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Abstract

The claudin (Cldn) family comprises 27 members of 20-34 kDa transmembrane tight junction
proteins. In addition to their established canonical role as barriers controlling paracellular flow of
molecules, a distinct non-canonical role for Cldns as mediators of cell signaling is now emerging.
In our studies evaluating Cldn family expression levels during osteoblast differentiation, Clan-11
showed the largest increase (60-fold). Immunohistochemistry studies revealed high Cldn-11
expression in trabecular (Tb) bone lining cells. MicroCT analysis of femurs, tibiae, and vertebrae
of Cldn-11 knockout (KO) mice at 12 weeks of age exhibited a 40% (P < 0.01) reduction in Th
bone volume adjusted for tissue volume compared to control mice, a change caused by significant
reductions in Th number and thickness and increase in Th separation. Histomorphometry and
serum biomarker studies revealed that reduced bone formation, not increased resorption, is the
cause for reduced Th bone volume in the Cldn-11 KO mice. Cldn-11 KO osteoblasts expressed
reduced ALPand BSPwhile Cldn-11 overexpression in MC3T3-E1 cells increased expression of
ALPand BSP. Mechanistically, Cldn-11 interacted with tetraspanin (Tspan)3 in osteoblasts, and
Tspan3 knockdown reduced osteoblast differentiation. Since members of the Tspan family
regulate cell functions via Notch signaling, we evaluated whether Cldn-11/Tspan3 regulates Notch
signaling in osteoblasts. Accordingly, Notch targets HeyZ and Hey2were significantly upregulated
in Cldn-11 overexpressing cultures but downregulated in both Cldn-11 KO and 7span3
knockdown osteoblasts. Since ADAM10 has been shown to interact with Tspan family members
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to regulate Notch signaling, we evaluated whether Cldn-11 regulates ADAMZ10 expression.
Cldn-11 overexpressing cells express more mature ADAM10, and an ADAMZ10 inhibitor blocked
the Cldn-11 effect on osteoblast differentiation. Based on these data, we propose Cldn-11 as a
novel component of a osteoblast cell surface protein complex, comprising Tspan3 and ADAM10,
which regulates Notch signaling and cell differentiation.
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Introduction

Osteoporosis is the most common significant age-related public health problem affecting
over 10 million people in the U.S. alone. The pathogenesis of postmenopausal and senile
osteoporosis involves an increase in bone resorption that is not compensated by a
corresponding increase in bone resorption, resulting in net bone loss.(!) Therefore, a more
complete understanding of molecular pathways that regulate the formation and activity of
osteoblasts is important in identifying defective pathways in osteoporotic individuals and in
developing optimal strategies for the treatment of osteoporosis. In our effort to identify novel
regulatory molecules that control osteoblast development, we focused on claudins (Cldns),
the principle proteins responsible for the formation of tight junction strands.(@3) The Cldn
family of proteins comprises 27 members with molecular weights ranging from 20-34 kDa.
Cldns are divided into two major groups based on their sequence and functional properties:
“classic” and “non-classic” claudins.() Moreover, Cldns exhibit complex patterns of
expression that are specific to tissue/cell type and developmental stage.(>6) As for their
function, Cldns act canonically as barriers/pores that regulate paracellular permeability to
ions and small molecules, serving as a fence that divides the apical and basolateral domains
of plasma membranes.(24) Recently, a distinct non-canonical role for Cldns has emerged in
which they serve as mediators of cell signaling, controlling cell proliferation and
differentiation.(6.7)

Functional roles for several Cldn family members have been identified by loss-of-function
studies in mice. Deletion of Cldn-11 hampers CNS saltatory nerve conduction, induces
behavioral phenotypes and neurotransmitter imbalances, and causes male sterility.(8-11)
Ablation of Cldn-14, Cldn-1, and Cldn-5 affect cochlear hair cell function, the skin, and
blood-brain barriers, respectively.(12-14) A severe renal phenotype is observed in mice
lacking Cldn-7, Cldn-16, or Cldn-19, while mice deficient in Cldn-15 exhibit megaintestine.
(15-18) yUntil recently, the role of Cldns in bone had not been investigated. Our recent studies
showed for the first time that osteoclasts express Cldn-18 and that its deletion in mice results
in an osteopenia phenotype. Interestingly, loss of Cldn-18 function in the skeleton was found
to be independent of tight junction function and was instead mediated by increased bone
resorption and osteoclast differentiation.(1%-21) |n addition to our previously published
studies providing the foundation for the non-canonical function of Cldn-18 involving
modulation of RANKL signaling in regulating bone homeostasis(19-21) and Cldn-1 as a
positive regulator of osteoblastogenesis,(?2) a recent study has indicated a possible role for
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Cldn-11 in osteoblast and osteoclast function mediated via bidirectional EphB4-EphrinB2
signaling.(3)

In this study, we focused on elucidating the role and mechanism of action of Cldn-11 in
osteoblasts as we had previously reported that this Cldn was found to be highly regulated
during differentiation of osteoblasts.(22) In addition to osteoblasts, Cldn-11 is also expressed
at high levels in articular chondrocytes. Therefore, we evaluated the consequence of targeted
disruption of the C/dn-11 gene on the bone and cartilage phenotypes in mice. Our findings
demonstrate that Cldn-11 is an important regulator of osteoblast and chondrocyte functions
that acts non-canonically by interacting with tetraspanin-3 to modulate ADAM10-mediated
Notch signaling.

Materials and Methods

Mice

Cell culture

C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). Mice
deficient in Cldn-11 (Clan-117/-) were generated by replacing the coding region of exon 1
and 0.3 kb of the 5" end of intron 1 with the lacZ coding sequence and a floxed PGKneo
cassette by homologous recombination in 129SvEvBrd-derived embryonic stem (ES) cells
as described.(® Histochemical staining of B-galactosidase activity in embryos using X-gal
was performed as previously reported.(® Embryos were rendered transparent by 20 minute
incubations in ethanol and a 1:1 mixture of benzyl benzoate:benzyl alcohol at room
temperature.(®) Genotyping of mice was accomplished using WT- and mutant-specific
primers (Supplemental Table 1) for PCR. Littermate controls were used for all experiments.
Mice were group housed at the Veterinary Medical Unit of the VA Loma Linda Healthcare
System (Loma Linda, CA) under standard approved, pathogen-free laboratory conditions
and fed ad /ibitum with Teklad 4% Fat Mouse/Rat Diet (7001, Harlan Laboratories,
Madison, WI, USA). Animal use protocols were approved by the Institutional Animal Care
and Use Committee of the participating institutions.

Primary calvarial osteoblasts and bone marrow macrophages were obtained from newborn
C57BL/6J mice or Cldn-11 KO mice and their littermate controls as previously described.
(24.25) Briefly, calvariae were isolated via enzymatic digestion with collagenase 1 (2 mg/mL)
and hyaluronidase (1 mg/mL), and bone marrow macrophages were isolated by flushing the
marrow of femurs and tibiae and discarding cells which initially adhere to culture plates.
Cells were maintained in ascorbic acid (AA)-free alpha-MEM growth medium
supplemented with 10% fetal bovine serum, penicillin (100 units/mL), and streptomycin
(100 pg/mL). Osteoblast differentiation was induced by treatment with 50 pg/mL AA in the
presence of 10 mM B-glycerophosphate (unless other treatment concentrations are
specified). Osteoclast differentiation was induced by incubating non-adherent bone marrow
macrophages with MCSF (25 ng/mL) and RANKL (50 ng/mL; both obtained from R&D
Systems, Minneapolis, MN, USA) for six days.
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Micro-computed tomography

The trabecular bone phenotype of 12-week-old C/an-117"~ mice and their control littermates
of both genders was evaluated at the distal femur and fifth lumbar vertebra via micro-
computed tomography (microCT, Scanco vivaCT 40, Scanco Medical, Bruttisellen,
Switzerland). For femur, the trabecular region of interest started 0.36 mm from the distal
growth plate in the direction of the metaphysis and extended for 2.25 mm. For vertebra L5,
the entire trabecular bone within the vertebral body was analyzed. The bones were scanned
at a resolution of 10.5 um with a 55 kVp X-ray for measurement of trabecular bone
microstructure. Cortical bone was scanned at 10.5 um resolution, 70 kV energy, and 114 pA
intensity. All images were reconstructed and analyzed by Scanco software as described
previously.(26) Parameters included trabecular bone volume fraction (BV/TV), trabecular
number (Th.N, mm™1), trabecular thickness (Th.Th, mm), trabecular separation (Tb.Sp,
mm), and connectivity density (Conn.D, mm~3). Nomenclature of all microCT data follows
guidelines of the American Society for Bone and Mineral Research.(27)

Histology and histomorphometry

For TRAP staining, bones were fixed in formalin, decalcified in EDTA, and embedded in
paraffin before being sectioned at 5 um and stained according to standard procedures. For
static histomorphometry, bones were fixed, dehydrated in alcohol, and infiltrated with
methyl methacrylate. After sectioning, osteoid was stained using Goldner’s trichrome
method. Osteoid was quantitated by a blinded observer using the OsteoMeasure system
(OsteoMetrics, Atlanta, GA, USA). Articular cartilage was stained with Safranin-O.

Immunohistochemistry (IHC)

Paraffin-embedded tissues were sectioned for IHC. Consecutive tissue sections were
deparaffinized in HistoChoice clearing agent (Sigma-Aldrich, St. Louis, MO, USA),
rehydrated in a graded series of ethanol and tap water solutions, and treated with 3% H,0,
for 30 minutes to inactivate endogenous peroxidase activity. The sections were then rinsed
thoroughly with PBS (pH 7.4) and incubated in 2 mg/mL hyaluronidase (pH 7.4; Sigma-
Aldrich) for 30 minutes at 37°C for epitope recovery. Each section was pretreated with a
blocking solution containing normal goat serum for 20 minutes before incubation with
primary antibodies for Cldn-11 or Tspan3 (both diluted 1:100; Cldn-11 and Tspan3
antibodies were kindly provided by Dr. Jeff Bronstein, University of California at Los
Angeles) or with antibodies for lubricin (ab28484, Abcam, Cambridge, UK) or collagen 10
(ab58632, Abcam). After an overnight incubation at 4°C, the sections were rinsed with PBS
and incubated with secondary antibodies. Colorimetric IHC images were prepared with a
Vectastain ABC Kit (\Vector Laboratories, Burlingame, CA, USA).

Serum alkaline phosphatase (ALP) and tartrate-resistant acid phosphatase (TRAP) assays

Serum was collected from Cldn-11 KO and control mice, diluted (1:10 for TRAP and 1:100
for ALP), and added to wells of a 96-well plate. To measure phosphatase activity, a solution
containing p-nitrophenyl phosphate (PNPP) substrate was added. For ALP assays,
absorbance was read in a plate reader at intervals 0-, 1-, 3-, and 5-hour time points. For
TRAP assays, plates were incubated with substrate in a solution containing 80 mM sodium
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tartrate at 37°C for 30 minutes before stopping the reaction with 1 M NaOH, and absorbance
was then read in a plate reader. The difference in absorbance at 490 nm and 410 nm was
used to calculate enzyme activity over time, which was normalized to total protein
concentration as measured by a Pierce™ BCA kit according to manufacturer’s instructions
(ThermoFisher Scientific, Waltham, MA, USA).

Immunoblotting

Cells were lysed in a buffer containing 0.5% SDS, 0.1% v/v Triton X-100, 0.25% sodium
deoxycholate, 12.5 mM tris, 96 mM glycine (pH 8.3), 1 mM DTT, and 1x protease inhibitor
cocktail (Sigma-Aldrich). Lysate protein concentrations were determined with a Bradford
assay, and equal amounts of protein were run on SDS-PAGE gels for immunoblotting on
PVDF membranes. Membranes were probed with antibodies specific for Cldn-11, Tspan3,
mature ADAM10 (ab124695, Abcam, Cambridge, UK), NICD1 (anti-activated Notchl,
ab8925, Abcam), and p-actin (A5441, Sigma-Aldrich, St. Louis, MO, USA) followed by
secondary antibody incubation, chemiluminescent imaging, and quantitation with ImageJ.

Immunoprecipitation

Cells were incubated in lysis buffer containing 50 mM Tris-HCI (pH 7.4), 150 mM NacCl,
1% NP-40, 1 mM DTT, and 1x protease inhibitor cocktail for 30 minutes on ice followed by
centrifugation at 12,000 x g for 10 minutes. Immunoprecipitation was performed by
incubating lysate with Tspan3 antibody, Cldn-11 antibody, or isotype control rabbit
immunoglobulin G (IgG, 2729, Cell Signaling Technology, Danvers, MA, USA) at room
temperature for one hour as described.(28) The immunoprecipitated proteins were separated
by SDS-PAGE under reducing conditions for immunoblotting and probed with antibody
against Cldn-11 or Fluor-488 conjugated Tspan3 antibody.

Overexpression

The lentiviral pPRRLsin-cPPT-SSFV-Cldn-11-wpre plasmid was generated by replacing GFP
with a PCR product of mouse Clan-11 using the Sgf1 and Pmelrestriction sites of the
pRRLsin-cPPT-SSFV-GFP-wpre vector. Lentiviral particles were generated by co-
transfection of pRRLsin-cPPT-SSFV-C/dn-11-wpre plasmid or pRRLsin-cPPT-SSFV-GFP-
wpre control plasmid with Pax2 and VSVG plasmids in 293T cells as described previously.
(29) Forty-eight hours after transfection with FuGene, culture supernatants containing viral
particles were collected, spun at 2,000 x g for 10 minutes, and filtered through a 0.45 mm
filter. Titers were determined by infecting 293T cells with serial dilutions and examining
GFP expression of infected cells 24 hours after infection. MC3T3-E1 pre-osteoblasts and
ATDCS5 chondrocytes were transduced by adding Lenti-GFP or Lenti-Cldn-11 viral
supernatant at a multiplicity of infection (MOI) of 5 in the presence of polybrene (8 pg/mL)
for 24 hours followed by replacement of fresh DMEM/F12 medium containing 10% FBS,
penicillin (100 units/mL), and streptomycin (100 pg/mL).
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Alizarin Red staining

Cldn-11 or GFP overexpressing MC3T3-E1 cells were allowed to grow in culture in c MEM
containing 10% calf serum for 23 days before staining with Alizarin Red S (A5533, Sigma-
Aldrich). Images were quantitated with ImageJ.

shRNA knockdown

MC3T3-EL1 cells were transduced with control or Tspan3 Mission lentiviral ShARNA particles
(Sigma-Aldrich, St. Louis, MO, USA) and selected with puromycin before induction of
differentiation with AA and B-glycerophosphate as described.(30)

Gene expression analysis

Total RNA was extracted from isolated tissues or cells for cDNA synthesis and real time RT-
PCR analysis as previously described.(3) Relative gene expression levels were examined
and normalized to expression of the housekeeping gene PPIA. The fold-change compared to
control was calculated according to the formula 2-22Ct, Primer sequences are listed in
Supplemental Table 2.

Statistical analysis

Results are expressed as mean = SEM. Cldn-11and ALP mRNA expression level time
courses (Fig. 1C) were each analyzed using a one-way ANOVA followed by Newman-Keuls
post-hoc tests (GraphPad Prism6). All other experiments were analyzed using Student’s #
tests (Microsoft Excel). Differences were considered significant when P < 0.05.

Results

Regulation of Cldn-11 expression in bone cells

Studies on regulation of Cldn expression in other tissues have shown that this protein family
exhibits complex patterns of expression in multiple tissues and cell types as well as
developmental stages. For example, Cldn-11 is broadly expressed in embryonic day 14.5
embryos, including in long bones such as ribs and the sternum (Fig. 1A). To determine if
Cldn-11 is expressed in bone cells /n vivo, we performed immunostaining with anti-Cldn-11
in paraffin sections prepared from 12-week old WT mice. Fig. 1B shows that Cldn-11 is
highly expressed in lining cells of trabecular bone, consistent with our previous report.(22)
We also observed some Cldn-11 expression in osteocytes and marrow cells. In order to
determine if Cldn-11 expression is regulated during osteoblast differentiation, primary
calvarial osteoblasts isolated from 3-day-old C57BL/6J mice were cultured to confluence
and induced to differentiate by the addition of 100 ug/mL of ascorbic acid (AA). At different
time points (0, 4, 6, 8, 13, 19, and 24 days), RNA was extracted and used for real time RT-
PCR. Fig. 1C shows Cldn-11 expression is increased rapidly during early phases of
osteoblast differentiation, with a 60-fold increase at day 8 compared to day 0, and then
declined during late stages of osteoblast differentiation. The increase in Cldn-11 expression
preceded the increase in alkaline phosphatase (ALP) mRNA levels. In order to determine if
Cldn expression patterns during osteoclast differentiation are similar to or different from the
patterns observed in osteoblasts, we induced differentiation of osteoclast precursors derived
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from long bones of C57BL/6J mice by adding MCSF (25 ng/mL) and RANKL (50 ng/mL).
Cldn mRNA levels were measured at day 0, 1, and 6 after treatment. Interestingly, consistent
with a recent report,(23) Clan-11 expression decreased by 75% and 50%, respectively, at day
1 and day 6 after treatment with MCSF and RANKL (Fig. 1D). These data show that
regulation of C/dn-11 expression patterns is cell type- and differentiation stage-dependent. It
is known that osteoblast differentiation is subject to regulation by systemic factors in
addition to autocrine/paracrine factors produced locally within the bone microenvironment.
To determine if expression of C/dn-11is subject to regulation by systemic and local factors,
we evaluated the effects of AA, BMP7, Wnt3a, and 1,25(0OH),D3 on Cldn-11 mRNA levels
24 hours after treatment using serum-free cultures of osteoblasts derived from calvariae of 3-
day-old mice. Besides AA, BMP7 and 1,25(0OH),D3 increased expression of Cldn-11
mRNA. However, Wnt3a decreased C/dn-11 expression (Fig. 1E). In order to determine the
translational value of these findings to humans, we evaluated the effects of AA and BMP7
on Cldn-11 mRNA levels in untransformed normal human osteoblasts derived from rib. We
found that both AA and BMP7 caused a significant increase in Cldn-11 expression in normal
human osteoblasts (Fig. 1F), thus suggesting the relevance of findings obtained in mouse
osteoblasts to humans.

Skeletal phenotype of Cldn-11 KO mice

In order to determine whether a lack of Cldn-11 influences the skeletal phenotype, microCT
analyses of the femurs, tibias, and vertebrae of Cldn-11 KO mice were performed using the
vivaCT40 scanner. Fig. 2A shows representative microCT images of the distal femur of 12-
week-old female WT and KO mice. Consistent with the reduced trabecular bone volume
(BV) in the Cldn-11 KO mice as seen in the images, quantitative analyses revealed that
trabecular BV adjusted for tissue volume (TV) was reduced by 40% in the KO mice
compared to littermate control mice (Fig. 2B). The decrease in trabecular BV in the KO
mice is caused by a significant decrease in trabecular number and thickness and an increase
in trabecular separation. The loss of trabecular elements reduced the number of
interconnections between trabeculae as reflected by a > 40% reduction in connectivity
density in the KO mice (Fig. 2C-F). Similar trabecular changes were also observed in the
fifth lumbar vertebrae (LV) of KO mice (Fig. 3A-F). The reduction in the trabecular BV and
changes in trabecular bone parameters were seen in both genders, and there was no gender—
genotype interaction for any of the trabecular parameters (Fig. 3B-F). These data suggest
that loss of Cldn-11 results in a dramatic reduction in trabecular BV at multiple skeletal sites
in a gender-independent manner. In order to determine if loss of Cldn-11 influenced cortical
bone, we evaluated cortical bone parameters at the mid-diaphyseal region of the femur and
found no significant difference in TV, BV, or BV/TV between the KO and WT mice of either
gender (Fig. 4A-D). Thus, a lack of Cldn-11 affects trabecular but not cortical bone.

Reduced bone formation in Cldn-11 KO mice

To determine the mechanism for a reduction in trabecular BV, we performed static
histomorphometric analyses at the femoral secondary spongiosa taken from 12-week-old
Cldn-11 KO and WT mice. Fig. 5A-D show that osteoid perimeter (O.Pm) and width (O.Wi)
and osteoblast number (Ob.N) were significantly reduced in the Cldn-11 KO vs. WT mice.
By contrast, neither TRAP-labeled osteoclast surface (Oc.S) nor osteoclast number (data not
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shown) was significantly different between the two genotypes at this age (Fig. 5E).
Consistent with the histomorphometric data, serum ALP activity but not TRAP activity was
reduced in the Cldn-11 KO mice (Fig. 5F-G). Based on these data, we conclude that
impaired bone formation and not increased bone resorption is the cause for reduced
trabecular BV in Cldn-11 KO mice.

Cldn-11 modulates expression of osteoblast differentiation markers

Consistent with the histomorphometry and serum data, osteoblasts derived from Cldn-11 KO
mice exhibited reduced expression of osteoblast differentiation markers ALP, BSP, and
DMPI compared to osteoblasts derived from WT mice (Fig. 6A-C). As expected, Clan-11
expression was undetectable in Cldn-11 KO osteoblasts. However, expression levels of co-
expressed Clan-12, Cldn-13, and Cldn-20were unaffected (Fig. 6D). Furthermore, the
ascorbic acid-induced increase in ALP mRNA expression is significantly reduced in Cldn-11
KO osteoblasts (data not shown). In RNA extracted from femoral and tibial trabecular bone
from Cldn-11 KO mice, BSPwas significantly reduced compared to wild-type bones, while
there was no significant change in Ctsk expression (Fig. 6E).

In order to determine if Cldn-11 exerts direct effects on osteoblast differentiation, we
overexpressed Cldn-11 by lentivirus (Lenti) transduction in pre-osteoblastic MC3T3-E1
cells which have very low basal Cldn-11 expression. As expected, Cldn-11 protein levels
were increased by 48-fold in Lenti-Cldn-11 infected cells compared to Lenti-GFP
transduced osteoblasts, comparable to the levels seen at day 8 of ascorbic acid-induced
osteoblast differentiation. Cldn-11 overexpression stimulated expression of osteoblast
differentiation markers as reflected by significant increases in ALPand BSP mRNA levels at
day 6 (Fig. 7A,B). In contrast, Cldn-11 overexpression did not significantly change
expression of osteoclast marker RankL (Fig. 7C). Furthermore, Alizarin Red staining
revealed increased osteoblast differentiation in Cldn-11 overexpressing cells compared to
GFP controls (Fig. 7D,E).

Tspan3is expressed in osteoblasts and interacts with Cldn-11

To investigate the mechanism for Cldn-11 effects on osteoblast differentiation, we searched
the literature for known interactions between Cldn-11 and other molecules. Tspan3 has been
shown to interact with Cldn-11 in oligodendrocytes, where it was originally identified as a
Cldn-11-associated protein in a yeast two-hybrid screen using Cldn-11 as bait.(32:33) In order
to determine if Cldn-11-Tspan3 complexes exist in osteoblasts, total cellular lysate from
Cldn-11 overexpressing MC3T3-EL1 cells was immunoprecipitated with anti-Tspan3 and
probed using anti-Cldn-11. Fig. 8A shows that Cldn-11 associates with Tspan3 in
osteoblasts, and reverse immunoprecipitation with anti-Cldn-11 also pulled down Tspan3
(Fig. 8B). Immunostaining using Tspan3-specific antibody showed that, like Cldn-11,
Tspan3 was expressed in osteoblast lining cells at the trabecular bone surface (Fig. 8C). /n
vitro studies showed that 7span3expression also increased with osteoblast differentiation
and exhibited a similar biphasic expression pattern to that of C/dn-11 (Fig. 8D).
Furthermore, we found that suppression of Tspan3 using lentiviral ShRNA in MC3T3-E1
pre-osteoblasts inhibited osteoblast differentiation (Fig. 8E).
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Cldn-11 modulates Notch signaling via ADAM10

Based on the finding that certain members of the Tspan family (Tspan5 and Tspan10)
regulate cell functions via Notch signaling,(3¥) we investigated a model of Cldn-11 action
that involves Cldn-11/Tspan3-mediated regulation of Notch signaling in osteoblasts.
Consistent with this mode of action, we found that expression of Notch target signaling
genes was significantly downregulated in Cldn-11 KO osteoblasts (Fig. 9A) but was
upregulated in Cldn-11 overexpressing cultures (Fig. 9B). Furthermore, knockdown of
Tspan3 using lentiviral ShRNA reduced expression of Notch targets HeyZ and Hey2in
osteoblasts (Fig. 9C).

ADAMLI0 is a transmembrane protein that cleaves extracellular regions of several
transmembrane target proteins, including Notch,(3%) and we previously showed that
osteoblasts express ADAM10.(36) Further, it was recently found that mutation of Tspan14
reduced ADAM10 surface expression and activity in human umbilical vein endothelial cells,
(37) and a number of other Tspans, including Tspan5, Tspan10, Tspan15, Tspanl7, and
Tspan33, have been shown to regulate ADAM10 activity.(38-40) Notably, Tspan3 has also
been found to regulate ADAM10 expression.(1) Therefore, we tested whether Cldn-11
overexpression modulated ADAM10 levels and found Cldn-11 overexpressing MC3T3-E1
cells express more mature ADAM10 than GFP control (Fig. 9D), Consistent with the
involvement of Tspan3 in ADAM10 maturation, knockdown of Tspan3 reduced the amount
of mature ADAM10 in MC3T3-E1 osteoblasts compared to control shRNA (Fig. 9E).

To determine if Cldn-11 regulates ADAM10-mediated activation of Notch signaling, GFP or
Cldn-11 overexpressing MC3T3-E1 cells were treated with 10 pM G1254023 (an ADAM10-
specific inhibitor)#2) or vehicle for 72 hours prior to immunoblotting for Notch intracellular
domain (NICD)1. Fig. 9F shows that Cldn-11 overexpression increased NICD1 levels in cell
lysates compared to GFP osteoblasts and that the Cldn-11 effect on increased NICD1 levels
was blocked by pretreatment with the ADAMZ10 inhibitor. This effect on the NICD1 level is
dependent on ADAM10. Furthermore, treatment with an ADAMZ10-specific inhibitor
blocked the Cldn-11 effect on ALP mRNA levels in MC3T3-EL1 cells (Fig. 9G).
Interestingly, the ADAM10 inhibitor had no effect on ALPmRNA in GFP control cells. This
lack of an effect may be due to the extremely low levels of basal Cldn-11 expression in
MC3T3-E1 pre-osteoblasts, although further studies are needed to confirm this hypothesis.

Cldn-11 regulates articular cartilage

During the course of our IHC studies of Cldn-11 expression in bone, we found high levels of
Cldn-11 expression in articular chondrocytes (Fig. 10A). Therefore, we evaluated the
articular cartilage phenotype in 12-week-old Cldn-11 KO mice. Fig. 10B-E show reduced
articular cartilage in Cldn-11 KO mice compared to control mice. Quantitation of articular
cartilage revealed a 40% and 27% reduction in the articular cartilage area and thickness,
respectively, in the Cldn-11 KO mice. To determine if Cldn-11 regulates chondrocyte
differentiation, we overexpressed Cldn-11 in ATDC5 chondrocytes and found that Cldn-11
overexpression increased expression of articular cartilage markers and Notch targets
compared to GFP overexpressing ATDCS5 cells (Fig. 10F). Furthermore, immunostaining
revealed decreased expression of Lubricin, a marker of immature articular chondrocytes
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(Fig. 10G), and increased expression of Col10, a marker of differentiated chondrocytes (Fig.
10H), in articular cartilage of Cldn-11 KO mice.

Discussion

Cldn-11 was initially identified as oligodendrocyte-specific protein (OSP) that is primarily
expressed in oligodendrocytes in the CNS, Sertoli cells in the testes, and the lateral wall of
the cochlea.(®:9) Accordingly, targeted knockout (KO) of the Cldn-11 gene results in CNS
myelin defects, male sterility, and profound deafness in mice. Consistent with with our
previously reported data,(22) the current study showed that expression of C/dn-11 was
increased by more than 50-fold during ascorbic acid (AA)-induced differentiation of normal
mouse calvarial osteoblasts. Furthermore, immunohistochemistry (IHC) studies revealed
high expression of Cldn-11 in osteoblast lining cells and in articular chondrocytes.
Consistent with an important role for Cldn-11 in bone, we found that both trabecular bone
mass and articular cartilage thickness were significantly reduced in the Cldn-11 KO mice
compared to littermate controls in both genders. /n vitro studies involving knockdown and
overexpression of Cldn-11 revealed that Cldn-11 is a positive regulator of osteoblast
differentiation. Interestingly, a recent study has found that Cldn-11 plays a positive role in
osteoblastogenesis and a negative role in osteoclastogenesis via bidirectional EphB4—
EphrinB2 signaling.(3 In addition, our studies on the mechanism of the Cldn-11 effect on
osteoblasts reveal involvement of Tetraspanin (Tspan)3 and ADAM10 in mediating Cldn-11
actions on Notch signaling. Since our Cldn-11 KO mice lack global Cldn-11, however,
future studies using mice with conditional disruption of Cldn-11 in osteoblasts and
osteoclasts are needed to clarify the relative contributions of Cldn-11 from osteoblasts and
osteoclasts to skeletal metabolism.

The large number of Cldn proteins, and the heterogeneity of their expression patterns,
emphasizes their crucial role in the development and maintenance of various tissues. While
the traditional role of Cldns is to control paracellular transport of small ions and other
molecules, it is now becoming apparent that Cldns are intimately involved in signaling to
and from tight junctions, providing cues for cell behaviors such as proliferation and
differentiation.(® The non-canonical action of Cldns seems to involve Cldn interactions with
other proteins. In this regard, our previous work showed that Cldn-18 regulates osteoclast
differentiation non-canonically by interacting with ZO-2 through its PDZ binding motif to
modulate RANKL signaling.(®) The PDZ binding motif of Cldn-11 is different from that of
Cldn-18, suggesting that these two Cldns may interact with other proteins via different
mechanisms. Of note, unlike Tspan3, ZO-2 was not identified as a binding partner for
Cldn-11 in a yeast two-hybrid screen.(32:33) In our studies of the mechanism through which
Cldn-11 operates, we focused on Tspan3 based on our data that Tspan3 interacts with
Cldn-11 in osteoblasts. Tspan proteins interact with one another, and with other integral
membrane proteins, to form plasma membrane microdomains known as Tspan webs or
Tspan enriched-microdomains (TEMS) that function to regulate many cellular processes by
signal transduction through membrane receptors. Other Tspan proteins have been found to
interact with Cldn family members.(4344) Tspan5 and Tspan10 have been shown to be
upregulated during osteoclast differentiation and involved in RANKL-induced fusion of
osteoclast precursors,34) but little is known about the role of any Tspan in osteoblasts or
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chondrocytes. The findings of this study demonstrate for the first time that Tspan3 is highly
expressed in osteoblasts, its expression increases during osteoblast differentiation, and it
regulates osteoblast functions via modulation of Notch signaling.

Notch signaling has emerged as a critical regulator of mammalian skeletal tissues, where
various genetic mouse models involving different molecular components of the Notch
signaling pathway demonstrate that Notch critically controls postnatal bone homeostasis. %)
In osteoblasts, Notch signaling has been reported to either suppress or induce differentiation,
depending on the context of cell type, differentiation status, time, and space. In terms of
mechanisms for regulation of Notch signaling, cleavage of Notch by proteases has been
proposed to play a key role.®) The shedding of extracellular regions (ectodomains) of
transmembrane proteins via proteolytic cleavage is emerging as an important mechanism for
the regulation of cell development and function.(“6)

ADAMLI0 is a transmembrane protease that cleaves extracellular regions of several
transmembrane target proteins, including Notch.(3%) Furthermore, other Tspans have been
shown to regulate ADAM10 maturation and activity,(37-4%) and Tspan3 itself has been shown
to regulate ADAM10 expression.4D) Our studies show that the Cldn-11 effect on Notch
signaling may be mediated via Tspan3 regulation of ADAM10 function. While our studies
show that Cldn-11 and Tspan3 modulated levels of mature ADAM10, the mechanism for
this regulation is yet to be established. The possible mechanisms by which Cldn-11/Tspan3
could regulate ADAM10 maturation and activity include stabilization of ADAM10 at the
plasma membrane, increase in ADAM10 expression, and modulation of the exit of
ADAM10 from the endoplasmic reticulum.

An important role for Notch signaling in the development and maintenance of articular
cartilage, and in development of osteoarthritis, has been well established.”) Based on our
data that Cldn-11 is highly expressed in articular chondrocytes and that Cldn-11 KO mice
exhibited significant reduction in articular cartilage thickness and area, we evaluated
whether Cldn-11 regulated expression of articular cartilage markers. Our findings show that
Cldn-11 overexpression increased expression of markers of articular chondrocytes. However,
additional studies are needed to determine if the Cldn-11 effect on articular chondrocytes is
mediated via Tspan3 interaction and ADAM10-mediated regulation of Notch signaling.

ADAM10 maturation and membrane localization are regulated by direct protein—protein
interactions.(8) Based on the findings that Tspans interact with ADAM10, and that
osteoregulatory agents such as BMPs, IGF-I, vitamin D, and the Wnts interact with
ADAM10 expression and activity*9-52) and modulate expression of Tspan3 interacting
protein Cldn-11, it is possible that bone formation regulators may mediate the formation of
the Cldn-11/Tspan3/ADAM10 complex to modulate ADAM10-mediated regulation of
growth factor signaling pathways. Since a deficiency in growth factor signaling pathways(>3)
has been shown to be a major contributing factor to impaired bone formation during aging
and glucocorticoid treatment, our future studies will investigate whether the Cldn-11/
Tspan3/ADAM10 complex is altered in osteoblasts during disease states.
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While this study presents Cldn-11, Tspan3, and ADAM10 as a novel complex of proteins
which potentially represent new druggable targets for osteoporosis, further studies are
needed to clarify the mechanisms involved. In particular, since Cldn-11 is highly expressed
in nervous tissue, it is possible that a neural phenotype contributes to the skeletal changes
observed in Cldn-11 KO mice, although we observed no evidence of changes in grip
strength or a disuse phenotype. Additionally, while we have demonstrated the involvement
of Notch signaling in this Cldn-11/Tspan3/ADAM10 pathway, it is known that Notch is
regulated by many factors, and many other signaling pathways are regulated by Cldns. As
such, it is important for the role of Notch signaling in mediating Cldn-11 effects on
osteoblasts, as well as the extent to which these effects are mediated via ADAM10, to be
confirmed in an unbiased pathway analysis in the future. However, this novel pathway opens
new possibilities for developing sorely needed therapies for the prevention and treatment of
osteoporosis and other debilitating bone diseases.
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Fig. 1.
Cldn-11 is expressed in bone cells. (A) Mouse embryo at embryonic day 14.5 stained for -

galactosidase activity demonstrates Cldn-11 expression, particularly in long bones such as
the ribs (black arrowheads). (B) Immunohistochemical detection of Cldn-11 in the lining
cells of secondary spongiosa of 12-week-old mice. Th, trabecular bone. Blue stain indicates
Cldn-11 expression. Arrows show lining cells. (C) Expression levels of Cldn-11and ALP
during AA-induced differentiation of calvarial osteoblasts derived from 3-day-old mice.
Values are fold-change vs. day 0 (mean + SEM, n = 6). #£< 0.05 vs. Clan-11day 0, *P<
0.05 vs. ALPday 0. (D) Expression levels of C/dn-11 during MCSF- and RANKL-induced
differentiation of mouse bone marrow macrophages into osteoclasts. Values are fold-change
vs. day 0 (mean £ SEM, n = 6). *P< 0.05 vs. day 0. (E) Effects of 24-hour treatment with
AA (50 pg/mL), BMP7 (10 ng/mL), Wnt3a (10 ng/mL) and 1,25(OH),D3 (10 nM) on
Cldn-11 mRNA levels in cultures of normal mouse calvarial osteoblasts derived from 3-day-
old mice. Values are fold-change vs. vehicle control (mean £ SEM, n = 6). *£<0.05 vs.
vehicle. (F) Effects of 24-hour treatment with AA (50 ug/mL) and BMP7 (10 ng/mL) on
Cldn-11 mRNA levels in normal human osteoblasts derived from rib. Values are fold-change
vs. vehicle control (mean = SEM, n = 4). *£< 0.05 vs. vehicle.
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Trabecular bone is decreased in the distal femur of Cldn-11 KO mice at 12 weeks of age.
(A) Representative microCT images of the secondary spongiosa region of distal femur from
female mice. (B) Bone volume (BV)/tissue volume (TV). (C) Connectivity density
(Conn.D). (D) Trabecular number (Th.N). (E) Trabecular thickness (Th.Th). (F) Trabecular
separation (Th.Sp). Values are mean + SEM of 12-week old wild type (WT) control and KO

mice. *P < 0.05 vs. control mice (n = 10-12 per group).
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Trabecular bone is decreased in the fifth lumbar vertebrae (LV5) of male and female
Cldn-11 KO mice at 12 weeks of age. (A) Representative microCT images of the secondary
spongiosa region of LV5. (B) Bone volume (BV)/tissue volume (TV). (C) Connectivity
density (Conn.D). (D) Trabecular number (Th.N). (E) Trabecular thickness (Th.Th). (F)
Trabecular separation (Th.Sp). Values are mean = SEM of 12-week-old wild type (WT)
control (white bars) and KO (black bars) mice. *£ < 0.05 vs. control mice (h = 5-6 per

group).
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Fig. 4.
Cortical bone is unchanged at the mid-diaphysis of Cldn-11 KO female mice at 12 weeks of

age. (A) Representative microCT images of the mid-diaphysis of female WT and KO mice.
(B) Tissue volume (TV). (C) Bone volume (BV). (D) Bone volumef/tissue volume (BV/TV).
Values are mean = SEM of 12-week-old wild type (WT) control and KO mice (n = 5-6 per

group).

J Bone Miner Res. Author manuscript; available in PMC 2020 October 01.

KO



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lindsey et al.
As;.
I
2 *
£
o
(o]
1
0
WT KO
E 25
20 1
(/2]
@ 15
n
[3)
o 10
5
0
WT
Fig. 5.

Bone formation but not resorption parameters are decreased in Cldn-11 KO mice at 12
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WT

weeks of age. (A) Osteoid perimeter (O.Pm). (B) Osteoid perimeter (O.Pm) adjusted for
bone perimeter (B.Pm). (C) Osteoid width (O.Wi). (D) Osteoblast number (Ob.N) adjusted
for osteoid perimeter (O.pm). (E) Osteoclast surface (Oc.S) adjusted for bone surface (BS).
(F) Activity levels of serum tartrate-resistant acid phosphatase (TRAP). (G) Activity levels
of serum alkaline phosphatase (ALP). Values are mean + SEM of 12-week-old wild type

(WT) control and KO mice. *P< 0.05 vs. control mice (h = 10-12 per group).
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Fig. 6.

Oéqteoblast differentiation marker genes are decreased in Cldn-11 KO mice. Calvarial
osteoblasts derived from wild-type (WT) and Cldn-11 knockout (KO) mice were grown in
serum-free culture for six days prior to RNA extraction. (A) ALPmRNA levels in
osteoblasts derived from WT and KO mice. (B) BSPmRNA levels in osteoblasts derived
from WT and KO mice. (C) DMPI mRNA levels in osteoblasts derived from WT and KO
mice. (D) Cldn-11, Cldn-12, Cldn-13, and Cldn-20 mRNA levels in osteoblasts derived from
WT and KO mice. (E) Cldn-11, BSP, and Ctsk mRNA levels in femoral and tibial trabecular
bone from WT and KO mice. Values (mean £ SEM; n = 4 for osteoblast studies, n = 7 for
bone tissue studies) are fold-change vs. WT. *£< 0.05 vs. WT.
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Fig. 7.

Osteoblast differentiation marker genes and Alizarin Red staining are increased in Cldn-11
overexpressing cells. Lentiviral vectors were used to overexpress Cldn-11 or GFP control in
MC3T3-E1 cells which were grown in serum-free culture for six days prior to RNA
extraction. (A) ALPmRNA levels in GFP overexpressing (control) and Cldn-11
overexpressing cells. (B) BSPmRNA levels in GFP and Cldn-11 overexpressing cells. (C)
RankL mRNA levels in GFP and Cldn-11 overexpressing cells. (D) GFP and Cldn-11
overexpressing cells were grown in culture for 23 days before Alizarin Red staining. (E)
Quantitated Alizarin Red staining from GFP and Cldn-11 overexpressing cells. Values
(mean £ SEM; n = 4 for RNA studies, n = 6 for staining studies) are fold-change vs. GFP
overexpressing osteoblasts. *~ < 0.05 vs. GFP control osteoblasts.
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Fig. 8.

Tegtraspanin (Tspan)3 is expressed in osteoblasts and interacts with Cldn-11. (A) Tspan3
interacts with Cldn-11 in osteoblasts. Total cellular lysates from Cldn-11 overexpressing
MC3T3-E1 osteoblasts were immunoprecipitated with anti-Tspan3 or control 1gG and
probed using anti-Cldn-11. Arrow shows location of Cldn-11. (B) Total cellular lysates from
Cldn-11 overexpressing MC3T3-E1 osteoblasts were immunoprecipitated with anti-Cldn-11
and probed using anti-Tspan3. (C) Immunohistochemical detection of Tspan3 in the lining
cells of the secondary spongiosa of a 12-week-old WT mouse. Tb, trabecular bone. Arrows
show lining cells. (D) 7span3 mRNA levels during AA-induced differentiation of
osteoblasts derived from calvariae of 3-day-old mice. Values are fold-change vs. day 0
(mean £ SEM, n = 6). *P<0.05 vs. day 0. (E) Tspan3 knockdown in MC3T3-EL1 cells
impairs osteoblast differentiation. 7span3, ALP, BSP, and Osx mRNA levels in lentiviral
Tspan3 shRNA and control shRNA infected cultures. Values (mean + SEM, n = 4) are fold-
change vs. control shRNA cultures. *P < 0.05 vs. control sShRNA.
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Fig. 9.

Cldn-11 modulates ADAM10 and Notch targets in osteoblasts. (A) Notch target gene mRNA
levels in osteoblasts derived from WT and KO mice. Values (mean £ SEM, n = 4) are fold-
change of WT mice. *P< 0.05 vs. WT mice. (B) Notch target gene mRNA levels in GFP
overexpressing control and Cldn-11 overexpressing MC3T3-E1 osteoblasts. Values (mean £
SEM, n = 4) are fold-change vs. GFP control. *P< 0.05 vs. GFP control. ND, not
detectable. (C) Notch target gene HeyZ and Hey2 mRNA levels in MC3T3-E1 osteoblasts
expressing control ShRNA and Tspan3 shRNA. Values (mean £ SEM, n = 4) are fold-change
of control shRNA. *P < 0.05 vs. control shRNA. (D) Immunoblot analysis of mature
ADAM10 levels in cell lysates of GFP or Cldn-11 overexpressing MC3T3-E1 osteoblasts.
(E) Immunoblot analysis of mature ADAM10 levels in MC3T3-E1 cells expressing control
or Tspan3 shRNA. (F) The Cldn-11 effect on the NICD1 level is dependent on ADAM10.
GFP or Cldn-11 overexpressing MC3T3-E1 cells were treated with 10 pM G1254023 (an
ADAM10-specific inhibitor) or vehicle for 72 hours prior to immunoblotting using anti-
NICDL1. (G) ALPmRNA levels in GFP or Cldn-11 overexpressing MC3T3-E1 cells in the
presence of 10 uM G1254023 or vehicle. Cells were treated with the inhibitor or vehicle for
72 hours prior to RNA extraction for real time PCR. Values (mean + SEM, n = 4) are fold-
change vs. vehicle-treated GFP control. **£ < 0.01 vs. vehicle-treated GFP control.
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Fig. 10.
Cldn-11 regulates articular cartilage. (A) Immunohistochemical detection of Cldn-11 in

chondrocytes of 12-week-old WT mouse. AC, articular cartilage. GP, growth plate. TB.
trabecular bone. Black arrows show blue-stained Cldn-11 expression. (B) Safranin-O-stained
longitudinal section of a knee joint from a WT mouse. Blue arrows show stained cartilage.
(C) Safranin-O-stained longitudinal section of a knee joint from a KO mouse. Blue arrows
show stained cartilage. (D) Quantitation of articular cartilage area (mean £ SEM, n = 10-12)
in the WT and control mice. *£ < 0.05 vs. control mice. (E) Quantitation of articular
cartilage thickness (mean £ SEM, n = 10-12) in the WT and control mice. *P< 0.05 vs.
control mice. (F) Immature articular chondrocyte marker (Co/2 and /ubricin) and Notch
target (HeyZ) mRNA levels in GFP or Cldn-11 overexpressing MC3T3-E1 cells. Values
(mean £ SEM, n = 4) are fold-change vs. GFP control. *£< 0.05 vs. GFP. (G)
Immunofluorescent images of articular cartilage from WT and KO mice showing decreased
lubricin expression in the KO cartilage. (H) Immunofluorescent images of articular cartilage
from WT and KO mice showing increased Col10 expression in the KO cartilage.
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