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1.

INTRODUCTION:

Cartilage pathology in osteoarthritis (OA) is associated with extracellular matrix collagen
destruction, which is accompanied by phenotypic changes in articular chondrocytes. Chondrocyte
hypertrophy-like changes have been well known in both human OA and experimental OA, which
are characterized by expression of type X collagen (Col X) and matrix metalloproteinase 13
(MMP13), suggesting the hypertrophic program is activated in OA conditions. The growing evidence
indicates that inhibition of the hypertrophic differentiation is able to attenuate the severity of cartilage
lesions in mouse OA models. These findings offer new approaches for the treatment of OA by
targeting the chondrocyte phenotype to reduce its hypertrophic differentiation. The application of a
disruptor peptide to interfere with protein-protein interaction represents a novel therapeutic strategy
for inhibition of chondrocyte hypertrophy and treatment/prevention of OA. The purpose of our
proposal is to design and develop a novel disruptor peptide and test its efficacy on inhibiting
chondrocyte hypertrophy in relevant cellular and in vivo OA models, thus accomplishing most pre-
clinical goals necessary for ultimate human subject testing.

KEYWORDS:
Osteoarthritis

Parathyroid hormone-related protein
PTH receptor

Beta-catenin

Cell signaling

Chondrocyte hypertrophy
Destabilization of the medial meniscus

ACCOMPLISHMENTS:

What were the major goals of the project?

The goal of this research plan is to characterize how disruptor peptide blocks beta-catenin
interaction with PTH receptor, inhibits chondrocyte hypertrophy in vitro and in vivo.

What was accomplished under these goals?

The grant project entitled “Inhibition of chondrocyte hypertrophy of osteoarthritis by disruptor peptide”
started from July 1, 2016 and ended on December 31, 2018. We completed the work according to
the time line in this Discovery Award. We designed a disruptor peptide to block the interaction of
PTH receptor with beta-catenin and tested its efficacy on inhibiting chondrocyte hypertrophy in
relevant cellular and in vivo osteoarthritis models. Our project established the proof of concept that
targeting the inhibition of chondrocyte hypertrophy of osteoarthritis by a disruptor peptide renders
PTHrP more effective in prevention/treatment of osteoarthritis.

3.1. Major activities.

The application of disruptor peptide to target the B-catenin interaction with PTH receptor may
represent a novel therapeutic strategy for the inhibition of chondrocyte hypertrophy and
treatment/prevention of OA.



3.2. Specific objectives

Aim 1 will develop and characterize a disruptor peptide specifically blocks the interaction of beta-
catenin with PTH receptor and inhibits the pathogenic beta-catenin-mediated PTH receptor
signaling switch. In Aim 2, we will define the role of disruptor peptide in inhibiting chondrocyte
differentiation in cells and a mouse DMM (destabilization of the medial meniscus) model.

3.3. Significant results

a. Design a disruptor peptide corresponding to the carboxyl-terminal region of PTH receptor
(PTH1R).

Previous findings show that deletion of 5 and 10 amino acids from the carboxyl-terminus of
PTHIR residues (589-593 and 584-593) abolished the binding of B-catenin to PTH1R, whereas a
deletion of up to the last 4 amino acids in the carboxyl-tail (ETVM), which are PDZ protein NHERF1
and 2 binding sites, did not affect this binding. Mutagenesis analysis of this region identified the
critical binding sites of the B-catenin protein to be W589, L585, and L584 of PTH1R. The last 10
amino acids in the carboxyl-tail of human PTHL1R are identical to those in rat/mouse PTHI1R.
Therefore, we propose that the carboxyl-terminal region of 6 amino acids is the 3-catenin recognition
motif in PTHR. The disruptor peptide and control disruptor peptide were synthesized by PEPTIDE
2.0 (Chantilly, VA).

K K K

b. Inhibition of B-catenin binding to PTH1R by GST- o écr‘ﬂ_\,ﬁio‘\":o\”g
pull down assay by disruptor peptide & \@Q@@l@* S

We generated His-tagged B-catenin and GST-tagged Q&x‘:@“‘&g g«\*:\\x"‘}
PTH1R proteins. His-B-catenin protein (500 nM) and 500 S & 043 & &
nM GST-PTHIR were incubated in the presence of | _ A
different concentrations (0~100 uM) of carboxyl-terminal pus- v | Antig-caten
six-amino-acid disruptor peptide (Dis-pep) or its control { S | AntosT
peptide (Ctr-pep), which does not interact with g-catenin, ] _ _
in  pul-down  buffer.  Total lysates and input | o s | Ant-catenin
immunoprecipitated proteins were analyzed by SDS- | Fioue L 1he Aot pepice O o)t v
polyacrylamide gels and the band intensity for B-catenin | of pTH receptor (PTH1R) with B-catenin.
and GST-PTH1R was quantified using the Licor Odyssey

system. The GST-pull down data showed that the disruptor peptide concentration-dependently
inhibited B-catenin binding to PTH1R (Figure 1).

c. Disruptor peptide enters cells.

Cellular delivery of peptides is facilitated by peptide conjugation
with the carrier, cell-penetrating peptides. To assess disruptor
peptide permeability into cells, the effects of disruptor peptide
conjugated to penetratin (Pen), which can transport peptide into live
cells and animals. To confirm the peptide directly enters cells, we
generated the disruptor peptides conjugated with green fluorescent
protein (GFP) and/or Pen. Primary chondrocytes were treated with
10 uM of disruptor peptides conjugated with GFP and/or Pen for 2h.
The peptides in culture medium were then fully washed with PBS | Figure 2. GFP tagged Pen-Dis-
and live cells were visualized using confocal microscopy. Disruptor | B*F esr;:rrjn chondrocytes.

) . . g was shown in
peptide conjugated with GFP and Pen successfully entered cells | piue.
(Figure 2).
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d. Disruptor peptide reverses the B-catenin-mediated PTH receptor signaling switch in
chondrocytes.

Mouse primary rib chondrocytes express both p-catenin and PTH receptor. Cellular delivery of

A B C

cAMP
(fold stimulation)

cAMP
(fold stimulation)
Net [Ca?"]; flux
(fluorescence units)

Figure 3. Disruptor peptide (6-cdp) switches PTH receptor signaling from Gaq/PLC to Gas/cAMP activation. A, Effects of
Pen-6-cdp, 9R-6-cdp, TAT-6-cdp, 6-cdp, Pen, 9R or TAT on PTHrP-induced cAMP formation. B, Pen-6-cdp increases PTHrP-
induced cAMP formation. C, Pen-6-cdp inhibits PTHrP-stimulated intracellular calcium.

peptides is facilitated by peptide conjugation with the carrier, cell-penetrating peptides. To assess
disruptor peptide (6-cdp) permeability into cells, the effects of the disruptor peptide conjugated to:
1) penetratin (Pen); 2) nine arginine residues (9R), or 3) transactivator of transcription (TAT), were
compared. Primary chondrocytes were pretreated with 10 uM Pen-6-cdp, 9R-6-cdp, TAT-6-cdp, 6-
cdp, Pen, 9R, or TAT for 2 h. cAMP formation induced by 10 nM human PTHrP(1-34) (hereafter
referred to as PTHrP) (Bachem, Torrance, CA) for 15 min in the presence of phosphodiesterase
inhibitor 3-isobutyl-1-methylxanthine (1 mM) was measured using the cyclic AMP direct EIA kit
(Arbor assays, Ann Arbor, Ml). Figure 3A data demonstrated that the 6-cdp itself, Pen and 9R had
no effect on PTHrP-induced cAMP formation. However, the stimulatory effect of PTHrP together
with Pen-6-cdp was higher than that of 9R-6cdp and TAT-6cdp. Therefore, the 6-cdp conjugated
with Pen was used in the following experiments. As expected, Pen-6-cdp concentration-dependently
increased 10 nM PTHrP-induced cAMP formation (Figure 3B), while control peptide (Pen-ctr-pep-
6) had no effect on PTHrP-stimulated cAMP formation. Pen-6-cdp itself had no effects on cAMP
formation without PTHrP treatment (data not shown). To evaluate PTHR-mediated Gaq/PLC
signaling, intracellular calcium mobilization ([Ca*;), an index of PLC activity, was measured.
Pretreatment with Pen-6-cdp for 2 h concentration-dependently inhibited PTHrP-induced [Ca?'];
(Figure 3C). Collectively, these data demonstrate that the disruptor peptide limits the PTH receptor
signaling switch by increasing Gas/cAMP activation while inhibiting
Gaq/PLC signaling.

)

e. Disruptor peptide has no effect on Wnt3a-induced B-
catenin/ T-cell factor (TCF) activation.

(TOP/FOP Ratio)

ATDC5 cells (chondrogenic cell line) were transfected with
TOPflash luciferase reporter plasmid, whose promoter contains a
TCF binding region responsive to [(-catenin signaling. Cells _
transfected with the FOPflash reporter plasmid (containing ~
mutated TCF binding region) serve as a control. After 36 h, cells
were pretreated with Pen-6-cdp (10 uM) for 2 h, and then Wnt3a _ _ _
(50 ng/ml) was added for 8 h. After treatment, the effect of Pen-6- | Fidure & Disiuptor peptide coes
cdp on Wnt3a-induced B-catenin activation was examined. Our | pathway. n = 4. * p<0.01,
data demonstrated disruptor peptide did not affect the canonical | compared with vehicle control.
Wnt signaling pathway (Figure 4).

B-catenin Activation




f. Disruptor peptide has no cytotoxicity

Different concentrations (1 - 100 uM) of Pen-6-cdp were
incubated with ATDCS cells for 48 h. 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) was then added to each
well at a final concentration of 500 ug/ml and incubated for 1 h at
37°C in a 5% CO2 atmosphere. The liquid in the wells was
subsequently removed. DMSO was then added to each well, and
the absorbance was measured at 570 nm. Data in Figure 5
showed that Pen-6-cdp did not cause any cytotoxicity in ATDC5
cells.

g. Disruptor peptide inhibits of the interaction of PTH
receptor with B-catenin in ATDCS5 cells.

The experiments were performed by immunoprecipitation
assay. The ATDCS5 cells were treated in the presence or absence
of different concentrations of Pen-6-cdp (0.1 — 50 uM). The cells
were lysed and solubilized materials were incubated with [-
catenin monoclonal antibody for 1 h at 4°C, and then protein G-
Sepharose 4B conjugate was added and incubated overnight at
4°C. Total lysates and immunoprecipitated proteins were
analyzed by SDS-polyacrylamide gels and the band intensity for
B-catenin and PTH receptor was quantified using the Licor
Odyssey system. Data in Figure 6 showed that Pen-6-cdp
concentration-dependently inhibited the interaction of PTH
receptor interaction with B-catenin.

h. Knockout of B-catenin expression in cells eliminates disruptor peptide effect on PTH

receptor signaling.

Endogenous B-catenin expression in mouse ATDCS5 cells (chondrogenic cell line) was knocked

[N
N
o

MTTassay
(% of vehicle)

Figure 5. Disruptor peptide does not
have cytotoxicity in ATDCS cells.

IP: B-Cat
IB: PTHR

IP: B-Cat

IB: B-Cat — ——

Figure 6. Pen-6-cdp concentration-
dependently inhibits the interaction
of PTH receptor (PTHR) with B-
catenin (B-Cat) in ATDCS cells. The
representative  immunoblots  are
shown. IP: immunoprecipitation; 1B:
immunoblot.

out using the CRISPR/Cas9 genome-editing
technique. Table 1 lists the single-stranded

Table 1. CRISPR sequences for knockout of mouse B-catenin

Accession
number

Seguences

oligonucleotides encoding a CRISPR | “singestanded
targeting RNA (crRNA) of B-catenin that ;z:::gi:"‘ﬂ“ ———

allows sequence-specific targeting of the
Cas9 nuclease. The double-stranded

Revers &
Fonward:
Revers

Control

EmoEm oenoon

- CGGGCAGTATGCAATGACTAGTTTT
- TAGTCATTGCATACTGCCCGCGGTG
- CATTTCTCAGTGC TATAGAGTTTT

- TCTATAGCACTGAGAAATGC GGTG

NM_007814.2

oligonucleotides were cloned into linearized

GeneArt CRISPR nuclease vectors with an

OFP reporter following the manufacturer’s
protocol (Invitrogen, Carlsbad, CA). Three
single colonies were identified for knockout
of B-catenin expression in ATDCS5 cells by
western blotting (Figure 7). No B-catenin
expression change was observed in cells
transfected with control plasmid.

Colonies 1 2 3 4 5

6 7 8 9 10 11 12 13

<« B-Cat
(92KD)

Actin
(42KD)

Figure 7. Knockout of B-catenin expression in ATDC5 cells.
Actin was used for loading control.
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To test whether the specificity of Pen-6-cdp effect on PTHrP-induced cAMP production and
intracellular Ca?* mobilization is due to o vence
separation of 3-catenin from PTHR, we used A T om0
wild-type (WT Ctr) or B-catenin knockout (3- = o000
Cat KO) ATDC5 cells. We demonstrated
that Pen-6-cdp failed to enhance PTHrP-
induced cAMP formation (Figure 8A) and
reduce intracellular Ca?" mobilization °
(Figure 8B) in B-catenin knockout cells | Figure 8. Disruptor peptide fails to affect PTH-induced PTH

A receptor signaling in B-catenin knockout cells. *, p< 0.05, **, p<
compared to wild type ATDCS cells. 0.01, compared with WT Ctr cells treated with PTH.

o]

*k
—=

[ Vehicle
B3 PTHIP
B PTHrP+Pen-6-cdp

cAMP
(fold stimulation)

Net [Ca?*; flux
(fluorescence units)
IS
8
8

s W S M =
p-Cat KO

i. Effect of disruptor peptide on inhibition of ATDCS5 cell differentiation in vitro.

Mouse ATDCS cells undergo an orderly series of chondrogenic differentiation. After ATDCS5 cell
confluence, we used chondrogenic
medium containing ITS (10 pg/ml

Table 2. Mouse primer sequences for real-time PCR

. . . G S A i b
insulin, 10 pg/ml transferrin, and = = C:L;ir;cg‘ia STrY ceession nampeer
10 ng/ml sodium §e|enite) to Col2al Reverse: 5- tig gga tca atc cag tag tc NM_001113515
induce ATDCS5 cell differentiation Forward: 5- Ctc aaa tac ot e tge ig
|n the presence or absence of Col10al Reverse: 5'- cct ctt act gga atc cct tt NM_009925

. . . Forward: 5’- aac acc cca gcc atg tac gta g
PTHI’P, and dISI’UptOf' peptlde p-actin Reverse: 5'- gaa ccg ctc att gcc gat agt AF122902.1

conjugated with penetratin. Mouse
primer sequences are listed in Table 2. The mRNA expression of type Il collagen al (Col2al) and
Col10al was measured dynamically by quantitative real-time PCR using QuantiTect SYBER Green

3 vehicle 3 vehicle
PTHrP PTHrP
Py E3 PTHrP + Pen-6-cdp = E3 PTHrP + Pen-6-cdp
g 101 ab g 8
S ab a <
% c:‘ 8+ T % > 61
S S 6 = ? = 5 < a 2
c E = =
5 O = s 5 2 4
g ;‘E 4 T %E % E g § a ab ab
= = a = 7 = o =
o = =R £ T 2
L s 24 /E / H] L =
: HIIAIIE Wlnzz
S = VE 2 ol
T d12 d18 d24 d30 di2 di8 d24 d30
Figure 9. Disruptor peptide enhances PTHrP-induced Figure 10. Disruptor peptide promotes PTHrP-
Col2al mRNA expressions in ATDC5 cells. n =4. a, inhibition of Coll0al mRNA expressions in ATDC5
p<0.05, compared with vehicle control; b, p<0.05, cells.n=4. a, p<0._05, compared with vehicle control; b,
compared with PTHrP. p<0.05, compared with PTHrP.

PCR Kit (Qiagen) and normalized to B-actin mRNA. Vehicle, PTHrP (10 nM) with or without Pen-6-
cdp (10 pM) were added to the cultures for the first 6 h of each 48 h cycle. The culture medium was
changed to fresh medium every other day. Our results show that PTHrP significantly increased
Col2al mRNA expression (Figure 9) and inhibited Col10al mRNA expression (Figure 10). These
effects of PTHrP were further enhanced by the peptide.



j- Effect of disruptor peptide on PTHrP stimulation of cartilage nodule formation.

Chondrocytes derived from 11.5 days of embryo (E11.5) limb bud cells in high density
micromass cultures produce extracellular matrix that contains proteoglycans and is positive to Alcian
blue staining. The morphology of cartilage nodule formation was visualized dynamically for up to 6
days using EVOS FL Auto Cell Imaging System. The cartilage nodules appeared by day 2 and
increased gradually over a 6-day time period (Figure 11A). To quantify the Alcian blue staining
intensity, the wells in the stained culture plate were extracted with 6 M guanidine HCI for 10 h at

A d2 d3 d4

e
©

B Vehicle PTHrP PTHrP
+ Pen-6-cdp

S
o

e
N

Alcian blue staining
Abs(650 nM)
=

Figure 11. Pen-6-cdp enhances PTHrP-stimulated cartilage nodule formation. A. Cartilage nodule formation for d2 to
d6. B. Effects of PTHrP in the presence or absence of Pen-6-cdp for 4d on cartilage nodule formation. Bar: 2 mm. n = 4. a,
p<0.01, compared with vehicle control; b, p<0.05, compared with PTHrP.

room temperature. The absorbance of the extracted dye was measured at 620 nm. Limb bud
mesenchymal cells in micromass cultures express PTH receptor. We assessed the effect of
disruptor peptide on cartilage nodule formation induced by PTHrP. PTHrP (10 nM) was added to
the culture for the first 6 h of each 48 h cycle for 4 days in the presence or absence of Pen-6c¢dp (10
UM). The culture medium was changed to fresh medium every other day. Our results show that

PTHrP significantly increased -cartilage
nodule formation compared with vehicle. d7 d21
The disruptor peptide promoted PTHrP
stimulation of cartilage nodule formation .
(Figure 11B). Vehicle

k. Effect of disruptor peptide on PTHrP
inhibition of chondrocyte hypertrophy.

Chondrocytes derived from limb bud PTHP
mesenchymal cells secrete abundant
matrix. The cartilaginous tissue was
manually removed for histologic
evaluation. The expression of Col X level, PTHrP
a chondrocyte hypertrophic marker, was
not detected by immunostaining on day 7,
but increased on day 21 (Figure 12).
Treatment with PTHrP in the presence or E;gptrr?rgihsz;-?égigir?é]ocr?ocl)tgse XF;)Tr';;';grr‘]hibi“O” of chondrocyte
absence of Pen-6-cdp was the same as '

+ Pen-6-cdp
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before. PTHrP inhibited Col X expression. Consistent with the effect of the disruptor peptide on
cartilage nodule formation, Pen-6-cdp promoted PTHrP inhibition of chondrocyte hypertrophy.

|. Effect of disruptor peptide on inhibition of chondrocyte hypertrophy in muse OA model.

The mouse OA model surgically induced by destabilization of the medial meniscus (DMM) has
been commonly used and shares many
features of human OA. Mouse DMM Control DMM

model was induced by transection of the
meniscotibial ligament in right leg. After 8
weeks, we isolated right and left knee
joints. Histological changes and analyses
of disease severity were examined by
Safranin O staining and Fast green
staining, suggesting cartilage damages

occurs in the DMM mouse model (Figure | Figure 13. Histological change at 8 weeks following the surgery of
]_3). We then investigated whether destabilization of the medial meniscus (DMM). Slide were stained
disruptor peptide inhibited chondrocyte ‘évgrh fggrﬁmﬁ-o and Fast green. Arrow indicates cartilage loss. Scale
hypertrophy in this mouse OA model.
PTHrP is normally secreted by chondrocytes in low levels and is increased in OA. After mouse DMM
surgeries in right legs, we intra-articularly injected Pen-6-cdp (10 pl, 0.1 mM) or vehicle into right
knee at the same days. The treatments were 3 times per week for 8 weeks. After termination of
treatments, mouse right knee joints were collected, fixed, decalcified, and embedded in paraffin.
The expression of chondrocyte hypertrophic marker, Col X and catabolic enzyme [matrix
metalloproteinase 13 (MMP13)] was examinated by immunohistochemical assays with Anti-
collagen X antibody (Abcam, Cambridge, MA) and MMP13 antibody (Proteintech, Chicago, IL) using
detection with 3, 3’-diaminobenzidine (DAB). Data in Figure 14 showed that the disruptor peptide

Normal control + vehicle Shame control + vehicle DMM + vehicle DMM + Pen-6-cdp

Col X

Figure 14. Disruptor peptide inhibits chondrocyte hypertrophy in mouse DMM model by reducing the expression of Col
X and MMP13. The representative immunostaining of Col X (top) and MMP13 (bottom) was shown. Scale bar: 100 um.

treatment significantly inhibited both Col X and MMP13 expression in the mouse DMM model.

3.4. Other achievements

None
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What opportunities for training and professional development has the project provided?
Nothing to Report

How were the results disseminated to communities of interest?
Nothing to Report

What do you plan to do during the next reporting period to accomplish the goals?

Nothing to Report

4. IMPACT:
What was the impact on the development of the principal discipline(s) of the project?

We designed a disruptor peptide and have demonstrated that the disruptor peptide blocks the
protein interaction of PTH receptor with beta-catenin and inhibits the chondrocyte hypertrophy in
relevant cellular and in vivo osteoarthritis models. Our project provides the foundation for further
studies of efficacy of the disruptor peptide in different osteoarthritis animal models and human
subject testing. Thus, this project provides a rationale and incentive for drug development efforts
that the disruptor peptide favors the therapeutic signaling arm and improves the ability of PTHrP to
treat/prevent osteoarthritis.

What was the impact on other disciplines?

Nothing to Report

What was the impact on technology transfer?

Nothing to Report

What was the impact on society beyond science and technology?
Nothing to Report
5. CHANGES/PROBLEMS:

Nothing to Report

6. PRODUCTS:
Publications, conference papers, and presentations

Two papers below were supported by this Discovery Award.
(1) Yang Y, Lei H, Qiang YW, Wang B. Ixazomib enhances parathyroid hormone (PTH)-induced

beta-catenin/T-cell factor (TCF) signaling by dissociating beta-catenin from the PTH receptor.
Mol Biol Cell, 2017, 28:1792-1803 PMCID: PMC5491187


https://www-ncbi-nlm-nih-gov.proxy1.lib.tju.edu/pmc/articles/PMC5491187/
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(2) Yang Y, Lei H, Wang B. Effect of the PTHrP(1-34) analog abaloparatide on inducing
chondrogenesis involves inhibition of intracellular reactive oxygen species production. Biochem
Biophys Res Commun, 2019, 509: 960-965 PMID: 30654932

Website(s) or other Internet site(s)

Nothing to Report

Technologies or techniques
Nothing to Report

Inventions, patent applications, and/or licenses
Nothing to Report

Other Products

Nothing to Report

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS
What individuals have worked on the project?

Bin Wang, Ph.D., Principal Investigator (4.8 calendar months), Assistant Professor of Medicine,
Center for Translational Medicine, Department of Medicine. As PI, Dr. Wang is responsible for all
experiments outlined in the specific aims of the project including the design, performance, analysis,
interpretation of experimental studies, preparation of manuscripts, and reporting results of the work.

Irving M Shapiro, BDS, PhD, Other Significant Contributor (no effort requested). Dr. Shapiro is an
internationally-recognized cartilage biologist and Anthony and Gertrude DePalma Professor of
Orthopaedic Surgery, Director, Division of Orthopaedic Research, Department of Orthopaedic
Surgery. He discusses with Dr. Wang about data interpretation, and any design/troubleshooting
issues.

Research Technician, Yanmei Yang (12 calendar months), is responsible for routine cell culture,
preparing media and buffers for general experiment usage. She performs biochemical experiments,

including the cAMP assay, Western blotting and real time PCR, and assist in all other experiments
performed by Dr. Wang, including animal studies.

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel

since the last reporting period?

Nothing to Report

What other organizations were involved as partners?

Nothing to Report



8. SPECIAL REPORTING REQUIREMENTS
Nothing to Report
9. APPENDICES:

Two papers supported by this Discovery Award are attached.

13



ARTICLE

Ixazomib enhances parathyroid hormone-
induced B-catenin/T-cell factor signaling by
dissociating B-catenin from the parathyroid

hormone receptor

Yanmei Yang?, Hong Lei*?, Ya-wei Qiang®, and Bin Wang®*

aCenter for Translational Medicine, Department of Medicine, Sidney Kimmel Medical College, Thomas Jefferson
University, Philadelphia, PA 19107; *College of Food Science and Engineering, Nanjing University of Finance and
Economics, Nanjing 210023, China; “Myeloma Institute, University of Arkansas for Medical Sciences, Little Rock,

AR 72205

ABSTRACT The anabolic action of PTH in bone is mostly mediated by cAMP/PKA and Wnt-
independent activation of B-catenin/T-cell factor (TCF) signaling. B-Catenin switches the PTH
receptor (PTHR) signaling from cAMP/PKA to PLC/PKC activation by binding to the PTHR.
Ixazomib (Izb) was recently approved as the first orally administered proteasome inhibitor for
the treatment of multiple myeloma; it acts in part by inhibition of pathological bone destruc-
tion. Proteasome inhibitors were reported to stabilize B-catenin by the ubiquitin-proteasome
pathway. However, how Izb affects PTHR activation to regulate B-catenin/TCF signaling is
poorly understood. In the present study, using CRISPR/Cas9? genome-editing technology, we
show that Izb reverses B-catenin-mediated PTHR signaling switch and enhances PTH-induced
cAMP generation and cAMP response element-luciferase activity in osteoblasts. Izb increases
active forms of B-catenin and promotes B-catenin translocation, thereby dissociating B-catenin
from the PTHR at the plasma membrane. Furthermore, Izb facilitates PTH-stimulated GSK3f
phosphorylation and B-catenin phosphorylation. Thus Izb enhances PTH stimulation of B-
catenin/TCF signaling via cAMP-dependent activation, and this effect is due to its separating
B-catenin from the PTHR. These findings provide evidence that Izb may be used to improve
the therapeutic efficacy of PTH for the treatment of osteoporosis and other resorptive bone
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diseases.

INTRODUCTION

Long after Bauer and colleagues discovered the anabolic effect of
parathyroid hormone (PTH) in 1929 (Bauer et al., 1929), recombi-
nant PTH(1-34) (teriparatide) was approved as the first anabolic
agent for the treatment of osteoporosis in the United States in 2002,
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and no other anabolic drugs are on the market. The optimal use of
PTH therapy in osteoporosis depends in part on our understanding
of the regulation of PTH signaling to maintain the anabolic actions
of PTH while mitigating its catabolic effects. PTH action in bone is
mediated by type 1 PTH receptor (PTHR), a member of the G pro-
tein—coupled receptor superfamily. Stimulation of PTHR by PTH on
osteoblasts leads to activation of Gas and Goug, with consequent
induction of cAMP/protein kinase A (PKA) and phospholipase C
(PLC)/PKC signaling pathways, which results in both osteoblast for-
mation and osteoclast resorption (Qin et al., 2004; Cheloha et al.,
2015). Whereas anabolic PTH effects in bone are mediated mostly
through the cAMP/PKA signaling pathway, PLC/PKC signaling has
been shown to be inhibitory to the osteoanabolic actions of PTH
(Ogata et al., 2011). Wnt/B-catenin signaling controls bone forma-
tion and homeostasis by increasing osteoblast differentiation and
inhibiting osteoclastogenesis (Gaur et al., 2005; Glass et al., 2005;

Supplemental Material can be found at:
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Liu et al., 2015). Our data and those from other groups show that
B-catenin interacts with the PTHR and switches the PTHR signaling
from Gos/cAMP to Gog/PLC activation (Yano et al., 2013; Yang and
Wang, 2015). There is cross-talk between PTHR and frizzled receptor
to regulate PTH action in bone (Wan et al., 2008; Romero et al.,
2010; Revollo et al., 2015). The low-density lipoprotein receptor—
related protein 6 (LRPé), one of frizzled’s coreceptors, is a key ele-
ment of the PTH signaling for regulating osteoblast activity (Wan
et al., 2008; Revollo et al., 2015). PTHR directly interacts with
Dishevelled to regulate B-catenin signaling and osteoclast differen-
tiation (Romero et al., 2010). PTH facilitates canonical Wnt signaling
via inactivation of glycogen synthase kinase 3f (GSK3B) in osteo-
blasts to inhibit B-catenin sequestration (Suzuki et al., 2008). These
findings highlight the role of B-catenin/T-cell factor (TCF) signaling
in anabolic action of PTH in bone. It is unclear how B-catenin directly
contributes to the osteoanabolic action of PTH.

B-Catenin is a multifunctional protein and does not contain a
transmembrane domain (Nelson and Nusse, 2004; Stepniak et al.,
2009; Marie et al., 2014). Cadherins, which have a single-pass trans-
membrane domain, bind to B-catenin through their carboxyl-termi-
nal domain at the cytoplasmic tail. Thus B-catenin serves as a link
between cadherins and the actin cytoskeleton to mediate the role of
cadherins in cell adhesion (Nelson and Nusse, 2004; Stepniak et al.,
2009; Marie et al., 2014). In addition, B-catenin also binds to numer-
ous other proteins in a cadherin-independent manner (Bienz and
Clevers, 2003; Yano et al., 2013; Yang and Wang, 2015). In bone,
N-cadherin associates with B-catenin at the cell membrane to regu-
late osteoblastogenesis by limiting Wnt signaling. Revollo et al.
(2015) reported that N-cadherin modulated LRP6-PTHR interaction,
restrained the intensity of PTH-induced B-catenin signaling, and re-
duced bone formation in response to intermittent PTH administra-
tion. Moreover, N-cadherin restrains PTH's repressive effects on
sclerostin/SOST by regulating LRP6-PTHR interaction (Yang et al.,
2016). The interaction of N-cadherin with B-catenin causes increased
cadherin abundance on the cell surface and results in B-catenin se-
questration at the plasma membrane (Stepniak et al., 2009; Marie
et al., 2014). The outcome reduces B-catenin nuclear translocation
and decreases TCF/lymphoid enhancer factor-dependent transcrip-
tional activity. Accordingly, blockade of B-catenin degradation may
enhance PTH stimulation of B-catenin/TCF signaling.

The ubiquitin-proteasome pathway plays an important role in
regulating and controlling bone metabolism (Murray et al., 1998;
Garrett et al., 2003; Yang et al., 2015). The first-generation protea-
some inhibitor bortezomib has been used as an effective therapy for
the treatment of multiple myeloma, a disease characterized by an
increase in the activity of osteoclasts and a decrease in the function
of osteoblasts adjacent to tumor cells in the bone marrow (Pennisi
et al., 2009). Carfilzomib, a next-generation selective proteasome
inhibitor, exhibits potent antimyeloma efficacy compared with bort-
ezomib (Herndon et al., 2013; Berenson et al., 2014). We previous
reported that carfilzomib suppressed PTH stimulation of osteoclast
differentiation and bone-resorptive activity to mitigate the catabolic
effects of PTH (Yang et al., 2015). A significant limitation of treatment
with bortezomib and carfilzomib is that both drugs are administered
intravenously or subcutaneously, which is inconvenient for patients
and increases treatment cost. Ixazomib (Izb) is a small-molecule pro-
teasome inhibitor that overcomes these limitations. In November
2015, Izb became the first orally administered proteasome inhibitor
approved in the United States as an effective therapy for multiple
myeloma. This effect is mediated in part through inhibition of patho-
logic bone destruction (Kupperman et al., 2010; Garcia-Gomez et al.,
2014; Muz et al., 2016). Proteasome inhibitors such as bortezomib
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and carfilzomib directly stabilize B-catenin protein and increase free
cytosolic B-catenin and B-catenin nuclear translocation (Qiang et al.,
2009; Hu et al., 2013). However, how proteasome inhibition regu-
lates the complex interplay between PTHR and B-catenin to in turn
regulate B-catenin/TCF signaling has not been elucidated.

In the present study, we show that Izb reverses the B-catenin—
mediated PTHR signaling switch by enhancing PTH-induced cAMP
formation and cAMP response element-luciferase (CRE-luc) reporter
gene activity and reducing PTH-stimulated intracellular calcium mo-
bilization in osteoblasts. Izb enhances PTH-induced B-catenin/TCF
signaling by separating B-catenin from the PTHR and promoting
B-catenin translocation.

RESULTS

Knockout of B-catenin increases PTH-induced cAMP
formation and reduces intracellular calcium in osteoblasts
Recent findings show that B-catenin switches the PTHR signaling by
binding to the intracellular carboxyl-terminal region of the PTHR in
both chondrocytes and HEK293 cells (Yano et al., 2013; Yang and
Wang, 2015). In an initial set of experiments, we examined whether
B-catenin also switched the PTHR signaling in osteoblasts. Saos2
osteoblastic cells endogenously express both B-catenin and the
PTHR (Wang et al., 2009). These cells were transfected with a clus-
tered regularly interspaced short palindromic repeats (CRISPR) con-
struct or CRISPR control plasmid. After 48 h of transfection, the cells
were transferred into a 96-well plate with one cell per well by a serial
dilution. Two single colonies were identified for knockout of -
catenin expression in Saos2 cells (hereafter referred to as Saos2-p-
Cat-KO-3 and Saos2-B-Cat-KO-10 cells; Figure 1A), whereas no
B-catenin expression was reduced in cells transfected with control
plasmid (Saos2-B-Cat-Ctr; Supplemental Figure S1).

To assess the effect of B-catenin on PTH-induced Gais/cAMP sig-
naling, we conducted PTH stimulation of cAMP generation in Saos2-
B-Cat-KO-3 cells (3-Cat KO) and their control cells (Saos2-B-Cat-
Ctr-1, WT Ctr). Knockout of B-catenin significantly increased
PTH(1-34) (hereafter referred to as PTH) stimulation of cAMP forma-
tion (Figure 1B). To evaluate PTHR-mediated Gog/PLC signaling,
we measured intracellular calcium mobilization ((Ca2*])), an index of
PLC activity, in Saos2-B-Cat-KO-3 cells and Saos2-B-Cat-Ctr-1 cells
loaded with the calcium-sensitive dye Fluo-4 AM. Knockout of B-
catenin markedly inhibited PTH-induced [Ca?*]; (Figure 1C). Similar
results also occurred in Saos2-B-Cat-KO-10 and Saos2-B-Cat-Ctr-2
cells (unpublished data). Collectively these data clearly demonstrate
that knockout of B-catenin reverses the PTHR signaling switch to
increase Gas/cAMP signaling and reduce Gog/PLC activation,
which favors the anabolic PTH action in bone.

Izb enhances PTH-induced cAMP formation in a

time- and concentration-dependent manner

We previously reported that proteasome inhibitors stabilized B-
catenin by the ubiquitin-proteasome pathway (Qiang et al., 2009;
Hu et al., 2013). Because B-catenin switches PTHR signaling, we
next determined whether Izb regulated PTHR activation. Izb alone
was not able to stimulate cAMP formation (Supplemental Figure
S2). However, pretreatment of Izb enhanced PTH stimulation of
cAMP formation in Saos2 cells, which exhibited time and concentra-
tion dependence. Maximal stimulation by Izb was achieved at 3 h
(Figure 2A), but prolonged Izb treatment tended to reduce its effect
on PTH-induced cAMP formation. At the 3 h, Izb elicited a concen-
tration-dependent increase in PTH-induced cAMP formation over
the range 12.5-100 nM (Figure 2B), but higher concentrations of Izb
also decreased its effect on PTH stimulation of cAMP production.
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FIGURE 1: Knockout of B-catenin switches the PTHR signaling from Go.g/PLC to Gas/cAMP
activation. Saos2 cells in a six-well plate were transfected with CRISPR construct or control
plasmid. After 48 h, the cells, which expressed only OFP reporter as visualized using an Evos
machine, were transferred into a 96-well plate with one cell per well. (A) After ~3 wk, two single
colonies (Saos2-B-Cat-KO-3 and Saos2-3-Cat-KO-10 cells) were identified for knockout of
B-catenin expression in Saos2 cells by Western blotting. Immunoblotting was performed with
primary antibodies of mouse monoclonal B-catenin (3-Cat) antibody plus rabbit polyclonal actin
antibody and then with secondary antibodies (goat anti-mouse antibody [red] plus goat
anti-rabbit antibody [green]). Actin was used for loading control. (B, C) Saos2--Cat-KO-3 cells
(B-Cat KO) and control Saos2-B-Cat-Ctr-1 cells (WT Ctr) were set up in a 24- or 96-well plate.

with Izb, carfilzomib, or vehicle for the first
3 h, followed by an additional 5 h of culture
in Izb- or carfilzomib-free medium. Izb and
carfilzomib exhibited increases in the free
cytosolic B-catenin level in a concentration-
dependent manner (Figure 3A). In addition,
Izb increased nuclear B-catenin expression
(Figure 3B). An independent experiment per-
formed by confocal microscopy showed that
Izb induced B-catenin translocation in Saos2
cells, as shown by its accumulation in cytosol
and nucleus (Supplemental Figure S5).

The PTHR is a seven-transmembrane do-
main protein, whereas B-catenin does not
contain any transmembrane domain in its
structure. Because Izb increases active forms
of B-catenin and promotes B-catenin translo-
cation, we asked whether Izb was able to
separate B-catenin from the PTHR at the
plasma membrane. Saos2 cells were trans-
fected with pCDNA3.1 vector, hemaggluti-
nin (HA)-PTHR, and/or Flag-B-catenin as in-
dicated. After 48 h of transfection, the cells
were treated with vehicle or Izb (100 nM) for
3 h, followed by an additional 5 h of culture
in Izb-free medium. The membrane proteins
were isolated, and the interaction of Flag-B-
catenin with HA-PTHR was performed by im-
munoprecipitation assay. The result in Figure
3C show that treatment with Izb reduced the
interaction of B-catenin with the PTHR at the

After 24 h of culture, cells were serum starved overnight. PTH (100 nM) stimulation of
intracellular cAMP accumulation (B) or PTH (1 uM) induction of intracellular calcium (C) was
measured as described in Materials and Methods. Data are summarized as mean + SE of
triplicate measurements. n=4. ?p < 0.05, ®p < 0.01, compared with WT Ctr cells treated with
vehicle; °p < 0.05, 9p < 0.01, compared with WT Ctr cells treated with PTH; ¢p < 0.05, fp < 0.01,

compared with B-Cat KO cells treated with vehicle.

Similar to other proteasome inhibitors (Qiang et al., 2009; Hu et al.,
2013), Izb but not PTH caused slight cytotoxicity when the cells were
treated with it for a prolonged time or at higher concentrations
(Supplemental Figure S3, A-C). To reduce the cytotoxicity of Izb, we
pretreated Saos2 cells with Izb or vehicle for the first 3 h, followed
by an additional 5 h of culture in Izb-free medium, which mimics the
pulse treatment used in the clinic and avoids unselective cytotoxicity
of proteasome inhibition (Boissy et al., 2008). As expected, this regi-
men of Izb not only enhanced PTH stimulation of cAMP formation,
but it also reduced its cytotoxicity (Figure 2, C and D). To verify these
results, we also found that Izb enhanced PTH-induced cAMP gen-
eration in mouse primary osteoblasts (Supplemental Figure S4).

Izb promotes PTH stimulation of cAMP formation by
facilitating the dissociation of p-catenin from the PTHR
There are different cellular pools of B-catenin in the plasma mem-
brane, cytosol, and nucleus. In most cells, the majority of B-catenin is
located at the plasma membrane in a complex with cadherins or
other proteins (Stepniak et al., 2009; Marie et al., 2014). Previous find-
ings reported that both bortezomib and carfilzomib increased free
and active forms of B-catenin in Saos2 cells (Qiang et al., 2009; Hu
et al., 2013). We used an affinity-based E-cadherin-glutathione-S-
transferase (GST) pull-down assay to separate the free B-catenin from
the pool of membrane-bound B-catenin. Saos2 cells were treated
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plasma membrane, further confirming that
IzZb promotes B-catenin translocation to
cytosol and nucleus. As a complementary
experiment, Saos2 cells were transiently
transfected with green fluorescent protein
(GFP)-PTHR. After 48 h of transfection, the
cells were treated with vehicle or Izb as be-
fore. There was a colocalization of B-catenin with the PTHR at the
plasma membrane in the absence of Izb, whereas Izb reduced this
colocalization (Figure 3D). Collectively Izb enhanced PTH-induced
cAMP generation due to the separation of B-catenin from the PTHR.

Izb regulation of the PTHR signaling is B-catenin dependent
To test whether the specificity of Izb effect on PTH-induced cAMP
production is due to separation of B-catenin from the PTHR, we
used both wild-type and B-catenin-knockout Saos2 cells. Indeed,
Izb failed to enhance PTH-induced cAMP formation and reduce in-
tracellular calcium mobilization in B-catenin—knockout cells com-
pared with that of wild-type Saos2 control cells (Figure 4).

Izb promotes PTH-induced CRE-luc activity and cAMP
response element-binding phosphorylation

We next determined the effect of Izb on cAMP/PKA downstream
signaling in osteoblasts. The active catalytic subunit of PKA stimu-
lates CRE-luc activity (Castellone et al., 2005). Wild-type Saos2 con-
trol cells or Saos2-B-Cat-KO cells were infected with lentiviral parti-
cles containing CRE-luc reporter gene. The cells were pretreated
with 1zb (100 nM for 1 h) before PTH (100 nM) was added to the
culture for another 2 h. The CRE-luc activity was then measured. As
shown in Figure 5A, Izb itself was not able to stimulate CRE-luc ac-
tivity in wild-type control or B-catenin-knockout cells. However,
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FIGURE 2: Izb enhances PTH-induced cAMP formation in a time- and concentration-dependent
manner. (A) Time course of Izb on PTH-stimulated cAMP formation. Saos2 cells were seeded onto
a six-well plate. After 90% confluence, the cells were transfected with Glosensor cAMP reporter
plasmid (pGS-22F) using Lipofectamine 2000. At 36 h after transfection, cells were transferred
into a 96-well plate and cultured for 14 h. The cells were serum starved overnight and then
treated with vehicle or I1zb (100 nM) for the indicated times, and PTH-induced cAMP formation
was measured. The peak response time for cAMP formation is 14 min. (B) Concentration response
of Izb on PTH-stimulated cAMP formation. At 3 h, Izb (12.5-100 nM) concentration dependently
increased PTH stimulation of cAMP formation. (C) Pulse treatment of Izb increases of PTH-
stimulated cAMP formation. Saos2 cells were treated with Izb (100 nM) for 8 h or for the first 3 h
followed by an additional 5 h of culture in |zb-free medium in Saos2 cells. (D) Pulse treatment of
Izb reduces cytotoxicity. Saos2 cells were treated with Izb (100 nM) for 8 h or for the first 3 h
followed by an additional 5 h of culture in Izb-free medium in the presence of PTH (100 nM) in
Saos2 cells. Cytotoxicity was assessed by MTT assay as described in Materials and Methods. Data
are summarized as mean * SE of triplicate measurements. n= 3. 2p < 0.05, ®p < 0.01, compared
with cells treated with vehicle; °p < 0.05, 9p < 0.01, compared with cells treated with PTH.

knockout of B-catenin significantly increased PTH-induced CRE-luc
activity. Izb failed to enhance PTH stimulation of CRE-luc activity in
B-catenin—knockout cells compared with wild-type control cells.
cAMP response element-binding (CREB) protein signaling plays a
key role in regulating osteoblast activity and bone formation (Long
et al., 2001). PTH can induce phosphorylation of CREB through the
cAMP/PKA signaling pathway (Pearman et al., 1996; Revollo et al.,
2015). Saos2 wild-type cells were pretreated with Izb (100 nM for 2 h)
before PTH (100 nM) was added to the culture for another 1 h. PTH
markedly induced CREB phosphorylation (Figure 5B). Izb by itself had
no effect on phosphorylation of CREB but facilitated PTH stimulation
of CREB phosphorylation. Total CREB abundance was unaffected in
each group. PKA inhibitor H89 or PKC inhibitor bisindolylmaleimide |
(Bis 1) alone had no effect on CREB phosphorylation (Supplemental
Figure S6). However, H89 but not Bis | blocked Izb enhancement of
PTH-induced CREB phosphorylation (Figure 5B). In addition, PTH sig-
nificantly stimulated CREB phosphorylation in B-catenin—knockout
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cells, and this change was not affected by Izb
in these cells (Figure 5C), further confirming
that effects of Izb on PTHR downstream
events are B-catenin dependent and medi-
ated by the cAMP/PKA signaling pathway.

Izb enhances PTH stimulation of
GSK3pB phosphorylation at Ser-9 and
B-catenin phosphorylation at Ser-675
The stability of B-catenin is regulated by a
multiprotein complex, which includes ade-
nomatous polyposis coli, GSK3B, and axin.
PKA phosphorylates GSK3pB at the amino
acid Ser-9, which inhibits its kinase activity
and then inactivates the B-catenin destruc-
tion complex (Castellone et al., 2005; Suzuki
et al., 2008). PTH induces B-catenin/TCF sig-
naling via inactivation of GSK3B in osteo-
blasts (Suzuki et al., 2008). Saos2 cells were
pretreated with Izb (100 nM) for 2.5 h, and
PTH (100 nM) was then added for another 30
min. GSK3p functions upstream of B-catenin
activation. As expected, Izb by itself has no
effect on GSK3B phosphorylation at Ser-9
(Figure 6A). PTH treatment increased GSK3f3
phosphorylation, and Izb further enhanced
PTH stimulation of GSK3B phosphorylation.

PKA-phosphorylated B-catenin at Ser-
675 increases B-catenin accumulation in the
cytosol, thereby promoting B-catenin down-
stream signaling (Taurin et al., 2006; Revollo
et al.,, 2015). We hypothesized that Izb en-
hanced PTH-induced phosphorylated f-
catenin at this site. To test this idea, we pre-
treated Saos2 cells with Izb for 1 h. Then we
added 100 nM PTH to culture for another
2 h. The data in Figure 6B show that PTH
stimulated B-catenin phosphorylation at Ser-
675. Izb but not PTH slightly increased total
B-catenin abundance. However, Izb and
PTH synergistically increased B-catenin (Ser-
675) phosphorylation, although Izb on its
own had no notable effect on the phosphor-
ylation of B-catenin.
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Izb promotes PTH-induced B-catenin/TCF signaling

in osteoblasts

PTH-facilitated B-catenin/TCF signaling is cAMP/PKA dependent
(Kulkarni et al., 2005; Suzuki et al., 2008). Our data show that Izb en-
hanced PTH-induced cAMP formation and promoted PTH stimula-
tion of GSK3P and B-catenin phosphorylation. These findings suggest
an additional mechanism by which Izb enhances PTH-induced B-
catenin/TCF signaling in osteoblasts. To test this idea, we transfected
Saos2 cells with TOPflash or FOPflash plasmid. The cells were treated
with Izb for the first 3 h, followed by an additional 5 h culture in Izb-
free medium in the presence or absence of PTH for 8 h. After treat-
ment, the TOPflash and FOPflash reporter activities were measured.
Both bortezomib and carfilzomib induce osteoblast differentiation via
Whnt-independent induction of B-catenin translocation and activation
of B-catenin/TCF signaling (Qiang et al., 2009; Hu et al., 2013). As
we predicted, Izb by itself stimulated nuclear B-catenin expression
and B-catenin/TCF signaling (Figure 7, A and B). Izb and PTH
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1796 | Y.Yangetal.

synergistically increased nuclear B-catenin
levels and B-catenin/TCF activation. Similar
results were also identified in mouse osteo-
blasts (Supplemental Figure S7). PKA inhibi-
tor H89 but not PKC inhibitor Bis | inhibited
PTH-stimulated TCF reporter activity (Figure
7B), confirming that PTH-stimulated -
catenin/TCF signaling is cAMP/PKA depen-
dent. However, H89 only partially reversed
the effect of Izb on PTH stimulation of -
catenin/TCF activation. Furthermore, H89
failed to affect Izb increase of free cytosolic
B-catenin level, nuclear B-catenin expression
(Supplemental Figure S8, A and B), and B-
catenin/TCF signaling (Supplemental Figure
S8D). H89 also had no effect on B-catenin
phosphorylation at Ser-675 in the presence
of Izb (Supplemental Figure S8C). These
data clearly demonstrate that the effect of
Izb alone on B-catenin translocation and B-
catenin/TCF signaling is not related to a
cAMP/PKA pathway. Together the results
show that, in addition to being capable of
promoting B-catenin translocation, Izb en-
hances PTH stimulation of B-catenin/TCF
signaling via an increase in cAMP-depen-
dent signaling.

DISCUSSION

Although PTHR signaling pathways are be-
ing studied in increasing detail, the regula-
tion of PTHR functions has not been fully
elucidated. The anabolic PTH effects on
bone are mostly mediated by the Gaos/
cAMP signaling pathway, whereas Goq/PLC
activation may antagonize these osteoana-
bolic actions (Datta and Abou-Samra, 2009;

with vehicle or Izb as in A. Left, nuclear
proteins were prepared and B-catenin
expression analyzed by immunoblotting.
Right, quantified nuclear B-catenin levels in
three independent experiments presented as
mean * SE. 2p < 0.05, ®p < 0.01, compared
with cells treated with vehicle. (C) Saos2 cells
were transfected with pPCDNA3.1 vector,
HA-PTHR, and/or Flag-B-Cat as indicated.
After 48 h of transfection, the cells were
treated with vehicle or Izb (100 nM) as before.
Left, the plasma membrane proteins were
isolated, and the interaction of Flag-B-Cat
with HA-PTHR measured. Right, colP of
B-catenin with PTHR in three independent
experiments normalized to HA-PTHR band.
bp < 0.01, compared with cells treated with
vehicle. (D) Saos2 cells were transfected with
GFP-PTHR. After 48 h, the cells were treated
with vehicle or Izb (100 nM) as before. The
cells were fixed, stained, and visualized for
colocalization of PTHR with B-catenin by
confocal microscopy. Representative of three
independent experiments performed with
similar results. Scale bar, 10 ym.
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°% 50l O 5 40000 2009; Hu et al., 2013). In the present study,
% 5 £ we chose Izb, the first orally administered
g S 5 2000 S
2 proteasome inhibitor for the treatment of
o L, = ¢ T T multiple myeloma, because it has the po-
WTCtr g-Cat KO WTCtr g-Cat KO

FIGURE 4: Izb blocks B-catenin-mediated PTHR signaling switch. Saos2-B-Cat-KO-3 cells

(B-Cat KO) and their control cells (Saos2--Cat-Ctr-1, WT Ctr) were seeded onto a 24- or 96-well
plate. After confluence, the cells were serum starved overnight and then pretreated with Izb
(100 nM) for 3 h. PTH stimulation of cAMP formation (A) and intracellular calcium (B) were
measured. Data are summarized as mean + SE of triplicate measurements. n = 3. 2p < 0.05,

bp < 0.01, compared with WT Ctr cells treated with vehicle; °p < 0.05, 4p < 0.01, compared with
WT Ctr cells treated with PTH; ¢p < 0.05, fp < 0.01, compared with WT Ctr cells treated with Izb;
9p < 0.05, "p < 0.01, compared with B-Cat KO cells treated with vehicle; ip < 0.05, ip < 0.01,
compared with B-Cat KO cells treated with PTH; *p < 0.05, 'p < 0.01, compared with B-Cat KO

cells treated with Izb.

Ogata et al., 2011). Additional anabolic signaling by PTH action in-
volves the canonical B-catenin pathway, which is independent of
Whnt. Therefore manipulating PTHR signaling by shifting Gog/PLC
to Gos/cAMP activation and increasing B-catenin/TCF signaling
represents a means of maintaining the anabolic actions of PTH.
Sequences located at the carboxyl terminus of PTHR control its
signaling (Datta and Abou-Samra, 2009; Romero et al., 2011). PTHR
has a PSD-95/Discs large/ZO-1 (PDZ) motif located in the last four
amino acids, which interact with NHERF1 and NHERF2 (Romero
etal., 2011; Vilardaga et al., 2011). As originally described by Mahon
et al. (2002), NHERF2, a NHERF1 homologue, markedly inhibits ad-
enylyl cyclase by stimulating inhibitory Gai proteins in PS120 cells
transfected with the PTHR. In contrast, no differences of PTH-stimu-
lated cAMP formation were noted between wild-type and NHERF1-
null proximal tubule cells (Cunningham et al., 2005) in the presence
or absence of NHERF1. In ROS17/2.8 cells or primary osteoblasts,
NHERF1 increases PTH-stimulated cAMP accumulation (Wheeler
et al., 2008; Wang et al., 2013). Moreover, truncation of the car-
boxyl-terminal region of the PTHR that lacks determinants for stable
B-arrestin association (PTHR-480stop) enhances PTH stimulation of
adenylyl cyclase but not PLC (lida-Klein et al., 1995; Wang et al.,
2007). In contrast to the aforementioned regulatory proteins, -
catenin specifically binds to the intracellular carboxyl-terminal re-
gion of the PTHR and switches the PTHR signaling from Goss/cAMP
to Gag/PLC activation in chondrocytes and HEK293 cells (Yano
et al., 2013; Yang and Wang, 2015). As an initial step, we deter-
mined whether this signaling switch by B-catenin also occurred in
osteoblasts. To that end, we generated a B-catenin—knockout cell
line in osteoblasts using CRISPR/Cas9 genome-editing technology.
Our data showed that knockout of B-catenin (i.e., zero expression of
B-catenin) significantly increased PTH-induced cAMP formation,
whereas PTH-stimulated PLC activity was markedly reduced in these
knockout cells compared with cells transfected with CRISPR/Cas9
control plasmid (Figure 1). These data are consistent with a previous
study, using small interfering RNA, demonstrating that knockdown
of B-catenin (i.e., reduction of B-catenin expression) inhibited the
PTHR signaling switch (Yano et al., 2013). These findings raised an
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tential to treat resorptive bone diseases
such as osteoporosis. We found that Izb in-
creased active PB-catenin expression and
translocation (Figure 3 and Supplemental
Figure S5). Most importantly, we found, us-
ing coimmunoprecipitation (colP) and con-
focal microscopy, that Izb was able to sepa-
rate B-catenin from the PTHR at the cell
membrane. Pretreatment of Izb increased
PTH-stimulated cAMP production and re-
duced PTH-induced PLC activity (Figure 4
and Supplemental Figure S4), demonstrat-
ing that Izb can inhibit the PTHR signaling switch to increase cAMP
formation in osteoblasts by promoting the dissociation of B-catenin
from the PTHR. To the best of our knowledge, this is the first report
showing how a proteasome inhibitor regulates PTHR signaling by
dissociating B-catenin from the PTHR.

It is established that PTH-induced B-catenin/TCF signaling is
cAMP/PKA dependent (Kulkarni et al., 2005; Suzuki et al., 2008).
CRE-luc activity and CREB phosphorylation are downstream events
that depend on cAMP/PKA activation. We demonstrated that Izb by
itself had no effect on CRE-luc activity and CREB phosphorylation
but enhanced PTH stimulation of CRE-luc activity and phosphoryla-
tion of CREB (Figure 5). Furthermore, Izb and PTH synergjistically
increased GSK3B phosphorylation at Ser-9 and phosphorylated B-
catenin at Ser-675 (Figure 6), the outcome of which results in B-
catenin translocation to the nucleus. It is known that PTH-induced
B-catenin/TCF activation takes >6 h. Similar to other proteasome
inhibitors, Izb treatment in cells for >3 h has some cytotoxicity
(Boissy et al., 2008). To maintain Izb biological activity and avoid its
toxicity, Saos2 cells received Izb for the first 3 h, followed by an ad-
ditional 5 h of culture in Izb-free medium. Our findings show that Izb
enhanced PTH-induced B-catenin/TCF signaling without inducing
cytotoxicity (Figures 2 and 7). Therefore our work reveals a novel
role for Izb in regulating PTH-induced B-catenin/TCF signaling via
the cAMP/PKA-dependent pathway.

The increase of cytosolic and nuclear B-catenin by proteasome
inhibition is via its specific inhibition of B-catenin degradation but
independent of Wnt ligands and not related to GSK3B phosphory-
lation (Qiang et al., 2009). In the present study, we demonstrated
that Izb by itself does not affect GSK3B phosphorylation at Ser-9
and B-catenin phosphorylation at Ser-675. Thus the underlying
mechanisms by which Izb induces B-catenin/TCF signaling are not
fully understood. Proteasome inhibition can stabilize numerous
proteins. PTHR directly interacts with Dishevelled to regulate -
catenin signaling (Romero et al., 2010). Zhou et al. (2016) recently
reported that ubiquitin-specific protease 4 strongly inhibited
Wnt/B-catenin signaling by removing lysine-63 linked polyubiquitin
chain from Dishevelled and antagonized osteoblast differentiation
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FIGURE 5: Izb enhances PTH-induced CRE-luc activity and CREB phosphorylation. (A) Knockout
of B-catenin increases PTH-induced CRE-luc activity. Saos2-B-Cat-KO-3 cells (3-Cat KO) and their
control cells (Saos2-B-Cat-Ctr-1, WT Ctr) were seeded onto a 24-well plate. After cells reached
80% confluence, the cells were infected with lentiviral particles of CRE-luc reporter and cultured
for 48 h. The cells were serum starved overnight and then pretreated with Izb (100 nM for 1 h)
before PTH (100 nM) was added to the culture for another 2 h. PTH induction of CRE-luc activity
in each group was measured as described in Material and Methods. Data are summarized as
mean * SE of triplicate measurements. n= 3. ?p < 0.05, bp < 0.01, compared with WT Ctr cells
treated with vehicle; °p < 0.05, 9p < 0.01, compared with WT Ctr cells treated with PTH;

¢p < 0.05, fp < 0.01, compared with WT Ctr cells treated with Izb; 9p < 0.05, "'p < 0.01,
compared with B-Cat KO cells treated with vehicle; ip < 0.05, ip < 0.01, compared with B-Cat KO
cells treated with PTH; kp < 0.05, 'p < 0.01, compared with B-Cat KO cells treated with Izb.

(B) I1zb enhancement of PTH-induced CREB phosphorylation is cAMP/PKA dependent. Saos2-f-
Cat-Ctr-1 cells (WT Ctr) were pretreated with Izb (100 nM for 2 h) before PTH (100 nM) was
added to the culture for another 1 h in the presence or absence of PKA inhibitor H89 (10 pM) or
PKC inhibitor Bis | (10 pM) for 1 h and 15 min. Left, PTH-induced CREB phosphorylation and
total CREB expression (loading control). Right, quantified CREB phosphorylation and total CREB
expression in four independent experiments presented as mean + SE. ?p < 0.05, °p < 0.01,
compared with cells treated with vehicle; °p < 0.05, 9p < 0.01, compared with cells treated with
PTH; ¢p < 0.05, fp < 0.01, compared with cells treated with Izb; 9p < 0.05, hp < 0.01, compared
with cells treated with PTH plus Izb. (C) Izb fails to affect PTH stimulation of CREB
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and mineralization through Dishevelled
degradation. Therefore we do not exclude
the possibility that Izb enhancement of PTH
stimulation of B-catenin/TCF signaling may
be related to its inhibition of Dishevelled
degradation. In addition, PTHR activation,
desensitization, endocytosis, and recycling
proceed in a cyclical manner. We previously
reported that PTHR recycling was complete
by 2 h after stimulation with PTH(1-34), a
biologically active peptide fragment, sug-
gesting the PTHR trafficking is different
from that of B-catenin. However, PTH(7-34),
which does not activate the PTHR but pro-
motes receptor internalization, down-regu-
lates the PTHR by a ubiquitin-sensitive
pathway (Sneddon et al, 2003; Alonso
et al., 2011). Continuous and high-dose
PTH(1-34) causes bone resorption and hy-
percalcemia (Qin et al, 2004; Cheloha
et al., 2015). Future investigations will need
to assess the roles of proteasome inhibition
on prolonged PTH treatment in induction
of both cAMP formation and B-catenin/TCF
signaling in bone cells.

On the basis of the present findings and
generally accepted roles of proteasome in-
hibitor and B-catenin/TCF, we propose a
model (Figure 8) for the effect of Izb on reg-
ulation of PTHR signaling cascade in bone.
According to this notion, Izb regulates PTHR
signaling by dissociating B-catenin from the
PTHR to enhance PTH-induced B-catenin/
TCF activity. Such an effect is cAMP/PKA de-
pendent. Izb has been applied for the treat-
ment of both the tumor burden and bone
loss associated with multiple myeloma.
Whereas our previous study emphasized
that proteasome inhibition mitigated the
catabolic effect of PTH on bone by sup-
pressing PTH-induced osteoclast differenti-
ation and bone-resorptive activity (Yang
et al, 2015), the present study demon-
strates that Izb can regulate the PTHR sig-
naling in osteoblasts, which favors anabolic
PTH action in bone. These findings warrant
further investigation of this combination of
PTH and Izb on osteoblast differentiation

phosphorylation in B-catenin—knockout cells.
Saos2-B-Cat-KO-3 cells (B-Cat KO) cells were
pretreated with Izb (100 nM for 2 h) before
PTH (100 nM) was added to the culture for
another 1 h. Left, PTH stimulation of CREB
phosphorylation. Right, quantified CREB
phosphorylation and total CREB expression
in three independent experiments presented
as mean * SE. ?p < 0.05, bp < 0.01, compared
with cells treated with vehicle; °p < 0.05,

dp < 0.01, compared with cells treated with
PTH; ¢p < 0.05, fp < 0.01, compared with
cells treated with Izb.

Molecular Biology of the Cell



A

PTH - - + + o 3-
) -~
x5
I1zb -+ - + 8 £,
N
52
Qe
&
&
Q\O
40
B
PTH . + -+
L T = 3
- p-B-Cat
B !

-

el
o

p-p-Cat/T-p-Cat
(fold stimulation)

FIGURE 6: Izb facilitates PTH stimulation of GSK3B and B-catenin phosphorylation. (A) Saos2
cells were seeded onto a six-well plate. After confluence, the cells were serum starved overnight
and then pretreated with Izb (100 nM) for 2.5 h, and PTH (100 nM) was then added to the
culture for another 30 min. Left, PTH-induced GSK3[ phosphorylation and total GSK3
expression. Right, quantified GSK3pB phosphorylation at Ser-9 and total GSK3p expression in
four independent experiments presented as mean + SE. (B) Saos2 cells were grown in a six-well
plate and cultured as before. The cells were pretreated with Izb (100 nM) for 1 h, and PTH

(100 nM) was then added to the culture for another 2 h. Left, PTH-induced B-catenin
phosphorylation at Ser-675 and total B-catenin expression. Actin was used for loading control.
Right, quantified B-catenin phosphorylation and total B-catenin expression in four independent
experiments presented as mean + SE. ?p < 0.05, ’p < 0.01, compared with cells treated with
vehicle; °p < 0.05, 9p < 0.01, compared with cells treated with PTH; ¢p < 0.05, fp < 0.01,

compared with cells treated with Izb.

and osteogenesis in vitro and therapeutic efficacy in animal models
of osteoporosis.

MATERIALS AND METHODS

Human [Nor®'8,Tyr3*|PTH(1-34) was purchased from Bachem Cali-
fornia (Torrance, CA). Carfilzomib was purchased from LC Laborato-
ries (Woburn, MA), and Izb was obtained from Selleck Chemicals
(Houston, TX). Both drugs were prepared in a 10 mM stock solution
in dimethyl sulfoxide (DMSO) and diluted in plain medium just be-
fore use. Antibodies of B-catenin phosphorylation at Ser-675,
phospho-GSK3p (Ser-9), GSK3B, phospho-CREB, and CREB were
obtained from Cell Signaling Technology (Danvers, MA). HA.11 as-
cites monoclonal antibody (mAb) and HA.11 monoclonal affinity
matrix were purchased from Covance (Berkeley, CA). Actin poly-
clonal antibody and lamin B1 mAb were from Santa Cruz Biotech-
nology (Santa Cruz, CA). Mouse monoclonal B-catenin antibody
and Fluo-4 AM were obtained from BD Biosciences (San Jose, CA).
Lentiviral particles of reporter gene CRE-luc were from Qiagen
(Germantown, MD). GeneArt CRISPR Nuclease Vector with orange
fluorescent protein (OFP) reporter kit (A21174), a-MEM, Opti-
MEM, and Lipofectamine 2000 were purchased from Invitrogen
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(Carlsbad, CA). Glosensor cAMP reporter
plasmid (pGS-22F) was purchased from Pro-
mega (Madison, WI). Protease inhibitor
cocktail Set I, H89, and Bis | were from
Calbiochem (San Diego, CA). The Cyclic
a AMP Direct EIA Kit was purchased from
Arbor Assays (Ann Arbor, MI). lonomycin
was from EMD Millipore (Billerica, MA). All

b,c.f

other reagents were from Sigma-Aldrich (St.

Louis, MO).
& Q‘& & Cell culture . .
Q& Saos2 cells, a human osteoblast-like cell line,

were purchased from the American Type
Culture Collection (ATCC; Manassas, VA)
and cultured in DMEM/F-12 with 10% fetal
bovine serum (FBS), 100 U/ml penicillin, and
100 pg/ml streptomycin. MC4 osteoblastic
cells (subclone 4 of MCT3-E1; ATCC) were
a cultured in a-MEM with 10% FBS in the pres-

b,cf

ence of 50 pg/ml ascorbic acid for 5 d and

then used in the experiments. All cells were

maintained at 37°C in a humidified atmo-

sphere of 5% CO, and 95% air.

& @ Primary osteoblast culture

(2\* Al of the experiments using mice for gener-
Q ation of primary osteoblasts were performed
according to the protocol approved by the
Animal Care and Use Committee of Thomas
Jefferson University. Generation of primary
osteoblast cultures was described previously
(Yang et al., 2015). Briefly, calvariae were re-
moved from 2- to 3-d-old C57BL/6 mice and
digested with 1 mg/ml collagenase type Il
and 0.25% trypsin-EDTA. Cells released
from the second and third digestions were
grown in a-MEM supplemented with 10%
FBS, 100 U/ml penicillin, and 100 pg/ml
streptomycin. After trypsinization of the con-
fluent cells, differentiating osteoblasts were
cultured in the presence of 50 pg/ml ascorbic acid for 7 d and used
in the experiments.

cAMP formation and detection
Saos2 cells were transfected with Glosensor cAMP reporter plasmid
(pGS-22F) in a six-well plate by Lipofectamine 2000 following the
manufacturer’s instruction. After 36 h of transfection, cells were
transferred into a 96-well plate. The confluent cells were then
treated with vehicle or Izb (100 nM) at the indicated time points.
After treatment, cells were incubated with luciferin for 20 min at
room temperature, and then PTH or vehicle was added. Lumines-
cence arising from intracellular cAMP binding to the Glosensor re-
porter protein was measured in real time at 2-min intervals for
60 min using a plate reader (Synergy-2; Gidon et al., 2014; Carter
et al., 2015). The peak response time occurred by 16 min.
Additional cAMP measurements were performed in primary os-
teoblasts and Saos2-B-Cat-KO cells and Saos2-B-Cat-Ctr cells. These
cells were treated with vehicle or Izb (100 nM for 3 h). PTH (100 nM
for 15 min)-induced cAMP formation was detected using the cyclic
AMP Direct EIA Kit (Arbor Assays) following the supplier's instruc-
tions. The samples were analyzed by using a cAMP standard curve.
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FIGURE 7: Izb facilitates PTH-induced Wnt/B-catenin signaling. (A) I1zb enhances PTH-stimulated
nuclear B-catenin expression. Saos2 cells were treated with Izb (100 nM) for the first 3 h,
followed by an additional 5 h of culture in Izb-free medium in the presence or absence of PTH
(100 nM) for 8 h. Left, nuclear proteins were prepared and B-catenin expression was analyzed by
immunoblotting. Right, quantified nuclear B-catenin expression in four independent experiments
presented as mean £ SE. 2p < 0.05, °p < 0.01, compared with cells treated with vehicle;

°p < 0.05, 9p < 0.01, compared with cells treated with PTH; ¢p < 0.05, fp < 0.01, compared with
cells treated with Izb. (B) Izb promotes PTH-induced TCF reporter activity. Saos2 cells were
seeded into a 12-well plate. After 90% confluence, the cells were transfected with TOPflash or
FOPflash plasmid. At 36 h after transfection, the cells were serum starved for 12 h and then
treated with Izb for the first 3 h, followed by an additional 5 h of culture in Izb-free medium in
the presence or absence of PTH (100 nM), PKA inhibitor H89 (5 uM), or PKC inhibitor Bis | (5 pM)
for 8 h. The B-catenin/TCF activation was measured as described in Materials and Methods.
Data are summarized as mean + SE of triplicate measurements. n=3. ?p < 0.05, bp < 0.01,
compared with cells treated with vehicle; °p < 0.05, 9p < 0.01, compared with cells treated with
PTH; ¢p < 0.05, fp < 0.01, compared with cells treated with PTH plus Izb.

Intracellular calcium assay

Saos2 cells were seeded into poly-p-lysine—coated 96-well plates
and grown to confluence. The cells were then treated with vehicle or
Izb (100 nM) for 3 h. After treatment, the cells were loaded with 2
pM Fluo-4 AM according to the manufacturer’s protocol. PTH or
vehicle was added by an automated pipetting system in triplicate,
and the 525-nm signals were generated by excitation at 485 nm
with a Flex Station Il (Molecular Devices, Sunnyvale, CA) as previ-
ously reported (Deshpande et al., 2014). Maximal Ca?* response
was determined by stimulating the cells with 1 uM ionomycin. The
net peak Ca?* response was calculated using the equation (maxi-
mum agonist-induced fluorescence units) — (basal fluorescence
units).

CRE-luc assay

Saos2 cells were infected with lentiviral particles of CRE reporter.
After 48 h, the cells were serum starved overnight and then treated
with Izb, PTH, or vehicle at the indicated time points. The CRE-luc
activity was detected as previously described (Yan et al., 2011).
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Cell viability assay

Cell viability was measured as described
previously (Yang et al., 2015). Briefly,
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT) was added to each

b,c,f

well at a final concentration of 500 pg/ml.

The cells were further incubated for 1 h at

37°C in a 5% CO; atmosphere, and the lig-

uid in the wells was subsequently removed.
DMSO was then added to each well, and
the absorbance was measured at 570 nm.

Knockout of B-catenin gene expression
in Saos2 cells

Constitutive B-catenin expression in Saos2
cells was knocked out using the CRISPR/Cas?
genome-editing technique. Table 1 lists the
double-stranded oligonucleotides encoding
a CRISPR targeting RNA (crRNA) of B-catenin
that allows sequence-specific targeting of the
Cas9 nuclease. The double-stranded oligo-
nucleotides were cloned into linearized
GeneArt CRISPR nuclease vectors with an
OFP reporter following the manufacturer’s
protocol. Saos2 cells were seeded into a six-
well plate. After cells reached 90% conflu-
ence, CRISPR plasmid or control plasmid was
transfected into the cells using Lipofectamine
2000 following the manufacturer’s protocol.
Two days after the transfection, the cells were
counted and seeded into a 96-well plate with
one cell per well by a serial dilution. OFP re-
porter was applied to monitor transfection
efficiency in cells for fluorescence-based
tracking using an Evos machine (Invitrogen).
After ~3 wk, Western blotting was used to
screen B-catenin expression in cells. Zero ex-
pression of B-catenin was identified in two
single colonies when the cells were trans-
fected with CRISPR construct, whereas B-
catenin expression was not changed in cells
transfected with the control plasmid.

Cell fractionation

Membrane and nuclear proteins were prepared by fractionating cell
lysates using differential centrifugation at 4°C as described previ-
ously (Wang et al., 2008; Hu et al., 2013). Briefly, cells treated with
Izb, PTH, or vehicle were harvested in hypotonic buffer (10 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4, T mM
MgCly, 0.5 mM CaCl,, 1 mM EDTA) supplemented with protease
inhibitor cocktail set | and then homogenized by 30 strokes of a
Dounce homogenizer. After removal of the nuclear pellet, lysates
were separated into cytosolic and membrane fractions by ultracen-
trifugation (100,000 x g) for 60 min. The membrane proteins were
used for the interaction of B-catenin with the PTHR, and the nuclear
proteins were subjected to immunoblot analysis for PB-catenin
expression.

Immunoprecipitation and immunoblot analysis

The plasma membrane proteins were solubilized in immunoprecipi-
tation assay buffer (1% Nonidet P-40, 0.5% Na deoxycholate, 0.1%
SDS, 50 mM Tris, pH 7.4, and 150 mM NaCl) supplemented with
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FIGURE 8: Model of Izb regulation of PTHR signaling cascade in
bone. Both PTH and Izb are able to induce B-catenin (3-Cat)/TCF
signaling. Izb stabilizes B-Cat by inhibiting its proteasome
degradation. B-Cat-mediated PTHR signaling switch is blocked by Izb
due to its promoting of B-Cat translocation, thereby dissociating
B-Cat from the PTHR. Izb facilitates PTH stimulation of CREB
phosphorylation, B-Cat (Ser-675) phosphorylation, GSK3p (Ser-9)
phosphorylation, and TCF/Lef activity through a cAMP/PKA signaling
pathway. Collectively these findings suggest that the combination of
PTH and Izb favors the anabolic PTH action in bone.

protease inhibitor cocktail set I. HA beads were added to equal
amounts of soluble membrane proteins in each group. Immunopre-
cipitated proteins, nuclear proteins, or total lysates (Wang et al.,
2008; Hu et al., 2013) were analyzed by SDS—polyacrylamide gels
and transferred to Immobilon-P membranes (Millipore) using the
semidry method (Bio-Rad). Membranes were blocked with 3% bo-
vine serum albumin in Tris-buffered saline/Tween 20 buffer at room
temperature for 1 h and incubated with different antibodies over-
night at 4°C. The membranes were then washed and incubated with
IRDye 800CW goat anti-rabbit immunoglobulin G (IgG) or IRDye
680RD goat anti-mouse IgG at room temperature for 1 h. Band in-
tensity was quantified using the LI-COR Odyssey system (Yang and
Wang, 2015).

Accession
number

Double-stranded

cloning Oligo Sequence

Forward: 5"-TCCCACTAAT-
GTCCAGCGTT

Reverse: 5-AACGCTGGA-
CATTAGTGGGA

Forward: 5’-CATTTCT-
CAGTGCTATAGA

Reverse: 5-TCTATAG-
CACTGAGAAATG

B-Catenin NM_001904

Control

TABLE 1: CRISPR sequences for knockout of human B-catenin.
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GST-E-cadherin pull-down assay

The GST-E-cadherin binding assay was performed as described
(Qiang et al., 2009). The B-catenin-binding site of E-cadherin was
cloned as a GST-fusion protein, and complexes were purified using
GST beads. GST-E-cadherin was used to precipitate uncomplexed
B-catenin from 500 pg of cell lysates. The free B-catenin fraction
detected by immunoblotting represents active forms of B-catenin
(Qiang et al., 2009).

Fluorescence staining

Saos2 cells were grown on glass coverslips and then transfected
with GFP-PTHR. After 40 h, the cells were incubated with vehicle or
Izb (100 nM) for 3 h, followed by an additional 5 h of culture in Izb-
free medium. The cells were rinsed in phosphate-buffered saline
(PBS), fixed on 4% paraformaldehyde for 10 min, and then permea-
bilized with 0.2% Triton X-100 for 15 min at room temperature.
Blocking was performed by incubating the cells for 1 h at room tem-
perature in 10% goat serum in PBS. Anti—B-catenin mouse mAb di-
luted (1:250) in blocking buffer was applied to the specimens for 1 h
at room temperature. Alexa Fluor 546-tagged goat anti-mouse sec-
ondary antibody diluted 1:1000 was applied under the same condi-
tions as the primary antibody. Nucleus staining was performed with
DRAQS5. Coverslips were mounted for confocal microscopy (Wang
et al., 2008).

TOPflash/FOPflash activity assay

Saos2 cells or MC4 cells were transfected with TOPflash or FOPflash
in a 12-well plate by using Lipofectamine 2000 according to the
manufacturer’s protocol. After 36 h of transfection, cells were serum
starved for 12 h and then treated with the indicated reagents. Eight
hours after treatment, cells were lysed with reporter lysis buffer (Pro-
mega). The cell lysates were then drawn four times through a
21-gauge needle attached to a 1-ml syringe. The supernatants were
transferred to a 96-well plate. The luminescence of each well was
recorded after addition of BioGlo Luciferase substrate (Promega).
The ratio of TOP/FOP signal was calculated and normalized to con-
trol conditions.

Statistical analysis

The data are presented as mean + SE of triplicate measurements. In
the figures, n indicates the number of independent experiments.
Statistical analysis between control and treated groups was per-
formed using Student’s t test. Multiple comparisons in one or two
types of cells were evaluated by one-way or two-way analysis of
variance followed by Bonferroni's posttest (Prism; GraphPad). p <
0.05 was considered sufficient to reject the null hypothesis.
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Osteoarthritis (OA) is a degenerative joint disease characterized by a progressive loss of articular carti-
lage. Mesenchymal stem cells transplanted to damaged tissues are promising for OA cartilage repair.
However, these cells are poor survival after transplantation and acquire hypertrophic properties during
chondrogenic induction. Parathyroid hormone-related protein (PTHrP) promotes chondrogenesis and
suppresses chondrocyte hypertrophic differentiation. Additionally, PTHrP was reported to have anti-
oxidant effects. The synthetic PTHrP(1-34) analog abaloparatide (ABL) is a newly approved drug for
osteoporosis therapy. It is unknown whether ABL stimulates chondrogenesis and affects intracellular
reactive oxygen species (ROS) production. By using mouse embryonic limb bud mesenchymal stem cells
in micromass culture as an in vitro model of chondrogenic differentiation, we found that mesenchymal
stem cells in micromass cultures spontaneously produced ROS, and N-acetyl-L-cysteine, a potent anti-
oxidant, enhanced chondrogenesis. The effect of ABL on stimulation of chondrogenesis is involved in its
inhibition of intracellular ROS generation. These novel findings support the use of ABL for the damaged
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cartilage regeneration.
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1. Introduction

Osteoarthritis (OA) is a common age-related joint disease
characterized by a progressive loss of articular cartilage [1]. Because
the root causes of joint degeneration in OA remain unclear, current
treatments for OA are palliative to alleviate symptoms in the early
stage, while surgical options exist for advanced disease. Human
articular cartilage has a poor self-healing capacity once damaged
due to its avascular and aneural nature. Currently, cell-based
therapies are promising for regeneration of the damaged articular
cartilages and restoration of their function [2,3]. Mesenchymal
stem cells maintain self-renewal capacity and are capable to
differentiate into chondrocytes and other cell types. In spite of
several advantages of mesenchymal stem cells, they have not
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achieved satisfactory effects so far, mostly due to low survival rate
following transplantation and the onset of chondrocyte hypertro-
phy [4,5]. Thus, molecules that facilitate the selective differentia-
tion of mesenchymal stem cells into chondrocytes are potentially
capable of repairing the damaged articular cartilage in OA patients.

Parathyroid hormone-related protein (PTHrP) is a heteroge-
neous polypeptide with amino-terminal sequence homology to
PTH. Both PTH and PTHrP bind to the type 1 PT H/PTHrP receptor
(PTH1R). Chondrocytes and osteoblasts express PTH1R [6,7].
Signaling through the PTH1R regulates bone remodeling and
maintains the articular chondrocyte phenotype under healthy
conditions [8,9]. The synthetic PTHrP(1-34) analog abaloparatide
(ABL) was approved in the United States in 2017 for osteoporosis
therapy in an attempt to improve the anabolic effects of PTH1R
signaling [10]. However, the therapeutic effect of ABL on osteoar-
thritis has not been extensively studied compared with that on
osteoporosis.

Recent findings indicate that some characteristics of OA, such as
the expression of hypertrophic markers, resemble chondrocyte
differentiation processes in endochondral ossification [11,12]. The
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entire process of endochondral ossification includes mesenchymal
cell condensation, chondrogenic differentiation, chondrocyte hy-
pertrophy and apoptosis, and matrix calcification. High-density
micromass culture is a well-established in vitro model that
mimics mesenchymal cell condensation to trigger a cascade of
chondrogenesis during growth plate development in vivo [11,12].
Thus, targeting the onset of mesenchymal stem cell differentiation
to chondrocytes may be useful to assess the efficacy of candidate
molecules for regeneration of the damaged articular cartilages and
restoration of their function. Oxidative stress can cause mesen-
chymal cell death during isolation and processing of these cells
from their natural niche [13]. Both PTH(1-34) and PTHrP(1-36) have
anti-oxidant effects [14,15]. In the present study, we have investi-
gated whether mouse mesenchymal stem cells in micromass cul-
tures produce reactive oxygen species (ROS) and effect of ABL on
stimulation of chondrogenesis is related to its inhibition of intra-
cellular ROS production.

2. Materials and methods
2.1. Materials

Human NIe®'8, Tyr*4-PTH(1-34), which is a sulfur-free and
biologically active peptide fragment of PTH (hereafter referred to as
PTH(1-34), was purchased from Bachem (Torrance, CA). ABL
([Glu??> 2, Leu?? 2831 Aib?9, Lys?5 30) PTHrP [1-34]), in which Aib is
a-aminoisobutyric acid, was synthesized by PEPTIDE 2.0 (Chantilly,
VA). TRIzol, DNase, and Alexa Fluor 488-tagged goat-anti-rabbit
second antibody were from Invitrogen (Carlsbad, CA). AccuScript
high fidelity 1st strand cDNA synthesis kit was from Stratagene (La
Jolla, CA). iTag™ SYBR Green Supermix with ROX was from Bio-Rad
(Hercules, CA). Anti-collagen X antibody and In Situ apoptosis
detection kit were purchased from Abcam (Cambridge, MA). All
other reagents were from Sigma-Aldrich (St. Louis, MO).

2.2. Isolation and culture of mesenchymal cells and articular
chondrocytes

All of the experiments employing mice for generation of pri-
mary mesenchymal cells from 11.5-day pregnant female mice and
primary chondrocytes from 2-3-day-old C57BL/6 mice were per-
formed according to the protocol approved by the Animal Care and
Use Committee of Thomas Jefferson University. Limb bud mesen-
chymal cells were isolated from 11.5-day pregnant female C57BL/6
mice as previously described [12]. Mice were mated overnight and
mating was confirmed by the presence of a vaginal plug (consid-
ered as 0.5 days of gestation). On day 11.5 of gestation, pregnant
mice were euthanized by CO, and followed by cervical dislocation.
The uterus was removed and washed in sterile calcium and
magnesium-free phosphate-buffered saline in the presence of
fungizone (1.25 pg/ml) and gentamicin (50 pg/ml). The fore and
hind limb buds of embryos were collected under a dissecting mi-
croscope. After all limb buds were collected, they were transferred
into 0.25% trypsin-0.1% EDTA and incubated at 37 °C for 15 min with
gentle shaking (approximately 80 rpm) in water bath. Cells released
from the first digestion were collected and the equal volume of
DMEM/F12 medium with 10% FBS was added to inactivate trypsin.
The cells from the second and third digestions were treated as the
same as the first-time digestion. The mixture of dissociated limbs
was filtered through a 40-pm pore size cell strainer. The single cell
suspension was centrifuged at 300 g and 4 °C for 10 min. Cells were
resuspended at a density of 2 x 107 cells/ml in DMEM/F12 medium
containing 10% FBS. 3 x 10° cells in 15 pl of medium were placed in
the center of a 24-well plate and incubated in 5% CO, at 37 °C. After
1 h, 0.5 ml of culture medium was gently added to each well. ABL or

other reagents were added to micromass cultures on the same day.
Medium, ABL and other reagents were changed every other day.
For generation of primary chondrocyte cultures, femoral heads,
femoral condyles and tibial plateaus were collected using a dis-
secting microscope from 2-3-day-old C57BL/6 mice and digested
three times with 3 mg/ml collagenase D for 1 h at 37 °C with gentle
agitation. Cells released from the first digestion were discarded, and
cells from the second and third digestions were grown in DMEM
medium supplemented with 10% fetal bovine serum, 100 units/ml
penicillin, and 100 pg/ml streptomycin. After trypsinization of the
confluent cells, chondrocytes were used for the experiments [16].

2.3. Alcian blue staining

Alcian blue staining was conducted by applying a solution of
0.5% Alcian blue (pH1.0) for 0.5 h at room temperature, and washed
with 0.5N hydrochloric acid. For quantification of cartilage-like
nodule formation, Alcian blue-positive colonies were visualized
using EVOS FL Auto Cell Imaging System (Invitrogen) and counted
manually under a phase-contrast microscope. To quantify the
staining intensity, the wells in the stained culture plates were
extracted with 6 M guanidine hydrochloride for 10 h at room tem-
perature. The absorbance of the extracted dye was measured using
a spectrophotometer at 620 nm [17].

2.4. mRNA abundance quantification

Total RNA from mesenchymal cells in micromass cultures was
extracted with TRIzol, treated with DNase, converted to cDNA, and
subjected to quantitative real time PCR, and primer sequences of
PTH1R and B-actin was listed as previously described [18].

2.5. Preparation of paraffin sections

Mesenchymal limb bud cells placed in micromass cultures are
differentiated into chondrocytes that secrete abundant matrix to
form cartilaginous tissue. Pellet cultures were removed manually
on days 7, 14, and 21, fixed in 4% paraformaldehyde, embedded in
paraffin, and sectioned [19].

2.6. Immunofluorescence assay

The deparaffinized sections were conducted for antigen
retrieval and then permeabilized with 0.1% Triton X-100 as previ-
ously described [18]. Anti-collagen type X (Col X) antibody diluted
1:250 in blocking buffer was applied to the specimens at room
temperature for 1 h. Alexa Fluor 488-tagged goat anti-rabbit second
antibody diluted 1:500 was applied under the same conditions as
the primary antibody. Nuclear staining was performed with DRAQ5.

2.7. Apoptosis assay

Chondrocyte apoptosis in deparaffinized sections was measured
by terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay using In Situ Apoptosis Detection kit following the
supplier's instructions. Normal nuclei were counterstained with
methyl green.

2.8. Matrix mineralization assay by von Kossa staining

The deparaffinized sections were incubated with 5% fresh silver
nitrate solution under UV light. Mineralized nodules were seen as
dark brown to black spots. After unreacted silver was removed, the
sections were counterstained with 1% eosin for 0.5 min to show
cytoplasm staining [19].
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2.9. Measurement of intracellular ROS

Primary mesenchymal cells in micromass cultures were placed
in the center of a 24-well plate. After four days, the cultures were
changed to serum-free medium for 2 h and then loaded with 2',7’-
dichlorofluorescin diacetate (DCF-DA, 150 uM), a parent nonfluo-
rescent compound, for 10 min. The moicromass cultures were
washed with serum-free medium and treated with ABL (10 nM),
PTH(1—34) (10 nM), NAC (1 mM) or vehicle for 2 h. The ABL and
other reagents were then removed and the DCF fluorescence in
0.25 ml of calcium and magnesium phosphate-buffered saline was
visualized with EVOS FL Auto Cell Imaging System and intracellular
fluorescence intensity was detected by a plate reader (Synergy-2)
using an excitation wavelength of 485 nm and an emission wave-
length of 520 nm [15,21]. Fluorescence intensity is presented as
actual meter reading divided by 1000.

2.10. cAMP formation and measurement

cAMP measurements were performed in primary articular
chondrocytes. The cells were treated with vehicle, ABL or PTH(1-
34) in the presence of phosphodiesterase inhibitor 3-isobutyl-1-
methylxanthine (1 mM) for 15 min cAMP formation was detected
using the cyclic AMP Direct EIA Kit (Arbor Assays) following the
supplier's instructions. The samples were analyzed by using a cAMP
standard curve [20].

2.11. Intracellular calcium assay

Primary articular chondrocytes were loaded with 2 uM Fluo-4
AM according to the manufacturer's protocol. ABL, PTH(1-34) or
vehicle was added by an automated pipetting system in triplicate,
and the 525-nm signals were generated by excitation at 485 nm
with a Flex Station II (Molecular Devices, Sunnyvale, CA) as previ-
ously reported [20].

2.12. Statistical analysis

The data are presented as the means + SEM of triplicate mea-
surements. In the figures, n indicates the number of independent
experiments. Statistical analysis between control and treated
groups was performed using Student's t-test. Multiple comparisons
were evaluated by one-way or two-way analysis of variance fol-
lowed by Bonferroni's posttest (Prism; GraphPad). p values < 0.05
were assumed to be significant.

3. Results

3.1. Mouse limb bud mesenchymal stem cells in micromass culture
spontaneously undergo chondrogenesis, chondrocyte hypertrophy,
apoptosis and terminal differentiation

The cell model of mouse limb bud mesenchymal stem cells in
micromass culture was used to examine different stages of
mesenchymal cell differentiation. The day of initial drop culture
was considered as day 0. The cartilage nodules appeared by day 2
and the increase of cartilage nodule formation overtime was
confirmed by Alcian blue staining for proteoglycan formation in
extracellular matrix (Fig. 1A). The cartilaginous tissue progressively
thickened and was manually removed for histologic evaluation. The
expression of Col X level, a chondrocyte hypertrophic marker, was
not detected on day 7, but increased on day 14 (Fig. 1B). Chon-
drocyte apoptosis did not appear on day 7, but occurred on day 21,
as evidenced by induction of TUNEL-positive cells (Fig. 1C). The
matrix calcification (the terminal chondrocyte differentiation) was

A d3 dé

Fig. 1. Mouse limb bud mesenchymal stem cells in micromass culture spontaneously
undergo the entire process of differentiation. Representative of three independent
experiments performed with similar results. A. Alcian blue staining on days 3 and 6.
Bar: 2 mm. B. Col X expression by fluorescent staining on days 7 and 14 was shown in
green and nuclear staining was shown in blue. Bar, 100 um. Arrowheads indicate hy-
pertrophic cells. C. Chondrocyte apoptosis occurs on day 21. Arrowheads show dark
brown TUNEL-positive apoptotic cells. Normal nuclei are light green in color (methyl
green counterstain). Bar: 20 pm. D. Cartilaginous tissue were stained with silver nitrate
solution under UV light. Mineralized nodules were seen as dark brown to black spots.
Bar, 100 um. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

detected and mineralized area occurred on day 21 (Fig. 1D).
Collectively, chondrogenic differentiation in high-density micro-
mass cultures undergoes an orderly series of changes, which
mimics the endochondral ossification during growth plate devel-
opment in vivo [11,12].

3.2. ABL has biological activity similar to that of PTH(1-34) in
enhancing mesenchymal stem cell chondrogenic differentiation

Several lines of evidence have demonstrated that PTH(1-34) and
PTHrP(1-36) have effect to stimulate chondrogenic differentiation
[17,22,23]. PTH1R activation elicits Gos/cAMP and Ga.,g/phospholi-
pase C (PLC) pathways. We compared the effects of PTH(1-34) and
ABL on cAMP formation and intracellular calcium [Ca®*];, an index
of PLC activity, in primary articular chondrocytes. ABL (10 nM) had a
trend towards an increase of more cAMP formation compared with
effect of 10nM PTH(1-34). PLC activity was undetectable with
10 nM of ABL or PTH(1-34) treatment (data not shown), however,
100 nM PTH(1-34) and ABL had similar effects on stimulating PLC
activity (Fig. 2A). Chondrogenesis is the initial stage of mesen-
chymal stem cell differentiation in micromass cultures. Exposure of
cells to PTH(1-34) or ABL was for the first 6 h of each 48 h cycle.
Both 10 nM of PTH(1-34) and ABL treatment for 4 days significantly
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this figure legend, the reader is referred to the Web version of this article.)

increased cartilage nodule number and Alcian blue staining in-
tensity (Fig. 2B).

3.3. N-acetyl-1-cysteine (NAC) enhances increases cartilage nodule
formation

Oxidative stress plays an important role in causing mesen-
chymal cell death during isolation and expansion process [13]. NAC,
which exerts protective effects on oxidative damages, stimulates
osteoblastic differentiation of mouse calvarial cells [24]. We asked
whether NAC also stimulated chondrogenic differentiation. NAC
(1 mM), N-Acetyl-L-alanine (NAA) (1 mM), a negative control, or
vehicle was added to micromass cultures for 4 days. The medium,
NAC or NAA was changed every two days. Data in Fig. 3A showed
that NAC but not NAA enhanced chondrogenic differentiation, as
evidenced by increase of cartilage nodule number (Fig. 3B) and
Alcian blue staining intensity (Fig. 3C).

3.4. ABL inhibits ROS production in limb bud-derived mesenchymal
cells

Both PTH(1-34) and PTHrP(1-36) have anti-oxidant effects
[14,15]. Since ABL and NAC enhance chondrogenesis, we hypothe-
size that limb bud-derived mesenchymal cells in micromass

cultures produce ROS and ABL-stimulated chondrogenesis is
involved in its inhibition of ROS production. To test this idea, we
examined the effects of ABL, PTH(1-34) and NAC on intracellular
ROS production in limb bud-derived mesenchymal cells on day 5.
Our data showed that DCF fluorescence was visualized only within
the cartilage nodules (Fig. 4A). NAC (1 mM), 10 nM ABL or PTH(1-
34) treatment for 2 h significantly reduced ROS generation, as
evidenced by decrease of fluorescence intensity (Fig. 4A and B). We
further found that PTH1R gene expression increased gradually over
a 5-day time period (Fig. 4C). ABL and PTH(1-34) but not NAC
increased PTHIR gene expression, suggesting ABL and NAC inhibit
ROS production through different mechanisms.

4. Discussion

It is necessary to manipulate mesenchymal cell to resist severe
stresses, and targeting oxidative stress is one of effective strategies
for prevention and treatment of OA [25,26]. To the best of our
knowledge, this is the first report showing ABL-induced chondro-
genesis is involved in inhibiting intracellular ROS production.

To elucidate the mechanism by which ABL affects chondrocyte
differentiation, we first need to choose in vitro model that mimics
in vivo chondrogenic development. Over the past decades, many
in vitro models have been established to study chondrogenesis and
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chondrocyte hypertrophy. These models include cell lines of
mesenchymal cells, embryonic limb bud-derived mesenchymal
cells, growth plate chondrocytes, and bone marrow-derived
mesenchymal cells [12,27]. The entire process of endochondral
ossification requires a series of well-orchestrated events. The initial
condensation of mesenchymal cells is a prerequisite to their

subsequent differentiation. Mouse limb bud mesenchymal cells in
high-density micromass cultures recapitulate events occurred
during endochondral ossification. Thus, mouse embryonic limb
bud-derived mesenchymal cells in micromass cultures were used
to examine effect of ABL on the chondrogenic differentiation.
Oxidative stress negatively or positively modulates
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mesenchymal stem cell differentiation due to exposure to different
magnitudes of ROS [26,28]. To understand the molecular mecha-
nisms of ABL on chondrogenic differentiation, we investigated
whether endogenous ROS production in mircomass cultures
affected mesenchymal stem cell differentiation to chondrocytes.
Our data show that NAC significantly enhances chondrogenesis. We
found that mesenchymal stem cells in micromass culture sponta-
neously produced ROS. Both NAC and ABL promoted chondro-
genesis by reducing ROS production. Our data further show that
ABL but not NAC increases PTH1P mRNA expression, suggesting ABL
effect on inhibition of ROS production is mediated by PTH1R-
dependent signaling pathway. Sequential proliferation, hypertro-
phy and maturation of chondrocytes in embryonic limb bud-
derived micromass cultures are tightly regulated by cell signaling
[12]. PTHrP maintains cartilage development and attenuates
chondrocyte hypertrophy through Gas/cAMP signaling pathway by
interacting with Indian hedgehog to modulate transcriptional ac-
tivity of SRY-box9 (SOX9) and runt-related transcription factors
(Runx), whereas Ga.q/PLC activation appears to increase ROS pro-
duction [29]. Recently, it was reported that chondrogenesis induced
by PTH(1-34) in mesenchymal stem cells is mediated by Runx1 via
the activation of cAMP/PKA pathway [17]. Future investigations will
be needed to assess which PTH1R signaling pathways mediate ABL
effect on reducing ROS production during chondrogenic differen-
tiation. ROS are free radicals containing various oxidant molecules
and further studies will be necessary to determine what specific
oxidants are produced by mesenchymal cells in micromass
cultures.

In conclusion, mesenchymal stem cells are becoming a prom-
ising cell source for cartilage regeneration. However, these cells are
poor survival after transplantation and acquire hypertrophic
properties during chondrogenic induction. The present study has
demonstrated that ABL-stimulated chondrogenesis is related to its
reducing ROS production in mesenchymal stem cells. In addition,
PTHrP exhibits potent inhibition of chondrocyte hypertrophy. ABL
has been used for osteoporosis therapy. Our findings support that
ABL may be considered as a novel means for OA cartilage defect
regeneration.
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