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To study the role of Claudin (CLDN)12 in bone, we developed mice with a targeted
deletion of exon2 in the Cldn12 gene for skeletal phenotype analysis. Micro-CT analysis of
the secondary spongiosa of distal femurs of mice with targeted disruption of the Cldn12
gene and control littermates showed no significant genotype-specific differences in either
cortical or trabecular bone parameters for either gender in 13-week-old mice.
Immunohistochemistry revealed that while CLDN12 was expressed in both
differentiating chondrocytes and osteoblasts of the secondary spongiosa of 3-week-old
wild-type mice, its expression was restricted to differentiating chondrocytes in the articular
cartilage and growth plate in adult mice. Articular cartilage area at the knee were increased
by 47% in Cldn12 knockout (KO) mice compared to control littermates. Micro-CT
analyses found that while the trabecular number was increased by 9% and the
trabecular spacing was reduced by 9% in the femoral epiphysis of Cldn12 KO mice,
neither bone volume nor bone volume adjusted for tissue volume was different between
the two genotypes. The expression levels of Clusterin, Lubricin and Mmp13 were
increased by 56%, 46%, and 129%, respectively, in primary articular chondrocytes
derived from KO compared to control mice. Our data indicate that targeted deletion of
the Cldn12 gene in mice increases articular cartilage, in part, by promoting articular
chondrocyte phenotype.

Keywords: Claudin12, knockout, bone, chondrocyte, cartilage, chondrocyte differentiation
INTRODUCTION

The claudin (CLDN) family comprises 24 members of 20–34 kDa tetraspan transmembrane
proteins in tight junctions (1, 2). Sequence analyses and structural comparison of claudins has led to
classification of two groups, the canonical claudins (1–10, 14, 15, 17, 19) and the non- canonical
claudins (11–13, 16, 18, 20–24) (1). Since claudins polymerize to form tight junctions, their
canonical functions include regulation of paracellular transport of ions, small molecules, and water,
as well as maintenance of the distribution of lipids and proteins in the apical and basal regions of the
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plasma membrane (1, 3). However, there is increasing evidence
that some claudins have additional non-canonical functions in
which they participate in intracellular signaling by
phosphorylation of its specific amino acids in PDZ binding
motifs of the cytoplasmic domain by Rho kinase, which allow
them to interact with other proteins (4–6). While several
claudins are expressed in bone, nothing is known about their
function in regulation of bone homeostasis before recent studies
in our laboratory demonstrated that CLDN18 was a novel
regulator of bone resorption. Disruption of the Cldn18 gene in
mice reduced trabecular bone mass at multiple skeletal sites due
to increased osteoclast formation and bone resorption (7).
Evaluation of expression levels of claudins during osteoblast
differentiation revealed that osteoblasts express multiple
Claudins of which Cldn11 expression was the most regulated
during vitamin C-induced differentiation of osteoblasts, in vitro
(8). Mice with disruption of Cldn11 exhibited a low bone mass
phenotype. Trabecular bone mass of the femur of the Cldn11
knockout (KO) mice was reduced by 40% that was primarily
caused by reduced osteoblast differentiation and impaired bone
formation (9). Loss of Cldn3 in mice disrupted tight junctions
and impaired amelogenesis (10). Mice lacking cldn16 displayed
magnesium and calcium wasting whereas absence of Cldn10
(from Henle’s loop) resulted in hypermagnesemia and interstitial
nephrocalcinosis (11, 12). These studies suggest that CLDN
functions are tissue- and cell-type specific.

Our previous studies demonstrated that expression levels of
both classic and non-classic claudins are regulated during
RANKL-induced osteoclast differentiation. In these studies, we
found that while Cldn12 expression was upregulated during
osteoclast differentiation, there was a dramatic inhibition of
Cldn12 expression during osteoblast differentiation (8). Since
nothing was known regarding the role of CLDN12 in the
musculoskeletal tissues, we evaluated the role of CLDN12 by
generating mice with targeted disruption of the Cldn12 gene in
all cells and evaluated its skeletal and cartilage phenotypes by
established methods. Our findings demonstrated a novel role for
Cldn12 in regulating articular chondrocyte phenotype.
MATERIALS AND METHODS

Cldn12 KO Mice
The Cldn12tm1(KOMP)Vlcg mouse strain used for this research project
was created from ES cell clone 13208A-A6, generated by Regeneron
Pharmaceuticals, Inc., and made into live mice by the KOMP
Repository (www.komp.org) and the Mouse Biology Program
(www.mousebiology.org) at the University of California Davis
(Davis, CA, USA). Disruption of Cldn12 gene resulted in
replacement of the Cldn12 open reading frame with LacZ
expression cassette. Brain tissue derived from Clnd12 KO mice
expresses LacZ as reported (13). Homozygous Cldn12 KO male
mice were bred with heterozygous females to obtain homozygous
KO and littermate heterozygous controls for skeletal phenotype
evaluation. Mice were genotyped using PCR and euthanized at 13
weeks of age for skeletal phenotype evaluation. In our preliminary
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studies, we found that Cldn12 expression in bones were not
different between the wild-type and heterozygous mice. We,
therefore, chose to breed homozygous heterozygous male mice
with heterozygous female mice in order to generate more mice
efficiently for our experiments (50% heterozygous and 50%
knockout mice) and used heterozygous mice as controls. Animals
were housed at the Veterans Administration Loma Linda
Healthcare System (VALLHS) according to approved standards
with controlled temperature (22°C) and illumination (14-h light,
10-h dark), as well as unlimited food and water. Animal procedures
were performed by a protocol (MHO0007/00014) approved by the
Institutional Animal Care and Use Committee of the VALLHS.
Mice were anesthetized with anesthetics (isoflurane) prior to the
procedures. The animals were euthanized by exposure to carbon
dioxide followed by cervical dislocation.

Micro-CT Evaluation
Femurs and tibias isolated from 13-week-old- mice were scanned
by X-ray at 55 kVp volts to measure trabecular bone parameters
at a resolution of 10.5 µm/slice. Trabecular bone parameters were
measured at the epiphysis and the secondary spongiosa region of
the distal femur using micro-computed tomography (microCT,
Scanco vivaCT40, SCANCO Medical AG, Zurich, CH-8306,
Switzerland). The trabecular bone of the secondary spongiosa
region started at 0.36 mm from the distal growth plate in the
direction of the metaphysis and extended for 2.25 mm. Cortical
bones at mid-diaphysis of the femur were scanned at 70 kV
energy, and 114 µA intensity. Data were quantified from 200
slices (2.1 mm) of cortical bone. The exact numbers and location
of slices used for analyses were adjusted for length so that the
analyzed regions were anatomically comparable between
samples. Bone volume (BV, mm3), bone volume fraction (BV/
TV, %), trabecular number (Tb. N, mm-1), trabecular thickness
(Tb. Th, mm) and trabecular space (Tb. Sp, mm) were evaluated
as reported (14–16).

Histology and Immunohistochemistry
The articular cartilage phenotype of heterozygous and mutant male
and female mice were evaluated at the femoral and tibial aspects of
the knee joint. The knee joints were fixed in 10% formalin,
decalcified in 20% EDTA at 4 0C for 4 weeks, dehydrated, and
embedded in paraffin. The knee was first cut to middle of the bone
and then sectioned at a thickness of 4 µm and stained every 5th slide
with Safranin-O using standard protocols. Articular cartilage area
and width were quantitated (5 sections per knee joint) by a blinded
observer using the OsteoMeasure V3.1.0.2 computer software.
(OsteoMetrics, Decatur, GA) (17, 18). Epiphysis sections of the
distal femur were stained with trichrome for histomorphometry
analyses as reported (19). Trabecular bone parameters of the
secondary ossification center of the epiphysis and the secondary
spongiosa were measured in a blinded fashion with computer
software OsteoMeasure as described (17, 18).

Immunohistochemistry
Immunohistochemistry was performed using a rabbit
immunohistochemistry kit (Vector Laboratories, Burlingame,
CA). Briefly, femoral sections were de-paraffinized in histochoice
July 2022 | Volume 13 | Article 931318
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clearing agent, rehydrated in a graded series of ethanol and tap
water, and treated with 3% H2O2 for 30 minutes to inactivate
endogenous peroxidase activity. The sections were then rinsed with
PBS (pH 7.4) and heated for 20 minutes at 90 0C in sodium citrate
citric acid buffer (pH2.5) for epitope recovery. The sections were
pretreated with a blocking solution containing normal goat serum
for 20 minutes, and then incubated with anti-Claudin 12 rabbit
polyclonal antibody (Cat NO: SKU 18801, Immuno-Biological
Laboratories, Inc. Minneapolis, MN 55432) at a concentration of
25 mg/ml. Negative control sections were incubated with normal
rabbit IgG. After an overnight incubation at 4 0C, the sections were
rinsed with PBS, and incubated with biotinylated secondary
antibodies for 30 minutes at room temperature. The slides were
then washed in PBS, incubated with the VECTASTAIN ABC-AP
kit (Cat No AK-5000, Vector Laboratories) for 30 minutes, rinsed
again with PBS, and incubated with the Vector Blue substrate until
the desired blue color stain developed.

Primary Articular Chondrocyte Culture,
RNA Extraction and RT-Real Time PCR
Primary articular chondrocytes were isolated from the articular
cartilage of the distal femoral epiphyses and proximal tibial
epiphyses of 3-day old C57BL/6 mice (4 pairs of female and
male mice) and cultured as previously described (20, 21). Cells
were grown in DMEM/F12 medium containing 10% fetal bovine
serum (FBS), penicillin (100 U/mL), and streptomycin (100 mg/
mL) to approximately 75% confluence for RNA extraction. Total
RNA was extracted from chondrocytes with the Trizol reagent as
described previously (22, 23). An aliquot of RNA (300 ng) was
reverse-transcribed into cDNA in a 20 µl volume using an oligo
(dT)12-18 primer. The real time PCR reaction mix contained 0.5
µl of template cDNA, 1x SYBR GREEN master mix (Cat No
204143, Qiagen), and 100 nM of the specific forward and reverse
primers in a 25 ml reaction volume. Primers used for real-time
PCR are listed in Table 1. Relative gene expression was
determined by the DDCT method (24).

Statistical Analysis
Data are presented as mean ± SEM from 8 (4 male and 4 female
mice) replicates per group. Data were analyzed by a Student’s t-
test or two-way ANOVA analysis as appropriate.
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RESULTS

Mice With Disruption of the Cldn12 Gene
Exhibit No Changes in Body Weight, Body
Length and Femur Length
Immunohistochemistry revealed that while Cldn12 is expressed in
both differentiating chondrocytes and osteoblasts of the secondary
spongiosa of 3-week-old wild-type mice, its expression is restricted
to differentiating chondrocytes of the articular cartilage and
growth plate in 12-week-old C57BL/6 adult mice (Figure 1A).
Since Cldn12was highly expressed in the long bones, we examined
the body weight, body length and femur length of the Cldn12 KO
mice.We found that body weight, body and femur length were not
significantly different in either male or female Cldn12 KO mice at
30 days and 13 weeks of age compared to corresponding gender
matched control heterozygous littermates (Figures 1B–G). Since
in our preliminary analyses we did not find a significant difference
in trabecular bone volume between the two genotypes in either
gender and since we used similar number of male and femalemice,
we opted to use a mixed gender data in order to increase the power
for this communication for micro-CT and histology analyses.
MicroCT analysis of mouse femurs with targeted disruption of
the Cldn12 gene and control littermates showed no significant
genotype-specific differences in trabecular parameters of TV, BV,
BV/TV, trabecular number, thickness and spacing and vBMD of
the gender-mixed 13-week-old mice (Figures 2A, B). There were
also no changes in the cortical bone parameters of TV, BV, BV/TV
and vBMD in these mice (Figures 2C, D).
Targeted Deletion of Cldn12 in Mice
Increases Articular Cartilage and
Trabecular Bone of the Epiphysis but
Inhibits Chondrocyte Differentiation
Since Cldn12 was highly expressed in articular chondrocytes,
besides osteoblasts, we next evaluated the articular cartilage and
epiphysis phenotype of 13-week-old Cldn12 KO and control mice.
Articular cartilage area at the knee was increased by 47% in gender
mixed Cldn12 KO mice compared to gender matched controls
(Figures 3A, B). There was an observed tendency to increased
articular cartilage thickness but no increase in the cldn12 KOmice
TABLE 1 | Primer sequences used for real time PCR and genotyping.

Gene Forward primer Reverse primer

Ppia 5’-CCATGGCAAATGCTGGACCA 5’-TCCTGGACCCAAAACGCTCC
Cldn12 5’- ACTGCTCTCCTGCTGTTCGT 5’-TGTCGATTTCAATGGCAGAG
Cldn11 5;-CTGCCGAAAAATGGACGAACTG 5’-TGCACGTAGCCTGGAAGGATG
Cldn 18 5’-GCTGTACGAGCCCTGATGAT 5’-GAGATGATGAACAAGATCCC
Col2 5’- TGGCTTCCACTTCAGCTATG 5’- AGGTAGGCGATGCTGTTCTT
Col10 5’- ACGGCACGCCTACGATGT 5’- CCATGATTGCACTCCCTGAA
Acan 5’- GACCAGGAAGGGAGGAGTAG 5’- CAGCCGAGAAATGACACC
Sox9 5’- CGGAGGAAGTCGGTGAAGA 5’- GTCGGTTTTGGGAGTGGTG
MMP13 5’-CATCCATCCCGTGACCTTAT 5’-TCATAACCATTCAGAGCCCA
Clusterin 5’-AGAAGGTGAAGATGACCGCA 5’-CTTGTACTGCTCTGTCAGCC
Lubricin 5’-TGGATGGACTGACTACGCTG 5’-CGGTAATTCTGCGTGGTGGA
Cldn12 WT allele 5’-CGGCTCAAACTTCCTGTTGAGAT 5’AACATCAAACTGGCCAAGTGTCT
Clden12 Mt allele 5’-GCAGCCTCTGTTCCACATACACT 5’ACAGACAAACTCCTAGCCTCATC
July
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(Figure 3C). Micro-CT analyses indicated that the trabecular
number of the femoral epiphysis was increased by 9% while the
trabecular spacing was reduced by 9% in the cldn12 KO mice
compared to the littermate controls (Figures 3D, E). There were
no significant differences in the TV, BV, BV/TV and trabecular
thickness between the cldn12 KO and control mice. To determine
if Cldn12 regulates chondrocyte differentiation, we measured
marker gene expression for osteoblast and chondrocyte
differentiation in primary articular chondrocytes. As expected,
Frontiers in Endocrinology | www.frontiersin.org 4
expression of Cldn12 in the articular chondrocytes derived from
the Cldn12 KO mice was not detectable (Figure 4A). The
expression level of neither Cldn11 nor Cldn 18 was significantly
altered in the articular chondrocytes ofCldn12KOmice compared
to control mice (Figures 4B, C). The expression levels of Clusterin
and Lubricin, markers of articular chondrocytes, were increased by
56% and 46%, respectively in primary cultures of articular
chondrocytes derived from KO mice compared to control mice
(Figures 4D, E). Of the established markers of chondrocyte
A

B C D

E F G

FIGURE 1 | Mice with disruption of Cldn12 exhibit no changes in body weight, body length and femur length at ages of 30 days and 13 weeks. (A) Expression of
CLDN12 in chondrocytes and osteoblasts in the tibia of 3- and 12-weeks old mice, detected by immunohistochemistry. Arrows indicate blue staining in CLDN12
positive cells. (B-D) Body weight, body length, and femur length of the Cldn12 knockout (KO) and the control heterozygous littermates at 30 days of age,
respectively. (E-G) Body weight, body length, and femur length of the Cldn12 knockout (KO) and the control littermates at 13 weeks of age, respectively.
July 2022 | Volume 13 | Article 931318
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differentiation, expression levels of Sox9, Aggrecan, Col2a1
and Col10a1 were not altered between the two genotypes
(Figures 4F–I). However, the expression level of Mmp13 was
elevated by 129% in the articular chondrocytes derived from
Cldn12 KO mice compared to control mice (Figure 4J).
DISCUSSION

CLDN12, a member of the claudin family, was thought to function
as an integral membrane protein and component of tight junction
complexes to serve as a physical barrier to prevent solutes and water
from passing freely through the paracellular space between epithelial
or endothelial cell sheets (25). The tight junction complexes may also
play critical roles in maintaining cell polarity and signal
transductions. Unlike CLDN18, however, CLDN12 is an atypical
member of the claudin family because it does not have a PDZ
binding motif that can bind to the intracellular scaffolding proteins
ZO-1, ZO-2 and ZO-3 and mediate an interaction with the
cytoskeleton (26). Although an ex vivo study found that calcium
Frontiers in Endocrinology | www.frontiersin.org 5
permeability was reduced in the renal proximal tubules derived from
Cldn12 KO mice, the urinary calcium excretion was not altered in
the KO mice including those on different calcium containing diets
(27). The role of CLDN12 in regulating bone mineralization in bone
and cartilage tissues has not been characterized yet. In this study, we
report that CLDN12 was expressed in both differentiating
chondrocytes and osteoblasts of the secondary spongiosa of 3-
week-old wild-type mice. Its expression was found to be more
restricted to differentiating chondrocytes of the articular cartilage
and growth plate than to osteoblasts in the trabecular bone of adult
mice. It is known that SOX9 maintains growth plate and articular
cartilage healthy by preventing chondrocyte dedifferentiation
followed by redifferentiation into osteoblasts (28). Estrogen has
been implicated in the acceleration of the programmed senescence
of the growth plate which may in part be mediated via inhibiting
Sox9 expression (29, 30). Thus, the issue of whether the difference in
CLDN12 expression is caused by changes in expression levels of
Sox9 seen in prepubertal and adult mice remains to be established. In
this regard, there are published data to indicate that Sox9 regulates
claudin expression in other cell types (31).
A B

C D

FIGURE 2 | Micro-CT analyses reveals no changes in trabecular and cortical parameters of the femur of the Cldn12 cKO mice at 13 weeks of age. (A) Micro-CT
images of the trabecular bone of the distal femur of the KO and control heterozygous mice. (B) Quantitative micro-CT data of the trabecular bone of the distal femur.
(C) Micro-CT images of the cortical bone of the KO and control heterozygous mouse femurs. (D) Quantitative micro-CT data of the cortical bone of the femur. TV,
tissue volume; BV, bone volume; Tb. N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular spacing; vBMD, volumetric bone mineral density. Values
are Mean ± SEM (n=8, 4 males and 4 females).
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Consistent with the lack of detectable Cldn12 expression in bone
cells of adult mice, we found that none of the trabecular or cortical
bone parameters measured showed significant change between the
two genotypes at the secondary spongiosa of distal femur. While the
Frontiers in Endocrinology | www.frontiersin.org 6
trabecular number was increased by 9% and trabecular separation
was decreased by 9% at the epiphysis of Cldn12 KOmice, there was
no corresponding change in either trabecular bone volume or
trabecular bone volume adjusted for tissue volume at this site
A B

C

D E

FIGURE 3 | Mice with disruption of Cldn12 exhibit increased articular cartilage area of the distal femur. (A) Longitudinal section images of the knees of the Cldn12
KO and control heterozygous mice, stained with safranin orange. The distal femoral epiphyses of the Cldn12 KO and control heterozygous mice were stained with
trichrome blue and counter-stained with safranin orange. (B, C) Quantitative histomorphometry data of the articular cartilage area and thickness of the knee,
respectively. (D) Micro-CT images of the cress sections of the distal femoral epiphyses. (E) Quantitative micro-CT data of the trabecular bone parameters of the
distal femoral epiphyses, respectively. TV, tissue volume; BV, bone volume; Tb. N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular spacing. Values
are Mean ± SEM (n=8). A star (*) indicates P<0.05, as compared to the control littermates.
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between the two genotypes. The body weight, body length and
femur length of the KO mice were comparable to the gender-
matched littermate control in 30-day and 13-week-old mice in both
genders. However, we observed an increase in articular cartilage
area and a slight increase in articular cartilage width at the knee in
Cldn12 KO mice compared to littermate controls. In vitro studies
found that the lack of CLDN12 in articular chondrocytes caused an
increased expression of articular chondrocyte markers, Clusterin
and Lubricin, thus suggesting CLDN12 inhibits articular
chondrocyte proliferation/maintenance. Surprisingly, expression
levels of Mmp13, known to be involved in articular cartilage
degradation, was increased in the Cldn12 KO mice compared to
control heterozygous mice. Our data indicate that targeted deletion
of the Cldn12 gene in mice increases articular cartilage, in part, by
promoting the articular chondrocyte phenotype.

By contrast to the lack of skeletal phenotype in Cldn12 KO
mice, trabecular bone mass was significantly decreased in mice
with disruption of Cldn11 or Cldn18 genes in mice. The lack of a
skeletal bone phenotype in Cldn12 KO mice compared to Cldn11
and Cldn18 KO mice could be explained by a possible
compensation by other members of CLDN family proteins. We
showed that expression levels of neither claudin-11 nor claudin-18
Frontiers in Endocrinology | www.frontiersin.org 7
were significantly altered in the articular chondrocytes of Cldn 12
KO mice compared to control mice. It has been reported that
Cldn2 and Cldn12 double KO mice displayed reduced intestinal
calcium absorption and reduced colonic calcium permeability
(32). The double KO mice exhibited significantly greater urinary
calcium wasting than Cldn2 null mice, hypocalcemia and reduced
BMD which was not observed in single-KO mice (32). It is also
known that the reduced expression of Cldn14 in the cortical thick
ascending limb, where it serves as a negative regulator of calcium
permeability could rescue the functional loss ofCldn12 in the renal
proximal tubule in Cldn12 KO mice (27). The mechanisms by
which Cldn12 regulates downstream signal transduction in
differentiating chondrocytes is also unknown. The increased
trabecular bone formation in the epiphysis of the Cldn12 KO
mice is unlikely the result of altered intestinal absorption or renal
reabsorption because lack of CLDN 12 alone did not affect urinary
or fecal excretion of calcium (27). In other cell types, several
TSPAN family members have been shown to interact with CLDN
proteins to promote Notch signaling (33). Future studies are
needed to determine if there is an interaction of CLDN12 with
TSPAN proteins in bone and how this interaction would promote
cellular signaling in differentiating articular chondrocytes.
A B C D E

F G H I J

FIGURE 4 | Disruption of Cldn12 inhibits chondrocyte differentiation. Primary articular chondrocytes were isolated from 3 days of the epiphyses of the femur and
tibia of newborns. Cells were cultured up to 70% confluency, followed by RNA extraction. Total RNA was reversely transcribed into cDNA for quantitative real-time
PCR. (A–E) Expression levels of Cldn12, Cldn 11, Cldn 18, Clusterin, and Lubricin, respectively. (F–J) Expression levels of Sox9, Aggrecan, and Collagen 2a1 (Col2),
Collagen 10a1 (Col10), and Mmp13, respectively. Values are Mean ± SEM (n=4). Star indicates P<0.05, as compared to the control cells derived from heterozygous
control mice. A star (*) indicates P<0.05, as compared to the control littermates.
July 2022 | Volume 13 | Article 931318

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Xing et al. CLDN12 Regulates Articular Cartilage Phenotype
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional
Animal Care and Use Committee of the Jerry L. Pettis Memorial
Veterans Affairs Medical Center.
AUTHOR CONTRIBUTIONS

Conceptualization, SM. Methodology, YC. Data curation, SP,
YC, and WX. Writing-original draft preparation, WX and SM.
Frontiers in Endocrinology | www.frontiersin.org 8
Writing, review and editing, WX and SM. Supervision, SM.
Funding acquisition, SM. All authors have read and agreed to
the published version of the manuscript.
FUNDING

This work was supported by National Institutes of Health grant
R01 AR070806 (to SM). The Department of Veterans Affairs in
Loma Linda, California provided facilities to carry out this work.
SM is a recipient of Senior Research Career Scientist Award from
the Veterans Administration.
ACKNOWLEDGMENTS

We thank Catrina Alarcon andNancy Lowen for technical assistance.
REFERENCES
1. Krause G, Winkler L, Mueller SL, Haseloff RF, Piontek J, Blasig IE. Structure

and Function of Claudins. Biochim Biophys Acta (2008) 1778(3):631–45. doi:
10.1016/j.bbamem.2007.10.018

2. Lal-Nag M, Morin PJ. The Claudins. Genome Biol (2009) 10(8):235. doi:
10.1186/gb-2009-10-8-235

3. Angelow S, Ahlstrom R, Yu AS. Biology of Claudins. Am J Physiol Renal
Physiol (2008) 295(4):F867–876. doi: 10.1152/ajprenal.90264.2008

4. Yamamoto M, Ramirez SH, Sato S, Kiyota T, Cerny RL, Kaibuchi K, et al.
Phosphorylation of Claudin-5 and Occludin by Rho Kinase in Brain
Endothelial Cells. Am J Pathol (2008) 172(2):521–33. doi: 10.2353/
ajpath.2008.070076

5. Alshbool FZ, Mohan S. Emerging Multifunctional Roles of Claudin Tight
Junction Proteins in Bone. Endocrinology (2014) 155(7):2363–76. doi:
10.1210/en.2014-1173

6. Hagen SJ. Non-Canonical Functions of Claudin Proteins: Beyond the
Regulation of Cell-Cell Adhesions. Tissue Barriers (2017) 5(2):e1327839.
doi: 10.1080/21688370.2017.1327839

7. Linares GR, Brommage R, Powell DR, Xing W, Chen ST, Alshbool FZ, et al.
Claudin 18 Is a Novel Negative Regulator of Bone Resorption and Osteoclast
Differentiation. J Bone Miner Res (2012) 27(7):1553–65. doi: 10.1002/
jbmr.1600

8. Alshbool FZ, Mohan S. Differential Expression of Claudin Family Members
During Osteoblast and Osteoclast Differentiation: Cldn-1 Is a Novel Positive
Regulator of Osteoblastogenesis. PLoS One (2014) 9(12):e114357. doi:
10.1371/journal.pone.0114357

9. Lindsey RC, Xing W, Pourteymoor S, Godwin C, Gow A, Mohan S. Novel
Role for Claudin-11 in the Regulation of Osteoblasts via Modulation of
ADAM10-Mediated Notch Signaling. J Bone Miner Res (2019) 34(10):1910–
22. doi: 10.1002/jbmr.3763

10. Bardet C, Ribes S, Wu Y, Diallo MT, Salmon B, Breiderhoff T, et al. Claudin
Loss-Of-Function Disrupts Tight Junctions and Impairs Amelogenesis. Front
Physiol (2017) 8:326. doi: 10.3389/fphys.2017.00326

11. Breiderhoff T, Himmerkus N, Drewell H, Plain A, Gunzel D, Mutig K, et al.
Deletion of Claudin-10 Rescues Claudin-16-Deficient Mice From
Hypomagnesemia and Hypercalciuria. Kidney Int (2018) 93(3):580–8. doi:
10.1016/j.kint.2017.08.029

12. Will C, Breiderhoff T, Thumfart J, Stuiver M, Kopplin K, Sommer K, et al.
Targeted Deletion of Murine Cldn16 Identifies Extra- and Intrarenal
Compensatory Mechanisms of Ca2+ and Mg2+ Wasting. Am J Physiol
Renal Physiol (2010) 298(5):F1152–1161. doi: 10.1152/ajprenal.00499.2009

13. Castro Dias M, Coisne C, Baden P, Enzmann G, Garrett L, Becker L, et al.
Claudin-12 is Not Required for Blood–Brain Barrier Tight Junction Function.
Fluids Barriers CNS (2019) 16(1):30. doi: 10.1186/s12987-019-0150-9
14. Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE, Jepsen KJ, Muller R.
Guidelines for Assessment of Bone Microstructure in Rodents Using Micro-
Computed Tomography. J Bone Miner Res (2010) 25(7):1468–86. doi:
10.1002/jbmr.141

15. Xing W, Pourteymoor S, Mohan S. Ascorbic Acid Regulates Osterix
Expression in Osteoblasts by Activation of Prolyl Hydroxylase and
Ubiquitination-Mediated Proteosomal Degradation Pathway. Physiol
Genomics (2011) 43(12):749–57. doi: 10.1152/physiolgenomics.00229.2010

16. Xing W, Kim J, Wergedal J, Chen ST, Mohan S. Ephrin B1 Regulates Bone
Marrow Stromal Cell Differentiation and Bone Formation by Influencing TAZ
Transactivation via Complex Formation With NHERF1. Mol Cell Biol (2010)
30(3):711–21. doi: 10.1128/MCB.00610-09

17. Beamer WG, Donahue LR, Rosen CJ, Baylink DJ. Genetic Variability in Adult
Bone Density Among Inbred Strains of Mice. Bone (1996) 18(5):397–403. doi:
10.1016/8756-3282(96)00047-6

18. Qin X, Wergedal JE, Rehage M, Tran K, Newton J, Lam P, et al. Pregnancy-
Associated Plasma Protein-A Increases Osteoblast Proliferation In Vitro and
Bone Formation In Vivo. Endocrinology (2006) 147(12):5653–61. doi:
10.1210/en.2006-1055

19. Dempster DW, Compston JE, Drezner MK, Glorieux FH, Kanis JA, Malluche
H, et al. Standardized Nomenclature, Symbols, and Units for Bone
Histomorphometry: A 2012 Update of the Report of the ASBMR
Histomorphometry Nomenclature Committee. J Bone Miner Res (2013) 28
(1):2–17. doi: 10.1002/jbmr.1805

20. Lindsey RC, Cheng S,Mohan S. Vitamin C Effects on 5-Hydroxymethylcytosine and
Gene Expression in Osteoblasts and Chondrocytes: Potential Involvement of PHD2.
PloS One (2019) 14(8):e0220653. doi: 10.1371/journal.pone.0220653

21. Cheng S, Pourteymoor S, Alarcon C, Mohan S. Conditional Deletion of the
Phd2 Gene in Articular Chondrocytes Accelerates Differentiation and
Reduces Articular Cartilage Thickness. Sci Rep (2017) 7:45408. doi: 10.1038/
srep45408

22. Xing W, Singgih A, Kapoor A, Alarcon CM, Baylink DJ, Mohan S. Nuclear
Factor-E2-Related Factor-1 Mediates Ascorbic Acid Induction of Osterix
Expression via Interaction With Antioxidant-Responsive Element in Bone
Cells. J Biol Chem (2007) 282(30):22052–61. doi: 10.1074/jbc.M702614200

23. Xing W, Baylink D, Kesavan C, Hu Y, Kapoor S, Chadwick RB, et al. Global
Gene Expression Analysis in the Bones Reveals Involvement of Several Novel
Genes and Pathways in Mediating an Anabolic Response of Mechanical
Loading in Mice. J Cell Biochem (2005) 96(5):1049–60. doi: 10.1002/jcb.20606

24. Livak KJ, Schmittgen TD. Analysis of Relative Gene Expression Data Using
Real-Time Quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods
(2001) 25(4):402–8. doi: 10.1006/meth.2001.1262

25. Nitta T, Hata M, Gotoh S, Seo Y, Sasaki H, Hashimoto N, et al. Size-Selective
Loosening of the Blood-Brain Barrier in Claudin-5-Deficient Mice. J Cell Biol
(2003) 161(3):653–60. doi: 10.1083/jcb.200302070
July 2022 | Volume 13 | Article 931318

https://doi.org/10.1016/j.bbamem.2007.10.018
https://doi.org/10.1186/gb-2009-10-8-235
https://doi.org/10.1152/ajprenal.90264.2008
https://doi.org/10.2353/ajpath.2008.070076
https://doi.org/10.2353/ajpath.2008.070076
https://doi.org/10.1210/en.2014-1173
https://doi.org/10.1080/21688370.2017.1327839
https://doi.org/10.1002/jbmr.1600
https://doi.org/10.1002/jbmr.1600
https://doi.org/10.1371/journal.pone.0114357
https://doi.org/10.1002/jbmr.3763
https://doi.org/10.3389/fphys.2017.00326
https://doi.org/10.1016/j.kint.2017.08.029
https://doi.org/10.1152/ajprenal.00499.2009
https://doi.org/10.1186/s12987-019-0150-9
https://doi.org/10.1002/jbmr.141
https://doi.org/10.1152/physiolgenomics.00229.2010
https://doi.org/10.1128/MCB.00610-09
https://doi.org/10.1016/8756-3282(96)00047-6
https://doi.org/10.1210/en.2006-1055
https://doi.org/10.1002/jbmr.1805
https://doi.org/10.1371/journal.pone.0220653
https://doi.org/10.1038/srep45408
https://doi.org/10.1038/srep45408
https://doi.org/10.1074/jbc.M702614200
https://doi.org/10.1002/jcb.20606
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1083/jcb.200302070
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Xing et al. CLDN12 Regulates Articular Cartilage Phenotype
26. Itoh M, Furuse M, Morita K, Kubota K, Saitou M, Tsukita S. Direct Binding of
Three Tight Junction-Associated MAGUKs, ZO-1, ZO-2, and ZO-3, With the
COOH Termini of Claudins. J Cell Biol (1999) 147(6):1351–63. doi: 10.1083/
jcb.147.6.1351

27. Plain A, Pan W, O'Neill D, Ure M, Beggs MR, Farhan M, et al. Claudin-12
Knockout Mice Demonstrate Reduced Proximal Tubule Calcium
Permeability. Int J Mol Sci (2020) 21(6). doi: 10.3390/ijms21062074

28. Haseeb A, Kc R, Angelozzi M, de Charleroy C, Rux D, Tower RJ, et al. SOX9
Keeps Growth Plates and Articular Cartilage Healthy by Inhibiting
Chondrocyte Dedifferentiation/Osteoblastic Redifferentiation. Proc Natl
Acad Sci USA (2021) 118(8). doi: 10.1073/pnas.2019152118

29. Nilsson O, Weise M, Landman EB, Meyers JL, Barnes KM, Baron J. Evidence
That Estrogen Hastens Epiphyseal Fusion and Cessation of Longitudinal Bone
Growth by Irreversibly Depleting the Number of Resting Zone Progenitor
Cells in Female Rabbits. Endocrinology (2014) 155(8):2892–9. doi: 10.1210/
en.2013-2175

30. Stewart MK, Mattiske DM, Pask AJ. Estrogen Suppresses SOX9 and Activates
Markers of Female Development in a Human Testis-Derived Cell Line. BMC
Mol Cell Biol (2020) 21(1):66. doi: 10.1186/s12860-020-00307-9

31. Qi J, Yang Y, Hao P, Xu J. Transcription Factor SOX9 Promotes
Osteosarcoma Cell Growth by Repressing Claudin-8 Expression. Tohoku J
Exp Med (2017) 241(1):55–63. doi: 10.1620/tjem.241.55

32. Beggs MR, Young K, Pan W, O'Neill DD, Saurette M, Plain A, et al. Claudin-2
and Claudin-12 Form Independent, Complementary Pores Required to
Frontiers in Endocrinology | www.frontiersin.org 9
Maintain Calcium Homeostasis. Proc Natl Acad Sci USA (2021) 118(48).
doi: 10.1073/pnas.2111247118

33. Seipold L, Damme M, Prox J, Rabe B, Kasparek P, Sedlacek R, et al. Et Al:
Tetraspanin 3: A Central Endocytic Membrane Component Regulating the
Expression of ADAM10, Presenilin and the Amyloid Precursor Protein. Biochim
Biophys ActaMol Cell Res (2017) 1864(1):217–30. doi: 10.1016/j.bbamcr.2016.11.003
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xing, Pourteymoor, Chen and Mohan. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
July 2022 | Volume 13 | Article 931318

https://doi.org/10.1083/jcb.147.6.1351
https://doi.org/10.1083/jcb.147.6.1351
https://doi.org/10.3390/ijms21062074
https://doi.org/10.1073/pnas.2019152118
https://doi.org/10.1210/en.2013-2175
https://doi.org/10.1210/en.2013-2175
https://doi.org/10.1186/s12860-020-00307-9
https://doi.org/10.1620/tjem.241.55
https://doi.org/10.1073/pnas.2111247118
https://doi.org/10.1016/j.bbamcr.2016.11.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Targeted Deletion of the Claudin12 Gene in Mice Increases Articular Cartilage and Inhibits Chondrocyte Differentiation
	Introduction
	Materials and Methods
	Cldn12 KO Mice
	Micro-CT Evaluation
	Histology and Immunohistochemistry
	Immunohistochemistry
	Primary Articular Chondrocyte Culture, RNA Extraction and RT-Real Time PCR
	Statistical Analysis

	Results
	Mice With Disruption of the Cldn12 Gene Exhibit No Changes in Body Weight, Body Length and Femur Length
	Targeted Deletion of Cldn12 in Mice Increases Articular Cartilage and Trabecular Bone of the Epiphysis but Inhibits Chondrocyte Differentiation

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


