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Abstract

High grade serous ovarian carcinoma (HGSOC) and basal-like breast cancer (BLBC) share many 

features including TP53 mutations, genomic instability and poor prognosis. We recently reported 

that Elafin is overexpressed by HGSOC and is associated with poor overall survival. Here, we 

confirmed that Elafin overexpression is associated with shorter survival in 1000 HGSOC patients. 

Elafin confers a proliferative advantage to tumor cells through activation of the MAP kinase 

pathway. This mitogenic effect can be neutralized by RNA interference, specific antibodies, and a 

MEK inhibitor. Elafin expression in patient-derived samples was also associated with 

chemoresistance and strongly correlates with bcl-xL expression. We extended these findings into 

examination of 1100 primary breast tumors and six breast cancer cell lines. We observed that 

Elafin is overexpressed and secreted specifically by BLBC tumors and cell lines, leading to a 
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similar mitogenic effect through activation of the MAP kinase pathway. Here too, Elafin 

overexpression is associated with poor overall survival, suggesting that it may serve as a 

biomarker and therapeutic target in this setting.
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Introduction

Among hereditary forms of breast and ovarian cancer (OC), high grade serous ovarian 

carcinoma (HGSOC) 1 and basal-like breast cancers (BLBC) 1, 2 are the predominant 

histological subtypes that develop in BRCA mutation carriers. HGSOC and BLBC share 

many features, including TP53 mutations in the majority of cases 3, 4 and more genomic 

instability than other subtypes of breast 5 and ovarian cancers 4, leading to poor survival. 

Recent data from The Cancer Genome Atlas (TCGA) studies highlighted the similarities 

between both diseases in terms of copy number alterations, gene mutations and expression 

profiles 6, 7, strongly suggesting shared driving events for their carcinogenesis. Elafin is a 

whey acidic protein (WAP) that exhibits specific protease inhibitor activity against human 

neutrophil elastase and the related proteinase 3 8. Under physiologic conditions, it is 

produced by a subset of epithelial cells exposed to inflammatory stimuli 9, including 

epithelia of the female reproductive tract 10 and breast 11. Elafin has recently been validated 

as a biomarker predicting graft-versus host disease (GVHD) after allogeneic stem-cell 

transplantation 12, 13. It is related to other WAP proteins such as secretory leukocyte 

protease inhibitor (SLPI) and HE4 14–17; all of which are encoded on chromosome 20q11.2–

13 15, 18, 19, a region commonly amplified in HGSOC 4, BLBC 6 and glioblastoma 20. High 

expression of Elafin correlates with chemoresistance 21 and poor survival in HGSOC 22. In 

this report, we examine the functional role of Elafin in HGSOC and BLBC and integrate 

these findings with outcome measures in these two highly related diseases.

Results

Elafin overexpression is associated with poor outcome

We recently showed that Elafin overexpressed at the protein level is associated with poor 

overall survival (OS) in HGSOC 22. To further confirm this observation, we did a meta-

analysis of Elafin gene (PI3) expression among 1058 HGSOC patients using the KMplot 

software program 23. Using median gene expression values as the cut-off, we observed 

shorter OS in those patients with high PI3. This was observed with both probes, 41469_at 

(HR=1.33, 95%IC 1.12–1.58, p=0.00091; Figure 1A) and 203691_at (HR=1.31, 95%IC 

1.11–1.55, p=0.0016; Figure 1B). These correlations remained significant in a multivariate 

Cox regression analysis including known clinical parameters (n=927, probe 41469_at: 

HR=1.36, 95%IC=1.14–1.58, p=0.006; probe 203691_at: HR=1.52, 95%IC=1.30–1.74, 

p=0.0002; stage: HR=1.35, 95%IC=1.13–1.47, p=0.01; grade: p=n.s.; and debulking status: 

p=n.s.) (Tables S1 and S2).
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Elafin increases cellular proliferation in ovarian cancer

To further characterize the biological relationship between Elafin expression and poor 

survival, we analyzed a panel of 20 OC cell lines for expression of Elafin. We constructed a 

gene-expression profiling dataset (Figure S1A) and confirmed the results by quantitative 

RT-PCR (Figure 1C). We first asked whether Elafin expression has a measurable effect on 

cell biology by either adding recombinant Elafin (rElafin) to growth media or inducing 

ectopic expression of Elafin in Hey-A8 and OVCAR8. These two cell lines were selected for 

overexpression studies based on their relatively low endogenous Elafin expression (Figure 

1C). Cell culture medium (0.5% FBS) was either mock treated or supplemented with 

rElafin. The addition of rElafin led to a 4–5 fold increase in proliferation in both cell lines 

when compared to non-stimulated controls (Figure 1D).

Next, Hey-A8 and OVCAR8 stably overexpressing a pcDNA3.0 vector encoding Elafin 

(Ela) or an empty vector (Ctr) were generated. Elafin was detectable in both mRNA and 

whole cell extracts (WCE) (Figure S1B and S1C). Ectopic expression of Elafin led to a 4–5 

fold increase in proliferation in these cells compared to empty vector controls (Figure 1E).

We then performed a ‘scratch assay’ to determine whether Elafin has an impact on motility 

in cell wounding experiments. After 48 hours, Elafin-expressing OVCAR8 cells had fully 

healed the scratch (2 mm) while OVCAR8 cells with either empty vector control or non-

transfected controls had only covered half of the distance (Figure 1F). Taken together, these 

results showed that Elafin can induce motility of OC cells. Elafin is an endogenous inhibitor 

of neutrophil-derived elastase and proteinase-3 24. Inhibition of protease function is 

mediated by a critical methionine residue (M85) located within the WAP domain and can be 

attenuated by mutants that replace this methionine residue with either lysine (M85K) or 

glycine (M85G) 25. Interestingly, both the M85K and M85G mutants exhibited a similar 

ability to stimulate cell proliferation as rElafin and non-mutant vector encoding for Elafin in 

OVCAR8 (Figure 1G), suggesting that the mitogenic properties of Elafin are independent of 

its anti-protease function.

SLPI, another member of the WAP domain family, has been shown to function as a serine 

protease inhibitor 18, 19. Compared to empty vector control and rElafin, rSLPI had no effect 

on cell growth of Hey-A8 (Figure S1D) suggesting a unique effect of Elafin on OC cell 

growth.

Elafin induces cell proliferation through the MEK-ERK pathway

Given our evidence that Elafin induces cellular proliferation, we next sought to identify 

activated pathways using quantitative phosphoproteomics. We stimulated OVCAR8 cells 

with rElafin for 30 min and encoded the resulting tryptic peptides with isobaric stable 

isotope labels (Figure S2). In total we quantified 7130 distinct phosphopeptides that mapped 

to 2742 unique gene I.D.s. (Figure 2A). Among these data we observed changes in 

phosphorylation on 386 peptides, which mapped to 316 unique gene I.D.s. We queried these 

genes in Pathway Palette 26 and found that Elafin-mediated signaling appeared to target 

multiple pathways, including MAPK (p<0.001, 12 genes) (Figure 2B). Consistent with these 

data we observed phosphorylation on several transcription factors, including c-JUN (S63) 
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and ATF2 (S90) (Figure 2C). We next used a reversed phase protein array technology to 

probe the kinetics of kinase activation resulting from Elafin stimulation. As early as 10 

minutes after addition of rElafin to culture conditions, we detected an increase in the levels 

of phospho-ERK1/2 (pERK) and ribosomal protein S6 kinase (RSK1) (Figure 2D) 

confirming our mass spectrometry data. This became more pronounced at the 60 minute 

time point. The peak of pERK at 30 minutes was dose-dependent (Figure S1E). In addition, 

we observed a modest increase in the phosphorylated form of AKT1 (pAKT) at 60 minutes 

(Figure 2D). These observations were confirmed by western blot (WB) (Figure 2E).

Two well-characterized downstream targets of the MAPK pathway are FOS and EGR1 27. 

Both proteins are known to increase cellular proliferation. We detected almost a 4-fold 

increase in FOS mRNA levels in Elafin-expressing OVCAR8 cells, while EGR1 levels were 

almost 7-fold higher compared to Elafin-negative OVCAR8 cells (Figure S1F). We also 

confirmed higher levels of FOS and EGR1 in OVCAR8 cells treated with rElafin by WB 

(Figure S1G). Both FOS and EGR1 protein levels peaked 10 minutes after treatment with 

rElafin and then returned to baseline suggesting a possible impact on protein turnover.

The proliferative effect of Elafin can be neutralized

To determine whether the proliferative effects of Elafin are reversible, we used small 

interfering RNAs (siRNAs) to target Elafin message in OVCAR8 cells overexpressing 

Elafin. A pool of three siRNAs dramatically decreased Elafin mRNA levels but had no 

effect on proliferation of Elafin-negative cells (Figure 3A). Conversely, Elafin-positive cells 

were almost completely inhibited by siRNAs in their ability to proliferate compared to 

controls. Interestingly, proliferation was, in part, restored by adding exogenous rElafin 

(Figure 3A).

Since Elafin is a secreted protein, we questioned whether blocking it with a specific 

antibody would neutralize its mitogenic effect. The addition of anti-Elafin antibody (Ab) to 

Hey-A8 cells treated with rElafin almost completely abolished its proliferative effect (Figure 

3B). To determine if the same effect could be detected in cells that endogenously express 

and secrete Elafin, the experiment was repeated in OVCAR5 cells, a cell line with detectable 

levels of endogenous Elafin 22. The anti-Elafin Ab dramatically decreased cell proliferation 

compared to IgG control (Figure 3C).

The phosphoproteome array (Figure 2D) suggested that the proliferative effects of Elafin are 

mediated through the MEK-ERK signaling pathway. We therefore asked whether we could 

block the proliferative signals downstream using the MEK kinase inhibitor U0126. In the 

absence of U0126, rElafin stimulated proliferation of OVCAR8 (Figure 3D). U0126 alone 

had a negligible effect on proliferation in the absence of rElafin. However, when cells were 

treated with both rElafin and U0126 we found that U0126 completely blocked the 

proliferative effect of rElafin (Figure 3D) and abrogated the phosphorylation of ERK 

(Figure 3E).

Elafin overexpression is associated with high bcl-xL levels

We isolated primary tumor cells from ascites of 20 patients with advanced HGSOC disease 

(DF lines) as previously described 22. RNA was isolated from these cells and analyzed for 

Labidi-Galy et al. Page 4

Oncogene. Author manuscript; available in PMC 2015 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



relative expression of PI3 by qRT-PCR (Figure 4A). We observed that the three chemo-

refractory tumors (showing clinical progression during chemotherapy) were among the 

highest PI3 expressing tumors (DF9, DF106 and DF160), confirming our previous 

observation 22. Moreover, the median progression-free survival was shorter in patients with 

high Elafin compared to low Elafin expression (8.36 compared to 13.73 months, p=0.09), 

although not statistically significant due to the limited number of patients (n=20).

To further characterize the biology of OC cells expressing high levels of Elafin, we 

interrogated the intracellular proteome using a comprehensive Reverse-Phase Protein Array 

(RPPA) 28, 29. The 20 DF lines were clustered based on their relative PI3 mRNA levels. We 

observed that high-Elafin expressing tumors show high levels of proteins previously linked 

with chemoresistance in OC (Figure 4B and Table S3), in particular bcl-xL 30, 31 and Cyclin 

E1 32. We confirmed the overexpression of BCL2L1 and CCNE1 at the mRNA levels in 3 

high and 3 low PI3 expressing tumors (Figure 4C). To validate these observations, we tested 

the correlation between PI3 relative mRNA levels and the proteins reported in the heatmap 

using TCGA data. We clustered the 412 TCGA HGSOC tumors into high and low PI3 sets 

and compared the RPPA data with all the proteins that were significant in our DF RPPA. We 

observed significantly increased levels of bcl-xL in high PI3 expressing tumors (p=0.023, 

Figure 5A). Moreover, relative mRNA levels of PI3 and BCL2L1 significantly correlated 

(r2=0.205, p<10−3; Figure 5B). Following this, we also checked the relative BCL2L1 mRNA 

levels in naive OVCAR8 and Hey-A8, and in the same cell lines overexpressing Elafin. We 

observed that BCL2L1 levels significantly increased in the Elafin-overexpressing cell lines 

(p=0.0079), reinforcing the connection between Elafin and bcl-xL.

Elafin is highly expressed in basal-like breast carcinomas

Having delineated a role for Elafin in HGSOC proliferation, we questioned whether a 

similar effect might hold true for breast carcinomas (BC), as these tumors arise in 

overlapping patient populations. A gene expression profile comparison of normal basal 

versus luminal epithelial cells isolated from reduction mammoplasties showed that PI3 is 

one of the most differentially and highly expressed genes in basal cells. In contrast, HE4 

gene (WFDC2) expression was higher in luminal compared to basal epithelial cells 33. Since 

the normal breast basal cells share many properties with basal-like breast cancers 

(BLBC) 34, we analyzed Elafin expression across molecular subtypes of BC. Gene 

expression profiles were obtained from 7 publicly available data sets that contained 1166 

primary BC. To allow for robust analysis, these data sets were further divided into a 

“discovery” cohort (2 data sets, 200 BC and 7 normal breast) 35, 36 and a “validation” cohort 

(5 data sets, n=966) 37–41. We classified breast tumors as BLBC, HER-2+, luminal A and 

luminal B 42. BLBC showed the highest level of PI3 expression, followed by normal breast 

tissues while HER-2 and luminal breast cancer samples had relatively low expression of PI3 

(p<10−3, Figures 6A and B). Interestingly, WFDC2 levels were higher in luminal breast 

tumors than BLBC (p<10−3, Figure 6C), suggesting that whereas both genes are located in 

the same chromosome region (20q13), which is frequently aberrant in cancer, only PI3 

overexpression is specific to BLBC.
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We further questioned whether high Elafin levels can have an impact on BC survival, as we 

previously observed in OC. We used the KMplot software program to compile data from 

1027 BC patients 43. Using median gene expression values as the cut-off, we observed that 

high Elafin expression leads to shorter OS, and this was significant with the 41469_at PI3 

probe (HR=1.42, 95%IC 1.1–1.82, p=0.0067; Figure 6D) and borderline with the 203691_at 

probe (HR=1.26, 95%IC=0.98–1.61, p=0.07; Figure 6E). Importantly, high expression of 

WFDC2 was associated with significantly improved outcome in BC patients (HR=0.74, 

95%IC 0.57–0.95, p=0.017; Figure S3A) highlighting the distinction between Elafin and 

HE4.

We then asked more specifically if overexpression of Elafin has an impact on BLBC 

patients’ survival. OS data were available for only 185 BLBC patients in KMplot database. 

When choosing the median value of PI3 expression as cut-off, we observed a trend toward 

worse outcome but this was not significant with both 41469_at PI3 probe (HR=1.7, 

95%IC=0.95–3.05, p=0.07) and 203691_at probe (HR=1.56, 95%IC=0.87–2.79, p=0.13). To 

increase the statistical power of the analysis, we chose the highest quartile as cut-off and 

confirmed that there is a worse outcome in BLBC patients that overexpress Elafin. The 

difference in survival was significant with 203691_at PI3 probe (HR=1.98, 95%IC=1.06–

3.68, p=0.028: Figure S3B) and borderline with 41469_at PI3 probe (HR=1.75, 

95%IC=0.93–3.29, p=0.078; Figure S3C).

At the protein level, 12 of 16 triple negative BCs (TNBC) showed cytoplasmic Elafin 

staining as assessed by immunohistochemistry (Figure 6F) compared to only 3 of 12 non 

TNBCs. Next, we studied levels of PI3 mRNA and Elafin protein in a panel of BC cell lines 

that included basal-like and luminal subtypes. We observed that the BLBC cell lines, i.e. 

HCC1954, MDA-MB-468, and HCC1143 (all Basal A-like molecular subtypes) 44 express 

PI3 mRNA (Figure 7A left panel) whereas luminal BC cell lines T47D and MCF7 do not 

(OVCAR5 cells served as a positive control). The expression data was mirrored in secreted 

protein levels across the same cell lines: all three BLBC cell lines secrete Elafin in the 

conditioned media whereas luminal cell lines do not (Figure 7A right panel). Importantly, 

we did not observe expression of Elafin in WCE (Figure S4A), consistent with it being a 

secreted protein. Given the ability of Elafin to stimulate proliferation in OC cells, we tested 

whether Elafin has a mitogenic effect on BLBC. Knocking down the expression of PI3 

mRNA using a pool of two different siRNAs (Figure 7B left panel) significantly reduces the 

proliferation of HCC1143 (p<10−2, Figure 7B right panel). Similar reduction of proliferation 

was observed in both MDA-MB-468 and HCC1954 cells (Figure S4C) after inhibition of 

PI3 expression by the same siRNA pool (Figure S4D).

Elafin induces activation of MEK-ERK pathway in BLBC

Having observed a mitogenic effect of Elafin in BLBC cell lines, we questioned if it also 

acts through the MAP kinase pathway. Like HGSOC, not all BLBC cell lines overexpressed 

Elafin. Indeed, we found that BT549 did not express 45 or secrete Elafin (Figure S4B). 

When we added rElafin to the culture media of BT549 cells, we observed a significant 

modification (cut-off of 2.5 fold change) in 352 peptides (Figure 7C). Specific analysis of 
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the MAP Kinase pathway showed an increase in c-JUN, MAP3K1 and EGFR (Figure 7D), 

consistent with our ovarian cancer cell line results.

Discussion

We recently reported that approximately 40% of HGSOCs express high levels of Elafin, and 

that this correlates with poor OS 22. Here, we confirm this relationship in a larger cohort of 

HGSOC patients and replicate this finding in a related malignancy, BLBC. We show that 

Elafin, when present either as an exogenous or an endogenous source, increases cellular 

proliferation. Elafin activates the MEK-ERK signaling pathway 46 and induces mediators of 

proliferation, in particular the JNK subgroup with phosphorylation of ATF2 and c-

JUN 47, 48. To our knowledge, this is the first report demonstrating a mitogenic role for 

Elafin in HGSOC and BLBC cells and suggests that Elafin may be a therapeutic target in 

this setting.

We 22 and others 21 have shown that overexpression of Elafin in HGSOC is associated with 

platinum resistance. Here we propose that Elafin contributes to chemoresistance in OC 

through enhanced expression of bcl-xL, a potent anti-apoptotic protein involved in 

resistance to both platinum agents and paclitaxel. We also show an association between high 

Elafin expression and other chemoresistance markers, including Cyclin E.

Among the different molecular subtypes of breast cancer, only BLBC express Elafin at the 

mRNA level. Overexpression of Elafin was associated with shorter OS in BC patients, and 

more specifically in BLBC patients. BLBC shares many features with HGSOC. First, among 

hereditary forms of breast and ovarian cancer, HGSOC 1 and BLBC 1, 2 are the predominant 

histological subtypes that develop in BRCA mutation carriers. Second, the majority of 

HGSOCs 4 and BLBCs 3 harbor TP53 mutations, and shows increased genomic instability 

compared to other breast 5 and ovarian 4 cancer subtypes. Third, both tumors are associated 

with poor outcome 49, 50. In this regard they resemble another aggressive malignant tumor, 

glioblastoma multiforme (GBM). GBMs exhibit high genomic instability, frequent TP53 

mutations 20, and expresses high levels of Elafin that lead to poorer survival 51.

Previous studies have suggested that Elafin is transcriptionally downregulated in breast 

tumor-derived cell lines compared to normal breast cells 45, 52, 53. This is true for cell lines 

of luminal origin, like MCF7 45, 53 and T47D 45. However, normal basal (myoepithelial) 

breast cells overexpress Elafin gene 33 and consequently BLBC cell lines such as MDA-

MB-157 and MDA-MB-436 overexpress it too 53. Our data are consistent with these results 

since we did not observe secretion of Elafin by luminal cell lines but only by the three 

BLBC lines 44. Thus, Elafin may have different functional roles in luminal breast cancers 

versus basal-like breast cancer.

Recent studies from our laboratory and others point to the fallopian tube (FT) secretory 

epithelial cell as a possible cell-of-origin for the majority of HGSOC 54–56. Normal FT 

epithelial cells secrete high levels of Elafin when compared to other epithelia of the female 

reproductive tract 10, 57. In addition, PI3, the gene encoding Elafin, is one of the most 

differentially expressed genes in basal compared to luminal cells in the normal breast 33. 
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Thus, high expression of Elafin seems to be a feature that is preserved in tumors possibly 

originating from these epithelia. While it is not clear what function Elafin serves in normal 

epithelial cells, its role in wound repair and innate immunity 58 suggests that Elafin 

expression in these cells enables them to quickly respond to tissue stresses associated with 

injury, monthly ovulation, or pregnancy through autocrine and paracrine loops. It is 

conceivable that carcinomas that express Elafin may effectively be co-opting the normal role 

of Elafin in tissue repair and homeostasis to promote tumor growth. Finally, Elafin is an 

extracellular protein and is biologically active as both a cell-associated and secreted protein. 

Indeed, when we measure this protein in both conditioned media and whole cell extract 

(WCE), we do not find Elafin in the WCE. As Elafin is a protein secreted into different body 

fluids including blood 11, it would be interesting to evaluate Elafin as a potential serum 

biomarker for early diagnosis of BLBC and HGSOC in high risk patient populations such as 

women with BRCA mutations.

Material and Methods

Cell lines

Twenty established ovarian cancer cell lines (A2780, Hey-A8, OVCAR3, OVCAR5, 

OVCAR8, OV90, OVCA420, OVCA429, OVCA432, OVCA433, ES-2, TOV112D, 

TOV21G, IGROV1, SW626, MCAS, SKOV3, PEO4, PA1, and CaOV3,), six breast cancer 

cell lines (T47D, MCF7, HCC1954, MDA-MB-468, BT549 and HCC1143), and 

immortalized mammary epithelial cells (IMEC) were used to evaluate the expression of 

Elafin. MDA-MB-468, BT549 and HCC1143 were purchased from ATCC. Cell lines were 

propagated in RPMI 1640 (Invitrogen, Carlsbad, CA) or DMEM (Invitrogen, Carlsbad, CA) 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin 

(Invitrogen) at 37°C in a 5% CO2-containing atmosphere.

Stable cell lines

The coding sequence of Elafin was cloned into the mammalian vector pcDNA3.0 

(Invitrogen, Carlsbad, CA). pcDNA-Elafin vector (Addgene plasmid 18102) was transfected 

into Hey-A8 and OVCAR8 using FuGENE6 (Roche, Indianapolis, IN). After transfection, 

Elafin expression was confirmed by both RT-PCR and Western blot. Pools of transfected 

lines were cultured in media supplemented with 500 μg/ml of Genticin (Invitrogen, 

Carlsbad, CA). Empty pcDNA3.0 vector was used as a negative control. To knock down 

Elafin expression, we used small interfering RNAs (siRNA) that target Elafin message 

(Qiagen, Germantown, MD). In the Elafin-overexpressing OVCAR8 cell line, we used a 

pool of three siRNAs (Hs_PI3_8, HsPI3_5 and Hs_PI3_7). In HCC1143, we used two 

siRNAs targeting Elafin separately (Hs_PI3_8 and HsPI3_5) and a non-target pool (NTP) 

(allstars negative control siRNA, QIAGEN) as a control. RT-PCR confirmed successful 

transfection.

Quantitative phosphoproteomic analysis of Elafin induced signaling pathways

OVCAR8 and BT549 cell lines cultured as described above were harvested at baseline and 

30 minutes after treatment with 600 nM of rElafin. Cells were washed once in ice-cold PBS, 

snap frozen in liquid nitrogen, and lysed using 7.2 M guanidine hydrochloride with 100 mM 
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ammonium bicarbonate. Proteins were reduced (DTT), alkylated (IAA), and digested 

overnight with trypsin (1:10) at 37°C. Resulting peptides were desalted and labeled with 

iTRAQ-4plex reagents according to the manufacturer’s protocol (OVCAR8-elafin 114, 

OVCAR8+elafin 115, BT549-elafin 116, BT549+elafin 117). Phosphopeptides were 

enriched by Fe-NTA IMAC, and analyzed at a depth of 40 fractions using RP-SAX-RP 

interfaced to an LTQ-Orbitrap Velos mass spectrometer (ThermoFisher Scientific, San Jose, 

CA). Hierarchical clustering was performed using z-scores derived from iTRAQ reporter ion 

intensities (R version 2.15.1, heatmap.2 algorithm with default arguments). Details have 

been published in 59.

Kaplan Meier Curves

Kaplan–Meier curves were generated using the KMplot software, from a database of public 

microarray datasets (http://kmplot.com/analysis). Results were collected from 1058 HGSOC 

patients 23 and 1027 BC patients 43. Kaplan–Meier plots were generated for each probe of 

PI3 (203691_at and 41469_at) and WFDC2 (203892_at). To analyze the prognostic value of 

each probe, the samples were split into two groups according to the median expression of 

the probe. Multivariate Cox regression was computed using WinSTAT 2007 from Microsoft 

Excel (Robert K. Fitch Software, Germany).

Data analysis from TCGA database

Gene-expression (GE) profiling data were downloaded from the HGSOC TCGA database 4 

using the interface website http://www.cbioportal.org/public-portal/. Relative expression of 

PI3 in 489 tumors was correlated with BCL2L1 relative expression using the Pearson 

correlation test. Bcl-xL relative expression (from RPPA data) was compared in PI3 high and 

PI3 low tumors using a Student’s t-test (n=412).

Breast tumor array

Data from 7 published studies 35–41 evaluating GE arrays from early stage BC and normal 

breast were compiled (n=1173) and divided into “discovery” (2 data sets, 200 BC and 7 

normal breast) 35, 36 and “validation” cohorts (5 data sets, n=966) 37–41. Bioinformatics 

methods were previously detailed 60.

RT-PCR and Quantitative PCR

RNA was purified using TriZol (Invitrogen, Carlsbad, CA), then RNeasy MinElute Cleanup 

kit (Qiagen, Valencia, CA). cDNA was synthesized from each cell line with 1 ug of RNA 

using SuperscriptIII™cDNA synthesis Kit (Invitrogen, Carlsbad, CA). PCR primers are 

listed in Supplemental Table 4. PCR products were identified on a 2.5% TAE agarose gel. 

Quantitative amplification data was generated from 10 ng of cDNA on a Mastercycler ep 

realplex2 (Eppendorf, Hauppauge, NY) in conjunction with Kapa SYBR® (Kapa 

Biosystems, Woburn, MA).

Protein isolation and western blot analysis

Whole-cell protein lysates were prepared using RIPA lysis buffer supplemented with 

protease and phosphatase inhibitors (Roche, Basel, Switzerland). Cells were lysed for 40 
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minutes at 4°C and whole cell extracts (WCE) were frozen at −80°C until further use. 

Conditioned medium (CM) was prepared as follows: approximately 30 × 106 cells were 

seeded individually into 15 cm cell culture dishes per cell line. When cells became confluent 

and covered up to 80–90% of the dish’s surface, RPMI 1640 or DMEM medium was 

discarded, and the cells were rinsed three times with serum-free medium. Twenty ml of 

serum-free medium was added, and the plates were incubated for an additional 72 hours. 

The CM were collected and spun down to remove cellular debris, then concentrated 75× 

using Vivaspin 20 mL tubes (SartoriusStedim, Goettingen, Germany). Western blots (WB) 

were done as previously described 22. Elafin antibody was generated by the investigators as 

previously described 22. All other antibodies were purchased from Cell Signaling 

Technologies (Danvers, MA).

Proteome arrays

Relative levels of phosphorylation of serine/threonine and receptor tyrosine kinases were 

determined using the Proteome Profiler™ Array ARY-002 (R&D systems, Minneapolis, 

MN). OVCAR8 cells were stimulated with 300 nM recombinant Elafin (rElafin), and WCE 

was harvested at baseline, 10 and 60 minutes after stimulation with rElafin. Intensity of the 

dots was measured using the Spot densitometer algorithm bundled with FluorChem HD2 

imaging system (Alpha Innotech, San Leandro, CA).

Proliferation assay

Proliferation was measured using the Celltiter Glo assay (Promega, Madison, WI). Briefly, a 

total of 1000 cells per well were seeded in sextets on a 96 well plate, and luminescence was 

measured in a Modulus plate reader (Turner Biosystems, Sunnyvale, CA) at 2 and 72 hours. 

Fold change was calculated by comparing luminescence reading between the two time 

points. Cells treated with 300 nM rElafin or rSLPI (R&D systems, Minneapolis, MN) were 

grown in medium containing only 0.5% FBS, otherwise cells were cultured as described 

above. In the antibody blocking experiment, 200 ng/ml of affinity-purified Elafin antibody 

or IgG purified from pre-immune sera of the same rabbit was used.

MEK inhibitor

OVCAR8 cells were pretreated with 10uM of U0126 (Cell Signaling Technologies), a 

selective MEK kinase inhibitor, 2 hours before their stimulation with 300 nM rElafin. WCE 

was collected 10 minutes after stimulation and analyzed by WB.

Scratch-wound assay

OVCAR8 cells were grown to full confluence in 10 cm cell culture dishes before a wound 

was generated using a sterile cell scraper. Fresh media was added to the plate, and wound-

healing ability of the cells was monitored over time. Growth of the cells into the wound area 

was measured using QCapture imaging software Version 3.1.1 (Qiamging, Surrey, BC, 

Canada). All scratch-wound assays were repeated at least three times.
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Elafin Mutants

Two point mutations that change amino acid 85 from a Methionine to either a Glycine 

(M85G) or Lysine (M85K) were introduced into the pcDNA-Elafin vector sequence using 

GeneTailor® (Invitrogen, Carlsbad, CA) and transfected into OVCAR8. Mutations were 

confirmed by DNA sequencing. Stable cell lines were constructed as described above.

Gene expression-profiling of ovarian cancer cell lines

Gene expression analyses used GeneChip© Human Genome U133 Plus 2.0 (Affymetrix, 

CA) oligonucleotide microarrays. Preparation of cDNA, hybridizations, washes, and 

detection were done as recommended by the supplier. Normalized gene expression values 

for PI3 in the 20 OC cell lines were calculated using RMA (Robust Multichip Average) 

method available in Bioconductor software package 61. The relative PI3 expression values 

were plotted from the median centered data using the ggplot2 module available in the R 

programming environment 62. Expression data will be publicly available (GEO) after 

publication.

Reverse phase protein array of DF cell lines

Primary HGSOC cells (DF) were collected from ascites of 20 patients treated at Dana Farber 

Cancer Institute with institutional review board approval. A vial from each of the DF 

samples was thawed and plated onto 10 cm cell culture dishes. After 48 hours, the attached 

cells were trypsinized and split into 3 wells of a 6-well cell culture dish. Cells were allowed 

to re-attach overnight to form confluent monolayers. Reverse phase protein array (RPPA) 

analysis on tumor cells was performed as previously described 28, 29 (Supplemental Table 

5). Relative protein levels were then determined for each sample using software specifically 

developed for RPPA analyses (http://www.vigenetech.com). Log transformed intensity data 

were subjected to Student’s t-tests in bioConductor R. Relative expression of PI3 was 

determined by quantitative RT-PCR (QRT-PCR) in the 20 DF lines. Significant antibody 

probes were defined as p<0.05. Log transformed and centered heatmaps were generated 

using Cluster 3.0 and Java TreeView 1.1.1 63.

Tissue samples and immunohistochemistry

Sections of formalin-fixed, paraffin-embedded (FFPE) TNBC (n=16) and non-TNBC (n=12) 

were evaluated for the expression of Elafin by immunohistochemistry (IHC) as previously 

described 22.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Elafin increases ovarian cancer cell proliferation
A. Kaplan Meier analysis for Overall Survival (OS) in ovarian cancer (OC) patients 

according to the expression of PI3 probe 41469_at (n=1058). B. OS in OC patients 

according to the expression of PI3 probe 203691_at (n=1058). Log-rank test. Median value 

as cut-off. C. Relative PI3 mRNA expression by quantitative RT-PCR among 11 OC cell 

lines. D. Effect of adding 300 nM of recombinant Elafin (rElafin) on proliferation of OC cell 

lines Hey-A8 and OVCAR8. E. Proliferation of Hey-A8 and OVCAR8 transfected with 

pcDNA3.0 vector encoding Elafin (Ela) compared to cell lines transfected with empty vector 

(Ctr). F. Scratch test on OVCAR8 cells overexpressing Elafin (Ela), control (Ctr) and non-

transfected (NTC) line. Cell growth into the scratch is plotted in the graph as mm growth 

over time. The black bar represents 1 mm. G. Effect of mutations in the serine proteinase 

domains of Elafin, M85G and M85K, on cellular proliferation rates when compared to 

rElafin and vector coding for non mutant Elafin. Proliferation was measured using the 

Celltiter Glo assay in D, E and G.
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Figure 2. Mitogenic effect of Elafin is mediated through the MEK/ERK pathway
A. Multiplex iTRAQ analysis of OVCAR8 phosphoproteome at baseline and 30 minutes 

after adding 600 nM of rElafin. Heatmap of 404 entries, cut-off > 2.5-fold. B. Analysis of 

pathways altered by adding rElafin using pathway Palette software. C. Expression profile of 

MAP Kinase phosphopeptides activated in OVCAR8 +/− rElafin. Red lines represent global 

thresholds based on a ± 2.5-fold change between OVCAR8 +/− rElafin. D. Relative levels of 

phosphorylation of serine/threonine and receptor tyrosine kinases were determined in whole 

cells extracts (WCE) from OVCAR8 cells at baseline, then 10 and 60 minutes after 

stimulation with 300 nM of rElafin. E. Western blot analysis of pERK1/2, ERK1/2, pAKT 

and AKT in OVCAR8 WCE at baseline, then 10, 30, 60, 120, and 300 minutes after 

stimulation with 300 nM of rElafin.
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Figure 3. Blockage of Elafin abolishes its mitogenic effect on ovarian cancer
A. Effect of a pool of 3 siRNAs against Elafin on expression of PI3 mRNA (left panel) and 

proliferation in OVCAR8 cells overexpressing Elafin. Effect of adding 300 nM of rElafin on 

proliferation (right panel). B. Effect of adding anti-Elafin antibodies on proliferation of Hey-

A8 cells treated with 300 nM of rElafin. C. Effect of anti-Elafin antibodies on proliferation 

of OVCAR5 cells. D. MEK kinase inhibitor U0126 reverses the mitogenic effect of rElafin 

on OVCAR8. E. U0126 inhibits the phosphorylation of ERK induced by 300 nM of rElafin. 

C: control vector, E: vector overexpressing PI3, rEla: recombinant Elafin. Proliferation was 

measured using the Celltiter Glo assay.
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Figure 4. PI3 overexpression is associated with chemoresistance pathways
A. Relative expression of PI3 mRNA in 20 HGSOC tumors by quantitative RT-PCR. B. 
Heatmap of RPPA of 20 HGSOC tumors clustered according to PI3 relative mRNA. C. 
Relative mRNA levels of BCL2L1 and CCNE1 in 3 low (DF 59, 166 and 118) and 3 high 

(DF106, 176 and 9) PI3 expressing tumors.
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Figure 5. Overexpression of Elafin correlates with bcl-xL in TCGA data
A. Analysis of bcl-xL protein levels in high and low PI3 tumors from the HGSOC TCGA 

dataset (n=412, p=0.023). Student t-test. B. Spearman test for correlation between BCL2L1 

and PI3 mRNA relative levels in TCGA tumors (n=489, r2=0.205, p<10−3). C. Relative 

mRNA BCL2L1 in cell lines overexpressing Elafin compared to naive ones (p=0.0079). 

Data are median and range, Mann-Whitney test.
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Figure 6. Basal-like breast cancers (BLBC) overexpress Elafin
A. Relative mRNA expression of PI3 in molecularly characterized breast tumors (n=200) 

and normal breast tissue (n=7). B. Relative mRNA expression of PI3 in an independent 

cohort molecularly characterized breast tumors (n=966, p<10−2). C. WFDC2 relative mRNA 

expression accordingly to BC molecular subtype (n=966, p<10−2). Student t-test. D. Kaplan 

Meier analysis for Overall Survival (OS) in BC patients according to the expression of PI3 

probe 41469_at (n=1027) E. OS in BC patients according to the expression of PI3 probe 

203691_at (n=1027). Log-rank test. Median value as cut-off. F. Elafin is detected by IHC in 

12 of 16 TNBC. Left panel: negative tumor, right panel: high expressing Elafin.
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Figure 7. Overexpression of Elafin in BLBC leads to mitogen effect
A. PI3 expression by RT-PCR in BLBC cell lines (HCC1954, MDA-MB-468 and 

HCC1143) and luminal cell lines (T47D and MCF7) (left panel) and secretion of Elafin in 

the conditioned media (right panel). OVCAR5 served as positive control. IMEC expresses 

low levels of PI3. B. Effect of siRNA anti-Elafin (PI3si1 and PI3si2) on relative expression 

of PI3 mRNA assessed by qRT-PCR in HCC1143 compared to non-target pool (NTPsi). 

Effect of PI3si1 and PI3si2 on HCC1143 proliferation when compared to NTPsi (p=0.0008 

for PI3si1 and p=0.004 for PI3si2; n=2). **: p<10−2, ***: p<10−3. Proliferation was 

measured using the Celltiter Glo assay. Mann-Whitney test. C. Multiplex iTRAQ analysis of 

BT549 phosphoproteome at baseline and 30 minutes after adding 600 nM of rElafin. 

Heatmap of 352 entries, cut-off > 2.5-fold. D. Regulated MAP Kinase phosphopeptides in 

BT549 by rElafin. Red lines represent global thresholds based on a ± 2.5-fold change 

between BT549 +/− rElafin.
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