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ARTICLE INFO ABSTRACT

Keywords: SHP2 is a ubiquitously expressed protein tyrosine phosphatase, which is involved in many signaling pathways to
SHP2 regulate the skeletal development. In endochondral ossification, SHP2 is known to modify the osteogenic fate of
Intramembranous ossification osteochondroprogenitors and to impair the osteoblastic transdifferentiation of hypertrophic chondrocytes.
Mesenchymal progenitors However, how SHP2 regulates osteoblast differentiation in intramembranous ossification remains incompletely
Osteoblast dlfferer%nam,m understood. To address this question, we generated a mouse model to ablate SHP2 in the Prrx1-expressing
TGFp and BMP2 signaling . . . . .
mesenchymal progenitors by using “Cre-loxP”-mediated gene excision and examined the development of cal-
varial bone, in which the main process of bone formation is intramembranous ossification. Phenotypic char-
acterization showed that SHP2 mutants have severe defects in calvarial bone formation. Cell lineage tracing and
in situ hybridization data showed less osteoblast differentiation of mesenchymal cells and reduced osteogenic
genes expression, respectively. Further mechanistic studies revealed enhanced TGFB and suppressed BMP2
signaling in SHP2 ablated mesenchymal progenitors and their derivatives. Our study uncovered the critical role
of SHP2 in osteoblast differentiation through intramembranous ossification and might provide a potential target

to treat craniofacial skeleton disorders.

1. Introduction

The skull vault of mammals, providing essential protection for the
brain and important sensory organs, consists of the frontal, parietal,
inter-parietal and occipital bones, which all undergo intramembranous
ossification [1,2]. During development, cell lineage analysis showed
that the frontal bones are mainly contributed from the neural crest cells,
while parietal and inter-parietal bones originate from the paraxial
mesoderm [3-5]. These cells migrate into defined locations overlying
the cerebral hemispheres, and subsequently differentiate into osteo-
genic mesenchyme, which is characterized by the expression of Runt-
related transcription factor 2 (RUNX2) and OSTERIX, the earliest mo-
lecular determinants of bone formation [6-9]. In contrast to the en-
dochondral ossification that ensues from a cartilaginous anlagen, in-
tramembranous ossification features a direct differentiation of
mesenchymal progenitors into osteoblasts, responsible for the synthesis
of collagen type 1(COLlal)-rich bone extracellular matrix and its mi-
neralization.

Protein tyrosine phosphatase non-receptor type 11(PTPN11), also

known as SHP2, is a widely expressed SH2 domain-containing non-re-
ceptor protein tyrosine phosphatase. Accumulating evidences suggest a
crucial role of SHP2 in regulation of skeletal development and home-
ostasis. SHP2 gain-of-function (GOF) mutations cause Noonan
Syndrome (NS), which has calvarial abnormality including macro-
cephaly, oral malformation and hypertelorism [10-12]. Conversely,
SHP2 loss-of-function(LOF) mutation cause benign cartilage tumor,
metachondromatosis, both in human and in mice [13,14]. Recently, we
reported that SHP2 determines the cell fate of osteochondroprogenitors
[15] and its specific deletion in collagen type 2(COL2al) or collagen
type 10(COL10al) expressing chondrocytes impairs the osteoblast
transdifferentiation of hypertrophic chondrocyte in endochondral os-
sification, which indicate SHP2 plays a crucial role in osteoblast dif-
ferentiation [16]. SHP2 ablation in mesenchymal progenitors cause
defects of calvarial bone formation [17], but the cellular and molecular
mechanism of how SHP2 regulates osteoblast differentiation and bone
formation in calvarial development is not fully understood.

Calvarial development is a complex process consisting both en-
dochondral ossification and intramembranous ossification. Here, we
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specifically delete SHP2 in mesenchymal progenitors through Prrx1-Cre
to investigate the role of SHP2 in the development of parietal and inter-
parietal bone, which undergo intramembranous ossification. During the
early phases of the parietal and inter-parietal bone formation, me-
senchymal progenitors first undergo proliferation and differentiation,
leading to the formation of several bony anlagen margined by the os-
teogenic fronts and connected by the fibrous connective tissue sutures,
which are rich in mesenchymal progenitors and fibroblasts. After ac-
quiring the basic shape, each of the skull bony elements remains se-
parated by sutures to ensures that calvarial expansion is coordinated
with growth of the underlying brain. Synchronized with the osteoblast-
mediated bone formation, calvarial bones also undergo dynamic mod-
eling and remodeling through the coordinated resorptive activity of
osteoclasts. These developmental processes at last establish the three-
dimensional architecture of the skull.

Lines of genetic and molecular evidence suggest multiple signaling
pathways and transcription factors as important regulators of skull
development, such as the signaling pathways evoked by BMP/TGFf}
[18], FGFs [19], WNT [20] and hedgehog [21] et al. Among these
signaling pathways, transforming growth factor beta (TGFf) and bone
morphogenic protein2 (BMP2) are considered as two of the most im-
portant signaling pathways to regulate osteogenesis [18,22], both of
which are of the TGFf superfamily. TGFf ligand binds to TGFf} receptor
complex (TGFBR I & TGFfR II) and then phosphorylate SMAD2/3. Si-
milarly, BMP2 ligand binds to BMP receptor complex (BMPR I & BMPR
II) and then phosphorylate SMAD1/5/8 [23,24]. TGFp signaling was
demonstrated to promote proliferation and early differentiation of
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Fig. 1. SHP2 ablation in the Prrx1+ mesench-
ymal cells impairs intramembranous ossifica-
tion. A. Representative skull images of 2-week-
old SHP2p,,,; CTR and SHP2p,,,1 KO mice stained
with Alcian blue and Alizarin Red. n = 3. B. p-
CT radiographs demonstrating the skull struc-
ture of 6-week-old SHP2p.,CTR and
SHP2p,,,1 KO mice. Note that parietal and inter-
pariental bone ossification was defective (ar-
rows) in the SHP2p,,; KO mice, compared with
age matched SHP2p,.,;CTR mice. n=3. C.
Representative H&E (top) and von Kossa
(bottom, counterstained by fast red) staining of
murine parietal bone coronal frozen sections
showing the appearance of a loose mesenchyme
tissue and impaired mineralization of the par-
ietal bone in the P0.5 SHP2p,.,;KO mice, com-
pared with SHP2p,,,CTR mice. Scale
bar:100 um. D. Bar graph showing the quanti-
tative data of parietal bone matrix mineraliza-
tion in SHP2p,,;CTR and SHP2p.,;KO mice
using NIH ImageJ software (n = 3, **p < 0.01,
Student's t-test). (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)
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osteoprogenitor, however, it inhibits the maturation, mineralization
and transit of osteoblast to osteocyte [18]. In addition, TGF[} treatment
blocks osteoblast mineralization in vitro [25]. In contrast, BMP2 sig-
naling has been proved to promote osteogenic differentiation of me-
senchymal progenitors and bone formation [22,24]. Furthermore, both
TGFp signaling and BMP2 signaling are reported to regulate osteoblast
differentiation by modifying the activity of RUNX2 and OSTERIX
[18,26-28], the key osteogenic transcription factors regulating the ex-
pression of osteogenic gene programs [29].

In this study, we research on the role of SHP2 in intramembranous
ossification of calvarial development at cellular and molecular level.
And we demonstrate that SHP2 is critical for osteogenic differentiation
of mesenchymal progenitors partially via modifying TGFB/BMP2 sig-
naling.

2. Materials and methods
2.1. Animals

Tg(Ptpn1 1V *) [30], Tg(Rosa26%°) [31], Tg(Prrx1-Cre) [32] and Tg
(Sp7-mCherry) (Sp7™¢"e™) [33] mice were described previously. PCR
genotyping methods for the Ppnil floxed allele, Rosa26%° and
Sp7™mChery reporters, and Cre transgene are reported in the original
publications and are available upon request. Mice bearing Ptpn11 floxed
alleles were bred to Tg(Prrx1-Cre) mice to generate offspring in which
SHP2 was deleted in osteochondroprogenitors (OCPs) that express the
paired related homeobox-1 protein PRRX1, and controls. The mice had
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Fig. 2. SHP2 is required for the osteogenic differentiation of the Prrx1 + mesenchymal cells. A. Fluorescent images of the sagittal sutures showing the number and
location of Prrx1+ (green), Osx+ (red), and Prrx1/Osx double positive cells (yellow) at the osteogenic fronts and sutures. Note that the number of Prrx1 and Osx
double positive cells decreased and the width of the sagittal suture (white arrows) increased significantly in SHP2p,.,;KO;R0sa26%%;Sp7™C*™ mice, compared with
the SHP2p,x; CTR;R05a26%%;Sp7™C R controls. Images at the bottom are the enlarged views of the corresponding boxed areas in the top images. Scale bar: 100 pum.
B. Sagittal sutures of indicated mice immunostained with anti-OSTERIX antibody (red) showing the number and location of Prrx1+ (green), OSTERIX+ (red), and
Prrx1/0STERIX double positive cells (yellow) at the osteogenic fronts and sutures. Images at the bottom are the enlarged views of the corresponding boxed areas in
the top images. Scale bar: 100 um. Scale bar: 100 um. C. Bar graphs showing the quantitative data of sagittal suture width (images of A and B) in the P0.5
SHP2p,,+1CTR and the SHP2p,,,; KO mice (n = 6, *p < 0.05, Student's t-test). D-E. Fluorescent images of the parietal bone frozen sections showing the number and
location of Prrx1+ (green), Osx+ (red), OSTERIX+ (red), and Prrx1 and Osx (OSTERIX) double positive (yellow) cells in the indicated mice. Quantitative data are

shown as bar graphs on the right (n = 3, ***p < 0.001, Student's t-test) Scale bar: 100 um. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

the following genotypes and nomenclature: Tg(Prrx1-Cre;Ptpnl VLA 10% FBS,1% penicillin and streptomycin). Osteoblast cell preparations
(SHP2p,,;CTR) and Tg(Prrx1-Cre;Ptpnl 7Vfy  (SHP2p,1KO). SHP2 were cultured at 37° C under 5% CO,.

prxiCTR and SHP2p,.;KO mice were also bred with Rosa26%¢ and Primary osteoblasts were immortalized with retrovirus expressing
Sp7™mCherty reporter mice for experiments designed to trace the fate of pBabe(puro)/SV40 large T antigen prepared from 293 T cells, as de-
Prrx1-expressing cells in vivo. All of the mice were maintained on the scribed previously [16], [30,34]. Infected cells were cultured for 48 h
C57BL/6 J background. and then selected with puromycin for 7 days, after which the pur-

Control and SHP2 mutant animals were sacrificed at the indicated omycin-resistant clones were pooled and expanded. Finally, the osteo-
time points and explanted skull tissue was processed for micro- blastic cells were enriched by FAGS sorting based on the Rosa26%¢ GFP
computed tomographic imaging (uCT), histological sectioning, and fluorophore.

biochemical and biological analyses. All animal work was reviewed and

approved by the Rhode Island Hospital Institutional Animal Care and

Use Committee and performed in accordance with PHS policy on the 2.3. Reagents
humane care and use of laboratory animals.

Polyclonal antibodies against murine SHP2 (sc-280) and SMAD1

2.2. Osteoblast isolation and cultures (sc-7965) were purchased from Santa Cruz Biotechnology, and mono-
clonal anti-Sp7/OSTERIX (ab22552) was purchased from Abcam.
Primary osteoblastic cells were isolated from calvarias of the Monoclonal antibodies against murine phospho-SMAD2/3 (8828S) and

SHP2p,,1 CTR;R05226%5¢ and SHP2p,1 KO;R0sa26%5¢ newborns. To do total SMAD2/3 (3102S) were purchased from Cell Signaling
so, the parietal bones were collected under sterile condition and di- Technology, p-SMAD1/5/8 (AB3848) was purchased from Millipore,
gested with 5ml of Trypsin-EDTA (0.06%), and Collagenase II (285 U/ and anti-B-ACTIN (ab8226) was purchased from Abcam. Texas Red-X
ml) for 4h. The digestion was halted by adding an equal volume of goat anti-rabbit IgG (T6391) was purchased from Invitrogen. 1% Alcian

DMEM with 10% FBS, and the digestion solution was passed through a blue and 1% Alizarin Red staining solutions were purchased from Poly
40 um strainer to obtain single cells. Osteoblasts were collected by Scientific. Click-iT EdU Alexa Fluor 594 Imaging Kit(C10339) was
centrifugation and resuspended in fresh culture medium (DMEM with purchased from Life Technology.
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Fig. 3. SHP2 deletion in the PrrxI-expressing mesenchymal cells impairs osteogenic marker genes and osteogenic transcription factors expression during in-
tramembranous ossification. A. RNAscope-based in situ hybridization showing the transcript abundance of indicated osteogenic genes in the P0.5 parietal bone of
SHP2p,,1CTR and SHP2p,,;KO mice. Scale bar: 100 um. B. Enlarged views of the corresponding boxed areas in A. Scale bar: 100 um. C. Bar graphs showing the
quantitative data of A & B. Data presented as the ratio of the positive staining areas vs. the corresponding total areas using NIH ImageJ (n = 3, *p < 0.05,
**p < 0.01, ***p < 0.001, Student's t-test). D. The transcript abundance of indicated osteogenic transcription factors in the P0.5 parietal bone of SHP2p,,, CTR and
SHP2p,,41 KO mice were presented as described in A. Scale bar: 100 um. E. Enlarged views of the corresponding boxed areas in D. Scale bar: 100 um. F. Bar graphs
showing the quantitative data of D & E. Data presented as the ratio of the positive staining areas vs. the corresponding total areas using NIH ImageJ (n = 3,

*p < 0.05, **p < 0.01, ***p < 0.001, Student's t-test).

2.4. Histological, histochemical and immunostaining analysis

Skulls from P0.5 control and SHP2 mutants were fixed in 4% for-
maldehyde, soaked in 30% sucrose solution for 24 h, and embedded in
OCT. Frozen sections were stained with hematoxylin and eosin (H&E)
and von Kossa (Millipore) to visualize general morphology and bone
matrix mineralization, respectively. The fate of Prrx1-expressing me-
senchymal cells in vivo was determined by direct visualization of the
ZsGreen+ (green), mCherry+ (red), and ZsGreen/mCherry double
positive (yellow) fluorophores on frozen sections of parietal bone
from SHP2p,.; CTR;R05226%C;Sp7m ™ and SHP2p, KO;R05a26%C;
Sp7™P™Y mice. DAPI was used for nucleus counterstaining. All flor-
escent and phase contrast images were captured using a Nikon digital
fluorescence microscope and Aperio slide scanner (Leica Biosystems).

For Immunofluorescent staining, frozen sections were blocked with
0.3%Triton X-100, and 10% goat serum in PBS for 2h at room tem-
perature, after which they were incubated with primary antibody
overnight (1:100 dilution). After washing, the primary antibodies were
localized with Texas Red-X goat anti-rabbit IgG secondary antibody.
Nuclei were counter- stained with DAPI.

2.5. In situ hybridization

mRNA expression was determined using RNAscope in situ hy-
bridization, as described previously [16]. Probes against murine Runx2,
Sp7, Ctnnb1, Bmp2, Ibsp, and Bglap were synthesized and purchased
through Advanced Cell Diagnostics (ACD). Visualization of the hy-
bridized probes was achieved using the RNAscope® HD-Brown kit
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(Advanced Cell Diagnostics). Images of each section were acquired
using the Aperio slide scanner.

Osteogenic gene expression was quantified on corresponding
200 pm X 100 pum areas in the same regions of the parietal bones from
SHP2p,,41CTR and SHP2p,.,1KO mice. The positively-stained area and
the total bone tissue area were quantified using NIH ImageJ software.

2.6. Quantitative RT-PCR and micro-CT analyses

Total RNA was extracted from cultured osteoblasts using the RNeasy
kit (Qiagen). cDNA was synthesized using 1pg of total RNA with
iScript™cDNA Synthesis Kit (Bio-Rad) and qRT-PCR was performed
with RT2SYBR®Green kit on a Bio-Rad CFX machine. All samples were
normalized to Gapdh and Actin, and gene expression was presented as
fold increases or decreases compared with that of control. High re-
solution (20 um isometric voxel size) 3D volume images were generated
using a desktop p-CT40 system (Scanco Medical AG, CH).

2.7. Western blot analysis

Cells were lysed in modified NP-40 lysis buffer (0.5% NP40,
150 mM NaCl, 1 mM EDTA, 50 mM Tris [pH 7.4]) supplemented with a
protease inhibitor cocktail (1 mM PMSF, 10 mg/ml aprotinin, 0.5 mg/
ml antipain, and 0.5mg/ml pepstatin) [35]. Cell lysates (20-30 pg)
were separated by SDS-PAGE, transferred to PVDF membranes, and
incubated with indicated primary antibodies for 2 h or overnight at 4 °C
(primary antibody concentration is 1 pg/ml); this was followed by HRP-
conjugated secondary antibodies (Bio-Rad, 1:2000 dilution).
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Fig. 4. SHP2 deletion in the Prrx1-expressing cells compromises osteogenic genes expression in vitro. A. Diagram denotes the strategy to generate SV40 large T
antigen-immortalized osteoblasts from the SHP2p,1CTR;R05a26%C and SHP2p,x;KO;R0sa26%C mice. B. Phase contrast images (left) showing the morphology of
immortalized osteoblasts. Western blot and bar graphs [44] demonstrating the level of SHP2 in the immortalized osteoblasts from indicated mice (n = 3,
***p < 0.001, Student's t-test). C. Bar graphs showing the relative expression of indicated osteogenic genes in SHP2p,.;CTR and SHP2p,.,;KO osteoblasts de-
termined by qRT-PCR. (n = 3, *p < 0.05, **p < 0.01, Student's t-test). D. Phase contrast images demonstrating ALP activity in the immortalized osteoblastic cells
from indicated mice. Ratio of ALP positive cells vs total cells in the defined areas are presented as bar graphs on the right (n = 3, ***p < 0.001, Student's t-test).

2.8. Statistical analysis

Differences between the SHP2 knockouts and controls were eval-
uated using Student's t-tests, with p values < 0.05 considered to be
significant. Statistical analyses were performed by using Prism 5.0
(GraphPad, San Diego, CA) and Excel (Microsoft).

3. Results

3.1. SHP2 deletion in the Prrx1-expressing mesenchymal cells impairs
calvarial bone ossification

SHP2p,,41 KO mutants were born at the expected Mendelian ratios,
but they were smaller than their control littermates [15]. Most of the
SHP2 mutants died within 3 weeks after birth, likely due to difficulty
with breathing and feeding, but a few of the mutant mice could survive
until 6 weeks [15]. Compared with the SHP2p,,,; CTR mice, the skulls of
SHP2p,,41 KO mice were incompletely formed. Alcian blue and Alizarin
Red staining revealed marked defects in mineralization of the parietal,
interparietal, and occipital bones (Fig. 1A), as well as the tibiae, femur
and humerus, which are of endochondral origin [15]. These findings

were even more striking in the data from the puCT imaging, where the
parietal and interparietal bones were totally absent in the models cre-
ated from the thresholded pCT images of 6-week-old SHP2p,,; KO mice
(Fig. 1B, bottom), while the skulls of the SHP2p,,,;CTR mice appear
entirely normal, with intact cranial vaults and well-defined sutures
(Fig. 1B, top).

Histological analysis of stained frozen sections was performed to
evaluate the microarchitecture of the skull elements. H&E and von
Kossa staining of the sections from P0.5 SHP2p,,,;CTR mice revealed a
sandwich-like morphology in which the fully mineralized parietal bone
was covered by two layers of soft periosteal mesenchymal tissue
(Fig. 1C left). In contrast, mineralization of the parietal bone was
markedly reduced in P0.5 SHP2p,,;KO mutants as the von Kossa
staining image showed (Fig. 1C right). Instead, there was a dense layer
of soft connective tissue filled with undifferentiated mesenchymal cells
where the parietal bone should have been. Quantitative analysis re-
vealed a ~70% reduction in the portion of the parietal “bone” tissue
that was mineralized in the SHP2p,,,1KO mice compared to corre-
sponding regions of SHP2p.,;CTR mice (19.8 + 5.7% vs
63.3 = 0.6%, **p < 0.01) (Fig. 1D). And finally, calcified osteogenic
fronts appeared clearly in the SHP2p,,,; CTR mice but were absent in the
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SHP2p,,41KO mice (Fig. S1). Taken together, these data indicate that
SHP2 expression in the Prrx1-expressing OCPs is essential for the mi-
neralization of calvarial bones.

3.2. SHP2 is required for the osteogenic differentiation of the Prrx1+
mesenchymal progenitors

Having established that lack of SHP2 in Prrx1-expressing OCPs in-
hibits intramembranous ossification, we next sought to determine
whether the cause might be lack of OCP differentiation. To start, we
performed a dual fluorescent reporter-based cell lineage tracing study.
SHP2p,,; CTR;R05226™¢ and SHP2p,;,1KO;R0sa26”¢ mice were bred
with Sp7™Che™ reporter mice, with the idea that the resulting
SHP2p,x1CTR;R05a26%C;Sp7™he™  and  SHP2p,.,; KO;R05a26%°C;
Sp7™hery mice would express ZsGreen in cells that expressed, or had
expressed, Prrx1 + (i.e. osteochondral progenitors and their progeny),
and mCherry in cells that expressed Sp7 (i.e. osteoblast lineage cells).
Importantly, if the Prrx1+ ZsGreen cells differentiated into Sp7-ex-
pressing osteoblastic cells, they would co-express the ZsGreen and
mCherry reporters, which would appear yellow. As shown in Fig. 2A
(left) & D(top), a large number of cells within the osteogenic fronts and
the parietal bones fluoresced yellow in the SHP2p,,;CTR;
R0sa26%C;Sp7™<"e™ mice. The yellow cells at the osteogenic fronts
were connected by soft tissue bridge rich in ZsGreen+ cells, which
indicated they were Prrx1 + mesenchymal progenitors. In contrast, the
number of yellow cells in the osteogenic fronts and in the parietal bone
were significantly reduced in the SHP21>m(1KO;Rosa26ZSG;Sp7"“Che‘Ty
mutants (43.19 = 0.37% vs. 83.24 * 4.48%, ***p < 0.001, Student's
t-test) (Fig. 2A & D). Instead, a large quantity of green cells was ob-
served in the SHPZPmdKO;Rosa26ZSG;Sp7mCherry mutants. This suggests
that the maturation of Prrx1+ green cells into osteoblasts was com-
promised in the absence of SHP2. The above observations were
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Fig. 5. SHP2 differentially regulates TGFf and
BMP signaling pathways. A. Inmunoblotting data
show that TGFB-evoked SMAD2/3 phosphoryla-
tion was enhanced in the osteoblastic cells from
SHP2p,,;x;KO mice, compared to that from
SHP2p,,+1CTR mice. Cells were starved overnight
and stimulated with TGFB (100ng/ml) for in-
dicated time points. Phosphorylation of SMAD2/3
was quantified using NIH ImageJ software and
normalized to the B-ACTIN controls, the phos-
phorylation level of SMAD2/3 was corrected by
the total level of SMAD2/3. (n = 3, **p < 0.01,
**p < 0.001, Student's t-test) B.

® SHP2p1CTR
B SHP2pKO

*k

] 1 ] ]
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Immunoblotting data showing decreased SMAD1/
5/8 phosphorylation in response to BMP2 in
SHP2p,,,1KO osteoblastic cells, compared to
SHP2p,.,;CTR osteoblastic cells. Cells were
starved overnight and stimulated with BMP2

(100ng/ml) for indicated time points.
Phosphorylation of SMAD1/5/8 was quantified as
described in A (n=3, **p < 0.01,

® SHP2p1CTR
B SHP2p1KO

**¥%p < 0.001, Student's t-test).

5 15 30 60 (min)

bolstered by immunostaining of the parietal bone frozen sections with
the Texas-red labeled anti-OSTERIX antibodies
(SHP2p,x1 CTR;R082267C vs. SHP2p,,1KO;R05a26”°: mean + SEM of
percentage: 70.02 = 1.75 vs. 42.84 = 5.17, **p < 0.01, Student's t-
test) (Fig. 2B & E). Consistent with these observations, the width of
sagittal suture significantly increased in the SHP2 mutants, compared to
the controls (186.2 = 28.1 ym vs. 293.9 = 24.9um, *p < 0.05, Stu-
dent's t-test) (Fig. 2C). Taken together, these data suggest that lack of
SHP2 in OCPs inhibits their osteogenic differentiation during in-
tramembranous ossification.

3.3. SHP2 deletion in the Prrx1-expressing mesenchymal progenitors
suppresses osteogenic gene expression

Calvarial bones ossify through intramembranous ossification in
which mesenchymal progenitors undergo progressive differentiation
into osteoblasts, which express OSTERIX (Sp7), COL1lal, bone sialo-
protein, and OSTEOCALCIN. RUNX2 has been considered the master
gene of osteoblast differentiation [6,8]. RUNX2 is considered essential
for the osteogenic differentiation of the PrrxI1+ mesenchymal pro-
genitors but it is not required for the terminal differentiation of the
Collal+ osteoblasts [36]. Having demonstrated that SHP2 is indis-
pensable for the differentiation of OCPs into functioning osteoblasts, we
next explored whether the expression of Runx2 and other osteogenic
genes were affected in these mutants. RNAScope®-based in situ hy-
bridization revealed significant reductions in Runx2, Sp7, Ctnnb1, Bglap,
Bmp2 and Ibsp transcripts in frozen sections of parietal bone from the
SHP2p,41KO mutants, compared with the SHP2p.,;CTR controls
(Fig. 3). These data are consistent with the von Kossa staining data
showing an impaired mineralization of the parietal bones (Fig. 1C).
Collectively, these data indicate that SHP2 regulates the osteogenic
differentiation of OCPs in intramembranous ossification by modulating
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the expression of the osteogenic transcription factors, as well as
downstream effecting osteoblastic genes.

3.4. SHP2 is required for osteogenic gene expression in the Prrx1 +
progenitors and their derivatives

We used cell culture to gain additional insight into the molecular
and cellular mechanisms through which SHP2 regulates
tramembranous ossification. To do so we isolated ZsGreen+ calvarial
cells from the SHP2p,,;CTR;R0sa26”¢ and SHP2p,1KO;R26%¢ mice
via FACS and immortalized them via the retroviral expression of SV40
large T antigen (Fig. 4A). Phase contrast images showed that im-
mortalized calvarial cells from both control and SHP2 mutant mice
display bipolar or multipolar and elongated shapes, and western blot-
ting confirmed that the SHP2 protein level was significantly reduced in
the osteoblastic cells from the SHP2p,,;KO;R0sa26%¢ mice, compared
with SHP2p,4; CTR;R05a26%€ control animals (only about 30% of the
controls) (Fig. 4B). qRT-PCR revealed significant reductions in the
transcript abundance of osteogenic genes Alp, Collal, Ctnnb1, Sp7 and
Runx2 in the SHP2p,,;KO;R0sa26%%¢ cells, compared to the
SHP2p,1CTR;R05a26%¢ controls (Fig. 4C). ALP activity was also
evaluated in the SHP2p,.,;KO;R0sa26%°¢ cells and SHP2p,1CTR;
Rosa26“% controls using a colorimetric assay. The number of posi-
tively-stained cells and total cells were counted in three fields of view
and analyzed. The quantitative data showed that the ALP activity was
markedly reduced in the SHP2 mutant cells (mean = SEM of percen-
tage: 38.53 + 1.80 vs. 4.00 + 0.53, ***p < 0.001, Student's t-test)
(Fig. 4D). These data in vitro confirmed our in vivo findings that SHP2
is required for intramembranous ossification by promoting the osteo-
genic gene expression.

in-

3.5. SHP2 regulates osteogenic gene expression by modifying the TGF and
BMP2 signaling pathways

TGF[ and BMP2 signaling has a fundamental role in the regulation
of embryonic skeletal development and maintaining postnatal bone
homeostasis via the regulation of RUNX2 and osteogenic gene expres-
sion [18]. Because our data indicated that impaired osteogenic differ-
entiation of SHP2-deficient OCPs involved reductions in Runx2 and
other osteogenic genes, we sought to investigate whether SHP2 might
influence the TGF3/BMP2 signaling axis. To do so, calvarial osteoblast
cell lines from SHP2p.,;CTR and SHP2p,.,;KO mice were starved
overnight and then harvested at 0, 15, 30, 60 and 120 min after sti-
mulation with TGFB (100 ng/ml). Western blotting revealed that the
SMAD2/3 phosphorylation was significantly increased in SHP2p,,, KO
cells compared to the SHP2p,,,;CTR control cells (Fig. 5A). Moreover,
the phosphorylation level of SMAD2/3 returned to basal levels 120mins
after stimulation in the SHP2p,.,;CTR cells but remained high in
SHP2p,,41KO cells (Fig. 5A). We also starved SHP2p.,;CTR and
SHP2p,,x1 KO cells overnight, stimulated them with BMP2 (100 ng/ml)
and then harvested at 0, 5, 15, 30 and 60 min. The western blot data
revealed that the phosphorylation level of SMAD1/5/8 was sig-
nificantly decreased in SHP2p,,;KO cells, compared to SHP2p,,;CTR
control cells under the same stimulation (Fig. 5B). These data indicate
that SHP2 normally represses the phosphorylation of SMAD2/3 by
TGFpBR I but promotes the phosphorylation of SMAD1/5/8 by BMPR [;
these coupled but differential regulation of TGF and BMP2 signaling
pathway to ensure the maturation and function of osteoblasts.

4. Discussion
Intramembranous ossification is regulated by a number of signaling

pathways, in which protein tyrosine kinases are heavily involved
[18,19]. Increasing evidences suggest that protein tyrosine
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phosphatases play a crucial role in this process, too. SHP2 is a ubiqui-
tously expressed PTP. Early studies showed that SHP2 is a key mod-
ulator of the osteogenic differentiation of OCPs [15] and growth plate
hypertrophic chondrocytes by modifying SOX9 abundance during en-
dochondral ossification [16]. Here, we showed that SHP2 is indis-
pensable for the osteogenic differentiation of OCPs in the calvarial
bones. SHP2 deficient OCPs were halted at the primitive stages and
failed to ossify the matrix of the forming calvarial vault (Figs. 1 & 2),
rather than a defect in cell proliferation (Fig. S3). Consistent with these
morphological defects, transcript abundance of osteogenic transcription
factors Runx2 and Osterix and their downstream effectors (Figs. 3 & 4)
were found significantly decreased in the SHP2 mutants. Importantly,
SHP2 was uncovered to differentially regulate canonical BMP2 (pro-
moting) and TGF(} (suppressing) signaling in OCPs and their derivatives
in vitro (Fig. 5). Collectively, our study uncovered an important role for
SHP2 in intramembranous ossification by modulating the osteogenic
differentiation and maturation of OCPs, these actions, in part, are via
the differential regulation of BMP and TGF[} signaling pathways.

BMP and TGFp signaling pathways are well accepted as one of the
most important signaling pathways to regulate osteoblast differentia-
tion and maturation. TGF( signaling pathway promotes osteoblastic
progenitor proliferation and early differentiation but suppresses the
osteoblastic maturation, mineralization, and transit to osteocyte [18].
Upon TGFp signaling pathway activation, SMAD2/3 is phosphorylated
and then recruit class II deacetylases (HDACs 4 and 5) to repress the
gene expression and activity of Runx2 [37-40]. In contrast, activation
of the BMP signaling pathway regulates osteoblast differentiation. Ac-
tivated BMPR I phosphorylates SMAD1/5/8, which up-regulates the
expression of Runx2 and Osterix and drive osteoblastic differentiation
[37-39]. Our immunoblotting data showed that SHP2 deficiency in
osteoblast promoted TGFp-evoked SMAD2/3 phosphorylation and
suppressed BMP2-evoked SMAD1/5/8 activation (Fig. 5), indicating
that SHP2 differentially regulates the BMP and TGFf signaling path-
ways and osteoblast differentiation and maturation. This could explain
why there was a wider gap between the osteogenic fronts in the sagittal
suture of SHP2 mutants and accumulation of primitive Prrx1+ os-
teochondroprogenitors. Runx2 and Osterix are considered as the two
master transcription factors during osteoblastogenesis [26-28]. The
profound resemblance of the skull phenotype between SHP2 and
RUNX2 mutants suggests that RUNX2 functions downstream SHP2
[36]. This notion was further supported by the reduction of RUNX2
responsive osteogenic gene expression (Fig. 4) in SHP2 mutants
[18,27,41,42].

TGFp and BMP2 also signal via SMAD independent non-canonical
pathways, in which, they activate TAKl1 and TAKI1-binding
protein1(TAB1) to initiate the MKKs and ERK signaling cascade [22].
TGF and BMP2 evoked MKK activation could positively regulate
Runx2 expression and promote the differentiation of OCPs [43]. We,
therefore, examined TGFf} and BMP2-evoked ERK activation in osteo-
blasts and found that they were comparable in the presence or absence
of SHP2 (Fig. S2), suggesting that SHP2 regulation of BMP and TGFf}
signaling primarily went through the canonical TGF3/SMAD2/3 and
BMP2/SMAD1/5/8 signaling pathways.

BMP and TGFp signal through BMPR I/1I and TGFR I/II respectively
to phosphorylate SMAD1/5/8 and SMAD2/3 and activate their down-
stream transcription programs [44]. Altered SMAD phosphorylation in
SHP2 deficient OCPs and their derivatives suggest that SHP2 acts either
on a serine/threonine kinase upstream of SMADs or SMAD phospha-
tases. SHP2 functions a PTP, therefore the effect of SHP2 on BMP2- and
TGFp-evoked SMAD phosphorylation must be mediated via an indirect
mechanism. Currently, we are investigating whether TGF3 and BMP2
receptor kinase activity is modulated by phosphorylation of tyrosine
residues [45].

In sum, SHP2 is found to be essential for the osteogenic
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differentiation and maturation of OCPs and intramembranous ossifi-
cation, partially by differentially modifying the TGFp and BMP sig-
naling pathways. SHP2 and its signaling partner(s) could potentially
serve as pharmacological targets to treat craniofacial disorders, such as
craniosynostosis and cleidocranial dysostosis.
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