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Salt-inducible kinases dictate parathyroid hormone 1
receptor action in bone development and remodeling

Shigeki Nishimori,"? Maureen J. 0’Meara,’ Christian D. Castro,’ Hiroshi Noda,"* Murat Cetinbas,* Janaina da Silva Martins,’
Ugur Ayturk,® Daniel ). Brooks,"* Michael Bruce,' Mizuki Nagata,” Wanida Ono,” Christopher |. Janton,' Mary L. Bouxsein,"®
Marc Foretz,® Rebecca Berdeaux,® Ruslan I. Sadreyev,* Thomas J. Gardella," Harald Jiippner,' Henry M. Kronenberg,'

and Marc N. Wein'

'Endocrine Unit, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts, USA. “Department of Biochemistry, Teikyo University School of Medicine, Tokyo, Japan. *Chugai
Pharmaceutical Co., Tokyo, Japan. “Department of Molecular Biology and Department of Pathology, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts, USA. *Musculoskeletal
Integrity Program, Hospital for Special Surgery, New York, New York, USA. ®Center for Advanced Orthopedic Studies, Department of Orthopedic Surgery, Beth Israel Deaconess Medical Center, Harvard Medical
School, Boston, Massachusetts, USA. Department of Orthodontics and Pediatric Dentistry, University of Michigan School of Dentistry, Ann Arbor, Michigan, USA. ®Université de Paris, Institut Cochin, CNRS,

INSERM, Paris, France. *Department of Integrative Biology and Pharmacology, McGovern Medical School at The University of Texas Health Science Center at Houston, Houston, Texas, USA.

The parathyroid hormone 1receptor (PTH1R) mediates the biologic actions of parathyroid hormone (PTH) and parathyroid
hormone-related protein (PTHrP). Here, we showed that salt-inducible kinases (SIKs) are key kinases that control the skeletal

of cAMP-regulated SIKs downstream of GPCR action.

Introduction
The parathyroid hormone 1 receptor (PTHIR) is a class B, 7-trans-
membrane G protein-coupled receptor (GPCR) (1) whose biologic
actions control mineral ion homeostasis (2), bone development (3,
4), and bone remodeling (5). Two endogenous peptide ligands, para-
thyroid hormone (PTH) and parathyroid hormone-related protein
(PTHIP), activate this widely expressed receptor (6). Highlighting
the importance of this GPCR, synthetic PTHIR peptide agonists are
currently used for treatment of osteoporosis (7) and hypoparathyroid-
ism (8). Despite these advances, the downstream signaling steps link-
ing PTHIR activation and the resulting formation of cAMP levels to
changes in gene expression in vivo remain incompletely understood.
Salt-inducible kinases (SIKs) represent a subfamily of AMP-
activated protein kinase (AMPK) family kinases (9, 10). High
dietary salt intake increases Sikl expression in the adrenal glands
(11). In contrast, Sik2 and Sik3 are generally expressed at a consti-
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actions downstream of PTH1R and that this GPCR, when activated, inhibited cellular SIK activity. Sik gene deletion led to
phenotypic changes that were remarkably similar to models of increased PTH1R signaling. In growth plate chondrocytes,
PTHrP inhibited SIK3, and ablation of this kinase in proliferating chondrocytes rescued perinatal lethality of PTHrP-null
mice. Combined deletion of Sik2 and Sik3 in osteoblasts and osteocytes led to a dramatic increase in bone mass that closely
resembled the skeletal and molecular phenotypes observed when these bone cells express a constitutively active PTH1R that
causes Jansen’s metaphyseal chondrodysplasia. Finally, genetic evidence demonstrated that class l1a histone deacetylases
were key PTHIR-regulated SIK substrates in both chondrocytes and osteocytes. Taken together, our findings establish that
SIK inhibition is central to PTH1R action in bone development and remodeling. Furthermore, this work highlights the key role

tutive level in multiple tissues (12). SIK cellular activity is regulated
predominantly by opposing activities of 2 upstream kinases. Liver
kinase B1 (LKB1, encoded by the Stkll gene) phosphorylates the
activation loop of all AMPK family kinases, including SIKs, and
therefore stimulates SIK cellular activity (13, 14). In contrast,
cAMP-dependent protein kinase A (PKA) phosphorylates SIKs at
C-terminal residues outside of the kinase domain, leading to SIK
inhibition through an allosteric mechanism involving 14-3-3 bind-
ing and altered substrate availability (15-18).

Class Ila histone deacetylases (HDACs) and CREB-regulated
transcription coactivators (CRTCs) (19, 20) are key SIK substrates
(9,10, 21, 22). When phosphorylated, class Ila HDACs and CRTC
proteins are retained in the cytoplasm by 14-3-3 proteins. When
SIK activity is inhibited by PKA phosphorylation, class Ila HDAC
and CRTC phosphorylation levels are reduced, leading to nuclear
translocation where they regulate target gene expression. Nuclear
class ITa HDACs predominantly block MEF2-driven gene expres-
sion, while nuclear CRTC proteins coactivate CREB-driven target
genes. Therefore, PKA-dependent SIK inhibition serves as a key
link between GPCR activation and gene expression changes. This
model has been proposed in diverse biologic systems, including
myocytes (22, 23), macrophages (downstream of prostaglandin E )
(24-27), hepatocytes (downstream of glucagon) (16), and melano-
cytes (downstream of melanocyte stimulating hormone) (9, 28).
In addition, we recently described SIK2 as an important PKA-
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dependent substrate downstream of PTHIR action in osteocytes
(29). The aforementioned studies have mainly used in vitro cell
culture systems and small-molecule kinase inhibitors to reach
these conclusions. Moreover, the relative role of PKA-dependent
SIK phosphorylation (relative to other PKA substrates) in the
biologic actions of PTHIR remains poorly understood. There-
fore, the goal of the current study was to use genetic approaches
to determine the role of salt-inducible kinases downstream of
PTHIR action in vivo. Based on the signaling model in which
PTHIR action inhibits SIK cellular function, we predicted that
SIK gene deletion might mimic the actions of excessive PTHIR
signaling in target cells.

Here, we report genetic evidence demonstrating central roles
for SIKs downstream of PTHIR action. During endochondral bone
formation, PTHrP signaling leads to PKA-dependent phosphory-
lation and inactivation of SIK3. Mice with universal Sik3 knockout
(KO) display delayed chondrocyte hypertrophy (30), similar to
what is seen with transgenic overexpression of PTHrP in chondro-
cytes (31); in these growth plates, class Ila HDAC phosphorylation
at 14-3-3 binding sites is reduced (32). We show that Sik3 defi-
ciency rescues the perinatal lethality observed in Pthrp-KO mice,
which is due to accelerated chondrocyte differentiation and thus
premature skeletal mineralization. To complement these studies
on the PTHIR/SIK pathway in growth plate chondrocytes, we
studied the consequences of deleting SIKs in mature osteoblasts
and osteocytes. Combined ablation of SIK2 and SIK3 dramatically
increased bone mass and bone turnover, a phenotype highly remi-
niscent of what is seen with constitutive PTHIR activation in these
cells. Bone transcriptomic profiling by RNA-Seq confirmed strik-
ing molecular concordance between the effects of SIK2/3 dele-
tion and ligand-independent PTHIR signaling. Finally, we asked
which SIK substrates contribute to these phenotypic changes. In
both growth plate chondrocytes and osteoblasts/osteocytes, class
ITa HDACs are essential for the skeletal phenotypes seen with SIK
deletion. Taken together, these results support the importance of a
cAMP/PKA/SIK /class Ila HDAC signaling axis for the physiologic
skeletal actions downstream of the PTHIR.

Results

SIK3 is a key mediator of PTHrP action in growth plate chondrocytes.
Previous studies have suggested that SIK3, a kinase expressed in
growth plate chondrocytes, controls chondrocyte hypertrophy
in mice and humans (30, 33). PTHrP, secreted from chondro-
cytes near the ends of bone, acts on its receptor on proliferating
chondrocytes to block their differentiation into post-proliferative
hypertrophic chondrocytes, thereby allowing them to continue
proliferating (4). PTHrP signaling in chondrocytes reduces class
ITa HDAC (HDAC4 and HDACS5) phosphorylation at 14-3-3 bind-
ing sites and promotes their nuclear translocation (32, 34). In
the nucleus, class IIa HDACs block chondrocyte hypertrophy by
inhibiting the actions of the hypertrophy-promoting transcription
factors MEF2C and RUNX2 (35, 36). Despite these advances, the
precise link between PTHrP signaling in growth plate chondro-
cytes and class ITa HDAC phosphorylation has remained obscure.
To investigate the hypothesis that SIK3 is a target of PTHrP signal-
ing, we treated primary rib chondrocytes with PTH and examined
SIK3 phosphorylation. As shown in Figure 14, in chondrocytes,
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PTHIR activation led to reduced HDAC4/5 phosphorylation at
the first 14-3-3 binding site on these comigrating proteins and
concomitant SIK3 phosphorylation at T441, one of SIK3’s 3 PKA
phosphorylation sites (37).

To identify in vivo correlates of the link between PTHIR sig-
naling and SIK3 phosphorylation, we asked whether deletion of
the Sik3 gene in chondrocytes, which is known to delay chondro-
cyte hypertrophy (30), might rescue the phenotype of mice lack-
ing the Pthrp gene. For this, Sik3%" mice were mated with Col2al-
Cre mice (38) to produce chondrocyte-specific Sik3 gene deletion.
Mice lacking Pthrp die immediately after birth from respiratory
failure caused by a small circumference of the rib cage in associ-
ation with extensive chondrocyte hypertrophy and mineralization
that are not seen in normal rib cartilage (39). Strikingly, the lethal
phenotype of the Pthrp-KO mouse is completely rescued by homo-
zygous ablation of Sik3 in chondrocytes. In Pthrp-KO mice, the dis-
tance from the top of the tibial growth plate to the beginning of
the hypertrophic layer was extremely short as a result of the accel-
erated chondrocyte hypertrophy (Figure 1B, top panel). As shown
in Figure 1B (top), the accelerated chondrocyte hypertrophy in
the Pthrp-KO mouse was completely abrogated when Sik3 was
deleted simultaneously in chondrocytes. Unlike Pthrp-KO mice,
which showed abnormal Coll0al mRNA expression (a marker of
hypertrophic chondrocytes) in the anterior ribs, Pthrp/Sik3 double-
KO mice exhibited no ColI0al mRNA expression in the anterior
ribs (Figure 1B, bottom, red arrowheads). Notably, normal Col10al
expression on sternum (Sik3%* in Figure 1B, bottom) was missing
in the Sik3 and Pthrp double-KO mouse as well as in the Sik3-KO
mouse (Figure 1B, bottom, black arrowheads). Partial suppression
of Coll0al mRNA expression was noted in the Sik3-cHET (Sik3"*
Col2al-Cre) Pthrp-KO mice (Figure 1B, bottom, red arrowheads),
although this was insufficient to rescue perinatal lethality due
to Pthrp deletion.

Consistent with rescued rib chondrocyte hypertrophy, we
observed rescue of perinatal lethality of Pthrp-KO mice in com-
pound Pthrp/Sik3 mutants. While mice lacking Pthrp uniformly
died just after birth, Pthrp and Sik3 double-KO mice survived up
to 1 month after birth. The cause of death in compound Pthrp/Sik3
mutants was not abnormal rib chondrocyte hypertrophy and miner-
alization (Figure 1C, bottom, red arrowheads). Rather, these mice
exhibited other phenotypes, such as a complete failure of tooth
eruption (Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI130126DS1),
a phenotype identical to what is observed when Pthlr is deleted
in dental mesenchymal progenitors (38, 40-42). Taken together,
these results establish a key role for SIK3 inhibition downstream of
PTHrP action in chondrocytes in the growth plate.

SIK1 and SIK2 support the actions of SIK3 on chondrocyte dif-
ferentiation. The universal Sik3-KO mice and the chondrocyte-
specific Sik3 conditional KO (cKO) mice showed delayed chon-
drocyte hypertrophy compared with WT controls (ref. 30, Figure
1B, and Figure 2A). However, the phenotype of Sik3-KO mice was
not as severe as the delay of chondrocyte hypertrophy in chondro-
cyte-specific Pthrp transgenic (Tg) mice (Figure 2A). Pthrp-Tg mice
(Pthrp-Tg/+) exhibit only round chondrocytes at birth, and there-
fore subsequent bone formation is severely delayed after birth (31).
The more severe phenotype with Pthrp overexpression suggests
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Figure 1. Sik3 deletion rescues perinatal lethality of Pthrp-deficient mice. (A) Primary rib chondrocytes isolated from newborn WT mice were treated
with vehicle or PTH (1-34, 100 nM) for 30 minutes, followed by immunoblotting as indicated. Phosphorylated HDAC4-Ser245 (p-HDAC4-Ser245), p-HDACS-
Ser250, and p-HDAC7-Ser178 represent the residues in mouse HDAC4 protein. Here, contemporaneous immunoblots were run in parallel. This experiment
was performed twice, and representative results are shown. (B, top) H&E staining of proximal tibia at birth (original magnification, x100) demonstrates
that the lethal phenotype of the Pthrp-KO mouse is rescued by Sik3 gene deletion. Each mouse genotype shown is defined as follows: Sik3/*, Pthrp-KO
(universal Pthrp™-), Sik3-cHET (Sik3™* Col2a1-Cre), Sik3-cKO Pthrp-KO (Sik3™ Pthrp- Col2a1-Cre), and Sik3-cKO (Sik3/f Col2a1-Cre). Numbers represent
the average length of the proliferating chondrocyte region (black lines) (mean + SEM, n = 3, biological triplicates; we measured the average length using
6-9 sections per mouse). *P < 0.01, **P < 0.001 by 1-way ANOVA followed by Dunnett’s test for multiple comparisons, when the Pthrp-KO measurement is
control. (B, bottom) Co/70a7 mRNA in situ hybridization of the anterior rib cage at birth (original magnification, x40). Abnormal Co/70a7 mRNA expression
in the Pthrp-KO mice is reduced or absent with combined Sik3 gene deletion (red arrowheads). Normal Co/70a1 mRNA expression in the sternum is missing
in the Pthrp and Sik3 double-KO mouse and the Sik3-KO mouse (black arrowheads). S indicates the lower end of the sternum. (C) H&E staining of proximal
tibia (top) and anterior rib cage (bottom) at P26 (original magnification, x40) from surviving postnatal mice. Bone formation is severely affected in the
Sik3 and Pthrp double-KO mouse and the Sik3-cKO mouse: secondary ossification center (black arrowheads in the top panels) and bone formation in the
sternum (black arrowheads in the bottom panels) are missing. Abnormal chondrocyte hypertrophy in the anterior rib is not seen in the Sik3 and Pthrp
double-KO mouse (red arrowheads). Scale bars (red lines): 500 pm.
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Figure 2. SIK1 and SIK2 control chondrocyte hypertrophy in addition to SIK3. (A and B) H&E staining of whole tibia at birth (original magnification, x20)
shows that additional homozygous deletion of Sik7 or Sik2 in the Sik3-cKO mouse delays chondrocyte hypertrophy. Each mouse genotype shown is defined
as follows: Sik3-cKO (Sik3™1 Col2al-Cre), Sik2-cHET Sik3-cKO (Sik2"+ Sik3f Col2a1-Cre), Sik2-cKO Sik3-cKO (Sik2™ Sik3™" Col2al-Cre), Sik1-cKO Sik3-cKO
(Sik1/f Sik3f/f Col2a1-Cre). Numbers represent average length of the bone region between proximal and distal growth plates (black lines) (mean + SEM,

n =3, biological triplicates; we measured the average length using 6-9 sections for each mouse). *P < 0.001 by 1-way ANOVA followed by Dunnett’s test,
when the Sik3-cKO measurement is control. P values less than 0.05 were considered significant. (C) In situ hybridization for osteopontin (OPN) mRNA on
the whole tibia at birth (original magnification, x20). (D) H&E staining of proximal tibial growth plate at birth (original magnification, x100). Numbers rep-
resent the average length of the proliferating chondrocyte region (black lines) (mean + SEM, n = 3, biological triplicates; we measured the average length
using 6-9 sections for each mouse). By 1-way ANOVA followed by Dunnett's test when the corresponding WT (Sik7%) measurement is control, we found
no significant (NS) differences by knocking out Sik7 and/or Sik2. P values less than 0.05 were considered significant. SIK3 is the major mediator. SIK3 alone
can exhibit normal phenotype without SIK1and SIK2. Scale bars (red lines): 500 um.

that other SIK family proteins (SIK1 or SIK2) may control chon-
drocyte hypertrophy in addition to SIK3. To confirm this hypothe-
sis, we generated the double-KO mice of SikI and Sik3 or Sik2 and
Sik3. Sik2 and Sik3 are linked by 5 Mb on mouse chromosome 9;
therefore, a large number of progeny (>120) were screened in order
to ultimately identify mice with both floxed alleles present in cis
(Supplemental Figure 2). By additional deletion of the SikI or Sik2
gene in the Sik3-cKO mouse, we observed longer growth plate and
delayed separation of proximal and distal growth plates at birth
(Figure 2B, black lines). These results suggest that SIK1 and SIK2
also regulate chondrocyte differentiation when SIK3 is absent, but
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that Sik2 gene deletion exhibits more obvious effects. We found a
stepwise delay of chondrocyte differentiation when the Sik3-cKO
deletion was combined with the Sik2-cHET and then the Sik2-cKO
deletion (Figure 2, A and B). In newborn Sik2 and Sik3 double-cKO
mice, bone formation started from both perichondria, but the prox-
imal and distal growth plates were not separated by bone invasion,
judging by osteopontin (OPN; marker for late hypertrophic chon-
drocytes and bone) mRNA expression (Figure 2C). The SikI-cKO,
Sik2-cKO, and Sikl/Sik2 double-cKO exhibited normal growth
plate phenotypes (Figure 2D), highlighting that SIK3 is the predom-
inant SIK isoform in regulating chondrocyte differentiation.
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Combined SIK2/3 deletion in osteoblasts and osteocytes causes
high bone mass with accelerated bone turnover. Having established
a key role for SIK3 downstream of PTHIR action in growth plate
chondrocytes, we next asked whether SIK deletion in osteo-
blasts and osteocytes might mimic the skeletal effects of consti-
tutive PTHIR signaling. Jansen’s metaphyseal chondrodysplasia
is caused by rare activating Pthlr mutations, most commonly
Pthlrt22® (43 44). When this Pthlr variant is expressed in osteo-
blasts or osteocytes via transgene, mice show very high trabecular
bone mass associated with increased bone remodeling (45, 46).
PTH signaling in osteoblasts leads to PKA-mediated inhibition
of SIK2, and small-molecule pan-SIK inhibitors mimic skeletal
PTH action (29). Therefore, we predicted that deletion of SIKs in
osteoblasts and osteocytes might mimic the high turnover pheno-
type seen with PTHIR™** expression in these cells. Analysis of
existing cortical bone RNA-Seq data sets indicates that all 3 SIKs
are expressed at moderate levels in bone (Supplemental Figure
3A). Moreover, recent single-cell RNA-Seq data sets demonstrate
coexpression of all 3 SIKs in Pthlr-expressing osteoblasts (47, 48).
For these studies, DmpI-Cre (9.6-kb promoter element; ref. 49)
was used to achieve deletion in mature osteoblasts and osteocytes.
“Single” mutants lacking Sikl, Sik2, or Sik3 showed no obvious
skeletal phenotype as assessed by micro-CT and analysis of serum
bone turnover markers procollagen type 1 N-terminal propeptide
(P1INP) and C-terminal telopeptide (CTX) (Supplemental Figure 3,
B and C, and Supplemental Table 1 for all micro-CT data).

However, using the same strategy, we generated mice lack-
ing Stk11, the upstream kinase required for activation of all 3 SIK
isoforms, and observed markedly increased trabecular bone mass
(Supplemental Figure 3D). Therefore, given the potential for func-
tional redundancy among SIK isoforms, we generated all possibil-
ities of combined double Sik mutants using Dmpl-Cre. While Sikl/
Sik2 and Sikl/Sik3 compound mutant mice showed no dramatic
skeletal phenotype when bred to DmpI-Cre transgenic mice, Sik2/
Sik3 compound mutant animals (Sik2%" Sik3"" DmpI-Cre) showed
a dramatic high bone mass phenotype associated with expansion
of trabecular bone throughout the marrow cavity (Figure 3A and
Supplemental Figure 4). Histologic analysis of Sik2# Sik3"? Dmpl-
Cre long bones demonstrated increased trabecular bone mass with
an expansion of marrow stromal cells (Figure 3B and Supplemen-
tal Figure 5; here we define bone marrow stromal cells as non-
hematopoietic cells located away from bone surfaces) and
increased tartrate-resistant acid phosphatase—positive (TRAP-
positive) osteoclasts lining trabecular surfaces (Figure 3, C and
D). Dynamic histomorphometry demonstrated high bone forma-
tion throughout trabecular and cortical surfaces in Sik2"? Sik3"1
DmpI-Cre animals (Figure 3D and Supplemental Figure 6). Consis-
tent with TRAP staining and dynamic histomorphometry results,
serum PINP (a marker of bone formation) and CTX (a marker of
bone resorption) analysis from these mice confirmed a state of
accelerated bone turnover (Figure 3E) despite normal circulating
levels of calcium, phosphate, and PTH (Supplemental Figure 7).

Next, weisolated cortical bone RNA from WT and Sik2/ Sik3#
Dmpl-Cre mice in order to determine molecular correlates asso-
ciated with this dramatic high bone mass phenotype. As expected,
expression of osteoblast markers (Alpl and Collal) and osteoclast
markers (Acp5 [the gene encoding TRAP] and Calcr) was elevated

RESEARCH ARTICLE

compared with control (Figure 4, A and B). We previously defined
a core group of 142 genes whose expression is acutely regulated
by both PTH and small-molecule SIK inhibitors in a transformed
osteoblastic/osteocytic cell line (29). As shown in Figure 4C (and
below in Figure 5), Sik2"# Sik3"# Dmpl-Cre mice showed differen-
tial expression of PTH/SIK target genes (Sost, Tnfsfl1, and Wnt4)
in the expected direction. Sik2"? Sik3" DmpI-Cre mice showed
reduced osteocytic sclerostin expression in situ (Figure 4D). Con-
sistent with reduced sclerostin mRNA and protein levels, Sik2"?
Sik3#1 DmpI-Cre mice showed increased numbers of osteoblastic
cells on bone surfaces staining positive for nonphosphorylated
(activated) B-catenin (Figure 4E).

Molecular concordance between Sik2"# Sik3"# Dmpl-Cre and
PTHIR™?*R-expressing mice. We noted clear phenotypic similarities
between the skeletal phenotypes of Sik2"? Sik3%# Dmpl-Cre mice
and mice expressing a constitutively activated PTHIR (H223R,
associated with Jansen’s metaphyseal chondrodysplasia) in osteo-
blasts or osteocytes (45, 46). Like Sik2"* Sik3"" Dmpl-Cre mice,
Collal-PTHIR"2%R (hereafter referred to as C1HR) animals also
showed increased trabecular bone mass with marrow stromal
cells (50, 51), increased TRAP-positive osteoclasts on trabecular
surfaces, and increased nonphosphorylated (activated) p-catenin-
positive cells lining bone (Figure 5A). To further explore the molec-
ular concordance between these 2 models of apparent hyperactive
PTHIR signaling, we performed bulk RNA-Seq on bone RNA
isolated from both mutant strains along with matched WT litter-
mate controls (see Methods). Initial analysis of both comparisons
revealed a large number of differentially expressed genes (DEGs;
fold change > 2, FDR < 0.05) versus respective control RNA
samples (Figure 5B and Supplemental Table 2 for RNA-Seq data).
Sik2"# Sik3"" DmpI-Cre mice showed 3600 DEGs (1327 upreg-
ulated, 2273 downregulated), while CIHR mice showed 5909
DEGs (3385 upregulated, 2524 downregulated).

Comparing lists of DEGs, 71.3% of the genes regulated in
Sik2"# Sik3"" DmpI-Cre mice were also differentially expressed
in C1HR animals (Figure 5C). This striking overlap was not due to
random chance (hypergeometric P < 1071°%). A similar degree of
overlap was noted when directionality of gene expression changes
(vs. WT controls) was accounted for: 74.6% of upregulated DEGs
in Sik2"f Sik3"" Dmpl-Cre mice were upregulated in C1HR ani-
mals (hypergeometric P < 10*?), and 65.8% of downregulated
DEGs in Sik2"# Sik3"# Dmpl-Cre mice were downregulated in
C1HR animals (hypergeometric P < 10757). Nonrandom overlap
also existed between genes acutely coregulated by PTH and the
small-molecule SIK inhibitor YKL-05-093 in cultured Ocy454
cells (29) and genes regulated in both Sik2"# Sik3"? Dmpl-Cre and
C1HR mice in vivo (hypergeometric P = 0.016). Visualization of
all quantified genes by heatmap (Figure 5D) revealed groups of
coregulated genes, as did a scatterplot showing the average fold
change for each gene in each RNA-Seq comparison (Figure 5E).
Gene ontology analysis of co-upregulated genes revealed enrich-
ment in expected terms such as osteoclast differentiation, ECM
organization, WNT signaling, and endochondral bone morpho-
genesis (Supplemental Figure 8). Bone cell WNT signaling output
(52) was clearly upregulated in both Sik2"# Sik3"# DmpI-Cre and
C1HR mice (Supplemental Figure 9A), and it is clear that multiple
mechanisms contributed to this effect. As shown in Supplemen-
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Figure 3. Combined SIK2/3 deletion in osteoblasts and osteocytes causes
high bone mass with accelerated bone turnover. (A) Representative
femur micro-CT images from littermate control (top) and compound SIK
mutant (bottom) 8-week-old male mice of the indicated genotypes. Mean
trabecular bone volume fraction (+ SD) in the distal metaphysis (BV/TV) is
listed below each representative image, with sample size analyzed of each
group following in parentheses. Below trabecular BV/TV, the midshaft
cortical thickness (Ct.Th) is listed. All WT mice studied bear the indicated
loxP-flanked allele but are negative for the Dmp7-Cre transgene (which

on its own does not cause a discernible skeletal phenotype). n/d, not
determined. Scale bar: 1 mm. (B) H&E-stained proximal tibia histology
from 8-week-old WT and SIK2/3 double-mutant mice from A shown at
x100 original magnification (results shown are representative of n = 6 mice
per group). (C) TRAP-stained (pink) proximal tibia histology from WT and
SIK2/3 double-mutant mice. (B) Top: WT and SIK2/3 double-mutant mice
were labeled with calcein at P26, demeclocycline at P27, then sacrificed 1
day later for dynamic histomorphometry on non-decalcified, plastic-
embedded sections. Representative images at x4 original magnification
showing fluorescent signals from dual calcein/demeclocycline labeling

are shown; scale bars: 500 um. Bottom: Quantification of osteoclast and
trabecular mineralizing surface (normalized to tissue area) is shown; n =

3 mice per genotype were analyzed. (E) Fasting serum from 8-week-old
WT (n = 8) and SIK2/3 double-mutant (DKO, n = 16) mice was collected
and analyzed for PINP (bone formation marker) and CTX (bone resorption
marker). Student’s t tests were used for comparison between WT and
SIK2/3-DKO mice, with P values listed in the figure panels. Scale bars: 100
um for all histology panels in this figure unless otherwise indicated. See
also Supplemental Figures 1-6.

tal Figure 9B, expression of the paracrine-acting WNT inhibitor
Sost (53) was not downregulated in CIHR animals (likely because
of low activity of the Collal promoter in Sost-expressing osteo-
cytes). However, expression of multiple canonical and noncanon-
ical WNT ligands was upregulated in Sik2"# Sik3%f DmpI-Cre and
CIHR mice (Supplemental Figure 9C), suggesting that multiple
mechanisms contribute to increased WNT activity downstream of
PTHIR signaling in bone.

Molecular concordance between Sik2%# Sik3"# Dmpl-Cre and
C1HR mice could be due to specific engagement of common sig-
naling pathways, or it could be due to shared expression of com-
mon genes nonspecifically associated with increased bone for-
mation, increased osteoblast number, and increased trabecular
bone mass. Therefore, we compared DEGs seen in Sik2?f Sik3/1
Dmpl-Cre mice with those seen after treatment with neutralizing
anti-sclerostin antibody (Scl-Ab; ref. 54), another distinct model
of high bone formation and increased trabecular bone mass. Two
weeks of Scl-Ab treatment caused differential expression of 1030
genes (649 upregulated, 381 downregulated; Supplemental Figure
10A). Scatterplot and Venn diagram analysis demonstrated mini-
mal concordance between Scl-DEGs compared with Sik2%/ Sik3//#
Dmpl-Cre and C1HR mice. For instance, 74.6% of upregulated
genes in Sik2" Sik3"# DmpI-Cre mice were also upregulated in
C1HR mice, while only 7.4% of those same genes were also upreg-
ulated by Scl-Ab treatment (Figure 5F and Supplemental Figure
10, B and C). Taken together, these results suggest that common
engagement of a shared specific signaling pathway drives the strik-
ing phenotypic and molecular concordance observed between
Sik2"1 Sik3"f DmpI-Cre and CIHR mice.

Class Ila HDACs are key downstream mediators of PTHIR/SIK
action in the growth plate and in osteoblasts/osteocytes. While mul-
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tiple SIK substrates have been reported (55, 56), work from many
biologic systems supports a model in which class Ila HDACs
and CRTC proteins are key mediators of SIK-dependent cAMP-
regulated changes in gene expression (9, 10). We recently reported
a key role for class Ila HDAC proteins in suppressing MEF2C-
driven chondrocyte hypertrophy downstream of PTHrP action
(32). Therefore, we tested the role of HDAC4 as a mediator
of SIK3 action in the growth plate by generating chondrocyte-
specific compound Sik3/Hdac4 mutant mice. As shown in Figure
6A, by deleting the Hdac4 gene in the Sik3-cKO mouse, stepwise
shorter proliferating chondrocyte regions were observed at birth,
supporting the idea that HDAC4 acts downstream of SIK3 to delay
chondrocyte hypertrophy. Delayed chondrocyte hypertrophy
observed in the chondrocyte-specific Sik3-cKO mice was com-
pletely abrogated with concomitant Hdac4 gene deletion. Consis-
tent with these histologic data, deleting Hdac4 in Sik3-cKO mice
resulted in accelerated Coll0al expression similar to what is seen
in Hdac4-cKO (Hdac4™"' Col2al-Cre) mice (ref. 35 and Figure 6B).
Sik3/Hdac4 double-cKO mice appeared phenotypically similar to
Hdac4-cKO mice (Figure 6A), indicating that HDAC4 functions
downstream as a key mediator of SIK3 signaling.

We next asked whether class Ila HDACs might also be
required for the skeletal phenotype seen in Sik2## Sik3"# Dmpl-
Cre mice. Here, a similar compound mutant strategy was used
in which Hdac4"? Hdac57~ Dmpl-Cre mice were intercrossed to
Sik2"# Sik3"" DmpI-Cre animals. As we previously reported (29),
Hdac4"" Hdac57~ Dmpl-Cre mice showed cortical and trabecu-
lar osteopenia. As detailed above, Sik2%/ Sik3"# Dmpl-Cre mice
showed massive increases in trabecular bone mass through the
marrow cavity. In contrast, compound Hdac4"? Hdac57~ Sik2#
Sik3#1 Dmpl-Cre animals showed osteopenia similar to what was
observed in Hdac4"! Hdac57~ Dmpl-Cre mice (Figure 7A). At the
histologic level, compound Hdac4"? Hdac57~ Sik2"# Sik3"# Dmpl-
Cre quadruple-KO mice showed osteopenia similar to what was
observed in Hdac4"! Hdac57~ Dmpl-Cre double-KO animals (Fig-
ure 7B). Sclerostin immunohistochemistry revealed, as expected
(29), high sclerostin levels in mice lacking Hdac4/Hdac5, low
osteocytic sclerostin expression in Sik2%# Sik3#" DmpI-Cre ani-
mals, and high sclerostin in quadruple mutants (Figure 7C). In
sum, these data reveal that class Ila HDACs are key downstream
mediators of the biologic effects of SIK deletion in growth plate
chondrocytes and osteoblasts/osteocytes. Since SIK-deficient
phenotypes are completely reversed in the presence of concomi-
tant class IIa HDAC deletion, class Ila HDACs likely function as
vital downstream mediators of SIK action in bone in vivo.

Discussion

Intracellular signaling downstream of PTHIR has dramatic
effects on growth plate chondrocytes, osteoblasts, and osteo-
cytes in bone development and remodeling. Here, using in vivo
genetic evidence, we demonstrate that salt-inducible kinases
control the biologic actions of PTH1R. In growth plate chondro-
cytes, we show that PTHIR activation leads to PKA-mediated
SIK3 T441 phosphorylation, a signaling event known to block
the cellular action of SIK3 (15, 37). In osteocytes, PTHIR signal-
ing triggers PKA-dependent phosphorylation of SIK2 at multiple
sites. In osteoblasts, PTHIR signaling targets both SIK2 and SIK3
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Figure 4. Molecular correlates of high bone
mass phenotype in Sik2"/ Sik3f/f Dmp1-Cre
mice. (A-C) Marrow-flushed cortical bone

RNA was isolated from WT (n = 12) and SIK2/3
mutant (n = 14) 6-week-old mice, followed by
quantitative reverse transcriptase PCR analysis
for the indicated osteoblast marker (A), osteo-
clast marker (B), and PTH/SIK inhibitor-respon-
sive genes (C). Student’s t tests were used for
comparison between WT and Sik2/3-DKO mice,
with P values listed in the figure panels. (D)
Sclerostin immunohistochemistry (brown; origi-
nal magnification, x100) from WT and Sik2/f
Sik3™f Dmp1-Cre mice. Osteocytes in mutant
trabecular and cortical bone stain poorly for
sclerostin. (E) Immunohistochemistry for non-
phosphorylated (S33/537/T41) B-catenin in the
primary and secondary spongiosa. Immunos-
taining results show representative data from
n =5 mice per genotype. Scale bars: 100 um for
all panels in this figure.
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cellular activity. In chondrocytes, PTH in vitro similarly triggers
phosphorylation of SIK3. SIK3 deletion phenocopies the effects of
constitutive PTHIR signaling, and rescues lethality observed in
the Pthrp-KO mice. In osteoblasts/osteocytes, combined SIK2/3
deletion mimics the effects of constitutive PTHIR signaling at
the phenotypic and molecular levels. Therefore, we conclude that
SIK inhibition is a pivotal intracellular step in these downstream
biologic actions of PTH1R.

While multiple SIK substrates have been reported in diverse
biologic systems (55, 56), a consensus model has emerged in
which class Ila HDACs and CRTC proteins are key mediators
of the biologic actions of these kinases in normal physiology (9,
10). Hdac4-KO mice exhibit limb deformities due to exuberant
RUNX2- and MEF2C-driven chondrocyte hypertrophy (35, 36).
We recently reported that HDAC4 is required for PTHrP to inhibit
chondrocyte hypertrophy (32), and nuclear HDAC4 accumulation
is noted in SIK3-deficient chondrocytes (30). Here we show that
HDAC4 is also required for the growth plate phenotype associated
with Sik3 deficiency. These genetic results place HDAC4 “down-
stream” of PTHrP/SIK3 signaling in the control of chondrocyte
hypertrophy. While the role of CRTC proteins in chondrocyte
maturation remains to be determined, our results clearly suggest a
dominant role of class Ila HDACs as physiologically important SIK
substrates in the growth plate.

The specific role of PKA-mediated SIK2/3 phosphorylation
in blocking the cellular activity of these kinases in bone devel-
opment and homeostasis remains to be tested in vivo. Recently,
a mouse ethylnitrosurea (ENU) mutagenesis screen for pheno-
types related to sleep abnormalities identified the Sleepy SIK3
mutant as a strain with markedly prolonged sleep time. This
SIK3 DNA change leads to an in-frame loss of the 52-amino acid
exon 13, which includes a PKA phosphorylation site at S551 (57).
Phosphoproteomic analysis of Sik3%<» CNS tissue revealed a
potential neuron-specific role for SIK3 in phosphorylating several
synaptic proteins (58). More recently, the specific role of one PKA
site within exon 13, serine 551, was tested in vivo. SIK3 S551A mice
show hypersomnia similar to that of the exon 13-skipped Sleepy
mutants (59). Therefore, PKA-mediated SIK3 S551 phosphoryla-
tion plays a key role in control of sleep-related neurotransmission
by SIK3. However, the role of S551 in controlling the growth plate
actions of SIK3 downstream of PTHI1R remains to be determined.
Furthermore, like SIK2, there are multiple PKA phosphorylation
sites of SIK3 that are likely to work in conjunction to promote sig-
nal-dependent 14-3-3 association (15).

Recently, humans with homozygous Sik3 missense mutation
have been reported to show a Jansen’s metaphyseal chondrodys-
plasia-like growth plate phenotype (33). These findings are entirely
consistent with our data demonstrating that PTHrP inhibits SIK3
action in the growth plate, and that homozygous Sik3 gene dele-
tion rescues perinatal lethality in mice lacking PTHrP. Krakow and
colleagues proposed that altered mTOR signaling (via SIK3-me-
diated regulation of DEPTOR activity) provides the mechanis-
tic link explaining this phenotype. Our studies with compound
SIK3/HDAC4 mutants suggest that class Ila HDACs are likely
the SIK3 substrates that dominate in regulation of the differenti-
ation of chondrocytes in the growth plate. The role of DEPTOR
in chondrocyte maturation and its regulation by SIKs remains
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to be studied using mouse genetics. Our current work suggests
that small-molecule SIK agonists, if identified, or class Ila HDAC
inhibitors (60, 61) might be of therapeutic utility for growth plate
and bone abnormalities in individuals with Jansen’s metaphyseal
chondrodysplasia.

In both chondrocytes and osteoblasts/osteocytes, class Ila
HDAGC:s are required for the biologic phenotypes associated with
SIK gene deletion. These results suggest that class Ila HDACs are
crucial downstream mediators of cellular SIK action. However,
the relative role of CRTC proteins in the cellular actions of SIKs
remains to be determined. Many genes regulated by PTHIR sig-
naling are thought to be direct CREB targets (62), and it is likely
that CRTC proteins synergize with direct PKA-mediated CREB
phosphorylation to induce targets such as RANKL. We acknowl-
edge the possibility that the strong phenotypic consequences of
class ITa HDAC deficiency may obscure important roles for CRTC
proteins and/or other SIK substrates. Therefore, future studies will
be needed to better understand how CRTC proteins contribute to
the cellular actions of SIKs in vivo.

In osteoblasts and osteocytes, PTHIR signaling reduces cellu-
lar SIK activity, as manifested by dephosphorylation and nuclear
translocation of class Ila HDACs and CRTC proteins (29, 63). We
previously observed PTH-stimulated PKA-dependent phosphor-
ylation of SIK2 (but not SIK3) in a transformed osteocyte-like cell
line. While no overt bone phenotype is present when SIK2 is deleted
with Dmpl-Cre, compound Sik2 and Sik3 deletion leads to a dra-
matic high bone mass phenotype similar to what is observed with
PTHI1RH?2R expression in osteoblasts and/or osteocytes. Therefore,
it is likely that PTHIR signaling acutely inhibits the cellular activity
of both related kinases (SIK2 and SIK3) in vivo in osteoblasts and
osteocytes. Further studies are needed to better understand the
compensatory relationships between these closely related kinases.
For example, compound SIK1/SIK3 mutant mice show increased
cortical bone area and trends (not statistically significant) toward
increased trabecular bone mass (Figure 3A) and increased bone
turnover. Pharmacologic inhibitors that target all 3 SIK isoforms
mimic PTH action in vivo (29). Our current results suggest that
specific inhibitors of only SIK2 and SIK3 may be sufficient to boost
bone formation and bone mass in therapeutic settings.

Transcriptomic analysis of Sik2%# Sik3%! Dmpl-Cre and CIHR
mice revealed a common signature associated with WNT path-
way upregulation. Previous studies have linked PTHIR signaling
in osteoblasts/osteocytes with increased WNT pathway output
(5, 64), and intact canonical WNT signaling is required for inter-
mittent PTH treatment to increase bone mass (65, 66). Multiple
mechanisms have been proposed to explain cross-talk between
PTHIR and WNT signaling pathways, including direct interactions
between PTHIR and the WNT coreceptor LRP6, suppression of the
WNT inhibitors SOST and DKK1, and induction of WNT ligands by
bone marrow T cells (67-70). Expression of multiple canonical and
noncanonical WNT ligands is stimulated by PTHIR activation via
SIK2/3 inhibition. Therefore, these results add to our understand-
ing of how WNT signaling is stimulated by PTHIR action.

While SIK gene deletion may not perfectly mimic the effects
of PKA-dependent kinase inhibition, we do note that T163A SIK3
kinase-deficient mice show short bone length similar to that in
mice completely lacking SIK3 (71). Therefore, it is likely that the
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Figure 5. Global molecular concordance between Sik2//? Sik3/f Dmp1-Cre and C1HR mice. (A) Left: H&E-stained images (original magnification, x100)

in the primary and secondary spongiosa of 6-week-old Col1al-PTHIR"2® (CTHR) mice showing increased bone mass and increased marrow stromal cells.
Middle: TRAP-stained images (original magnification, x20) revealing increased osteoclasts on trabecular surfaces of CTHR mice. Right: Immunostaining for
activated B-catenin reveals increased WNT pathway activity in CTHR animals. See Figure 3, B and C, and Figure 4E for similarities to Sik2"/f Sik3"/f Dmp1-
Cre mice. Scale bars: 100 um for left and right panels, 1 mm for middle panels. (B) RNA-Seq was performed on bone RNA isolated from Sik2"/f Sik3//f
Dmp1-Cre mice (n = 6) with n = 8 littermate controls, and C1HR mice (n = 12) with n = 11 littermate controls. Volcano plots show the relationship between
fold change and statistical significance across these 2 data sets. (C) Venn diagram analysis of lists of differentially expressed genes (DEGs) (log, FC > 2,
FDR < 0.05) between the 2 comparisons. Hypergeometric P values for all overlap analyses are less than 0.05. (D) Heatmap showing extensive coregulation
of gene expression in SIK2/3 mutant and C1HR mice. Each row represents a distinct DEG (encompassing all genes found in the first Venn diagram in C),
and each column represents a mouse of the indicated genotype. The log, fold change of each gene is expressed versus the mean of the control mice. (E)
Scatterplot demonstrating extensive coregulation between SIK2/3 mutants and C1HR mice. Each dot represents the average log, fold change for all genes
detected by RNA-Seq comparing mutant versus control. Linear regression analysis between the 2 data sets reveals P < 0.0001, slope = 0.9112, R? = 0.5914.
(F) Similar scatterplot demonstrating relative lack of concordance between effects of SIK2/3 deletion in osteoblasts/osteocytes and effects of 2 weeks

of sclerostin antibody treatment. Linear regression analysis between the 2 data sets reveals P < 0.0001, slope = 0.1155, R? = 0.051. See also Supplemental
Figures 6-8.
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Figure 6. Class Ila HDACs are key
downstream mediators of PTHIR/SIK
action in the growth plate. (A) H&E
staining of the whole tibia at birth
(original magnification, x20) reveals
that the expanded growth plate in the
Sik3-cKO mouse is abrogated when the
Hdac4 gene is simultaneously deleted.
Each mouse genotype shown is defined
as follows: Sik3™f, Sik3-cKO (Sik3™"f
Col2a1-Cre), Hdac4-cHET Sik3-cKO
(Hdac4™* Sik3"f Col2a1-Cre), Hdac4-
cKO Sik3-cKO (Hdac4™ Sik3/7 Col2al-
Cre), Hdac4-cKO (Hdac4™" Col2al-Cre).
(B) In situ hybridization for Col10a1
mRNA on the proximal tibial growth
plate at birth (original magnification,
x40). Numbers represent the average
length of the proliferating chondrocyte
region (black lines) (mean + SEM, n =
3, biological triplicates; we measured
the average length using 6-9 sections
for each mouse). *P < 0.001 by 1-way
ANOVA followed by Dunnett’s test,
when the Sik3-cKO measurement is
control. P values less than 0.05 were
considered significant. Scale bars (red
lines): 500 pm.
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major function of SIK3 is to serve as a protein kinase. Small-mole-
cule SIK inhibitors have been studied as research tools and poten-
tial therapeutic agents for cancer (72-75), inflammatory bowel
disease (76), skin pigmentation (28), and osteoporosis (29). Our
current in vivo results indicate that a major biologic action of SIKs
is to mediate multiple biologic actions of PTHIR signaling.

Our initial work to identify SIKs downstream of PTHIR action
in bone emanated from studies designed to understand how PTH
signaling suppresses SOST expression (29). Our current findings
demonstrate that the ability of PTHIR to inhibit SIKs accounts for
many of the dominant biologic aspects of PTHIR action in bone
development and remodeling. Future studies are needed to deter-
mine whether SIK inhibition plays a similar dominant role in any
of the extraskeletal actions downstream of PTHIR, or in other
GPCR/Gsa/cAMP-linked signaling systems.

Methods

Genetically modified mice. The following published genetically
modified strains were used: germline Pthrp-deficient mice (RRID:
MGI:2154515) (39), Hdac4-floxed mice (RRID: MGI:4418117)

(77), germline Hdac5-deficient mice (RRID: MGI:3056065) (78),
Col2al-Cre mice (RRID: MGI:2176070) (38), Dmpl-Cre mice (RRID:
MGI:3784520) (49), Stkll-floxed mice (RRID: MGI:4440829) (79)
(The Jackson Laboratory, JAX 014143), Sikl-floxed mice (RRID:
MGI:5648544) (80), and Sik2-floxed mice (RRID: MGI:5905012) (16).
Sik3um1a(FUCOMMHEmgy mjce (RRID: MGL:5085429) were purchased from
the European Conditional Mouse Mutagenesis Program (EUCOMM)
and bred to PGK1-FLPo mice (The Jackson Laboratory, JAX 011065)
to generate mice bearing a loxP-flanked SIK3 allele. See Supplemen-
tal Figure 2 for details on generation of compound SIK2/SIK3-floxed
mice in cis. For all other compound mutant strains, single-mutant
mice were intercrossed and then F, progeny bred to obtain compound
mutants along with WT (Cre-negative) littermate controls. All strains
were backcrossed to C57BL/6 for at least 4 generations. WT (Cre-
negative) littermate controls were used for all studies to account for
potential influence of genetic background.

Primary rib chondrocyte culture. Primary rib chondrocytes were iso-
lated from WT newborn mice using the protocol in ref. 81 with modifi-
cation. The front part of the rib cage was dissected by fine forceps under
a dissecting microscope. Hypertrophic chondrocytes and the bone
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Figure 7. Class lla HDACs are key downstream mediators of PTHIR/SIK
action in osteoblasts/osteocytes. (A) Femurs from 6-week-old mice of
the indicated genotypes were analyzed by micro-CT. Full-length images
are representative of at least n = 3 mice per genotype; littermate controls
were used for all experiments. Mean R1 (midshaft cortical) bone volume
fraction (BV/TV, determined from region “1” above including cortical bone)
and R2 (trabecular) bone volume fraction (BV/TV, determined from region
“2" above excluding cortical bone) (+ SD) are shown for each genotype,
with sample size analyzed in parentheses. *P < 0.05 vs. WT, #*P < 0.05

vs. Sik2/3-DKO. For R1 midshaft whole bone BV/TV comparisons: WT vs.
Sik2/3-DKO, P = 0.00053; Sik2/3-DKO vs. Sik2/3 Hdac4/5 quadruple-KO,
P =0.0083. For R2 trabecular BV/TV comparisons: WT vs. Hdac4/5-DKO,
P =0.037; WT vs. Sik2/3-DKO, P = 0.000114; Sik2/3-DKO vs. Sik2/3
Hdac4/5 quadruple-KO, P = 0.000336. One-way ANOVA followed by
Dunnett’s multiple-comparisons test was used to determine P values. (B)
Representative H&E stain (sample size analyzed of each group is shown
in A) of the primary and secondary spongiosa in the proximal tibia at x100
original magnification. (C) Sclerostin immunohistochemistry from sections
in B shown at the level of midshaft cortical bone. Sclerostin immunoreac-
tivity levels are high in HDAC4/5-deficient mice, low in Sik2/f Sik3f/f
Dmp1-Cre mice, and high in compound HDAC4/5 SIK2/3 mutants. Scale
bars: 100 um for histology panels and 1 mm for micro-CT panels.

region on the posterior rib cage were removed. The anterior rib cages
were incubated in a digestion medium containing 0.2% (approximately
600 U/mL) Type 2 Collagenase (Worthington, LS004176), DMEM,
and 10% FBS at room temperature. Muscle, soft tissues, and sternal
bones were removed by fine forceps. The anterior rib cartilages were
further digested in a 6-well plate with the fresh digestion medium at
37°C overnight (1 well for ribs from 2 pups). Cells were released from
the cartilage matrix by gentle pipetting with a p1000 tip 10 times, and
then passed through nylon mesh cell strainers (BD Falcon). We mixed
the flow through and spun down the cells to remove collagenase. We
cultured the cells in DMEM/10% FBS in a 10-cm dish until evening.
We collected and counted cells for frozen stock using BAMBANKER
media (FUJIFILM Wako Chemicals, 302-14681). PTH treatments (1-34
peptide courtesy of Ashok Khatri in the Massachusetts General Hospital
Peptide Core) were performed when cells were 50%-60% confluent.

Histology and immunohistochemistry. Formalin-fixed paraffin-
embedded decalcified tibia sections from newborn, 6-week-old, and
8-week-old mice were obtained. H&E staining was performed on
some sections using standard protocols. For immunohistochemistry,
antigen retrieval was performed using proteinase K (20 pg/mL) for
15 minutes. Endogenous peroxidases were quenched, and slides were
blocked in TNB buffer (Perkin-Elmer), then stained with primary anti-
body for 1 hour at room temperature. Anti-sclerostin antibody (Scl-Ab;
R&D, BAF1589) was used at a 1:200 dilution; anti-B-catenin (active;
Cell Signaling Technology, 9561) was used at a 1:1000 dilution. Sec-
tions were washed and incubated with HRP-coupled secondary anti-
bodies, signals were amplified using tyramide signal amplification,
and HRP detection was performed using DAB (Vector) for 2-3 min-
utes. Slides were briefly counterstained with fast green before mount-
ing. For sclerostin immunostains, all photomicrographs were taken 3
mm below the growth plate on the lateral side of the tibia. Sections
from at least 4 mice per experimental group were analyzed. Analysis
of immunostaining was done based on coded sample numbers in a
completely blinded manner.

In situ hybridization. Digoxigenin-labeled (DIG-labeled) com-
plementary RNA (cRNA) probes were synthesized using DIG RNA-
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labeling mix (Roche, 11277073910) with T7 RNA polymerase (Roche,
10881767001) or SP6 RNA polymerase (Roche, 10810274001)
according to the manufacturer’s protocol. After DNase (Promega,
M6101) treatment and subsequent ethanol precipitation using LiCl
(MilliporeSigma, L9650), we resuspended the cRNA pellet in 100 pL
RNase-free water. The target regions of the cRNA probes for Col10al
and osteopontin are listed in Supplemental Table 3.

After baking, deparaffinization, and rehydration, the sections were
subjected to fixation using 4% paraformaldehyde (PFA; Thermo Fisher
Scientific, 416785000) for 10 minutes at room temperature. There-
after, sections were subjected to Proteinase K treatment (Thermo
Fisher Scientific, 17916; 3 ug/mL in PBS, pH 7.4) for 10 minutes at room
temperature, followed by postfixation in 4% PFA for 5 minutes at room
temperature, and then acetylation for 10 minutes at room temperature
using 0.25% acetic acid and 0.1 M triethanolamine (MilliporeSigma,
A6404 and T1377) in Milli-Q water (MilliporeSigma). Each step was
followed by 2 PBS washes for 5 minutes. After the last PBS wash, the
slides were immersed in 80% ethanol for 3 minutes and then air-dried
briefly. We used 0.5 puL DIG-labeled cRNA probe per slide with 300 pL
hybridization buffer containing 50% formamide (MilliporeSigma,
F9037), 10 mM Tris (pH 8.0), 200 pg/mL yeast transfer RNA (Milli-
poreSigma, R8759), 1x Denhardt’s solution (MilliporeSigma, D2532),
10% dextran sulfate (MilliporeSigma, D8906), 600 mM NacCl, 0.25%
SDS, and 1 mM EDTA (pH 8.0). We incubated the slides with glass
coverslips in a moist slide box (with 50% formamide in 5x saline-
sodium citrate [SSC] at the bottom) at 58°C overnight.

After overnight incubation, samples were washed sequentially
with SSC (2x SSC at room temperature for 30 minutes, 2x SSC at
60°C for 1 hour, and then 0.2x SSC at 60°C for 1 hour). We blocked
the slides at room temperature for 1 hour using 5% heat-inactivated
sheep serum (MilliporeSigma, S3772) and 5% Blocking Reagent
(Roche, 11096176001) in 100 mM Tris (pH 7.5)/150 mM NaCl buf-
fer. Then, we incubated the slides with anti-DIG-alkaline phospha-
tase antibody (Roche, 11093274910) (1:2500 dilution by the blocking
buffer) at room temperature for 2 hours. After 2 washes with 100 mM
Tris (pH 7.5)/150 mM NaCl buffer for 15 minutes and a subsequent
wash with 100 mM Tris (pH 9.5)/100 mM NaCl/50 mM MgCl,
buffer for 10 minutes, we incubated the slides with BM-Purple (Roche,
11442074001) at room temperature for 1-4 days until visible sig-
nals could be observed. We mounted the slides with Aqua-Mount
Slide Mounting Media (Thermo Fisher Scientific, 13800) after fixing
the slides with 4% PFA in PBS (pH 7.4) at room temperature for 30
minutes and washing subsequently by PBS.

Immunoblotting. Whole cell lysates were collected by 200 uL
of 4x Laemmli SDS sample buffer (Boston Bioproduct, BP-110R).
Twenty microliters of lysates were separated by 10% SDS-PAGE
(Expedeon, NXG01027), and proteins were transferred to Hybond
ECL nitrocellulose membrane (Amersham, RPN303D). Mem-
branes were blocked with 5% BSA (Boston Bioproduct, P-753) in
TBS-T, and incubated with primary antibody overnight at 4°C.
All antibodies (SIK3 pT441, HDAC4 pS245, and B-actin) were
used at 1:1000 dilutions by the blocking solution. The next day,
membranes were washed 3 times in TBS-T, incubated with HRP-
coupled secondary antibodies (Santa Cruz Biotechnology, sc-2004)
at1:5000 dilution by TBS-T, and washed, and signals were detected
with enhanced chemiluminescence (ECL; Bio-Rad, Clarity West-
ern ECL Substrate, 1705060). All immunoblots were repeated
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at least twice with comparable results obtained. See complete
unedited blots in the supplemental material.

Histomorphometry. Right tibiae from 4-week-old mice were sub-
jected to bone histomorphometric analysis. The mice were given
calcein (20 mg/kg by i.p. injection) and demeclocycline (40 mg/kg
by i.p. injection) 2 days and 1 day before necropsy, respectively. The
tibia was dissected and fixed in 70% ethanol for 3 days. Fixed bones
were dehydrated in graded ethanol, then infiltrated and embedded in
methylmethacrylate without demineralization. Undecalcified 5- and
10-pm-thick longitudinal sections were obtained using a microtome
(Leica Biosystems, RM2255). The 5-um sections were stained with
Goldner trichrome, and at least 2 nonconsecutive sections per sample
were examined for measurement of cellular parameters. The 10-um
sections were left unstained for measurement of dynamic parameters,
and only double labels were measured, avoiding nonspecific fluoro-
chrome labeling. A standard dynamic bone histomorphometric analy-
sis of the tibial metaphysis was done using the Osteomeasure analyz-
ing system (Osteometrics Inc.). Measurements were performed in the
area of secondary spongiosa, 200 pm below the proximal growth plate.
The observer was blinded to the experimental genotype at the time of
measurement. The structural, dynamic, and cellular parameters were
calculated and expressed according to the standardized nomenclature
(82). Because of overt differences in trabecular bone content compar-
ing WT and SIK2/3 mutant mice, we chose to normalize parameters to
tissue area rather than bone surfaces.

Micro-CT. Assessment of bone morphology and microarchitec-
ture was performed with high-resolution micro-computed tomogra-
phy (uCT40; Scanco Medical) in 8-week-old male mice. Femurs and
vertebrae were dissected, fixed overnight in neutral-buffered forma-
lin, then stored in 70% EtOH until the time of scanning. In brief] the
distal femoral metaphysis and mid-diaphysis were scanned using 70
kVp peak x-ray tube potential, 113 mAs x-ray tube current, 200 milli-
seconds integration time, and 10 pm isotropic voxel size. Cancellous
(trabecular) bone was assessed in the distal metaphysis, and corti-
cal bone was assessed in the mid-diaphysis. The femoral metaphysis
region began 1700 um proximal to the distal growth plate and extended
1500 pm distally. Cancellous bone was separated from cortical bone
with a semiautomated contouring program. For the cancellous bone
region we assessed bone volume fraction (BV/TV, percent), trabec-
ular thickness (Tb.Th, mm), trabecular separation (Tb.Sp, mm), tra-
becular number (Tb.N, 1/mm), connectivity density (Conn.D, 1/mm),
and structure model index. Transverse CT slices were also acquired
in a 500-um-long region at the femoral mid-diaphysis to assess total
cross-sectional area, cortical bone area, and medullary area (Tt.Ar,
Ct.Ar, and Ma.Ar, respectively, all mm?); bone area fraction (Ct.Ar/
Tt.Ar, percent), cortical thickness (Ct.Th, mm), porosity (Ct.Po, per-
cent), and minimum (I_; , mm*), maximum (I, mm®), and polar (J,
mm*) moments of inertia. Bone was segmented from soft tissue using
the same threshold, 300 mg hydroxyapatite/cm?® for trabecular and
700 mg hydroxyapatite/cm? for cortical bone. Scanning and analyses
adhered to the guidelines for the use of micro-CT for the assessment
of bone architecture in rodents (83). Micro-CT analysis was done in
a completely blinded manner with all mice assigned to coded sample
numbers. Since Sik2/3 mutant bones show abnormal trabecular bone
throughout the length of the femur, standard midshaft cortical param-
eters could not be determined for these mice. Therefore, for analysis
of compound mutants shown in Figure 7A, we analyzed the bone vol-
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ume fraction (BV/TV) through a fixed region in the femur midshaft
that includes the cortical bone shell. This “R1” BV/TV parameter
allows us to quantify the extent of abnormal medullary bone in the
Sik2/3 mutants, which is absent in all other strains analyzed, including
the Sik2/3 Hdac4,/5 compound mutant mice.

Serum analysis. Three-hour fasting serum was collected from
mice just before sacrifice by retro-orbital bleed. Serum was isolated
and analyte levels were determined using the following commercially
available detection kits: PINP from Immunodiagnostic Systems
(AC-33F1), CTX from Immunodiagnostic Systems (AC-06F1), PTH
from Immunotopics (60-2305), phosphate from BioVision (K410-
500), and total calcium from Stanbio (0150). All absolute concentra-
tions were determined based on interpolation from standard curves
provided by the manufacturer.

Gene expression studies. For long-bone RNA isolation from control
and Sik2/3 double-KO animals, mice were sacrificed and both femurs
were rapidly dissected on ice. Soft tissue was removed and epiphy-
ses cut. Bone marrow cells were then removed by serial flushing of
the marrow cavity with ice-cold PBS until bone appeared completely
white. TRIzol (Life Technologies) was added to remaining bone tis-
sue, and samples were frozen at -80°C and then homogenized. RNA
was then extracted per the manufacturer’s instructions, and further
purified on RNeasy microcolumns (Qiagen). RNA with an A260/280
ratio less than 1.7 was not used for downstream analysis; this workflow
allows us to avoid use of samples with excessive bone matrix protein
contamination. For cDNA synthesis, 1 ug RNA was used in synthesis
reactions according to the instructions of the manufacturer (Prime-
script RT). SYBR Green-based quantitative PCR detection was per-
formed using FastStart Universal SYBR Green (Roche) on a StepOne
Plus (Applied Biosystems) thermocycler. All PCR primer sequences
are listed in Supplemental Table 3. Transcript levels for genes of inter-
est were determined relative to a housekeeping gene (B-actin) using
standard methods (84). A similar protocol for cortical bone isolation
was used for the comparison of effects of sclerostin antibody treat-
ment versus vehicle. For bone RNA isolation from control and C1HR
mice, the same protocol was used with the exception that the mar-
row flushing step was not performed. In light of overt phenotypic
differences between control and experimental (Sik2/3 double-KO,
C1HR-transgenic, Scl-Ab-treated) mice, we acknowledge that differ-
ential expression of many genes may be due to changes in cellular tis-
sue composition. Therefore, we focus on similarities and differences
across comparisons (WT/Sik2/3 double-KO vs. WT/C1HR, WT/Sik2/3
double-KO vs. control/Scl-Ab, WT/CIHR vs. control/Scl-Ab), to
determine the overall molecular concordance between the 3 different
models of increased trabecular bone mass.

RNA-Seq. RNA sequencing from bone RNA samples for Figure 4
was conducted using a BGISEQ500 platform (BGI) (85). Briefly, RNA
samples with RNA integrity number values greater than 8.0 were used
for downstream library construction. mRNAs were isolated by PAGE,
followed by adaptor ligation and reverse transcription with PCR amplifi-
cation. PCR products were again purified by PAGE and dissolved in elu-
tion buffer solution. Double-stranded PCR products were heat-dena-
tured and circularized by the splint oligo sequence. The single-stranded
circle DNA was formatted as the final sequencing library, and validated
on a bioanalyzer (Agilent 2100) before sequencing. The library was
amplified with phi29 to generate DNA nanoballs, which were loaded
into the patterned nanoarray followed by SE50 sequencing. On average
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we obtained 20 million reads per bone RNA sample. Sequencing reads
were mapped by the STAR aligner (86) to the mm9 reference genome
using Ensembl annotation. Gene expression counts (cpm) were calcu-
lated using HTSeq version 0.6.0 (87). Differential expression analysis
was performed using the edgeR package (88) based on the criteria of
more than 2-fold change in expression value versus control and FDRs
less than 0.05. The RNA-Seq data were deposited in the NCBI's Gene
Expression Omnibus database (GEO GSE133988).

Cortical bone RNA-Seq data from control and sclerostin anti-
body-treated mice were as previously described (54). Briefly, cortical
bone RNA was isolated and sequencing libraries were generated using
the TruSeq RNA Sample Preparation Kit version 2 (Illumina). Nine
barcoded libraries were pooled per lane of PE50 sequencing on an
Illumina HiSeq 2000. Reads were mapped to the mouse genome with
RUM (http://www.cbil.upenn.edu/RUM/userguide.php); then differen-
tial expression analysis was performed with edgeR. The RNA-Seq data
were deposited to ArrayExpress under accession number E-MTAB-8113.

Bioinformatics. Venn diagrams of differentially expressed gene sets
were generated using genes with more than 2-fold change in expression
values and FDR less than 0.05. Gene ontology enrichment analyses
were performed using Enrichr (89). Statistical testing for the signifi-
cance of gene set overlaps was performed by hypergeometric test with
a Pvalue cutoff of 0.05. Venn diagrams of DEG lists were constructed
using the Venny tool (http://bioinfogp.cnb.csic.es/tools/venny/).

Study approval. Animals were housed in the Center for Comparative
Medicine at Massachusetts General Hospital, and all experiments were
approved by the hospital’s Subcommittee on Research Animal Care.

Quantification and statistics. When 2 groups were compared, sta-
tistical analyses were performed using unpaired 2-tailed Student’s
t test. When multiple simultaneous comparisons were performed
between WT and mutant strains, the method of Benjamini, Krieger,
and Yekutieli was used to determine the FDR. When more than 2 exper-
imental groups were compared, 1-way ANOVA (GraphPad Prism 8.0)
with Dunnett’s correction was performed. P values less than 0.05
were considered to be significant. The numbers of mice studied in all
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experiments are described in the figure legends, and in all figures data
points represent individual mice. Data are expressed as mean + SEM.
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