1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Bone Miner Res. Author manuscript; available in PMC 2018 September 01.

-, HHS Public Access
«

Published in final edited form as:
J Bone Miner Res. 2017 September ; 32(9): 1811-1815. doi:10.1002/jbmr.3184.

c-Jun N-terminal kinases (JNKs) are critical mediators of
osteoblast activity in vivo

Ren Xul, Chao Zhang?3, Dong Yeon Shinl, Jung-Min Kim#4, Sarfaraz Lalanil, Na Lil, Yeon-
Suk Yang?, Yifang Liul, Mark Eiseman?, Roger J. Davis®, Jae-Hyuck Shim#", and Matthew
B. Greenblattl”

1Department of Pathology and Laboratory Medicine, Weill Cornell Medical College, Cornell
University, New York, New York, USA

2Institute for Computational Biomedicine, Weill Cornell Medical College, Cornell University, New
York, New York, USA

SDepartment of Medicine, Division of Hematology and Medical Oncology, Weill Cornell Medicall
College, Cornell University, New York, New York, USA

“Division of Rheumatology, Department of Medicine, University of Massachusetts Medical School,
Worcester, MA, 01605, USA

SProgram in Molecular Medicine, University of Massachusetts Medical School, Worcester, MA,
01605, USA

Abstract

The c-Jun N-terminal kinases (JNKSs) are ancient and evolutionarily conserved regulators of
proliferation, differentiation and cell death responses. Currently, /n vitro studies offer conflicting
data about whether the JNK pathway augments or represses osteoblast differentiation, and the
contribution of the JINK pathway to regulation of bone mass /in vivo remains unclear. Here we
show that JnkZ”- mice display severe osteopenia due to impaired bone formation, whereas Jnk2'-
mice display a mild osteopenia only evident in long bones. In order to both confirm that these
effects were osteoblast intrinsic and assess whether redundancy with JNK1 masks a potential
contribution of INK2, mice with a conditional deletion of both INK1 and JNK2 floxed conditional
alleles in osteoblasts (Jnk1-2°°%) were bred. These mice displayed a similar degree of osteopenia
to Jnk1~ mice due to decreased bone formation. /7 vitro, Jnk1"- osteoblasts display a selective
defect in the late stages of osteoblast differentiation with impaired mineralization activity.
Downstream of JNK1, phosphorylation of JUN is impaired in JnkZ7- osteoblasts. Transcriptome
analysis showed that JINK1 is required for upregulation of several osteoblast-derived
proangiogenic factors such as IGF2 and VEGFa. Accordingly, JNK1 deletion results in a
significant reduction skeletal vasculature in mice. Taken together, this study establishes that INK1
is a key mediator of osteoblast function /n vivo and in vitro.
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Introduction

The JNK family of mitogen activated protein kinases (MAPKS) were discovered via their
ability to phosphorylate JUN, a component of the AP-1 transcriptional complex, in response
to UV irradiation.(1:2) There are three JNK isoforms, of which JNK1 and 2 are widely
expressed, whereas JNK3 expression is limited to cardiac and neuronal tissue.(3:4)
Subsequent studies have revealed important functions for the JINK pathway in diabetes,
ischemic heart disease, stroke, and many models of infection and cancer.®) In skeletal
biology, alterations in JNK activity have been invoked as an explanation for phenotypes with
alterations in osteoblast activity, however the role of JNK in vivo remains unclear as in vitro
studies offer conflicting reports regarding the role of JNK1 and 2 in osteoblasts.(®) In one
study, treatment with a JNK inhibitor was reported to reduce mineralization and expression
of mature osteoblast markers, and osteoblast differentiation was enhanced by overexpression
of INK2, leading to the conclusion that JINK2 is critical in late-stage osteoblast
differentiation.(") Conversely, another study showed that inhibition of JNK expression and
activity enhanced BMP2-induced osteoblastic differentiation via Runx2 phosphorylation.(®
Given this conflicting data and the fundamental importance of the JNK pathway, further
studies are needed to definitively establish the role of the JINK MAPK pathway in
osteoblasts.

Materials and Methods

Animals

Jnk1”", Jnk2”-, Jnk1™f jnk2™fland Osx-Cre mice were described previously.(®:10) All
experiments were performed according to protocols approved by the institutional animal
care and use committee of Harvard Medical School or Weill Cornell Medical College. All
mice were maintained on the C57BL/6 background under specific pathogen free conditions,
fed ad libitum chow and housed up to 4 animals per cage on a standard day-night cycle
lighting.

Tissue culture, differentiation assays, Western blotting and gPCR

In vitro primary osteoblast cultures, osteoclast cultures, quantitative PCR, Western blotting,
ALP and Von Kossa were performed as previously described.(I}) Primary antibodies were
specific for phospho-JUN, (1:1,000; Cell Signaling) and GAPDH (1:2,000; Sigma),
Phospho-SAPK/IJNK (Thr183/Tyr185), and SAPK/INK Antibody (#9251 and #9252 Cell
Signaling). Osteoclast culture and RNA isolation from whole bone was performed as
previously described.(13) Osteocyte expression analysis was performed in the IDG-SW3 cell
line, a generous gift form Dr. Lynda Bonewald.(1?)
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Micro-CT Analysis, histology, in situ hybridization, immunohistochemistry, and
histomorphometry

Micro-CT analysis was conducted on a Scanco Medical Micro-CT 35 system by an
investigator blinded to the genotypes of the animals under analysis. Paraffin embedding, in
situ hybridization, and immunohistochemistry were performed as previously described.(13)
Static and dynamic histomorphometric analyses were performed using the Osteomeasure
Analysis System (Osteometrics) as previously described, also by an investigator blinded to
the genotypes of the animals being analyzed.(!) Immunofluorescence staining was
performed according to a previously published protocol. (%)

RNA sequencing and analysis

Reads were aligned to mm9 mouse transcripts using STAR(version 2.3.0e)18)using default
parameters and resulting bam files sorted and index using samtools. Gene counts were
obtained by applying feature counts (version 1.4.3)7) to sorted bam files, and only unique-
mapping reads were used. Genes without any expression counts in any sample were
discarded, and in total 11998 genes were used for subsequent analysis. The DESeq2 (version
1.4.5) R package(1® was employed to normalize gene count data, and then detect
differentially expressed genes (DEG) with FDR<0.1 and absolute log2 fold-change>0.5.

Results and Discussion

To address the role of JINK in bone formation, we analyzed the expression of INK1, 2, and 3
in skeletal lineages. JnkI showed higher relative expression in osteoblasts than Jnk2,
whereas Jnk3was not expressed in bone cells (Fig. 1A, Supplementary Fig 1).
Immunohistochemistry confirmed the presence of JINK1 and JNK2 in osteoblasts in vivo
(Supplementary Fig 1E). To assess the role of INK in osteablasts /n vivo, femoral and
vertebral bone mass were examined in JrkZ7~ and Jnk2!- mice at 6 weeks of age via uCT
and histology. JrkZ”~ mice displayed a 50% reduction in trabecular bone volumef/total
volume in both femurs and vertebrae, whereas J7k2'- mice displayed a modest osteopenia in
femoral trabeculae and vertebrae (Fig. 1B, C, E and F). Likewise, mineralization of the
calvarium was impaired in JnkZ” but not Jnk2'- mice (Fig. 1D). Notably, the pattern of
hypomineralization was distinct from that of mice with defects in ERK or p38 MAPK
pathway signaling or mice haploinsufficient for Runx2, all of which show impaired
mineralization of the frontal bones with corresponding enlargement of the anterior
fontanelle.(19:20) |n contrast, JnkZ”- mice displayed hypomineralization of the occipital bone
and along the sagittal suture, suggesting that JNK1 displays a distinct function from other
MAPKSs in osteoblasts. Next, histology and dynamic histomorphometry were performed to
characterize the bone phenotypes in JnkZ”- and Jnk2! mice, showing that bone formation
parameters, mineral apposition rate and bone formation rate, were significantly decreased in
JnkI- but not Jnk2’- mice. Meanwhile, JnkZ- mice also showed a modest reduction in
osteoclast numbers (Fig. 1G), consistent with a previous study concluding that JNK1 but not
JNK2 is required for osteoclastogenesis.(2)

To next confirm if the phenotypes observed in JnkZ"~ mice are osteoblast intrinsic and assess
if the modest phenotype of INK2-deficient mice is due to redundancy with JINK1, mice with
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deletion of JnkZ (Jnk19%%), Jnk2 (Jnk2°%%), or both JnkI and Jnk2 (Jnk1/2°°% mice) driven in
osteoblasts by the osterix-cre were generated. As seen in Fig 1H and I, both JnkZ9* and
Jnk1/2°%, but not Jnk2°* mice displayed a significant reduction in bone mass in long bones
similar to the phenotype of JnkZ”- mice. Accordingly, histomorphometric analysis showed
that all osteoblast but not osteoclast parameters were significantly reduced in Jnk1/2°X mice
(Fig. 1J, K). Taken together, these results demonstrate that JNK1 has osteoblast intrinsic
functions and that JINK1 is the predominant JINK family MAPK regulating
osteoblastogenesis in vivo.

To directly examine the function of INK1 and JNK2 in osteablasts /n vitro, calvarial
osteoblasts (COBs) were isolated and cultured under osteogenic conditions. The expression
of transcripts upregulated during early-stage osteoblast differentiation, such as alkaline
phosphatase (ALP) and Osterix (Sp7) were not changed in either JnkZ- or Jnk2'- COBs. In
contrast, the expression of late-stage osteoblast markers such as osteocalcin (Bg/ap) and
bone sialoprotein (/bsp) were substantially reduced in JnkZ”- COBs (Fig. 2A). ALP activity
was unchanged or demonstrated a modest reduction in the absence of INK1 or INK2 (Fig.
2B). The ability of osteoblasts to perform characteristic late-stage functions, such as secrete
extracellular matrix and mineralize was severely impaired in the absence of JNK1 and
modestly impaired in the absence of INK2 (Fig. 2C, D). Similar results were obtained upon
analysis of bone marrow stromal cell (BMSC)-derived osteoblasts (Supplemental Fig 2A,
B). These results suggest that the functions of JNK1 in the osteoblast lineage are likely
restricted to the late stages of osteoblast differentiation. In support of this, INK1-deficient
BMSCs displayed both intact adipocyte differentiation capacity and unaltered proliferation
activity during the early stages of osteoblast differentiation (Supplemental Fig 2C-F).

To assess the molecular targets of JINK in osteoblasts, we checked phosphorylation levels of
a well validated target of JNK, JUN, in JnkZ”- COBs. JNK phosphorylates the N-terminal
domain of JUN to activate activator protein-1 (AP-1) transcriptional activity. While several
AP-1 subunits have been identified as important for osteoblast functions, the role of JUN
itself in osteoblasts remains incompletely characterized.(22:23) Both immunoblotting and
immunohistochemisrty showed that phosphorylation levels of JUN were markedly reduced
in JnkI- COBs both in vivoand in vitro (Fig. 2E, F). This confirms a loss of INK activity in
Jnk1'- COBs and suggests that deletion of JNK1 in osteoblasts may disrupt activation of
AP-1 complexes containing JUN. Accordingly, a quantitative PCR analysis of JnkZ”- COBs
showed a significant reduction in transcript levels of the AP-1 target gene Fosl1 (Fra-1),
which is itself a key regulator of osteoblast differentiation and ECM production.(??) This
confirms that deletion of JINKZ1 results in impairment in the canonical INK pathway activity
in osteoblasts and raises the possibility that impaired AP-1 activity contributes to the
osteopenia observed in JrkZ”- mice (Fig. 2G).

To identify the set of INK1-regulated genes in mature osteoblasts, RNA sequencing was
performed on JnkI** and JnkI”- COBs cultured under differentiation conditions for 7 days.
Interestingly, gene ontology (GO) analysis demonstrated that the set of differentially
expressed genes in Jnk1'~ versus JnkI*'* COBs is enriched for osteoblast-derived
proangiogenic factors in addition to the expected enrichment for genes involved with bone
development and mineralization. Accordingly, expression of proangiogenic factors such as
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VEGFa and IGF2 was markedly reduced in JkZ”- COBs (Fig. 21). To examine if these
defects in proangiogenic gene expression correspond to defects in vasculogenesis in vivo,
endomucin immunofluorescence staining was performed, showing a decrease in marrow
vasculature in JrkZ'~ and Jnk1/2°5¥ mice femurs most evident near the growth plate (Fig.
2K). This is of interest given recent findings that specific subsets of skeletal vasculature may
have osteogenic effects on osteoblast lineage cells.(24) Taken together, our study establishes
that the INK pathway, predominantly JNK1, is an important mediator of late stage osteoblast
differentiation and mineralization activity /n vivoand in vitro and promotes expression of
osteoblast-derived proangiogenic factors that regulate skeletal vasculature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Jnk1 I~ and Ink1/2°% mice have low bone mass due to decreased bone for mation

(A) Expression analysis of Jnk1, 2, and 3 (n=4). (B-G) Micro computed tomography
analysis (micro-CT) analysis of the trabecular bone in the femur (B and E) and skull (D) and
histological (C, upper and F) and histomorphometric (C, lower and G) analysis of the L3
vertebrae in male JnkI” and Jnk2”- mice at 6-weeks of age (male, n=6). (H-K) Skeletal
analysis of Jnk19%, Jnk2°9%, and Jnk1/2°°% mice. Micro-CT analysis of the trabecular bone
in the femur (H and I) and histological (J, upper) and histomorphometric (J, lower and K)
analysis of the L3 vertebrae of male Jnk195X, Jnk2°5%, and Jnk1/2° mice in 6-week-old
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mice (male, n=6). Bone volume/tissue volume (BV/TV, mineral apposition rate (MAR, pm
day™1), bone formation rate/bone surface (BFR/BS, pm3 um-2 day™1), osteoclast number/bone
perimeter (No. Oc./B. Pm) and osteoblast surface/bone surface (Ob.S/BS). Scale bars,
500pum. Error bars, mean + standard deviation (s.d.) *P < 0.05.
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(A) Gene expression analysis of Alp, Sp7, Ibspand Bglap in Jnk1”- and Jnk2”- COBs after
7 days of osteoblast differentiation conditions (n=4). (B) ALP activity (left) and
representative ALP staining (right) in JnkZ”- and Jnk2”- osteoblasts at day 7 of osteogenic
induction (n=3). (C and D) Representative non-soluble ECM pellets and Von Kossa staining
in differentiated JnkZ7- and Jnk2”- COBs at day 14 of osteogenic induction. (E and F)
Immunoblotting of phospho-JUN in JnkZ”- COBs at day 7 of osteogenic induction. (G) and
immunohistochemistry for phospho-JUN in JnkZ”- femurs (bone collar and cortex) in 6-
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week-old mice. (1) Gene expression analysis of Fos/1, Fosl2, Vegfaand Igf2in Jnk1”- COBs
at day 7 of osteogenic induction (n=4). (H) CateGOrizer summarizes biological process
functions from Gene Ontology (GO) based on DEGs between W7 and Jnk1”- COBs. The
fraction of the piechart presents the proportion of genes involving with given function. (J)
GO enrichment analysis of DEGs between W7 and JnkI”- COBs indicated ten significantly
overrepresented functions using DAVID. Each bar is colored and labeled according to p-
value of enrichment analysis. (K) Longitudinal sections of femurs from W7 and Jnk1”-
mice; OSXand Jnk1/2°° mice at 6-weeks of age were subjected to immunofluorescence
staining for endomucin (red) and DAPI (blue). Scale bars, 300um. Error bars, mean + s.d. *P
< 0.05.
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