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A B S T R A C T

Background: Mixed lineage kinase 3 (MLK3) is a member of a serine/threonine MAP3K family, and it has been
demonstrated to play critical roles in various biological activities and disease progression. Previous studies
showed that impaired skeletal mineralization and spontaneous tooth fracture in the MLK3-deficient mice, sug-
gesting MLK3 actively participated in the bone formation. However, the detailed function and underlying
mechanisms remain obscure.
Methods: The MLK3 knockout (KO) mouse was applied in the present study, and multi-omics were performed to
compare the metabolites and gene expression between wild type (WT) and KO mice. The bone fracture model was
successfully established, and the healing process was evaluated by X-ray, micro-CT examination, histo-
morphometry and immunohistochemistry (IHC) staining. On the other hand, the effects of MLK3 on osteogenic
differentiation were assessed by alkaline phosphatase (ALP) activity, Alizarin red S (ARS) staining and qRT-PCR
examination. Finally, the downstream signaling pathways were screened out by RNA-sequencing (RNA-seq) and
then validated by Western blotting.
Results: In the present study, imbalanced bone metabolism was observed in these MLK3 KO mice, suggesting
MLK3 may participate in bone development. Moreover, MLK3 �/� mice displayed abnormal bone tissues,
impaired bone quality, and delayed fracture healing. Further investigation showed that the inhibition of MLK3
attenuated osteoblast differentiation in vitro. According to the RNA-seq data, MAPK signaling was screened out to
be a downstream pathway, and its subfamily members extracellular signal-regulated kinase (ERK), p38 and Jun N-
terminal protein kinase (JNK) were subjected to Western blotting examination. The results revealed that although
no differences in their expression were observed between MSCs derived from WT and KO mice, their phos-
phorylated protein levels were all suppressed in MLK3 �/� MSCs.
Conclusion: In conclusion, our results demonstrated that loss of MLK3 suppressed osteoblast differentiation and
delayed bone formation via influencing metabolism and disturbing MAPK signaling.
The translational potential of this article: The findings based on the current study demonstrated that MLK3 promoted
osteogenesis, stimulated new bone formation and facilitated fracture healing, suggesting that MLK3 may serve as
a potential therapeutic target for bone regeneration. MLK3 activator therefore may be developed as a therapeutic
strategy for bone fracture.
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1. Introduction

As a common orthopedic disease, the fracture is caused by many
factors such as trauma, inflammation, tumor, diabetes and osteoporosis
[1–3]. It can seriously threaten the quality of life and workability of
patients, and bring a heavy burden to the family and society [4,5]. Ac-
cording to the survey in healthcare epidemiology, most people in
developed countries may experience at least one fracture during their
lifetime [6]. The clinical therapeutics for bone fracture is mature, and
surgery is a common intervention in clinical practice [7]. However, the
fractured bone needs a long time to recover, and even about 5%–10% of
fracture patients remain delayed union or nonunion [8,9]. The delayed
union and nonunion in elderly patients are more common due to the poor
proliferation and differentiation potential of their mesenchymal pro-
genitor cells [6]. Therefore, how to promote the potential of osteoblast
differentiation is of great clinical significance for bone fracture.

Mixed lineage kinase 3 (MLK3), also known as MAP3K11, is a
member of a serine/threonine MAP3K family [10,11]. As a member of
the kinase family, it contains a kinase catalytic domain with sequence
similarity to both serine/threonine and tyrosine kinases, and it can
activate mitogen-activated protein kinase (MAPK) signaling pathways
such as Jun N-terminal protein kinase (JNK), p38 and extracellular
signal-regulated kinase (ERK) [10–13]. As an activator of MAPK
signaling, MLK3 plays an essential role in various biological activities and
disease progression such as tumorigenesis, inflammation, metabolic
dysfunction, etc [14–19]. Interestingly, impaired skeletal mineralization
has been reported in MLK3 deficient mice, and the spontaneous tooth
fracture has also been reported in the MLK3 knockout (KO) mice [12].
Notably, Mlk3 �/� mice had similar numbers of osteoclasts in vivo, and
MLK3 absence had any influence on osteoclast differentiation capacity
[12]. These observations suggest further investigation into the link be-
tween MLK3 and osteoblasts would likely yield new insights into
developing a potential therapeutic target for bone fracture.

In the present study, the MLK3 KO mice were generated and the
multi-omics analyses revealed the imbalanced bone metabolism in these
KOmice. These KOmice exhibited abnormal bone tissues, impaired bone
quality and a delayed fracture healing. Moreover, MLK3 inhibitor URMC-
099 suppressed the osteoblast differentiation in vitro. Further mechanistic
studies discovered that MAPK signaling, including JNK, p38 and ERK,
were suppressed after the inhibition of MLK3. Taken together, MLK3 was
considered to promote osteogenesis, stimulate bone formation and
facilitate fracture healing, suggesting that it may be a potential thera-
peutic target for bone repair.

2. Materials and methods

2.1. Animals

The MLK3 gene KO (-/-) mice were kindly provided by Prof. Ling-jun
Wang (Lingnan Medical Research Center, Guangzhou University of Chi-
nese Medicine). Tamoxifen was administrated to achieve gene absence at
a specific time. This study was approved by the Institutional Animal Care
and Use Committee (IACUC) of Guangzhou University of Chinese Med-
icine (Guangzhou, China).

2.2. Metabonomics and transcriptomics

The metabolomics and transcriptomics were performed by the
Shanghai luming biological technology Co., Ltd. Briefly, 12-week-old
wide type (WT) and KO mice were sacrificed, and the cleaned femurs
were provided for the untargeted and Gas chromatography-mass spec-
trometry (GC–MS) based metabolomics was carried out using an Agilent
7890 B gas chromatography system combined with a 5977 BMSD system
(Agilent Technologies Inc., CA, USA). As for the transcriptomics, the
cortical bone of femurs were isolated, frozen by liquid nitrogen and
ground to generate RNA for transcriptome profiling. The metabolites and
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genes were analyzed, and then a heat map and volcano plot were per-
formed using R3.6.3. Gene set enrichment analysis (GSEA) was con-
ducted to identify the enriched signaling.
2.3. Cell culture and osteogenic induction

The mouse mesenchymal stem cells (MSCs) were isolated from the
bone marrow of 12-week-old KO andWTmice. Their bone marrows were
flushed out, and the cells were maintained in Dulbecco's modified Eagle
medium (DMEM) supplemented with 10% FBS and 1% penicillin/
streptomycin. The culture was kept in a humidified 5% CO2 incubator at
37 �C. After several passages, MSCs were identified using flow cytometry
and induced osteogenesis differentiation with the classical inducers,
including 10 nM dexamethasone (Sigma–Aldrich, St. Louis, MO, USA),
50 μg/ml ascorbic acid (Sigma–Aldrich), and 10 mM glycerol 2-phos-
phate (Sigma–Aldrich). The osteogenic induction medium was changed
every three days.
2.4. Cell viability

MSCs were seeded in 96-well microplates and treated with various
concentrations of URMC-099 for 24, 48, 72 and 96 h. Then cells viability
was determined by CCK8 examination (Cell Counting Kit 8, Beyotime,
Shanghai, China) and measured at OD 450 nm with the Microplate
Reader (Multiskan GO, Thermo Fisher Scientific, Finland).
2.5. Alkaline phosphatase (ALP) activity and alizarin red S (ARS) staining

The osteoblast differentiation was induced, and the ALP activity and
ARS staining were examined at designated time points. Briefly, the cells
were harvested by cell scratch, and ALP activity was measured by ALP
staining. As for ARS analyses, the cells were washed and fixed with 70%
ethanol for 30min, then stained with 2% ARS solution for 10min. The
stained calcified nodules were scanned using UMAX Powerlook 1120xl
(Amersham biosciences, Canon, Japan).
2.6. RNA extraction and quantitative polymerase chain reaction (qPCR)
examination

Total RNA were extracted by TRIzol reagent (15596026, Invitrogen),
and their concentration was measured by Nanodrop (Thermo Fisher
Scientific). Subsequently, cDNAwas reversely transcribed by PrimeScript
RT Master Mix (TaKaRa, Japan). Then, the qRT-PCR examination was
conducted using the PowerUp™ SYBR™ Green Master Mix (Thermo
Fisher Scientific) on the LightCycler 480 system (Roche, Basel,
Switzerland). The relative fold changes of candidate genes were calcu-
lated by using the 2�ΔΔCt method. Primer sequences used in this exam-
ination were listed in Table 1.
2.7. Western blotting

Total protein was extracted from the MSCs derived from KO and WT
mice by Cell lysis buffer (Beyotime, Shanghai, China) and qualified by
the BCA assay kit (Thermo Fisher Scientific). Then the soluble protein
was separated by SDS-PAGE (10%) and transferred to PVDF membranes.
The membranes were then blocked with 5% skimmed milk and probed
with the corresponding antibody: JNK (1:1000; Proteintech, USA), p-JNK
(1:1000; Cell Signaling Technology, USA), p-P38 (1:1000; Cell Signaling
Technology, USA), ERK (1:1000; Cell Signaling Technology, USA), p-ERK
(1:1000; Proteintech, USA), GADPH (1:1000; Cell Signaling Technology,
USA). After incubation with the appropriate secondary antibody, the
chemiluminescence (ECL, Hangzhou, China) was applied to visualize the
bands.



Table 1
Primers for qRT-PCR examination.

Forward Reverse

OSX GTGAATTCACCTTTCAGCCCCAAAACC TGGGATCCCAGCTGTGAATGGGCTTCTT
RUNX2 GACTGTGGTTACCGTCATGGC ACTTGGTTTTTCATAACAGCGGA
OCN GCAGGAGGGCAATAAGGT CGTAGATGCGTTTGTAGGC☐☐
ALP GCCCTCTCCAAGACATATA CCATGATCACGTCGATATCC
OPN TCACCATTCGGATGAGTCTG ACTTGTGGCTCTGATGTTCC
BMP2 AGTTCTGTCCCCAGTGACGAGTTT GTACAACATGGAGATTGCGCTGAG
18 S TGGTTGCAAAGCTGAAACTTAAAG AGTCAAATTAAGCCGCAGGC
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2.8. Animal femoral fracture model

The modified mice closed transverse femoral fracture model was
established in this study [20]. Briefly, this surgery was carried out under
general anesthesia (1% pentobarbital sodium, intraperitoneal injection,
8ul/g) and in sterile condition. A 1 cm incision was made in the lateral
aspect of the right thigh, and the osteotomy was made with an electric
saw at the middle site of the femur. Then the femur was fixed with a
gauge 30 needle penetrated into the medullary cavity. At week 4 and
week 6 post-surgery, X-ray radiography was taken to determine the status
of fracture healing.
2.9. Micro-computer tomography (μCT) scanning

The μCT analyses were performed using a high-resolution μCT in-
strument (SkyScan1172, Bruker, German). The samples were inversely
Figure 1. Bone metabolomic profiling between MLK3 KO and WT mice. A, All id
volcano plot. The up-regulated metabolites are indicated in red, and the down-regu
enriched signaling of these metabolites by KEGG enrichment analyses. Student's t test
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placed in a 12 mm diameter scanning holder and scanned at the
following settings: a source voltage of 70 keV, current of 80 μA, power of
7 W, 4 frames superimposed, angle gain of 0.72�, exposure time of 100
ms and 10 μm isotropic resolution. When the fractured bones were
evaluated, 2.5 mm diameter around the center of the fracture line and 1
mm below the center was defined as the region of interest (ROI) for the
analysis. When the normal bone tissues were analyzed, the ROI was
defined as 0.7 mm away from the growth plate and 1.5 mm long
trabecular bone. The three dimensional (3D) reconstruction was per-
formed using μCT Ray v.3.8, and the trabecular bone volume (BV), total
volume (TV), trabecular bone surface (BS), total surface (TS), BV/TV, BS/
BV, BS/TV, trabecular bone thickness (Tb.Th), trabecular bone number
(Tb.N), trabecular bone separation (Tb.Sp), bone mineral density (BMD)
were recorded for quantitative calculation using the CT-VOX software
(CtAN, Bruker, German).
entified metabolites in a heat map. B, The deferentially expressed metabolites in
lated ones are in blue. C, The representative bone-related metabolites. D, The
was used to determine the significance. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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2.10. Bone histomorphometry and immunohistochemistry (IHC) staining

The samples were initially fixed in 4% paraformaldehyde for 24 h,
followed by decalcification in 14% EDTA solution for 2 weeks. After
being embedded in paraffin, the samples were sectioned into 5 μm
sagittal sections and subjected to hematoxylin and eosin (HE) staining.
IHC staining was performed according to the standard protocol. Briefly,
sections were incubated with primary antibodies of osteocalcin (OCN,
1:100, abcam13418) overnight at 4 �C. Subsequently, we used HRP-
labeled secondary antibodies at room temperature for 1 h. DAB was
used for IHC signal detection, then counterstaining with hematoxylin.
The positive-stained cell was captured using the scanning system of the
digital pathological section (Pannoramic MIDI).

2.11. Statistical analysis

At least triplicates were taken in each experiment, and all the data
were expressed as mean � SD. Data were analyzed by Student's t-test or
One-way ANOVA (GraphPad Prism 8), and P< 0.05 was considered to be
statistically significant.

3. Results

3.1. Imbalanced bone metabolism was found in MLK3 KO mice

To characterize the functional role of MLK3 in bone metabolism, a
global metabolomic profiling between femurs derived from KO and WT
mice was carried out. 55 metabolites were identified, of which nearly 40
metabolites were recognized with differential expression in these KO
Figure 2. The impaired bone quality in MLK3 KO mice. A, 12-week-old WT and K
representative 3D images of cortical bone and the trabecular bone were shown. B, Qu
bone mass density (BMD), trabecular thickness (Tb.Th) and trabecular number (Tb
femurs from KO mice and WT mice. Student's t test was used to determine the signi
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mice (Fig. 1A–B). Among these metabolites, the benzyl alcohol, oleic
acid, behenic acid, ornithine, pentadecanoic acid, linoleic acid, succinic
acid, stearic acid, palmitic acid and myristic acid were the most
changeable metabolites between WT and KO mice (Fig. 1C). We found
most of them were fatty acids, and KEGG enrichment also showed the
metabolites were enriched in biosynthesis of unsaturated fatty acids and
fatty acids (Fig. 1D), suggesting the abnormal lipid metabolism in MLK3
�/� mice.

3.2. Abnormal bone tissues and impaired bone quality were observed in
MLK3 KO mice

To investigate the actual function of MLK3 in bone formation, we
compared the bone tissues of KO mice and that of WT mice. By micro-CT
examination, the representative 3D images of femurs showed the lower
bone mass in the cortical bone and in trabecular bone (Fig. 2A). The
quantification assays recorded the significant decreases in bone volume/
total volume (BV/TV), bone volume (BV), bone mass density (BMD),
trabecular thickness (Tb.Th), trabecular number (Tb.N) and an increase
in trabecular separation (Tb.Sp) in KO mice (Fig. 2B). Furthermore,
hematoxylin-eosin (H&E) staining of femurs showed that the thinner
growth plate, less smooth edge of cortical bone and less paralleled
alignment of osteocytes in KOmice (Fig. 2C), indicating more bone lost in
KO mice.

3.3. Delayed fracture healing was found in KO mice

We next established a mouse femoral fracture model to compare the
healing process of bone fracture between MLK3�/� and WT mice. The
O mice were sacrificed, and femurs were obtained for micro-CT assessment. The
antification assays of the bone volume/total volume (BV/TV), bone volume (BV),
.N) and trabecular separation (Tb.Sp). C, Hematoxylin-eosin (H&E) staining of
ficance. n ¼ 6; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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healing process was assayed by X-ray examination, and the representa-
tive images showed a poor healing effect was observed in KO mice
compared with WT mice during the healing process (Fig. 3A). At week 4,
a noticeable gap was observed in the KO group while it almost dis-
appeared in WT group, indicating that the fracture healing process was
delayed in KO mice. The 3D reconstructed images of μCT also confirmed
the lower bone mass in the KO mice at week 4 (Fig. 3B) and week 6
(Fig. 3C), and the quantitative analyses showed MLK3 �/� mice had a
significant decrease in BV/TV at week 4 and week 6, suggesting less
newly formed mineralized bone in this KO mice (Fig. 3D–E). H&E
staining of fracture healing position revealed that more osteocytes were
enriched in the fracture sites of the WT group and the bone regeneration
was more vigorously compared with the KO group (Fig. 3F). And the
further IHC staining showed the decreased expression of osteocalcin
(OCN) in the MLK3 KO group (Fig. 3G, Supplementary Fig. S1), which
suggests an impaired effect of MLK3 KO on bone formation.
3.4. Osteogenic differentiation was suppressed in MSCs derived from
MLK3 KO mice

Previous study demonstrated that MLK3 regulated osteoblast yet had
Figure 3. Delayed fracture healing in MLK3 KO mice. A, Representative image
radiography. B-E, The representative 3D reconstructed images of micro-CT at week 4 (
volume (TV) and bone volume/total volume (BV/TV) at week 4 (D) and week 6
immunohistochemistry staining (G) for OCN at week 6. Student's t test was used to
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no influence on osteoclast [12]. We next investigated the potential of
MLK3 in osteoblast differentiation. Under osteogenic induction, the early
marker of osteogenesis, ALP activity was lower in MLK3�/�MSCs at day
7 by qualitative and quantitative analyses (Fig. 4A). And fewer miner-
alized nodules were observed at day 14 in theMLK3 deficient MSCs when
compared with the WT MSCs by ARS staining (Fig. 4B). Furthermore,
several master regulators of osteogenesis including Runt-related tran-
scription factor 2 (Runx2), ALP, OCN, osteopontin (OPN), Osterix (OSX)
and bone morphogenetic protein 2 (BMP2) were found to be significantly
downregulated by loss of MLK3 at day 9 (Fig. 4C).

A classical MLK3 inhibitor URMC-099 was further used to examine
the in vitro effect of MLK3 on osteoblasts. It was introduced into mouse
bone marrow MSCs, and the cell viability was examined. As shown in
Supplementary Fig. S2, URMC-099 even with 100 nm only slightly sup-
pressed cell growth at 96 h, suggesting it has low cytotoxicity. The
concentration of 10 nm was introduced into MSCs for the osteogenic
induction. The results showed that ALP activities were suppressed by this
inhibitor at day 7 (Fig. 4D), and calcium nodules were also reduced at day
14 as well (Fig. 4E). The expression of osteogenic marker genes were also
significantly suppressed by this inhibitor (Fig. 4F). All these data suggest
that MLK3 promotes the osteogenesis of MSCs, and thereby stimulates
s of the fracture healing process at week 4 and week 6 post-surgery by X-ray
B) and week 6 (C) post-surgery. Quantitative analyses of bone volume (BV), total
(E). F-G, Representative images of Hematoxylin-eosin (H&E) staining (F) and
determine the significance. n ¼ 3; *, P < 0.05; **, P < 0.01; ***, P < 0.001.



Figure 4. Inhibition of MLK3 suppressed the osteogenic differentiation of MSCs. A-C, MSCs were isolated from WT and MLK3 KO mice, and induced to the
osteogenic differentiation. The quantitative analysis of ALP staining were examined at day 7 (A). The qualitative and quantitative analyses of ARS staining were
measured at day 14 (B). And several osteoblast related genes were evaluated by qPCR examination (C). D-E, URMC-099, a classical MLK3 inhibitor, was applied to
suppress MLK3 expression and its effect on osteogenesis was examined. ALP staining at day 7 (D) and ARS at day 14 (E) and the expression of several osteogenic
marker genes (F) were assessed. All experiments were repeated at least three times. Student's t test was used to determine the significance. *, P < 0.05; **, P < 0.01;
***, P < 0.001.
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bone formation.

3.5. MLK mediated osteogenic differentiation via MAPK signaling

To better understand which signaling cascades are involved in the
MLK3 mediated osteoblast, we compared the transcriptome alteration
between the femurs derived from KO and WT mice. Bioinformatics an-
alyses of the RNA-seq data indicated that 226 genes were successfully
identified (Fig. 5A). Of which, 169 genes (74.8%) were markedly up-
regulated, whereas 57 genes (25.2%) were down-regulated in MLK3
KO mice (Fig. 5B). The characteristics of all identified genes were sum-
marized, and several signaling pathways were affected in MLK3 �/�
mice (Fig. 5C). Among them, MAPK signaling was the most remarkable
signaling in the GSEA, and it was chosen for further validation. MAPK
include ERK, p38, and JNK subfamilies, and we examined their expres-
sion in the MSCs derived from WT and KO mice at day 7 and 14 under
osteogenic inductive condition. The results showed that no differences in
the expression of ERK and JNK were observed in WT and MLK3 �/�
MSCs, while their phosphorylated expression, including p-ERK, p-JNK
and p-P38 was all suppressed in the MSCs with MLK3 absence at day 7
and day14 (Fig. 5D–F).

4. Discussion

Fracture is a conventional disease and it needs a long time to recover
[21]. Delayed healing and nonunion frequently occur in a small portion
of patients, which represents enormous burdens to patients and the social
healthcare system [21,22]. Identifying the potential targets to facilitate
fracture healing have great clinical significance. Osteoblasts are derived
from MSCs and they are the primary cell type responsible for bone for-
mation. Promoting the potential of osteoblast differentiation may be a
promising strategy for bone formation. MLK3 is a member of the
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serine/threonine MAP3K family, and a previous study reported that
MLK3 promoted osteogenesis and loss of MLK3 inhibited skeletal
mineralization [12]. Our results revealed that MLK3 absence impaired
bone quality, delayed fracture healing process as well as suppressed
osteogenesis. We thus considered that MLK3 might be a potential ther-
apeutic target to stimulate bone formation and accelerate fracture
healing.

As a MAPK activator, MLK3 has been involved in various cell bio-
logical activities and disease progression such as cell death, immune
responses, tumorigenesis et al. [10,11,17–19]. For instance, MLK3
silence induced cervical cancer cell apoptosis via the Notch-1/autophagy
network [23]; MLK3 promoted melanoma proliferation and invasion
through targeting microRNA-125 b [24], and it also targeted micro-
RNA-520 b to regulate liver cancer cell migration [25]. MLK3 inhibitor
was also reported to mediate pyroptosis to attenuate inflammation and
cardiac dysfunction [26]. MLK3-deficient mice have attenuated JNK
activation and induced metabolic dysfunction with a high-fat diet [27,
28]. Although MLK3 has been reported to promote osteogenesis and
contribute to cranial bone development, its detailed function in bone
fracture remains obscure. To validate the actual contribution of MLK3 in
bone formation, the MLK3 genetic KO mouse was generated in the pre-
sent study. In terms of the growing period of normal bone, 12-week-old
adult mice were selected to investigate the bone development and
establish the fracture model. The abnormal bone tissues and impaired
bone quality were observed in these MLK3 �/� mice, and a delayed
healing process was also found during bone fracture of the MLK3 defi-
cient mice as well. Further in vitro examination showed that loss of MLK3
suppressed osteoblast differentiation, and the MLK3 classical inhibitor
URMC-099 also inhibited osteogenesis. These results indicated that
deficiency of MLK3 suppressed osteoblasts and inhibited bone formation,
suggesting it may be a potential therapeutic target for bone repair. The
information gained from this study may bring a bright insight into



Figure 5. MAPK signaling was involved in the MLK3 mediated osteogenesis. A-C, RNA-sequencing studies of WT and KO mice was conducted, and the identified
genes were shown in a heat map (A). Deferentially expressed genes were shown in the volcano plot (B). The enriched signaling of deferentially expressed genes. D-E,
The expressions of MAPK signaling at the protein levels. The western blotting images of ERK, JNK, P38 and their phosphorylation in KO and WT groups (D), and
quantification assays of ERK and JNK (E) as well as the phosphorylated ERK, JNK, P38 (F). One-way ANOVA was used to determine the significance. *, P < 0.05; **, P
< 0.01; ***, P < 0.001.
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developing an MLK3 activator as a therapeutic strategy for bone fracture.
Interestingly, MLK3-deficient mice exhibited metabolic dysfunction

with a saturated fatty acid-enriched diet [27]. We wondered whether
MLK3 participated in the bone metabolism. Using the femurs from WT
and KO mice, global metabolomic profiling was carried out to identify
the significant metabolites. 10 representative bone metabolites with
different expression were identified as fatty acids, and KEGG analysis
showed the biosynthesis of unsaturated fatty acids and fatty acids were
enriched, which were closely correlated with osteogenic differentiation
as previously reported [29]. For instance, free fatty acids could partici-
pate in osteoblast growth, differentiation, inflammation and apoptosis,
and also activate peroxisome proliferator-activated receptor γ (PPARγ)
and Runx2 to facilitate bone formation [36]. And polyunsaturated fatty
acids also promoted bone formation by inducing prostaglandin E2
(PEG2) [29]. In the previous study of MLK3 �/�mice on a high-fat diet,
non-alcoholic steatohepatitis (NASH) was protective against disease
progression compared to the WT mice on the same diet, which suggested
the involvement of MLK3 in lipid metabolism [16,28]. And our metab-
olomic profiling revealed that the biosynthesis of unsaturated fatty acids
and fatty acids was significantly down-regulated in KO mice, which
confirmed the above described conclusion.

MAPKs are a class of protein serine/threonine kinases that mediate
intracellular signal transduction, and they play an essential regulatory
role in cell growth, differentiation, and apoptosis [30,31]. As key players
in skeletal development and bone homeostasis, MAPKs mainly affect
osteoblast commitment and differentiation [18–20]. Of the three classic
MAPKs, p38, ERK and JNK were all reported to determine the osteo-
blastic commitment and stimulate osteoblast differentiation [32–36].
MLK3 is a member of this gene family and has been implicated in mul-
tiple signaling cascades, including the NF-kappaB pathway, the extra-
cellular signal-regulated kinase, JNK, and p38 MAPK pathways [37,38].
To clarify which signaling involved in the MLK3-mediated bone forma-
tion, a transcriptome profiling was performed to compare the differently
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expressed genes. Bioinformatics and GSEA analyses demonstrated that
several signaling pathways were involved in the MLK3 KO induced bone
formation. Of which, MAPK signaling pathway was the most remarkable
signaling in this process. And our results of Western blotting demon-
strated that JNK, ERK and p38 were significantly suppressed by loss of
MLK3, indicating the MAPK signaling participated in the MLK3 mediated
bone formation. However, there are some limitations in the present
study, such as how MLK3 mediated MAPK signaling and bone meta-
bolism. Further experiments to address these questions are needed in the
near future.

In conclusion, our results demonstrated that deficiency of MLK3
suppressed osteogenesis in vitro and impaired bone formation and
delayed fracture healing in vivo. By metabolomic and transcriptome
profiling, abnormal bone metabolism and inactivation of MAPK signaling
were identified in these KO mice. These results imply an essential role of
the MLK3 signaling pathway in bone formation, andMLK3 therefore may
be regarded as a novel therapeutic target for bone fracture.
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