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Job syndrome is a rare genetic disorder caused by STAT3 muta-
tions and primarily characterized by immune dysfunction along
with comorbid skeleton developmental abnormalities including
osteopenia, recurrent fracture of long bones, and scoliosis. So
far, there is no definitive cure for the skeletal defects in Job syn-
drome, and treatments are limited to management of clinical
symptoms only. Here, we have investigated the molecular mech-
anism whereby Stat3 regulates skeletal development and osteo-
blast differentiation. We showed that removing Stat3 function in
the developing limb mesenchyme or osteoprogenitor cells in mice
resulted in shortened and bow limbs with multiple fractures in
long bones that resembled the skeleton symptoms in the Job Syn-
drome. However, Stat3 loss did not alter chondrocyte differentia-
tion and hypertrophy in embryonic development, while osteoblast
differentiation was severely reduced. Genome-wide transcriptome
analyses as well as biochemical and histological studies showed
that Stat3 loss resulted in down-regulation of Wnt/β-catenin sig-
naling. Restoration of Wnt/β-catenin signaling by injecting BIO, a
small molecule inhibitor of GSK3, or crossing with a Lrp5 gain of
function (GOF) allele, rescued the bone reduction phenotypes due
to Stat3 loss to a great extent. These studies uncover the essential
functions of Stat3 in maintaining Wnt/β-catenin signaling in early
mesenchymal or osteoprogenitor cells and provide evidence that
bone defects in the Job Syndrome are likely caused by Wnt/β-catenin
signaling reduction due to reduced STAT3 activities in bone develop-
ment. Enhancing Wnt/β-catenin signaling could be a therapeutic ap-
proach to reduce bone symptoms of Job syndrome patients.

Stat3 | Job syndrome | Wnt/beta-catenin signaling | Sost |
bone development

Job syndrome (Online Mendelian Inheritance in Man No.
147060), also known as autosomal dominant hyper immunoglobulin-

E syndrome (AD-HIES), is caused by mutations in the STAT3
gene in more than two-thirds of cases (70%). Apart from severe
primary immunodeficiencies, Job syndrome patients also show
skeletal abnormalities such as long bone fractures, osteopenia,
craniosynostosis, and scoliosis (1–5). STAT3 is a STAT family
member of transcription factors that transduce signals of cyto-
kines and growth factors from the activated receptors to the
nucleus to activate transcription by binding to specific DNA
motifs (6). In response to cytokines and growth factors such as
interleukin-6 (IL-6), interleukin-10 (IL-10), leukemia inhibitory
factor (LIF), and platelet derived growth factor (PDGF), STAT3
is phosphorylated and activated by a variety of tyrosine kinases
such as Jaks, Src, EGF-R, and c-Met (7, 8). Activated STAT3 and
other STAT proteins form either homo- or hetero-dimers and
translocate into the nucleus to stimulate target gene expression by
binding to specific DNA sequences (9). STAT3 signaling regulates
a wide variety of cellular processes, including cell proliferation, survival,
and differentiation during normal development and immune function
as well as tumor growth, invasion, and cancer metastasis (10).
The STAT3 mutations associated with the AD-HIES/Job

syndrome are primarily located in the DNA binding domain and

Src homology (SH2) domain (4, 11, 12). These two domains are
essential for the transcriptional activity of STAT3, and the mu-
tations are shown to be either gain of function (GOF) or loss of
function (LOF) (13, 14). Evidence has been provided that skeletal
defects are more likely associated with dominant-negative or LOF
mutations in STAT3 (15–17). It was shown that IL-6–mediated
Stat3 activation in mice was required for osteoblast differentia-
tion (18). In addition, loss of Stat3 in osteoblasts and osteocytes
reduced load-driven bone formation and impairs the regulation
of mitochondrial oxidative stress (19). Stat3 has also been
reported to regulate the expression of Sox9 during embryonic
cartilage development in mice (20), and Sox9 is a master
transcription factor for chondrocyte differentiation and cartilage
formation (21). Importantly, Sox9 is not expressed in osteoblast
cells and is found to inhibit osteoblast differentiation (22, 23). Sox9
haploinsufficiency in campomelic dysplasia results in accelerated
bone formation (22, 24), and Sox9 deletions in growth plate
chondrocytes also result in premature osteoblast differentiation
(23). Therefore, in contrast to the extensive studies of STAT3
functions in immune development, the cellular origin and mo-
lecular mechanisms underlying STAT3 function in bone formation
during embryonic development are not clear, hampering thera-
peutic development to improve the skeletal phenotypes of Job
syndrome patients. As osteoblasts are derived from perichondrium
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osteoblast progenitor cells and hypertrophic chondrocytes in em-
bryonic development (25–27), to decipher the cell of origin in which
Stat3 controls osteoblast differentiation, we have removed Stat3 in
mesenchymal progenitor cells that give rise to both chondrocytes
and osteoblasts, or osteoblast progenitor cells or hypertrophic
chondrocytes, in the mouse embryos by deleting the SH2 domain of
mouse Stat3 (28). Shortened and bowed limbs with multiple bone
fractures similar to the skeletal defects observed in the Job Syn-
drome patients were found in mutants with Stat3 deficiency in early
limb bud mesenchyme or osteoblast progenitors but not in hyper-
trophic chondrocytes. We found that the Stat3 LOF mutants
showed drastically reduced bone formation, with no alteration in
embryonic cartilage development. Our studies identify Stat3 as a

critical regulator of Wnt/β-catenin signaling and suggest that
up-regulating Wnt/β-catenin signaling might be a promising
strategy to reduce the skeletal defects of Job syndrome patients.

Results
Loss of Stat3 in Early Limb Mesenchyme Resulted in Limb Defects
Similar to Those in Job Syndrome Patients. Stat3 plays important
roles in many different cell types. To understand the cell of origin
and the underlying molecular mechanism for the skeletal pheno-
types in Job Syndrome, we determined whether the limb defects in
the Job syndrome patients were caused by requirement of Stat3 in
early mesenchymal progenitor cells. Stat3 is expressed ubiquitously
in the developing limb (20). Importantly, we analyzed Stat3

Fig. 1. Stat3 is required for bone development. (A) Gross appearance of 4-wk-old Stat3C/C, Prrx1Cre: Stat3C/+, and Prrx1Cre: Stat3C/C (Stat3 knockout [KO])
mice (from Left to Right). (B and C) Quantification of body length (B) and weight (C) of 4-wk-old mice of the indicated genotypes. (D) Whole-mount Alizarin
red and Alcian blue staining of Stat3 KO and littermate control mice at indicated ages. The forelimb (FL) and hindlimb (HL) were shown in the Lower. (Scale
bars, 1 mm.) Bone fractures were indicated by red arrowheads. (E) Representative μCT images of FL of 5-wk-old littermate mice with the indicated genotypes.
(Scale bars, 1 mm.) ***P < 0.001 and ****P < 0.0001 were considered significant; ns, not significant; the data are presented as mean ± SD.
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activation by immunofluorescent (IF) staining of phospho-Stat3
(pStat3) and found it was strongly up-regulated in the differenti-
ating osteoblasts and bone marrow (SI Appendix, Fig. S1A), sug-
gesting that its activation may be required for bone formation. We
therefore specifically removed Stat3 function from the limb bud
mesenchyme cells early in development using the Prrx1Cre line
(29) and a conditional Stat3 (Stat3C/C) mice with the floxed exon
encoding the SH2 domain of Stat3 (28). Drastic reduction of
pStat3 was found in the developing limb, indicating the efficiency
of the Prrx1Cre line (SI Appendix, Fig. S1 A and E). The Prrx1Cre;
Stat3C/C pups were born alive at Mendelian ratios but were readily
distinguishable with their wild-type littermates due to their shorter
and bowed limbs (SI Appendix, Fig. S1C and Fig. 1A). The
Prrx1Cre; Stat3C/C mice showed multiple fractures in both fore-
limbs and hindlimbs starting from late embryonic development at
E18.5 (Fig. 1 D and E). Forelimbs showed more severe defects as
the Prrx1Cre induces more complete deletion in forelimbs (29).
These mice could survive postnatally but were much smaller with
reduced body length and weight (Fig. 1), whereas the Prrx1Cre;
Stat3C/+ littermates were normal, healthy, and fertile, with slightly
shortened tails compared to the wild-type controls, and used as
control in all the analyses. The limb phenotypes of the Prrx1Cre;
Stat3C/C mice were progressively more severe at later postnatal
stages and similar to those found in the Job syndrome (Fig. 1 D
and E). The manifestation of these skeletal phenotypes was similar
in male and female mice. Taken together, Stat3 is required in the
early limb mesenchyme for normal skeletal development. These
data also indicate that loss of Stat3 function in mesenchymal cells
contributes to skeletal defects in Job syndrome patients.

Reduced Osteoblast Differentiation with Normal Cartilage Formation
in the Prrx1Cre; Stat3C/C Embryos.The smaller limb and body size in
the Prrx1Cre; Stat3C/C mice led us to determine whether cartilage
development was affected as cartilage formation precedes bone
formation in endochondral ossification, and Stat3 has been im-
plicated regulating cartilage development in the limb (20). His-
tological analysis of the developing long bones in the Prrx1Cre;
Stat3C/C and littermate control embryos did not identify obvious
defects in the chondrocyte morphology or cartilage structure at
E16.5 and P0 (SI Appendix, Fig. S2 A and B). Furthermore,
chondrocyte differentiation in the embryonic cartilage was ana-
lyzed by in situ hybridization for Col2a1, a chondrocyte-specific
marker. Col2a1 expression was not altered in the Prrx1Cre; Stat3C/C

cartilage as compared to the littermate control at E16.5 and P0 (SI
Appendix, Fig. S2 A and B). Additionally, chondrocyte differentia-
tion from mesenchymal progenitor cells in the developing limb was
determined by in vitro micromass culture (SI Appendix, Fig. S2D).
Limb bud cells were isolated from the E12.5 Stat3C/C embryos and
transduced with adenovirus expressing GFP (Ad-GFP) or Cre
recombinase (Ad-Cre). After 5-d culture under chondrogenic
conditions, no difference in cartilage nodule formation could
be found between the Ad-GFP– and Ad-Cre–infected samples (SI
Appendix, Fig. S2C). We then determined chondrocyte hypertrophy
in vivo by IF staining of Col10a1, a marker for hypertrophic
chondrocytes. No alteration was found at E16.5 (SI Appendix, Fig.
S2A), but at P0, while the nonhypertrophic chondrocytes marked by
Col2a1 expression were similar, the Col10a1-marked hypertrophic
chondrocyte region was expanded in the Prrx1Cre; Stat3C/C cartilage
(SI Appendix, Fig. S2 A and B). This change was confirmed by
histological analysis (SI Appendix, Fig. S2 B and C). These results
suggest that replacement of hypertrophic chondrocytes by osteo-
blasts was delayed later in endochondral ossification. Taken to-
gether, loss of Stat3 did not reduce chondrocyte differentiation
from mesenchymal progenitor cells but expanded the hypertrophic
chondrocyte zone, which is consistent with previous findings (20).
We then asked whether Stat3 loss altered chondrocyte prolif-

eration and/or survival. Sections of the developing long bones
at E16.5 and P0 were processed for BrdU staining to detect

proliferation and cleaved caspase 3 (Cl-Casp3) IF staining to
detect apoptosis (SI Appendix, Fig. S1D). There was no differ-
ence in the number of BrdU+ chondrocyte between the Prrx1Cre;
Stat3C/C and control littermates both at E16.5 and P0 (SI Ap-
pendix, Fig. S1D), indicating that Stat3 did not regulate chon-
drocyte proliferation in the embryonic cartilage in the limb.
Interestingly, Stat3 loss led to a significant increase in Cl-Casp3+

cells only in the bone marrow at P0 (SI Appendix, Fig. S1D),
indicating apoptotic cell death was increased in the absence of
Stat3 specifically in the bone marrow. These data suggest that limb
shortening in long bone development in the Prrx1Cre; Stat3C/C

mice is not due to reduction in chondrocyte proliferation or dif-
ferentiation. Furthermore, as osteoblast cells can be derived from
hypertrophic chondrocytes (26), to determine whether Stat3 is
specifically required in hypertrophic chondrocytes for bone for-
mation, we removed Stat3 with the Col10a1Cre line (26). The
Col10a1Cre; Stat3c/c embryos and newborn pups were normal as
compared to their control littermates both morphologically and
molecularly (SI Appendix, Fig. S3). These results indicate that
Stat3 is not required for osteoblast differentiation from hyper-
trophic chondrocytes during embryonic development. As long
bone growth was severely affected after birth (Fig. 1), and recently
it was reported that there is a radical switch in clonality of growth
plate chondrocytes shortly after birth (30), we then asked whether
Stat3 is required in the growth plate to regulate both chondrocytes
and their contribution to osteoblast differentiation by lineage
tracing. We used the Col2a1CreER (31) and Rosa26-tdTomato
(Jackson stock No. 007909) (Rosa26Tm) mice to label the chon-
drocytes with tdTomato (Td-Tm). We generated the Col2a1C-
reER; Stat3C/C; Rosa26Tm and the littermate control Col2a1CreER;
Stat3C/+; Rosa26Tm mice. Tamoxifen (Tam) was injected at P2,
and humerus was cryo-sectioned at P21 for analysis (SI Appendix,
Fig. S4). We found that loss of Stat3 resulted in reduced chon-
drocyte number and chondrocyte columnar length in an environ-
ment of wild-type chondrocytes. Consistent with this, osteoblast
cells derived from the Stat3-deficient chondrocytes were reduced.
These results suggest that chondrocytes require Stat3 to expand for
long bone growth and osteoblast differentiation in postnatal long
bone development.
To determine whether the long bone defects in the Prrx1Cre;

Stat3C/C mouse embryos were mainly caused by reduced osteo-
blast differentiation from mesenchymal progenitor cells, we an-
alyzed osteoblast differentiation by IF staining and in situ
hybridization (Fig. 2 A–C). The expression of Sp7 (Osterix), a
master transcription factor required for early osteoblast lineage
commitment, was reduced in the Prrx1Cre; Stat3C/C embryos. The
number of Sp7+ cells was reduced in the Prrx1Cre; Stat3C/C long
bone sections compared with the littermate control at E16.5 and
P0 (Fig. 2A). In addition, expression of Col1a1, an osteoblast
marker, and Osteopontin (Opn), a marker for mature osteoblasts,
was both reduced at E16.5 and P0 in the developing long bone of
the Prrx1Cre; Stat3C/C mutants compared to the control litter
mates (Fig. 2 B and C). Consistent with reduced osteoblast dif-
ferentiation and maturation, bone ossification indicated by von
Kossa staining was reduced in the Prrx1Cre; Stat3C/C long bones
(Fig. 2D). Furthermore, we found that expression of Mmp13,
which is expressed in the terminal hypertrophic chondrocytes/
osteoblasts and required for the replacement of hypertrophic
chondrocytes by trabecular bone (32), was diminished in the
Prrx1Cre; Stat3C/C sections at P0 (Fig. 2E), which explains the
phenotype of expanded hypertrophic zone. Reduction in the ex-
pression of Sp7, Col1a1, and Mmp13 in the developing long bones
of the Prrx1Cre; Stat3C/C embryos were further confirmed by
Western blotting analysis (Fig. 2F). Therefore, fragile bones with
fractures in the Prrx1Cre; Stat3C/C limbs were caused by reduced
osteoblast differentiation and maturation during embryonic
development. In addition, bone fracture and poor repair likely
caused bone malformation and limb bowing.
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Fig. 2. Stat3 is required in limb mesenchymal cells for osteoblast differentiation and bone formation. (A–E) Representative images of Sp7 IF staining (A), Col1a1
in situ hybridization (B), Opn IF staining (C), von Kossa staining (D), andMmp13 in situ hybridization (E) of the humerus sections from E16.5 littermate embryos or P0
littermate pups with indicated genotypes. The arrows indicate reduced osteoblast marker (protein/gene) expression or ossification. The arrowheads indicate bone
fractures in the P0mutant humerus. (Scale bars, 100 μm.) (F) Western blotting analyses of the humerus bone tissue lysates of the P0 pups with indicated genotypes. (F’)
Quantification of theWestern blotting results in (F). (G) Representative μCT images of femurs from 5-wk-old littermate mice with the indicated genotypes. (Scale bars,
1 mm.) (H) Quantification of humerus length (n = 3, mean ± SD). (I and J) Representative μCT images of the cortical (I) and trabecular (J) femur bones from 5-wk-old
littermate mice. (Scale bars, 100 μm.) (K–M) Quantification of indicated parameters of μCT scanning. (N–P) Histomorphometric analysis of bone formation from
5-wk-old littermate mice of indicated genotypes. Representative images of double Calcein labeling in the distal femur heads (N), cortical bones (O), and trabecular
bones (P) of the indicated genotypes. (Scale bars, 100 μm.) (Q) Quantification of indicated histomorphometric parameters of the distal femurs from 5-wk-old littermate
mice of indicated genotypes. *P < 0.05, **P < 0.01, and ***P < 0.001 were considered significant; ns, not significant. The data are shown as means ± SD.
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In the adult Prrx1Cre; Stat3C/C mice, bone mass and formation
were also reduced compared to the control (Fig. 2 G–M). The
femurs from 5-wk-old mice were analyzed by μCT scanning (Fig.
2 G–M). The femur was severely bowed and significantly shorter
in the Prrx1Cre; Stat3C/C mice (Fig. 2 G–I). The trabecular bone
was drastically reduced (Fig. 2 J–M), which was confirmed by
quantification of bone parameters such as bone length, bone
volume (BV)/trabecular volume, and trabecular number. To test
whether reduced BV was due to reduced bone formation, bone
histomorphometric analyses were performed by double calcein
labeling (Fig. 2 N–Q). A strong reduction in calcein labeling was
observed in the bone of the Prrx1Cre; Stat3C/C mice (Fig. 2N),
and mineral acquisition rate in cortical (Fig. 2O) and trabecular
(Fig. 2P) bones was also reduced as compared to the littermate
control. These data showed that Stat3 is required for bone for-
mation by controlling osteoblast differentiation and maturation
during both embryonic development and postnatal life.
As osteoblast differentiation is coupled with osteoclast dif-

ferentiation, we then determined whether Stat3 function in os-
teoblasts could indirectly regulate bone remodeling via osteoclast
differentiation. Increased osteoclast activity leads to excessive loss
of bone, leading to osteopenia and osteoporosis (33). Osteoclast
cells were detected by tartrate-resistant acid phosphatase (TRAP)
staining and quantified (SI Appendix, Fig. S5A). In the Prrx1Cre;
Stat3C/C bone, the osteoclast cell surface normalized to bone
surface was increased significantly compared to the control. Such
increase in osteoclast cell number was associated with significant
increase in the messenger RNA (mRNA) expression of both Re-
ceptor Activator of NF-κB Ligand (RANKL) and Osteoprotegrin
(Opg) in the Prrx1Cre; Stat3C/C mice (SI Appendix, Fig. S5 B and
C). The increased RANKL expression may have a dominant ef-
fect. However, interestingly, we also found many dead cells with-
out nucleus in the Prrx1Cre; Stat3C/C bone (SI Appendix, Figs. S1D
and S5A), suggesting that extensive osteoclast differentiation was
induced by inflammatory responses to massive cell death due to
Stat3 deletion in the Prrx1 lineage. Indeed, we found that macro-
phage and neutrophil numbers were up-regulated in regions where
the dead cells were found (SI Appendix, Fig. S5D). These results
show that reduced osteoblast differentiation/maturation, increased
osteoblast cell death, and osteoclast differentiation together led to
the reduction of bone mass in the Prrx1Cre; Stat3C/C mice.
The requirement of Stat3 in bone formation in the developing

skeleton of the Prrx1Cre; Stat3C/C mutant led us to test specifi-
cally whether Stat3 is required in the osteoblast lineage cells for
bone formation. We employed the OsxCre line (34) to delete
Stat3 in osteoblast lineage cells of the entire skeletal system.
Interestingly, we observed broader skeletal phenotypes in the
OsxCre; Stat3C/C mice compared to the Prrx1Cre; Stat3C/C mice
(Fig. 3). Reduced bone formation was shown in the limb, skull,
rib, and vertebral body (Fig. 3 A–C). The OsxCre; Stat3C/C mice
died shortly after birth due to smaller and fractured ribcages
(Fig. 3B). The OsxCre; Stat3C/C embryos showed similar long bone
defects in the limbs compared to the Prrx1Cre; Stat3C/C embryos
both morphologically (Fig. 3A) and molecularly (Fig. 3 D and E).
As hypertrophic chondrocytes also express Osx but Stat3 is not
required in hypertrophic chondrocytes for bone formation (SI
Appendix, Fig. S3), these results further demonstrate that the
skeletal defects in the OsxCre; Stat3C/C mouse were mainly caused
by functional loss of Stat3 in the osteoblast lineage cells. Previous
studies also showed that Stat3 is required in mature osteoblast or
osteocytes to maintain homeotic bone formation as well as load-
induced bone formation (19, 35).

Stat3 Is Required to Promote Wnt/β-Catenin Signaling in the Developing
Bone. To investigate the molecular mechanism whereby Stat3
regulates osteoblast differentiation, we performed bulk RNA
sequencing (RNA-seq) experiments to unbiasedly identify down-
stream pathways altered by Stat3 loss (Fig. 4). The developing

humerus from the E16.5 embryos were isolated, and the cartilage
tissues as well as the bone marrow were removed (Fig. 4A). The
experiment was performed in triplicate, and profound gene ex-
pression changes were found (Fig. 4B). Analyses of gene ontology
(GO) enrichment for biological processes showed that bone de-
velopmental processes were predominantly altered (Fig. 4C). In
addition, GO enrichment for signaling pathways showed that
major signaling pathways known to regulate bone development
were altered by loss of Stat3, among which the Wnt signaling
pathway is on the top of the list (Fig. 4D). As the canonical Wnt- or
the Wnt/β-catenin–signaling pathway plays key roles in bone de-
velopment, we focused our analysis on the Wnt/β-catenin signaling.
We found that, indeed, the protein levels of β-catenin, a central
signal transducer in the Wnt/β-catenin–signaling pathway, were re-
duced in the developing long bones of the newborn Prrx1Cre;
Stat3C/C pups (Fig. 4 E and F). In addition, we found that expression
of transcriptional target genes of the Wnt/β-catenin–signaling
pathway such as Axin2, Lef1, and Tcf1 were reduced in the Prrx1Cre;
Stat3C/C bone compared to the littermate control (Fig. 4G). These
results indicate that Stat3 is required for bone formation and os-
teoblast differentiation by promoting Wnt/β-catenin signaling.
However, we did not find protein interaction between Stat3 and
β-catenin by coimmunoprecipitation assay of lysates from limb bud
mesenchymal cells or bone samples (SI Appendix, Fig. S6A).
Consistent with the reduction of Wnt/β-catenin signaling in the

developing long bone of the Prrx1Cre; Stat3C/C embryo, we found
that expression of Sclerostin (Sost), which encodes a secreted
inhibitor of Wnt/β-catenin signaling (36, 37), was precociously
increased as compared to the control at E16.5 (SI Appendix, Fig.
S6B). Sost is specifically expressed in the osteocytes, and we found
that the increase in Sost expression was not due to cooresponding
increase in osteocyte formation in the Prrx1Cre; Stat3C/C embryo,
as the expression of other two osteocyte-specific genes Dmp1 and
Phex was reduced, possibly due to reduced bone formation (SI
Appendix, Fig. S6B). Increased Sost expression was also found in
long bones at postnatal stages P0, P5, and P21 in the Prrx1Cre;
Stat3C/C animals (SI Appendix, Fig. S6 C and D′). To further test
the regulation of Wnt/β-catenin signaling by Stat3, we isolated the
bone marrow stromal cells (BMSCs) from the Stat3C/C mice and
cultured them in vitro as we have shown (38). When Stat3 was
deleted by Ad-Cre, we found that osteoblast differentiation of
BMSCs as indicated by alkaline phosphatase (ALP) staining was
reduced (SI Appendix, Fig. S6E), and the expression of osteoblast
markers (Col1a1, Sp7 (Osx), Alp, Runx2, and Ocn) and Wnt sig-
naling target genes (Axin2, Tcf1, and Lef1) were reduced, and Sost
expression was increased (SI Appendix, Fig. S6F). These results
suggest that Stat3 may promote Wnt/β-catenin signaling by sup-
pressing the expression of a Wnt inhibitor Sost.
We then tried to test whether Stat3 directly regulates Sost

expression. The only Stat3 binding site was found in the 3′ end of
the Sost gene, where chromatin was weakly open, as indicated by
the lower peak of the assay for transposase-accessible chromatin
(ATAC) with high-throughput sequencing analyses of E14.5 em-
bryonic limb bud tissue (SI Appendix, Fig. S7 A and B) (39). In
contrast, strong ATAC signals was found in the enhancer/promoter
of Socs3, a known transcription target of Stat3 (40) (SI Appendix,
Fig. S7A). We then used chromatin immunoprecipitation–qPCR
(ChIP-qPCR) to confirm whether Stat3 indeed binds to these sites
(SI Appendix, Fig. S7C). Importantly, while the control experi-
ments showed that Stat3 binds to its binding site in the enhancer/
promoter of Socs3, Stat3 did not bind to the identified site in Sost
in BMSCs (SI Appendix, Fig. S7C). In addition, CHIP-qPCR
analysis of the epigenetic marker H3K27Ac, which marks active
enhancer (41), showed that while the Stat3 binding sites in Socs3
gene were also bound strongly by H3K27Ac, the Stat3 site in the
Sost gene only showed weak H3K27Ac binding (SI Appendix,
Fig. S7C). These data suggest that Stat3 does not regulate Sost
expression directly. We have also looked into the possibility
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whether Stat3 may directly regulate expression of Wnt target
genes Axin2, Tcf1, and Lef1 (SI Appendix, Fig. S7D). While the
Lef/Tcf binding sites were found in the promoter regions (42)
with strong ATAC signals, Stat3 binding sites were only found
in regions with lower ATAC peaks, suggesting that Stat3 may
not regulate Wnt signaling by directly controlling Wnt target
gene expression.

Enhanced Wnt/β-Catenin Signaling Restores Bone Formation in the
Stat3 Mutants. To determine whether Wnt/β-catenin signaling
mediates the function of Stat3 in promoting osteoblast differen-
tiation and bone formation, we decided to increase Wnt/β-catenin
signaling first by treating the pregnant females with BIO, a natural

product inhibitor of Gsk3-β (43, 44), to up-regulate Wnt/β-catenin
signaling in the developing embryo. It is well-known that Gsk3-β
inhibition leads to β-catenin stabilization and activation (45). We
found that BIO treatment led to substantial rescue of the skeletal
phenotypes and bone formation in the Prrx1Cre; Stat3C/C mice
both embryonically and postnatally (Fig. 5A and SI Appendix, Fig.
S8A). Restoration of trabecular and cortical bone mass was also
found in the adult Prrx1Cre; Stat3C/C mice by μCT analyses (Fig. 5
B–E). However, likely due to the big variations and limited number
of animals we could use in the analysis, we were not able to con-
clude that the difference between BIO-treated and nontreated
mutant mice was statistically significant in all the parameters that
were measured (Fig. 5E). However, at the molecular level, BIO

Fig. 3. Loss of Stat3 in osteoprogenitor cells phenocopied the Prrx1Cre; Stat3 mice. (A) Whole-mount Alizarin red and Alcian blue staining of the indicated
littermate mouse embryos or pups. The forelimb (FL) and hindlimb (HL) were shown in the Lower. Bone fracture is shown by arrows. (Scale bars, 1 mm.) (B)
Enhanced curvature of spine and multiple fractures (arrows) in the ribcage of P10 mutant mice. (C) Poorly developed and less-mineralized spine bones of P10
mutant mice. The T9 to T11 vertebras of the littermate animals with indicated genotypes are shown. The arrows indicate the defects in vertebras. (Scale bars,
1 mm.) (D and E) Representative in situ hybridization images of indicated gene expression or Sp7::GFP florescent images in the humerus sections of E16.5 (D)
and E18.5 (E) littermate embryos with indicated genotypes. (Scale bars, 100 μm.)
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Fig. 4. Stat3 deletion leads to reduction in Wnt/β-catenin signaling activity in the developing long bones. (A) Schematics of the procedure for isolating E16.5
humerus bones for the RNA-seq analysis. (B) Heatmap analysis of differentially expressed genes between Control and Prrx1Cre; Stat3c/c KO Samples. (C) GO
enrichment analysis of the differentially expressed genes for biological processes revealed genes associated with skeleton development, osteoblast differ-
entiation, and endochondral ossification (boxed in green). (D) GO enrichment analysis of down-regulated genes for signaling pathways revealed reduction in
Wnt, TGF-β, Hedgehog, and Hippo signaling pathways (boxed in blue). (E) IF images of β-catenin expression in the humerus sections of littermate control and
Stat3 KO P0 pups. (Scale bars, 100 μm.) (F) Western blotting analysis of β-catenin in the bone tissue lysates prepared from P0 pups with indicated genotypes.
(G) Quantification of the Western blotting results in (F). (H) qRT-PCR analysis of Wnt/β-catenin signaling target genes in the humerus bone from the P0
littermate pups. *P < 0.05 and **P 0.005 were considered as significant; the data are presented as mean ± SD.
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treatment significantly up-regulated expression of Sp7, Opn, and
Col1a1 at P0 (Fig. 5F and SI Appendix, Fig. S8B). Similar BIO
treatment also rescued bone formation defects and fractures in the
P0 and p28 OsxCre; Stat3C/C mice (SI Appendix, Fig. S8 C and D).
It is likely that BIO treatment regimen needs to be optimized to
observe more robust rescue. While 100% OsxCre; Stat3C/C embryos
and pups at birth that were analyzed (n > 5) showed bone fractures
and all pups died by P2 or P3, no fracture was observed at the time
of birth in the OsxCre; Stat3C/C; Lrp5A/+ pups or the BIO-treated
OsxCre; Stat3C/C pups, and these mice can survive much longer,
though at later postnatal life, some long bones developed frac-
tures. BIO treatment indeed increased bone mineralization of the
Prrx1Cre; Stat3C/C mice, as shown by von Kossa staining and
β-catenin expression (SI Appendix, Fig. S8 F and G). Treating the
phenotypically normal heterozygous Prrx1Cre; Stat3C/+ mice with
BIO did not cause baseline difference in bone formation (SI Ap-
pendix, Fig. S9).
To test whether such rescue by BIO treatment was specific to

the Wnt/β-catenin signaling activity, we use the Lrp5A/+ high
bone mass mice (46) to genetically up-regulate Wnt/β-catenin
signaling by generating the Prrx1Cre; Stat3C/C; Lrp5A/+ mice. We
found that, again, bone formation was substantially rescued in
the Prrx1Cre; Stat3C/C; Lrp5A/+ mice compared to the Prrx1Cre;
Stat3C/C mice (Fig. 6A and SI Appendix, Fig. S8E). IF staining
showed that at P0, Sp7, and β-catenin levels were largely restored
(Fig. 6B). Mmp13 expression was also restored (Fig. 6C). Ossi-
fication indicated by von Kossa staining were also much improved
to a level similar to that in the control (Fig. 6D). Taken together,
these data show that Stat3 loss in mesenchymal progenitors or
osteoblast lineage cells causes reduction in bone formation by
reducing Wnt/β-catenin signaling. Our results also suggest that
restoring Wnt/β-catenin signaling could be a therapeutic approach
to improve bone formation in the Job syndrome patients.

Discussion
Mutations in human STAT3, either LOF or GOF in transcriptional
activities, are linked to the genetic cause of AD-HIES/Job syn-
drome. Here, we show that removing Stat3 function in early em-
bryonic mesenchymal progenitor cells or osteoblast lineage cells led
to severe skeletal malformation and reduced bone formation,
similar to the skeletal defects in the Job syndrome. Some STAT3
mutations have been experimentally determined for the reduction
in transcriptional activity as well as poor phosphorylation after
being stimulated by cytokines or growth factors (47). The skeletal
defects in autosomal AD-HIES/Job syndrome are therefore likely
due to STAT3 haploinsufficiency or dominant-negative effects. We
identified promoting Wnt/β-catenin signaling as an important
function of Stat3 during osteoblast differentiation, possibly by
suppressing Sost expression in the forming long bones. Enhancing
Wnt/β-catenin signaling pharmacologically or genetically can res-
cue the bone phenotypes of the Stat3 mutants, suggesting that the
skeletal defects of Job syndrome due to Stat3 LOF can be improved
by enhancing Wnt/β-catenin signaling. The Lrp5A allele that par-
tially rescued the bone defect of Stat3mutants is GOF and resistant
to Sost (48). Our results are consistent with a previous observation
that Sost expression was up-regulated by Stat3 loss in osteocytes
(35). In bone development, Stat3 can be activated by the LIF (49)
and other growth factors such as PDGFs (50), all of which have
been shown to promote osteoblast differentiation.
It is important to note that stronger pStat3 staining was de-

tected in differentiating osteoblasts than in chondrocytes or mes-
enchymal progenitor cells, and loss of Stat3 in early limb
mesenchymal progenitors that give rise to both cartilage and bone
or in osteoblast lineage cells results in similar phenotypes of bone
reduction. Indeed, no cartilage formation or chondrocyte differ-
entiation defect was observed in the Prrx1Cre; Stat3C/C embryos.
These results are consistent with a previous study in Zebrafish
(51). Knocking-down Stat3 in Zebrafish resulted in normal

cartilage formation with defects in the spine and immune system.
Stat3 has recently been found to regulate cartilage development
through Sox9 expression (20, 52). Such requirement appears to be
location (in the embryonic rib cartilage) (52) or timing dependent
(after birth in the TCre; Stat3C/C bone) (20). While Stat3 regulates
Sox9 expression, the requirement of Stat3 in osteoblast linage cells
that do not express Sox9 indicate that Stat3 has distinct targets to
control bone development. The osteoblast cells in the developing
endochondral bone are derived from Osx+ cells, a fraction of
Prrx1+ cells. In this study, we provide strong evidence that similar
bone defects were observed in Prrx1Cre- and OsxCre-driven Stat3
mutants, in which BIO treatment or Lrp5A expression also had
similar effects. The cell of origin for Stat3 function in embryonic
bone development is the Osx+ osteoprogenitor, and Wnt/β-catenin
downstream targets should be similarly down-regulated in the
OsxCre model. Given the intimate interaction between perichondrial
osteoblast progenitor cells and the chondrocytes in the growth
plates (53–56), our results also suggest that reduced bone formation
due to Stat3 loss may also contribute to later cartilage defects.
Multiple modes of Stat3 and β-catenin interactions have been
reported in different context (57–60). Interestingly, Stat3 activation
has been reported to increase β-catenin by repressing Gsk3-β and
the SWI/SNF gene Arid1b driving neurofibroma initiation (61).
Related to our finding, a STAT3-miR-92a-DKK1 pathway has been
found to activate β-catenin in promoting malignant progression
of ovarian cancer (59). Here, we show that in the developing long
bone, Stat3 is activated and promotes Wnt/β-catenin signaling,
possibly by repressing Sost expression. It will be interesting to
further test whether Stat3 also acts through microRNA or other
noncoding RNA to suppress Sost expression.
In the mosaic lineage-tracing experiments (SI Appendix, Fig.

S4), the defects of Stat3−/− cells were likely compensated by the
large amount of wild-type cells, which may explain why there was
no obvious difference of growth plate heights between the con-
trol and mutant mice. Furthermore, as Stat3 plays important
roles regulating cell proliferation and survival (62, 63), mosaic
loss of Stat3 may render the mutant cells disadvantageous during
cell competition, a phenomenon that cells with lower translation
rates or lower levels of proteins involved in signal transduction,
polarity, and cellular growth can survive in a homogenous envi-
ronment but are killed when surrounded by cells of higher fitness
(64). Lastly, being a key mediator of LIF-dependent signaling,
Stat3 controls the embryonic stem cell maintenance and pluri-
potency (65–67). Stat3 has also been found to regulate mainte-
nance and proliferation of other stem cells (68, 69). It is possible
that loss of Stat3 reduced chondrocyte stemness, as Col2a1CreER
has been shown to label chondrocyte stem cells in early postnatal
mice (30), causing reduction in mutant chondrocyte numbers and
column length. In addition, as Col2A1CreER also labels mesen-
chymal stem cells in the bone marrow (70), reduced osteoblast
differentiation in the Col2a1CreER; Stat3C/C; Rosa26Tmmice (SI
Appendix, Fig. S4) may also reflect the requirement of Stat3 in
mesenchymal stem cells in the bone marrow, as we have shown in
the in vitro experiments (SI Appendix, Fig. S6 E and F). It is
possible that the functional mechanism of Stat3 in the postnatal
chondrocytes and osteoblast progenitors or mesenchymal stem
cells is distinct. One scenario could be that the role of Stat3 in
chondrocytes is Wnt-signaling independent, while its role in
mesenchymal stem cells or osteoblast progenitor cells is medi-
ated at least in part by Wnt/β-catenin signaling. This may explain
the observed poorer rescue of the Stat3 mutant long bone growth
by BIO or Lrp5A expression later in postnatal life.
In osteoblast lineage, it appears that Stat3 is required in distinct

differentiation stages. While deleting Stat3 in the osteoprogenitors
and early osteoblasts using theOsxCre resulted in severely reduced
bone formation with bone fractures and lethality shortly after birth
(Fig. 3), removing Stat3 in early or mature osteoblast with the
Col3.6-Cre or Col2.3-Cre, respectively, resulted in similar but less
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Fig. 5. Skeleton defects in Prrx1Cre; Stat3c/c mice were rescued by BIO treatment. (A) Whole-mount Alizarin red and Alcian blue staining of littermate mice of
the indicated genotypes at P0, P5, and P14. The forelimb (FL) and hindlimb (HL) are shown in the Lower. (B–D) Representative μCT images of humerus (B) and
cross-sections of the cortical (C) and trabecular (D) distal femur bones from 5-wk-old littermate mice of the indicated genotypes. (Scale bars, 1 mm in B and
100 μm in C and D.) (E) Quantification of humerus length (mean ± SD) and μCT parameters in femur bones from 5-wk-old littermate mice of the indicated
genotypes. *P < 0.05, **P < 0.005, and ***P < 0.001. The data are shown as means ± SD. ns, not significant. (F) Representative images of fluorescent staining
of Sp7, Opn, and Col1a1 in situ hybridization in the humerus sections of P0 littermate pups with indicated genotypes. (Scale bars, 100 μm.) Quantification was
shown on the Right.
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severe bone formation defects (19). Noticeable at an age of 3 to 4
wk, 10% of these Stat3-deficient mice were extremely small with a
spine deformity. The other mutant mice can survive to older ages
and showed reduced bone mass and shorter femurs at 18 wk of age
(19). When Stat3 was deleted in more-mature osteoblasts/osteo-
cytes using the Dmp1Cre, however, the mutant mice were indis-
tinguishable from wild-type littermates, with no difference in body
weight, bone mineral content, or bone mineral density at 18 wk of
age. More-detailed analyses showed Stat3 deficiency in osteocytes
did not affect bone mineral accrual but reduced bone formation in
adult mice (35).Therefore, Stat3 plays more important roles for
bone formation in osteoprogenitor cells and earlier osteoblast

cells. Taken together, our studies show that modeling the skeletal
phenotypes of Job syndrome in mice provides insights into the cell
origin (osteoblast) and molecular mechanism (Wnt/β-catenin sig-
naling) underlying the skeletal defects.

Materials and Methods
Mouse Lines Used. All mouse studies were conducted according to the pro-
tocols approved by the Harvard Medical School Institutional Animal Care and
Use Committee (IACUC). The mice strains were either previously reported or
purchased from the Jackson Laboratories are as follows: Stat3C/C mice were
generated by inserting loxP sites in the introns 17 and 20 as reported earlier
(28). Prrx1Cre (stock No. 005584), Osx1-GFP::Cre (OsxCre, stock No. 006361),
Rosa26-tdTomato (Jackson stock No. 007909) (71), FVB-Tg(Col2a1-cre/ERT)

Fig. 6. The Lrp5 high bone mass (HBM) allele (Lrp5A/+) partially rescued the skeletal defects of the Prrx1Cre; Stat3c/c mice. (A) Whole-mount Alizarin red and
Alcian blue staining of littermate mice of the indicated genotypes at P0 and P5. The forelimb (FL) and hindlimb (HL) were shown in the Lower. (Scale bars,
100 μm.) (B) IF images of β-catenin and Sp7 expression in the humerus sections of P0 pups of the indicated genotypes. Higher-magnification images are shown
on the Right side. (Scale bars, 100 μm.) Quantification was shown on the Right. *P < 0.05 and **P < 0.005. (C) Representative IF images of Mmp13 in humerus
sections from the indicated P5 mice. DAPI stained the nucleus. n = 3 biological replicates. (Scale bar, 50 μm.) (D) von Kossa staining of the humerus sections of
P0 pups of the indicated genotypes. Higher-magnification images are shown on the Right side. (Scale bars, 100 μm.)
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KA3Smac/J (Jackson stock No. 006774), and the Lrp5-GOFA214V-neo mice were
reported earlier (46). The Col10a1Cre mice were generated by Kathy Cheah’s
laboratory Department of Biochemistry, University of Hong Kong, China
(26). In postnatal studies, sex-matched littermate mice were analyzed. Rep-
resentative data from analyses of a minimum of three control and mutant
littermates in each experiment are shown.

Gene Expression Analysis by In Situ Hybridization. In situ hybridization was
performed using digoxygenin-labeled antisense probes on either 5-μm thick
cryosections or on paraffin sections as described before (72). The probe se-
quences were described previously (73).

IF Staining. Embryos and early postnatal tissues were fixed overnight in 4%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS) and processed
for either cryostat or paraffin sections. Sections were rehydrated, per-
meabilized with PBT (1× PBS + 0.1% Tween 20), and were blocked in 10%
donkey/goat serum in PBT. Immunohistochemistry or IF staining were per-
formed using standard methods, and details of primary and secondary an-
tibodies are provided in SI Appendix, Table S1. Sections were mounted in
mounting medium containing nuclear stain DAPI from Vector laboratories
(Cat. No. H-1200). The fluorescence intensity of IF images was quantified
using Image J software as described earlier (74).

Skeletal Preparation and μCT Scanning Analyses. The protocol for Alcian blue
staining for cartilage and Alizarin red staining for mineralized tissues was
described before (75). μCT scanning of postnatal long bones was conducted
using a SCANCO μCT 35 according to standard procedures and data were
analyzed using software from the manufacturer.

von Kossa and Masson’s Trichrome Staining. For von Kossa staining, paraffin
sectionswere incubatedwith 1% silver nitrate solution under a 60-W lamp for
1 h. Slides were washed three times in distilled water and incubated with 5%
solution of sodium thiosulfate for 5 min. Slides were washed three times in
distilled water and counterstained with 0.1% nuclear fast red. Slides were
rinsed three times in distilled water before mounted in mounting medium.
Masson’s trichrome staining was performed on paraffin sections by refixing
in Bouin’s solution for 1 h at 56 °C followed by staining sequentially with
Weigert’s iron hematoxylin solution, Biebrich scarlet-acid fuchsin solution,
and aniline blue solution (76).

Cell Death Assay. Cleaved caspase-3 IF was performed using standard pro-
cedures, and primary antibody was purchased from CST (Cat. No. 9664).

Micromass Culture. Limb bud cells for micromass analyses were isolated from
E11.5 embryos as reported earlier (77).

qRT-PCR. Total RNA from mouse humerus and femur bone tissue devoid of
bone marrow and cartilage was prepared using the TRIZOL reagent (Life Tech-
nologies) or RNeasy Mini Kit (Qiagen) according to the manufacturer’s protocols.
Complementary DNA (cDNA) was synthesized from total RNA (1 to 2 μg) using
SuperScript II Reverse Transcriptase with random primers (Life Technologies).
qRT-PCR were performed using SYBR Select Master Mix on StepOnePlus thermal
cycler from Applied Biosystems. Gene expression levels were analyzed relative to
β-actin or GAPDH. The primer sequences of the genes are given in the SI Ap-
pendix, Table S1.

RNA-Seq. Total RNA was isolated from the shaft of the humerus of E16.5
embryos after removing both the ends and flushing out the marrow. Three
Prrx1Cre; Stat3C/+ (Ctrl) and three Prrx1Cre; Stat3C/C (Test) embryos were used
for total RNA isolation. The libraries were constructed using Ion AmpliSeq
Transcriptome Mouse Gene Expression Panel, Chef-Ready Kit according to the
manufacturer’s protocols. The library qualities and quantification were esti-
mated using Bio-Analyzer 2100. Equal amount of six barcoded libraries were
pooled together on an equimolar basis and sequenced using the Ion 550 Chip
Kit. Genes with a fold change 1.2 were considered as differentially expressed
genes and analyzed using the DAVID Bioinformatics Resources 6.8 (78). The
RNA-seq data have been deposited to Gene Expression Omnibus (GEO) under
accession number GSE159184.

Immunoprecipitation and Immunoblotting. Bone tissues or cells were lysed using
either lysis buffer (20 mM Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100, 1 mM
ethylenediamine tetraacetic acid (EDTA), 1 mM ethylene glycol tetraacetic acid
(EGTA), 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM
sodium orthovanadate), or radioimmunoprecipitation assay (RIPA) buffer
(Santa Cruz Biotechnology), supplemented with protease inhibitor mixture
(Roche). Immunoprecipitated complex or total cell lysates were analyzed using
Western blotting. Western blotting analyses were conducted using standard
procedures. Densitometric analysis of Western blot data were done using
Image J software as described earlier (79).

Small Molecule Treatment. BIO (Calbiochem, CAS No. 667463-62-9) was pre-
pared as described previously (43, 80). BIO was injected to pregnant females
by intraperitoneal injection at a concentration of 2 μM every day from E15.5,
and the postnatal mice were injected every other day. Equivalent volumes of
vehicle were injected to control animals.

Antibodies Used. The details of the antibodies used in this study are provided
in SI Appendix, Table S1.

BMSC Isolation and Culture in Osteogenic Media. BMSCs were flushed out from
tibia and femur bone marrow cavity of Stat3c/c mice. Then, the cells were
centrifuged and seeded with Alpha-MEM, 20% fetal bovine serum (FBS), 100
U/mL penicillin, and 100 μg/mL streptomycin. Prior to reaching confluence,
cells were infected with either Ad-Cre or Ad-GFP. Upon reaching confluence,
cells were switched to osteogenic media (Alpha-MEM, 10% FBS, 100 U/mL
penicillin, 100 μg/mL streptomycin, 10−4 M L-ascorbic acid 2-phosphate,
and 10 mM β-glycerol phosphate) and cultured for the indicated time
points (81).

ChIP Assay. ChIP was performed using ChIP-Grade Protein G Enzymatic Kit
(Biolegend, 699904) according to the manufacturer’s instructions. Briefly,
BMSC cells were cross-linked with 1% formaldehyde for 10 min and stopped
by 0.125M glycine in culture medium at room temperature. Chromatin was
enzymatically digested for 5 min at 37 °C. Antibodies used in the ChIP ex-
periment: Stat3 (Cell signaling technology, 1:100), H3K27ac (Abcam ab4729,
1μg), and IgG antibody (Biolegend, provided in the ChIP kit).

Adenovirus Treatment. The Cre recombinase or GFP adenovirus (∼1012 pfu/mL)
was diluted 1:2,000 to infect cells in vitro. After 4 h, fresh medium was
added. After 24 h, the medium was changed.

von Kossa Staining. Sections were hydrated and washed in distilled water, then
stainedwith 5% silver nitrate under a 60-W lamp for 1 h. Sectionswerewashed in
distilledwater three times in 5% sodium thiosulfate for 5min and rinsed inwater.

ALP Staining and Quantification. For ALP staining, cells were fixed in 4% PFA
for 20 min, washed with PBS three times, then stained with 1-Step nitro blue
tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl phosphate (BCIP) (Thermo,
34042) for 30 min and washed by PBS. There were three biological replicates
in each group.

Statistical Analysis. The data were analyzed using GraphPad Prism 7 (GraphPad
Software). Data from at least three or more independent experimental groups
were used for quantification. Statistical analysis between groups was per-
formed by two-tailed Student’s t test to determine significance when only
two groups were compared. One-way ANOVA test was used for μCT data.
The P values of less than 0.05 and 0.01 were considered significant. Error
bars represents the SD of the mean unless otherwise mentioned.

Data Availability. RNA-seq data have been deposited in GEO (GSE159184). All
other study data are included in the article and/or SI Appendix.
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