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Secreted frizzled related-protein 2 is
prognostic for human pancreatic cancer
patient survival and is associated with fibrosis
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Abstract. Pancreatic adenocarcinoma (PDAC) is one of the deadliest cancers, with five-year survival rates of 9%. We hypothesized
that secreted frizzled-related protein 2 (SFRP2) may influence stromal growth in pancreatic cancer, since it increases fibrosis and
collagen production in non-neoplastic pathologies. We assessed SFRP2 value as a biomarker and assessed its function in PDAC.
SFRP2 gene expression in patients with PDAC was analyzed using TCGA data. Disease free survival (DFS) was analyzed using
Kaplan Meier test. The effect of KRAS inhibition on SFRP2 expression in PDAC cells was assessed. The associations of stromal
content with SFPR2 mRNA and protein with fibrosis were analyzed. The role of SFRP2 in mesenchymal transformation was
assessed by western blot in fibroblasts. Of all cancers in TCGA, SFRP2 levels were highest in PDAC, and higher in PDAC than
normal tissues (n = 234, p = 0.0003). High SFRP2 levels correlated with decreased DFS (p = 0.0097). KRAS inhibition reduced
SFRP2 levels. Spearman correlation was 0.81 between stromal RNA and SFRP2 in human PDAC, and 0.75 between fibrosis and
SFRP2 levels in PDAC tumors. SFRP2-treated fibroblasts displayed mesenchymal characteristics. SFRP2 is prognostic for PDAC
survival, regulated by KRAS, and associated with PDAC fibrosis.
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1. Introduction

Pancreatic adenocarcinoma (PDAC) is the fourth
leading cause of cancer deaths in the United States [1],
and KRAS is mutated in 90% of patients with PDAC [2].
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Even with improved chemotherapy regimens, the 9%
five-year survival remains low [3]. One of the barriers to
pancreatic cancer treatment is its desmoplastic stroma.
Pancreatic cancer has the highest level of stroma (∼
80% of its mass) of any solid organ tumor [4], which de-
creases the tumor vasculature and raises the interstitial
pressure, shielding the tumor from chemotherapy and
immune response [5]. In addition, pancreatic stellate
cells are considered the main driver of the desmoplastic
reaction, promoting cancer progression [6].
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Secreted frizzled-related protein 2 (SFRP2) is a gly-
coprotein upregulated in multiple cancer types that con-
tributes to tumor growth, migration, anti-apoptosis [7–
14], and angiogenesis [7,9,13]. SFRP2 upregulates
markers of immune dysfunction (PD-1 and CD38) in
T-cells and contributes to their exhaustion [15]. We pre-
viously developed a humanized monoclonal antibody to
SFRP2 (hSFRP2 mAb) that inhibits tumor growth, an-
giogenesis, induces tumor apoptosis [15,16], and over-
comes resistance to PD-1 inhibition [15]. We hypothe-
sized that SFRP2 may influence stromal growth in can-
cer, since it increases fibrosis in non-neoplastic patholo-
gies [17,18]. A high correlation between SFRP2 mRNA
expression and stromal mRNA expression in bladder,
breast, colorectal, glioblastoma, head and neck, kidney,
lung, ovarian, and endometrial cancers has also been
found [19]. In correlation network analyses, genes in-
volved in EMT process and ECM structure were asso-
ciated with SFRP2 expression [19]. Because of the high
stromal content in pancreatic cancer, we hypothesized
that SFRP2 may play a larger role in this tumor type,
not only through reducing apoptosis, increasing angio-
genesis, and affecting immune cell activation, but also
through activation of fibroblasts in the tumor stroma
and development of a myofibroblast phenotype.

We sought to explore the relationship between
SFRP2 and pancreatic cancer to determine whether
SFRP2 expression is associated with survival and tumor
fibrosis, and whether it is regulated by KRAS, a ma-
jor driver of PDAC. Additionally, we investigated the
ability of SFRP2 to promote the mesenchymal trans-
formation of fibroblasts and stimulation of fibrinogen
production.

2. Methods

2.1. Cell lines, cell isolation, and tissue culture

Pancreatic cancer cell lines AsPC-1, MIA PaCa-2,
and Panc02-luc were donated by Dr. Ernest Ramsay
Camp (Medical University of South Carolina). Panc02-
luc were originally obtained from the NCI DCTD
Tumor Repository and transfected as previously de-
scribed [20]; AsPC-1 and MIA PaCA-2 were from
American Type Culture Collection (ATCC CRL-1420).
PANC-1R15 and PSN-1R15 cells were generated as pre-
viously described [21]. Primary human skin fibrob-
lasts [22] were donated by Dr. Carol Feghali-Bostwick
(Medical University of South Carolina). The mouse an-
giosarcoma cell line, SVR [23], was purchased from
ATCC (#CRL-2280).

A male C57/BL6NCrl mouse purchased from Charles
River Laboratory (Wilmington, MA) was used to iso-
late pancreatic fibroblasts. The pancreas was resected
after euthanasia and was washed with ice-cold modi-
fied Krebs-Hensleit buffer supplemented with 2.1 g/L
sodium bicarbonate (pH 7.4). Next, 1 mL of ice-cold
digestion mix (34.4 mL Hanks buffered saline solu-
tion (HBSS; #55037C-1000 mL, Sigma-Aldrich, St.
Louis, MO, USA), 1 mL Liberase mix (5 mg in 2 mL
of HBSS; # 541020001, Roche, Basel, Switzerland),
200 mL 0.25% Trypsin (# 25-050-CL, Corning, Corn-
ing, NY, USA), 360 mL 1M HEPES buffer (#H4034-
25G, Sigma-Aldrich) was added, and tissue was mac-
erated using a razor blade. The macerated tissue and
digestion mix was placed into a 15 mL falcon tube, and
an additional 3 mL of digestion mix at 37◦C was added.
The mix was incubated on a tube rotator at 37◦C for
8 min. 10 mL of modified Krebs-Hensleit buffer con-
taining 2.1 g/L sodium bicarbonate (#K3753, Sigma-
Aldrich) was added to quench the digestion, and the
mixture was briefly rested to allow the tissue chunks
to collect at the bottom. The supernatant containing
the cellular suspension was removed and placed on
ice. Digestion mix (3 mL at 37◦C) was added and an-
other round of incubation on the tube rotator was per-
formed for 8 min. Once again, the supernatant was
placed on ice, and the digestion was repeated until no
visible chunks of tissue remained in the tube. The su-
pernatants were then combined in a 50 mL falcon tube,
centrifuged for 5 min at 1200 rpm, and washed with
10 mL Krebs-Hensleit buffer and centrifuged again at
1200 rpm for 5 min. Each pellet was finally resuspended
in Human Cardiac Fibroblast growth media (#316-500,
Cell Applications, San Diego, CA, USA) containing
1% penicillin/streptomycin (#15140122, Thermofisher,
Waltham, MA, USA), placed into a 10 cm Petri dish,
and grown to confluence.

SVR angiosarcoma, pancreatic cancer MIA PaCA-2
cell line, human skin fibroblasts, and mouse pancreatic
fibroblasts were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, #10-013-CV, Corning) with 10%
fetal bovine serum (FBS) (#BT 201-500-D, BioFluid,
Fleming Island, FL, USA). AsPC-1 and Panc02-luc
pancreatic cancer cell lines were cultured in Roswell
Park Memorial Institute (RPMI) media with 10% FBS.
All cell lines were cultured at 37◦C, 5% CO2, and 95%
humidity.

2.2. In vivo pancreatic cancer GEMM mouse model

Mice experiment protocols were in accordance with
the National Institutes of Health guidelines for the
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care and use of laboratory animals and approved
by the Animal Care and Use Committee (IACUC)
at the Medical University of South Carolina. KPC
male and female mice (Krastm4TyjTrp53tm1BrnTg(Pdx1-
cre/Esr1*)#Dam/J) (n = 8) were obtained at 4–8 weeks
of age from Jackson Laboratories (Bar Harbor, ME,
USA). The sex distribution of more females than males
was based on the availability of mice from the vendor.
KPC mice are a genetically engineered mouse model
(GEMM) with conditionally silenced p53 and KRAS
mutations that are activated by a Cre recombinase en-
zyme bound to a mutant estrogen receptor ligand bind-
ing domain. Tamoxifen induces Cre recombinase ex-
pression, which results in the development of pancre-
atic intraepithelial neoplasia and eventually PDAC with
100% penetrance [24]. Since animals were provided
based on availability, there were seven females and one
male. Mice were only housed together if they were lit-
termates. At eight-weeks of age, mice received 100 µL
IP injections of tamoxifen 100 mg/kg (#T5648, Sigma-
Aldrich) resuspended in corn oil. Pancreatic tumors
were resected at end point (age range 4–9 months). Tu-
mors were fixed in formalin and embedded in paraffin.
Mice were never fasted and received Harlan Teklad Ir-
radiated 2918 diet, standard water, and were housed in
vent-rack caging.

2.3. Antibodies and proteins

Primary antibodies used included rabbit anti-actin
(#A2103, Sigma-Aldrich), mouse anti-fibronectin
(#610077, BD Biosciences, Franklin Lakes, NJ, USA),
rabbit anti-frizzled-5 (H00007855-PW1, Abnova,
Taipei, Taiwan), rabbit anti-GAPDH (glyceraldehyde-
3-phosphate dehydrogenase, #ab9485, Abcam, Cam-
bridge, MA, USA), rabbit anti-N-cadherin (#ab1221,
Abcam), mouse anti-Vinculin (SC #73614, Santa Cruz
Biotechnology, Dallas, TX, USA). Rabbit anti-Vinculin
(E1E9V) (#13901, Cell Signaling Technologies, Dan-
vers, Massachusetts, USA), Phospho-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204) Antibody (#9101, Cell Sig-
naling Technologies, Danvers, Massachusetts, USA),
p44/42 MAPK (Erk1/2) Antibody (#9102, Cell Signal-
ing Technologies, Danvers, Massachusetts, USA). Rab-
bit anti-SFRP2 (#ab86379, Abcam), rabbit anti-SFRP2
(#ab137560 Abcam), and rabbit anti-SFRP2 (#LS-
C61791, Lifespan Biosciences, Seattle, Washington,
USA) were purchased based on manufacturers’ avail-
ability. Secondary antibodies used were biotinylated-
conjugated anti-rabbit (#BA-1000, Vector Laborato-
ries, Burlingame, CA, USA), horse-radish peroxidase

(HRP)-conjugated anti-mouse (#7076, Cell Signal-
ing, Danvers, MA, USA), HRP-conjugated anti-rabbit
(#403005, Southern Biotech, Birmingham, AL, USA),
and Goat Anti-Rabbit IgG-HRP (#4030-50, Southern
Biotech, Birmingham, AL, USA). Recombinant human
SFRP2 protein (SFRP2) was prepared as previously
described [25], and provided by the Protein Expression
and Purification Core facility from the University of
North Carolina, Chapel Hill.

2.4. SFRP2 mRNA expression

SFRP2 mRNA expression levels were determined
using the Cancer Genome Atlas (TCGA) database that
was accessed on cBioPortal [26,27]. On cBioPortal,
the SFRP2 gene was queried for all cancer types in the
TCGA database. SFRP2 mRNA expression levels were
collected for each patient and each cancer type, and
descriptive statistics were performed. Gene Expression
Profiling Interactive Analysis (GEPIA) [28] is an online
tool that includes RNA sequencing data from several
databases and can be used for interactive analysis of
differential gene expression, profile plotting, survival
analysis, and correlation analysis. GEPIA was used to
analyze the differential RNA expression of SFRP2 in
pancreatic cancer in the TCGA compared to normal
pancreatic tissue. Survival analysis with the Kaplan-
Meier method was also conducted through GEPIA to
determine the association of disease-free survival with
high or low RNA expression of SFRP2 in TCGA sam-
ples. We looked at publicly available datasets to explore
percentiles at which there was a statistically significant
decrement in survival. Based on these mRNA data, the
cutoffs that we can use 20the percentile or less for low
group and 50th percentile or greater for the high group
provided a statistical separation of survival.

2.5. SFRP2 mRNA expression correlation to stroma in
pancreatic cancer

The level of SFRP2 mRNA expression in pancre-
atic cancer was obtained in units of fragments per kilo-
base of transcript per million (FPKM) from the Hu-
man Protein Atlas (https://www.proteinatlas.org/about/
download) [29]. The level of stromal content for each
of these samples was evaluated with the Estimation of
Stromal and Immune cells in Malignant Tumor tissues
using Expression data (ESTIMATE) provided by the
MD Anderson Cancer Center [30]. This scoring uses the
TCGA mRNA data to analyze the stromal cell presence
in the tumor and the immune cell infiltration. The stro-
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mal score was obtained using ESTIMATE, which mea-
sures the level of stroma in tumor tissue, and a Spear-
man correlation between the stromal score and SFRP2
mRNA expression levels for these patient samples was
conducted.

2.6. Protein extraction from pancreatic tumor tissues

Human pancreatic tumor samples and their matched
normal adjacent tissues from pancreatic resections were
obtained from the Medical University of South Car-
olina Tissue Biorepository. These de-identified tissues
were obtained from institutional surgical specimens
under an IRB-approved protocol and were stored at
−80◦C prior to use. Samples were crushed in liquid
nitrogen into a fine powder, and 30–100 mg were mixed
in Radioimmunoprecipitation assay, or RIPA, buffer
(#R3792; TEKnova, Hollister, CA, USA), for protein
lysis. Lysates were sonicated, centrifuged at 13,000 g,
and supernatants were collected. Lysates were dialyzed,
and then additional RIPA buffer was added.

2.7. Immunohistochemistry

Pancreatic tumors were resected from KPC mice,
fixed in formalin, paraffin-embedded, and 8 µm thick
slices were sectioned. Slides were deparaffinized, rehy-
drated, and antigen retrieval was performed using heat-
mediated, citrate-based Antigen Unmasking Solution
(#3300-250, Vector Laboratories) for 30 min. Endoge-
nous peroxidases were blocked with hydrogen perox-
ide at a concentration of 1:100 (#5155-01, J.T. Baker,
Phillipsburg, NJ, USA). Normal goat serum (#50062Z,
Thermofisher) was used for non-specific protein block-
ing. Slides were incubated with the primary antibody
(anti-SFRP2 #LS-C61791, Lifespan Biosciences, 1:50),
and a negative control was performed with no primary
antibody for 90 min at room temperature (RT). Slides
were subsequently incubated with the secondary an-
tibody (biotinylated anti-rabbit, 1:150) for 30 min at
RT, followed by a 30 min incubation with Vectastain
(PK-4000, Vector Laboratories), and an incubation with
DAB (#1856090, Thermofisher) followed by a hema-
toxylin counterstaining (#H3401, Vector Laboratories).
Masson Trichrome staining was performed with the
Masson Trichome Staining kit (#84000-286, VWR In-
ternational, Radnor, PA, USA). Slides were incubated
in Bouin solution for 1 hour at 56◦C. Slides were con-
secutively stained with fresh Weigert’s hematoxylin
for 10 min, Biebrich Scarlet – Acid Fuchsin Solu-
tion for 5 min, and then incubated in phosphmolybdic-

phosphotungstic acid solution for 10 min. Tissues were
then stained with Aniline Blue solution for 5 min, dif-
ferentiated in acetic acid solution for 1 minute, dehy-
drated, and cleared with xylene. Picrosirius red staining
was performed by incubating slides for 1 hour in pi-
crosirius red solution containing picric acid (#101410-
760, VWR International) and Sirius Red F3B (#43665,
Sigma-Aldrich). Slides were washed with two changes
of acetic acid solution, then dehydrated and cleared.
The pancreatic tumors were ranked by their degree of fi-
brosis after interpretation of the Masson trichome stain-
ing and picrosirius red staining by a veterinarian pathol-
ogist ( K.L.H.). The SFRP2 staining intensity in tumor
cells and percentage of positive tumor cells were scored
by a pathologist (L.S.). Each tumor was then ranked by
level of SFRP2 staining. These rankings for fibrosis and
SFRP2 staining were used to calculate the Spearman
correlation coefficient.

2.8. Evaluation of epithelial mesenchymal
transformation in fibroblasts

Mouse pancreatic fibroblasts and human skin fibrob-
lasts were plated at 60% confluence in DMEM with
10% FBS and treated with either TGFβ at 5 nM, SFRP2
recombinant protein (SFRP2) at 30 nM, or no treatment.
At 48 hours, fibroblasts were removed from the plate,
washed twice with PBS, and centrifuged at 500 g for
5 min. Fibroblasts were lysed with RIPA buffer, kept
on ice for 15 min, and sonicated.

2.9. Effect of KRAS inhibition on SFRP2 expression in
PDAC cells

PANC-1R15 and PSN-1R15 were treated with doxycy-
cline (DOX) to induce expression of R15 Monobody,
which selectively inhibits a subset of oncogenic KRAS
proteins including KRASG12D and KRASG12R [21]. Fol-
lowing DOX treatment (1–2 µg/mL for 2 days), cells
were lysed and then examined for SFRP2 expression by
western blot analysis. Previous results confirmed inhibi-
tion of the ERK-MAPK pathway in these cells [21]. Ad-
ditionally, lysates from a xenograft tumor arising from
injection of PANC-1R15 cells in the flanks of athymic
nude mice treated with (+) or without (-) DOX were
also examined.

To confirm if KRAS inhibition alters SFRP2 ex-
pression, we inhibited KRAS activity by a second
method using a KRASG12D inhibitor, MRTX1133 (Sel-
leckchem, E1051, Houston, TX) [31], on PANC-1 pan-
creatic cancer cells and performing western blot prob-
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ing for SFRP2. In this experiment, PANC-1 cells were
treated with MRTX1133 (20 µM from 4 to 48 hours,
or 10 µM for 24 and 48 hours). Negative controls in-
cluded media alone for the initial time point and 20 nM
DMSO (#D2650) for the 48-hour time point (Sigma, St.
Louis, MO, USA). When the 4-hour timepoint required
to visualize the maximum effects of KRAS inhibition
on SFRP2 expression was established, a second cell
line, MIA PaCa-2, was tested to confirm the involve-
ment of KRAS signaling through the RAF/MEK and
PI3K pathway in SFRP2 regulation. Cells were treated
with the B-RAF inhibitor, dabrafenib, at 0.1 µM (Sel-
leckchem, 1195768-06-9), the MEK inhibitor, tram-
etinib, at 100 nM (Selleckchem, 1187431-43-1), or
the PI3K inhibitor, buparlisib, at 1 uM (Selleckchem,
944396-07-0) for 4 hours. Cells were then lysed and
probed for Phospho-ERK, ERK, and SFRP2 using west-
ern blot analysis.

2.10. Western blot analysis

The protein content was equalized across samples us-
ing a Bradford solution, Bio-Rad Protein Assay (#500-
0205, Bio-Rad Laboratories). Samples containing equal
amounts of total protein were run on 10% bis-tris SDS-
PAGE gels (#NW00100BOX Invitrogen) for 1 hour at
140 V. Proteins were transferred onto a PVDF mem-
brane (#LC2005 Life Technologies; Carlsbad, CA,
USA) at 30 V for 70 min. Membranes were then incu-
bated for 30 min at RT in blocking buffer (PBS, Twin
0.1%, 5% milk), and then at 4◦C overnight with the
primary antibody resuspended in blocking buffer. The
following day, membranes were incubated with a HRP-
conjugated secondary antibody (1:5000) for 1 hour at
RT. The ECL Prime Western Blotting System was used
to visualize protein bands (#RPN2232; GE Healthcare).
Protein levels from test samples were compared to the
loading controls (actin, GAPDH, or vinculin). To do
this, densities were calculated by multiplying the aver-
age intensity by the surface of each band, and the per-
centage of control was calculated using the following
formula: marker of interest total density x 100/loading
control total density. For each experimental sample,
values were then normalized to a control which was
given the value of 1.00.

2.11. Statistical analysis

Paired t-test was used to compare the protein lev-
els of SFRP2 between pancreatic tumor samples and
SFRP2 protein levels in matched, normal adjacent tis-

sue. Calculation of Spearman correlation coefficient
was conducted by using the Spearman correlation coef-
ficient equation ρ = 1- (6Σd2

i )/(n(n2 − 1)) after rank-
ing the level of SFRP2 mRNA expression and the ES-
TIMATE stromal expression, and after ranking the level
of SFRP2 immunohistochemical staining and fibrosis
level by Masson trichome and picrosirius red staining.
Statistical analyses were performed using Stata (version
v16.1, College Station, TX, USA). P -values of < 0.05
were considered statistically significant.

3. Results

3.1. SFRP2 RNA levels are the highest in pancreatic
cancer and are associated with poor survival

SFRP2 protein is present in multiple cancers includ-
ing angiosarcoma, hepatocellular carcinoma, prostate,
colon, renal, lung, ovarian, and pancreatic cancers [7].
Therefore, we first assessed which cancer had the high-
est SFRP2 expression levels. To evaluate SFRP2 mRNA
levels, we used the RNAseq data from the TCGA. We
collected RNAseq data for SFRP2 expression from all
32 cancer types in the database (Fig. 1A). The me-
dian number of samples for each cancer type was 294
(range 36-1,082). Pancreatic cancer was found to have
the highest levels of SFRP2 mRNA compared to all
other tumor types, with a median expression of 13,155
RNAseq by expectation maximization (RSEM) (5.11-
120,416 RSEM). In the vast majority of tumor samples
among the 32 types of cancer, the SFRP2 gene was not
mutated. Next, we compared the mRNA expression lev-
els between normal pancreas and pancreatic adenocar-
cinoma using the GEPIA online tool. Pancreatic adeno-
carcinoma mRNA expression data were obtained from
the TCGA RNAseq database (n = 179), and normal
pancreas mRNA expression data were from the GTex
RNAseq database (n = 177). SFRP2 mRNA levels in
pancreatic adenocarcinoma were significantly higher
than in normal pancreas (p < 0.01; Fig. 1B).

The GEPIA online tool was used to evaluate the asso-
ciation between SFRP2 mRNA expression and disease-
free survival for pancreatic cancer patients. High SFRP2
mRNA levels were defined as SFRP2 mRNA expression
in the 50th percentile or higher, and low SFRP2 mRNA
levels were defined as SFRP2 mRNA expression in the
20th percentile or lower. Disease-free survival was com-
pared between high SFRP2 mRNA levels (n = 89) and
low SFRP2 mRNA levels (n = 36) using the Kaplan-
Meier method. High SFRP2 mRNA levels were associ-
ated with significantly decreased disease-free survival
(hazard ratio = 2.6; p = 0.0097; Fig. 1C).
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Fig. 1. SFRP2 mRNA expression is increased in pancreatic cancer. (A) SFRP2 mRNA levels were compared between 32 cancer types in the TCGA
database. Pancreatic cancer had the highest SFRP2 median expression levels. (B) The online interactive tool GEPIA was used to compare SFRP2
mRNA levels between pancreatic cancer samples (n = 179) from the RNAseq TCGA database, and normal pancreas samples (n = 177) from the
RNAseq GTex database. SFRP2 mRNA levels were significantly higher in pancreatic adenocarcinoma samples, compared to normal pancreas
samples (∗p < 0.01). (C) GEPIA was used to compare disease-free survival between patients with high SFRP2 mRNA levels (n = 89), and
low SFRP2 RNA levels (n = 36) using the Kaplan-Meier method. High SFRP2 expression was associated with significantly worse disease-free
survival (hazard ratio = 2.6; p = 0.0097). HR: Hazard ratio. (D)SFRP2 and FZD5 protein levels were measured by western blot on lysates
from pancreatic cancer cell lines (AsPC-1, MIA-PaCa2, and Panc02-luc) and compared to a known positive control, SVR (angiosarcoma cells),
and negative controls (PBS and media). Band densities (average intensity x band surface) were normalized to the loading control to eliminate
inter-sample variability to obtain the Intensity Ration. Results were normalized to the positive control, SVR.
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Fig. 2. Inhibition of KRAS reduces SFRP2 expression in PDAC. A, B, C, D) Band densities (average intensity x band surface) were normalized to
the loading control, Vinculin, to eliminate inter-sample variability, to quantitatively obtain the Intensity Ratio. For each cell type, results were
normalized to the untreated control: -Dox (A), and 0 h (B). (A) Western blot analysis of PDAC expressing a doxycycline (DOX)-inducible
CFP-R15 monobody. DOX-induced R15 (+) reduced SRFP2 levels in both PDAC lines and a PANC-1 tumor sample. DOX: doxycycline. (B)
Western blot analysis of PANC-1 cells treated with DMSO or MRTX1133 (10 or 20 nM), a noncovalent selective KRASG12D inhibitor, for various
periods of time shows a reduction of p-ERK and SFRP2 at 4 hours compared to control. (C) Treatment of MIA PaCa-2 cells with trametinib (MEK
inhibitor) at 100 nm for 4 hours shows a reduction in p-ERK and SFRP2. (D) Treatment of MIA PaCa-2 cells with buparlisib (PI3Kinase inhibitor)
at 1 uM for 4 hours shows a reduction in p-AKT and SFRP2 compared to control.

3.2. SFRP2 protein and its receptor, FZD5, are
expressed in pancreatic cancer cell lines in vitro

We previously showed that frizzled-5 (FZD5) is
the receptor for SFRP2 in the non-canonical WNT-
calcineurin pathway in endothelial, angiosarcoma, and
breast cancer cells [25]. Therefore, we measured SFRP2
and FZD5 protein levels in pancreatic cell lines. Both

KRAS and p53 mutation-bearing cell lines were se-
lected, since they are the most common mutations in
pancreatic cancer, with a rate of 90% and 75%, respec-
tively for each marker [32]. SFRP2 and FZD5 protein
levels were assessed by western blot in two human pan-
creatic cancer cell lines, AsPC-1 and MIA-PaCa2, and
one murine cell line, Panc02-luc. SFRP2 and FZD5 pro-
tein levels were further compared to the levels in SVR
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angiosarcoma, used as a positive control [25]. PBS and
media were used as negative controls. All three pancre-
atic cell lines showed high SFRP2 and FZD5 protein
levels compared to the positive control, with no protein
in the negative controls (Fig. 1D).

3.3. KRAS regulates SFRP2 protein in PDAC cells

To determine whether mutant KRAS influences
SRFP2 expression, we utilized the recently described
R15 monobody to directly inhibit oncogenic RAS ac-
tivity in PDAC cells (Fig. 2A) [21]. DOX-induced ex-
pression of R15 in either PANC-1R15 or PSN-1R15 led
to a reduction in SRFP2 protein levels. In addition,
PANC-1R15 xenograft tumors treated with the mono-
body contained lower SFRP2 levels than untreated tu-
mors (Fig. 2A), further supporting regulation of SFRP2
expression by mutant KRAS signaling in PDAC. To
confirm this result with a different KRAS inhibitor,
PANC-1 cells were treated with MRTX1133, a non-
covalent and selective inhibitor of KRASG12D, for pe-
riods of time ranging from 0 to 48 hours. As shown
in Fig. 2B, MRTX1133 reversibly inhibited the ac-
tivity of ERK, a known target of KRASG12D, and re-
duced the expression SFRP2, with a maximum effect
at 4 hours. To further evaluate downstream media-
tors of the KRAS pathway, MIA PaCa-2 cells were
treated with dabrafenib (B-Raf inhibitor) and trame-
tinib (MEK inhibitor), which reduced phospho-ERK
and SFRP2 protein levels (Fig. 2C). Likewise, the in-
hibition of PI3Kinase by buparlisib, another down-
stream target of KRAS, reduced phospho-AKT and
SFRP2 protein levels (Fig. 2D). This demonstrates
that in pancreatic cancer, SFRP2 is regulated by both
KRAS/RAF/MEK/ERK and KRAS/ PI3Kinase path-
ways.

3.4. SFRP2 protein expression is increased in human
pancreatic cancer compared to adjacent normal
pancreatic tissue

To compare SFRP2 protein expression levels in hu-
man pancreatic cancer to matched normal adjacent pan-
creatic tissue, we measured the levels of SFRP2 protein
by western blot in 23 pairs of samples. Table 1 shows
the clinical characteristics of these patients. Forty-two
percent were male, and the median age was 67.5 (range
47–87). Seventy five percent of the patients were Cau-
casian while the remaining 25% were non-Hispanic
Blacks. Seventy-five percent of patients had Stage IIB
disease (ranged from IA to IIB). The densitometry

Table 1
Clinical Characteristics of Patients Analyzed

Clinical factors n = 24
Age, median (range) 65 (47–87)
Sex (N%)

Female 14 (58.3)
Male 10 (41.7)

Race (N%)
Black 6 (25.0)
White 18 (75.0)

Tumor Grade (N%)
Well differentiated 1 (4.2)
Moderately differentiated 16 (66.7)
Poorly differentiated 5 (20.8)
Missing 2 (8.3)

Stage (N%)
IA-IIA 6 (25.0)
IIB 18 (75.0)

Last Follow-up, median (range) 21 months (4–92 months)

of SFRP2 protein bands was measured in tumor and
normal tissues and normalized to the loading control,
GAPDH, for each tumor and matched normal tissue
assessed. Results showed significantly higher expres-
sion of SFRP2 in tumor tissues with an average per-
cent GAPDH of 57.0 ± 5.69% compared to 27.8 ±
7.86% in the normal adjacent tissue (p = 0.0003; n =
23; one patient sample was excluded from the analy-
sis due to poor quality of the sample; Fig. 3A–B and
Supplemental Fig. 1).

3.5. SFRP2 expression is associated with fibrosis in
pancreatic cancer

Pancreatic cancer has the highest stroma content
of any solid organ tumor, which is a major barrier to
chemotherapy tumor biodistribution [6]. Since SFRP2
is associated with fibrosis in other pathologies [18], in-
cluding cancers [19], we hypothesized that SFRP2 ex-
pression levels would be associated with the degree of
fibrosis in pancreatic cancer. SFRP2 mRNA expression
from pancreatic cancer patients in the TCGA (n = 176,
consisting of 95 men, 80 women, and 1 unknown) was
correlated with the ESTIMATE stromal score [30], and
the Spearman correlation coefficient between SFRP2
mRNA expression levels and stromal score was 0.81
(Fig. 4).

Next, we tested the correlation between fibrosis in
pancreatic tumors and SFRP2 protein expression in tu-
mors in vivo. KPC mice (n = 8) developed PDAC
about 4–5 months after Cre-recombinase induction with
tamoxifen. After autopsy (average 153 days after in-
duction with tamoxifen, range 116–203 days), pancre-
atic tumors were resected and paraffin-embedded for
staining. Masson trichome staining and picrosirius red
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Fig. 3. SFRP2 protein expression is increased in pancreatic cancer. (A)
Blot plot of the densitometry values from representative western blot
comparing the levels of SFRP2 between tumor tissue from patients in
Table 1 and their normal adjacent pancreatic tissue. (B) Representative
western blot of tumor tissues (T) and their normal adjacent tissues
(N). Densitometry was calculated by measuring the total intensity of
each SFRP2 band in tumor and normal samples, and comparing them
to the loading control, GAPDH.

Fig. 4. SFRP2 RNA expression is associated with fibrosis in pancre-
atic cancer. mRNA expression of SFRP2 in pancreatic cancer patient
samples from the TCGA (n = 176, consisting of 95 men, 80 women,
and 1 unknown) correlates with the ESTIMATE stromal score ob-
tained from RNAseq data on those patients. Spearman correlation
coefficient is 0.81.

were used to determine the degree of fibrosis in the
tumors. SFRP2 staining was also performed in con-
secutive sections. Tumors were ranked by their degree
of fibrosis, and SFRP2 staining was ranked by inten-
sity level. Fibrosis was associated with SFRP2 staining

with a Spearman correlation coefficient of 0.75 (Fig. 5).
Taken together, our analysis of human pancreatic can-
cer datasets and tumors from genetically engineered
mouse models demonstrate a strong correlation between
SFRP2 expression and the degree of stromal expansion
in pancreatic tumors.

3.6. SFRP2 promotes the mesenchymal transformation
of fibroblasts

Because we consistently observed a positive corre-
lation between SFRP2 levels and fibrosis, and since
SFRP2 is connected to epithelial-mesenchymal tran-
sition (EMT) in network analysis [18], we hypothe-
sized that SFRP2 induces a mesenchymal transforma-
tion in fibroblasts. To test this hypothesis, we used two
cell types: normal human skin fibroblasts and normal
mouse pancreatic fibroblasts. Cells were treated for
48 hours either with TFGβ (5 nM; positive control),
or with SFRP2 (30 nM), or were not treated (nega-
tive control). Whole cell lysates were screened for N-
cadherin and fibronectin protein expression by west-
ern blot. The protein levels of the first mesenchymal
marker tested, N-cadherin, were approximately 2-fold
higher in TGFβ- and SFRP2-treated skin fibroblasts
compared to untreated control. A similar result was
obtained for mouse pancreatic fibroblasts with a 2-
fold increase in N-cadherin protein levels with TFGβ
treatment, and a 3-fold increase with SFRP2 treatment
(Fig. 6A). The protein levels of the second mesenchy-
mal marker tested, fibronectin, were increased by 2-fold
and 5-fold in TGFβ- and SFRP2-treated human fibrob-
lasts, respectively (Fig. 6B). Although not as robust,
we observed an increase in fibronectin protein levels
with both TGFβ (80%) and SFRP2 (50%) in mouse
pancreatic fibroblasts. These results demonstrate that
like TGFβ, a well-known EMT inducer, SFRP2 plays
a role in the EMT process, at least by inducing the
upregulation of mesenchymal markers.

4. Discussion

The challenges surrounding pancreatic cancer treat-
ment lie in its tremendous resistance to chemotherapeu-
tics. The dense stroma of pancreatic cancer is a key con-
tributor to this resistance, establishing an environment
with low vascularity that impedes drug delivery and im-
mune cell infiltration [4]. In this study, we found SFRP2
to be highly expressed in pancreatic cancer compared to
normal adjacent pancreatic tissue, and high SFRP2 ex-
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Fig. 5. SFRP2 expression is associated with fibrosis in vivo. (A) Correlation of SFRP2 staining and degree of fibrosis in tumors from KPC mice
(n = 8). (B) Representative images of staining from a KPC mouse that had high SFRP2 staining and high levels of fibrosis identified by Masson’s
trichome blue staining and picrosirius red staining. (C) Negative control for SFRP2 immunohistochemistry staining. (D) Representative images of
staining from a KPC mouse that had low SFRP2 staining and low levels of fibrosis identified by Masson’s trichome purple staining and picrosirius
yellow staining. All slides at 40X HPF: High Power Field. Scale bar: 100 µm.

Fig. 6. SFRP2 induces epithelial mesenchymal transformation and collagen production in fibroblasts. (A) Human skin and mouse pancreatic
fibroblasts were either untreated (control) or treated for 48 hours with SFRP2 (30 nM) or TGFβ (5 nM), and protein levels were analyzed
by western blot. Band densities (average intensity x band surface) were normalized to the loading control, GAPDH, to eliminate inter-sample
variability. Results were normalized to the untreated control and presented as intensity ratio. (A, B) TGFβ and SFRP2 treatments induce an
increase of N-cadherin (A) and fibronectin (B) protein levels in both human skin and mouse pancreatic fibroblasts.

pression was predictive of worse survival using a TCGA
data set. Based on these findings, a future prospective
clinical study to confirm the high and low cutoffs will
need to be obtained in future prospective clinical trials.
SFRP2 as a reliable biomarker is warranted. SFRP2 also
correlated with pancreatic cancer fibrosis, and fibrob-
lasts treated with SFRP2 protein expressed higher levels
of mesenchymal markers involved in EMT, a phenotype

that correlates with cancer invasion and metastasis.
With the TCGA RNAseq data, we found that SFRP2

expression levels are the highest in pancreatic cancer.
Conversely, both SFRP2 mRNA and protein levels ap-
peared to be significantly lower in normal pancreatic
tissue, compared to adjacent tumor tissue. This suggests
that the neoplastic transformation of the pancreatic tis-
sue correlates with an upregulation of SFRP2. KRAS
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mutation is the most frequent mutation in PDAC, oc-
curring in more than 90% of tumors [2], and our data
show that SFRP2 protein levels in PDAC are regulated
by KRAS activity. SFRP2 has the potential to serve as
a prognostic biomarker and is a potential therapeutic
target, which both warrant further investigation.

In this study we found that fibroblasts treated with
SFRP2 had increase protein levels of N-cadherin and
fibronectin, similar to TGFβ. Both N-cadherin and fi-
bronectin are well-known mesenchymal markers in-
volved in migration and invasion during tumor pro-
gression [6]. TGFβ is one of the strongest promoters
of EMT, and it upregulates N-cadherin, leading to E-
cadherin/N-cadherin ratio switching from E-cadherin
being the dominant cadherin expressed in epithelial
cells to N-cadherin being mainly expressed in mes-
enchymal cells [33]. Upregulation of N-cadherin plays
a larger role in cancer metastasis compared to loss of
E-cadherin [34,35] . Our observation that SFRP2 and
TGFβ have similar effects on fibroblasts suggests that
SFRP2 affects the mesenchymal status of the cells. A
previous study on wound healing demonstrated that fi-
broblasts are predominant in the wound during the pro-
liferation stage [36]. Importantly, this study showed that
fibroblasts have the highest gene expression of EMT
markers while concomitantly, SFRP2 is one of the most
upregulated plasma membrane proteins. In the setting
of cancer, Guo and colleagues [37] demonstrated that
SFRP2 promotes a mesenchymal phenotype in glioblas-
toma characterized by increased expression of mes-
enchymal genes in SFRP2-overexpressing cells, as well
as increased SFRP2 in the mesenchymal-glioblastoma
subtype. These results suggest a general function of
SFRP2 as an EMT promoter during tumor progression
in multiple cancers, a hypothesis that aligns with our
previous observation that the inhibition of SFRP2 limits
metastatic spread [15].

SFRP2 has been highly associated with fibrosis and
EMT in other tumor types [19]. Sun and colleagues’
investigation into cancer resistance after chemother-
apy showed that SFRP2 was upregulated in CAFs sub-
jected to cytotoxic therapy [38]. They also showed that
WNT16B signaling is also enhanced , which further
contributes to drug resistance. Inhibition of SFRP2 may
dually affect chemoresistance by decreasing the tumor
stroma, and decreasing the signaling that confers thera-
peutic resistance. There has been recent interest in tar-
geting the stromal tissue for pancreatic cancer treatment
to dismantle the barricade to chemotherapy and immune
response. The results of therapeutics used for these ef-
fects have been contradictory thus far. A small molecule

inhibitor of the sonic hedgehog pathway showed ef-
ficacy in preclinical studies [39] but failed to demon-
strate improved survival in clinical trials [40,41]. Mean-
while, some improvements have been observed with
other stromal inhibitors in phase I/II trials targeting
TGFβ [42] and the angiotensin II receptor [43]. Con-
versely, Ozdemir and collaborators found that depleting
myofibroblasts in a pancreatic cancer GEMM resulted
in increased infiltration of regulatory T-cells and worse
survival [44]. These results suggest that complete dis-
ruption of the tumor microenvironment may not bear
the desired results of enhancing therapeutic efficacy.

Investigation of pancreatic CAFs has shown that this
is a heterogeneous population of cells with different
functions, which likely contributes to these different
findings. Although Ozdemir and colleagues found that
myofibroblast depletion led to more aggressive tumors
and immune dysregulation, they also discovered that
treating these myofibroblast-depleted mice with CTLA-
4 checkpoint inhibitors led to less undifferentiated can-
cer cells, normalized parenchyma, and improved sur-
vival compared to non-myofibroblast depleted mice
treated with anti-CTLA-4 antibody [44]. Therefore, in-
hibiting the stroma may need to be accompanied by
immunotherapy for efficacy, and further studies will
identify whether targeting the stroma overcomes resis-
tance to immunotherapy in pancreatic cancer. We pre-
viously showed that SFRP2 affects immune dysregu-
lation, specifically increasing transcription of CD38,
which reduces resistance to the PD-1 inhibition [15].
Therefore, targeting SFRP2 may have the added benefit
of providing immunotherapy, in conjunction with stro-
mal regulation, inducing tumor apoptosis and inhibit-
ing angiogenesis. Since SFRP2 is highly expressed in
pancreatic cancer; its expression is significantly associ-
ated with worse survival, and it is regulated by KRAS;
SFRP2 may serve as a novel therapeutic target for pan-
creatic cancer.

5. Conclusion

We demonstrated that SFRP2 is highly expressed in
pancreatic cancer and its expression is significantly as-
sociated with worse disease-free survival and is regu-
lated by KRAS. We confirmed that, like other cancer
types, SFRP2 is associated with fibrosis in pancreatic
cancer. Investigation of SFRP2’s impact on fibroblasts
showed that SFRP2 stimulates EMT, which identifies
an additional role for SFRP2 as a regulator for cancer
invasion, angiogenesis, metastasis, and ECM construc-
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tion. Targeting the stroma is a promising avenue for
pancreatic cancer treatment, but the current literature
demonstrates that further research on the communica-
tion of all heterogeneous cell populations, cytokines,
and proteins in the tumor microenvironment is needed
to understand how best to manipulate it to improve sur-
vival. SFRP2 is one such protein that plays a part in this
crosstalk and merits additional study to determine its
potential as a regulator for both stroma production and
immune dysregulation.
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