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Abstract

CCN1/Cyr61 is a dynamically expressed matricellular protein that serves regulatory functions in
multiple tissues. Previous studies from our laboratory demonstrated that CCN1 regulates bone
maintenance. Using an osteoblast and osteocyte conditional knockout mouse model (Ccn19CM),
we found a significant decrease in trabecular and cortical bone mass /in vivo, in part through
suppression of Wnt signaling since the expression of the Wnt antagonist sclerostin (SOST) is
increased in osteoblasts lacking CCNL1. It has been established that parathyroid hormone (PTH)
signaling also suppresses SOST expression in bone. We therefore investigated the interaction
between CCN1 and PTH-mediated responses in this study. We find that loss of Ccnz in osteoblasts
leads to impaired responsiveness to anabolic intermittent PTH treatment in Ccn19CN mice in vivo
and in osteoblasts from these mice /n vitro. Analysis of Ccn9“N mice demonstrated a significant
decrease in parathyroid hormone receptor-1 (PTH1R) expression in osteoblasts /7 vivoand in
vitro. We investigated the regulatory role of a non-canonical integrin-binding domain of CCN1
because several studies indicate that specific integrins are critical to mechanotransduction, a PTH-
dependent response, in bone. These data suggest that CCN1 regulates the expression of PTH1R
through interaction with the av3 and/or avp5 integrin complexes. Osteoblasts that express
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a mutant form of CCN1 that cannot interact with avB3/p5 integrin demonstrate a significant
decrease in mRNA and protein expression of both PTH1R and av integrin. Overall, these data
suggest that the avp3/p5-binding domain of CCNL1 is required to endow PTH signaling with
anabolic activity in bone cells.
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Introduction

The CCN protein family consists of six structurally related matricellular proteins that play
essential roles in multiple tissues during development, immune function, and regenerative
biology. Moreover, disruption in the expression or function of multiple CCN proteins

is associated with diseases such as arthritis, cancer, and fibrosis. CCN proteins do not

have structural roles but rather serve regulatory functions within tissues. CCN1 is best
known as a proangiogenic factor; CcnI-null mice exhibit embryonic lethality as a result

of placental vascular insufficiency and compromised vessel integrity.() However, CCN1
regulates proliferation, differentiation, senescence, apoptosis, adhesion, and extracellular
matrix (ECM) synthesis in a variety of tissues.(?) For example, previous work from our
laboratory demonstrated that CCN1 is expressed in bone lining cells, cuboidal osteoblasts,
trabecular osteocytes, and cortical osteocytes.(®) Disruption of CCN1 in osteoblasts results
in diminished trabecular/cortical bone formation accompanied by decreased WNT signaling.
This reduction in Wnt activity was correlated with elevated expression of the Wnt antagonist
sclerostin (SOST), and with elevated expression of MEF2C, the direct activator of Sost
transcription. However, the mechanisms by which CCN1 regulates its anabolic effects in
bone remain unclear.

The canonical Wnt and parathyroid hormone (PTH) pathways are intertwined in their
anabolic effects on bone. Intermittent PTH administration stimulates bone formation by
activating canonical Wnt signaling through inhibition of expression of MEF2C, thus leading
to reduced expression of SOST.(4=6) The finding that loss of CCN1 led to elevated MEF2C
expression(®) therefore suggested a potential role for CCN1 in mediating the effects of
anabolic PTH. Several other features of intermittent PTH anabolic action in bone also
suggested a potential role for CCN1 as a mediator of PTH action. For example, PTH
signaling is necessary for the anabolic effect of mechanical loading on bone,() and Ccnz
expression is directly activated by mechanical signals in vascular cell types.(8-10) Moreover,
avp3 and 1 integrins expressed by osteocytes/osteoblasts are required for load-induced
bone formation,(1) and CCN1 can interact with avp3, avp5, or a6f1 integrin complexes to
activate distinct signaling pathways.(12-14) Therefore, the aim of this work was to determine
if CCN1 mediates anabolic effects in bone as a transducer and/or regulator of PTH signaling.
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Materials and Methods

Reagents and materials

hPTH(-34) acetate salt was acquired from Bachem Inc (Hauptstrasse, Switzerland).
Recombinant full-length murine CCN1 was purchased from Abnova, Inc. (Taipei, Taiwan).
Anti-CCNL1 antibody was from R&D Systems, Inc (Minneapolis, MN, USA); anti-PTH1R
antibody was from R&D Systems; anti-GFP antibody was from Invitrogen, Inc. (Carlsbad,
CA, USA); and anti-GAPDH antibody was from Cell Signaling, Inc. (Danvers, MA, USA).
Forskolin was purchased from Qiagen (Germantown, MD, USA). Prunetin was purchased
from Qiagen. Retroviral vectors for Ccnl and Pthiroverexpression was acquired from
Addgene (Cambridge, MA, USA).

Vertebrate animals

Ccnl1/Cyré61-floxed mice were a gift from Dr Lester Lau.(!5) To produce bone-specific
knockout mice, Ccni-floxed mice were crossed with mice expressing Cre recombinase
driven by an osteocalcin promoter (OCN-Cre; Tg(BGLAP-Cre) Cem: jackson Laboratory,
Bar Harbor, ME, USA\) to generate Ccn1™™. OCN-Cre (hereafter referred to as Ccn19CM)
mice. Ccn1?/& mice were of the C57BI/6J background, and OCN-Cre was on a B6.FVB
background. Ccn1 reporter mice were obtained from the Mutant Mouse Regional Resource
Center Repository. They are a BAC transgenic line in which green fluorescent protein
(GFP) is expressed under the control of the Ccn1¢GFF locus.(16) All animals were treated in
accordance with the National Institutes of Health guidelines for care and use of animals and
approved by the UCLA Institutional Animal Care and Use Committee.

Histology and immunostaining

Femurs and tibias were dissected and fixed with 4% paraformal-dehyde (PFA) overnight at
4°C, then decalcified in 19% EDTA for 2 weeks. The tissues were dehydrated through a
graded ethanol series and embedded in paraffin. Longitudinal 5-um paraffin sections were
analyzed either by histology, immunohistochemistry (IHC), or immunofluorescence (IF). All
histology and IHC/IF images were analyzed on a fluorescent microscope Model BX60F
(Olympus Optical Co., Tokyo, Japan) equipped with a digital camera (Model 01-RET-OEM-
F-CLR-12; Qlmaging, Surrey, Canada). Photomicrographs were taken with a Nikon Ti-DH
Microscope. Images were processed in ImageJ (http://imagej.nih.gov/ij/).

Micro-computed tomography (LCT) analysis

Bone parameters were quantified on femurs or tibias from male mutant and control mice by
UCT (Skyscan1172; Bruker MicroCT, Kontich, Belgium) using CTAn (v. 1.14.4) and CT Vol
(v. 2.2) software. The microradiography unit was set to an energy level of 55 kVp, intensity
of 181 pA, and 900 projections; specimens were scanned at a 10-um voxel resolution. A
three-dimensional reconstruction was generated with NRecon software (Bruker MicroCT)
from the set of scans. Bone mineral density was determined by converting grayscale values
to mineral density values using a density calibration curve from the scanned phantom and
then averaging mineral content values over all regions of interest (ROI) for trabecular

bone (volumetric BMD [vBMD]) or over all bone voxels for cortical bone (tissue BMD
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[tBMD]). The ROI of trabecular bone was defined as the area between 1 mm and 3 mm
from the growth plate in the metaphyseal region of distal femurs. The ROI of cortical

bone was defined as 0.75-mm segments of the femoral middle diaphysis. ROIs were

drawn automatically and trabecular regions were assessed for bone mineral density (BMD),
bone volume (BV), bone volume fraction (bone volume/total volume [BV/TV]), trabecular
thickness (Th. Th), and trabecular number (Th.N). The midshaft cortical bone volume and
thickness (Ct.Th), endocortical perimeter (Ec.Pn), and periosteal perimeter (Ps.Pm) values
were analyzed. In the mechanical loading assay, the ROl was defined as an identical square
area between 1 mm and 3 mm from the growth plate of proximal tibia. All abbreviations and
nomenclature are standardized according to previously published guidelines.(”)

Mechanical strength measurement (mechanical loading)

An Instron (model # 5564, Instron, High Wycombe, UK) platform fitted with a 2-kN load
cell was used to conduct cyclical loading on Ccnz9“N mice and their WT littermates, which
were anesthetized by isoflurane. The four-point mechanical loading was set up as 2 mm
between the upper two points and 10 mm between the bottom two points of the four-point
load cell. We initiated a 9-Newton pre-load force to keep the limb (left tibia) in place, and
then started the cyclical load at a 2-Hertz frequency. The moving distance of the load cell
was 0.9 mm and 1 min/d for 12 days. The contralateral tibia is the unloaded control.

Bone histomorphometry

Cortical bone apposition rate and mineral surface was measured on 3-month-old mice.
Mice were injected intraperitoneally with calcein (10 pg/g of body weight; Sigma-Aldrich,
St. Louis, MO, USA) two times at 7-day intervals, and euthanized 2 days after the last
injection. Femurs were dissected and fixed in 4% PFA overnight, then embedded in methyl
methacrylate. Longitudinal sections (5 um) of the femur were prepared and stained with
toluidine blue. Cortical dynamic histomorphometry was performed where femurs were
sectioned horizontally, and the bone mineralizing surface percentage (MS/BS) and mineral
apposition rate (MAR) were determined by quantifying calcein-labeled surfaces, bone
surface, and mean separation between calcein double labels using ImageJ. Bone formation
rate (BFR/BS) is the volume of mineralized bone formed per unit time and per unit

bone surface and was calculated by multiplying MS/BS and MAR. All abbreviations and
nomenclature are standardized according to previously published guidelines.(18)

Total RNA extraction and gRT-PCR

For in vivo samples, femurs and tibias were dissected and soft tissue was removed. Bones
were then cut to remove both 3-mm termini, and the bone marrow was flushed out with
cold PBS until the cortical bone became white. The resulting cortical bone was flash-frozen
with liquid nitrogen, homogenized with a grinder, and resuspended in 1 mL Trizol (Thermo
Fisher Scientific, Waltham, MA, USA). Total RNA was isolated by the phenol-chloroform
method and converted to cDNA. Total RNA was converted to cDNA using the RevertAid
First Strand cDNA Synthesis Kit following the manufacturer’s instruction (Thermo Fisher
Scientific). cDNA was amplified and quantified using Maxima SYBR Green gPCR master
mix (Thermo Fisher Scientific). Analysis of relative gene expression was done using the
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2-AACT method and results were normalized to the housekeeping gene GAPDH. All the
primers used in the study are listed in Table 1.

Western blot analysis

Elisa

Immunoblot analyses were performed to detect PTH1R levels in MC3T3 cells. In brief,
cells were washed in PBS and then proteins were solubilized with RIPA buffer containing
protease inhibitor. Extracts (30 pg) were electrophoresed in a 10% SDS-polyacrylamide
gel and blotted onto a polyvinylidene difluoride membrane. Immunoblot detection was
performed with anti-PTH1R and anti-GAPDH antibody using an ECL substrate (Thermo
Fisher Scientific).

ELISA assay was conducted on the collected cell culture medium using a commercially
available kit (Cell Signaling) to detect the cellular cAMP levels following the kit
instructions.

CRISPR and viral vectors

Lentiviral vector lentiCRISPRv2 was obtained from Addgene (Addgene, Watertown, MA,
USA,; #52961). We designed guide RNA (gRNA) 5’ CUGCGCUAAACAACUCAACG for
Ccnlknockout in MC3T3-E1 cells and cloned these into lentiCRISPRv2 using restriction
endonuclease BsmBI. To produce lentivirus, the plasmid lentiCRISPRv2-mCCN1 was co-
transfected into HEK293T cells with the packaging plasmids pVSVG (Addgene #8454)
and psPAX2 (Addgene #12260). After transfection, MC3T3-E1-Crispr-Cas9-mCCNL1 cells
were selected with puromycin (2 pg/mL, Sigma-Aldrich) for 5 days. Multiple clones were
isolated. Data from a representative clone with low levels of Ccnl expression as measured
by gPCR were used. Retroviral vector pQCXIH (Clontech, Mountain View, CA; #631516)
was used to generate pQCXIH-mCCN1-E61E and pQCXIH-mCCN1-E61E-D125A (E61E,
agg(E) to aag(E), to mutate PAM sequence of gRNA-mCCN1) to overexpress CCN1 and
CCN1P125A _ Cells were selected with hygromycin (100 pg/mL, Sigma-Aldrich). Retroviral
vector pLNCX2 (Clontech #631503) was used to generate pLNCX2-mPTH1R for PTH1R
overexpression and cells were selected with geneticin (1 mg/mL, Sigma-Aldrich).

Flow cytometry

MC3T3-Ctr/and MC3T3-Ccni4 cells were seeded at 50,000 cells/well in six-well plates
and cultured for 24 hours. Cells were scraped out of the wells and pelleted in a centrifuge
at 300g for 10 minutes. The cells were blocked with 0.5% BSA and 2% FBS in 1x PBS

for 30 minutes at room temperature. Integrin av surface expression was measured using
monoclonal antibody (ab179475) that was diluted 1/500 in blocking buffer. The blocked
cells were incubated with the antibody solution for 30 minutes on ice. The cells were
washed in 1x PBS and stained with a secondary antibody conjugated FITC (BD554020).
The cells were washed in cold PBS and analyzed with the LSRII IMED at Janis V

Giorgi flow cytometry core at UCLA. Isotype control IgG antibody (ab172730) was stained
simultaneously to show staining was specific.

J Bone Miner Res. Author manuscript; available in PMC 2022 August 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 6

Statistical analysis

Results

In this study, the data represent results from at least three independent experiments and
are presented as the mean + standard deviation (SD). Statistical significance between
experimental and control groups was compared by two-tailed Student’s #test. For
experiments with more than two parameters, one-way and two-way analysis of variance
(ANQVA) followed by Tukey’s post hoc analysis was used. A value of p< 0.05 was
considered significant.

Ccn19CN mice have attenuated bone anabolic response to intermittent PTH

Multiple studies in humans and animal models demonstrate that intermittent PTH promotes
bone formation /7 vivo.(19-21) To investigate whether CCN1 plays a role in intermittent
PTH-mediated bone formation, we subcutaneously injected 3-month-old Ccnz9“N mice and
WT littermates with hPTH(1-34) at a dose of 80 pg/kg/d, 5 days per week for a total of 4
weeks and assessed the anabolic activity in bone relative to vehicle injections. We showed
previously®) that Ccnl is expressed at the highest levels in bone lining cells and mature
osteoblasts and at somewhat lower levels in trabecular and cortical osteocytes. Expression
was not observed in bone marrow stroma, sinusoids, or other vascular elements in bone. We
also demonstrated efficient ablation of Ccn in bone cell types in Ccn29CN mice.®) uCT
analyses of transverse sections in the epiphyseal region in trabecular bone showed decreased
trabecular and cortical bone mineral density in Ccn29CN mice treated with intermittent PTH
compared with WT mice (Fig. 1A-D). A significant decrease in trabecular bone mineral
density (vBMD) was detected in Ccnz9N mice relative to WT mice with or without
intermittent PTH treatment (Fig. 1B); furthermore, whereas trabecular vBMD increased

in WT mice treated with intermittent PTH, no increase was observed in Ccn9“N mice
(Fig. 1A, B). Because of high data variation, there is no significance between groups but

a trend toward increased BV/TV in WT versus CcnZ9N mice in response to intermittent
PTH (Fig. 1B). uCT analysis of cortical bone confirmed previous findings that Ccn19¢N
mice exhibit decreased BMD and thickness compared with WT littermates® (Fig. 1C, D).
Furthermore, although intermittent PTH led to a significant increase in both tBMD and
cortical bone thickness in WT mice, no response was observed in Ccn9“N mice (Fig. 1C,
D). Similarly, the ratios of endocortical perimeter and periosteal perimeter (Ec. Pm/Ps.Pm)
of the femoral midshaft did not change in Ccn29N mice in response to intermittent PTH,
which is consistent with Fig. 1D, indicating no response of cortical bone in Ccn19“N mice
(Fig. 1E). Calcein labeling assays of the endocortical bone surface indicated a decreased
mineral apposition rate in CcnZ9“N mice compared with WT littermates and showed that
Cen19€N mice failed to respond to intermittent PTH (Fig. 1F, G). These data indicate that
CCN1 is required for intermittent PTH-induced anabolic activity in bone in vivo.

The PTH signaling pathway in osteoblasts requires CCNL1 in vitro

A number of primary response genes are activated by PTH in MC3T3-E1 osteoblastic
cells.(22-24) We therefore investigated whether the effects of CCN1 on responsiveness to
PTH were direct by treating MC3T3-EL1 cells with varying doses of PTH. As reported
previously, one of the PTH primary response genes, Nurrl, which is involved in osteoblastic
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differentiation,(25.26) was increased 1 hour post-PTH treatment (1078 mol/L) by qPCR
(Fig. 2A). We therefore generated Ccnz4 MC3T3-E1 cells using CRISPR/Cas9 (Fig. 2B)
and compared Nurrl expression in response to increasing concentrations of PTH at 1
hour post-treatment in Ccn14 MC3T3-E1 and control MC3T3-E1 cells (Fig. 2C). These
studies revealed decreased AVurrI mRNA expression levels relative to control cells at all
tested concentrations and indicated a significant role of CCN1 in PTH signaling (Fig. 2B).
Parathyroid hormone receptor-1 (PTH1R) is a G protein coupled receptor (GPCR). As
such, it regulates adenylate cyclase activity, which subsequently controls cyclic adenosine
monophosphate (CAMP) levels in cells. cAMP levels were elevated in control MC3T3-E1
cells in response to PTH, but no change was observed in Ccni4 cells treated with PTH,
providing further evidence that the inability of PTH to induce Aurrl expression in Ccni4
cells reflects a direct impairment of PTH signaling (Fig. 2D).

To confirm that the decreased responsiveness to PTH that we observed in Ccn19“N mice

in vivo (Fig. 1) is due to an effect on osteoblast lineage cells, we measured AMurrI mRNA
levels in isolated calvarial osteoblasts obtained from Ccn19CN or control littermate mice
subcutaneously injected with PTH for 1 hour. NMurrl was expressed at a low level in calvarial
osteoblasts obtained from Ccn19“N and control littermates injected with vehicle. In contrast,
robust induction of Murr1 was observed within 1 hour of PTH treatment in control mice, but
a greatly attenuated response was found in calvarial osteoblasts from Ccnz9“N mice (Fig.
2E). This suggests that CCN1 utilizes similar mechanisms to enable responsiveness to PTH
in osteoblasts /in vitroand in vivo.

As shown in Fig. 2D, cAMP production in response to PTH was impaired in Ccn14
osteoblasts. To confirm that loss of CCN1 impairs PTH responsiveness through a
cAMP/PKA pathway, we treated CcrnZ4 and control MC3T3-E1 osteoblasts with forskolin
(FSK), an activator of adenylate cyclase. As expected, FSK induced robust expression of
Nurrl in both Cen4 and control cells (Fig. 2F), confirming that CCN1 is required for
adenylate cyclase activation in response to PTH. The GPCR GPR30 has also been shown to
exert anabolic effects in bone through production of cCAMP, and the polyphenol prunetin is a
selective agonist for GPR30.(27:28) Prunetin did not induce expression of Aurrlin Ccni® or
control MC3T3-E1 osteoblasts (Fig. 2F), indicating that CCN1 acts specifically through the
PTH-PTHIR signaling axis.

Because CCNL1 is crucial to convey PTH anabolic activity, a question arises as to whether
PTH regulates CCN1 expression. To address this question, we assessed Aurr and Ccnl
mRNA expression by gPCR under PTH stimulation /n vitro (MC3T3-EL1 cells) and /n vivo
(Ccn19CN mice). The data revealed that CcnZ mRNA levels increased when treated with
PTH for 3 hours in vitro (Fig. 2G), and a fivefold increase in Ccn1 expression was observed
in vivo (Fig. 2H). This indicates that CCN1 is both a PTH target and a regulator of PTH
signaling in osteoblasts.

CCN1 regulates the expression of the PTH1R in vivo and in vitro

As the activation of adenylate cyclase (AC) by PTH occurs directly via the PTH receptor
(PTH1R), the finding that FSK treatment enables similar levels of induction of Murrlin
control MC3T3-E1 and Ccnz4 cells suggests that CCN1 may regulate PTH signaling at the
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level of PTH1R expression or activity. To test this possibility, we harvested femurs from
Ccni19CN mice and control littermates. We analyzed Pth2r mRNA levels in the cortical
bone by qPCR (Fig. 3A) and PTH1R protein levels by immunohistochemistry (Fig. 3B)

and found a significant decrease in PthZr mRNA levels in Ccn19“N mice and diminished
protein levels in Ccn19CN relative to control littermates. To model these Jn vivo observations
into an in vitro system, we analyzed PTH1R expression in Ccni4 MC3T3-E1 osteoblasts
and found a significant decrease in PthZr mRNA expression levels compared with control
cells (Fig. 3C). To determine if decreased levels of PTHLR mRNA is cell autonomous

to osteoblasts, we isolated calvarial osteoblasts from Ccn1™f mice and infected the cells
with adenovirus that contained either a GFP or Cre. The osteoblasts that expressed Cre-
recombinase demonstrated a significant decrease in PthZr mRNA expression levels relative
to osteoblasts expressing the GFP control (Fig. 3D). These data collectively show that in the
absence of CCN1, the expression of PTH1R is downregulated in osteoblasts /7 vivoand in
vitro.

We examined the effects of recombinant CCN1 (rhCCNL1) and overexpression of PTH1R

in control and Ccn24 MC3T3-E1 osteoblasts to investigate the relationship between CCN1
and levels of PTH1R expression. Ccni4 cells treated with rhCCN1 for 24 hours expressed
significantly higher levels of PthZr mRNA levels compared with Ccrn74 cells alone, and
treatment with rhCCN1 recovered Pth1r mRNA levels to those found in control MC3T3-E1
cells (Fig. 3E). In accordance, PthirmRNA levels were associated with PTH1R protein
levels (Fig. 3F). Given that Pth1rmRNA and protein levels are diminished in Ccnz4 cells,
we investigated whether PTH-mediated signaling could be rescued in Ccni4 cells that
overexpress PTH1R. We therefore infected Ccrnz4 cells with either an empty retroviral
vector (Vector) or one encoding PTHIR driven by a CMV promoter (Fig. 3G). Control and
CcniA cells infected with either Vector or PTHIR retrovirus were then treated with vehicle
or PTH for 1 hour. NMurrI mRNA and cAMP levels were measured by gPCR and ELISA,
respectively. In control MC3T3-E1 cells, overexpression of PTHI1R led to a robust increase
in Murr1 mRNA expression and cAMP levels relative to Vector control cells. In Ccni? cells,
PTH treatment did not induce MurrZ mRNA expression or CAMP levels, but a significant
increase in both measurements was observed in Ccni4 cells overexpressing PTHIR and
treated with PTH (Fig. 3H, I). Collectively these data indicate that CCN1 regulates PTH1R
expression and function in osteoblasts. A caveat of the experiments using rhCCNL1 is that
as a matricellular protein, CCN1 may zhave distinct effects in soluble versus matrix-bound
forms. Although soluble hCCN1 was able to rescue PTH1R expression in Ccni4 cells (Fig.
3H) and our /n vitro results are consistent with the /n vivo findings in Fig. 2, further studies
would be required to discriminate matrix-bound versus soluble activities of CCN1.

Mechanical forces play a critical role in skeletal development and tissue homeostasis. avp3
integrin complexes located on the surface of osteoblast lineage cells are a key component
in sensing mechanical loads and converting them into biochemical signals in the cell.11)
Since previous studies reported that PTH signaling is essential for the anabolic response

of bone to mechanical load,(29 we examined whether PTH signaling and CCN1 levels
are increased in response to loading. First, we localized CCN1 during cyclical loading

of the tibia of 3-month-old Ccn€GF” reporter mice. Increased expression of Ccn16GFP

and CCNZ1-positive cell number were observed by immunohistochemistry within cortical
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bone relative to unloaded controls (Fig. 3J). Next, the expression of Ccnland Pthiris
increased with mechanical loading (Fig. 3K). The elevated expression of Phtlrcorrelated
with elevated expression of the downstream target gene Nurrl (Fig. 3K). Mechanosensory
responses in bone require integrin avp3.(29,30) Therefore, to strengthen these findings, we
examined expression of integrin aV and B3 (which act as both mechanotransduction sensors
and CCN1 receptors). Expression levels were found to be increased (Fig. 3K). Although the
mechanism remains rather unclear, the findings suggested CCN1 is important to both the
ability to sense mechanical loading in bone and the ability to enable responsiveness to PTH.

The integrin-binding domain of CCN1 modulates PTH1R expression and signaling pathway

CCN proteins trigger cellular functions through binding to distinct integrin complexes on the
cell surface. Several of these binding domains have been identified in CCN1, including a site
that is required for interaction with avp3 and avps integrins.(13) The avp3-binding motif

in CCNL1 is known to be essential to osteoblastogenesis and angiogenesis. Furthermore,
avP3 integrins promote osteoblast proliferation and differentiation.(3%-34) Therefore, we
examined the role of avp3 integrin complexes in CCN1-mediated activation of PTH1R
signal transduction pathways in bone.

To determine whether CCN1 regulates the PTH-PTH1R-AurrI mRNA signaling pathway
via an integrin-dependent mechanism, MC3T3-E1 control and Ccn4 cells were seeded

and cultured for 24 hours, after which av and B3 mRNA levels were measured by qPCR.
av levels were significantly reduced in Ccn4 cells relative to control MC3T3-E1 cells,

but B3 levels remained unchanged (Fig. 4A). To confirm that this change in avmRNA
expression corresponded with the av protein levels on the cell surface, we performed flow
cytometry. The average frequency of av on the cell surface of Ccrn4 cells was significantly
decreased compared with control cells (Fig. 4B). The decreased surface expression of av is
expected to lead to decreased signaling through avp3. However, because integrin signaling
is also regulated by cell localization, matrix engagement, conformational status, and binding
partners, elucidation of the precise impact of CCN1-mediated regulation of av expression
on integrin-mediated signaling requires further investigation.

To ascertain the impact that avp3 integrin complexes have on the ability of CCN1 to
promote PTH signaling, we assessed PTH1R and Nurrl mRNA expression levels in
MC3T3-E1 control and Ccnz? cells in the presence of the avp3/p5 integrin inhibitor
cilengitide. Control cells treated with cilengitide demonstrated significantly decreased
levels of Pth1rmRNA expression relative to cells treated with vehicle (Fig. 4C). As
discussed above, Pthirexpression was decreased in Ccni4 cells compared with control
cells. Treatment with cilengitide had less effect on Pth1rexpression in Ccni4 cells (Fig.
4C). To confirm that the downregulation of PthZr mRNA expression was associated with
decreased response to PTH, we measured the MurrI mRNA expression levels of MC3T3-ctrl
and MC3T3-Ccni4 cells in the presence of cilengitide by gPCR. MC3T3-ctrl cells treated
with cilengitide demonstrated significantly decreased levels of AMurrZ mRNA expression
levels compared with treatment of vehicle, and no change was observed in MC3T3-Ccni4
treated with or without cilengitide (Fig. 4D). Taken together, these findings suggest that
integrins avp3 and/or avP5 are required for expression of PTH1R.
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To test whether the ability of CCNL1 to engage integrins avp3 and/or avp5 is required for
CCNL1 to regulate PTH1R expression and activity, we compared the ability of WT CCN1
and a mutated form of CCN1 (CCN1-D125A) that is unable to bind to these integrins.(13)
Site-directed mutagenesis was used to engineer a retroviral plasmid that encoded CCN1-
D125A (Fig. 4E). We measured the response to PTH in Ccnz4 MC3T3-E1 cells infected
with retroviral constructs overexpressing either WT CCN1 or CCN1-D125A. Western blot
analysis revealed that similar levels of expression of WT and CCN1-D125A were achieved
(Fig. 4F). PTH treatment of Ccn4 MC3T3-E1 cells overexpressing WT CCN1 led to a
significant induction in MurrZ mRNA expression levels relative to Ccnz4 cells transduced
with empty vector (Fig. 4G). These data show that the overexpression of CCN1 rescues
the ablated response to PTH in Ccnz4 cells. However, overexpression of CCN1-D125A

in Ccni4 cells did not rescue responsiveness of PTH, indicating that the ability of CCN1
to bind to avp3 and/or avp5 integrins is essential for CCN1-mediated responsiveness to
PTH (Fig. 4G). Overexpression of PTH1R in Ccni4 cells infected with empty vector or
CcniA cells overexpressing CCN1-D125A rescued responsiveness to PTH, indicating that
the impairment in PTH responsiveness in CCN1-D125A-expressing cells occurs at the
level of PTH receptor expression (Fig. 4H). We therefore monitored PthZ1r mRNA levels
in response to CCN1 or CCN1-D125A expression. No significant changes in Pthlr levels
were found in WT MC3T3-E1 cells or in Ccni? cells exposed to PTH (Fig. 4H). Moreover,
although overexpression of WT CCN1 in Ccni4 cells rescued Pthrl expression to levels
found in control MC3T3-E1 cells, overexpression of CCN1-D125A in Ccn? cells did not
rescue Pthirexpression (Fig. 4H). These data collectively suggest that the interaction of
CCN1 with avp3 and/or avp5 complexes regulates expression of PTH1R.

Discussion

Previous studies from our laboratory demonstrated that disruption of CCN1 decreases
anabolic activity in bone by affecting osteoblast commitment and activity and by impairing
angiogenesis. These effects were related to decreased activity of the Wnt pathway, likely due
to increased expression of the Wnt antagonist SOST.(®) Given the central role of PTH in
suppressing SOST expression and our previously identified role for CCN1 as a suppressor
of SOST expression, we examined the impact of CCN1 on PTH signaling in the current
study. There are divergent effects of PTH on bone metabolism by PTH, depending on
whether the hormone is increased chronically (catabolic effect) or intermittently as achieved
by pharmacological daily injections (anabolic effect).(3%) In pathological conditions, such

as severe primary hyperparathyroidism, or secondary hyperparathyroidism because of
vitamin D or calcium deficiency, chronic increase of PTH is characterized by enhanced
bone loss due to unbalanced bone remodeling associated with increased generation and
activity of osteoclasts.(36) In contrast, intermittent PTH daily injection can rapidly increase
proliferation of osteoblast precursors, inhibit osteoblast apoptosis, and reactivate bone lining
cells to become matrix synthesizing osteoblasts.(3”) Although the effects of PTH injections
on bone have been extensively studied, the underlying mechanisms regulating PTH receptor
signaling remain unclear. Many of the anabolic effects of PTH are due to its ability to
directly inhibit Sosttranscription.(6:38:39) Furthermore, the finding that mice lacking Pth1r
in DMP1-expressing osteoblasts and osteocytes revealed a deficient response to mechanical
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loading or intermittent PTH injection,(”) indicating that PTHAR in osteocyte is required for
bone anabolism induced by mechanical signals in addition to direct PTH injection.

Here, we show that osteoblast lineage cells in CcnZ9CN mice exhibit an attenuated response
to intermittent PTH /n vivo and /n vitro and to mechanical load /n vivo. Specifically, we
show that disruption of CCN1 decreases the expression of PTH1R and thereby attenuates
PTH-mediated signaling in osteoblasts, which corresponds with diminished bone properties
in vivo. Furthermore, the results reported here show that mechanical loading induces the
expression of CCN1 and integrin avp3 in bone. Thus, CCN1 is a mechanosensitive gene
that is required for the ability of PTH to transduce the effects of mechanical load in bone.
CCNL1 is known to be directly activated by load in various tissues.(-19) It will be of interest
in future studies to identify the mechanisms by which load induces CCN1 expression in
bone.

Our results suggest that a key function for CCNL1 is to induce PTHLR expression. Previous
studies reported that BMP2 and ER stress promotes the expression of Pthlrin osteoblasts
and renders these cells responsive to PTH;“0) the skeletal resistance to PTH in the setting
of chronic kidney disease is related to a decrease in Pth1r mRNA levels.(41) Moreover,
mice with deletion of PTH1R in osteoblasts have disrupted trabecular bone formation,

(42) and osteocytic PTH1R signaling is required for PTH/mechanical loading-induced

bone anabolism.(") These findings show that regulation of PTH1R levels has important
physiological and pathophysiological roles in bone. Although the precise mechanisms by
which CCNL1 induces Pth1rexpression in bone are unknown, the ability of CCN1 to mediate
this effect appears to involve integrin avp3 and/or avp5 complexes. This conclusion is
supported by multiple lines of evidence that a direct role for avp3 in mechanotransduction,
a PTH-dependent process. (31:43-45)

Disruption of CCN1 in osteoblasts and osteocytes revealed decreased av integrin mMRNA
and protein expression. Furthermore, the finding that the D125A variant of CCN1 that

is unable to bind to av integrin leads to reduced expression of Pthlrand failure of
responsiveness to PTH raises the likelihood that CCN1 exerts its effects through direct
binding of av integrin. The mechanisms by which CCN1 might mediate avp3 action and
by which avp3 regulates PTH1R levels in PTH/mechanotransduction in bone are not clear.
However, Berry and colleagues(3) reported that JunB regulates Pt22r mRNA levels in
cementoblasts, which have osteoblast characteristics. JunB1 is an AP-1 transcription factor
and a classical downstream effector of integrins. Cowles and colleagues4) reported that
integrin-mediated signaling regulates expression of AP-1 transcription factors in osteobasts.
We speculate that CCN1 may promote integrin signaling via increased expression of avp3
and by acting as a direct avp3 ligand. Elevated integrin signaling promoted by CCN1 may
subsequently lead to elevated Pth1rexpression at least in part via increased AP-1 activity.
Further research will be required to test the validity of this speculation.

Given that members of the CCN family have structural homology, it is possible that other
members of the CCN family of proteins may induce the expression of Pth1rin bone in an
integrin-dependent manner. Previous studies show that CCN4 is highly expressed in bone
and also plays an important role in bone maintenance.*>) Ccn4™/~ mice exhibit decreased
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bone thickness, mineral density, and biomechanical strength. Therefore, CCN1 and CCN4
may have additive effects on bone development and experiments that address the link
between both the matricellular proteins and PTH-mediated bone formation are warranted.

Furthermore, our finding that CCN1 is required for sensitivity to PTH is reminiscent of
previous studies showing that the matricellular protein periostin also acts in an integrin
avpB3-dependent manner to transduce PTH and mechanical signals in bone.(46:47) Periostin
is expressed primarily in the periosteum, but PTH exerts only a modest anabolic activity in
the periosteum relative to the endocortical bone.(8) CCN1 is expressed in endosteal cells
(Fig. 3J). While the patterns of CCN1 and periostin expression in bone are distinct, both
proteins are expressed in osteocytes. Although it is unknown whether periostin mediates
any of its effects through regulation of PTH1R expression, our studies indicate that multiple
matricellular proteins that interact with avp3 may play a central role in the ability of

bone to respond to PTH and to sense mechanical load. Our study was performed using
OCN-Cre, which targets mature osteoblasts in addition to osteocytes. Further studies that
investigate the role of CCNL1 specifically in osteocytes may elucidate whether the CCN1,
which is induced by mechanical load and which is required for responsiveness to PTH, is
also required for the ability of PTH to mediate the anabolic response to mechanical load in
bone.
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Fig 1.

Digsruption of Ccnlin mature osteoblasts prevents responsiveness to intermittent PTH

in vivo. Three-month-old male Ccn29CN mice and WT littermates were subcutaneously
injected with intermittent PTH ([1-34] fragment 80 pg/kg/d, 5 d/wk for 4 weeks), and

(A) representative cross-sectional images from trabecular bone were analyzed by uCT. (B)
Quantitative analysis indicated that BMD was unresponsive to intermittent PTH treatment
in the trabecular bone of Ccn29CN mice relative to WT littermates. (C) UCT analysis of
cortical bone in WT and Ccn19CN littermates. (D) A significant decrease was detected

in tissue BMD (tBMD) and cortical thickness (Co.Th) in CcnZ9CN mice compared with
WT littermates, and CcnZ9CN mice failed to respond to intermittent PTH relative to WT
littermates. (£) The ratio of endocortical perimeter (Ec.Pm) and periosteal perimeter (Ps.Pm)
of femoral midshaft demonstrated that CcrnZ9CN mice failed to respond to intermittent PTH
relative to WT littermates. (F, G) Calcein labeling studies revealed that the cortical mineral
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apposition rate is attenuated in CcnZ9CN mice treated with intermittent PTH relative to WT
littermates. Calcein was ip injected 2 times with a 1-week interval. Error bars represent £SD.
Two-way ANOVA followed by the Bonferroni post test. 7= 8-16/genotype.
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Fig 2.

CCNL1 regulates the expression of Murrl mediated by PTH in osteoblasts. (A) Time course
of NurrI mRNA expression was analyzed in MC3T3-E1l cells at 0, 1, 2, and 4 hours of
PTH treatment (7= 3). (B) Protein levels of CCN1 in MC3T3-ctrl and MC3T3-Ccn1KO
cells analyzed by Western blot (7= 3). (€) MC3T3-ctrl and MC3T3-Ccn1KO cells analyzed
by Western blot (7= 3). (€) MC3T3-ctrl and MC3T3-Ccn1KO cells were treated with
increasing concentrations of PTH for 1 hour and AMurrI mRNA levels were determined by
gPCR. MC3T3-ctrl and MC3T3-Ccn1KO cells were treated with either vehicle or PTH (1078
Mol/L) for 1 hour and (D) cellular cAMP concentrations were measured by ELISA (n=

6). (F) PTH (80 pg/kg) was subcutaneously injected into WT and Ccrn9CN mice for 1
hour and AMurrI mRNA expression was measured in the calvaria bone by gPCR (7= 6). (F)
MC3T3-ctrl and MC3T3-Ccn1KO cells were treated with either vehicle, PTH (1078 Mol/L,
1 hour), Forskolin (FSK, 107 Mol/L, 1 hour), and Prunetin (10~ Mol/L, 1 hour) and the
MRNA levels of AMurrl were measured by gPCR. (G) PTH and vehicle-treated MC3T3-E1
cells; Murr1 and CenI mRNA levels were measured by qPCR (7= 3). (H) PTH (80 ug/kg)
was subcutaneously injected into WT and Ccn9CN mice for 3 hours and Ccnl mRNA
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levels were measured in calvarial bone by gPCR (/7= 6). The in vitroresults are triplicated
in each of three independent experiments (7= 3). Error bars represent £SD, compared with
control or WT; two-tailed Student’s t test for B, C, and G, two-way ANOVA followed by the
Bonferroni post test for results of D, £, £ and H).
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Fig 3.

Lc?ss of CCN1 decreases the mRNA and protein expression of PTHIR in osteoblasts. (A)
PthirmRNA expression was significantly downregulated in the femurs of Ccn29N mice
(n=6). (B) PTH1R was detected by immunostaining in osteocytes and PTH1R+ cell
numbers were quantified in the cortical bone of Ccnz9N mice and WT littermates (7=

6). (€) MC3T3-Ccn1KO cells demonstrate a significant downregulation of PtAZr mRNA
levels in vitro. (D) Adenovirus expressing Cre-recombinase significantly decreased the
mRNA expression of Ccnl and Pthlrin osteoblasts from the calvaria of Ccnz mice
compared with the adenovirus expressing GFP control. (£) Treatment of MC3T3- Cen1k©
cells with recombinant CCN1 (rhCCN1) (100 ng/mL) for 24 hours restored the relative
Pth1rmRNA expression levels and (F) protein levels of PTHIR to the levels that are found
in MC3T3-ctrl cells when analyzed by gPCR and Western blot, respectively. (G) Pthirwas
overexpressed in MC3T3-ctrl and MC3T3-Ccn1KO cells with retroviral vector. The cells
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were treated with either vehicle or PTH (108 Mol/L) for 1 hour, after which (H) Nurrl
MRNA expression levels were measured via gPCR and (/) cellular cAMP concentrations
were quantified by ELISA. The /n vitro results were performed in triplicate in each of

three independent experiments. (J) Microscopic images of mechanically loaded femurs from
Ccni€GFP reporter mice demonstrated increased CcnZ€GFF expression in the loaded cortical
bone relative to the contralateral unloaded bones. CCN1 protein expression levels were
examined by immunohistochemistry in the femurs of W7 mice. (K) The mRNA levels of
Ccnl, Pthlr, Nurr, and Integrin avB3in cortical bone of WT mice were examined by
gPCR (n= 6). Error bars represent +SD. The p values were shown and compared with
control or WT (two-tailed Student’s ttest for A, C, D, J, and K; one-way ANOVA followed
by the Tukey post haoc test for £, two-way ANOVA followed by the Tukey test for results of
G, H,and )).
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Fig 4.

The RGD motif of CCN1 that mediates its interaction with the avp3 or avp5 integrin
complex is required for CCN1-mediated Pt17r mRNA expression. The relative mRNA
expression levels of (A) ay and B3 in MC3T3-ctrl and MC3T3-CCN1KO cells were
measured by gPCR. (B) The a.y integrin protein levels were measured in MC3T3-ctrl

and MC3T3-CCNIXO cells by flow cytometry (7= 6). MC3T3-ctrl and MC3T3-CCN1KO
cells were conditioned with or without the presence of Integrin inhibitor (Cilengitide)

for 24 hours and the relative mRNA expression of (C) Pthirwas measured by qPCR.
MC3T3-ctrl and MC3T3-CCN1KO cells were treated with either vehicle or PTH (1078
mol/L), conditioned with or without the presence of Cilengitide, and the relative mRNA
expression levels of (D) Nurrl were measured by gPCR. (£) Site-directed mutagenesis

of adenosine (A) into a cytosine (C) in the CCNL1 retroviral plasmid was performed, and
the resulting Retro-CCN1P125A was expressed in MC3T3-CCN1KO cells (generated by
CRISPR/Cas) to produce MC3T3-CCN1P125A cells, (F) Protein levels of CCN1 relative to
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GAPDH in MC3T3-CCN1KO, MC3T3-CCN1P125A and control cell lines were analyzed
by Western blot. (G) The MC3T3-CCN1KO, MC3T3-Retro-CCN1, MC3T3-CCN1DP125A
MC3T3-Retro-PTH1R, and control cell lines were treated with either vehicle or PTH for 1
hour and mRNA expression of NMurrl and (H) Pthirwas analyzed by gPCR. The results are
triplicated in each of three independent experiments (7= 3). Cilengitide, 1076 mol/L for 24
hours and PTH 1078 mol/L for 1 hour. Error bars represent £SD. p values were shown and
compared with control (two-tailed Student’s ¢test for A, B; one-way ANOVA followed by
the Tukey post hoc test for F, two-way ANOVA followed by the Tukey test for C, D, G, and

H).
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Table 1.
gRT-PCR Primer List

Gene Primer sequences (5"-3")
mCCN1 CTGCAGCAAAACTCAGCCCT
CACAGGGTCTGCCTTCTGAC
mNurrl TGAATGAAGAGAGCGGACAA
CGAGGAAATTAAAGGTGGACAG
mPTH1R TCCTTCTCTGCTGCCCAGT
GGTGCAGCAGGAAAATCTGT
Integrin-av CGTCCTCCAGGATGTTTCTCC
TCCAAACCACTGGTGGGACT
Integrin-p3 GCTCATTGGCCTTGCTACTC
CCCGGTAGGTGATATTGGTG
mGAPDH CTTTGGCATTGTGGAAGGGC
CAGGGATGATGTTCTGGGCA
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