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Abstract

Pancreatic ductal adenocarcinoma (PDA) arises at the convergence of genetic alterations in KRAS

with a fostering microenvironment shaped by immune cell influx and fibrotic changes;

identification of the earliest tumorigenic molecular mediators evokes the proverbial chicken and

egg problem. Matrix metalloproteinases (MMPs) are key drivers of tumor progression that

originate primarily from stromal cells activated by the developing tumor. Here matrix

metalloproteinase-3 (MMP3), known to be expressed in PDA, was found to be associated with

expression of Rac1b, a tumorigenic splice isoform of Rac1, in all stages of pancreatic cancer.

Using a large cohort of human PDA tissue biopsies specimens, both MMP3 and Rac1b are

expressed in PDA cells, that the expression levels of the two markers are highly correlated, and

that the subcellular distribution of Rac1b in PDA is significantly associated with patient outcome.

Using transgenic mouse models, co-expression of MMP3 with activated KRAS in pancreatic

acinar cells stimulates metaplasia and immune cell infiltration, priming the stromal

microenvironment for early tumor development. Finally, exposure of cultured pancreatic cancer
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cells to recombinant MMP3 stimulates expression of Rac1b, increases cellular invasiveness, and

activation of tumorigenic transcriptional profiles.

Implications—MMP3 acts as a co-conspirator of oncogenic KRAS in pancreatic cancer

tumorigenesis and progression, both through Rac1b-mediated phenotypic control of pancreatic

cancer cells themselves, and by giving rise to the tumorigenic microenvironment; these findings

also point to inhibition of this pathway as a potential therapeutic strategy for pancreatic cancer.
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Introduction

Pancreatic cancer is one of the few cancers with rising numbers in cancer death rates, and

has one of the worst prognoses of human cancers, with only 6% patient survival at 5 years

after diagnosis (1). The patient rarely displays symptoms until the disease has progressed to

a metastatic stage, and current standards of treatment are largely palliative (2). Despite

extensive research efforts to dissect the mediators that underlie pancreatic cancer initiation

and progression, it remains one of the more poorly understood human cancers due to its

phenotypic complexity (3).

As in other cancers, malignancies of the pancreas arise and progress via the interplay

between genetic alterations within tumor cells and collateral alterations of the surrounding

stroma that shape a facilitative tumor microenvironment. Mutations in KRAS are found in

more than 90% of pancreatic tumors as well as in many premalignant pancreatic

intraepithelial neoplasias (3), implicating this oncogene as an early driver of pancreatic cell

malignant transformation. Microenvironmental influences are also critical from the earliest

stages of tumorigenesis, often involving tissue inflammation, infiltration of a variety of

immune cell types, and activation of fibrosis and fibrotic responses (4,5). To some extent, it

can be difficult to untangle the sequence of cause and effect in the coevolution of tumor and

microenvironment, particularly in a disease like pancreatic cancer that almost universally

presents at an advanced stage.

Matrix metalloproteinases (MMPs) have been implicated in many stages of tumor

progression and metastasis (4,6). MMPs can facilitate tumor cell detachment and invasion

through degradation of cell adhesion and extracellular matrix (ECM) molecules. They can

directly induce genomic instability through disruption of tissue homeostasis (6,7). MMPs

can also directly activate cellular invasive characteristics by induction of epithelial-

mesenchymal transition (EMT), a programmed phenotypic transformation that is

instrumental in developmental processes. Several MMPs can even initiate tumorigenesis in

some circumstances; in particular, transgenic expression of MMP3 is capable of stimulating

spontaneous tumor development in mammary gland and lung (8–10). MMP3 has also been

linked to tumor growth and metastasis in human breast, colon, cervical, and lung cancers

(8,9,11–13).
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While many secreted MMPs are produced primarily by stromal cells in the tumor

microenvironment in response to paracrine cytokine signals (14), MMP3 is expressed

directly by pancreatic adenocarcinoma cells (15,16). As MMP3 has been found to drive

tumorigenesis and tumor progression by directly stimulating the expression of Rac1b (7,9), a

tumorigenic splice isoform of Rac1, and as recent findings indicate that pancreatic

tumorigenesis is inhibited in mice with selective knockout of Rac1 (which would also block

expression of Rac1b) (17), we hypothesized that MMP3 may play a role in pancreatic cancer

tumorigenesis and progression via induction of Rac1b. We evaluated expression of these

molecules in a large panel of human pancreatic adenocarcinomas, finding evidence of the

involvement of this pathway throughout all stages of pancreatic cancer progression. Using

transgenic mouse models, we found evidence that pancreatic acinar cell MMP3 interacts

with mutant KRAS to initiate premalignant alterations in the surrounding stroma, including

infiltration of immune cells. Using cultured pancreatic adenocarcinoma cells, we found that

exposure to MMP3 and activation of Rac1b lead to comprehensive transcriptional and

phenotypic alterations consistent with a central role in driving motility and protumorigenic

responses. Our study identifies MMP3-induced Rac1b as a potential driving force in

multiple stages of pancreatic cancer development.

Methods

Tissue microarray

Patient FFPE Biospecimen Samples mounted as tissue microarrays were obtained through

the Mayo Clinic Pancreatic Cancer SPORE. Each slide contains up to 432 spots (16 rows ×

27 columns) consisting of 12 process controls and 3 cores from each of the 140 unique

patients. The slides were stained with human MMP3 (ProteinTech #17873-1-AP), human

Rac1b (Millipore #09-271), human αSMA (Abcam #ab5694), and human Collagen (Abcam

#ab34710). Tissue spots were analyzed by morphological analysis and protein expression

was evaluated using TMA-lab (Image Scope Software, Aperio Technologies) and a color

deconvolution algorithm to analyze intensity and positivity for the individual stains and to

generate an H-score (scale 0-300) that was used for correlation and grade distribution

analysis. H-scores are calculated as 1.0*(%weak positive)+2.0*(%median positive)

+3.0*(%strong positive) (18). The morphological analysis was performed manually,

differentiating the biopsies into two groups. One group contained tumors with baseline and

polar Rac1b staining. Baseline staining was defined as diffuse, homogenous staining of the

tumor cells, and polar staining showed in addition to baseline stain the accumulation of

Rac1b in tight conglomerates that were very well organized at the luminal side of the nuclei.

The second group included tumors that showed apolar Rac1b stain, defined as accumulation

of Rac1b stain in a manner that is unsystematically distributed within the cytoplasm of the

tumor cells. Investigators performing spot scoring and morphological analysis were blinded

to patient characteristics and disease outcome.

Cell culture

PaTu8988T cells were a kind gift from Dr. Yaohe Wang, London. Cells were cultured in

DMEM with 5% fetal bovine serum (FBS) and 5% horse serum (HS) at 37°C in 5% CO2

and grown to 80% confluency. PancTu1 cells were a kind gift from Drs. Christian Roeder
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and Holger Kalthoff, Kiel. Cells were cultured in RPMI-1640 with 10% FCS and Glutamax.

For treatment with MMP3, PaTu8988T cells were plated at a density of 5×105 cells in 6-

well plates. Experimental setup included two controls (complete media and serum free

media). The test cells were incubated with recombinant MMP3 (rMMP3) at concentrations

25U or 100U in serum free media. Treatment with fresh rMMP3 was given on day 0, and

day 2; RNA was harvested for further analysis on day 4. For knockdown of MMP3 in

PancTu1 cells, we used Sigma Mission shRNA, catalog NM_002422.x-1512s1c1. Each

study was performed at least two times in triplicate.

Transcriptional analysis

Samples of PaTu8988T cells were cultured in growth media (control) or growth media

supplemented with 100U/ml recombinant MMP3 for three days. Isolated total RNA was

assessed with Affymetrix U130A gene expression chips which were processed and

normalized via GCRMA. Duplicate technical replicates were averaged and then analyzed

using Genespring GX via t-tests using previously described methods (9,19). Thus, results

presented are averages of two separate experiments performed in duplicate. Transcriptional

profiles have been deposited in Gene Expression Omnibus (GEO Archive #GSE50931).

Nextbio (www.nextbio.com) meta-analysis (20) was performed to identify similarities

between our dataset and published datasets as previously described (21). Ingenuity Pathway

Analysis (IPA) was performed using the web interface (www.ingenuity.com) to build gene

interactions associated with response to MMP3.

Quantitative real-time PCR was performed on reverse-transcribed cDNA, using an ABI

7900HT Fast-Real Time PCR System. TaqMan assays were purchased from ABI: MMP3

(Rn00591740_m1), Rac1b (custom assay, sequence: CCGCAGACAGTTGGAGA), and

GAPDH (Hs99999905_m1) as an endogenous control and tested over 40 cycles. The data

was analyzed using SDS RQ Manager Software.

Invasion assay

The in vitro cell invasion assay was performed using BD BioCoat Cell culture inserts

(8.0μm, 24-well format, BD Biosciences, Cat#354578) following the manufacturer's

protocol with the following modifications. The cell culture inserts were evenly coated with

diluted Matrigel (0.5 mg/ml dilution with serum free DMEM medium) and incubated at

37°C for 4 hours. During the last hour of incubation, the lower chamber was filled with 700

μl DMEM medium containing 10% horse serum. In triplicate, 2×105 PaTu8988T cells in

DMEM medium with 0.1% BSA were added to the upper chamber with the addition of

100U of rMMP3 and incubated at 37°C for 18 hours. Cells on the top side of the membrane

were removed with cotton-tipped swabs, and the inserts were fixed with 100% methanol at

-20°C for 20 minutes, and stained with 0.5% crystal violet for 1 hour. Pictures of the stained

inserts were taken using a 2× objective lens and counted using Image-Pro 6.3 software

(Media Cybernetics). The results are presented as the relative invasion compared to

untreated control cells.
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Ethics Statement

Animal studies were conducted with the approval of the Mayo Clinic Institutional Animal

Care and Use Committee (IACUC) (protocol # A511) and under strict accordance with the

recommended guidelines.

Transgenic expression of MMP3

Transgenic mice used in this study were generated by crossing tetracycline-regulated MMP3

transgenic mice (tet-MMP3; (9)) with transgenic mice in which the tetracycline

transactivator was driven by the human elastase promoter (Hsel-tTA; (22)) and tetracycline-

regulated G12V KRAS mice (tet-KRAS; (22)) (Hsel-tTA and tet- KRAS mice were kind

gifts from Eric Sandgren, University of Wisconsin, Madison; their characterization was

described in Guerra et al. (22)) under negative Dox control. Female parents and nursing

pups were maintained on doxycycline (in food 500mg/kg) from conception until weaning

(21 days after birth). MMP3×KRAS×Hsel transgenic mice were sacrificed after 24 weeks,

the pancreas and other organs were removed, formalin fixed and paraffin embedded for

immunohistochemistry staining with H&E, MMP3, Rac1b, KRAS (Abcam #ab81075), and

F4/80 (AbdSerotec #MCA497G).

Statistical analysis

Mean patient level H-score for MMP3 and Rac1b staining intensity for each of the patients

with results available was compared across patient grade using a Kruskal-Wallis Test. The

maximum H-score value across all cores for a patient was also considered. Patient samples

expressing Rac1b (N=106) were classified by morphologic staining pattern by CM and DCR

without knowledge of patient characteristics and disease outcome; comparison of patients

expressing baseline and organized Rac1b expression vs apolar disorganized Rac1b

expression were compared using Kaplan-Meier Curves and logrank tests. Patient

demographics were summarized as median +/- interquartile range (IQR) for continuous

variables (Age and Usual Adult BMI) and Frequency (n) and percentage for categorical

variables. Statistical analysis related to the TMA scoring and relevant patient characteristics

was performed using SAS/STAT software, version 9.2 of the SAS System for UNIX.

Correlation analysis was conducted with the use of Prism version 4.0 (GraphPad Software,

La Jolla, CA, USA), using Pearson's test.

Results

Correlation of Rac1b and MMP3 expression in human pancreatic cancer biopsies

We stained a tissue microarray of 140 patients with human pancreatic adenocarcinoma

(Table 1) for expression of Rac1b and MMP3, as well as αSMA and Collagen-I, markers of

fibrosis, a common comorbidity of pancreatic cancer and predisposing factor in cancer

progression (23). We found that MMP3 and Rac1b were expressed specifically in the

pancreatic cancer tumor cells (Fig. 1A; Supplemental Fig. 1A). We used TMA-lab to

generate a numeric score for protein expression for each biomarker, producing an H-score

(18) for each marker and each tissue spot. This method of quantification has been used to

assess staining intensity of lung, ovarian, and prostate cancers (18), and is a fully automated
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method that reduces human bias. We found the expected association between the markers of

the desmoplastic response, αSMA and Collagen-I (Supplemental Fig. 1B), and a much

stronger association between MMP3 and Rac1b expression (Fig. 1B), but a much weaker

association between MMP3 and either Collagen-I or αSMA (Supplemental Fig. 1C,D), or

between Rac1b and either Collagen-I or αSMA (Supplemental Fig. 1E,F). Although

expression of MMP3 in epithelial cells has been noted before in association with pancreatitis

(15), the lack of an association here was not surprising, since MMP3 and Rac1b are both

expressed in epithelial tumor cells while Collagen-I and αSMA are expressed in the stroma

(Fig. 1A; Supplemental Fig. 1A), and correlations at the whole tumor level could have been

masked by random variability in the tumor/stroma composition of the biopsy cores used in

this study.

We next assessed the relationship between staining intensity of MMP3 or Rac1b (Figure

2A,B) and patient tumor characteristics. The lowest scores for MMP3 and Rac1b were found

in samples with very few tumor cells (Fig. 2A,B, upper left panels), consistent with

expression of these markers primarily in the cancer cells themselves. We found a Gaussian

distribution of expression values for both MMP3 and Rac1b (Fig. 2C,D). The MMP3 and

Rac1b H-score values from each of the three tissue spots per patient were averaged to

generate mean intensity scores; when these values were segregated by cancer grade at

diagnosis, we found a significant, progressive increase in both MMP3 (p=0.0007, Kruskal-

Wallis test; Fig. 2E) and Rac1b (p=0.0008, Kruskal Wallis test; Fig. 2F) expression in

patients from grades 2-4 (full analysis in Supplemental Table 1). These results indicate that

expression of MMP3 and Rac1b is increased as pancreatic cancers progress in grade.

Some cancer biomarkers have been found to have different prognostic implications when

localized to specific subcellular domains (21,24). In the course of sample analysis, we

observed distinct morphological staining patterns in the patient samples staining positive for

Rac1b (representing 106 of the total 120 patients). We identified three distinct staining

patterns (Fig. 3A): diffuse cytoplasmic staining only (baseline; N=69), cytoplasmic staining

with punctate polar staining (N=19), and cytoplasmic staining with punctate apolar staining

(N=18). We compared outcomes for patients expressing baseline and polar Rac1b

expression (N=88) vs apolar disorganized Rac1b expression (N=18), and found that the

punctate apolar group showed significantly poorer survival with a median of 12.02 months

compared to 21.06 months for the remaining patients (p=0.0175, logrank test; Fig. 3B). We

observed no significant differences in quantified Rac1b staining levels between the different

staining patterns (not shown); therefore, while Rac1b expression increases with tumor grade

(Fig. 2F), it is the localization of Rac1b expression that is most important for prognostic

outcome. Further multivariate analyses adjusting for stage or grade did not attenuate risk

(Supplemental Fig. 2), suggesting that the poor prognosis associated with apolar expression

of Rac1b was independent of patient stage or grade. We also found that apolar expression of

Rac1b was associated with higher expression of both MMP3 and Rac1b, although the

observed differences were only marginally significant (Supplemental Table 2).
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MMP3 expression combined with activated KRAS stimulates Rac1b expression, cellular
metaplasia, and macrophage influx in transgenic mice

Our studies with human pancreatic adenocarcinoma tissue biopsies had shown that MMP3

was expressed at all stages of pancreatic cancer, where its expression levels were highly

correlated with the tumorigenic signaling molecule Rac1b. A prior study had reported

epithelial-associated MMP3 expression in 80% of pancreatitis patients (15); this

inflammatory condition is a well-established risk factor for later development of pancreatic

cancer (23). Together, these observations suggested the possibility that MMP3 expression

may precede pancreatic cancer and represent a factor driving tumor development. Since

nearly all pancreatic cancers arise in association with oncogenic KRAS mutations, we

investigated the impact of MMP3 expression on premalignant tissue alterations in a

pancreas-directed oncogenic KRAS mouse model.

We generated transgenic mice in which MMP3 and constitutively active KRASG12V were

inducibly expressed by pancreatic acinar cells by combining mouse strains in which (a) the

tetracycline transactivator is controlled by the human elastase promoter (Hsel-tTA; (22)), (b)

KRASG12V is controlled by the tetracycline transactivator (tet-KRAS; (22)), and (c) auto-

activated MMP3 is controlled by the tetracycline transactivator (tet-MMP3; (9)). Transgenes

were activated at 3 weeks by removal of doxycycline, and mice were maintained for 21

additional weeks, at which time mice were sacrificed and pancreata were fixed and stained

for expression of F4/80, a marker of macrophage influx that is an early indicator of

pancreatitis and also is a risk factor for pancreatic cancer development (25), as well as

MMP3, KRAS, and Rac1b. We saw a significant increase in incidence of F4/80-positive

foci in mice which expressed both MMP3 and KRAS (n=5; p=0.035, Fisher's exact test) as

compared with mice expressing no transgenes (n=5; tet-KRAS/tet-MMP3), only MMP3

(n=5; Hsel-tTA/tet-MMP3), or only activated KRAS (n=4; Fig. 4A). Parallel sections of

Hsel-tTA/tet- KRAS/tet-MMP3 pancreata stained for MMP3 transgene and Rac1b (9),

showed that F4/80-positive foci were associated with transgenic expression of MMP3 and

induction of Rac1b and were uncommon in nontransgenic mice (Fig. 4B). Expression of

MMP3 and activated KRAS was also sufficient to induce fibrotic changes, as indicated by

expression of smooth muscle actin and collagen, accompanied by signs of early metaplasia,

including acinus dilation and concomitant expression of cytokeratin 19 in the parenchyma

(Supplemental Fig. 3). These results indicate that expression of MMP3 along with activated

KRAS is sufficient not only to stimulate neoplastic phenotypic alterations in pancreatic

acinar cells, but also to recruit infiltrating immune cells and to initiate fibrotic changes,

priming the stromal microenvironment.

MMP3-induced Rac1b is associated with a tumorigenic expression profile in cultured
pancreatic adenocarcinoma cells

To directly assess the effect of activation of the MMP3/Rac1b pathway in pancreatic

adenocarcinoma cells, we used the PaTu8988T and PancTu1 pancreatic cancer cells.

PaTu8988T cells are invasive (26) and do not express detectible MMP3, while PancTu1

cells are more aggressive and express MMP3 (not shown). We tested the effect of exposure

of PaTu8988T cells to recombinant MMP3, and found that 3 days of treatment with

100U/ml MMP3 stimulated increased significantly increased expression of Rac1b by QPCR
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(Fig. 5A). MMP3-treated cultured cells also showed increased cell spreading and separation

from adjacent cells (not shown), morphological alterations associated with tumor

progression and increased motility. Consistent with this, we found that MMP3-treated cells

also showed increased invasiveness in Boyden chamber assays (Fig. 5B), suggestive of

conversion to a more aggressive cancer phenotype. We also tested the effect of knockdown

of MMP3 in the PancTu1 cells, finding that decreased expression of MMP3 (Fig. 5C) was

associated with decreased expression of Rac1b (Fig. 5D) and decreased invasiveness (Fig.

5E), consistent with a direct role for MMP3-induced Rac1b in pancreatic cancer cell

invasiveness.

We then performed transcriptional profiling of the untreated and MMP3-treated PaTu8988T

cells, and found substantial alterations associated with exposure to MMP3 (Fig. 5F); 141

transcripts were differentially regulated (p<0.05, FC>1.5, annotated expression data in

Supplemental Table 3). Consistent with previous studies implicating MMP3 in activation of

cell motility and induction of cell shape change (7,27), gene ontology analyses showed

regulation of transcripts associated with cell adhesion (p=1.59E-06), cellular morphogenesis

(p=1.61E-4), cell migration (p=3.46E-4), and response to wounding (p=1.18E-3; all

categories with significant overlap listed in Supplemental Table 4).

We subjected the list of differentially expressed genes to a NextBio meta-analysis (20), and

found significant overlap with a dataset comparing Panc-1 cells treated with TGFß vs.

untreated (28) (Fig. 5G; Supplemental Fig. 4A; Supplemental Table 5), and with

differentially expressed genes in pancreas cancer cell datasets comparing profiles of

metastatic AsPC-1 cells vs. nonmetastatic BxPC-3 cells (29) (Supplemental Fig. 4B) and of

PaTu8988S cells vs. PaTu8988T cells (30) (Fig. 5H; Supplemental Fig. 4C; Supplemental

Table 6). These results suggest that the MMP3 that is expressed in pancreatic cancer cells

(Fig. 1, refs (15,16)) induces cell motility transcriptional processes and activates pro-

tumorigenic responses; similar effects of MMP3 have been documented in breast and lung

cancer (7,9). Consistent with these results, Ingenuity Pathway Analysis (IPA) of the

differentially expressed genes identified a top-ranked interaction network that included a

prominent nexus of molecules associated with TGFß (Fig. 5I), a well-known mediator of

cell scattering that is induced by MMP3 (7). IPA analysis also identified significant

enrichment of genes predicted to be regulated by TGFß (Fig. 5J; overlap p-value 7.15E-06),

as well as genes predicted to be regulated by hydrogen peroxide (H2O2; Fig. 5K), which we

have shown to be an effective inducer of MMP3-activated pathways (7,27,31). Significantly,

TGFβ is a key signaling activator of tumor-associated macrophages and of fibrotic

alterations (32,33), effects we observed in our transgenic mice (Fig. 4), and we found further

evidence of TGFβ signaling in our transgenic mice through nuclear localization of pSMAD2

(Supplemental Fig. 5)

Discussion

Here we have dissected the relationship between MMP3 expression in pancreatic cancers,

consequent induction of Rac1b, and the role of MMP3 and Rac1b in development and

progression of pancreatic cancer. Our analysis of the pancreatic adenocarcinoma tissue

biopsy samples demonstrated that MMP3 and Rac1b are expressed in pancreatic
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adenocarcinoma cells (Fig. 1A), that intensity of MMP3 and Rac1b staining are closely

correlated (Fig. 1B), and that both show progressively increased staining in higher grade

cancers (Fig. 2E,F). We also found that the localization of Rac1b in pancreatic

adenocarcinoma cells is associated with patient survival (Fig. 3). We found that increased

expression of MMP3 in transgenic mice by pancreatic acinar cells along with expression of

KRAS was sufficient to recruit infiltrating immune cells, upregulate Rac1b, and stimulate a

premalignant morphological phenotype (Fig. 4), and that exposure of human pancreatic

carcinoma cells to MMP3 was sufficient to stimulate expression of Rac1b and to activate an

invasive phenotype associated with tumor progression (Fig. 5A-C). These results identify a

role for MMP3 first as a coconspirator of oncogenic KRAS in orchestrating pancreatic

cancer tumorigenesis while priming the activated stroma, and later as a critical driver of

tumor invasion and progression.

Multiple pathways are activated during cancer development; improving current standards of

therapy will require a better understanding of which tumor-associated processes are

specifically involved in driving tumor progression. Here, we have identified a mechanistic

link between MMP3 and Rac1b in pancreatic cancer. Rac1b, a Rho-GTPase family member

that has been identified in colon, breast, and lung cancer (9,34,35) has been implicated as a

driver of progression and metastasis in these cancer types. MMPs have also been studied for

their involvement in these processes (36), and MMP3 specifically has been shown to be

expressed not only in pancreatic cancer, but also in chronic pancreatitis, a risk factor for

later development of pancreatic cancer (15,16). Here we show that MMP3 and Rac1b are

factors associated with patient disease stage and prognosis, are capable of inducing

metaplastic changes in the pancreas, and can activate tumorigenic and invasive phenotypes

in cultured pancreatic cells. While direct targeting of MMPs has not been successful

clinically (37), our results suggest that targeting MMP3-induced Rac1b could be an effective

strategy. One possible approach might be to modulate the splicing factors involved in Rac1b

expression (38,39), although specific targeting of splicing factors has been challenging (40).

In our patient cohort we found a clear correlation between MMP3 and Rac1b staining

intensity and a significant association between overall staining intensity of both proteins and

tumor grade (Figs. 1 and 2). However, we found the strongest predictor of patient prognosis

was Rac1b localization, not overall intensity (Fig. 3), in which the observed Rac1b staining

patterns could be differentiated into baseline and polar staining, defined as polarized

distribution at the luminal side of the nuclei, as compared with apolar staining, in which

accumulated Rac1b showed a disorganized distribution throughout the cytoplasm of the

cells. A correlation of staining localization with tumor progression has been found also for a

number of other biomarkers (21,24), where subcellular relocalization is associated with

transition to a more advanced stage of tumor development. In previous studies using breast

tissue samples, polarized expression of Rac1b in normal breast epithelium was found to give

way to depolarized Rac1b in breast cancer (31); similarly, we found here that an apolar

staining pattern of Rac1b is associated with significantly decreased survival time in our

patient cohort (Fig. 3B), and that this risk was not attenuated when patient stage or grade

was incorporated into multivariate analyses (Supplemental Fig. 2). We also found that

apolar distribution of Rac1b was associated with increased expression of both MMP3 and

Rac1b (Supplemental Table 2). These results may be linked with the importance of tissue
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polarity as a barrier for tumor progression (41). Whether the apolar distribution of Rac1b

found in our poor prognosis patient group is associated with a more general breakdown of

tissue polarity or whether it is directly caused by Rac1b itself is unclear, although support

for the latter possibility can be derived from the fact that Rac1b has been found to drive

EMT, a developmental process associated with tumor malignancy (7,9,27). We found that

treatment of pancreatic cancer cells with MMP3 led to increased expression of Rac1b,

associated with cell spreading, migration away from colonial growth patterns, and increased

cellular invasiveness (Fig. 5A-C). Defining a direct role for Rac1b depolarization these

processes will require additional investigations using 3D tissue models in which the roles of

Rac1b localization, tissue structure formation, and cellular invasiveness can be dissected.

Activating mutations of KRAS are found in most pancreatic cancers (3), and expression of

activated KRAS is necessary for initiation and maintenance of pancreatic cancer in mouse

models (42). However, expression of activated KRAS is not sufficient: additional alterations

are required for the development of pancreatic lesions, such as inflammation-induced

reprogramming (22) and activation of EGFR (43). We found that transgenic expression of

MMP3 in pancreatic acinar cells induced expression of Rac1b, and MMP3 expressed in

combination with activated KRAS in pancreatic acinar cells led to metaplasia and

macrophage influx (Fig. 4). It may be that expression of Rac1b is the key step in this

process: increased expression of Rac1 has been found in human pancreatic cancer biopsies

(44), and selective knockout of Rac1 in pancreatic progenitor cells (which would also block

expression of Rac1b) inhibited KRAS-associated tumor development (17).

The specific mechanism by which Rac1b may induce premalignant alterations in pancreatic

tumor cells remains to be elucidated. Rac1b protein shows reduced intrinsic GTPase activity

and altered effector protein binding (45), resulting in phenotypic alterations in cytoskeletal

structure and cellular morphology (7,27). Rac1b also activates NADPH oxidase (31), which

has been found to be a critical factor in Rac1-associated growth of pancreatic cancer (46).

We have previously shown that MMP3/Rac1b-induced reactive oxygen species (ROS) can

induce genomic instability in mammary epithelial cells (7); our identification here that

MMP3/Rac1b-induced alterations in cultured pancreatic cancer cells include activation of

hydrogen peroxide-associated pathways (Fig. 5I) suggests that MMP3/Rac1b could be

driving pancreatic tumor progression through activation of genomic instability as well.

Further experiments will be required to dissect the specific role of Rac1b in pancreatic

cancer tumorigenesis and progression.

MMPs have been extensively investigated as effectors of cancer progression and facilitators

of metastasis (47). Many of these studies have focused on MMPs as effectors of tumor

spread through their role as ECM-degrading enzymes. Here, we have focused on MMP3, a

protease that has been comparatively little studied in the context of pancreatic cancer. It has

been found in well differentiated tumors (15,16) and in the serum of patients with pancreatic

adenocarcinoma at later stages of tumor development (48). By contrast, MMP2, MMP7,

MMP9 and MMP14 have been investigated for their roles in earlier stages of pancreatic

cancer development (16). Here, we have implicated a potential role for MMP3 in the earliest

stages of tumor development, as our transgenic mice show cellular metaplasia and influx of
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inflammatory cells associated with expression of MMP3 acting synergistically with

activated KRAS (Fig. 4).

Influx of inflammatory cells serves to transform the stromal microenvironment to promote

tumorigenesis and sustain tumor growth. Infiltrating immune cells supply paracrine growth

factors and angiogenic factors that stimulate and feed proliferation of neoplastic cells, as

well as a battery of diverse proteolytic enzymes that modify the structure and function of the

ECM (49). Macrophages and neutrophils are particularly notable for their production of

MMP9, an enzyme that serves critical functions early in carcinogenesis by stimulating

hyperproliferative growth and triggering angiogenesis (49). MMP9 is secreted as a

proenzyme and requires proteolytic activation in the tumor microenvironment; MMP3 is a

potent activator of MMP9 of probable physiological significance (50). Thus, it is very

plausible that pancreatic epithelial cell-produced MMP3 shapes the stromal

microenvironment preliminary to and throughout tumorigenesis not only by stimulating

immune cell influx, but also as a primary mediator of MMP9 activation. While further

studies are needed to define mechanistic details, the present work identifies MMP3 as an

epithelial produced mediator of multiple heterotypic interactions that induce a tumorigenic

microenvironment.

Conclusions

In summary, we have used human tumor tissue samples to show that Rac1b is associated

with MMP3 in pancreatic cancer and has predictive potential for patient survival. We have

also found that MMP3 can directly induce Rac1b and tumorigenic alterations in transgenic

mouse models and in cultured pancreatic tumor cells. While most tumor-associated MMPs

have been identified as produced by surrounding stromal cells as a consequence of tumor

cell-derived signals (16), we have found MMP3 to be expressed specifically in the epithelial

cells of our patient samples, consistent with previous results (15). Our results suggest that

production of MMP3 by pancreatic epithelial cells precedes tumor initiation and continues

throughout tumor progression, and that MMP3 is a coconspirator of activated KRAS both in

inducing tumorigenic changes in epithelial cells themselves, and in promoting the

establishment of a tumorigenic microenvironment. These findings also emphasize the

potential therapeutic value of targeting the specific downstream effects of MMP3 in

pancreatic cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MMP3 and Rac1b are expressed in pancreatic adenocarcinoma cells
(A) Representative tissue biopsy section from pancreatic adenocarcinoma tissue microarray,

stained with hematoxylin and eosin (H&E), α-smooth muscle actin (αSMA), Collagen-1

(Collagen), MMP3, and Rac1b. (B) Correlation plot of H-Score quantification for Rac1b vs

MMP3. rvalues for Pearson's correlations is indicated.
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Figure 2. Expression of MMP3 and Rac1b is correlated with tumor grade
(A-B) H-scores (HS) for four different biopsy sections for MMP3 (A) or Rac1b (B); insets

show protein staining in tumor cells. Scale bars 50 μm large images; 100 μm insets. (C-D)
H-score distributions for MMP3 (C) or Rac1b (D). (E-F) Box plots of mean H-scores

(average score of 3 spots per patient) for MMP3 (E) or Rac1b (F) vs tumors grade 2 (N=19),

grade 3 (N=89), or grade 4 (N=28). Boxes indicate median, 25th and 75th quartiles; marker

indicates mean. Indicated p values from Kruskal-Wallis test.
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Figure 3. Rac1b subcellular localization is associated with patient prognosis
(A) Representative images of Rac1b IHC staining classified as cytoplasmic diffuse (baseline

staining), punctate polar, and punctate apolar; insets show magnification of indicated region,

highlighting punctate polar vs punctate apolar stating. Scale bar, 50 μm. (B) Significantly

shorter survival for patients showing apolar Rac1b staining (N=18) vs patients showing

baseline and polar (N=88). p=0.014, logranktest.
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Figure 4. Expression of MMP3 and activated KRAS in pancreatic acinar cells stimulates
metaplasia and immune cell invasion in transgenic mice
(A) Incidence of F4/80-positive foci in transgenic mice with indicated genotypes when

induced for transgene expression for 21 weeks. p-value, Fisher's exact test. (B) Staining of

MMP3 and Rac1b in representative F4/80 positive region in Hsel-tTA/tet- KRAS/tet-MMP3

pancreata. Scale bar, 50 μm.
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Figure 5. MMP3 activates tumorigenic phenotypic characteristics
(A-B) In PaTu8988T cells, treatment with 100 U/ml recombinant MMP3 induces increased

expression of Rac1b (A) and cellular invasiveness (B). (C-E) In PancTu1 cells, knockdown

of endogenous MMP3 (C) leads to decreased expression of Rac1b (D) and decreased

invasiveness (E). Graphs show means±SEM; *, p<0.05, unpaired t-test (p=0.030 for

PaTu8988T Rac1b expression, p=0.039 for PaTu8988T invasion, p=0.022 for PancTu1

Rac1b expression, p=0.020 for PancTu1 invasion). (F) Heat map of 141 transcripts

differentially regulated in PaTu8988T cells exposed to MMP3 (p<0.05, FC>1.5) (G-H) Top

12 coregulated transcripts between genes differentially regulated in response to MMP3 and

(G) a dataset assessing response of Panc-1 cells to TGFβ, and (H) two different datasets

assessing increased tumorigenic potential in pancreatic cancer cells; upregulated transcripts

are red; transcripts downregulated are blue. (I) Ingenuity Pathway Analysis (IPA) network
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of response to MMP3 (intensity of color indicates degree of regulation by MMP3). Direct

interactions are indicated by solid lines, indirect by dashed lines. (J-K) IPA also revealed

enrichment for genes activated by TGFβ (J, overlap p-value 7.15E-16) and H2O2 (K,

overlap p-value 9.28E-06).
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Table 1
Patient Demographic Characteristics

Characteristics n (%)

Number of Patients 140

Age, Median (IQR) 68.0 (58.0, 74.0)

Gender – Male 82 58.6

Pancreas Cancer Stage

 Resectable 99 90.8

 Locally advanced 6 5.5

 Metastatic 4 3.7

Grade

 1 & 2 20 14.3

 3 92 65.7

 4 28 20.0

Usual Adult BMI, Median (IQR) 27.5 (24.9, 30.3)

Usual Adult BMI ≥ 30 17 27.0

DM – Positive Self-Report 22 18.6

Pancreatitis – Positive Self-Report 34 28.8

Vital Status – Deceased 111 79.3
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