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Simple Summary: Collagen type XI alpha 1 (COL11A1) is a novel biomarker associated with poor
survival in ovarian cancer and a promoter of ovarian cancer cell resistance to cisplatin. However, it
is poorly understood how COL11A1 promotes ovarian cancer cisplatin resistance. We performed
assays to discover the biological molecules that are activated by COL11A1 in ovarian cancer cells.
We found that heat shock protein 27 (HSP27), a cellular stress response protein, is activated by
COL11A1. Furthermore, we observed that depletion and drug inhibition of HSP27 makes ovarian
cancer cells grown on COL11A1 to be more susceptible to cisplatin treatment. We also discovered
that ovarian cancer cells upregulate fatty acid oxidation (FAO), a metabolic process that breaks down
fats to generate energy and biomolecules, to compensate for the loss of HSP27. Our findings have
therapeutic implications for clinicians who wish to treat ovarian tumors that maintain high levels of
COL11A1 and HSP27.

Abstract: Collagen type XI alpha 1 (COL11A1) is a novel biomarker associated with cisplatin re-
sistance in ovarian cancer. We have previously reported that COL11A1 activates Src-Akt signaling
through the collagen receptors discoidin domain receptor 2 (DDR2) and integrin α1β1 to confer
cisplatin resistance to ovarian cancer cells. To identify the potential signaling molecules downstream
of COL11A1 signaling, we performed protein kinase arrays and identified heat shock protein 27
(HSP27) as a potential mediator of COL11A1-induced cisplatin resistance. Through receptor knock-
down and inhibitor experiments, we demonstrated that COL11A1 significantly upregulates HSP27
phosphorylation and expression via DDR2/integrin α1β1 and Src/Akt signaling in ovarian cancer
cells. Furthermore, genetic knockdown and pharmacological inhibition of HSP27, via ivermectin
treatment, significantly sensitizes ovarian cancer cells cultured on COL11A1 to cisplatin treatment.
HSP27 knockdown or inhibition also decreases NFκB activity as well as the expression of inhibitors
of apoptosis proteins (IAPs), which are known downstream effector molecules of COL11A1 that
promote cisplatin resistance. Interestingly, HSP27 knockdown or inhibition stimulates ovarian cancer
cells to upregulate fatty acid oxidation (FAO) for survival and cisplatin resistance, and dual inhi-
bition of HSP27 and FAO synergistically kills ovarian cancer cells that are cultured on COL11A1.
Collectively, this study identifies HSP27 as a novel and druggable COL11A1 downstream effector
molecule that may be targeted to overcome cisplatin resistance in recurrent ovarian cancer, which
often overexpress COL11A1.
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1. Introduction

Cisplatin resistance is a major challenge in the effective treatment of ovarian cancer,
the most lethal gynecological cancer in the United States. Dysregulated extracellular
matrix (ECM) accumulation is a predominant contributor to ovarian cancer progression
and cisplatin resistance [1]. For example, the expressions of several collagen genes are
upregulated in ovarian cancer and are also associated with acquisition of chemotherapy
resistance [2–4]. Collagen type XI alpha 1 (COL11A1) encodes one of three alpha chains
of type XI collagen, a minor fibrillar collagen that is crucial for collagen fiber assembly
and organization [5,6]. In ovarian cancer, COL11A1 is primarily expressed by cancer-
associated fibroblasts (CAFs) [7], although cisplatin-resistant ovarian cancer cells have
also been shown to express COL11A1 [8–10]. Our group and others have demonstrated
that elevated expression of COL11A1 is associated with poor survival, recurrence, and
cisplatin resistance in ovarian cancer [8–10]. Our previous studies have demonstrated that
COL11A1 confers cisplatin resistance through activation of discoidin domain receptor 2
(DDR2) and the integrin heterodimer α1β1, which in turn activates Src, Akt, and NFkB to
upregulate the expression of inhibitors of apoptosis (IAPs) [8,9]. We have also discovered
that COL11A1 confers cisplatin resistance through switching the metabolic preference
of ovarian cancer cells to fatty acid metabolism [8]. However, it is not fully understood
which signaling molecules are activated by COL11A1 to regulate these pathways leading
to cisplatin resistance.

Heat shock protein 27 (HSP27), encoded by the HSPB1 gene, is a protein chaperone of
the small heat shock protein group that is implicated in cancer cell survival, chemother-
apy resistance, and other cancer-related processes across many cancer types, including
gastric, colon, lung, and pancreatic cancers [11–13]. In ovarian cancer, several studies
have established the relationship between HSP27 expression and poor patient survival and
chemotherapy resistance [14–18]. Langdon et al. [16] showed that high levels of cytosolic
HSP27 expression are positively correlated with advanced cancer stage and reduced pa-
tient survival. Zhao et al. [18] found that elevated HSP27 expression increases peritoneal
metastasis in ovarian cancer. Elevated serum HSP27 is associated with clinical stage, ascites
volume, and residual tumor mass in ovarian cancer [14,15,17]. In vitro studies have shown
that HSP27 inhibition sensitizes ovarian cancer cells to paclitaxel and cisplatin [19,20].
Although these studies have implicated HSP27 in ovarian cancer progression, little is
known how the tumor microenvironment, particularly ECM proteins, regulates HSP27 in
progressive ovarian cancer. Given COL11A1’s involvement in signaling ovarian cancer cell
cisplatin resistance, we next explored the link between COL11A1 and HSP27.

In this study, we report that COL11A1 upregulates HSP27 expression and activity
through DDR2/integrin α1β1-Src-Akt signaling to induce cisplatin resistance in ovarian
cancer cells. HSP27 mediates COL11A1-dependent activation of NFkB and upregulation of
IAPs. Interestingly, we also discovered that fatty acid oxidation (FAO) compensates for the
loss of HSP27 in ovarian cancer cells cultured on COL11A1 and dual inhibition of FAO and
HSP27 is lethal to cisplatin-resistant ovarian cancer cells cultured on COL11A1. This study
identifies HSP27 as a novel and druggable downstream molecule of COL11A1 to attenuate
cisplatin resistance in ovarian cancer cells.

2. Materials and Methods
2.1. Cell Culture

A2780 and A2780CIS cells were purchased from SIGMA (St. Louis, MO, USA). ES2,
SKOV3, and A204 cells were purchased from ATCC (Manassas, VA, USA). Lenti-X 293T
cells were purchased from Takara bio (formerly Clontech, Kusatsu, Shiga, Japan). A2780
and A2780CIS cells were cultured in RPMI (Gibco Life Technologies; Waltham, MA, USA)
supplemented with 10% FBS and 1× penicillin/streptomycin. ES2, SKOV3, A204, and
Lenti-X 293T cell lines were cultured in DMEM (Gibco Life Technologies; Waltham, MA,
USA) supplemented with 10% FBS (Sigma-Aldrich, St. Louis, MO, USA) and 1× peni-
cillin/streptomycin (Gibco Life Technologies; Waltham, MA, USA). All cells were cultured
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at 37 ◦C with 5% CO2. All cell lines tested negative for mycoplasma contamination and
were authenticated before experimentation.

2.2. Cell Culture on Collagen Extract and Acellular Matrix

COL11A1 was extracted from A204 (a rhabdomyosarcoma cell line that expresses
COL11A1; [21]) scrambled (scrm) control or A204-shCOL11A1 cells, as described previ-
ously [9,21]. A204-scrm cells or A204-shCOL11A1 cells were cultured in DMEM supple-
mented with 10% FBS, 50 µg/mL sodium ascorbate, and 50 µg/mL B-aminopropionitrile
(BAPN; A3134-5G, Sigma-Aldrich, St. Louis, MO, USA) for 48 h. Medium, cells, and
extracellular matrix proteins on the plate were collected in chilled 0.5 µM acetic acid sup-
plemented with a cocktail of protease inhibitors (2.5 mM EDTA, 0.2 mM PMSF and 10 mM
N-ethylmaleimide) and then filtered through a Spetra/Por dialysis membrane (Spectrum
labs; San Francisco, CA, USA; #132655) with a pore size of 6–8 kD, resulting in a COL11A1-
positive or -negative extract. COL11A1 expression in A204 cells and extract was validated
by Western blot (Figure 1A,B). For the cell culture, 5 µg/mL of the extracted COL11A1
or type I collagen (COL1) diluted in PBS (Gibco Life Technologies; Waltham, MA, USA)
was used to coat the tissue culture plates for 2 h at 37 ◦C or overnight at 4 ◦C. Recipient
ovarian cancer cells, which were serum starved overnight prior to the experiments, were
trypsinized and plated on collagen-positive and -negative extract coated plates.

To obtain decellularized matrices that are positive and negative for COL11A1, A204-
scrm cells or A204-shCOL11A1 were seeded at 30–40% confluency and then stimulated
with 50 µg/mL sodium ascorbate supplemented DMEM (with 10% FBS and 1× penicillin/
streptomycin) for 2 days. Then, A204-scrm, A204-shCOL11A1, and regular tissue culture
plastic plates were incubated with sterile PBS supplemented with 20 mM EDTA for 10 min
at 37 ◦C. The wash buffer was then aspirated and replaced with sterile PBS supplemented
with 30 mM EDTA and 0.5% Triton X-100, which was chosen to de-cellularize the A204-
derived matrices due to its effectiveness at de-cellularizing ACL tissue in a previous
study [22]. Plates were rocked back and forth and swirled gently in sterile conditions. After
2–3 min, this solution was replaced with fresh sterile PBS supplemented with 30 mM EDTA
and 0.5% Triton X-100 and the above steps were repeated. Plates were then washed three
times with sterile PBS and then three more times with sterile water. Decellularized matrices
were dried in the sterile hood for at least one hour. Expression of COL11A1 in A204 cells
and decellularized matrices was validated and quantified by an immunofluorescence plate
reader experiment (Figure S1A and Figure 1C–E). Recipient ovarian cancer cells, which
were serum starved overnight prior to the experiments, were trypsinized and plated on
COL11A1-positive and -negative decellularized matrices.

2.3. Human Phospho-Kinase Array

ES2 cells were serum starved overnight and then cultured on COL11A1 positive
extract coated plates (at 5 µg/mL) and control (no coat) conditions for 72 h in 1% FBS and
1× penicillin/streptomycin supplemented DMEM. Cells were then collected and lysed in
a Human Phospho-Kinase Array kit lysis buffer (R&D Systems, Minneapolis, MN, USA;
#ARY003B). A total of 200 µg of protein was then added to the Human Phospho-Kinase
Array kit membranes and rocked overnight at 4 ◦C. Membranes were then incubated
with various antibodies and substrates and was as per the kit instructions (R&D Systems,
Minneapolis, MN, USA; #ARY003B). The HRP signal from the kinase array membranes
were captured with film exposure.
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Figure 1. COL11A1 induces HSP27 phosphorylation and total expression in ovarian cancer cells. (A) Schematic of the 
Protein Kinase array (PKA) experiment set up. (B) Image and quantification of the PKA result. Red boxes on the image 
indicates the position of the HSP27 S78/82 antibody epitopes, and black boxes indicate the β-catenin epitopes. Coordinates 
for the HSP27 S78/82 epitopes and β-catenin on membranes are listed below the protein name in parentheses. Bar graph 
shows quantification of the HSP27 (S78/82) dot densities normalized to β-catenin. (C) Western blot of the phosphorylated 
(at S82) and total HSP27 in ES2 cultured on COL11A1-positive and -negative A204-derived decellularized matrices (re-
ferred to as acell) and control (uncoated) conditions. (D) Western blot of the phosphorylated (at S82) and total HSP27 in 
A2780 cells cultured on COL11A1-positive and -negative A204-derived decellularized matrices and control conditions. (E) 
Western blot of phosphorylated (at S78) and total HSP27 in A2780CIS-scrm and A2780CIS-shCOL11A1. (F) Gene expres-
sion of HSP27 (HSPB1), HSP22 (HSPB8), HSPB11, HSP60 (HSPD1), and HSP70 (HSPA1A) in A2780CIS-scrm and 
A2780CIS-shCOL11A1 measured by RT-PCR. (G) Western blot of the phosphorylated (at S82) and total HSP27 in ES2 
cultured on COL11A1-positive and -negative extracts and control conditions (n = 3). GAPDH and β-actin were used as the 
loading controls for the Western blots. All experiments were performed in the standard experiment conditions (cells cul-
tured in the above conditions for 3 days in 1% FBS medium after overnight serum starvation). Error bars indicate the 
standard deviation. *, p value < 0.05. The uncropped Western blot figures are presented in Figure S5. 

2.4. Immunofluorescence Plate Reader Experiment 
Five thousand A204-scrm and A204-shCOL11A1 cells were seeded (per well) in a 96-

well plate and cultured in 50 µg/mL sodium ascorbate-supplemented DMEM (with 10% 
FBS and 1× penicillin/ streptomycin) for 2 days. Half of the wells for each group of cells 
were then decellularized (see the “Cell Culture on Collagen Extract and Acellular Matrix” 
method section above). Cells and decellularized groups were then fixed in 10% formalin 
and stained with COL11A1 antibody (Abcam; Cambridge, MA, USA; #ab64883), DAPI 
(Invitrogen; CA, USA, # D1306) and a FITC goat anti-mouse conjugated secondary anti-
body (Gift from Dr. Gang Liu, Albany Medical College, Albany, USA), as per the manu-
facturer’s recommended immunofluorescence protocol, and then read with a Glomax Ex-
plorer Microplate Reader (Promega; Madison, WI, USA).  

2.5. Cell Viability Assays 
CellTiter-Glo Luminescent cell viability assays (Promega; Madison WI, USA; #G7572) 

and acid phosphatase (Millipore Sigma; Burlington, MA, USA; #4876) assays were 

Figure 1. COL11A1 induces HSP27 phosphorylation and total expression in ovarian cancer cells. (A) Schematic of the
Protein Kinase array (PKA) experiment set up. (B) Image and quantification of the PKA result. Red boxes on the image
indicates the position of the HSP27 S78/82 antibody epitopes, and black boxes indicate the β-catenin epitopes. Coordinates
for the HSP27 S78/82 epitopes and β-catenin on membranes are listed below the protein name in parentheses. Bar graph
shows quantification of the HSP27 (S78/82) dot densities normalized to β-catenin. (C) Western blot of the phosphorylated
(at S82) and total HSP27 in ES2 cultured on COL11A1-positive and -negative A204-derived decellularized matrices (referred
to as acell) and control (uncoated) conditions. (D) Western blot of the phosphorylated (at S82) and total HSP27 in A2780 cells
cultured on COL11A1-positive and -negative A204-derived decellularized matrices and control conditions. (E) Western blot
of phosphorylated (at S78) and total HSP27 in A2780CIS-scrm and A2780CIS-shCOL11A1. (F) Gene expression of HSP27
(HSPB1), HSP22 (HSPB8), HSPB11, HSP60 (HSPD1), and HSP70 (HSPA1A) in A2780CIS-scrm and A2780CIS-shCOL11A1
measured by RT-PCR. (G) Western blot of the phosphorylated (at S82) and total HSP27 in ES2 cultured on COL11A1-positive
and -negative extracts and control conditions (n = 3). GAPDH and β-actin were used as the loading controls for the Western
blots. All experiments were performed in the standard experiment conditions (cells cultured in the above conditions for
3 days in 1% FBS medium after overnight serum starvation). Error bars indicate the standard deviation. *, p value < 0.05.
The uncropped Western blot figures are presented in Figure S5.

2.4. Immunofluorescence Plate Reader Experiment

Five thousand A204-scrm and A204-shCOL11A1 cells were seeded (per well) in a
96-well plate and cultured in 50 µg/mL sodium ascorbate-supplemented DMEM (with
10% FBS and 1× penicillin/ streptomycin) for 2 days. Half of the wells for each group of
cells were then decellularized (see the “Cell Culture on Collagen Extract and Acellular
Matrix” method section above). Cells and decellularized groups were then fixed in 10%
formalin and stained with COL11A1 antibody (Abcam; Cambridge, MA, USA; #ab64883),
DAPI (Invitrogen; CA, USA, # D1306) and a FITC goat anti-mouse conjugated secondary
antibody (Gift from Dr. Gang Liu, Albany Medical College, Albany, USA), as per the
manufacturer’s recommended immunofluorescence protocol, and then read with a Glomax
Explorer Microplate Reader (Promega; Madison, WI, USA).

2.5. Cell Viability Assays

CellTiter-Glo Luminescent cell viability assays (Promega; Madison WI, USA; #G7572)
and acid phosphatase (Millipore Sigma; Burlington, MA, USA; #4876) assays were em-



Cancers 2021, 13, 4855 5 of 18

ployed to evaluate cell viability using a Glomax Explorer Microplate Reader (Promega;
Madison, WI, USA), according to the manufacturer’s protocols.

2.6. Lentiviral shRNA Knockdown

Stable gene knockdown was performed using shRNAs, as described previously [8,9];
the constructs are listed in Table S1. Lipofectamine 2000 (Life technologies; Carlsbad, CA,
USA) was used to co-transfect pCMV-∆R 8.2, pCMV-VSVG, and a lentiviral construct
containing shRNA into Lenti-X 293T cells. Then, 24–48 h later, lentivirus-containing media
was harvested and filtered through a 0.45 µM PVDF low protein-binding membrane filter
(Celltreat; Pepperell, MA, USA). Cancer cells were incubated in the lentivirus-containing
medium and with 8 µg/mL polybrene (EMD Millipore; Burlington, MA, USA; #TR-1003-G)
for 72 h at 37 ◦C with 5% CO2 followed by 5 µg/mL puromycin (ThermoFisher, Waltham,
MA, USA; #A1113803) or hygromycin selection; 100 µg/mL for A2780 cells and 400 µg/mL
for ES2 cells (ThermoFisher Waltham, MA, USA; #10687010). Gene knockdown was
confirmed by Western blotting and qRT-PCR.

2.7. qRT-PCR and Immunoblotting

Total cellular RNA was extracted using the RNeasy mini kit (Qiagen; Hilden, Ger-
many). A total of 1 µg of RNA was reverse transcribed into cDNA using the Quantitect
Reverse Transcription Kit (Qiagen; Hilden, Germany). Then, 50 ng of cDNA was amplified
using the relevant primers (sequences listed in Table S2) and iQSYBR-Green Supermix (Bio-
Rad; Hercules, CA, USA). The qRT-PCR reaction was performed using a CFX96 real-time
PCR detection system (BioRad; Hercules, CA, USA) and the data were analyzed by the
2-∆∆Ct formula method.

Total protein was extracted using RIPA cell lysis buffer (Sigma; St. Louis, MO, USA)
containing a complete mini protease inhibitor cocktail (Sigma; St. Louis, MO, USA) and
PhosSTOP (Sigma; St. Louis, MO, USA). The BCA assay kit (Pierce; Waltham, MA, USA)
was used to determine the protein concentration. Samples containing approximately 25 µg
of protein were run on 4–20% Mini-PROTEAN®TGX Stain-Free™ Protein Gels (BioRad;
Hercules, CA, USA) and transferred onto PVDF membranes followed by blocking and
primary and secondary antibody incubations (antibodies used are listed in Table S3). Clarity
western ECL substrate (BioRad; Hercules, CA, USA) was added to the membrane and
the chemiluminescent signals were detected by a ChemiDoc MP imaging system (BioRad;
Hercules, CA, USA) according to the manufacturer’s recommendation.

2.8. Xenograft Experiments

All animal experiments were approved by the Albany Medical College’s Institutional
Animal Care and Use Committee. Six-week-old female NCr nude mice (Taconic Biosciences;
Germantown, NY, USA) were injected intraperitoneally with 1:1 volume of Matrigel and
500,000 A2780CIS-scrambled (scrm) control or A2780CIS-shCOL11A1 cells in serum-free
RPMI media. In another experiment, 6-week-old female NCr nude mice (Taconic Bio-
sciences; Germantown, NY, USA) were pre-injected with 100 µL of 0.2 mg/mL COL11A1
extract dissolved in PBS or 100 µL of PBS. Three days post injection, the animals were in-
traperitoneally injected with a 1:1 volume of Matrigel and 500,000 A2780 cells in serum-free
RPMI media. We previously demonstrated that the resultant tumors become resistant to
cisplatin by COL11A1 injection using this approach [9]. Similar approaches have been used
by others to study the role of collagens in various aspects of tumor progression [23–25].
Seven days after tumor cell injection, 3 mg/kg cisplatin was administered to the mice
twice every week for 3 weeks by i.p. injection. The control animals were injected with an
equivalent amount of vehicle (DMSO). All animals were monitored daily for survival until
the experimental endpoint (8 weeks post cancer cells injection) or until death, whichever
occurred first. Mice were euthanized by CO2 inhalation followed by cervical dislocation.
Tumors were collected and processed for histopathological analyses.
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2.9. Immunohistochemistry

In total, 3 µM formalin-fixed, paraffin-embedded xenograft tumor sections were
cut using a microtome (Leica Biosystems, Danvers, MA, USA). Tumor sections were
deparaffinized with 3 changes of xylene for 5 min each, followed by tissue hydration using
a 100, 95, 70, and 50% graded ethanol series for 3 min each. Sections were rinsed in distilled
water twice for 5 min, and then rinsed in high pH sodium citrate buffer (H-3300-250; Vector
laboratories, CA, USA) at 95 ◦C for 20 min. Slides were run under distilled water for 10 min,
followed by three 5-min washes using TBST + 0.75% glycine, permeabilized with 0.5% triton
X containing wash buffer, washed again, and blocked for 60 min at room temperature using
10% goat serum in the wash buffer. Tissues were incubated overnight at 4 ◦C with mouse
anti-HSP27 (1:50; Cell Signaling-2402; Danvers, MA, USA), rabbit anti-HSP27 p-Ser78 (1:25;
Cell Signaling-2405), and rabbit anti-HSP27 p-Ser82 (1:100; Cell Signaling-9709) primary
antibodies diluted in wash buffer containing 2% BSA, followed by incubations with goat
anti-rabbit or goat anti-mouse secondary Alexafluor 488 antibody (A-11034 and A-11029;
Invitrogen; CA, USA) incubation for 1 h at room temperature. After washing, coverslips
were mounted using Prolong anti-fade diamond mounting media containing DAPI (P36971;
Invitrogen; CA, USA) for nuclear staining. Images were acquired at 4×, 10×, and 20×
magnification on an Olympus BX61 upright microscope with a PCO.EDGE 4.2 scientific
CMOS camera and analyzed with MetaMorph software (version 7.10.2, Molecular Device).

2.10. Patient Data Analysis

Kaplan–Meier curves were generated for ovarian cancer patients expressing high or
low expression of the selected genes. HSP27 (HBPB1; 201841_s_at) was inputted into the
gene symbol tab and overall survival was computed for serous subtype using the default
settings on KM plotter (http://kmplot.com/analysis/index.php?p=service&cancer=ovar).
Similarly, to achieve overall survival statistics for the mean expression of HSP27 and
COL11A1, COL11A1 (229271_x_at) and HSPB1 (201841_s_at) were inputted into the multi-
ple gene entry tab, followed by “mean expression of the selected probes” option.

2.11. Statistical Analysis

Statistical analyses were performed using GraphPad Prism software version 7.0
(GraphPad Software; San Diego, CA, USA). A Student’s T-test was used to compare the
means of two groups, and a one-way ANOVA was applied to compare the mean difference
of three or more groups. p ≤ 0.05 was considered significant.

3. Results
3.1. Collagen Type XI alpha 1 Induces Heat Shock Protein 27 Phosphorylation and Total Expression
in Ovarian Cancer Cells

We previously reported that collagen type XI alpha 1 (COL11A1) confers cisplatin
resistance to ovarian cancer cells through activation of Src-Akt-NFkB signaling to upreg-
ulate the expression of inhibitor of apoptosis proteins (IAPs) as well as by inducing a
metabolic switch that prefers fatty acid metabolism [8,9]. We sought to further identify ad-
ditional COL11A1 downstream signaling molecules that may mediate COL11A1-induced
cisplatin resistance. To do this, we performed a protein kinase array on ES2 cells (an
ovarian cancer cell line that expresses low levels of endogenous COL11A1 [8,9]) cultured
on COL11A1 extract coated plates and discovered that COL11A1 induced expression of
phosphorylated HSP27 at its serine 78 and 82 residues (S78/82) (Figure 1A,B). Even protein
loading was confirmed by equivalent expression levels of β-catenin in both groups (Figure
S1F). Phosphorylated HSP27 (S78/82) was one of the top upregulated phosphoproteins
in ES2 cells cultured on COL11A1, along with phospho-Akt (S473), phospho-Src (Y419),
phospho-ERK1/2 (T202/Y204, T185/Y187), and phospho-AMPKα1 (T183) (Table S4), all of
which are known downstream effector molecules of COL11A1 [8,9,26]. We then validated
these findings through a second kinase array using the same experimental set up and
found that phospho-HSP27 (S78/82) was consistently a top upregulated phosphorylated
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protein in ES2 cells stimulated with COL11A1. Western blot analysis of ovarian cancer
cells cultured on collagen extract or decellularized matrices in the presence or absence
of COL11A1 demonstrated that COL11A1 increased phosphorylation of both the serine
78 and 82 sites on HSP27 across ES2 and A2780 (a cisplatin-sensitive ovarian cancer cell
line that also expresses low endogenous COL11A1 [9]) in decellularized matrix-based
experiments (Figure 1C,D) as well as in ES2 and SKOV3 (an ovarian cancer cell line) in
COL11A1 extract experiments (Figure S1G,H). COL11A1 also increased the expression of
total HSP27 (Figure 1C,D and Figure S1G,H).

In contrast, COL11A1 knockdown (measured by Western blot and RT-PCR (Figure 1E
and Figure S1I)) in A2780CIS cells (a cisplatin-resistant ovarian cancer cell line that ex-
presses high levels of endogenous COL11A1 [9]) led to decreased phosphorylated and
total HSP27 protein expression (Figure 1E) as well as HSPB1 (a gene encoding HSP27)
expression (Figure 1F) compared to the scrambled control cells (as expected). Notably,
expression levels of genes encoding other heat shock proteins, such as HSP22, HSPB11,
and HSP70, were not altered by COL11A1 knockdown, although COL11A1 depletion
did slightly (but significantly) downregulate the expression of a gene encoding HSP60
(Figure 1F). Importantly, type I collagen, the most abundant collagen in the tumor microen-
vironment, did not increase the total expression nor phosphorylation of HSP27 (at S78/82)
in contrast to COL11A1 (Figure 1G), suggesting that an increase of HSP27 expression and
phosphorylation might be specific to COL11A1 in ovarian cancer cells. In summary, this
data suggests that COL11A1 induces both total and phosphorylated HSP27 in ovarian
cancer cells.

3.2. COL11A1 Upregulates HSP27 Phosphorylation and Expression through Activation of
Discoidin Domain Receptor 2/integrin α1β1-Src-Akt Signaling in Ovarian Cancer

Our previous studies have shown that COL11A1 confers cisplatin resistance through
the collagen cell surface receptors discoidin domain receptor 2 (DDR2)/integrin (ITG)
α1β1-Src-Akt signaling [8,9]. Thus, we then sought to determine if COL11A1 engages the
same signaling cascade to upregulate total and phosphorylated HSP27. Knockdown of
DDR2 was sufficient in attenuating COL11A1 induction of HSP27 expression and phos-
phorylation in A2780CIS, ES2, and A2780 cells (Figure 2A–C). Knockdown of integrin α1
also attenuated COL11A1 induction of HSP27 in ES2 and A2780 cells (Figure S2A,B). After
confirmation that COL11A1 engagement of the DDR2 and ITG-α1β1 collagen receptors
induced HSP27 phosphorylation and expression, we then determined what downstream
signaling molecules mediate COLL1A1-induced HSP27 expression and phosphorylation.
Previously we had determined that activation of the Src and Akt kinases occur follow-
ing COL11A1-receptor engagement [9]. To investigate whether COL11A1 upregulates
total and phosphorylated HSP27 through Src kinase, we inhibited Src activation with a
pharmaceutical inhibitor Dasatinib [27]. Dasatinib treatment decreased COL11A1-induced
phosphorylation of HSP27 at serine 78 and total expression of HSP27 in A2780CIS cells,
ES2 cells, and A2780 cells (Figure 2D–F), Similarly, Akt inhibition through MK2206 treat-
ment also decreased COL11A1-induced phosphorylation of HSP27 at serine 78 and total
expression of HSP27 in A2780CIS cells, as well as in ES2 and A2780 cells (Figure 2D–F).
These results suggest that COL11A1 upregulates the expression and phosphorylation of
HSP27 through DDR2/integrin α1β1 and Src/Akt signaling in ovarian cancer cells.

3.3. HSP27 Mediates COL11A1-Induced Cisplatin Resistance in Ovarian Cancer Cells

HSP27 is associated with cisplatin resistance in ovarian cancer [19,28]. Consistent
with this, we observed higher levels of total and phosphorylated HSP27 in the A2780CIS
cisplatin-resistant cell line compared to A2780, the cisplatin-sensitive parental cell line
(Figure 3A). Since drugs and other forms of cytotoxic stress have been reported to in-
duce heat shock proteins [29,30], which are known to play a role in the cellular stress
response [31], we also checked whether the levels of total and phosphorylated HSP27 are
changed upon cisplatin treatment. Treatment of the A2780CIS scramble control (scrm) and
A2780CIS-shCOL11A1 cells with cisplatin increases total and phosphorylated HSP27, with
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the A2780CIS-scrm cells maintaining higher levels of total and phosphorylated HSP27
compared to A2780CIS-shCOL11A1 cells (Figure 3B). We next investigated if HSP27 me-
diates COL11A1-induced cisplatin resistance in ovarian cancer cells. HSP27 was first
stably depleted by lentiviral transduction in A2780CIS cells (Figure 3C). HSP27 knockdown
A2780CIS cells were significantly more sensitive to cisplatin treatment relative to the scram-
bled control cells, as evident by a decreased cell viability and increased cleaved caspase-3
levels in knockdown groups relative to the scrambled control cells post cisplatin treatment
(Figure 3D,E). To give our results clinical relevance, we employed the use of ivermectin,
an FDA-approved antiparasitic drug [32], which potently inhibits HSP27 phosphoryla-
tion [33]. Indeed, ivermectin treatment inhibited HSP27 phosphorylation in A2780CIS cells
(Figure 3F) at both S78 and 82 residues at 1.5 µM, which we also found to be the approxi-
mate IC50 drug concentration for ivermectin in A2780CIS cells (Figure S3A). We observed
that HSP27 inhibition with ivermectin sensitized A2780CIS to cisplatin treatment, indicated
by increased levels of cleaved caspase-3 (Figure 3G). HSP27 knockdown or inhibition with
ivermectin also sensitized A2780 and ES2 cells cultured on COL11A1 to cisplatin treatment
(Figure 3H–K). Collectively, these results suggest that HSP27 mediates COL11A1-induced
cisplatin resistance in ovarian cancer cells.
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Figure 2. COL11A1 upregulates HSP27 phosphorylation and expression through activation of DDR2/integrin α1β1-Src-Akt
signaling in ovarian cancer. (A) Western blot of the phosphorylated (at S78) and total HSP27, DDR2, and COL11A1 in
A2780CIS-scrambled (scrm) and A2780CIS-shDDR2 cells. (B) Western blot of the phosphorylated (at S78) and total HSP27
in ES2-scrm and ES2-shDDR2 #1 and #2 on COL11A1-positive and -negative A204-derived decellularized matrices and
control conditions. (C) Western blot of the phosphorylated (at S78) and total HSP27 in A2780-scrm and A2780-shDDR2
in the COL11A1-positive extract and control conditions. (D) A2780CIS-scrm and A2780CIS-shCOL11A1 cells treated
with Dasatinib (5 µM) and MK-2206 (5 µM) for 72 h. (E) ES2 cells cultured on the COL11A1-positive extract and control
conditions treated with Dasatinib (5 µM) and MK-2206 (10 µM) for 72 h. (F) A2780 cells cultured on the COL11A1-positive
extract and control conditions treated with Dasatinib (5 µM) and MK-2206 (5 µM) for 72 h. GAPDH was used as a loading
control for the Western blots. All experiments were performed in the standard experiment conditions (cells cultured in the
above conditions for 3 days in 1% FBS medium after overnight serum starvation). The uncropped Western blot figures are
presented in Figure S6.
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(n = 3). (E) Western blot of total HSP27 and cleaved caspase-3 in A2780CIS-scrm and A2780CIS-shHSP27 #1 and #2 and
treated with the vehicle treatment or 16 µM cisplatin. (F) Western blot of the phosphorylated (at S78 and S82) and total
HSP27 in the vehicle and 1 µM, 1.5 µM, 2 µM, and 2.5 µM ivermectin (IVM)-treated A2780CIS cells. (G) Western blot
of the phosphorylated (at S82) and total HSP27 and cleaved caspase-3 in the vehicle, 1.5 µM ivermectin (IVM), 16 µM
cisplatin, and combination-treated (1.5 µM ivermectin and 16 µM cisplatin) A2780CIS cells. (H) Western blot of the total
HSP27 and cleaved caspase-3 in A2780-scrm and A2780-shHSP27 #1 and #2 cultured on a COL11A1 extract and treated
with 8 µM cisplatin. (I) Western blot of and cleaved caspase-3 in A2780 cells cultured on COL11A1-positive and -negative
A204-derived decellularized matrices and control conditions treated with 8 µM cisplatin (Cis) and the combination (1.5 µM
ivermectin and 8 µM cisplatin (IVM + Cis)) and vehicle treatments. (J) Western blot of the total HSP27 and cleaved caspase-3
in ES2-scrm and ES2-shHSP27 #1 and #2 cultured on a COL11A1 extract and treated with 8 µM cisplatin. (K) Western blot
of cleaved caspase-3 in ES2 cells cultured on COL11A1-positive and -negative A204-derived decellularized matrices and
control conditions treated with 1.5 µM ivermectin (IVM), 8 µM cisplatin (Cis), and the combination (1.5 µM ivermectin
and 8 µM cisplatin (IVM + Cis)) and vehicle treatments. GAPDH was used as a loading control for the Western blots. All
experiments were performed in the standard experiment conditions (cells cultured in the above conditions for 3 days in 1%
FBS medium after overnight serum starvation). Error bars indicate the standard deviation. *, p value < 0.05. The uncropped
Western blot figures are presented in Figure S7.

3.4. HSP27 Regulates NFkB Activity and Inhibitors of Apoptosis Expression

We then determined how HSP27 might mediate COL11A1-induced cisplatin resistance.
We previously established that COL11A1 promotes cisplatin resistance in ovarian cancer
cells through activation of NFkB and upregulation of specific inhibitors of apoptosis (IAPs;
BIRC2, BIRC3, and XIAP) [9]. Other research groups have reported that HSP27 promotes
NFkB activity as well as IAP activity (albeit through an indirect way via Smac inhibition)
in multiple cell types [34–36]. Thus, it was important to determine whether HSP27 also
positively regulates NFkB activity and IAP expression in ovarian cancer cells. HSP27
inhibition through ivermectin treatment or HSP27 knockdown decreased the NFkB activity
(as indicated by a decrease in phosphorylated NFkB at its serine 536 residue) and IAP
(BIRC2 and BIRC3) expression in cisplatin-treated A2780CIS cells (Figure 4A,B) as well
as in cisplatin-treated ES2 and A2780 cells cultured on COL11A1 (Figure 4C,D). These
results suggest that HSP27 might mediate COL11A1-induced cisplatin resistance through
activation of NFkB and upregulation of IAPs (BIRC2 and BIRC3) in ovarian cancer cells.

3.5. HSP27 Expression and Phosphorylation Is Increased by COL11A1 in Xenograft Tumors and Is
a Marker for Poor Prognosis

To determine whether HSP27 expression and phosphorylation is upregulated by
COL11A1 in vivo, we intraperitoneally injected nude mice with PBS or COL11A1 extract
followed by injection of A2780 human ovarian cancer cells, which were then later chal-
lenged with cisplatin treatment. When mice developed tumors, they were euthanized, and
tumors were isolated. Paraffin-embedded tumor sections were stained for total HSP27 and
phospho-HSP27 (Ser 78 and 82) and analyzed by immunofluorescence (Figure 5A). In a
separate experiment, we generated A2780CIS-scrm and A2780CIS-shCOL11A1 xenograft
tumors and performed IHC on them for phospho-HSP27 (Ser 78) (Figure 5B). In both
xenograft tumors, the presence of COL11A1 predominantly increased HSP27 phosphoryla-
tion (Figure 5A,B), in concordance with our in vitro data.

To determine whether high levels of HSP27 expression is associated with poor progno-
sis, we correlated the HSP27 mRNA levels with overall survival in 1207 high-grade serous
ovarian cancer patients using the Kaplan–Meier plotter (https://kmplot.com) and discov-
ered that high HSP27 expression is associated with poor overall survival in high-grade
serous ovarian cancer patients (HR + 1.22 (1.04–1.42), logrank p = 0.014; Figure 5C). Mean
expression of COL11A1 and HSP27 mRNA was also associated with poor overall survival
in high-grade serous ovarian cancer patients (HR = 1.64 (1.3–2.06), logrank p = 2.5 × 105;
Figure 6C). Collectively, these results suggest that HSP27, whose expression and activity is
upregulated by COL11A1, is a marker for poor prognosis in ovarian cancer.

https://kmplot.com
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Figure 4. HSP27 regulates NFκB activity and IAP expression. (A) Western blot of the phosphorylated (active) NFκB,
cIAP1 (BIRC2), and cIAP2 (BIRC3) in cisplatin-stimulated A2780CIS cells treated either with the vehicle (Veh) or 1.5 µM
ivermectin (IVM) treatments. (B) Western blot of the phosphorylated (active) NFκB, cIAP1 (BIRC2), and cIAP2 (BIRC3) in
cisplatin-treated A2780CIS-scrm and A2780CIS-shHSP27 #1 and #2 cells. (C) Western blot of phosphorylated (active) NFκB,
cIAP1 (BIRC2), and cIAP2 (BIRC3) in cisplatin-treated ES2 cells cultured in the control, COL11A1-positive a-cellular matrix,
COL11A1-negative a-cellular matrix, and COL11A1-positive a-cellular matrix plus the 1.5 µM ivermectin (IVM)-treated
conditions. (D) Western blot of phosphorylated (active) NFκB, cIAP1 (BIRC2), and cIAP2 (BIRC3) in cisplatin-treated A2780-
scrm and A2780-shHSP27 #1 and #2 cells cultured on COL11A1. GAPDH was used as a loading control for the Western
blots. All experiments were performed in the standard experiment conditions (cells cultured in the above conditions for
3 days in 1% FBS medium after overnight serum starvation). The uncropped Western blot figures are presented in Figure S8.
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A2780/vehicle-injected mice and A2780/COL11A1-injected mice. Green: HSP27 (total and phospho); blue: DAPI. Scale
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3.6. HSP27 Synergizes with Fatty Acid Oxidation to Enhance Cisplatin Resistance

A recent study showed that fatty acid oxidation (FAO) compensates for inhibition
(with the drug AUY922) of another heat shock protein, HSP90, in prostate cancer cells [37].
We previously reported that FAO is upregulated by COL11A1 to confer cisplatin resistance
in ovarian cancer cells [8]. After identifying HSP27 as a novel downstream molecule
of COL11A1 that promotes cisplatin resistance, it was necessary to test whether HSP27
also regulates FAO in ovarian cancer cells. Consistent with our previous report [8], ES2
cells cultured on COL11A1 showed increased expression of CPT1A (Figure 6A), the rate-
limiting enzyme of FAO [38]. Interestingly, when these cells were treated with the HSP27
inhibitor ivermectin, they further increased CPT1A expression, indicative of increased
FAO (Figure 6A). HSP27 knockdown also upregulated FAO in cisplatin-treated A2780CIS
cells (Figure 6B). To test the hypothesis that ovarian cancer cells might upregulate FAO
in response to HSP27 inhibition, similar to prostate cancer cells that have been shown
to upregulate FAO in response to HSP90 inhibition [37], co-treatment of ivermectin and
cisplatin increased the levels of phosphorylated AMP kinase (at its T172 residue), a master
regulator of FAO [39], compared to the cisplatin-only treated controls in A2780CIS cells as
well as in A2780 and ES2 cells cultured on COL11A1 (Figure 6C,D and Figure S4A). We
also observed that co-treatment of ivermectin and cisplatin increased CPT1A expression
in A2780CIS cells as well as in A2780 cells cultured on COL11A1 (Figure 6C,D). These
results suggest a potential mechanism by which HSP27 inhibition could lead to FAO
upregulation. In addition to these results, a dose-dependent increase in HSP27 (total and
phosphorylated) was evident in A2780CIS cells treated with increasing concentrations of
the AMPK inhibitor dorsomorphin (Figure 6E), suggesting that AMPK and HSP27 may
be activated in divergent COL11A1 signaling pathways and/or may compensate for each
other if one is inhibited.

Next, we tested the effect of dual inhibition of FAO and HSP27 in ovarian cancer cell
viability. Interestingly, we observed that the HSP27 inhibitor ivermectin synergized with
an FAO inhibitor perhexiline ([40]; a CPT1 inhibitor) in killing A2780CIS cells (Figure 6F,G
and Figure S4B,C). We also observed a similar synergy between ivermectin and perhexiline
in killing ES2 and A2780 cells cultured on COL11A1 (Figure 6H,I). Furthermore, A2780CIS-
shHSP27 cells were more sensitive to perhexiline and cisplatin combination treatment
compared to A2780CIS-scrm cells (Figure 6J). These results suggest that ovarian cancer
cells cultured on COL11A1 rely more on FAO if HSP27 is inhibited, providing a potential
combination therapy for cisplatin-resistant ovarian cancer.
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control, COL11A1-positive a-cellular matrix, COL11A1-negative a-cellular matrix, and COL11A1-positive a-cellular matrix
plus the 1.5 µM ivermectin (IVM)-treated conditions. (B) Western blot of CPT1A and HSP27 in cisplatin-treated A2780CIS-
scrm and A2780CIS-shHSP27 #1 and #2 cells. (C) Western blot of active (phosphorylated) AMPK and CPT1A in the A2780CIS
vehicle (Veh) and 1.5 µM ivermectin (IVM)-treated cells treated with 16 µM cisplatin (Cis). (D) Western blot of active
(phosphorylated at T172) AMPK and CPT1A in the A2780 vehicle and 1.5 µM ivermectin (IVM)-treated cells treated with
8 µM cisplatin cultured on COL11A1-positive a-cellular matrices (Cis). (E) Western blot of active (phosphorylated) AMPK
and phosphorylated (at S78 and S82) and total HSP27 in the A2780CIS vehicle (Veh) and 2.5 µM and 5 µM dorsomorphin
(DM)-treated cells. (F) Western blot of cleaved caspase-3 in A2780CIS cells treated with the vehicle (Veh), 1.5 µM ivermectin
(IVM), 3.5 µM perhexiline (PER), and combination treatment of 1.5 µM ivermectin and 3.5 µM perhexiline (IVM + PER).
(G) Western blot of cleaved caspase-3 in A2780CIS-scrm and A2780CIS-shCOL11A1 #1 and #2 cells treated with the vehicle
(Veh) and combination treatments of 1.5 µM ivermectin and 3.5 µM perhexiline (IVM + PER). (H) Western blot of cleaved
caspase-3 in ES2 cells treated with the vehicle (Veh), 1.5 µM ivermectin (IVM), 3.5 µM perhexiline (PER), and combination
treatment of 1.5 µM ivermectin and 3.5 µM perhexiline (IVM + PER) cultured in the control, COL11A1-positive a-cellular
matrix, and COL11A1-negative a-cellular matrix conditions. (I) Western blot of cleaved caspase-3 in A2780 cells treated
with the vehicle (Veh), 1.5 µM Ivermectin, 3.5 µM perhexiline, and combination treatment of 1.5 µM Ivermectin and 3.5 µM
perhexiline cultured in the control and COL11A1-positive extract conditions. (J) Western blot of cleaved caspase-3 and
HSP27 in A2780CIS-scrm and A2780CIS-shHSP27 #1 and #2 cells treated with 16 µM cisplatin, and combination 16 µM
cisplatin plus 3.5 µM perhexiline treatments. (K) A proposed mechanism by which COL11A1 upregulates HSP27 expression
and phosphorylation, as well as inhibitors of the COL11A1 signaling pathway plus their target molecules. Black arrows
indicate the proposed signaling sequences; grey arrows indicate the signaling cascades based on the literature; and red flat
head arrows indicate drug inhibition. GAPDH was used as a loading control for the Western blots. All experiments were
performed in the standard experiment conditions (cells cultured in the above conditions for 3 days in 1% FBS medium after
overnight serum starvation). The uncropped Western blot figures are presented in Figure S9.

4. Discussion

It has become increasingly clear that dysregulated ECM contributes to cancer progres-
sion and chemotherapy resistance [15]. Collagen type IX alpha 1 (COL11A1) has emerged
as not only a biomarker associated with poor clinical outcomes in ovarian cancer, but also
an important molecular player that promotes ovarian cancer cisplatin resistance [8–10].
COL11A1 is mainly expressed by cancer-associated fibroblasts adjacent to cancer cells in
ovarian cancer [7], although there is also evidence that cisplatin-resistant ovarian cancer
cells also express high levels of endogenous COL11A1 [8–10]. COL11A1 is subunit of the
collagen type XI protein, which is a nucleator of collagen fibers [5]. In its natural state, only
the N-terminal domain of COL11A1 is exposed [41], which may be the only accessible part
of COL11A1 and thus the only domain that can bind and activate cell surface receptors.
However, how COL11A1 is incorporated into the extracellular matrix and induces cellular
signaling in a cancer context is still unknown. Although there have been efforts to detail
out the mechanisms by which COL11A1 confers cisplatin resistance to ovarian cancer
cells [8–10], there are still knowledge gaps in the COL11A1 signaling pathway. This study
identifies the small heat shock protein 27 (HSP27) as a novel COL11A1 effector molecule
that mediates COL11A1-induced cisplatin resistance in ovarian cancer cells. We demon-
strated that COL11A1 upregulates total and phosphorylated HSP27 through activation of
DDR2/α1β1 integrin-Src-Akt signaling (Figure 6K). We also discovered that HSP27 can
mediate COL11A1-induced cisplatin resistance through activation of NFκB and upreg-
ulation of IAPs. Additionally, we observed that HSP27 inhibition synergizes with FAO
inhibition in killing cisplatin-resistant ovarian cancer cells. These results might yield novel
effective therapies for COL11A1-high cancers, which are associated with poor survival,
recurrence, and chemoresistance [8–10].

Few studies have focused on the relationship between the ECM and HSP27. Here
we showed that COL11A1, and not type I collagen, upregulates total and phosphorylated
HSP27 in ovarian cancer cells. Other research groups have shown that type I collagen can
induce HSP27 phosphorylation in platelets [42,43] and the W1 ovarian cancer cell line [44].
Differences in these studies and our results could be explained by receptor expression in
these cells. For example, von Rekowski et al. [44] demonstrated that type I collagen induces
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HSP27 phosphorylation through DDR1. In addition to type I collagen, other studies have
shown that another ECM protein, SPARC, also stimulates HSP27 phosphorylation [45,46].

Understanding which cancers may likely benefit from HSP27 inhibition therapy by
proxy of the relevant biomarkers (such as COL11A1, SPARC, and potentially type I collagen)
may lead to more treatment successes.

Our study also showed that the collagen receptors DDR2 and integrin α1β1 mediate
COL11A1 induction of total and phosphorylated HSP27. We further demonstrated that
Src and Akt kinases also mediate expression and phosphorylation of COL11A1-induced
HSP27. It is known that the MAP kinases MK2, MK3, and MK5 phosphorylate HSP27 at
its serine 78 and 82 residues, as do PKA, Akt, PKC, and PKD [47]. Indeed, we showed
that the Akt inhibitor MK2206 can attenuate COL11A1-induced HSP27 phosphorylation,
suggesting that Akt induces phosphorylation of HSP27 in this setting. However, it remains
to be determined how exactly COL11A1 induces phosphorylation and total expression
of HSP27.

Our results show that HSP27 mediates COL11A1 activation of NFkB and increased
expression of IAPs. HSP27 aids in the activation of NFkB by enhancing the degradation of
IkBα, a regulatory protein of NFkB, and also increases the activity of IAPs by inhibiting the
release of SMAC/Diablo proteins from the mitochondria [34,35]. It is tempting to speculate
that a possible mechanism by which ovarian cancer cells stimulated by COL11A1 maintain
resistance to cisplatin involves upregulation of total and phosphorylated HSP27, which in
turn activates NFkB and subsequentially leads to an increase in IAP expression. We also
showed that HSP27 expression is associated with cisplatin resistance. HSP27 is upregulated
by cisplatin treatment and confers cisplatin resistance in ovarian cancer cells. How exactly
cisplatin treatment upregulates HSP27 remains to be determined. Although the link
between HSP27 and cancer cell chemoresistance has been clearly established [11–13,19,20],
our study demonstrates HSP27 is a novel mediator of COL11A1-driven cisplatin resistance
and provides a potential mechanism of how HSP27 becomes upregulated in ovarian cancer.

5. Conclusions

In summary, we demonstrated that HSP27 is a novel COL11A1 downstream effector
molecule that may be inhibited to treat COL11A1-positive cisplatin-resistant ovarian can-
cers. We determined that DDR2/integrin α1β1 and Src/Akt signaling mediate COL11A1
induction of total and phosphorylated HSP27, and that HSP27 mediates COL11A1-induced
ovarian cancer cisplatin resistance. We also show that HSP27 mediates COL11A1 induction
of NFkB and IAPs, which have been shown by our group in a previous publication to
mediate COL11A1-stimulated cisplatin resistance. Finally, we present evidence that FAO
may be a compensatory mechanism to HSP27 inhibition. Overall, this study identifies
HSP27 as a potential target to treat cisplatin-resistant ovarian cancer patients who often
overexpress COL11A1.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13194855/s1, Figure S1: HSP27 as a novel downstream molecule of COL11A1,
Figure S2: DDR2/ITGA1 and Src/Akt mediate COL11A1-induced HSP27, Figure S3: HSP27 syn-
ergizes with FAO to enhance cisplatin resistance, Figure S4: HSP27 synergizes with FAO to en-
hance cisplatin resistance, Figure S5–S9: The uncropped western blot figures of Figures 1–4 and 6,
Figure S10–S12: The uncropped western blot figures of Figures S1–S3, Table S1: Lentiviral constructs
used in this study, Table S2: Real-time PCR primer sequences used in this study, Table S3: List of
antibodies and reagents used in this study, Table S4: Top ten differentially regulated proteins from
Protein Kinase array.
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