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ARTICLE INFO ABSTRACT

Glucuronyl C5-epimerase (Hsepi) catalyzes the conversion of glucuronic acid to iduronic acid in the process of
heparan sulfate biosynthesis. Targeted interruption of the gene, Glce, in mice resulted in neonatal lethality with
varied defects in organ development. To understand the underlying molecular mechanisms of the phenotypes,
we used mouse embryonic fibroblasts (MEF) as a model to examine selected signaling pathways. Our earlier
studies found reduced activities of FGF-2, GDNF, but increased activity of sonic hedgehog in the mutant cells. In
this study, we focused on the bone morphogenetic protein (BMP) signaling pathway. Western blotting detected
substantially elevated endogenous Smad1/5/8 phosphorylation in the Hsepi mutant (KO) MEF cells, which is
reverted by re-expression of the enzyme in the KO cells. The mutant cells displayed an enhanced proliferation
and elevated alkaline phosphatase activitywhen cultured in osteogenic medium. Analysis of the genes involved
in the BMP signaling pathway revealed upregulation of a number of BMP ligands, but reduced expression of
several Smads and BMP antagonist (Grem1) in the KO MEF cells. The high level of Smad1/5/8 phosphorylation
was also found in primary calvarial cells isolated from the KO mice. The results suggest that Hsepi expression
modulates BMP signaling activity, which, at least partially, is associated with defected molecular structure of
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heparan sulfate expressed in the cells.

1. Introduction

Signaling activities of numerous growth factors and morphogens,
e.g. FGF, TGFf3, BMP, HGF, Wnt, Hh, depend on cell surface receptor
systems, which consist of a tyrosine or serine/threonine kinase-type
receptor along with heparan sulfate proteoglycan (HSPG) as co-receptor
[1]. HSPG is ubiquitously expressed in all tissues, having essential
functions in animal development [2,3]. The biological activities of
HSPG are mainly through interaction of the side polysaccharide chain,
heparan sulfate (HS) with ligands, including growth factors and their
receptors [4]. The diverse functions of HS are ascribed to their com-
plicated molecular structure that is generated by a controlled biosyn-
thetic mechanism, varying in tissues and cells. The biosynthetic process
is initiated by formation of a polysaccharide chain composed of alter-
nating p-glucuronic acid (GlcA) and N-acetylglucosamine (GlcNAc)
units that are modified through a series of reactions, including N-dea-
cetylation/N-sulfation of GIcNAc residues, C5-epimerization of GIcA to
L-iduronic acid (IdoA) units and O-sulfation at various positions of the

hexuronic acid and glucosamine residues [4]. The action of glucuronyl
C5-epimerase (Hsepi) results in generation of IdoA residues that are
found in the sequences binding to protein ligands, and are considered to
promote ligand apposition through their conformational flexibility [5].
Targeted disruption of the gene, Glce, in mice eliminated the enzyme
(Hsepi) expression and resulted in production of abnormal HS structure,
completely lacking IdoA residues with severely distorted sulfation
pattern. The Hsepi deficient mice are neonatally lethal, with multiple
development defects; however, some organs developed seemingly
normal [6].

To find out the mechanisms underlying the differential develop-
mental defects of Hsepi mutant mice, we isolated embryonic fibroblasts
(MEF) for examining activities of selected growth factors that are
known to play essential roles in animal development. Our earlier stu-
dies revealed that the MEF cells isolated from the Hsepi mutant (KO)
mice displayed reduced FGF2-stimulated signaling activity, due to
lower affinity of the mutant HS in binding to FGF-2 [7]. Structural
analysis of the HS isolated from the Hsepi KO MEF cells showed, apart
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from complete lack of IdoA, major alteration in the HS structure, in-
cluding increased N- and 6-O-sulfation and reduced total 2-O-sulfation
[7]. Our recent studies showed that lack of Hsepi led to higher Indian
hedgehog (Ihh) signaling in mutant chondrocytes during bone devel-
opment, which is due to reduced expression of Ptchl and lower affinity
of Thh to the mutant HS expressed in Hsepi-KO cells [8].

One distinct defect of the Hsepi mutant embryos is skeletal mal-
formation [6]. As bone morphogenetic protein (BMP)/transforming
growth factor-beta (TGF-f3) play crucial role in skeletal development,
perturbations of this pathway lead to skeletal abnormalities [9]. To get
some insight into the mechanisms behind the skeletal development
defects of Hsepi mutants, we examined BMP-signaling in the MEF cells
that we have used previously [7]. The results show higher endogenous
Smad1/5/8 phosphorylation in the mutant cells (KO MEF), which can
be reverted when Hsepi is re-introduced into the cell. Analysis of se-
lected genes involved in the BMP-Smad pathway revealed substantially
elevated expression of several BMPs and reduced expression of Smad
and BMP receptors. Particularly, the gene of the BMP-2 antagonist,
Greml, was significantly downregulated. Putting together, the results
show a close correlation of Hsepi expression and BMP signaling, which
is presumably associated with the defects in HS molecular structure.
The results also suggest that the molecular structure of HS can affect the
activity of BMP, which should be considered for the therapeutic ap-
plication of BMP-2 for treatment of Hereditary Multiple Exostoses
(HME) [10], where abnormal HS structure is detected.

2. Results

2.1. Elevated endogenous Smad1/5/8 phosphorylation in the Hsepi KO
MEF cells

The primary aim of this study was to get some insight for the severe
skeletal development defects in the Hsepi KO mice [6]. WT and KO MEF
cells were incubated with or without BMP-2 after starvation for 24 h
and Smad1/5/8 phosphorylation was detected by western blotting. The
result shows a substantially higher level of p-Smadl/5/8 in the KO
cells, even without BMP-2 stimulation when cultured in the starvation
media (Fig. 1A). Analysis of cell proliferation using the MTS method
revealed a higher proliferation rate of the KO cells (Fig. 1B), which most
likely is associated with the ‘hyper’ endogenous Smadl/5/8 phos-
phorylation activity. The elevated Smad1/5/8 phosphorylation is not a
result of increased expression of the protein, as the amount of Smad1 is
apparently even less in the KO cells (Fig. 1A). As BMP signaling plays
important roles in bone development, it is rational to assume a corre-
lation of the ‘hyper’ BMP signaling activity with the abnormal forma-
tion of the skeletal system in the mice. Thus, we cultured the MEF cells
in the osteogenic medium aiming to differentiate them into the osteo-
genic lineages [11]. Unfortunately, repeated experiments showed that
the cells died after 3days of culture on the osteogenic medium.
Nevertheless, significantly higher level of alkaline phosphatase (ALP)
activity in the KO cells cultured in both normal and osteogenic media
indicates a tendency of enhanced differentiation (Fig. 1C). The poor
response of KO cells to the added BMP-2 is most likely due to the high
endogenous activity.

The elevated Smad1/5/8 phosphorylation and higher proliferation
rate of the KO cells cultured in starvation medium in the absence of
BMP-2 suggest a potential autocrine activity of the cells. To test for the
presence of putative BMP family ligands secreted in the medium of the
MEFs, we examined Smad pathway activity using a reporter cell line
(C2C12-BRE-luc) derived from mouse C2C12 pluripotent cells, expres-
sing the luciferase gene under the control of a synthetic promoter, de-
rived from the mouse Id1 gene, which responds strongly to BMP-
Smad1/5/8 signaling [12]. Analysis of the reporter luciferase activity of
the C2C12-BRE-luc cells cultured in the conditioned media of KO and
WT cells showed a significantly higher level of luciferase activity of the
C2C12 cells cultured in conditioned medium from the KO cells
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compared to the medium from WT MEFs (Fig. 1D).

To verify that the elevated Smad1/5/8 phosphorylation is through
the activation of BMP receptors, we cultured the KO cells in the pre-
sence of dorsomorphin homolog 1 (DMH1) that is a selective inhibitor
for the type 1 BMP receptors [13]. The results show that DMH1, at
concentrations higher than 0.1 uM effectively inhibited the Smad1/5/8
phosphorylation (Supplementary Fig. 1), indicating that the loss of
Hsepi in the KO MEFs led to enhanced Smad1/5/8 phosphorylation, at
least partly, through activation of type 1 BMP receptors.

To demonstrate that the elevated level of Smadl/5/8 phosphor-
ylation in the KO cells is indeed associated with Hsepi expression, the
Glce gene was re-introduced to the mutant MEF cells. Detection of the
Hsepi activity confirmed success in re-expression of the enzyme
(Fig. 2A). Western blotting shows reduced level of Smad1/5/8 phos-
phorylation in the KO cells re-expressed Hsepi in comparison to mock
transfected cells and KO cells (Fig. 2B).

2.2. Disturbed expression of genes and proteins involved in BMP signaling in
the Hsepi KO MEFs

The higher cellular activity of the Hsepi KO cells cultured in the
starvation medium and the effect of conditioned medium in C2C12-
BRE-luc cells led to the hypothesis that the KO cells produced stimu-
lating factors that led to Smad1/5/8 phosphorylation and cell growth.
Hence, we chose to examine expression of the genes involved in the
BMP-Smad signaling pathway using the Microarray PCR kit. The two
independent experiments from two cell cultures showed a significantly
increased expression of several cytokines, e.g. BMP-4, 6 and 7 in the KO
cells (Fig. 3A, C), and a moderately reduced expression of a few
downstream signaling molecules, Smadl, 4 and 7 (Fig. 3B, D). In ex-
periment 1, an increased expression of BMP-2 was detected (Supple-
mentary Fig. 1); this value was lost in experiment 2. There was a slight
increase of BMP receptor 1a and 1b (Bmprla, b), but a slight reduction
of BMP receptor 2 (Bmpr2) in the KO cells (Supplementary Fig. 2).
Apart from the cytokines and receptors, Fst (follistatin) was sub-
stantially upregulated and GremI (gremlin 1) was significantly down-
regulated. Follistatin is an activin-binding protein, also having in-
hibitory function against BMPs; while gremlin 1 is a BMP antagonist
[14]. The data indicates that lack of Hsepi resulted in a disturbed ex-
pression pattern of genes involved in the BMP-Smad signaling pathway.

Further, we employed a Proximity Extension Assay (PEA; [15]) for a
highly sensitive multi-panel analysis of proteins expressed in the cells.
Restricted by the cost of labeling antibodies, we analyzed only a few
proteins that play roles in the BMP signaling pathway. The results
confirm the reduced levels of Smad4 and Bmpr2 (Fig. 4). As Runx2
(runt-related transcription factor 2) is a key transcription factor asso-
ciated with osteoblast differentiation and CDH1 (cadherin-1) plays
important roles in cell-cell interactions at early embryonic develop-
ment, we also examined these two proteins in the cells. Both proteins
had a significantly lower level in the KO MEF cells. CDH1 has been
reported to regulate craniofacial development [16], the reduced the
level of CDH1 may also have contributed to the defects of bone de-
velopment in the Hsepi KO mice, through affecting BMP signaling
pathway.

2.3. Altered expression of genes critical for heparan sulfate biosynthesis

Our earlier study found that heparan sulfate (HS) expressed in the
KO MEF cells displayed a lower affinity in binding to FGF2, which was
ascribed to the structural alteration of HS due to complete lack of
iduronic acid residues, reduced 2-O-sulfation and increased N- and 6-O-
sulfation [7]. This was assumed to be due to alteration in the expression
of the biosynthesis enzymes. To confirm this and correlate to the ob-
servations in this study, we examined the expression of the genes
coding for the critical modification enzymes by qPCR. The results de-
monstrate reduced expression of Hs2st and upregulated expression of



T. Batool et al.

A
KO wT
BMP-2 (ng/ml) 0 10 50 100 0 10 50 100
osmad 1/5/s e I NS 8 e

Smad 1

B-actin

C - WT
0.4 2 KO
,g 0.0003 <0.0001 0.0001
g 03 ] ]
g2 _
g.g 0.24
Yy
<3
2 0.1
ol IO |
0.0 , ;
10% FBS o.M 0.M+BMP2

Cellular Signalling 54 (2019) 122-129

B _25 mmwr
g = KO
S 2.0
=
[}
S 157
©
£
8 1.0
<<
(]
i I
©
[}
€ o0 , .
0 10
BMP-2 (ng/ml)
D :
- \WT p=0.009
| —
B KO e

Luciferase activity (relative units)
N

KO

Fig. 1. Smad phosphorylation and cell proliferation: (A) MEFs were cultured in starvation medium for 24 h and stimulated with BMP-2 at the indicated concentrations
for 30 min. The cell lysates were analyzed by western blotting. (B) Proliferation of MEFs cultured in starvation medium for 24 h with or without addition of BMP-2
was determined by MTS analysis. The proliferation is expressed as relative absorbance normalized to WT without BMP-2 stimulation as 1. (C) Alkaline phosphatase
(ALP) activity was determined in the cells cultured in DMEM + 10%FBS and osteogenic medium (O.M.) with or without BMP-2 for 3 days. Average enzymatic activity
was normalized to total protein per extract. (D) Luciferase activity of C2C12-BRE-luc cells cultured in the conditioned media from WT and KO cells culture. The
luciferase activity was normalized to (3-galactosidase activity, set WT as 1. The data plotted in bar graphs represent average values from triplicate determinations with
standard deviations. Repeated measures one-way Annova or two-way Annova were applied. Sidak's multiple comparison tests were performed for the data in (C).
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Fig. 2. Re-expression of Hsepi in the KO MEF cells: (A) KO MEF cells were stably transfected with the Glce gene by a Lenti virus system and Hsepi activity was analyzed.
Release of ®H from the substrate was detected in WT and Hsepi (re-expressed), while not in the KO and mock transfected KO (the counts are background); (B) The
cells were cultured in starvation medium for 24 h and stimulated with BMP-2 at the indicated concentrations for 30 min. The cell lysates were analyzed by western

blotting.

Hs6stl, 3 and Ndst2 (Fig. 5A), which corroborates with our earlier
finding of HS structural alteration in the cells [7]. However, in contrast
to FGF2, the mutant HS displayed a higher binding capacity to BMP-2
(Fig. 5B), which most likely contributed to the enhanced Smad phos-
phorylation in the KO cells. Nevertheless, the HS chain length had no
difference between the KO and WT-MEFs (Supplementary Fig. 3). Im-
munocytostaining of the cells showed positive signals of WT cells with a
phage display antibody (AO4B08) that recognizes iduronic acid as an
epitope (Fig. 5C), which is lacking in the KO cells.
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2.4. Higher level of Smad1/5/8 phosphorylation in cultured primary
calvarial cells isolated from Hsepi KO embryos

To ascertain that the elevated Smad1/5/8 phosphorylation is not a
unique property of the MEF KO cells, we examined BMP-2 signaling
activities in primary calvarial cells isolated from embryos of E18.5.
Similar to the MEFs, KO calvarial cells displayed a higher Smad1/5/8
phosphorylation in response to BMP-2 stimulation and a lower level of
Smadl (Fig. 6A). Moreover, Western blotting showed lower levels of
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Fig. 3. Microarray analysis of genes involved in the BMP-Smad signaling pathway: Both WT and KO cells were cultured for 24 h in DMEM supplemented with 10% FBS
and total RNA was isolated for preparation of cDNA. The cDNA (10 ng) was used per reaction of Prime PCR pathway array 96-well plate (Development-BMP signaling
M96) using SsoAdvanced universal SYBR Green Supermix. The data from two independent experiments (mean of 6-9 readings per gene) are separately shown. (A, C)
shows the genes of elevated expression and (B, D) shows the genes of reduced expression in KO cells. The expression level of WT is set as 1. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

. \WT
1.5 @ KO
0.0036 70.0007 n.0012 0.0016
]
g 1.0
c
@
o=
Q
ko) _
£ 05
0.0- [] : N - =
Smad4 BMPR2 CDH1 Runx2 VEGF

Proteins

Fig. 4. PEA analysis of protein expression: Both WT and KO cells were cultured as
above. After lysis in RIPA buffer, 1l of the lysate (4000-5000 cells/pl) was
used for the PEA analysis with selected antibodies (see method). Protein ex-
pression values were determined by subtracting the mean Cqg-value (log2 scale)
of the lysis buffer control (n = 3) plus two standard deviations of the mean
minus the Cq-value of the sample. Two-way Annova was applied followed by
Sidak's multiple comparison tests.

Runx 2 in the KO calvarial cells cultured in the osteogenic medium
(Fig. 6B), which seems resistant to the stimulation of BMP-2. As Runx2
is a key transcription factor associated with osteoblast differentiation,
the reduced expression of Runx2 may also have contributed to the
defect of skeletal development of the Hsepi mutant animals.

3. Discussion

In this study, we found that glucuronyl C5-epimerase (Hsepi) plays a
role in BMP-Smad signaling pathway. It has been stated that about one-
third of the approximately 30 members of the TGF-B family bind to
heparan sulfate (HS)/heparin [18], employing cell surface HS as a co-
receptor by facilitating ligand-induced receptor hetero-oligomerization
[19]. One earlier study found that the cells lacking NDST1 (one of the
modification enzymes in HS biosynthesis) impaired BMP internalization
in lung development [20]. Our study extends the finding and demon-
strates that elimination of Hsepi in cells disturbed the BMP signaling
pathway through several mechanisms, including upregulation of BMP
ligand expression, downregulation of BMP inhibitors and enhanced
interaction of HS with BMP ligands. The effect of Hsepi in BMP sig-
naling also has been observed in Drosophila [21,22], indicating an
evolutionarily conserved role of Hsepi.

The high level of endogenous p-Smad 1/5/8 in the KO cells is be-
lieved due to the elevated levels of BMPs that act through activation of
the receptors, as application of DMH1 (a type I BMP receptor inhibitor)
has attenuated the Smad1/5/8 phosphorylation in the KO cells. A re-
cent study reported that cell-associated HS controls BMP ligand
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Fig. 5. Heparan sulfate structure and functions. (A) Quantification of selected sulfotransferase genes critical for HS biosynthesis by Q-PCR. The c-DNA (10-20 ng)
prepared as above was used for the Q-PCR analysis. The primers are listed in Table 1. AACt versus (3-actin was determined. The data represent average + SEM of 3-6
separate analyses. The expression level of WT was set as 1. (B) Binding of BMP-2 to HS. BMP-2 (1 ug) was incubated with metabolically *°S-labeled HS in the volume
of 200 ul at RT for 1 h. Bound HS was trapped on a nitrocellulose filter and recovered for radioisotope counting. The data are average of duplicate analysis. (C)
Immunochemical staining of the MEFs with VSV-G tagged phage display antibody (AO4B08; recognizing iduronic acid in HS) [17], followed by incubation with
mouse anti-VSV-G antibody, goat anti-mouse IgG coupled with Alexa 488 (green). The F-actin was visualized by staining with Rhodamine Phalloidin (red). The nuclei
were stained with DAPI (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

availability and dynamics of its receptor [23], which is dependent on
the molecular structure of HS. The higher binding capacity of the mu-
tant HS to BMP-2 probably enhanced the interaction of BMP-2 with its
receptors. The increased BMP-stimulated signaling activity most likely
has contributed to the intensified calcification in the skull of the Hsepi
mutant embryos [6]. This is in the line with the finding that moderate
defects or osteochondroma-like outgrowths in the cranial base of Her-
editary Multiple Exostoses (HME) patients is associated with enhanced
BMP-signaling activity [10].

The most notable finding is the dramatically suppressed expression
of Greml in the KO MEF cells. Gremlin 1, a member of the CAN
(Cerberus and DAN) family of secreted BMP (bone morphogenetic
protein) antagonists, is critical in limb skeleton and kidney develop-
ment, the two penetrating phenotypes observed in the Hsepi KO mice
[6]. Thus, it can be assumed that reduction of gremlin 1 activity may
have played important roles for the development defects in the Hsepi
KO mice. We will examine the levels of gremlinl in different organs of
the KO embryos, to find out whether gremlin 1 expression is also sup-
pressed in other organs of the mice. Another interesting finding is the
upregulated expression of follistatin, which presumably is induced by
the high activity of BMP-Smad signaling in the KO cells, causing a
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negative feedback to inhibit BMP activity. Similarly, the reduced ex-
pression of BMP receptors and downstream ligand Smads may also be a
negative feedback regulation mechanism, though the molecular inter-
actions remain to be elusive. Furthermore, it is worth to examine a
possible biological link between the reduced levels of gremlin 1 and
Runx2 as a molecular pathway that links BMP signaling misregulation
in the Hsepi KO animals.

It is noteworthy that both gremlin and follistatin bind strongly to HS
and heparin [24-26]. It was proposed that gremlin binds to HS on the
cell surface and in the ECM, providing for a localized reservoir that
modulates BMP activity [27]. Thus, it can be hypothesized that the
structural alteration of HS in the KO cells [7] has perturbed its binding
capacity to gremlin 1, which sends a negative feedback signal to sup-
press gremlin lexpression. As gremlinl plays important roles in cell
growth, particularly in cancers, it will be of great interest to find out the
correlation of gremlin 1 and HS/Hsepi in cancers, especially, Hsepi has
been reported as a tumor suppressor gene in several cancers [28,29].

In conclusion, our results indicate a role of glucuronyl C5-epimerase
(Hsepi) in BMP-signaling pathway, and the elevated BMPs activity most
likely have contributed to the skeletal development defects of the Hsepi
mutant mice [6]. Hypothetically, deletion of Hsepi gene suppressed
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Fig. 6. Analysis of primary calvarial cells: (A) The primary cells were isolated
from the skull of embryos at E18.5, and cultured in DMEM supplemented with
10% FBS. After starvation for 24 h, the cells were stimulated with BMP-2 at the
concentrations indicated for 30 min. The cell lysate was analyzed by western
blot for (A) P-Smad1/5/8 and (B) Runx2 with or without stimulation of BMP-2.

gremlin 1 expression, by a yet unknown mechanism, leading to upre-
gulation of BMPs. The high level BMP expression may send feedback
signals, stimulating expression of follistatin and down regulation of
Smad. The novel finding of Hsepi-gremlin 1 regulation axis should be
further explored, since gremlin 1 plays essential roles in stem cell dif-
ferentiation [30] and is involved in the pathological process of several
cancers [31].

4. Materials and methods

The MEF cells were isolated from embryos as reported previously
[7]. The wild type cells are referred as WT and the mutant cells referred
as KO. The reagents are described in the methods. For re-expression of
Hsepi in the KO MEF cells, we have used a same Lentil virus system and
method as described [32].

4.1. Isolation and culture of calvarial cells

Embryos on day 18.5 from heterozygote breeding of the Hsepi mice
were dissected for isolation of calvarial cells [33]. Briefly, calvaria were
dissected from the embryos (2-3 of KO and WT, respectively) and were
kept in hanks balanced salt solution followed by digestion with col-
lagenase (Sigma C-9891, crude Type IA) at 37°C for 15min with
shaking (70-80rpm). Supernatants were discarded and collagenase
digestion was repeated for 30 min. The cells were collected and washed
twice with PBS and were treated with EDTA for 15 min at 37 °C with
shaking. The cells were then spin down at 400 X g for 5min and re-
suspended in 1 ml DMEM medium and plated in T-25 flask. For dif-
ferentiation, the cells were seeded onto 6 well plates at a density of
2-5 x 10°cells/well in 2 ml of DMEM supplemented with 10%FBS for
48 h. Then the cells were changed to osteogenic medium (Gibco) sup-
plemented with100 pg/ml ascorbic acid phosphate (Sigma) and 10 mM
B-glycerol-phosphate (Sigma) with and without addition of BMP-2.

4.2. Cell proliferation

The cells (1000 —2000) were seeded in 96-well plate and cultured
for 24 h, then changed to starvation medium with or without BMP-2
stimulation for 24 h. Cell proliferation was determined by MTS assay
(Promega) that measures absorbance at 490 nm using a TECAN Plate
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reader. The experiments were repeated two times and the results are
expressed as the mean *+ SE of 2 independent experiments (total of 10
wells).

4.3. Western blotting

Cells were seeded onto 6 well plates at a density of 2-5 x 10°cells/
well in 2ml of DMEM supplemented with 10% FBS. After 24 h, the
medium was replaced by starvation medium (DMEM without FBS) for
24 h. Then the cells were changed to fresh starvation medium with or
without addition of BMP-2 at different concentrations. Following sti-
mulation for 30 min, medium was removed and cells were washed
twice with PBS before lysis in 100 pl of RIPA buffer (50 mM Tris pH7.5,
150 mM NacCl, 1%Triton X-100, 1% Nadeoxycholate, 1 mM EDTA and
0.1% SDS, protease inhibitor, 1 mM NaF, 1 mM NasVO,). The lysate
was kept on ice 30 min followed by vortex at high speed 5min and
centrifugation at 13,000 rpm for 10 min. The supernatants were col-
lected and protein concentration was determined (BCA assay). Samples
(30-50 pg of total protein) were separated by electrophoresis on SDS-
PAGE (10%) and electroblotted onto a nitrocellulose membrane. The
membrane was probed with antibodies against P-Smadl/5/8 and
Smad1 (Cell Signaling Technology), Runx2 as well as f actin. The sig-
nals were developed using Super Signal West Duration Substrate
(Thermo Scientific) and documented by Bio-Rad CCD camera. Western
blot analysis for each protein was repeated more than 2 times of cell
culture and one representative blot is shown.

For the inhibitory experiment, starved KO cells were cultured in the
presence of dorsomorphin homolog 1 (DMH1) at the concentrations of
0.05-0.5 M for 24 h. DMH1 was synthesized by the Ludwig Institute
for Cancer Research Ltd. Medicinal Chemistry Laboratory, San Diego,
USA. The P-Smad1/5/8, total Smad and actin were analyzed as above.

4.4. Luciferase assay

C2C12 cells stably expressing BRE,-luc and 3-gal [34] were cultured
in the conditioned medium from WT and KO MEF culture (1:1 ratio
mixed with fresh medium) for 48h. Cells were washed and lysed in
5mM Tris-phosphate buffer, pH 7.8, containing 2mM dithiothreitol
(DTT), 2mM CDTA (trans-1,2-diaminocyclohexane-N,N,N’,N’ tetra-
acetic acid), 5% glycerol and 1% Triton X-100. Luciferase reporter
assay was performed with the enhanced firefly luciferase assay kit
(Biotium Inc.), following the protocol of the manufacturer. -Galacto-
sidase activity was assayed by mixing the cell lysate with 100 mM so-
dium phosphate pH 7.3, 1 mM MgCl,, 50 mM [(-mercaptoethanol and
0.67 mg/ml of ONPG (O-Nitrophenyl B-D-Galactopyranoside) and the
absorbance was measured at 420 nm. The cellular activity of C2C12-
BRE-luc was expressed as the promoter activity (BRE-luciferase) that is
normalized by the ratio of luciferase and pB-galactosidase activity.

4.5. Alkaline phosphatase (ALP) assay

Cells were plated in 6-well plate at a density of 2 x 10° cells/well in
DMEM, 10% FBS. At the confluency of 70-80%, cells were transferred
into osteogenic medium (Gibco) supplemented with100 pg/ml ascorbic
acid phosphate (Sigma) and 10 mM p-glycerol-phosphate (Sigma) with
and without 300 ng/ml BMP-2. Alkaline Phosphatase Diethanolamine
Activity kit (AP0100) was used to measure ALP activity following the
instruction. Briefly, the cells were washed with PBS and lysed in an ALP
lysis buffer (1 mM MgCl,, 0.1 mM ZnCl,, 100 mM glycine, pH 10.5).
The lysate was kept on ice for 30 min followed by vortex at high speed
for 5min and centrifugation at 13,000 rpm for 10 min. The lysate of
20 pl (40-60 ug of total protein) of supernatant was transferred into a
96-well plate, each sample in three wells. The substrate solution was
prepared by mixing the reaction buffer (1.0 M Diethanolamine, 0.5 mM
MgCl,, pH 9.8) with freshly prepared 0.67 M p-Nitrophenyl Phosphate
(pNPP) solution and kept on ice. After adding 100 ul of the substrate
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solution to the samples, absorbance was immediately measured at
405 nm at room temperature and reaction progress was monitored for
20 min with 5min intervals. Units/ml were calculated according to
formula below.

4.6. Microarray analysis of gene expression

Cells were seeded in 6-well plate at density 3 x 10°cells/well. After
24 h, the cells were collected for RNA isolation and c-DNA synthesis
following the protocol of iScript cDNA synthesis kit and iScript cDNA
reverse transcription supermix for RT-qPCR (BioRad), respectively.
RNA (2 pg) was converted to c-DNA in 100 pl, of which 10 ng/ul was
used per reaction of Prime PCR pathway array 96-well plate
(Development-BMP signaling M96, #10030738) using SsoAdvanced
universal SYBR Green supermix. The data was from two independent
experiments.

4.7. Quantification of gene expression by qPCR

The cDNA prepared above were used for analysis of genes encoding
for enzymes committed to HS biosynthesis (Ndstl, Ndst2, N-deacety-
lase/N-sulfotransferases; Hs2st, HexA 2-O-sulfotransferase; Hs6st1-3,
GlcN 6-O-sulfotransferases) by qPCR. Values of WT-MEF cells are given
as one and the values of KO cells are expressed as fold-change. The
primers used for the q-PCR are listed in Table 1.

4.8. Proximity extension assay (PEA) analysis

For generation of PEA probes, antibody-oligonucleotide conjugation
was performed using click conjugation chemistry. Briefly, 30 ug (2 ug/
ul in PBS) of polyclonal antibodies (R&D systems) were activated with
2mM dibenzylcyclooctne-NHS ester (DBCO; Sigma-Aldrich) in a mole
ratio of 1:16.5 for 30 min at RT. The reaction was stopped by adding
1M Tris to a final concentration of 100 mM. Unreacted DBCO was re-
moved by a 7-kDa Zeba column (Thermo Fisher Scientific). Antibodies
were then split into two parts, and a unique A oligonucleotide or a
common universal B oligonucleotide was added in a mole ratio of
1:1.75 (antibody:oligo). These oligonucleotides (Integrated DNA
Technologies, Leuven, Belgium) were synthesized with a 5’-azide
modification, and contain one site for pair-wise annealing between the
A and B oligonucleotide, one universal site for binding of molecular
beacon and two primer sites for PCR amplification and qPCR detection.
The details of the oligonucleotides are published [35]. Unconjugated
oligos were depleted by DBCO magnetic beads (Jena Bioscience, Ger-
many) overnight at 4 °C. To the B universal oligonucleotide, an 89-mer
oligonucleotide was hybridized and added at molar ratio of 2:1. Seven
A or B oligocleotide-antibody probes were pooled separately and di-
luted to 1.33nM in Probe Diluent plus 0.02% NaNj;. For proximity
extension and detection, one pl of cell lysate (4000 or 5000 cells/ul)
was mixed with 0.3 pl of 7-plex proximity A and B probe mix, 0.3 pL
PBS and 2.1 pl Incubation Solution and incubated overnight at 4 °C.
Extension solution (96 pl) containing 10 ul PEA Solution, 0.5ul PEA
Enzyme, 0.2 ul PCR Polymerase and 85.3 pl water was added to each
reaction at RT. After mixing and a maximum 5min incubation, the
tubes was transferred to a thermocycler (Applied Biosystem 2720)
running an initial oligonuleotide extension step (50°C, 20 min),

Table 1
The primers used for Q-PCR.

Gene Forward primer Reverse primer

Hs2st TATGATGCCGCCCAAGTTG CTGTTCAATTTCTCGGACTTCGT
Hs6st1 CGGACCCACATTACGAGAAAA GATTGGGCCGATAGCAGGTG
Hs6st3 GATGAAAGGTTCAACAAGTGGC CGAAGTTGGTGCATGAGCTG
Ndst1 CCACAACTATCACAAAGGCATCG GAAAGGTGTACTTTAGGGCCAC
Ndst2 CTGCTGATTGGTTTCAGTCTTGT CCACTGCTACTACAGTCTCCC
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immediately followed by a hot-start step (95 °C, 5 min) and 17 cycles of
pre-amplification (95 °C, 30's; 54 °C, 1 min; 60 °C, 1 min). The extension
solution contains universal flanking primers that amplify all 9 se-
quences in parallel. Finally, 2.5pL of the preamplification products
were mixed with 7.5uL buffer containing 1puL 10X PCR Solution
(Thermo Fisher), 2.5mM MgCl,, 0.2mM dNTP, 1.6 uM ROX, 0.25uM
molecular beacon (FAM —CCCGCTCGCTTATGCTACCGTGACCTGCGAA
TCCCGAGCGGG - DABSYL), 0.5units Uracil-DNA glycosylase (DNA
Gdansk), and 0.03 units Platinium Taq Polymerase (Thermo Fisher).
The quantitative PCR was run as follows: 25°C, 30 min, Hot-start
(95 °C, 5min), PCR Cycle 40 cycles (95°C, 15s; 60 °C, 1 min). Protein
expression values were determined by subtracting the mean Cg-value
(log2 scale) of the lysis buffer control (n = 3) plus two standard de-
viations of the mean minus the Cq-value of the sample [= (mean
Cqbackground + 2 mean Cq S]:)Background)‘rnearl Cqsample]-

4.9. Metabolic labeling of HS and binding assay

The KO and WT MEF cells were cultured to 95% confluence and
Na®°s0, (specific activity 1500 Cimmol !, Perkin Elmer, Waltham,
MA, USA) was added to the culture (100 uCi/ml) for 24 h before har-
vesting. Proteoglycans was purified from cell fractions essentially as
described [7]. Briefly, the cells were lysed in buffer containing 1%
Triton X-100, 50 mM Tris-HCI, pH 7.4, 0.25M NaCl, and centrifuged.
The cell lysates were applied to a DEAE-Sephacel column (GE Health-
care Biosciences) pre-equilibrated with 50 mM Tris-HCl, 0.25M NaCl,
pH7.4. The column was washed with 50 mM NaAc, 0.25M NaCl,
pH 4.5 and the bound materials were eluted with 50 mM NaAc con-
taining 2 M NaCl, pH 4.5. The eluted material was desalted on a PD-10
column (GE Healthcare Biosciences), followed by lyophilization to a
small volume (400 ul). The samples were treated with Chondroitinase
ABC (0.1 U per sample, Seikagaku) to degrade chondroitin sulfate (CS).
The HS chains were released from HSPG by alkali treatment in 0.5 M
NaOH on ice. The samples were applied again on a 0.5 ml DEAE-Se-
phacel column to remove CS disaccharide. The HS was desalted in a PD-
10 column and lyophilized to 100 pl. The products were analyzed by
size exclusion chromatography on a Superose 12 column eluted in the
buffer of Tris-HCl, pH 7.4 containing 0.5M NaCl and 0.1% Triton X-
100. The fractions of 0.5ml were collected and counted after adding
2ml of scintillation cocktail.

The binding of BMP-2 with HS was determined using a filtration
assay method [7], by incubation of BMP-2 (1pug) in 200pul of PBS
containing 0.2% BSA with 3°S-labeled HS at 37 °C for 1 h. The experi-
ment was performed in duplicates.

4.10. Immunocytochemistry

The cells grown on poly-L-lysine-coated coverslips were rinsed with
PBS, fixed for 15 with 4% PFA in PBS, and blocked with 0.3% Triton X-
100 in PBS containing 3% BSA. The cells were then incubated with a
VSV-G tagged phage display antibody (AO4B08; recognizing iduronic
acid in HS), followed by incubation with mouse anti-VSV-G antibody,
goat anti-mouse IgG coupled with Alexa 488 (Invitrogen). The F-actin
probe was visualized by staining with Rhodamine Phalloidin
(Cytoskeleton, Inc.). Finally, the coverslips were mounted with
Vectashield mounting medium containing 4, 6-diamidino-2-pheny-
lindole (DAPI) for nuclear staining (Vector Laboratories). The digital
images were captured with a Zeiss LSM 700 confocal scanning micro-
scope.

4.11. Determination of Hsepi activity

Hsepi activity was analyzed based on the release of *H (as *H,0)
from a C5->H-labeled polysaccharide substrate, essentially as described
[36]. Cells at 90% confluence were lysed in homogenization buffer
(50 mM HEPES pH 7.4, 100 mM KCl, 1% Triton X-100, 15mM EDTA,
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containing protease inhibitors) and incubated on ice for 30 min. After
centrifugation, total protein in the lysates was determined by the BCA
assay (Thermo Scientific), and then mixed with the substrate
(5000 cpm). Following incubation at 37 °C for 60 min, released *H,0
was quantified by scintillation counting.
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