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Cardiotrophin-like cytokine (CLCF1) modulates mesenchymal
stem cell osteoblastic differentiation
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Mesenchymal stem cells (MSCs) are multipotent cells capable
of differentiating into adipocytes, chondrocytes, or osteocytes.
MSC:s secrete an array of cytokines and express the LIFR (leu-
kemia inhibitory factor receptor) chain on their surface. Muta-
tions in the gene coding for LIFRf lead to a syndrome with
altered bone metabolism. LIFRf is one of the signaling receptor
chains for cardiotrophin-like cytokine (CLCF1), a neurotrophic
factor known to modulate B and myeloid cell functions. We
investigated its effect on MSCs induced to differentiate into
osteocytes in vitro. Our results indicate that CLCF1 binds mouse
MSCs, triggers STAT1 and -3 phosphorylation, inhibits the up-
regulation of master genes involved in the control of osteogen-
esis, and markedly prevents osteoblast generation and mineral-
ization. This suggests that CLCF1 could be a target for
therapeutic intervention with agents such as cytokine traps or
blocking mAbs in bone diseases such as osteoporosis.

CLCF1? was initially identified as a cytokine expressed by
immune cells signaling through the LIFR (1, 2). It was later
shown to require the soluble cytokine receptor-like protein
CRLF1 as chaperone to be efficiently secreted and to be a ligand
for the tripartite ciliary neurotrophic factor receptor (CNTER)
comprising CNTFRa and signaling chains gp130 and LIFRS
(3). Mutations inactivating the gene coding for LIFR are asso-
ciated with severe, mostly lethal Stiive—Wiederman syndrome
that comprises skeletal manifestations such as bent long bones,
reduced bone volume, and osteoporosis (4—6). This indicates
roles for cytokines signaling through LIFRp in the control of
bone mineralization and metabolism. Bone phenotypes were,
however, not reported in CLCFI-deficient mice or patients
with mutations in CLCF1I, suggesting that the functions of this
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cytokine regarding osteogenesis are redundant or different
from those of other cytokines signaling though LIFRS (7-9). In
support of the latter hypothesis, CLCF1 was shown to have
modest inhibitory effects on osterix expression and mineraliza-
tion in primary calvarial osteoblast cultures (10). Variations in
CLCF1 levels have been recently associated with postmeno-
pausal osteoporosis (11).

Osteogenesis is a complex multistep process, and it is
likely that CLCF1 plays a role in cellular transitions. Differ-
entiation of MSCs into osteoblasts can be induced in vitro
(12). To further investigate the effect of CLCF1 on osteogen-
esis, we examined the capacity of CLCF1 to bind, activate
JAK/STAT signaling, and regulate osteoblastic differentia-
tion in mouse MSCs.

Results
CLCF1 binds and triggers signaling in MSCs

To assess whether CLCF1 has the potential to modulate MSC
fate, we analyzed the binding of biotinylated CLCF1 to the non-
hematopoietic (CD45 ) mouse bone marrow cell fraction that
comprises MSCs. Flow cytometry analysis of primary bone
marrow cells incubated with biotinylated CLCF1 showed that
15-20% of the CD45 cells bind CLCF1 (Fig. 14). To investi-
gate the expression of CLCF1 receptors by MSCs, we expanded
bone marrow cells under conditions favoring MSC growth to
near homogeneity (=99% CD45~ and =99% Scal*; Fig. S1). A
distinct binding could be observed on a large fraction of the in
vitro—expanded MSCs (Fig. 1B).

CLCFlisaligand for CNTER (3) as well as for the multiligand
receptors sortilin and SorLA (13, 14). MSCs express CNTFR
and sortilin (15, 16). We therefore investigated whether CLCF1
could activate JAK/STAT signaling in MSCs. As CNTER acti-
vation by CLCF1 induces STAT1 and STAT3 phosphorylation
(3,17), we focused our investigation on these two transcription
factors. Up-regulation of both STAT1 and STAT3 tyrosine phos-
phorylation could be detected in response to CLCF1, and this
up-regulation was inhibited by the JAK inhibitor ruxolitinib
(Fig. 2, A—C). We compared CLCF1 with LIF, a cytokine that
activates the signaling chains of the CNTFR (18, 19). Dose—
response experiments indicate that CLCF1 is less potent than
LIF in triggering STAT1 and STAT3 tyrosine phosphorylation
(Fig. 2C). Whereas these results did not discriminate between
the known CLCF1 receptors, they indicate that CLCF1 induces
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Figure 1. CLCF1 binds to aCD45  population in mouse bone marrow and to MSCs. A, freshly isolated bone marrow cells (1 X 10° cells) were incubated with
biotinylated CLCF1 (1 wg/ml) for 1 h and then stained with an allophycocyanin-conjugated anti-CD45.2 mAb and PE-conjugated streptavidin to detect the
CLCF1 binding. Fluorescence was measured by flow cytometry. The gray-filled histogram and the black line show the PE-conjugated streptavidin control stain
and the CLCF1 binding, respectively, both on the gated CD45"°9 population. The vertical dot plot shows the mean fluorescence intensity = S.D. (error bars) of
the CLCF1 binding compared with the control staining. Student’s t test was used to assess statistical significance. *, p < 0.05; ***, p < 0.001 (n = 3 technical
replicates). B, MSCs (1 X 10° cells) were incubated with biotinylated CLCF1 or CLCF1-mut1 (both at 1 ug/ml) for 1 h and then stained with a PE-conjugated
streptavidin. Fluorescence was measured by flow cytometry. The gray-filled histogram represents the fluorescence of MSCs incubated with streptavidin alone.
The solid and the dotted lines represent the fluorescence of MSCs incubated with CLCF1 + streptavidin and CLCF1-mut1 + streptavidin, respectively. The
vertical dot plot shows the mean fluorescence intensity = S.D. of the CLCF1 and the CLCF1-mut1 bindings compared with the control staining. Student’s t test

was used to assess statistical significance. *, p < 0.05; ***, p < 0.001 (n = 3 technical replicates).

the activation of a prototypic cytokine JAK/STAT signaling in
MSC:s that could influence their differentiation.

To investigate whether CLCF1 activates MSCs via CNTER,
we used a derivative with site I inactivated by a W94A substi-
tution (20) (CLCF1-mutl). Unlike WT CLCF1, CLCF1-mutl
does not bind or activate Ba/F3 transfectants expressing
CNTER (Fig. S2). We observed that CLCF1-mutl could still
bind MSCs (Fig. 1B) and induce STAT1 and STAT3 phosphor-
ylation (Fig. 2A4). To investigate whether CLCF1 binds MSCs via
sortilin, we down-regulated sortilin expression in MSCs by
RNAi. Whereas sortilin mRNA levels were reduced by 88% in
MSCs transfected with sortilin-specific siRNA, no effect on the
binding of CLCF1-mutl could be observed (Fig. S3). Alto-
gether, these results suggest that CLCF1 activates an alterna-
tive, so far elusive receptor on MSCs (21).

SASBMB

CLCF1 regulates the expression of transcription factors
involved in the control of osteoblast differentiation

We next examined whether CLCF1 modulates the mRNA
levels of transcription factors involved in osteoblast differenti-
ation using quantitative RT-PCR. We compared MSC cultured
under conditions inducing osteogenesis in the absence or pres-
ence of CLCF1 (Fig. 3). As expected, the mRNA levels of osterix,
Runx2, and DIx5, three transcription factors implicated in
osteoblast differentiation (22—24), were strongly up-regulated
in MSCs by the osteogenic culture medium (Fig. 3). The up-reg-
ulation of these transcription factors was markedly reduced in
the presence of CLCF1 (Fig. 3). The observed effect was specific,
as the level of the nuclear receptor PPARy mRNA, involved in
adipocyte differentiation (25) was unaffected by the presence of
CLCF1 (Fig. 3). We also examined whether CLCF1 regulates
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the expression of mRNA encoding osteoclastogenesis-related
factors. We observed that CLCF1 down-regulated the mRNA
levels of osteoprotegrin (OPG), an osteoclastogenesis inhibi-
tory factor (26), in MSCs cultured in either normal or osteo-
genic conditions. CLCF1 significantly up-regulated the oste-
oclast differentiation factor RANKL mRNA levels in MSCs
expanded in normal medium but not in MSCs maintained in
osteogenic conditions (Fig. 3).

CLCF1 inhibits the differentiation of MSCs into osteoblasts

The up-regulation of the mRNA levels of the osteoblast
markers alkaline phosphatase and osteocalcin was also reduced
when the osteoblast differentiation was induced in the presence
of CLCF1 (Fig. 3). To analyze whether this was associated with
areduction of mineralization, we quantified osteogenesis using
alizarin red S staining (Fig. 4, A and B). A striking decrease of
the staining was observed in MSC cultures in which osteoblast
differentiation was induced in the presence of CLCF1. Alkaline
phosphatase activity, a marker of osteogenic differentiation
involved in bone mineralization (27), was also reduced, albeit
less markedly than hydroxyapatite deposit formation assessed
by alizarin red S staining (Fig. 4C). CLCF1 also down-regulated
the hydroxyapatite deposit formation in MSCs induced to dif-
ferentiate into osteoblasts using BMP-2 stimulation in addi-
tional experiments. (Fig. 4D).

Discussion

We observed that CLCF1 binds MSCs and that CLCF1 pro-
motes STAT1 and STAT3 tyrosine phosphorylation, indicating
that these cells respond to this cytokine. We therefore investi-
gated the effect of CLCF1 on the differentiation of MSCs into
osteoblasts in vitro. A significant down-regulation of the
expression of mRNA coding for osterix, Runx2, and DIx5, the
three transcription factors that regulate osteoblast differentia-
tion (22-24), was detected in MSCs primed for osteogenesis in
the presence of CLCF1. CLCF1 also inhibited the expression of
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Figure 2. CLCF1 activates the phosphorylation of STAT1 and STAT3 in MSCs. A and B, MSCs were stimulated with CLCF1 (100 ng/ml), CLCF1-mut1 (100
ng/ml), or CLCF1 (100 ng/ml) with or without ruxolitinib (lane CLCF1 + Ruxo; 10 um) for 15 min. Lysates were subjected to Western blot analysis using anti-
phospho-STAT3 (p-STAT3), anti-STAT3, anti-phospho-STAT1 (p-STATT1), or anti-STAT1 mAb, respectively. Signals were revealed using horseradish peroxidase-
labeled secondary antibody and chemiluminescence. C, MSCs were stimulated with 0, 0.1, 1, 10, 50, or 100 ng/ml CLCF1 or with 1 ng/ml LIF for 15 min. Lysates
were analyzed for phospho-STAT3 and total STAT3 levels as described above.

osteocalcin and alkaline phosphatase mRNA, two markers of
osteoblastic differentiation. We also observed that CLCF1
inhibited expression of OPG, an osteoclastogenesis inhibitory
factor (26), by MSCs, indicating that CLCF1, besides modulat-
ing osteoblastogenesis, might have a complementary effect on
bone metabolism by promoting osteoclast differentiation and
therefore bone resorption. In line with these effects, CLCF1
markedly reduced mineralization and alkaline phosphatase
activity. Our results are in accordance with previous reports
regarding the effect of CLCF1 on osterix expression and
mineralization in primary calvarial osteoblasts. The effects
of CLCF1 on MSCs were more extensive than those reported
(10) on calvarial osteoblast, as Runx2 and osteocalcin mRNA
levels were also down-regulated in MSCs. Our observations
further indicate that CLCF1, like CNTF, differs from LIF,
cardiotrophin-1, oncostatin M, and neuropoietin, the other
cytokines signaling through LIFRB and gp130, in its effect on
osteogenesis (28). Our observation that CLCF1 site I inacti-
vation does not prevent MSC activation indicates that the
recruited receptor does not comprise CNTFRa. We hypoth-
esized that CLCF1 and CNTF may exert distinctive roles
through sortilin, as both bind this alternative receptor (13)
expressed by MSCs (15). Binding experiments with MSCs
depleted from sortilin mRNA using siRNA transfection sug-
gest that the CLCF1-binding receptor on MSCs is not sorti-
lin either and remains to be identified, as is the one involved
in the immunomodulatory roles of this cytokine (21). None-
theless, CLCF1 binds MSCs, induces JAK/STAT signaling,
and regulates MSC differentiation. As MSCs can be induced
to generate several cell lineages besides osteoblasts, such as
adipocytes, chondrocytes, myocytes, and neuron-like cells
(29-32), it will be of interest to investigate whether these
processes are also regulated by CLCF1.

CLCF1 requires CRLF1 as a chaperone for efficient secretion.
The phenotype of CRLF1 knockout mice suggests that CLCF1
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Figure 3. CLCF1 inhibits the induction of osteogenic specific genes in MSCs. MSCs were expanded in AMEM medium (CTL—), AMEM medium supple-
mented with CLCF1 (100 ng/ml) (CLCFT), osteogenic medium (Ost), or osteogenic medium supplemented with CLCF1 (100 ng/ml) (Ost + CLCF1) for 3 weeks.
DIx5, Runx2, osterix, osteocalcin, alkaline phosphatase, B-catenin, PPARy, OPG, and RANKL mRNA expression was quantified by RT-gPCR. Results were
normalized using the housekeeping gene HPRT mRNA levels. Vertical dot plots indicate mean mRNA -fold changes = S.D. (error bars). Statistical significance was
assessed using analysis of variance. **, p < 0.01; ***, p < 0.001; ns, not significant; n = 3 technical replicates.

is required for hematopoietic stem cell maintenance (33), a role
that could involve bone marrow stromal cells, such as MSCs.
CLCF1 administration was shown to promote B cell expansion
and myelopoiesis (2, 34, 35). Ligands of CNTER are believed to
have direct and indirect effects on hematopoietic cells, such as
B cells (2, 34—36). Factors produced by bone marrow MSCs in
response to CLCF1 could contribute to the indirect effect of
CLCF1 on hematopoietic cells.

In conclusion, our results indicate that CLCF1 can influ-
ence MSC differentiation and confirm that it regulates
osteogenesis in vitro, indicating a new facet of activities for
this cytokine.

Experimental procedures
Isolation of BM-MSCs

All procedures conformed to the Canadian Council on
Animal Care guidelines and were approved by the Animal

SASBMB

Ethics Committee of the Université de Montréal (CDEA).
Tibiae and femora of C57BL/6 female mice purchased from
Charles River Laboratories were dissected and washed with
PBS. Bone marrows were flushed using AMEM medium
(Wisent Bioproducts, Saint-Jean-Baptiste, Quebec, Canada)
containing 10% FBS, 4 mM L-glutamine, 1 IU/ml penicillin,
and 100 ug/ml streptomycin. The recovered cells were incu-
bated in a 100-mm Petri dish at 37 °C under a 5% CO, atmo-
sphere for 5 days. The MSC isolation and expansion protocol
was adapted from Huang et al. (37). Briefly, nonadherent
cells were washed away with PBS. Adherent cells were
detached with trypsin/EDTA and split at a 1:3 ratio into
75-cm? culture flasks to deplete the hematopoietic cell pool.
Cells were passaged at confluence, and purity was assessed
by flow cytometry using a FACS Canto II flow cytometer (BD
Biosciences). For all experiments, MSCs at passage 7 and
above were used.

J. Biol. Chem. (2019) 294(32) 11952-11959 11955
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Figure 4. CLCF1 inhibits MSC differentiation into osteocytes. A, photographs of the alizarin red S-stained cells. MSCs were expanded in AMEM medium
(CTL—), AMEM medium with CLCF1 (100 ng/ml) (CLCF1), osteogenic medium (Ost), or osteogenic medium supplemented with CLCF1 (100 ng/ml) (Ost + CLCF1)
for 3 weeks. Calcium deposits were stained with alizarin red S. B, alizarin red S was extracted using cetylpyridinium chloride (10%), and the A, ., Was assessed
using 1:5 diluted samples. Vertical dot plots represent mean A = S.D. (error bars), n = 4 technical replicates. C, to quantify alkaline phosphatase activity, MSCs
were lysed in 1% Triton X-100 and incubated with p-nitrophenyl phosphate for 10 min. The total protein concentration was used to normalize the values.
Vertical dot plots represent mean alkaline phosphatase activity + S.D., n = 6 technical replicates. Statistical significance was analyzed using analysis of variance.
** p < 0.01; ***, p < 0.001. D, MSCs were expanded in AMEM medium (CTL—), AMEM medium with CLCF1 (100 ng/ml) (CLCF1), BMP-2 osteogenic medium
(BMP-2), or BMP-2 osteogenic medium supplemented with CLCF1 (100 ng/ml) (BMP-2 + CLCF1) for 3 weeks. Calcium deposits were stained with alizarin red S

and extracted as in B, and the A, ., Was assessed using undiluted samples.
CLCF1-binding assays

Freshly isolated bone marrow cells from C57BL/6 mice were
depleted from red blood cells and incubated for 1 h on ice with
biotinylated CLCF1 (38) (1 wg/ml) in PBS containing 1% BSA.
Cells were washed and stained with phycoerythrin (PE)-conju-
gated Streptavidin (554061, BD Biosciences) and allophycocya-
nin-conjugated anti-mouse CD45.2 (17-0454-82, Thermo
Fisher Scientific). The same protocol was used for the CLCF1
and the CLCF1-mutl (W94A CLCF1 (38)) binding assays on
the expanded MSCs without anti-CD45 staining. Fluorescence
was detected and quantified by flow cytometry.

Western blot analysis

MSCs were plated at 5 X 10* cells/cm? overnight and serum-
starved for 24 h. MSCs were then stimulated for 15 min with

11956 J. Biol. Chem. (2019) 294(32) 11952-11959

LIF (PeproTech), recombinant murine CLCF1 (100 ng/ml), or
recombinant CLCF1-mutl (100 ng/ml). CLCF1 and CLCF1-
mutl were produced, purified, and tested as described previ-
ously (38). When included during the stimulation, ruxolitinib
(Selleckchem, Houston, TX) was used at 10 um. Cells were
washed with ice-cold PBS and lysed in radioimmune precip-
itation assay lysis buffer containing protease (cOmplete™,
Millipore-Sigma) and phosphatase inhibitors (Thermo
Fisher Scientific). Proteins were subjected to PAGE and elec-
trotransferred to polyvinylpyrrolidone blotting membranes.
Membranes were sequentially incubated with rabbit anti-
bodies specific for phospho-STAT1 (7649S, Cell Signaling
Technology), phospho-STAT3 (4904S, Cell Signaling Tech-
nology), STAT1 (9172, Cell Signaling Technology), or
STATS3 (9131L, Cell Signaling Technology) and with horse-
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radish peroxidase—conjugated anti-rabbit IgG (R&D Sys-
tems). Signals were revealed by chemiluminescence.

Osteogenic differentiation

Once MSCs reached 90% confluence, the osteogenic
induction medium was added and replaced every 3—4 days
for 3 weeks. The MSCs were differentiated according to
Stagg et al. (39). The osteogenic medium consisted of the
AMEM culture medium described above supplemented with
0.1 uMm dexamethasone, 20 mMm B-glycerophosphate, and 200
uM L-ascorbic acid 2-phosphate. The BMP-2 osteogenic
medium consisted of the AMEM medium described above
supplemented with 100 ng/ml BMP-2 (PeproTech), dexam-
ethasone (10 nm), B-glycerophosphate (5 mm), and L-ascor-
bic acid 2-phosphate (170 wm) (40, 41). Control wells con-
tained nonsupplemented AMEM medium. CLCF1 was used
at a concentration of 100 ng/ml.

Alizarin red S staining and quantification

MSCs incubated for 3 weeks in control or osteogenic
medium were washed three times and fixed for 1 hin PBS, 4%
formaldehyde. The fixed cells were then washed three times
with water, stained in 40 mwm alizarin red S (Sigma-Aldrich),
pH 4.1-4.3, for 20 min, and washed with water. Staining was
analyzed by microscopy. Photos of the wells were taken using
a Fujifilm FinePix F770EXR camera. For mineralization
quantification, cells were gently shaken at room temperature
in 10% cetylpyridinium chloride, 10 mm sodium phosphate,
pH 7.0, to extract the red dye (42). The absorbance (A5, ,,m)
of the extracts diluted 1:5 was assessed using a Viktor?
microplate reader (PerkinElmer Life Sciences, Woodbridge,
Canada).

Alkaline phosphatase activity

MSCs incubated for 3 weeks in control or osteogenic
medium were washed with PBS and lysed in 1% Triton
X-100, 10 mm Tris-HCI, pH 7.4. The cell lysates were scraped
and subjected to three freeze-thaw cycles. Cell lysate ali-
quots were incubated at a 5:100 ratio with p-nitrophenyl
phosphate liquid substrate (N7653, Sigma-Aldrich). The
reactions were stopped using 25 ul of 3 M NaOH, and 4,45 ,,m
was measured. Protein concentration of cell lysates was
quantified using a bicinchoninic acid protein assay kit
(Thermo Fisher Scientific).

Quantitative PCR (qPCR)

MSCs incubated for 3 weeks in control or osteogenic
medium were detached, and total RNA was isolated using
TRIzol™ (Thermo Fisher Scientific). RNA was further puri-
fied using RNeasy Mini Kit columns (Qiagen). RNA concen-
trations were measured using a NanoDrop spectrophotom-
eter (Thermo Fisher Scientific). RNA integrity was assessed
using a BioAnalyzer (Agilent Technologies). A high-capacity
c¢DNA reverse transcription kit (Applied Biosystems) was
used to generate the cDNA using aliquots of 1 ug of RNA as
template. Levels of specific mRNA were quantified with a
QuantStudio™ 7 Flex Real-Time PCR System. Results were
normalized using the HPRT mRNA levels as an endogenous

SASBMB

Table 1
Forward and reverse primers used for RT-qPCR
Gene Forward sequence Reverse sequence

Alpl cggatcctgaccaaaaacc tcatgatgtccgtggtcaat
Runx2 gcccaggcgtatttcaga tgcctggctcttcttactgag
Sp7 agcaccaatggactcctctc gggtgggtagtcatttgcat
DIx5 agcccctaccaccagtacg gctccgceccacttectttete
BglapZ agactccggcgctacctt ctcgtcacaagcagggttaag
Ctnnbl ccaatggcttggaatgaga gggatcatcctggcgata
Hprt tcctcecctcagaccgetttt cctggttcatcatcgctaatce
Sortl cggatatcacgacgactcag gagcctcagggagtgtagga
Gapdh tgtccgtcecgtggatctgac cctgcttcaccaccttecttg

control that was not regulated by CLCF1. Primer pairs used
are indicated in Table 1.
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nal draft.
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