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Abstract 

Pancreatic ductal adenocarcinoma (PDA) is still one of the deadliest cancers worldwide, 

mostly because it is highly resistant to chemotherapy and radiation.  Most patients are diagnosed 

at late stages of the disease when metastases occurred resulting in the poor PDA outcomes. 

Despite new therapies developed for other cancers, very little progression has been made in the 

field of therapeutics for PDA; making understanding and targeting PDA of upmost importance. 

The hallmarks of PDA are the presence of dense desmoplastic reaction and high 

prevalence of perineural  (PNI) and lymphatic (LVI) invasion. The stroma co-develops with the 

neoplasm and plays a role in the regulation/progression of PDA. PNI and LVI are thought to 

represent the initial steps of metastasis. PNI is also believed to be a mechanism for cancer-related 

pain, one of the most debilitating symptoms in pancreatic cancer patients.  

 Here, we showed that Annexin A2 (AnxA2) is essential for PDA metastasis formation in 

a transgenic mouse model. In addition, we demonstrated that heterogeneously distributed stromal 

signals regulate the pro-metastatic function of AnxA2 at tyrosine 23 and 333 and that dual 

signaling inhibition of the signaling pathways (Hh/IGF-1/IGF-1R and HGF/c-Met) suppresses 

PDA metastasis. Moreover, we elucidated the pathway downstream of AnxA2, and showed that  

AnxA2 regulates the secretion of Sema3D and regulates its binding to PlxnD1 on PDA cells that 

act in both autocrine and paracrine fashion to facilitate PNI and PDA metastases. We also 

provided preclinical evidence of sensitization of primary tumors to conventional chemotherapy 

by inhibition of those pro-metastatic stromal signals. And lastly, we demonstrated that Sema3D 

expression in human PDA is associated with poor survival, metastases and PNI making it a 

suitable biomarker for prediction of PDA patient outcome.   

This thesis, with the application of in vitro and in vivo PDA models, provides new 

evidence for a previously unknown mechanism of metastases and PNI in PDA that can be 

translated into the development of targeted therapies for pain and metastasis management for 

PDA patients.  
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Introduction 
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 Rucki AA, Zheng L. Pancreatic cancer stroma: understanding biology leads to new therapeutic strategies. 
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Pancreatic ductal adenocarcinoma (PDA) is a devastating disease. It is the 4th leading 

cause of cancer related deaths in the United States and according to latest statistics the incidence 

rate is on a rise. The high mortality rates are founded on the fact that PDA is very resistant to 

chemotherapy and radiation. Most patients are diagnosed at late/ metastatic stages of the disease. 

Less than 20% of patients diagnosed with PDA are eligible for surgical resection, and out of those 

most present with high incidence of metastasis after resection (1). This aggressiveness contradicts 

the finding that majority of the tumor volume is not composed of neoplastic cells, but consists of 

the stroma/desmoplastic reaction to the cancer (2, 3). In recent years, it has become evident that 

the desmoplastic reaction is not only a bystander, but it is a source of cellular and molecular 

components that promote tumor progression and metastasis (4, 5). Importantly, increased levels 

of stroma correlate with poor prognosis (6) and depletion of the stromal compartment has been 

associated with improved prognosis in both preclinical and clinical trials (7-9) making pancreatic 

tumor stroma a valid therapeutic target. Despite the broader understanding of PDA biology very 

little progress has been made in terms of treatment development. Gemcitabine was approved for 

PDA treatment over a decade ago, however it still remains the standard of care (10). The recent 

breakthrough phase III clinical trial evaluating combination therapy FOLFIRINOX 

(oxaliplatin/irinotecan/5-FU/leucovorin) showed increase in overall survival by 4.3 months when 

compared to gemcitabine but it also resulted in increased toxicity. Results of the study led to 

approval of this drug combination for patients with metastatic PDA and good performance status 

(11). The development of new therapeutics for PDA has been progressing very slowly; 

nevertheless the devastating PDA statistics call for an urgent advance in effective treatment 

strategy.  In this review, we will discuss the current understanding of PDA biology and how this 

knowledge is being translated into development of novel, targeted therapies for PDA patients. 
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STROMAL COMPONENTS OF PANCREATIC CANCER 

 

The histological hallmark of PDA is the dense stroma surrounding malignant epithelial 

cells. The stroma also referred to as desmoplastic reaction consist of numerous cellular as well as 

acellular constituents.  The cellular components include fibroblasts, stellate cells (discussed in 

chapter 2 and chapter 3), immune cells, endothelial cells, and nerve cells (discussed in chapter 

5). The acellular compartment is comprised of extracellular matrix (i.e. collagen, fibrinogen, 

hyaluronan, and fibrin) as well as variety of other proteins, enzymes, and growth factors (Fig.1). 

 

Fibroblasts 

Activated fibroblasts, also referred to as pancreatic stellate cells (PSCs), have been given 

much attention in the past years. PSCs in their quiescent form are found in minimal numbers in 

normal, healthy pancreas (12). Their homeostatic role is still poorly understood, however they have 

been shown to contain fat droplets in their cytoplasm; indicating potential role in lipid 

metabolism; have low mitotic index and low capability of EMC synthesis (13). In PDA, on the 

other hand, PSCs become activated, as determined by their myofibroblastic phenotype and 

expression of alpha smooth muscle actin (14). Activated PSCs have been shown to be a source of 

extracellular matrix (ECM), growth factors and immune modulatory signals (15-17). Molecular 

signals originating from PSCs are conveyed to neoplastic cell promoting tumor proliferation and 

invasion, cancer stem cell maintenance and generation of immunosuppressive environment (13, 

16-21). Similarly, neoplastic cells send stimulatory signals to PSCs providing a positive feedback 

loop that promotes cancer progression (22). The population of stromal fibroblasts is very 

heterogeneous and numerous markers have been utilized to characterize stromal cells (23). PSCs, 

which are regarded as alpha smooth muscle actin expressing cells are phenotypically similar to a 

broader population of fibroblasts marked by the surface glycoprotein expression of fibroblast 

activation protein (FAP)(14). This similarity is based on the ability of both cell types to promote 
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tumor proliferation and invasion, secretion of collagen types I, III, and IV, fibronectin, laminin, 

hyaluronan, and various growth factors (14, 24). Pro-tumorigenic properties of FAP expressing 

fibroblasts have made them an attractive target for PDA therapy. The role of fibroblasts, 

specifically cancer-associated fibroblasts (CAFs) is discussed in chapters 2 and 3. 

 

Extracellular Matrix (ECM) 

Another component of the tumor microenvironment is the ECM. This acellular part of 

pancreatic tumor stroma is composed of variety of fibrous proteins (i.e. collagen), 

polysaccharides (i.e. hyaluronan) and glycoproteins (i.e. fibronectin). Additionally, diversity of 

growth factors and other proteins are found in the ECM of PDA. This mesh of fibrous molecules 

not only provides support to the surrounding tissues but it also plays a role in differentiation, 

remodeling and homeostasis, in healthy organs (25). Not surprisingly, different components of 

pancreatic stroma ECM have been shown to have tumorigenic properties. In particular, collagen I 

has been associated with higher expression of transgelin (gene used in this study to determine 

PSCs activation) when compared to other non-activating matrices (26). In other studies, collagen 

I was linked to resistance to gemcitabine, a standard cytotoxic drug used for pancreatic cancer 

treatment (27, 28). Hyaluronan (HA), a non-typical glycosaminoglycan with high capacity of 

water retention, has recently become an attractive target for pancreatic cancer therapy. HA is 

expressed in high levels in PDA and its abundance has been connected to increased intratumoral 

fluid pressure and consequent vascular collapse (29, 30). PDA, unlike many solid tumors is 

hypovascular, moreover, the blood vessels that are present in the intratumoral space have been 

reported to be mostly nonfunctional (30). The limited numbers of functional blood vessels in 

PDA and the dense stroma are believed to be among the reasons why intravenous 

chemotherapeutic agents as well as the recently tested antiangiogenic drugs (31) do not elicit 

great effect on the tumor cells.  
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Immune cells 

Broad repertoire of immune cells including both adaptive and innate cell types are also 

present in the PDA tumor microenvironment. Tumor infiltrating immune cells have been 

implicated in tumor progression, chemotherapy resistance and metastasis (32-34). Additionally, 

the immune infiltration is evident in early premalignant lesions and increases with PDA 

progression (32). Immune suppression and immune tolerance to tumor-associated antigens is one 

of the characteristics of PDA and it is associated with poor prognosis (33, 35). The abundance of 

suppressive cells leads to low numbers of effector CD8+ T cells in the PDA stroma and 

consequently limited anti-tumor cytotoxicity (32). Among the most plentiful tumor infiltrating 

immune cells characterized by their suppressive phenotype are myeloid derived suppressive cells 

(MDSCs), T regulatory cells (Tregs), and tumor associated macrophages (TAMs). The 

suppressive cell population is characterized by its ability to prevent activation and functionality of 

effector cells leading to diminished tumor cytotoxicity (36). The immune modulatory cell 

population regulates effector cells anti-tumor responses by variety of mechanisms.  MDSC inhibit 

CD8+ T cell function via arginase, and reactive oxygen species secretion, which requires direct 

cell contact (37, 38). Tregs ability to decrease effectors function is partially due to their ability to 

secrete suppressive cytokines such as interleukin 10 (IL-10) and tumor growth factor β (TGFβ) 

but they can also be cell contact dependent where proteins like CTLA-4 and PD-1 are involved 

(39). TAMs can be divided into two functional subtypes: M1 (pro-inflammatory) and M2 

(immunosuppressive). The M2 subtype cells are a source of anti-inflammatory cytokines such as 

IL-10 and have been shown to induce Th2 responses (also found to be immunosuppressive in 

PDA) (40). In addition to the presence of immunosuppressive cell populations in the PDA 

microenvironment, the numbers of effector cells such as CD4+, CD8+ T cells and NK cells are 

minimal. More importantly, infiltrating CD8+ and CD4+ T cells have either naïve phenotype or 

are nonfunctional, antigen experienced effectors (32). There are numerous mechanisms that have 

been implicated in the non-functionality of antigen experienced T cells. Checkpoints and 
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inhibitory receptors like PD-1 are examples of proteins that transduce inhibitory signals during 

lymphocyte activation (41).  Tumor cells can also express ligands such as the PD-L1 protein that 

have been shown to dampen immune anti-tumor responses. Upregulation of those inhibitory 

molecules, PD-L1 in particular, has been associated with poor prognosis (42, 43). Lastly, TGFβ 

has been shown to play a role in Th17 subtype differentiation (44). Interestingly, TGFβ 

dependent differentiation of Th17 cells has been implicated with increased immunosuppressive 

abilities (45). Both tumor cells and cancer associated fibroblast secrete TGFβ and increased levels 

of IL-17 secreting CD4+ cells (Th17) have been found in PDA tumor microenvironment (46). To 

date, the role of Th17 subtype of immune cells remains controversial in cancer biology, as it has 

been shown to have both pro- and anti-tumorigenic properties (47-49). It is important to mention, 

that the role of Th17 cells is well documented in promoting fibrosis (50, 51). Hepatic stellate cells 

(HSCs) have been shown to become activated in response to Th17 secreted factors (50, 52), and 

because PSCs resemble HSCs, it would be interesting to investigate the role of Th17 immune 

subtype on PSCs activation and desmoplastic reaction.  

Subsequently, Modulation of the pro-tumorigenic immune infiltration by either depletion of 

suppressive cells, polarization of the cell population to more anti-tumor phenotype, checkpoint 

blockade or increase of activity of the effector cells can be exploited in cancer therapy. 

 

SIGNALING NETWORKS IN THE TUMOR MICROENVIRONMENT 

 

Tumor-stroma interactions create a very complicated signaling network that drives tumor 

progression. Many signaling pathways have been associated with PDA tumorigenesis, in this 

review we will focus on paracrine pathways that originate in the neoplasm and contribute to the 

development of desmoplastic reaction (Figure 1).  Tumor – stroma cross-talk leading to invasion 

and metastasis is described in chapter 2. 
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Sonic Hedgehog (SHh) 

Sonic Hedgehog is a developmental signaling pathway that is crucial for organ 

development during embryogenesis. Briefly, in the absence of ligand (SHh) the signaling 

pathway is inactive and the cell surface receptor Patched (Ptch) inhibits translocation of 

Smoothened (Smo) to the cell surface. Upon ligand binding, Ptch relives the repression on Smo 

allowing it to translocate to cell surface. The translocation of Smo is a key-activating step in 

downstream signaling. Gli 1/2/3, which belong to the zinc-finger transcription factor family are 

the downstream effectors of Smo activation. Ligand binding to Ptch, results in the translocation of 

Gli1 (activator) to the nucleus allowing expression of SHh associated genes. During activation of 

the pathway, Gli2/3 (repressors) are nonfunctional. In the absence of ligand binding, Gli2/3, 

undergo proteolytic cleavage, move to nucleus and repress transcription of SHh dependent genes. 

In the inactive state, Gli1 is rendered nonfunctional (53). SHh is overexpressed by PDA tumor 

cells, however its function is restricted to the stromal compartment forming a paracrine signaling 

network that promotes and maintains desmoplasia (54-56). It has been also noted that only cancer 

associated fibroblasts and not the neoplastic cells show SHh pathway activation and Smo receptor 

overexpression (57). Importantly, Olive et al. demonstrated that the use of a SHh inhibitor in 

preclinical mouse model of pancreatic cancer resulted in better delivery of gemcitabine through 

reduction of stroma and increase of vascular density (7). It is important to mention that even 

though CAFs are an established target of SHh pathway activation, recent study of pancreatic 

cancer stem cells (cancer initiating cells) showed that Smo is overexpressed in this population of 

tumor cells. Pancreatic cancer stem cells alike CAFs have been shown to be susceptible to SHh 

inhibition and should be considered a target (58). The role of SHh in PDA invasion and 

metastasis is detailed in chapters 2 and 3. 
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Transforming Growth Factor β (TGFβ)  

The notion that depletion of stromal compartment allows for better drug delivery in PDA 

brought upon reexamination of another signaling pathway that has been linked to regulation of 

desmoplastic reaction, the TGFβ signaling pathway. This signaling cascade involves three TGFβ 

ligands and three receptors. In short, binding of ligand to its receptor (type II) results in 

recruitment and phosphorylation of type I receptor and downstream propagation of molecular 

signals. The effector molecules in this cascade are the proteins of SMAD family, which upon 

phosphorylation, dimerize, translocate to the nucleus and regulate expression of TGFβ associated 

genes (59). TGFβ is overexpressed in PDA and its overexpression correlates with poor survival 

(60). TGFβ’s involvement in pancreatic cancer is complicated, as it has been shown to affect both 

the stromal and the neoplastic compartments. Elevated levels of TGFβ have been shown to 

impact cell proliferation, immunosuppression and activation of PSCs (61-64). In mouse models, 

overexpression of SMAD 7 (TGFβ inactivator) showed decreased ECM production, less fibrosis 

and more importantly diminished PSCs activation (65)Additionally, TGFβ has been demonstrated 

to drive epithelial to mesenchymal transition (EMT) process, believed to be the initial step of 

metastasis (66). EMT was first characterized in development, in which the process is vital for 

embryogenesis and organogenesis.  The cellular characteristics of EMT include the loss of 

epithelial cells polarity, cell adhesion, gain of mobility and invasive properties resulting in 

phenotypical changes that resemble mesenchymal cells (67). On a molecular level, EMT is 

described by the changes in gene/protein expression that occur in this process. Specifically, 

upregulation of mesenchymal markers (vimentin, fibronectin, N-cadherin Snail and Slug) and 

downregulation of epithelial markers (E-cadherin, zonula-occludens and nuclear translocation of 

β-catenin) are routinely used to determine the presence of EMT (67, 68). In recent years, many 

different pathways have been implicated in the initiation of EMT and consequent cancer invasion 

and metastasis, of which TGFβ is an example (66, 69-74). EMT has also been linked to induction 

and maintenance of cancer stem cell population in PDA (75).  Importantly, the presence of EMT 
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markers (as discussed above) has been shown to correlate with higher lymph node metastasis and 

decreased survival in PDA patients (76). Taken together, the pleotropic functionality of TGFβ in 

cancer makes it a valid target for patients with PDA. 

 

Others 

There are many other signaling pathways that have been associated with PDA 

development, progression and metastasis. We will discuss them briefly.  

Expression of Delta - like ligand 4, a protein involved in the developmental Notch 

pathway has been linked to worst prognosis in patients who underwent surgical resection of 

pancreatic tumor (77). Moreover, inhibition of γ-secretase, a protein that allows Notch signaling 

propagation to take place and that is often constitutively active in PDA, showed regression of 

primary tumors, reduced metastasis and decrease of pancreatic stem cell population when 

combined with gemcitabine (78).  

Another pathway that recently gained attention is the c-met pathway. It is well 

documented that c-met receptor and its ligand HGF are upregulated in PDA. C-met and HGF are 

detected early in PDA development but are not sufficient to promote tumorigenesis without other 

oncogenic changes (79). Recently the expression of c-met has been linked to the stem cell 

population and because HGF is exclusively secreted by stromal fibroblasts, paracrine relationship 

between the stroma and neoplasm to promote cancer progression has been suggested.  

Importantly, studies with c-met inhibitors showed increase of apoptosis and sensitivity to 

gemcitabine in malignant cells (80). Moreover, stromal expression of HGF was correlated with 

decreased disease free survival (32) proposing that HGF/c-met targeting can be beneficial to 

patients with PDA. The role of those proteins in PDA invasion and metastasis is detailed in 

chapters 2 and 3.  

Another attractive target is the AnnexinA2 pathway shown to play an important role in 

pancreatic tumor metastasis and EMT. Inhibition of tyrosine 23 phosphorylation of AnnexinA2 
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was shown to reduce invasion in vitro, and metastasis in vivo. Although, the kinases responsible 

for AnnexinA2 phosphorylation in PDA remain to be confirmed, IGF-1R and Src have been 

proposed to be involved (74). The pathways regulating AnxA2 phosphorylation in PDA are 

discussed in chapter 2. In addition, the role of AnxA2 and its downstream mediators of invasion 

and metastasis are explained in chapter 4.  

Nuclear Factor Kappa-B (NFκ-B), a transcription factor, regulates genes involved in 

inflammation, cell proliferation and survival (81). NFκ-B signaling pathway activity has been 

documented to be upregulated in PDA but not in normal pancreatic tissue (82, 83). Activation of 

this signaling cascade has also been linked to early processes in PDA development. Liou, et.al, 

recently reported that macrophage secreted cytokines initiate acinar to ductal metaplasia via 

activation of NFκ-B and consequent upregulation of Matrix Metalloprotinases (MMPs)(84). To 

date, direct targeting of NFκ-B has been shown to be challenging (85, 86) . As an alternative to 

the direct NFκ-B inhibition, upstream activators and downstream effectors of the signaling 

pathway should be evaluated.  

Numerous signaling pathways have been explored as potential targets for pancreatic 

cancer therapy, however review of all of them goes beyond the scope of this article.  

 

TARGETING OF STROMAL COMPARTMENTS AND CLINICAL APPLICATIONS 

 

Understanding complex stromal constituents and involvement of numerous signaling 

pathways in PDA progression and desmoplastic reaction is crucial to the development of novel 

therapies. It has become evident that targeting the stromal components has undeniable benefit for 

preclinical mouse models of PDA. However, translating those findings to the patients care can be 

challenging. There are numerous ongoing clinical trials utilizing the above described targets that 

show encouraging results. In this part of the review we will briefly discuss the most promising 

ones (Table 1). 
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Sonic Hedgehog Inhibitors 

SHh pathway inhibition shows beneficial effect in patients with other cancers such as 

basal cell carcinoma for which Vismodegib (GDC-0449) has been FDA approved in 2012 (87). 

Inhibition of SHh in preclinical mouse models showed better gemcitabine delivery, stromal 

depletion and increased vascularization of PDA tumors (7). Thus, different SHh inhibitors have 

recently been tested in clinical trials in combination with gemcitabine or FOLFIRINOX for 

metastatic PDAs (88). Additionally, GDC-0449 is now being tested in combination with Nab-

Paclitaxel (human-albumin-bound paclitaxel, Abraxane) and gemcitabine in phase II clinical trial 

in patients with previously untreated metastatic PDA (clinical trial # NCT01088815) to evaluate 

disease free survival and toxicity. Although IPI-926 (Smo inhibitor) given in combination with 

gemcitabine showed partial responses in 3 out of 9 patients, the combination of IPI-926 and 

gemcitabine did not yield any survival benefit comparing to gemcitabine alone (89).  Therefore, 

targeting the stroma of PDA through SHh inhibition and simultaneous modulation of other 

stromal signaling should be explored.  

 

Hyaluronidase 

Another stromal target showing encouraging results in phase Ib clinical trials is 

hyaluronan. As shown in mouse models of PDA, enzymatic degradation of hyaluronan resulted in 

increased gemcitabine tumor cytotoxicity due to relief of vascular collapse (30). Those prove of 

principle experiments lead to the development of PEGPH20 (pegylated recombinant human 

hyaluronidase- an enzyme that degrades hyaluronan).  Administration of PEGPH20 to PDA 

patients with advanced disease (stage IV) in combination with gemcitabine revealed partial 

response in 43% of patients and stable disease in additional 30% patients in phase Ib clinical trials 

. More impressively, the partial response rate was 64% in those patients whose PDAs expressed a 

high level of hyaluronan (90). This high response rate has led to further testing of PEGPH20 in 

combination with gemcitabine and Nab-Paclitaxel in a randomized phase II clinical trial. 
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Transforming Growth Factor β 

Trabedersen, a type II TGFβ antisense inhibitor is also being tested in clinical trials in 

patients with advanced pancreatic adenocarcinoma and malignant melanoma. Although phase II 

clinical trial results have not been released yet, phase I reports revealed that trabedersen was well 

tolerated and showed median overall survival to be 13.2 months. In addition, one patient 

presented with a stable disease after 14.8 months of last treatment (91).  

 

Immune system modulation / activation 

Immunotherapy approaches are being tested in clinical trials for PDA with a goal to 

induce tumor infiltration and activation of effector cells (i.e. CD8+ T cells) and consequent CD8+ 

T cell dependent tumor lysis.  

Multiple clinical trials of a lethally irradiated allogeneic GM-CSF secreting whole cell 

vaccine (GVAX) administered to patients with resected PDA or metastatic PDA demonstrated 

that enhanced response of interferon-g secreting mesothelin-specific CD8+ T cells in peripheral 

lymphocytes correlates with better survival (92, 93). A pilot study testing the combination of 

GVAX and ipilimumab (an anti-CTLA-4 therapeutic antibody) comparing to ipilimumab alone 

showed a trend of increase in overall survival in metastatic PDA patients that have been 

previously treated with multiple lines of chemotherapy and thus supported the role of CTLA-4 

blockade in enhancing anti-tumor response of GVAX (94). However, it remains to be explored 

how vaccine-based immunotherapy activates anti-tumor effector cells within tumor 

microenvironment. Identification of new targets in tumor microenvironment may enhance the 

development of immune modulatory therapies.  

A potential immune modulatory target in tumor microenvironment is CD40.  CD40 is a 

costimulatory molecule found on antigen presenting cells (APCs) that is required for their 

activation by CD4+ helper cells. Only activated APCs can in turn activate naïve CD8+ T cells into 

cytotoxic effector cells. Key studies showed that using CD40 activating antibody can effectively 
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stimulate APCs in the absence of CD4+ helper cells, which then can successfully prime and 

activate CD8+ T cells (95). Those preclinical studies led to development of activating CD40 

antibodies, which have been tested in clinical trials. One study showed that combination of CD40 

agonist with gemcitabine resulted in tumor regression in patients not eligible for tumor resection. 

Interestingly, it was noted that the tumoricidal cells were CD40 activated macrophages and not 

CD8+ T cells as originally expected. The treatment with CD40 agonist resulted in stroma 

depletion and increased numbers of tumor infiltrating activated macrophages (8).  

How stromal fibroblast cells can modulate anti-tumor immune response has been 

investigated in preclinical studies. One study demonstrated that depletion of fibroblast activation 

protein-α (FAP)-expressing stromal cells in PDA resulted in an immune-mediated hypoxic 

necrosis of both tumor and stroma cells (96).  Additionally, targeting of cancer stroma fibroblasts 

with FAP-activated promelittin protoxin, showed increased tumor lysis and growth inhibition in 

xenograft mouse models of breast and prostate cancer (97). However, targeting FAP positive 

stromal cells with humanized anti-FAP antibodies tested in phase II clinical trials in patients with 

metastatic colorectal cancer did not report encouraging results (98). Taking into consideration the 

outcomes from both preclinical and clinical studies, it is reasonable to propose that FAP-targeted 

stromal depletion shows immune activating effect, but requires additional immune modulation to 

be effective.  It is plausible that simultaneous FAP-targeted stromal depletion and immune 

activation, by either vaccination or immune checkpoint blockade would result in increased 

benefits for PDA patients.  

 

CONCLUSION 

 

Despite the broad number of clinical trials, there is still a lack of groundbreaking 

therapies for patients affected by pancreatic cancer.  Thus, targeting only the neoplastic cells has 

not resulted in a substantially improved PDA treatment. It is now well established that the 
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desmoplastic reaction present in PDA is not just a by-stander but it is a source of different cellular 

and acellular factors that promote tumor progression, immunosuppression and metastasis.  

Targeted therapies to deplete stromal compartments have shown improved chemotherapy delivery 

and reduction of immunosuppression in preclinical models. There is still much work to be done in 

order to decipher the complicated interactions between stroma and neoplastic cells in PDA. It is 

clear, however, that future studies should not be limited to one component of PDA.  Application 

of targeted therapy to deplete the tumorigenic stromal compartment along with inhibition of 

cancer promoting signaling pathways should be evaluated. Moreover, future studies ought to test 

the combination of agents that target the stroma and those that activate anti-tumor immune 

responses.  Treatments that can reduce desmoplastic reaction, overcome immune suppression and 

inhibit tumorigenic signaling pathways may lead to more successful patient care. 
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Figure 1.1. Graphical representation of the stromal components and their interactions in 

PDA. Abbreviations: FAP- Fibroblast Activation Protein, Smo- Smoothened, SHh- Sonic 

Hedgehog, HGF- Hepatocyte Growth Factor, PD-L1- Programmed Death Ligand-1, PD1- 

Programmed Death-1(receptor), AnxA2- AnnexinA2, TGFβ- Transforming Growth Factor β, IL-

10- Interleukin 10, MDSC- Myeloid Derived Suppressor Cell, Treg- T regulatory cell, TAM- 

Tumor Associated Macrophage.  
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Table 1.1. Summary of recent and ongoing preclinical and clinical trials with targeted 
therapy for PDA  

Stromal component Therapeutic target Treatments in 
preclinical and 
clinical trials  

Up to date 
preclinical/clinical 
trial results 
 

PSCs/Fibroblasts FAP Sibrotuzumab 
(colorectal cancer) 

Hofheiz, et al 
(2003)(98) 

ECM 
 

Hyaluronan PEGPH20 Strimpakos, et al 
(2013) (90) 

MMPs BAY 12-9566 
 
Marimastat 

Moore, et al (2003) 
(99) 
Bramhall et al  
(2002)(100) 

Immune cells 
 

PD-L1 BMS-936559 Brahmer, et al 
(2012)(101) 

CTLA-4 Ipilimumab Le, et al (2013)(94) 
CD8+ T cells GVAX Lutz, et al (2011) 

(92) 
Laheru, et al (2008) 
(93) 

CD40 CP-870,893 Beatty, et al 
(2013)(102) 

Signaling pathways 
mediating tumor-
stroma interactions 

Smo/SHh Vismodegib (GDC-
0449) 
IPI-926 

Stephenson, et al 
(2011) (89) 

type II TGFβ receptor Trabedersen Oettle, et al (2009) 
(91) 

γ-secretase (Notch 
pathway) 

PF-03084014 
(preclinical) 

Yabuuchi, et al 
(2013) (78) 
(preclinical) 

HGF/c-met Many different 
compounds (solid 
cancers) 

Venepalli, et al 
(2013)(103) 
(solid cancers) 

Different molecules in 
NFκ-B cascade 

Many different 
compounds (i.e. 
curcumin, 
proteasome 
inhibitor) 

Arlt, et al 
(2012)(104) 

Abbreviations: ECM-Extracellular Matrix, MMP- Matrix Metalloproteinase, PD-L1- Programmed Death receptor Ligand 1, CTLA-4- 
Cytotoxic T-Lymphocyte Antigen 4, SHh- Sonic Hedgehog, Smo- Smoothened, TGFβ- Transforming Growth Factor β, HGF- 
Hepatocyte Growth Factor, NFκ-B- Nuclear Factor κ-B, EGFR- Epidermal Growth Factor Receptor, VEGF- Vascular Endothelial 
Growth Factor, PSC- Pancreatic Stellate Cell, FAP- Fibroblast Activation Protein. 
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Chapter 2 

Heterogeneously distributed stromal signaling within the tumor 

microenvironment controls pancreatic cancer metastases 
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Abstract 

 Understanding how stromal signals regulate pancreatic ductal adenocarcinoma (PDA) 

development may provide novel interventions for PDA. Tyrosine (Y) phosphorylation of annexin 

A2(AnxA2) was previously shown to promote PDA epithelial-to-mesenchymal transition and 

invasion/metastases. Here, we showed that Src and IGF-1R phosphorylate AnxA2 at Y-23 and Y-

333 in response to stromal signals, HGF and IGF-1, respectively.  IGF-1 expression in stroma is 

regulated by Sonic Hedgehog (Hh). Although both the Hh-IGF-1/IGF-1R and HGF/c-Met/Src 

signaling cascades regulate AnxA2 phosphorylation in PDA neoplasm, Hh and HGF expression 

are heterogeneous in PDA stroma, suggesting that targeting single pathway is not sufficient. We 

demonstrated that only dual inhibition of Hh-IGF-1 and HGF/c-met significantly suppresses 

AnxA2 phosphorylation and PDA metastasis, highlighting the challenge of targeting 

heterogeneously distributed stroma signaling in PDA.  

 

Significance  

This study demonstrates for the first time the role of AnxA2 phosphorylation in 

regulating invasion and metastases through stromal signaling within the tumor microenvironment 

of pancreatic ductal adenocarcinoma (PDA).  Importantly, we show that a strong inhibition of 

PDA invasion and metastases requires inhibition of both the Hedgehog/IGF-1/IGF-1R and the 

HGF/c-Met/Src signaling pathways in PDA stroma.  Finally, this study describes the presence of 

intertumoral and intratumoral differential spatial expression of stromal signals which likely 

contributes to tumor heterogeneity. Taken together, this study provides new insights into the 

complexity of the interactions between tumors and its supporting stroma and provides a rationale 

for simultaneous inhibition of multiple stromal signaling pathways as a potential new approach 

for PDA therapy.   
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Introduction 

Pancreatic adenocarcinoma (PDA) remains one of the deadliest cancers worldwide.  

Many patients have already developed metastatic disease at the time of diagnosis, and those 

diagnosed with localized disease quickly progress with metastatic disease following local 

therapies such as surgery and radiotherapy (105). Although there have been numerous new 

therapies developed for other cancers, little progression has been made finding new therapies for 

PDA. This is likely due to the ineffectiveness in controlling metastatic disease development and 

progression due to a lack of understanding of the pathways involved in metastasis formation 

(106).  

One of the hallmarks of PDA is the presence of dense desmoplastic stroma, which makes 

up approximately 60-90% of the tumor volume. Emerging evidence suggests that the stroma 

develops concurrently with the neoplasm and likely plays a role in regulating the initiation and 

progression of PDA (107, 108). Hence, understanding how the stromal signals regulate PDA 

invasion and metastases could potentially lead to the development of novel targeted and more 

effective therapies for pancreatic cancer. 

We recently identified a pancreatic-associated protein, Annexin A2 (AnxA2), and 

demonstrated that AnxA2 is a key molecule that facilitates pancreatic cancer metastases 

formation (74, 109). Our published data showed that PDA tumor cell expression of AnxA2 

increases and its location changes from mostly cytosolic to mostly cell surface, with progression 

from premalignant lesions to invasive and metastatic PDA. Moreover, we demonstrated that 

Tyrosine 23 (Y-23) phosphorylation on AnxA2 is required for AnxA2 translocation, and 

subsequent PDA invasion and metastases formation (74, 109). However, the study did not 

identify the kinases responsible for phosphorylating AnxA2. AnxA2 has previously been 

characterized as an in vitro and in vivo substrate of the Src family of non-receptor tyrosine 

kinases (110, 111). More recently, insulin-like growth factor 1 receptor (IGF-1R) tyrosine kinase 

has been implicated in the phosphorylation of AnxA2 (112). Additionally, c-Met appears to be 
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upstream of Src and indirectly responsible for AnxA2 phosphorylation during cell scattering and 

branching morphogenesis (69). Both insulin-like growth factor 1 (IGF-1) and hepatocyte growth 

factor (HGF), ligands of IGF-1R and c-Met, respectively, (113, 114) are extracellular molecules 

that are present in PDA stroma (115, 116). 

The hedgehog signaling (Hh) pathway has been shown to be a key regulator of PDA 

stromal cell signaling (117, 118) and a facilitator of PDA metastases formation (54, 119). 

Additionally, recent reports have shown that sonic hedgehog (Shh) is overexpressed in PDA 

tumor cells, while its downstream signaling is confined to the stromal compartment, forming a 

paracrine signaling axis between neoplastic and stromal cells (120). Moreover, IGF-1 was 

postulated by others (120) to be secreted by stromal cells under the regulation of Hh signaling. 

Thus, the upstream signal mediating AnxA2 phosphorylation by IGF-1R may originate from 

PDA stroma under the regulation of the Hh pathway. 

The role of HGF/c-Met is also well documented in PDA (121). In tumor cells, c-Met is 

often overexpressed, rather than mutated, which activates the pathway and results in excessive 

proliferation and tumor cell motility (122).  HGF signals through its receptor c-Met, and is 

required for Src-induced AnxA2 phosphorylation in the epithelial to mesenchymal transition 

(EMT) during branching morphogenesis in early development (69). Thus, the upstream signal 

mediating AnxA2 phosphorylation by Src also appears to originate from PDA stroma under the 

regulation of the HGF/c-Met pathway. 

 We therefore hypothesized that stromal signals activate intracellular effectors in PDA 

such as IGF-1R and Src that culminate in Y-23-AnxA2 phosphorylation.  We specifically 

investigated two paracrine stromal-to-epithelial pathways: the Hh/IGF-1/IGF-1R pathway and the 

HGF/c-Met/Src pathway. Our new data show that these two signaling pathways work together to 

generate a functionally heterogeneous stromal compartment in PDA, and explain the lack of 

tumor responses observed when either pathway alone is inhibited.  
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Materials and Methods 

 

Cell Culture 

The human Panc10.05 and the murine KPC pancreatic tumor cell lines were cultured as 

previously described (109, 123). Briefly, cells were maintained in RPMI 1640 medium (Gibco, 

Grand Island, NY, USA) supplemented with 10% FBS (Gibco), 2 mM L-glutamine (Gibco), 1% 

non-essential amino acids (Gibco), 1 mM sodium pyruvate (Gibco), 50 units/mL penicillin, 50 

µg/mL streptomycin (Gibco) and insulin at 0.2 units/ml (Novonordisk, Plainsboro, NJ, USA). 

The Panc10.05 and the KPC cells were grown at 37ºC in 5% CO2. CAFs (previously described) 

(124)) were kindly provided by Dr. Goggins (Johns Hopkins University) and were maintained in 

DMEM medium supplemented with 10% FBS (Atlas Biologicals, Fort Collins, CO, USA) and 2 

mM L-glutamine (Gibco) at 37ºC in 10% CO2. The Panc02 cells are a methylcholanthrene-

induced pancreatic tumor cell line derived from C57Bl/6 mice and were maintained in DMEM 

medium supplemented with 10% FBS (Atlas Biologicals), 50 units/mL penicillin, 50 µg/mL 

streptomycin (Gibco) and 2 mM L-glutamine (Gibco) at 37ºC in 10% CO2 as previously 

described (125). HEK 293 T cells were maintained in DMEM medium supplemented with 10% 

FBS (Atlas Biologicals) at 37ºC in 10% CO2. 

 

Mouse models of PDA 

All animal experiments conformed to the guidelines of the Animal Care and Use 

Committee of the Johns Hopkins University. The animals were maintained in accordance with the 

guidelines of the American Association of Laboratory Animal Care. All mice were monitored at 

least once a day. Two mouse models were utilized for this study. The first is a genetically 

engineered PDA model with knock-in alleles of both KrasG12D and p53R172H mutants (KPC mice), 

that exhibit a multi-stage tumorigenesis that progresses from normal, through PanIN lesions, to 

invasive and metastatic PDA (126). The second is an orthotopic implant model. This model was 
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previously described (109). In short, we used tumor cells derived from KPC mice and grew 

subcutaneous (SQ) tumors in wild type C57BL/6 mice (Harlan, Frederick, MD, USA) by 

inoculating those mice with 1x106 tumor cells. When the SQ tumors were about 1 cm3, they were 

harvested and cut into 1mm3 pieces. Then, these tumor pieces were transplanted orthotopically 

into the pancreata of syngeneic mice.   

 

Statistical analysis 

Statistical analysis and graphing was performed using GraphPad Prism version 6.0 

software (GraphPad Software, La Jolla, CA, USA). The data are presented as the means ± 

standard error of the mean (SEM). Student’s t-test was used to compare differences between 

groups (western blots, invasion assays, IHC score analysis and primary tumor volume changes). 

Fisher’s exact test was used to compare differences between treatment groups in the metastasis 

study. To find correlation between IGF-1/Shh/HGF IHC scoring (binary variables), phi (φ) 

coefficients were calculated. For all analyses p value of less than 0.05 was considered statistically 

significant. 

 

Western blotting 

To evaluate cell surface levels of AnxA2, the eluent was concentrated approximately 

100X using a size exclusion column (10 kD, Millipore, Billerica, MA, USA) for Western blot 

analysis. For analysis of Fetal Bovine Serum (FBS) content, culture media containing 10% FBS 

was used. SDS and reducing agent (BioRad, Hercules, CA, USA) were added to the elutes/media 

and boiled for 10 minutes. Samples were then loaded onto 4-12% Bis-Tris (BioRad) gel and 

electrophoresed at 120 V for 90 minutes (for eluents) and 60 minutes (for media) in 1X MES 

buffer (BioRad). The proteins were then transferred onto a nitrocellulose membrane at 80 V for 

60 minutes at 4ºC. Membranes were blocked with 5% Bovine Serum Albumin (BSA) for 2 hours 

on a shaker at room temperature. Rabbit anti-AnxA2 (1:1000, Santa Cruz Biotechnology, Dallas, 
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TX, USA), Mouse anti-P-Y23-AnxA2 (1:500, Santa Cruz Biotechnology), mouse anti-beta-actin 

(1:2000; Santa Cruz Biotechnology), rabbit anti-HGF (1:200, Santa Cruz Biotechnology), rabbit 

anti-IGF-1 (0.2 µg/mL, Abcam, Cambridge, MA, USA) or goat anti-SHh (1 µg/mL, R&D 

Systems, Minneapolis, MN, USA) primary antibodies were added in 2.5% BSA, and the 

membranes were incubated overnight on a shaker at 4ºC. The membranes were washed 3 times 

for a total of 30 minutes in Tris-buffered saline (TBS) with 0.1% Tween-20. Secondary anti-

rabbit HRP, anti-mouse HRP or anti-goat HRP antibodies (1:5000; GE, Pittsburg, PA, USA) were 

added to the membranes in 2.5% BSA and incubated on a shaker for 2 hours at room temperature. 

The membranes were again washed in TBS + 0.1% Tween-20 for 45 minutes and developed 

using ECL reagent (GE Healthcare, Buckinghamshire, UK). Western blots were quantified using 

ImageJ software. Each quantification was performed in triplicate. 

 

Src, IGF-1R and EGFR inhibitor treatments     

In total, 1000X stocks of Src (dasastinib, 50 µM) (Selleck Chemicals, Shanghai, China), 

IGF-1R (NVP-AEW541, 1 mM) (provided by Novartis, Cambridge, MA, USA), and EGFR 

(Tyrphostin AG490, 6 mM) (Sigma Aldrich, St. Lois, MO, USA) were made in DMSO 

(J.T.Baker, Phillisburg, NJ, USA) and stored in aliquots at -20ºC. The treatments were performed 

using 1X working solutions of the inhibitor(s) singly and in combination. DMSO at 1:1000 

diluted in respective cell culture media was used as a vehicle control for all experiments. Kinase 

inhibitor treatments were performed for 60 minutes followed by the elution assay as described 

above. For cell culture studies, 2 T175 flasks at 70% to 80% confluency per group were used, and 

the eluent was pooled for analysis. 
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c-Met and Hh inhibitor treatments 

In total, 1000X stocks of the Hedgehog signaling pathway inhibitor NVP- LDE225 (1 

mM) (provided by Novartis) and HGF/c-Met inhibitor INCB28060 (10nM) (AbMole, Houston, 

TX, USA) were made in DMSO and stored in aliquots at -20ºC.  On the day of treatment, the 

inhibitors were thawed and diluted in cell culture media to 1X working solutions, which were 

then used for the cell culture treatment. DMSO at 1:1000 in culture media was used as a control 

for every treatment experiment. In vitro treatments were performed for 24 hours to allow 

sufficient time for protein level changes. For the single culture studies, 2 x T175 flasks at 70 to 

80% confluency per group were used and the eluent was pooled. For co-culture studies, 10 x 6-

well transwell plates were used per group. In total, 300,000 CAFs (top chamber) and 600,000 

PDA (bottom chamber) cells were plated in each transwell. Eluent from each group was pooled 

for analysis.  

For the in vivo studies, NVP-LDE225 was used at 50 mg/kg and INCB28060 was used at 

1 mg/kg. Both inhibitors were resuspended in DMSO. DMSO was used as a vehicle control for 

all treatments. KPC and orthotopic transplant model mice were dosed daily by oral gavage with 

NVP-LDE225, INCB28060 or NVP-LDE225 + INCB28060 or DMSO for 7 days.  

 

Invasion assay 

Invasion assays were performed using the Trevigen invasion assay kit according to the 

manufacturer’s instructions with modifications (Trevigen, Gaithersburg, MD, USA). In short, 

cells were starved for 24 hours prior to plating in the invasion plate. The top chamber wells were 

covered with 1X BME. On the day of plating, the cells were harvested and counted. BME was 

aspirated from the top wells. For single culture experiments, 50,000 cells were plated per well in 

serum free media. For co-culture experiments, 50,000 PDA cells and 10,000 CAFs were added 

per well (5:1). Inhibitors or vehicle control was added to the resuspended cells prior to plating in 

the inhibitor treatment studies. The cells were allowed to invade for 48 hours at 37ºC. Then, the 
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cells that did not invade were removed with wash buffer supplied with the kit. Cell invasion was 

measured using CCK8 (1:10 in serum free media) (Sigma, St. Louis, MO, USA). In total, 160 µl 

of diluted CCK8 was added to the bottom plate and placed in a 37ºC incubator for 2 to 4 hours 

along with the top invasion chamber containing cells that invaded through the membrane. 

Invasion was measured at 450 nm using a SpectraMax M3 reader. Invasion was expressed as the 

relative invasion by subtracting the values from the no serum (no chemoattraction) condition 

from the full serum (chemoattraction) condition. 

 

Immunohistochemistry 

Immunohistochemistry (IHC) staining for E-Cadherin and HGF was performed using a 

standard protocol on an automated stainer from Leica Microsystems (Buffalo Grove, IL, USA). 

After deparaffinization and hydration of the tissue, heat-induced antigen retrieval was performed 

with EDTA buffer (pH 9.0) and citrate buffer (pH 6.0) respectively, for 20 minutes. Incubation 

with rabbit anti-E-Cadherin (Abcam) at a 1:100 dilution or rabbit anti-HGF (Santa Cruz 

Biotechnology) at a 1:50 dilution for 30 minutes was followed by secondary antibody incubation 

from the bond polymer REFINE detection kit (Leica Microsystems). The reaction was developed 

using the substrate 3,3'-Diamino-benzidine hydrochloride (DAB; Vector Laboratories, 

Burlingame, CA, USA). All slides were counterstained with hematoxylin.  IHC for SMA was 

performed as previously described (127). The slides for AnxA2 and Tyrosine23 phospho-AnxA2 

(P-Y23-AnxA2) IHC staining were baked for 30 minutes at 65ºC followed by stepwise 

rehydration. Antigen retrieval was performed in pressure cooker with EDTA buffer (pH 9.0) for 

AnxA2 and citrate buffer (pH 6.0) for P-Y23-AnxA2 for 20 minutes. Peroxidase, ACE, avidin 

and biotin blocks were performed in sequence. Then, mouse anti-AnxA2 (Invitrogen, Grand 

Island, NY, USA) at a 1:400 dilution and mouse anti-P-Y23-AnxA2 (Santa Cruz Biotechnology) 

at a 1:400 dilution primary antibodies were added and incubated for 1 hour at room temperature. 

Secondary anti-mouse (Dako, Carpinteria, CA, USA) antibodies were added at a 1:2000 dilution 



26	  
	  

26	  

for 30 minutes. The signal was amplified and detected using the Catalyzed Signal Amplification 

System (Dako) according to the manufacturer’s instructions. The slides were developed using 

DAB and counterstained by hematoxylin. Finally, the slides were dehydrated and mounted. The 

slides for the Shh and IGF-1 IHC were hydrated; antigen retrieval was performed in a pressure 

cooker with citrate buffer (pH 6.0). Then, the slides were blocked in peroxidase, avidin and biotin 

block sequentially. Goat-anti-Shh (R&D) primary antibodies at 1:50 or rabbit-anti-IGF-1 

(Abcam) at 4 µg/ml were added, and the slides were incubated for 1 hour at room temperature 

(Shh) and overnight at 4ºC (IGF-1). Then, rabbit anti-goat or goat anti-rabbit (Vector 

Laboratories) biotinylated secondary antibodies at 1:500 were added for 30 minutes at room 

temperature, respectively. The signal was amplified and detected using the ABC Vectastain kit 

(Vector Laboratories) according to the manufacturer’s instructions. The slides were developed 

using DAB and counterstained by hematoxylin. Lastly, the slides were dehydrated and mounted. 

All IHC slides were analyzed and scored by a pathologist (A.L).  

 

Cell surface elution of AnxA2 

Cell surface elution of AnxA2 was performed as previously described (128). Briefly, 

PDA cells as single culture or in co-culture with CAFs were treated with inhibitors as described 

above. Following treatment, the cells were washed and AnxA2 was eluted from cell surface in 10 

mM EGTA buffer for 20 minutes at 4ºC on a shaker. Next, the supernatant containing eluted 

AnxA2 was concentrated in a size exclusion column (10 kD, Millipore). To analyze the levels of 

total cell surface AnxA2 and P-Y23-AnxA2, Western blot was performed on the concentrated 

elution as described above.  

 

Co-culture assay 

Treatment utilizing the transwell system (BD Biosciences, San Jose, CA, USA) was 

performed by plating 6x105  Panc10.05 cells in the bottom chamber and 3x105  CAFs in the top 
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chamber to spatially separate the cell types, which allowed for analysis of paracrine signaling. 

The cells were plated in media (50% CAF and 50% PDA cell media) and allowed to adhere to the 

chambers for 24 hours. Next, the media was aspirated, the cells were washed in PBS and the 

treatment was added to the cells for 24 hours followed by AnxA2 elution as described above. 

CAFs were not used for the elution studies. Single culture treatments were performed by plating 

cells 24 hours prior to the treatment so that on the day of treatment the cells were 70% to 80% 

confluent. Treatment and elution were performed as described above. 

 

Ultrasound and tumor measurement 

KPC mice of 12 to 14 weeks were examined by ultrasound using the VEVO 770 

(VisualSonics, Toronto, Ontario, Canada) small animal ultrasound to confirm primary tumors. 

Mice bearing tumors of similar sizes were chosen for the study. Orthotopic mice were examined 

by ultrasound 5 days post tumor implantation to confirm the presence of the tumor and establish a 

baseline tumor volume. Both models were examined by ultrasound again on the last day of the 

study (after 7 days of treatment) to measure final tumor volume. Tumor volume was calculated 

from the following formula: (L (long axes) x S2 (short axes))/2. In total, 3 images of each tumor 

were captured, and the image with the largest value was used to calculate the tumor volume.  

 

Targeted LC/MS/MS MRM method 

Protein Digestion and Peptide Extraction  

Protein concentration was assessed using a bicinchoninic acid (BCA) assay kit from 

Pierce (Rockford) according to the company’s instruction. Control and experimental group (IGF-

1R and/or Src inhibitor treated; c-Met and/or Hh inhibitor treated) proteins were separated on 1D 

SDS-PAGE using 4-12% Bis-Tris gels (BioRad). Electrophoresis was performed according to the 

manufacturer’s protocols, and individual gels were stained using the Coomassie blue R-250. 

Protein bands relevant to AnxA2 were excised from fresh gels and digested as described 
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previously (129). The samples were monitored to ensure consistent and complete digestion after 

optimization of the method.  Briefly, protein bands were excised, cut into 1 mm3 pieces, and 

washed 3 times with 50% acetonitrile/25 mM ammonium bicarbonate for 15 minutes with 

shaking. Gel pieces were incubated with 25 mM ammonium bicarbonate + 10 mM dithiothreitol 

for 60 minutes at 55 ºC, washed with acetonitrile (ACN), and then incubated with 25 mM 

ammonium bicarbonate + 55 mM iodoacetamide (freshly made) for 30 minutes in the dark. After 

these incubations, the gel pieces were washed with acetonitrile, dried and rehydrated with 10 

ng/µl trypsin (Promega, sequencing grade) in 25 mM ammonium bicarbonate and then placed on 

ice for 30 minutes. Excess trypsin was removed, then 20 µL of 25 mM ammonium bicarbonate 

was added.  The samples were digested at 37ºC for 18 hours. The liquid was transferred to a clean 

tube. The peptides were extracted twice using 50% ACN + 0.1% TFA for 20 minutes at 25ºC 

with shaking, and combined two times of extraction with the liquid from the previous step. The 

final peptide mixture was performed off-line cleanup or desalting with a C18 reversed-phase 

chromatography in C18 ZipTips (Millipore) using 0.1% TFA. The peptides were then eluted 

sequentially with 10 µl of 70% ACN, 0.1% TFA and 10 µl of 90% ACN, 0.1% TFA. The 

combined solution was dried using a vacuum centrifuge SpeedVac (Thermo Electron). 

Phosphorylated peptides were enriched with titanium dioxide spin tips and cleaned by graphite 

spin columns according to the instruction in the kit (Thermo Scientific Pierce).  Finally, the 

obtained samples were frozen at -80 ºC until analysis.  

Internal standard peptides   

Synthesized internal standards peptides containing phosphorylated positions Y-23 and Y-

333, with an N15 stable isotope label, were produced by solid-phase peptide synthesis (New 

England Peptide), LSLEGDHSTPPSAY(Phospho)GSVK (Y-23) and  

ALLY(phospho)LCGGDD(Y-333, note the Cysteine residue had been modified by 

carbamidomethyl), with at least 99% high purity by amino acid analysis. For each 

phosphorylation site, a series dilution of light/heavy peptides were made to produce 12-point 
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calibration curves at L/H ratio of 0, 0.01, 0.02, 0.04, 0.06, 0.08, 0.1, 0.2, 0.4, 0.6, 0.8, and 1. A 

fixed heavy peptide at a concentration of 200 fmol/µL was added in a matrix comprising a pool 

digest of all samples used in a buffer containing 30% ACN and 0.1% formic acid. A control 

peptide (GVDEVTIVNILTNR), which does not have any known posttranslational modifications 

(confirmed by MS and prediction software), was used to determine the total quantity of AnxA2 

(fmoles) in the sample.  

LC/MS/MS analysis with mass spectrometry  

For mass spectrometry, multiple reaction monitoring (MRM) was carried out on a 

platform of mass spectrometer 5500 QTRAP (AB SCIEX) online coupled with Prominence 

HPLC system (SHIMADZU). The mass spectrometer is programmed to detect predetermined 

pairs of m / z values called transitions: each corresponding to a precursor ion (Q1, intact peptide) 

and a product ion (Q3, fragment ion). For each peptide, optimization was completed on the same 

system.  To separate peptides and run MRM analyses, we used a Prominence UFLCXR high-

performance liquid chromatography system (Shimadzu Scientific Instruments, Columbia, MD) 

with an XBridge BEH30 C18 reverse-phase chromatography column (2.1 mm × 100 mm, 3.5 µm, 

Waters, Milford, MA) coupled to a 5500 QTRAP triple quadrupole/linear ion trap mass 

spectrometer (AB SCIEX, Framingham, MA). Peptides were eluted in an 18-min linear gradient 

from 2 to 40% B (mobile phase A: 2% v/v ACN containing 0.1% v/v formic acid; mobile phase 

B: 98% v/v ACN containing 0.1% v/v formic acid) at 100 µl/min flow rate. Peak detection and 

quantification of peak area were determined with Multiquant software version 2.0 (AB SCIEX) 

and inspected manually to ensure correct peak identification and quantification. Measurements 

were performed in triplicate and then averaged to reduce technical variation. The quantity 

(fmoles) of each peptide was calculated from the linear standard curve, and then the 

phosphorylated peptide was normalized to the total quantity of AnxA2.  
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Quantitative real time RT-PCR  

The RNeasy Micro Kit (Qiagen Inc, Valencia, CA, USA) was used to extract total RNA 

from cell pellets.  The RNA was then converted to cDNA using the Superscript III First Strand 

Synthesis Supermix Kit (Life Technology, Carlsbad, CA, USA).  Quantitative real-time RT-PCR 

(qPCR) was performed on the StepOnePlus Real Time PCR System (Life Technology) and 

analyzed by the StepOne software V2.1. The expression of Gli-1, IGF-1 and HGF was measured 

by SYBR Green-based qPCR. All gene expression was normalized to the expression of GAPDH. 

All PCR reactions were performed in triplicate. The primers used for RT-PCR are as follow,  

Gli1: F- 5’GTGCAAGTCAAGCCAGAACA3’,  

R- 5’ATAGGGGCCTGACTGGAGAT3’(Invitrogen), 

GAPDH: F- 5’GAGTCAACGGATTTGGTCGT3’,  

R- 5’TTGATTTTGGAGGGATCTCG3’ (Invitrogen), 

 IGF-1 (Qiagen: T00029785), HGF (Qiagen: T01758988). 

 

shRNA knockdown of HGF and IGF-1 in CAFs  

The lentiviral plasmid encoding validated shRNAs directed against human IGF-1 and 

HGF (Dharmacon) or controls, together with second-generation packaging plasmids, pCMV-

VSVG and pCMV-dR8.2 dvpr, were co-transfected into 293T transfected using Lipofectamine 

2000 (Life Technology, Carlsbad, CA, USA) according to the manufacturer’s instructions.  The 

media was changed on the cells 24 hours post transfection, and the viral supernatants were 

collected at 48 and 72 hours post transfection. The supernatants were ultra-centrifuged and 

filtered. CAFs were plated at 50% confluency and allowed to adhere for 24 hours. On the day of 

viral infection, the CAF media was aspirated and replaced with appropriately tittered viral 

supernatant (10ml/T75) with polybrene (8 µg/ml).  Infection was allowed to proceed for 24 hours, 

and then, the media was changed to serum free media to serum starve the CAF cells prior to the 

invasion assay. The cells were harvested, counted and plated for invasion (as described above) 
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following 24 hours of starvation. The knockdown efficiency of the shRNA(s) was verified by 

qPCR at 48 hours post infection. 

 

shRNA knockdown of AnxA2 in Panc10.05 cells 

Viral supernatants were produced as previously described using shRNA against human 

AnxA2 or scrambled shRNA control (Dharmacon) (74). Then, Panc10.05 cells were plated at 

50% confluency and allowed to adhere for 24 hours. On the day of viral infection, the Panc10.05 

media was aspirated and replaced with appropriately tittered viral supernatant (10 ml/T75) with 

polybrene (8 µg/ml). The infection was allowed to proceed for 24 hours, and then, the media was 

changed to serum free media to starve the cells for the invasion assay. Forty-eight hours post 

infection; the cells were harvested, counted and plated for the invasion assay. Knockdown of 

AnxA2 was confirmed by Western blot as described above.  

 

IGF-1 ELISA 

For single culture analysis, 2 x 105 CAFs and 1 x 106 Panc10.05 were plated in a 6-well 

plate in triplicate. For co-culture, 2 x 105 CAFs and 1 x 106 Panc10.05 were plated together (1:5) 

in a 6-well plate in triplicate.  Twenty-four hours after plating, the media was changed. The 

supernatant was collected 48 hours after plating, centrifuged and transferred to a new tube for 

analysis. The levels of secreted IGF-1 were measured by ELISA (R&D Systems) following the 

manufacturer’s instructions. Briefly, 200 µl of the supernatant were added per well and incubated 

for 2 hours at 4ºC followed by 4 washes. Next, 200 µl of secondary antibody conjugate was 

added to each well and incubated for 1 hour at 4ºC followed by 4 washes. Then, 200 µl of 

substrate solution was added per well and incubated for 30 minutes at room temperature, 

protected from light. The reaction was stopped by adding 50 µl of stop solution. The assay was 

read out at 450 nm using a SpectraMax M3 reader. 
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Results 

 

Src and IGF-1R kinases phosphorylate AnxA2 on Tyrosine 23 in PDA 

Src and IGF-1R kinases have been implicated in AnxA2 phosphorylation in a number of 

biologic processes (112, 130). Src induced AnxA2 phosphorylation has been shown to be 

important in some breast cancers and leukemias (131, 132); however, the role of IGF-1R in 

AnxA2 phosphorylation has not yet been established in cancer. Therefore, we examined whether 

Src and IGF-1R kinases are responsible for AnxA2 phosphorylation in PDA. AnxA2 is a 

calcium-dependent phospholipid binding protein, and utilization of the chelating agent, ethylene 

glycol tetra-acetic acid (EGTA), allows for elution of cell surface AnxA2 (128). Since Y-23 

phosphorylation of AnxA2 is important functionally in invasion of PDA cells (74) we used IGF-

1R (NVP-AE541) (133) and Src (dasastinib) (134) inhibitors to examine if either IGF-1R and Src 

are responsible for phosphorylating AnxA2 at that site in the Panc10.05 human pancreatic tumor 

cell line. We found that both Src and IGF-1R inhibitors decrease the amount of cell surface 

AnxA2 and most notably decrease the levels of phosphorylated (P)-Y23-AnxA2 in the human 

PDA cell line in vitro.  This change in P-Y23-AnxA2 is additive, suggesting two distinct 

pathways (Fig.1A, B and Supplementary Fig.S1A, B). To ensure that the effect described above 

was not cell line specific, the same inhibitors were used to test other PDA cell lines including the 

Panc2.8 human PDA cell line and the KPC tumor cell line derived from the Kras/p53 mutation 

conditional knock-in mice (KPC mice) (109, 126). A similar reduction in P-Y23-AnxA2 levels 

was observed in these cell lines after inhibitor treatment (Supplementary Fig.S1C, D).  To 

confirm that the decrease in AnxA2 phosphorylation is specific to the activity of Src and IGF-1R 

kinases, we inhibited EGFR kinase in Panc10.05 cells using Tyrphostin AG490 (135) and 

observed no changes in the levels of phosphorylation of Y-23 on cell surface AnxA2 or total cell 

surface AnxA2 (Supplementary Fig.S2A-D).  
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Next, we performed an invasion assay to confirm that the decrease in AnxA2 

phosphorylation seen after inhibition of Src and IGF-1R kinases is important for invasion of PDA 

cells. As anticipated, the treatment of both human and murine PDA cells with Src and/or IGF-1R 

inhibitors decreased invasion when analyzed by the Boyden chamber invasion assay (Fig.1C and 

Supplementary Fig.S1E). Taken together, these data support IGF-1R and Src as two 

independent kinases that phosphorylate AnxA2 at Y-23 in PDA. 

 

IGF-1 and HGF production from stromal fibroblast cells is regulated by PDA tumor cells, and 

stromal fibroblast cells enhance the invasiveness of PDA tumor cells 

Next, we evaluated the upstream signals leading to IGF-1R-mediated phosphorylation of 

AnxA2. IGF-1R has been shown by others to phosphorylate AnxA2 (136, 137). IGF-1 is the 

extracellular ligand of IGF-1R (113, 137) and IGF-1 was postulated (120) to be secreted by 

stromal cells under the regulation of Hh signaling. We therefore assessed the expression and 

secretion of IGF-1 in cancer associated fibroblasts (CAFs) since they are the major component of 

PDA stroma. NVP-LDE225 (138) was used to target the Hh signaling pathway and determine the 

effect of Hh inhibition on IGF-1 expression. CAFs were treated for 24 hours with NVP-LDE225 

in full serum media, which contained Shh (Supplementary Fig.S3A). Our data show that 

successful inhibition of Hh signaling in CAFs leads to a decrease in IGF-1 expression as well as 

an anticipated decrease in Gli-1 expression (Fig. 1D).  

Next, we examined whether PDA tumor cells can influence the expression of stromal 

factors such as IGF-1.  Because Shh is secreted from PDA cells (139) and Hh inhibition of CAFs 

decreases IGF-1 expression in CAFs (Fig.1D), we next wanted to see if co-culture of Panc10.05 

cells with CAFs enhances IGF-1 secretion.  To determine the levels of secreted IGF-1, we treated 

CAFs as a single culture and in co-culture with Panc10.05 cells with an Hh inhibitor and 

measured the levels of secreted IGF-1 using ELISA. Co-culture of CAFs with Panc10.05 cells 

increased the levels of secreted IGF-1 (Fig.1E). The increase in IGF-1 secretion upon co-culture 
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is likely due to enhanced secretion from CAFs since tumor cells secrete minimal amounts of this 

protein in single culture (Fig.1E). Because the Hh/IGF-1 pathway can be activated by Shh in the 

culture media (serum) of CAFs (Fig.1D), a decrease in IGF-1 secretion was also observed in 

CAFs cultured without Panc10.05 cells. Importantly, a significant decrease in IGF-1 secretion 

was seen in co-culture after inhibition of Hh signaling with NVP-LDE225 (Fig.1E).  Similarly, 

the mRNA level of HGF in CAFs was moderately increased after co-culture of Panc10.05 cells 

with CAFs (Supplementary Fig.S3B). Taken together, these results suggested that the 

production of IGF-1 and HGF from stromal cells is under the regulation of the PDA tumor cells.  

The regulation of stromal production of IGF-1 appears to be regulated by the Hh signaling while 

the mechanism that regulates the stromal production of HGF remains to be explored.  

Since IGF-1R, the receptor for IGF-1, and c-Met, the receptor for HGF, are both 

responsible for the tyrosine phosphorylation of AnxA2 either directly (IGF-1R) or indirectly (c-

Met through the Src kinase) during normal cellular processes (69, 112) and tyrosine 

phosphorylation of AnxA2 in PDA cells has been shown to be necessary for PDA cell invasion 

(74), we next wanted to determine if CAFs that express both IGF-1 and HGF (Fig.1D and 

Supplementary Fig.S3B) could enhance the invasion of Panc10.05 cells.  Using a modified 

Boyden chamber invasion assay in which CAFs are used as the chemoattractant for tumor cells, 

we showed that CAFs significantly increase the invasion of Panc10.05 cells compared to the 

singly cultured Panc10.05 cells (Fig.1F). This data confirm that CAFs can promote the invasion 

of Panc10.05 cells. Importantly, because the CAFs and Panc10.05 cells are separated by the 

transwell in this system, stromal-to-neoplasm paracrine signaling must be involved; and IGF-1 

and HGF potentially mediate this paracrine signaling.   

 

IGF-1 and HGF secreted by CAFs regulate AnxA2 phosphorylation of PDA tumor cells  

             Next, we explored how the paracrine signaling potentially mediated by IGF-1 and HGF is 

transmitted to the neoplastic cells in PDA. To this end, we examined whether inhibiting these 
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stromal signaling pathways would decrease the levels of AnxA2 phosphorylation, which is 

important for PDA invasion and metastasis (74).  IGF-1 is the ligand for IGF-1R, which we 

(Fig.1A, B) and others (136, 140) showed to be responsible for AnxA2 phosphorylation. In 

addition, HGF is the ligand for c-Met, which is an upstream regulator of Src-induced AnxA2 

phosphorylation (69), and is exclusively secreted by stromal cells (114) . We therefore explored 

whether the Hh/IGF-1/IGF-1R and the HGF/c-Met/Src signaling pathways can modulate AnxA2 

tyrosine phosphorylation in PDA cells. To do this, we tested whether inhibitors under clinical 

development for intervening with these two signaling pathways by targeting HGF/c-Met 

(INC280) (141) and Hh (NVP-LDE225), respectively, could decrease the levels of P-Y23-

AnxA2. Again, we used the transwell system to separate Panc10.05 cells and CAFs. After 

treating the Panc10.05/CAF co-cultures with NVP-LDE225 and INC280 for 24 hours, AnxA2 

was eluted from the surface of the tumor cells and P-Y23-AnxA2 was evaluated by Western blot. 

As a control, single Panc10.05 cell cultures were also treated with the inhibitors to confirm that 

the signals that lead to IGF-1R and Src activation originate from the stroma. Inhibition of Hh and 

HGF/c-Met in the 10% FBS media led to a minor decrease in P-Y23-AnxA 

levels (Supplementary Fig.S4A-D), suggesting that factors present in serum  (Supplementary 

Fig.S3A) are able to activate the pathways under study leading to AnxA2 phosphorylation. We 

used serum-reduced media (5% FBS) for the treatment to attenuate the activation of the pathways 

under study by factors present in the serum. As expected, neither the Hh inhibitor nor the HGF/c-

Met inhibitor affected the levels of total AnxA2 or P-Y23-AnxA2 in Panc10.05 cells in the singly 

cultured serum-reduced (HGF and IGF-1 decreased) media (Fig.2A, B and Supplementary 

Fig.S4E, F). Of note, the CAFs/Panc10.05 co-culture treatments were performed however in 10% 

serum, which was the culturing condition used consistently in other experiments. In Panc10.05 

cells co-cultured with CAFs in a no-contact fashion, the HGF/c-Met inhibitor and the Hh 

inhibitor decreased the total cell surface AnxA2 on Panc10.05 cells (Supplementary Fig.S4G), 

with HGF/c-Met inhibition having a greater effect than Hh inhibition. Importantly, each treatment 
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significantly decreased the amount of P-Y23-AnxA2 on the cell surface of Panc10.05 cells co-

cultured with CAFs while dual inhibition of HGF/c-Met and Hh led to a greater decrease of P-

Y23-AnxA2 when compared to no treatment control (Fig.2C, D and Supplementary Fig.S4H). 

When HGF/c-Met and Hh are inhibited in vitro, the degree of inhibition of P-Y23-AnxA2 on 

tumor cells is demonstrated more potently when the tumor cells are co-cultured with CAFs 

compared to those grown in single culture in 10%FBS media. Thus, the effect of HGF/c-Met and 

Hh inhibition on P-Y23-AnxA in tumor cells co-cultured with CAFs must have exerted primarily 

through CAFs, but not the existing serum factors.  

 

Tyrosine 333 on AnxA2 is an additional target of phosphorylation regulation by stromal 

signals.  

  Because two independent signaling pathways that originate from the stroma (IGF-1 and 

HGF) play a role in AnxA2 phosphorylation, we next wanted to determine whether these two 

signaling pathways result in phosphorylation of AnxA2 at different sites, making it necessary for 

the dual stromal regulation of AnxA2. The human AnxA2 protein sequence is predicted by GPS 

kinase-specific phosphorylation site prediction software (142) to have at least 14 different 

tyrosine phosphorylation sites for Src and IGF-1R activity (Supplementary Fig.S5A). However, 

the literature on tyrosine sites other than Y-23 is limited.  We have shown previously that AnxA2 

is important for invasion and metastasis in both mouse and human PDA (74, 109), therefore, we 

attempted to identify additional tyrosine sites, similar to Y-23, that are phosphorylated on both 

human and murine AnxA2 proteins under the regulation of Src and IGF-1R. To this end, we 

treated both murine and human PDA cells in single culture with Src and IGF-1R inhibitors and 

eluted AnxA2 from the cell surface as described above. After SDS-PAGE gel electrophoresis and 

Coomasie blue staining, bands containing AnxA2 were excised and analyzed for the presence of 

phospho-tyrosines by mass spectrometry. We performed relative-quantification analysis (ratio of 

P-Y-AnxA2 to total cell surface AnxA2) to determine the changes of phosphorylation levels on 
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different tyrosine sites after Src and IGF-1R were inhibited. We were able to detect 4 phospho-

tyrosine sites in addition to Y-23.  Out of those 4 sites, 2 (Y-199 and Y-333) had the strongest 

signals in terms of tyrosine phosphorylation detection in no treatment samples (Supplementary 

Fig.S5B, C and S6A-F). We concentrated our studies on Y-333 since this site showed a 

significant decrease in phosphorylation after both Src and IGF-1R inhibitor treatment (Fig.3A 

and Supplementary Fig.S6E) suggesting that the pathways under study are involved in 

phosphorylation of this site. In these experiments, Y-23 was used as a positive control, and as 

anticipated, the inhibition of Src and IGF-1R in both cell lines also resulted in a significant 

decrease in Y-23 phosphorylation (Fig.3B and Supplementary Fig.S6A).  

  We have so far quantified differences in phosphorylation of Y-23 (Fig.1A, B and 3B) 

and Y-333 (Fig.3A) on PDA cells following treatment with Src and IGF-1R inhibitors.  We also 

showed above that the ligands of these pathways; HGF and IGF-1 that are secreted by stromal 

cells, regulate Y-23 phosphorylation on AnxA2 (Fig.2A-D). We next wanted to determine if the 

same stromal factors play a role in Y-333-AnxA2 phosphorylation.  We therefore performed co-

culture experiments in the transwell system and eluted AnxA2 from the cell surface of Panc10.05 

cells after treatment with stromal inhibitors as described above to quantify the levels of 

phosphorylation on Y-333 and Y-23 (used as a positive control). We performed absolute 

quantitation by a targeted LC/MS/MS MRM method using a hybrid triple quadruple/linear IT 

mass spectrometer 5500 QTRAP (AB SCIEX). Our data showed that the signals regulating 

phosphorylation of Y-333 also originate from the stroma since there was a decrease in 

phosphorylation levels after single and/or dual stromal inhibition (Fig.3C). Interestingly, both 

stromal pathways affect the phosphorylation of Y-333 and Y-23 in a similar way since the fold 

changes in each of the treatment groups when normalized to vehicle control are similar (Y23c-

Met vs. Y333-c-Met, Y23-Hh vs. Y333-Hh, Y23-c-Met/Hh vs. Y333-c-Met/Hh, respectively) 

(Fig.3C, D). Of note, the decrease in Y-23 phosphorylation in Fig.3D is not as significant as seen 

in Fig.2C, D.  This is most likely due to the differences in detection between Western blot and 
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mass spectrometry (143). Although, the existence of multiple phosphorylation sites does not 

explain why two stromal signals are needed for AnxA2 phosphorylation, these data on different 

tyrosine sites provide further confirmation that dual stromal signaling regulates the 

phosphorylation of AnxA2 in PDA. We therefore further investigated other potential mechanisms 

that could explain the need for dual stromal signaling culminating in AnxA2 phosphorylation.  

Because we saw similar responses at both the Y-23 and Y-333 phosphorylation sites, we focused 

our subsequent studies to evaluation of the Y-23 site. 

 

Dual inhibition of HGF and IGF-1, stromal signals results in a reduction in PDA cell invasion 

              Our previously published study indicated that P-Y23-AnxA2 is required for invasion of 

PDA (74). Therefore, we next wanted to evaluate if AnxA2 mediates the CAF-enhanced PDA 

cell invasion observed in Fig.1F. To test this, we knocked down AnxA2 in Panc10.05 cells via 

shRNA (shAnxA2) (Supplementary Fig.S7A) and evaluated their invasiveness using a transwell 

system. As expected, single tumor cultures show decreased invasion when AnxA2 is knocked 

down in Panc10.05 cells when compared to control (shCtrl) cells (Fig.4A). When the Panc10.05 

cells with shCtrl or with shAnxA2 are co-cultured with CAFs, only tumor cells with shAnxA2 

lose their invasive potential (Fig.4A), which supports our hypothesis that invasion of PDA cells is 

mediated by stromal factors that signal through AnxA2.  

  Next, we wanted to determine if the CAF enhanced invasion observed in Fig.1F is 

mediated by the secreted stromal factors HGF and IGF-1. To this end, we performed an invasion 

assay using co-culture of Panc10.05 and CAF cells and inhibited HGF/c-Met and/or Hh/IGF-1 

signaling using pharmacological agents. As shown in Fig.4B, inhibition of either HGF/c-Met or 

Hh/IGF-1 results in a significant decrease in invasion of Panc10.05 cells co-cultured with CAFs 

when compared to no treatment control. Additionally, there is a trend towards greater decrease in 

invasion upon dual signaling inhibition; however, it is not statistically significant. This is most 

likely due to the fact that single treatments reduce the invasion of PDA cells co-cultured with 
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CAFs to the levels of single culture, making an additional reduction in invasion difficult to be 

discerned by this assay.  

To further confirm that the observed decrease in invasion in Fig.4B is specifically 

mediated by HGF and IGF-1, we used lentiviral-shRNA to knockdown HGF in CAFs 

(Supplementary Fig.S7B). A statistically significant decrease in invasion was observed when 

Panc10.05 cells were co-cultured with CAFs following HGF knockdown but not with shCtrl-

transfected CAFs (Fig.4C). Furthermore, the invasion capacity of co-cultured Panc10.05 cells 

returned to their baseline (single Panc10.05 culture) when HGF was knockdown from CAFs 

(Fig.4C). Moreover, HGF/c-Met inhibitor treatment had no effect on the invasion of Panc10.05 

cells co-cultured with CAFs that had HGF knockdown (Fig.4D), which confirmed that HGF acts 

through the c-Met pathway to enhance invasion. In contrast, Panc10.05 cells co-cultured with 

control CAFs showed decreased invasion capacity when treated with INC280 (HGF/c-Met 

inhibitor) (Fig.4D). Similarly, the invasive capacity of Panc10.05 cells returned to their baseline 

when IGF-1 was knockdown (Supplementary Fig.S7C) from CAFs (Fig.4E). Additionally, the 

Hh inhibitor treatment had no effect on the invasion of Panc10.05 cells co-cultured with CAFs 

that had IGF-1 knockdown further suggesting that Hh and IGF-1 act through the same signaling 

pathway (Fig.4F). Taken together, these data suggested that dual HGF and IGF-1 signaling 

originating from the stroma mediates the invasion of PDA cells through AnxA2 in vitro.  

 

In vivo targeting of stromal signals suppresses CAF activation, AnxA2 phosphorylation, and 

epithelial to mesenchymal transition 

              Next, we used two PDA mouse models to evaluate the role of the Hh/IGF-1 and HGF/c-

Met signaling pathways on the regulation of AnxA2 in primary PDA tumors in vivo. The first is a 

genetically engineered PDA mouse model with knock-in alleles of both KrasG12D and p53R172H 

mutants (KPC mice), which exhibits a multi-stage tumorigenesis that progresses from normal, 

through PanIN lesions, to invasive and metastatic PDA (126). The second is an orthotopic 
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implant model where tumors are grown subcutaneously from a cell line (the KPC cells) derived 

from KPC mice and are then implanted orthotopically into the pancreas of syngeneic mice (109).  

Mice with either naturally developing primary tumors or orthotopically implanted primary tumors 

identifiable by small animal ultrasound (performed on day 5 post tumor implantation on 

orthotopic mice or on 3 to 4 months old KPC mice) were treated with single inhibitors of either 

Hh, HGF/c-Met, the combination of both inhibitors or vehicle control. Inhibitors were 

administered by oral gavage daily for 7 days starting on the day after ultrasound. First, we 

evaluated the effects of the Hh and HGF/c-Met inhibitors on the activation of CAFs using 

immunohistochemistry (IHC) analysis to determine the expression of α-smooth muscle actin 

(SMA), a marker of activated pancreatic stellate (fibroblast) cells (23). Mice were sacrificed 6 

hours post-treatment on the last day of treatment and tumors were excised.  SMA expression was 

semi-quantified with a score from 0 to 3 (0 representing no expression and 3 representing high 

expression). As shown in both mouse models, dual targeting of Hh and HGF/c-Met resulted in 

statistically significant inhibition of activated CAFs (Fig.5A-C). By contrast, the Hh inhibitor 

only moderately (p=0.0039) suppressed the expression of SMA in KPC mice (Fig.5B) and had no 

effect on SMA in the orthotopic mouse model (Fig.5C). Since the HGF/c-Met inhibitor targets 

the activation of c-Met on the tumor cell surface, it showed no effect on the expression of SMA, 

which is expressed by the stroma. However, combining the Hh inhibitor with the HGF/c-Met 

inhibitor resulted in a strong inhibition of SMA expression in the stroma. 

 Next, we evaluated P-Y23-AnxA2 expression on tumor cells in both models following 

each treatment.  We performed IHC analysis of harvested pancreatic tumors and semi-quantified 

the expression level for the total cellular AnxA2 and the cell surface P-Y23-AnxA2 with a score 

from 0 to 3 (scoring method the same as above). The relative expression of P-Y23-AnxA2 to the 

total cellular AnxA2 as a ratio of P-Y23-AnxA2 to AnxA2 was calculated. The results show that 

in both the KPC and orthotropic implant models, dual inhibition of stromal signaling leads to a 

statistically significant decrease in the cell surface levels of P-Y23-AnxA2 on PDA cells (Fig.5D-
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F). Furthermore, a trend in lower levels of cell surface P-Y23-AnxA2 was observed with either 

single inhibitor (Fig.5D-F).  This data suggest that targeting both Hh and HGF signaling is 

required for strong inhibition of P-Y23-AnxA2 on the PDA tumor cell surface.  

We then assessed the effect of the dual inhibition of Hh and HGF/c-Met on EMT because 

P-Y23-AnxA2 in PDA was previously shown to be responsible for inducing EMT (74) and EMT 

is thought to be necessary for invasion/metastasis (66).  We performed IHC staining for E-

cadherin, an epithelial marker, and semi-quantified the expression of E-cadherin on PDA tumor 

cells with a score from 0 to 3 (same scoring method as above) to evaluate if inhibiting AnxA2 

phosphorylation also inhibits the EMT process. As shown, the combination of HGF/c-Met and 

Hh inhibitors significantly increased the levels of E-Cadherin in both PDA mouse models as 

compared to the vehicle treatments (Fig.5G-I). By contrast, single inhibition showed a moderate 

increase in the level of E-Cadherin in both models. These results suggest that both Hh and 

HGF/c-Met inhibitors have the potential to reverse the EMT process and that dual inhibition of 

Hh and HGF/c-Met signaling has a stronger inhibitory effect on EMT in primary PDA tumors. 

 

Inhibition of stromal-neoplasm crosstalk leads to suppression of primary PDA growth and 

decreased metastases formation in vivo 

 We next tested whether inhibition of the stromal signaling that leads to AnxA2 

phosphorylation has an effect on primary tumor growth and metastases formation. We chose to 

examine this using the orthotropic implant model, which allowed us to establish baseline primary 

tumors almost identical in size in all mice. Tumor implanted mice develop metastases 

spontaneously at about the same rate.  We first determined if Hh and HGF/c-Met inhibition could 

suppress primary PDA growth.  Tumors from each treatment group were examined by ultrasound 

at baseline and then again on the last day of treatment to assess the tumor volume.  Single 

inhibition of Hh or HGF/c-Met signaling modestly decreased primary tumor volume (Fig.6A).  

Importantly, only dual inhibition of Hh and HGF/c-Met signaling significantly decreased primary 
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tumor volume (Fig.6A). We previously reported that AnxA2 does not affect primary PDA growth 

but only metastasis formation (74, 109); therefore, the effect of dual stromal signaling inhibition 

may be mediated by other mechanisms, which remain to be explored.    

 We next tested whether inhibition of the stromal signaling that leads to AnxA2 

phosphorylation has an effect on metastases formation in vivo.  Mice began dying or became 

morbid on day 17 following orthotopic pancreatic tumor implantation; therefore, all mice were 

euthanized and their pancreata, livers, lungs, peritoneum and gut were harvested to examine 

metastases formation grossly and histologically. The results showed that single inhibition of Hh 

or HGF/c-Met shows a trend towards decrease in the numbers of metastases formed in 

comparison to the vehicle treatment (Fig.6B). More importantly, our results showed that dual 

blockade of stromal signals resulted in statistically significant reduction of the total numbers of 

metastases formed compared to vehicle, suggesting that both Hh signaling and HGF/c-Met 

signaling in the stroma contribute to the development of PDA metastases (Fig.6B-E).  

 

Heterogeneous expression of Shh and HGF in the PDA TME in mice may explain the 

requirement of dual stromal signaling to activate AnxA2 effector functions 

               Next, we evaluated the biological significance of having dual stromal signaling in 

regulating the same intratumoral invasion pathway. First, we analyzed the spatial expression of 

the activating ligands under study, HGF, Shh and IGF-1. We performed IHC staining on primary 

tumors from KPC and orthotopic PDA mice (Fig.7A-C and Supplementary Fig.8A-C) and 

investigated the intertumoral and intratumoral expression of these proteins in tumor tissues using 

sequential tissue slices. Our data show that Shh and HGF have differential expression between 

different tumors that shows a statistically significant correlation (Fig.7A, B and Supplementary 

Fig.8A-C). In other words, when the expression of either protein, Shh (Fig.7A, B upper panels 

for each model) or HGF (Fig.7A, B lower panels for each model), is generally high in a tumor 

from one mouse, the expression of the other protein tends to be low in the tumor from the same 
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mouse, suggesting that there is an intertumoral heterogeneity between different tumors regardless 

of whether they develop spontaneously as in the KPC mice or are orthotopically implanted. These 

data also suggest that stromal cells provided by the host mice may contribute to the heterogeneity 

of tumors.  In addition, we wanted to determine the correlation in expression of Shh and IGF-1 in 

the primary tumors since we showed that IGF-1 secretion from stromal cells is regulated by the 

Hh pathway (Fig.1D, E). Not surprisingly, IHC analysis of IGF-1 and Shh revealed a significant 

positive correlation between those two proteins in the primary PDA tumors (Supplementary 

Fig.8A-C). As further support, we also found that there is intratumoral heterogeneity of both Shh 

and HGF. Specifically, whether the tumors are considered overall high Shh/low HGF or overall 

high HGF/low Shh, Shh and HGF have opposing expression patterns between different areas 

within the same tumor (Fig.7C). In other words, when expression of one protein, either Shh or 

HGF, is high in one area, the other protein is minimally present in that area within the same 

tumor. It is important to mention that both Shh and HGF are more abundant in the cells that 

secrete them, but are still present on the surface of cells where their receptors reside.  The 

distribution of Shh is more prominent in epithelial tumor cells, whereas HGF is more abundant in 

stromal fibroblasts.  Nevertheless, tumor areas with overall higher expression of Shh (and 

consequently IGF-1) tend to have overall lower expression of HGF and vice versa. Interestingly, 

the heterogeneity of Shh/IGF-1 and HGF does not correlate with the overall distribution of P-

Y23-AnxA2 on epithelial tumor cells, which tends to be homogenous (Fig.7A-C). These findings 

are consistent with the aforementioned results showing that both Hh/IGF-1 and HGF/c-Met 

signaling regulate tyrosine phosphorylation of AnxA2. Taken together, our data suggest the need 

for targeting both pathways to overcome the heterogeneity in expression of the stromal signals 

that lead to phosphorylation of AnxA2 and its consequent activation during the course of invasion 

and metastases. 
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Discussion 

This study demonstrates for the first time the role of phosphorylation of AnxA2 in 

regulating invasion and metastases through stromal signaling within the pancreatic TME.  Our 

results point to a dual process within the stroma that mediates AnxA2 phosphorylation, thereby 

facilitating an EMT tumor cell phenotype, tumor cell invasion in vitro, and metastases formation 

in vivo. We also identified a second phosphorylation site on AnxA2 in an attempt to explain this 

dual signaling but found that the stromal signals interact similarly with both phosphorylation 

sites.  Importantly, we show that strong inhibition of invasion and metastasis requires inhibition 

of both signaling pathways. Finally, this study describes the presence of intertumoral and 

intratumoral differential spatial expression of stromal signals which likely contributes to tumor 

heterogeneity. A model depicting the stromal to neoplastic cross-talk is shown in Fig.6E. Taken 

together, these data provide new insights into the complexity of the interactions between tumors 

and its supporting stroma. 

Dual regulation of a protein is common in other biologic processes, where signals are 

interdependent and share redundancies (144, 145). Phosphorylation regulation of proteins by two 

independent kinases has also been reported in non-diseased cells (145-147) as well as in cancer 

(148). The mechanism by which the two stromal signaling pathways in this study complement 

each other in vivo is unknown.   We identified their collaborative effect and showed that both of 

these pathways regulate AnxA2 phosphorylation at two different tyrosine sites.   However, we 

cannot exclude that, in addition to Src and IGF-1R, other kinases may also be involved in AnxA2 

phosphorylation, nor can we rule out additional phosphorylation sites (142) that may be 

differentially regulated when compared with Y-23 and Y-333.  However, our data suggest that the 

cellular heterogeneity of expression of these stromal signals in the TME may better explain the 

need for dual stromal signaling culminating in AnxA2 phosphorylation regulation and subsequent 

invasion and metastases. We showed that blockade of a single pathway is not effective in 

suppression of primary PDA growth and metastases formation, since it most likely targets only 
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tumor areas where the protein is expressed.  Conversely, dual inhibition of these stromal signals 

is more effective in targeting heterogeneous tumors and larger tumor areas, which results in 

significant decrease in primary tumor volume and metastases.   

Our finding that dual inhibition is more effective in controlling primary tumor growth 

and metastases than single signal inhibition may provide an explanation for the ineffectiveness of 

single signal inhibition of the Hh and c-Met pathways (149).  Controversial data have been 

reported on the role of Hh signaling and stromal depletion.  Olive et al. and Provenzano et al. 

reported a beneficial effect of stromal targeting via Hh signaling inhibition or via enzymatic 

degradation of hyaluronan on the sensitivity to gemcitabine in transgenic mouse model of PDA, 

respectively (7, 150). Others reported that depletion of stromal fibroblasts in PDA via Hh 

dependent or independent mechanisms accelerates progression of cancer and decreases survival 

(151, 152). Our study suggests a possible mechanism for the observed discrepancy between the 

published findings by demonstrating the complexity and heterogeneity of the PDA stromal cells 

and their signaling. For example, the stromal fibroblasts may not be pro-tumorigenic or pro-

metastatic; it may be the specific stromal signaling resulting from the dynamic tumor-stroma 

interactions that facilitates tumorigenesis and metastasis. In addition, the heterogeneity of stromal 

signaling can lead to a mixed response to the inhibition of a single stromal signal due to 

compensation by a signaling pathway that is linked to the signal being inhibited. Thus, targeting 

Hh signaling alone has not been effective likely due to the heterogeneity of the Hh signaling in 

the stroma. Genetically targeting Hh signaling (151, 152) likely induces a compensatory 

upregulation of other stromal signals such as HGF.  Further investigation is warranted to uncover 

the complexity of stromal signals in PDA, as well as determining if inhibition of pro-metastatic 

stromal signals culminates in AnxA2 phosphorylation resulting in a survival benefit.  

            In summary, our study demonstrates the importance of understanding the multiple signals 

and heterogeneity of expression of these signals within the stroma that coordinate PDA tumor 

invasion and metastases. This study reports the phosphorylation of AnxA2 as the link between 
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Hh/IGF-1 and HGF/c-Met signaling pathways on tumor cells.  Blockade of both of these stromal 

signaling pathways is important for inhibiting PDA tumor growth, invasion and metastases.  This 

study thus provides a rationale for simultaneous inhibition of these pathways as a potential new 

approach for PDA therapy.   
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Figure 2.1. Inhibition of Src and IGF-1R kinases results in decreased Tyrosine 23 

phosphorylation of AnxA2 and subsequent decrease in PDA invasion whereas the secretion 

of stromal factors upstream of Src and IGF-1R signaling increases the invasiveness of 

human PDA cells. A. Western blot of Panc10.05 human PDA cells treated with IGF-1 receptor 

inhibitor (NVP-AEW541) and Src inhibitor (dasastinib) for 60 minutes at 37ºC. AnxA2 was 

eluted off the surface of PDA cells with EGTA. The levels of total surface AnxA2 and P-Y23-

AnxA2 were quantified by Western blot.  b-actin was used as a loading control. Blots are 

representative of at least 5 experiments. B. The relative expression of P-Y23-AnxA2 to total cell 

surface AnxA2 (ratio) was determined using ImageJ software.  C. An invasion assay using the 

Panc10.05 human PDA cells was performed. Inhibitors (IGFR: NVP-AEW541 and/or Src: 

dasastinib) or vehicle control were added to the resuspended PDA cells prior to plating. The cells 

were allowed to invade for 48 hours at 37ºC. Cell invasion was read out using CCK8 at 450 nm. 

Data are means ± SEM from 3 technical replicates and representative of at least 3 experiments. 

NT-vehicle treatment, IGFR- NVP-AEW541 inhibitor, Src-dasastinib inhibitor. D. qRT-PCR 

analysis of IGF-1 and Gli-1 (control) in cancer associated fibroblasts (CAFs) after 24 hours of 
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treatment with an Hh inhibitor (NVP-LDE225) in full media. The gene expression of IGF-1 and 

Gli1 was normalized to GAPDH and is shown as a fold change. Representative quantification of 

at least 3 experiments is shown. NT-vehicle treatment, Hh-Hh inhibitor (NVP-LDE225) 

treatment. E. IGF-1 secretion was determined by ELISA from single cultures (PDA (the human 

Panc10.05 cell line) and CAF, respectively) as well as co-culture (PDA+CAFs) after 24 hours of 

treatment in full media with an Hh inhibitor (NVP-LDE225 at 1 µM). Treatment conditions are 

depicted in parentheses (same as in panel D). Representative quantification of at least 3 

experiments is shown. F. In vitro invasion assay of PDA (the human Panc10.05 cells) and co-

culture of PDA with CAFs. Invasion was performed using the transwell system and CAFs were 

used as chemoattraction. Data shown as the relative invasion of co-culture (PDA+CAFs) to PDA 

cells alone. Data are means ± SEM from three technical replicates and representative of at least 2 

experiments.  ns- not significant,  *p<0.05, **p<0.01, ***p<0.001 , ****p<0.0001 (unpaired student’s 

t-test).  
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Figure 2.2. IGF-1 and HGF secreted by CAFs regulate AnxA2 phosphorylation of human 

PDA tumor cells. A. Western blot of AnxA2 and P-Y23-AnxA2 eluted from the Panc10.05 

human PDA cells after 24 hours of treatment with an Hh signaling pathway inhibitor NVP-

LDE225 and/or an HGF/c-Met inhibitor INC280 in reduced (5%) serum media. b-actin was used 

as a loading control. B. Quantification of the Western blot from panel A and shown as the ratio of 

P-Y23-AnxA to AnxA2. Quantification was performed using ImageJ software. C. Western blot of 

AnxA2 and P-Y23-AnxA2 eluted from the Panc10.05 human PDA cells after co-culture with 

CAFs in a contact independent manner using a transwell system. Cells were treated as in panel A 

but in full media to allow for optimal culture conditions for CAFs. D. Quantification of the 

Western blot from panel C was performed as in panel B. Blots are representative of at least 3 

experiments. NT-vehicle treatment, c-Met-INC280 treatment, Hh-NVP-LDE treatment. ns-not 

significant,  *p<0.05, ****p<0.0001  (unpaired student’s t-test). 
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Figure 2.3. Tyrosine 333 on AnxA2 is an additional target of phosphorylation regulation by 

stromal signals in human PDA cells. A and B. Semi-quantitative analysis by mass spectrometry 

of P-Y333-AnxA2 (panel A) and P-Y23-AnxA2 (panel B) in cell surface elution of single culture 

of the Panc10.05 human PDA cells after treatment with IGF-1 receptor inhibitor (NVP-AEW541) 

and/or Src inhibitor (dasastinib) in full serum media for 60 minutes at 37ºC. Relative amount of 

P-Y333-AnxA2 (panel A) and P-Y23-AnxA2 (panel B) in total AnxA2 is shown for each group. 

Data are means ± SEM from 3 technical replicates and representative of at least 2 experiments. C 

and D. Quantitative analysis of the amount of P-Y333-AnxA2 (panel C) and P-Y23-AnxA2 

(panel D) by mass spectrometry in cell surface elution of the human Panc10.05 cells after 24 

hours of co-culture with CAFs and treatment with Hh signaling pathway inhibitor NVP- LDE225 
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and/or HGF/c-Met inhibitor INC280. Data are means ± SEM from 3 technical replicates and 

representative of at least 2 experiments.  ns-not significant,  *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001  (unpaired student’s t-test). NT-vehicle treatment, Src-dasastinib treatment, IGFR-NVP-

AEW541 treatment, c-Met-INC280 treatment, Hh-NVP-LDE225 treatment.  

 

 



52	  
	  

52	  

 

Figure 2.4. IGF-1 and HGF secreted by CAFs regulate the invasion of human PDA cells in 

an AnxA2 dependent manner. In vitro invasion assays. Single culture (the human Panc10.05 

PDA cells or CAFs, respectively) or co-culture of the Panc10.05 with CAFs (at 5:1) were plated 



53	  
	  

53	  

per 96-well in serum free media. Inhibitors or vehicle control were added to resuspended cells 

prior to plating (B, D, F). Cells were allowed to invade for 48 hours at 37ºC. Invasion of cells was 

read out with CCK8 at 450 nm.  A. PDA cells transfected with control (shCtrl) or AnxA2 

targeting shRNA (shAnxA2) in single culture (PDA cells only) or in co-culture with CAFs. B. 

Co-culture of PDA cells with CAFs treated with NT (vehicle), c-Met (INC280), Hh (NVP-

LDE225). Single cultures of PDA and CAFs were used as controls. C.  Co-culture of PDA cells 

with CAFs. CAFs were transfected with control (shCtrl) or HGF targeting shRNA (shHGF) and 

co-cultured with PDA cells. Single culture of PDA was used as a control. D. Co-culture of PDA 

cells and CAFs (transfected with control (shCtrl)) or HGF targeting shRNA (shHGF)) treated 

with NT (vehicle), c-Met (INC280). E. Co-culture of PDA cells and CAFs. CAFs were 

transfected with control (shCtrl) or IGF-1 targeting shRNA (shIGF-1) and co-cultured with PDA 

cells. Single culture of PDA cells was used as a control. F. Co-culture of PDA and CAFs 

(transfected with control (shCtrl) or IGF-1 targeting shRNA (shIGF-1) treated with NT (vehicle), 

Hh (NVP-LDE225). Data are means ± SEM from 3 technical replicates and representative of at 

least 3 experiments.  ns-not significant,  *p<0.05, **p<0.01, ***p<0.001 (unpaired student’s t-test). 
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Figure 2.5. In vivo targeting of stromal signals in KPC and orthotopic mouse models of PDA 

suppresses CAF activation, AnxA2 phosphorylation, and the epithelial to mesenchymal 

transition (EMT). Representative IHC images of primary tumors from KPC transgenic mice and 

orthotopic model (developed by implantation of KPC tumor onto the pancreas of syngeneic mice) 

treated with stromal inhibitors (DMSO-vehicle control, c-Met-INC280 and/or Hh- NVP-LDE225) 

are shown. A Smooth Muscle Actin (SMA) staining was used to identify activated stromal cells. 

D. Cell surface expression of P-Y23-AnxA2. G. E-cadherin staining was used as a marker for 

epithelial cell adhesion and EMT.  B, E and H show semi-quantitative analysis scores of all KPC 

tumors harvested from this study (SMA, P-Y23-AnxA and E-Cad respectively). C, F and I show 

semi-quantitative analysis scores of all orthotopic tumors harvested from this study (SMA, P-

Y23-AnxA and E-Cad respectively). Protein expression was semi-quantified with a score from 0 

to 3 (0 representing no expression and 3 representing high expression). Mice with primary tumors 

confirmed by ultrasound were used for this study (at least 7 per group (KPC) and at least 9 per 

group (orthotopic)). Mice were treated once daily by oral gavage for 7 days. Primary tumors were 

harvested on day 7 and subjected to IHC. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (unpaired 

student’s t-test). Positive staining is shown in brown. Scale bar, 20 mm. 
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Figure 2.6. Inhibition of stromal-neoplasm crosstalk leads to a decrease in primary 

PDA growth and metastases formation in vivo. A. Fold change in primary tumor 

volume, calculated as end-point tumor volume/baseline tumor volume is shown. The 

orthotopic mouse model as described in Figure 5 was used for this study.  Mice were 

treated once daily by oral gavage (DMSO-vehicle control, c-Met-INC280, Hh- NVP-

LDE225) for 7 days starting on day 5 post tumor implantation.  Pancreatic tumors were 

measured at baseline by VEVO770 small ultrasound and then again at the end of 7 day 
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treatment regimen. Tumor volume was calculated from the following formula: (L (long 

axes) x S2 (short axes))/2. 3 images of each tumor were captured and the image with the 

largest values was used to calculate the tumor volume. DMSO-vehicle treatment, c-Met- 

INC280 treatment, Hh-NVP-LDE225 treatment.  ns-not significant,  *p<0.05, **p<0.01 

(unpaired student t-test).  B. Summary of gross and histological quantification 

(combined) of all metastases (at least 7 mice per group). Mice were treated once daily by 

oral gavage (DMSO-vehicle control, c-Met-INC280, Hh- NVP-LDE225) for 7 days 

starting on day 3 post tumor implantation.  The liver, lungs, gut and peritoneum were 

harvested on day 17-post tumor implantation when the mice started to die or became 

morbid.  *p<0.05 (Fisher’s exact test). C. Representative H&E images of metastases 

(marked by asterisks) to the liver, peritoneum, gut and lung in the DMSO group.  D. 

Representative H&E images of normal tissue from the liver, peritoneum, gut and lung in 

the DMSO group.  Scale bars for C and D, 200 mm. E. Graphical representation of the 

two pathways that regulate invasion and metastasis via AnxA2 phosphorylation: on the 

left HGF secreted by stroma binds to c-Met that propagates the signal to Src, leading to 

AnxA2 phosphorylation. On the right, Shh regulates secretion of IGF-1 from stromal 

cells in paracrine fashion, and then IGF-1 binds to IGF-1R, which leads to AnxA2 

phosphorylation, invasion and metastasis. 
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Figure 2.7. The stromal signals Shh and HGF are heterogeneously expressed in the tumor 

microenvironment of PDAs from different mouse models. Representative IHC images of 

primary tumors from KPC mice (A) and orthotopic mice (B) stained for expression of sonic 

hedgehog (Shh), HGF (HGF), tyrosine 23 on Annexin A2 (P-Y23-AnxA2) are shown. A and B, 
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intertumoral heterogeneity in Shh and HGF expression in KPC and orthotopic mouse models 

respectively. Upper panels for each mouse model show high Shh/ low HGF expression. Lower 

panels for each model show low Shh/ high HGF expression. Scale bars for A and B, 20 mm. C. 

Intratumoral heterogeneity in the expression of Shh and HGF. Positive staining is shown in 

brown. Scale bars for C, 200 mm.  
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Supplementary Figures 

 

Supplemental Figure 2.1. Inhibition of Src and IGF-1R kinases results in decreased 

phosphorylation of AnxA2 at Tyrosine 23 on the cell surface of PDA cells and subsequent 

decrease in invasion. A, B. Total AnxA2 levels (A) and P-Y23-AnxA2 levels (B) eluted from 

the human Panc10.05 cell line and quantified from the Western blot in Figure 1A. Protein levels 

were normalized to the b-actin loading control and quantified using ImageJ software. C and D. 
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Western blot of PDA cell lines (C- the Panc2.8 human PDA cell line, D- the KPC murine PDA 

cell line) with an IGF-1 receptor inhibitor (NVP-AEW541) for 60 minutes at 37ºC. AnxA2 was 

eluted from the surface of the cells with EGTA. The levels of surface AnxA2 and P-Y23-AnxA2 

are shown. b-actin was used as a loading control. Blots are representative of at least 2 

experiments. E. An invasion assay using the murine PDA cell line- Panc02 was performed. 

Inhibitors (IGFR: NVP-AEW541 and/or Src: dasastinib) or vehicle control were added to the 

resuspended PDA cells prior to plating. The cells were allowed to invade for 48 hours at 37ºC. 

Cell invasion was read out using CCK8 at 450 nm. Data are means ± SEM from 3 technical 

replicates and representative of at least 3 experiments. NT-vehicle treatment, NE- no EGTA, 

IGFR- NVP-AEW541 inhibitor, Src-dasastinib inhibitor. *p<0.05, ***p<0.001****p<0.0001 

(unpaired student’s t-test). 
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Supplemental Figure 2.2. Inhibition of EGFR kinase does not affect phosphorylation of 

AnxA2 at tyrosine 23 in human PDA cells. A. Western blot of the Panc10.05 human PDA cell 

line treated with an EGFR inhibitor (Tyrphostin AG490) for 60 minutes at 37ºC. AnxA2 was 

eluted from the surface of the cells using EGTA. The levels of surface AnxA2 and P-Y23-AnxA2 

are shown. b-actin was used as a loading control. Blots are representative of at least 3 

experiments. B. The relative expression of P-Y23-AnxA2 to total cell surface AnxA2 (ratio) was 

determined using ImageJ software. C. Total AnxA2 levels were quantified from the Western blot 

in panel A. D. P-Y23-AnxA2 were quantified from the Western blot in panel A. Protein levels (in 

panel C and D) were normalized to the b-actin loading control and quantified using ImageJ 

software. NT-vehicle control, EGFR-Tyrphostin AG490 inhibitor. ns-not significant. 
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Supplemental Figure 2.3. HGF, Shh and IGF-1 ligands are present in serum used for cell 

culture and co-culture of human PDA cells with CAFs increases HGF expression in CAFs 

.A. Western blot of 10% FBS media used for cell culture. Rabbit anti-HGF, goat anti-sonic 

hedgehog (Shh) and rabbit anti-IGF-1 antibodies were used to detect the above mentioned 

proteins at their corresponding sizes (69kD-HGF, 50kD-Shh, and 7kD-IGF-1). B. Gene 

expression of HGF in single culture of CAFs and after co-culture of CAFs with the human 

Panc10.05 PDA cells was measured after 24 hours. The mRNA level of HGF was normalized to 

GAPDH level and expressed as a fold change. Data are means ± SEM from 3 technical replicates 

and representative of at least 3 experiments. 
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Supplemental Figure 2.4. IGF-1 and HGF secreted by CAFs regulate AnxA2 

phosphorylation in human PDA cells in co-culture and serum factors can compensate for c-

Met and Hh mediated inhibition of AnxA2 phosphorylation in single human PDA culture A. 

Western blot of AnxA2 and P-Y23-AnxA2 eluted from the human Panc10.05 PDA cells after 24 

hours treatment with the Hh signaling pathway inhibitor NVP-LDE225 and/or the HGF/c-Met 

inhibitor INC280 in full (10%) serum media. b-actin was used as a loading control. B, C, D. 

Quantification of Western blot data from panel B. Ratio of P-AnxA2 to AnxA2 (panel A), total 

AnxA2 (panel C) and P-Y23-AnxA2 (panel D).. E and F. Quantification of Western blot data 

from Figure 2 A and B. AnxA2 (panel A) and P-Y23-AnxA2 (panel B) levels were normalized to 

the b-actin loading control.  G and F. Quantification of Western blot data from Figure 2 C and D. 

AnxA2 (panel C) and P-Y23-AnxA2 (panel D) were eluted from the human Panc10.05 cells after 

co-culture with CAFs in a contact independent manner using a transwell system. Cells were 

treated as described in Figure 2 C. Protein levels were normalized to the b-actin loading control. 

Western blot quantification for all panels was performed using ImageJ software and is shown as 

pixel density. NT-vehicle treatment, c-Met- INC280 treatment, Hh-NVP-LDE treatment. ns-not 

significant,  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001  (unpaired student t-test).     
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Supplemental Figure 2.5. AnxA2 has at least 14 different tyrosine sites that are predicted 

targets for Src and IGF-1R activity and tyrosine 199 and tyrosine 333 on cell surface AnxA2 

are the predominant phosphorylation sites detected by mass spectrometry A. Tabulated 



67	  
	  

67	  

summary of different tyrosine sites on AnxA2 that are predicted to be phosphorylated by Src 

and/or IGF-1R kinases. Human AnxA2 sequence (NP_001002857.1) was used in GPS kinase-

specific phosphorylation site prediction software, and the search was narrowed down to Src/IGF-

1R kinases. B and C AnxA2 was eluted from the cell surface of vehicle treated (NT) murine 

Panc02 PDA cells. After SDS-PAGE gel electrophoresis and Coomasie blue staining, bands 

containing AnxA2 were excised and analyzed for the presence of phospho-tyrosines on AnxA2 

by mass spectrometry. B and C. Peak detection of phospho-AnxA signals for Y-199 (B) and Y-

333 (C) performed in triplicate is shown. Of note, the sequences for human and murine AnxA2 

have 100% similarity in the location of tyrosine sites (153).  
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Supplemental Figure 2.6. Four different phospho-tyrosine sites (in addition to tyrosine 23) 

in murine PDA cells are detectable by mass spectrometry. Cell surface AnxA2 was eluted 

from the murine Panc02 PDA cells in single culture after treatment with an IGF-1 receptor 

inhibitor (NVP-AEW541) and/or Src inhibitor (dasastinib) in full serum media for 60 minutes at 

37ºC. After SDS-PAGE gel electrophoresis and Coomasie blue staining, bands containing AnxA2 

were excised and analyzed for the presence of phospho-tyrosines on AnxA2 by mass 

spectrometry. Five tyrosine sites on cell surface AnxA2 were detected by mass spectrometry after 
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inhibition of Src/IGR-1R kinases. A.  P-Y23-AnxA2 was used as a control for this study. B. P-

Y109-AnxA2. C. P-Y199-AnxA2. D. P-Y316-AnxA2. E. P-Y333-AnxA2. Relative amount of P-

Y-AnxA2 at each detected site to total cell surface AnxA2 was calculated in each group and 

shown as a ratio. Data are means ± SEM from 3 technical replicates and representative of at least 

2 experiments. ns-not significant,  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001  (unpaired student 

t-test).    NT-vehicle treatment, Src-dasastinib treatment, IGFR- NVP-AEW541 treatment. F. 

Schematic representation of AnxA2 with the 5 tyrosine sites that were detected in PDA by mass 

spectrometry. Colored parts of the schema represent 4 Annexin repeats. Approximate amino acid 

location is shown below the schema. The schema was based on the murine sequence of AnxA2 

(NP_031611.1). Of note, the sequences for human and murine AnxA2 have 100% similarity in 

the location of tyrosine sites (153). 
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Supplemental Figure 2.7. Verification of lentiviral knockdown of AnxA2 in human PDA 

cells and HGF and IGF-1 in CAFs. A. Western blot of AnxA2 levels in the humanPanc10.05 

PDA cells after lentiviral knockdown of this protein. shRNA-Ctrl- PDA cells with control 

shRNA, shRNA-AnxA2- PDA cells with shRNA targeting human AnxA2. b-actin was used as a 

loading control. B. RT-PCR verification of lentiviral knockdown of HGF in CAFs. C. RT-PCR 

verification of lentiviral knockdown of IGF-1 in CAFs. The levels of mRNA for each gene were 

normalized to GAPDH and shown as fold change. Scrambled shRNA was used as a control 

(shCtrl). shHGF- CAFs with shRNA targeting human HGF, shIGF-1-CAFs with shRNA 

targeting human IGF-1. Note, qRT-PCR was used to verify HGF and IGF-1 knockdown since the 

cells available for verification were limited. ***p<0.001, ****p<0.0001  (unpaired student t-test) 

 

 

 



71	  
	  

71	  

 

Supplemental Figure 8. IGF-1 expression in primary murine PDAs correlates positively 

with Shh and negatively with HGF expression in those tumors. A and B. Representative IHC 

images of low (panel A) and high (panel B) IGF-1 expression in primary PDA tumors from KPC 
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mice. Positive staining is shown in brown. C. Tabulated summary of the correlation analysis 

between IGF-1, Shh, HGF expression in KPC and orthotopic mouse models of PDA. **p<0.01, 

****p<0.0001  (φ-correlation test).  
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Chapter 3 

 

Dual targeting of the c-Met and Hedgehog stromal signaling 

increases the sensitivity of pancreatic ductal adenocarcinoma to 

gemcitabine resulting in diminished primary and metastatic tumor 

burden in murine models of PDA  
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Abstract 

Pancreatic adenocarcinoma (PDA) has the worst prognosis of any major malignancy, 

with 5-year survival of about 5%. Numerous studies described the complexity of PDA 

microenvironment and its unique biology, providing potential therapeutic targets. The c-Met and 

Hh pathways have been shown previously by our group to be key regulatory pathways in the 

primary tumor growth and metastases formation. In this study, we further exploited the beneficial 

effect of dual stromal targeting with the combination of conventional chemotherapy-gemcitabine. 

We utilized three different mouse models of PDA and showed that long-term inhibition of the c-

Met and Hh pro-tumorigenic and pro-metastatic pathways sensitize the PDA tumors to 

gemcitabine resulting in decreased primary and metastatic tumor volume as well as significant 

reduction of metastatic tumor burden. In addition, this study establishes a mechanistic 

justification for the development of single therapy resistance. It shows that dual targeting of those 

pathways leads to significant downregulation of both pathways as means of overcoming 

resistance. In conclusion, this study provides evidence that combination therapy of 

pharmacological agents that target dual stromal signals, which culminate in neoplastic cell 

regulation with gemcitabine has a beneficial effect in terms of primary and metastatic tumor 

shrinkage and metastases formation. In addition, those finding deliver a platform for the 

development of clinical trials utilizing this triple combination in human subjects as means for 

PDA treatment.  
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Introduction 

 Pancreatic Ductal Adenocarcinoma (PDA) is the most common pancreatic cancer type, 

cancer of the exocrine pancreas (154). In the United States, PDA is the fourth-leading cause of 

cancer deaths in both men and women.  More than 40,000 people will die from the disease this 

year alone. Of those diagnosed with PDA, only six percent survive five years and most people 

with advanced cancer die within a year. Alarmingly, the rates of PDA are on the rise and the 

incidence of PDA is predicted to double by the year 2030. This is in contrast to other cancers, 

which rates are predicted to decline (155, 156). In addition, many patients present with metastatic 

disease at the time of diagnosis, and those diagnosed with localized disease quickly progress with 

metastatic disease following local therapies such as surgery and radiotherapy (105). From clinical 

point of view PDA is one of the most chemotherapy and radiotherapy resistant tumor (155, 156). 

   PDA is characterized by very dense stroma that makes up anywhere from 60% to 90% of 

the total tumor volume. The stromal compartment is made up of variety of different cells and 

proteins that act together to develop an environment that is suppressive to the immune system, 

drug resistant and pro-tumorigenic (107). Although there have been numerous new therapies 

developed for other cancers, little progression has been made finding new therapies for PDA 

despite promising results from pre-clinical studies. Gemcitabine, a drug that has been approved 

over 2 decades ago for the treatment of PDA, still remains the standard of care in majority of 

PDA cases (10). Unfortunately, patients develop resistance to this chemotherapy and progress in 

the disease (157). Recent studies that concentrated on combination treatments of targeted 

therapies with conventional chemotherapy showed promising results (158) , nevertheless there is 

still room for improvement in terms of PDA treatment.  

 It is well documented that c-met receptor and its ligand HGF are upregulated in PDA. C-

met and HGF are detected early in PDA development but are not sufficient to promote 

tumorigenesis without other oncogenic changes (79). Recently the expression of c-met has been 

linked to the stem cell population and because HGF is exclusively secreted by stromal fibroblasts, 
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paracrine relationship between the stroma and neoplasm to promote cancer progression has been 

suggested. Moreover, stromal expression of HGF was correlated with decreased disease free 

survival (159) proposing that HGF/c-met targeting can be beneficial to patients with PDA. The 

hedgehog (Hh) pathway, specifically the activating ligand Sonic hedgehog (Shh) is overexpressed 

by PDA tumor cells, however its function is restricted to the stromal compartment forming a 

paracrine signaling network that promotes and maintains desmoplasia (54-56). It has been also 

noted that only cancer associated fibroblasts and not the neoplastic cells show Shh pathway 

activation and Smo receptor overexpression (57). Thus, both the c-Met and the Hh pathways are 

valid targets for further investigation as potential targets for PDA treatment.  

We recently reported that dual stromal modulation of PDA via the inhibition of the c-Met 

and Hh pathways results in significant decrease of primary tumor volume in mouse models of 

PDA. We also characterized the spatial expression of the activating ligands of those pathways and 

provided a potential mechanism explaining why only dual stromal signaling inhibition leads to 

diminished metastasis formation and decreased tumor volume (chapter 2). Others reported the 

benefit of Hh targeting and increased gemcitabine sensitivity in PDA mouse models (7, 160). 

Moreover, the combination of c-Met with standard chemotherapy has also been investigated and 

showed beneficial effect in gemcitabine resistant cell lines (80). Despite those promising pre-

clinical reports, the combination of various Hh or c-Met inhibitors in clinical trials with human 

subjects failed to establish favorable results (161-164). Based on the prior reports, we 

hypothesized that inhibition of both the c-Met and Hh stromal pathways would lead to increased 

gemcitabine sensitivity by overcoming the resistance that tend to develop in single agent 

treatments. 
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Materials and Methods 

 

Cell Culture 

The murine pancreatic tumor cell line was established and cultured as previously 

described (109). Briefly, cells were maintained in RPMI 1640 medium (Gibco, Grand Island, NY, 

USA) supplemented with 10% FBS (Gibco), 2 mM L-glutamine (Gibco), 1% non-essential amino 

acids (Gibco), 1 mM sodium pyruvate (Gibco), 50 units/mL penicillin and 50 µg/mL 

streptomycin (Gibco). The KPC and the KPCA-/- cells were grown at 37ºC in 5% CO2. 

 

Mouse models of PDA  

All animal experiments conformed to the guidelines of the Animal Care and Use 

Committee of the Johns Hopkins University, and animals were maintained in accordance with the 

guidelines of the American Association of Laboratory Animal Care. All mice were monitored 

twice a day.  

A genetically engineered mouse model of PDA, designated KPC mice, was previously 

established through a knock-in of pancreatic-specific, conditional alleles of the KRASG12D and 

TP53R172H mutations on a mixed 129/SvJae/C57Bl/6 background. These mice, when crossed 

with PDX-1-CRE+/+ mice, develop PanIN lesions that progress stepwise, similar to human dis- 

ease, into PDA (126).  

The mouse hemi-spleen liver metastasis model has been previously described (165, 166). 

In short, the spleens of anesthetized female C57Bl/6 mice of ages 8 to 10 weeks were divided into 

two halves, and the halves were clipped. In total, 2 × 105 KPC cells were injected into the splenic 

vessels (splenic artery and veins) through one hemi-spleen followed by a flush of phosphate-

buffered saline (PBS) buffer. After the injection, the splenic vessels draining the injected hemi-

spleen were clipped, and the hemi-spleen was removed. The abdominal wall was sutured, and the 
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skin was adapted using wound clips. All mice were followed twice daily for survival.  

The mouse pancreatic orthotopic model was described previously (74). In brief, 2 × 106 

KPC cells were subcutaneously injected into the flanks of syngeneic female C57Bl/6 mice. After 

1 to 2 weeks, the subcutaneous tumors were harvested and cut into ~1-mm3 pieces. New 

syngeneic female C57Bl/6 mice, ages 8 to 10 weeks, were anesthetized. The abdomen was 

opened via a left subcostal incision. A small pocket was prepared inside the pancreas using 

microscissors, into which one piece of the subcutaneous tumor was implanted. The incision in the 

pancreas was closed with a suture. The abdominal wall was sutured, and the skin was adapted 

using wound clips.  

 

c-Met and Hh inhibitor, and Gemcitabine treatments 

For the in vivo studies, the Hedgehog signaling pathway inhibitor (138) NVP-LDE225 

(provided by Novartis) was used at 50 mg/kg and the and HGF/c-Met inhibitor (141) INCB28060 

(AbMole, Houston, TX, USA) was used at 1 mg/kg, Both inhibitors were resuspended in DMSO. 

DMSO was used as a vehicle control for all treatments. The KPC, orthotopic transplant model 

and hemisplenectomy mice were dosed daily by oral gavage with NVP-LDE225, INCB28060, 

NVP-LDE225 + INCB28060 or DMSO for 7, 14 or 21 days as indicated in the treatment schemas 

(Figure 1, 3 and 9). Gemcitabine (Sigma-Aldrich, St. Lois, MO, USA) was reconstituted in 

deionized and distilled water at 20mg/ml and 100 µl administered via intraperitoneal injection 

into respective mice.  

 

Ultrasound and tumor measurement 

KPC mice of 12 to 14 weeks were examined by ultrasound using the VEVO 770 

(VisualSonics, Toronto, Ontario, Canada) small animal ultrasound to confirm primary tumors. 

Mice bearing tumors of similar sizes were chosen for the study. Orthotopic and hemisplenectomy 
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mice were examined by ultrasound 5 days post tumor implantation to confirm the presence of the 

tumor and establish a baseline tumor volume. Ultrasound on the mice was performed again on 

day 7 of treatment in all experiments and on treatment day 14 and 21 in experiments with 14 and 

21 day treatments. Tumor volume was calculated from the following formula: (L (long axes) x S2 

(short axes))/2. In total, 3 images of each tumor were captured, and the image with the largest 

value was used to calculate the tumor volume. Tumor volume fold change was determined for 

each 7 days of treatment by calculating the ratio of tumor volume from week 1/baseline, 

week2/week1 and week3/week1.  

 

TUNEL assay  

The TUNEL (terminal deoxynucleotidyl transferase–mediated deoxyuridine triphosphate 

nick end labeling) assay was performed according to the manufacturer’s instructions (Roche). 

Briefly, the slides were baked at 62.5˚C for 30 minutes to melt the paraffin. Then the slides were 

hydrated and proteinase K was added for 30 minutes at room temperature to expose the tissue. 

Following 5-minute wash in PBS, the TUNEL reaction solution was added to slides and positive 

control (DNAse I mediated DNA breakage) and incubated for 60 minutes at 37˚C, protected from 

light. For negative control, label solution only was added to a slide and incubated as above. Then, 

all slides were washed 3 times in PBS (5 minutes each wash). After the washes, converted POD 

was added to the slides and the slides were incubated again for 60 minutes at 37˚C, protected 

from light. Following another 3 washes in PBS (5 minutes each), DAB was added to develop the 

reaction (10 minutes). Lastly, the slides were washed as above, dehydrated, mounted and 

subjected to analysis. 

 

Immunohistochemistry 

Immunohistochemistry (IHC) staining for Shh and c-Met were performed by hand. The 

slides for the Shh and c-Met staining were hydrated; antigen retrieval was performed in a pressure 
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cooker with citrate buffer (pH 6.0) for Shh and in a steamer (60 minutes) with citrate buffer (pH 

6.0) for c-Met. Then, the slides were blocked in peroxidase, avidin and biotin block sequentially. 

Goat-anti-Shh (R&D) and rabbit-anti-c-Met (Santa Cruz) primary antibodies at 1:50 were added, 

and the slides were incubated for 1 hour at room temperature. Then, rabbit anti-goat or goat anti-

rabbit biotinylated secondary antibodies (Vector Laboratories) at 1:500 and at 1:200, respectively, 

were added for 30 minutes at room temperature. The signal was amplified and detected using the 

ABC Vectastain kit (Vector Laboratories) according to the manufacturer’s instructions. The slides 

were developed using DAB and counterstained by hematoxylin. Lastly, the slides were 

dehydrated and mounted. All IHC slides were analyzed and scored by a pathologist (A.L).  

 

Statistical analysis  

Statistical analysis and graphing was performed using GraphPad Prism version 6.0 

software (GraphPad Software, La Jolla, CA, USA). The data are presented as the means ± 

standard error of the mean (SEM). Student’s t-test was used to compare differences between 

groups. A p value of less than 0.05 was considered statistically significant. 
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Results 

 

Inhibition of dual stromal signals: HGF/c-Met and Hh partially sensitizes primary tumors to 

gemcitabine in orthotopic and transgenic (the KPC) mouse models of PDA and shows no effect 

in metastatic mouse model after one week of treatment 

 In chapter 2, we showed that inhibition of dual stromal signals, HGF/c-Met and Hh, in 

primary PDA tumors in mouse models of PDA leads to significant tumor shrinkage after one 

week of treatment. Others showed that targeting the Hh pathway in murine models of PDA 

depletes stroma and sensitizes primary tumors to gemcitabine leading to tumor shrinkage (7, 

167). In addition, the combination of c-Met and gemcitabine or crizotinib in murine models was 

shown to lead to increased presence of gemcitabine in xerographic tumor implants resulting in 

tumor reduction (168). However, the combinations of gemcitabine with either Hh pathway 

inhibitors or c-Met inhibitors showed small to no benefit in human patients with PDA (161-164). 

        Thus, we wanted to determine if dual stromal inhibitor targeting has a beneficial effect in 

terms of primary tumor shrinkage when combined with the conventional therapy of gemcitabine. 

To this end, we utilized three mouse models of PDA. The first is a genetically engineered PDA 

mouse model with knock-in alleles of both KrasG12D and p53R172H mutants (KPC mice), which 

exhibits a multi-stage tumorigenesis that progresses from normal, through PanIN lesions, to 

invasive and metastatic PDA (126). The second is an orthotopic implant model where tumors are 

grown subcutaneously from a cell line (the KPC cells) derived from KPC mice and are then 

implanted orthotopically into the pancreas of syngeneic mice (109). The third is a metastatic 

model, where the KPC cells are injected into a spleen leading to colonization of those cells in the 

liver of these mice, mimicking liver metastasis (165). The treatment regimens are shown in Fig.1. 

Briefly, mice in all models and groups were subjected to ultrasound to obtain baseline tumor 

volume (each model was an independent experiment). On the day after the ultrasound, mice 

began daily stromal inhibitor treatment with bi-weekly gemcitabine treatment for a period of 
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seven days. On the last day of treatment, the mice were subjected to a second ultrasound to 

determine tumor volume. After the ultrasound, the mice were euthanized and their pancreata and 

livers were harvested for analysis. The data obtained show that combination of dual stromal 

signaling inhibition with gemcitabine in the orthotopic and the KPC mouse models of PDA 

shows a trend in primary tumor shrinkage after one week of treatment (Fig.2A, B). Moreover, in 

both models, the treatment of gemcitabine alone showed minimal decrease of primary tumors 

when compared to the vehicle treatment. Addition of single stromal inhibitors (c-Met or Hh) to 

the gemcitabine resulted in no further tumor shrinkage. Conversely, as shown in Fig.3, the 

combination of stromal signaling inhibition with gemcitabine in metastatic mouse model of PDA 

(the hemisplenectomy mouse model) showed no changes in metastatic tumor shrinkage after one 

week of treatment, regardless of the treatment group. The data suggest that combination of dual 

stromal inhibition with gemcitabine may have a beneficial effect on primary tumor volume but 

not on the metastatic tumors in mouse models of PDA after short-term treatment regimen.  

 

Combination of dual stromal signaling inhibition with gemcitabine in the orthotopic and KPC 

mouse models of PDA results in decrease of c-Met and Shh expression in primary PDA 

tumors. 

Since, the stromal inhibitors used for the study described above, target specific pathways, 

the HGF/c-Met and Hh respectively, we next wanted to determine the expression of key proteins 

in each pathway after the treatment regimen described in Fig.1 to provide us with clues to the 

underlying mechanism. We chose to examine the expression of the receptor c-Met and the ligand 

sonic hedgehog (Shh) as representative markers for each pathway. We performed 

immunohistochemistry (IHC) staining on primary tumors from both the orthotopic (Fig.4) and the 

KPC (Fig.5) mouse models and semi-quantified the expression of those proteins with a score of 0 

to 3 (0 representing no expression and 3 representing high expression).  The data show, as 

anticipated that in each model, the single c-Met or Hh inhibitor treatment combinations with 
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gemcitabine lead to decrease of the c-Met or Shh proteins, respectively (Fig.4, 5). Importantly, 

dual stromal inhibition along with gemcitabine treatment shows a greater decrease in each protein 

expression when compared to the single stromal treatments in the KPC (Fig.5) but not orthotopic 

(Fig.4) model. Moreover, treatment with c-Met and gemcitabine shows a trend in the increase of 

the Shh expression in both models, with the orthotopic model being more prominent (Fig.4A, 

5A). Similarly, the treatment with Hh inhibitor and gemcitabine shows an increase in expression 

of the c-Met receptor in both mouse models (Fig.4B, 5B). The gemcitabine alone group showed 

no effect on the expression of either protein in those models when compared to vehicle treatment. 

Taken together, this data show a benefit in the combination of dual stromal inhibition with 

gemcitabine and reveals a potential mechanism of resistance to single agents leading to 

overexpression of proteins in other pathways.  

 

Dual stromal targeting leads to increased gemcitabine sensitivity in primary tumors in mouse 

models of PDA 

The role of stroma in tumor proliferation and progression has been established by others 

(107). Our prior studies (chapter 2) showed that dual inhibition of stromal signals leads to 

significant decrease of α- smooth muscle actin (SMA), a marker of activated stromal cells (23). In 

addition, we showed that dual stromal inhibition of c-Met and Hh pathways with gemcitabine 

result in trend to a greater primary tumor reduction than single agents (Fig.2). Therefore, we 

wanted to establish if this tumor reduction is due to augmented gemcitabine sensitivity leading to 

increased cell death upon stromal signaling modification/deactivation. We performed terminal 

deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL assay) staining on the 

primary tumors harvested from the orthotopic and the KPC models upon the completion of 

treatment regimen (Fig.1) to evaluate the tumor cell death. Each tumor was scored for the 

expression of apoptotic cells with the score of 0 to 3 (0 representing none to minimal amount of 

apoptotic cells and 3 representing high amount of apoptotic cells). Only PDA tumors were 
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included in the analysis (the stroma was excluded), based on matched H&E stain for each slide. 

The results show that in both the orthotopic (Fig.6A) and the KPC (Fig.6B) dual stromal 

inhibition of the c-Met and Hh pathways in combination with gemcitabine leads to increased 

tumor cell death. Interestingly, only the KPC model shows a small increase in tumor cell death in 

the gemcitabine only group when compared to the vehicle treatment (Fig.6B). Since gemcitabine 

is a nucleoside analog which mechanism of action leads to apoptosis (169), some cell death was 

expected in both models. The discrepancy in results between the models can be potentially 

explained by the differences in the PDA establishment. The KPC model mimics PDA human 

tumorigenesis, where the development of full PDA happens over time, on the other hand, the 

orthotopic model is based on the PDA tumor implantation into the pancreas and more aggressive 

phenotype as measured by median survival (data not shown). This difference in tumor 

progression between the models can potentially result in diminished effect of the gemcitabine on 

primary tumor cell death. Nevertheless, the data suggest that stromal modulation of primary 

tumors in both models, regardless if the tumors develop spontaneously as in the KPC model, or 

are orthotopically implanted, sensitizes the tumor to the gemcitabine resulting in increased 

apoptosis of tumor cells.   

 

Prolonged combination treatment of dual stromal inhibitors and gemcitabine result in 

diminished metastasis formation and decreased tumor volume in mouse models of PDA 

 Many patients present with metastatic disease at the time of diagnosis, and those 

diagnosed with localized disease quickly progress with metastatic disease following local 

therapies such as surgery and radiotherapy (105).  In addition, our prior study (chapter 2) 

established the role of the c-Met and Hh pathways in metastasis process. Moreover, we showed 

that one-week treatment of stromal inhibitors with gemcitabine shows a trend in primary tumor 

decrease (Fig.1, 2) but had no effect on the metastatic tumor volume (Fig.1, 3). We thus wanted 

to evaluate if prolonged treatment of the combination of gemcitabine with stromal modulators 
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would have an effect on metastatic disease. First, we utilized the orthotopic mouse model, which 

allowed us to establish primary tumors almost identical in size in all mice. We then subjected 

those mice to ultrasound to obtain baseline tumor volumes. The treatment regimen was initiated 

on the day after ultrasound and consisted of daily treatment with stromal inhibitors (or vehicle 

control) and bi-weekly gemcitabine administration (Fig.7). Second ultrasound was performed 7 

days after the first one, and the last ultrasound was performed on the last day of 14-day treatment. 

We previously showed that mice in the orthotopic group become morbid and start to die around 

day 17 post tumor implantation, thus we euthanized all the mice and harvested their livers, gut, 

lungs and peritoneum for metastasis formation on day 19 post tumor implantation. Gross analysis 

of the metastasis formed preformed upon necropsy of the mice revealed that single stromal agents 

in combination with gemcitabine show a trend in the reduction of metastases formation. 

Importantly, the group with dual inhibitor treatment in addition to gemcitabine showed no visible 

metastases upon gross examination.  

 Second, we utilized the hemisplenectomy model of PDA metastasis (165) and performed 

a three-week treatment with daily stromal inhibitors and bi-weekly gemcitabine administration as 

shown in Fig.9 to evaluate if prolonged treatment would have beneficial effect on the metastatic 

tumor volume. Tumor volume was measured by ultrasound at baseline (5 days post tumor 

inoculation), then again on day 12, 19 and 26 post tumor inoculation (every 7 days) (Fig.9). Our 

data show that prolonged (three week) treatment results in decreased tumor volume in all groups 

when compared to the vehicle treatment (Fig.10). Notably, the biggest decrease in metastatic 

tumor volume is observed in the triple combination group of dual stromal inhibitors along with 

gemcitabine. Single stromal modulatory agents show a moderate decrease in metastatic tumor 

volume in combination with gemcitabine, with c-Met having a greater effect then Hh (Fig.10). 

The data propose that combination therapy that targets the stromal pathways of both c-Met and 

Hh along with gemcitabine should be utilized to significantly decrease metastatic tumor burden.  
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Prolonged combination treatment of dual stromal inhibitors leads to increased gemcitabine 

treatment by overcoming c-Met and Hh resistance in transgenic model of PDA (the KPC 

mouse model) 

 Our data showed that even short term treatment (one week) with either c-Met or Hh 

pathway inhibitors as single agents (in combination with gemcitabine) show an upregulation of 

the other, non-targeted pathway (Fig.4, 5) leading to a potential resistance to those single agents 

and ineffectiveness in terms of tumor shrinkage (Fig.2 and chapter 2). In addition, we also 

showed that dual stromal inhibition results in gemcitabine sensitization as indicated by increased 

tumor cell death in the triple combination group (Fig.6). We next wanted to determine the effect 

of prolonged (three week) treatment on the pathway activation, resistance and gemcitabine 

sensitivity in the KPC mouse model. We chose to use the transgenic model, since the treatment 

window is bigger in this model (PDA development around 3-4 months of age with median 

survival of about 5.5 months)(109, 126) when compared to the orthotopic model (chapter 2). The 

treatment regimen is shown in Fig.11. Briefly, mice were treated daily for 21 days with stromal 

inhibitors or vehicle control and bi-weekly gemcitabine. Tumor volume was measured by 

ultrasound at baseline and then again weekly until the end of treatment. On the last day of 

treatment the mice were euthanized and their pancreata harvested for analysis. We show that, 

similarly to the one-week treatment regimen, dual stromal modulation along with gemcitabine 

administration results in a significant reduction of the c-Met and Shh protein expression with 

gemcitabine only treatment having no effect on the levels of either protein (Fig.12A, B). 

Moreover, targeting the c-Met pathway (single inhibitor plus gemcitabine) leads to 

overexpression of Shh (potential resistance mechanism) (Fig.12B). Interestingly, either single 

inhibitor decreases the expression of c-Met receptor, with c-Met inhibitor, not surprisingly, 

having a greater affect (Fig.12A). Since both the Hh (170) and the c-Met (171) pathway have 

been implicated as markers of the stem cell population in PDA, targeting either pathway may 
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have an effect on the phenotype of this cell population in terms of c-Met expression. Further 

studies are needed to establish the validity of the claim.  

Since, we already showed that dual stromal targeting leads to increased gemcitabine 

sensitivity in primary tumors in mouse models of PDA after short term treatment (Fig.6), we 

wanted to examine if the same was true when the treatment was extended from one-week to 

three-week regimen. We again, analyzed the incidence of apoptosis of tumor cell via the TUNEL 

assay following the same scoring theme as described above. As expected, gemcitabine only group 

shows a minimal increase in tumor cell death when compared to the vehicle treatment (Fig.12C). 

Moreover, the addition of single stromal inhibitor seems to have no effect on the incidence of 

apoptotic tumor cells, suggesting that the existence of apoptotic cells is specific to gemcitabine 

treatment and not the stromal inhibition. Importantly, only dual stromal inhibition shows 

increased sensitivity to gemcitabine as determined by significantly increased tumor cell death 

(Fig.10C). Taken together, the data provides a mechanistic rationale to overcome the resistance 

of single stromal agents and increased gemcitabine sensitivity in PDA via the combination of 

stromal pathway inhibitors, the c-Met and Hh along with conventional chemotherapy- 

gemcitabine.   
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Discussion 

PDA is still one of the deadliest cancers worldwide with limited therapeutic options 

(155).  Here, we demonstrate that combination of targeted stromal pathway inhibition of the c-

Met and Hh pathways along with gemcitabine treatment lead to significant reduction of primary 

and metastatic tumor volume and diminished metastases formation in mouse models of PDA. We 

also provide evidence that this dual stromal therapy overcomes single agent resistance and 

increases gemcitabine sensitivity.   

In our previous study, we reported that dual targeting of the heterogeneously expressed c-

Met and Hh pathways in PDA results in the reduction in primary tumor volume and metastases 

formation via the inhibition of a pro-metastatic protein Annexin A2 (AnxA2) (chapter 2). This 

study not only confirms the prior finding but also provides an additional mechanistic explanation 

to the affectivity of dual stromal inhibition in terms of the decrease in PDA tumor burden, namely 

the sensitization to gemcitabine. It also explains why single stromal agent clinical trials fail to 

show efficacy in human subjects (149). One of the reasons is the development of resistance to 

those agents by overexpression of other, non-targeted pathways. We demonstrated that the 

upregulation of those non-targeted pro-tumorigenic pathways tends to be more prominent in 

longer- term treatments. Importantly, we provided evidence that dual targeting of pathways that 

have been shown to regulate key regulatory molecule in PDA: AnxA2 in this case (109), 

overcome this resistance mechanism and sensitize PDA tumors to the conventional chemotherapy 

of gemcitabine. Based on our data we cannot exclude, the role of other pro-tumorigenic and pro-

metastatic pathways as potential other candidates that could lead to the re-development of 

resistance after long-term treatment. In addition, future studies are warranted to examine the 

effect of this triple treatment combination on survival benefit.  

Numerous studies reported the benefit of stromal modulation in terms of gemcitabine 

sensitivity in mouse models of PDA (7, 160, 171-173), however the use of those agents in 

combination with gemcitabine in clinical trials with human subjects failed to show benefit (161-
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164). This study offers an insight into the lack of success of those trials by providing a 

combination therapy that results in PDA tumor sensitization to gemcitabine and overcomes the 

resistance mechanism of single agent therapies.  

In summary, this study provides evidence that combination therapy of pharmacological 

agents that target dual stromal signals, which culminate in neoplastic cell regulation with 

gemcitabine has a beneficial effect in terms of primary and metastatic tumor shrinkage and 

metastases formation. In addition, those finding deliver a platform for the development of clinical 

trials utilizing this triple combination in human subjects as means of PDA treatment.  
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Figure 3.1. Schematic representation of treatment regimen in three murine models of PDA. 

Day 0 represents the day of the hemisplenectomy (metastatic PDA model) or orthotopic 

implantation of primary pancreatic tumors. Hemisplenectomy, orthotopic ( on postoperative day 

5) and the transgenic KPC mouse models were subjected to ultrasound to establish baseline tumor 

data. Daily treatment by oral gavage with stromal inhibitors or vehicle control was initiated on the 

day after ultrasound. Gemcitabine was administered by intraperitoneal injection on post-operative 

days 7 and 10 in the hemisplenectomy and orthotopic mice, or days 2 and 5 post- ultrasound in 

KPC mice. Second ultrasound was performed on the last day of treatment. Mice from all groups 

were euthanized on the last day of treatment and the panreata and livers were harvested for 

analysis. GEM-gemcitabine, Hh-Hh inhibitor, c-Met-c-Met inhibitor, DMSO-vehicle control. 
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Figure 3.2.Combination of stromal signaling inhibition with gemcitabine in orthotopic and 

transgenic (the KPC) mouse models of PDA shows a trend in primary tumor shrinkage 

after one week of treatment. The orthotopic (panel A) and the KPC (panel B) mouse models of 

PDA were treated with stromal inhibitors and bi-weekly gemcitabine as shown in Figure 1. 

Tumor volumes were obtained at baseline and on the last day of treatment. The data shows tumor 

volume fold changes calculated as a ratio by comparison of the post-treatment to the baseline 

tumors. Data is representative of 1 experiment with at least 7 mice per group. GEM-gemcitabine, 

Hh-Hh inhibitor, c-Met-c-Met inhibitor, DMSO-vehicle control. 
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Figure 3.3.Combination of stromal signaling inhibition with gemcitabine in metastatic 

mouse model of PDA (the hemisplenectomy mouse model) shows no changes in metastatic 

tumor shrinkage after one week of treatment. Hemisplenectomy mouse model of metastatic 

PDA were treated with stromal inhibitors and bi-weekly gemcitabine as shown in Figure 1. 

Tumor volumes were obtained at baseline and on the last day of treatment. The data shows tumor 

volume fold changes calculated as a ratio by comparison of the post-treatment to the baseline 

tumors. Data is representative of 1 experiment with at least 7 mice per group. GEM-gemcitabine, 

Hh-Hh inhibitor, c-Met-c-Met inhibitor, DMSO-vehicle control. 
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Figure 3.4.Combination of dual stromal signaling inhibition with gemcitabine in orthotopic 

mouse model of PDA results in decrease of c-Met and Shh expression in primary PDA 

tumors. Primary tumors from orthotopic mice after treatment with stromal inhibitors and bi-

weekly gemcitabine as shown in Figure 1 were harvested and subjected to IHC staining for c-

Met  (panel A) and Shh (panel B). All tumor IHC slides were scored for the expression of c-Met 

and Shh. The scoring method designed as score between 0 and 3, where 0 is no positive staining, 

3 is high positive staining. The data is representative of 1 experiment with at least 7 mice per 

group. GEM-gemcitabine, Hh-Hh inhibitor, c-Met-c-Met inhibitor, DMSO-vehicle control. 
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Figure 3.5.Combination of dual stromal signaling inhibition with gemcitabine in transgenic 

mouse model of PDA (the KPC mice) results in decrease of c-Met and Shh expression in 

primary PDA tumors. Primary tumors from the  KPC mice after treatment with stromal 

inhibitors and bi-weekly gemcitabine as shown in Figure 1 were harvested and subjected to IHC 

staining for c-Met  (panel A) and Shh (panel B). All tumor IHC slides were scored for the 

expression of c-Met and Shh. The scoring method designed as score between 0 and 3, where 0 is 

no positive staining, 3 is high positive staining. The data is representative of 1 experiment with at 

least 7 mice per group. GEM-gemcitabine, Hh-Hh inhibitor, c-Met-c-Met inhibitor, DMSO-

vehicle control. 
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Figure 3.6.Combination of dual stromal signaling inhibition with gemcitabine in two mouse 

models of PDA (orthotopic and KPC mice) leads to increased tumoral cell death. The 

orthotopic (panel A) and the KPC (panel B) mouse models of PDA were treated with stromal 

inhibitors and bi-weekly gemcitabine as shown in Figure 1. Primary tumors from both mouse 

models were harvested on the last day of treatment and subjected to TUNEL staining for 

apoptotic cells. All tumor TUNEL stained slides were scored for the presence of apoptotic 

tumoral cells.   The scoring method used score between 0 and 3, where 0 is no positive staining, 3 

is high positive staining. The data is representative of 1 experiment with at least 7 mice per group. 
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Figure 3.7. Schematic representation of two week treatment regimen in the orthotopic 

mouse models of PDA. Day 0 represents the day of orthotopic implantation of primary 

pancreatic tumors. On postoperative day 5 the mice were subjected to ultrasound to establish 

baseline tumor data. Daily treatment by oral gavage with stromal inhibitors or vehicle control was 

initiated on the day after ultrasound and lasted for 14 days. Gemcitabine was administered by 

intraperitoneal injection on post-operative days 7, 10, 14 and 17. Second ultrasound was 

performed on post-operative day  12 and the last ultrasound on the last day of treatment (post-

operative day 19). Mice from all groups were euthanized on the last day of treatment and the 

panreata, livers, lungs and peritoneum were harvested for  metastases formation analysis. GEM-

gemcitabine, Hh-Hh inhibitor, c-Met-c-Met inhibitor, DMSO-vehicle control. 

 

 

 

 

 

 

 

Orthotopic implantation 
 

0     6 5 7 

GEM GEM 

14 

ULTRASOUND 

19 

ULTRASOUND 

HARVEST 

Hh, c-Met, Hh+c-Met, DMSO 

10 

GEM 

17 

GEM 

ULTRASOUND 

12 



97	  
	  

97	  

 

Figure 3.8. Combination of dual stromal signaling inhibition with gemcitabine in orthotopic 

mouse models of PDA shows a trend in the decrease of metastasis formation. All mice were 

treated following the treatment regiment shown in Figure 7. Mice from all groups were 

euthanized on the last day of treatment and the panreata, livers, lungs and peritoneum were 

harvested for metastases formation analysis. Gross and histological analysis of all collected tissue 

for the presence of metastases was performed. The data shows the summary of total numbers of 

metastases formed (gross and histological) in each group. The data is representative of 1 

experiment with at least 7 mice per group GEM-gemcitabine, Hh-Hh inhibitor, c-Met-c-Met 

inhibitor, DMSO-vehicle control.
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Figure 3.9. Schematic representation of three-week treatment regimen in the 

hemisplenectomy mouse models of metastatic PDA. Day 0 represents the day of 

hemisplenectomy. On postoperative day 5 the mice were subjected to ultrasound to establish 

baseline tumor data. Daily treatment by oral gavage with stromal inhibitors or vehicle control was 

initiated on the day after ultrasound and lasted for 21 days. Gemcitabine was administered by 

intraperitoneal injection on post-operative days 7, 10, 14,17, 20 and 24. Second ultrasound was 

performed on post-operative day  12 , third ultrasound on post-operative day 19 and the last 

ultrasound on the last day of treatment (post-operative day 26). Mice from all groups were 

euthanized on the last day of treatment and the panreata and livers were harvested for analysis. 

GEM-gemcitabine, Hh-Hh inhibitor, c-Met-c-Met inhibitor, DMSO-vehicle control. 
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Figure 3.10.Combination of stromal signaling inhibition with gemcitabine in metastatic 

mouse model of PDA (the hemisplenectomy mouse model) shows trend in metastatic tumor 

shrinkage after three weeks of treatment. Hemisplenectomy mouse model of metastatic PDA 

were treated with stromal inhibitors and bi-weekly gemcitabine as shown in Figure 9. Tumor 

volumes were obtained at baseline and on the last day of treatment. The data shows tumor volume 

fold changes calculated as a ratio by comparison of the post-treatment to the baseline tumors. 

Data is representative of 1 experiment with at least 7 mice per group. GEM-gemcitabine, Hh-Hh 

inhibitor, c-Met-c-Met inhibitor, DMSO-vehicle control. 
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Figure 3.11. Schematic representation of three-week treatment regimen in the transgenic 

KPC mouse models of PDA. On day 1 the mice were subjected to ultrasound to establish 

baseline tumor data. Daily treatment by oral gavage with stromal inhibitors or vehicle control was 

initiated on the day after ultrasound and lasted for 21 days. Gemcitabine was administered by 

intraperitoneal injection on treatment days 2, 5, 99, 12, 15, and 19. Second ultrasound was 

performed on day 7, third ultrasound on day 14 and the last ultrasound on the last day of 

treatment (day 21). Mice from all groups were euthanized on the last day of treatment and the 

panreata, livers were harvested for analysis. GEM-gemcitabine, Hh-Hh inhibitor, c-Met-c-Met 

inhibitor, DMSO-vehicle control. 
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Figure 3.12. Combination of dual stromal signaling inhibition with gemcitabine in the 

transgenic KPC mouse model of PDA results in decrease of c-Met and Shh expression and 

increased cell death in primary PDA tumors. Primary tumors from the KPC mice after 

treatment with stromal inhibitors and bi-weekly gemcitabine as shown in Figure 9 were 

harvested and subjected to IHC staining for c-Met  (panel A) and Shh (panel B) as well as the 

TUNEL staining for apoptotic cells (panel C). The scoring method used score between 0 and 3, 

where 0 is no positive staining and 3 is high positive staining. The data is representative of 1 

experiment with at least 7 mice per group. GEM-gemcitabine, Hh-Hh inhibitor, c-Met-c-Met 

inhibitor, DMSO-vehicle control. 
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Chapter 4 

 

Semaphorin 3D autocrine signaling mediates the metastatic role of 

Annexin A2 in pancreatic cancer 
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Abstract 

Most patients with pancreatic ductal adenocarcinoma (PDA) present with metastatic 

disease at the time of diagnosis or will recur with metastases after surgical treatment. 

Semaphorin–plexin signaling mediates the migration of neuronal axons during development and 

of blood vessels during angiogenesis. The expression of the gene encoding semaphorin 3D 

(Sema3D) is increased in PDA tumors, and the presence of antibodies against the pleiotropic 

protein annexin A2 (AnxA2) in the sera of some patients after surgical resection of PDA is 

associated with longer recurrence-free survival. By knocking out AnxA2 in a transgenic mouse 

model of PDA (KPC) that recapitulates the progression of human PDA from premalignancy to 

metastatic disease, we found that AnxA2 promoted metastases in vivo. The expression of AnxA2 

promoted the secre- tion of Sema3D from PDA cells, which coimmunoprecipitated with the co-

receptor plexin D1 (PlxnD1) on PDA cells. Mouse PDA cells in which SEMA3D was knocked 

down or ANXA2-null PDA cells exhibited de- creased invasive and metastatic potential in 

culture and in mice. However, restoring Sema3D in AnxA2-null cells did not entirely rescue 

metastatic behavior in culture and in vivo, suggesting that AnxA2 mediates additional 

prometastatic mechanisms. Patients with primary PDA tumors that have abundant Sema3D have 

widely metastatic disease and decreased survival compared to patients with tumors that have 

relatively low Sema3D abundance. Thus, AnxA2 and Sema3D may be new therapeutic targets 

and prognostic markers of metastatic PDA.  
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Introduction 

Pancreatic ductal adenocarcinoma (PDA), a devastating malignant disease with a 5-year 

survival of less than 5%, is highly metastatic and resistant to most conventional 

chemotherapeutics (155). Surgical resection remains the primary treatment for PDA, but only 

20% of patients present with locally resectable disease at the time of diagnosis, and most patients 

develop drug- resistant metastatic disease after surgical resection (174).  

We recently identified the antibodies against a metastasis-associated protein, annexin A2 

(AnxA2), in the sera of patients who were treated in a phase 2 study with an allogeneic, 

granulocyte-macrophage colony-stimulating factor (GM-CSF)–secreting tumor vaccine and who 

demonstrated pro- longed recurrence-free survival after surgical resection of primary PDAs (92). 

In another study, the phosphorylation of Tyr23 in AnxA2 promoted metastases of PDA cells, 

whereas short hairpin RNA (shRNA)–mediated knockdown or antibody-mediated blockade of 

AnxA2 suppressed metastases in two murine transplantable tumor models (74).  

Human PDA genome studies uncovered genetically altered molecular pathways that may 

regulate the metastatic process (175, 176). Although originally identified and characterized as 

axon guidance genes, genes encoding semaphorins and their cognate receptors (complexes 

composed of plexins and neuropilins) were found to be among the cellular pathways that are most 

frequently altered at the genetic level in PDA (175). The genes encoding axon guidance 

molecules, including class 3 semaphorins and plexins, were amplified in 18% of PDAs, and an 

additional 3% of PDAs had mutations in these genes. Previously, amplification of the gene 

encoding SEMA3A and the gene encoding a member of its receptor plexin A1 (PlxnA1) 

correlated with poor survival in PDA patients (177). Biankin et al. (175) found that the abundance 

of multiple semaphorins increased progressively during pancreatic tumorigenesis in a mouse 

model of PDA, further suggesting that dysregulation of these molecules contributes to PDA 

progression. In addition to their known correlation with PDA survival, plexins also play a role in 
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the development and progression of other cancer types. Specifically, PlxnD1 abundance is 

associated with high-grade primary and metastatic melanomas (178) as well as poorly 

differentiated cervical carcinoma tissues (179). By serving as a cellular receptor and signaling 

transducer for the class 3 semaphorin Sema3E, PlxnD1 promotes cancer cell invasiveness in 

multiple human tumor types and metastatic spreading in mouse models (180). In addition, 

Sema3E-PlxnD1 signaling suppresses apoptosis in metastatic breast cancer cells (181). These 

outcomes of increased PlxnD1 signaling are similar to those implicated for AnxA2 in PDA 

development (74). Like these axon guidance pathways, Semaphorin 3D (Sema3D) via PlxnD1 

has been implicated in angiogenesis, invasion, cancer cell growth, and survival (182). 

Additionally, Sema3D and PlxnD1 have been shown to promote metastasis in various types of 

cancer and regulate the epithelial to mesenchymal transition (EMT) (183-185). Here, we 

investigated the mechanisms through which Sema3D-PlxnD1 signaling functions in PDA 

development and metastasis formation.  
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Materials and Methods 

 

Human PDA specimens  

According to a Johns Hopkins Medical Institution (JHMI) Institutional Review Board 

(IRB)–approved protocol, archived PDA specimens were obtained from consecutive patients who 

underwent pancreaticoduodenectomy between 1998 and 2004 at Johns Hopkins Hospital (JHH) 

and received adjuvant chemoradiation therapy as previously described (127). Only patients who 

were primarily followed at JHH, with a DFS of >2 or <1 years, and whose archived paraffin-

embedded tissue blocks were in good condition were included. In addition, a tissue microarray 

made from PDA specimens that were obtained from a JHMI IRB–approved rapid autopsy 

protocol was also included as previously described (186, 187). 

 

Mouse models of PDA  

All animal experiments conformed to the guidelines of the Animal Care and Use 

Committee of the Johns Hopkins University, and animals were maintained in accordance with the 

guidelines of the American Association of Laboratory Animal Care. All mice were monitored 

twice a day.  

A genetically engineered mouse model of PDA, designated KPC mice, was previously 

established through a knock-in of pancreatic-specific, conditional alleles of the KRASG12D and 

TP53R172H mutations on a mixed 129/SvJae/C57Bl/6 background. These mice, when crossed 

with PDX-1-CRE+/+ mice, develop PanIN lesions that progress stepwise, similar to human dis- 

ease, into PDA (126). The KPC mice were successfully backcrossed onto a C57Bl/6 background 

for nine generations. In addition to the KPC mice, ANXA2 homozygous knockout mice 

(ANXA2−/−) on a C57Bl/6 background were also obtained (188) and crossed with the KPC mice 

to generate KRASG12D TP53R172H PDX-1-CRE+/+ ANXA2−/− (KPCA−/−) mice.  
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The mouse hemi-spleen liver metastasis model has been previously described (165, 166). 

In short, the spleens of anesthetized female C57Bl/6 mice of ages 8 to 10 weeks were divided into 

two halves, and the halves were clipped. In total, 2 × 106 PDA cells were injected into the splenic 

vessels (splenic artery and veins) through one hemi-spleen followed by a flush of phosphate-

buffered saline (PBS) buffer. After the injection, the splenic vessels draining the injected hemi-

spleen were clipped, and the hemi-spleen was removed. The abdominal wall was sutured, and the 

skin was adapted using wound clips. All mice were followed twice daily for survival.  

The mouse pancreatic orthotopic model was described previously (74). In brief, 2 × 106 

PDA cells were subcutaneously injected into the flanks of syngeneic female C57Bl/6 mice. After 

1 to 2 weeks, the subcutaneous tumors were harvested and cut into ~1-mm3 pieces. New 

syngeneic female C57Bl/6 mice, ages 8 to 10 weeks, were anesthetized. The abdomen was 

opened via a left subcostal incision. A small pocket was prepared inside the pancreas using 

microscissors, into which one piece of the subcutaneous tumor was implanted. The incision in the 

pancreas was closed with a suture. The abdominal wall was sutured, and the skin was adapted 

using wound clips. Tumor size and metastasis formation were monitored at the indicated time 

points using small-animal ultrasound (Vevo770, VisualSonics).  

 

Inferior vena cava model of lung metastases  

The inferior vena cava (IVC) of anesthetized female C57Bl/6 mice of ages 8 to 10 weeks 

was exposed by making a midline incision into the peritoneum and moving the small and large 

intestines to one side. In total, 5 × 105 KPC or KPCA−/− cells were injected into the IVC at a 

position above the superior mesenteric vein. A sterile cotton swab was used to apply pressure for 

2 to 3 min immediately after the injection to allow the blood to clot. The abdominal wall was 

sutured, and the skin was adapted using wound clips. All mice were followed twice daily. The 

mice were sacrificed 19 days after the IVC injection, and the lungs were harvested for 
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histological analysis of metastasis formation. This model produces lung metastases more 

consistently than tail vein injection.  

At necropsy, metastases were examined. Both macrometastases and micrometastases 

were scored for all metastatic evaluations. However, only the microscopic evaluations are 

presented here. The pancreas as well as the primary sites of metastases, including the liver, lung, 

and bowel, were re- moved and carefully sectioned for histological examination (fig. S17). All 

macrometastases observed during necropsy were confirmed upon histological analysis. 

Additional micrometastases were found in some mice upon histological examination of the tissue 

sections. Each experiment was repeated at least twice.  

 

Development of KPC and KPCA−/− primary epithelial tumor cell lines  

Pancreatic tumors were harvested from KPC or KPCA−/− mice into transport medium 

[RPMI 1640, penicillin (50 U/ml), streptomycin (50 mg/ml), gentamicin sulfate (10 mg/ml), and 

fungizone (2.5 mg/ml); Invitrogen] and placed on ice. The tumors were diced using a surgical 

blade, placed in prewarmed digest medium [RPMI 1640, 5% fetal bovine serum (FBS), 

collagenase (1500 U/ml), and hyaluronidase (1000 U/ml); Invitrogen] and incubated at 37°C for 1 

hour. After the digest, the tumor was filtered through a cell strainer (100 mm). The cells were 

spun at 1500 rpm for 10 min. All of the cells were plated in a 25-cm flask in primary pancreatic 

tumor medium [RPMI 1640, 10% FBS, 2 mM L-glutamine, 1% nonessential amino acids, 1 mM 

sodium pyruvate, penicillin (50 U/ml), and streptomycin (50 mg/ml); Invitrogen]. Two days later, 

the nonadherent cells were removed, and fresh primary pancreatic tumor medium was added to 

the flask. When the cells reached confluence, trypsin was added to the flask for 1 min to remove 

the fibroblasts. The fibroblasts were transferred to a new flask, and fresh medium was added to 

the original flask. This procedure was repeated until pure epithelial and fibroblast cell lines were 

obtained.  
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Cells  

KPC and KPCA−/− cell lines were developed as described previously. Panc02 cells are a 

methylcholanthrene-induced pancreatic tumor cell line derived from C57Bl/6 mice (125). All 

mouse pancreatic tumor cells were maintained in RPMI 1640 medium containing 10% FBS, 1 

mM sodium pyruvate, 2 mM L-glutamine, 1% nonessential amino acids (100×), penicillin (50 

U/ml), and streptomycin (50 mg/ml) (Invitrogen) in a humidified incubator at 37°C, 5% CO2. 

COS7 cells were maintained in Dulbecco’s modified Eagle’s medium containing 10% FBS in a 

humidified incubator at 37°C, 5% CO2.  

 

Cell proliferation  

Cell proliferation was verified using cell counting kit-8 (CCK8). In brief, 2.5 × 105 tumor 

cells were plated in a six-well plate in complete medium. For the 0-hour time point, the medium 

was removed and replaced with 1 ml of fresh medium along with 100 ml of CCK8 reagent 

(Sigma) once the cells adhered to the plate. The plate was returned to the incubator for 2 hours 

and read at 450 nm on a SpectraMax M3 plate reader, using Softmax Pro v. 6.3 software 

(Molecular Devices). This procedure was repeated at 24 and 48 hours.  

 

Quantitative RT-PCR  

Pancreatic tumors were harvested from KPC and KPCA−/− mice, flash-frozen in liquid 

nitrogen or optimum cutting temperature compound (OCT), and stored at −80°C until RNA 

extraction was performed or slides were sectioned. RNA was extracted from flash-frozen 

pancreatic tissues using Trizol reagent. In brief, pancreatic tumors were diced in 1 ml of Trizol 

reagent and incubated at room temperature for 30 min. Chloroform was added (200 ml), and the 

samples were shaken vigorously for 15 s before incubation at room temperaure for 2 min. 
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Samples were spun at 12,000 rpm, and the aqueous phase was transferred to a fresh 

microcentrifuge tube. Isopropanol was added to the aqueous phase, and the samples were left at 

room temperature for 10 min. The samples were again centrifuged at 12,000 rpm, and the 

supernatant was re- moved. The RNA pellet was washed once in 75% ethanol, centrifuged at 

9500 rpm, and left to air-dry for 30 min at room temperature. The RNA pellet was resuspended in 

50 ml of distilled water, which was then added to a Qiagen Mini-Prep RNA extraction column. 

Then, RNA purification was performed according to the manufacturer’s instructions (Qiagen).  

RNA was extracted from the frozen sections of pancreatic tumor embedded in OCT using 

Ambion’s RNAqueous-Micro kit according to the manufacturer’s protocol. qRT-PCR was 

performed on an Applied Biosystems RT-PCR machine (Life Technologies). All primers were 

obtained from Applied Biosystems (Life Technologies). Reactions were performed using Taq 

MasterMix (Life Technologies). All mRNA expression values were normalized to mouse 

GAPDH expression values.  

 

Western blot analysis  

Cells were lysed in 250 mM NaCl, 5 mM EDTA, 50 mM tris (pH 7.4), and 0.5% NP-40 

containing protease inhibitors. After lysis, the lysate was spun at 15,000 rpm for 5 min. Samples 

boiled in SDS sample buffer containing reducing agents (Bio-Rad) were loaded and 

electrophoresed on a 4 to 12% bis-tris gel (Bio-Rad) for 2 hours at 120 V. The gels were 

transferred onto nitrocellulose membranes at 80 V for 1 hour at 4°C. The membranes were 

blocked in 5% bovine serum albumin (BSA) overnight at 4°C on a shaker. Primary antibodies 

were added in 2.5% BSA, and the membranes were incubated at room temperature for 2 hours. 

The membranes were washed and then incubated with rabbit or mouse secondary antibodies 

against horseradish peroxidase (1:5000; GE) for 1 hour at room temperature. The membranes 

were again washed and then developed using enhanced chemiluminescence reagent (GE). 

Western blot analysis was performed using the following primary antibodies: a rabbit polyclonal 
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antibody against Sema3D (1:1000; Abcam), a rabbit polyclonal antibody against AnxA2 (1:000; 

Santa Cruz Bio- technology), a rabbit polyclonal antibody against PlxnD1 (1:1000; Novus), or a 

mouse polyclonal antibody against b-actin (1:500; Santa Cruz Biotechnology).  

 

Restoration of ANXA2 expression in the KPCA−/− cell line  

The full-length mouse ANXA2 cDNA (wild type and Y23A) (National Center for 

Biotechnology Information, GenBank: BC005763.1) was amplified using the following primers: 

forward, GCGTCTAGAATGTCTACTGTCCAC- GAAATCCTG; reverse, 

CGCGGATCCTCAGTCATCCCCACCACA- CAGGT. The amplicon was purified using the 

QIAquick PCR Purification Kit (Qiagen) and verified by sequencing. The QIAquick Gel 

Extraction Kit (Qiagen) was used to purify the PCR product, and the product was then ligated 

into a pHIV-EGFP plasmid. The plasmid was grown in an overnight culture under ampicillin 

selection and was then purified using the PureLink HiPure Plasmid Maxiprep Kit (Invitrogen). To 

produce lentivirus expressing mouse ANXA2, 293T cells were seeded in multiple six-well plates 

to 80% confluence. The plasmid containing ANXA2 was cotransfected with packaging plasmids 

into 293T cells as previously described (189), using Lipofectamine 2000 (Invitrogen) in Opti-

MEM medium. Lentiviral supernatant was collected at 48 hours. For infection, KPC cells were 

seeded in a 75-cm flask to 80% confluence. For each 75-cm flask, 5 ml of lentiviral supernatant 

was added with polybrene (5 mg/ml), and the cells were incubated for 48 hours before being 

harvested. The cells were then analyzed by fluorescence-activated cell sorting (FACS) for GFP-

positive cells and maintained in culture medium containing puromycin (0.25 mg/ml), which is a 

nonselecting dose. AnxA2 abundance in the sorted cells was confirmed by Western blot.  
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Overexpression of SEMA3D, shRNA knockdown of SEMA3D, and shRNA knockdown of 

PLXND1 in KPC cells  

Lentivirus expressing mouse SEMA3D cDNA (pReceiver-Lv203, GeneCopoeia), mouse 

SEMA3D shRNA (GeneCopoeia), or mouse PLXND1 shRNA (Thermo Scientific) was produced 

as described earlier. For infection, KPC cells were seeded in a 75-cm flask to 80% confluence. 

For each 75-cm flask, 5 ml of lentiviral supernatant was added with polybrene (5 mg/ml) and 

incubated for 48 hours before the cells were harvested. The cells were then analyzed by FACS for 

GFP-positive cells. Sema3D and PlxnD1 abundance in the sorted cells was assessed by Western 

blot.  

 

Plasmid transfection and RNA interference  

For plasmid transfection and RNA interference, cells were seeded in 10-cm dishes to 

80% confluence. For each dish, 20 pmol of each siRNA duplex was transfected with 

Lipofectamine 2000 in serum-containing medium according to the manufacturer’s instructions 

(Invitrogen). For invasion analysis, the culture medium was replaced with serum-free medium 24 

hours after transfection, and the cells were harvested and plated in the invasion chamber 24 hours 

later. The ANXA2 (4), PLXND1, and scramble siGENOME siRNAs were purchased from GE.  

 

Microarray analysis  

RNA was extracted from the KPC and KPCA−/− cell lines using the Qiagen RNA Mini 

Kit according to the manufacturer’s instructions. Microarray analysis was performed at the Johns 

Hopkins Deep Sequencing and DNA Microarray Core using the Affymetrix MoEx Mouse Exon 

1.0 ST array (Affymetrix). Data were extracted, RMA (robust multi-array average)–normalized, 

and analyzed for gene-level expression on the Partek Genomics Suite 6.6 platform (Partek Inc.). 

Gene Ontology analysis was performed using Spotfire DecisionSite with Functional Genomics 
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Gene Ontology Browser (Tibco Spotfire Inc.). The genes that were increased or decreased in 

abundance by more than 1.5-fold were included for the analysis, which compared them to the 

universe of all the microarray’s genes. The canonical pathways containing these genes were 

ranked by P values according to Fisher’s exact test. The lower the P value is, the less likely these 

results could have occurred by chance, and thus, the more significantly the given pathway is 

enriched with genes that are either increased or decreased in abundance. We prioritized in our 

studies the two functional categories (cell movement pathway and cell morphology and 

remodeling pathway) that are the most significantly enriched with genes increased and decreased 

in abundance, respectively, because we are interested in studying the role of AnxA2 in invasion 

and metastasis. We then chose the six genes that were the most significantly increased or 

decreased in abundance from each of the two functional categories for further validation by RT-

PCR in independent KPC and KPCA−/− tumor tissue.  

 

Immunofluorescence  

OCT-embedded frozen pancreatic tumors from KPC and KPCA−/− mice were sectioned 

and fixed in 4% paraformaldehyde for 10 min. The tumor sections were incubated in PBS 

containing 0.1% Triton X-100 for 5 min and then washed with PBS. Then, the tumor sections 

were blocked with 10% normal goat or donkey serum in PBS for 1 hour. Next, the tumor sections 

were incubated with antibodies against Sema3D (Abnova), PlxnD1 (Novus), Sema3A (Abcam), 

Snail1 (Abcam), NG2 (Chemicon), or AnxA2 (Cell Signaling) at a dilution of 1:25, 1:50 (Snail1), 

1:300 (NG2), or 1:100 (AnxA2) in 10% normal goat or donkey serum overnight at 4°C. After the 

overnight incubation, the tumor sections were washed and were further incubated with FITC-

conjugated goat antibodies against rabbit immunoglobulin G (IgG), FITC-conjugated goat 

antibodies against mouse IgG (Southern Bio- technology), or AF594-conjugated donkey 

antibodies against rabbit IgG (Life Technologies) at a 1:200 dilution or according to the 
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manufacturer’s instructions (AF594) in 10% normal goat or donkey serum at room tem- perature 

for 1 hour. NG2 staining was performed according to a previously described protocol (190). The 

tumor sections were subsequently washed and mounted in medium containing DAPI (4′,6-

diamidino-2-phenylindole) (Vector Labs) before being examined under a fluorescence 

microscope.  

 

Sema3D ELISA  

Sema3D ELISA was performed according to the manufacturer’s protocol (Cusabio). In 

brief, KPC and KPCA−/− cells were plated at 2.5 × 105 cells per well in a six-well plate. The 

next day, the medium was replaced with fresh medium containing the indicated amount of mouse 

monoclonal anti- body against AnxA2 (clone Z014, both human and murine AnxA2-reactive; 

Invitrogen), and the cells were returned to the incubator for 24 hours. After incubation, the 

supernatant was removed from each well and spun at 1500 rpm for 5 min to remove any floating 

cells. The supernatant from the KPC cells was diluted 1:66 in the sample buffer provided in the 

kit, whereas the super- natant from the KPCA−/− cells was diluted 1:3 in the sample buffer. 

These dilutions were chosen because the final concentrations of Sema3D in these samples 

approximated 300 pg/ml, which falls in the middle of the standard curve.  

 

Coimmunoprecipitation  

Coimmunoprecipitation of AnxA2 and Sema3D was performed as follows. The Pierce 

Crosslink IP Kit (Thermo Scientific) was used to cross-link AnxA2 antibodies (BD Biosciences) 

to beads before performing coimmunoprecipitation according to the manufacturer’s instructions 

with modifications. In brief, Protein A/G Plus agarose beads were loaded onto a column along 

with 5 mg of AnxA2 antibodies. Then, the column was incubated on a rotator for 60 min at room 

temperature. Next, after washing the beads three times with coupling buffer followed by 
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centrifugation, 2.5 mM disuccinimidyl suberate was added to the column, and the cross-linking 

reaction was allowed to proceed for 1 hour on a rotator at room temperature. Then, the column 

was washed three times, and antibody cross-linking was confirmed by SDS–polyacrylamide gel 

electrophoresis (SDS-PAGE). Next, cell lysates were added to the cross-linked antibodies, and 

coimmunoprecipitation was performed at 4°C for 2 hours on a rotator. After the incubation, the 

column was washed, and the beads were boiled in SDS buffer containing reducing agents. 

Finally, coimmunoprecipitates were analyzed by SDS-PAGE followed by Western blot.  

Coimmunoprecipitation of Sema3D and PlxnD1 was performed as follows. First, rabbit 

polyclonal antibodies against Sema3D (Abcam) or rabbit polyclonal antibodies against IgG 

(Abcam) (1 mg) were added to the cell lysates and incubated for 2 hours on an end-over-end 

rotator at 4°C. Then, 100 ml of the Protein G Sepharose 4 Fast Flow bead slurry (GE) was added 

to the cell lysates in lysis buffer containing 150 mM NaCl, 50 mM tris (pH 7.4), and 1% NP-40. 

The lysate was incubated with the beads at 4°C overnight on an end-over-end rotator. Then, the 

beads were pelleted by pulse spin and washed five times (5 min each) in ice-cold lysis buffer [200 

mM NaCl, 50 mM tris (pH 7.4), and 1% NP-40] on an end-over- end rotator. Finally, the beads 

were boiled in SDS sampling buffer containing reducing agents, and the coimmunoprecipitates 

were analyzed by SDS-PAGE followed by Western blot.  

Coimmunoprecipitation of Sema3D and NP-1 was performed as follows. First, rabbit 

polyclonal antibodies against Sema3D (Abcam) or rabbit polyclonal antibodies against IgG 

(Abcam) (1 mg) were added to the cell lysates and incubated for 2 hours on an end-over-end 

rotator at 4° C. Then, 100 ml of the Protein G Sepharose 4 Fast Flow bead slurry (GE) was added 

to the cell lysates in lysis buffer containing 150 mM NaCl, 50 mM tris (pH 7.4), and 1% NP-40. 

The lysate was incubated with the beads at 4°C overnight on an end-over-end rotator. Then, the 

beads were pelleted by pulse spin and washed five times (5 min each) in ice-cold lysis buffer [200 

mM NaCl, 50 mM tris (pH 7.4), and 1% NP-40] on an end-over-end rotator. Finally, the beads 

were boiled in SDS sampling buffer containing reducing agents, and the coimmunoprecipitates 
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were analyzed by SDS- PAGE followed by Western blot.  

 

Invasion assay  

Invasion assays were performed using the Trevigen 96-well invasion assay kit according 

to the manufacturer’s instructions with modifications (Trevigen). In brief, the Transwells were 

coated overnight with 1× basal membrane extract, and the cells were serum-starved 24 hours 

before the assay. Then, the cells were plated at 5 × 105 cells per well in triplicate in the top well 

of the Transwell plate. Invasion was measured 24 hours later using CCK8 (Sigma). Briefly, the 

cells in the top well were removed, and the wells were washed three times with the washing 

buffer provided in the kit. The top well of the Transwell plate was placed in a fresh 96-well plate 

containing 170 ml of complete cell medium and 17 ml of CCK8 reagent. The plate was returned 

to the incubator and incubated at 37°C, 5% CO2 for 2 to 4 hours in the dark. After the incubation, 

the top chamber of the Transwell plate was removed, and the plate was read at 450 and 650 nm. 

Serum-free medium was added to the bottom well of the controls. CCK8 units were adjusted by 

subtracting the background invasion of the serum-free control from the experimental groups.  

 

Immunohistochemistry  

Immunohistochemistry staining for Sema3D and PlxnD1 was performed using a standard 

protocol on an automated stainer from Leica Microsystems. After deparaffinization and hydration 

of tissue, heat-induced antigen retrieval was performed with EDTA buffer (pH 9.0) for 20 min. 

Incubation with rabbit antibodies against Sema3D (Abcam) at a 1:100 dilution or rabbit 

antibodies against PlxnD1 (Novus) at a 1:50 dilution for 30 min was followed by incubation with 

secondary antibody from the bond polymer REFINE detection kit (Leica Microsystems). The 

reaction was developed using the substrate 3,3′- diaminobenzidine hydrochloride (DAB; Vector 

Labs). All slides were counterstained with hematoxylin.  
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Immunohistochemistry for Ki67 and CD31 was performed manually. After deparaffinization and 

hydration of tissue, heat-induced antigen retrieval for Ki67 staining was performed in citrate 

buffer (pH 6.0) using a pressure cooker at 125°C for 30 s and 95°C for 10 s. Heat-induced antigen 

retrieval for CD31 staining was performed in EDTA buffer (pH 9.0) using a steamer for 1 hour at 

97°C. Incubation with rabbit antibodies against Ki67 (Abcam) at a 1:500 dilution or rabbit 

antibodies against CD31 (Abcam) at a 1:100 dilution for 1 hour was followed by incubation with 

biotinylated secondary goat antibodies against rabbit IgG (Vector) at a 1:200 dilution for 30 min. 

After incubation with ABC Vectastain reagent (Vector), the reaction was developed using the 

DAB substrate (Vector Labs). All slides were counterstained with hematoxylin.  

 

AP binding assay  

The AP binding assay was performed as previously described (191). To produce the AP 

fusion proteins, COS7 cells (1.5 × 106) were transfected with 12 mg of plasmid DNA (CTRL-

AP, SEMA3D-AP, or SEMA3E-AP), using Lipofectamine 2000 (Invitrogen) according to the 

manufacturer’s protocol. Twenty-four hours after transfection, the culture medium was replaced 

with serum-free medium. Forty-eight hours after transfection, the supernatant was harvested from 

the cells and filtered using a 0.22-mm syringe filter. The amount of AP-tagged ligand in the 

supernatant was measured using a colorimetric AP assay kit (Abcam). Next, the supernatant 

containing the AP fusion proteins was added to COS7 cells (2.5 × 105), which were transfected 

with 2 mg of PLXND1 or NP-1 per well for 48 hours in a six-well plate, for 75 min with gentle 

rocking at room temperature. After incubation, the cells were washed six times with HBH [1× 

Hanks’ balanced salt solu- tion, 0.05% BSA, 20 mM Hepes (pH 7.0), 6 mM calcium chloride, and 

2 mM magnesium chloride]. Next, the cells were fixed in 60% acetone, 3% form- aldehyde, and 

20 mM Hepes (pH 7.0) for 1 min. Then, the cells were washed three times with HBH, and the 

HBH was replaced with HBS [20 mM Hepes (pH 7.0) and 150 mM NaCl]. Endogenous AP was 
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inactivated by incubating in a humidified chamber at 65°C for 110 min. Finally, AP was 

visualized using AP stain [100 mM tris (pH 9.5), 100 mM NaCl, 5 mM MgCl2, nitroblue 

tetrazolium (0.33 mg/ml), and 5-bromo,4-chloro,3-indolylphosphate (0.17 mg/ml)]. The stained 

cells were visualized under a microscope.  

 

TUNEL assay  

The TUNEL (terminal deoxynucleotidyl transferase–mediated deoxyuridine triphosphate 

nick end labeling) assay was performed according to the manufacturer’s instructions (Roche).  

 

Inhibition of exocytosis  

KPC cells were plated to 80% confluence in 10-cm culture dishes. Before beginning the 

assay, the culture medium was replaced with fresh serum- containing pancreatic tumor cell 

medium. GolgiPlug (brefeldin A; BD Biosciences) was added to the fresh culture medium at a 

concentration of 1 ml/ml of culture medium. Five hours later, the cell supernatant was re- moved, 

spun at 1500 rpm for 5 min, and frozen at −80°C until analyzed using the Sema3D ELISA kit.  

 

Statistical analysis  

Statistical analysis was performed using GraphPad Prism version 6.0 software (GraphPad 

Software). Fisher’s exact test was used to compare differences between treatment groups. Linear 

regression analysis was used to compare Sema3D secretion between KPC and KPCA−/− cell 

lines after AnxA2 antibody inhibition, as well as the proliferation rates of different cell lines. 

Mouse survival was analyzed by the Kaplan-Meier method and the log-rank test. A P value of 

<0.05 was considered statistically significant.  
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Results 

 

ANXA2 is essential for PDA metastasis formation in a transgenic mouse model of PDA  

To evaluate the mechanism by which AnxA2 facilitates PDA development and 

metastases, we crossed KRASG12D TP53R172H PDX-1-CRE+/+ (KPC) mice, which are 

genetically engineered to develop spontaneous PDA tumors (126), and ANXA2 homozygous 

knockout (ANXA2−/−) mice to generate KPCxANXA2−/− (KPCA−/−) mice. ANXA2−/− mice 

have a normal life span and fertility but display defects in neoangiogenesis in vivo and in ex vivo 

assays (188, 192). PDA development in the KPC mice recapitulates the pro- gression from low-

grade pancreatic intraepithelial neoplasms (PanINs) to invasive PDA in humans (126). We 

previously reported that the abundance of AnxA2 during the course of PDA development in KPC 

mice and in humans also increases with PanIN progression (74). AnxA2 is localized mainly in the 

cytoplasm of normal pancreatic epithelial cells and in the inner luminal surface of early PanIN 

lesions. However, this polarity of AnxA2 distribution is changed in later-stage PanINs when 

AnxA2 is relocated to the outer luminal surface in PanIN2 and PanIN3 lesions. In accordance 

with this, we found AnxA2 on the surface of all PanIN3 and invasive PDA cells (Fig. S1). 

Histological analysis confirmed the presence of primary PDAs in both cohorts of mice (Fig. 1A). 

Both KPC and KPCA−/− mice developed PanIN1 lesions at as early as 4 weeks of age. 

Additionally, both cohorts of mice developed PanIN2 and PanIN3 lesions at as early as 8 and 10 

weeks of age, respectively. By 3 months of age, roughly 75% of mice in both cohorts had PanIN3 

lesions, and by 4 months, an average of 65% of mice in both cohorts had histologically confirmed 

PDA when the mice were euthanized (table S1). In addition, primary tumors derived from KPC 

and KPCA−/− mice demonstrated similar rates of proliferation and apoptosis (fig. S2A). All KPC 

and KPCA−/− mice eventually died from the growth of primary PDA as previously observed 

with KPC mice (126); thus, there was also no observable difference in survival. However, despite 
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these similarities in primary tumor growth between the KPC and KPCA−/− mice, the metastatic 

potential of PDA tumors differed between the two cohorts of mice: Upon gross examination of 

the mice in both cohorts, metastatic lesions were observed in the liver, peritoneal cavity, and 

lungs of 16 of 17 KPC mice (Fig. 1, B and C), whereas no observable gross metastatic lesions 

were seen in 23 KPCA−/− mice (Fig. 1, B and D). Despite the ability of primary PDA tumors to 

grow relatively close to the liver in KPCA−/− mice, only primary PDA tumors expressing 

ANXA2 in KPC mice were able to invade and grow into the liver (Fig. 1E).  

Because the function of AnxA2 in angiogenesis may play a role in control- ling 

metastatic formation, we examined the vascular network in PDAs from KPC and KPCA−/− mice. 

We did not observe any obvious differences in the tumor vascular networks between KPC and 

KPCA−/− mice, as characterized by immunohistochemistry of the endothelial cell marker CD31 

(fig. S2B) and the pericyte marker NG2 (fig. S2C), suggesting that the function of AnxA2 in 

angiogenesis is unlikely to mediate its role in PDA metastasis.  

 

Reintroduction of ANXA2 restores the metastatic potential of ANXA2-/- PDA cells  

Next, we investigated whether it was specifically the ANXA2 deficiency or additional 

genetic alterations that led to the loss of metastatic potential in the PDA cells in KPCA−/− mice. 

To address this question, cell lines were established from the primary tumors of KPC and 

KPCA−/− mice to be used in a previously reported liver metastasis model in which cells were 

injected into the circulation via the spleen (74, 165). Western blot analysis confirmed that the cell 

line established from a KPCA−/− mouse had no detectable AnxA2 abundance, whereas the cell 

line established from a KPC mouse did (Fig. 2A). The KPC and KPCA−/− cell lines were then 

injected into the hemi-spleens of syngeneic mice, which were assessed for survival and liver 

colonization, over the course of, at most, 90 days. Most (8 of 10) of the mice that received an 
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injection of KPCA−/− cells survived to the end of the 90-day study (two mice died as a result of 

tumors that formed at the splenic injection site) and none developed liver nodules (Fig. 2, B and 

C). In contrast, all mice that received an injection of KPC cells developed liver nodules and, 

accordingly, had relatively decreased survival (Fig. 2, B and C). In addition, we found that 

KPCA−/− cells were rarely able to form micrometastases and did not form colonies in the lung 

(fig. S3, A and B).  

Because the above experiment showed that KPCA−/− cells injected into the hemi-spleen 

of syngeneic mice were unable to colonize the liver, we next investigated whether the restoration 

of ANXA2 expression would enable KPCA−/− cells to colonize the liver. Full-length ANXA2 

complementary DNA (cDNA) was introduced into KPCA−/− cells in culture by infection with a 

green fluorescent protein (GFP)–encoding lentivirus, and the cells were sorted by GFP 

expression. Although the expression amounts achieved were only ~25% of the endogenous 

amounts of AnxA2 in KPC cells (Fig. 2D), the transduced cells were able to colonize the liver 

and cause de- creased survival in all mice that received a splenic injection of AnxA2- restored 

KPCA−/− cells (Fig. 2, E and F). Thus, AnxA2 has a major role in metastatic PDA colonization 

in this mouse model.  

 

The expression of SEMA3D and PLXND1 is differentially regulated in pancreatic tumors from 

KPC versus KPCA−/− mice  

We next used the KPC and KPCA−/− cell lines to investigate the downstream pathways 

that mediate the function of AnxA2 in PDA metastasis formation. A comprehensive mRNA 

expression profile comparing KPC and KPCA−/− cells using microarray gene expression analysis 

followed by Spotfire Gene Ontology Browser analysis revealed the top four gene functional 

categories that were enriched with genes of increased abundance and the top five gene functional 
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categories that were enriched with genes of decreased abundance (Table 1). We prioritized in our 

studies the two functional categories (cell movement pathway and cell morphology and 

remodeling pathway) that were the most significantly enriched with genes of increased abundance 

and decreased abundance, respectively, be- cause of their involvement in invasion and metastasis. 

We then chose the six genes that were the most significantly increased or decreased in abundance 

from each of the two functional categories for further validation (Fig. 3A).  

To validate the differential expression of these 12 selected genes in PDA, their expression 

was analyzed in additional pancreatic tumors obtained from KPC and KPCA−/− mice by 

quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR). The mRNA 

expression differences between the KPC and KPCA−/− tumors were largely consistent with the 

microarray analysis of the cell lines (Fig. 3B). SEMA3D and PLXND1 were of particular interest 

because they both belong to gene families that are fre- quently amplified and mutated in human 

PDA (175). In addition, both genes were decreased in abundance in the absence of ANXA2 (Fig. 

3B), and both the class 3 semaphorin and plexin protein families were previously shown to have a 

ligand-receptor relationship. As shown in the Western blot analysis, the protein abundance of 

Sema3D was decreased in KPCA−/− cells com- pared to that in KPC cells, in accordance with the 

qRT-PCR results. How- ever, the protein abundance of PlxnD1 was similar in both KPC and 

KPCA−/− cells (Fig. 3C).  

 

Sema3D is aberrantly localized in PDA from KPCA−/− mice  

Next, we examined the cellular localization of Sema3D and PlxnD1 by 

immunofluorescence staining. Immunofluorescence staining of pancreatic tissue from KPC mice 

demonstrated that both Sema3D and PlxnD1 were less detectable in normal pancreatic tissues but 

gradually became more abundant in PanINs and were highly abundant in invasive PDA (Fig. 3D). 

In KPC mice, Sema3D was primarily present in the cytoplasm and membrane of pancreatic tumor 
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cells and was also present on the extracellular surface, possibly in a secreted form, whereas in 

KPCA−/− mice (which lacked ANXA2 expression), Sema3D was modestly decreased in 

abundance, and its presence was localized primarily to the perinuclear or nuclear regions of PDA 

tumor cells (Fig. 3E). In contrast, the localization of PlxnD1 and the localization of Sema3A, 

another member of the class 3 semaphorin family, were unaffected by ANXA2 expression (Fig. 

3F and fig. S4).  

 

AnxA2 regulates the secretion of Sema3D from PDA cells  

Class 3 semaphorins, including Sema3D, are secreted proteins (193). Our results thus far 

showed that tumor cells from KPCA−/− mice have decreased abundance of Sema3D compared to 

KPC cells that express ANXA2, but the extracellular Sema3D, which is possibly a secreted form 

of Sema3D, was also substantially decreased in these cells. Thus, we hypothesized that AnxA2 

regulates the secretion of Sema3D rather than the expression of SEMA3D in PDA cells. To test 

this hypothesis, we first used enzyme-linked immunosorbent assay (ELISA) to measure the 

amount of secreted Sema3D in the cell culture supernatant, and found that the 24-hour secretion 

of Sema3D from KPCA−/− cells was significantly lower than that from KPC cells (Fig. 4A). This 

about 70-fold decrease in Sema3D secretion cannot be explained by the decrease in protein or 

RNA expression of Sema3D in KPCA−/− compared with KPC cells, because RNA expression 

was reduced by less than 10-fold (Fig. 3C). Rather, this result suggests that, in the absence of 

ANXA2, not only were the RNA and protein abundances of Sema3D decreased but also— and 

perhaps more importantly—the secretion of Sema3D was diminished. To confirm that AnxA2 

mediated Sema3D secretion, we tested whether blockade of AnxA2 with function-blocking 

antibodies against AnxA2 (74) could suppress Sema3D secretion. We found that the addition of 

AnxA2 antibodies to KPC cells suppressed Sema3D secretion from these cells in a dose-

dependent manner, whereas Sema3D secretion from KPCA−/− cells was unaffected (Fig. 4A). 
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Similarly, small interfering RNA (siRNA) knockdown of ANXA2 in KPC cells resulted in de- 

creased Sema3D secretion (fig. S5). There- fore, these data support a role for AnxA2 in 

regulating the secretion of Sema3D from PDA cells.  

To further understand the mechanism by which AnxA2 regulates the secretion of 

Sema3D, we examined whether an exocytosis inhibitor could inhibit the secretion of Sema3D 

because AnxA2 is known to play a role in exocytosis (194). We found that Sema3D secretion was 

inhibited in the presence of an exocytosis inhibitor (fig. S6A). The phosphorylation of Tyr23 in 

AnxA2 is important for the endocytic and exocytic functions of AnxA2 (140). We found that a 

Y23A mutant of ANXA2, which we previously reported to suppress PDA invasion and metastasis 

(74), largely inhibited the secretion of Sema3D from PDA cells (fig. S6B). Nonetheless, whether 

Sema3D secretion is mediated by the role of AnxA2 in exocytosis remains to be explored.  

 

AnxA2 interacts with Sema3D and controls the complex formation between Sema3D and 

PlxnD1  

To understand how AnxA2 mediates the secretion of Sema3D, we examined the protein-

protein interaction between Sema3D and AnxA2 in PDA cells. Sema3D coimmunoprecipitated 

with AnxA2 in PDA cells (Fig. 4B), indicating that AnxA2 binds to Sema3D. Because AnxA2 is 

localized to the extracellular cell surface and is involved in exocytosis (194-196) AnxA2 may 

carry Sema3D to the cell surface for secretion.  

The secreted form of Sema3D binds neuropilin 1 (NP-1) on the surface of mammalian 

cells (191), and the plexin family of proteins can act as co-receptors for semaphorins along with 

NP-1 by providing an intracellular domain to mediate intracellular signaling (197). However, the 

exact co-receptor for Sema3D is unknown. Therefore, we hypothesized that Sema3D, secreted 

from PDA cells, binds to the PlxnD1 co-receptor on the surface of PDA cells in an autocrine 

fashion. Supporting our hypothesis, coimmunoprecipitation assays indeed showed that PlxnD1 
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formed a complex with Sema3D in KPC PDA cells that express ANXA2 (Fig. 4C). However, 

even though greater quantities of cell lysate from KPCA−/− cells were used for the 

coimmunoprecipitation assay to study equivalent amounts of both Sema3D and PlxnD1 proteins 

as was isolated from KPC PDA cells, PlxnD1 was unable to be coimmunoprecipitated from the 

KPCA−/− PDA cells, using antibodies against Sema3D. This result suggests that AnxA2 is 

required for Sema3D and PlxnD1 to form a complex, likely through controlling the secretion of 

Sema3D from PDA cells to facilitate the subsequent interaction between Sema3D and PlxnD1 on 

the surface of the tumor cell. Thus, in KPCA−/− cells lacking ANXA2 expression, where 

Sema3D secretion is diminished, no Sema3D would bind to PlxnD1 on the surface of the cell.  

 

Exogenous Sema3D can bind to PlxnD1 on the surface of the cell  

To further demonstrate that Sema3D can bind to the cell surface of PDA cells via 

PlxnD1, we performed an alkaline phosphatase (AP) binding assay, which was previously used to 

study the binding between semaphorins and plexins on mammalians cells (191). SEMA3E-AP 

was used as a positive control for binding to PlxnD1 in the absence of NP-1, and NP-1 was used 

as a positive control for SEMA3D-AP binding, as described previously (fig. S7A) (191). 

SEMA3D-AP weakly and infrequently bound to the surface of COS7 cells transfected with a 

PLXND1-VSV plasmid but not to untransfected COS7 cells (Fig. 4D and fig. S7B). 

Nevertheless, stronger binding of Sema3D was observed on cells cotransfected with PLXND1 

and NP-1. We further confirmed the binding of Sema3D to NP-1 by coimmunoprecipitation in 

PDA cells (fig. S8). Because COS7 cells express ANXA2 (198), KPC and KPCA−/− cells were 

also used in the AP binding assay to determine if AnxA2 is required for secreted Sema3D to bind 

to PlxnD1. Sema3D-AP bound PlxnD1 in both KPC and KPCA−/− cells (Fig. 4E). Together, 

these results indicate that AnxA2 promotes the secretion of Sema3D and that Sema3D, once 

secreted, binds PlxnD1 independently of AnxA2.  
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Knockdown of SEMA3D decreases the invasion and metastatic capacity of PDA cells and 

prolongs the survival of PDA-bearing mice  

AnxA2 was previously shown to be required for PDA invasion and migration (74). Our 

new findings show that it also controls the secretion of Sema3D and, subsequently, the interaction 

between Sema3D and PlxnD1. Because both Sema3D and PlxnD1 are involved in cell motility 

(197), we examined whether Sema3D is also involved in PDA invasion and metastasis formation. 

To first test this in vitro, SEMA3D expression was knocked down with shRNA in the carcinogen-

induced Panc02 PDA cells (Fig. 5A). The KPC cells were not used because of their leakage 

through the 8-mm filter in the Boyden invasion assay chamber. The invasion capacity of Panc02 

cells was significantly decreased after SEMA3D knockdown in this in vitro invasion assay (Fig. 

5B). The low invasive activity of PDA cells with the SEMA3D-targeting shRNA was not due to a 

decrease in proliferation (fig. S9, A and B). In addition, nuclear localization of Snail-1, an EMT 

marker and a downstream effector of PlxnD1 (185), was decreased in SEMA3D knockdown cells 

in response to transforming growth factor–b [TGF-b, an inducer of EMT (74)] (fig. S10), further 

suggesting that the role of Sema3D in PDA invasion and EMT-associated migration is likely 

mediated by PlxnD1.  

Next, we returned to the hemi-spleen liver metastasis model to determine whether 

knockdown of SEMA3D expression in KPC cells results in inhibition of the metastatic potential 

of KPC cells in vivo. KPC cells infected with lentivirus carrying the SEMA3D-targeting shRNA 

or those infected with control lentivirus were injected into the hemi-spleens of C57Bl/6 mice. 

Two weeks after tumor implant, extensive metastases were visualized in the livers of 11 of 12 

mice receiving KPC cells infected with lentivirus carrying the control shRNA, whereas only 

small metastases were observed in 5 of 13 mice receiving KPC cells infected with the SEMA3D- 

targeting shRNA (Fig. 5C). Moreover, an independent experiment indicated that mice receiving 

KPC cells with the SEMA3D-targeting shRNA survived significantly longer than mice receiving 

KPC cells with the control shRNA (Fig. 5D). These results suggest that Sema3D is required for 
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the homing and colonization steps of PDA metastasis.  

To confirm a role of Sema3D in metastasis formation, we compared the growth rates of 

KPC cells with SEMA3D shRNA and KPC cells with control shRNA when KPC tumors were 

orthotopically implanted in the pancreas of syngeneic mice. Ultrasonic measurement of 

orthotopically implanted pancreatic tumors on days 6 and 20 after tumor implantation showed no 

significant difference in tumor development or growth rate between the tumors formed by KPC 

cells with SEMA3D shRNA and those formed by KPC cells with control shRNA (Fig. 5E and 

fig. S11, A and B). Furthermore, the tumor weights upon necropsy were not significantly 

different between the control shRNA and SEMA3D shRNA groups (fig. S12). In the control 

group of 10 mice, nine metastases were identified in the lung, liver, or peritoneum. However, in 

nine mice bearing tumors with SEMA3D-targeting shRNA, only two metastases were identified 

(Table 2). Therefore, Sema3D does appear to have a role in controlling PDA invasion and 

metastasis formation. Similar approaches also demonstrated a role of PlxnD1 in PDA invasion 

and metastasis formation (fig. S13, A to D).  

 

Sema3D abundance is associated with metastasis formation in human PDA  

To further establish the role of Sema3D in PDA metastasis formation, we performed 

Sema3D immunohistochemistry on human PDA tissue specimens. About 50% of surgically 

resected human PDAs had abundant Sema3D (in >50% of the tumor cells), whereas the 

remaining 50% of PDAs expressed low amounts of Sema3D (<5% of tumor cells) (Fig. 5F). 

Resected PDAs presenting with abundant Sema3D were observed in 15 of 20 patients (75%) with 

a disease- free survival (DFS) of <1 year, compared to only 4 of 15 patients (26.7%) with a DFS 

of >2 years (Fig. 5F), suggesting that Sema3D abundance in PDA is significantly associated with 

early recurrence after surgical resection. In all PDAs examined, Sema3D abundance positively 

correlated with PlxnD1 abundance, suggesting that Sema3D and PlxnD1 may be co-regulated 

(Fig. 5F). Using a unique human PDA tissue bank that contains PDA specimens obtained from a 
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rapid autopsy program, we found that 3 of 13 patients (23.1%) that died with local or 

oligometastatic disease had primary PDA tumors with abundant Sema3D, 14 of 22 patients 

(63.6%) with widely metastatic disease demonstrated abundant Sema3D in their primary PDA, 

and 17 of 22 patients (77.3%) with widely metastatic disease demonstrated abundant Sema3D in 

their metastatic tumors (Table 3). These results suggest that Sema3D is preferentially enriched in 

metastatic tumors of PDA and in primary PDAs from patients that have a poor prognosis or 

patients who died with widely metastatic disease.  

 

Overexpression of SEMA3D partially reverses the defect in invasion and metastasis formation 

in ANXA2-deficient PDA cells  

If Sema3D mediates the role of Anxa2 in PDA invasion and metastasis formation, we 

would anticipate that AnxA2-independent secretion of Sema3D may restore or partially restore 

the defect of ANXA2-deficient PDA cells in invasion and metastatic potential. To test this 

hypothesis, we knocked down ANXA2 from Panc02 cells with ANXA2-targeting siRNA as 

described previously (74) and concurrently transfected the cells with a plasmid constitutively 

overexpressing SEMA3D through a cytomegalovirus promoter. We found that PDA cells 

transfected with this plasmid were able to secrete Sema3D at a reduced amount in the absence of 

ANXA2 (fig. S14), although the exact mechanism for the secretion of this exogenously 

overexpressed SEMA3D remains to be explored. Panc02 cells transfected with scramble siRNA 

and/or an empty plasmid were used as a control. ANXA2-targeting siRNA significantly 

suppressed the invasion of Panc02 cells (Fig. 6A). However, overexpression of SEMA3D showed 

a trend but did not significantly restore the ANXA2 siRNA–suppressed invasion capacity of 

Panc02 cells. Similarly, the addition of exogenous Sema3D-AP to the culture medium was also 

able to partially restore the ANXA2 siRNA–suppressed invasion capacity of Panc02 cells (fig. 

S15); however, when PLXND1 was also knocked down by siRNA, Sema3D-AP was no longer 

able to restore this suppressed invasion capacity. This result further suggests that PlxnD1 
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mediates the role of Sema3D in PDA invasion.  

Next, KPCA−/− cells were infected with GFP-encoding lentivirus carrying the mouse 

Sema3D, and their capacity to form liver metastases was tested in the hemi-spleen model. None 

of the mice receiving KPCA−/− cells infected with the same lentivirus expressing GFP alone 

formed liver metastases (Fig. 2). SEMA3D overexpression did not alter tumor cell proliferation 

rate (fig. S9C) or primary tumor growth (fig. S9D). However, 11 of 12 mice receiving KPCA−/− 

cells infected with lentivirus carrying both SEMA3D and GFP cDNAs developed liver 

metastases, assessed mid-assay by ultrasound (fig. S16) and assessed terminally at necropsy (Fig. 

6B), suggesting that reintroduction of SEMA3D can largely restore the loss of metastatic 

potential in KPCA−/− cells. Together, these results suggest that Sema3D and PlxnD1 represent an 

AnxA2-downstream pathway that mediates the role of AnxA2 in PDA invasion and metastasis 

formation.  
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Discussion  

PDA is rarely controlled or cured by current therapeutic interventions because of a 

minimal understanding of the biologic processes that control its development, invasion, and 

metastasis formation. Our study elucidated one mechanism of PDA metastasis formation that is 

mediated by AnxA2-dependent Sema3D secretion and subsequent autocrine activation of 

PlxnD1. 

Our previous study demonstrated that AnxA2 is involved in PDA metastasis formation in 

two murine tumor transplant models (74). Here, we used transgenic mice, which are genetically 

programmed to spontaneously develop PDA tumors in the same manner as human PDA, crossed 

with mice that have the ANXA2 gene knocked out to enhance the evidence supporting a role for 

AnxA2 in PDA metastasis formation. Although knockout of ANXA2 prevented metastases to 

liver and lungs, it did not alter the development of premalignant lesions and primary PDAs in this 

model, suggesting that the role of AnxA2 in metastasis may be mediated through a metastasis-

specific pathway. Metastasis-specific pathways have been reported in breast cancer (199, 200) but 

have not yet been defined by the genetic engineered mouse model of PDA. We have not yet ruled 

out that our observations in ANXA2- null PDA tumors could be due to secondary biological 

changes; however, these results are consistent with the previously reported studies in which RNA 

interference of ANXA2 produced a similar effect (74).  

Sema3D and PlxnD1 were prioritized for further studies because these genes were found 

to be frequently altered at the genetic level in human PDAs (175). Our immunohistochemistry 

studies correlating the increase in abundance of Sema3D and PlxnD1 in human PDA metastases 

with poorer survival provide evidence suggesting that they likely are important for human PDA 

metastasis development. However, they are not the only downstream mediators. Overexpression 

of SEMA3D did not completely reverse the defects in PDA invasion and metastasis formation 

under ANXA2 knockout or knockdown conditions, although it is also possible that over- 

expression of SEMA3D could not fully restore the abundance and kinetics of Sema3D secretion. 
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Thus, it is important to explore other downstream pathways of AnxA2 in the future.  

Our study shows that AnxA2 regulates the autocrine function of Sema3D by controlling 

its secretion, which makes Sema3D available in the extra- cellular space, where it binds PlxnD1 

on the surface of PDA tumor cells (Fig. 6C). However, overexpression of SEMA3D was able to 

largely restore the function of Sema3D in the absence of AnxA2. Thus, future studies are required 

to delineate the mechanism and extent to which AnxA2 controls Sema3D secretion. Possibilities 

include genetic regulation of the gene and altered transport of the molecule within the tumor cell. 

Class 3 semaphorins colocalize with secretory vesicle proteins, such as Synaptobrevin (201), and 

AnxA2 has been implicated in vesicle trafficking and exocytosis (202). Thus, given these roles 

and our observation that Sema3D secretion is decreased after inhibition of exocytosis, it is 

possible that AnxA2 regulates the packaging of Sema3D into vesicles. Future studies are also 

needed to clarify how the interaction of Sema3D with PlxnD1 functionally promotes tumor 

metastases. It is possible that Sema3D’s autocrine function regulates PDA cell motility, 

considering the known functions of semaphorins and plexins in axon repulsion (203) as well as 

our previous report showing that AnxA2 regulates cell motility and EMT in both human and 

mouse PDA cells (74). Additionally, it is possible that Sema3D may also act through a paracrine 

pathway because PlxnD1, its putative co-receptor, is also found on lymphovascular vessels and 

nerves (191, 204). A paracrine mechanism should be further studied because lymphovascular 

invasion and perineural invasion are two poor prognostic factors (205, 206) and are also proposed 

to be routes for cancer cells to metastasize along blood vessels, lymphatic vessels, and nerves 

(205, 206). Additionally, it will be interesting to explore whether the downstream signaling 

pathways that mediate the role of PlxnD1 in axon repulsion also mediate the role of AnxA2-

Sema3D-PlxnD1 signaling in PDA invasion and metastasis. Previously, it was shown that the 

Sema3E-PlxnD1 interaction activates a signaling cascade downstream to the phosphorylation of 

the epidermal growth factor receptor family member ErbB2, specifically through activation of 

mitogen-activated protein kinase (MAPK) and phospholipase C-g, which subsequently drives 



132	  
	  

132	  

invasion and metastasis (180). Thus, it will be important to explore whether the Sema3D-PlxnD1 

interaction also activates this signaling cascade during the PDA metastatic process.  

In summary, this study has revealed a mechanistic role of axon guidance genes in PDA 

metastasis, and further studies are warranted to uncover the exact processes by which Sema3D 

and PlxnD1 induce invasion of PDA cells from the primary tumor site into the surrounding blood 

vessels, nerves, and lymphatic vessels. Nonetheless, this study provides a strong rationale for the 

development of new therapies targeting AnxA2 and Sema3D as an adjuvant treatment for PDA 

after local resection.  
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Figure 4.1.ANXA2 is essential for PDA metastasis formation in a transgenic mouse model of 

PDA. (A) Hematoxylin and eosin (H&E) staining of PDA from representative KPC and 

KPCA−/− mice. (B) Tabulated summary of histologically confirmed primary PDA and 

metastases formed in KRASG12D TP53R172H PDX-1-CRE+/+ (KPC) and KRASG12D 

TP53R172H PDX-1-CRE+/+ ANXA2−/− (KPCA−/−) mice. All mice in both cohorts developed 

primary PDA. Gross metastases to the liver were observed in 16 of 17 KPC mice with primary 

pancreatic tumors. However, none of the KPCA−/− mice (0 of 23) developed metastases to the 

liver (P < 0.001, Fisher’s exact test). (C) Gross images of a primary pancreatic tumor and liver 

from a representative 6-month-old KPC mouse. (D) Gross images of a primary pancreatic tumor 

and liver from a representative 6-month-old KPCA−/− mouse. (E) H&E staining of PDA from 

representative KPC and KPCA−/− mice showing invasive metastases in the liver of the KPC 

mouse but no invasion of the pancreatic tumor into the liver of the KPCA−/− mouse. Scale bars, 

200 µm. Images in all panels are representative of at least 17 mice 
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Figure 4.2.Reintroduction of ANXA2 is able to restore the metastatic potential of 

ANXA2−/− PDA cells. (A) Western blotting for AnxA2 in primary pancreatic tumor lines 

developed from KPC and KPCA−/− mice. Blots are representative of at least three experiments. 

(B) Kaplan-Meier analysis of mice that received a hemi-spleen injection of KPC or KPCA−/− 

cells (n = 10 mice per group) (P < 0.001, log-rank test). (C) Detection of gross metastatic lesions 

in the livers of mice that received splenic injection of KPC or KPCA−/− cells. Images are 

representative of 10 mice. (D) Western blot analysis demonstrating successful knock-in of 

ANXA2 expression into KPCA−/− cells. β-Actin was used as a loading control. Blots are 

representative of at least three experiments. (E) Kaplan-Meier analysis of mice that received a 

hemi-spleen injection of KPCA−/− + GFP or KPCA−/− + ANXA2 cells (n = 11 mice per group) 

(P < 0.001, log-rank test). (F) Formation of liver lesions by KPCA−/− + ANXA2 or KPCA−/− + 

GFP cells. Scale bars, 20 µm. Images are representative of 11 mice. 
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Figure 4.3.The abundance of Sema3D is differentially regulated in pancreatic tumors from 

KPCA−/− and KPC mice. (A) A plot showing the six genes involved in cell movement (top) and 

cell morphology and remodeling (bottom) that had the highest fold change difference in gene 

expression between KPC and KPCA−/− cells (P < 0.001, hypergeometric and Fisher’s exact 

tests). (B) qRT-PCR validation of the microarray data in independent tumor samples obtained 

from KPC and KPCA−/− mice. Data are mean fold change of KPC versus KPCA−/− normalized 

to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) amounts from 12 independent tumors 

per group. (C) Western blot analysis of Sema3D and PlxnD1 abundance in KPC, KPCA−/−, and 

Panc02 pancreatic tumor cell lines. Blots are representative of at least two experiments. (D) 

Immunofluorescence analysis of Sema3D and PlxnD1 during pancreatic tumor progression. (E) 

Immunofluorescence staining of Sema3D [fluorescein isothiocyanate (FITC)] in PanINs from 

KPC and KPCA−/− mice. (F) Immunofluorescence staining of PlxnD1 (FITC) in PanINs from 

KPC and KPCA−/− mice. Scale bars, 20 µm. Images in (D) to (F) are representative of at least 10 

mice. 
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Figure 4.4.AnxA2 controls the secretion of Sema3D from PDA cells, allowing it to interact 

with its receptor, PlxnD1, in an AnxA2-dependent manner. (A) Sema3D secretion in KPC 

and KPCA−/− cells was determined by ELISA (P < 0.031 for all, KPC versus KPCA; linear 

regression analysis), with and without the addition of antibodies against AnxA2. Data are means 

± SEM from three independent biological replicates. (B) Coimmunoprecipitation and Western 

blot analysis of AnxA2 and Sema3D in KPC cells. KPCA−/− cells were used as a control. (C) 

Coimmunoprecipitation and Western blot analysis of PlxnD1 and Sema3D in KPC cells. Blots in 

(B) and (C) are representative of at least two experiments. (D) Sema3D-AP binds to NP-1, 

PlxnD1, and PlxnD1 in the presence of NP-1. (E) Exogenous Sema3D-AP binds to PlxnD1 on 

the surface of both KPC and KPCA−/− cells. Sema3E-AP was used as a control. All images were 

acquired at ×20 magnification. Scale bars, 20 µm. Images in (D) and (E) are representative of at 

least three experiments 
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Figure 4.5.Sema3D is involved in invasion and metastasis of PDA and is associated with 

poor survival. (A) Western blot confirming SEMA3D knockdown by shRNA. Blots are 

representative of at least two experiments. (B) In vitro invasion assay using Panc02 cells 

transfected with control or SEMA3D shRNA (P = 0.036, unpaired t test). Data are means ± SEM 

from three independent biological replicates. (C) Metastasis formation was assessed at day 14 in 

the livers from mice receiving a hemi-spleen injection of either KPC Ctrl shRNA cells (n =12 

mice) or KPC SEMA3D shRNA cells (n =13 mice) (P = 0.011, Fisher’s exact test). Images are 

representative of at least 12 mice. (D) Kaplan-Meier analysis of mice receiving a hemi-spleen 

injection of KPC Ctrl shRNA or KPC SEMA3D shRNA cells (n = 10 mice per group) (P = 0.004, 

log-rank test). (E) Ultrasound was used on days 6 and 20 to assess tumor growth after 

implantation of subcutaneously grown KPC tumors expressing nontargeting (Ctrl) shRNA or 
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SEMA3D-targeting shRNA into the pancreas of syngeneic mice. Data are presented as the tumor 

volumes on day 20 normalized to the tumor volumes on day 6 (n = 9 mice per group) (P = 0.84, 

unpaired t test). (F) Representative immunohistochemistry staining of PDAs from a patient with a 

DFS of >2 years (of 20 patients) and a patient with a DFS <1 year (of 15 patients) (P = 0.007, 

Fisher’s exact test). Scale bar, 20 µm. Images are representative of 35 surgically resected human 

PDAs. 
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Table 4.1. Functional assignment of gene expression changes in KPCA−/− mice 

 No. of genes with 
fold change 

>1.5/total genes in 
the set* 

 No. of genes with fold 
change 

>1.5/total genes in the set* 

Cell movement 54/433 Cell morphology 
and remodeling 

8/22 

 46/277  20/97 

   15/68 

TGF-β pathway 55/394 Adhesion 14/58 

   17/77 

Signaling 39/293 Cell movement 55/433 

 47/369  43/277 

  Cell cycle 23/112 

Differentiation 
and development 

10/36 TGF-β pathway 32/394 

 44/281   

  Signaling 49/293 

   26/166 

The number of genes in each subset of functional categories that are increased or decreased in abundance in KPC versus KPCA−/− 
primary pancreatic tumor cell lines. Asterisk denotes that if more than two gene sets in the same functional categories were identified, 
the two gene sets with the most significant P values are shown here. 
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Table 4.2 Metastasis formation in mice after orthotopic implantation of either KPC tumor 

cells with control shRNA or KPC tumor cells with Sema3D shRNA. 

shRNA in KPC tumor cells No. of mice with metastases 

Control shRNA (n = 10 mice) 9 

SEMA3D shRNA (n = 9 mice) 2 

P = 0.006, Fisher’s exact test. 
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Table 4.3 Sema3D positivity in patient primary and metastatic tumors  

 

The percentage of patients with Sema3D present in their primary tumors and metastatic sites by disease status at their time of death. 

 

 

 

 

 

 

 

 

Disease status 
at the time of 
death 

Local disease or 

oligometastatic disease 
Widely metastatic disease 

Percentage of 
patients whose 
primary tumors 
produce 
Sema3D 

23.1% (3 of 22 patients) 63.6% (14 of 22 patients) 

  Primary tumor Metastatic site 

Percentage of 
primary tumors 
or metastatic 
sites producing 
Sema3D in 
patients who 
died with widely 
metastatic 
disease 

 63.6% (14 of 22) 77.3% (17 of 22) 
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Supplementary Figures 

 

Supplemental Figure 4.1. AnxA2 staining in normal pancreas tissue, PanINs, and PDA from 

KRASG12DTP53R172HPDX-1 CRE+/+ mice. Representative immunofluorescent staining of 

AnxA2 (FITC) in normal pancreas tissue, PanINs and primary PDA from KPC mice is shown. 

Scale bar, 20 mm. Images are representative of at least 10 mice.  
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Supplemental Figure 4.2. Histological characterization of PDAs from KPC and KCPA−/− 

mice. (A) Representative immunohistochemical analysis of Ki67 (proliferation) and TUNEL 

(apoptosis) in primary PDAs from KPC and KPCA−/− mice. (B) Representative 

immunohistochemical analysis of CD31 staining (brown signals) in KPC and KPCA−/− primary 

PDAs is shown. (C) Representative immunofluorescent staining of NG2 (FITC) in KPC and 

KPCA−/− primary PDAs is shown. Scale bars for all panels, 20 mm. Images in all panels are 

representative of at least 10 mice.  
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Supplemental Figure 4.3. KPCA−/− cells have defects in lung metastasis formation in an 

IVC model of lung metastasis. (A) Following injection of either KPC or KPCA−/− cells into the 

IVC of wild-type C57Bl/6 mice, all of the mice receiving KPC cells developed metastases to the 

lungs at 19 days post-injection. Among them, 8 mice were found with macrometastases in the 

lungs at necropsy. By contrast, none of mice receiving KPCA−/− cells were found with 

macrometastases in the lungs (N=11 mice/group) (p<0.001, KPC vs. KPCA−/− macrometastases; 

Fisher’s exact test). Only 2/11 mice receiving KPCA−/− cells were found with micrometastatic 

foci in the lungs, although we cannot exclude the possibility that these foci are aggregates of 

injected tumor cells. (B) Representative H&E staining of lung tissue sections from mice injected 

with KPC or KPCA−/− cells into the IVC. Scale bars, 200 mm. Images are representative of 11 

mice.  



145	  
	  

145	  

 

Supplemental Figure 4.4. Sema3A localization is unaffected by ANXA2 expression. 

Representative immunofluorescent staining of Sema3A (FITC) in KPC and KPCA−/− primary 

PDAs is shown. Scale bars, 20 mm. Images are representative of at least 5 mice.  
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Supplemental Figure 4.5. Knockdown of ANXA2 in KPC cells results in decreased Sema3D 

secretion. Sema3D secretion was evaluated by ELISA following knockdown of ANXA2 by 

siRNA in KPC cells (p<0.001; unpaired t-test). Data are presented as the mean ± SEM from 3 

independent biological replicates.  
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Supplemental Figure 4.6. The secretion of Sema3D is mediated by exocytosis and is partially 

regulated by Tyr23 phosphorylation of AnxA2. (A) Brefeldin A (Golgi Plug) was added to 

KPC cells for 5 hours to inhibit exocytosis. Sema3D secretion in untreated (NT) and Brefeldin A 

treated KPC cells was evaluated by ELISA (p<0.001; unpaired t-test). Data are presented as the 

mean ± SEM from 3 independent biological replicates. (B) Sema3D secretion was evaluated by 

ELISA in KPC, KPCA−/− + Y23A-AnxA2 (an AnxA2 mutant that does not localize to the cell 

surface) and KPCA−/− cells. Data are presented as the mean ± SEM from 4 independent 

biological replicates. Note that the Y23A mutation did not completely abolish the secretion of 

Sema3D, suggesting that other signaling is also important for Sema3D secretion.  
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Supplemental Figure 4.7. Sema3D binds to PlxnD1. (A) Representative images of Sema3E-AP 

binding (purple signal) to COS7 cells transfected with PLXND1 and/or NP-1. (B) Representative 

images of Sema3D-AP binding (purple signal) to COS7 cells transfected with PLXND1 and/or 

NP-1. Scale bar for all images, 20 mm. Images are representative of at least 3 experiments.  
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Supplemental Figure 4.8. Sema3D binds to NP-1 in KPC cells. Co-immunoprecipitation and 

Western blot analysis of NP-1 and Sema3D in KPC cells. Blots are representative of at least 3 

experiments.  
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Supplemental Figure 4.9. Knockdown of SEMA3D expression or overexpression of 

SEMA3D does not alter cell proliferation or the rate of tumor growth. (A) Proliferation was 

assessed at 0, 24 and 48 hours in Panc02 cells lentivirally infected with SEMA3D-targeting 

shRNA or scramble shRNA (p=0.55; linear regression). (B) Proliferation was assessed at 0, 24 

and 48 hours in KPC cells lentivirally infected with SEMA3D-targeting shRNA or scramble 

shRNA. (C) Proliferation was assessed at 0, 24 and 48 hours in KPCA−/− cells lentivirally 

infected with a plasmid containing GFP or full-length SEMA3D. Data in panels A-C are 

presented as the mean ± SEM from 3 independent biological replicates. (D) Tumor weights were 

assessed in mice receiving orthotopically implanted KPC tumor cells lentivirally infected with 

GFP or SEMA3D on day 8 following tumor implantation (N=5 mice/group) (p=0.23; unpaired t-

test).  
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Supplemental Figure 4.10. TGF-b is unable to induce nuclear localization of Snail-1 in 

SEMA3D knockdown PDA cells. Immunofluorescent analysis of Snail-1 was performed in both 

KPC cells lentivirally infected with SEMA3D-targeting shRNA or scramble shRNA with and 

without prior TGF-b treatment. DAPI was used to stain the nuclei. Scale bar, 20 mm. Images are 

representative of at least 10 images per condition.  
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Supplemental Figure 4.11. Knockdown of SEMA3D expression does not alter primary 

tumor growth. Mice with KPC tumors orthotopically implanted into their pancreas were 

examined by ultrasound on day 20 following tumor implantation. (A) A representative ultrasound 

image of the pancreas from a mouse receiving an orthotopic implant of a KPC scramble shRNA 

tumor. (B) A representative ultrasound image of the pancreas from a mouse receiving an 

orthotopic implant of a KPC SEMA3D shRNA tumor. Tumors are indicated by the white arrows. 

Images are representative of at least 9 mice per group.  
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Supplemental Figure 4.12. Knockdown of SEMA3D does not alter primary tumor growth. 

Tumor weight was assesses on day 20 following orthotopic implant of KPC tumors with Ctrl 

shRNA or SEMA3D shRNA (N=9 mice/group) (p=0.27; unpaired t-test).  
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Supplemental Figure 4.13. Knockdown of PLXND1 decreases invasion and metastasis of 

PDA cells. (A) PLXND1 knockdown by shRNA was confirmed by Western blot in KPC cells. 

Beta-actin was used as a loading control. Blots are representative of at least 2 experiments. (B) 

The invasion potential of KPC cells was assessed following knockdown of PLXND1 expression 

using an in vitro invasion assay (p=0.014; unpaired t-test). Data are presented as the mean ± SEM 

from 4 independent biological replicates. (C) Metastases formation was assessed on day 18 

following orthotopic implant of either KPC Ctrl shRNA or KPC PLXND1 shRNA cells (N=10 

mice/group) (p=0.011; Fisher’s exact test). (D) Metastases formation was assessed 14 days 

following a hemi-spleen injection of either KPC Ctrl shRNA or KPC PLXND1 shRNA cells 

(N=10 mice/group) (p=0.033; Fisher’s exact test). Note that fewer metastases were formed by 

KPC tumors with Ctrl shRNA in this experiment compared to the number observed in Figure 5, 

which was likely due to differences in growth kinetics at the time when the tumor cells were 

implanted into the mice.  
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Supplemental Figure 4.14. Exogenously overexpressed SEMA3D can be secreted from 

ANXA2-deficient PDA cells. (A) The ratio of secreted AP-tagged Sema3D from KPCA−/− cells 

to KPC cells following transfection with an AP-tagged SEMA3D plasmid. Secreted AP-tagged 

Sema3D was measured using an alkaline phosphatase assay. (B) The ratio of Sema3D secretion 

from KPCA−/− cells to KPC cells following infection of lentivirus expressing the full-length 

SEMA3D cDNA. Note that the concentration of endogenously secreted Sema3D from KPCA−/− 

cells is approximately 1% of that of KPC cells (Fig. 4A); by contrast, the amount of exogenously 

overexpressed, secreted Sema3D from KPCA−/− cells is increased to about 30-40% of KPC cells. 

Data are presented as the mean from 3 independent biological replicates.  
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Supplemental Figure 4.15. Exogenous addition of Sema3D-AP to the culture medium 

partially restores the ANXA2 siRNA–suppressed invasion capacity of Panc02 cells in a 

PlxnD1-dependent manner. Sema3D-AP secreted by COS7 cells was added to Panc02 cells 

following siRNA knockdown of ANXA2 (p=0.02, AnxA2 siRNA/Control-AP vs. AnxA2 

siRNA/Sema3D-AP; unpaired t-test) or both ANXA2 and PLXND1 (AnxA2 + PlxnD1 siRNA). 

Data are presented as the mean ± SEM from 3 independent biological replicates.  
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Supplemental Figure 4.16. Liver metastases can be visualized by ultrasound. A 

representative ultrasound image of a liver following a hemi-spleen injection of KPCA−/− cells 

expressing full-length SEMA3D cDNA is shown. Tumor is indicated by the white arrows. Image 

is representative of 12 mice.  
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Supplemental Figure 4.17. Liver micrometastases are detectable by H&E analysis of liver 

sections. A representative H&E image of a liver micrometastases (arrow) is shown following a 

hemi-spleen injection of KPC tumor cells. Scale bar, 20 mm. Image is representative of at least 

10 mice.  
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Supplemental Table 

Supplemental Table 4.1. Primary tumor development was compared between mice 

expressing ANXA2 (KPC) and mice lacking ANXA2 expression (KPCA−/−). 

 KPC  KPCA−/−  

PanIN3 (³3 months)  
14/19 
(73.7%)  

22/22 
(100%)  

Invasive PDA (³4 months)  

  
8/13 (61.5%)  

 

11/16 
(68.6%)  

PanIN – pancreatic intraepithelial neoplasia; PDA – pancreatic ductal adenocarcinoma  
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Chapter 5 

The role of Annexin A2, Semaphorin 3D and Plexin D1 in 

perineural invasion of pancreatic ductal adenocarcinoma  
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Abstract 

Pancreatic cancer is one of the most lethal diseases. At time of diagnosis, most of patients 

have already had cancer spread outside of the pancreas, a process called metastasis. Even among 

those patients whose tumors are surgically removed, the majority present with recurrences and 

metastases. Two characteristics, lymphovascular invasion and perineural invasion, have been 

noted in the surgically removed pancreatic tumors and are associated with a high risk of 

recurrence and metastasis. Lymphatic invasion and perineural invasion are thought to represent 

the initial steps of metastasis that allow cancer cells to spread along lymph nodes and nerves. 

Perineural invasion is also believed to be a mechanism for cancer-related pain, one of the most 

debilitating symptoms that pancreatic cancer patients suffer.   However, perineural and lymphatic 

invasion are poorly understood, limiting the effectiveness of current treatments. Our recent study 

reported the role of AnxA2- mediated Sema3D secretion and subsequent autocrine activation of 

PlxnD1 as a mechanism of primary PDA invasion and metastasis. Here, we demonstrate the 

paracrine function of Sema3D (secreted by tumor cells) and PlxnD1 (expressed by nerves) as 

potential mechanism of perineural invasion in PDA. We show that Sema3D expression correlates 

with perineural and lymphatic invasion in human PDA and that the presence of perineural 

invasion but not lymphatic invasion in murine PDA is AnxA2 dependent. Moreover, we provide 

evidence that tumor invasion towards DRGs is AnxA2 and Sema3D dependent and that PlxnD1 

expressed by DRGs (or nerves) is important for tumor invasion towards nerves. In addition, this 

study further supports the use of AnxA2/Sema3D/PlxnD1 as targets for the development of novel 

PDA therapies. Since perineural invasion was linked to pancreatic cancer associated pain, and we 

demonstrated the role of those proteins in perineural invasion of PDA, therapies targeting these 

proteins might also have a treatment effect on cancer related pain.  
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Introduction 

Pancreatic ductal adenocarcinoma (PDA) is still one of the deadliest cancers worldwide, 

mostly due to the fact that it is highly resistant to chemotherapy and radiation. Moreover, most 

patients are diagnosed in late stages of the disease, when spread to other organs (metastasis) has 

occurred (155). Despite the fact that there have been numerous, new therapies developed for other 

cancers, very little progression has been made in the field of therapeutics for PDA; making 

understanding and targeting PDA of upmost importance. 

One of the hallmarks of PDA is the high prevalence of perineural (PNI) and lymphatic 

invasion (LVI) (207). PNI is a process whereby tumor cell invade nearby nerves and can be 

observed in the absence of lymphatic or vascular invasion in PDA (208). Neuroplastic changes 

have been shown to occur early in the development of PDA (209). Additionally, PNI is thought to 

represent the initial steps of metastasis in PDA (210, 211) and is also believed to be a mechanism 

for cancer-related pain, one of the most debilitating symptoms in pancreatic cancer patients (205). 

Moreover, PNI in PDA has been associated with poor prognosis in patients who underwent tumor 

resection (212, 213), where it is believed to be a source of reoccurrence (214) . Numerous studies 

identified neurotropic proteins which expression correlates with the incidence of PNI (215-217), 

however the exact mechanism of PNI remains unknown. Hence, understanding the mechanism of 

PNI in PDA could lead to development of new-targeted therapy for pancreatic cancer metastasis 

and PNI-associated pain.     

In our recently published study we demonstrated that Annexin A2 (AnxA2), a protein 

previously showed to be pivotal for PDA metastasis (74), regulates the secretion of Semaphorin 

3D (Sema3D) and its binding to Plexin D1 (PlxnD1) on PDA cells (109). We also showed that 

Sema3D expression in human PDA is associated with poor survival and metastases (109). 

Sema3D and PlxnD1 belong to the axon guidance gene family and axon guidance genes including 

other types of semaphorins have recently been recognized for their involvement in cancer 

development (177, 218, 219). More importantly, axon guidance genes, including Sema3D and 
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other class 3 semaphorins and plexins, were found by International Cancer Genome Consortium 

(ICGC) to be a cellular pathway most frequently affected by genetic alterations, including 

missense mutations and gene amplification in variety of cancers (175).  

Sema3D is a member of the class 3 semaphorins, which are secreted proteins that 

function in axon guidance and angiogenesis by binding to various cell surface receptors including 

neuropilins (NP) and plexins (218).  Most class 3 semaphorins except Sema3E are thought to bind 

to NP directly and indirectly to plexins, which serve as co-receptors that provide an intracellular 

domain for signal transduction (203, 220). Sema3D is known to bind to NP1/2 (218); however, its 

co-receptor is not known. Our published study placed Sema3D and PlxnD1 downstream of 

AnxA2 and showed that PlxnD1 is a putative receptor for Sema3D in PDA (109). Therefore, the 

previously reported biological functions of Semaphorin and Plexins have provided clues to direct 

our attention to their potential roles in PNI and LVI. In this study we focused on investigating 

whether Sema3D through a paracrine mechanism, guides the movement of tumor cells along 

nerves and/or toward lymphatic vessels, similar to the role of semaphorins/plexins in axon 

guidance (221). 
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Materials and Methods 

 

Human PDA specimens  

According to a Johns Hopkins Medical Institution (JHMI) Institutional Review Board 

(IRB)–approved protocol, archived PDA specimens were obtained from consecutive patients who 

underwent pancreaticoduodenectomy between 1998 and 2004 at Johns Hopkins Hospital (JHH) 

and received adjuvant chemoradiation therapy as previously described (127). Only patients who 

were primarily followed at JHH, with a DFS of >2 or <1 years, and whose archived paraffin-

embedded tissue blocks were in good condition were included. In addition, a tissue microarray 

made from PDA specimens that were obtained from a JHMI IRB–approved rapid autopsy 

protocol was also included as previously described (186, 187).  

 

Cell Culture 

The murine KPC and KPCA-/- pancreatic tumor cell lines were established and cultured 

as previously described (109). Briefly, cells were maintained in RPMI 1640 medium (Gibco, 

Grand Island, NY, USA) supplemented with 10% FBS (Gibco), 2 mM L-glutamine (Gibco), 1% 

non-essential amino acids (Gibco), 1 mM sodium pyruvate (Gibco), 50 units/mL penicillin and 50 

µg/mL streptomycin (Gibco). The KPC and the KPCA-/- cells were grown at 37ºC in 5% CO2. 

The Panc02 cells are a methylcholanthrene-induced pancreatic tumor cell line derived from 

C57Bl/6 mice and were maintained in DMEM medium supplemented with 10% FBS (Atlas 

Biologicals), 50 units/mL penicillin, 50 µg/mL streptomycin (Gibco) and 2 mM L-glutamine 

(Gibco) at 37ºC in 10% CO2 as previously described (125). HEK 293 T cells were maintained in 

DMEM medium supplemented with 10% FBS (Atlas Biologicals) at 37ºC in 10% CO2. 
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Mouse models of PDA 

All animal experiments conformed to the guidelines of the Animal Care and Use 

Committee of the Johns Hopkins University. The animals were maintained in accordance with the 

guidelines of the American Association of Laboratory Animal Care. All mice were monitored at 

least once a day. Two mouse models were utilized for this study. The first is a genetically 

engineered model with embryonic global knockout allele of Sema3D (Sema3D-/- mice). The 

Sema3D-/- mice were generated using the KOMP targeted allele sequence (personal 

communication with Dr. Qingguang Jiang). Heterozygous mice were used for breeding purposes 

and their litters were genotyped for the presence of Sema3D. Detection of knockout allele (KO) 

was performed as follows: primer (Sema3D P2 (3d6825r): tcccaagggcagtagagttc), which is 

complement to a sequence in the Engrailed-2 splice acceptor sequence (En2-SA) before the 

IRES-LacZ thus only detects KO allele but not wild type, and primer (Sema3D P1 

(3d6322f): ctcctgatccctcctcacag, that detects the wild type allele were used to determine the 

genotype of mice (personal communication with Dr. Qingguang Jiang). Sema3D-/- mice (both 

female and male) at 2 to 7 days of age were used for DRG dissection. The second is model used 

were wild type C57BL/6 mice (Harlan, Frederick, MD, USA). Female and male wild type mice at 

2 to 7 days of age were used for DRG dissection.  

 

Sema3D-/- genotyping 

Heterozygous mice were used for breeding purposes and their litters were genotyped for 

the presence of Sema3D. Tail clippings from mice at the age of 14 to 28 days of age were used 

for genomic DNA extraction. Genomic DNA was isolated using Qiagen DNAesy blood & tissue 

kit (Qiagen, Hilden; Germany) per manufacture’s instructions. Sema3D P1 (3d6322f): 

ctcctgatccctcctcacag and Sema3D P2 (3d6825r): tcccaagggcagtagagttc primers were used to 

detect KO and wilt type alleles. The PCR conditions: 1. 95°C for 5 min 2. 95°C for 15 sec 3. 

60°C for 15 sec 4. 72°C for 30 sec 5. repeat cycle 2-4, 34 times 6. 72°C for 5 min 7. 12°C 
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forever, were used to amplify the products. Next, the amplicons were electrophoresed on 1.3% 

agarose gel at 80V for 60 minutes. The genotype of mice was determined based on the amplicon 

sizes: null (a band at 523bp), wild type (a band at 367 bp), heterozygous (a band at 523bp and a 

band at 367 bp).  

 

Dissociated DRG culture from newborn mice 

On the day of DRG dissection 96-well plate was coated with 50-100µl of poly-L-lysine 

(Sigma-Aldrich, St. Lois, MO, USA) at 150µg/ml. The solution was left in the wells for at least 

10 minutes. Next, the solution was removed, a piece of kimwipe was laid on the benchtop of the 

tissue culture hood that exhausts to the outside and ammonium hydroxide (Sigma-Aldrich) was 

added to wet the tissue, finally the plate was turned upside down and set on the wetted tissue for 

about 10 minutes. The plate was left without cover in the hood to dry for at least 2hrs. 

DRG dissection: 

Mice of appropriate genotype were euthanized and decapitated so that the most anterior 

DRG encounters will be C3. The dorsal skin overlying the vertebral column was removed and the 

whole the whole vertebral column with as little extraneous tissues as possible was removed. 

The vertebral column was then transferred to a petri dish containing L15 medium (Gibco), with 

the dorsal side facing up. Next, the dorsal portion of the vertebral column was removed by 

making cuts roughly parallel to the tabletop in a rostral to caudal direction. The connections 

between DRGs and spinal cord were severed with the right forceps. For better visualization of the 

dorsal and ventral roots, the spinal cord was lifted up from underneath. The spinal cord was then 

removed. Lastly, DRGs were plucked out one by one and collected in an eppendorf tube with 1ml 

L15 medium, kept on ice at all time. 

DRG dissociation: 

DRGs were spun down in a tabletop centrifuge at a low speed (e.g. 800rpm) for 4 

minutes. 
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L15 medium was carefully removed with a P1000 pipetman and replaced with 1ml of dissection 

solution [5mg/ml dispase (Gibco) and 2mg/ml collagenase type 1A (Sigma-Aldrich), filtered 

through a 0.22µm filter). The DRGs were then incubated in a 37ºC incubator for 30 to 45 minutes 

with shaking. After the digestion, dissection solution was removed and replaced with 1mL of 

DRG basal media [10%FBS (Invitrogen, Grand Island, NY, USA) in high glucose DMEM 

(Gibco)] and spun at 800rpm for 4 minutes. The DRGs were then washed again with 1 ml of 

DRG basal medium. After, the basal medium was completely removed and 0.2ml of DRG basal 

medium was added with a p1000 pipetman. Then, the DRGs were triturated by pipetting up and 

down ~15times with a P1000 pipetman (at the end of this step, chunks should largely disappear), 

followed up by pipetting up and down between 8-10 times with a P200 pipetman.  Caution was 

taken to prevent the generation of bubbles. Next, the DRGs were centrifuged at 800rpm for 4 

minutes and resuspended in an appropriate volume of DRG basal medium. Note, 5µl of 

resuspended DRGs were plated per well of 96-well plate in a single droplet of medium onto the 

center of the well. DRGs were allowed to adhere to the plate for about 30 to 45 minutes in 37ºC 

incubator in 5% CO2. Lastly, 160 µl of appropriate serum free medium was added to the DRGs.  

 

Invasion assay 

Invasion assays were performed using the Trevigen invasion assay kit according to the 

manufacturer’s instructions with modifications (Trevigen, Gaithersburg, MD, USA). In short, 

appropriate tumor cells were starved for 24 hours prior to plating in the invasion plate. The top 

chamber wells were covered with 1X BME. On the day of plating, the cells were harvested and 

counted. BME was aspirated from the top wells. For DRG experiments, 50,000 tumor cells were 

plated per well in serum free medium or in DRG conditioned medium as described in Figure 10. 

The plate containing DRGs with appropriate media and/or antibody was used as the bottom 

chamber for tumor cell chemoattraction. For invasion assay using neutralizing PlxnD1 antibody 

the goat-anti-PlxnD1 antibody (R&D Systems, Minneapolis, MN, USA) at 12 µg/ml or goat-IgG 
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isotype control (R&D Systems) at 12 µg/ml were added to DRGs in serum fee medium for a total 

volume of 160 µl. The tumor cells were allowed to invade for 12 hours (for KPCA-/- cell line) 

and 24 hours (for KPC and Panc02 cell lines) at 37ºC. Then, the cells that did not invade were 

removed with wash buffer supplied with the kit. Cell invasion was measured using CCK8 (1:10 

in serum free media) (Sigma-Aldrich). In total, 160 µl of diluted CCK8 was added to a new 96-

well plated used as the bottom chamber and placed in a 37ºC incubator for 2 to 4 hours along 

with the top invasion chamber containing cells that invaded through the membrane. Invasion was 

measured at 450 nm using a SpectraMax M3 reader. No DRG condition was used in invasion 

assay for tumor cell invasion comparison.  

 

siRNA knockdown of AnxA2 

KPC cells were plated at 50% confluency in antibiotic free medium in 10cm dish. 24 

hours after plating the medium was changed and 315 pmol of siRNA against AnxA2 

(Dharmacon, Lafayette, CO, USA) or scrambled non-targeting siRNA control (Dharmacon) were 

transfected using lipofectamine 2000 (Life Technology, Carlsbad, CA, USA), according to the 

manufacturer’s instructions. Twenty-four hours after transfection medium was changed to serum 

free medium to starve the cells for invasion assay. Forty-eight hours post transfection the cells 

were harvested, counted and plated for invasion assay in serum free medium. Knockdown of 

AnxA2 was confirmed by western blot. 

 

shRNA knockdown of Sema3D 

The lentiviral plasmids encoding validated shRNA directed against murine (Dharmacon) 

or control, together with second-generation packaging plasmids, pCMV-VSVG and pCMV-dR8.2 

dvpr, were co-transfected into HEK-293T cells as described above. Medium was changed on the 

cells 24 hours post transfection and viral supernatants were collected at 48 and 72 hours post 

transfections. The supernatants were ultra-centrifuged and filtered. KPC cells were plated at 50% 
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confluency and allowed to adhere for 24 hours. On the day of viral infection the KPC medium 

was aspirated and replaced with appropriately tittered viral supernatant (10ml/T75) with 

polybrene (8µg/ml).  After 24 hours post infection, the media was changed and 48 hours post 

infection the cell were harvested and then analyzed by fluorescence-activated cell sorting (FACS) 

for GFP-positive cells and maintained in culture medium containing puromycin (1mg/ml), which 

is a nonselecting dose. For invasion studies, the cells were starved in serum free medium for 24 

hours prior to plating in invasion plate. Sema3D abundance in the sorted cells was confirmed by 

Western blot.  

 

Western blot analysis  

Cells were lysed in 250 mM NaCl, 5 mM EDTA, 50 mM tris (pH 7.4), and 0.5% NP-40 

containing protease inhibitor cocktail (Sigma-Aldrich). After lysis, the lysate was spun at 15,000 

rpm for 5 minutes. Samples boiled in SDS sample buffer containing reducing agents (Bio-Rad, 

Hercules, CA, USA) were loaded and electrophoresed on a 4 to 12% bis-tris gel (Bio-Rad) for 90 

minutes at 120 V. The gels were transferred onto nitrocellulose membranes at 80 V for 1 hour at 

4°C. The membranes were blocked in 5% bovine serum albumin (BSA) overnight at 4°C on a 

shaker. Primary antibodies were added in 2.5% BSA, and the membranes were incubated at room 

temperature for 2 hours. The membranes were washed and then incubated with rabbit or mouse 

secondary antibodies against horseradish peroxidase (1:5000; GE, Pittsburg, PA, USA) for 1 hour 

at room temperature. The membranes were again washed and then developed using enhanced 

chemiluminescence reagent (GE). Western blot analysis was performed using the following 

primary antibodies: a rabbit polyclonal antibody against Sema3D (1:1000; Abcam,Cambridge, 

MA, USA), a rabbit polyclonal antibody against AnxA2 (1:000; Santa Cruz Biotechnology, 

Dallas, TX, USA), or a mouse polyclonal antibody against b-actin (1:500; Santa Cruz 

Biotechnology).  
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Immunofluorescence 

OCT-embedded frozen DRGs and sciatic nerve tissue from wild type mice were 

sectioned and fixed in 4% paraformaldehyde for 10 min. The sections were incubated in PBS 

containing 0.1% Triton X-100 for 15 minutes and then washed with PBS. Next, the tumor 

sections were incubated with antibody against PlxnD1 (Novus, Littleton, CO, USA at a dilution 

of 1:25 in 10% normal goat serum for 2 hours at room temperature. After the incubation, the 

tissue sections were washed and were further incubated with FITC-conjugated goat antibodies 

against rabbit immunoglobulin G (IgG), (Southern Biotechnology, Birmingham, AL, USA ) at a 

1:200 dilution in 10% normal goat serum at room temperature for 1 hour. The tissue sections 

were subsequently washed and mounted in medium containing DAPI (4′,6-diamidino-2-

phenylindole) (Vector Labs) before being examined under a fluorescence microscope.  

 

H&E and PNI, LVI and nerve density scoring in murine models of PDA 

Primary tumors from KPC and KPCA-/- mice were formalin fixed and submitted to be 

paraffin embedded by a JHU reference laboratory. The formalin fixed paraffin embedded (FFPE) 

tumor samples were then cryo-sectioned and H&E stained. The H&E stained KPC and KPCA-/- 

primary tumors were then analyzed for PNI, LVI and nerve density. Only tumor are considered to 

be PDA were included in the analyses. All PaNIN lessions and normal pancreata were excluded 

from the analysis. PNI and LVI scoring was performed as previously described (222). For nerve 

density the following scoring was utilized: 0-1 nerves was considered low density, 1-2 nerves was 

considered medium density and >3 was considered high density. All tumor slides were scored and 

analyzed by the pathologist (A.L.). 

 

Immunohistochemistry  

Immunohistochemistry staining for Sema3D was performed using a standard protocol on 

an automated stainer from Leica Microsystems. After deparaffinization and hydration of tissue, 
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heat-induced antigen retrieval was performed with EDTA buffer (pH 9.0) for 20 min. Incubation 

with rabbit antibodies against Sema3D (Abcam) at a 1:100 dilution for 30 min was followed by 

incubation with secondary antibody from the bond polymer REFINE detection kit (Leica 

Microsystems). The reaction was developed using the substrate 3,3′- diaminobenzidine 

hydrochloride (DAB; Vector Labs). All slides were counterstained with hematoxylin. The slides 

were then analyzed for expression of Sema3D and categorized based on the intensity (low vs. 

high).  

 

Statistical analysis  

Statistical analysis and graphing was performed using GraphPad Prism version 6.0 

software (GraphPad Software, La Jolla, CA, USA). The data are presented as the means ± 

standard error of the mean (SEM). Student’s t-test was used to compare differences between 

groups (invasion assays). Fisher’s exact test was used to compare differences between KPC and 

KPCA-/- primary tumors in the PNI, LVI and nerve density study. A p value of less than 0.05 

was considered statistically significant. 

.  
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Results 

 

Sema3D expression correlates with perineural and lymphatic invasion in human PDA 

The role of semaphorins and plexins in axon guidance during embryogenesis is well 

established (203). In addition, Foley et.al showed that Sema3D expression in human PDA is 

associated with poor survival and metastases (109) and perineural invasion (PNI) is believed to be 

the early mechanism of invasion and metastasis (211, 223), we thus wanted to determine the 

relationship between Sema3D expression in primary human PDA and PNI. To do this, we utilized 

banked paraffin-embedded resected PDA tissue with pathologic and clinical information and 

performed immunohistochemistry staining of Sema3D on those samples. We then, analyzed the 

expression of Sema3D in primary human PDA tumors and correlated the expression of Sema3D 

to PNI. As shown in Fig.1, 9 out of 10 tumors that had positive staining for Sema3D, also had 

evidence of perineural invasion. In contrast, only 3 out of 10 Sema3D negative tumors had 

perineural invasion. Of note, about 50% of stained and analyzed tumors had high expression of 

Sema3D (data not shown). Since, lymphovasular invasion (LVI) has been implicated as one of 

the routes of cancer spread to distant organs (224), we also analyzed the relationship between 

Sema3D expression and LVI in primary PDA tumors. The results show that expression of 

Sema3D on tumor cells also correlates with the incidence of LVI.  This data suggest that Sema3D 

expressed by tumor cells may be important for perineural and lymphatic invasion.  

 

The presence of perineural invasion in murine PDA is AnxA2 dependent 

We previously showed that Sema3D mediates the metastatic function of AnxA2 (109), 

and that in human PDA, high expression of Sema3D correlates with perineural invasion (Fig.1). 

Thus we wanted to determine if PDA tumors that do not express AnxA2 and consequently 

express low levels of Sema3D (previously characterized by Foley, et.al and described in chapter 

4 (109)) have an effect on the incidence of perineural invasion. To do this end, we used primary 
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PDA tumors from two mouse models. The first is the genetically engineered PDA mouse model 

with knock-in alleles of both KrasG12D and p53R172H mutants (aka KPC mice). This model 

resembles human PDA that progresses from normal, through PanIN lesions, to invasive and 

metastatic PDA (126). The second, is the KPCA-/- mouse model obtained by cross of the KPC 

mice with AnxA2 knockout mice. The KPCA-/- mice, similarly to KPC mice develop primary 

tumors; however, unlike the KPC mice, KPCA-/- mice lose the metastatic potential of those 

primary tumors (109). We thus analyzed H&E stained primary tumor slides from both KPC and 

KPCA-/- mice and scored them for the incidence of perineural invasion. The data show that 3 out 

of 9 KPC tumors and 0 out of 26 KPCA tumors have evidence of perineural invasion (Fig.2). 

Moreover, we also examined the incidence of LVI in the same primary tumors and correlated it to 

the AnxA2 status of those tumors. The data revealed no correlation between LVI and AnxA2 

status in the tumor (Fig.3). Taken together, these results suggest that the presence of PNI and not 

LVI in primary murine PDA tumors is AnxA2 dependent.  

 

AnxA2 knockout tumors are associated with lower nerve density 

The data mentioned above revealed that the presence of PNI in PDA is AnxA2 dependent  

(Fig.2); therefore we wanted to determine if AnxA2 affects the number of nerves present in 

tumors. Again, we analyzed the same KPC and KPCA-/- primary PDA tumors and scored them 

for nerve density. Tumors with 0 to 1 nerve were considered low, 2 to 3 nerves- medium and 

tumors with more than 3 nerves were considered high. In both models, the nerve density tends to 

be generally low, since 67% of KPC tumors and 88.5% of KPCA-/- were found to contain 0 to 1 

nerve (Fig.4). More importantly, AnxA2 knockout tumors tend to be associated with lower nerve 

density (p=0.08) (Fig.4). The overall low nerve density in these tumors can be potentially 

explained by the aggressiveness of the primary tumors and consequent nerve crushing during the 

tumor growth, however the exact neurotropic mechanism in the presence and/or absence of 

AnxA2 during tumor development remains to be explored. Nevertheless, the data suggest that 
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AnxA2 may regulate the innervation of primary PDA tumors, further implicating the role of 

AnxA2 in tumor/nerve interaction.  

 

PlxnD1 is expressed on DRGs and sciatic nerve postnatally 

 PlxnD1 has been reported to be expressed in nerves and blood vessel during 

embryogenesis (225). However, limited literature is found on the expression of PlxnD1 in 

nervous tissue postnatally. To determine the expression of PlxnD1 in DRGs and sciatic nerve as a 

representative samples from for the nervous system, we dissected the aforementioned tissue from 

wild-type mice on postnatal day 7 and performed immunofluorescence staining for the protein. 

As shown in Fig.5, PlxnD1 is abundantly expressed in both DRGs and sciatic nerve confirming 

that both tissues can be utilized for the studies to dissect the mechanism of PNI. 

 

Paracrine signaling between tumor and DRGs is important for tumor cell invasion 

Secreted Class 3 semaphorins play a role in axon guidance during early development by 

paracrine activation of their plexin receptors in nearby nerves (226). Therefore, we wanted to 

determine if similar paracrine activated signaling is important for tumor cell invasion towards 

nerves. To do that, we performed an invasion assay, where DRGs were used as a chemoattraction 

for tumor cells in a tranwell system. In this system, the tumor cells were spatially separated from 

DRGs, thus allowing for paracrine signaling between the cells. Tumor cells without DRG 

chemoattraction were plated in a top chamber of the transwell system for comparison. The data 

demonstrate that tumor cells have a significantly increased invasive potential in the presence of 

DRGs (Fig.6). This finding suggests that similarly to the axon guidance process, paracrine 

signaling mediates the increased potential of tumor cells towards DRGs.  
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Invasion of PDA cells toward DRGs is AnxA2 dependent 

Our analysis of primary human and murine PDA tumors revealed a potential role of 

AnxA2 and Sema3D in PNI. Next, we wanted to dissect the mechanism of PNI utilizing an in 

vitro model. To model PNI we used a modified Boyden chamber invasion assay, where dorsal 

root ganglia (DRGs) obtained from wild-type C57BL/6 pups were used as a source of nerves and 

chemoattraction to tumor cells (Fig.6) (227).  

First, we wanted to determine the role of tumoral AnxA2 for the invasion process. We 

used the transwell invasion assay described above, where PDA cells with either small interfering 

RNA targeting AnxA2 (siAnxA2) or scrambled siRNA (siCtrl) were plated in the top chamber 

with or without DRGs as chemoatttraction (plated in the bottom chamber). As anticipated, 

knockdown of AnxA2 from tumor cells significantly decreased the invasion of PDA cell when 

compared to the control in the no DRG condition (Fig.7), since AnxA2 has been shown by our 

group to be important for the invasion process of tumor cells (74, 109). Importantly, the invasive 

potential of tumor cells towards DRGs was diminished in cells with AnxA2 knocked down. 

Conversely, siCtrl transfected tumor cells showed significantly increased invasion that was DRG 

dependent (Fig.7). This data show the importance of tumoral AnxA2 for PNI towards DRGs. 

 

Invasion of PDA cells toward DRGs is Sema3D dependent 

Since Sema3D was shown to mediate the metastatic role of AnxA2 in PDA cells (109). 

And we also found a correlation between Sema3D expression and PNI incidence rates in human 

PDAs. We thus wanted to examine if the tumoral Sema3D regulates invasion towards DRGs in a 

paracrine fashion. We performed a similar invasion assay as described above. This time we 

knocked down Sema3D (shSema3D) from tumor cells and analyzed their invasion with and 

without DRGs. We used a lentiviral system to knock down Sema3D in this study since this 

method showed significantly decreased Sema3D levels after viral infection when compared to the 

siRNA method (data not shown). As expected, tumor cells with Sema3D knocked down show 
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decreased invasive potential when compared to scrambled control (Fig.8). Notably, the invasion 

of PDA cells toward DRGs is Sema3D dependent, since cells with Sema3D knockdown lose their 

invasive potential that is DRG enhanced (Fig.8). Interestingly, the invasion of tumors cells with 

shSema3D knocked down tends to be lower in the absence of DRGs when compared to the 

condition where DRGs are used as a chemoattraction, suggesting that factors secreted by the 

DRGs can partially rescue the invasion of shSema3D knocked down cells. 

Taken together, the data show that tumoral Sema3D acting in a paracrine fashion is 

important for PNI towards nerves in vitro.  

 

PlxnD1 expressed on DRGs regulates invasion of tumor cells toward nerves 

 The paracrine signaling involved in PNI of tumor cells is Sema3D dependent as shown in 

Fig.8. Since, Sema3D/PlexinD1 show a ligand/receptor interaction (183), we next wanted to 

determine if PlxnD1 expressed by nerves, in this case DRGs (Fig.5) is important for this 

paracrine mediated tumor invasion. We used PlxnD1 neutralizing antibody to block the PlxnD1 

receptor on DRGs. The manufacturer previously tested the neutralizing effect of the antibody by 

measuring the interaction of semaphorin 3E, a known ligand for PlxnD1 (180, 185, 191) and its 

effect on the proliferation of endothelial cells. As presented in Fig.9, blockade of PlxnD1, results 

in diminished invasion of tumor cells towards DRGs suggesting that enhanced invasion of tumor 

cells towards DRGs is PlxnD1 dependent. In addition, IgG isotype, used as a control, shows no 

effect on the invasion capacity of tumor cells towards DRGs suggesting that the decrease in 

invasion of tumor cells towards DRGs id PlxnD1 specific.  

 

The signal activating PNI of tumor cells towards nerves originates partly from DRGs 

 Thus far we showed that tumoral AnxA2 and Sema3D are important for invasion of PDA 

tumor cells towards nerves (Fig.7 and 8). We thus wanted to determine if nerves, in this case 

DRGs also are capable of sending signal, specifically secreted molecules, that could lead to 
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increase invasiveness of tumor cells. To test this, we obtained DRG-conditioned media after 24 

hours culture of DRGs and used it as an exogenous source of proteins to resuspend tumor cells in. 

We then performed an invasion assay and analyzed the invasive potential of the tumor cells in 

conditioned media to that of tumor cells in serum-free media. Interestingly, the factors that are 

secreted by DRGs in the absence of activating signals from tumor cells (i.e. Sema3D as shown in 

Fig.8) can significantly increase the invasive potential of the tumor cells (Fig.10). The data imply 

that factors secreted by both tumor cells and nerves work in collaboration to regulate PNI.  

 

Sema3D secreted by DRGs is important for PNI of tumor cells 

Factors secreted by DRGs lead to increased PNI of tumor cells (Fig.10) and the increase 

in invasion seems to be in part Sema3D/PlxnD1 dependent (Fig.8 and 9). Moreover, both tumor 

cells and nerves express the ligand (Sema3D) and the receptor (PlxnD1)(Fig.5; (109, 220)). 

Therefore, we investigated if Sema3D secreted by DRGs can affect the invasion of tumor cells. 

We utilized DRGs dissected from mice that have global knockout of Sema3D (provided by Dr. 

Ginty’s lab) and performed an invasion assay using the DRGs as tumor cells chemoattraction. 

The results confirm that Sema3D secreted by DRGs is important for tumor cell invasion, because 

a significant decrease in invasion of tumor cells is observed in the presence of DRGs lacking 

Sema3D (S-/-DRG) (Fig.11). Furthermore, we also analyzed the invasive potential of tumor cells 

with AnxA2 knocked out (KPCA-/-) and confirmed that tumoral AnxA2 is important for PNI of 

tumor cells towards nerves (Fig.11), since the invasion of AnxA2 null tumor cells towards WT 

DRGs is significantly decreased when compared to tumor cells with AnxA2 (KPC). Interestingly, 

no difference in invasion towards S-/-DRG is noticed between KPC and KPCA-/- tumor cells. 

This is most likely due to the fact that KPCA-/- cells show non-specific leakage in the invasion 

assay, potentially leading to decreased difference between the relative invasion of KPC to KPCA-

/- cells. The results demonstrate the importance of Sema3D secreted by DRGs for the PNI of 

tumor cells.  
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Discussion 

Pancreatic ductal adenocarcinoma has been reported to have high incidence of PNI (207) 

that has also been shown to be associated with poor outcomes after surgical resection of primary 

tumors (212, 213) and believed to be a mechanism for cancer-related pain in PDA patients (205). 

The exact mechanism of PNI is still poorly understood. This study elucidated one mechanism of 

PDA PNI that is mediated by AnxA2/Sema3D/PlxnD1 that form a paracrine loop between the 

tumor cells and nearby nerves (Fig.12).  

Our recent study reported the role of AnxA2- mediated Sema3D secretion and subsequent 

autocrine activation of PlxnD1 as a mechanism of primary PDA invasion and metastasis. Here, 

we demonstrate the paracrine function of Sema3D (secreted by tumor cells) and PlxnD1 

(expressed by nerves) as potential mechanism of PDA PNI. We show that Sema3D expression 

correlates with perineural and lymphatic invasion in human PDA and that the presence of 

perineural invasion but not lymphatic invasion in murine PDA is AnxA2 dependent. Moreover, 

we provide evidence that tumor invasion towards DRGs is AnxA2 and Sema3D dependent and 

that PlxnD1 expressed by DRGs (or nerves) is important for tumor invasion towards nerves.  

This study concentrated mostly on the paracrine signaling between tumor cells and nerves 

as a mechanism of PNI. Nevertheless, others have suggested that the PNI mechanism may 

involve not only tumor to nerve signaling but also the reciprocate signaling of nerve to tumor 

(211). Out data does not negate this finding, it in fact provides further support for it, suggesting 

that Sema3D may be an important molecule secreted by both tumor cells and nerves that acts in a 

paracrine fashion to activate PlxnD1 signaling leading to PNI. Most likely both interactions 

happen and are not mutually exclusive. However, further mechanistic studies involving nerve to 

tumor signaling are warranted.  

PNI has been shown to be an early event during PDA development (209) and this study 

examined the role of AnxA2/Sema3D/PlexinD1 in late stages of the disease. It would be 

interesting to determine the involvement of AnxA2/Sema3D/PlexinD1 in the earlier stages of 
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PDA and determine if the tumoral Sema3D and/or Sema3D secreted by nerves is important for 

PNI. We previously reported that expression of both AnxA2 and Sema3D in PDA cells increases 

with progression of PDA, thus it is possible that their mechanistic involvement in PNI occurs in 

late stages of PDA. Moreover, others have demonstrated that in early PDA, it is the nerves that 

migrate towards tumor cells (228); perhaps one of the signals leading to this nerve guidance 

toward tumor cells is Sema3D/PlxnD1 interaction.  

In summary, the delineation of pathways downstream of AnxA2 and the identification of 

two axon guidance genes (Sema3D and PlxnD1) provides an improved understanding of the 

functional mechanisms by which AnxA2 contributes to PDA metastasis. This study elucidated the 

significance of this new cancer genetic finding by providing an in-depth biologic framework for 

how these genetic abnormalities contribute to PNI in PDA. In addition, this study further supports 

the use of AnxA2/Sema3D/PlxnD1 as targets for the development of novel PDA therapies. Since 

PNI was linked to pancreatic cancer associated pain (205), and we demonstrated the role of 

AnxA2/Sema3D/PlxnD1 in PNI of PDA , therapies targeting these proteins may also have a 

treatment effect on cancer related pain.  
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Figure 5.1. Sema3D expression correlates with perineural and lymphatic invasion in 

human PDA. A and B. Representative IHC images of low (panel A) and high (panel B) Sema3D 

staining in human PDA. Positive staining is shown in brown. C. Tabulated results for PNI and 

LVI correlation analysis with Sema3D expression levels. 
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Figure 5.2. The presence of perineural invasion in PDA is AnxA2 dependent. A and C. 

Representative H&E images of KPC (panel A) and KPCA-/- (panel B) primary tumors with and 

without PNI, respectively. B. Graphical summary of the incidence of perineural invasion in  KPC 

and KPCA-/- primary tumors. Total of 9 KPC and 26 KPCA tumors were analyzed. * p<0.05 

(Fisher’s exact test). 
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Figure 5.3. The presence of lymphatic vessel invasion is not AnxA2 dependent. Graphical 

summary of KPC and KPCA-/- primary tumors that were analyzed for lymphovacular invasion. 

Total of 9 KPC and 26 KPCA tumors were analyzed. ns= non-significant (Fisher’s exact test) 
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Figure 5.4. AnxA2 knockout tumors are associated with lower nerve density. H&E stained 

primary tumors from KPC and KPCA-/- mice were analyzed for the presence of nerves and 

scored as follows: 0-1 nerves (low density), 2-3 nerves (medium density), >3 nerves (high 

density). A. Graphical representation of nerve density in KPC and KPCA-/- primary tumors. B. 

Tabulated representation of the nerve density analysis in KPC and KPCA-/- primary tumors. 

Total of 9 KPC and 26 KPCA tumors were analyzed. p=0.08 (Fisher’s exact test).  
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Figure 5.5. PlxnD1 is expressed in DRGs and sciatic nerve dissected from P7 WT mice. A 

and B. Representative immunofluorescence images for PlxnD1 staining in DRGs (panel A) and 

sciatic nerve (panel B).  
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Figure 5.6. Paracrine signaling between tumor and DRGs is important for tumor cell 

invasion. Invasion assay using methylcholanthrene-induced pancreatic tumor cell line- Panc02. 

Tumor cells were plated in the top chamber; DRGs were plated in the bottom chamber and used 

as a chemoattraction. No DRG condition was used as a reference. Cells were allowed to invade 

for 48 hours at 37ºC. Cell invasion was read out using CCK8 at 450 nm. Data are means ± SEM 

from 3 technical replicates and representative of at least 3 experiments. ns- not significant,  

*p<0.05, **p<0.01, ***p<0.001 , ****p<0.0001 (unpaired student’s t-test).  
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Figure 5.7. Invasion of PDA cells toward DRGs is AnxA2 dependent. A. Invasion assay using 

KPC tumor cells derived from primary tumor from KPC PDA mouse model. Tumor cells with 

siRNA targeting AnxA2 (siAnxA) or scrambled control (siCtrl) were used. The tumor cells were 

plated in the top chamber; DRGs were plated in the bottom chamber and used as a 

chemoattraction. No DRG condition was used as a control. Cells were allowed to invade for 24 

hours at 37ºC. Cell invasion was read out using CCK8 at 450 nm. Data are means ± SEM from 4 

technical replicates and representative of at least 3 experiments. ns- not significant,  *p<0.05, 

**p<0.01, ***p<0.001 , ****p<0.0001 (unpaired student’s t-test). B. Western blot of KPC cells with 

siAnxA2 and siCtrl showing AnxA knockdown in siAnxA2 cells. B-actin was used as a loading 

control.  
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Figure 5.8. Invasion of PDA cells toward DRGs is Sema3D dependent. A. Invasion assay 

using KPC tumor cells. Tumor cells with shRNA targeting Sema3D (shSema3D) or scrambled 

control (shCtrl) were used. The tumor cells were plated in the top chamber; DRGs were plated in 

the bottom chamber and used as a chemoattraction. No DRG condition was used as a control.  

Cells were allowed to invade for 24 hours at 37ºC. Cell invasion was read out using CCK8 at 450 

nm. Data are means ± SEM from 4 technical replicates and representative of at least 3 

experiments. ns- not significant,  *p<0.05, **p<0.01, ***p<0.001 , ****p<0.0001 (unpaired student’s 

t-test). B. Western blot of KPC cells with shSema3D and shCtrl showing Sema3D knockdown in 

shSema3D cells. B-actin was used as a loading control.  
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Figure 5.9. PlxnD1 expressed on DRGs regulates invasion of tumor cells toward nerves. 

Invasion assay using KPC tumor cells. The tumor cells were plated in the top chamber. Plain 

DRGs, DRGs with IgG isotype control (DRG+IgG) or DRGs with PlxnD1 neutralizing antibody 

(DRG+aPlxnD1) were plated in the bottom chamber and used as a chemoattraction. No DRG 

condition was used as a control. Cells were allowed to invade for 24 hours at 37ºC. Cell invasion 

was read out using CCK8 at 450 nm. Data are means ± SEM from 4 technical replicates and 

representative of at least 3 experiments. ns- not significant,  *p<0.05, **p<0.01, ***p<0.001 , 

****p<0.0001 (unpaired student’s t-test).  
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Figure 5.10. Proteins secreted by DRGs increase invasiveness of tumor cells. Invasion assay 

using KPC tumor cells. DRG conditioned media or serum-free media, respectively, were used to 

resuspend the tumors, which were then plated in the top chamber of the transwell system. Cells 

were allowed to invade for 24 hours at 37ºC. Cell invasion was read out using CCK8 at 450 nm. 

Data are means ± SEM from 3 technical replicates and representative of at least 2 experiments. 

ns- not significant,  *p<0.05, **p<0.01, ***p<0.001 , ****p<0.0001 (unpaired student’s t-test).  
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Figure 5.11. Sema3D secreted by DRGs is important for tumor invasion towards nerves. 

Invasion assay using KPC and KPCA-/- tumors cells, respectively. The tumor cells were plated in 

the top chamber. DRGs from WT mice, or mice with Sema3D knocked out were plated in the 

bottom chamber and used as a chemoattraction. Cells were allowed to invade for 12 hours at 

37ºC. Cell invasion was read out using CCK8 at 450 nm. Data are means ± SEM from 3 technical 

replicates and representative of at least 1 experiment. ns- not significant,  *p<0.05, **p<0.01, 

***p<0.001 , ****p<0.0001 (unpaired student’s t-test).  
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Figure 5.12. Graphical representation of the mechanism of PNI in PDA mediated by 

AnxA2/Sema3D/PlxnD1. Showed here is the paracrine signaling involving AnxA2-mediated 

Sema3D secretion by tumor cells leading to Sema3D binding to its receptor- PlexinD1, expressed 

by DRGs (or nerves) that results in the invasion of tumor cells towards nerves (perineural 

invasion).  Note, autocrine tumoral signaling between Sema3D and PlxnD1 is also shown.  

 

 

 

 

 

 

 

 

 

 



192	  
	  

192	  

 

 

 

 

Chapter 6 

 

Significance and future directions 
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PDA is the 4th leading cause of cancer deaths in both men and women in the US.  PDA 

is highly resistant to chemotherapy and radiation. It is also among the most aggressive cancers. 

The aggressive nature is evident in the high incidence of metastases at the time of initial 

diagnosis, and the high incidence of early metastases following surgical resection.  However, 

little is known about the molecular mechanisms underlying the invasion and metastatic processes 

in PDA. This aggressiveness is also in contradiction to the fact that only 10-40% of the PDA 

tumor mass is composed of cancer cells; most of the tumor mass consists of the 

stroma/desmoplastic reaction to the cancer (2, 3).  For this reason, the stromal component is 

thought to play an important role in the development and metastasis of PDA. However, only a 

few studies have addressed the role of the tumor’s microenvironment in regulating the 

development and metastasis of cancers, and fewer have addressed how this role is executed.  This 

thesis has provided new insights into our understanding of previously unknown mechanisms of 

PDA progression and metastasis formation.  These findings provide the rationale for developing 

novel interventions for the treatment of PDA. 

This study is significant because it uncovered the functional and spatial organization of 

the upstream signals provided from the stroma to the tumor that promote PDA progression and 

metastasis. Elucidation of the upstream signals to AnxA2 provides an understanding of the 

complex interactions of this pathway, and identifies new targets for the development of agents 

that inhibit this pathway. In addition part of the study aimed to understand how a molecule 

involved in normal human cellular development, can be exploited to cause abnormal cellular 

functions. The findings described in this study provide a characterization of stromal regulation by 

tumor cells, specifically in terms of stromal activation and pro-tumorogenic functions. This 

project is also significant because it revealed new PDA biologic pathways upstream of AnxA2 

signaling, within tumor stroma that may serve as novel targets for developing new therapeutic 

agents for cancer treatment.  Findings from this study can also advance our knowledge of the role 

of the tumor microenvironment in facilitating the development and metastasis of other types of 
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cancers. 

 Upon understanding the stromal regulation of AnxA2, we also performed preclinical 

studies utilizing the conventional chemotherapy (gemcitabine) with stromal inhibitors under 

clinical development.  This part of the study is significant because it provides evidence that 

combination therapy of pharmacological agents that target dual stromal signals, which culminate 

in neoplastic cell regulation (as described in detail in chapter 2) with gemcitabine has a beneficial 

effect in terms of primary and metastatic tumor shrinkage and metastases formation. This study 

also proposes an explanation to the lack of success in clinical trials utilizing those agents as single 

therapy despite beneficial results observed in pre-clinical trials. The findings described in this 

chapter rationalize a therapeutic regimen that leads to primary and metastatic tumor decrease via 

the dual stromal modulation that results in increased sensitivity to gemcitabine and overcomes a 

resistance mechanism. Lastly and more importantly, the finding deliver a platform for the 

development of clinical trials utilizing this triple combination in human subjects as means for 

PDA treatment.  

 The study described in chapter 2 provided an understanding of the network of stromal 

signals that give rise to AnxA2 phosphorylation and translocation, which subsequently leads to 

PDA invasion and metastases. It also established a framework for the interactions between two 

stromal derived signaling pathways that regulate AnxA2-associated metastases.  However, to 

understand the complete role of AnxA2 in tumor invasion and metastases, we also studied the 

downstream signals within PDA that occur as a result of AnxA2 phosphorylation. This part of the 

study elucidated the tumoral signals that occur following AnxA2 translocation that lead to 

invasion and metastasis formation. It also provided a novel genetic model of cancer metastases, 

namely the KPCA-/- mice, which can advance the research in this field since prior to this project 

the studies of metastases have been limited by studies focused on metastatic phenotype-associated 

genes, which often are not functionally involved in metastases. This study is also significant 

because it also provided new information concerning the role of AnxA2 in facilitating 
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progression from normal cells to PanINs, to PDA to metastases. Lastly, this project elucidated 

novel signals from the axon guidance pathway, that occur downstream of AnxA2 that lead to 

increased PDA metastases. It also identified Sema3D as a potential biomarker for PDA 

metastases. Elucidation of these pathways can provide new targets for developing novel 

therapeutic approaches.  In addition, this knowledge also establishes a new mechanism 

responsible for PDA metastasis formation. 

One of the hallmarks of PDA is the high prevalence of perineural (PNI) and lymphatic 

invasion (LVI) (207). PNI is a process whereby tumor cell invade nearby nerves. Additionally, 

PNI is thought to represent the initial steps of metastasis in PDA (210, 211) and is also believed 

to be a mechanism for cancer-related pain, one of the most debilitating symptoms in pancreatic 

cancer patients (205), however the exact mechanism of PNI remains unknown. This study is 

significant because it provided one mechanism for PNI in PDA by the delineation of downstream 

pathways of AnxA2. The identification of two axon guidance genes (Sema3D and PlxnD1) 

downstream of AnxA2 has thus revealed an important mechanism promoting perineural invasion 

in PDA. This study elucidated the significance of this new cancer genetic finding by providing an 

in-depth biologic framework for how these genetic abnormalities may contribute to PDA 

development and metastasis. In addition, this project further supports the use of 

AnxA2/Sema3D/PlxnD1 as targets for the development of novel PDA therapies. Since perineural 

invasion is believed to be a main mechanism that generates pain in pancreatic cancer 

patients(205), this study is important because it provides a rationale for the development of 

therapies targeting these proteins and potentially lead to a treatment  that can relief cancer related 

pain.  
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Future directions 

 This thesis project provided a mechanism for AnxA2 mediated PNI and metastases 

(Figure 6.1). It also explained how conventional PDA therapy using gemcitabine could be more 

effective in patients that developed resistance to it via sensitization of the tumor by stromal 

targeting.  Nevertheless, there are still many unanswered questions. Do stromal cells play a role in 

perineural invasion directly or indirectly, if at all? What is the signal send back from nerves upon 

Sema3D/PlexinD1 interaction that leads to tumor cell invasion towards nerves? How do tumor 

cells, stromal cells and nerves interact to generate pro-tumorigenic, drug resistant and pro-

metastatic microenvironment? Published literature can point us in the direction of specific 

proteins and pathways, but there is still a lot of work to be done in order to understand the 

complexity of the pancreatic tumor microenvironment. For instance, Zygmunt et al. describes the 

role of sFlt1 as a molecule secreted by nerves upon semaphoring/plexin pathway activation that 

leads to angiogenic changes (229). It would be interesting to investigate the involvement of this 

molecule in PNI of PDA mediated by Sema3D and PlxnD1. In addition, stromal signals have 

been implicated to promote PNI directly (230); conversely, others have reported that tumoral 

regulation of stroma that leads to PNI (231). This lead to a question, what signals and what 

cellular entities are important for PNI initiation, progression, and maintenance? Since pancreatic 

tumor microenvironment is so complex, any additional knowledge and findings that can can 

translated into patients care and in the case of this study, into therapies for pain and metastasis 

management for PDA patients are indispensible.  
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Figure 6.1. Comprehensive graphical representation of the pathways that lead to perineural 

invasion and metastasis in PDA. Stromal signals, namely HGF and IGF-1(under the regulation 

of  tumoral Shh) regulate AnxA2 phosphorylation via their canonical kinases, c-Met/Src and IGF-

1R, respectively. AnxA2 regulates Sema3D secretion from tumor cells, which then regulates 

perineural invasion in a paracrine fashion via PlexinD1. Red question marks depict areas of 

further investigation.  
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