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ABSTRACT

Msh homeobox (Msx) is a subclass of homeobox
transcriptional regulators that control cell lineage
development, including the early stage of verte-
brate limb development, although the underlying
mechanisms are not clear. Here, we demonstrate
that Msx1 promotes the proliferation of myoblasts
and mesenchymal stem cells (MSCs) by enhanc-
ing mitogen-activated protein kinase (MAPK) sig-
naling. Msx1 directly binds to and upregulates the
expression of fibroblast growth factor 9 (Fgf9) and
Fgf18. Accordingly, knockdown or antibody neutral-
ization of Fgf9/18 inhibits Msx1-activated extracellu-
lar signal-regulated kinase 1/2 (Erk1/2) phosphory-
lation. Mechanistically, we determined that the phos-
phorylation of Msx1 at Ser136 is critical for enhanc-
ing Fgf9 and Fgf18 expression and cell prolifera-
tion, and cyclin-dependent kinase 1 (CDK1) is appar-
ently responsible for Ser136 phosphorylation. Fur-
thermore, mesenchymal deletion of Msx1/2 results
in decreased Fgf9 and Fgf18 expression and Erk1/2
phosphorylation, which leads to serious defects in
limb development in mice. Collectively, our findings
established an important function of the Msx1-Fgf-
MAPK signaling axis in promoting cell proliferation,
thus providing a new mechanistic insight into limb
development.

INTRODUCTION

Vertebrate limb development relies on the activity of sig-
naling that control patterning and growth of the limb
bud along three orthogonal axes. Among them, fibrob-

last growth factor (Fgf) signaling is one of the domi-
nant elements that control the elongation of limb bud
along proximo–distal (P–D) axis, which promotes limb bud
growth and progressive distalization (1). But how Fgf sig-
naling is regulated remains to be further studied.

Extracellular signal-regulated kinase 1/2 (Erk1/2,
also known as p44/42 mitogen-activated protein kinase,
MAPK) can be activated by a variety of growth factors
and mitogens (2–7). Growth factor-induced activation
of the MAPK signaling pathway participates in most
processes of vertebrate embryonic development, and in
most cases, it functions in proliferation and differentiation
regulation (8–11). For example, during myogenesis, MAPK
signaling is crucial for the growth factor-induced cellular
proliferation of myoblasts, and inactivation of MAPK is
required for initiation of myogenesis (8,12,13). The way
in which gene regulation of growth factors couples with
MAPK activation during limb development is not yet well
understood.

Homeoproteins are one of the major classes of transcrip-
tional factors that regulate the development of tissues and
organs in vertebrates (14). Msx (including Msx1, Msx2 and
Msx3) comprises one of the subfamilies of homeoproteins
that control cellular differentiation during development. In
vertebrate, Msx is expressed in diverse spatial and temporal
domains and participates in the formation of limbs, neu-
rotubes, craniofacial glands, mammary glands and other
structures.(15–25). Although Msx is important for diverse
tissues during early development, it is mainly expressed in
proliferating cells and is downregulated upon differentia-
tion (17,23). For example, in the developing limb, Msx1 is
expressed in a zone of undifferentiated proliferating mes-
enchymal cells destined to form structural elements of the
limb but not in the differentiating cells forming these struc-
tures (15–18). These and other observations have led to the
postulation that Msx1 may be responsible for driving the
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cellular proliferation (15,22,26–29), although the underly-
ing mechanisms are not known.

In this study, we first observed that Msx1 is indeed able
to promote the proliferation of mouse C2C12 myoblasts
and C3H10T1/2 mesenchymal stem cells (MSCs). Signifi-
cantly, the MAPK signaling pathway is markedly activated
upon overexpression of Msx1. We then found that Msx1
directly binds to and upregulates Fgf9 and Fgf18 expres-
sion, which subsequently triggers MAPK signaling activa-
tion. Importantly, we identified a phosphorylation site of
Msx1, Ser136, and observed that the mutation of Msx1
Ser136 to Ala (S136A) compromises its function, whereas
the mutation of Ser136 to Asp (S136D) enhances its func-
tion in upregulating Fgf9 and Fgf18 expression and activat-
ing MAPK signaling, which is consistent with the role of the
phosphorylation of Msx1 at Ser136 in promoting cell pro-
liferation. Furthermore, we showed that cyclin-dependent
kinase 1 (CDK1) is the kinase that phosphorylates Msx1 at
Ser136. Significantly, in vivo, Fgf9, Fgf18 and p-Erk1/2 lev-
els were downregulated in the developing limb buds when
Msx1 and Msx2 were conditionally knocked out in bone,
which resulted in developmental defects in limbs. In sum-
mary, our findings provide evidence of a novel mechanism
of Msx1 involved in regulating gene expression and promot-
ing cell proliferation and limb development.

MATERIALS AND METHODS

Plasmids and site-specific mutagenesis

The expression plasmid pcDNA3 (Invitrogen, Carlsbad,
CA, USA) was used for transient transfection, and pLZRS-
IRES-GFP was used for retroviral gene transfer. Sequences
corresponding to mouse Flag-tagged Msx1 were cloned into
pcDNA3 or pLZRS-IRES-GFP. Site-directed mutagenesis
at Ser136, Ser152 and Ser160 was performed by overlap ex-
tension PCR with minor modifications (30–32). The point
mutation primer information is shown in Supplementary
Table S1. All plasmids used were sequenced for verification.

Cell culture and myogenic differentiation

Murine myoblast C2C12 cells were obtained from Amer-
ican Type Culture Collection (ATCC) and were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (FBS) (Gibco) (growth medium).
C3H10T1/2 (ATCC) cells as well as bone marrow-derived
MSCs that extracted from femurs and tibiae of mice at 4–6
weeks after birth were cultured in �-MEM (Gibco) supple-
mented with 10% FBS.

For myoblasts differentiation assays, undifferentiated
C2C12 cells were grown in growth medium, and dif-
ferentiation procedure was induced by shifting medium
with DMEM containing 2% horse serum (HS) (Sigma-
Aldrich, Merck KGaA, Darmstadt, Germany) (differenti-
ation medium) at 80% cell confluence for 1–7 days (33,34).

For retroviral gene transfer, replication-defective retro-
viruses were generated in Phoenix (35,36) ecotropic retro-
viral packaging cells (ATCC) by transfection of the rele-
vant pLZRS-IRES-GFP plasmid derivatives using Lipofec-

tamine 2000 reagent. The supernatants were collected 72 h
later and filtered through 0.45 �m polyvinylidene fluoride
(PVDF) membranes (Millipore, CA, USA). Cells were in-
fected with the retroviruses plus 4 mg/ml Polybrene (Sigma-
Aldrich).

5-Ethynyl-2′-deoxyuridine staining

The fraction of proliferating cells was determined using
Click-iT TM EdU Alexa Fluor Imaging Kits (Thermo
Fisher Scientific). Briefly, 20 000 C2C12 cells were seeded
into each well of a 12-well plate and incubated for 48 h.
Cells were incubated with 10 �M 5-ethynyl-2′-deoxyuridine
(EdU) for 3 h prior to fixation with 4% paraformalde-
hyde (PFA) (Sangon Biotech, Shanghai, China) and per-
meabilized with 0.25% Triton X-100. The EdU-positive nu-
clei were labeled according to the manufacturer’s protocol,
which was followed by labeling of all nuclei with 500 ng/ml
4′6-diamidino-2-phenylindole (DAPI, Thermo Fisher Sci-
entific). Thereafter, the cells were observed, and images were
obtained using a fluorescence microscope (ZEISS, Jena,
Germany).

Cell cycle analysis

Differently treated cells were washed with phosphate-
buffered saline (PBS). Resuspend cells with PBS containing
propidium iodide (10 mg/mL), Triton-X 100 (3‰) (Sigma-
Aldrich) and Rnase A (50 ug/ml) and incubate in the dark
for 15 min. The fractions of viable cells in G1, S and G2
phases of cell cycle were measured with a FACStar flow cy-
tometer (BD Biosciences, San Jose, CA, USA). The Flow
cytometry was performed as previously described (37).

Cell proliferation assay

Cell proliferation assays were performed using Cell Count-
ing Kit-8 (CCK-8) reagent (Dojindo Laboratories, Ku-
mamoto, Japan). Briefly, differently treated cells were trans-
ferred into 96-well plates with 4 × 103 cells in 100 ul growth
medium per well and examined at 0, 24, 48, 72 and 96 h
respectively. At each time point, 10 ul CCK-8 reagent was
added into each well and incubate in 37◦C for 1 h. The ab-
sorbance at 450 nm was measured using a multimode mi-
croplate reader (BioTek, Vermont, USA).

Western blotting

For western blotting, cells were sonicated in lysis buffer
(50 mM Tris–HCl, pH 7.5, containing 150 mM NaCl,
0.1 mM EDTA, 1% Triton X-100, 1 �g/ml aprotinin, 10
�g/ml leupeptin, and 1 mM PMSF) and centrifuged at 20
000 × g for 10 min. The supernatants were subjected to
SDS-polyacrylamide gel electrophoresis (SDS-PAGE), fol-
lowed by western blotting analysis with indicated antibod-
ies. Enhanced Chemiluminescence Plus Western Blotting
Detection Kits (Bio-Rad) and a luminescent image analyzer
(Tanon, Shanghai, China) were used to visualize protein
bands according to the manufacturer’s instructions. The list
of antibodies used for western blotting is available in Sup-
plementary Table S2.
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Immunofluorescence

Cell immunofluorescence assays were performed as de-
scribed previously (38). Briefly, cells were washed with PBS,
fixed in 4% PFA, permeabilized with 0.2% Triton X-100 for
10 min, blocked with 2% bull serum albumin (BSA) in PBS
for 1 h, and then stained with the indicated antibodies. The
list of antibodies used for immunofluorescence staining is
available in Supplementary Table S2.

Tissue immunofluorescence assays were performed as
previously described (39). Freshly dissected bones were
fixed in 4% PFA for 48 h and incubated in 15% DEPC–
EDTA (pH 7.8) for decalcification. Then, the specimens
were embedded in paraffin or OCT compound (SAKURA,
CA, USA) and sectioned at a 10-�m thickness. Samples
were blocked in PBS with 10% HS for 1 h and then incu-
bated with mouse anti-Sox9 or rabbit anti-PCNA antibod-
ies, followed by incubation with the corresponding conju-
gated secondary antibodies. Sections were counterstained
with DAPI to visualize the nuclei.

RNA-seq

Total RNA was isolated with TRIzol from Msx1-
overexpressing C2C12 cells (n = 3) or control cells (n
= 3). cDNA sequencing libraries were prepared with an
NEBNext® Ultra™ RNA Library Prep Kit for Illumina.
The RNA-Seq FASTQ raw data were trimmed to remove
low-quality reads and adapters using Trimmomatic (40).
The trimmed reads were aligned to the mouse reference
genome UCSC GRCm38/mm10 with HISAT2. Gene and
transcript quantification was performed using StringTie.
The results of the mapping of the RNA-seq reads, tran-
script assembly and abundance estimation were reported
as fragments per kilobase of exon per million fragments
mapped (FPKM). To identify genes that were differentially
expressed, the fold changes of each gene were calculated
by dividing the average FPKM for the case by the average
FPKM for the control. To avoid infinite values, a value of
0.01 was added to the FPKM value of each gene before log2
transformation. Hierarchical clustering analysis (HCA)
and principal component analysis (PCA) were performed
using the relevant functions in R packages. Enrichment
analysis of KEGG signaling pathways was conducted by
using DAVID.

LC–ESI-MS/MS analysis

We performed the identification of Msx1 phosphorylation
by overexpressing Msx1 in C2C12 cells. The protein sam-
ples were digested by the FASP method (41), followed
by LC-ESI-MS/MS analysis using a nanoflow EASY-nLC
1000 system (Thermo Fisher) coupled to an LTQ Orbitrap
Elite mass spectrometer (Thermo Fisher). All analyses were
performed with a two-column system. Samples were first
loaded onto an Acclaim PepMap100 C18 Nano Trap Col-
umn (5 �m, 100 Å, 100 �m i.d. × 2 cm, (Thermo Fisher))
and then analyzed on an Acclaim PepMap RSLC C18 col-
umn (2 �m, 100 Å, 75 �m i.d. × 25 cm (Thermo Fisher)).
The mobile phases consisted of Solution A (0.1% formic
acid) and Solution B (0.1% formic acid in ACN). The pep-
tides were eluted using the following gradients: 5–35% B for

0–58 min, 35–90% B for 10 min and 90% B for 5 min at a
flow rate of 200 nl/min. The MS analysis was performed us-
ing data-dependent analysis; the 15 most abundant ions in
each MS scan were automatically selected and fragmented
in HCD mode. For data analysis, the raw data were ana-
lyzed by Proteome Discoverer (version 1.4, Thermo Fisher)
using an in-house Mascot server (version 2.3, Matrix Sci-
ence) (42). The mouse protein database (20170427) was
downloaded from UniProt. Data were searched using the
following parameters: trypsin/P as the enzyme; up to two
missed cleavage sites were allowed; mass tolerances of 10
ppm for MS and 0.05 Da for MS/MS fragment ions; Car-
boxyamidomethylation of cysteine as a fixed modification;
oxidation of methionine and phosphorylation of serine,
threonine and tyrosine as variable modifications. The incor-
porated Target Decoy PSM Validator in Proteome Discov-
erer was used to validate the search results and identify the
hits with a FDR ≤0.01.

Msx1 knockout cell line

Msx1 knockout cell lines were established using a previ-
ously reported CRISPR/Cas9 system (43). The gRNAs
were designed at http://crispr.mit.edu/ website, and the rel-
evant information is provided in Supplementary Table S3.

qRT-PCR analysis

Total RNA was prepared using a HiPure Total RNA
Mini Kit (Magen, Guangzhou, China). RNA was reverse-
transcribed using the All-in-One First-Strand cDNA Syn-
thesis Super Mix for qPCR (One-Step gDNA Remover)
Kit (TransGene Biotech, Beijing, China). qRT-PCR was
performed with 2× SYBR UltraSYBR Mix (Cwbio, Bei-
jing, China) using a Light Cycler 480 system (Roche, Basel,
Switzerland). The amplification procedure was as follows:
95◦C for 5 min, followed by 40 cycles of 95◦C for 10 s and
60◦C for 20 s. The cycle threshold (Ct) of each sample was
used for the calculation. The expression levels of mRNA
were quantified using Relative Quantification Software with
GAPDH as an internal control. Primer information is pro-
vided in Supplementary Table S4.

Enzyme-linked immunosorbent assay

The enzyme-linked immunosorbent assays (ELISA) were
performed using the ELISA Kit for Mouse Fgf9 or Fgf18
(DL Develop, Wuxi, China). Briefly, C2C12 cells overex-
pressing Msx1 or the control were cultured overnight with
the serum-free DMEM. The supernatants were obtained
and Fgf9 and Fgf18 concentrations were quantified with the
ELISA Kits respectively according to the instructions of the
manufacture.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were per-
formed using cross-linked chromatin from C2C12 cells ex-
pressing exogenous Flag-Msx1 or its mutants with an EZ-
CHIP Kit (Millipore). As described previously (33,34), 5
× 107 cells were lysed, and chromatin was sonicated in ly-
sis buffer (1 mM EDTA, 0.5 mM EGTA, 10 mM Tris-HCl

http://crispr.mit.edu/


Nucleic Acids Research, 2020, Vol. 48, No. 20 11455

[pH 8.0], 100 mM NaCl, 0.1% Na-deoxycholate, and 0.5%
N-lauryl sarcosine) and then immunoprecipitated overnight
with anti-Flag M2 antibody (Sigma-Aldrich). The immuno-
precipitated protein-DNA complexes were recovered using
protein G beads and washed with RIPA buffer (0.1% SDS,
1% Na-deoxycholate, 1% Triton X-100, 150 mM NaCl,
10 mM Tris–HCl [pH 7.5], 1 mM EDTA, and protease
inhibitor cocktail), and the protein-DNA complexes were
eluted and dissociated by heating at 65◦C for 12 h. Fol-
lowing purification, the recovered DNA was prepared for
ChIP-qPCR assays. The primer information is shown in
Supplementary Table S5.

RNA interference

Small interfering RNAs (siRNAs) used for the knockdown
of Fgf9 and Fgf18 and nonspecific siRNA negative controls
were designed and synthesized by Genepharma (Suzhou,
China). The oligonucleotide sequences used in this study are
shown in Supplementary Table S6.

Transfection of siRNAs was performed in six-well plates.
The cells were seeded into a six-well cell culture plate and
cultured in growth medium on the day before transfection.
The transfections of siRNAs were carried out using Lipo-
fectamine RNAiMAX Reagent (Invitrogen) according to
the manufacturer’s instructions. Cells were harvested for
qRT-PCR or western blotting 48 h later.

Animals

All procedures involving mice were approved by the Fudan
University Animal Care and Use Committee. Mice were
housed in the animal facility with free access to standard
rodent chow and water. Germline Msx1 knockout mice
were obtained from Richard Mass at Brigham and Women’s
Hospital (44). Prx1-Cre mice (45) were kindly provided by
Professor Weiguo Zou at CAS. Msxflox/flox mice (46) were
purchased from the Jackson Laboratory (Bar Harbor, ME,
USA). PCR genotyping was performed using protocols de-
scribed by the supplier. Both male and female mice that
were 0–6 months old were used. Embryos were collected af-
ter timed mating, and noon on the day of plug discovery
was considered to be embryonic day 0.5 (E0.5).

Microcomputed tomography

Mouse scanning was performed with the microcomputed
tomography (�CT) system SkyScan1176 (Bruker, Kartuiz-
ersweg, Belgium), and 50 slides (15 �m each) were used for
quantifying bone parameters.

Analysis of bone phenotypes

Skeletal preparations were double-stained with alcian blue
(Sigma) and Alizarin Red S (ARS) (47,48). Briefly, the car-
casses were skinned and eviscerated, fixed with 95% ethanol
for 3 days and stained with alcian blue for 3 days. Then, the
skeletons were fixed with 95% ethanol three times for 1.5
h each, followed by clearing with 2% KOH for 3–4 h. Af-
ter staining with ARS for 3–4 h, the skeletons were cleared
in 1% KOH/20% glycerol and stored in glycerol. For histo-
logical analysis, bone tissues were fixed in 4% PFA and then

embedded in paraffin. Tissue sections (10 �m) were used for
alcian blue and alkaline phosphatase (ALP) staining.

Drug formulations

The MEK inhibitor PD0325901 was purchased from Sel-
leck Chemicals. The CDK1 inhibitor RO-3306 was pur-
chased from APExBio Technology. The drugs were pre-
pared in dimethyl sulfoxide (DMSO) (10 mM stock) and
diluted to their final concentrations in cell culture medium
prior to in vitro assays.

Statistical analysis

At least three independent replicates were performed for
each assay. The average values from the parallel experiments
are given as the mean ± SD. The comparison of differences
among the groups was carried out by Student’s t-test. Sig-
nificance was defined as P < 0.01 (***P < 0.0001, **P <
0.001, *P < 0.01).

RESULTS

Msx1 promotes the proliferation of myoblasts and MSCs

To understand the mechanisms underlying the role of Msx1
in limb development, we first analyzed the effects of Msx1
on myoblast cell growth. Flow cytometry analysis revealed
that overexpressing Msx1 in C2C12 cells increased the pro-
portion of cells in S and G2 phase and decreased the per-
centage of cells in G1 phase (Figure 1A and B), suggest-
ing that Msx1 may promote C2C12 cell cycle progression.
We further conducted cell proliferation assays and found
that cells overexpressing Msx1 grew more rapidly compared
with those with the empty vector control (Figure 1C). In
addition, the EdU-positive cell numbers were increased in
the Msx1 overexpression group compared with those in the
control group (Figure 1D and E), and an increase in the pro-
liferation marker PCNA was detected by western blotting
in Msx1-overexpressing cells compared to that in control
cells (Figure 1F). These data indicate that overexpression
of Msx1 promoted C2C12 cell proliferation.

To further verify the effect of endogenous Msx1 on
cell proliferation, a C2C12 cell line with Msx1 knock-out
(KO) was established using a transient transfection-based
CRISPR/Cas9 method (43). In contrast to the results of
overexpressing Msx1, both cell cycle progression and cell
proliferation were slowed down when Msx1 was deleted in
C2C12 cells in comparison with the control group (Fig-
ure 1G and H). Accordingly, the level of PCNA was also
lower in Msx1-KO than control C2C12 cells (Figure 1I, with
quantification in Figure 1J).

Considering its important role in limb development, the
function of Msx1 was also analyzed in the C3H10T1/2 mes-
enchymal stem cell line, which is another relevant multipo-
tent cell line often used in musculoskeletal research. Simi-
larly, PCNA expression was increased when Msx1 was over-
expressed in C3H10T1/2 cells (Supplementary Figure S1A
and B), and cells proliferated more rapidly as a result (Sup-
plementary Figure S1C). Overall, the effects of Msx1 in
C2C12 and C3H10T1/2 cells indicate that Msx1 promotes
the proliferation of musculoskeletal progenitor cells.
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Figure 1. Msx1 promotes C2C12 cell proliferation. (A) Flow cytometry assays to assess the impact of Msx1 on C2C12 cell cycle progression. (B) Statistical
analysis of the cell cycle of C2C12 cells overexpressing Msx1 or the control. Values are the means ± SD. **P < 0.001, *P < 0.01. (C) CCK-8 assays to
assess the proliferation rate of C2C12 cells overexpressing Msx1 or the control. Values are the means ± SD. **P < 0.001. (D) EdU assays to evaluate the
effect of Msx1 on C2C12 cell proliferation. Scale bar = 100 �m. (E) Quantification of the ratio of proliferating cells to total cells in EdU assays. Values are
the means ± SD. *P < 0.01. (F) Western blotting to detect the expression of PCNA in C2C12 cells overexpressing Msx1 and the control. (G) Statistical
analysis of the cell cycle of Msx1-KO or wild-type C2C12 cells. Values are the means ± SD. *P < 0.01. (H) CCK-8 assays to assess the proliferation rate
of Msx1-KO or wild-type C2C12 cells. Values are the means ± SD. **P < 0.001. (I) Western blotting to detect the expression of PCNA in Msx1-KO
or wild-type C2C12 cells. Numbers under western blot bands represent relative quantifications over �-Tubulin quantified by ImageJ software. Statistical
analysis of western blot gray scale values is shown in (J) (n = 3, wild-type was set as 1). Values are the means ± SD. **P < 0.001.

Msx1 promotes cellular proliferation by activating the
MAPK signaling pathway

To investigate how Msx1 promoted myoblast prolifera-
tion, we carried out RNA profiling analysis to compare
C2C12 cell lines overexpressing Msx1 with the control
cell line. The down- or upregulated genes with >2-fold
differential expression are shown in the heatmap (Figure
2A). In the KEGG enrichment analysis, we found that the
differentially-expressed genes (DEGs) were involved in the
Rap1, Ras and MAPK signaling pathways, which are all
closely related to cell proliferation (8,12,49) (Figure 2B). We
further performed gene set enrichment analysis (GSEA) of
the DEGs, the MAPK signaling was again enriched and

Msx1 expression is positively correlated with MAPK sig-
naling activation (Figure 2C). Since MAPK signaling is
common downstream of the Rap1 and Ras signaling path-
ways (50–52), we performed western blotting analysis and
found that Msx1 greatly enhanced Erk1/2 phosphorylation
in C2C12 cells, while the total Erk1/2 (t-Erk1/2) abundance
was unchanged (Figure 2D). In contrast, the phosphory-
lated Erk1/2 (p-Erk1/2) level was decreased in the Msx1-
KO C2C12 cell line (Figure 2E), with quantification of three
experiments in Figure 2F. Therefore, Msx1 can activate the
MAPK signaling pathway in myoblast cells.

To further verify whether Msx1 promotes C2C12 cell pro-
liferation by activating the MAPK signaling pathway, we
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Figure 2. The MAPK signaling pathway is critical for the promotion of C2C12 cell proliferation by Msx1. (A) Heatmap of RNA-seq data from C2C12 cells
overexpressing Msx1 or the control based on the log2 intensity (n = 3). (B) KEGG signaling pathway enrichment of DEGs in C2C12 cells overexpressing
Msx1 or the control, ranked by the P value. (C) GSEA result of RNA-seq data of C2C12 cells overexpressing Msx1 and the control. The MAPK signaling
pathway is enriched with FDR of 0.242. (D) Western blotting assays to detect the level of p-Erk1/2 in Msx1-overexpressing and the control C2C12 cells.
(E) Western blotting assays to detect the level of p-Erk1/2 in Msx1-KO and the control C2C12 cells. Numbers under western blot bands represent relative
quantifications over t-Erk1/2 quantified by ImageJ software. Statistical analysis of western blot grey scale values is shown in (F) (n = 3, wild-type was set
as 1). Values are the means ± SD. **P < 0.001. (G) Flow cytometry assays to evaluate the impact of PD0325901 on C2C12 cell cycle progression promoted
by Msx1. C2C12 cells overexpressing Msx1 or the control were treated with 1 �M PD0325901 or DMSO for 24 h, respectively. (H) Statistical analysis
of the cell cycle of differently treated C2C12 cells in (G). Values are the means ± SD. **P < 0.001, *P < 0.01. (I) CCK-8 assays to assess the impact of
PD0325901 on C2C12 cell proliferation promoted by Msx1. Values are the means ± SD. ***P < 0.0001, **P < 0.001. (J) Western blotting assays to detect
the impact of PD0325901 on the expression of a proliferation marker promoted by Msx1.
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utilized the MAPK-specific inhibitor PD0325901 (53) to
treat Msx1-overexpressing and control cells. Msx1 was un-
able to promote cell cycle progression when C2C12 cells
were treated with PD0325901 (Figure 2G and H), and the
increase in the proportion of cells in S and G2 driven by
Msx1 also decreased to a level comparable to that found
in the control cells treated with PD0325901 (Figure 2G
and H). Meanwhile, the enhanced proliferation of C2C12
cells by Msx1 was reduced by PD0325901 to a rate similar
to that of the control cells treated with the inhibitor (Fig-
ure 2I). Western blotting showed that when the phospho-
rylation of Erk1/2 was blocked by PD0325901, the pro-
liferation marker Ki67 was no longer increased in Msx1-
overexpressing cells (Figure 2J). These results demonstrated
that MAPK signaling is likely the pathway through which
Msx1 promotes C2C12 cell proliferation.

The importance of the MAPK signaling pathway was fur-
ther verified in C3H10T1/2 cells. Once again, the p-Erk1/2
level was dramatically increased when Msx1 was overex-
pressed (Supplementary Figure S2A). In addition, inhibi-
tion of the MAPK signaling pathway by PD0325901 com-
promised the function of Msx1 in promoting C3H10T1/2
cell proliferation, reducing both the proliferation rate and
PCNA level (Supplementary Figure S2B and C). Taken to-
gether, these results suggest that Msx1 promotes the cellular
proliferation of both C2C12 and C3H10T1/2 cells by acti-
vating the MAPK signaling pathway.

Msx1 activates the MAPK signaling pathway by directly
binding and upregulating Fgf9 and Fgf18 expression

To understand the molecular mechanism through which
Msx1 activates cellular proliferation, we analyzed the RNA-
seq data of Msx1-expressing cells and found that a set of
Fgf family genes, including Fgf3, Fgf9, Fgf14, Fgf15, Fgf18,
Fgfr1 and Fgfbp1, were upregulated by Msx1 overexpres-
sion (Figure 3A and B). The mRNA levels of these genes
were validated by qRT-PCR, and Fgf9 and Fgf18 were
found to be most prominently upregulated when Msx1 was
overexpressed (Figure 3C). The upregulation of Fgf9 and
Fgf18 by Msx1 at the protein level was also confirmed by
western blotting (Figure 3D). In contrast, the expression
levels of Fgf9 and Fgf18 were decreased in the Msx1-KO
C2C12 cell line (Figure 3E and F).

At this point, we are not certain whether Msx1 acti-
vates MAPK signaling prior to Fgf upregulation or whether
Msx1 activates the expression and secretion of Fgf first,
which then leads to MAPK activation. So, we firstly exam-
ined the secretion of Fgf9 and Fgf18 by ELISA. The results
showed that the abundance of Fgf9 and Fgf18 in the cell
culture medium was both increased when overexpressing
Msx1 in C2C12 cells (Figure 3G), suggesting that MAPK
signaling could be activated by the secretion of Fgf9 and
Fgf18. We then performed an experiment in which the ac-
tivity of Fgf9 and/or Fgf18 was blocked by adding an an-
tibody against Fgf9 or Fgf18 into the culture medium of
C2C12 cells to determine the impact of the neutralization
of Fgf activities. As a result, we observed that the increased
p-Erk1/2 level induced by Msx1 was greatly reduced by the
addition of Fgf9 and Fgf18 antibodies, to a level that was
comparable to that of the control cells when equal amounts

of IgG were added (Figure 3H). This result suggests that
the Msx1-enhanced expression and secretion of Fgf9/18
likely precede and lead to the MAPK activation. For fur-
ther validation, we used the synthesized siRNAs to knock
down Fgf9 and Fgf18, and the level of p-Erk1/2 was exam-
ined. As expected, in Msx1-overexpressing cells, the level p-
Erk1/2 decreased significantly when either Fgf9 or Fgf18
was knocked down; moreover, p-Erk1/2 almost decreased
to the same level as that found in cells without Msx1 over-
expression when both Fgf9 and Fgf18 were knocked down
(Figure 3I), suggesting that Msx1 could not promote the
phosphorylation of Erk1/2 without Fgf9 and Fgf18. On the
other hand, the downregulation of p-Erk1/2 by Msx1 dele-
tion in C2C12 cells was recovered by treating the cells with
recombinant Fgf9 or/and Fgf18 protein (Figure 3J), and
the quantification of three experiments was shown in Fig-
ure 3K. Thus, these results suggest that Msx1 activates the
MAPK signaling pathway through upregulating Fgf9 and
Fgf18 gene expression.

To further understand how Msx1 activates Fgf9/18, we
re-examined our previous ChIP-seq data (GSE26711) (54),
and found that Msx1 binds to the promoters of Fgf9 and
Fgf18 (Figure 3L). Specifically, we found one Msx1 binding
peak at Fgf9 and three at the Fgf18 gene promoter (Figure
3L). We accordingly designed primers for the ChIP-qPCR
assays and found that the relative enrichment of Msx1 at the
binding site of Fgf9 and the second binding site of Fgf18 was
significantly higher than that in the control (Figure 3M).
Therefore, Msx1 seems to bind to and upregulate Fgf9 and
Fgf18 to activate MAPK signaling.

Phosphorylation of Ser136 is critical for Msx1 promotion of
myoblast proliferation

Increasing evidence suggests that posttranslational modifi-
cations, especially phosphorylation, impact transcriptional
activities (55). To further understand the molecular mech-
anism through which Msx1 regulates cell growth, we per-
formed mass spectrometry (MS) analysis and identified
three novel phosphorylated serine residues, Ser136, Ser152
and Ser160, in Msx1 (Figure 4A). Multiple sequence align-
ment of amino acids showed that all three serine residues
described above are conserved in mice, humans, rats and ze-
brafish (Figure 4B). We constructed various retroviral plas-
mids expressing Msx1 harboring a single mutation or a
combination of mutations at the three phosphorylation sites
and checked whether these phosphorylation sites may affect
the capability of Msx1 to promote myoblast proliferation.
Interestingly, the C2C12 cells expressing Msx1(S152/160A)
show no change in cell cycle phases compared with the
C2C12 cells expressing wild-type Msx1 (Figure 4C and D);
however, the cells overexpressing Msx1(S136/152/160A)
exhibit altered cell cycle progression; specifically, the num-
ber of cells in G1 phase increased to a level similar to that
of the control cells (Figure 4C and D). This suggested that
Ser136 phosphorylation may play a key role in the promo-
tion of myoblast proliferation by Msx1. We then mutated
Ser136 in Msx1 to either Ala or Asp to mimic the dephos-
phorylated and phosphorylated forms of Ser136. Remark-
ably, while the Ser136 to Ala (S136A) mutant compromised
the function of Msx1 in promoting cell cycle progression,
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Figure 3. Msx1 directly binds to and upregulates Fgf9 and Fgf18 to activate the MAPK signaling pathway. (A) Heatmap of upregulated genes based on
the RNA-seq data (n = 3). Selected upregulated genes are indicated. (B) Diagrams of the upregulated genes that activate the MAPK signaling pathway
based on the RNA-seq data. Values are the means ± SD. ***P < 0.0001, *P < 0.01. (C) qRT-PCR assays to validate the upregulated genes that activate
the MAPK signaling pathway based on the RNA-seq data. Values are the means ± SD. ***P < 0.0001, *P < 0.01. (D) Western blotting to confirm the
upregulation of Fgf9 and Fgf18 by Msx1. (E) Western blotting to confirm the downregulation of Fgf9 and Fgf18 by Msx1 knockout in C2C12 cells.
(F) qRT-PCR assays to determine the mRNA levels of Fgf9 and Fgf18 in Msx1-KO C2C12 cells and the control cells. Values are the means ± SD. **P
< 0.001, *P < 0.01. (G) ELISA assays to evaluate the impact of Msx1 on the secretion of Fgf9 and Fgf18 in C2C12 cells. C2C12 cells overexpressing
Msx1 or the control were cultured overnight with serum-free DMEM and the supernatants were obtained and subjected to ELISA with the indicated kits.
Values are the means ± SD. **P < 0.001, *P < 0.01. (H) Western blotting to detect the level of p-Erk1/2 when Fgf9 and/or Fgf18 protein was blocked.
Antibodies against Fgf9 and/or Fgf18 were added to the medium of C2C12 cells at a dilution of 1:1000. After 24 h of incubation, cells were harvested
and lysed for western blotting. (I) Western blotting to detect the effect of Fgf9 and/or Fgf18 knockdown on the level of p-Erk1/2. (J) Western blotting to
examine the recovery of the p-Erk1/2 level induced by Fgf9 and Fgf18 in Msx1-KO C2C12 cells. Msx1-KO C2C12 cells treated with 50 ng/ml Fgf9 or/and
Fgf18 recombinant protein for 24 h or control cells were harvested and lysed for western blotting. Numbers under western blot bands represent relative
quantifications over t-Erk1/2 quantified by ImageJ software. Statistical analysis of western blot grey scale values is shown in (K) (n = 3, wild-type was set
as 1). Values are the means ± SD. **P < 0.001, *P < 0.01. (L) Msx1 ChIP signal enrichment at Fgf9 and Fgf18 loci. ChIP assays were performed using
C2C12 cells expressing Flag-tagged Msx1 or the control vector. The enriched regions from the Flag-Msx1 expressing cells were compared to an empirical
background set of sequencing reads from a Flag immunoprecipitation performed on cells infected with an empty vector to exclude regions of the genome
that may be non-specifically enriched by Flag immunoprecipitation. Black arrows indicate the possible Msx1 binding sites. (M) ChIP-qPCR analyses to
validate the Msx1 binding at the Fgf9 and Fgf18 loci based on the ChIP-seq data. ChIP assays were performed with C2C12 cells overexpressing Flag-tagged
Msx1 or control cells. ChIP-qPCR was then used to determine the relative enrichment of the Fgf9 and Fgf18 fragments based on the ChIP-seq performed
with the same cell line C2C12 overexpressing Flag-tagged Msx1. The ChIP-qPCR data were analyzed to calculate the enrichment of Flag or IgG relative
to input respectively, and IgG values were defined as 1 to calculate the fold enrichment of Flag over IgG. Values are the means ± SD. *P < 0.01.
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Figure 4. Msx1 promotes C2C12 cell proliferation via the phosphorylation of Ser136. (A) Tandem mass spectrometry of the Msx1 peptides modified by
phosphorylation on the Ser136 (upper), Ser152 (middle) and Ser160 (lower) residues. (B) Alignment of Msx1 proteins across different species in chordates.
The asterisks indicate Ser136, Ser152 and Ser160 respectively. (C) Flow cytometry assays to analyze the cell cycle of C2C12 cells overexpressing different
Msx1 mutants. (D) Statistical analysis of the cell cycle of C2C12 cells overexpressing different Msx1 mutants. Values are the means ± SD. **P < 0.001, *P
< 0.01. (E) CCK-8 assays to examine the proliferation of C2C12 cells overexpressing different Msx1 mutants. Values are the means ± SD. (F) qRT-PCR
assays to detect Ki67 mRNA levels in C2C12 cells overexpressing different Msx1 mutants. Values are the means ± SD. ***P < 0.0001, **P < 0.001. (G)
Micrographs of C2C12 cells at 0, 1, 3, 5 and 7 dpi with overexpression of different Msx1 mutants to assess the impact of Msx1 phosphorylation sites on
the inhibition of differentiation. (H) Western blotting to detect the marker of terminal muscle differentiation MHC. C2C12 cells overexpressing different
Msx1 mutants were harvested and lysed separately at 0, 1, 3, 5 and 7 dpi. Western blotting assays were performed to detect MHC expression.
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the Ser136 to Asp (S136D) mutant retained the cell cycle
promotion function of Msx1 (Figure 4C and D).

When analyzing cell proliferation, the C2C12 cells over-
expressing the Msx1 S152/160A double mutant produced
no changes compared with the cells expressing wild-type
Msx1, but the cells with Msx1 in which the three phospho-
rylation sites were mutated to Ala (S136/152/160A) showed
much slower growth (Figure 4E). Significantly, Msx1 with
the single mutation S136A did not promote C2C12 cell pro-
liferation compared to wild-type Msx1, whereas Msx1 with
the single mutation S136D did promote C2C12 cell prolif-
eration at a similar level as wild-type Msx1 (Figure 4E).
Consistently, the proliferation marker Ki67 was also up-
regulated in C2C12 cells expressing wild-type Msx1, Msx1
(S152/160A) or Msx1 (S136D) but not in cells express-
ing Msx1 (S136/152/160A) or Msx1 (S136A) (Figure 4F).
These results demonstrated that the phosphorylation of
Msx1 Ser136, but not Ser152 or Ser160, is critically required
for the promotion of cell proliferation.

We sought to determine whether these newly identified
phosphorylation sites of Msx1 may have any effects on
myoblast differentiation. Therefore, C2C12 cells expressing
Msx1 with various combinations of the three mutated phos-
phorylation sites were subjected to myogenic differentia-
tion. As the microscopy data showed in Figure 4G, C2C12
cells in the control group started to fuse to each other 3
days postinduction (dpi) and to form complete myotubes
at 7 dpi. By contrast, C2C12 cells expressing either wild-
type Msx1 or any mutant (S152/160A, S136/152/160A,
S136A or S136D) failed to differentiate during the induc-
tion period. Consistently, the level of the C2C12 differenti-
ation marker, myosin heavy chain (MHC) increased upon
induction in the control cells, but failed to do so in cells ex-
pressing Msx1 or any of the mutants during differentiation
(Figure 4H). While the three phosphorylation sites of Msx1
show distinctive effects on cell proliferation, they all show
inhibitory effect on C2C12 differentiation. Thus, the ability
of Msx1 to regulate proliferation or differentiation seems to
be uncoupled, and the two functions appear to be indepen-
dent of each other.

Ser136 phosphorylation of Msx1 is required for MAPK sig-
naling activation and Fgf9/18 expression

We next examined how p-Erk1/2 and Fgf expression lev-
els were regulated by different Msx1 mutants. Similar to
wild-type Msx1, Msx1(S152/160A) or Msx1(S136D) was
able to increase the p-Erk1/2 level in C2C12 cells; how-
ever, Msx1(S136/152/160A) and Msx1(S136A) failed to
do so (Figure 5A). Consistent with the p-Erk1/2 lev-
els, Fgf9 and Fgf18 expression was also upregulated in
cells expressing wild-type Msx1, Msx1(S152/160A) or
Msx1(S136D), but was not upregulated in cells expressing
Msx1(S136/152/160A) or Msx1(S136A) (Figure 5A and
B). Thus, the phosphorylation of Msx1 at Ser136 seems to
be critical for the upregulation of Fgf9 and Fgf18 and the
further activation of MAPK signaling.

To understand how the phosphorylation of Msx1 Ser136
activate Fgf-MAPK signaling, we further performed ChIP
assays in C2C12 cells overexpressing wild-type Msx1,

Msx1(S136A), and Msx1(S136D). By examining the Msx1
binding of Fgf9 and Fgf18, we detected that the enrichment
of Msx1 at the Fgf9 and Fgf18 gene promoters was dra-
matically decreased in cells expressing Msx1(S136A) but re-
mained comparable to that of wild-type Msx1 in cells ex-
pressing Msx1(S136D) (Figure 5C). Therefore, the bind-
ing of Msx1 to the Fgf9 and Fgf18 genes was dramatically
weakened when Ser136 of Msx1 was not in its phosphory-
lated state. These observations suggest that Msx1 may pro-
mote C2C12 cell proliferation by phosphorylating Ser136
to enhance its binding to Fgf9 and Fgf18, upregulating the
expression of Fgf9 and Fgf18 and consequently activating
MAPK signaling.

Similar observations were made in C3H10T1/2 cells.
Likewise, overexpression of Msx1 upregulated the expres-
sion of Fgf9 and Fgf18 in C3H10T1/2 cells (Supplemen-
tary Figure S3A and B), while phosphorylation of Msx1
at Ser136 seems to be a key mechanism that upregu-
lates Fgf-MAPK signaling (Supplementary Figure S3C).
As a result, the proliferation of C3H10T1/2 cells was
increased by Msx1(S136D) (Supplementary Figure S3C
and D).

CDK1 is the kinase that phosphorylates Msx1 at Ser136

We further investigated which kinase phosphorylates Msx1
at Ser136. The online software KinasePhos predicted that
the only kinase that may phosphorylate Ser136 of Msx1
is CDK1 (Supplementary Table S7). The substrate pep-
tide sequence, which CDK1 is inclined to catalyze, corre-
sponds to the sequence of residues 132–140 in Msx1, as
shown in Figure 5D. To verify this prediction, we utilized
the specific inhibitor of CDK1, Ro3306 (56), to analyze
its effect on C2C12 cells. By western blotting, we found
that the phosphorylation of Erk1/2 in C2C12 cells was re-
duced by Ro3306 treatment compared with that in control
cells treated with DMSO (Figure 5E). Thus, Msx1 could
not promote Erk1/2 phosphorylation when the activity of
CDK1 was blocked. Remarkably, the cell line expressing the
Msx1(S136D) mutant, a mimic form for constitutive phos-
phorylation, showed increased p-Erk1/2 levels, which is in-
dependent of Ro3306 treatment (Figure 5E); however, the
cell line harboring the Msx1(S136A) mutant exhibited no
increase in Erk1/2 phosphorylation regardless of the pres-
ence or absence of Ro3306 (Figure 5E). This is because the
Msx1(S136A) is resistant to the activity of CDK1, thus un-
able to promote the phosphorylation of Erk1/2. For fur-
ther validation, we have successfully made the antibody
specifically recognizing the Ser136 phosphorylation form
of Msx1. To prove this antibody works, we first demon-
strate that this antibody does recognize the phosphorylation
form of Msx1. We observed that the phosphorylation sig-
nal is missing when Msx1 was dephosphorylated by the calf
intestinal alkaline phosphatase (CIAP) treatment (Figure
5F). Using this antibody, we further found that in C2C12
cells, the phosphorylation at Msx1 Ser136 (p-Msx1) was re-
duced by Ro3306 treatment compared with that in control
cells treated with DMSO (Figure 5G). These results suggest
that CDK1 is apparently responsible for phosphorylation
of Msx1 Ser136.
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Figure 5. Phosphorylation of Msx1 at Ser136 is essential for its binding to and upregulation of Fgf9 and Fgf18 and further activation the MAPK signaling
pathway, and CDK1 appears to be the kinase that performs this phosphorylation. (A) Western blotting to assess the effect of Msx1 phosphorylation sites
on increases in the levels of p-Erk1/2, Fgf9 and Fgf18 by wild-type Msx1. (B) qRT-PCR assays to assess the effect of Msx1 phosphorylation sites on
increases in the levels of Fgf9 and Fgf18 by wild-type Msx1. Values are the means ± SD. ***P < 0.0001. (C) ChIP-qPCR analysis to determine the impact
of Ser136 mutants of Msx1 on Fgf9/18 binding. ChIP assays were performed with C2C12 cells overexpressing wild-type Msx1, Msx1 (S136A), Msx1
(S136D) or the control. ChIP-qPCR was then used to determine the relative enrichment of the Msx1 binding fragments of the Fgf9 and Fgf18 genes. The
ChIP-qPCR data were analyzed to calculate the enrichment of the control or different Msx1 mutants relative to input respectively, and the control values
were defined as 1 to calculate the fold enrichment of Msx1 or its mutants over the control. Values are the means ± SD. ***P < 0.0001, **P < 0.001, *P <

0.01. (D) Diagram of the conserved residues of the CDK1 catalytic domain and the corresponding phosphorylated peptide sequence of Msx1. (E) Western
blotting to examine the effect of Msx1 or its mutants and Ro3306 on the level of p-Erk1/2 in C2C12 cells. C2C12 cells overexpressing wild-type Msx1,
Msx1(S136A), Msx1(S136D) or the control were treated with 10 �M Ro3306 or DMSO. Twenty hours later, the cells were harvested and lysed for western
blotting, and the level of p-Erk1/2 was checked. (F) Western blotting to verify the specificity of Ser136 phosphorylated Msx1 (p-Msx1) antibody. Lysates
from C2C12 cells overexpressing Flag-tagged Msx1 were incubated with calf intestinal alkaline phosphatase (CIAP) at 37◦C for half an hour and subjected
to immunoblot analysis with the indicated antibodies. (G) Western blotting to examine the effect of Ro3306 on the level of endogenous p-Msx1 in C2C12
cells. C2C12 cells were treated with 10 �M Ro3306 or DMSO. Twenty hours later, the cells were harvested and lysed for western blotting with the indicated
antibodies.

The molecular Msx1-Fgf9/18-MAPK axis is required for
limb development

Based on these new molecular insights into the promotion
of cell proliferation by Msx1, we further explored whether
these mechanisms may apply to limb development. The ex-
pression profiles of Msx1, Fgf9, Fgf18, Ki67 and PCNA and
the level of p-Erk1/2 in forelimb buds of mouse embryos
from E9.5–14.5 were determined by qRT-PCR analysis or
western blotting. As shown in Figure 6A and B, the varia-
tion patterns in the expression of all these molecules were
strikingly similar during early limb development. In brief,
they all gradually increased from E9.5 to E12.5, peaked at
E12.5 and E13.5 and began to decrease at E14.5 (Figure 6A
and B).

To determine the developmental regulation of the
Fgf9/18-MAPK signaling axis by Msx1 during in vivo de-
velopment, we next generated germline Msx1-KO mice by
heterozygote inbreeding. The forelimb buds of embryos at
E13.5, when Msx1 is mostly expressed, were collected for

further analysis. In the limb buds of the Msx1-KO mice, the
levels of Fgf9, Fgf18, Ki67 and p-Erk1/2 were all decreased
to different degrees in comparison with those in the buds of
the wild-type mice (Figure 6C and D). Thus, the in vivo re-
sults found in the developmental embryos agreed with our
observations in vitro, indicating that Msx1 indeed partici-
pates in promoting cell proliferation in limb development
by upregulating Fgf9/18 and activating MAPK signaling.

To further verify the role of Msx1 in the commitment
of MSCs to an osteoblast fate in limb development, Msx1
MSC-specific knockout mice were generated by crossing
Prx1-Cre mice with Msx1flox/flox mice. As reported, due
to the functional redundancy of Msx1 and Msx2, Msx1
or Msx2 homozygous mutants (Msx1–/– or Msx2–/–) do
not display gross limb abnormalities (21,44,57). We further
generated Msx1/2 MSC-specific double-knockout mice us-
ing Prx1-Cre mice and Msx1/2flox/flox mice (Supplemen-
tary Figure S4A). As a result, unlike germline Msx1/2
KO, which was perinatally lethal (21), Msx1/2 MSC-
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Figure 6. In vivo validation of Msx1-Fgf9/18-MAPK signaling in limb bud development. (A) qRT-PCR analysis to examine the expression profiles of
Msx1, Fgf9, and Fgf18 in embryo limb buds during E9.5–14.5. Forelimb buds truncated from embryonic day 9.5–14.5 embryos were lysed. Total RNA was
obtained and reverse-transcribed for qRT-PCR and RNA levels of Msx1, Fgf9 and Fgf18 were determined respectively. (B) Western blotting to detect the
expression profiles of Msx1, Fgf9, Fgf18, PCNA, Ki67 and p-Erk1/2 in embryo limb buds during E9.5–14.5. (C) Western blotting to detect the impact of
Msx1 knockout on the level of p-Erk1/2 in embryo limb buds. (D) qRT-PCR to detect the impact of Msx1 knockout on the mRNA levels of Fgf9, Fgf18
and Ki67 in mouse embryo limb buds. Values are the means ± SD. **P < 0.001, *P < 0.01.

specific knockout produced mice (Prx1-Cre; Msx1flox/flox;
Msx2flox/flox) that were viable but relatively smaller in size at
both 2 days and 6 weeks after birth compared with the con-
trols (wild-type and Msx1 or Msx2 MSC-specific knockout
mice; Supplementary Figure S4B–D). The Msx1/2 MSC-
specific knockout mice had an approximately 30% lower
body weight at 3 weeks after birth compared with the con-
trols (Supplementary Figure S4D). In addition, the Msx1/2
MSC-specific knockout mice displayed more severe de-
fects in forelimb development. In appearance, the forelimbs
of Msx1/2 MSC-specific knockout mice were shorter and
smaller than those of the controls and could not function
normally (Figure 7A). Using �CT, we found the complete
absence of the radius and a decreased ulna size in Msx1/2
MSC-specific knockout mice compared with those in wild-
type mice (Figure 7B and C). Defects were not limited to
the radius and ulna, as finger truncation, polydactyly, and
oligodactyly were also observed (Figure 7C).

To determine whether the abnormality of the limbs in
Msx1/2 MSC-specific knockout mice resulted from a pri-

mary defect in osteoblast or chondrocyte development, we
analyzed limbs isolated from Msx1/2 MSC-specific knock-
out mice and compared them in terms of the correspond-
ing elements of the wild-type. The staining results showed
that chondrogenesis (Figure 7D) and osteogenesis (Figure
7E) were both reduced in the limbs of Msx1/2 MSC-specific
knockout mice compared with those in wild-type mice. The
stem cells in the marrow cavities are key for osteochon-
drogenesis. To explore the cause of the reduction of osteo-
chondrogenesis, we evaluated the levels of the proliferation
marker PCNA and the chondrogenic marker Sox9 in mar-
row cavities using immunofluorescence staining. The results
showed that both the Sox9 and PCNA levels were much
lower in the studied tissues of Msx1/2 MSC-specific knock-
out mice compared with those in wild-type mice (Figure
7F), and the numbers of both PCNA- and Sox9-positive
cells in the marrow cavities were decreased by >80% in dou-
ble knockout mice compared with those in controls (Fig-
ure 7G and H). These observations suggested that MSC-
specific knockout of Msx1/2 impaired the proliferation of
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Figure 7. Deficiency of Msx in the lateral plate mesoderm reduced bone formation. (A) Representative views of 4-week-old control and Msx1/2 MSC-
specific knockout littermates. The black arrow indicates the forelimb. (B) �CT images of bones from 4-week-old wild-type and Msx1/2 MSC-specific
knockout mice. (C) Alcian blue and ARS staining in the forelimbs from 4-week-old control and Msx1/2 MSC-specific knockout mice. (D, E) Alcian blue
(D) and ALP (E) staining of limb sections from wild-type and Msx1/2 MSC-specific knockout mice at postnatal day 2 (P2), scale bar = 0.5 mm. (F) IF
assays of limb sections from wild-type and Msx1/2 MSC-specific knockout mice at P2. Expression of Sox9 (green) and PCNA (red) was detected. DAPI
was used to counterstain the nuclei. Scale bar = 0.2 mm. (G, H) Diagram summarizing the immunofluorescence data. The proportions of PCNA (G)- and
Sox9 (H)-positive cells (n = 400) were calculated. Values are the means ± SD. ***P < 0.0001, **P < 0.001. (I) CCK-8 assays to evaluate the proliferation
of primary bone marrow MSCs from wild-type and Msx1/2 MSC-specific knockout mice. Values are the means ± SD. ***P < 0.0001, **P < 0.001, *P
< 0.01. (J) Western blotting to detect PCNA, p-Erk1/2, Fgf9 and Fgf18 levels in primary bone marrow MSCs from wild-type and Msx1/2 MSC-specific
knockout mice. (K) Model of the promotion of cellular proliferation by Msx1. In the nucleus, Ser136 of Msx1 is phosphorylated by CDK1. Phosphorylated
Msx1 binds to Fgf9 and Fgf18 to activate their transcription. Upregulated Fgf9 and Fgf18 are shuttled to the extracellular matrix, where they bind to Fgfrs
to activate the MAPK signaling pathway and promote the phosphorylation of Erk1/2. p-Erk1/2 then promotes cell proliferation in a variety of ways.
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bone marrow stem cells and further led to a reduction in
osteochondrogenesis.

For further validation, primary bone marrow MSCs from
Msx1/2 MSC-specific knockout mice and wild-type mice
were obtained and cultured in vitro, and cellular prolifera-
tion was observed by CCK-8 assays. As shown in Figure 7I,
compared with that of wild-type bone marrow MSCs, the
proliferation of bone marrow MSCs with Msx1/2 double-
knockout was significantly slowed down. Meanwhile, the
levels of PCNA, p-Erk1/2 and Fgf9/18 were dramatically
decreased in Msx1/2 double-knockout bone marrow MSCs
(Figure 7J). Thus, in developing limbs, Msx1 and Msx2
function redundantly to promote bone marrow MSC pro-
liferation by upregulating Fgf9/18 and further activating
MAPK signaling.

In conclusion, our studies demonstrate a coupling mech-
anism of Msx with Fgf/MAPK signaling to promote cell
proliferation and embryonic limb development, thus pro-
viding novel molecular insights.

DISCUSSION

As shown in the working model in Figure 7K, CDK1 first
phosphorylates Msx1 at Ser136, empowering Msx1 with
the capability to bind and upregulate the Fgf9/18 genes.
The increased Fgf9 and Fgf18 proteins are exocytosed to
the extracellular matrix, where they activate the MAPK
signaling pathway by binding to Fgfrs in an autocrine or
paracrine fashion, leading to the increased phosphorylation
of Erk1/2. Phosphorylated Erk1/2 then promotes myoblast
proliferation in various ways.

The well-established function of Msx1 in development is
the inhibition of the differentiation of cells, such as those
of the myogenic lineage (33,54). Our current findings focus
on another function of Msx1 in promoting cell prolifera-
tion. In mice, limb development first begins with the induc-
tion of the forelimb buds at E9.5, followed by the forma-
tion of the hindlimb buds at E10 on both flanks of the em-
bryo (marking the future forelimbs and hindlimbs, respec-
tively) (58,59). During mouse embryonic limb development,
the period from E9.5–13.5 is the fast-growing phase for the
limbs, which exactly corresponds to the time period of Msx1
expression. As we have shown in this study, Msx may play
a key role in driving cell proliferation during this period,
allowing for the rapid growth of limb buds.

We show here that Msx1 enhances cell proliferation by
activating the MAPK signaling pathway by targeting Fgf9
and Fgf18 gene expression. Evidence has suggested a criti-
cal role for Erk1/2 in myoblast proliferation (60,61). Erk1/2
activity can be stimulated by a variety of growth factors in
myoblasts, including Fgf, hepatocyte growth factor (Hgf)
and insulin-like growth factor (Igf) (5,7–10,60). Here, we re-
veal a particular way by which Erk1/2 is stimulated by Fgfs
that are activated by the phosphorylated Msx1 in myoblasts.
Regarding how p-Erk1/2 promotes myoblast proliferation,
it has been reported that p-Erk1/2 prevents cell cycle exit
during G1 (49) and promotes entry into S phase (8,62). In
addition, only when p-Erk1/2 is shuttled into the nucleus
can it promote cell proliferation (63).

For Msx1 to regulate Fgf9 and Fgf18 gene expression,
the phosphorylation of Msx1 at Ser136 was carefully exam-

ined. We demonstrated that a non-phosphorylated form of
Msx1 mutant S136A is unable to stimulated Fgf/MAPK
activation, whereas a phosphorylation mimic form of Msx1
mutant S136D constitutively activates Fgf-MAPK signal-
ing pathway and promotes cell proliferation. Interestingly,
a previous study showed that phosphorylation of Msx2 at
Thr135 and Thr141 is the key mechanism allowing its regu-
lation of target genes (64). Together, these studies demon-
strated that phosphorylation of homeoproteins could be
key to their functions in controlling transcription and de-
velopment.

In addition to skeletal muscle and bone, Msx1 is also
expressed in many other tissues and organs, such as the
heart, craniofacial derivations, neurotube, mammary gland
and a few types of tumors (65–72). It was recently found
that Msx1 plays an important role in human odontogene-
sis. Specifically, a frame-shift mutation in Msx1 in human
dental pulp stem cells weakened the activity of the MAPK
signaling pathway and decreased the proliferation of cells,
leading to the developmental deficiency of teeth (73). This
mutation disrupted the Msx1 protein at the amino acid
residue Met43; therefore, Ser136 was also disrupted. In ad-
dition, we have obtained preliminary results that indicate
that Msx1 promotes the proliferation of ZR-75-30 breast
cancer cells and PC-3 prostate cancer cells. In these cancer
cells, MAPK signaling is also activated by Msx1 overexpres-
sion, and a cell line with a Msx1(S136A) knock-in mutation
showed reduced Fgf-MAPK signaling and cellular prolifer-
ation. Overall, the mechanisms by which Msx1 promotes
cell proliferation may function in different tissues and or-
gans, which deserves to be further investigated.
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