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Progressive fibrosis leads to loss of organ function and affects
many organs as a result of excessive extracellular matrix pro-
duction. The ubiquitous matrix polysaccharide hyaluronan (HA)
is central to this through association with its primary receptor,
CD44, which exists as standard CD44 (CD44s) or multiple splice
variants. Mediators such as profibrotic transforming growth
factor (TGF)-β1 and proinflammatory interleukin (IL)-1β are
widely associated with fibrotic progression. TGF-β1 induces
myofibroblast differentiation, while IL-1β induces a proin-
flammatory fibroblast phenotype that promotes fibroblast
binding to monocyte/macrophages. CD44 expression is essential
for both responses. Potential CD44 splice variants involved,
however, are unidentified. The TGF-β1-activated CD44/
epidermal growth factor receptor complex induces differentia-
tion of metastatic cells through interactions with the matrix
metalloproteinase inducer, CD147. This study aimed to deter-
mine the CD44 variants involved in TGF-β1- and IL-1β-medi-
ated responses and to investigate the potential profibrotic role of
CD147. Using immunocytochemistry and quantitative PCR,
standard CD44s were shown to be essential for both TGF-β1-
induced fibroblast/myofibroblast differentiation and IL-1β-
induced monocyte binding. Co-immunoprecipitation identified
that CD147 associated with CD44s. Using CD147-siRNA and
confocal microscopy, we also determined that incorporation of
the myofibroblast marker, αSMA, into F-actin stress fibers was
prevented in the absence of CD147 and myofibroblast-depen-
dent collagen gel contraction was inhibited. CD147 did not
associate with HA, but removal of HA prevented the association
of CD44s with CD147 at points of cell–cell contact. Taken
together, our data suggest that CD44s/CD147 colocalization is
essential in regulating the mechanical tension required for the
αSMA incorporation into F-actin stress fibers that regulates
myofibroblast phenotype.

Fibrosis underlies several organ-specific diseases and con-
tributes to the burden of chronic diseases, such as chronic
kidney disease (CKD), liver cirrhosis, pulmonary fibrosis, car-
diac failure, and degenerative joint disease (1–5).
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Myofibroblasts are the principal effector cells driving fibrosis,
and their accumulation in tissues is a fundamental marker of
fibrosis. These cells are derived from the differentiation of fi-
broblasts, fibrocytes, or epithelial cells under the influence of
circulating profibrotic growth factors such as transforming
growth factor–β1 (TGF-β1) (6–9). We have identified the
increased synthesis and accumulation of the linear poly-
saccharide hyaluronan (HA) as central to this event through its
interactions with its principal receptor, CD44 (10).

HA is a glycosaminoglycan consisting of repeating D-glu-
curonic acid and N-acetyl-glucosamine disaccharide units. It
influences distinct cellular functions depending on its manner
of synthesis, assembly, protein-binding interactions, cell
localization and organization. HA is synthesized by three HA-
synthase-(HAS)-isoenzymes (HAS1, HAS2, HAS3) (11), and
broken down by hyaluronidase-(HYAL) enzymes (HYAL1,
HYAL2) (12). In vitro experiments have shown that TGF-β1
drives HAS2-specific synthesis of HA-pericellular matrices,
tethered to the principal HA receptor (CD44) at the cell sur-
face (13, 14). This HA-CD44 binding induces the migration of
CD44 in the plasma membrane and promotes interactions
with the epidermal growth factor receptor (EGFR) in lipid rafts
leading to MAPK/ERK signaling (15). This, in parallel with the
canonical Smad-signaling pathway, drives differentiation of
fibroblasts to α-smooth muscle actin (αSMA)-positive, con-
tractile myofibroblasts that generate the fibrous collagen ma-
trix, characteristic of fibrosis and scarring (16). IL-1β is a
proinflammatory mediator that induces fibroblasts and other
cells to adopt an inflammatory phenotype, which includes the
upregulation of intercellular adhesion molecules. This
phenotypic change is also dependent on an HA/CD44 inter-
action. This change, however, involves the formation of HA
protrusions that bind monocytes/macrophages to HA/CD44/
intercellular adhesion molecule (ICAM)-1 complexes in non-
lipid-raft regions of the plasma membrane. The complex in-
duces the activation of a downstream p38 pathway (10).
Similarly, to the TGF-β1 response observed in myofibroblasts,
IL-1β-mediated HA protrusions are HAS2-dependent.

CD44 is a transmembrane glycoprotein, which can exist as
multiple variant isoforms due to alternative splicing (17). It is
broadly distributed in tissues and is involved in diverse
physiological processes. Its aberrant function is implicated
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CD147 and CD44s mediate differentiation of myofibroblasts
widely in pathology, with key roles in cancer, inflammation,
immune dysregulation, vascular disease, fibrosis, and wound
healing (18–23). In humans, 19 exons encode for CD44 pre-
mRNA. The first five exons (1–5) and the last five exons
(15–19) are common to all the CD44 variants. The variability
of CD44 is the result of alternative splicing of nine exons
(6–14) that are situated between these common regions. The
simplest CD44 variant has only the common exons translated
into protein and is known as CD44 standard or CD44s. This
is the most abundant of all the CD44 variants and is present
in most cell types. In contrast, the largest CD44 variant,
which has all the variable exons translated into protein and is
known as CD44v2-10, is expressed much less widely. We
have recently described the expression of a variant of CD44
(CD44v7/8), which is strongly induced by bone morphoge-
netic protein (BMP)-7. This variant becomes highly
expressed at the cell surface and has antifibrotic effects in
fibroblasts, preventing their TGF-β1-dependent differentia-
tion to myofibroblasts (22). However, we have not yet iden-
tified which and how many of the other potential CD44
variants may be involved in the profibrotic myofibroblastic
differentiation or the proinflammatory responses of
fibroblasts.

CD44 undergoes multiple interactions at the cell surface
and an important regulator of the interaction of CD44 with
EGFR is CD147 (24). CD147, also known as extracellular
matrix metalloproteinase inducer, EMMPRIN or Basigin, is
a type-1 transmembrane glycoprotein and a member of the
immunoglobulin superfamily (25). The CD147 gene encodes
for a protein, which has a 185 amino acid extracellular re-
gion, a 24 amino acid highly conserved transmembrane
region, and a 39 amino acid cytoplasmic domain (26, 27).
The extracellular region is composed of two Immunoglob-
ulin domains with similarity to other members of the
immunoglobulin superfamily. The translated CD147 protein
is 28 kDa, whereas the observed molecular weight ranges
between 32 and 66 kDa, due to posttranslational
glycosylation.

In vivo experiments have identified that CD147 may be a
major contributor to fibrosis. CD147 expression has increased
correlation and colocalization with hepatic stellate cells in the
space of Disse as they undergo EMT to myofibroblasts, in
carbon tetrachloride-induced mouse liver fibrosis (28). The
role of CD147 in fibrosis and its potential as a target for pre-
vention and reversal has recently been described in corneal
opacity. The dysregulated and increased expression of myofi-
broblasts and increased αSMA expression contribute to the
formation of corneal opacity, which contributes to blindness,
following an initial insult. Using SP-8356, an inhibitor of
CD147, topically on rat corneas that had undergone alkali
burns, inhibited αSMA expressing myofibroblasts and other
fibrotic-associated ECM components such as collagen and
MMP9 (29). Basigin (bsg)+/− mice had less cardiac interstitial
fibrosis following transverse aortic constriction compared with
control mice. The response of cardiac fibroblasts from
bsg ± and bsg+/+ was also assessed following angiotensin II
mechanical stretch stimuli and CD147 expression increased
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significantly in bsg+/+ cells compared with cells isolated from
bsg ± mice (30). In chronic kidney models, Bsg +/+ mice that
had undergone unilateral ureteral obstruction had increased
kidney interstitial fibrosis compared with bsg−/− mice with
increased MMP activation, macrophage infiltration, and
upregulation of αSMA and hyaluronan by fibroblasts (31).
Regardless of the primary underlying kidney disease or its
pathogenesis in CKD patients, there is also a significant rela-
tionship between the degree of proteinuria and urinary CD147
(32). In addition, it has been suggested that in CKD there may
be a “molecular circuit” involving CD147, MMPs, and trans-
forming growth factor-β and that this may be involved in the
pathogenesis of progressive fibrosis through hyaluronan pro-
duction (33).

CD147 induces breast cancer invasiveness through associ-
ation with CD44 and EGFR in lipid rafts (34) and is a well-
established inflammatory mediator (35), in addition to its
involvement in pathogenesis. Since myofibroblast differentia-
tion also involves CD44/EGFR association in lipid rafts (15)
and IL-1β induces CD44/I-CAM-1 association outside of lipid
rafts (14), this study examined a potential mechanistic role for
CD147 in our in vitro models and further aimed to investigate
the hypothesis that there were also specific variants of CD44
involved.
Results

The effect of TGF-β1 and IL-1β on CD44 variant expression

CD44 variants with a single exon insertion

CD44 variants that contained just the common regions and
a single spliced exon were amplified using custom-designed
primers (Fig. 1, A and B). Using RT-qPCR, the highest
expressed CD44 variant was CD44s, followed in descending
order by CD44v3, CD44v6, CD44v10 (Fig. 1, C–J). To a lesser
extent CD44 variants, CD44v8, CD44v4, CD44v2, CD44v9,
and CD44v7 were also expressed (see Figs. S1 and S2). The
cytokines TGF-β1 and IL-1β are associated with profibrotic
and proinflammatory responses, respectively (15, 16, 36).
Both responses have been shown to be mediated by the as-
sociation of HA with CD44 (14, 15). Using the highest
expressed variant CD44s to determine a timepoint for anal-
ysis, it was determined that the expression of CD44s
decreased following 72 h of stimulation with TGF-β1
(Fig. 1C). In a separate experiment stimulation of fibroblasts
with IL-1β increased the expression of CD44s following only
6 h of activation (Fig. 1G). Subsequently all CD44 variants
containing a single exon between the common regions were
examined at 72 h following TGF-β1 stimulation (Fig. 1, C–F)
or 6 h following IL-1β treatment (Fig. 1, G–J). All the variants
identified had a response similar to that observed for CD44s
when treated with either TGF-β1 or IL-1β. These data suggest
that all CD44 variant expression transcription is supressed by
TGF-β1 and promoted by IL-1β.

In contrast, western blot analysis of the highest
expressed variants CD44s, CD44v3, CD44v6, and CD44v10
over a 24–72 h time course showed no effect of TGF-β1 or



Figure 1. The expression of CD44 variants containing a single exon insert by untreated TGF-β1 and IL-1β-treated fibroblasts. Custom primers were
designed to target variants that express one of the variable exons (6–14) between the common regions. Schematic (A) demonstrates the exon arrangement
of CD44. Exons 1–5 and 15–19 are common to all CD44 variants. The variable region of CD44 is coded by exons 6–14 (labeled below exons). Corresponding
variant nomenclature is highlighted in bold (labeled above exons 6–14). Primers were designed to span the exon boundary of the common region and the
variant of interest. Forward primers overlapped the 30 end of exon 5 in the common region with the 50 end of the exon of interest. Reverse primers
overlapped the 50 end of exon 15 with the 30 end of the exon of interest (B). Assessment of CD44 variants containing a single exon insert was carried out
using qPCR. The expression of each CD44 variant in fibroblast (black circles) was compared with myofibroblasts (black squares) at 0 h and 72 h timepoints.
(C–F) represent; CD44 (standard) (C), CD44v3 (D), CD44v6 (E), CD44v10 (F). The expression of each CD44 variant in fibroblasts (black circles) was compared
with IL-1β (1.0 ng/ml) stimulated fibroblasts (black squares) at 0 h and 6 h timepoints. G–J represent; CD44 (standard) (G), CD44v3 (H), CD44v6 (I) and
CD44v10 (J). For the mRNA expression of other CD44 variants in basal fibroblasts TGF-β1 and IL1-β stimulation including CD44v2, CD44v4, CD44v7, CD44v8,
and CD44v9, see Figures S1 and S2. CD44v5 was not expressed in fibroblasts or myofibroblasts. Data are shown as mean ± SD from three experimental
repeats with statistical significance represented by; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.

CD147 and CD44s mediate differentiation of myofibroblasts
IL-1β on the protein expression of these variants (see
Figs. S3 and S4).
CD44 variants with multiple exon insertions

A panel of reverse primers and a common forward primer
were used (Fig. 2A) to identify CD44 variants containing
multiple exons between the CD44 common regions. All
amplifications were carried out using a common forward
primer situated in exon 5. When the common forward primer
was used with a reverse primer situated in the common
downstream region (exon 17), a single product was amplified
and identified as CD44s. A single product was also amplified
when each of the reverse primers situated in exons 6, 7, and 8
were amplified with the common forward primer. The prod-
ucts were sequenced as CD44v2, CD44v3, and CD44v4,
J. Biol. Chem. (2021) 297(3) 100987 3



Figure 2. Large CD44 spliced variant expression by fibroblasts stimulated with TGF-β1 or IL-1β. Schematic (A) shows the primers designed for PCR. A
common forward primer located in exon 5 was used for all targets. A panel of reverse primers that were located within spliced variant exons (6–14) was
used to amplify CD44 spliced variants (v2-v10). A separate reverse primer, located in exon 17, was used to identify CD44 standard. Fibroblasts were grown to
80% confluence, then growth-arrested in serum-free medium for 48 h. Cells were treated with TGF-β1 (10 ng/ml, 72 h), IL-1β (1 ng/ml, 6 h), or serum-free
media (control samples). RNA extraction, touch-down PCR, gel extraction, and sequencing were all as described in the methods section. Lane 1: control
extracted 48 h after growth arrest; Lane 2 control treated with serum-free medium; Lane 3 TGF-β1 stimulated or IL-1β stimulated fibroblasts. Gels shown are
representative of those from three independent experiments. Table 1 shows the band number, the position of reverse primers used in TD-PCR, the product
size, and the identity, determined by DNA sequencing, of bands 1–8.

CD147 and CD44s mediate differentiation of myofibroblasts
respectively (Fig. S5). Amplification of the common forward
primer with separate reverse primers situated within exons 10,
11, 12 and 13 amplified sequentially larger amplicons with
each successive primer position (Fig. 2). DNA sequencing of
bands 1–7 (Fig. 2, B–E and G–J) was used to identify each
amplicon that resulted from each primer combination
(Table 1). The final large amplicon (band 7) was identified as a
sequential amplicon of CD44 exons 6–10 of approximately
720 bp (Fig. 2, F and K (band 8)).
CD44 standard (CD44s) is the principle CD44 variant involved in
TGF-β1-induced differentiation and IL-1β-stimulated monocyte
binding

Our laboratory has previously shown that CD44 via its as-
sociation with HA was required for both TGF-β1-induced
fibroblast to myofibroblast differentiation and IL-1β-induced
fibroblast monocyte binding (15, 36). However, it is not
4 J. Biol. Chem. (2021) 297(3) 100987
understood which of the CD44 variants are involved in these
pathways. Investigation of the importance of each variant
identified was carried out using a process of elimination. Firstly,
CD44 variants that were highly expressed (CD44s, CD44v3,
CD44v6, and CD44v10) were silenced using custom-designed
siRNA oligonucleotides. Additionally, an siRNA to CD44v8
was used to confirm sufficient knockdown of the larger variant
CD44v6-10. Silencing mRNA of CD44v3, CD44v6, CD44v8,
and CD44v10 had no effect on the expression of αSMA
following TGF-β1 stimulation or CD45, (a marker for bound
monocytes) following IL-1β treatment (see Figs. S6 and S7). In
contrast, silencing CD44s (Fig. 3, A and C) decreased αSMA
mRNA expression in myofibroblasts compared with the nega-
tive siRNA control (Fig. 3B) and IL-1β-induced monocyte
binding (Fig. 3D). However, there was no effect on the
expression of CD44 variants CD44v3, CD44v6, CD44v8 or
CD44v10 when CD44s was silenced (Figs. S8 and S9). CD44s
knockdown at the protein level was confirmed using western



CD147 and CD44s mediate differentiation of myofibroblasts
blot (Fig. 3E) and quantified using densitometry (Fig. 3F). Using
ICC to observe αSMA protein expression demonstrated that
cells transfected with siRNA to CD44s had a marked reduction
in αSMA stress fiber formation following TGF-β1 induction
(Fig. 3, K and L) compared with those cells transfected with the
negative siRNA control (Fig. 3, H and I). There was no effect of
silencing CD44s by fibroblasts (Fig. 3J) compared with those
transfected with the negative siRNA control (Fig. 3G).
Inhibiting CD147 protein expression prevents the formation of
TGF-β1-induced αSMA stress fibers and contractility associated with
the myofibroblast phenotype

CD147 is a cell-surface protein that has been previously
identified to interact with HA/CD44/EGFR complexes and
modulate cellular function (34). In addition, it has long been
established that TGF-β1 mediates fibroblast to myofibroblast
differentiation in an HA/CD44/EGFR-dependent manner (15).
Therefore, this study investigated whether CD147 was
involved with the CD44s-dependent induction of the myofi-
broblast phenotype. Future work will investigate the role of
CD147 and CD44s in monocyte binding following IL-1β
stimulation. The mRNA for CD147 was highly expressed in
our fibroblast model. TGF-β1 induction of the myofibroblast
phenotype, however, did not alter the expression of CD147
mRNA (Fig. 4A). To investigate whether CD147 was involved
in TGF-β1-dependent myofibroblast differentiation, we used
siRNA to CD147. It was determined that the knockdown of the
CD147 mRNA was greater than 80% following 72 h of tran-
sient transfection (Fig. 4B). However, 144 h of transfection
with CD147 siRNA was required for complete knockdown of
protein expression (Fig. 4C) and was confirmed using densi-
tometry (Fig. 4D). Therefore, fibroblasts were transfected with
an siRNA to CD147 for 72 h and then treated with TGF-β1 for
a further 72 h. Control fibroblasts were transfected with a
negative siRNA. Transfection for 144 h with siRNA to CD147
did not prevent the induction of αSMA mRNA in TGF-β1-
treated myofibroblasts (Fig. 4E). In addition, the expression of
αSMA protein was not inhibited following CD147 knockdown
(Fig. 4, F–G). Previously, it has been shown that TGF-β1 in-
duction of the myofibroblast phenotype induces the incorpo-
ration of αSMA into F-actin stress fibers. In myofibroblasts
these stress fibers are arranged cortically throughout the cell
and are characteristic of the myofibroblast (37). Transient
transfection using a negative siRNA showed that F-actin
(green stain; Fig. 4H) and αSMA (red stain; Fig. 4I) colocalized
Table 1
Forward and reverse primer exon position for amplification of larger C

Identified product Band number Exon position of forwa

CD44v6 1 Exon 5
CD44 v6-7 2 Exon 5
CD44v8 3 Exon 5
CD44v6-8 4 Exon 5
CD44v9 5 Exon 5
CD44v8-9 6 Exon 5
CD44v6-9 7 Exon 5
CD44v6-10 8 Exon5/Exon10 Boundar
forming yellow cortical stress fibers (Fig. 4J). Myofibroblasts
that were transfected with an siRNA to CD147 also had
cortical F-actin stress fibers (green stain; Fig. 4K). These data
suggest that CD147 does not have a role in regulating the
rearrangement of F-actin in fibroblast to myofibroblast dif-
ferentiation. Interestingly, although αSMA (red stain Fig. 4L)
was still expressed, it was not incorporated into cortical stress
fibers of the myofibroblasts. Instead, αSMA was situated
within the cytoplasmic region of the cell in an irregular
pattern. There was limited colocalization when F-actin
(Fig. 4K) and αSMA (Fig. 4L) images were merged (Fig. 4M).
The expression of αSMA-positive stress fibers is often asso-
ciated with the contractile phenotype of myofibroblasts (38).
The lack of uniform αSMA-positive stress fiber formation in
myofibroblasts transfected with siRNA targeting CD147 sug-
gested that the contractile ability of the myofibroblasts would
be impaired. Collagen gels were used to assess the effect of
silencing CD147 on the contractility of myofibroblasts. Cells
were seeded on to the collagen gel and growth arrested for
24 h. Transient transfection was then carried out overnight
with an siRNA to CD147 or a negative control siRNA. TGF-β1
(10 ng/ml) was then added with fresh serum-free media and
replenished after 72 h. Control cells were treated with media
alone and are labeled 0 h. Collagen gels that contained cells
transfected with the siRNA to CD147 consistently had
impaired contraction when compared with the negative siRNA
control cells (Fig. 4, N–Q).
CD147 does not colocalize with EGFR in myofibroblasts

To investigate whether the inhibition seen above was due to
a change in CD147 association with CD44 and EGFR, we
examined its cell surface localization by immunocytochem-
istry. CD147 (green stain) was highly expressed on the cell
surface and intracellularly in fibroblasts and myofibroblasts
(Fig. 5, A and E). CD44 (red stain) was also highly associated
with the cell membrane in fibroblasts and myofibroblasts
(Fig. 5, B and F). CD147/CD44 colocalization in fibroblasts and
myofibroblasts was assessed by merging the CD147 and CD44
images (Fig. 5, C, D, G and H). CD147/CD44 association in
fibroblasts was limited and CD147 formed independent clus-
ters from CD44 throughout the cell (Fig. 5D (white arrows)).
Conversely, myofibroblasts showed an almost complete asso-
ciation of CD147 with CD44 (Fig. 5H). To confirm this asso-
ciation in myofibroblasts, CD147 was immunoprecipitated and
its association with CD44 observed (Fig. 5I). Using a Pan CD44
D44 variants

rd primer Exon position of reverse primer Target size

Exon 10 424 bp
Exon 11 573 bp
Exon 12 408 bp
Exon 12 674 bp
Exon 13 402 bp
Exon 13 496 bp
Exon 13 757 bp

y Exon15/Exon14 Boundary 720 bp

J. Biol. Chem. (2021) 297(3) 100987 5



Figure 3. CD44s regulates fibroblast to myofibroblast differentiation and IL-1β-induced monocyte binding. Fibroblasts were cultured in 6-well plates
until approx. 50–60% confluent. Cells were growth-arrested for 48 h before transfection with an siRNA to CD44s or a negative siRNA control. Cells were
treated with either TGF-β1 (10 ng/ml) or IL-1β (1 ng/ml) for 72 h. Control fibroblasts were treated with serum-free media alone. RNA was extracted and
RTqPCR performed firstly to show the knockdown of CD44s (A and C). The effect of CD44s knockdown on αSMA expression (a marker of myofibroblasts) and
CD45 (a marker of monocytes) can be observed in (B and D), respectively. Data compare cells transfected with CD44s siRNA to cells transfected with a
negative siRNA control and compare control cells (black circles) and cells treated with TGF-β1 (10 ng/ml) (B) or IL-1β (1 ng/ml) (C) for 72 h (black squares).
CD44s protein expression was knocked down over a time course of 0–72 h. Cells were treated with siRNA CD44s (+) or with an siRNA negative control (−).
Western blot was used to identify CD44s in cell lysates and GAPDH as a loading control (E). Western blots were quantified using Image J software to perform
densitometry (using CD44/GAPDH ratios). Proteins from fibroblasts transfected with negative siRNA controls (black circles) were compared with protein from
fibroblasts transfected with an siRNA to CD44 (black squares) over a 0–72 h time course (F). Data are shown as mean ± SD from three experimental repeats
with statistical significance represented by; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001. ICC shows Fibroblasts (G and J) and myofibroblasts (H, I, K,
and L) following CD44s siRNA transfection (J–L) compared with cells transfected with a negative siRNA (G–I). Scale bar for figures (I and L) is 100 μm. Images
are representative of each cell population from three independent experiments, magnification ×400.

CD147 and CD44s mediate differentiation of myofibroblasts
antibody as a detection antibody, all CD44 variants were
detectable as shown by total lysate (lane 1). Interestingly, when
coimmunoprecipitated with CD147, only one band was
detected with the Pan-CD44 antibody at an MW of
6 J. Biol. Chem. (2021) 297(3) 100987
�85–90 kDa, indicative of the standard form of CD44. The
association of CD44s with CD147 was increased in myofi-
broblasts (lane 2) compared with fibroblasts (lane 3). These
confirmed results were observed using ICC. An IgG negative



Figure 4. CD147 regulates αSMA incorporation into F-actin stress fibers in myofibroblasts. Fibroblasts were grown to ~80% and growth arrested for
48 h. Cells were then treated with fresh serum-free media containing TGF-β1 (10 ng/ml) or serum-free media alone (control). CD147 mRNA expression was
assessed by RTqPCR in fibroblasts (black circles) and TGF-β1 induced myofibroblasts (black squares) (A). Using siRNA to CD147, there was >80% knockdown
in CD147 at the mRNA level (B) in both fibroblasts (black circles) and TGF-β1-induced myofibroblasts (black squares). Western blot and densitometry analysis
were used to assess CD147 protein expression following 144 h siRNA treatment compared with control siRNA. C and D, following specific siCD147
knockdown, fibroblasts were treated with TGF-β1 (10 ng/ml) (black squares) or serum-free media alone (control) (black circles). The RNA from cells was then
extracted and RTqPCR carried out for αSMA mRNA expression (E). Cells were also extracted for protein and western blot for αSMA was performed (F) and
quantified using densitometry (G). Data are displayed as CD147/GAPDH. Protein from fibroblasts transfected with siRNA negative control (black circles) was
compared with protein from fibroblasts. For all qPCR and western blot analysis, data are shown as mean ± SD from three experimental repeats with
statistical significance represented by; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001. Confocal microscopy was used to analyze αSMA association
with the F-actin cytoskeleton following CD147 knockdown. Images show F-actin ([green stain] [H and K]) and αSMA ((red stain) (I and L)) following
transfection with either a negative control (H and I) or an siRNA to CD147 (K and L). F-actin and αSMA images were overlaid to determine colocalization.
Colocalization was observed in merged images (yellow stain) (J and M). Cells that did not exhibit colocalization are indicated by (white arrows) (M). A
representative picture was taken of each cell population under each condition. Original magnification x 400. The role of CD147 in myofibroblast contraction
was assessed using collagen gels. Briefly, fibroblasts were seeded onto premade collagen gels and grown to 50–60% confluence. Following growth arrest
fibroblasts were transfected with an siRNA targeting CD147 or a negative control siRNA. Fibroblasts were further growth arrested before being treated with
serum-free media (control cells) or serum-free media containing TGF-β1 (10 ng/ml). Collagen gels were photographed at 0 h and 144 h, following TGF-β1
stimulation. N and O show contraction gel of fibroblasts transfected with a scrambled control siRNA. P and Q show fibroblasts transfected with an siRNA
targeting CD147.

CD147 and CD44s mediate differentiation of myofibroblasts
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Figure 5. CD147 associates with CD44s but not EGFR. Immunocytochemistry analysis was used to assess CD147/CD44 and CD147/EGFR colocalization on
the membrane of fibroblasts (A–D and J–M) and myofibroblasts (E–H and N–Q). Fibroblasts were grown to approximately 50% confluence in DMEM/F12
medium containing 10% v/v FCS. Following growth arrest cells were treated with serum-free medium containing TGF-β1 (10 ng/ml) or fresh serum-free
medium alone (control fibroblasts) for 72 h prior to cells being fixed in 4% paraformaldehyde. Images show ICC florescence staining of CD147 (green
stain) (A, E, J, and N), CD44 (red stain) (B, F, K, and O). Merged staining for CD147/CD44 association in fibroblasts is shown in (C and D). Images (G and H)
show CD147/CD44 colocalization in myofibroblasts. Original magnification ×400. Confirmation of CD147/CD44 was determined using coimmunoprecipi-
tation (I). Image shows total lysate of CD44 (lane 1). Localization of CD44s and CD147 in fibroblasts (Lane 1) and myofibroblasts (Lane 2). An IgG control is
shown in Lane 4. Images demonstrating EGFR/CD147 colocalization by fibroblasts and myofibroblasts show CD147 (J and N) (green stain), EGFR (K and O)
(red stain) and merged images (L and M) fibroblasts and (P and Q) myofibroblasts. CD147 clusters in CD44/CD147 fibroblasts and CD147/EGFR myofi-
broblasts are depicted by the white arrows in enlarged images (D and Q). The scale bar for enlarged images (D, H, M and Q) (5 × zoom) is equal to 125 μm.

CD147 and CD44s mediate differentiation of myofibroblasts
control is shown (lane 4). To investigate the CD147 in-
teractions further, ICC was used to analyze CD147 (green
stain) and its potential association with EGFR (red stain) in
fibroblasts (Fig. 5, J–M) and myofibroblasts (Fig. 5, N–Q).
CD147 had some colocalization with EGFR in fibroblasts
(Fig. 5, L and M). In contrast, myofibroblasts had separate
populations of CD147 and EGFR (Fig. 5, P and Q). Further-
more, CD147 formed clusters throughout the cell, which were
separated from EGFR-rich areas (Fig. 5Q) (white arrows).
HAS2 and CD147 do not synergistically regulate the mRNA
expression of the other and HA mediates the CD147/CD44
association via movement though the membrane and cell–cell
contacts

HAS2 is the principal HA synthase involved in fibroblast to
myofibroblast TGF-β1-induced differentiation (39). The two
other HA synthases HAS1 and HAS3 have previously been
shown to have no important role in the differentiation process
(13). As HAS 2 has such an essential role in regulating and
maintaining the myofibroblast phenotype and data from this
study identifies CD147 as an important regulator of the
myofibroblast phenotype, it was deemed important to assess if
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the two had a synergistic role in their regulation of mRNA
transcription. Using an siRNA to HAS2 (Fig. 6A), there was
significant knockdown of HAS2 in myofibroblasts; however,
the decreased HAS2 expression did not affect the overall
expression of CD147 mRNA (Fig. 6B). The CD147/CD44
colocalization identified in this paper regulates the incorpo-
ration of αSMA into stress fibers. HA associates with its
principal receptor CD44, but HA also has a regulatory role
with CD147 and other receptors (including CD44) in forming
multireceptor complexes in lipid raft regions of the plasma
membrane (24) To investigate the role of HA and CD44 in this
study, hyaluronidase was used to remove extracellular and
membrane-bound HA and the coassociation of CD44 and
CD147 in the membrane was assessed. CD44 (Fig. 6, C and G
(red stain)) and CD147 (Fig. 6, D and H (green stain)) were
highly expressed in fibroblasts. Furthermore, CD44 and CD147
did not colocalize in cells untreated with hyaluronidase (Fig. 6,
E and F). This is in line with previous data shown in (Fig. 5, D
and C). Removing HA using hyaluronidase had no effect on
the lack of CD44/CD147 colocalization in fibroblasts (Fig. 6, I
and J). Control myofibroblasts that had not been treated with
hyaluronidase showed that CD44 (Fig. 6K) (red stain) and
CD147 (Fig. 6L) green stain had increased colocalization



Figure 6. HA mediates CD44/CD147 colocalization in the cell membrane and at cell–cell contact regions. qPCR was used to show the knockdown of
HAS2 expression and CD147 mRNA in myofibroblasts (A and B) respectively. Cells were grown to approximately 50–60% confluence and growth arrested for
48 h. They were then transfected with either an siRNA to HAS2 or CD147 or a negative siRNA. Following transfection cells were treated with TGF-β1 (10 ng/
ml) for 72 h (black squares) or with serum-free media alone for control fibroblasts (black circles). Data are shown as mean ± SD from three experimental
repeats with statistical significance represented by; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001. Immunocytochemistry analysis was used to assess
CD147/CD44 colocalization in fibroblasts (C–J) and myofibroblasts (K–R). Control cells (C–F) and (K–N) were compared with cells that had HA removed using
hyaluronidase (G–J) and (O–R). Fibroblasts were grown to approximately 50% confluence in DMEM/F12 medium containing 10% v/v FCS. Following a 48 h
growth arrest period cells were treated with Hyaluronidase (100 μg/ml) or fresh serum-free medium and incubated at 37 �C, 5% CO2 for 2 h. The media was

CD147 and CD44s mediate differentiation of myofibroblasts
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CD147 and CD44s mediate differentiation of myofibroblasts
(Fig. 6M) (yellow merge). Interestingly, the colocalization of
CD44/CD147 was present throughout the cell membrane
(Fig. 6N (white arrows)) and on closer inspection, there was an
increased colocalization observed at the points of cell–cell
contact (Fig. 6N (red arrows)). Using hyaluronidase to
remove HA reduced CD44 (Fig. 6O (red stain)) and CD147
(Fig. 6P (green stain)) colocalization CD44/CD147 (Fig. 6Q).
This reduction of colocalization was observed in both the
membrane (Fig. 6R (white arrows)) and at cell–cell contact
regions (Fig. 6R (red arrows)).

Extracellular HA does not bind CD147

Removing pericellular HA from myofibroblasts prevents the
movement of CD44 in the membrane and inhibits its essential
associations with other membrane-bound receptors (15).
Although we have a clear understanding of the HA/CD44
association in myofibroblasts, we do not know if CD147 binds
HA in a similar manner. To determine if HA binds CD147 in
fibroblasts and myofibroblasts, ICC was carried out and
observed using confocal microscopy. Extracellular HA was
observed using HABP in fibroblasts (Fig. 7A) and in myofi-
broblasts (Fig. 7E cultures (red stain)). As expected, extracel-
lular HA increased in myofibroblast cultures. Consistent with
previous data in this research, CD147 was expressed by fi-
broblasts and myofibroblasts (Fig. 7, B and F (green stain)).
Merging HABP and CD147 images did not show any associ-
ation of HABP with CD147 in fibroblasts (Fig. 7, C and D) or
myofibroblasts (Fig. 7, G and H). These data suggest that any
CD44/CD147 association is modulated by HA association with
CD44.

CD147 exists in and out of lipid raft regions of the plasma
membrane in myofibroblasts

CD147 exists in multiple glycosylated forms that mediate
different functions and have varying expression between cell
types (40). Western blot analysis of fibroblasts and myofibro-
blasts identified two bands of 32 and 44 kDa molecular mass
(Fig. 8A), suggesting that the less glycosylated form (LG-
CD147) (32 kDa) and a highly glycosylated form (HG-CD147)
(44 kDa) of CD147 were expressed in fibroblasts and myofi-
broblasts. Densitometry analysis compared the expression of
each glycosylated CD147 form between fibroblasts and myofi-
broblasts (Fig. 8, B and C). There was no significant difference
in LG-CD147 expression between fibroblasts and myofibro-
blasts (Fig. 8B). However, HG-CD147 had an increased
expression in myofibroblasts compared with fibroblasts
(Fig. 8C). CD147 (green stain) and CTXB (binds to lipid rafts;
red stain) indicated CD147 and its location in the plasma
membrane in fibroblasts and myofibroblasts (Fig. 8, D–K).
CD147 and CTXB staining was ubiquitous throughout fibro-
blasts (Fig. 8, D and E) and myofibroblasts (Fig. 8, H and I).
then removed and replaced with either serum-free media containing TGF-β1
Cells were then fixed in 4% paraformaldehyde. Images show ICC florescence sta
P). Merged staining (E, I, M, and Q) represents CD44/CD147 association in fib
fibroblasts. Enlarged images for fibroblasts (N) and myofibroblasts (R) show cel
Scale bar for enlarged images F&J is equal to 100 μm. Scale bar for enlarged
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Complete colocalization between CD147 and CTXB was
observed in fibroblasts (yellow merge) (Fig. 8, F and G).
Conversely, myofibroblasts had two distinct populations of
CD147. The first showed some areas of colocalization of CD147
with CTXB (white block arrows) (Fig. 8J). Additionally, CD147
was observed to form independent clusters that were separate
from CTXB staining (lipid raft regions) (Fig. 8K (white arrows)).
To confirm this, a density gradient fractionation analysis of the
membrane was performed. Our previous studies have identified
cholesterol-rich lipid rafts to be important for CD44/EGFR
colocalization (15). These are abundant regions within the
membrane, containing various lipids and caveolin (41, 42).
CD147 association with lipid raft and non-lipid-raft regions was
investigated using CAV-1 (band MW �21 kDa) and early
endosomal antigen 1 (EEA-1) (band MW �170 kDa), respec-
tively. Ten fractions were extracted from the gradient sample
and analyzed using western blot. The first sample was discarded
as waste and fractions 2–10 were used to determine membrane
regions. Fig. 8L shows that CAV-1 expression was the highest in
fractions 5–7 and EEA-1 expression was only present in frac-
tions 9–10 indicative of nonraft regions. Fibroblasts expressed
CD147 mainly in CAV-1rich regions in fractions 5–8 and
CD44s was expressed in fractions 7–8. CD147 was not localized
to nonraft regions (fractions 9–10) (Fig. 8M). Myofibroblasts
had two distinct populations of CD147: one that was situated in
CAV-1-positive lipid raft regions (fraction 7), together with
CD44; and another seen in EEA-1-positive nonraft regions
(fractions 9–10) (Fig. 8N).
CD147 regulates CD44 distribution throughout the membrane

This study identified that CD44 had increased colocalization
with CD147 in myofibroblasts (Fig. 5, G and H). It was also
identified that CD147 existed in and out of lipid raft regions in
the plasma membrane in areas where CD44 was also situated.
Here, we have investigated how silencing CD147 affected the
CD44/CTXB association, which has previously been shown to
be important in myofibroblast differentiation (15) Fibroblasts
transfected with the negative siRNA showed CD44 (red stain)
to have a high expression in fibroblasts (Fig. 9A). Myofibro-
blasts had increased CD44 expression localized to the mem-
brane (Fig. 9D). Similarly, CTXB (lipid rafts; green stain) had
an increased membrane association in myofibroblasts (Fig. 9E)
compared with fibroblasts (Fig. 9B). In line with our previous
work, the membrane association of CD44 with lipid raft re-
gions had an increased association in myofibroblasts (Fig. 9, F
and G (white arrows)) (yellow; merged image), compared with
fibroblasts (Fig. 9C). Silencing CD147 protein did not affect the
level of CD44 (red stain) or CTXB (green stain) expression by
fibroblasts (Fig. 9, H and I). Merger of CD44 with CTXB did
not show colocalization in fibroblasts (Fig. 9J) transfected with
siRNA to CD147. CD44 (red stain) was situated diffusely
(10 ng/ml) or fresh serum-free medium alone (control fibroblasts) for 72 h.
ining of CD44 (red stain) (C, G, K, and O) and CD147 (green stain) (D, H, L, and
roblasts. Images (M, Q, N, and R) show CD147/CD44 colocalization in myo-
l membrane regions (red arrows) and cell–cell contact regions (white arrows).
images N&R is equal to 125 μm Original magnification ×400.



Figure 7. HA does not bind CD147. Immunocytochemistry analysis was used to assess HA binding to CD147 in fibroblasts (A–D) and myofibroblasts (E–H).
Fibroblasts were grown to approximately 50% confluence in DMEM/F12 medium containing 10% v/v FCS. Following a 48 h growth arrest period cells were
treated with TGF-β1(10 ng/ml) or fresh serum-free medium and incubated at 37 �C, 5% CO2 for 72 h. Cells were then fixed in 4% paraformaldehyde and
stained with HABP (A and E) (red stain) or CD147 (B and F) (Green stain). HABP/CD147 association can be observed in fibroblasts (C and D) and myofi-
broblasts (G and H). Scale bar for enlarged images (D and H) is equal to150 μm. Original magnification ×400.

CD147 and CD44s mediate differentiation of myofibroblasts
throughout the membrane in myofibroblasts that had CD147
expression silenced (Fig. 9K). Interestingly CTXB was also
diffusely situated in the membrane (Fig. 9L), and the colocal-
ization observed was increased across the total cell (Fig. 9, M
and N) not just select areas in the plasma membrane as
observed in siRNA control myofibroblasts (Fig. 9, F and G).
Discussion

Hyaluronan and its principal receptor CD44 mediate pro-
fibrotic and proinflammatory responses following TGF-β1 and
IL-1β activation in fibroblasts. The association of HA/CD44
complexes with membrane receptors EGFR and ICAM1,
respectively, mediates these responses by modulating multi-
functional pericellular HA coats (14, 15). CD44 is expressed as
multiple variants, resulting from alternative splicing of its stem
region (43). Moreover, the expression of CD44 variants is well
documented to be dependent on cell type (reviewed by (44)),
cytokine activation, and environmental changes associated
with pathology (45–47). This study investigated which CD44
variants were expressed by fibroblasts and demonstrates the
effects of TGF- β1 and IL-1β on their expression.

CD44s is the simplest CD44 variant, it is comprised of only
the extracellular region and the transmembrane/cytoplasmic
domains; known as the common regions (regions that are
common to all CD44 variants). It is well established that
CD44s is the most abundant and widely distributed isoform of
CD44 and is most commonly associated with HA-binding
functions (48). This study identified CD44s as also being the
most highly expressed CD44 variant in normal resting fibro-
blasts. CD44 variants containing a single exon insertion into
the stem region situated between the two common regions
were identified in descending order of expression as: CD44v3,
CD44v6, CD44v10, CD44v8, CD44v4, CD44v2, CD44v9, and
CD44v7. A larger, multiple exon variant CD44v6-10 was also
identified. Although all CD44 variants express the same HA-
binding domain, situated within the amino domain they
display different HA-binding affinity, often associated with
CD44 cluster formation within the plasma membrane (49, 50).
This study identified CD44s as the variant that was essential
for myofibroblast differentiation following TGF-β1 activation
and for IL-1β induction of monocyte binding. Silencing CD44s
prevented the increased expression of αSMA stress fiber for-
mation, giving cell morphology that was more representative
of a fibroblast than a myofibroblast. CD44s is well documented
to be associated with pathology (51, 52), and this study iden-
tified CD44s as the important CD44 variant in the HA/CD44/
EGFR complex, known to be induced following TGF-β1 in-
duction (15). Interestingly, all identified CD44 variants had an
attenuated expression following induction with TGF-β1. An
explanation for this may be that HA/CD44 interaction alters in
myofibroblasts compared with fibroblasts. In fibroblasts, CD44
is diffused throughout the plasma membrane. When TGF-β1
induces differentiation, however, CD44 is moved into clusters
by HA, resulting in the formation of an HA/CD44-dependent
pericellular coat (16, 53). This different orientation of CD44
alters the affinity of the HA/CD44 complex, a factor that is
known to alter the cellular response (54).

Conversely, the proinflammatory cytokine IL-1β increased
the expression of all identified CD44 variants. It is well estab-
lished that a continued inflammatory response plays a role in
the underlying pathology of fibrotic progression by mediating
J. Biol. Chem. (2021) 297(3) 100987 11



Figure 8. CD147 and CD44s are both localized in raft and nonraft regions of the plasma membrane in myofibroblasts. CD147 glycosylation forms
that were expressed by fibroblasts and myofibroblasts were assessed using SDS PAGE followed by western blot analysis (A). Total lysate was extracted from
cell culture using RIPA cell lysis buffer before separation by 7.5% SDS-PAGE. Proteins were transferred onto a nitrocellulose membrane before being probed
with an antibody to CD147. GAPDH was used as a loading control. Densitometry was used to compare LMW bands (B) and HMW bands (C) between fi-
broblasts (black circles) and myofibroblasts (black squares). Data are shown as mean ± SD from three experimental repeats with statistical significance
represented by; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001. D–K show the position of CD147 in fibroblasts (D–G) and myofibroblasts (H–K). Images
show CD147 (green stain) location in fibroblasts and myofibroblasts (D and H), respectively. Cholera toxin B (red stain) was used to show lipid raft regions in
fibroblasts (E) and myofibroblasts (I). Merging the images highlighted areas of colocalization (yellow stain) of CD147 and CTX in fibroblasts (F and G) and

CD147 and CD44s mediate differentiation of myofibroblasts
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the influx of healing mediators to the site of injury including
monocytes/macrophages and fibroblasts (Reviewed by (55)).
The association of fibroblasts with monocytes/macrophages has
been demonstrated previously to play a role in fibrogenesis (56).
Our studies have implicated IL-1β in the induction of
fibroblast–monocyte binding in an HA/CD44-dependent
manner (14). After IL-1β stimulation, fibroblasts form cell
membrane protrusions that associate with linear spikes of HA.
CD44 is central to this formation and accumulates within the
protrusions, closely associated with ICAM-1 and mediating
monocyte binding (14). This study demonstrated that CD44s
was also the variant involved in this interaction.

CD147 is well established as an MMP inducer (57–59) and
has been shown to have multifunctional roles in many pro-
gressive diseases and in animal models of disease (28–31),
including, cardiovascular disease, Alzheimer’s, and more
recently as an entry route into cells for SARs-CoV-2 (COVID
19) (60–62). Its involvement in CKD has been well described
(32, 33) and in the Figure S10, we show its changing expression
in a mouse model of CKD. CD147 is strongly expressed by the
tubular epithelium of both proximal and distal tubules but is
absent from the interstitium in healthy kidneys. In chronic
fibrosis, there is loss of CD147 expression associated with
injured tubules, while its expression is increased in interstitial
regions associated with myofibroblast expansion and collagen
deposition. Despite this wealth of in vivo evidence, there is
little known about its potential involvement and associated
mechanisms in the control of cell phenotype. Interestingly,
CD147 has also been shown to associate with an HA/CD44/
EGFR complex in breast cancer cells, increasing their inva-
siveness (34). Our study identified that CD147 was highly
expressed in fibroblasts, but its transcription was not altered by
stimulation with TGF-β1. This is in contrast to previous re-
ports that TGF-β1 induced CD147 expression in corneal
fibroblasts (63). We did, however, see a difference at the pro-
tein level. CD147 exists in multiple glycosylated forms
dependent on cell type and function (40). High (HG) and low
(LG) glycosylated forms of CD147 have been reported to
associate with lipid rafts (42). Interestingly, the HG-CD147
form has previously been identified to have increased expres-
sion under fibrotic conditions (64). Similarly, this study iden-
tified a high and low glycosylated form of CD147 to be
expressed by fibroblasts and myofibroblasts. However, only
HG-CD147 expression was increased in myofibroblasts, sug-
gesting that the high glycosylated form of CD147 may alter its
position in myofibroblasts in a manner that contributes to
fibrotic progression.

Myofibroblasts can be characterized by the increased
expression of αSMA stress fibers. Silencing CD147 did not
myofibroblasts (J and K). Areas of CD147 cluster formation are depicted by whit
equal to 100 μm. Where in the plasma membrane CD44s and CD147 were p
gradient ultracentrifugation. Briefly, the density gradient had five layers contain
lowest layer) 35%, 30%, 25%, 20%, and 0% made up to 1 ml with lysis buffer. T
at 200,000g for 14 h at 4 �C. Ten 500 ml aliquots were extracted from the final g
the first aliquot taken from the top of the ultracentrifugation tube). Following c
of the fractions were lipid-rich rafts, an antibody to Caveolin-1 was used (L). No
5–7 were identified as Cav-1-rich lipid raft fractions. Fractions 9–10 were identi
in fibroblasts (M) and myofibroblasts (N).
affect αSMA transcription or αSMA protein expression. How-
ever, silencing CD147 prevented αSMA incorporation into
F-actin to form stress fibers. The incorporation of αSMA into
the F-actin cytoskeleton by the NH2 terminal motif AC-EED
requires the correct mechanical tension mediated by the com-
bination of correct mature focal adhesion formation, cell–cell
contact, cell–ECM contact, and intracellular cytoskeletal rear-
rangement (38, 65, 66). In line with this, inhibiting CD147
limited myofibroblasts contractility. That the contractility was
not totally impaired can be explained by a study showing that γ-
actin and β-actin partly compensate for the functional role in
the absence of αSMA in myofibroblasts (67).

This study established that CD147 had an increased asso-
ciation with CD44s in myofibroblasts but did not associate
with EGFR. Therefore, CD147 did not have a role in the pre-
viously described TGF-β1-activated HA/CD44/EGFR pathway.
CD44 and CD147 are both known to regulate MMP tran-
scription and activation (59, 68), and CD44 has been docu-
mented to act as a platform for MMPs (69), the association of
CD44 with CD147 (a known MMP inducer) may allow for a
synergistic relationship where CD44 positions MMPs and
mediates CD147 activation. Elevated mechanical tension has
been shown to exacerbate pulmonary lung fibrosis following
TGF-β1 activation (70). CD44 and CD147 have both been
documented to be involved in mechanotransduction (71). An
important factor in obtaining the correct mechanical tension is
ECM rearrangement and as both CD44 and CD147 modulate
MMPs, it is likely that both contribute to mechanism.

CD147 is able to regulate HA function by forming multi-
receptor complexes. Indeed, the stability of cell membrane
lipid rafts is dependent on the formation of such receptor
complexes and CD147 has been identified as essential for raft
integrity, reviewed in (72). This study shows that CD147
binds CD44s, and these receptors together form clusters
within cell–cell contact areas of adjacent myofibroblasts.
Both CD147 and CD44 have previously been identified to
mediate cell–cell contact, which is an important contributor
to mechanical tension (73). Removing HA before differenti-
ation inhibited TGF-β1-induced association of CD147 with
CD44 at points of cellular contact. Furthermore, HA did not
associate with CD147 in fibroblasts or myofibroblasts. As HA
is well established to mediate the movement and function of
CD44, this study suggests that CD44 is moved through the
membrane where it forms a complex with CD147, which in
turn stabilizes the complex through association with the
plasma membrane.

In fibroblasts CD147 was situated in CAV-1-positive lipid
raft regions, while it was also situated in nonraft regions in
myofibroblasts with CD44. These findings suggest that the
e arrows in the enlarged image (K). Scale bar for enlarged images (G and K) is
ositioned in fibroblasts and myofibroblasts was determined using density
ing various percentages of OptiPrep Medium. These were (starting from the
he cell lysate was added to the final 0% layer. Samples were the centrifuged
radient tube. The aliquots were labeled fractions 1–10 (with fraction 1 being
ollection the fractions were separated using SDS-PAGE. To determine which
n-lipid-raft regions were identified using an antibody to EEA-1 (L). Fractions
fied as nonraft regions. Fraction analysis of CD44 and CD147 was carried out
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Figure 9. Increased colocalization is seen in myofibroblasts with CD147 protein expression silenced. Cells were transfected with a negative siRNA
control (A–G) or with an siRNA that targeted CD147 (H–N). Fibroblasts were then treated with TGF-β1 (10 ng/ml) (D–G) and (K–N) or with serum-free media
(A–C) and (H–J) and incubated for 72 h. Using ICC cells were stained for CD44 (red stain) (A, D, H, and K) or Cholera toxin B (green stain) (to identify lipid raft
regions) (B, E, I, and L). Merged images show colocalization (yellow stain) between CD44 and CTX in fibroblasts (C and J) and myofibroblasts (F and M).
Enlarged images show areas of CD44/CTXB colocalization in myofibroblasts transfected with negative siRNA CT (G) or an siRNA to CD147 (N) (white arrows).
Scale bar for enlarged images equals 100 μm.

CD147 and CD44s mediate differentiation of myofibroblasts
increased CD147/CD44 colocalization, observed in myofibro-
blasts, could occur both in and out of raft regions. Out of raft
regions CD147 forms clusters and its MMP role is reestab-
lished due to a lack of CAV-1 association. CD147 cluster
formation is commonly associated with the N-glycosylations
associated with HG-CD147 (42, 74). This study showed an
increased expression of the HG-CD147 and silencing CD147
increased the association of CD44 with lipid-rich regions in
myofibroblasts. These data together suggest that clusters of
CD147 may be essential for a CD147/CD44 complex
14 J. Biol. Chem. (2021) 297(3) 100987
formation outside of raft regions and that removal of HA also
prevents this complex formation.

We have further investigated the presence of CD147 in our
rat AA model compared with a control sham model.

In conclusion, this current study has revealed the central
role of CD44s in two important cellular transformations:
proinflammatory and profibrotic. For the purposes of this
research study, only the profibrotic pathway of myofibroblastic
differentiation was followed further, to investigate the poten-
tial mechanisms involved. In subsequent work we are,
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however, following up our results with a similar investigation
of the IL-1β pathway. Having described for the first time that
CD147, outside lipid raft areas, may have a role to play in
myofibroblastic differentiation, we have also begun pre-
liminary studies to examine the potential interactions involved.
Interestingly, while two more important biological roles for
CD44s have been confirmed, it will also be intriguing to
investigate what, if any roles, the other variants identified in
this study may have.

Experimental Procedures

Materials and reagents

All reagents were purchased from Sigma-Aldrich (Poole),
GIBCO/Thermo-Fisher scientific, or Life Technologies/
Thermo-fisher scientific, unless otherwise stated.

Cell culture

Primary Human Fibroblasts (no. AG02262) were purchased
from Coriell Institute for Medical Research. The cells were
cultured in Dulbecco’s Modified Eagle Medium nutrient
mixture F-12 Ham’s Medium ((DMEM/F12) 1:1 ratio), which
was supplemented with 2 mM L-Glutamine, 100 units/ml
penicillin, 100 μg/ml streptomycin, 10% fetal bovine serum
(FBS) (Biological Industries Ltd). Cells were incubated at 37 �C
in 5% CO2. Prior to experimentation cells were serum starved
for 48 h. U397 cells (human histiocytic lymphoma cell line)
were purchased from ATCC and cultured in RPMI-1640
medium supplemented with 2 mM L-Glutamine, 100 units/
ml penicillin, 100 μg/ml streptomycin, and 10% FBS. Cells
were incubated at 37 �C in 5% CO2 until they reached a high
cell density in 75 cm2

flasks.

Cell treatments

Cells were incubated in serum-free DMEM/F12 containing
either TGF-β1 (10 ng/ml) or IL-1β (1 ng/ml) (R&D Systems).
Unstimulated control fibroblasts were incubated in fresh
serum-free medium at the time of stimulation unless otherwise
stated.

Real time–quantitative polymerase chain reaction (RT-qPCR)

RT-qPCR was used to determine CD44 variant (CD44v)
expression, αSMA (ACTA2), CD45 (PTPRC), and CD147
(EMMPRIN) mRNA expression. Primers were purchased from
Thermo Fisher Scientific and were either custom-designed or
commercially available (see Tables S1–S3). Experiments were
carried out in 35 mm dishes. Briefly, cells were washed with PBS
and total RNA was extracted using Trizol (used according to
manufacturer’s protocol). Reverse transcription was carried out
using high-capacity cDNA reverse transcription kits, according
to the manufacturer’s protocols (Thermo Fisher Scientific). As a
negative control dH2O was used in the place of RNA during the
reverse transcription reaction. RT-qPCR using either TaqMan
Fast Universal PCR master mix (x2 No AmpErase UNG) or
Power SYBR Green PCR Master Mix (Thermo Fisher Scientific)
was performed according to the manufacture’s protocol. One
microliter of RNA converted to cDNA was used for all qPCR
reactions. A negative control containing RNase-free deionized
H2O in the place of the cDNA was included in each experiment.
Endogenous controls, rRNA (TaqMan) or GAPDH (SYBR
green) that were not affected by the treatments were amplified
simultaneously with the gene target to be used as a reference
gene. Expression analysis was carried out using the ViiA-7 real-
time PCR system from Thermo Fisher Scientific. The amplifi-
cation program used a cycle of 95 �C for 15 s and 60 �C for
1 min for 40 cycles, followed by a melt-curve stage at 95 �C for
15 s, 60 �C for 1 min, and a final step dissociation step of 95 �C
for 15 s. Relative quantification was calculated using the
comparative CT method. The CT value (the threshold cycle
where the amplification is in the linear range of the amplifica-
tion curve) of the standard endogenous control reference gene
was subtracted from the CT value of the target gene to obtain a
(ΔCT) value. The mean ΔCT was then calculated for control
experiments. The relative quantification (RQ) for the experi-
mental target genes was then calculated using the mean of
the control experiments with the following equation ð2^ −
ðΔðExperimental TargetÞ − ΔCTðMean Control GrupÞÞ Þ.

Transient transfection

Transient transfection was carried out using either
custom-designed siRNA that targeted specific CD44 variants
or predesigned siRNA to CD147 (siRNA I.D. s2098) and
HAS2 (siRNA I.D. s6457) purchased from Life technologies.
Fibroblasts were grown to 50–60% confluence in 35 mm
dishes before a growth arrest period of 48 h. The siRNA was
then diluted to 2% v/v in Opti-mem (Invitrogen) and Lip-
ofectamine 2000 was also diluted to 2% v/v in Opti-mem.
The two solutions were incubated at room temperature for
15 min, combined and mixed thoroughly before addition to
the cells (final siRNA concentration was 33 nM). The cells
were incubated in 5 % CO2 at 37.5 �C for 6 h. A total of 1 ml
of fresh DMEM/F12 containing 20 % v/v FBS was then added
to each well and samples were incubated for a further 24 h.
Following transfection, the medium was removed and fresh
serum-free DMEM/F12 was added (1 ml/well) to growth
arrest cells for 48 h prior to experimentation. A negative
control, siRNA I.D. AM4613 (Ambion) (A nonsense
sequence, bearing no resemblance to any known human
mRNA sequence) was included in all transfection
experiments.

Touch-down conventional PCR (TD-PCR)

Total RNA was extracted using Trizol (according to man-
ufacturer’s protocol). Reverse transcription was carried out
using high-capacity cDNA reverse transcription kits, according
to the manufacturer’s protocols (ThermoFisher Scientific). The
cDNA was amplified using custom-designed primers to
amplify CD44 variants (Table S3), according to the Phusion
DNA polymerase kit protocol, Bio-RAD. Briefly, 2 μl of cDNA
was added to a solution containing: 1 μl dNTPs (10 mM),
2.5 μl of each 10 mM primer (forward and reverse), 10 μl of
Phusion buffer, and 0.5 μl of DNA polymerase. RNase-free
J. Biol. Chem. (2021) 297(3) 100987 15
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dH2O was added to each sample to give a final volume of 50 μl.
Samples were amplified using an ATC-225, Peltier Thermal
Cycler. The calculated melting temperature (Tm) +10 �C was
used as the initial annealing temperature, the temperature was
then decreased by 1 �C for each additional cycle for the first
ten cycles, then remained consistent for the remaining 22
cycles. The samples were mixed with a gel loading dye (Qia-
gen) and loaded on a 1% agarose gel containing ethidium
bromide. Gels were submerged in 1X Tris-acetate buffer
containing ethidium bromide and separated by electropho-
resis. Bands were visualized and extracted from the gel and
DNA was isolated using a QIAquick Gel Extraction Kit (Qia-
gen) and quantified using a Nanodrop 3300 (Thermo Scien-
tific). Product identity was confirmed by DNA sequencing
(BioCore Sequencing, Cardiff University).

Immunocytochemistry and confocal microscopy

Immunocytochemistry (ICC) and confocal microscopy
(CFM) were used to analyze αSMA stress fiber formation
(CFM) and the colocalization of CD147 with CD44, EGFR
(ICC), respectively. All experiments were carried out in 8-well
Permanox chamber slides (Nunc; Thermo Fisher Scientific).
Cells were fixed using 4 % (wt/vol) paraformaldehyde solution
for 10 min. For intracellular analysis cells were treated with 0.1
% (v/v) TRITONX-100 for 5 min at room temperature. The
cells were washed with 0.1% (w/v) BSA/PBS. Samples were
blocked using 200 μl of 1 % (w/v) BSA/PBS per well for 1 h to
prevent nonspecific binding. Samples were then washed and
treated with 200 μl of the appropriate primary antibody
overnight at 4 �C. Following a further wash step, a secondary
antibody conjugated to a fluorescent tag was added to the well
for 1 h, at RT. Wells were washed again and left to air dry. The
slides were then mounted using Vector shield mounting media
for fluorescence containing a DAPI nuclear stain (Vector
laboratories Inc). Samples were visualized and examined under
UV-light using a Leica Dialux 20 fluorescent microscope or
Zeiss LSM880 upright confocal microscope with Airyscan.
Primary antibodies used and dilution factors were mouse
monoclonal anti-α-SMA antibody 1A4, (1:100) (Thermo-
Fisher), mouse monoclonal anti-CD147 ((BD Pharminogen;
Dorcan) (1:50)), monoclonal rat anti-CD44 (A020) (Merck
Millipore; Milton) (1:100) (monoclonal mouse anti-EGFR
(528)) (Merck Millipore) (1:25). Biotinylated HABP (Merck
Lifesciences) (1:200) Secondary antibodies used were poly-
clonal goat anti-mouse (IgG) AlexaFlour 488 (FITC) (1:500)
and goat polyclonal anti-rat (IgG) AlexaFlour 555 (TRITC)
(1:500) (Sigma-Aldrich). For F-Actin and lipid raft visualiza-
tion, a phalloidin conjugate Alexa Fluor 555 (1:100) (Sigma-
Aldrich), Cholera Toxin B subunit conjugated with Alexa
Fluor 548 (1:100) (Sigma-Aldrich), and a Streptavidin Alexa
fluor 596 conjugate (1:500) (Sigma-Aldrich) were used,
respectively.

Density gradient lipid raft fraction analysis

Caveolae raft analysis was performed using a Raft Isolation
Kit (Sigma-Aldrich; product code CS0750). Cells were lysed in
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1 ml of ice-cold lysis buffer containing 1 % v/v TRITON
X- 100 and 1 % v/v of protease inhibitor cocktail (PIC). Cells
were harvested and incubated on ice for 30 min before transfer
into a precooled 2 ml Eppendorf. Lysed samples were centri-
fuged at 450 rpm for 5 min at 4 �C and the supernatant was
discarded. The cell pellet was carefully washed twice in ice-
cold PBS and resuspended in 1 ml of lysis buffer containing
1 % TRITON–X100 and 1% PIC. The density gradient con-
sisted of 5 x 1 ml layers of 35%, 30%, 25%, 20%, and 0%.
OptiPrep Medium (Sigma-Aldrich). Samples were centrifuged
at 200,000g for 14 h at 4 �C using an Optima-Max ultracen-
trifuge (Beckman Coulter). Fractions were then carefully
collected into 500 μl fractions. To precipitate the protein from
each fraction, samples were treated with 10% v/vTrichloro-
acetic acid (TCA) for 30 min, on ice. Samples were then
centrifuged at 13,400g for 10 min. The pellets were washed in
50:50 v/v ethanol/ether and analysed by western blot.

SDS PAGE/western blot

Cells were dissociated from the plate and lysed using Radio
Immunoprecipitation Assay (RIPA) Kit (Santa Cruz, Biotech-
nology) according to manufacturer’s protocol. Protein was
quantified before being separated using SDS-PAGE, by BioRad
Mini Protein II (Bio-Rad Laboratories). Protein was transferred
onto a nitrocellulose membrane (GE Healthcare). The mem-
brane was blocked with 5 % (w/v) skimmed milk in 0.5% (v/v)
Tween/PBS for 1 h. The membrane was then washed in 0.1 %
(v/v) tween/PBS three times for 5 min. A primary antibody
prediluted in 0.1% (v/v) Tween/PBS containing 1% (w/v) BSA
was added to the membrane and left at 4 �C, overnight. The
membrane was washed before the addition of the secondary
antibody conjugated to Horse Radish Peroxidase (HRP) diluted
in 0.1 % (v/v) Tween/PBS containing 1 % (w/v) BSA. The
Enhanced Chemiluminescence (ECL) method using ECL re-
agent (GE Healthcare) and HyperFilm X-ray film (GE Health-
care) was used to detect transferred protein. The film was
developed using Curix-60 developer (AGFA Healthcare). Pri-
mary antibodies used were mouse monoclonal anti-αSMA
antibody 1A4 (1:500) (Thermo Fisher Scientific), mouse
monoclonal anti-CD147 (BD Pharminogen), rabbit polyclonal
anti-Caveolin-1 (Sigma-Aldrich), mouse monoclonal anti-CD44
(v3) (1:1000) (Invitrogen), mouse monoclonal anti CD44 (v6)
(1:1000) (Invitrogen), mouse monoclonal anti-CD44 (v10)
(Invitrogen (1:1000), mouse monoclonal anti-EEA-1 (1:1000)
(BD Bioscience), mouse monoclonal anti-GAPDH (1:5000)
(Santa Cruz), and rat monoclonal anti-CD44 (A020) (1:500)
(Merck Millipore). Secondary antibodies used were goat poly-
clonal anti-mouse (IgG) HRP (1:5000) (Abcam), goat polyclonal
anti-rabbit (IgG) HRP (1:5000) (Abcam), goat polyclonal anti-
rat (IgG) HRP (Abcam). Images were quantified using Image J
software. Densitometry used target protein/control protein
ratio.

Coimmunoprecipitation (Co-IP)

Following protein extraction, Co-IP was carried out using
MagnaBind Goat anti-Mouse (IgG) magnetic beads
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(Thermoscientific). Briefly, beads were washed in PBS and
blocked using 0.1% w/v BSA/PBS for 1 h. A total of 10 μg of
mouse monoclonal anti-CD147 (BD Pharminogen) was added
to 200 μl of beads and incubated at 4 �C for 2 h. The beads/
antibody complex was washed in PBS and 5 μg of sample was
then added to the beads/antibody complex and incubated at 4
�C overnight. The beads were washed with PBS followed by 1
% (v/v) Nonidet P40 detergent solution. The beads were
dissociated from the antibody-sample complex by boiling for
5 min at 95 �C under reducing conditions. The beads were
then removed using a magnetic holder and coprecipitated
proteins were identified using SDS-PAGE/western blot
analysis.

Collagen gel

Rat tail Collagen Type 1 (5 mg/ml) (Gibco) was diluted to
4 mg/ml. Briefly, 8 ml of collagen was added to 1 ml 10× PBS,
0.20 ml 1 M NaOH, and 0.8 ml water. The subsequent solution
was then slowly mixed to achieve the optimal pH 7.0. Once
neutralized, fibroblasts (5 × 10-5) were added to the solution,
and the suspension was added to 22 mm dishes. The gels were
incubated at 37 �C for 40 min until the gel was firm and fresh
growth media added. Following a 24 h growth arrest period,
cells were transfected with siRNA targeting CD147 or a
scrambled negative control for 72 h before being stimulated
with TGF-β1 for a further 72 h. Nonstimulated fibroblast
cultures were used as experimental controls. Images were
captured at 0 h and 144 h timepoints.

Hyaluronidase treatment

Fibroblasts were grown in 35 mm dishes until 65–70%
confluent and growth arrested in serum-free media for 48 h.
Fresh serum-free media containing hyaluronidase (ICN
Pharmaceuticals Ltd) (100 μg/ml) or fresh serum-free media
alone (control samples) were added to the culture dish. Cells
were then incubated at 37⁰C, 5% CO2 for 2 h. The media was
removed and fresh serum-free media containing TGF-β1
(10 ng/ml) or serum-free media alone was added. Cells were
incubated for a further 72 h.

Statistical analysis

To assess two experimental groups, a two tailed unpaired
student t test was performed. For multiple experimental
groups with multiple test conditions a two-way analysis of
variance was performed followed by the Tukey Multiple
comparison analysis. All data are expressed as mean ± SD
unless otherwise stated. Data were analyzed using Graph Pad
v8 (GraphPad Software). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 and
****p ≤ 0.0001 were considered statistically significant.

Animal experiments

Animal experiments provided in the Figure S10 were carried
out using 8–9-week-old C57BL/6 male mice bred by Charles
River Laboratories. Experiments were performed in line with
institutional and UK Home Office guidelines under the au-
thority of an appropriate project licence.
Data availability

All the data are included within the manuscript or
supporting information.
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