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KEYWORDS Abstract Cartilage development is controlled by the highly synergistic proliferation and dif-
Cartilage ferentiation of growth plate chondrocytes, in which the Indian hedgehog (IHH) and parathyroid
development; hormone-related protein-parathyroid hormone-1 receptor (PTHrP-PTH1R) feedback loop is
ER stress; crucial. The inositol-requiring enzyme 1a/X-box-binding protein-1 spliced (IRE1a./XBP1s)
ERN1; branch of the unfolded protein response (UPR) is essential for normal cartilage development.
IHH; However, the precise role of ER stress effector IRE1a, encoded by endoplasmic reticulum to
PTHrP/PTH1R nucleus signaling 1 (ERNT), in skeletal development remains unknown. Herein, we reported

that loss of IRE1a accelerates chondrocyte hypertrophy and promotes endochondral bone
growth. ERN1 acts as a negative regulator of chondrocyte proliferation and differentiation in
postnatal growth plates. Its deficiency interrupted PTHrP/PTH1R and IHH homeostasis leading
to impaired chondrocyte hypertrophy and differentiation. XBP1s, produced by p-IRE1a-
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mediated splicing, binds and up-regulates PTH1R and IHH, which coordinate cartilage develop-
ment. Meanwhile, ER stress cannot be activated normally in ERN1-deficient chondrocytes. In
conclusion, ERN1 deficiency accelerates chondrocyte hypertrophy and cartilage mineralization
by impairing the homeostasis of the IHH and PTHrP/PTH1R feedback loop and ER stress. ERN1
may have a potential role as a new target for cartilage growth and maturation.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Introduction

Cartilage formation is a dynamic cellular process involving
different types of cartilage, such as hyaline cartilage,
fibrous cartilage, and elastic cartilage.'* Endoplasmic re-
ticulum stress (ER stress) is a protective mechanism involved
in the entire process of cartilage differentiation.® The
unfolded protein response (UPR), which is initiated to pro-
mote cell survival, directly participates in the degradation
and refolding of abnormal proteins to protect cells by
maintaining the stability of the environment in the ER.>°
IRE1e is a transmembrane protein located on the ER mem-
brane and serves as a type | transmembrane serine/threo-
nine protein kinase and a site-specific endoribonuclease,
which splices XBP1u to form XBP1s.””'® Our previous
research showed that the IRE1a/XBP1s signaling pathway
participates in the process of cartilage formation and bone
growth.'""? Furthermore, the expression profile of IRE1a
and the phosphorylation IRE1a were increased in the artic-
ular cartilage of osteoarthritis patients compared with that
in the normal."® However, the mechanism underlying IRE1c.
regulation of cartilage maturation remains unknown.

It is well established that the Indian hedgehog (IHH) and
parathyroid hormone-related protein-parathyroid hor-
mone-1 receptor (PTHrP-PTH1R) negative feedback loop is
a pivotal signaling pathway that regulates cartilage devel-
opment. IHH can be synthesized and secreted by anterior
hypertrophic chondrocytes and regulates chondrocyte dif-
ferentiation. IHH promotes the transformation of chon-
drocytes from proliferation to hypertrophy. Furthermore,
elevated IHH levels promote the secretion of PTHrP by the
perichondrium. PTHrP can bind to its receptor PTH1R and
then inhibits the hypertrophy and maturation of chon-
drocytes, thereby forming a negative feedback loop that
dynamically regulates cartilage development.’ "¢ The role
of PTHrP signaling depends on the location and amount of
PTH1R, a G protein-coupled receptor highly expressed in
the pre-hypertrophic zone. A decrease in PTHrP signaling is
directly reflected by a decrease in PTH1R expression,
indicating stage terminal differentiation.'”'®

In the current study, the role of IRE1a in cartilage
morphological changes, proliferation and differentiation of
chondrocytes, and endochondral ossification were investi-
gated in vitro and in vivo. Furthermore, we explored the
imbalance of the PTHrP/PTH1R and IHH feedback loop,
caused by ERN1 deficiency, in cartilage development.
Finally, we elucidated the mechanism that ERN1 deficiency
affects PTH1R and IHH leading to abnormal chondrocyte
hypertrophy and cartilage maturation.

Methods
Cells

The human chondrocyte C28/12 cells were provided by
Professor Chuanju Liu (New York University). The chon-
drogenic cell line ATDC5 was provided by Professor Lin Chen
(Daping Hospital, Army Medical University, Chongging).
C28/12 cells" were cultured in complete DMEM medium
(Gibco, California, USA), C3H10T1/2 cells were cultured in
complete MEM-o. medium (Gibco, California, USA), and
ATDC5 cells were cultured in complete DMEM/F12 medium
(Gibco, California, USA), in a 5% CO, incubator at 37 °C. The
complete medium was supplemented with 10% fetal bovine
serum (FBS) (BI, C04001050X10) and 10 U/mL penicillin-
streptomycin (Beyotime, C0222). Trypsinase (0.5%) was
used to trypsinize the cells at a density of 70%—80%.

Micromass culture

The micromass culture was performed as described previ-
ously.?° Briefly, the ATDC52' or C3H10T1/2 cells were
trypsinized and then resuspended in DMEM/F12 or MEM-a
medium with 10% FBS at a concentration of 10° cells per
mL, and six drops of 100 puL of cells were placed in a 60-mm
tissue culture dish (Becton Dickinson). After 2-h incubation
at 37 °C, 1 mL of medium containing 10% FBS and BMP2
protein (300 ng/mL) was added. The media was replaced
approximately every 2—3 days.

siRNA transfection and adenovirus infection

A mixture of 5 pL/mL PEI (Sigma-Aldrich, Cat No. 408727)
reagent and 100 nM ERN1 small interfering RNA (siRNA) was
evenly added to the complete medium (siERN1 group) when
the C28/12 and ATDC5 cell density reached 50%. The same
amount of scrambled siRNA was used to set up a negative
control group (NC group). siRNA was purchased from Sangon
Biotech Co., Ltd. (Shanghai, China). The siRNA sequences
are listed in Table S2.

Adenovirus IRE1a siRNA and adenovirus encoding IRE1a
were constructed, respectively, using methods described
previously.'""'2 All constructs were verified by nucleic acid
sequencing and subsequent analysis was performed using
BLAST software at http://www.ncbi.nlm.nih.gov/BLAST/.
AdPTH1R was a gift from Prof. Quan Yuan (West China Hos-
pital of Stomatology, Sichuan University, Chengdu, China).
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Real-time polymerase chain reaction (PCR) and
quantitative real-time polymerase chain reaction
(qPCR)

Total RNA was extracted from tissues or cells. PCR was
performed according to the manufacturer’s instructions
(Vazyme, P112-01). The Mouse Direct PCR kit (Bimake,
B40013) was used to detect the genotype of mouse tissue
samples using PCR. Quantitative real-time PCR was per-
formed using a CFX-connect fast real-time PCR system (Bio-
Rad, USA). The results were analyzed by using the Ct
(threshold cycle) method, and the relative expression
levels of the genes were normalized to those of GAPDH,
wrgcgserved as an internal control, using the comparative
2 ® method. The sample mixture was composed of
5 uL SYBR (Vazyme, Q711-03), 1 uL primers, 1 uL cDNA, and
3 uL ddH,0. The touchdown cycling conditions were as
follows: 1) 95 °C for 3 min; 2) 95°C for 10's; 3) 58 °C for 30s;
4) 39 cycles of steps 2 and 3; 5) 65 °C for 5s; 6) 95 °C for 5s.
The primers used in PCR and gPCR are listed in Table S3.

Western blot

For Western blot analysis, RIPA buffer containing protease
and phosphatase inhibitors were used to prepare whole-cell
lysates. Protein lysates (30 pg) were first separated using
10% SDS-PAGE and then, transferred onto polyvinylidene
difluoride (PVDF) membranes (0.45 um, Millipore), which
were subsequently blocked using 5% BSA at 37 °C for 2 h.
After incubation with the primary antibodies overnight at
4 °C, 0.1% TBST was used to wash all membranes three
times, 5 min each time. This was followed by HRP-anti-
mouse IgG (Abcam, ab6789) or HRP-anti-rabbit I1gG (Abcam,
ab6721) incubation at 37 °C for 1 h, and the proteins were
detected using chemiluminescence. The grey value of each
membrane was quantitatively evaluated by Image Pro-
cessing and Analysis in Java (Image J) software. The anti-
bodies used in Western blot are listed in Table S4.

Transgenic mice

ERN11X/TX mice were purchased from Shanghai Biomodel
Organism Science & Technology Development Company
Ltd., and Col,Cre mice were a kind gift from Prof. Lin Chen
(Daping Hospital, Army Medical University; Chongging,
China). All mouse strains were placed on a full C57BL/6 J
background.

Primary cultures of murine chondrocytes and
explant culture

Articular cartilage of WT mice, ERNT CKO mice or ERN1
control mice at age of 2 weeks was digested in type Il
collagenase (Worthing, LS004174) at a final concentration
of 1 mg/mL at 37°C overnight under aseptic conditions, and
then centrifuged to collect and extract primary chon-
drocytes. Explants from cartilage tissues of the knee joints
of 8 WT mice at age of 2 weeks were removed under aseptic
conditions. Primary chondrocytes and explants were
cultured in complete DMEM/F12 (Gibco) medium with 10%

fetal bovine serum (FBS) and 10 U/mL penicillin-strepto-
mycin in a 5% CO, incubator at 37 °C.

EdU and TUNEL

C28/12 cells were inoculated onto coverslips in a 24-well
plate with EdU fluid (Beyotime, C0078S) at 37 °C for 2 h.
Cells were fixed with 4% paraformaldehyde for 15 min and
then permeabilized with 0.3% Triton X-100 at room tem-
perature for 10 min. A mixture of click reaction buffer,
CuS0,, azide 594, and click additive solution was added to
the coverslips at room temperature for 30 min. Then, the
cells on coverslips were stained with Hoechst33342 (Beyo-
time, C1026) for 5 min.

C28/12 cells were treated with 4% paraformaldehyde for
30 min and 3% Triton X-100 at room temperature for 5 min.
Tunel fluid (Beyotime, C1090) was placed in each well at
37 °C for 1 h. After washing with PBS, a confocal laser
scanning microscope (Thermo Fisher Scientific, USA) was
used to detect immunofluorescence staining.

Luciferase reporter assay and CHIP

The PTH1R or IHH luciferase reporter plasmid and XBP1s or
negative control plasmid were transfected into 293T cells
by using PEl. The activity of firefly and renilla luciferases
was quantified using a dual luciferase reporter gene
detection system (Promega Corp., Madison, WI, USA). To
standardize the difference in transfection, firefly luciferase
activity was normalized to that of renilla luciferase.

C28/12 cells were submerged in DMEM containing 1%
formaldehyde and incubated at 37 °C for 10 min. Fixation
was stopped by the addition of 0.125 M glycine. The cell
lysate was harvested and sheared with 12 pulses of 3%
amplitude. Each pulse consisted of a 2.5-s sonication fol-
lowed by a 7.5-s rest on ice to prevent heat build-up. The
sample was incubated with 2 pg of anti-XBP1s (BioLegend,
Cat. No. 647502) antibody or IgG (Cat. No. 2729) overnight
at 4 °C on a vertical mixer. The enriched DNA fragments
were harvested by using methods according to the manu-
facturer’s instructions for the ChIP assay kit (Beyotime,
P2078). The IHH (—747 to —553) and PTH1R (—1338 to
—1137) promoter regions were amplified. The amount of
immunoprecipitated DNA in each sample was represented
as a percentage of the total amount of input chromatin,
which was equivalent to 100%. The primers used in ChIP are
listed in Table S1.

ALP staining

C3H10T1/2 cells were inoculated in a 6-well plate, and 4%
paraformaldehyde was used to fix cells for 3 min. ALP
mixture (Beyotime, P0321S) was put in each well for
15 min. After washing with PBS, the cells were stained
again with the Nuclear Fast Red Solution. The positive cells
were observed by microscope.

IHC staining, IF staining, and histological staining

Paraffin sections of the mouse joint were de-waxed and
rehydrated. The sections were then incubated with a
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primary antibody at 4 °C overnight for IHC and IF. The
immunohistochemistry kit (ZSGB-BIO, PV-9001) was used to
analyze protein expression following a standardized pro-
tocol. The sections were incubated with DAB and hema-
toxylin for IHC staining, or specific secondary antibodies
and DAPI for IF staining. The hematoxylin-eosin (HE) and
Safranin—Fast Green stainings were performed according to
the manufacturer’s instructions for HE Staining Kit (Solar-
bio, G1120) and Modified Safranine O-Fast Green FCF
Cartilage Stain Kit (Solarbio, G1371).

Intra-articular injection in mice

Three-week-old WT mice were used to construct the intra-
articular injection model. The mice were randomly divided
into the following three groups: i) the left knee joints
received an injection of 10 uL PBS (NC group) and the right
knee joints received an injection of 10 uL 4u8C (MCE) at a
concentration of 5 mg/mL (4u8C-treated group), ii) the left
knee joints received an injection of 5 puL 4u8C at a con-
centration of 5 mg/mL and 5 uL PBS (4u8C-treated group)
and the right knee joints received an injection of 5 puL 4u8C
at a concentration of 5 mg/mL and 5 pL GDC-0449 (MCE) at
a concentration of 2 mg/mL (4u8C + GDC-0449-treated
group), iii) the left knee joints received an injection of
10 pL PBS (NC group) and the right knee joints received an
injection of 10 uL AdERNT adenovirus (AdERNT group).?2~2¢
The injection was administered once weekly for four
consecutive weeks. Samples were collected when mice
were 8 weeks old.

Statistical analysis

Data were analyzed using the Statistical Package for the
Social Sciences version 16.0. Experimental data were shown
as the mean + standard deviation (SD). All quantitative
data were presented as the means and 95% confidence in-
tervals (Cls). The difference between two groups in terms
of intra-articular injection and explants was quantitated
using the paired t-test, and the difference between two
groups in the other experiments was quantitated using the
independent-samples t-test.

Results

The morphological characteristics of skeletal
development in ERN1-deficient mice

According to our previous study,'* we detected and found
that the protein level of IRE1a in human degenerated
cartilage was increased compared to that in the normal
cartilage (P = 0.012) (Fig. S1). Then after the ERN1%o*/~+
Col,Cre, ERN1°¥/oxCo|,Cre (ERNT CKO), and ERN 17X/ flox
mice were identified correctly (Fig. 52—4), we compared
the phenotypes of ERN1 CKO mice with those of
ERN1Tox/flox ittermates (control mice) to explore the role
of ERN1 in postnatal skeletal growth. The measure of
body length (including tail length) (P = 0.007) (Fig. 1A,
B), as well as X-ray examination results, showed that the

average body length of ERN71 CKO mice increased by 6.1%,
5.1%, and 4.3% at 4 (P = 0.004), 8 (P = 0.012), and 12
(P = 0.015) weeks after birth (Fig. 1C—F). Meanwhile,
the average weight of ERN1 CKO mice was greater than
that of control mice at different weeks (P = 0.045)
(Fig. 1G). The length of the femur was also increased by
8.9%, 9.2%, and 9% in mutant mice as compared to that in
control mice at 4 (P = 0.022), 8 (P = 0.026), and 12
(P = 0.015) weeks after birth (Fig. 1H, 1). This is
consistent with the results of Alcian blue and Alizarin red
full mouse skeleton staining, which showed that the body
length, vertebrae, ribs, radius, femurs, tibia, and digital
bone of ERN1 CKO mice were longer than that of control
mice (Fig. 1J, K).

Loss of ERN1 in mouse chondrocytes promotes
chondrocyte hypertrophy

HE and Safranin O-Fast Green staining results showed that
the proportion of the hypertrophic zone to the total zone
(HZ/TZ) of the cartilage growth plate of ERN1 CKO mice at
1 (P = 0.002), 4 (P = 0.001), and 8 (P = 0.010) weeks
after birth was increased compared to that of control
mice (Fig. 2A, B), whereas no change was observed in the
proportion of the proliferation zone to the total zone
(PZ/TZ) of the cartilage growth plate at 1, 4, and 8 weeks
between the two mouse groups (Fig. S5A). Both of the
length of TZ and the HZ of ERN1 CKO mice at 4 (P < 0.001,
P < 0.001, respectively) and 8 (P = 0.019, P < 0.001,
respectively) weeks as well as the proportion of the HZ
were also longer than those of control mice (Fig. 2C, D).
Although ERN1 did not affect cartilage development at the
embryonic stage in mice (Fig. S5B), the HZ of the growth
plate of the ERN1 CKO mice exhibited an obvious
enhancement after birth compared to that of control
mice.

Next, gPCR results showed that the levels of collagen
type Il alpha 1 chain (COL2A1) (P = 0.048) and Aggrecan
(P = 0.042) were decreased, while those of COL70A1
(P = 0.043) and matrix metallopeptidase 13 (MMP13)
(P = 0.021) were increased in ERN7-deficient primary
chondrocytes (Fig. 2E). ERN1 knockdown in C28/12 cells
showed increased expression of COL10A1 (P = 0.006) and
MMP13 (P = 0.017) and decreased expression of COL2A1
(P = 0.003) (Fig. S6). Western blot results also showed up-
regulated protein levels of COL10A1 (P = 0.006), and
MMP13 (P = 0.007) in the cartilage tissues of ERN1 CKO
mice at 2 weeks compared to control mice (Fig. 2F, G). The
levels of MMP13 (P = 0.005) and COL10A1 (P = 0.037) were
up-regulated (Fig. 2H, I; Fig. S7A), while those of COL2A1
(P = 0.042) and Aggrecan (P = 0.003) were down-regulated
in ERN1 CKO mice compared to those of control mice by IHC
(Fig. 2J, K; Fig. S7B). The expression of transcription factor
SOX9 was also decreased in ERN1 CKO mice (Fig. S7C). High-
density micromass culture of ATDC5 cells test was used to
simulate the process of chondrocyte differentiation and the
result showed inhibited expression of IHH (P = 0.005),
MMP13 (P = 0.004), and COL10A1 (P = 0.004) after ERN1
was overexpressed during bone morphogenetic protein 2
(BMP2)-induced chondrocyte differentiation (Fig. S8A—C).
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Integral morphology assessment of skeletal phenotypes in ERN1 conditional knockout mice. (A, B) Body length of ERN1

CKO and control mice at 2 weeks. *P < 0.05, n = 6. (C) Body length of mice at 4 weeks, 8 weeks, and 12 weeks by X-ray. (D—F)
Quantitation of body length at 4 weeks, 8 weeks, and 12 weeks. *P < 0.05, **P < 0.005, n = 6. (G) Body weight of ERN1 CKO and
control mice at 1 week and 3 weeks. P > 0.05, *P < 0.05, n = 5. (H) Femur length of ERN1 CKO and control mice at 4 weeks. (I)
Quantification of femur length at 4 weeks, 8weeks, and 12 weeks. *P < 0.05, n = 6. (J, K) Skeletons staining by Alcian blue and

Alizarin red at 2 weeks.

ERN1 deficiency in chondrocytes promotes
chondrocyte proliferation and inhibits apoptosis in
growth plates

Knockdown of ERN1in C28/12 chondrocytes up-regulated the
mRNA levels of proliferation-related genes, including prolif-
erating cell nuclear antigen (PCNA) (P = 0.019) and CyclinB1
(P = 0.041) (Fig. 3A—C), whereas ERN1 overexpression using
adenovirus infection in vitro down-regulated the levels of
PCNA (P = 0.025) and CyclinB1 (P = 0.001) (Fig. 3D—F). In
addition, the p-IRE1c inhibitor 4p8C*""*® promoted the
expression of PCNA (P = 0.007), CyclinB1 (P = 0.018), and
CyclinD (P < 0.001) (Fig. 3G). The 5-Ethynyl-2’-deoxyuridine
(EdU) assay showed cell proliferation ability of the 4u8C-
treated group was higher than the control group (P = 0.016)
(Fig. 3H, I). Immunofluorescence (IF) staining results showed
the up-align Ki67 expression in the growth plate of ERN7-
deficient mice (Fig. 3J). Furthermore, the TUNEL assay
exhibited the number of apoptotic cells in the 4.8C-treated
group was lower than that in the control group (P = 0.019)
(Fig. 3K, L). IHC represented the expression of p-ERK, a
classical signal molecule related to cell proliferation,?’ which

was higher in the growth plate of ERN7-deficient mice
(Fig. 3M). Western blot also confirmed the result of IHC
(P = 0.007) (Fig. 3N, 0). In addition, we found that compared
to the control, the mRNA levels of SNORC (C20RF82)
(P = 0.004) and CLEC3A (P < 0.001) were down-regulated
whereas the mRNA level of CHI3LT (P = 0.002) was up-
regulated in ERN1 CKO group, indicating the functional
imbalance of effector chondrocytes and regulatory chon-
drocytes®® in ERN1 CKO chondrocytes (Fig. 59). These data
demonstrate that ERN1 negatively regulates the proliferation
and differentiation of chondrocytes in postnatal growth
plates.

Loss of ERN1 in chondrocytes accelerates
endochondral ossification

In ERN1-deficient mice, the expression of osteogenic genes
dentin matrix acidic phosphoprotein (DMP) (P < 0.001),
osteoprotegerin (OPG) (P = 0.001), and Runt-related tran-
scription factor 2 (RUNX2) (P < 0.001) was up-regulated in the
primary chondrocytes of ERN7-deficient mice (Fig. 4A).
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Figure 2  Histological assessment of the cartilage growth plate in ERNT conditional knockout mice and ERN1 deficiency in mouse
chondrocytes accelerates chondrocyte hypertrophy. (A) HE staining of Tibia sections at 1 week, 4 weeks, and 8 weeks. (B)
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detected by gPCR in primary chondrocytes isolated from ERN1 CKO and control mice. *P < 0.05, **P < 0.005, n = 3. (F) The protein
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Results of IHC showed that RUNX2 was increased in ERN1 CKO
mice (P = 0.026) (Fig. 4B). Furthermore, the results of in
vitro experiments showed that ERN7 knockdown up-regu-
lated the expression of DMP (P = 0.003), OPG (P = 0.040),

and RUNX2 (P = 0.006) in C3H10T1/2 cells (Fig. 4C), whereas
ERN1 overexpression down-regulated the expression of these
genes (P = 0.002, P < 0.001, P < 0.001, respectively)
(Fig. 4D). Alkaline phosphatase (ALP) staining was lower in
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the ERNT1 overexpressing group than in the control group
(Fig. 4E).

The PTHrP/PTH1R and IHH feedback loop
imbalance in the ERN1-deficient mice

To clarify how ERNT regulates cartilage development, we
analyzed the mRNA profile of chondrogenesis-related genes
in wild-type (WT) mice. The mRNA levels of ERN1, IHH,
PTHrP, PTH1R and COL2A1 consistently peaked at 2 weeks,
and those of ERN1, IHH, PTHrP, and PTH1R showed similar
trends. However, the change trends of the mRNA levels of
XBP1, COL2A1, and COL10A1 were not similar to those of
ERN1, IHH, PTHrP, and PTH1R. The mRNA expression of
XBP1 and COL2A1 increased after 1 week and declined after
2 weeks (Fig. 5A). The results of qPCR showed that the
mRNA levels of IHH (P = 0.019) and PTHrP (P = 0.033) were
increased, while PTH1R (P = 0.001) was decreased in the
primary chondrocytes of ERNT CKO mice (Fig. 5B). Western
blot results also confirmed that the protein level of IHH
(P = 0.020) was up-regulated whereas PTH1R (P = 0.041)
was down-regulated in the cartilage of ERN1 CKO mice
(Fig. 5C, D). The protein level of IHH (P = 0.012) was down-
regulated while PTH1R (p = 0.019) was up-regulated in
C28/12 cells after overexpressing ERN1 (Fig. 5E, F). The
qPCR results showed that the expressions of ERNT
(P = 0.007) and PTH1IR (P = 0.025) were decreased
following the knockdown of ERN1 in human C28/12 cells and
mouse primary chondrocytes (P 0.006, P 0.037,
respectively) (Fig. S10A, B). In contrast, the levels of ERN1

and PTH1R were increased following ERN1 overexpression
using adenovirus infection in C28/12 cells (P = 0.008,
P 0.019, respectively) and explants (P = 0.013,
P = 0.013, respectively), while PTHrP was decreased in the
ERN1 overexpressing group (P = 0.048, P < 0.001, respec-
tively) (Fig. S10C, D). Similarly, both the IF and IHC results
showed that PTH1R expression was reduced and IHH
expression was increased in the growth plate of ERNT-
deficient mice (Fig. 5G—I). Western blot showed that the
increased protein level of MMP13 after ERN1 knockdown in
the overexpressed-PTH1R C28/12 cells (Fig. 5J—L).

To investigate whether ERNT is crucial in cartilage dif-
ferentiation in vivo, we constructed a mouse model using
intra-articular AAERN1 injection and found that the length
of PZ (P = 0.027) and PZ/TZ (P = 0.018) were increased,
HZ/TZ (P = 0.018) was decreased in the AdERN1 group
compared to those of the control group (Fig. S11). Results
of explant culture with AdERN1 also showed that COL10AT1
(P = 0.017) and MMP13 (P = 0.011) were decreased after
ERN1 overexpression (Fig. S12).

ERN1 regulates chondrocyte hypertrophy by
controlling the IHH and PTH1R feedback loop
through XBP1s

ERNT1 is a key regulator of ER stress. After treating the
primary cartilage chondrocytes of ERN1-deficient mice with
10 pg/mL tunicamycin (TM), a basic ER stress inducer,*' we
found that certain ER stress-associated molecules,
including XBP1s (P 0.002), nuclear factor-erythroid
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factor 2-related factor 2 (Nrf2) (P = 0.004), protein kinase
R (PKR)-like endoplasmic reticulum kinase (PERK)
(P < 0.001), and p-PERK (P = 0.002), were down-regulated,
suggesting that TM could not activate ER stress normally in
the chondrocytes of ERN1 deficient mice (Fig. 6A; Fig. S13).
Meanwhile, the mRNA level of ERNT (P < 0.001) was up-
regulated, while IHH (P = 0.029) was down-regulated in
C28/12 cells after treatment with TM. Inhibiting ERN1
reversed the effect of TM on ERN1 (P = 0.001) and IHH
(P = 0.009) (Fig. 6B). We treated ATDC5 cells with 1% in-
sulin-transferrin-selenium (ITS) to simulate the process of
chondrocyte differentiation and found that siERN7 and
4u8C could inhibit the expression of ERN1 (P = 0.001,
P = 0.002, respectively), PTHIR (P = 0.007, P = 0.007,
respectively), XBP1u (P < 0.001, P = 0.002, respectively),
XBP1s (P = 0.037, P = 0.048, respectively), and COL2A1
(P < 0.001, P < 0.001) (Fig. 6E). In addition, XBP1u can be
spliced to produce the transcription factor XBP1s after
activating the phosphorylation of IRE1a. during ER stress.
XBP1s can enter the nucleus to regulate the transcription
and expression of related genes. PCR also revealed that
ERN1 knockdown decreased the mRNA expression levels of
XBP1s (P = 0.043) (Fig. 6C, D). Furthermore, over-
expression of XBP1s up-regulates the transcription of pGL3-
IHH (P = 0.044) or pGL3-PTH1R (P = 0.045) (Fig. 6F, G, J,
K), immunoprecipitation (ChIP) confirmed that XBP1s could
bind to the promoter regions of IHH (—747 to —553)
(P = 0.048) and PTH1R (—1338 to —1137) (P = 0.032)
(Fig. 6H, L). The gPCR showed that PTH1R (P < 0.001) and
IHH (P = 0.002) were increased following XBPIs over-
expression using adenovirus infection in C3H10T1/2 cells
(Fig. 61, M).

PTH1R (P = 0.002) and IHH (P = 0.041) were inhibited at
the mRNA level in explants or primary chondrocytes by
418C, an inhibitor of IRE1a phosphorylation (Fig. 7A, B).
After intra-articular injection with 4u8C, the results
showed that the PZ length (P = 0.026) and PZ/TZ
(P = 0.019) in the growth plate of the 4u8C-treated group
decreased compared to those of the control group (Fig. 7C,
D). This is consistent with the IHC results that the expres-
sion of PTH1R (P = 0.027) was decreased, whereas that of
MMP13 (P = 0.039) was increased in the 4u8C-treated
group compared to those of the control group (Fig. 7E—H).
We then determined the effect of 4u8C combined with
abaloparatide, a basic PTH1R activator,*>>3 on cartilage.
We observed that the expression of PTH1R (P = 0.015) and
COL2A1 (P < 0.001) was increased, while that of MMP13
(P = 0.019) was inhibited by 4u8C combined with abalo-
paratide in cartilage explants compared with that of the
418C-treated group (Fig. 71), suggesting that abaloparatide
could rescue, at least partly, the expression of COL2A1 and
MMP13 in the 4u8C-treated cartilage tissues. Meanwhile,
the intra-articular injection with PTH1R adenovirus pro-
moted the proportion of proliferation zone (PZ/TZ,
P = 0.032) and reduced the proportion of hypertrophic
zone (HZ/TZ, P = 0.032) in growth plate in ERN1-deficient
mice (Fig. 7J, K; Fig. 514). We next detected the effect of
4u8C combined with vismodegib (GDC-0449), a typical
Hedgehog inhibitor,>**> on cartilage growth plates. The
mRNA level of IHH (P = 0.003) was inhibited by GDC-0449 in

primary chondrocytes (Fig. 7L). The results of intra-artic-
ular injection also showed that the TZ length (P = 0.049)
and HZ length (P = 0.048) were increased after the com-
bined treatment of 4u8C with GDC-0449 (Fig. 7M, N).

Discussion

Cartilage is the bone precursor for most parts of the skel-
eton and participates in the entire process of bone growth
and development from fetal life to maturity. The devel-
opment of abnormal cartilage leads to a variety of dis-
eases.>* % During the process of cartilage formation and
differentiation, IHH and PTHrP-PTH1R feedback loop play a
vital role as paracrine molecules secreted by chondrocytes
in different region. ERN1 is a key regulatory molecule in ER
stress.>® Herein, we found that ERN1 CKO mice presented
increased growth compared to WT mice. The longitudinal
growth of bone mainly depends on the proliferation of
chondrocytes in the growth plate, the transformation of
proliferative chondrocytes into hypertrophic chondrocytes,
and the regulation of the synthesis and degradation of
extracellular matrix by chondrocytes.*>*" Therefore, the
structure of the cartilage growth plate was examined. In
the cartilage growth plate of ERN1 CKO mice, the propor-
tion of chondrocytes in the HZ was larger than that in the
control group. Meanwhile, the expression of the hypertro-
phic cartilage marker genes COL10A1 and MMP13 was
higher than that of the control group (Fig. 1, 2). Using in
vitro experiments to explore the relationship between
ERN1 and chondrocyte proliferation and differentiation, we
observed that the expression of Cyclin B, Cyclin D, PCNA
and osteogenesis-related genes was up-regulated in siERNT-
treated C28/12 cells compared to that of control cells.
Overexpression of ERN1 down-regulated the levels of pro-
liferation and osteogenesis markers. It was also observed
that the inhibition of p-IRE1a by 4u8C up-regulated the
expression of proliferation-related genes (Fig. 3). These
results showed that the ability to proliferate chondrocytes
to synthesize the extracellular matrix was decreased,
although the proliferative ability of chondrocytes was
increased after ERN1 was defected. Moreover, the trans-
formation of proliferating chondrocytes into hypertrophic
chondrocytes was accelerated during the development
process, and the expression of COL10A1 and RUNX2 in hy-
pertrophic chondrocytes was promoted. Therefore, the
ability of proliferating cells to synthesize the extracellular
matrix was impaired, although ERN1 deficiency promoted
the proliferation of chondrocytes, and a large nhumber of
proliferating chondrocytes were transformed into hyper-
trophic chondrocytes, leading to excessive chondrocyte
hypertrophy. The final manifestation was that the propor-
tion of the proliferation area in the cartilage growth plate
of ERN1 CKO mice was decreased, while that of the hy-
pertrophic area was increased. The latest single-cell RNA-
seq analysis research reported that there are three novel
populations, named as effector chondrocytes, regulatory
chondrocytes and homeostatic chondrocytes in human
cartilage.’® The chondrocyte heterogeneity is closely
associated with their functions. Furthermore, in ERN17-
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depleted chondrocytes, we found that the function ho-
meostasis of effector chondrocytes and regulatory chon-
drocytes was disrupted. ECs and RegCs were enriched in
different metabolisms, signaling pathways, and modulated
cellular homeostasis and growth plate.

The IHH and PTHrP-PTH1R feedback loops synergistically
regulate chondrocyte proliferation, differentiation, and
endochondral bone growth. IHH and PTHrP, as paracrine

molecules secreted by chondrocytes in different regions,
exert their effects through binding to their respective re-
ceptors.’® " Some studies showed that lack of IHH in the
mouse could inhibit the proliferation of chondrocytes to
promote the abnormal maturation of chondrocytes. IHH-
deficient down-regulates the expression of hypertrophy-
related markers, and inhibits chondrocyte differentiation
and mineralization.*>*® In addition, some studies exhibited
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that PTH1R suppression leads to the abnormal development
of cartilage due to abnormal chondrocyte hypertrophy.** In
our study, the results showed that lack of ERNT promotes
chondrocytes differentiation and endochondral ossification
(Fig. 4). The expression of IHH was up-regulated, while that
of PTH1R was down-regulated in the primary chondrocytes
and cartilage tissues of ERN1-deficient mice. As an exocrine
protein, PTHrP is regulated by the IHH signaling pathway. It
has been confirmed that up-regulated IHH could promote
the expression of PTHrP."> We also observed that the
expression of PTHrP was also up-regulated in ERN1 CKO
mice. In summary, ERN71 knockdown could alter the
expression profile of PTH1R, IHH, and PTHrP, and then
disrupt the homeostasis of the PTHrP-IHH feedback loop
(Fig. 5). It is demonstrated that the loss of ERN1 leads to an
enhanced proportion of hypertrophic chondrocytes in the
cartilage growth plate of ERN1 CKO mice.

After the initial clarification of the relationship between
ERN1 and IHH, in which PTHrP-PTH1R represented a nega-
tive feedback loop, we explored the specific mechanism
underlying the regulation of IHH and PTHrP-PTH1R by ERNT.
It has been confirmed that ERNT can produce the tran-
scription factor XBP1s, which is bound to the promoter re-
gion (—1338 to —1137) of PTH1R and up-regulates its
expression. The production of XBP1s was reduced in the
absence of ERN1, which affected the expression of PTH1R
(Fig. 6). It has been reported that the IRE1a-XBP1s signal
axis regulates the expression of PTH1R in mouse embryonic
fibroblasts (MEFs) after loss of ERN1.* In addition, we
observed that ERN1 knockout reduced the expression of
PTH1R, mainly because ERN1 deficiency leads to loss of
XBP1s, which in turn results in defective up-regulation of
PTH1R by XBP1s. On the other side, ERN7 knockout

promoted the expression of IHH in chondrocytes, while that
XBP1s up-regulated the transcription of IHH. These results
suggested that besides the IRE1a-XBP1s signal axis, another
signaling pathway may participate in the dynamic regula-
tion of IHH in chondrocytes.

The intra-articular injection of 4u8C induced an increase
in the proportion of hypertrophic chondrocytes, while
reducing the proportion of proliferating chondrocytes in the
cartilage growth plate, and injection with PTH1R adeno-
virus can reverse the abnormal transition from the prolif-
eration to the hypertrophy in the growth plate in ERN1-
deficient mice (Fig. 7). It is suggested that the IRE1a.-XBP1s
signal axis participates in regulating the expression of
PTH1R, influencing the transformation of chondrocytes
from proliferative to hypertrophic. In addition, it has been
confirmed that the lack of IHH could inhibit the prolifera-
tion of chondrocytes to promote the abnormal maturation
of chondrocytes.*>*® The results of intra-articular injection
showed that the combination of 4u8C with the IHH inhibitor
GDC-0449 could further promote chondrocyte hypertrophy.
As the core pathway of ER stress, IRE1a-XBP1s participates
in the UPR when ER stress is activated.® In the ERNT null
chondrocytes, ER stress could not be activated normally,
and caused the abnormality of hypertrophy.

As summarized in the model of Figure 8, knocking out
ERN1 specifically in chondrocytes could accelerate the
transformation of proliferative into hypertrophic chon-
drocytes in the cartilage growth plate of mice. ERN1
negatively controls proliferation, hypertrophy, and chon-
drocyte differentiation in postnatal growth plates. ERN1
deficiency accelerates cartilage hypertrophy and minerali-
zation by impairing the homeostasis of the IHH-PTHrP
feedback loop.
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