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Abstract

Hyaluronan (HA) is an extracellular matrix component that regulates a variety of physiological and pathologi-
cal processes. The function of HA depends both on its overall amount and on its size, properties that are con-
trolled by HA synthesizing and degrading enzymes. The lack of inhibitors that can specifically block individual
HA degrading enzymes has hampered attempts to understand the contribution of individual hyaluronidases
to different physiological and pathological processes. CEMIP is a recently discovered hyaluronidase that
cleaves HA through mechanisms and under conditions that are distinct from those of other hyaluronidases
such as HYAL1 or HYAL2. The role of its hyaluronidase activity in physiology and disease is poorly under-
stood. Here, we characterized a series of sulfated HA derivatives (sHA) with different sizes and degrees of
sulfation for their ability to inhibit specific hyaluronidases. We found that highly sulfated sHA derivatives
potently inhibited CEMIP hyaluronidase activity. One of these compounds, designated here as sHA3.7, was
characterized further and shown to inhibit CEMIP with considerable selectivity over other hyaluronidases.
Inhibition of CEMIP with sHAS3.7 in fibroblasts, which are the main producers of HA in the interstitial matrix,
increased the cellular levels of total and high molecular weight HA, while decreasing the fraction of low molec-
ular weight HA fragments. Genetic deletion of CEMIP in mouse embryonic fibroblasts (MEFs) produced anal-
ogous results and confirmed that the effects of sHA3.7 on HA levels were mediated by CEMIP inhibition.
Importantly, both CEMIP deletion and its inhibition by sHA3.7 suppressed fibroblast proliferation, while pro-
moting differentiation into myofibroblasts, as reflected in a lack of CEMIP in myofibroblasts within skin wounds
in experimental mice. By contrast, adipogenic and osteogenic differentiation were attenuated upon CEMIP
loss or inhibition. Our results demonstrate the importance of CEMIP for the HA metabolism, proliferation and
differentiation of fibroblasts, and suggest that inhibition of CEMIP with sulfated HA derivatives such as
sHABS.7 has potential utility in pathological conditions that are dependent on CEMIP function.



Introduction

The extracellular matrix (ECM) constituent hyalur-
onic acid (HA) is a glycosaminoglycan comprised of
up to 25,000 tandem repeats of glucuronic acid and
N-acetylglucosamine. Fibroblasts are the main pro-
ducers of HA in the interstitial matrix. Recent evi-
dence suggests that HA regulates fibroblast
proliferation and motility, and fibroblast-to-myofibro-
blast differentiation [1]. Accordingly, fibroblasts and
HA play a key role in many physiological and patho-
physiological conditions, such as wound healing,
inflammation, tumor progression and fibrotic pro-
cesses [1,2]. Importantly, the biochemical properties
and cellular roles of HA depend not only on its total
levels but also on its molecular size. These are
tightly regulated by its synthesis through HA syn-
thases (HAS) and by degradation through hyaluroni-
dases and other mechanisms.

In healthy tissues, HA is mainly present as a high
molecular weight (HMW) polymer, and contributes
to the formation of the ECM and to tissue homeosta-
sis. HA metabolism is perturbed upon tissue injury,
in various inflammatory and fibrotic diseases, and in
malignancies [2,3]. In these contexts, increased HA
synthesis in conjunction with increased breakdown
can lead to the accumulation of HA of different sizes
within the extracellular milieu. Low molecular weight
HA (LMW-HA) and especially small HA oligosac-
charides of 10 kDa or less exert a number of biologi-
cal effects not observed with HMW-HA, including
the induction of inflammatory responses, the activa-
tion of dendritic cells and the stimulation of angio-
genesis and lymphangiogenesis [3]. Intermediate-
sized HA fragments also appear to have specific
functions [4], although their biological effects remain
to be fully investigated.

In mammals, different hyaluronidases enzymati-
cally cleave HA through hydrolysis of the B-1,4 gly-
cosidic bond. The major mechanism of HA turnover
in somatic tissues has been considered until
recently to involve initial cleavage of HA by the hyal-
uronidase HYAL2 at the cell membrane, followed by
further degradation by HYAL1, which is present in
the extracellular space and in lysosomes [5,6]. This
paradigm has become more complicated in recent
years with the discovery that the secreted protein
CEMIP (Cell migration-inducing and hyaluronan-
binding protein, also called KIAA1199 or Hybid) pos-
sesses hyaluronidase activity. CEMIP-mediated HA
binding and hydrolysis differs mechanistically from
other hyaluronidases. Its HA degradation requires
the presence of cells, and seems to involve re-inter-
nalization of the enzyme together with HA via the
clathrin-coated pit pathway [7—9]. CEMIP binds to
and degrades HA of different sizes, and can produce
HA fragments of less than 10 kDa in size, similar to
HYAL1 [7,8,10]. The relative contribution of CEMIP

and other hyaluronidases to physiological and path-
ological processes remains to be investigated.

CEMIP expression has been linked to a number of
fibrotic and malignant diseases, although the role of its
hyaluronidase activity in these contexts remains to be
demonstrated. For example, CEMIP has been impli-
cated in regulatng HA metabolism in fibroblasts
[11—-13]. Given the importance of HA for fibroblast
function, the hyaluronidase activity of CEMIP might
play an important role in these cells. High CEMIP
expression in skin fibroblasts correlates with skin wrin-
kling and sagging in photoaged skin [14,15]. Further-
more, CEMIP is involved in endochondral ossification
and is also expressed in fibroblasts and chondrocytes
of osteoarthritis and rheumatoid arthritis patients. In
these cells, CEMIP regulates HA levels and sizes and
also induces a fibrosis-like process, features which are
thought to be important for disease progression
[11,16-19]. For a number of cancers, including breast
cancer, gastric cancer and pancreatic ductal carci-
noma, expression of CEMIP correlates with poor prog-
nosis [20—23]. CEMIP can promote proliferation,
migration and invasion of tumor cells and increase
metastasis formation in experimental animals [20—25].
CEMIP-containing exosomes secreted from tumor
cells have recently been shown to modify the brain
vascular niche and thereby foster brain metastasis
[26]. Again, it remains unclear whether the tumor-pro-
moting activity of CEMIP is dependent on its HA
degrading activity, in part due to a lack of inhibitors for
the CEMIP hyaluronidase activity.

Given the role of hyaluronidases in different dis-
eases, there have been attempts to develop hyal-
uronidase inhibitors for therapeutic purposes.
Examples include L-ascorbic acid 6-hexadecanoate
[27,28], dextran sulfate [29], sulfated hyaluronic acid
[80—32], flavinoid derivatives [33], the antibiotic hya-
luromycin [34] and glycyrrhizin [30,35]. Of these, sul-
fated hyaluronic acid (sHA) has received the most
attention. It is able to inhibit HYAL1 most potently,
but also reduces bee venom hyaluronidase and tes-
ticular hyaluronidase activity [30], and exerts biologi-
cal activity in prostate and bladder cancer models
[31,32]. The ability of sHA to inhibit the hyaluroni-
dase activity of CEMIP has not been assessed.

In this study, we found that highly sulfated HA
derivatives profoundly inhibit CEMIP hyaluronidase
activity. Compared to HYAL1, sHA inhibits CEMIP
hyaluronidase activity 22-fold more potently. Treat-
ment of fibroblasts with sHA phenocopied genetic
loss of CEMIP in fibroblasts at a number of levels,
including pericellular accumulation of HMW-HA,
reduced proliferation, increased myofibroblast differ-
entiation, and reduced osteogenic and adipogenic
differentiation. Together, our data suggest that inhi-
bition of CEMIP with sulfated HA derivatives could
be useful therapeutically for a number of pathologi-
cal conditions.



Results

Sulfated HA derivatives potently inhibit CEMIP
hyaluronidase activity

To compare the ability of sulfated HA derivatives
to inhibit the hyaluronidase activity of CEMIP and
HYAL1, we first established hyaluronidase activity
assays for HYAL1 and CEMIP using transient trans-
fections in 293T cells. As shown by agarose gel
electrophoresis, both enzymes degrade HA (Supple-
mentary Figure 1). As previously reported [9], we
found that degradation of HA by secreted CEMIP
takes place under physiological conditions at neutral
pH, and requires the presence of cells for hyaluroni-
dase activity to be evident (Supplementary Figure
1). On the other hand, secreted HYAL1 is only active
under acidic conditions [36] and exhibits hyaluroni-
dase activity in the absence of cells (Supplementary
Figure 1).

Next we analyzed the potency of two differentially
sulfated HA derivatives to inhibit the hyaluronidase
activity of HYAL1 and CEMIP. In the following
experiments, we used a low-sulfated HA (sHA1.2,
DS = 1.2) and a highly sulfated HA (sHA3.7,
DS = 3.7), respectively. The respective degree of
substitution (DS) of the polymers refers to the aver-
age number of sulfate groups per repeating disac-
charide unit of the HA. Interestingly, sHA3.7 had a
much stronger inhibitory effect on HYAL1 and
CEMIP compared to sHA1.2, and was able to
completely inhibit HA degradation at low concentra-
tions (Fig. 1A and B). In contrast, sHA1.2 and
sHAS.7 only weakly inhibited bovine testicular hyal-
uronidase (BTH) at these concentrations, indicative
of different inhibitory mechanisms (Fig. 1C). Delcore
(hyaluronan modified with oleic acid) was used as a
further control, and did not exhibit any inhibitory
effect on the hyaluronidases tested. Titration experi-
ments revealed that sHA3.7 inhibits mouse CEMIP
with an ICsq of 9.6 nM and HYAL1 with an ICsq of
210 nM under the experimental conditions used
(Fig. 1D, E, F and G) representing a 22-fold higher
potency for CEMIP inhibition compared to HYAL1
inhibition. Additional hyaluronidase assays with cells
expressing human CEMIP showed that sHA3.7
inhibits human CEMIP with a similar efficiency
(Fig. 1H).

To assess in more detail how the number and
position of sulfate groups and the size of the mole-
cules affects their ability to inhibit CEMIP we evalu-
ated HA derivatives with different characteristics
(Supplementary Fig. 2A). The results showed that
the degree of sulfation is proportional to the ability of
HA derivatives to inhibit CEMIP activity. The most
highly sulfated HA showed the highest potency, but
interestingly, sHA with an average sulfation degree
of 2 already showed substantial inhibition of CEMIP

activity (Supplementary Fig. 2B). Furthermore, our
results suggest that the size of the sHA molecules is
also important. Although highly sulfated HA (DS 3.4
- 3.7) of different molecular weight (20 - 110 kDa)
inhibits CEMIP to similar levels, sulfated HA of less
than 10 kDa (sHA2.5) shows a clearly reduced
potency to inhibit CEMIP (Supplementary Fig. 2B).
This is reminiscent of other molecular size-depen-
dent functions of hyaluronan [37], and might suggest
that a minimum size of sulfated HA of around
10 kDa is required for CEMIP inhibition.

In further experiments we assessed the influence
of chondroitin-6-sulfate and chondroitin-4-sulfate,
two closely related glycosaminoglycans that carry a
single sulfate group per constituent disaccharide, on
CEMIP hyaluronidase activity. Although both chon-
droitin sulfates inhibited bovine testicular hyaluroni-
dase (data not shown and [38]), neither chondroitin-
4-sulfate nor chondroitin-6-sulfate had an influence
on the hyaluronidase activity of CEMIP (Supplemen-
tary Fig. 3). This suggests that one sulfate group per
disaccharide in a glycosaminoglycan is not sufficient
to inhibit CEMIP, and/or that the specific structural
differences between hyaluronan and chondroitin
(which contain N-acetylglucosamine and N-acetyl-
galactosamine subunits, respectively) is also impor-
tant. Together, these data show that sulfated HA,
especially HA derivatives with a sulfation degree of
at least two, are potent inhibitors of the CEMIP hyal-
uronidase activity, in contrast to endogenously
occurring chondroitin sulfates.

Loss of CEMIP or its inhibition with sHA3.7
suppress the degradation of cellular HA

To investigate the cellular functions of CEMIP and
the impact of HA with low and high sulfation levels
on endogenous HA metabolism, we used fibroblasts
that are known to produce high amounts of HA and
also express CEMIP ([11,39], Fig. 3A). Treatment of
cultured mouse embryonic fibroblasts (MEFs) with
sHA3.7 but not with sHA1.2 or Delcore, led to
increased levels of pericellular HA, as evidenced by
fluorescent staining of HA (Fig. 2A and B). We also
purified cell-associated HA from MEFs (cellular HA)
and from their conditioned media (free HA) and
found that sHA3.7 inhibited release of HA into the
culture medium and led to a complete loss of HA
degradation products (Fig. 2C). These data demon-
strate that highly sulfated HA significantly influences
HA metabolism in fibroblasts.

To verify that sHA3.7 modifies HA metabolism
through |nh|b|t|n)? CEMIP, we used MEFs from trans-
genic CEMIP"o¥M°* mice [40] and inactivated CEMIP
through adenovirally-driven Cre expression. The
impact of genetic deletion of CEMIP on HA metabo-
lism was then assessed. Efficient and stable loss of
CEMIP protein in the cells after transduction was
confirmed by Western Blot analysis (Fig. 3A).
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Fig. 1. Highly sulfated HA is a much more potent inhibitor of CEMIP than of HYAL1 or BTH. HA was analyzed by aga-
rose gel electrophoresis and stained with Stains-All. Note that sHA1.2 and sHA3.7 are visible on the lower part of the gel.
The substances migrate faster in the gel compared to hyaluronan due to their sulfation. Each experiment was repeated at
least 3 times. Representative results are shown. (A, D) Hyaluronidase activity of murine CEMIP was analyzed in tran-
siently transfected 293T cells, which were cultivated for 72 hours with HA and with or without the indicated concentrations
of sHA1.2, sHA3.7 or Delcore (Del) (A) or sHA3.7 (D). (B, E) For HYAL1 activity assays, conditioned media of 293T cells
transiently transfected with HYAL1 expression plasmids was mixed with HA and with or without the indicated concentra-
tions of sHA1.2, sHA3.7 or Delcore (Del) (B) or sHA3.7 (E). (C) 0.1 U/ml BTH was incubated with HA and 1, 3 or 10 pM
sHA1.2, sHAS3.7 or Delcore (Del). (F, G) Quantification of CEMIP and HYAL1 activity assays, as described in Materials
and Methods. Data represent the mean + SE (n=3). (H) Hyaluronidase activity of human CEMIP was analyzed in stably
transfected 293T cells which were cultivated with HA and with or without the indicated concentrations of sHA3.7. (A-H) As
controls, HA was incubated in buffer or in medium without cells (HA only) or with untransfected 293T cells (293), without
enzymes.

Interestingly, the absence of CEMIP in MEFs led to ~ we observed a significant increase in cellular HA lev-
similar changes in HA metabolism as sHA3.7 treat- els compared to wild type controls (Fig. 3B and C).
ment. In both CEMIP KO and sHAS.7 treated cells, Furthermore, we observed a pronounced decrease
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Fig. 2. Sulfated HA influences the HA metabolism of fibroblasts. (A, B) sHA3.7 increases the amount of pericellular HA.
MEFs were cultivated with DMEM, 10% FCS in chamber slides and were left untreated or treated for 72 hours with 0.1 or 1
wM sHA1.2, sHA3.7 or Delcore (Del). HA was detected with a biotinylated HA binding protein (HABP) and fluorescently
labelled streptavidin. (A) Representative images. Scale bar 50 wM. (B) HABP staining intensity was quantified in 6 images
per condition. Data represent the mean + SE (n=6). Significant differences between untreated and treated samples are
indicated. **p < 0.005; ***p < 0.001 (One-way ANOVA). (C) sHA3.7 treatment decreases the amount of HA in the condi-
tioned medium of fibroblasts. MEFs were cultivated for 4 days with 1 WM sHAS3.7, nHA (unmodified HA fragments of simi-
lar size) or were left untreated. HA was subsequently purified from the cells and the conditioned media, then analyzed by
agarose gel electrophoresis and stained with Stains-All. Healon (5 MDa) and 50 kDa HA fragments were used as size
standards. The dark spot at the bottom of the gel corresponds to sHA3.7 which is purified together with HA and migrates
faster due to its higher negative charge. For all experiments, results were reproduced at least three times, using indepen-
dent MEF lines. One representative example is shown.
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in degraded HA in the conditioned media of both
CEMIP KO and sHAS3.7 treated cells compared to
the respective controls (Fig. 3D and E). Together,
these results suggest that sHA3.7 regulates HA
metabolism in MEFs mainly via inhibition of CEMIP,
and that CEMIP is the major hyaluronidase respon-
sible for HA degradation in these cells.

CEMIP loss and inhibition suppresses fibroblast
proliferation

The quantity and the molecular weight of hyalur-
onan associated with cells can impact on cell

proliferation [2,3]. We therefore examined whether
CEMIP and its inhibition by sHA3.7 with subsequent
accumulation of pericellular HA impacts on MEF pro-
liferation. Treatment of MEFs with sHA3.7 dose-
dependently and significantly reduced proliferation
of the cells, in contrast to sHA1.2 or Delcore, which
were inhibitory only at very high concentrations
(Fig. 4A). Cell cycle analysis by flow cytometry con-
firmed that cells enter G1 arrest in response to
sHA3.7 treatment, as reflected by an increased
number of cells in G1 phase and a decreased frac-
tion of cells in the subG1, S and G2/M phases (Sup-
plementary Fig. 4). Consistently, genetic deletion of
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Fig. 3. Knockout of CEMIP and sulfated HA treatment influence HA metabolism of MEFs in a similar way. For all
experiments, CEMIP WT and KO MEFs were used. To generate the cells, MEFs from transgenic mice harboring a floxed
CEMIP gene (CEMIP"™/1°* MEFs) were transduced with adenoviral vectors expressmg Cre recombinase or control con-
structs. (A) Western Blot analysis showed that after Cre expression, CEMIP expression is lost (KO). Cells transduced
with control plasmids (WT) or untransduced cells (-) are shown as controls. (B) Treatment with sHA3.7 and loss of CEMIP
increases the amount of pericellular HA. WT or KO MEFs were cultivated in chamber slides and were treated for 72 hours
with or without 0.1 WM sHA3.7. HA was detected with a biotinylated HABP and fluorescently labelled streptavidin. Repre-
sentative images are shown. Scale bar 100 uM. (C) HABP staining intensity was quantified in 8 images per condition.
The data represent the mean + SE (n=8). Groups were compared using one-way ANOVA. *p < 0.05; **p < 0.005; ***p <
0.001; ns: not significant. (D) Treatment with sHA3.7 or loss of CEMIP increases the size of HA in the conditioned medium
of fibroblasts. MEFs were cultivated for 4 days with 0.1 WM sHA3.7 or were left untreated. HA was then purified from the
cells and the conditioned media, analyzed by agarose gel electrophoresis and stained with Stains-All. HMW-HA (1.5
MDa) and 50 kDa HA fragments were used as size standards. For all panels, representative results from at least 3 inde-
pendent experiments are shown. (E) Quantification of free HA levels. The amount of HA in each lane was quantified.
HMW-HA was defined as the upper 25% of each lane, the lower 75% were considered to be degraded HA. The data rep-
resent the mean + SE (n=3). Significant differences for degraded HA are shown (one-way ANOVA. **p < 0.005; ***p <
0.001; ns: not significant).

CEMIP in MEFs also significantly reduced prolifera-
tion, to an extent comparable to that observed upon
sHAS.7 treatment (Fig. 4B).

Pericellular HA plays a role in mediating contact
inhibition [41]. In further experiments we therefore
investigated whether the inhibition of MEF prolifera-
tion after sHA3.7 treatment or loss of CEMIP is
dependent on the pericellular HA accumulation we
observed under these conditions. Indeed, when peri-
cellular HA was removed by treatment with bovine
testis hyaluronidase, cell numbers increased signifi-
cantly and the inhibitory effect of SHA3.7 treatment

or the absence of CEMIP on cell proliferation was
rescued (Fig. 4C and D).

Next, we assessed whether sHA3.7 also influen-
ces HA metabolism and proliferation in other types
of fibroblasts. Primary human dermal fibroblasts
(HDFs) and MRC5 human fetal lung fibroblasts were
treated with either sHA1.2, sHA3.7 or unmodified
HA as a control, then cell-associated as well as free
HA in conditioned media was analyzed by agarose
gel electrophoresis. In both types of fibroblast,
sHA3.7 increased the levels of cellular HA, while
dramatically reducing the amount of HA degradation
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Fig. 4. Proliferation of MEFs is dependent on HA metabolism. (A) MEFs were treated with different concentrations of
Delcore, sHA1.2 or sHA3.7 or were left untreated. (B) WT and CEMIP KO MEFs were treated with 0.1 uM sHA3.7 or
were left untreated. (C) MEFs were treated with or without sHA3.7 and bovine testis hyaluronidase (BTH). (D) WT and
KO MEFs were treated with or without BTH. In all experiments, 72 hours after the treatments indicated, the number of cells
was quantified using the CyQUANT assay. Data represent means + SE (n=3). One-way ANOVA: *p < 0.05; **p < 0.005;
***p < 0.001; ns: not significant. In (A) significant differences between Delcore and sHA3.7 treated samples are shown.
In (C) and (D) unless otherwise marked, treated cells and the corresponding untreated controls (0) were compared.

products in the medium (Supplementary Fig. 5A and
C). Similar to MEFs, sHAS.7 also significantly inhib-
ited proliferation of HDFs and MRC5 cells (Supple-
mentary Fig. 5B and D), indicating that this is a
general effect of sHA3.7 on fibroblasts. To compare
the effect of sHA3.7 with that of CEMIP loss, we per-
formed siRNA knockdown experiments in MRC5
cells (Supplementary Fig. 5E). Again, we observed
a similar change in HA levels and size in the CEMIP
knockdown cells as with sHA3.7 treatment (Supple-
mentary Fig. 5F). However, this effect was not as
pronounced as that with the knockout MEFs, proba-
bly due to the transient nature of the knockdown.
Furthermore, knockdown of CEMIP significantly
inhibited MRC5 proliferation (Supplementary Fig.
5G). Treatment of the knockdown cells with sHA3.7
lead to only a limited further reduction of proliferation
(Supplementary Fig. 5G), indicating that the

inhibitory effects of sHA3.7 on proliferation are medi-
ated in the main by CEMIP.

Inhibition and loss of CEMIP promotes
myofibroblast differentiation, but suppresses
adipogenic and osteogenic differentiation

Recent studies have shown that the differentiation
of resident fibroblasts into myofibroblasts, a process
that is central to wound healing, is linked to HA
metabolism, although the exact mechanism and the
role of HA has not been elucidated [1,42]. Since our
data demonstrated that CEMIP strongly influences
HA metabolism in fibroblasts, we investigated
whether CEMIP is involved in myofibroblast differen-
tiation, and whether sHAS3.7 can influence this pro-
cess. TGFB is a major inducer of fibroblast-to-
myofibroblast differentiation [1,43]. Treatment of



cultivated MEFs with TGFB1 induced a strong
expression of a-smooth muscle actin (SMA)
(Fig. 5A), a marker of differentiated myofibroblasts
that is involved in cell motility and contractility during
wound healing in vivo. This was associated with a
marked reduction of CEMIP levels after TGFj treat-
ment (Fig. 5A), in agreement with previous reports
[7,11]. In CEMIP KO MEFs, SMA levels were higher
at baseline and were more potently induced by
TGFB than in WT MEFs (Fig. 5A), suggesting that
CEMIP represses SMA expression. Consistently,
we found that sHA3.7 treatment augmented TGFB-
induced SMA expression in MEFs (Fig. 5B). Collec-
tively, these data indicate that reduction of CEMIP
levels or activity can promote myofibroblast differen-
tiation.

Next, we investigated whether the loss of CEMIP
in fibroblasts upon myofibroblast differentiation can
also be observed in vivo. To this end, we employed
co-staining of CEMIP with vimentin, a mesenchymal
marker that is expressed in both fibroblasts and
myofibroblasts [44], and examined the expression of
CEMIP in fibroblasts in normal skin, as well as in the
context of full-thickness skin wound healing where
extensive myofibroblast differentiation takes place.
In normal skin, strongest CEMIP expression was
observed in papillary fibroblasts, but reticular fibro-
blasts were also CEMIP positive (Fig. 5C). During
the proliferative phase of skin wound healing (3 -
8 days after wounding), dermal fibroblasts from the
wound margins proliferate, migrate into the wounded
area, become activated in response to factors such
as TGFB, and differentiate into myofibroblasts as
evidenced by increased SMA expression and exten-
sive matrix deposition [43]. In sections of full-thick-
ness wounds taken 7 days post-wounding, vimentin-
positive CEMIP-expressing cells were readily
detected, but the vast majority of SMA-positive myo-
fibroblasts showed very little if any CEMIP staining
(Fig. 5D and 5E). These data are consistent with our
cell culture results, which indicate that CEMIP
expression is downregulated upon myofibroblast dif-
ferentiation.

Mesenchymal cells such as MEFs are multipotent
cells that can differentiate into a number of lineages
in addition to myofibroblasts, including adipocytes
and osteoblasts. CEMIP has been reported to be
involved in adipogenesis and bone development
[17,45] and its expression has also been correlated
with the degree of HA depolymerization in osteoar-
thritis and rheumatoid arthritis patients [11,19]. We
therefore also investigated whether CEMIP plays a
role in adipogenic and osteogenic differentiation of
MEFs, and whether sHA3.7 can interfere with this.
Upon induction of adipogenic differentiation, the
expression levels of the adipogenic markers adipo-
nectin, PPARy and CEBPa were significantly
reduced in CEMIP KO MEFs compared to WT
MEFs. Consistently, sHA3.7 treatment also

decreased adipogenic differentiation of WT MEFs,
similar to the case with CEMIP KO MEFs, as evi-
denced by Oil Red O staining (Fig. 6A and B). Simi-
larly, both loss of CEMIP and its inhibition by sHA3.7
treatment impaired osteogenic differentiation of the
cells, as shown by reduced expression levels of the
osteogenic markers BSP1, Osterix and Osteocalcin,
and by von Kossa staining (Fig. 6C and 6D).

Collectively, these results indicate that sulfated
HA derivatives inhibit CEMIP, which perturbs HA
metabolism in fibroblasts. This has a pronounced
effect on the differentiation capacity of fibroblasts,
promoting their differentiation into myofibroblasts,
while simultaneously suppressing adipogenic and
osteogenic differentiation. Sulfated HA derivatives
might therefore represent a potential tool for modu-
lating normal or deregulated HA metabolism and
fibroblast function in a range of physiological and
pathophysiological settings.

Discussion

HA synthases and hyaluronidases coordinately
regulate the concentration and the size of HA, which
gives rise to specific HA microenvironments within
tissues. The contribution of the hyaluronidase activ-
ity of CEMIP to the shaping of these HA microenvir-
onments is poorly understood, in part due to a lack
of inhibitors to study its function. Here we show that
highly sulfated hyaluronic acid (sHA3.7) potently
inhibits the CEMIP hyaluronidase activity. Focusing
on CEMIP expression and activity in fibroblasts,
which are the main producers of HA in the interstitial
matrix, we found that sHA3.7 increased the pericel-
lular levels of HMW-HA, decreased HA fragmenta-
tion, suppressed fibroblast proliferation, and
fostered myofibroblast differentiation while inhibiting
differentiation into the adipogenic and osteogenic
lineages. The inhibitory effects of sHA3.7 were phe-
nocopied by genetic loss of CEMIP expression.
These data identify highly sulfated HA as an inhibitor
of the CEMIP hyaluronidase activity that exhibits
considerable selectivity over other hyaluronidases,
and afford new insights into the role of CEMIP in reg-
ulating HA production by fibroblasts and in the deter-
mination of their differentiation fate.

Our studies show that highly sulfated HA is a
potent inhibitor of CEMIP hyaluronidase activity in
the low nanomolar range. Sulfated HA can also
inhibit HYAL1, BTH and bee venom hyaluronidase
[30], but much less potently. Of these, the hyaluroni-
dase activity of HYAL1 shows the highest sensitivity
to sulfated HA [30], yet we show here that the
CEMIP hyaluronidase activity is more than an order
of magnitude more sensitive to sulfated HA. Consis-
tently, the effects we observed when CEMIP-
expressing fibroblasts were treated with sulfated HA
were also observed in fibroblasts in which CEMIP
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Fig. 5. CEMIP is expressed in vimentin-positive cells in skin and regulates SMA expression during TGF-induced myo-
fibroblast differentiation. (A, B) CEMIP WT and KO MEFs were starved and then treated for 24 hours with or without 2.5 or
10 ng/ml TGFB1 (A) and with or without 2.5 ng/mL TGFB1 and 0.1 uM sHA3.7 (B). The expression levels of CEMIP and
SMA were analyzed by Western Blot. Vinculin served as loading control. (C) Sections from normal skin were stained for
CEMIP (green) and vimentin (red). (D, E) Sections from punch biopsy wounds (7 days after wounding) were stained for
CEMIP (green) and vimentin (red) (E) or CEMIP (green) and SMA (red) (D). Scale bar: 1 mm in the lower magnification or

100 wM in the higher magnification images.

expression was genetically abrogated. Several
reports have employed sulfated HA as an inhibitor of
HYAL1 [31,32]. In the light of our results, it is con-
ceivable that at least a part of the effects observed
in these studies may be due to inhibition of the
CEMIP hyaluronidase activity. Further work will be
needed to determine whether this is the case.
CEMIP-expressing cells have previously been
shown to degrade exogenously added HA [7,11-13],

which we confirm here. In addition, we show that
CEMIP is involved in the hydrolysis of endogenously
produced HA, both in human and murine fibroblasts,
which has a number of possible implications. First,
chemical or genetic inhibition of CEMIP resulted in
an accumulation of cell surface-associated HA. This
may suggest that CEMIP is involved in the cleavage
and release of freshly synthesized HA from the cell
surface. Furthermore, our data indicate that this
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Fig. 6. Deletion or inhibition of CEMIP results in decreased adipogenic and osteogenic differentiation. (A, B) MEFs
were differentiated into the adipogenic lineage. (A) Deletion of CEMIP reduces adipogenic differentiation. gPCR analysis
of differentiated MEFs at day O (control) and day 7. Relative mMRNA expression levels were analyzed for the adipogenic
markers adiponectin, PPARy and C/EBP« and normalized to the housekeeping gene Rplp0. Data represent means + SE
(n=3). Significance was calculated using the Student’s t-test. *p < 0.05; **p < 0.005. The experiment was repeated three
times independently and one representative example including triplicates for each condition is shown. (B) MEFs in the
presence or absence of 0.1 uM sHAS3.7 were differentiated into the adipogenic lineage and stained with Oil Red O. Repre-
sentative images of differentiated cells at day 7 of differentiation showing lipid-filled adipocytes. (C, D) MEFs were differ-
entiated into the osteogenic lineage. (C) Deletion of CEMIP abrogates osteogenic differentiation. gPCR analysis of
differentiated WT or KO MEFs at day 0 (control) and day 14. Relative mRNA expression levels were analyzed for the oste-
ogenic markers bone sialoprotein (BSP1), osterix and osteocalcin and normalized to Rplp0 expression. Data represent
means + SE (n=3). Significance was calculated using the Student’s t-test. **p < 0.005; *** p < 0.001. The experiment
was repeated three times independently. One representative example including triplicates for each condition is shown.
(D) MEFs were differentiated into the osteogenic lineage in the presence or absence of 0.1 uM sHA3.7 and stained for

mineral deposition using von Kossa stain.

accumulation results in decreased proliferation of
fibroblasts, consistent with the role of HMW-HA in
the regulation of contact inhibition [41], and reminis-
cent of the early contact inhibition observed in naked
mole rat fibroblasts that synthesize very high molec-
ular weight HA due to expression of a species-spe-
cific isoform of HAS2 [46—48]. Second, our results
also suggest that CEMIP contributes to the produc-
tion of LMW-HA by fibroblasts, which accumulates
under cell culture conditions in vitro. In vivo,
increased CEMIP expression, as observed for
example in different tumor entities and cells from
osteoarthritis and rheumatoid arthritis patients
[11,19-22,24], might lead to an accumulation of
LMW-HA which contributes to a pro-angiogenic and
pro-inflammatory environment [2,3].

Experiments with artificial extracellular matrices
(aECM) composed of collagen | and sulfated HA
showed that sulfated HA in this system promotes
fibroblast adhesion and proliferation and also pre-
vents TGFB1-induced SMA expression, probably
via modulation of the bioavailability of growth factors

[49,50], since sulfated HA derivatives can interact
with growth factors such as TGFB1, BMP-4 and
VEGF-A [51-58]. In contrast, we found that sulfated
HA inhibits fibroblast proliferation and fosters
TGFB1-induced SMA expression. These differences
are likely concentration and/or conformation depen-
dent. Notably, aECM is produced using a solution
that contains 0.5 mg/ml sHA3.7 (equivalent to
approximately 5 - 10 mM sHA3.7), which is then
dried onto plastic to create a substrate for cell
attachment and growth [54]. In contrast, we
observed an inhibitory 1Csq for sHA3.7 in free solu-
tion on CEMIP hyaluronidase activity in the low
nanomolar range.

Despite structural similarities to the sulfated HA
used in this study, chondroitin-4-sulfate and chon-
droitin-6-sulfate did not inhibit the CEMIP hyaluroni-
dase activity, although we did observe that both
chondroitin sulfates inhibited bovine testis hyaluroni-
dase (data not shown), as reported by others [38].
On the one hand, these data suggest that chondroi-
tin sulfates in vivo do not play a role in regulating the



CEMIP hyaluronidase activity. On the other hand,
despite a comparable degree of total sulfation at the
same position as in sHA1.2, chondroitin-6-sulfate
did not inhibit the hyaluronidase activity of CEMIP,
indicating that not only the sulfation but also the
sugar backbone is critical for inhibition of the CEMIP
hyaluronidase activity. The stereoisomeric differ-
ence between the sulfated glycosaminoglycans thus
might be responsible for the different potency of
CEMIP inhibition, which is also in line with the obser-
vation that CEMIP does not bind to or degrade chon-
droitin sulfate [7].

HA has been implicated in all steps of wound heal-
ing and is generally thought to promote it, although
many aspects of this dynamic process are still insuf-
ficiently understood. A crucial step during wound
healing is the differentiation of fibroblasts into myofi-
broblasts induced by TGFB, which is intimately
linked to and regulated by hyaluronan levels. HA
accumulates pericellularly during myofibroblast dif-
ferentiation through reduced HA turnover [39], which
facilitates TGFB-induced fibroblast proliferation [42]
and myofibroblast differentiation [55]. Our data and
those of other groups [7,11] show that CEMIP is
down-regulated after TGFB stimulation. Based on
our findings that both sHA3.7-treated and CEMIP
knock-out fibroblasts exhibited augmented TGFpB-
induced SMA expression, we propose that the loss
of CEMIP upon exposure to TGFR is responsible for
increased pericellular HA levels, which fosters myo-
fibroblast differentiation. Consistent with this notion,
CEMIP is expressed in vimentin-positive fibroblasts
in both normal skin and full-thickness skin wounds,
but myofibroblasts in the proliferative phase of cuta-
neous wound healing did not exhibit any significant
CEMIP expression. In line with these results, hydro-
gels releasing highly sulfated HA accelerate wound
healing, as reflected in increased SMA positive gran-
ulation tissue in the wounds [56].

Our results show that treatment with sulfated HA
and loss of CEMIP is associated with increased peri-
cellular levels of HA, and inhibits the differentiation
of fibroblasts into the adipogenic and osteogenic lin-
eages. These data are consistent with the observa-
tion that HA fosters mesenchymal stem cell
quiescence and maintains their differentiation poten-
tial [57], and that HA plays an inhibitory role in adipo-
genesis [45]. Similarly, hematopoietic stem cells
produce HA, which suppresses their proliferation
and differentiation [58]. Our data showing that inhibi-
tion or loss of CEMIP suppresses osteogenic differ-
entiation are also consistent with results obtained in
mice with genetic deletion of CEMIP, in which
lengthening of the hypertrophic zone in the growth
plate, accumulation of HMW-HA within the hypertro-
phic zone, and shortening of the long bones were
observed [17]. In conjunction with our data showing
that perturbation of HA turnover in fibroblasts
through sHA3.7-mediated inhibition of the CEMIP

hyaluronidase activity fosters myofibroblast differen-
tiation, these observations implicate CEMIP-depen-
dent HA degradation as a key regulator of
mesenchymal progenitor cell differentiation.

Modulation of hyaluronan levels and its metabolism
has a number of potential therapeutic applications.
Application of exogenous HA is already used to
improve wound healing [59], and intra-articular injec-
tion of HMW-HA can be employed to increase HA lev-
els for the treatment of osteoarthritis [60]. Our results
suggest that inhibition of CEMIP through treatment
with sulfated HA would be expected to increase
HMW-HA levels, which could have a similar therapeu-
tic effect in these contexts. In this regard, we note that
sulfated HA is well tolerated in vivo [31,32,56]. Our
results also suggest that sulfated HA should reduce
the amount of LMW-HA, thereby attenuating the
inflammation induced by small HA oligosaccharides.
This may be particularly relevant in the context of rheu-
matoid arthritis and osteoarthritis, in which increased
accumulation of HA degradation products in the syno-
vial fluid is associated with inflammation and disease
progression [61]. Interestingly, CEMIP is overex-
pressed in chondrocytes and synovial fibroblasts from
osteoarthritis patients and is responsible for their HA
degrading activity [11,16,18,19]. Inefficient downregu-
lation of CEMIP by TGFp in arthritic synovial fibro-
blasts is linked to the accumulation of depolymerized
HA in patients suffering from rheumatoid arthritis and
osteoarthritis [11], lending further credence to the
notion that inhibition of the CEMIP hyaluronidase activ-
ity through sulfated HA might represent a promising
new treatment option for these diseases.

Experimental procedures

Ethics statement

All mice were maintained in accordance with Ger-
man government and institutional guidelines and reg-
ulations. Permission for the experiments in this study
was granted by the local authorities (Permit numbers
TVV24/12). Embryos were sacrificed by decapitation.
The completely anonymized human dermal fibroblast
strain GS4 was established prior to the Human Tis-
sue Act 2004 by outgrowth of explants taken from
surplus tissue obtained during surgical reduction
mammoplasty (breast reduction) on healthy donors
younger than 40 years of age. They were originally
obtained from Dr. J.H. Peacock, Institute of Cancer
Research, Sutton, UK. For a detailed description, see
[62] and references therein.

Cell culture

293T cells were cultivated at 37°C in DMEM, 10%
FCS, 1% penicillin-streptomycin. Primary MEFs



were isolated from E13.5 embryos of C57BI/6 of
FVB mice as previously described [63]. Briefly, the
head and organs were removed and embryos were
minced and incubated in trypsin overnight at 4°C.
The next day, the trypsin was removed and the tis-
sue was incubated for 20 min at 37°C. Then, cells
were resuspended in DMEM supplemented with
10% heat-inactivated FCS, 1% penicillin-streptomy-
cin and 2 mM L-glutamine and plated. MRCS5 cells
(human fetal lung fibroblasts) were a kind gift from
Thordur Oskarsson, DKFZ and were cultivated in
MEM, 10% FCS, 2 mM glutamine, 1% non-essential
amino acids, 1% penicillin-streptomycin. Primary
human dermal fibroblasts were cultivated in DMEM,
10% FCS, 1% penicillin-streptomycin. MEFs and
human dermal fibroblasts were cultivated at 37°C,
5% CO,, 5% O,. 293T and MRCS5 cells were culti-
vated at 37°C, 5% CO,, 21% O.

Plasmids and transfection

293T cells were transfected with HYAL1 or
CEMIP expression vectors or controls using Lipo-
fectamine 2000. The murine HYAL1 sequence was
cloned into the pEF6/V5-His-Topo vector (Life Tech-
nologies) as previously described [64]. The following
primers were used: 5-GGC CAA GAC ATG CTT
GGG C-3’ and 5-GTG TGC AGT TGG GTG CAG
C-3. Plasmids containing the murine or human
cDNA sequence of CEMIP in the pRP vector were
purchased from VectorBuilder (vector ID murine
CEMIP: VB180316-1177crn; vector ID human
CEMIP: VB191004-1084jkc; vector ID empty vector
control: VB171110-1101tcx). Expression of HYAL1
and CEMIP was monitored by immunoblotting and
by analyzing HA degradation. For most experiments
transiently transfected cells were used. 293T cells
stably transfected with CEMIP were generated by
selection with puromycin.

siRNA-mediated CEMIP knockdown in MRC5
cells

ON-TARGET plus CEMIP siRNA (si CEMIP) and
the corresponding ON-TARGET plus Non-targeting
Pool (si NT) were purchased from Dharmacon (L-
022291-00-0005 and D-001810-10-05). Transfec-
tions were performed with Lipofectamine RNAIMAX
(Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Knockdown of CEMIP was moni-
tored by Western Blot analysis.

Knock-out of CEMIP in MEFs

For inactivation of CEMIP, transgenic mice on a
mixed C57BI6/FVB background harboring two loxP
sites flanking exon 3 and 4 of the CEMIP gene
(CEMIP™1°%) ere used, which were kindly provided
by Marcus Moller (RWTH Aachen) and generated by

Alain Chariot (University of Liege) [40]. The mice
were genotyped by PCR using the following primer
sequences: For: TGGTACACATGTCACATGGTA-
GAC; Rev: GACAACAATAACCATATGCCTAGG.
MEFs isolated from transgenic mice were transduced
with adenoviral constructs expressing Cre recombi-
nase followed by an IRES-EGFP or the respective
EGFP control constructs with a MOI of 500. Con-
structs were purchased from VectorBuilder (Vector ID
pAV-CMV-Cre-IRES-EGFP: VB190509-1062zan
and pAV-CMV-EGFP VB150925-10024). Efficient
knock-out of CEMIP was confirmed by Western Blot
analysis.

Glycosaminoglycans

High molecular weight HA (HMW-HA) was from
Abbott Medical Optics (Healon5) or from Lifecore
Biomedical (1.5 MDa). Hyaluronan with a molecular
weight of 50 kDa (Select-HA) was from Hyalose. For
preparation of 10 kDa HA fragments, Healon was
digested for 6 hours with 100 U/ml BTH with subse-
quent centrifugation through Amicon ultracentrifugal
filters with a molecular-weight cut-off of 10 kDa (Milli-
pore). Delcore (Contipro) is hyaluronic acid chemi-
cally modified by oleic acid and served as a control
for modified HA. Chondroitin-4-sulfate (chondroitin
sulfate A) from bovine trachea and chondroitin 6-sul-
fate from shark cartilage (90%) were both obtained
from Sigma-Aldrich.

Preparation and characterization of sulfated
hyaluronan

Sulfated HA derivatives were synthesized by
INNOVENT e.V. using high-molecular weight HA
obtained from either Aqua Biochem (Streptococcus
sp., Mw 1.1 x 10° gmol™") or from Kraeber (Mw
9.3 x 10° gmol™'). The synthesis of sulfated GAG
derivatives has been described previously [50-52,65-
67]. Sulfur trioxide/dimethylformamide complex (SOs-
DMF, 47% active SO3s) and sulfur trioxide/pyridine
complex (SOs-pyridine, active SO3; ~ 48-50% pract.,
> 45% SO0O3) were obtained from Fisher Scientific
(Schwerte, Germany). For preparation of the low-sul-
fated HA derivative sHA1.2, SOs-pyridine was used
as a sulfation reagent in a ratio of polymeric OH-
group/SO3 of 1: 3.5. The reaction time was 20 min at
room temperature. The sulfation reagent for the prep-
aration of high-sulfated HA derivatives sHA3.4,
sHA3.5, sHAS3.6 and sHA3.7-1 was SO5;-DMF, with a
ratio of polymeric OH-group/SO; of 1: 20 and a reac-
tion time of one hour. For the sHA3.7-2 we used SOs-
pyridine in a ratio of polymeric OH-group/SO; of 1:
15. The sHA2.0 and sHA2.5 were prepared with both
sulfation reagents. Polymers were purified by dialysis,
first against aqueous 0.025 M NaHCO3-solution and
subsequently against de-ionized water, followed by
freeze-drying under a high vacuum. The respective



degree of sulfation (D.S.) of the sulfated GAG deriva-
tives was determined by elemental analysis. The
molecular weight and the dispersity (D = M,,/M,) was
estimated by gel permeation chromatography (GPC)
equipped with laser light scattering-, refraction index-
and UV-detection [66]. The sulfate group distributions
within the repeating disaccharide unit of the GAG
were detected by high-resolution '*C nuclear mag-
netic resonance [52,68]. Supplementary Fig. 6 and
Supplementary Table 1 summarize the properties of
the sulfated hyaluronan preparations used in this
study.

HA degradation by hyaluronidases

Hyaluronidase activity of bovine testis hyaluroni-
dase (BTH, Sigma Aldrich) was analyzed in 0.3 M
sodium phosphate buffer pH 5.3 and incubated for
16 hours at 37°C with HA, sulfated HA and controls.
For HYAL1 activity assays, 293T cells transfected
with a pEF-HYAL1 plasmid or vector control were
cultivated in serum-free medium for 48 hours. The
conditioned media containing secreted HYAL1 were
collected and used directly or stored at -80°C. Con-
ditioned medium (10-30 pl) was diluted in 0.3 M
sodium acetate buffer pH 3.7 in a reaction volume of
100 pl and incubated with 20 ng HA, with or without
sulfated HA and controls for 16 hours at 37°C. Sub-
sequently HA in the reactions was precipitated with
4 volumes of ethanol by incubation at -20°C. Sam-
ples were then centrifuged at 10000 g for 10 min,
pellets were washed with 70°C ethanol, dried, resus-
pended in H,O and analyzed by agarose gel electro-
phoresis.

CEMIP hyaluronidase activity was assessed with
cells in culture, similar to assays described recently
[7]. 293T cells were transfected with vectors contain-
ing mouse or human CEMIP cDNA or empty vector
controls and reseeded 16 hours after transfection in
24 well plates at 80000 cells / well. After cells had
adhered, 100 p.g/ml HA was added in a total volume
of 500 pl. After 72 hours, medium was collected, 1/
10 volume Proteinase K (1 mg/ml in 100 mM ammo-
nium acetate, 0.1% SDS) was added and incubated
at 60°C for 4 hours. HA was precipitated with 4 vol-
umes ethanol by incubation at -20°C overnight.
Samples were then centrifuged at 10000 g for
10 min, pellets were washed with 70% ethanol and
after drying resuspended in H,O for analysis by gel
electrophoresis. The data used for the graphs
(CEMIP and HYAL1) are derived from three inde-
pendent experiments with one sample per condition
each.

Analysis of HA degradation products
Electrophoresis of HA was performed according

to a protocol provided by Cleveland Clinic (NHLBI
award number PO1HL107147), which is based on

the method of Lee and Cowman [69]. Hyaluronan
samples were mixed with Bromophenol Blue loading
buffer and analyzed by gel electrophoresis using 1
% agarose (Biozym Scientific) in TAE buffer (40 mM
Tris, 20 mM glacial acetic acid, 1 mM EDTA, pH
8.0). Immediately after the run, the gel was placed in
30% ethanol for 1 hour on a shaker. Subsequently
the gel was stained overnight under a light-protec-
tive cover in 2.5 pg/ml Stains-All (Sigma-Aldrich) in
30% ethanol. For destaining, the gel was transferred
to H>O and incubated for several hours in the dark.
The gel was then placed on a light box for several
minutes to complete the destaining and then photo-
graphed. Healon (5 MDa) or 1.5 MDa HA as well as
10 and 50 kDa HA served as size standards.

HABP staining of cells

Cells were plated on glass or plastic chamber
slides, cultivated in DMEM supplemented with 10%
heat-inactivated FCS, 1% penicillin-streptomycin
and 2 mM L-glutamine and treated with the indicated
concentrations of sHA1.2, sHA3.7 or Delcore and
incubated for 72 hours. For HABP staining, cells
were fixed with 3.7% formaldehyde, 70% ethanol,
and 5% glacial acetic acid (all v/v) for 15 min at room
temperature and subsequently air-dried. Cells were
washed three times with PBS. Blocking was per-
formed using 3% BSA (biotin-free) in PBS for 1 hour
at room temperature. Hyaluronan was stained with
hyaluronic acid binding protein (HABP, Calbiochem
#385911, 2.5 png/ml) in 3% BSA overnight at 4°C.
Cells were washed three times with PBS, and bound
HABP was detected using Alexa Fluor 546-labelled
streptavidin (5 pg/ml) at room temperature for
1 hour. Cells were washed three times with PBS and
stained with DAPI (0.5 pg/ml for 5 min). Slides were
mounted with Fluoromount. Immunofluorescence
images were acquired using a Leica DM5500 micro-
scope and a 20x objective (Leica). Total HABP
staining signal (integrated density) was measured in
6 to 8 randomly selected fields from the same well
per condition using ImageJ. The mean signal of
fields stained with Alexa Fluor 546-labelled strepta-
vidin only (background) was subtracted, and the
numbers were normalized to the mean value for the
untreated cells, which was set to 100%.

HA purification

Purification and analysis of HA from cells and con-
ditioned media of cells was performed according to a
protocol provided by Cleveland Clinic (NHLBI award
number PO1HL107147). Cells were cultivated for 3
to 4 days with or without sulfated HA. Media were
collected and incubated for 4 hours at 60°C with 100
pg/ml Proteinase K (Roth). Cells were harvested
with 100 pwg/ml Proteinase K and also incubated at
60°C. Insoluble material was removed by



centrifugation (5000 rpm, 10 min). Samples were
then mixed with 4 volumes ethanol, incubated over-
night at -20°C and centrifuged at 10000 g for 10
minutes. The pellet was washed with 4 volumes
70% ethanol, centrifuged again, air-dried and resus-
pended in 100 pwl 100 mM ammonium acetate. To
inactivate Proteinase K, samples were incubated 5
minutes at 95°C. To normalize the amount of sample
used, DNA content was measured using CyQuant
NF (Thermo Fisher Scientific) and equal amounts
were then used for further steps. Nucleic acids were
digested at 37°C after adding 6 U of DNase (Prom-
ega) and 4 pg RNase (Thermo Fisher Scientific).
Enzymes were inactivated for 5 minutes at 95°C,
insoluble material was removed by centrifugation
(5000 g 10 minutes 4°C) and HA was precipitated
with 4 volumes of ethanol. After incubation at -20°C,
samples were centrifuged again at 10000 g for 10
minutes, the pellets were washed with 70% ethanol,
air-dried and resuspended in H>,O. Samples were
then analyzed by agarose gel electrophoresis and
staining with Stains-All.

Quantitative analysis of hyaluronan agarose gels

Imaged [70] was used to calculate intensities of
HA levels in hyaluronan agarose gels stained with
Stains-All. To reduce unspecific signals, for example
the brown bands derived from sHAS3.7 on the gels, a
colour deconvolution filter (Fast Red Fast Blue DAB)
[71,72] was applied to the images and the image
with the strongest signal was used for further steps.
After inverting the image, plot profiles were mea-
sured in each lane by using the line selection tool
and an appropriate line width. From the resulting
intensities the minimum grey value of the picture
was subtracted to reduce the background signal.
The integrated density was calculated by adding up
all intensity values in each lane to quantify the total
HA values in each lane. For calculation of a dose
response curve and ICso values (Fig. 1) the gravity
of the curve was calculated at 50% of the total HA
amount in each lane. The resulting values were
used for normalization, whereby digested HA with-
out inhibitor was set to 0% and undigested HA was
set to 100% inhibition. These data were used to cal-
culate a four-parameter dose-response curve using
non-linear regression (curve fit) with GraphPad
Prism. To monitor a shift in the size of HA (Fig. 3)
the integrated intensity in four equal regions (quar-
tiles Q1 to Q4) within each lane was calculated. (Q1:
HMW-HA, Q2-Q4: degraded HA). The quantifica-
tions represent data from three independent experi-
ments with one sample per condition each.

Western Blot

Cells were lysed in 50 mM Tris-HCI pH 7.5,
150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5%

sodium desoxycholate, 0.1% SDS supplemented
with protease inhibitor mix (Roche) and clarified by
centrifugation (15 min 13000 rpm). Total protein con-
centration was measured using BCA assays. Sam-
ples were diluted in sample buffer (final
concentration 62.5 mM Tris-HCI pH 6.8, 2% SDS,
10% glycerol, 0.005% bromophenol blue and freshly
added DTT (100 mM)). The samples were subjected
to SDS-PAGE and transferred to Immobilon-P
PVDF membrane (Merck Millipore) by using stan-
dard Western Blotting techniques. The membranes
were probed with polyclonal anti-CEMIP (ab 98947,
Abcam or ARP42526 P050, Avivasystems), anti-
SMA (A2547, Sigma) or anti-vinculin (V9131,
Sigma) antibodies. HRP-conjugated secondary anti-
bodies were from DAKO. The protein bands were
visualized using the Pierce ECL or ECL Dura West-
ern Blotting Substrate (Thermo Fisher Scientific).

Proliferation assays

The CyQuant NF Cell proliferation assay Kit
(Thermo Fisher Scientific) was used to assess cell
numbers. Cells were seeded into 96-well plates at a
density of 1 x 10° cells per well and cultivated over-
night. Cells were then stimulated for 72 h with the
indicated concentrations of sHA1.2, sHA3.7, Del-
core, BTH, LMW-HA or HMW-HA (Healon5). After
cultivation, cells were incubated with 50 nl CyQuant
Dye Binding Solution at 37°C for 30 minutes. The
fluorescence intensity of each well was measured
with excitation at 480 nm and emission at 530 nm
with a SpectraMax iD3 microplate reader (Molecular
Devices). Quantifications are based on ftriplicates
derived from separate wells.

Flow Cytometry

Flow Cytometry was used to analyze cells in dif-
ferent phases of the cell cycle. MEFs were treated
for 3 days with 0.1 wM sHA1.2, sHA3.7 or Delcore or
were left untreated. Adherent and floating cells were
harvested and fixed in 70% ice-cold ethanol. After
fixation cells were washed once in PBS, stained with
DRAQ5 (Biostatus Ltd) and analyzed with a FACS-
can flow cytometer and Cell Quest Pro software
(Becton Dickinson). Quantifications are based on
triplicates derived from separate dishes.

Myofibroblast differentiation of MEFs

CEMIP WT and KO MEFs were starved for
48 hours in DMEM, 0.1 % FCS (heat-inactivated),
2 mM glutamine, then treated with or without 2.5 or
10 ng/ml TGFB1 (Peprotech) and 0.1 M sHAS3.7 in
starvation medium. Cells were harvested after
24 hours for Western Blot analysis.



Osteogenic and adipogenic differentiation of
MEFs

Differentiation experiments were performed with
MEFs of passage 2-4. For osteogenic differentiation,
cells were plated at 2 x 10* cells/cm? and treated
with 50 wg/ml ascorbic acid (Sigma 49752), 10 mM
B-glycerophosphate (Sigma G9422) and 200 ng/ml
BMP2 (Peprotech, # P12643). Cells were incubated
with this differentiation cocktail over a period of
14 days with medium changes every 3 to 4 days.
RNA was harvested at the indicated time points.
After 14 days of differentiation, cells were fixed in
formalin prior to staining with von Kossa stain. For
adipogenic differentiation, cells were plated at high
density (3.5 x 10* cells/cm?) and grown to post-con-
fluency. After 5-7 days, cells were induced to differ-
entiate with 5 pg/ml insulin, 0.5 wM 3-isobutyl-1-
methylxanthine (IBMX), 1 uM dexamethasone and
10 nM troglitazone (all from Sigma) for three days.
Then, cells were incubated with maintenance
medium containing 5 wg/ml insulin for two days.
Medium was changed to normal growth medium for
two additional days. RNA was harvested at the indi-
cated time points or cells were stained with Oil Red
0.

Histological staining of cells

Mineral deposition was evaluated by von Kossa
staining. Formalin-fixed cells were incubated with
5% AgNO; for 15 minutes followed by 5 minutes of
1% pyrogallol. After fixation with 5% sodium thiosul-
fate solution, cells were rinsed with H,O and images
were taken. Lipid droplet formation was assessed by
Oil Red O staining. Formalin-fixed cells were rinsed
in 60% isopropanol for 2 minutes. Subsequently,
cells were incubated for 30 minutes in Oil Red O
staining solution (Sigma) prepared following the
manufacturer’s instructions, then rinsed with H,O
before images were acquired.

RNA isolation and Reverse transcription PCR
(RT-PCR)

Total RNA was isolated from the cells using TRI-
zol (Invitrogen) according to the manufacturer’s
instructions. RNA (5 n.g) was digested by 5 U DNase
| (Thermo Fisher Scientific) at 37°C for 30 minutes.
The reaction was stopped by addition of EDTA and
heat inactivation, then the RNA was transcribed into
cDNA using reverse transcriptase and random pri-
mers (both from Thermo Fisher Scientific) according
to the manufacturer’s protocol. Gene expression
was analyzed using SYBR-Green mix (Applied Bio-
sciences) to perform real-time gPCR using the
Mx3005P QPCR System (Agilent). The sequences
of primers used for qRT-PCR analysis are listed
below. Rplp0 mRNA ftranscripts served as an

internal (housekeeping) control. Relative quantita-
tive analysis was performed using the 2744Ct
method. Quantifications are based on ftriplicates
derived from separate wells.

Rplp0 For GGACCCGAGAAGACCTCCTT;
Rplp0 Rev GCACATCACTCAGAATTTCAATGG;
Ppary For GGGGTGATGTGTTTGAACTTG;
Ppary Rev CAGGAAAGACAACAGACAAAT,; Adi-
ponectin For CCTGGCCACTTTCTCCTCATT,;
Adiponectin Rev ACAGGAGAGCTTGCAACAGT;
CEBPa For GTGCTGGAGTTGACCAGTGA;
CEBPa Rev AAACCATCCTCTGGGTCTCC; BSP
For CCAGGACTGCCGAAAGGAAG; BSP Rev
CCCCGTTTTCTTCAGAATCCTCTG; Osteocal-
cin For CTGACAAAGCCTTCATGTCCA; Osteo-
calcin Rev GCGCCGGAGTCTGTTCACTA;
Osterix For AGCGACCACTTGAGCAAACAT;
Osterix Rev: GCGGCTGATTGGCTTCTTCT

Generation of wounds in mice

Wound healing studies were performed according
to institutional and state guidelines and were
approved by the Committee on Animal Welfare of
Saxony (Germany, TVV24/12). Wounds were
inflicted in 10 to 12 weeks old C57BL/6 mice under
anesthesia as previously described [73]. The back
of the mice was shaved and two full-thickness
wounds (including panniculus carnosus) were cre-
ated with a 6-mm dermal biopsy punch on both sites
of the back. Wounds were harvested at day 7 post
wounding by excising the original wound tissue
using surgical instruments, which was then deep-fro-
zen in Tissue Freezing Medium™. For immunostain-
ing, 6 wm thick tissue sections were prepared.

Immunofluorescence on tissue sections

Sections were fixed in acetone for 10 minutes on
ice and air-dried. For CEMIP and vimentin double
stainings, tissue sections were blocked in 10% goat
serum in PBS for 1 hour at room temperature in a
humidified chamber. Sections were stained with 5
pg/ml CEMIP antibody (rabbit, ab98947, Abcam)
and 10 p.g/ml vimentin antibody (chicken, Biolegend,
919101) in 10% goat serum over night at 4°C. After
washing 3 times with PBS, sections were incubated
with secondary antibodies (1.5 p.g/ml goat anti-rabbit
Alexa 488 and 1.5 pg/ml goat anti-chicken, DyLight
550) in 10% goat serum for 1 hour at room tempera-
ture. Sections were then washed 3 times in PBS,
stained with DAPI (1 pg/ml in water) and embedded
using fluorescence mounting medium (Dako). For
double staining of CEMIP with SMA the MOM Kit
(Vector Labs) was used. Tissue sections were
blocked with Avidin-Biotin blocking kits (Vector
Labs) followed by incubation in 10 % goat serum in
PBS for 1 hour at room temperature in a humidified
chamber. Sections were stained with 5 pg/mi



CEMIP antibody (polyclonal rabbit anti-CEMIP,
ab98947, Abcam) in 10% goat serum and MOM
blocking reagent over night at 4°C. Sections were
washed twice with PBS and incubated for 5 min with
Diluent working solution (MOM Kit). Sections were
then incubated with SMA antibodies (A2547, ascites
fluid, diluted 1:1000, Sigma) in Diluent working solu-
tion (MOM Kit) for 30 min at room temperature. After
washing twice in PBS, a biotinylated anti-mouse IgG
(MOM Kit) was applied for 10 minutes at room tem-
perature, followed by two further washes with PBS
and incubation with secondary antibodies (1.5 p.g/ml
goat-anti-rabbit Alexa 488) and streptavidin-546 (5
p.g/ml) for 30 minutes at room temperature. Sections
were then washed 3 times in PBS, stained with
DAPI (1 pg/ml in water) and embedded using fluo-
rescence mounting medium (Dako). Immunofluores-
cence images were acquired using a Leica DMi8
microscope (Leica).

Statistical analysis

Comparison between two groups was performed
using a two-tailed Student’s t-test. For comparing
more than two groups within the same experiment,
one-way ANOVA was used in GraphPad Prism (ver-
sion 9). Unless otherwise stated, all experiments
were repeated independently three times with equiv-
alent results. One representative example, with rep-
licates for each condition, is shown. Statistical
significance was set at p < 0.05. Data are
expressed as mean + SE. (*p < 0.05, **p < 0.005,
***p < 0.001).
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