survival assay. Human NSCLC cell lines A549, H1703 and H460M were irradiated 

with X-ray at 0, 1, 2, 4, 6 and 8 Gy and then plated in 10 cm dishes.  The parental and SOCS3+ 

NSCLC and PDA cell lines were irradiated with X-ray at 0, 1, 2, 4, 6 Gy and then plated in 10 

cm dishes. WT and SOCS3 KO MEFs were irradiated using Ultraviolet B or medium wave light 

at 0, 10, 20, 40, 60, 80 and 100 mJ/cm2 (wavelength: 315 nm - 280 nm, energy per photon: 3.94 - 

4.43 eV). The cells were then plated in 10 cm dishes and incubated for about two weeks to let the 

colonies grow. The NSCLC cell lines were treated with Cisplatin at 0, 0.84, 1.67 and 3.33 µg/ml 

for 6 hours and then plated in 10 cm dishes in complete RPMI. AsPC1 and AsPC1 SOCS3 were 

plated in 10 cm dishes with complete RPMI 1640 containing Gemcitabine at 0, 0.5, 1, 5, 10, 20 

nM. The cells were left to grow for about two weeks and surviving colonies were stained with 

0.05% w/v crystal violet/methanol for 30 minutes and counted to generate survival fraction data 

at each dose of radiation, Cisplatin or Gemcitabine. 

2. Results and Discussion 

2.1 Results 

SOCS3 silencing sensitizes human non-small cell lung cancer cells to ionizing radiation 



 

 17 

In a previous study, our laboratory determined that SOCS3 has a radioprotective effect, as 

SOCS3+ cells display greater viability in a clonogenic survival assay after exposure to ionizing 

radiation than SOCS3-deficient cells. We irradiated MEFs from WT and SOCS3 KO and found 

that cells from the knockout were significantly more sensitive to radiation (data not shown).  

Further, we extended these findings to a human non-small cell lung cancer (NSCLC) model. As 

shown in Figure 1, in agreement with our studies in SOCS3 KO MEFs, we found that two human 

NSCLC cell lines that silence SOCS3 expression (H1703 and H460M) are significantly more 

radiosensitive than A549 in which SOCS3 expression is normal, suggesting that SOCS3 is a 

radioprotector in human solid tumors. 
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Figure 1. SOCS3-deficient non-small cell lung cancer cells are IR-sensitive. (a) Analysis of SOCS3 
mRNA expression levels in NSCLC cell lines. (b) Clonogenic survival assay showed that human 
NSCLC cell lines H1703 and H460M, which silence SOCS3 expression, are more radiosensitive 
than A549, which expresses normal levels of SOCS3. 
 

Overexpression of SOCS3 in NSCLC and PDA cell lines enhances resistance to IR 

We have demonstrated that SOCS3 has a radioprotective effect in MEFs and NSCLC cell lines. 

Next, we further confirmed this effect by overexpressing SOCS3 in NSCLC cell lines H460M 

and H1703 in which SOCS3 expression is silenced. As shown in Figure 2, re- introduction of 
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SOCS3 into H460M and H1703 enhanced cell resistance to IR. We have also identified this 

effect of SOCS3 in human pancreatic cancer cell lines (see below). 
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Figure 2. Clonogenic survival assay showed that restoring SOCS3 in NSCLC cell lines increased 
resistance to IR. 
 

SOCS3-deficient MEFs are more sensitive to UV irradiation 

Our lab has previously demonstrated that SOCS3 acted as a radioprotector for MEFs following 

ionizing radiation. We further characterized resistance of WT and SOCS3 KO MEFs to UV 

irradiation. As shown in Figure 3, WT MEFs are more resistant to UV irradiation compared with 

SOCS3 KO MEFs. Our data indicated that SOCS3 can protect MEFs from both IR and UV. 
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Figure 3. Clonogenic survival assay showed that SOCS3 protected MEFs from UV irradiation. 
SOCS3-deficient fibroblasts are more sensitive to UV irradiation compared to WT MEFs.  
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Overexpression of SOCS3 in NSCLC and PDA cell lines enhances resistance to DNA 

damaging agents  

We then further investigate the effect of overexpressing SOCS3 in NSCLC and PDA cell lines in 

response to DNA damaging agents.  
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Figure 4. Clonogenic survival assay showed that overexpression of SOCS3 in NSCLC cell lines 
enhanced resistance to Cisplatin. 
 

As shown in Figure 4, we treated the parental and SOCS3+ NSCLC cell lines with Cisplatin and 

characterized the cell viability by performing in vitro clonogenic survival assay. We found that 

restoration of SOCS3 in NSCLC cell lines increased their resistance to Cisplatin. 

We also examined the effect of overexpressing SOCS3 in the pancreatic cancer cell line AsPC1 

in response to ionizing radiation and DNA damaging agents by in vitro clonogenic survival assay. 

As shown in Figure 5, overexpression of SOCS3 in AsPC1 protected cells from ionizing 

radiation and enhanced cell resistance to Gemcitabine treatment. 
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Figure 5. Clonogenic survival assay showed that overexpression of SOCS3 in AsPC1 resulted in 
enhanced resistance to IR and Gemcitabine.  
Left Panel. Overexpression of SOCS3 in AsPC1 increased cell resistance to IR.  
Right Panel. Overexpression of SOCS3 in AsPC1 increased cell resistance to Gemcitabine. 
 

2.2 Discussion 

Our lab has previously investigated the function of SOCS3 in the regulation of DNA damage 

response by using mouse embryonic fibroblasts (MEFs). In this study, we identify that SOCS3 

can protect MEFs from both ionizing radiation and UV irradiation. We also further confirm the 

radioprotective effect of SOCS3 in human non-small cell lung cancer and pancreatic ductal 

adenocarcinoma. We demonstrate that human NSCLC cell line A549 in which SOCS3 

expression is normal, are more radioresistant than H460M and H1703 in which SOCS3 is 

silenced. Restoration of SOCS3 in NSCLC cell lines H460M, H1703 and PDA cell line AsPC1 

increased resistance to radiation of the cells. We also investigate the effect of SOCS3 restoration 

in response to other DNA damaging agents by clonogenic survival assay. Restoration of SOCS3 

in H460M and H1703 resulted in enhanced cell resistance to the chemotherapy drug Cisplatin. In 

addition, we also revealed that overexpressing SOCS3 in AsPC1 increased cell resistance to 

Gemcitabine, which has been commonly used as chemotherapy in various cancers including 

pancreatic cancer, non-small cell lung cancer, bladder cancer and breast cancer.  
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Our data further confirmed the radioprotective effect of SOCS3 in both MEFs and human solid 

tumor cell lines. Besides, we also demonstrated that ectopic expression of SOCS3 in NSCLC and 

PDA cell lines drives resistance to genotoxic agents such as Cisplatin and Gemcitabine. Our lab 

has previously demonstrated that SOCS3-deficient cells failed to undergo G1 cell cycle arrest in 

response to radiation, and this defect is likely due to uncontrolled STAT3 signaling in irradiated 

cells, which results in repression of p21 gene expression (John Sitko, 2008). In the context of 

cancer, it seems counterintuitive that SOCS3, an inhibitor of STAT3 activation, would be 

overexpressed in some radioresistant cancers, in particular those that display constitutive STAT3 

activation. Our data suggest a possible mechanism for this phenomenon, and argue that targeting 

SOCS3 in tumors may improve responses to radiotherapy. We are going to further identify the 

mechanism(s) underlying the regulation of the DNA damage response by SOCS3 and to assess 

the potential for targeting SOCS3 as a novel anti-cancer therapy. 

3. Conclusion 

Our data reveal that overexpression of SOCS3 in human NSCLC and PDA cells enhanced 

resistance to ionizing radiation and genotoxic agents. Since tumor cells have altered responses to 

ionizing radiation compared to non-transformed cells, targeting the STAT3-SOCS3 pathway 

may modulate radiation sensitivity and be of therapeutic benefit.  
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III. In vitro studies on the molecular mechanism(s) by which SOCS3 promotes p21 

induction and the role of SOCS3 in intra-S-phase checkpoint following ionizing radiation 

in MEFs and NSCLC cell lines 

1. Materials and Methods  

1.1 Materials 

Cell lines and cell culture. MEFs (WT, SOCS1 KO, SOCS3 KO and SOCS3 KO DN STAT3), 

human NSCLC cell lines H460M, H460M SOCS3, H1703 and H1703 SOCS3 were used in this 

study. All the cell lines were maintained as described above. 

1.2 Methods  

Western blot. MEFs and human cancer cell lines were irradiated with X-ray and harvested at 0, 

1, 2, 4, 6, 8 hours following irradiation by direct addition of ice cold PBS and scraping. After 

centrifugation, the cell pellets were resuspended with Brij lysis buffer containing 150 mM NaCl, 

10 mM Tris-HCl pH7.5, 2 mM EDTA, 0.875% Brij 97 (Sigma), 0.125% Igepal CA-630 (Sigma), 

10 µM Aprotinin (Cat. No. 190779, ICN Biomedicals Inc ), 10 µM Leupeptin Hemisulfate (Cat. 

No. 151553, MP Biomedicals ), 10 µM Pepstain, 1 mM Phenylmethylsulfonyl fluoride (PMSF) 

(Sigma), 1 mM Sodium Vanadate and 1 mM NaF. Cells were lysed for 15 minutes on ice before 

centrifuging at 10,000 rpm for 10 minutes at 4 °C to remove nuclei.  

Nuclear lysates were prepared according to a published protocol (Nancy C. Andrews, 1991). 

Briefly, approximately 106 of MEFs or human cancer cells were scraped into 1.5ml of cold 

phosphate-buffered saline (PBS). The cell suspension was then transferred to a microfuge tube. 

Cells were pelleted for 10 seconds and resuspended in 400 µl cold Buffer A (10 mM HEPES-
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KOH pH7.9 at 4 oC, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol or DTT, 0.2 mM PMSF) 

by flicking the tube. The cells were allowed to swell on ice for 10 minutes, and then vortexed for 

10 seconds. Samples were centrifuged for 10 seconds, and the supernatant fraction was discarded. 

The pellet was resuspended in 50 µl of cold Buffer C (20mM HEPES-KOH pH7.9, 25% glycerol, 

420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.2 mM PMSF) and 

incubated on ice for 20 minutes for high-salt extraction. Cellular debris was removed by 

centrifugation for 2 minutes at 4oC and the supernatant fraction (containing DNA binding 

proteins) was stored at -70 oC. Whole cell lysates and nuclear lysates were prepared by the 

addition of sample buffer and boiling for 5 minutes. Protein sample buffer was prepared by 

adding 50 µl βME (Bio-Rad, Cat. # 161-0710) to 950 µl Laemmli Sample Buffer (Bio-Rad, Cat. 

#161-0737). Cell lysates were diluted 1: 1 with the sample buffer. 

Proteins were resolved by SDS-PAGE and transferred to PVDF membranes (Millipore, Bradford, 

MA). The membranes were probed with appropriate antibodies diluted 1:1000 in PBS plus 0.1% 

Tween-20 and 3% BSA (Sigma). Primary antibodies were bound at 4°C overnight with gentle 

shaking, washed 3 times with PBS-Tween 20, 10 minutes each, and probed with a 1:5000 

dilution of either horseradish peroxidase- labeled anti-mouse or anti-rabbit secondary antibodies 

(Amersham Biosciences, Buckinghamshire, UK) as appropriate. After washing, the proteins  

were detected by the chemiluminescent substrate WesternDura (Pierce, Rockford, IL) using FUJI 

LAS3000 Digital Imaging System (Dr. Nishimura’s lab of UCLA Dental School). The antibodies 

used in this study were: anti-BCL6, anti-c-Myc, anti-CDC25A, anti-Actin, anti-phospho-SMC1 

and anti-SMC1 (Cell Signaling or Santa Cruz).  

Analysis of radioresistant DNA synthesis (RDS). We analyzed RDS in MEFs following 

ionizing radiation according to a published protocol (C.H. Lai, 2004). Briefly, approximately 
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5×106 of WT, SOCS3 KO and SOCS3 KO DN STAT3 MEFs were incubated in complete 

DMEM with 0.4 µCi/ml [14C] thymidine (NEC-568 methyl-14C thymidine, 0.1 mCi/ml, Perkins 

Elmer, Boston, MA) overnight at 37oC prior to irradiation. Cells were then harvested and 

irradiated with 0, 2, 5, 10, 25 and 50 Gy, to establish a dose-response curve. Following 

irradiation, cells were incubated at 37oC for one hour and then pulsed with 4 µCi/ml [3H] 

thymidine (NET-027X methyl-3H thymidine, 1.0 mCi/ml, Perkins Elmer, Boston, MA) at final 

concentration per well in a 96 well round bottom plate (Costar type 3799 round bottom, Corning, 

NY) for an additional 60 minutes. Cells were harvested using Comi-12 cell harvester (Melocular 

Devices, Corp., Sunnyvale, CA), air dry at least three hours before counting. 2 ml of scintillation 

fluid (ScintiSafe 30% LSC-cocktail, Fisher Scientific, Fair Lawn, NJ) was prepared for each 

sample in the 7 ml glass scintillation vial (Fisher Scientific, Fair Lawn, NJ) with the filter mat 

(1.5 µm without binding material, Molecular Devices, Corp., Sunnyvale, CA) face up towards 

the vial cap. The samples were counted in a Packard 2900TR Liquid Scintillation Analyzer 

(Perkin-Elmer, Boston, MA; Department of Human Genetics, UCLA). The ratio of incorporated 

3H to 14C was used for quantification and to normalize the samples for variation in DNA 

recovery. The non- irradiated 3H/14C ratio was set as 100% to calculate the percentages of every 

irradiated ratio as portion of the non-irradiated. Each treatment was performed in triplicate for 

statistical analysis. 

2. Results and Discussion 

2.1 Results 

SOCS3 promotes p21 induction by repressing BCL6 and c-Myc expression 
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Our lab has previously investigated the function of SOCS3 in the regulation of DNA damage 

response by using MEFs. We identified that SOCS3 has a radioprotective effect by promoting 

DNA damage repair, supporting p21 expression and G1 cell cycle arrest (John Sitko, 2008). We 

will further investigate the molecular mechanism(s) by which SOCS3 promotes p21 induction.  

There are several potential pathways that could result in p21 repression in cells lacking SOCS3, 

one of which would involve a STAT3 target gene that acts to block radiation- induced p21 

expression and G1 cell cycle arrest. The proto-oncogene BCL6 is an intriguing candidate for the 

p21 effect because its main function is to repress p21 induction during the DNA damage that 

occurs in germinal center B cells that are actively rearranging B cell antigen receptor genes 

(Phan, R. T., 2005). BCL6 is of particular interest in our system because STAT3 is known to 

bind the BCL6 silencer region and activate its transcription (Masafumi Arima, 2008). Our 

finding that STAT3 phosphorylation is uncontrolled in SOCS3 KO MEFs suggests that BCL6 

may be aberrant ly triggered in cells lacking the SOCS3 inhibitory pathway.  

a ba b

 

Figure 6. Analysis of p21 and BCL6 mRNA expression following IR in WT and SOCS3 KO MEFs.  
(a) Analysis of radiation-induced p21 mRNA expression in MEFs. (b) Analysis of BCL6 mRNA 
expression in MEFs following IR. 
 

Initially, we analyzed BCL6 and p21 mRNA expression following ionizing radiation in MEFs. 

As shown in Figure 6 (a), we identified that radiation- induced p21 expression is impaired in 
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SOCS3 KO MEFs, consistent with our previous studies that SOCS3-deficient fibroblasts failed 

to undergo G1 cell cycle arrest due to repression of p21 induction following IR. We then 

analyzed BCL6 expression in MEFs following irradiation. As shown in Figure 6 (b), we found 

that BCL6 mRNA is overexpressed in SOCS3 KO MEFs, supporting the idea that STAT3 target 

genes may function as p21 inhibitor in DNA damage response following irradiation. 

We also examined expression of BCL6 protein in MEFs following ionizing radiation. As shown 

in Figure 7, BCL6 expression in SOCS3 KO cells is higher basally and following irradiation 

compared to WT MEFs, consistent with a model that aberrant activation of BCL6 may play a 

role in suppression of radiation-induced p21 expression in SOCS3-deficient cells. Not 

surprisingly, we found that in SOCS3 KO MEFs that express a dominant negative STAT3, BCL6 

expression is completely silenced, confirming that in our system, STAT3 is the major factor that 

controls BCL6 expression in response to IR. 

WT MEFs SOCS3KO SOCS3KO/DN STAT3

IR (hr)
0       1      2      4       6      8 0       1      2      4       6      8 0       1      2      4       6      8

WT MEFs SOCS3KO SOCS3KO/DN STAT3

IR (hr)
0       1      2      4       6      8 0       1      2      4       6      8 0       1      2      4       6      8

 

Figure 7. Immunoblot analysis of whole cell lysates from MEFs following IR showed that BCL6 was 
overexpressed in SOCS3-deficient MEFs. 
 

Importantly, we have extended these observations to human tumor cell lines. In Figure 8, we 

analyzed SOCS3 and BCL6 mRNA expression in two non-small cell lung cancer (NSCLC) cell 

lines that display SOCS3 gene methylation and silencing (H1703 and H460M, columns 2 and 3), 

as well as the cell line A549 (column 1), which does not silence SOCS3 expression. Consistent 

with our data in MEFs, we found an inverse relationship between SOCS3 and BCL6 expression 

levels in the NSCLC cells (BCL6 levels were highest in cells that repressed SOCS3 expression), 
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suggesting that human tumors that silence SOCS3 may also harbor a defect in radiation- induced 

p21 expression and  display enhanced sensitivity to IR. 
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Figure 8. Analysis of SOCS3 and BCL6 mRNA expression in human NSCLC cell lines. 
 

In addition to BCL6, the c-Myc proto-oncogene, another STAT3 target gene, has been shown to 

repress p21 gene expression and activate cell cycle progression. We then investigated expression 

of c-Myc in MEFs and NSCLC cell lines and observed that c-Myc protein level is elevated in 

SOCS3 KO MEFs (Figure 9, left panel). In human NSCLC cell lines, we observed higher c-Myc 

mRNA level in H1703 and H460M which silence SOCS3 expression, while A549 in which 

SOCS3 expression is normal, displayed the lowest level of c-Myc mRNA (Figure 9, right panel). 

 

Figure 9. Analysis of c-Myc protein and mRNA expression in MEFs and human NSCLC cell lines. 
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Left Panel. Immunoblot analysis of nuclear lysates from MEFs showed that c-Myc protein 
expression was up-regulated in SOCS3-deficient MEFs. 
Right Panel. Analysis of mRNA expression in NSCLC cell lines showed an inverse relationship 
between SOCS3 and c-Myc expression levels. 
 

SOCS3-deficient MEFs undergo normal intra-S-phase checkpoint following IR 

Our lab has previously demonstrated that SOCS3-deficient cells failed to undergo G1 cell cycle 

arrest in response to radiation. Next, we determine whether SOCS3 regulates radiation- induced 

intra-S-phase checkpoint by performing radioresistant DNA synthesis (RDS) analysis using WT 

and SOCS3 KO MEFs as well as SOCS3 KO MEFs expressing a Y705 dominant negative 

mutant of STAT3 (S3KO DNST3).  
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Figure 10. Radioresistant DNA synthesis analysis of WT, SOCS3 KO and SOCS3 KO DN STAT3 
MEFs following ionizing radiation. 
 

As shown in Figure 10, we observed reduced [3H] thymidine incorporation in SOCS3 KO MEFs 

relative to WT MEFs, indicating that SOCS3 KO MEFs undergo S-phase checkpoint following 
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IR. We also identified reduced RDS in SOCS3 KO MEFs expressing DN STAT3 compared to 

WT MEFs. Our data suggest that there is no difference between the three cell lines in their RDS 

responses, indicating that the S-phase checkpoint in SOCS3-deficient cells is normal. 

To complement the RDS assay, we also analyzed S-phase checkpoint by measuring CDC25A 

phosphorylation and degradation biochemically. Normal S-phase checkpoint is characterized by 

loss of CDC25A protein levels due to proteasome-mediated degradation. In agreement to our 

finding of RDS, we observed degradation of CDC25A protein in SOCS3 KO MEFs following 

ionizing radiation (Figure 11). 
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Figure 11. Immunoblot analysis of whole cell lysates from MEFs showed degradation of CDC25A 
following ionizing radiation. 
 

We also examined phosphorylation of SMC1 in MEFs and NSCLC cell lines following IR. 

Structural maintenance of chromosomes (SMC) proteins (SMC1, SMC3) are evolutionarily 

conserved chromosomal proteins that are components of the cohesin complex, necessary for 

sister chromatid cohesion. These proteins may also function in DNA damage repair. It has been 

reported that SMC1 is a component of the DNA damage response network that functions as an 

effector in the ATM/NBS1-dependent S-phase checkpoint pathway. 

As shown in Figure 12, we found that SMC1 phosphorylation is not affected by SOCS3 in MEFs 

and NSCLC cell lines following ionizing radiation, which is also in agreement with our RDS 

data that SOCS3 KO MEFs undergo normal S-phase checkpoint. 
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Figure 12. Immunoblot analysis of whole cell lysates from MEFs and NSCLC cell lines showed that 
SMC1 phosphorylation is not affected by SOCS3 expression following IR.  
 

2.2 Discussion 

Our laboratory has identified a novel and unexpected function for SOCS3 in the DNA damage 

response, that SOCS3 has a radioprotective effect in MEFs and human solid tumors. We have 

previously demonstrated that SOCS3-deficient cells failed to undergo G1 cell cycle arrest in 
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response to radiation, likely due to uncontrolled STAT3 signaling in irradiated cells, which 

results in repression of p21 gene expression. The STAT3 transcription factor is an oncogenic 

signaling protein/transcription factor that can drive cellular proliferation and promote cell 

survival in cancer. One component of STAT3-mediated oncogenesis is its ability to disrupt the 

expression of cell cycle inhibitory proteins. The p21 (Cip-1/Waf1) promoter has three STAT 

binding sites which are capable of recruiting STAT3. Recently, it was demonstrated that STAT3 

represses p21 expression by directly binding the p21 promoter, but failing to recruit the histone 

acetylase CBP300 and RNA polymerase, suggesting that STAT3 can act as direct transcriptional 

inhibitor of p21. STAT3 may also negatively regulate p21 by indirect mechanisms as well. One 

STAT3-dependent gene that can repress p21 expression is the BCL6 proto-oncogene. BCL6 is 

generally associated with germinal center B cells and functions to suppress p21-mediated cell 

cycle arrest in response to the DNA damage that occurs during immunoglobulin gene 

rearrangement. However, there are reports of aberrant BCL6 gene activation in solid tumors, 

such as breast cancer, and may play a role in disease pathogenesis (Logarajah S, 2003; Pinto AE, 

2009).  BCL6 is of particular interest in our system because STAT3 is known to bind the BCL6 

silencer region and activate its transcription.  Our finding that STAT3 phosphorylation is 

uncontrolled in SOCS3KO MEFS suggests that BCL6 may be aberrantly triggered in cells 

lacking the SOCS3 inhibitory pathway. Indeed, our cDNA microarray analysis of MEFs has 

identified BCL6 as an overrepresented gene in SOCS3 KO MEFs. We analyzed BCL6 

expression in WT and SOCS3 KO MEFs and found that both mRNA and protein expression of 

BCL6 are up-regulated in SOCS3 KO MEFs following IR. In addition, we also investigated 

expression of the proto-oncogene c-Myc, another target gene of STAT3 which function as a 

transcriptional repressor of p21. We identified that the protein expression level of c-Myc is 
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elevated in SOCS3 KO MEFs. Importantly, we revealed an inverse relationship between SOCS3 

and BCL6/c-Myc mRNA expression levels in human NSCLC cell lines, indicating that human 

tumors that silence SOCS3 may also have a defect in radiation- induced p21 expression and 

display enhanced sensitivity to IR. Overall, our data indicated that one of the molecular 

mechanisms by which SOCS3 promotes p21 induction in DNA damage response following IR is 

through inhibition of BCL6 and c-Myc expression. 

We also determined that SOCS3-deficient MEFs undergo normal S-phase checkpoint by RDS 

assay. Immunoblot analysis showed degradation of CDC25A and phosphorylation of SMC1 in 

MEFs and NSCLC cells following ionizing radiation, indicating that S-phase checkpoint is not 

affected by SOCS3.  

3. Conclusion 

Our data suggest a novel mechanism through which SOCS3 exerts its radioprotective effect. 

SOCS3 regulates the DNA damage response by promoting radiation- induced p21 expression and 

controlling STAT3-mediated proliferation. We have identified that the transcriptional repressor 

BCL6 is targeted by SOCS3/STAT3 and this novel axis is responsible for specific control of the 

G1-S transition, as SOCS3-deficient cells display normal S-phase checkpoint. 
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IV. In vitro studies on SOCS3 regulating IGF-1R and RON signaling in MEFs and human 

PDA cell lines 

1. Materials and Methods  

1.1 Materials 

Cell lines and cell culture . WT and SOCS3 KO MEFs, human PDA cell lines AsPC1, AsPC1 

RON shRNA, AsPC1 SOCS3, FG, FG RON shRNA, FG SOCS3, PL12 and PL12 SOCS3 were 

used in this study. All the cell lines were maintained as described above. 

1.2 Methods  

Western blot. MEFs and human cancer cell lines were seeded in 10 cm dishes (Cat. #430167, 

Corning) or 6-well plates (Cat. #353046, Falcon, Corning Incorporated) and starved in media 

with 0.2% FBS overnight. On the next morning, cells were stimulated with 100 ng/ml of IGF-1 

for 15 minutes, 30 minutes, 1 hour, 2 hours and 4 hours. Whole cell lysates were prepared as 

described above. Proteins were resolved by SDS-PAGE, transferred to PVDF membranes, 

blotted and detected by the chemiluminescent substrate WesternDura. The antibodies used in this 

study were: anti-phospho-ERK, anti-ERK, anti-phospho-Akt, anti-Akt.  

Real-time cell analysis (RTCA). In order to determine the role of SOCS3 in IGF-1 and MSP 

induced cell proliferation in PDA cell lines, we performed RTCA of parental and SOCS3+ PDA 

cells using the impendance-based label- free real- time xCELLigence Dual Plate (RTCA DP) 

system (Acea and Cambridge Biosciences). This system is a highly flexible, low throughput 

instrument for the monitoring of cell migration and invasion in particular, as well as other 

cellular processes, such as cell proliferation, cytotoxicity, adhesion, viability, functional 
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signaling and modulation of barrier function in real time without the incorporation of labels or 

reporters. This instrument analyzes cell functions in real time using non-destructive, reagent free 

impedance measurements. Real time monitoring detects short term events which endpoint assays 

can easily miss. The instrument uses impedance measurements to monitor cell growth or death 

and morphology changes using 5000 to 60000 cells per well, depending on the cell line.  

Clonogenic survival assay. Cells were harvested using 0.25% Trypsin-EDTA and irradiated 

with X-ray at 0, 0.5, 1, 2, 4, 6 and/or 8 Gy, then plated in 10 cm dishes and incubated at 37°C in 

6% CO2. The cells were left to grow for about two weeks and surviving colonies were stained 

with 0.05% w/v crystal violet/methanol for 30 minutes and counted to generate survival fraction 

data at each dose of radiation. 

2. Results and Discussion 

2.1 Results 

SOCS3 inhibits phosphorylation of ERK and Akt upon IGF-1 stimulation in MEFs and 

PDA cell lines 

The effects of SOCS3 on the DNA damage response are a novel function for this molecule and 

represent a general regulatory axis that involves fundamental components of both the signal 

transduction machinery (STAT3) and the radiation response (p21). However, SOCS3 has been 

shown to behave as a tumor suppressor in some solid tumors and we wished to determine 

whether SOCS3 could induce radiation sensitivity if it is targeting specific radioprotective kinase 

pathways in tumor cells. In other words, in the context of tumors displaying SOCS3-sensitive 

kinase pathway activation, which function of SOCS3 would be dominant: kinase-specific 

inhibition and radiosensitivity or radioprotection? 
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To answer this question, we chose to express SOCS3 in human pancreatic cancer cell lines that 

display activation of SOCS3-sensitive receptor kinases, the insulin- like growth factor receptor 

IGF-1R and the RON receptor tyrokine kinase. Using this system, we have extended our 

understanding of SOCS3 in the DNA damage response and have uncovered important radiation-

independent functions of SOCS3 in aggressive, metastatic solid tumors. 

IGF-1 is one of the most potent natural activators of the Akt signaling pathway. Besides, IGF-1 

receptor activation is also coupled to the stimulation of a family of MAP kinases, including 

extracellular-signal-regulated kinase ERK-1 and -2, Jun kinase (JNK)-1 and -2 and p38 MAP 

kinase (Reviewed by Luigi Laviola, 2007). 

The RON receptor tyrosine kinase has been found to overexpress in the majority of pancreatic 

cancers. In pancreatic cells, RON is an important K-Ras effector and RON ligand can enhance 

migration/invasion and apoptotic resistance (Jocelyn Logan-Collins, 2010). The ligand for RON 

is hepatocyte growth factor-like (HGFL) protein and is also known as macrophage stimulating 

protein (MSP). Binding of MSP to RON activates RON and leads to the induction of a variety of 

intracellular signaling cascades including PI3K/Akt and ERK MAPK pathways (Thomas R, 2007; 

Camp ER, 2007).  

Recently, IGF-1R has been identified as a novel RON interactant in pancreatic cancer cell lines, 

and confirmed to play an essential role in pancreatic cancer cell migration induced by insulin-

like growth factor 1 (IGF-1). In particular, IGF-1 induces rapid phosphorylation of RON, but 

RON signaling did not activate IGF-1R indicating unidirectional signaling between these RTKs 

(Dawn V. Jaquish, 2011). It has been reported that in pancreatic cancer cells, STAT3 is activated 

in response to IGF-1, in a RON-dependent manner, while in contrast, IGF-1R activates Akt 

independent of RON (D.V. Jaquish, 2011). RON signaling has also been identified to regulate 
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the expression of STAT3 in pancreatic tumor xenografts (Jocelyn Logan-Collins, 2011) and 

other tumor types (Iwama A, 1996).  

Immunoprecipitation studies have revealed that SOCS3 associated with IGF-1R upon IGF-1 

stimulation, indicating its inhibitory role on IGF-1 pathway upon association with the receptor 

(Dey BR, 2000). Of great interest to our laboratory is the role of SOCS3 in regulating IGF-1R 

and RON signaling in human pancreatic ductal adenocarcinoma (PDA) cell lines (illustrated in 

Figure 13 a). 

 

Figure 13. SOCS3 inhibited downstream signaling pathways mediated by IGF-1R or IGF-1R through 
RON. (a) SOCS3 associated with IGF-1R upon IGF-1 stimulation, indicating its inhibitory role on 
IGF-1 pathway. The IGF-1R/RON-signaling axis in pancreatic cancer cells involves activation of 
STAT3, which is inhibited by SOCS3. (b) IGF-1 signaling is enhanced in SOCS3-deficient fibroblasts.  
MEFs from WT and SOCS3 KO mice were stimulated with 100 ng/ml IGF-1 for the indicated time 
points and protein extracts were analyzed by western blotting for phosphorylated ERK MAP kinase.  
SOCS3-deficient fibroblasts display extended kinetics of ERK phosphorylation in response to IGF-1 
relative to WT MEFs. 
 

We first investigated the phosphorylation of ERK in response to IGF-1 stimulation in WT and 

SOCS3 KO MEFs. As shown in Figure 13 (b), we found that SOCS3-deficient fibroblasts 

displayed extended kinetics of ERK phosphorylation in response to IGF-1 relative to WT MEFs, 

indicating an inhibitory role of SOCS3 on IGF-1 signaling.  
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Next, we extended to examine the activation of downstream signaling pathways upon IGF-1 

stimulation in human PDA cell lines. As shown in Figure 14, we found that overexpression of 

SOCS3 in PDA cell line ASPC1 resulted in suppressed phosphorylation of Akt in response to 

IGF-1, while the parental cell line AsPC1 displayed enhanced level and extended kinetics of Akt 

and ERK phosphorylation. 

 

Figure 14. Overexpression of SOCS3 in PDA cell line AsPC1 inhibited IGF-1 signaling. (a) 
Immunoblot analysis of whole cell lysates from PDA cell lines showed that phosphorylation of Akt 
upon IGF-1 stimulation was suppressed in AsPC1 overexpressing SOCS3 compared to the parental 
cell line. (b) AsPC1 displayed extended kinetics of ERK and Akt phosphorylation in response to IGF-
1 stimulation.  
 

Overexpression of SOCS3 in human PDA cell lines inhibits IGF-1 and MSP induced cell 

proliferation 

It has been reported that following IGF-1 stimulation, human coronary artery smooth muscle 

cells (hCASMCs) overexpressing SOCS3 were susceptible to a higher degree of apoptosis and 

became resistant to IGF-1 induced proliferation (Kriti Rakesh, 2006). We further identified the 

effect of overexpressing SOCS3 in IGF-1 and/or MSP induced cell proliferation in PDA cell 

lines by performing real-time cell analysis (RTCA). RTCA was performed by impedance 
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measuring, which is expressed as the cell index (CI), a parameter of cell viability (Acea and 

Cambridge Biosciences). The cell growth curves were automatically recorded on the  

xCELLigence System in real time (Figure 15). 
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Figure 15. Overexpression of SOCS3 in PDA cell lines inhibited IGF-1 and MSP induced cell growth. 
(a), (b) and (c) Overexpression of SOCS3 in FG, PL12 and AsPC1 inhibited IGF-1 induced cell 
growth. (d) Overexpression of SOCS3 in AsPC1 inhibited MSP induced cell growth. 
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As shown in Figure 15 (a), (b) and (c), we observed inhibited cell growth in response to IGF-1 

with overexpression of SOCS3 in PDA cell lines FG, PL12 and AsPC1. Importantly, we 

identified that overexpression of SOCS3 in AsPC1 also inhibited MSP induced cell proliferation 

as shown in Figure 15 (d), indicating that SOCS3 can negatively regulate both IGF-1R and RON 

signaling in PDA cell lines. Both IGF1-R and RON-activated pathways have been shown to be 

radioprotective. Thus, we wanted to determine the effects of receptor inhibition on the radiation 

response by genetic ablation via shRNA knockdown or through biological targeting of the 

receptors via SOCS3 overexpression. 

 

Silencing of RON by shRNA-mediated suppression sensitizes PDA cell lines to IR, while 

overexpression of SOCS3 which blocks RON signaling protects PDA cell lines from IR 

It has been reported that small hairpin ribosomal nucleic acid (shRNA)-mediated silencing of 

RON in pancreatic cancer xenografts inhibited their growth, primarily by increasing 

susceptibility to apoptosis and by sensitizing them to Gemcitabine treatment (Jocelyn Logan-

Collins, 2010). We further examined the effect of silencing RON by shRNA-mediated 

suppression on radiosensitivity in PDA cell lines.  

We performed clonogenic survival assays using FG, FG RON shRNA and AsPC1, AsPC1 RON 

shRNA. As shown in the upper panels of Figure 16, we found that silencing of RON by shRNA-

mediated suppression sensitized the PDA cell lines to ionizing radiation, suggesting that RON 

signaling pathway is radioprotective in PDA cells.  

Meanwhile, we have also identified the radioprotective effect of SOCS3 in PDA cell lines as 

shown in the lower panels of Figure 16, indicating that although SOCS3 can target a specific 
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radioprotective pathway,  its ability to be a radioprotector through the STAT3/BCL6 signaling 

overrides the negative effects on RON signaling in PDA. 
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Figure 16. In vitro clonogenic survival assay showed that silencing of RON by shRNA-mediated 
suppression radiosensitized PDA cell lines while SOCS3 protected PDA cell lines from IR.  
Upper Panels. Silencing of RON by shRNA-mediated suppression in PDA cell lines increased 
radiosensitivity. 
Lower Panels. Overexpression of SOCS3 protected PDA cell lines from IR. 
 

2.2 Discussion 

In Section III, we have identified a novel mechanism by which SOCS3 regulates the DNA 

damage response. Initially thought to be a tumor suppressor and possibly a radiosensitizer, we 

have shown that SOCS3 is actually a radioprotector due to its control of the STAT3-BCL6 axis 

in the DNA damage response. This is a generalized effect of SOCS3 on STAT3 activation.  
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However, one question is whether SOCS3 can act as a tumor suppressor and radiosensitizer if it 

is targeting a specific kinase pathway that is known to be active in a tumor and can radioprotect. 

In order to explore this possibility, we next choose to express SOCS3 in human pancreatic cancer 

cell lines that display activation of SOCS3-sensitive receptor kinases, IGF-1R and RON.  

While RON overexpression appears to be a hallmark of many human cancers, the mechanisms 

by which RON induces tumorigenesis and metastasis are still unclear. Recent studies have 

identified several RON protein interactants in pancreatic cancer cells and demonstrated receptor 

cross talk  (Follenzi,A, 2000; Peace,B.E, 2003). The insulin- like growth factor receptor (IGF-1R) 

has been identified and confirmed to interact with RON in pancreatic cancer cell lines. And it has 

been demonstrated that the IGF-1R/RON-signaling axis in pancreatic cancer cells involves 

activation of STAT3 (D.V. Jaquish, 2011). Both the RON and IGF-1R receptors represent 

attractive potential targets for pancreatic cancer therapy as they are commonly overexpressed and 

mediate oncogenic phenotypes in pancreatic cancer cells. 

Both IGF-1 and MSP act as potent activators of the PI3K/Akt and ERK MAPK signaling 

pathways  in pancreatic cancer. It has been previously reported that STAT3 is activated in 

response to IGF-1 (Kriti Rakesh, 2006), and immunoprecipitation studies have revealed that 

SOCS3 associated with IGF-1R upon IGF-1 stimulation, indicating its inhibitory role on IGF-1 

pathway upon association with the receptor (Dey BR, 2000).  

We have identified the inhibitory function of SOCS3 on IGF-1 signaling in MEFs and PDA cell 

lines. We found that SOCS3-deficient MEFs displayed increased level and extended kinetics of 

ERK phosphorylation in response to IGF-1 stimulation relative to WT MEFs. Overexpression of 

SOCS3 in PDA cell line AsPC1 resulted in suppressed phosphorylation of Akt compared with 

the parental cell line. Additionally, we revealed that overexpression of SOCS3 inhibited IGF-1 
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induced cell proliferation in PDA cell lines FG, PL12 and AsPC1. Importantly, we further 

confirmed the inhibitory effect of SOCS3 on PDA cell proliferation in response to the RON 

ligand MSP. Our finding that overexpression of SOCS3 inhibited IGF-1 and MSP induced cell 

proliferation suggested SOCS3 as a negative regulator of both IGF-1R and RON signaling in 

PDA cell lines. While this data indicated SOCS3 may function as a tumor suppressor in human 

PDA, we identified a discrepancy in radiation responses of PDA cell lines. We have previously 

identified that PDA cell lines overexpressing SOCS3 which display reduced responses to MSP 

are more radioresistant than the parental cell lines, indicating a radioprotective role of SOCS3 in 

PDA cell lines, while silencing of RON by shRNA-mediated suppression increased 

radiosensitivity in PDA cell lines. Our data suggest that SOCS3 can target a specific 

radioprotective kinase pathway but its ability to be a radioprotector through the STAT3/BCL6 

pathway is more important. shRNA of RON is a radiosensitizer but SOCS3, which blocks RON 

responses, is still a radioprotector in PDA cells. In the next sections, we describe a novel, 

radiation- independent role for SOCS3 in the  regulation of chemokine expression and tumor 

aggressiveness in pancreatic cancer. 

3. Conclusion 

Our data reveal that SOCS3 negatively regulate IGF-1R and RON signaling in MEFs and PDA 

cell lines. Overexpression of SOCS3 in PDA cell lines inhibits IGF-1 and MSP induced cell 

proliferation but increases cell resistance to ionizing radiation, while PDA cell lines that silence 

RON by shRNA-mediated suppression are more radiosensitive relative to the parental cell lines. 

Our finding indicates that the radioprotective effect of SOCS3 supercedes its ability to block 

specific radioprotective kinase pathways in pancreatic cancer cells. 
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V. Analysis of SOCS3 expression and STAT3 activation in MEFs and human cancer cell 

lines  

1. Materials and Methods 

1.1 Materials 

Cell lines and cell culture . WT and SOCS3 KO MEFs, human PDA cell lines AsPC1, AsPC1 

SOCS3, BxPC3, PL12, 2.8, 2.13, 4.14, FG as well as NSCLC cell lines H1703, H1703 SOCS3, 

H460M and H460M SOCS3 were used in this study. All the cell lines were maintained as 

described above. 

1.2 Methods 

Reverse Transcriptase-PCR (RT-PCR). Human cancer cell lines were starved in 0.2% serum 

media overnight and stimulated with 20 ng/ml of IL-6 or one of the IL-6 family of cytokines, the 

oncostatin M (OSM) for 1 hour. Total RNA was isolated by using TRIzol Reagent (Cat. #15596-

018, Invitrogen) or RNeasy Mini Kit (Cat. #74104, Qiagen) or PureLink RNA Mini Kit (Cat. 

#12183020, life technologies). Quantification of the total RNA was performed by using 

Nanodrop ND-1000 Spectrophotometer (UCLA Gonda Genomics Core). The first-strand cDNA 

was made by SuperScript Reverse Transcriptase III (Cat. #18080-400, Invitrogen) and used as 

templates for PCR to detect target genes using the Taq DNA polymerase (Cat. #M0273L, New 

England Biolabs) and Deoxynucleotide Solution Mix (Cat. #N0447S, New England Biolabs). 

Reactions products were analyzed on a 2% agarose gel (Cat. #A9539-500G, SIGMA) with 0.5 

mg/l of Ethidium Bromide Solution (Cat. No. 15585-011, Invitrogen). The electrophoresis gel 

was analyzed using the FUJI LAS3000 Digital Imaging System (Dr. Nishimura’s lab of UCLA 
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Dental School). Primers were ordered from Invitrogen and reconstituted in sterile water to 

provide a 0.2 mM working concentration. Primers were designed with the Invitrogen 

OligoPerfect Designer to amplify a 150-200 base pair internal sequence for each target. The 

primer sequences used in this study are as follows: SOCS3 fwd 5’-CTC AAG ACC TTC AGC 

TCC AA-3’; SOCS3 rev 5’-TTC TCA TAG GAG TCC AGG TG-3’; human β-Actin fwd 5’-

GGA CTT CGA GCA AGA GAT GG-3’; β-Actin rev 5’-AGC ACT GTG TTGGCGTACAG-3’.  

Methylation-specific PCR (MSP). Genomic DNA was obtained from the PDA cell lines. MSP 

was applied to investigate the methylation status of the promoter regions of the SOCS3 gene. 

After an initial bisulfite treatment to modify the DNA, PCR was performed to distinguish 

methylated from unmethylated DNA as described (Herman JG, 1996). Briefly, 2 µg of genomic 

DNA were denatured with 0.3 M NaOH. In all, 10mM hydroquinone and 3M sodium bisulfite 

were added and incubated at 50°C for 16 hours. Afterwards, modified DNA was purified using 

the Wizard DNA purification resin (Qiagen, Hilden, Germany) followed by desulfonating in 0.3 

M NaOH and subsequent ethanol precipitation and resuspension in 30-50 µl water. MSP was 

performed using specific primers and conditions previously described (Herman JG, 1996). 

Briefly, a 20 µl reaction volume containing 150 ng bisulfite modified DNA, 1×PCR buffer, 1.5 

mM MgCl2, 0.16 µM dNTPs, 0.25 µM specific primer mix and 1 unit Taq enzyme was used. 

PCR was carried out by an initial denaturation step at 95°C for 10 minutes, followed by 40 

cycles of denaturation at 95°C for 40 seconds, annealing at 63°C (methylation) or 62°C 

(unmethylation) for 40 seconds, and elongation at 72°C for 40 seconds. Cycling was completed 

by a final elongation step at 72°C for 10 minutes. The PCR products were applied for 

electrophoresis on a 2% agarose gel, stained with Ethidium Bromide and visualized under UV 
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illumination. Placental DNA treated with methyltransferase was used as a positive control for 

methylation. 

The methylation-specific and unmethylation-specific primers were designed using the Methyl 

Primer Express software v1.0 (ABI) according to a previously published protocol and adopted to 

the specific conditions of PDA (B He, 2003; A Weber, 2005; S Zhang, 2008). Sequences of 

methylation-specific primers of SOCS3 were 5'-TAT ATA TTC GCG AGC GCG GTT T-3' 

(forward) and 5'-CGC TGC GCC CAG ATG TT-3' (reverse); sequences of unmethylation-

specific primers were 5'-TGT GGT GGT TGT TTA TAT ATT TGT GAG TGT GGT T-3' 

(forward) and 5'-CAA CCA ACA ATA ACC CAC ACT ACA CCC A-3' (reverse). Sequences of 

methylation-specific primers in the exon 2 of SOCS3 were 5'-TTC GAG GTG TTC GAG TAG 

TC-3' (forward) and 5'- AAC GAT CTT CCG ACA AAA AT-3' (reverse); sequences of 

unmethylation-specific primers were 5'-TTT TTT GAG GTG TTT GAG TAG TT-3' (forward) 

and 5'-AAC AAT CTT CCA ACA AAA ATA CT-3' (reverse), and the lengths of PCR products 

were both 159 bp (S Zhang, 2008). Sequences of methylation-specific primers of SOCS3 were 

5'-GTA GTG CGT AAG TTG TAG GAG AGC-3' (forward) and 5'-GTA AAA AAA TAA CGC 

TAA TCC GAA-3' (reverse); sequences of unmethylation-specific primers were 5'-TAG TGT 

GTA AGT TGT AGG AGA GTG G-3' (forward) and 5'-GTA AAA AAA TAA CGC TAA TCC 

GAA-3' (reverse). The lengths of PCR products were 139 bp and 134 bp respectively (A Weber, 

2005). 

Western blot. MEFs and human cancer cell lines were seeded in 10 cm dishes (Cat. #430167, 

Corning) or 6-well plates (Cat. #353046, Falcon, Corning Incorporated) and starved in media 

with 0.2% FBS overnight. On the next morning, cells were stimulated with 20 ng/ml of IL-6 or 

HGF or OSM for 30 minutes, 1 hour, 2 hours and 4 hours. Whole cell lysates were prepared as 
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described above. Proteins were resolved by SDS-PAGE, transferred to PVDF membranes, 

blotted with antibodies and detected as described above. The antibodies used in this study were: 

p-STAT3 (Y705) (3E2) Mouse mAb (Cat. #9138S, Cell Signaling Technology), STAT3 (124H6) 

Mouse mAb (Cat. #9139S, Cell Signaling Technology), p-STAT1 (Y701) (58D6) Rabbit mAb 

(Cat. #9167S, Cell Signaling Technology), STAT1 Rabbit Ab (Cat. #9172S, Cell Signaling 

Technology).  

2. Results and Discussion 

2.1 Results 

Pancreatic ductal adenocarcinoma (PDA) cell lines express various levels of SOCS3 in 

response to IL-6 or OSM 

Lacking of SOCS3 expression in H1703 has been reported to be correlated with 

hypermethylation in CpG islands of the functional SOCS3 promoter by using methylation-

specific PCR (MSP) (He B, 2007). Since SOCS3 expression defects in cancer are almost 

exclusively due to promoter methylation, we initially screened PDA cell lines for SOCS3 

promoter methylation by MSP.  
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Figure 17. Analysis of SOCS3 promoter methylation and cytokine-induced expression of SOCS3 in 
PDA and NSCLC cell lines. 
(a) Methylation-specific PCR (MSP) of genomic DNA from PDA cell lines AsPC1, PL12 and FG. 
Bands in lanes labeled ‘‘Unmeth’’ are unmethylated DNA product amplified with unmethylation-
specific primers. Bands in lanes labeled ‘‘Meth’’ are methylated DNA product amplified with 
methylation-specific primers. (b) and (c) PDA cell lines AsPC1, FG, PL12, 2.8, 2.13, 4.14 and one 
NSCLC cell line H1703 were evaluated for SOCS3 expression upon 20 ng/mL of IL-6 or OSM 
stimulation at 1 hour. 
 

Surprisingly, we did not identify significant SOCS3 promoter methylation in AsPC1, PL12 or 

FG by MSP, as shown in Figure 17 (a).  

Next we screened the PDA cell lines for SOCS3 gene induction following stimulation with 

members of the IL-6 family of cytokines, which are known to activate SOCS3 expression in 

normal tissue. As shown in Figure 17 (b) and (c), IL-6 or OSM stimulation failed to induce 

SOCS3 expression in human NSCLC cell line H1703 in which SOCS3 expression is known to 

be silenced by promoter hypermethylation. For PDA cell lines, we found that SOCS3 expression 

in response to IL-6 or OSM is silenced in PL12, 2.13 as well as 4.14. While in FG, AsPC1 and 

2.8, endogenous SOCS3 expression can be induced by IL-6 or OSM to different degrees.  

Our findings identified three distinct molecular subtypes of PDA cell lines based on expression 

of SOCS3 in response to IL-6/OSM stimulation. In the PDA cell line FG, endogenous expression 

of SOCS3 is high after stimulation with IL-6. While in AsPC1, we identified intermediate level 
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of SOCS3 induction in response to IL-6, suggesting partially repression. On contrast, in 2.8, 

PL12, 2.13, and 4.14, SOCS3 expression is low or totally repressed upon IL-6 or OSM 

stimulation. In particular, we report that SOCS3 is down-regulated through mechanisms other 

than promoter methylation in PDA cell lines. 

 

Phosphorylation of STAT3 and STAT1 upon OSM stimulation is various in PDA cell lines  

In previous studies, it was demonstrated that genetic silencing of SOCS3 results in abnormally 

high levels of STAT3 and STAT1 tyrosine phosphorylation (H. Yasukawa, 2003; R. Lang, 2003; 

B.A.Croker, 2003; Y. Lu, 2006). Mutations in the JAK/STAT signaling pathway have often been 

reported to be associated with cancer. For example, constitutive activation of STAT3 has been 

known to be correlated with cell proliferation in breast carcinoma  (Zhang F, 2003) and non-small 

cell lung cancer (NSCLC) (B. He, 2003).  

We have identified three molecular subtypes of human PDA cell lines represented by the cell 

lines FG (strong SOCS3 induction), AsPC1 (partially repressed), and PL12/2.8 (SOCS3 low or 

totally repressed). As shown in Figure 18, we have shown that for at least a subset of the cell 

lines with low induction or total repression of SOCS3, cytokine-induced STAT3 activation is 

prolonged (in the cell line PL12 with total SOCS3 repression), while STAT3 phosphorylation 

decays over 4 hours in the other two subtypes.  
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Figure 18. Immunoblot analysis of whole cell lysates from PDA cell lines showed various level of 
STAT3 and STAT1 phosphorylation upon OSM stimulation. PDA cells were plated in 6-well plates 
and starved in 0.2% serum media for overnight. Cells were stimulated with OSM at 20 ng/ml and 
lysed at different time points after stimulation. Whole cell lysates were analyzed using an anti-
phospho-STAT3 Mouse mAb and anti-phospho-STAT1 Rabbit mAb.  
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We also investigated STAT1 phosphorylation upon OSM stimulation in PDA cell lines. As 

shown in Figure 18, we found that STAT1 was also rapidly phosphorylated in response to OSM 

stimulation, and its activation was down-regulated in all of the PDA cell lines. However, there 

are some differences among the cell lines, most notably that AsPC1 displayed a slightly more 

robust and prolonged phospho-STAT1 signal than the other cell lines. 

 

Restoration of SOCS3 in NSCLC and PDA cells in which SOCS3 is repressed results in 

down-regulation of activated STAT3 and STAT1 upon OSM stimulation 

In order to further address the role of SOCS3 in regulating activation of STAT3, we have also 

evaluated the phosphorylation of STAT3 in WT and SOCS3 KO MEFs. As shown in Figure 19, 

STAT3 was constitutively activated in unstimulated SOCS3 KO MEFs. Upon stimulation with 

IL-6 or HGF, we observed an up-regulation of STAT3 phosphorylation in SOCS3 KO MEFs.  
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Figure 19. Immunoblot analysis of whole cell lysates from MEFs identified constitutively activated 
STAT3 in SOCS3-deficient fibroblasts. STAT3 phosphorylation was found to be constitutively 
activated and up-regulated in response to IL-6 and HGF in SOCS3 KO MEFs, while in WT MEFs, 
phosphorylation of STAT3 was not observed until stimulation with IL-6.  
 

We further extended our research to human cancer cell lines. We found that restoration of 

SOCS3 in NSCLC cell lines H460M and H1703 in which SOCS3 expression is methylation-

silenced suppressed phosphorylation of STAT3, as shown in Figure 20. We then continued to 
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inspect phosphorylation of STAT3 in human PDA cells. We chose AsPC1 for gain of function 

experiments by SOCS3 overexpression. As shown in Figure 20, restoration of SOCS3 in H1703 

and AsPC1 resulted in down-regulation of STAT3 phosphorylation in response to OSM 

stimulation at 30 minutes. Our findings suggested that silencing of SOCS3 is one of the 

important mechanisms of constitutive activation of the JAK/STAT pathway in human solid 

tumors.  
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Figure 20. Immunoblot analysis of whole cell lysates from NSCLC and PDA cell lines showed that 
overexpression of SOCS3 inhibited STAT3 phosphorylation in response to OSM. Approximately 
1×107 cells were starved overnight, stimulated with 20 ng/ml of OSM, and protein extracts were 
analyzed by western blot with an anti-phospho-STAT3 antibody.  
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We also examined STAT1 phosphorylation upon OSM stimulation in human NSCLC cell lines. 

As shown in Figure 21, STAT1 was rapidly but trans iently activated in response to OSM 

stimulation in human NSCLC cell lines, while overexpression of SOCS3 in NSCLC cell lines 

resulted in an even stronger suppression of STAT1 phosphorylation.  
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Figure 21. Immunoblot analysis of whole cell lysates from NSCLC cell lines upon OSM stimulation 
showed that STAT1 phosphorylation was suppressed by overexpression of SOCS3. 
 

Phosphorylation of STAT3 is up-regulated in SOCS3 KO MEFs following IR 

We next characterized the cells for signaling abnormalities in response to ionizing radiation. As 

shown in Figure 22, SOCS3 KO MEFs displayed constitutive STAT3 phosphorylation as well as 

enhanced and extended kinetics of STAT3 activation after exposure to ionizing radiation 

compared to WT MEFs.  
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Figure 22. Immunoblot analysis of whole cell lysates from MEFs showed that phosphorylation of 
STAT3 was up-regulated in SOCS3-deficient fibroblasts following IR. 
 

2.2 Discussion 

In recent years, the Suppressors of Cytokine Signaling (SOCS) proteins have been widely 

studied for their role in the development  of different cancers. SOCS3 has been demonstrated as a 

tumor suppressor gene in non-small cell lung cancer (He B, 2004). It has been reported that 

silencing of SOCS3 by promoter methylation is one of the  important mechanisms of constitutive 

activation of the JAK/STAT pathway in cancer pathogenesis. Restoration of SOCS3 in lung 

cancer cells where SOCS3 was methylation-silenced resulted in the down-regulation of active  

STAT3, induction of apoptosis, and growth suppression (He B, 2003). 

Initially, we screened a panel of pancreatic ductal adenocarcinoma (PDA) cell lines for defects in 

SOCS3 expression. Surprisingly, we found that none of the cell lines tested displayed any 

significant SOCS3 promoter CpG island methylation, despite the finding by our lab and others 

that the SOCS1 gene is often methylated and silenced in human PDA (data not shown).  

However, despite lack of SOCS3 promoter methylation, we indeed discovered a wide range of 

cytokine- inducible SOCS3 expression levels which allowed us to roughly group the cell lines 

into three categories, based on this molecular criteria: 1. High levels of cytokine- inducible 

SOCS3 expression, represented by the FG cell line; 2. Intermediate SOCS3 levels (partial 

SOCS3 repression), represented by AsPC1, and 3. Low or completely repressed SOCS3 
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induction, represented by the cell lines 2.8 and PL12. We also identified two other cell lines, 

2.13 and 4.14 in which SOCS3 appears to be completely repressed following cytokine 

stimulation and therefore also fall into category 3. Perhaps the most surprising finding was that 

although promoter hypermethylation has been identified as the principal mechanism to silence 

SOCS3 expression and associated with the tumor suppressor effect of SOCS3 in solid tumors 

including lung cancer and head and neck squamous carcinoma, SOCS3 repression in PDA 

appeared to be independent of epigenetic regulation.  There are very few cases of SOCS gene 

mutation or deletion in solid tumors, thus we may have identified a novel phenomenon in 

pancreatic cancer that leads to SOCS3 repression. 

microRNAs (miRNAs) are small non-coding RNAs that bind to complementary sequences on 

target mRNAs, often silencing gene expression. miRNAs have emerged to play important roles 

in tumorigenesis and drug resistance.  

MiR-10a
MiR-10b
MiR-21
MiR-17-5p
MiR-203
MiR-222
MiR-196a
MiR-190
MiR-186

MiR-203
miR-19a
MiR-483-5a
miR-221
miR-19
miR-30
miR-802
Mirc1 (miR-17-92)
Mirc3 (miR-106b-25)

microRNAs overexpressed
in pancreatic cancer

microRNAs that target 
SOCS3 

MiR-10a
MiR-10b
MiR-21
MiR-17-5p
MiR-203
MiR-222
MiR-196a
MiR-190
MiR-186

MiR-203
miR-19a
MiR-483-5a
miR-221
miR-19
miR-30
miR-802
Mirc1 (miR-17-92)
Mirc3 (miR-106b-25)

microRNAs overexpressed
in pancreatic cancer

microRNAs that target 
SOCS3 

 

Table 1. Overexpression of miR-203 indicates a potential mechanism for loss of SOCS3 expression 
in human pancreatic cancer.  
 

Importantly, several recent studies have reported that miRNAs may regulate JAK/STAT 

signaling via control of SOCS expression (Collins As, 2013; Ying C, 2014), indicating that 

possible mechanisms for SOCS3 repression may include overexpression of miRNAs that target 
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SOCS3. As listed in Table 1, miR-203 which targets SOCS3 has been reported to be 

overexpressed in a variety of human solid tumors including breast cancer (Peng Ru, 2011) and 

pancreatic cancer, and has been associated with poorer survival (Thomas G., 2010). 

Next, we explored whether differential SOCS3 expression in PDA cell lines had consequences 

on cytokine- inducible STAT3 activation. The representative cell lines studied most in this work 

are FG, AsPC1 and PL12, and these cell lines indeed displayed unique STAT3 phosphorylation 

kinetics in response to stimulation with gp130-using cytokines. We found that FG and AsPC1 

(subtypes 1 and 2), in which SOCS3 expression can be induced by OSM stimulation, inducible 

STAT3 phosphorylation decayed significantly over the 4 hour time course of the experiment. In 

contrast, the PDA cell line PL12 in which SOCS3 is silenced displayed extended kinetics of 

STAT3 phosphorylation. This finding is of great interest as it suggests that PDA tumors can be 

stratified on the basis of SOCS3 expression, which might reflect their degree of STAT3 

dependence or “addiction”. 

There is variability within the groups, however, as we have also found that one of the cell lines 

displaying SOCS3 repression, 2.13 showed more “normal” phospho-STAT3 decay kinetics 

following cytokine stimulation, unlike the PL12 cell line. This may reflect involvement of other 

inhibitory mechanism(s) regulating the JAK/STAT pathway in this cell line. 

Genetic silencing of SOCS3 results in abnormally high levels of both STAT3 and STAT1 

tyrosine phosphorylation. Thus, we also examined phosphorylation of STAT1 in response to 

OSM in PDA cell lines. Although STAT1 is mainly activated by interferons (IFNs), we also 

identified activation of STAT1 upon OSM stimulation in the PDA cell lines. Our data indicate 

that, with some variability, STAT1 phosphorylation follows an induction and decay phase in all 

of the cell lines, suggesting that STAT1 signaling is not as dramatically affected by variability in 
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SOCS3 expression as STAT3. It is of note, however, that the AsPC1 cell line appears to display 

slightly more robust and extended STAT1 phosphorylation compared to the other cell lines, 

which may affect the regulation of chemokine expression and tumor aggressiveness (see below). 

We have also identified constitutively activated STAT3 even in unstimulated SOCS3-deficient 

fibroblasts. Overexpression of SOCS3 in NSCLC and PDA cell lines inhibited STAT3 and 

STAT1 phosphorylation upon OSM stimulation, confirming that silencing of SOCS3 is one of 

the important mechanisms of constitutive activation of the JAK/STAT pathway in human solid 

tumors. Importantly, we have shown that STAT3 phosphorylation is up-regulated in SOCS3 KO 

MEFs following IR compared to WT MEFs, which is in agreement with our previous studies that 

SOCS3 regulates DNA damage response by controlling STAT3 activation after exposure to IR. 

Overall, we found that there are a range of defects in SOCS3 expression among human PDA cell 

lines, with concomitant effects on STAT3 signaling. These results suggest that SOCS3 

dysregulation may play a role in pancreatic cancer pathogenesis and that PDA tumors may 

display distinct biological behaviors based on how strongly they repress SOCS3 expression. We 

next attempted to answer this question using an orthotopic xenograft model of human PDA. 

3. Conclusion 

We have identified three distinct molecular subtypes of human PDA, in which cytokine-

inducible SOCS3 is either highly expressed, or partially repressed, or severely repressed/totally 

silenced in response to IL-6 or OSM stimulation. Repression of SOCS3 gene in PDA is not CpG 

island methylation-dependent, suggesting a possible novel mechanism through which SOCS3 

expression is silenced in PDA. We have shown that silencing of SOCS3 is one of the important 

mechanisms of constitutive activation of the JAK/STAT pathway in human solid tumors. The 

three molecular subtypes of PDA display distinct STAT3 signaling patterns in response to 
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cytokine stimulation and may indicate differential STAT3 dependence or "addiction" among 

these different tumor classes.  

 

VI. cDNA microarray and gene expression analysis of MEFs and human cancer cell lines 

1. Materials and Methods  

1.1 Materials 

Cell lines and cell culture. MEFs (WT and SOCS3 KO), human PDA cell lines AsPC1, AsPC1 

SOCS3, BxPC3, BxPC3 SOCS3, FG, FG SOCS3 as well as NSCLC cell lines H460M, H460M 

SOCS3, H1703 and H1703 SOCS3 were used in this study. All the cell lines were maintained as 

described above. 

1.2 Methods  

Gene expression microarray. Total RNA was isolated from WT and SOCS3 KO MEFs by 

TRIzol Reagents (Invitrogen), quantificated by Nanodrop ND-1000 Spectrophotometer (UCLA 

Gonda Genomics Core) and used for gene expression microarray analysis. The MouseRef-8 v2.0 

Expression BeadChip (Illumina) was prepared by UCLA DNA Microarray Center and  the 

project data was analyzed using GenomeStudio software (Illumina). 

Reverse Transcriptase-PCR (RT-PCR).  Total RNA of MEFs and human cancer cell lines was 

isolated by using TRIzol Reagent. First strand cDNA was made as described above and used as 

template for PCR to detect expression of target genes. The sequences of primers used in this 

study were human USP18: 5’-GGG CAG TAT GAG CTT TTT GC-3’ (forward); 5’-TAT GCA 
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GTT TCC TGC CAG TG-3’ (reverse); human PARP14: 5’-ACC AGA TGC AAA TGG GAG 

AA-3’ (forward); 5’-GGT TCT TTG AAG GAG GCA CA-3’ (reverse); human CXCL8: 5’-GTG 

CAG TTT TGC CAA GGA GT-3’ (forward); 5’-CTC TGC ACC CAG TTT TCC TT-3’ 

(reverse); human NRP1: 5’-GAA AAA TGC GAA TGG CTG AT-3’ (forward); 5’-AAT GGC 

CCT GAA GAC ACA AC-3’ (reverse); human NRP2: 5’-ACA CCA AGT GAG AGG CCA 

AC-3’ (forward); 5’-CGA TGT TCC CAC AGT GTT TG-3’ (reverse); human TWIST1: 5’-GTC 

CGC AGT CTT ACG AGG AG-3’ (forward); 5’-TGG AGG ACC TGG TAG AGG AA-3’ 

(reverse); human SLUG: 5’-CTT TTT CTT GCC CTC ACT GC-3’ (forward); 5’-ACA GCA 

GCC AGA TTC CTC AT-3’ (reverse); human SNAI1 (snail): 5’-GCC TTC AAC TGC AAA 

TAC TGC-3’ (forward); 5’-TGA CAT CTG AGT GGG TCT GG-3’ (reverse); human Zeb1: 5’-

GAG GAG GAG GAG GAG GAA GA-3’ (forward); 5’-GCT TGA CTT TCA GCC CTG TC-3’ 

(reverse); human NANOG: 5’-ACC TTC CAA TGT GGA GCA AC-3’ (forward); 5’-GAA TTT 

GGC TGG AAC TGC AT-3’ (reverse); human CD47: 5’-TAT TGC GGC GTG TAT ACC AA-

3’ (forward); 5’-GAT TGG AAG CCA CAA ATT TCA-3’ (reverse); human CALR: 5’-AGG 

TCA AGT CTG GCA CCA TC-3’ (forward); 5’-CCT CCT CTT TGC GTT TCT TG-3’ 

(reverse); murine IGF2: 5’-GCT TGC CAA AGA GCT CAA AG-3’ (forward); 5’-CTG ATG 

GTT GCT GGA CAT CT-3’ (reverse); murine CXADR: 5’-AAC CAA GTC CCC AGT GAA 

GA-3’ (forward); 5’-ATA GAC CCG TCC TTG CTC TG-3’ (reverse); murine PKC alpha: 5’-

TGG CAA AGG AGC AGA AAA CT-3’ (forward); 5’-ACT GGG GGT TGA CAT ACG AG-3’ 

(reverse); murine GDF15: 5’-CCT GCA GCC TGA CAA GGT-3’ (forward); 5’-GGC CAC 

CAG GTC ATC ATA AG-3’ (reverse); murine RIPK4: 5’-CAC TGC ACC TGG CTG CTC-3’ 

(forward); 5’-CTC TGG CCT CCT TGG AAC TT-3’ (reverse); murine PSCA: 5’-TTT GGG 

CAA GAA GAA CAT CA-3’ (forward); 5’-ACA GCA ACA GGC TGC AGA G-3’ (reverse); 
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murine Heme Oxygenase: 5’-TGC TAG CCT GGT GCA AGA TA-3’ ( forward); 5’-ATG GCA 

TAA ATT CCC ACT GC-3’ (reverse); murine GST: 5’-ATT TTG ACC TTG CTG CCT GT-3’ 

(forward); 5’-AAG GGC TTC CTC AGT TTC TTG-3’ (reverse). 

2. Results and Discussion 

2.1 Results 

cDNA microarray analysis of WT and SOCS3 KO MEFs  

In order to further investigate the potential role of SOCS3 and SOCS3 molecular subtypes in 

human PDA pathogenesis, we performed a gene expression microarray analysis using WT and 

SOCS3 KO MEFs to identify possible SOCS3 target genes that might play a role in PDA 

aggressiveness and/or metastasis in vivo.  
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Figure 23. cDNA microarray analysis of genes differentially regulated in WT and SOCS3 KO MEFs. 
 

By performing cDNA microarray analysis, we were able to identify a panel of genes that are 

abnormally expressed in SOCS3 KO MEFs as shown in Figure 23. Genes that are 

overrepresented in SOCS3 KO MEFs include Reep3, PSCA, TIF2, IGF2, Wnt7a, Gdf15, Shh3, 



 

 61 

BCL6, Eif2s3y and Clcn7, which are involved in cell proliferation, cell survival and cell cycle 

control. 

Genes that are underrepresented in SOCS3 KO MEFs include Gata2, Hoxb2/4/5/6/7, Nid2, 

USP18, PARP14, MSX1, CXCL1/2, STK39, RIPK4, PKC alpha, Txnip, ISGF3, and G1p2, 

which function as transcription factors, kinases or chemokines. 

 

Gene expression analysis of MEFs, NSCLC and PDA cell lines by RT-PCR 

We then extended to investigate the expression of these candidate genes identified in cDNA 

microarray analysis by performing RT-PCR.  
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Figure 24. MEFs, NSCLC and PDA cell lines were screened for mRNA expression of a panel of 
genes identified in cDNA microarray analysis. 
 

As shown in Figure 24, We found that CXCL1, Txnip, PKC alpha, CXADR, Erdr1 and Hoxb9 

are underrepresented in SOCS3 KO MEFs, while PSCA, RIPK4, GDF15 and Mre11 are 

overrepresented in SOCS3 KO MEFs. We did not identify significant Reep3 mRNA expression 

in WT or SOCS3 KO MEFs.  

For human cancer cell lines, we found that PARP14 is underrepresented in H1703 which 

silenced SOCS3. NRP1 and NRP2 are underrepresented in H1703, AsPC1 and BxPC3. We also 

identified that TRIM8 and TRIM21 are overrepresented in H1703. Moreover, we found that 

TWIST1 is silenced in AsPC1 and AsPC1 SOCS3, but not in FG and FG SOCS3. 



 

 63 

2.2 Discussion 

In cDNA microarray analysis of MEFs, we identified that BCL6, which functions as a p21 

inhibitor, is overrepresented in SOCS3 KO MEFs. This finding is in agreement with our previous 

data of western blot and mRNA analysis confirming an inverse relationship between SOCS3 and 

BCL6 expression levels. 

We also identified underrepresented CXCL1 and CXCL2 in SOCS3 KO MEFs by cDNA 

microarray analysis and/or RT-PCR. It has been reported that STAT3 negatively regulates 

CXCL1 production via the IL-6 common receptor subunit gp130. CXCL1 has been shown to 

play an important role in tumorigenesis and angiogenesis and its overexpression has been 

associated with tumor progression. Of greatest interest to our laboratory is the fact that SOCS3 

negatively regulates STAT3 and therefore may modulate CXCL1 expression in cancer though 

the STAT3 pathway. Next, we will further explore the function of SOCS3 and CXCL1 in PDA 

pathogenesis. 

Some of the genes identified in cDNA microarray analysis and RT-PCR represent  interesting 

research targets in the future. For example, the poly ADP-ribose polymerase (PARP) superfamily 

of proteins is characterized by the presence of the PARP catalytic domain and consists of 17 

members. These proteins are implicated in a number of cellular processes including, DNA 

damage repair, transcription regulation, telomere cohesion, and energy metabolism (Schreiber, 

V., 2006; Kim, M. Y., 2005). Recently, PARP14 has been reported to function as a 

transcriptional switch for STAT6-dependent gene activation (Purvi Mehrotra, 2011). 

Neuropilins NRP1 and NRP2 are membrane-bound coreceptors to a tyrosine kinase receptor for 

both vascular endothelial growth factor (VEGF) and semaphoring family members. NRP1 plays 
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versatile roles in angiogenesis, axon guidance, cell survival, migration and invasion. NRP2 may 

play a role in cardiovascular development, axon guidance and tumorigenesis.  

We also found that TWIST1 was expressed in FG and FG SOCS3, but silenced in AsPC1 and 

AsPC1 SOCS3. It has been reported that TWIST plays an essential role in cancer metastasis. 

Overexpression of TWIST or methylation of its promoter is common in metastatic carcinomas. 

Hence targeting TWIST has a great promise as a cancer therapeutic. TWIST is activated by a 

variety of signal transduction pathways, including Akt, STAT3, MAPK, Ras and Wnt signaling. 

Activated TWIST up-regulates N-cadherin and down-regulates E-cadherin, which are the 

hallmarks of EMT. Moreover, TWIST plays an important role in some physiological processes 

involved in metastasis, like angiogenesis, invadopodia, extravasation and chromosomal 

instability. TWIST also protects cancer cells from apoptotic cell death. In addition, TWIST is 

responsible for the maintenance of cancer stem cells and the development of chemotherapy 

resistance. TWIST1 is extensively studied for its role in head and neck cancers. TWIST1 has 

been shown to be involved in evading apoptosis, making the tumor cells resistant against 

chemotherapeutic drugs like Cisplatin.  Moreover, TWIST1 has been shown to be expressed 

under conditions of hypoxia, corresponding to the observation that hypoxic cells respond less to 

chemotherapeutic drugs. Another process in which TWIST1 is involved is tumor metastasis. The 

underlying mechanism is not completely understood, but it has been implicated in the up-

regulation of matrix metalloproteinases and inhibition of TIMP. Recently, targeting TWIST has 

gained interest as a target for cancer therapeutics. The inactivation of TWIST by small 

interfering RNA or chemotherapeutic approach has been demonstrated in vitro. Moreover, 

several inhibitors which are antagonistic to the upstream or downstream molecules of TWIST 
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signaling pathways have also been identified. Therefore the role of TWIST1 in human pancreatic 

cancer remains an interesting research target in the future. 

3. Conclusion 

By performing cDNA microarray analysis and RT-PCR, we have identified a panel of potential 

candidate genes that are differentially regulated between tumor cell lines such as TWIST1, as 

well as genes that are differentially regulated in WT and SOCS3 KO MEFs and tumors including 

CXCL1 and CXCL2, which makes them prime candidates for SOCS3-dependent effects in PDA 

pathogenesis. 

 

VII. Analysis of the expression and function of CXCL1 in MEFs and human cancer cell 

lines 

1. Materials and Methods  

1.1 Materials 

Cell lines and cell culture. MEFs (WT and SOCS3 KO), human NSCLC cell lines H460M, 

H460M SOCS3, H1703 and H1703 SOCS3 as well as PDA cell lines AsPC1, AsPC1 SOCS3, 

PL12, PL12 SOCS3, FG, FG SOCS3, BxPC3, BxPC3 SOCS3, 2.8 and 2.8 SOCS3 were used in 

this study. All the cell lines were maintained as described above. 
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1.2 Methods 

CXCL1 ELISA. The Quantikine ELISA kit for Human CXCL1/GROα (R&D Systems) was 

used to examine expression of CXCL1 in the cancer cell lines. Because there is no species cross-

reactivity of this kit, human GROα levels in culture media containing 10% bovine or fetal 

bovine serum can be assayed without interference. About 50,000 cells in 100 µl of media were 

seeded in a 96-well plate. On the next day, 200 µl of cell culture supernatants were added to a 

microplate coated with a mouse monoclona l antibody against human CXCL1/GROα (R&D 

Systems). The samples were incubated for 1.5 hours at room temperature and then washed three 

times with wash buffer. 200 µl of GROα conjugate was added to the plate which was then 

incubated for 1 hour at 4°C and washed again. The plate was then developed by adding 200 µl of 

Substrate Solution to each well, incubated for 15 minutes, added 50 µl of Stop Solution and then 

read by a microplate reader at 450 nm, 540 nm and 570 nm (Dr. McBride’s lab of UCLA 

DMCO). 

Reverse-Transcriptase PCR (RT-PCR). RT-PCR was carried out as described above. In this 

study, we designed three sets of primers to detect mRNA expression of each target gene. Three 

sets of CXCL1 primers are: CXCL1 1 fwd 5’-AGG GAA TTC ACC CCA AGA AC-3’; CXCL1 

1 rev 5’-TAA CTA TGG GGG ATG CAG GA-3’; CXCL1 3 fwd 5’-CAC CCC AAG AAC ATC 

CAA AG-3’; CXCL1 3 rev 5’-TAA CTA TGG GGG ATG CAG GA-3’; CXCL1 5 fwd 5’-AGG 

GAA TTC ACC CCA AGA AC-3’; CXCL1 5 rev 5’-ACT ATG GGG GAT GCA GGA TT-3’; 

Three sets of human MMP7 primers are: MMP7 1 fwd 5’-TGC TCA CTT CGA TGA GGA TG-

3’; MMP7 1 rev 5’-TGG GGA TCT CCA TTT CCA TA-3’; MMP7 2 fwd 5’-GAC AGG TCT 

CGG AGG AGA TG-3’; MMP7 2 rev 5’-TGG GGA TCT CCA TTT CCA TA-3’; MMP7 5 fwd 
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5’-GTC TCG GAG GAG ATG CTC AC-3’; MMP7 5 rev 5’-TAC CCA AAG AAT GGC CAA 

GT-3’; Three sets of CXCR2 primers are: CXCR2 2 fwd 5’-ATT CTG GGC ATC CTT CAC 

AG-3’; CXCR2 2 rev 5’-AAA GGA AGG CCT GCT GTC TT-3’; CXCR2 4 fwd 5’-GAG ATT 

CTG GGC ATC CTT CA-3’; CXCR2 4 rev 5’-AAA GGA AGG CCT GCT GTC TT-3’; 

CXCR2 5 fwd 5’-CAG AAG TTT CGC CAT GGACT-3’; CXCR2 5 rev 5’-AGT GGA AGT 

GTG CCC TGA AG-3’. 

Real-time cell analysis (RTCA). We performed RTCA using AsPC1 and AsPC1 SOCS3 to 

determine the role of SOCS3 and presumably CXCL1 in cell migration in vitro. This system is a 

highly flexible, low throughput instrument for the monitoring of cell migration and invasion in 

particular by analyzing cell functions in real time using non-destructive, reagent free impedance 

measurements. Briefly, each well of the top chamber of a microplate was coated with 50 µl of 

1:50 diluted (with media containing 2% FBS) low concentration Matrigel and incubated for 15 

minutes in incubator or 1 hour at room temperature. 160 µl of 2% FBS media was added to the 

bottom chamber wells carefully to avoid bubbles. The top and bottom chambers were then 

assembled and incubated at 37°C for 1 hour. A total of 100,000 cells was added to each well of 

the top chamber and then incubated for 30 minutes at room temperature. The xCELLigence DP 

softwell was used to measure the migration of cells in real time.  

Genetic reconstitution of human NSCLC and PDA cell lines. In order to further explore the 

role of CXCL1 in tumor progression and metastasis, we continued to use the  pMXs-IRES-GFP 

(also known as pMXs-IG) retroviral vector (Cell Biolabs, Inc.) to deliver CXCL1 into genome of 

human cancer cell lines. The pcDNA 3.1(-) CXCL1 was kindly granted by Dr. Nakamura. The 

CXCL1 fragment was cut by BamHI (Cat. #R3136S, New England Biolabs) first, blunted with 

T4 DNA polymerase (Cat. #M0203S, New England Biolabs), then cut with XhoI (Cat. #R0146S, 
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New England Biolabs). The gel purified fragment containing CXCL1 cDNA was then cloned 

into the pME18S vector which was cut with PstI (Cat. #3140S, New England Biolabs) first, 

blunted and then cut with XhoI. T4 DNA ligase (New England Biolabs) was used for ligation 

and the ligation product was transformed into competent E.coli cell line DH5α (Cat. #18265-017, 

Invitrogen). The positive single clone was obtained by Ampicilin (100 mg/ml) selection. The 

pME-CXCL1 construct was then cut with BamHI and NotI (Cat. #R3189S, New England 

Biolabs) and cloned into pMXs-IG. Since pMXs-IG is a low copy number plasmid, the 

competent E.coli cell line TG1 (Zymo Research) with high transformation efficiency was used 

for the transformation after ligation. The positive clone of pMXs-CXCL1-IRES-GFP was used to 

transfect the package cell line Ampho cells using Effectene Transfection Reagent (Qiagen) 

which then produces high-titer, replication- incompetent viruses. The supernatant was collected, 

centrifuged, and passed through an 80 micron syringe filter (Corning), and applied to the cancer 

cell lines with treatment of 80 µg/ml of polybrene (Cat. #TR-1003-G, Millipore). Cells were 

infected twice at least and then sorted by GFP expression (UCLA JCCC). 

Clonogenic survival assay. We investigated the role of CXCL1 in radiation responses of tumors 

by performing in vitro clonogenic survival assay. The NSCLC cell lines H1703 and H1703 

SOCS3 were starved overnight in media with 0.2% FBS, then harvested with Trypsin and 

counted. H1703 SOCS3 were treated with anti-CXCL1 antibody (R&D Systems) at 100 ng/ml, 

while H1703 were treated with recombinant human CXCL1 (R&D Systems) at 20 ng/ml. The 

cells were then incubated for 1 hour and irradiated with X-ray at 0, 1, 2, 4 and 6 Gy. Two hours 

after irradiation, cells were plated in 10 cm dishes in 10% FBS medium. The cells were left to 

grow for about two weeks and stained with 0.05% w/v crystal violet/methanol for 30 minutes 

and then counted to generate survival fraction data at each dose of radiation.  
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2. Results and Discussion 

2.1 Results 

Expression of CXCL1 is down-regulated in SOCS3-deficient fibroblasts and NSCLC cell 

lines 

Our findings in Section V suggest that there is heterogeneity of SOCS3 expression in human 

PDA that may play a role in pancreatic cancer pathogenesis and might also indicate differential 

response to therapy among different molecular subtypes of tumors. In order to explore this  

possibility, we examined cDNA microarray data from WT and SOCS3-deficient MEFs to 

identify potential SOCS3/STAT3 target genes that may regulate PDA pathogenesis. 

 

Figure 25. cDNA microarray analysis of MEFs showed that the C-X-C chemokines CXCL1 and 
CXCL2 are underrepresented in SOCS3-deficient fibroblasts. 
 

cDNA microarray analysis of WT and SOCS3 KO MEFs showed that a couple of genes are 

underrepresented in the SOCS3 KO MEFs, one of which caught our interest is the C-X-C 

chemokine CXCL1, as shown in Figure 25. CXCL1 expression is known to be repressed by 

STAT3 (T Wang, 2004; A. Matsukawa, 2005; C. A. Fielding, 2008). CXCL1 is of particular 
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interest in our system because SOCS3 negatively regulates STAT3 and therefore may modulate 

CXCL1 expression in human solid tumors. Next, we further analyzed the expression of CXCL1 

mRNA and protein in MEFs and human cancer cell lines. 

As shown in the left panel of Figure 26, CXCL1 mRNA expression is down-regulated in SOCS3 

KO MEFs which is in agreement with the result of cDNA microarray analysis. We then further 

extended our research into human cancer cell lines. As shown in the right panel of Figure 26, 

CXCL1 expression is silenced in H1703, while restoration of SOCS3 into H1703 increased the 

expression of CXCL1. We also found that CXCR2, the receptor of CXCL1, was expressed in 

both parental and SOCS3+ cell lines. Importantly, our RT-PCR data revealed that the expression 

of matrix metalloproteinase-7 (MMP7) was also up-regulated in H1703 with restoration of 

SOCS3. Proteins of the matrix metalloproteinase (MMP) family are found to be involved in the 

breakdown of extracellular matrix in metastasis. It has been reported that restoration of SOCS3 

into tumor cells which epigenetically silence SOCS3 has effect on tumor cell migration and 

invasion (C. Rossa, 2012). Our findings indicated that a possible mechanism of SOCS3 

regulating tumor cell migration involves up-regulation of CXCL1 and/or MMP7 expression by 

SOCS3. 
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Figure 26. CXCL1 mRNA expression is down-regulated in SOCS3-deficient fibroblasts and NSCLC 
cell lines.  
Left Panel. CXCL1 mRNA expression is dramatically down-regulated in SOCS3 KO MEFs.  
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Right Panel. NSCLC cell line H1703 which epigenetically silences SOCS3, displays lower level or 
total repression of CXCL1 and MMP7 mRNA expression. Re-introduction of SOCS3 into H1703 up-
regulates expression of CXCL1 and MMP7. 
 

Overexpression of SOCS3 in PDA cell lines differentially regulates CXCL1 expression 

according to SOCS3 molecular subtype   

We then examined the expression of CXCL1 protein in NSCLC cell lines H460M and H1703 as 

well as PDA cell lines AsPC1, PL12, 2.8, BxPC3 and FG, both parental and SOCS3+ by ELISA.  

As shown in the upper panel of Figure 27, in agreement with our RT-PCR studies, secretion of 

CXCL1 was increased in the two NSCLC cell lines with restoration of SOCS3. In particular, 

there was almost no CXCL1 secretion in H1703, while re-introduction of SOCS3 dramatically 

increased CXCL1 expression, consistent with a model that SOCS3 can modulate CXCL1 

expression by inhibiting STAT3 signaling. 
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CXCL1 ELISA of NSCLC and PDA cell lines
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Figure 27. Expression of CXCL1 in NSCLC and PDA cell lines is evaluated by ELISA. 200 µl of cell 
culture supernatants from NSCLC and PDA cell lines, both parental and SOCS3+, were added to a 
microplate coated with a mouse monoclonal antibody against human CXCL1/GROα (R&D Systems). 
The samples were incubated for 1.5 hours at room temperature and then washed. 200 µl of GROα 
conjugate was added to the plate which was then incubated for 1 hour at 4°C and washed again. 
The plate was then developed by adding 200 µl of substrate solution, incubated for 15 min, added 50 
µl of stop solution and then read by a microplate reader at 450nm, 540nm and 570nm. 
 

We have identified three distinct molecular subtypes of human PDA based on SOCS3 expression 

in response to IL-6/OSM stimulation. Our CXCL1 ELISA data revealed that the three groups of 

PDA cell lines displayed unique responses in CXCL1 secretion with overexpression of SOCS3. 

As shown in lower panel of Figure 27, in FG (subtype 1, SOCS3 expression is high), 2.8 and 

PL12 (subtype 3, SOCS3 expression is low or repressed), we observed either no effect or 

reduced CXCL1 secretion in response to overexpression of SOCS3. These data suggest that the 

SOCS3/STAT3/CXCL1 axis is not critical in these subgroups of tumors and that other STAT3 

targets are more important in these cells for disease pathogenesis. 

On the other hand, the molecular subtype represented by AsPC1 (partial SOCS3 repression) 

demonstrated a completely different behavior that re-introduction of SOCS3 resulted in 
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increased CXCL1 expression, indicating that the SOCS3/STAT3 signaling machinery may play a 

major function in the regulation of CXCL1 expression in this cell line.   

 

Overexpression of SOCS3 slightly increases cell migration of AsPC1 

CXCL1 has been shown to be up-regulated in several cancers such as melanoma cells and is 

associated with enhanced growth, ability to form tumors in nude and SCID mice, and enhanced 

metastatic capacity in melanoma tumors (Balentien, 1991; Singh, 1994 and 1995; Schadendorf, 

1993).  

We next determined whether SOCS3/CXCL1 can regulate migration and invasion through a 

Matrigel matrix using a real- time cell analysis (RTCA) platform. We found that migration and 

invasion in AsPC1 cells are slightly enhanced by overexpression of SOCS3. However, we could 

not block the enhanced migration with anti-CXCL1 antibodies or a small mo lecule CXCR2 

inhibitor, suggesting that SOCS3 may not directly affect the ability of cells to migrate to distal 

sites (data not shown). 

 

Blocking CXCL1 with anti-CXCL1 antibody sensitize s H1703 SOCS3 to radiation, while 

treating H1703 with recombinant human CXCL1 increases radiation resistance  

CXCL1 has also been reported to be involved in radiation response of tumor cells and may 

contribute to tumor growth and survival (Prakash C, 2005). In order to identify the role of 

CXCL1 in radiation response, we treated H1703 and H1703 SOCS3 with 20 ng/ml of 

recombinant human CXCL1 and anti-CXCL1 antibody respectively. As shown in Figure 28, we 

found that CXCL1 acted as a radioprotector in H1703 and blocking CXCL1 with anti-CXCL1 

antibody sensitized H1703 SOCS3 to ionizing radiation. 
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Figure 28. Clonogenic survival assay showed that anti-CXCL1 antibody sensitized H1703 SOCS3 to 
IR, while recombinant CXCL1 protected H1703 from IR. 
 

2.2 Discussion 

Our previous gene expression microarray analysis of MEFs showed that the C-X-C chemokine 

CXCL1 is underrepresented in the SOCS3 KO MEFs. We then further investigated CXCL1 

expression in human cancer cell lines. Indeed, we found that re- introduction of SOCS3 into 

NSCLC cell lines H460M and H1703 increased the expression of CXCL1 mRNA and/or protein. 

We also found that CXCR2, the receptor of CXCL1, was expressed in both parental and 

SOCS3+ cell lines. Importantly, we identified an up-regulation of MMP7 expression with re-

introduction of SOCS3 in H1703. These data suggested a possible mechanism of SOCS3 

affecting PDA invasion and metastasis is through regulation of CXCL1 and MMP7 expression. 

By performing CXCL1 ELISA, we have identified that the three molecular subtypes of human 

PDA with differential SOCS3 expression responded uniquely to SOCS3 re-introduction in 

CXCL1 expression. In subtypes 1 and 3 (SOCS3 high and SOCS3 low/repressed), we observed 

either no effect or reduced CXCL1 expression in response to SOCS3, indicating that the 

SOCS3/STAT3/CXCL1 axis is not critical in these subgroups of tumors and that other STAT3 

targets are more important in these cells for disease pathogenesis. In contrast, the molecular 
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subtype represented by AsPC1 (partial SOCS3 repression) demonstrated a completely different 

behavior that re- introduction of SOCS3 resulted in increased CXCL1 expression. Our findings  

suggest that stratification of PDA tumors on the basis of SOCS3 or CXCL1 expression may 

predict response to biological targeting of STAT3 and/or C-X-C chemokines. One possible 

interpretation of this data is that if CXCL1 is important for PDA pathogenesis, SOCS3 might 

behave as a tumor suppressor in subgroups 1 or 3 but may have a tumor promoting role in cells 

from subgroup 2. 

CXCL1 has also been reported to be involved in radiation response. Previous studies showed that 

CXCL1 is up-regulated following irradiation in HNSCC cell line UM-SCC6 and identified to 

contribute to tumor growth and survival during radiation (P. Chinnaiyan, 2005). We next further 

explored the role of CXCL1 in radiation response by performing clonogenic survival assay. We 

identified that CXCL1 may function as a radioprotector in human tumor cells and blocking 

CXCL1 with anti-CXCL1 antibody may sensitize tumor cells to ionizing radiation.  

3. Conclusion 

We have demonstrated that the three molecular subtypes of PDA with differential SOCS3 

expression display distinct responses in CXCL1 secretion by ELISA. Overexpression of SOCS3 

up-regulates CXCL1 expression in the molecular subtype with partial SOCS3 repression but not 

the others. Our data suggest that PDA cells can be stratified based on SOCS3 expression and 

CXCL1-dependence which might indicate distinct biological behaviors among these different 

molecular subtypes of cells in PDA pathogenesis.  
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VIII. In vivo studies on the role of SOCS3 and CXCL1 in PDA pathogenesis using an 

orthotopic xenograft model 

1. Materials and Methods 

1.1 Materials 

Cell lines and cell culture. Human PDA cell lines AsPC1, AsPC1 SOCS3, PL12, PL12 SOCS3, 

FG, FG SOCS3, 2.8 and 2.8 SOCS3 were used in this study. All the cell lines were maintained as 

described above. 

Mouse models. To establish orthotopic tumors, cells were trypsinized and suspended at a 

concentration of 1×108 cells/ml in phosphate-buffered saline (PBS). An equal volume of 

Matrigel (Cat. #356234, Becton Dickinson) was added to the cells and kept on ice until injection. 

Severe combined immunodeficient (SCID) mice (NOD/SCID; IL-2γc-/-, lacking T, B and natural 

killer cells) were anesthetized with ketamine (100 mg/kg) and xylzine (10 mg/kg), and then the 

pancreas exposed through an abdominal incision (laparotomy). Tumor cells were transferred by 

direct injection of the single cell suspension into the pancreas. After tumor transplantation, all 

mice were monitored at least twice weekly for disease progression by abdominal palpation and 

for signs of morbidity such as ruffled fur, and hunched posture. Moribund mice were euthanized 

by CO2 inhalation. For survival studies, mice were followed until death or euthanized when signs 

of morbidity are evident. 

1.2 Methods  

Analysis of tumor progression. A separate cohort of mice harboring tumors will undergo repeat 

laparotomy to directly measure tumor size at two, four, and six weeks after implantation. Tumor 
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volume will be calculated based on the formula for ellipsoid volume, V = 4/3 ×π× (a/2)(b/2)(c/2) 

where a, b and c represent the maximal length, width and height, in millimeters, respectively. 

Mice will be sacrificed and analyzed histologically and for liver and lung metastasis, as well as 

for infiltration of peri-pancreatic lymph nodes.  

Histologic analysis. Pancreatic tumors, livers, and lungs will be harvested from mice at three 

and six weeks after orthotopic tumor implantation. Tissues will be embedded in paraffin and 

representative sections stained with H&E. For immunohistochemistry, sections will be antigen-

retrieved in rodent decloaker antigen retrieval solution (Biocare Medical) inside of a pressure 

cooker, and sections will be blocked and incubated with polyclonal rabbit anti-cytokeratin-19 

(CK19), a marker of pancreatic ductal adenocarcinoma cells (AbCam) at 1/200 dilution, 

followed by detection using a Rabbit on Rodent Polymer detection kit (Biocare Medical). We 

will also analyze sections for neutrophil infiltration with antibody against CD11b, which is 

expressed on surface of neutrophils, as well as MMP2, MMP7 and MMP9. Sections will be 

mounted with Faramount aqueous mounting medium (Dako). Microscopic images will be taken 

with a V2.4 Nuance Multispectral Imaging VIS Flex Camera system (CRI) using an Olympus 

BX51 microscope (Olympus America Inc.).  

2. Results and Discussion 

2.1 Results 

Re-introduction of SOCS3 into PDA cell lines has various effects on tumor growth and 

metastasis in immunodeficient mice 

We evaluated the growth and migration characteristics of human PDA cell lines, both with and 

without SOCS3 re- introduction, in vivo using an orthotopic xenograft model of human PDA in 
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immunodeficient mice. We have identified three distinct molecular subtypes of human PDA cell 

lines based on SOCS3 expression in response to IL-6/OSM stimulation. The representative cell 

lines are FG, in which SOCS3 expression is high after stimulation; AsPC1, in which SOCS3 

expression is partially repressed in response to IL-6; 2.8 and PL12, in which SOCS3 is low or 

totally repressed. Interestingly, our in vivo data revealed that the three groups of PDA cell lines 

respond uniquely to SOCS3 re-introduction in tumor xenografts growth and metastasis.  

As shown in Figure 29, overexpression of SOCS3 in the PDA cell line FG had no effect on 

tumor xenograft s growth. Immunodeficient mice that were injected with FG or FG SOCS3 both 

developed huge tumors after six weeks. Meanwhile, overexpression of SOCS3 in AsPC1 

contributed to tumor xenografts growth in vivo. Immunodeficient mice that were injected with 

AsPC1 SOCS3 developed larger tumors compared to those injected with the parental cells. On 

the other hand, re- introduction of SOCS3 into 2.8 and PL12 resulted in inhibition of tumor 

growth in vivo, as we observed reduced tumor weight of xenografts from immunodeficient mice 

injected with 2.8 SOCS3 or PL12 SOCS3 relative to mice injected with the parental cell lines. 
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Figure 29. Human PDA cell lines respond uniquely to SOCS3 re-introduction in tumor weight of 
orthotopic xenografts from immunodeficient mice. 
 

Histological analysis revealed that primary tumor xenografts from immunodeficient mice 

injected with 2.8 measured over 2 cm (Figure 30 a) while re- introduction of SOCS3 into 2.8 

resulted in significant loss of tumor weight (Figure 29) and volume shrinkage (data not shown) 

in immunodeficient mice.  

2.8 primary tumor2.8 NSG mice 2.8 primary tumora 2.8 primary tumor2.8 NSG mice 2.8 primary tumor2.8 primary tumor2.8 NSG mice 2.8 primary tumora
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b PL12 SOCS3 primary tumorPL12 primary tumor PL12 lung metastasis        b PL12 SOCS3 primary tumorPL12 primary tumor PL12 lung metastasis        PL12 SOCS3 primary tumorPL12 primary tumor PL12 lung metastasis        

 

AsPC1 primary tumor AsPC1 SOCS3 primary tumor 
and spleen metastasis

AsPC1 SOCS3 primary tumorc AsPC1 primary tumor AsPC1 SOCS3 primary tumor 
and spleen metastasis

AsPC1 SOCS3 primary tumorc

 

Figure 30. Histological analysis of tumor xenografts and metastasis from immunodeficient mice 
injected with human PDA cell lines. (a) Representative images and quantification of tumor 
xenografts developed in NSG mice injected with 2.8. (b) Representative images and quantification of 
primary tumor and lung metastasis developed in NSG mice injected with PL12 and PL12 SOCS3. (c) 
Representative images and quantification of primary tumor and spleen metastasis in NSG mice 
injected with AsPC1 and AsPC1 SOCS3.   
 

As shown in Figure 30 (b), we observed metastasis to lung and liver in immunodeficient mice 

injected with PL12, but did not identify detectable metastasis in mice injected with PL12 SOCS3, 

suggesting re-introduction of SOCS3 into PL12 also inhibited tumor metastasis in vivo. Overall, 

this data supported SOCS3 as a tumor suppressor gene in PDA cell lines PL12 and 2.8. 

On the other hand, we found that immunodeficient mice injected with AsPC1 SOCS3 developed 

larger primary tumor relative to those injected with AsPC1. We also observed metastasis to lung, 

liver, spleen and kidneys in immunodeficient mice injected with both AsPC1 and AsPC1 SOCS3 

as shown in Figure 30 (c). Next, we further investigated responses of AsPC1 to SOCS3 

overexpression in tumor development and metastasis in vivo. 
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Immunodeficient mice injected with AsPC1 SOCS3 have a shorter life time , develop 

malignant tumors and display aggressive tumor invasion 

We further examined the growth/migration characteristics of the PDA cell line AsPC1 and 

AsPC1 SOCS3 in vivo using an orthotopic xenograft model of human PDA in immunodeficient 

mice. AsPC1 is of special interest to us because we revealed an unexpected role of SOCS3 in this 

cell line that re- introduction of SOCS3 into AsPC1 promoted tumor growth in vivo. We have 

demonstrated that overexpression of SOCS3 in AsPC1 up-regulated CXCL1 secretion. We then 

further extended to evaluate the involvement of SOCS3/STAT3/CXCL1 signaling axis in PDA 

tumor metastasis in vivo.  

As shown in Figure 31 (a), we found that immunodeficient mice injected with FG and FG 

SOCS3 did not show a significant difference in survival time. On contrast, NSG mice injected 

with AsPC1 SOCS3 had a shorter survival time and developed more malignant tumors compared 

to mice injected with AsPC1 (Figure 31 b-e).  

We also identified more aggressive liver metastasis in mice injected with AsPC1 SOCS3 

compared to those injected with AsPC1 (Figure 31 f and g).  

Importantly, hematoxylin and eosin (H&E) stained primary tumors from NSG mice injected with 

AsPC1 SOCS3 showed infiltrating neutrophils (Figure 31 h and i). Tumor-associated neutrophils 

(TAN) have been shown to play a major role in enhanced disease progression in human tumors. 

We also identified CD11b-positive cells in tumor xenografts developed in immunodeficient mice 

injected with AsPC1 SOCS3 (Figure 31 j- l). CD11b belongs to the integrin family and is 

expressed on neutrophils, monocytes, natural killer cells, and a subset of lymphocytes. CD11b 

expressed on neutrophils and monocytes has been extensively investigated and  reported to play 

an important role in the migration of these subsets of leukocytes. 
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Figure 31. Survival assay, histological and immunohistochemistry analysis of pancreatic tumor 
xenografts and metastasis developed in immunodeficient mice. Pancreatic tumors were harvested 
from mice after orthotopic tumor implantation of human PDA cell lines AsPC1 and AsPC1 SOCS3. 
(a) Survival study of NSG mice that are injected with FG and FG SOCS3. (b) Survival study of NSG 
mice that are injected with AsPC1 and AsPC1 SOCS3. (c), (d) and (e) Histological analysis of 
pancreatic tumor xenografts from NSG mice that are injected with AsPC1 and AsPC1 SOCS3. (f) 
Representative images of liver metastasis in NSG mice injected with AsPC1. (g) Representative 
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images of liver metastasis in NSG mice injected with AsPC1 SOCS3. (h) and (i) Representative 
images of H&E-stained primary tumor sections from NSG mice injected with AsPC1 SOCS3 showing 
infiltrating neutrophils. (j) Representative images of primary tumor sections from NSG mice injected 
with AsPC1 stained with CD11b antibody. (k) and (l) Representative images of primary tumor 
sections from NSG mice injected with AsPC1 SOCS3 showing CD11b-positive cells.  
 

Our finding that CXCL1 is up-regulated in AsPC1 SOCS3 indicated a possible mechanism 

through which SOCS3 can regulate pro- inflammatory recruitment of neutrophils to the tumor 

microenvironment. It has also been reported that autocrine CXCL1-CXCR2 signaling can drive 

tumor cell migration and increase metastatic potential. Overall these data suggested that 

overexpression of SOCS3 in AsPC1 may contribute to PDA pathogenesis by promoting tumor 

growth and metastasis through up-regulation of CXCL1 secretion. 

 

2.2 Discussion 

Despite recent advances in our understanding of pancreatic ductal adenocarcinoma (PDA), it 

remains a poorly understood, devastating disease that is largely resistant to all standard treatment 

modalities. Much effort has been made to identify novel tumor suppressor genes, biomarkers of 

metastatic behavior, and targets for molecular therapeutics that can improve prognosis and 

quality of life for PDA patients.  

Pro-inflammatory signaling induced by chemokines and cytokines have been identified to be 

involved in pancreatic oncogenesis. The pro- inflammatory C-X-C family chemokine CXCL1 has 

been shown to be up-regulated in several cancers such as melanoma cells and is associated with 

enhanced growth, ability to form tumors in nude and SCID mice, and enhanced metastatic 

capacity in melanoma tumors (Balentien, 1991; Singh, 1994 and 1995; Schadendorf, 1993). 

Antibodies to CXCL1 or its receptor, CXCR2, can block these processes (Norgauer, 1996; 
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Schadendorf, 1993). Secreted CXCL1 has also been reported as a potential mediator and marker 

of the  tumor invasion of bladder cancer (H. Kawanishi, 2008). In addition to the autocrine 

CXCL1-CXCR2 signaling which has been shown to drive tumor cell migration and increase 

metastatic potential (H. Kawanishi, 2008; Swarnali Acharyya, 2012), CXCL1 has also been 

reported to induce the infiltration of neutrophils to the tumor microenvironment which produce 

soluble factors including pro-inflammatory mediators as well as metalloproteases, and confer to 

increased motility and invasiveness of tumor cells (H. Kawanishi, 2008; Bostrom PJ, 2000; Zhou, 

2005).  Both CXCL1 and neutrophils have been described in pancreatic tumors and cell lines. 

Despite the finding that CXCL1 and CXCL2 are expressed in a significant fraction of human 

PDA tissues and are known to promote metastasis in bladder and breast cancer, very little is 

know of its regulation and function in the progression of PDA. 

Our in vivo data revealed that human PDA cell lines response variously to SOCS3 re-

introduction in tumor xenografts growth and metastasis in NSG mice. Overexpression of SOCS3 

in FG did not affect tumor growth in vivo. While restoration of SOCS3 in PDA cell lines 2.8 and 

PL12 inhibited tumor growth and metastasis in vivo. We identified lung and liver metastasis in 

NSG mice injected with PL12, but not in those injected with PL12 SOCS3. Overall, this data 

supported the role of SOCS3 as a tumor suppressor gene in PL12 and 2.8.  

On the other hand, overexpression of SOCS3 in AsPC1 resulted in up-regulation of CXCL1 

expression. In an animal survival assay, we identified that NSG mice that were injected with 

AsPC1 SOCS3 displayed shorter lifetime, developed more malignant tumors and showed 

aggressive invasion and tumor metastasis compared to those injected with AsPC1. Histological 

analysis of tumor sections showed CD11b expression in tumor xenografts of mice injected with 

AsPC1 SOCS3, indicating recruitment of neutrophils into the tumor microenvironment. It may 
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seem controversial that overexpression of SOCS3, a STAT3 inhibitor, would contribute to tumor 

progression and invasion in NSG mice. Our data suggested a possible mechanism of SOCS3 

affecting PDA progression and metastasis is through regulation of CXCL1 and/or MMP 

expression. The elevated level of CXCL1 secretion in AsPC1 SOCS3 may contribute to PDA 

pathogenesis by autocrine activation of the CXCR2 receptor expressed on tumor cells and pro-

inflammatory recruitment of neutrophils to the tumor microenvironment.  

Overall, our work has offered a nove l clue in terms of how to stratify tumors and patients. Some 

recent studies point to an important general role for STAT3 in PDA pathogenesis and suggest 

therefore that SOCS3 is a tumor suppressor.  However, our data suggest that the situation is more 

complex and depends on cellular context. We have been able to stratify human PDA cell lines 

into at least three molecular subgroups based on SOCS3 expression/repression and therefore we 

suggest that each group has a distinct level of addiction to STAT3 signaling and CXCL1 

dependence. Subgroup 1, in which SOCS3 expression is not deregulated, does not respond to 

SOCS3 overexpression and therefore is likely to be the least dependent on STAT3 signaling for 

disease progression. Subgroup 3, which severely or comple tely represses SOCS3 expression, 

appears to be highly STAT3-addicted. Thus, SOCS3 expression in these cells results in greatly 

impaired growth and metastasis in vivo. Lastly, subgroup 2, represented by AsPC1, appears to 

partially control STAT3 signaling in order to exploit a selective advantage imparted by CXCL1 

expression.  In these cells, inhibition of STAT3 signaling via SOCS3 increases tumor 

aggressiveness and metastatic behavior due to elevated CXCL1 levels. These findings clearly 

have important implications for the design of therapies. For example, if one wants to use a 

STAT3 inhibitor, it might only work in cells like PL12 and 2.8 but might make the disease worse 

with cells like AsPC1, and may have no effect on FG- like cells. 
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3. Conclusion 

Our laboratory has identified three distinct molecular subtypes of PDA based on SOCS3 

expression and CXCL1/2 dependence in response to IL-6 or OSM. We have shown that ectopic 

expression of SOCS3 can promote CXCL1 gene activation and tumor aggressiveness in the 

molecular subtype with partial SOCS3 repression but not the others. Thus, the three molecular 

subtypes of PDA that we have identified display distinct biological behaviors, effects of SOCS3 

overexpression and CXCL1 dependence in tumor progression and metastasis. Using an 

orthotopic xenograft model of human PDA in immunodeficient mice, we have demonstrated the 

in vivo relevance of the STAT3/SOCS3/CXCL1 axis in tumor aggressiveness and metastatic 

behavior. Our results suggest a novel mechanism for controlling pro- inflammatory signaling in 

human solid tumors and that SOCS3 can regulate both metastasis and radiation sensitivity 

through distinct pathways. Our ability to stratify human PDA on the basis of 

SOCS3/STAT3/CXCL1/2 dependence has implications for the development of individualized 

therapy for cancer patients. Overall, our data suggest that SOCS3 and CXCL1 may constitute 

potential therapeutic targets for pancreatic cancer. 
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