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Abstract

In search of new cysteine knot protein (CKP) family members, we found a novel gene called von
Willebrand factor C domain-containing protein 2-like (Vwec2l, also known as Brorin-like) and its
transcript variants (Vwc2l-1, Vwc2l-2 and Vwc?2l-3). Based on the deduced amino acid sequence,
Vwe2l-1 has a signal peptide and 2 cysteine-rich (CR) domains, while VV\wc2I-2 lacks a part of 2nd
CR domain and Vwc2I-3 both CR domains. Although it has been reported that the expression of
Brorin-like was predominantly observed in brain, we found that Vwc2l transcript variants were
detected in more ubiquitous tissues. In osteoblasts, the induction of Vwc2l expression was
observed at matrix mineralization stage. When VVwc2l was stably transfected into osteoblasts, the
matrix mineralization was markedly accelerated in VVwc2l-expressing clones compared to that in
the control, indicating the modulatory effect of Vwc2l protein on osteoblastic cell function. The
mechanistic insight of Vwc2l-modulation was further investigated and we found that the
expression of Osterix, one of the key osteogenic markers, was significantly increased by addition
of all Vwec2l isoform proteins. Taken together, Vwc2l is a novel secreted protein that promotes
matrix mineralization by modulating Osterix expression likely through TGF-p superfamily growth
factor signaling pathway. Our data may provide mechanistic insights into the biological functions
of this novel CKP member in bone and further suggest a novel approach to enhance osteoblast
function, which enables to accerelate bone formation, regeneration and healing.
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Introduction

In 1965, Urist M.R published the results of experiment that was to mark a turning point in
experimental bone bioengineering, demonstrating the ability of decalcified bone matrix
(DBM) to induce ectopic bone/cartilage formation. The morphogens in DBM that induce
such skeletogenesis were named as bone morphogenetic proteins (BMPs) [1]. Since then,
more than 20 members of BMPs have been identified and belong to Transforming Growth
Factor (TGF)-p superfamily [2]. It is now well accepted that BMPs are potent effectors in
almost all crucial biological events, e.g. development, maintenance and regeneration of
organs/tissues, e.g. bone, cartilage, periodontium, kidney, heart, etc [3,4,5,6,7,8].
Recombinant human BMP-2 is now US Food and Drug Administration (FDA) approved and
has been applied to various clinical settings including craniofacial reconstruction, and bone/
cartilage repair and regeneration [9,10,11,12,13]. However, there are still several problems
for the clinical use of BMPs; poor expression control of BMP genes when administered by
vector transfer systems, poor control of retention and release of BMPs upon its
transplantation, inefficient control of broad biological functions of BMPs, etc [14,15]. Thus,
a clear understanding as to how BMP functions are controlled in vivo is crucial for the
development of efficient BMP-based treatments. It has become clear that the functions of
BMPs are controlled at several levels, i.e. extracellular, cell surface and intracellular levels
[16,17,18,19,20]. There are a number of extracellular modulators identified as BMP
antagonists, such as chordin and noggin, which exert inhibitory effects on BMP functions
[21,22,23,24]. However, at present, little is known about the extracellular modulators that
promote BMP functions. Such positive growth factor regulators could be useful to develop a
more efficient local transfer system.

Very recently, in an effort to identify BMP-binding proteins, we have established a
bioinformatics approach [25,26] with some modifications, and identified a new gene which
possesses a similar motif to known BMP antagonists. In this current study, we report the
identification of novel Vwc2l transcript variants, the tissue distribution/gene expression
pattern of these variants, and the effect of Vwc2l protein on osteoblast mineralization in
vitro and on the expression of osteogenic markers induced by these isoform proteins.

Materials and methods

Cell Culture

Human embryonic kidney 293 cells (Clontech) and mouse calvaria-derived MC3T3-E1 cells
(subclone 4, ATCC; CRL-2593) were maintained in the same manner as previously reported
[26]

Molecular cloning of mouse Vwc2l cDNA

The cDNAs containing the full length sequences of Vwc2l were isolated by reverse
transcription-polymerase chain reaction (RT-PCR) using mouse brain-derived cDNA as a
template. The sequences of the primers were as follows: forward primer, 5'-
GCATTCCCATGGAAGGAGCTGAGTGTG-3' and reverse primer, 5'-
CAACCCCAGAAGGTTTTGCTGGTGACC-3'. The PCR conditions were as follows:
15min at 95 °C; 30 s at 95 °C, 1min at 60 °C, 1.5min at 72 °C for 30 cycles. The PCR
products were then ligated into the pcDNA3.1-V5/His-TOPO mammalian expression vector
(Invitrogen) and the plasmids obtained were sequenced. During the course of molecular
cloning of Vwec2l, we have obtained 2 transcript variants in addition to the longest transcript
which is identical to the NCBI reference sequence (NM_177164). Thus, these variants were
cloned and further characterized. The plasmids containing the coding sequence of either
Vwe2l-1, -2 or -3 were generated by RT-PCR and successfully obtained (o)cDNA3.1-
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Vwc2l-1-V5/His, pcDNA3.1-Vwc2l-2-V5/His, and pcDNA3.1-Vwc2l-3-V5/His,
respectively).

Expression of Vwc?2l isoforms

To investigate the Vwc2l gene expression in various tissues, Reverse-Transcription (RT)-
PCR analysis was performed using cDNAs derived from mouse tissues including heart,
brain, lung, kidney, calvaria and femur (C57BL/6 strain, 5 weeks, male) and MC3T3-E1
(MC) mouse osteoblastic cells. MC cells were maintained and plated onto 35 mm dishes at a
density of 2 X10° cells/dish. After reaching confluence, the medium was replaced with the
one supplemented with 50 ug/ml of ascorbic acid and 1mM of B-glycerophosphate
(mineralization medium) (this time point will be referred to as day 0), and maintained for up
to 35 days (fully mineralized stage). Cells were washed with phosphate buffered saline
(PBS), and total RNA was extracted with TRIzol reagent solution (Invitrogen) at the end of
every week. Mouse tissue samples were collected, and total RNA was extracted in the same
manner. Two ug of the total RNA extract was used for RT using the Omniscript RT Kit
(Qiagen). RTPCR was performed using Vwc2l specific primers (forward primer: 5'-
GGGATGGCTCTTCATATTCATGAAGC-3', reverse primer; 5'-
CACAGTCTGCTTGCCTTGGCATTCGC-3') in the same manner as described above. Real
time PCR analysis was performed in triplicate using the specific primers-probe for Vwc2I-1
(Applied Biosystems, ABI assay number: Mm01260094_m1) or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, ABI assay number: 4308313). The mean fold changes
in the expression of Vwc2l relative to that of GAPDH were calculated using the values
obtained from MC cells at day 7 cDNA as a calibrator by means of 2-2AC; method as
described previously [25,26]. Three independent experiments were performed and results
were essentially identical.

Generation of MC cell-derived clones expressing higher levels of Vwc2I-1 protein and in
vitro mineralization assay

MC cells were transfected with the pcDNA3.1-Vwc2l-1-V5/His vector or an empty
pcDNA3.1-V5/His A vector (EV), and stably transfected cell clones were generated in the
same manner as previously described [27]. The clones expressing various higher levels of
Vwec2l-1 proteins established above were selected and further subjected to an in vitro
mineralization assay [27,28,29]. The control EV clone and Vwc2I clones were maintained
and plated onto 35 mm culture dishes at a density of 2 X 10° cells/well. The medium was
then changed to the mineralization medium in the same manner as described above and
cultured for up to 28 days. The cell/matrix layers were washed with PBS, fixed with 100%
methanol and stained with 1% Alizarin Red S (Sigma) to visualize the mineralized nodule
formation at days 14 and 28. In order to determine VVwc2l protein levels, cultured media
from EV clone and VVwc2lI clones (#1 and #2) were collected and immunoprecipitated (IP)
with anti-V5 antibody (Invitrogen). The samples were subjected to Western Blotting (WB)
analysis with anti-V5 antibody in the same manner as previously reported [25,26].

Purification of Vwc2l-V5/His protein and the effect of purified Vwc2l proteins on
osteogenic marker gene expression

In order to characterize the Vwc2l protein function, recombinant VVwc2l isoform proteins
were generated and purified in the same manner as previously described [26]. Briefly, the
293 cells were transfected with the pcDNA3.1-Vwc2l-1-V5/His vector and cultured in the
presence of 400 ug/ml of G418 (Gibco). The clones derived from G418-resistant cells were
isolated, further grown under the same conditions, cultured media were collected, and
subjected to IP-WB analysis with anti-V5 antibody. The clone which produced the highest
level of Vwc2l-1-V5/His protein was further cultured and Vwc2l-1-V5/His protein from the
cultured media was purified using a Ni-NTA agarose resin (Qiagen). Following the nickel
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column purification, the fraction was further purified by a Superdex-200 column (GE
Healthcare) using a Hitachi D-7000 HPLC system. The purity of the Vwc2I-1-VV5/His
protein was assessed by Coomassie Brilliant Blue R-250 staining and WB analyses with
anti-V5 antibody. The Vwc2I-2- and VVwc2l-3-V5/His proteins were also purified in the
same manner as described. The purified Vwc2l isoform proteins were pooled, dialyzed
against distilled water, lyophilized and dissolved in distilled water. The protein
concentration was measured using a DC protein assay kit (Bio-Rad) and they were kept at
-20 °C until use.

For osteogenic marker expression assay, MC cells were plated onto 35 mm dishes at a
density of 2 X 10° cells/dish. On the following day, 500 ng/ml of the purified Vwc2I
isoform proteins or bovine serum albumin (BSA) were added into cell culture and incubated
for 24 hrs. The cDNA was synthesized derived from RNA collected from these cultures and
used as templates. Real time PCR primers-probes of osteogenic markers used in this study
were as follows; core binding factor 1/runt-related transcription factor 2 (Cbfal/Runx2,
MmO00501578_m1); osterix/sp7 (Osx, Mm00504574_m1); type | collagen alpha 2 chain
(Colla2, Mm00483888_m1); bone sialoprotein (Bsp, MmM00492555 m1); osteocalcin (Ocn,
MmO01741771_g1). Real time PCR was performed and analyzed in the same manner as
described above. The mean fold changes in the expression of each osteogenic marker
relative to that of GAPDH were calculated using the values of cDNA derived from the cell
culture treated with BSA as a calibrator.

Results and discussion

Novel transcript variants of Vwc2l gene

To identify a new member of the cysteine knot protein, we first obtained an amino acid
sequence of mouse Ventroptin (GenBank accession no: AF247822) as a query sequence and
performed a BLAST search in mouse genome
(http://lwww.ncbi.nlm.nih.gov/genome/seg/MmBlast.html). The candidate sequences were
then obtained and a PSORT Il program (http://psort.nibb.ac.jp/form2.html) was used to
predict the cellular localization. This computational screen identified one possible
extracellular molecule that has a signal peptide sequence. The predicted amino acid
sequence of Vwc2l is 222 amino acid long, which has 2 characteristic cysteine-rich (CR)
domains commonly found in CKP family (Fig. 1). This molecule has been reported as
Brorin-like, which was first reported to be expressed predominantly in brain tissue [30]. The
Vwec2l gene is localized at mouse chromosome 1 in silico, spans over 160 kb, and consisted
of 4 exons (based on NCBI Gene ID: 320460). During the molecular cloning of Vwc2l gene,
we identified that VVwc2l gene has three transcript variants, i.e. Vwec2l-1, Vwc2I-2 and
Vwc2l-3. The Vwc2I-1 variant encodes the longest protein which was the same isoform as
previously reported [30]. The Vwc2l-2 variant encodes 139 amino acid long isoform which
lacks CR2 domain, while Vwc2I-3 102 amino acid long isoform lacking both CR domains

(Fig. 1).

Expression of Vwc2l in skeletal tissues and its association with matrix mineralization

We next determined the expression levels of Vwc2l transcript variants in various mouse
tissues. As shown in Fig. 2A (upper panel), the RT-PCR data demonstrated that the Vwc2I
transcript variants were differentially expressed in the tissues examined, i.e. the expression
level of Vwc2I-2 in femur/calvaria was higher than that of Vwc2I-1 and that of Vwc2I-3 was
under detection level, the expression level of Vwc2I-3 in lung and heart was higher than that
of other variants, and the expression levels of both Vwc2I-1 and Vwc2I-2 in kidney and
brain were higher than that of Vwc2I-3. The relatively higher level of Vwc2I-1 expression in
brain among tissues (Fig. 2A, upper band) was observed, consistent with the previous
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finding [30]. The expression level of GAPDH was comparable among these tissue samples
(Fig. 2A, lower panel). Since exon 3 (based on NCBI Gene ID: 320460) is present only in
Vwc2l-1 variant, the expression pattern of this specific transcript in MC cells during the
course of cell differentiation and matrix mineralization was quantitatively investigated.
Under the conditions of staining with Alizarin red, mineralized nodules were well formed at
day 21 and further expanded at day 28 [31]. The expression level of Vwc2I-1 was markedly
increased at day 28 and 35 (i.e. ~7 fold at day 28 and ~18 fold at day 35 compared to that of
day 7, Fig. 2B), suggesting that Vwc2I-1 is potentially associated with matrix
mineralization.

Vwc?2| accelerates matrix mineralization in MC3T3-E1 osteoblastic cells

Since the expression of VVwc2l was detected in femur and calvaria (Fig. 2A) and increased at
a time when mineralized nodules were fully formed (Fig. 2B), the effect of Vwc2I
overexpression was investigated in MC3T3-E1 osteoblastic cells. As shown in Fig. 3A, the
onset of mineralized nodule formation was clearly observed at day 28, but not at day 14 in
the control EV clone while that was already evident at day 14 in both VVwc2l-overexpressing
clones. The extent of mineralized nodule formation was greater in #1 and #2 clones than in
the EV clone at any time points tested (Fig. 3A). To confirm the expression levels of Vwc2l
overexpression in these clones, IP-WB analysis was performed using the cultured media
derived from EV, #1 and #2 clones (Fig. 3B). The expression of Vwc2I-V5/His using anti-
V5 antibody was successfully detected and the immunoreactivity derived from #2 cultured
medium was greater than that of #1, demonstrating the expression level of Vwc2l was
correlated with the timing and extent of accelerated mineralized nodule formation (Fig. 3A).

Effects of Vwc2l isoform proteins on osteoblast differentiation

To investigate the mechanistic insight of accelerated mineralized nodule formation in Vwc?2I
clones, we further examined the potential changes of osteoblast differentiation markers by
the addition of Vwc2l isoform proteins in MC3T3-E1 cells. To confirm the levels of purified
Vwc2l-V5/His isoform proteins produced by 293 cells, the same concentration of purified
proteins together with BSA as a negative control were analyzed by WB analysis using anti-
V5 antibody (Fig. 4A). The results showed that a smear band of Vwc2l-1-V5/His was
observed at the molecular weight size of ~30 kDa area (Fig. 4A, lane 2), whereas rather
sharp bands of Vwc2I-2-V5/His and Vwc2I-3-V5/His were detected at the molecular weight
size of ~17 kDa and 14 kDa, respectively (Fig. 4A, lanes 3 and 4). The appearance of
Vwc2I-1 isoform protein is different from that of other isoform proteins possibly due to
potential post translational modification. This modification most likely occurs at the C-
terminal part of Vwc2I-1 isoform lacking in both Vwc2I-2 and Vwc2I-3 isoforms (i.e. amino
acid position 131-222). No immunoreactivity was observed when BSA was used (Fig. 4A,
lanel). The equal amount of Vwec2l isoform proteins and BSA were then added into
MC3T3-EL1 cells and the expression levels of well-known osteogenic markers including
Cbfal, Osterix, type I collagen a2 chain, Bone sialoprotein and Osteocalcin were
quantitatively examined by real time PCR analysis. As shown in Fig. 4B, the expression
level of Osterix, one of the key transcription factors in osteoblasts was clearly increased
when any Vwec2l isoform proteins were added (~4.5 fold increase by Vwc2l-1, ~4.2 fold
increase by Vwc2l-2 and ~2.8 fold increase by Vwc2l-3). The expression levels of type |
collagen a2 chain and Bone sialoprotein were decreased to some extent by the addition of
Vwec2l isoform proteins, whereas those of Cbfal and Osteocalcin were essentially same as
by BSA addition. These data indicated that Vwc2l isoform proteins increase the certain
osteogenic marker expression thereby modulating the matrix mineralization in MC3T3-E1
osteoblast cells and that the common amino acid sequence region to all Vwc2l isoforms is
necessary for this modulation.
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To date, a number of CKP family members have been cloned and their potential functions in
mineralized tissues were characterized [32,33,34,35]. Studies in this family proteins may
help explore the potential therapeutic means applicable to human skeletal disorders using
these proteins’ functional domains. Our findings of the identification of novel Vwc2I
transcript variants strongly indicate the presence of the functional domain and demonstrate
the potential anabolic effect in vitro. Interestingly, Vwc2 (also known as Brorin [36]),
another member of CKP family is closely related to Vwc2l and we found the presence of
Vwc2 protein in bone (our unpublished data), suggesting the critical importance and some
redundancy of these two members in bone formation. The expression pattern of Vwc2l in
bone and osteoblasts strongly indicate the potential modulatory role of this novel CKP in
matrix mineralization. It has been shown that Osterix was initially cloned when induced by
BMP-2 addition in myoblastic cells [37], and our data demonstrated that VVwc2| isoform
proteins induced Osterix expression in osteoblasts. Although it has been proposed that
Brorin-like/Vwc2l antagonizes BMPs [30], it still remains unclear whether Vwc2I
antagonizes certain members of BMP family members through its binding. Given the
inhibition of BMP-2 induced alkaline phosphatase activity as well as Smad phosphorylation
by Brorin-like/\VVwc2l was only at moderate level or not observed [30], the effect of Vwc2I
on mineralized tissues may be through other specific TGF- superfamily signaling
pathway(s), and the anabolic effect of Vwc2l-derived functional domain on bone formation
is currently under investigation.
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The amino acid sequences of Vwc2l isoforms. Comparison of amino acid sequences of
mouse Vwc2l isoform1, 2, and 3 is shown. The putative signal peptide sequence and
cleavage site were predicted using the PSORT Il program and are outlined with a light-blue
box. Cysteine-rich (CR) region 1 and 2 are indicated by red boxes. Identical amino acids
among isoforms are indicated by asterisk and the extent of similarity in amino acids among
isoforms is by numbers of dots. Gaps are indicated by dashes.
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Fig. 2.

Gene expression of Vwe2l isofirms. (A) RT-PCR analysis with VVwc2l-specific primers was
performed. The expression of gapdh was also examined and shown as a control. The size of
the amplified band for Vwc2l-1 was detected at 669 bp, Vwc2l-2 at 539 bp and Vwec2l-3 at
398 bp. (B) Quantitative real time PCR analysis of Vwc2l-1 mRNA expression was
performed and the expression of Vwc2I-1 during osteoblast differentiation and
mineralization was examined. The values are shown as mean + S.D. based on triplicate
assays.
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Fig. 3.

Effects of Vwc2l overexpression on MC3T3-E1 osteoblast matrix mineralization. (A)
Alizarin red staining showed that the extent of mineralized nodule formation was
accelerated in both of Vwc2l-1-overexpressing clones (#1 and #2) compared to that of an
empty-vector (EV) transfected control clone. (B) The immunoprecipitation (IP) - Western
blot (WB) analysis using cultured media derived from EV and VVwc2l clones. The
immunopositive bands with anti-V5 antibody were clearly observed and the extent of
Vwc2l-V5/His protein expression was correlated with the extent of matrix mineralization in
(A).
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Fig. 4.

Effects of Vwc2l isoform proteins on osteoblast differentiation. (A) The immunoreactivity
of purified Vwec2l isoform proteins was verified by WB analysis using anti-V5 antibody.
Bovine serum albumin (BSA) was used as a negative control. Markers of molecular mass
are shown on the left. (B) Quantitative real time PCR analysis of osteogenic marker
expression in MC3T3-E1 osteablastic cells. The values are shown as mean + S.D. based on
triplicate assays. Each value represents osteogenic marker expression indicated by color, i.e.
Cbfal (gray), Osterix/Osx (blue), type I Collagen a2 chain/Colla2 (white), bone
sialoprotein/Bsp (black), and Osteocalcin/Ocn (light-blue).
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