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1 | INTRODUCTION

| Hao Wang? | Qingyu Wu? | Elizabeth G. Loboa’?

Abstract

Corin has been studied extensively within the vascular system and is known to regu-
late blood pressure. We have shown that corin is one of the most highly upregulated
genes during osteogenic differentiation of human adipose-derived stem cells (hASCs).
This study tested the hypothesis that, through modulation of angiogenic signalling
pathways, corin is a critical regulator of osteogenic differentiation and endochondral
ossification. In vitro, corin expression in hASC was suppressed via siRNA knockdown
and vascular endothelial growth factor A (VEGF-A) expression was quantified via
reverse transcription polymerase chain reaction. In vivo, a murine corin knockout
model (female, 10 weeks) was used to determine the effect of corin deficiency on long
bone development. Wild-type and corin knockout long bones were compared via
haematoxylin and eosin staining to assess tissue characteristics and cellular organiza-
tion, three-point bending to assess mechanical characteristics, and immunohistochem-
istry to visualize VEGF-A expression patterns. Corin knockdown significantly
(p < 0.05) increased VEGF-A mRNA expression during osteogenic differentiation. In
vivo, corin knockout reduced tibial growth plate thickness (p < 0.01) and severely
diminished the hypertrophic region. Corin knockout femurs had significantly increased
stiffness (p < 0.01) and maximum loads (p < 0.01) but reduced postyield deflections
(p < 0.01). In corin knockout mice, VEGF-A expression was increased near the growth
plate but was reduced throughout the tibial shaft and distal head of the tibiae. This is
the first study to show that corin is a key regulator of bone development by modula-
tion of VEGF-A expression. Further elucidation of this mechanism will aid in the
development of optimized bone tissue engineering and regenerative medicine

therapies.
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differentiating directly into osteoblasts, which generate bone matrix

Bone is formed via two main processes in vivo: intramembranous
ossification and endochondral ossification. During intramembranous

ossification, bone is formed via mesenchymal precursor cells

(Yang et al., 2012). Alternatively, bone can be formed via endochon-
dral ossification. During endochondral ossification, mesenchymal
precursor cells differentiate into chondrocytes, which proliferate, gen-

erate cartilage matrix, and undergo hypertrophy. Blood vessels and
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bone cells subsequently invade the cartilage to ossify the tissue and
form bone (Mackie, Ahmed, Tatarczuch, Chen, & Mirams, 2008; Yang
et al, 2012). Due to the complex nature of skeletal formation and
endochondral ossification, many of the signalling mechanisms that
direct these processes have yet to be fully elucidated.

Human adipose-derived stem cells (hASCs) have great potential for
use in bone tissue engineering applications due to their osteogenic dif-
ferentiation potential, autologous availability, and immunocompatibility
(Gimble, Katz, & Bunnell, 2007; Gomillion & Burg, 2006; Lee et al.,
2004; Mizuno, 2009; Nordberg & Loboa, 2015; Schaffler & Buchler,
2007). We previously performed microarray analyses of hASC during
osteogenic differentiation in order to determine which genes were
the most highly upregulated during osteogenic differentiation.
Interestingly, we identified corin, an atrial natriuretic peptide (ANP)-
converting enzyme, as one of the most highly upregulated genes
during hASC osteogenic differentiation (Charoenpanich et al., 2011).
Corin has also been found to be upregulated in differentiation of
human bone marrow-derived mesenchymal stem cells (hMSCs; Liu
et al., 2007).

Corin has been studied extensively within the vascular system and
is known to regulate blood pressure and sodium homeostasis by acti-
vating ANP and brain or B-type natriuretic peptide (BNP; Ichiki,
Huntley, & Burnett, 2013; Yan, Wu, Morser, & Wu, 2000). ANP and
BNP have previously been shown to modulate angiogenesis and vas-
cular remodelling (Kuhn et al., 2009; Tokudome et al., 2009). In addi-
tion, BNP has been linked to regulation of endochondral ossification
(Suda et al., 1998) and bone mineral density (Lee et al., 2014). Corin
is expressed in developing bone adjacent to the hypertrophic
chondrocytes (Yan, Sheng, Seto, Morser, & Wu, 1999), indicating that
it may play a role in the regulation of endochondral ossification in
developing bone tissue. Moreover, previous studies have reported
that serum corin levels are significantly reduced in patients with
osteopenia and osteoporosis (Zhou et al., 2013), indicating that corin
dysregulation may contribute to certain bone pathologies. However,
to date, there has not been an in-depth study to determine corin's role
in skeletal biology and osteogenesis.

The goal of this study was to test the hypothesis that corin is a
critical regulator of osteogenic differentiation and endochondral ossi-
fication via modulation of angiogenic signalling pathways. To test
our hypothesis, we monitored corin expression throughout hASC
osteogenic differentiation and knocked down corin expression in
hASC to determine its regulatory effect on osteogenic and angiogenic
genes. In addition, we used a corin knockout (KO) murine model to
evaluate how corin regulates growth plate characteristics in develop-
ing long bones, mechanical characteristics of the developing bone,
and expression of vascular endothelial growth factor A (VEGF-A)

in vivo.

2 | MATERIALS AND METHODS

2.1 | Cell isolation and culture

hASCs were obtained from waste adipose tissue derived from three

female donors (ages 25-36) undergoing elective abdominoplasty

surgeries (IRB Exemption Protocol #10-0201) at the University of
North Carolina hospitals (Chapel Hill, NC). Isolation of hASC was per-
formed as described previously (Bernacki, Wall, & Loboa, 2008; Bodle
et al., 2014). Cells were maintained in complete growth medium (CGM,
Eagle's minimum essential medium, alpha-modified supplemented with
10% fetal bovine serum, 2 mM L-glutamine, 100 units/ml penicillin,
and 100 pg/ml streptomycin), and osteogenic differentiation was
induced using osteogenic differentiation medium (ODM, Eagle's mini-
mum essential medium, alpha-modified supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 100 units/ml penicillin and
100 pg/ml streptomycin, 50 uM ascorbic acid, 0.1 uM dexametha-
sone, and 10 mM B-glycerolphosphate).

2.2 | siRNA knockdown

For knockdown experiments, Stealth RNAI™ siRNA Negative Control
Med GC and Corin Stealth RNAI™ siRNA (Thermo Fisher Scientific,
Waltham, MA) were used. With the use of an optimized ratio, the fol-
lowing protocol was used to knockdown corin expression: 5 ul of
siRNA oligomers, 7.5 pl of Lipofectamine® 2000 (Thermo Fisher Sci-
entific Waltham, MA), and 500 ul OptiMEM (Thermo Fisher Scientific,
Waltham, MA) were combined and incubated for 20 min in each well
within a six-well plate. hASCs were trypsinized and resuspended at a
concentration of 25k/ml in antibiotic free CGM. Of this cell suspen-
sion, 2 ml (50k hASC cells) were added to each well. After a 24-hr
incubation, the transfection media were replaced with standard
CGM or ODM formulations.

2.3 | Osteogenic differentiation evaluation

To evaluate the effect of corin knockdown on hASC, each hASC
population was cultured for 14 days in both CGM and ODM, with
media changes every 3-4 days. Protein was collected after 14 days
of culture in CGM and ODM for quantification. Samples were scraped
and suspended in 0.5 ml of Radioimmunoprecipitation assay buffer.
Alkaline phosphatase (ALP) activity was quantified with the Alkaline
Phosphatase LiquicolorH Test (Stanbio Laboratory, Boerne, TX), using
the p-nitrophenylphosphate methodology (Bodle et al., 2013). Protein
content was quantified using the bicinchoninic acid absorbance assay
(Thermo Fisher Scientific, Waltham, MA), as per manufacturer's
protocol.

Gene expression was quantified after 3 days of culture in ODM via
quantitative real-time reverse transcription polymerase chain reaction.
RNA extraction was carried out using aTRIzol (Invitrogen, Carlsbad, CA)
extraction method using the manufacturer's protocol. RNA concentra-
tion and quality were assessed using a NanoDrop spectrophotometer
(Thermo Scientific, Wilmington, DE) and reverse transcribed using
Marligen's First-strand cDNA Synthesis System (Origene, Rockuville,
MD). Expression of bone markers osterix (Hs01866874_s1) and runx2
(Hs00231692_m1) and angiogenic marker VEGF-A (Hs00900055_m1)
were evaluated using TagMan Gene expression assays. All gene expres-
sion profiles were normalized to glyceraldehyde-3-phosphate dehydro-
genase (Assay H599999905_M1) in an ABI Prism 7000 system.
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Histology and growth plate characterization in

Wild-type (WT) C57BL/6J mice were purchased from the Jackson
Laboratory (Bar Harbor, Maine). Corin KO mice were generated as
described previously (Chan et al., 2005) and backcrossed onto the
C57BL/6J background. The mice were housed in ventilated cages with
a chow diet (Harland Teklad 2918) and freely accessible water at the
Cleveland Clinic animal facility with controlled light/dark (12:12 hr)
cycles under an approved Institutional Animal Care and Use Commit-
tees protocol (#2015-1528). All mouse cages were supplemented with
nesting materials and plastic tunnels. Female WT and corin KO mice
(10 weeks old) were euthanized by CO, inhalation followed by cervical
dislocation. Limbs were collected and stored at -80°C for further
studies. For histological analysis, tibiae were dissected from corin KO
(n = 8) and WT (n = 5) mice and immediately placed in formalin. After
48 hr, the bones were switched to 70% ethanol and sent to the North
Carolina State University College of Veterinary Medicine histology
facilities for decalcification, paraffin embedding, sectioning, and
haematoxylin and eosin staining. Images of haematoxylin and eosin-
stained slides were taken on both a Leica EZD4 histology microscope
and a Leica DM5500B microscope using the compatible LAS-AF soft-
ware (Leica, Wetzlar, Germany). Images were imported to ImageJ Ver-
sion 10.2, and growth plate thickness was measured at three locations
from each specimen as technical triplicates before statistics were

performed.

2.5 | Immunohistochemistry

Additional paraffin-embedded slides were used for immunohistochem-
istry (n = 3 WT, n = 3 corin KO). The protocol used was adapted from
previously described methods (Puetzer, Brown, Ballyns, & Bonassar,
2013) In brief, slides were deparaffinized and washed for 20 min in
10 mM citrate antigen retrieval buffer heated to 90°C. The slides were
then washed for 10 min in 1x Tris-buffer saline/0.5% Tween 20 solu-
tion, 30 min in a solution of 37 units/ml hyaluronidase, and 30 min in a
3% hydrogen peroxide solution, and the slides were blocked with a
normal goat serum solution for 1 hr. Samples were incubated at room
temperature for 2 hr in a 1:200 dilution primary antibody solution
(rabbit polyclonal anti-VEGF-A, Abcam, Cambridge, United Kingdom).
The samples were washed with phosphate-buffered saline (PBS) and
incubated in secondary solution for 1 hr (goat antirabbit 1IgG H&L
HRP polymer, Abcam). The slides were stained with a DAB Substrate
Kit (Abcam) for 10 min and imaged with a Leica DM5500B microscope
(Leica, Wetzlar, Germany).

2.6 | Mechanical testing

Three-point-bending tests were carried out as described previously
(Jepsen, Silva, Vashishth, Guo, & van der Meulen, 2015; Turner & Burr,
1993). Briefly, femurs were dissected from corin KO (n = 8) and WT
(n = 5) mice. Lengths and diameters at the centres of each femur were
recorded. Femurs were wrapped in PBS-soaked paper towels and fro-

zen at -25°C until testing. To thaw bones for testing, femurs were

placed in room-temperature PBS. All testing was carried out on a Bose
EnduraTEC ELF3220 (EnduraTEC Systems Corp., Minnetonka, MN)
equipped with a 50-lIb load cell (Model 31/1430-05, Sensotec,
Columbus, OH). The test fixture was set with 6-mm spacing between
the two end supports. The femurs were place into the loading fixture
with the anterior face upwards and loaded from the top in an anterior
to posterior direction. A 0.05-N preload was placed on the femurs
before the test began. Once set up, the specimens were loaded at a
rate of 0.05 mm/s. Specimens were kept moistened throughout the
testing duration. Force and displacement measurements were
recorded and exported to MS Excel for analysis. Stiffness was deter-
mined by fitting a trend line to the initial linear region of the load-
displacement curve. Maximum load was determined as the greatest
load force recorded in a data set prior to specimen failure. Yield point
was defined as the point where the data set intersected with the stiff-
ness line multiplied by 0.9. Yield point deflection was the difference
between the defection at failure and the deflection at yield. The work
to fracture was calculated by integrating the data to find the total area

under the load displacement curve.

2.7 | Statistical analyses

Paired Student t tests were used to compare corin knockdown versus
control knockdown and corin KO versus WT data. Corin time course
data were analysed using one-way analysis of variance with Tukey
post hoc analyses. Data were log transformed before running analyses.
A level of p < 0.05 was considered significant. Significance is denoted
throughout this study as *p < 0.05 and **p < 0.01. All data are pre-
sented as average with error bars representing standard error of the

mean.
3 | RESULTS
3.1 | Corin expression is increased during osteogenic

differentiation of hASC

Corin expression was highly upregulated throughout osteogenic dif-
ferentiation of hASC in all three donors (Figure 1a-c). Comparison of
CGM and ODM corin expression levels showed significantly higher
expression in ODM at all time points (p < 0.05). Donor-to-donor vari-
ability was observed within the corin expression profiles of each
donor. Donor 1 expression peaked at Day 7, donor 2 expression

peaked at Day 10, and donor 3 expression peaked at Days 10 and 14.

3.2 | Corin knockdown modulated characteristics
osteogenic differentiation in hASC

When the knockdown was evaluated via polymerase chain reaction
72 hr after transfection, approximately 60% knockdown efficiency
was observed (p < 0.01; Figure 1d). Total protein content assessed
at Day 14 was significantly decreased in both CGM and ODM of all
three donors. Protein content was normalized to CGM control

knockdown levels for each line. When corin was knocked down,
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FIGURE 1 Corin mRNA expression was highly upregulated throughout culture in osteogenic differentiation medium (ODM) in all three donors
(a-c; different uppercase letters indicate that data are significantly different, p < 0.05). All data was normalized to Day 7 culture of hASC in
complete growth medium (CGM), and statistics were run on log-transformed data with a significance level set to p < 0.05. Different uppercase
letters indicate statistical difference. (d) Corin knockdown efficiency was evaluated 72 hr after transfection (**p < 0.01). (e) Corin knockdown
decreased total protein levels of hASC cultured in CGM and ODM after 14 days. Data are normalized to CGM control protein levels for each
donor line and expressed as a per cent of the control levels. A significance level was set to p < 0.05, and different uppercase letters indicate
statistical difference. Corin knockdown gene expression was evaluated after 3 days of hASC culture in osteogenic differentiation medium (ODM).
(f) Endogenous alkaline phosphatase (ALP) activity in active units per microgram protein content was significantly decreased when corin was
knocked down. Data were normalized to control knockdown levels for each donor line (*p < 0.05). Osteogenic markers (g) osterix and (h) runx2 did
not show a clear trend when corin was knocked down. (i) Vascular endothelial growth factor A (VEGF-A) expression significantly increased with
corin knockdown in all three donors. Data were normalized to control knockdown expression levels (dashed line). Statistics compare corin
knockdown versus control knockdown (*p < 0.05, **p < 0.01)

there was a significant decrease in protein content from hASC cul- Corin knockdown during hASC osteogenic differentiation did not
tured in both CGM and ODM (Figure 1e). Endogenous ALP activity alter expression patterns of bone markers osterix (Figure 1g) or
per microgram protein content was calculated and normalized to runx2 (Figure 1h). However, corin knockdown significantly increased
control knockdown levels for each donor line. ALP activity was sig- VEGF-A mRNA expression during osteogenic differentiation of hASC

nificantly decreased with corin knockdown (p < 0.05; Figure 1f). in all three donors (Figure 1i).
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3.3 | Corin KO altered endochondral ossification
patterns in vivo

Endochondral ossification was altered within corin KO bones. Growth
plate thickness was much greater in WT than corin KO tibiae (Figure 2
a,b). The trabeculae and bone marrow patterning was altered with a
reduction in the primary spongiosa of the KO tibia. When the growth
plate thicknesses were quantified, the reduction in growth plate thick-
ness was statistically significant (p < 0.01; Figure 2c). The hypertrophic
chondrocyte regions observed in the WT growth plates were severely
reduced in corin KO tibiae (Figure 2d,e).

3.4 | Corin KO altered functional characteristics of
bone in vivo

Femur length was increased from 14.0 to 15.7 mm in corin KO femurs
relative to WT (p < 0.01; Figure 3a), but femur diameter was not
altered (Figure 3b). Load-displacement curves from WT and corin
KO three-point-bending tests show altered mechanics in corin KO

femurs (Figure 3c). When quantified, there was a statistically

0]
(=]
1

Growth Plate Thickness (um)
=Y
[S)

Corin KO

significant increase in maximum load from 11.1 to 17.4 N in the corin
KO femurs (p < 0.01; Figure 3d). In addition, stiffness was increased
from 65.3 to 121 N/mm in corin KO femurs (p < 0.01; Figure 3e).
Postyield deflection was significantly decreased from 1.2 to 0.6 mm
in corin KO femurs relative to WT (p < 0.01; Figure 3f). However, work

to fracture was similar between both groups (Figure 3g).

3.5 | Corin KO altered VEGF-A expression in vivo

In order to determine if corin regulates VEGF-A expression patterns
in vivo, immunohistochemistry was used to visualize VEGF-A locali-
zation. We found that VEGF-A expression was altered in corin KO
tibiae (Figure 4). In comparison with WT tibiae, corin KO tibiae
exhibited increased VEGF-A expression adjacent to the growth plate.
However, the tibial shaft of WT mice had greater VEGF-A expres-
sion than had that of corin KO mice. No VEGF-A expression was

observed in the distal end of the tibia in corin KO mice, but

VEGF-A staining was clearly observed in the distal end of the tibia
in WT mice.

Corin KO

FIGURE 2 Endochondral ossification was altered within corin knockout (KO) bones. Growth plate thickness was much greater in wild-type (WT;
n = 5; a) than corin KO (n = 8; b) tibiae (scale bars = 150 um). (c) When quantified, this trend was statistically significant (**p < 0.01). The
hypertrophic chondrocyte regions observed in the WT growth plates (d) were significantly reduced in corin KO tibiae (e; scale bars = 75 um).
Figure abbreviations: GP = growth plate, BM = bone marrow, T = trabeculae, HC = hypertrophic chondrocytes
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FIGURE 3 Mechanical properties were altered in corin knockout (KO) femurs. (a) Femurs in corin KO mice were longer than those of wild-type
mice, but (b) femur diameter was not affected. (c) Representative data sets of three-point-bending tests from both corin KO and wild-type mice
show that corin KO femurs were stiffer and more brittle than were wild-type femurs. When quantified, corin KO femurs exhibited significantly
greater (d) maximum loads and (e) stiffnesses relative to wild-type femurs. (f) Postyield deflection was significantly decreased in corin KO femurs,
but (g) work to fracture was similar between both groups. (**p < 0.01, n.s. = not significant)

4 | DISCUSSION

The objective of this study was to determine if corin regulates bone
development and to determine the mechanism(s) through which corin
may act. We found that corin is highly upregulated during osteogenic
differentiation with a greater than 200-fold increase in corin expres-
sion in hASC of all donors assessed. Corin siRNA knockdown elevated
VEGF-A expression during osteogenic differentiation in vitro. When
corin was knocked out in a murine model, we saw developmental
changes to the bone structure at both the tissue and cellular levels.
Further, the width of the growth plate was significantly reduced in
corin KO mice, and the hypertrophic zone was nearly absent. Femur
stiffness and maximum load were increased in corin KO mice, but
postyield deflection was significantly reduced, suggesting that corin
KO femurs are more brittle than WT femurs. In addition, corin KO
mice expressed more VEGF-A at the growth plate but decreased
VEGF-A expression throughout the length of the tibial shaft and distal
femoral head relative to WT controls. Overall, this suggests that corin
regulates bone development via modulation of VEGF-A expression.
To our knowledge, this is the first study to show that corin regu-
lates skeletal development. Previously, there has been conflicting evi-
dence on whether corin is expressed in skeletal tissue (Hooper,
Scarman, Clarke, Normyle, & Antalis, 2000; Yan et al., 1999). Corin
mMRNA expression was observed via in situ hybridization in developing
mouse bone. Specifically, corin was expressed in the region adjacent
to hypertrophic chondrocytes and in perichondrocytes (Yan et al.,
1999). However, corin was not detected via immunohistological anal-
yses in human skeletal tissue (Hooper et al., 2000). This could poten-
tially be because corin is only expressed during skeletal
development, supported by our finding that corin expression was
absent during hASC culture in CGM. We previously reported an
increase in corin expression during osteogenic differentiation of hASC
(Charoenpanich et al., 2011). In addition, it was recently reported that

corin modulates chondrogenic differentiation in hMSCs (Zhou, Zhu,
Liu, Wu, & Dong, 2017). In this study, we verified that corin was highly
expressed throughout osteogenic differentiation in three separate
hASC cell populations. We have also previously reported that hASCs
differentiate at different rates (Nordberg et al., 2017). In this study,
we observed different corin expression profiles amongst the three
donors, likely due to temporal variability in the onset of osteogenic
differentiation between the donors' hASCs. In addition, we report that
corin knockdown reduces endogenous ALP activity, a marker for oste-
ogenic differentiation, suggesting that corin is actively involved in the
process of osteogenesis and is not merely passively upregulated.
Corin KO mice have been reported to develop normally and are
fertile (Chan et al., 2005). However, corin KO mice have a slightly ele-
vated body mass and a propensity to develop hypertension (Chan
et al., 2005; Wang et al., 2012; Wang et al., 2012). In addition, preg-
nant corin KO mice develop characteristics of pre-eclampsia (Cui
et al., 2012). In this study, altered bone properties are observed within
corin KO mice. Here, we show that corin KO reduced the width of the
hypertrophic zone, but femur length was slightly increased. This sug-
gests that the rate of endochondral ossification progression was not
hindered by the loss of corin. Rather, our data suggest that endochon-
dral ossification is held in check by corin, and the loss of corin yields
unregulated bone growth. Three-point-bending tests were used to
evaluate mechanical properties of the corin KO femurs. An increase
in stiffness and maximum load to failure were observed in corin KO
femurs. This suggests that cortical properties of corin KO femurs are
altered relative to WT controls. However, corin KO reduced postyield
deflection, indicating that corin KO femurs are more brittle than WT
femurs. Although at this point purely speculative, the altered mechan-
ical properties of corin KO long bones could be caused by the dysreg-
ulation of collagen expression in corin KO bones. Mechanical
properties of bone are derived from both hydroxyapatite, to provide

compressive strength, and collagen fibres, to provide tensile strength
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FIGURE 4 Vascular endothelial growth factor A (VEGF-A) expression was altered in corin knockout (KO) tibiae. (a-c) No background secondary
staining was observed in sections stained without the primary antibody. In comparison with (d) wild-type tibiae, (g) corin KO tibiae exhibited
increased VEGF-A expression (arrows, brown colour) adjacent to the growth plate. However, (e) the tibial shafts of wild-type mice had greater
VEGF-A expression than (h) had those of corin KO mice. (i) No VEGF-A expression was observed in the distal end of the tibia in corin KO mice, but
(f) VEGF-A staining was clearly observed in the distal end of the tibia in wild-type mice. Figure abbreviation: GP = growth plate. All scale

bars = 150 um

and prevent brittle fracture (Fung, 1993). Mice that only express the
VEGF120 isoform of VEGF-A have been documented to have abnor-
mal collagen expression and vascularization patterns in developing
long bones (Zelzer et al., 2002). VEGF-A dysregulation in the current
study may have altered the collagen composition of the bones yielding
KO long bones that were more brittle than the WT controls. Taken
together, the results of this study demonstrate that corin appears to
be critical for normal bone formation.

Although corin has not been previously implicated in the regula-
tion of endochondral ossification, natriuretic peptides have been sug-
gested to play a role in skeletal biology and endochondral ossification
(Chusho et al, 2001; Komatsu et al, 2002; Lee et al., 2014,
Pejchalova, Krejci, & Wilcox, 2007; Suda et al., 1998; Teixeira,

Agoston, & Beier, 2008). Within cardiac research, corin has been
shown to cleave the precursors pro-ANP and pro-BNP into active
ANP and BNP, respectively (Ichiki et al., 2013; Semenov et al., 2010;
Yan et al., 2000, Zhou & Wu, 2014). It has been shown that BNP reg-
ulates endochondral ossification and BNP overexpression can lead to
skeletal overgrowth (Suda et al., 1998). It has also been reported that
BNP transgenic mice exhibit increased hypertrophic zone width
(Chusho et al., 2000). Skeletal abnormalities were not reported in
BNP KO mice (Tamura et al., 2000), although hypertrophic widths
were not compared with those of WT mice. In addition, N-terminal
pro-BNP serum levels have been shown to be negatively correlated
with lumbar bone mineral density (Lee et al., 2014). C-type natriuretic

peptide (CNP), also critical to regulation of bone development, has
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been shown to regulate endochondral ossification (Komatsu et al.,
2002). Mice deficient in CNP demonstrated a narrowing of the growth
plate and a reduced hypertrophic zone during long bone development
(Chusho et al., 2001; Komatsu et al., 2002), similar to the corin KO
phenotype described in the present study. A major difference
between mice deficient in CNP and corin is that CNP KO mice exhibit
dwarfism (Chusho et al., 2001) whereas corin KO mice have slightly
elongated femurs. Although CNP is a mediator of endochondral ossifi-
cation, to date, there has been no evidence that corin processes pro-
CNP to active CNP (Zhou & Wu, 2014). Rather, furin is considered
the major pro-CNP processor (Wu, Wu, Pan, Morser, & Wu, 2003).
However, our previous microarray study did not detect an increase
in furin expression during osteogenic differentiation (Charoenpanich
et al., 2011; Charoenpanich et al., 2014). Although it is likely that corin
interacts with BNP and/or CNP within long bone development, the
precise mechanism of action remains to be determined.

Due to corin's role in vascular biology and the role that natriuretic
peptides have been suggested to play in endochondral ossification, we
investigated whether corin modulates the expression of a major regu-
lator of angiogenesis, VEGF-A. We knocked down corin expression via
siRNA to determine if expression patterns of bone markers osterix or
runx2 were altered. No significant change was observed in runx2
expression in the hASC of any donor. Only one donor showed a signif-
icant change in osterix expression. These data are consistent with
those of previous research that found no difference in bone markers
when corin was silenced in hMSCs (Zhou et al., 2017). However,
VEGF-A expression was significantly upregulated when corin expres-
sion was knocked down in all hRASC populations. This suggests that
corin is involved in the regulation of angiogenic signalling pathways
during osteogenic differentiation rather than traditional bone markers.
In vivo, an increase in VEGF-A protein expression was observed in
corin KO mice adjacent to the hypertrophic zone. Corin mRNA has
previously been detected via in situ hybridization in the region adja-
cent to the hypertrophic zone in developing mice (Yan et al., 1999).
Taken together, this would suggest that corin modulates local VEGF-
A expression. The observed increase in VEGF-A expression near the
growth plate in corin KO mice could explain the reduced width of
the hypertrophic zone by promoting premature angiogenesis and
ossification of the terminal hypertrophic chondrocytes.

VEGF-A is important for the initiation of blood vessel formation
within the hypertrophic zone (Yang et al., 2012; Zelzer et al., 2004).
VEGF-A conditional KO mice have been previously shown to have
wider hypertrophic zones because lack of VEGF-A delays the removal
of hypertrophic chondrocytes from the hypertrophic zone (Zelzer
et al., 2004). Although VEGF-A expression was elevated at the growth
plate, throughout the tibial shaft and proximal tibial head, VEGF-A
expression was markedly reduced in corin KO mice. As normal vascu-
lar function within bone is imperative for successful fracture healing
(Bahney, Hu, Miclau, & Marcucio, 2015), this dysregulation of VEGF-
A expression may prevent proper bone healing in corin-deficient mice.
Interestingly, deregulation of VEGF-A is a hallmark of pre-eclampsia
(Tsatsaris et al., 2003), a pathology that has also been tied to the
corin-ANP pathway. Specifically, the corin-ANP pathway has been
shown to regulate trophoblast invasion and uterine spiral artery

remodelling, and dysregulation in this pathway contributes to pre-

eclampsia (Cui et al, 2012). Whether or not corin contributes to
VEGF-A dysregulation in pre-eclampsia has yet to be determined.
Although the current study suggests that Corin is a key regulator of
endochondral ossification via regulation of VEGF-A expression, the
exact mechanism of this interaction has yet to be fully elucidated.
Future work should investigate how corin KO affects markers of
hypertrophy and osteogenesis in vivo.

In conclusion, our data suggest that absence of corin leads to pre-
mature angiogenesis and ossification of the terminal hypertrophic
chondrocytes. This dysregulation causes skeletal overgrowth, abnor-
mal bone patterning, altered bone mechanical properties, and dysreg-
ulated VEGF-A expression. To our knowledge, this is the first study to
find that corin appears to be a key regulator of bone development by
modulating VEGF-A expression. Although more research is needed to
fully elucidate this mechanism, our findings have several potential
scientific implications and potential therapeutic applications such as
targeting corin to prevent ossification of cartilage in osteoarthritis or
using corin expression to control angiogenesis in tissue engineered

bone constructs.
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