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Abstract

Metastasis is the major cause of cancer-related morbidity and mortality. The ability of cancer
cells to become invasive and migratory contribute significantly to metastatic growth, which
necessitates the identification of novel anti-migratory and anti-invasive therapeutic
approaches. Proteoglycan 4 (PRG4), a mucin-like glycoprotein, contributes to joint synovial
homeostasis through its friction-reducing and anti-adhesive properties. Adhesion to sur-
rounding extracellular matrix (ECM) components is critical for cancer cells to invade the
ECM and eventually become metastatic, raising the question whether PRG4 has an anti-
invasive effect on cancer cells. Here, we report that a full-length recombinant human PRG4
(rhPRG4) suppresses the ability of the secreted protein transforming growth factor beta
(TGFB) to induce phenotypic disruption of three-dimensional human breast cancer cell-
derived organoids by reducing ligand-induced cell invasion. In mechanistic studies, we find
that rhPRG4 suppresses TGFB-induced invasiveness of cancer cells by inhibiting the down-
stream hyaluronan (HA)-cell surface cluster of differentiation 44 (CD44) signalling axis. Fur-
thermore, we find that rhPRG4 represses TGFB-dependent increase in the protein
abundance of CD44 and of the enzyme HAS2, which is involved in HA biosynthesis. It is
widely accepted that TGFf has both tumor suppressing and tumor promoting roles in can-
cer. The novel finding that rhPRG4 opposes HAS2 and CD44 induction by TGF has impli-
cations for downregulating the tumor promoting roles, while maintaining the tumor
suppressive aspects of TGFf actions. Finally, these findings point to rhPRG4’s potential
clinical utility as a therapeutic treatment for invasive and metastatic breast cancer.
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Introduction

Cancer is caused by uncontrolled proliferation and increased survival of cells leading to pri-
mary tumor formation, followed by a population of the primary tumor cells acquiring the abil-
ity to invade and spread within the primary tumor vicinity or to distant sites, where they can
form secondary tumors or metastases [1]. In breast cancer, which is the most frequently
detected cancer in women worldwide, metastasis is responsible for 90% of breast cancer-
related deaths [2].

Development of novel targeted therapies to combat various types of cancers has been
enabled by the discovery of altered membrane or intracellular components in cancer cells as
compared to normal cells [3]. In the case of breast cancer, therapeutics that bind and inhibit
the function of estrogen receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2) have led to enhanced survival rates of patients whose tumors
are characterized as ER positive, PR positive, and HER2 amplified, respectively [4]. Breast
tumors that are ER and PR negative, with no HER2 amplification, are termed as triple negative
breast cancer (TNBC). TNBCs account for only 10 to 20% of all diagnosed breast cancer cases,
but are highly metastatic and associated with poor prognosis and worst mortality rates as com-
pared to other breast cancer molecular subtypes [5]. The treatments of TNBCs are limited
mainly to conventional chemotherapeutics, e.g. taxanes or platinum-based agents, which are
associated with significant adverse effects, resistance development and tumor recurrence [6].
Thus, novel therapeutics that can target the TNBC subtype with diminished or no off-target
toxicity are urgently needed in cancer management.

Proteoglycan 4 (PRG4, also known as lubricin) is a mucin-like glycoprotein originally dis-
covered in synovial fluid as a secreted product of cells lining joint tissues, which is also present
at the surface of articular cartilage [7]. PRG4 is classically described as a boundary lubricant,
present in synovial fluid at ~100-500 pg/mL concentration, that reduces the friction between
articulating cartilage surfaces during movement thus contributing to joint integrity [8]. How-
ever, recently PRG4 has also been demonstrated to have anti-inflammatory properties [9-13].
PRG4 has cysteine rich globular N and C termini that facilitate both intra and inter molecular
disulfide bonding, and contain somatomedin B and hemopexin like domains, respectively.
PRG4 also contains a central mucin-like domain, which is post-translationally modified with
(1-3) galactose (Gal) and N-Acetyl-D-galactosamine (GalNAc), with an incomplete capping of
sialic acid [7]. This extensive O-linked glycosylated mucin-like domain is necessary for PRG4’s
boundary lubricating and dis-adhesive properties at various biointerfaces in the body includ-
ing articular cartilage, tendons, the pericardium, and the ocular surface [7].

Recently, full-length recombinant human PRG4 (thPRG4) protein has been expressed suc-
cessfully at large scale making it available for basic and translational-based investigations.
rhPRG4 has been shown to retain appropriate higher order structure and glycosylations, and
thus displays efficient in vitro lubricating and anti-adhesive functions [14,15]. Importantly,
rhPRG4 provides effective in vivo therapeutic value in preservation of joint health via intra-
articular injection in preclinical in vivo osteoarthritis models [16,17]. More importantly,
rhPRG4 was shown to be effective in a small clinical trial (NCT02507934) resulting in improv-
ing signs and symptoms of patients with dry eye disease [18]. While the mechanism of action
remains to be determined, be it mechanical (lubrication and anti-adhesive) [8] and/or biologi-
cal [10], this study demonstrates the clinical utility of rhPRG4 [18]. A key question from these
findings is whether rhPRG4 can be used in other clinical settings including cancer.

The focus of the current study is to define the role of rhPRG4 in tumor cell responses. The
abilities of tumor cells to become migratory and invasive contribute significantly to their meta-
static potential. Cancer cells’ interactions with the ECM can promote cell migration and
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invasion. Given its dis-adhesive properties, thPRG4 effect on tumor cell invasion and migra-
tion were investigated [19,20]. The findings reported in this study suggest the exciting idea
that rhPRG4 suppresses TNBC breast cancer cell migration and invasiveness. These findings
point to thPRG4 as a potential novel cancer therapeutic.

Materials and methods
Plasmids

The pU6/CD44 RNA interference-1/CMV-enhanced green fluorescent protein (EGFP) and
pU6/CD44 RNA interference-2/CMV-EGFP expression vectors, abbreviated as CD44i-1 and
CD44i-2, containing the CD44 sequences 5’ GAGCAGCACTTCAGGAGGTTA3"and 5’ CTC
CATCTGTGCAGCAAACAA3Z’, respectively, were generated as described [21]. In each of the
plasmids CD44i-1 and CD44i-2, the mouse U6 small RNA promoter and CMV promoter
induce the expression, respectively, of a human CD44 mRNA-targeting short hairpin (sh)
RNAs (shRNAs) and EGFP. The pU6/CMV/EGEFP control RNAi vector has been described
[21]. Expression of the EGFP protein, visualized by fluorescence microscopy, indicated vector
control or CD44i-1/2 transfected cells. The pPCMV5B/CD44/FLAG expression vector was gen-
erated by a T4 DNA ligase (New England BioLabs, USA)-based ligation of a C-terminally
FLAG-tagged human open reading CD44 cDNA (CD44/FLAG) into the pCMV5B vector [22].
CD44/FLAG DNA was generated by a polymerase chain reaction (PCR) using Pwo polymer-
ase (Roche Diagnostics, USA), polyA-enriched cDNA as template, and 5/ CCCACGCGTACC
ATGGACAAGTTTTGGTGGC 3’,and 5/ CCCTCTAGATTACTTGTCA TCGTCGTCCTT
GTAGTCCAGTCGACCCACCCCAATCTTCATGTCC 3', respectively, as forward and reverse
primers. The poly A cDNA was generated by subjecting MDA-MB-231 cell TRIzol-(Ambion
Life Technologies, Canada) extracted mRNA to reverse transcription (RT)-PCR reaction using
the SuperScript II transcriptase (Invitrogen, Canada) and the primer oligo-(dT)12-18 (Amer-
sham Biosciences, UK). CD44i-1/2, and CD44/FLAG plasmids were verified by DNA sequence
analyses (University of Calgary Core Sequencing Facility).

Cell lines and transfections

The triple negative breast cancer (TNBC) MDA-MB-231 cells, obtained from American Type
Culture Collection (ATCC, USA), were cultured in Dulbecco’s modified Eagle medium
(DMEM,; Invitrogen, Canada) supplemented with 10% fetal bovine serum (FBS; Thermo
Fisher, Canada). The TNBC HCC38 cells (ATCC), a generous gift from Dr. Don Morris’s labo-
ratory (University of Calgary), were cultured in Roswell Park Memorial Institute medium
1640 (RPMI 1640; Life Technologies, Canada) supplemented with 10% FBS (Thermo Fisher,
Canada). MDA-MB-231 and HCC38 cells were kept at 37°C in a 5% CO, humidified cell incu-
bator, and were routinely passaged every 3—4 days, and were transfected using Lipofectamine
3000 reagents (Invitrogen, Canada).

Reagents

The following reagents were used in the study: recombinant human proteoglycan 4 (thPRG4;
Gift from Lybris Biopharma, USA; stock 1 to 2.5 mg/mL in phosphate-buffered saline (PBS))
[14,15], recombinant human mature transforming growth factor beta (TGF) (R&D systems,
USA; stock 10pM), Low molecular weight hyaluronic acid (LMWHA; Sodium Hyaluronate;
HAS5K; Lifecore Biomedical, USA; stock 10 mg/mL in PBS), Kinase inhibitor (KI; SB431542;
Millipore-Sigma, Canada; stock 10 mM) [23], CD44 neutralizing antibody (Thermo Fisher
Scientific, Canada) [24], Anti-PRG4 mAb 4D6 (Gift from Dr. Phillip Messersmith, University
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of California Berkeley) [25,26], Mouse Immunoglobulin G (Mouse IgG; Santa Cruz, USA),
4-methylumbelliferone (4-MU; Millipore-Sigma, Canada; stock 10 mM in DMSO).

Three-dimensional cultures

For three-dimensional culture assays, 50 pL of ice-cooled 33% growth factor-reduced Matrigel
(Corning Incorporated, USA) in complete growth medium, consisting of DMEM containing
10% FBS, penicillin, streptomycin and amphotericin B (Invitrogen, Canada), was added per
well of a 96-well flat bottom, ultra-low attachment plate (BD Biosciences, Canada) followed by
storing the plate for 1h in a 5% CO, humidified incubator at 37°C to allow formation of a 1
mm-thick Matrigel bed in the well. Next, approximately 400 MDA-MB-231 or 800 HCC38 iso-
lated cells were suspended in 50 pL ice-cooled 50% Matrigel in complete growth medium and
layered on top of the Matrigel bed per well of the 96-well plate and incubated inside 5% CO,
humidified incubator at 37°C. 1h post addition and 37°C incubation of Matrigel-cells suspen-
sion, 50 pL of complete growth medium was added to cover the solidified Matrigel-cells mix-
ture. The following day and, every third day, the three-dimensional cultures received 50 pL of
fresh complete growth medium without or with specified reagents as listed in the figure leg-
ends. (Note that 100pM of TGF is considered to be close to saturating concentration given
the high binding affinity of the ligand for the TGFp receptor I and II, namely the equilibrium
dissociation constant (Kd) is approximately 50pM [27]). Observation of the Matrigel-embed-
ded cultures by light microscopy at different days of three-dimensional cultures, indicated that
isolated cells, after undergoing successive divisions, each gave rise to a multicellular structure,
here referred to as an organoid. 8-day old 3D-MDA-MB-231 or 6-day old HCC38 cell-derived
organoids were inspected using differential interference contrast (DIC) light microscopy with
images of 8 representative multicellular structures captured from each well at 30X objective
(Olympus IX70, Canada). In the control setting, the majority of the MDA-MB-231 and
HCC38-cell-derived organoids displayed smooth-surfaced spherical phenotype, which can
change depending on the incubation conditions of the 3D cultures. The number of smooth-
surfaced organoids without any protrusions, designated as “spherical” were expressed as a per-
centage of the total eight representative organoids whose images were captured in each well.
Each experiment was repeated at least three independent times and percentage spherical orga-
noids were subjected to ANOVA statistical analyses, and are presented as mean + SEM of the
independent replicates on the y-axis versus experimental condition on the x-axis of a bar
graph.

Immunocytochemistry and fluorescence-cell based analyses

For immunofluorescence analysis of 3D-organoids, 600 MDA-MB-231 or 1000 HCC38 iso-
lated cells were cultured within 80 pL of 50% Matrigel on top of 80 pL of 33% Matrigel bed in
each well of ultra-low attachment 8-well chamber slides (Millipore-Sigma, USA). After DIC
inspection and imaging, the live multicellular structures in the 3D-cultures were fixed with 4%
formaldehyde, followed by permeabilization using 0.5% ice-cold Triton X-100 solution and
blocking using 10% bovine serum albumin (BSA) in phosphate-buffered saline (PBS). For
immunofluorescence analysis of monolayer cell culture, cells were seeded onto wells of a Fal-
con 8-well chamber culture slides (Corning Incorporated, USA), followed by fixing and per-
meabilization as described for the 3D cultures, and blocking with 5% BSA and 5% calf serum
in PBS. The proteins laminin and CD44 in cells were visualized by subjecting the three-dimen-
sional or monolayer cultures to indirect immunofluorescence using a rat anti-laminin anti-
body (Abcam, Canada) and rat anti-CD44 antibody (Thermo Fisher, Canada) as the primary
antibody, respectively, and Alexa 647-conjugated anti-rat IgG (ThermoFisher, Canada) as the
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secondary antibody. Actin in cells was visualized by incubating the fixed cultures with tetra-
methylrhodamine isothiocyanate (TRITC)-conjugated phalloidin (Millipore-Sigma, Canada).
The DNA binding dye bisbenzimide (Hoechst 33342; Invitrogen, Canada) was used to detect
nuclei. For CD44 knockdown analysis, the vector or CD44 shRNA transfected cells were iden-
tified by GFP signal. Immunofluorescence images were captured using an epifluorescence
microscope with a 40X objective lens (Olympus Bx WI Confocal Microscope, Canada). Expo-
sure times for each of laminin, actin, nuclei and GFP-specific signals were kept constant in
each experiment. For each condition, 3 colonies/field per experiment were captured, which
were chosen as representatives of the stained cells within each slide per experiments. Each
experiment was repeated two independent times.

In vitro transwell invasion assays

Overnight 0.2% FBS-containing DMEM incubated, i.e. serum-starved, MDA-MB-231 cells
were used for the transwell invasion using polycarbonate filters (24-well inserts, pore size

8 um; BD Biosciences, Canada). Prior to addition of cells, each insert was placed within a well
of a 24-well tissue culture plate and equilibrated with 0.5 mL serum-free DMEM, added both
to the upper and lower chambers at 37°C for 2h. The equilibration media was then gently
removed and upper chamber surface of the insert was coated with 50 pL of 3% Matrigel and
allowed to solidify at 37°C for 1h. 1X10° serum-starved MDA-MB-231 cells were resuspended
in 0.5 mL of serum-free DMEM and added to the upper Matrigel-coated chamber. 500 uL
complete growth medium alone or containing specific reagents, as described in the respective
figure legends, was added to the lower chamber. Cells were allowed to invade the matrix for
12h at 37°C after which non-adherent cells were removed by PBS washing of cell layers on the
upper chamber three times. During the second wash a cotton tip applicator was used to gently
scrape away the adherent cells on the upper surface of the membrane. Invading cells were
fixed by immersing the transwell inserts in 100% methanol for 10 minutes at -20°C, followed
by staining with 0.5% crystal violet dye (EMD Millipore, Canada) for 1h at room temperature.
Eight randomly chosen fields of each stained membrane were imaged at 10X objective of a
DIC microscope (Olympus IX70) coupled to a digital camera. Crystal violet-stained cells in
each field were counted using a handheld counter and an average count of cells for the 8 fields
per condition was obtained. Each experiment was repeated at least three independent times,
and invading cell counts at each experimental condition were expressed relative to an experi-
mental global average and subjected to statistical analysis. The mean + SEM of relative invad-
ing cells of the independent experiments is plotted on the y-axis versus the experimental
conditions on the x-axis of a bar graph.

In vitro scratch assays

5x10° MDA-MB-231 cells were seeded in each well of a 12-well tissue culture plate and grown
for 24h to near confluency in complete growth medium and then 24h serum starved by incu-
bating with 0.2% FBS-containing DMEM medium in a 5% CO2 humidified incubator at 37°C
incubator. Using a 200uL pipette tip, a scratch was introduced along the midline of the serum-
starved cell monolayers, followed by a PBS wash to remove floating cells, and incubating the
cells with 0.2% FBS-containing medium without or with TGFp, alone or together with KI or
rhPRG4 for 36h in a 5% CO2 humidified incubator at 37°C. Scratch closure in each well was
followed by imaging the scratch and surrounding cells in each well at 3X objective of a DIC
microscope (Olympus IX70) coupled to a digital camera at time Oh and 36h after initiating the
scratch. Five images were captured along the vertical axis of the scratch for each experimental
condition. The width of each scratch was measured at three different positions per image for a
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total of 15 measurements using Image] (National Institutes of Health, USA), and then aver-
aged per experimental condition. The width average at 36h was subtracted from the width
average at Oh and expressed relative to that at Oh width for each experimental condition to
obtain scratch closure, and expressed as percent scratch closure.

Cell extract preparation, immunoprecipitation and immunoblotting

Cells were washed with PBS to remove all growth media. Appropriate volume of TNTE lysis
buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.5% [v/v] Triton-X-100) containing prote-
ase and phosphatase inhibitors, was added to the cell monolayer and incubated at 4°C under
vigorous shaking for 20 minutes. Lysates were then collected in microcentrifuge tubes and cen-
trifuged at 13,000g for 10 minutes at 4°C. 5 pL of each lysate was subjected to protein concen-
tration determination using Bradford-based protein assays (Bio-Rad Laboratories, Canada).
Lysates were boiled for 3 minutes at 95°C in dithiothreitol (DTT)-containing Laemmli sample
buffer. For immunoprecipitation analyses, lysates were incubated with appropriate antibodies
at 4°C with gentle rocking for 3h after which immunocomplexes were incubated with Protein
G-conjugated agarose beads (UBPBio, USA) at 4°C with gentle rocking for 3h. Finally, the
beads were washed with TNTE wash buffer (0.1% [v/v] Triton-X-100) and boiled for 5 minutes
at 95°Cin DTT containing Laemmli sample buffer. The proteins in the immunoprecipitates
and input lysates were then resolved by sodium dodecyl sulfate-polyacrylamide electrophoresis
(SDS-PAGE) and transferred onto a nitrocellulose membrane (Bio-Rad Laboratories, Canada).
The blots were blocked using 5% skim milk followed by overnight incubation with mouse
anti-actin (Santa Cruz, USA), rabbit anti-pSmad2 (Abcam, Canada), mouse anti-Smad2/3
(Millipore-Sigma, Canada), rat anti-CD44 (Thermo Fisher, Canada), mouse anti-CD44 (Santa
Cruz, USA), mouse anti-HAS2 (Santa Cruz, USA) or mouse anti-FLAG (Millipore-Sigma,
Canada) as the primary antibody at 4°C. Then HRP-conjugated goat anti-mouse or anti-rabbit
IgG (Jackson Laboratories, USA) or anti-rat IgG (Millipore-Sigma, Canada) was added to the
blots for 1h at room temperature, followed by enhanced chemiluminescence (Millipore-
Sigma, Canada) and signal detection using a VersaDoc 5000 Imager (Bio-Rad Laboratories).
Densitometric analyses were performed using Quantity One software (Bio-Rad Laboratories,
Canada).

Reporter assays

MDA-MB-231 cells were seeded in 24-well plates at approximately 6X10* cells per well one
day prior to transfections. Cells were co-transfected with the PAI1-promoter-driven firefly
luciferase reporter (3TP-Lux) and the CMV-Renilla luciferase control reporter constructs. 18h
post transfection, cells were serum-starved (0.2% FBS containing DMEM) for 4h and then
incubated in fresh low-serum (0.2% FBS) containing DMEM medium in the absence or pres-
ence of 100 pM TGEFB, 100 pg/mL rhPRG4 alone or together and left overnight. Lysates were
prepared and analyzed for luciferase activity using a commercially available dual luciferase
assay kit (Promega, Canada). Arbitrary luciferase activity (relative light units) values were nor-
malized to Renilla luciferase activity to account for variations in transfection efficiency. For
each transfection, increase of PAI1 promoter driven luciferase reporter gene expression was
also determined and expressed relative to luciferase activity of the respective basal condition
lysates. Each experimental condition was carried out in triplicate.

Statistical analysis

Biochemical and organoid-related data were subjected to statistical analysis by Student’s t-test
or One-way analysis of variance (ANOVA) followed by Tukey-Kramer or Student-Newman-
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Keuls post hoc test using InStat (Graphpad, USA). Values of P<0.05 were considered statisti-
cally significant. Data were presented graphically as mean + SEM from experiments that were
repeated at least three independent times.

Results

rhPRG4 promotes anti-invasive growth of 3D-breast cancer cell-derived
organoids

To evaluate the effect of rhPRG4 on the invasiveness of breast cancer cells, we employed a
three-dimensional (3D) cell culture system where cells are allowed to grow and interact with
ECM components, such as Matrigel which resembles the ECM that is found in vivo [28]. Cellu-
lar responses to stimuli like growth factors, hormones or drugs in three dimensional culture
models, as opposed to monolayer models, have been reported to better predict the response
observed in a living organism and is therefore more appropriate to model the growth and
assess the response to external stimuli by normal and tumor cells [29].

To study the potential anti-invasive effect of hPRG4 on TNBC-derived cells, we employed
a three-dimensional model, where the migratory and invasive behaviour of these tumor cells
in response to certain stimuli can be easily detected and quantified. The human TNBC
MDA-MB-231 breast cancer cell line represents a widely used TNBC cell model for in vitro
and in vivo cancer studies including in three-dimensional culture models [30,31], thus we used
these breast cancer cells in our investigations. As expected, we found that isolated single
MDA-MB-231 cells cultured in the context of Matrigel, as an extracellular support system,
divided and formed multicellular aggregates that mostly displayed smooth-surfaced spherical
phenotypes (Fig 1A and 1B). The secreted polypeptide transforming growth factor f (TGFp)
plays a complex role in cancer [32]. In particular, TGF can promote migration and invasion,
and may thus contribute to cancer metastasis [32]. The ability of TGFp to remodel ECM com-
ponents of the tumor microenvironment contributes to its role in increasing migration and
invasion of tumor cells [32]. As predicted, we found that TGFEp disrupted the smooth surface
and spherical nature of 3D-Matrigel- MDA-MB-231 cell-derived organoids, and promoted a
disruptive phenotype of these organoids [30,31]. rhPRG4 acted in a dose-dependent manner
to repress TGFpB-induced disruption of 3D-breast cancer cell-derived organoids. The anti-
PRG4 monoclonal antibody (mAb) 4D6 specifically recognizes PRG4 [25,26]. We found that
incubation of the 3D cultures with the anti-PRG4 mAb 4D6, but not with mouse IgG control,
decreased the ability of rhPRG4 to suppress TGFB-induced deformation in the growth of the
3D-breast cancer cell-derived organoids (Fig 1C and 1D). Together, these data suggested that
rhPRG4 acts in a dose-dependent and specific manner to suppress the disruptive behaviour of
MDA-MB-231 cell-derived organoids.

The findings that PRG4 acts in a specific manner to preserve the spherical phenotype of
the TNBC-derived organoids even in the presence of TGFp, raised the key question whether
addition of PRG4 to the Matrigel prior to addition of isolated cells is sufficient to counteract
TGFp-induced disruption in growth of breast cancer cell-derived organoids. Remarkably,
applying rhPRG4 to the Matrigel even prior to the setting of the three-dimensional culture
was sufficient to maintain the spherical nature of the 3D-TNBC derived organoids (Fig 1E
and 1F).

Basal lamina disruption and cortical to stress-fibre-like actin reorganization are two requi-
site factors for cells to become invasive [33,34]. It is important to note that the ECM protein
laminin is enriched at the basal lamina of organoids maintaining their structural integrity and
polarity, and this enrichment is gradually lost with increase in neoplastic tendency [28,35].
Thus, next, the effect of rhPRG4 on the ability of TGF to alter the basal lamina status and
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Fig 1. rhPRG4 suppresses TGFf-induced invasive growth of MDA-MB-231 cell-derived organoids. (A) Representative DIC light
microscopy images of 8-day old three-dimensional MDA-MB-231 cell-derived organoids that were left untreated or incubated with 100
pM TGEp, without or with increasing concentrations of rhPRG4 (0.1, 10 and 100 ug/mL) in complete growth medium. (B) Bar graph
depicts mean + SEM proportion of spherical organoids expressed as a percentage of total colonies counted for each experimental
condition from four independent experiments including the one shown in A. (C) Representative DIC light microscopy images of 8-day
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old three-dimensional MDA-MB-231 cell-derived organoids that were incubated with 10 pg/mL of mouse IgG or anti-PRG4 mAb 4Dé6,
along with or without 100 pM TGFf and 100 pg/mL rhPRG4 in different combinations in complete growth medium. (D) Bar graph
depicts mean + SEM proportion of spherical organoids expressed as a percentage of total colonies counted for each experimental
condition from three independent experiments including the one shown in C. (E) Representative DIC light microscopy images of
untreated or 100 pM TGEFp-treated 8-day old three-dimensional MDA-MB-231 cell-derived organoids using Matrigel that was mixed
with vehicle or 100 ug/mL rhPRG4. (F) Bar graph depicts mean + SEM proportion of spherical organoids expressed as a percentage of
total colonies counted for each experimental condition from three independent experiments including the one shown in E. (G)
Representative fluorescence microscopy images of nuclear (Hoechst 33342, blue), actin (TRITC- phalloidin, yellow), and laminin (rat
anti-laminin/anti-rat Alexa 647, red) staining of formaldehyde-fixed 8 day old MDA-MB-231 cell-derived organoids that were left
untreated or incubated with TGFp, with or without rhPRG4, in complete growth medium. This experiment was repeated two
independent times with similar outcomes. Significant difference, ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar indicates

50 pm. For Fig 1A, 1C and 1E, green and red arrows indicate spherical and invasive organoids, respectively. For Fig 1G, green arrows
indicate cortical actin, yellow arrows indicate stress-fibre like actin, blue arrows indicate intact laminin rings, red arrow indicates
disruption of laminin ring, and white arrows indicate representative sites of laminin loss.

https://doi.org/10.1371/journal.pone.0219697.9001

actin organization in 3D-MDA-MB-231-derived organoids were tested using indirect immu-
nofluorescence analysis (laminin), fluorescently-labelled phalloidin (actin) and Hoechst
(nuclei) staining. In untreated MDA-MB-231 cell-derived organoids, the basal lamina was
intact as suggested by the appearance of laminin as a solid ring surrounding the outside surface
of the organoid, whereas actin was partially cortically oriented (Fig 1G). TGFp disrupted base-
ment membrane organization around the organoid as indicated by loss of the laminin ring
surrounding the organoids, and promoted actin stress-fibre like appearance. These TGFf
effects are consistent with its ability to increase mobility and invasion of the cellular compo-
nents of the 3D-MDA-MB-231 organoids [30,31]. thPRG4 promoted cortical actin organiza-
tion and solid laminin ring formation in these multicellular structures in the absence or
presence of TGFp. Collectively, these data suggest that TGFB-induced disorganization and
deformation of the 3D-breast cancer cell-derived organoids, at least in part, reflects an invasive
response of these cells to incubation with this ligand. Moreover, our data suggest that rhPRG4
promotes an anti-invasive growth of breast cancer cells-derived organoids cultured in the con-
text of an ECM support.

PRG4 suppresses invasion and migration of breast cancer cells

Our findings from the 3D-cell derived organoids suggested that rhPRG4 may favour a non-
invasive growth phenotype. To further investigate this idea, the effect of thPRG4 on cell inva-
sion was tested using an in vitro transwell assay [30]. Specifically, serum-starved MDA-MB-
231 cells were seeded in the upper chamber on top of a Matrigel-coated membrane, with the
lower chamber having 10% FBS-containing growth medium in the absence or presence of
TGEFB, alone or together with TGF type I ser/thr kinase receptor (TBRI) small molecule kinase
inhibitor SB431542 (KI) or thPRG4 as a chemoattractant [23]. TGFP acted in a TBRI-signal-
ling-dependent manner to promote the invasion of MDA-MB-231 cells as compared to
untreated control (Fig 2A and 2B). However, rhPRG4 blocked the ability of MDA-MB-231
cells to be invasive in presence of TGFp. In addition to invasion, migration plays an important
role in the ability of cancer cells to move to sites outside the primary tumor site for metastasis
[19]. Thus, in vitro scratch assays were performed to test the effect of PRG4 on migratory
behaviour of the cancer cells. A scratch was created along the midline of 24 h-serum-starved
confluent cell monolayers in each well, followed by incubation for 36h with low-serum
medium without or with TGF, alone or with KI or rhPRG4. We, first, confirmed that during
the 36h treatment period where cells are cultured at low-serum conditions, cells are quiescent
at the start of the scratch and throughout the experimental observations, thus reducing the
chance of cell proliferation contributing to the scratch-produced space closure (S1 Fig). Thus,
these data support the idea that closure of the wound under low-serum conditions is primarily,
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(C) Representative DIC light microscopy images of serum-starved MDA-MB-231 cells seeded in wells of a 12-well plate at Oh and 36h after the
introduction of a scratch, and incubated with 0.2% FBS-containing medium without (-) or with 100 pM TGEp, alone or with 10 uM KI or 100 pg/
mL rhPRG4. Scale bar represents 500um. (D) Bar graph depicts mean + SEM proportion of scratch closure (%) at 36h with respect to the Oh of 5
non-overlapping images of each experimental condition from three independent experiments including the one shown in C. Significant difference,
ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001.

https://doi.org/10.1371/journal.pone.0219697.9002

if not entirely, due to cells’ migratory responses. We found that TGF signalling increased the
scratch closure process as compared to that in the control well, whereas, rhPRG4 significantly
delayed the scratch closure process in the absence or presence of TGFP suggesting suppression
of cell migration (Fig 2C and 2D). Collectively these results demonstrate that rhPRG4 potently
inhibits the invasive and migratory properties of breast cancer cells in vitro.

rhPRG4 does not appear to regulate TGFf-Smad signalling

Our findings that rhPRG4 promotes anti-invasive and anti-migratory effects raised the ques-
tion how PRG4 achieves these cellular responses. As thPRG4 supressed TGFB-induced inva-
sion and migration of MDA-MB-231 cells in vitro, we tested first the idea that rhPRG4 may
antagonize TGF signalling pathway. Binding of TGFp ligands to the cognate receptors on the
cell surface, leads to the phosphorylation of receptor-regulated proteins Smad 2 and 3, which
are important for downstream TGFp signalling [32]. Thus, we tested if rhPRG4 affects the abil-
ity of TGFP to induce the phosphorylation of Smad?2 on its last C-terminal serine residues in
these cells. Immunoblotting analyses of lysates of MDA-MB-231 cells, incubated with growth
medium without or with TGF, alone or together with KI or rhPRG4, interestingly revealed
that rhPRG4 did not appreciably alter TGFB-induced phosphorylation of Smad2 on Serine res-
idues 465 and 467 of the C-terminus (Fig 3A and 3B).

Next, we carried out further analyses to ascertain if rhPRG4 affects TGFB-Smad-dependent
signalling. In particular, we determined the effect of thPRG4 on TGFB-Smad-induced tran-
scriptional activity using the widely used 3TP-Lux reporter assay in which the expression of
the firefly luciferase gene is under the control of three-tandem repeats of a TPA-responsive ele-
ments (3T) and promoter elements of the TGFp-responsive gene the plasminogen activator
inhibitor 1 (PAI-1) [36]. MDA-MB-231 cells transfected with 3TP-lux plasmid together with a
CMV-Renilla luciferase plasmid as an internal transfection efficiency control, were incubated
overnight with low serum-containing growth medium without or with TGFp, alone or with
rhPRG4, lysed and then subjected to luciferase assays. As expected, TGFp led to significant
induction of 3TP-Lux reporter activity (Fig 3C and 3D). However, rhPRG4 did not alter
TGFp-induced 3TP-Lux reporter activity in MDA-MB-231 cells. These data are consistent
with the lack of effect of thPRG4 on TGFp-induced Smad2 phosphorylation. Collectively,
these data suggest that rhPRG4 may act downstream of TGFB-Smad-induced transcription to
affect the biological processes of migration and invasion.

rhPRG4 suppresses hyaluronan-induced invasion of breast cancer cells

Increasing evidence suggests that a key downstream signalling axis that contributes to TGFp-
induced invasion and metastasis of breast cancer is the hyaluronan (HA)-cluster of differentia-
tion 44 (CD44) pathway [37-39]. A number of reports suggest that TGFp can increase the
abundance of hyaluronan synthase 2 (HAS2) enzyme that catalyzes the production and secre-
tion of hyaluronan (HA), especially the low molecular weight hyaluronan (LMWHA) in the
stroma [40,41]. In addition, TGF is suggested to increase the expression of the HA receptor
CD44 in tumor cells [38]. In turn, evidence suggest that LMWHA associates with CD44, trig-
gering the activation of specific signalling pathways that enhance invasion and metastatic

PLOS ONE | https://doi.org/10.1371/journal.pone.0219697  July 30, 2019 11/29


https://doi.org/10.1371/journal.pone.0219697.g002
https://doi.org/10.1371/journal.pone.0219697

@ PLOS | O N E rPRG4 suppresses invasiveness and migration of breast cancer cells

A
Ob‘
N & B
o >\<l_ Ob‘ xé\
0{‘\\5 é(% N é(% QQ‘ é(% 10 - e hk .
oS K M B ko)
75 s 8]
- — 35 2
ey o o-pSmad2 S £ 6
n O
%0 St 4
=
" © 3
-_---.- a-tSmad2/3 E 2
50 < 0! i En [ i
N AN AY
NN N = AR & /\0{& = %’* qu qu
; o ST E
37 X
&)
,\
MDA-MB-231 cell lysates
D >
ué 12 1
E—10_
£5 4]
Cc o
o 8 6 -
£ 5
== &5 4
BXTREl—{ PAI1_ | Luciferase | _&% "
S o mm ]
e \SO\ CQQ% Q»Qb‘ Qg,b‘
S < < <
& L&

Fig 3. rhPRG4 does not affect TGFB-Smad signalling. (A) phospho-Smad2 (pSmad2), total Smad2/3 (tSmad2/3) and actin immunoblots of lysates of MDA-MB-231
cells which were either left untreated (control) or incubated with 100 pM TGEF, without or with 10 uM KI or 100 ug/mL rhPRG4 in complete growth medium for
12h. Mr indicates Markers’ molecular size. (B) Bar graph represents the mean + SEM of the proportion of pSmad2 relative to the total protein abundance of total
Smad2/3 and expressed as fold change with respect to the control from four independent experiments including the one shown in A. (C) A schematic representation
of the 3TP-Lux reporter construct with three consecutive TPA (12-O-tetradecanoylphorbol 13-acetate) response elements (TREs) and a portion of the plasminogen
activator inhibitor 1 (PAI-1) promoter region driving the expression of luciferase gene. TGFp treatment triggers the phosphorylation, nuclear translocation, and
binding of the Smads to 3TP promoter leading to increase in the abundance and hence activity of the luciferase enzyme. (D) MDA-MB-231 cells were transfected with
the 3TP-Lux reporter construct along with a Renilla luciferase expression construct driven by a CMV promoter. Cells were left untreated (control) or incubated with
100 pM TGEFp, without or with 100 pg/mL rhPRG4 in 0.2% FBS-containing medium. Bar graph represents the mean + SEM of the 3TP promoter-driven luciferase
values normalized to the Renilla luciferase expression (relative light units), and the normalized data are expressed relative to the normalized luciferase data in lysates of
untreated cells from three independent experiments. Significant difference, ANOVA: ***P < 0.001.

https://doi.org/10.1371/journal.pone.0219697.9003

ability of tumor cells [37-39]. Recent in vitro data support the idea that in addition to being a
boundary lubricant and possessing anti-adhesive properties, rhPRG4 may compete with HA
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for CD44 binding, which may suppress downstream signalling, contributing to the prolifera-
tion of osteoarthritis- and rheumatoid arthritis-derived synoviocytes [9,10]. Given this evi-
dence, we asked if rhPRG4 suppression of TGFB-mediated invasive growth of 3D-breast
cancer cell-derived organoid as well as invasiveness and migration of cells detected by trans-
well invasion and scratch healing assays (Figs 1A, 2A and 2C) involves disruption of a TGFpB-
controlled HA-CD44 signalling axis. To address this question, we first characterized the
steady-state protein level of CD44 in the MDA-MB-231 cells. Immunoprecipitation followed
by immunoblotting analysis of cell lysates indicated that CD44 is expressed in the MDA-MB-
231 cells (Fig 4A), raising the possibility of an active CD44-dependent signalling axis. To
address this question, we evaluated the effect of HA on the invasive behavior of the 3D-MDA-
MB-231 cells. We used LMWHA (<10 kDa) which has been reported to be elevated in the
breast tumor stroma and serum in metastatic disease [42,43]. The 3D-MDA-MB-231 cells
were left untreated or incubated with increasing concentrations of LMWHA either alone or in
combination with rhPRG4. LMWHA acted in a dose-dependent manner to increase the pro-
portion of invasive organoids, and as reflected by the decrease in the proportion of spherical
organoids (Fig 4B and 4C). However, thPRG4 suppressed the ability of LMWHA to promote
the invasive growth of breast cancer cell-derived organoids. Consistent with the results from
the 3D-cultures, in transwell invasion assays, we found that LMWHA increased the proportion
of invading cells (Fig 4D and 4E). On the other hand, a CD44 neutralizing antibody which
interferes with the HA-CD44 interaction [24], also blocked cell invasion in the presence of
LMWHA. Similarly, thPRG4 was able to inhibit breast cancer cell invasion in the presence of
exogenous LMWHA. Collectively, these results indicate that LMWHA induces invasive behav-
iour in MDA-MB-231 cells, both in 3D culture and transwell invasion assay, which can be
blocked by rhPRG4.

CD44 is crucial for TGFf-induced invasiveness in MDA-MB-231 cells

To further investigate whether TGFB- and LMWHA-mediated invasiveness of the MDA-MB-
231 cells are CD44-dependent, we next used an RNA interference (RNAi) approach of gene
silencing to knockdown CD44 in these cells. Two small hairpin RNAs (shRNAs) were
designed targeting specific sequences in exon 16 and exon 4 of CD44, respectively. CD44
immunoblotting of lysates of MDA-MB-231 cells transfected with a control pU6 RNAi vector
or RNAI plasmid expressing shRNA1, shRNA2, alone or together confirmed that these
shRNAs individually or together efficiently knocked down endogenous CD44 (Fig 5A). The
reduction in the protein abundance of endogenous CD44 by shRNA1, shRNA2, alone or
together, was significant as compared to control (S2A Fig). CD44 immunofluorescence analy-
sis of fixed MDA-MB-231 cells transfected with the RNAi control vector or a plasmid express-
ing CD44i-1/2 showed that CD44i-1/2 produced efficient reduction in the protein abundance
of endogenous CD44 (Fig 5B).

Next, we tested the effect of endogenous CD44 knockdown by CD44 shRNA1/2 on
3D-MDA-MB-231 cell-derived organoids in the presence or absence of TGFp or LMWHA.
Knockdown of CD44 increased the percentage of spherical organoids, and suppressed the abil-
ity of TGFB or LMWHA to induce an invasive behavior as demonstrated by preservation of
spherical organoids (Fig 5C and 5D). Interestingly, coexpression of CD44i-1 and CD44i-2,
reduced the size of the organoids in the absence or presence of TGFf or HA (Fig 5C and S2B
Fig). These data suggest that CD44 may mediate TGF and LMWHA-induction of invasive
growth of MDA-MB-231 cell-derived organoids.

Having established the importance of the receptor CD44 for TGFp and LMWHA-induced
invasiveness in MDA-MB-231-derived organoids, we next determined the effect of
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dimensional MDA-MB-231 cell-derived organoids incubated with growth medium without or with increasing concentrations of
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LMWHA (10, 100 or 400 pg/mL), alone or together with 100 pg/mL rhPRG4. Scale bar indicates 50 um. Green arrows and red arrows
indicate spherical and invasive organoids, respectively. (C) Bar graph depicts mean + SEM proportion of spherical organoids expressed as
a percentage of total colonies counted for each experimental condition from three independent experiments including the one shown in
B. (D) Representative DIC light microscopy images of crystal violet-stained 12h-serum-starved MDA-MB-231 cells appearing on the
underside of Matrigel-coated membrane of a transwell insert, with the bottom well containing complete growth medium without (-) or
with 400 ug/mL LMWHA, alone or with 5 ug/mL CD44 neutralizing antibody, 25 pg/mL rhPRG4 or 50 ug/mL rhPRG4. Scale bar
represents 150pm. (E) Bar graph depicts mean + SEM fold change of invaded cells relative to control were counted from eight randomly
chosen non-overlapping fields for each experimental condition from four independent experiments including the one shown in D.
ANOVA: Significant difference, ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001.

https://doi.org/10.1371/journal.pone.0219697.9004

overexpression of CD44 on these organoids in the absence or presence of TGFp and HA. First,
we RT-PCR-amplified an open reading frame of CD44 cDNA from the MDA-MB-231 cells
and subcloned into a CMV-based plasmid to express CD44/FLAG in MDA-MB-231 cells
which was confirmed by CD44 and FLAG immunoblotting (Fig 5E). 3D-organoids were gen-
erated from MDA-MB-231 cells transiently transfected with a vector control or with a CD44/
FLAG expressing plasmid, and were incubated with growth medium without or with TGE,
LMWHA, alone or together with rhPRG4. Untreated 3D-organoids derived from vector con-
trol transfected cells were mostly spherical and became invasive upon incubation with TGFf
or LMWHA whereas these effects were significantly reversed by rhPRG4 (Fig 5F and 5G).
However, overexpressed CD44/FLAG promoted invasive growth of the 3D-organoids even in
the absence of TGFp or LMWHA. rhPRG4 suppressed the ability of overexpressed CD44 to
promote invasive growth of MDA-MB-231 cell-derived organoids in the absence or presence
of TGFB or LMWHA. These results further support the notion that hPRG4 suppresses breast
cancer cell invasive growth in a CD44-dependent manner. Altogether, findings from CD44
knockdown and overexpression studies suggest that rhPRG4 suppresses CD44-mediated
TGFp or LMWHA promotion of an invasive phenotype of the MDA-MB-231 cell-derived
organoids.

rhPRG4 supresses TGFp- and LMWHA-mediated invasiveness of HCC38
cell-derived organoids in a CD44-dependent pathway

To further confirm that rhPRG4 acts via CD44 to inhibit invasive behaviour of TNBC cells, we
investigated this phenomenon in another CD44-expressing TNBC cell, namely HCC38 cells.
Immunoprecipitation followed by immunoblot analysis of HCC38 cell lysates revealed a
150kDa CD44-immunoreactive specific band as the major CD44 protein species (Fig 6A). Cul-
turing of HCC38 cells in the context of Matrigel led to the formation of small smooth-surfaced
spherical multicellular structures (Fig 6B and S3A Fig). TGF led to deformation of the orga-
noids characterized by invasive behaviour. rhPRG4 acted in a dose-dependent manner to pro-
mote a spherical-smooth phenotype even in the presence of TGFB. Immunofluorescence
analyses of these organoids suggested, similar to MDA-MB-231, the presence of cortical actin
organization and intact laminin rings surrounding the untreated control organoids cultures.
TGF led to stress-fibre like reorganization, and laminin ring loss at the invasive front of the
organoids suggesting localized basement membrane breach (Fig 6C). Importantly, rhPRG4
suppressed these effects of TGFp, thus maintaining sphericity, cortical actin organization, and
intact laminin ring surrounding the organoids.

Loss and gain of function of CD44 in these cells, acted similar to MDA-MB-231 cells.
Reduction of CD44 protein by shRNA1, shRNA2, alone or together, maintained the spherical
nature of organoids even in presence of TGFp or LMWHA, suggesting the importance of
CD44 for TGFp and LMWHA-promoted invasion of 3D-HCC38 cell-derived organoids (Fig
6D and 6E and S3B and S3C Fig). Conversely, overexpression of CD44 in these cells
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Fig 5. CD44 is crucial for TGFB-induced invasiveness in MDA-MB-231 cells. (A) CD44 immunoblot of lysates of MDA-MB-231 cells
transfected with the pU6 RNAI vector (vector control), or the plasmids CD44i-1, CD44i-2, alone or together (CD44i-1+2) that expresses
shRNAs targeting two distinct sequences of CD44 mRNA. Actin was used as loading control. (B) Representative CD44, GFP and nuclei
fluorescence microscopy images of MDA-MB-231 cells transfected as in A, and subjected to anti-CD44 indirect immunofluorescence (rat anti-
CD44/anti-rat Alexa 647, red) and counterstained with Hoechst 33342 fluorescent nucleotide dye (blue) to visualize nuclei. GFP (green) signal
indicate vector control or CD44 RNAi-1/2-transfected cells. Arrows show examples of vector (left), CD44i-1 (2" column), CD44i-2 (3™
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column) and CD44i-1+2 (right) transfected cells to highlight the knockdown of endogenous CD44 by the two CD44 RNAi plasmids. This
experiment was repeated three times with similar outcomes. (C) Representative DIC light microscopy images of untreated (-), 100 pM TGFf or
400 pg/mL LMWHA-treated 8-day old three-dimensional organoids in complete growth medium, derived from MDA-MB-231 cells,
transfected with vector control or CD44i-1 and CD44i-2, individually or in combination. (D) Bar graph depicts mean + SEM proportion of
spherical organoids expressed as a percentage of total colonies counted for each experimental condition from three independent experiments
including the one shown in C. (E) CD44 and FLAG immunoblots of lysates of MDA-MB-231 cells transfected with an empty vector or CD44/
FLAG expression plasmids. Actin was used as loading control. (F) Representative DIC light microscopy images of vector control or CD44/
FLAG expressing 8-day old MDA-MB-231 cell-derived organoids grown in complete growth medium without (-) or with 100 pM TGE or
400 pg/mL LMWHA, alone or with 100 ug/mL rhPRG4. (G) Bar graph depicts mean + SEM proportion of spherical organoids expressed as a
percentage of total colonies counted for each experimental condition from three independent experiments including the one shown in F.
Significant difference, ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001. Mr indicates Markers’ molecular size. Scale bar indicates 50 um. Green
arrows and red arrows indicate spherical and invasive organoids, respectively.

https://doi.org/10.1371/journal.pone.0219697.9005

promoted an invasive phenotype of the organoids even in the absence of TGF or LMWHA
(Fig 6F and 6G and S3D Fig). thPRG4 suppressed the ability of overexpressed CD44 to pro-
mote an invasive phenotype of the 3D-HCC38 cell-derived organoids in the absence or pres-
ence of TGFB or LMWHA, thus maintaining a spherical shape. Altogether, these data suggest
that rhPRG4 opposes the ability of TGFf and LMWHA to induce invasive growth of TNBC
cells in a CD44-dependent manner.

HA-CD44 axis mediates TGFp-induced invasive growth of breast cancer
cell-derived organoids

To further investigate the role of CD44 in TGFf-induced invasive growth of MDA-MB-231
cell-derived organoids, 3D cultures were incubated with growth medium or increasing con-
centrations of LMWHA, alone or together with different combination of TGFp, KI, CD44 neu-
tralizing antibody or thPRG4 (Fig 7A and 7B). Consistent with the previous findings,
incubation of 3D-MDA-MB-231 cell-derived cultures with increasing concentrations of
LMWHA promoted an invasive growth of the breast cancer cell-derived organoids. TGFp fur-
ther enhanced the ability of LMWHA to induce invasive growth of these organoids. Interest-
ingly, KI which suppressed the TGFB-induced invasive growth, could not reverse the
LMWHA effect, suggesting LMWHA-mediated invasion acts downstream of the TGFp signal-
ling pathway. However, the CD44 neutralizing antibody suppressed the ability of both
LMWHA and TGEFp stimuli to induce invasive growth, and indeed this intervention signifi-
cantly increased the number of spherical organoids compared to KI treatment. Furthermore,
the blockade of TGFB-induced invasive growth of these organoids by CD44 neutralizing anti-
body suggests that TGFp induces invasiveness in a CD44-dependent pathway in these cells.
PRG4, similar to the CD44 antibody, suppressed TGFf and LMWHA-induced invasive
growth of the MDA-MB-231 cell-derived organoids. These data suggest that thPRG4 is work-
ing downstream of both the LMWHA and TGFB-mediated pathways. Collectively, these
results indicate that the HA-CD44 axis contributes significantly to TGFf-induced invasive
growth of MDA-MB-231 cells and this signalling axis appears to be a rhPRG4 target.

To further determine the impact of HA-CD44 pathway on TGFp-induced invasiveness of
these cells, and more specifically the role of HA synthesis by the hyaluronic acid synthase
(HAS) enzymes [44], we examined the effect of 4-methylumbelliferone (4-MU, a HAS inhibi-
tor) on 3D-MDA-MB-231 cell-derived organoids [45]. Specifically, 3D-MDA-MB-231 cell-
derived organoids were incubated without or with 4-MU, alone or together with TGFp, with
different combinations of LMWHA and rhPRG4 (Fig 7C and 7D). 4-MU supressed TGF-
induced invasive growth of 3D-MDA-MB-231 cell-derived organoids, which was reversed by
addition of exogenous LMWHA. Conversely, rhPRG4 suppressed LMWHA-induced invasive
growth of 4-MU-treated 3D-MDA-MB-231 cell-derived organoids. Collectively, these data
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Fig 6. rhPRG4 acts in a CD44-dependent manner to supress TGFf- or LMWHA-induced invasive growth of HCC38. (A) Lysates of
HCC38 cells were subjected to immunoprecipitation using a mouse CD44 antibody (CD44 IP) or a non-specific mouse IgG antibody
(IgG IP) followed by CD44 immunoblotting. The protein abundance of CD44 in the lysates was confirmed by CD44 immunoblotting.
(B) Representative DIC light microscopy images of 6-day old three-dimensional HCC38 cell-derived organoids that were left untreated
or incubated with 100 pM TGFB, without or with increasing concentrations of hPRG4 (10 and 100 ug/mL) in complete growth
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medium. (C) Representative fluorescence microscopy images of nuclear (Hoechst 33342, blue), actin (TRITC- phalloidin, yellow), and
laminin (rat anti-laminin/anti-rat Alexa 488, green) staining of formaldehyde-fixed 6-day old HCC38 cell-derived organoids that were
left untreated or incubated with TGFB, with or without hPRG4, in complete growth medium. This experiment was repeated two
independent times with similar outcomes. (D) CD44 immunoblotting of lysates of HCC38 cells transfected with the pU6 RNAi vector
(vector control), or the plasmids CD44i-1, CD44i-2, alone or together (CD44i-1+2) expressing shRNAs targeting two distinct sequences
of CD44 mRNA. Actin was used as loading control. (E) Representative DIC light microscopy images of untreated (-), 100 pM TGEFp or
400 pg/mL LMWHA-treated 6-day old three-dimensional organoids derived from HCC38 cells transfected with vector control or
CD44i-1, CD44i-2, individually or in combination. (F) CD44 and FLAG immunoblotting of lysates of HCC38 cells transfected with an
empty vector or CD44/FLAG expression plasmid. Actin was used as loading control. (G) Representative DIC light microscopy images of
vector control or CD44/FLAG expressing 6-day old HCC38 cell-derived organoids grown in complete growth medium without (-) or
with 100 pM TGFp or 400 ug/mL LMWHA, alone or with 100 pg/mL rhPRG4. Mr indicates Markers’ molecular size. Scale bar indicates
50um. For Fig 6B, 6E and 6G green arrows and red arrows indicate spherical and invasive organoids, respectively. For Fig 6C, green
arrows indicate cortical actin, yellow arrow indicates stress-fibre like actin, blue arrows indicate intact laminin rings, red arrow indicates
disruption of laminin ring, and white arrows indicate representative localized sites of laminin loss.

https://doi.org/10.1371/journal.pone.0219697.9006

indicate that TGFp induces invasive growth of 3D-MDA-MB-231 cell-derived organoids in an
HA-dependent manner. Furthermore, rhPRG4 suppression of both TGFf and LMWHA-
induced invasive growth of 3D-MDA-MB-231 cell-derived spheroids suggest that rhPRG4 acts
downstream of HA production and its signalling pathways.

Opverall, these results suggest an interplay between TGEFp signalling and HA-CD44 axis in
promoting the invasive behaviour of 3D-MDA-MB-231 cell-derived organoids. Importantly,
our study suggests that hPRG4 may act downstream of TGFp to suppress HA-CD44 axis’s
ability to promote invasive growth of the MDA-MB-231-derived organoids.

HA-CD44 signalling axis is regulated by TGFp and PRG4

To gain further insight into the molecular mechanisms by which TGFB may regulate CD44
signalling, we determined the effect of TGFf on the protein abundance of CD44 in MDA-MB-
231 cells using immunoblotting analyses. These experiments showed that activation of TGFf-
signalling promoted the protein abundance of CD44 in MDA-MB-231 cells (Fig 8A and 8B).
In contrast, we found that PRG4 reduced the protein abundance of CD44 in the absence or
presence of TGFp. rhPRG4 did not reduce TGFB-induced Smad2 phosphorylation suggesting
that thPRG4-mediated CD44 suppression may not involve this step of the pathway. In other
analyses using CD44 indirect immunofluorescence of untreated, TGFf and/or PRG4-treated
MDA-MB-231 cell-derived organoids revealed that TGFf enhanced the CD44-immunostain-
ing signal, whereas rhPRG4 reduced this signal in the absence or presence of TGF, thus fur-
ther confirming the immunoblotting data (S4 Fig).

That the HAS2 inhibitor 4-MU suppressed TGFB-induced invasiveness of 3D-breast cancer
cell-derived organoids suggested that TGFf may regulate the production of HA in the
MDA-MB-231 cells. Thus, we examined the effect of TGF on HAS protein levels. Amongst
HAS1/2/3 isoforms, HAS2 is the most prevalent enzyme in MDA-MB-231 cells [46]. Immuno-
blotting analyses showed that TGFp increased the protein abundance of HAS2 in MDA-MB-
231 cells (Fig 8C and 8D). Interestingly, rhPRG4 suppressed the protein abundance of HAS2
in the absence or presence of TGFp.

These analyses reveal that in contrast to TGFp, rhPRG4 leads to reduction in the protein abun-
dance of CD44 and HAS2 in the absence or presence of exogenous TGFp, which could provide a
mechanism by which thPRG4 suppresses TGFB-induced invasiveness of breast cancer cells.

Discussion

In this study, we have uncovered novel anti-migratory and anti-invasive roles for the mucin-
like glycoprotein rhPRG4 in carcinoma cells derived from patients with triple-negative breast
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independent experiments including the one shown in A. (C) Representative DIC light microscopy images of 8-day old three-
dimensional MDA-MB-231 cell-derived organoids that were treated without or with 0.5 mM 4-MU, without or with 100 pM TGEFB,
along with or without 400 ug/mL LMWHA, alone or together with 100 ug/mL rhPRG4 in complete growth medium. (D) Bar graph
depicts mean + SEM proportion of spherical organoids expressed as a percentage of total colonies counted for each experimental
condition from three independent experiments including the one shown in C. Significant difference, ANOVA: *P < 0.05, **P < 0.01,
***P < 0.001. Scale bar indicates 50 pm. Green arrows and red arrows indicate spherical and invasive organoids, respectively.

https://doi.org/10.1371/journal.pone.0219697.9007

cancer (TNBC). In particular, by counteracting the ability of the cytokine TGF to promote
invasive growth of the three-dimensional human MDA-MB-231 and HCC38 TNBC cell-
derived organoids, rhPRG4 preserves a non-invasive spherical morphology of these multicellu-
lar structures. Epistatic studies revealed that rhPRG4 acts downstream of TGFB-Smad signal-
ling to achieve its anti-migratory and anti-invasive effects. Moreover, our data suggest that
rhPRG4 disrupts TGFB-induced HA-CD44 signalling activation, which plays a key role in the
invasive growth of MDA-MB-231 cell-derived organoids by this cytokine. In biochemical anal-
yses, we find that TGFp signalling increases, while rhPRG4 reduces, in the absence or presence
of exogenous TGFp, the protein abundance of the HA-producing enzyme HAS2 and the HA
receptor CD44 in MDA-MB-231 cells, thus pointing to a mechanism by which thPRG4 inhib-
its invasion and migration in these cells. Altogether, our findings add important insights into
the biological functions and potential therapeutic implications of rhPRG4.

While PRG4 is more of a mucin-like glycoprotein versus a classic proteoglycan per se, other
proteoglycans can act directly or indirectly to affect multiple signalling axes, including the
TGEFp pathway, leading to positive or negative regulation of multiple cellular processes such as
angiogenesis, cell migration and invasion of diverse types of cancer cells and in a context-
dependent manner [47,48]. However, to our knowledge, our findings that rhPRG4 exerts anti-
migratory and anti-invasive effects in breast cancer cells is the first report to demonstrate a
role for this glycoprotein in epithelial tissue-derived cancers, which represent the majority of
solid tumors [2]. The relevance of these newly identified rhPRG4’s biological roles in control-
ling metastasis, which is the major obstacle in cancer treatment, should pave the way for future
studies to explore if rhPRG4 can display anti-metastatic potential. In addition to the cancer rel-
evance, our findings contribute important evidence to the growing idea that rhPRG4 can regu-
late cellular responses thus acting beyond its original identified role as purely a cartilage
boundary lubricant. For example, data suggest that PRG4 has anti-inflammatory effects (e.g.
decrease in expression of a number of pro-inflammatory cytokines and matrix remodelling
enzymes, in a CD44 and toll-like receptor 2- and 4-dependent manner) with implications for
osteoarthritis, rheumatoid arthritis and gout [9-13]. Our finding regarding the role of rhPRG4
in breast cancer adds a new dimension to the emerging biotherapeutic activity of the recombi-
nant glycoprotein.

The finding that anti-PRG4 mAb 4D6, which specifically recognizes PRG4 based on immu-
noblotting and immunohistochemistry analyses [25,26], interferes with the ability of rhPRG4
to suppress invasive growth of breast cancer cell-derived organoids suggests that mAb 4D6
acts as an PRG4-neutralizing antibody. This previously unreported anti-PRG4 activity might
reflect a hindrance by mAb 4D6 of PRG4 interactions with other molecules with relevance to
its anti-invasive activity. Future identification of the epitope in PRG4 targeted by this antibody
may add insight into functional domains of thPRG4 with respect to its anti-invasive
properties.

TGEFB plays a dual role in cancer initiation and progression [32,49]. At initial stages of neo-
plastic disease, evidence suggest that TGF acts as a tumor suppressor, while at the later stages
of cancer, it can promote invasiveness and metastasis of different carcinomas including breast
[32,49]. Thus, identifying ways to downregulate the tumor promoting role of TGFp without
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Fig 8. rhPRG4 and TGFp have opposing effects on the protein abundance of CD44 and HAS2. (A) CD44 and phospho-
Smad2 (pSmad2) immunoblots of lysates of MDA-MB-231 cells incubated in complete growth medium without (control) or
with 100 pM TGEFB, alone or together with 10 uM KI or 100 ug/mL rhPRG4. Actin was used as loading control. (B) Bar graph
depicts mean + SEM proportion of CD44 immunoreactive band in each treatment condition from four independent
experiments including the one shown in A. (C) HAS2 and phospho-Smad2 (pSmad2) immunoblots of lysates of MDA-MB-
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231 cells incubated in complete growth medium without (control) or with 100 pM TGEFR, alone or together with 10 uM KI or
100 pg/mL rhPRG4. Actin was used as loading control. (D) Bar graph depicts mean + SEM proportion of HAS2
immunoreactive band in each treatment condition from four independent experiments including the one shown in D. (E) A
schematic diagram showing the relationship amongst TGFB, HA-CD44 signalling and rhPRG4 in MDA-MB-231 cells,
uncovered in this study. TGFp increases the protein abundance of HAS2 and CD44 to enhance cancer cell’s invasion and
migration. thPRG4 does not alter Smad phosphorylation but decreases HAS2 and CD44 protein abundance leading to
suppression of invasion and migration of cancer cells. thPRG4 may interfere with HA-CD44 interaction. Mr indicates
Markers’ molecular size. Significant difference, ANOVA: *P< 0.05, **P< 0.01, ***P < 0.001;; unpaired T test: P =0.0164.

https://doi.org/10.1371/journal.pone.0219697.g008

affecting its tumor suppressive property may further control tumor growth. The finding that
rhPRG4 suppresses TGFB-induced invasive growth without affecting phosphorylation and the
transcriptional activity of the receptor-regulated Smads (R-Smad, e.g. Smad2) raises the possi-
bility that the ability of TGFp to suppress tumor growth might be intact, which can be the sub-
ject of future investigations. That rhPRG4 anti-invasive actions on the MDA-MB-231 or
HCC38-derived organoids are mediated by blockade of a LMWHA-CD44 signalling axis may
have in vivo relevance. In general, enrichment of the cell surface glycoprotein CD44 in tumor
cells including breast is correlated with invasive and metastatic characteristics of the cancer
and hence poor prognosis [50]. HA, which is elevated in different carcinomas including breast
cancer stroma [51] and blood serum [42,43] acts as a ligand for CD44. Depending on the num-
ber of the disaccharides repeats, HA is generally classified as high molecular weight hyaluronic
acid (HMWHA) and LMWHA [40]. Importantly, LMWHA-CD44 binding can trigger activa-
tion of distinct signalling pathways that ultimately promote cancer cell invasion, migration
and proliferation [38,52-54]. In addition, LMWHA-CD44 clusters can act to induce remodel-
ling of the stromal ECM at the invasive front of a tumor mass [55]. The novel finding here

that exogenous LMWHA promotes an invasive growth of MDA-MB-231 and HCC38 cell-
derived organoids, is consistent with the idea thatelevated LMWHA in the tumor stroma can
promote cancer invasiveness [51]. The idea that hPRG4 negatively affects HA-CD44-induced
invasiveness of cancer cells is consistent with other studies suggesting that PRG4 antagonizes
HA-CD44-mediated inflammatory signalling that induce synoviocyte proliferation in rheuma-
toid arthritis and osteoarthritis diseases and a number of inflammatory cytokine production in
human and murine macrophages [9,10,12]. Overall, these findings are consistent with the idea
that thPRG4 and LMWHA compete for CD44 binding [10] and extend them to breast cancer
cells and the TGFp pathway. Future studies could examine rhPRG4’s anti-invasive effects in
other types of cancer, in particular high CD44-expressing cancer cells in HA-rich stromal envi-
ronment [40,50].

Our study of rhPRG4 links TGFp to HA-CD44 pathway activation in promoting breast can-
cer invasion, which is in agreement with previous findings [38]. It has been shown that TGFf
promotes the expression of HAS enzymes, particularly HAS2, which results in the accumula-
tion of high levels of HA in the ECM of breast cancer cells [40,41]. Finally, TGF has also been
shown to promote the expression of CD44 in a Smad-dependent manner [38,56]. In this
study, we report that TGFp increases the protein abundance of both HAS2 and CD44 in
MDA-MB-231 cells. Collectively, these results, together with the the gain and loss of function
analyses of HAS2 and CD44 loss of function analyses, demonstrate that the HA-CD44 pathway
plays a key role in mediating the ability of TGF to induce invasion and migration of these
cells.

rhPRG4’s suppression of the ability of overexpressed CD44 to induce invasive growth of
the MDA-MB-231 cell-derived organoids may involve reduction of HA-CD44 interaction,
and/or by reduction of the protein abundance of CD44 and HAS2 as indicated by immuno-
blotting and immunofluorescence analyses. Our results demonstrated that rhPRG4 can reduce
the TGFB-induced upregulation of CD44 and HAS2 protein abundance in MDA-MB-231 cells
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without affecting the phosphorylation of Smad2, suggesting that rhPRG4 is operating down-
stream of TGFB-Smad signalling pathway (Fig 8E). Whether rhPRG4 supresses TGFp-induced
HA-CD44 signalling axis by supressing MAPK activation in these cells, as suggested by previ-
ous literature [38], remains to be elucidated. Moreover, whether rhPRG4 competes with HA
for CD44 binding in breast cancer cells, as shown in a previous study with a different cell type
[10], requires further investigation. Whatever the underlying mechanism by which rhPRG4
inhibits TGFB-HA-CD44-induced invasion of TNBC breast cancer cell might be, it is evident
that rhPRG4 can significantly supress both TGFp and LMWHA-induced invasiveness of
MDA-MB-231 cells.

Conclusions

In summary, our data demonstrate that rhPRG4 can supress TGFB-induced invasion and
migration of TNBC cells in vitro, at least in part through suppression of the ability of
HA-CD44 signalling axis to mediate TGF stimuli. Our findings also demonstrate that
rhPRG4 can antagonize TGFB-induced increase in the protein abundance of CD44 and HAS?2,
which may explain its suppression of TGFB-induced invasiveness of these cells. Lastly, rhPRG4
also can inhibit LMWHA-induced invasiveness of these cells. Given that TNBC aggressiveness
and mortality is correlated with high CD44 expression [57], and previous therapeutic strategies
which target TGFp and CD44 signalling axes have shown promise yet with adverse side effects
[40,58], along with the potential for rapid translational update of rhPRG4 for clinical evalua-
tion, thPRG4 represents an ideal candidate as a potential biological anti-cancer therapy. In
conclusion, these findings contribute to the understanding of PRG4’s biological activity in the
previously uninvestigated area of breast cancer, and provide the framework for future investi-
gation to target not only breast cancer but potentially other cancers which are dependent on
TGFB and HA-CD44 signalling for their survival, proliferation and metastatic ability [40,50].

Supporting information

S1 Fig. Low-serum condition downregulates increase in MDA-MB-231 cell numbers.
2.5x10"5 MDA-MB-231 cells in 10% FBS-contaning growth medium were seeded per well of a
12-well tissue culture plate (Oh). At 24h, medium was replaced with fresh DMEM with 10%
FBS (full serum) or 0.2% serum (serum starve/low serum), followed by introducing a scratch
per well (in all the wells) 24h later (or 48h post seeding). Cells were incubuated with regular or
low serum medium, with and without TGFp, KI or rhPRG4 in different combinations and left
for another 36h post-scrach (or 84h post cell seeding). For each experiment, cell counts were
obtained at the time points depicted in the graph, and average cell number + SEM at each con-
dition or timepoint from 3 independent experiments is plotted on y-axis versus time point on
the x-axis.

(TIF)

$2 Fig. CD44 shRNAs reduce endogenous CD44 in MDA-MB-231 cells with implications
for 3D-cell-derived organoid size. (A) Bar graph depicts mean + SEM proportion of CD44
immunoblot-derived signals of lysates of MDA-MB-231 cells transfected with the pU6 RNAi
vector (vector control), CD44 shRNA expressing plasmid CD44i-1 or CD44i-2, or in combina-
tion (CD44i-1+2), from experiments that were repeated three independent times including the
one shown in Fig 5A. (B) Bar graph depicts mean + SEM proportion of surface area of orga-
noids derived from MDA-MB-231 cells transfected with the pU6 RNAi vector (vector control),
or a combination of the CD44i-1and CD44i-2 plasmids (CD44i-1+2), before subjecting to 3D
culturing, and leaving untreated (-) or incubating with 100 pM TGFp or 400ug/mL of
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LMWHA, from experiments that were repeated three independent times including the one
shown in Fig 5C.
(TIF)

S3 Fig. rhPRG4 suppresses CD44-dependent TGFp- and LMWHA- induced invasive
growth of 3D-HCC38 cell-derived organoids. (A) Bar graph depicts mean + SEM proportion
of spherical organoids expressed as a percentage of total colonies counted for each experimen-
tal condition from three independent experiments including the one shown in Fig 6B. (B) Bar
graph depicts mean + SEM proportion of CD44 immunoblot-derived signal of lysates of
HCC38 cells transfected with the pU6 RNAi vector (vector control), or the plasmids CD44i-1,
CD44i-2, alone or together (CD44i-1+2) from three independent experiments including the
one shown in Fig 6D. (C) Bar graph depicts mean + SEM proportion of spherical organoids
expressed as a percentage of total colonies counted for untreated (-), 100 pM TGEFp or 400 pg/
mL LMWHA-treated 6-day old three-dimensional organoids derived from HCC38 cells trans-
fected with vector control or CD44i-1, CD44i-2, individually or in combination from three
independent experiments including the one shown in Fig 6E. (D) Bar graph depicts mean +
SEM proportion of spherical organoids expressed as a percentage of total colonies counted for
vector control or CD44/FLAG expressing-6 day-old HCC38 cell-derived organoids grown in
complete growth medium without (-) or with 100 pM TGFp or 400 pg/mL LMWHA, alone or
with 100 pg/mL rhPRG4, from three independent experiments including the one shown in Fig
6G. Significant difference, ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001.

(TIF)

S4 Fig. rhPRG4 reverses TGFp-induced CD44-immunofluorescent derived signal in
3D-MDA-MB-231 cell derived organoids. Representative CD44 (Rat anti-CD44/anti-rat
Alexa 647, red), and nuclei (Hoechst, blue) fluorescence microscopy images of fixed 8 day-old
MDA-MB-231 cells-derived organoid that were incubated in complete growth medium with-
out or with 100 pM TGEFB, alone or together with 100 ug/mL rhPRG4. The data are from an
experiment that was repeated two times with similar outcomes. Scale bar indicates 50 pum.
(TIF)

S1 Appendix. Raw data and analyses relating to the results shown in Figs 1-5, 7, 8 and S1-

S3. Ten excel files, with each containing multiple sheets showing raw data and their analysis to
determine the mean, standard deviation (SD) and standard error of mean (SEM) used to gen-

erate graphs illustrated in Figs 1-5, 7, 8 and S1-S3.

(Z1P)

Acknowledgments

The authors would like to thank Dr. Derrick Rancourt (University of Calgary) for the use of
the Olympus IX70 microscope, Dr. Don Morris and Ms. Elizabeth Kornaga (University of Cal-
gary) for providing the HCC38 cells, and Dr. Phillip Messersmith (University of California
Berkeley) for providing the anti-PRG4 mAb 4D6 antibody.

Author Contributions

Conceptualization: Anusi Sarkar, Gregory D. Jay, Frank R. Jirik, Tannin A. Schmidt, Shirin
Bonni.

Data curation: Anusi Sarkar, Ayan Chanda, Suresh C. Regmi, Lili Deng.
Formal analysis: Anusi Sarkar, Ayan Chanda, Suresh C. Regmi, Lili Deng, Shirin Bonni.

PLOS ONE | https://doi.org/10.1371/journal.pone.0219697  July 30, 2019 25/29


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0219697.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0219697.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0219697.s005
https://doi.org/10.1371/journal.pone.0219697

@ PLOS|ONE

rPRG4 suppresses invasiveness and migration of breast cancer cells

Funding acquisition: Tannin A. Schmidt, Shirin Bonni.
Investigation: Anusi Sarkar, Ayan Chanda, Suresh C. Regmi, Kunal Karve, Lili Deng.

Methodology: Anusi Sarkar, Kunal Karve, Lili Deng, Frank R. Jirik, Tannin A. Schmidt, Shirin
Bonni.

Project administration: Tannin A. Schmidt, Shirin Bonni.

Resources: Gregory D. Jay, Tannin A. Schmidt, Shirin Bonni.

Supervision: Lili Deng, Gregory D. Jay, Frank R. Jirik, Tannin A. Schmidt, Shirin Bonni.
Validation: Tannin A. Schmidt, Shirin Bonni.

Visualization: Anusi Sarkar, Tannin A. Schmidt, Shirin Bonni.

Writing - original draft: Anusi Sarkar, Tannin A. Schmidt, Shirin Bonni.

Writing - review & editing: Anusi Sarkar, Ayan Chanda, Suresh C. Regmi, Kunal Karve, Lili
Deng, Gregory D. Jay, Frank R. Jirik, Tannin A. Schmidt, Shirin Bonni.

References
1.  O’Connor C, Adams JU (2010) Essentials of Cell Biology. Cambridge, MA: NPG Education.

2. BrayF, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, et al. (2018) Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J Clin.

3. MasuiK, Gini B, Wykosky J, Zanca C, Mischel PS, et al. (2013) A tale of two approaches: complemen-
tary mechanisms of cytotoxic and targeted therapy resistance may inform next-generation cancer treat-
ments. Carcinogenesis 34: 725-738. https://doi.org/10.1093/carcin/bgt086 PMID: 23455378

4. Toss A, Cristofanilli M (2015) Molecular characterization and targeted therapeutic approaches in breast
cancer. Breast Cancer Res 17: 60. https://doi.org/10.1186/s13058-015-0560-9 PMID: 25902832

5. Jitariu AA, Cimpean AM, Ribatti D, Raica M (2017) Triple negative breast cancer: the kiss of death.
Oncotarget 8: 46652—-46662. https://doi.org/10.18632/oncotarget. 16938 PMID: 28445140

6. Twelves C, Jove M, Gombos A, Awada A (2016) Cytotoxic chemotherapy: Still the mainstay of clinical
practice for all subtypes metastatic breast cancer. Crit Rev Oncol Hematol 100: 74—87. https://doi.org/
10.1016/j.critrevonc.2016.01.021 PMID: 26857987

7. Jay GD, Waller KA (2014) The biology of lubricin: near frictionless joint motion. Matrix Biol 39: 17-24.
https://doi.org/10.1016/j.matbio.2014.08.008 PMID: 25172828

8. Ludwig TE, McAllister JR, Lun V, Wiley JP, Schmidt TA (2012) Diminished cartilage-lubricating ability of
human osteoarthritic synovial fluid deficient in proteoglycan 4: Restoration through proteoglycan 4 sup-
plementation. Arthritis Rheum 64: 3963-3971. https://doi.org/10.1002/art.34674 PMID: 22933061

9. Alquraini A, Jamal M, Zhang L, Schmidt T, Jay GD, et al. (2017) The autocrine role of proteoglycan-4
(PRG4) in modulating osteoarthritic synoviocyte proliferation and expression of matrix degrading
enzymes. Arthritis Res Ther 19: 89. https://doi.org/10.1186/s13075-017-1301-5 PMID: 28482921

10. Al-Sharif A, Jamal M, Zhang LX, Larson K, Schmidt TA, et al. (2015) Lubricin/Proteoglycan 4 Binding to
CD44 Receptor: A Mechanism of the Suppression of Proinflammatory Cytokine-Induced Synoviocyte
Proliferation by Lubricin. Arthritis Rheumatol 67: 1503—1513. https://doi.org/10.1002/art.39087 PMID:
25708025

11. Igbal SM, Leonard C, Regmi SC, De Rantere D, Tailor P, et al. (2016) Lubricin/Proteoglycan 4 binds to
and regulates the activity of Toll-Like Receptors In Vitro. Sci Rep 6: 18910. https://doi.org/10.1038/
srep18910 PMID: 26752378

12. QadriM, Jay GD, Zhang LX, Wong W, Reginato AM, et al. (2018) Recombinant human proteoglycan-4
reduces phagocytosis of urate crystals and downstream nuclear factor kappa B and inflammasome acti-
vation and production of cytokines and chemokines in human and murine macrophages. Arthritis Res
Ther 20: 192. https://doi.org/10.1186/s13075-018-1693-x PMID: 30157934

13. Alquraini A, Garguilo S, D’Souza G, Zhang LX, Schmidt TA, et al. (2015) The interaction of lubricin/pro-
teoglycan 4 (PRG4) with toll-like receptors 2 and 4: an anti-inflammatory role of PRG4 in synovial fluid.
Arthritis Res Ther 17: 353. https://doi.org/10.1186/s13075-015-0877-x PMID: 26643105

PLOS ONE | https://doi.org/10.1371/journal.pone.0219697  July 30, 2019 26/29


https://doi.org/10.1093/carcin/bgt086
http://www.ncbi.nlm.nih.gov/pubmed/23455378
https://doi.org/10.1186/s13058-015-0560-9
http://www.ncbi.nlm.nih.gov/pubmed/25902832
https://doi.org/10.18632/oncotarget.16938
http://www.ncbi.nlm.nih.gov/pubmed/28445140
https://doi.org/10.1016/j.critrevonc.2016.01.021
https://doi.org/10.1016/j.critrevonc.2016.01.021
http://www.ncbi.nlm.nih.gov/pubmed/26857987
https://doi.org/10.1016/j.matbio.2014.08.008
http://www.ncbi.nlm.nih.gov/pubmed/25172828
https://doi.org/10.1002/art.34674
http://www.ncbi.nlm.nih.gov/pubmed/22933061
https://doi.org/10.1186/s13075-017-1301-5
http://www.ncbi.nlm.nih.gov/pubmed/28482921
https://doi.org/10.1002/art.39087
http://www.ncbi.nlm.nih.gov/pubmed/25708025
https://doi.org/10.1038/srep18910
https://doi.org/10.1038/srep18910
http://www.ncbi.nlm.nih.gov/pubmed/26752378
https://doi.org/10.1186/s13075-018-1693-x
http://www.ncbi.nlm.nih.gov/pubmed/30157934
https://doi.org/10.1186/s13075-015-0877-x
http://www.ncbi.nlm.nih.gov/pubmed/26643105
https://doi.org/10.1371/journal.pone.0219697

@ PLOS|ONE

rPRG4 suppresses invasiveness and migration of breast cancer cells

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Abubacker S, Dorosz SG, Ponjevic D, Jay GD, Matyas JR, et al. (2016) Full-Length Recombinant
Human Proteoglycan 4 Interacts with Hyaluronan to Provide Cartilage Boundary Lubrication. Ann
Biomed Eng 44: 1128—1137. https://doi.org/10.1007/s10439-015-1390-8 PMID: 26194040

Samsom ML, Morrison S, Masala N, Sullivan BD, Sullivan DA, et al. (2014) Characterization of full-
length recombinant human Proteoglycan 4 as an ocular surface boundary lubricant. Exp Eye Res 127:
14—-19. https://doi.org/10.1016/j.exer.2014.06.015 PMID: 24997456

Elsaid KA, Zhang L, Shaman Z, Patel C, Schmidt TA, et al. (2015) The impact of early intra-articular
administration of interleukin-1 receptor antagonist on lubricin metabolism and cartilage degeneration in
an anterior cruciate ligament transection model. Osteoarthritis Cartilage 23: 114—121. https://doi.org/
10.1016/j.joca.2014.09.006 PMID: 25219670

Waller KA, Chin KE, Jay GD, Zhang LX, Teeple E, et al. (2017) Intra-articular Recombinant Human Pro-
teoglycan 4 Mitigates Cartilage Damage After Destabilization of the Medial Meniscus in the Yucatan
Minipig. Am J Sports Med 45: 1512—1521. https://doi.org/10.1177/0363546516686965 PMID:
28129516

Lambiase A, Sullivan BD, Schmidt TA, Sullivan DA, Jay GD, et al. (2017) A Two-Week, Randomized,
Double-masked Study to Evaluate Safety and Efficacy of Lubricin (150 mug/mL) Eye Drops Versus
Sodium Hyaluronate (HA) 0.18% Eye Drops (Vismed(R)) in Patients with Moderate Dry Eye Disease.
Ocul Surf 15: 77-87. https://doi.org/10.1016/j.jtos.2016.08.004 PMID: 27614318

Bendas G, Borsig L (2012) Cancer cell adhesion and metastasis: selectins, integrins, and the inhibitory
potential of heparins. Int J Cell Biol 2012: 676731. https://doi.org/10.1155/2012/676731 PMID:
22505933

Rhee DK, Marcelino J, Baker M, Gong Y, Smits P, et al. (2005) The secreted glycoprotein lubricin pro-
tects cartilage surfaces and inhibits synovial cell overgrowth. J Clin Invest 115: 622—-631. https://doi.
org/10.1172/JCI200522263 PMID: 15719068

Sarker KP, Wilson SM, Bonni S (2005) SnoN is a cell type-specific mediator of transforming growth fac-
tor-beta responses. J Biol Chem 280: 13037—-13046. https://doi.org/10.1074/jbc.M409367200 PMID:
15677458

Kavsak P, Rasmussen RK, Causing CG, Bonni S, Zhu H, et al. (2000) Smad7 binds to Smurf2 to form
an E3 ubiquitin ligase that targets the TGF beta receptor for degradation. Mol Cell 6: 1365-1375.
PMID: 11163210

Halder SK, Beauchamp RD, Datta PK (2005) A specific inhibitor of TGF-beta receptor kinase, SB-
431542, as a potent antitumor agent for human cancers. Neoplasia 7: 509-521. https://doi.org/10.
1593/ne0.04640 PMID: 15967103

Kariya Y, Kariya Y, Saito T, Nishiyama S, Honda T, et al. (2015) Increased cerebrospinal fluid osteopon-
tin levels and its involvement in macrophage infiltration in neuromyelitis optica. BBA Clin 3: 126—134.
https://doi.org/10.1016/j.bbacli.2015.01.003 PMID: 26673877

Abubacker S, Ponjevic D, Ham HO, Messersmith PB, Matyas JR, et al. (2016) Effect of disulfide bond-
ing and multimerization on proteoglycan 4’s cartilage boundary lubricating ability and adsorption. Con-
nect Tissue Res 57:113-123. https://doi.org/10.3109/03008207.2015.1113271 PMID: 26631309

Chawla K, Ham HO, Nguyen T, Messersmith PB (2010) Molecular resurfacing of cartilage with proteo-
glycan 4. Acta Biomater 6: 3388-3394. https://doi.org/10.1016/j.actbio.2010.03.025 PMID: 20338268

Cheifetz S, Like B, Massague J (1986) Cellular distribution of type | and type Il receptors for transform-
ing growth factor-beta. J Biol Chem 261: 9972-9978. PMID: 2874135

Debnath J, Brugge JS (2005) Modelling glandular epithelial cancers in three-dimensional cultures. Nat
Rev Cancer 5: 675-688. https://doi.org/10.1038/nrc1695 PMID: 16148884

Antoni D, Burckel H, Josset E, Noel G (2015) Three-dimensional cell culture: a breakthrough in vivo. Int
J Mol Sci 16: 5517-5527. https://doi.org/10.3390/ijms 16035517 PMID: 25768338

Dadakhujaev S, Salazar-Arcila C, Netherton SJ, Chandhoke AS, Singla AK, et al. (2014) A novel role
for the SUMO ES3 ligase PIAS1 in cancer metastasis. Oncoscience 1: 229-240. https://doi.org/10.
18632/oncoscience.27 PMID: 25594015

Chanda A, Chan A, Deng L, Kornaga EN, Enwere EK, et al. (2017) Identification of the SUMO E3 ligase
PIAS1 as a potential survival biomarker in breast cancer. PLoS One 12: e0177639. https://doi.org/10.
1371/journal.pone.0177639 PMID: 28493978

Massague J (2012) TGFbeta signalling in context. Nat Rev Mol Cell Biol 13: 616—630. https://doi.org/
10.1038/nrm3434 PMID: 22992590

Akhavan A, Griffith OL, Soroceanu L, Leonoudakis D, Luciani-Torres MG, et al. (2012) Loss of cell-sur-

face laminin anchoring promotes tumor growth and is associated with poor clinical outcomes. Cancer
Res 72:2578-2588. https://doi.org/10.1158/0008-5472.CAN-11-3732 PMID: 22589276

PLOS ONE | https://doi.org/10.1371/journal.pone.0219697  July 30, 2019 27/29


https://doi.org/10.1007/s10439-015-1390-8
http://www.ncbi.nlm.nih.gov/pubmed/26194040
https://doi.org/10.1016/j.exer.2014.06.015
http://www.ncbi.nlm.nih.gov/pubmed/24997456
https://doi.org/10.1016/j.joca.2014.09.006
https://doi.org/10.1016/j.joca.2014.09.006
http://www.ncbi.nlm.nih.gov/pubmed/25219670
https://doi.org/10.1177/0363546516686965
http://www.ncbi.nlm.nih.gov/pubmed/28129516
https://doi.org/10.1016/j.jtos.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27614318
https://doi.org/10.1155/2012/676731
http://www.ncbi.nlm.nih.gov/pubmed/22505933
https://doi.org/10.1172/JCI200522263
https://doi.org/10.1172/JCI200522263
http://www.ncbi.nlm.nih.gov/pubmed/15719068
https://doi.org/10.1074/jbc.M409367200
http://www.ncbi.nlm.nih.gov/pubmed/15677458
http://www.ncbi.nlm.nih.gov/pubmed/11163210
https://doi.org/10.1593/neo.04640
https://doi.org/10.1593/neo.04640
http://www.ncbi.nlm.nih.gov/pubmed/15967103
https://doi.org/10.1016/j.bbacli.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/26673877
https://doi.org/10.3109/03008207.2015.1113271
http://www.ncbi.nlm.nih.gov/pubmed/26631309
https://doi.org/10.1016/j.actbio.2010.03.025
http://www.ncbi.nlm.nih.gov/pubmed/20338268
http://www.ncbi.nlm.nih.gov/pubmed/2874135
https://doi.org/10.1038/nrc1695
http://www.ncbi.nlm.nih.gov/pubmed/16148884
https://doi.org/10.3390/ijms16035517
http://www.ncbi.nlm.nih.gov/pubmed/25768338
https://doi.org/10.18632/oncoscience.27
https://doi.org/10.18632/oncoscience.27
http://www.ncbi.nlm.nih.gov/pubmed/25594015
https://doi.org/10.1371/journal.pone.0177639
https://doi.org/10.1371/journal.pone.0177639
http://www.ncbi.nlm.nih.gov/pubmed/28493978
https://doi.org/10.1038/nrm3434
https://doi.org/10.1038/nrm3434
http://www.ncbi.nlm.nih.gov/pubmed/22992590
https://doi.org/10.1158/0008-5472.CAN-11-3732
http://www.ncbi.nlm.nih.gov/pubmed/22589276
https://doi.org/10.1371/journal.pone.0219697

@ PLOS|ONE

rPRG4 suppresses invasiveness and migration of breast cancer cells

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Tojkander S, Gateva G, Lappalainen P (2012) Actin stress fibers—assembly, dynamics and biological
roles. J Cell Sci 125: 1855-1864. https://doi.org/10.1242/jcs.098087 PMID: 22544950

O’Brien LE, Zegers MM, Mostov KE (2002) Opinion: Building epithelial architecture: insights from three-
dimensional culture models. Nat Rev Mol Cell Biol 3: 531-537. https://doi.org/10.1038/nrm859 PMID:
12094219

Hsu YH, Sarker KP, Pot I, Chan A, Netherton SJ, et al. (2006) Sumoylated SnoN represses transcrip-
tion in a promoter-specific manner. J Biol Chem 281: 33008-33018. https://doi.org/10.1074/jbc.
M604380200 PMID: 16966324

Meran S, Luo DD, Simpson R, Martin J, Wells A, et al. (2011) Hyaluronan facilitates transforming growth
factor-beta1-dependent proliferation via CD44 and epidermal growth factor receptor interaction. J Biol
Chem 286: 17618-17630. https://doi.org/10.1074/jbc.M111.226563 PMID: 21454519

LiL, QiL, Liang Z, Song W, Liu Y, et al. (2015) Transforming growth factor-beta1 induces EMT by the
transactivation of epidermal growth factor signaling through HA/CD44 in lung and breast cancer cells.
Int J Mol Med 36: 113-122. https://doi.org/10.3892/ijmm.2015.2222 PMID: 26005723

Midgley AC, Rogers M, Hallett MB, Clayton A, Bowen T, et al. (2013) Transforming growth factor-beta1
(TGF-betat)-stimulated fibroblast to myofibroblast differentiation is mediated by hyaluronan (HA)-facili-
tated epidermal growth factor receptor (EGFR) and CD44 co-localization in lipid rafts. J Biol Chem 288:
14824—-14838. https://doi.org/10.1074/jbc.M113.451336 PMID: 23589287

Misra S, Hascall VC, Markwald RR, Ghatak S (2015) Interactions between Hyaluronan and Its Recep-
tors (CD44, RHAMM) Regulate the Activities of Inflammation and Cancer. Front Immunol 6: 201.
https://doi.org/10.3389/fimmu.2015.00201 PMID: 25999946

Porsch H, Bernert B, Mehic M, Theocharis AD, Heldin CH, et al. (2013) Efficient TGFbeta-induced epi-
thelial-mesenchymal transition depends on hyaluronan synthase HAS2. Oncogene 32: 4355-4365.
https://doi.org/10.1038/onc.2012.475 PMID: 23108409

Wu M, CaoM, He Y, LiuY, Yang C, et al. (2015) A novel role of low molecular weight hyaluronan in breast
cancer metastasis. FASEB J 29: 1290-1298. https://doi.org/10.1096/fj.14-259978 PMID: 25550464

Peng C, Wallwiener M, Rudolph A, Cuk K, Eilber U, et al. (2016) Plasma hyaluronic acid level as a prog-
nostic and monitoring marker of metastatic breast cancer. Int J Cancer 138: 2499-2509. https://doi.org/
10.1002/ijc.29975 PMID: 26686298

Auvinen P, Rilla K, Tumelius R, Tammi M, Sironen R, et al. (2014) Hyaluronan synthases (HAS1-3) in
stromal and malignant cells correlate with breast cancer grade and predict patient survival. Breast Can-
cer Res Treat 143: 277-286. https://doi.org/10.1007/s10549-013-2804-7 PMID: 24337597

Urakawa H, Nishida Y, Wasa J, Arai E, Zhuo L, et al. (2012) Inhibition of hyaluronan synthesis in breast
cancer cells by 4-methylumbelliferone suppresses tumorigenicity in vitro and metastatic lesions of bone
in vivo. Int J Cancer 130: 454—466. https://doi.org/10.1002/ijc.26014 PMID: 21387290

Schwertfeger KL, Cowman MK, Telmer PG, Turley EA, McCarthy JB (2015) Hyaluronan, Inflammation,
and Breast Cancer Progression. Front Immunol 6: 236. https://doi.org/10.3389/fimmu.2015.00236
PMID: 26106384

lozzo RV, Sanderson RD (2011) Proteoglycans in cancer biology, tumour microenvironment and angio-
genesis. J Cell Mol Med 15: 1013-1031. https://doi.org/10.1111/j.1582-4934.2010.01236.x PMID:
21155971

Nikitovic D, Berdiaki A, Spyridaki |, Krasanakis T, Tsatsakis A, et al. (2018) Proteoglycans-Biomarkers
and Targets in Cancer Therapy. Front Endocrinol (Lausanne) 9: 69.

Lebrun JJ (2012) The Dual Role of TGFbeta in Human Cancer: From Tumor Suppression to Cancer
Metastasis. ISRN Mol Biol 2012: 381428. https://doi.org/10.5402/2012/381428 PMID: 27340590

Zoller M (2011) CD44: can a cancer-initiating cell profit from an abundantly expressed molecule? Nat
Rev Cancer 11: 254-267. https://doi.org/10.1038/nrc3023 PMID: 21390059

Auvinen P, Tammi R, Parkkinen J, Tammi M, Agren U, et al. (2000) Hyaluronan in peritumoral stroma
and malignant cells associates with breast cancer spreading and predicts survival. Am J Pathol 156:
529-536. https://doi.org/10.1016/S0002-9440(10)64757-8 PMID: 10666382

Wobus M, Rangwala R, Sheyn |, Hennigan R, Coila B, et al. (2002) CD44 associates with EGFR and
erbB2 in metastasizing mammary carcinoma cells. Appl Immunohistochem Mol Morphol 10: 34—39.
PMID: 11893033

Nam K, Oh S, Lee KM, Yoo SA, Shin | (2015) CD44 regulates cell proliferation, migration, and invasion
via modulation of c-Src transcription in human breast cancer cells. Cell Signal 27: 1882—1894. hitps://
doi.org/10.1016/j.cellsig.2015.05.002 PMID: 25979842

Liu S, Cheng C (2017) Akt Signaling Is Sustained by a CD44 Splice Isoform-Mediated Positive Feed-
back Loop. Cancer Res 77: 3791-3801. https://doi.org/10.1158/0008-5472.CAN-16-2545 PMID:
28533273

PLOS ONE | https://doi.org/10.1371/journal.pone.0219697  July 30, 2019 28/29


https://doi.org/10.1242/jcs.098087
http://www.ncbi.nlm.nih.gov/pubmed/22544950
https://doi.org/10.1038/nrm859
http://www.ncbi.nlm.nih.gov/pubmed/12094219
https://doi.org/10.1074/jbc.M604380200
https://doi.org/10.1074/jbc.M604380200
http://www.ncbi.nlm.nih.gov/pubmed/16966324
https://doi.org/10.1074/jbc.M111.226563
http://www.ncbi.nlm.nih.gov/pubmed/21454519
https://doi.org/10.3892/ijmm.2015.2222
http://www.ncbi.nlm.nih.gov/pubmed/26005723
https://doi.org/10.1074/jbc.M113.451336
http://www.ncbi.nlm.nih.gov/pubmed/23589287
https://doi.org/10.3389/fimmu.2015.00201
http://www.ncbi.nlm.nih.gov/pubmed/25999946
https://doi.org/10.1038/onc.2012.475
http://www.ncbi.nlm.nih.gov/pubmed/23108409
https://doi.org/10.1096/fj.14-259978
http://www.ncbi.nlm.nih.gov/pubmed/25550464
https://doi.org/10.1002/ijc.29975
https://doi.org/10.1002/ijc.29975
http://www.ncbi.nlm.nih.gov/pubmed/26686298
https://doi.org/10.1007/s10549-013-2804-7
http://www.ncbi.nlm.nih.gov/pubmed/24337597
https://doi.org/10.1002/ijc.26014
http://www.ncbi.nlm.nih.gov/pubmed/21387290
https://doi.org/10.3389/fimmu.2015.00236
http://www.ncbi.nlm.nih.gov/pubmed/26106384
https://doi.org/10.1111/j.1582-4934.2010.01236.x
http://www.ncbi.nlm.nih.gov/pubmed/21155971
https://doi.org/10.5402/2012/381428
http://www.ncbi.nlm.nih.gov/pubmed/27340590
https://doi.org/10.1038/nrc3023
http://www.ncbi.nlm.nih.gov/pubmed/21390059
https://doi.org/10.1016/S0002-9440(10)64757-8
http://www.ncbi.nlm.nih.gov/pubmed/10666382
http://www.ncbi.nlm.nih.gov/pubmed/11893033
https://doi.org/10.1016/j.cellsig.2015.05.002
https://doi.org/10.1016/j.cellsig.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/25979842
https://doi.org/10.1158/0008-5472.CAN-16-2545
http://www.ncbi.nlm.nih.gov/pubmed/28533273
https://doi.org/10.1371/journal.pone.0219697

@ PLOS|ONE

rPRG4 suppresses invasiveness and migration of breast cancer cells

55.

56.

57.

58.

Yu Q, Stamenkovic | (1999) Localization of matrix metalloproteinase 9 to the cell surface provides a
mechanism for CD44-mediated tumor invasion. Genes Dev 13: 35—48. https://doi.org/10.1101/gad.13.
1.35 PMID: 9887098

Tripathi V, Sixt KM, Gao S, Xu X, Huang J, et al. (2016) Direct Regulation of Alternative Splicing by
SMADS3 through PCBP1 Is Essential to the Tumor-Promoting Role of TGF-beta. Mol Cell 64: 549-564.
https://doi.org/10.1016/j.molcel.2016.09.013 PMID: 27746021

Wang H, Wang L, Song Y, Wang S, Huang X, et al. (2017) CD44(+)/CD24(-) phenotype predicts a poor
prognosis in triple-negative breast cancer. Oncol Lett 14: 5890-5898. https://doi.org/10.3892/01.2017.
6959 PMID: 29113223

Neuzillet C, Tijeras-Raballand A, Cohen R, Cros J, Faivre S, et al. (2015) Targeting the TGFbeta path-
way for cancer therapy. Pharmacol Ther 147: 22-31. https://doi.org/10.1016/j.pharmthera.2014.11.
001 PMID: 25444759

PLOS ONE | https://doi.org/10.1371/journal.pone.0219697  July 30, 2019 29/29


https://doi.org/10.1101/gad.13.1.35
https://doi.org/10.1101/gad.13.1.35
http://www.ncbi.nlm.nih.gov/pubmed/9887098
https://doi.org/10.1016/j.molcel.2016.09.013
http://www.ncbi.nlm.nih.gov/pubmed/27746021
https://doi.org/10.3892/ol.2017.6959
https://doi.org/10.3892/ol.2017.6959
http://www.ncbi.nlm.nih.gov/pubmed/29113223
https://doi.org/10.1016/j.pharmthera.2014.11.001
https://doi.org/10.1016/j.pharmthera.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25444759
https://doi.org/10.1371/journal.pone.0219697

