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Abstract

MIF is a pro-inflammatory cytokine and is implicated in cancer. A higher MIF level is found in
many human cancer and cancer-prone inflammatory diseases, including chronic pancreatitis and
pancreatic cancer. We tested the hypothesis that MIF contributes to pancreatic cancer
aggressiveness and predicts disease outcome in resected cases. Consistent with our hypothesis we
found that an elevated MIF mRNA expression in tumors was significantly associated with poor
outcome in resected cases. Multivariate Cox-regression analysis further showed that MIF is
independently associated with patients’ survival (HR=2.26, 95% Cl= 1.17-4.37, P=0.015).
Mechanistic analyses revealed that MIF overexpression decreased E-cadherin and increased
vimentin mMRNA and protein levels in pancreatic cancer cell lines, consistent with the features of
epithelial-to-mesenchymal transition (EMT). Furthermore, MIF-overexpression significantly
increased ZEB1/2 and decreased miR-200b expression, while shRNA-mediated inhibition of MIF
increased E-cadherin and miR-200b expression, and reduced the expression of ZEB1/2 in Pancl
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cells. Re-expression of miR-200b in MIF overexpressing cells restored the epithelial
characteristics, as indicated by an increase in E-cadherin and decrease in ZEB1/2 and vimentin
expression. A reduced sensitivity to the chemotherapeutic drug, gemcitabine, occurred in MIF-
overexpressing cells. Indicative of an increased malignant potential, MIF over-expressing cells
showed significant increase in their invasion ability in vitro, and tumor growth and metastasis in
an orthotopic xenograft mouse model. These results support a role of MIF in disease
aggressiveness, indicating its potential usefulness as a candidate target for designing improved
treatment in pancreatic cancer.
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Introduction

Pancreatic cancer is one of the most lethal malignancies world-wide and is the 4™ leading
cause of death due to cancer in the United States with an estimated 43, 920 new cases and
37, 390 deaths in 2012 1. The median survival in pancreatic cancer is less than 6 months and
only 6% of patients survive 5 years after diagnosis. Among different types of pancreatic
cancer, pancreatic ductal adenocarcinoma (PDAC) is the most common. The dismal
prognosis in pancreatic cancer is due to its presentation with an advanced, unresectable,
stage and lack of effective therapy [reviewed in 2 3]. Less than 20% of the patients are
diagnosed relatively early and may qualify for surgical resection. However, the median
survival even in the surgically resected cases is less than 2 years. Therefore, understanding
the biology of pancreatic tumor aggressiveness and identification of novel therapeutic
targets is urgently needed to improve treatment and disease outcome.

Evidence from epidemiological and molecular studies support a role of inflammation in the
development, progression and therapeutic resistance in pancreatic cancer 4. One such
evidence comes from the observation that the risk of developing pancreatic cancer increases
several-fold in patients with hereditary and sporadic pancreatitis ° 6. There is a step-wise
accumulation of inflammatory changes during the development of PDAC, intermingled
within a characteristic desmoplastic stroma 7. Increase in the level of cytokines, generation
of reactive oxygen and nitrogen species, alteration in miRNA expressions, and induction of
NF-kB are some of the major inflammation-mediated events that may contribute to the
development and progression of cancer & 9. Inflammation enhances tumor progression and
cancer cell invasion by inducing EMT in pancreatic cancer 10, Macrophage migration-
inhibitory factor (MIF) is a proinflammatory cytokine and an important regulator of innate
immunity. MIF is produced by a variety of cells including immune and epithelial cells. Its
pro-inflammatory activities are mediated by enhancing the expression of Toll-like receptor 4
(TLR4), promoting the production of many pro-inflammatory cytokines, for example IL-6,
IL-1B, IL-8, TNF-a, activation of transcription factors and signaling pathways including
MAP Kinase, and inhibition of the anti-inflammatory properties of glucocorticoids 1. MIF
is expressed at a higher level in several human cancers 1215, An increased level of MIF is
found in the tumor and serum of pancreatic cancer patients 16: 17, Many functions of MIF
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support its potential involvement in tumorigenesis, for example, MIF functions as a negative
regulator of p53 and antagonizes p53-mediated growth arrest and apoptosis 18. It initiates a
cascade of events leading to the phosphorylation of ERK1/ERK?2, induction of cytoplasmic
phospholipase A2, COX2 and generation of prostaglandin E2, induction of NOS2 and NFK-
B pathway, and inhibition of cyclin-dependent kinase inhibitor p27KiP1 11, Despite the
compelling evidence suggesting a role of MIF in tumorigenesis, its role in pancreatic cancer
is not clearly defined.

In the present study we investigated the biological relevance of MIF in pancreatic cancer

progression by first investigating its association with patients’ outcome in resected PDAC
cases and then exploring its mechanistic role in disease aggressiveness using both in vitro
and in vivo strategies in our effort to understand the tumor biology and identify candidate
therapeutic targets.

Materials and Methods

PDAC Tissue Samples

Flash-frozen and paraffin embedded primary pancreatic tumor tissue from resected PDAC
cases (N=57) came from University of Maryland Medical System (UMMS), Baltimore, MD,
through NCI-UMD resource contract and the Department of General and Visceral Surgery,
University Medicine Géttingen, Géttingen, Germany. Demographic and clinical
information, including age, sex, clinical staging, differentiation grade, resection margin
status and survival from the time of diagnosis were available for each donor. Tumor
histopathology was classified according to the World Health Organization Classification of
Tumors by a Board certified pathologist. The characteristics of the patients are shown in
Supplemental Table 1. Use of the clinical specimens was reviewed and permitted by the
NCI-Office of Human Subject Research (OHSR, Exempt# 4678) at the National Institutes of
Health, Bethesda, MD.

RNA isolation and quantitative RT-PCR (QRT-PCR)

Total RNA was extracted from frozen tumor samples using a standard Trizol protocol
(Invitrogen: Carlshad, CA). RNA from cultured cells was isolated using the Total RNA
extraction kit (Norgenbiotek: Thorold, Canada) according to the manufacturer’s protocol.
RNA quality was evaluated using Agilent 2100 Bioanalyzer (Agilent Technologies). RNA
was reverse-transcribed using Multi Scribe reverse transcriptase (Applied Biosystem, Foster
City, CA). Gene-expression levels of MIF, E-cadherin, ZEB1, ZEB2 and miR-200b were
measured with probes from Applied Biosystems: MIF (ID Hs00236988_g1), E-cadherin (1D
Hs01023894_m1), ZEB1 (ID Hs00232783_m1), ZEB2 (Hs00207691_m1) and miR-200b
(ID 002251), with 18 s rRNA (ID Hs99999901_s1) or GAPDH (ID Hs99999905_m1) for
gene and U66 (ID 001002) for microRNA, as normalization controls. qRT-PCR reactions
were performed in triplicate, using Tagman Gene Expression Assays on an ABI prism
7900HT Sequence Detection instrument (Applied Biosystems: Foster City, CA). All assays
were repeated three times. Real-time PCR data were analyzed by relative quantification
using the Delta-Delta CT (AAC,) method.
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Immunohistochemistry

5 um thick paraffin sections of tumors and surrounding nontumor tissue from resected
PDAC cases were incubated with mouse monoclonal anti-MIF antibody (Abcam,
Cambridge, MA). Signals were amplified using biotinylated 1gG, followed by horseradish
peroxidase-conjugated avidin-biotin complex (Vectastain ABC Kit, Vector Lab,
Burlingame, CA) and diaminobenzene (DAB) as the chromogen (Dako Envision System,
Dako, Carpinter, CA). Immunostaining was evaluated blindly by a board-certified
pathologist assigning the intensity and prevalence score as described elsewhere 1°. Briefly,
the intensity was assigned a score of 0-3, representing negative, weak, moderate or strong
expression, whereas, prevalence was assigned a score of 0—4 representing <10%, 10-30%,
>30-50%, >50-80% and >80% cells showing MIF expression. The overall quantitation was
then achieved by multiplying the intensity and prevalence score as described elsewhere 20,

Cell Lines and Culture Condition

Human pancreatic cancer cell lines, Capan 2 and Panc 1 were purchased from the American
Type Culture Collection, ATCC, (Rockville, MD). Capan 2 cells were grown in McCoy’s
medium and Panc-1 cells were grown in Dulbecco’s modified Eagle’s medium,
supplemented with 10% fetal bovine serum, penicillin-streptomycin (50 1U/ml and 50
mg/ml, respectively) and 2 mM L-glutamine in a humidified incubator containing 5% CO,
at 37°C. All products for cell culture were purchased from Gibco (Grand Island, NY).

Generation of stable MIF-over expressing and shRNA MIF-knockdown cells using lentiviral

vectors

Lentiviral MIF constructs (pLOC-MIF), lentiviral MIF knockdown constructs (pGIPZ-
shRNA1 and shRNAZ2) and viral packaging mixes were purchased from Open Biosystems
(Rockford, IL). Lentiviral particles were produced by transfecting 293T cells in a 10-cm
dish with 6 pg of lentiviral vector plasmid, 30 pg of trans-lentiviral packaging mix with 50
ul of Lipofectamine 2000 reagent (Invitrogen: Carlsbad, CA) according to the
manufacturer’s protocol. Seventy-two hours following transfection, viral supernatant was
collected and cellular debris was removed by low-speed centrifugation. The lentiviral
particles were concentrated 10-fold by using Lenti-X™ Concentrator over night at 4°C
(Clontech, Mountain View, CA), and aliquots were stored at —80°C. The titers of the
concentrated viral particles were measured with HT1080 cell line according to
manufacturer’s protocol. Twenty-four hours prior to infection, 5x10° Capan 2 or Panc 1
cells were seeded in 6-well plates. Three days after lentivirus infection, blasticidin (10
ug/ml) for MIF-overexpressing cells and puromycine (10 pg/ml) for MIF knock down cells
were added to the medium. Approximately every 2-3 days, the culture medium was replaced
at least for two weeks. MIF expression was analyzed by western blot and real-time PCR.

Western blotting

Cells were washed in PBS and lysed with RIPA buffer (Invitrogen, Carlshad, CA). Proteins
were electrophoresed under reducing conditions on 4%-12% acryl amide gels (Invitrogen,
Carlsbad, CA), and then transferred to a PVVDF membrane (Invitrogen, Carlsbad, CA). To
block nonspecific binding, the membrane was incubated for 60 min with 0.1% Tween 20 (T-

Int J Cancer. Author manuscript; available in PMC 2014 January 23.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Funamizu et al.

Page 5

PBS) containing 5% non-fat milk at room temperature. After 3x washing with 0.1% TBS-
Tween, the membrane was incubated over night with the human anti-MIF (Abcam:
Cambridge, MA), anti-E-cadherin (Cell Signaling: Danvers, MA) or -B-actin antibodies
(Sigma Aldrich: St. Louis, MO) in T-PBS. Secondary anti-mouse or -rabbit antibodies with
HRP were purchased from Santa Cruz (Santa Cruz, CA). Specific protein was visualized
using a Super-Signal protein detection kit (Pierce: Rockford, IL) using manufacturer’s
instructions.

Invasion assay

Matrigel invasion assay was performed using the 24-well BD FALCON Cell Culture Insert
and BD BioCoat™ Matrigel™ Invasion Chamber (BD Biosciences: Bedford, MA), using
manufacturer’s protocol. Briefly, 1x104 Capan-2 and 5x104 Panc-1, MIF over expressing
and control cells were plated in each chamber and cellular invasion was assessed 22 hours
after plating. The non-invading cells on the top of the membrane were removed and the
invaded cells were fixed with methanol, stained with 0.1% crystal violet (Sigma Aldrich: St.
Louis, MO) and counted under a microscope in each membrane. Assays were conducted in
triplicate.

Cell proliferation assay

Cells were seeded in triplicate at 5x103 cells/well in a 96-well culture plates. After 12 h, cell
counting kit-8 (WST-8) colorimetric assay (Dojindo, Kumamoto, Japan) was used to
determine cell proliferation at every 24 h intervals according to manufacturer’s protocol.
Briefly, cells were incubated with the supplied reagent, which is reduced by the
dehydrogenase activity of the living cells producing a yellow color formazine dye, for 3 hrs
and the absorbance values of each well were measured with a microplate spectrophotometer
(Molecular Devices, Tucson, AZ) at 450 nm and 650 nm from the day 0 to day 4. The assay
was repeated three times.

Drug sensitivity assay

Gemcitabine was purchased from Tocris Bioscience (Ellisville, MO). Capan 2 and Panc 1
cells were seeded in 96-well plates (5x103 cells/well). After 12hr, cells were treated with
stepwise, 4-fold dilutions of gemcitabine concentration, starting with 50 uM and incubated
at 37 °Cfor 96 hr to assess the IC50 value. The cytotoxicity was evaluated by WST-8
colorimetric assay (Dojindo, Kumamoto, Japan). Mean values were calculated from three
different wells in triplicates. IC50 concentration of Gemcitabine (0.01 uM) was used to treat
both MIF-overexpressing and control Capan 2 and Panc 1 cells to evaluate the difference in
sensitivity.

Immunofluorescence

Approximately, 2 x10* Capan2 MIF over expressing and control cells were seeded on a 4-
well Lab-Tek 1l chamber slide. After 24 hr, the cells were washed with PBS and fixed in 4%
paraformaldehyde in PBS buffer at room temperature for 20 min. The cells were then
washed with PBS, and blocked in PBS containing 5% goat serum for 90 min at room
temperature before incubation with anti-E- cadherin (Abcam: Cambridge, MA) or anti-
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vimentin (Santa Cruz, CA) and anti-MIF antibody (Invitrogen: Carlsbad, CA) over night.
Cells were then washed three times with PBS for 15 min and incubated with anti-rabbit or
anti-mouse Alexa Fluor secondary antibodies from Invitrogen (Carlsbad, CA) for 1 hr. Cells
were then washed for 15 min, and mounted using the VECTASHIELD® Mounting Medium
containing DAPI (Vector Laboratory: Burlingame, CA). All samples were subjected to
confocal microscopy and photographed at identical exposure times.

Subcutaneous and orthotopic xenografts in mice to evaluate MIF’s function in tumor
growth and metastasis

All animal experiments and maintenance conformed to the guidelines of the Animal Care
and Use Committee and of the American Association of Laboratory Animal Care. 5x10°
MIF-over expressing and control Capan-2 cells in a total volume of 100 pL of 1/1 (v/v)
PBS/matrigel (BD Biosciences: Sparks, MD) were injected subcutaneously into flanks of 8-
9 weeks old male athymic nu/nu mice (Harlan Laboratories, Indianapolis, IN) with 5 mice
per arm. One week after the injection of tumor cells, subcutaneous tumor volumes (V) were
measured weekly with digital calipers (Fisher Scientific: Pittsburgh, PA) and calculated
using the formula V = 1/2(ab?), where a is the biggest and b is the smallest orthogonal tumor
diameter. On 29th day after tumor injection, the mice were euthanized and the tumors were
harvested and measured as described previously 2. To assess primary tumor growth and
metastasis, the subcutaneous tumors from MIF-over expressing cells and the controls were
harvested and cut into cubes of approximately 1 mms3 and orthotopic xenografts by surgical
implantation were performed as described previously 21, After 47 days of implantation, the
mice were euthanized. The primary tumors were harvested and weighed, and the tumor
volume were measured with calipers of three orthogonal diameters (a, b and c) and
calculated using the formula volume = 1/2(abc). Spleen, pancreas, liver, intestine, colon,
lymph node, peritoneum, diaphragm, kidney and lungs were inspected for grossly visible
metastases.

Statistical Analysis

Kaplan-Meier analysis was performed, using Graphpad Prism 5.0, to evaluate the
differences in survival probability in resected pancreatic cancer cases. Univariate and
multivariate Cox Proportional-hazards regression analysis was performed using STATA 11
(StataCorp LP, College Station, TX) to investigate the association of MIF expression level
in tumors and other clinical factors to determine their association with survival in these
cases. Final multivariate models were based on stepwise addition and removal of clinical
prognostic factors found to be associated with survival in univariate analysis (P<0.05).
These models did not violate proportional hazards assumptions based on Schoenfeld
residuals. For these analysis MIF gene expression was dichotomized as high and low based
on median value, resection margin status as positive (R1) vs. negative (R0); staging as stage
I/11A vs. stage 11B/111, and differentiation grade as G1-G2 vs. G3-G4. The differences in
mMRNA and microRNA expression, tumor volume and weight among different comparison
groups were evaluated using Student’s t-test.
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Increased MIF expression is associated with poor survival in resected PDAC

MIF gene expression analysis was performed in resected tumor samples from PDAC cases
(N=57) using gRT-PCR and the expression levels were dichotomized at the median into
high (above median) and low (below median) expression. Kaplan-Meier analysis showed
that patients with a higher MIF expression in tumors had a significantly poorer survival
when compared with patients who had a lower MIF expression in their tumors (P=0.032,
log-rank test) (Figure 1a). Univariate and multivariate Cox proportional hazard analysis was
used to further evaluate the association of MIF expression in tumors and other clinical
prognostic factors with patients’ outcome (Supplemental Table 2). Univariate Cox analysis
showed that a higher MIF expression (HR, 2.21; 95% ClI, 1.16-4.22; P=0.016) and a higher
differentiation grade (HR, 1.86; 95% CI, 1.01-3.45; P=0.048) were each associated with
poor survival. We did not see any association of tumor stage or resection margin status with
survival in our cohort. Furthermore, multivariate analysis showed that MIF was associated
with patients’ survival independent of tumor grade (HR, 2.26; 95% ClI, 1.17-4.37; P=0.015).
These data indicate that MIF is an independent predictor of prognosis in resected PDAC
patients. We further evaluated the expression of MIF in paraffin embedded tumors and
adjacent nontumor tissue. Immunohistochemical staining showed an increased expression of
MIF in cancer cells as compared with the ductal cells in the surrounding nontumor area
(P=0.002) (Figure 1b and 1c).

MIF overexpression decreases E-cadherin and increases vimentin in pancreatic cancer

cells

EMT enhances the invasive ability and therapeutic resistance in tumor cells, and is
characterized by the alteration in epithelial and mesenchymal marker proteins including a
decrease in E-cadherin and an increase in vimentin expression 22 23, To investigate the
mechanistic role of MIF in the progression of pancreatic cancer, we first generated MIF-
expressing stable cell lines and determined the expression of EMT-related genes at both the
mMRNA and protein level. MIF-overexpressing Capan-2 and Panc-1 pancreatic cancer cell
lines showed a decrease in E-cadherin (P<0.001; P<0.01) and an increase in vimentin
(P<0.001, P=0.011) mRNA and protein expression as determined by gRT/PCR and western
blot analysis, respectively (Figure 2a). We further confirmed these observations using
immunoflourescence staining as shown in Figure 2b. These data indicate that MIF
overexpression induces EMT-related molecular alterations in pancreatic cancer cells.

MIF-induced EMT is mediated by miR-200b

ZEB1/2 transcription factors inhibit E-cadherin and induce EMT, invasion and

metastasis 2426, However, in contrast, miR-200 family members induce mesenchymal to
epithelial transition (MET) and there exist a feedback inhibitory loop between miR-200 and
ZEB family of transcription factors 27: 28, Therefore, we investigated if MIF-induced, EMT-
related changes are mediated by miR-200. MIF over-expression reduced miR-200b
(P<0.001) (Figure 3a) and increased ZEB1 (P<0.001) and ZEB2 (P<0.001) (Figure 3b)
expression in Capan 2 cells. Furthermore, re-expression of miR-200b in MIF overexpressing
cells reduced ZEB1 (P<0.01), ZEB2 (P=0.018) and vimentin (P=0.021) expression (Figure
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3c,d,f), and increased the expression of E-cadherin (P<0.001) (Figure 3e). We further
confirmed these findings by shRNA-mediated knockdown of MIF in Capan 2 cells.
Knocking down MIF significantly increased the expression of miR-200b (P=0.018 and
P=0.031) and E-cadherin (P<0.001), while decreasing both ZEB-1 (P<0.001) and ZEB-2
(P<0.001 and P<0.01) (Figure 4). These data indicate that MIF-induced EMT is mediated, at
least in part, by miR-200b.

MIF-overexpression enhances invasion and decreases sensitivity of pancreatic cancer
cells to chemotherapeutic drug

To investigate the role of MIF in the aggressiveness of pancreatic cancer, we first
determined the in vitro invasive properties of MIF-overexpressing Capan 2 and Panc 1
pancreatic cancer cells. Pancreatic cancer cells, overexpressing MIF, showed a significantly
higher invasive ability when compared with the vector control cells (P<0.001 and P=0.042)
(Figure 5a). Furthermore, MIF overexpressing Capan 2 and Panc 1 cells showed increased
cellular proliferation (P<0.01) (Figure 5b) which is consistent with earlier report showing a
decrease in cellular proliferation following siRNA-mediated knock down of MIF 16, One of
the major hurdles in the treatment of pancreatic cancer is its resistance to chemotherapeutic
drugs, and EMT-associated changes are thought to be a factor in conferring therapeutic
resistance. We investigated if the level of MIF modulates the sensitivity of pancreatic cancer
cells to the standard of care drug, gemcitabine. We found that increased expression of MIF
reduced the sensitivity to gemcitabine in both Capan 2 (P<0.001) and Panc 1 (P<0.01) cell
lines (Figure 5c). MIF over-expressing cells also showed a significant decrease in apoptosis
as measured by caspase 3/7 activity (P<0.01) (Figure 5d), which is consistent with earlier
report showing an increase in apoptosis, following the siRNA-mediated inhibition of

MIF 16, These data indicate that MIF may contribute to tumor aggressiveness by enhancing
the invasive ability of tumor cells and conferring resistance to gemcitabine.

MIF enhances tumor growth and metastasis in mice

To further investigate the role of MIF in tumor growth and aggressiveness in pancreatic
cancer, we extended our investigation to subcutaneous implantation of MIF overexpressing
stable Capan 2 cells and then implantation of subcutaneous tumors as orthotopic xenograft
in mice. Subcutaneous injection of Capan 2 stable MIF-overexpressing or control cells
(empty vector) in nude mice showed a significant increase in tumor growth with MIF-
overexpressing cells as compared with control (P<0.01 and P<0.001) (Figure 6a).
Subcutaneous tumors from Capan 2 stable MIF-transfectants and controls were harvested
and cut into pieces of approximately 1 mm? for orthotopic xenograft by surgical
implantation. Forty-seven days following the orthotopic implantation, mice were euthanized.
Tumor implants from MIF-tranfectants showed a significant increase in tumor growth [size
and weight (P<0.01), Figure 6b], and metastasis (P<0.01) (Figure 6c). The principal sites of
distant metastasis included liver, lymph nodes, peritoneum, intestine and spleen
(Supplemental Table 3). These in vivo findings indicate that MIF accelerates primary tumor
growth and systemic dissemination in pancreatic cancer.
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Discussion

Understanding the complex biology of tumor progression and disease aggressiveness is key
to the development of an effective therapy in pancreatic cancer. Recent studies have linked
inflammation to pancreatic cancer progression and identified inflammation-associated
pathways as potential therapeutic targets 4 2930, One of the pro-inflammatory cytokines,
MIF, is recognized as a molecular link between inflammation and cancer 3%. MIF is
upregulated in tumor cells 16 and also in serum samples from PDAC cases 17. However, the
role of MIF in pancreatic cancer remains poorly understood. One of the strategies to assess
the biological relevance of a gene in cancer is to investigate its association with disease
aggressiveness and patients’ outcome 3233, In the present study, we observed, for the first
time, an association between increased tumor expression of MIF and decreased survival in
resected PDAC patients, indicating an oncogenic role of MIF in disease progression. This
observation was further supported by our findings of enhanced tumor growth and metastases
in an animal model, where we orthotopically implanted tumors arising subcutaneously from
MIF-overexpressing pancreatic cancer cells. Furthermore, mechanistic findings in our study
showed that MIF induces EMT in pancreatic cancer cells, which likely contributes to the
observed MIF-induced increase in tumor progression and therapeutic resistance.

Disease aggressiveness and therapeutic resistance are hallmarks of pancreatic cancer and
attributed, in part, to the acquisition of EMT by tumor cells [reviewed in 34:35].
Identification of key pathways involved in the activation of EMT in pancreatic cancer may
provide clues to potential therapeutic targets. The signaling pathways, responsible for the
activation of EMT in cancer cells are complex and being extensively explored, implicating a
number of EMT-inducers including inflammation 22: 36, Interestingly, pancreatic cancer
cells attain invasive properties at an earlier stage of tumor development, which is aided by
EMT in an inflammatory microenvironment 10. These observations underscore the
contribution of EMT in pancreatic tumor progression and suggest that inflammation may
contribute to the induction of EMT. MIF is one of several differentially expressed proteins
during TGF-B-induced EMT in lung adenocarcinoma cells 37. However, to our knowledge,
the findings in the present study provide the first evidence of MIF-induced activation of
EMT in pancreatic cancer. Furthermore, microRNAs have been implicated in the regulation
of EMT 3841, miR-200 family members inhibit EMT by targeting ZEB family of
transcription factors and there exist a feedback inhibitory loop between miR-200 and

ZEB 42.43, ZEB1/2 are activators of EMT and inhibit the expression of E-cadherin 24 25, An
increased ZEB1 expression is found in PDAC and targeting ZEB1-miR-200 feedback loop
is suggested as a promising treatment strategy in pancreatic cancer 42. Our data showed that
MIF-induced EMT in pancreatic cancer cells utilizes miR-200/ZEB/E-cadherin axis, thus
presenting a potential strategy for regulating miR-200/ZEB interaction, and therefore EMT,
by targeting MIF.

Our findings of an association between a higher MIF level in tumors and poor survival in
resected pancreatic cancer cases is indicative of a role of MIF in disease aggressiveness,
which may be due to an increased growth and metastatic potential, and therapeutic
resistance in tumor cells expressing a higher level of MIF. Our observation of an increased
proliferation, invasive ability and decreased sensitivity to gemcitabine in MIF-
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overexpressing pancreatic cancer cells are consistent with this hypothesis. Furthermore, our
findings in the subcutaneous and orthotopic xenograft mouse models provide direct evidence
of a role of MIF in enhancing the growth and metastasis of pancreatic tumors, indicating its
potential as a candidate therapeutic target.

In summary, the findings from this study are consistent with the hypothesis that MIF
enhances tumor growth and aggressiveness in pancreatic cancer, and is a candidate
prognostic indicator in resected patients. Based on the evidence, indicating a role of MIF in
tumor growth, invasiveness and therapeutic resistance in the present study, we propose that
MIF may be considered as a candidate target in improving treatment of pancreatic cancer.
Future pre-clinical studies are warranted to evaluate the effect of MIF-targeting in pancreatic
cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Impact Statement

Our study made two novel observations that 1) macrophage migration inhibitory factor
(MIF) is an independent predictor of clinical outcome in resected pancreatic cancer
patients, and 2) MIF enhances disease aggressiveness by inducing epithelial to
mesenchymal transition (EMT) in pancreatic cancer and causes resistance to
chemotherapeutic drug, gemcitabine. These findings identify MIF as a candidate
therapeutic target for pancreatic cancer.
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Figurel. Increased MIF expression isassociated with poor survival in resected PDAC
Patients were classified as high or low MIF gene expression groups based on the MIF-

expression in tumors above or below the median values respectively, as determined by gRT-
PCR, expression. Kaplan-Meier analysis was performed to assess the difference in survival
probability between the two groups of patients (a). Immunohistochemical analysis of MIF in
paraffin sections shows an increased expression in tumor cells as compared with the ducts in
the adjacent nontumor tissue (b). The quantitation of imunohistochemical staining was
performed by multiplying the intensity and prevalence scores. The intensity was assigned a
score of 0-3, representing negative, weak, moderate or strong expression, whereas,
prevalence was assigned a score of 0—4 representing <10%, 10-30%, >30-50%, >50-80%
and >80% cells showing MIF expression (c). (T=tumor, NT=nontumor).
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Figure2. MIF overexpression inducesEMT characteristicsin pancreatic cancer cells
MIF-overexpression reduced E-cadherin and increased vimentin expression at mRNA and

protein level in Capan 2 and Panc 1 pancreatic cancer cell lines, constitutively expressing
MIF transgene (a). These findings were further confirmed by immunofloresecence staining
in Capan 2 cell line (b).
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Figure 3. MIF induced activation of EMT is mediated by miR-200b/ZEB axis
MIF-transgene expressing Capan 2 cells showed a significant decrease in miR-200b

expression (a) and an increase in the expression of ZEB1 and ZEB2 (b), which is a strong

inducer of EMT. Re-expression of miR-200b in MIF-transgene expressing cells (c) led to a
decrease in ZEB1 and ZEB2 (d), which was also accompanied by an increase in E-cadherin
(e) and a decrease in Vimentin (f).
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Figure 4. shRNA-mediated MIF inhibition restores miR-200b and E-cadherin Expression
shRNA-lentiviral mediated inhibition of MIF (a) in Capan 2 cells increased the expression

of miR-200b (b) as well as E-cadherin (c). MIF-inhibition also led to a significant decrease
in both ZEB1 and ZEB2 expression (d and e).
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Figure5. MIF influencesinvasive ability, proliferation, drug sensitivity and induction of
apoptosisin pancreatic cancer cell lines

Capan 2 and Panc 1 pancreatic cancer cell lines, constitutively expressing MIF transgene,
showed an increase in invasive ability (a) and cellular proliferation (b). MIF expressing cells
also showed a lower sensitivity to chemotherapeutic drug gemcitabine (0.01uM) as
compared to control cells (c), accompanied by a decrease in apoptosis as measured by
caspase3/7 activity (d).

Int J Cancer. Author manuscript; available in PMC 2014 January 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Funamizu et al. Page 19

(a)
- -~ Control (N=9) *** P<0.001
= = MIF (N=9) * P<0.01
Control .‘ ‘. '."‘. E’SW
Y
& 10001
g
MIF . 2 500
. |
0 e Tt s It 0
ML A B A S s % 5 o
Days after Cell Injection
(b)
= i ! 800  P<0.01 10,  P<0.01
89 0 e =
Control —~ -
“E 6000 28
E E
| g g -
4000 H
g g *
2 2 2
*\(
50
P<0.01
o 4
[}
o 30
£38
s E
rE
22
2
>
Control MIF &

Figure 6. MIF enhancestumor growth and metastasisin mice
Subcutaneous implant and orthotopic xenograft strategy was used to investigate the

influence of MIF on tumor growth and metastasis. Subcutaneous implant of Capan 2 cells,

constitutively expressing MIF-transgene, showed a significant increase in tumor growth as

compared with control cells (a). Orthotopic xenograft of about 1 mm3 of the subcutaneous

tumors by surgical implantation in the pancreas of nude mice showed a significant increase
in the growth and metastasis of tumors arising from MIF expressing pancreatic cancer cells
(b and ¢). Data represent Mean + SD. ** Represents P<0.01 and *** represents P<0.001.
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