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A B S T R A C T

Background: Mesenchymal stem cells (MSCs) selectively differentiate into adipocytes or osteoblasts, and sev-
eral molecules control the fate determination of MSCs. Understanding these key checkpoints greatly contrib-
utes to the ability to induce specific MSC differentiation for clinical applications. In this study, we aimed to
explore whether TNF receptor-associated factor 4 (TRAF4) affects MSC adipogenic differentiation, which we
previously reported that could positively regulated the osteogenic differentiation.
Methods: Western blotting and Real-time Polymerase Chain Reaction were used to detected the expression
pattern of TRAF4 during adipogenic differentiation. Lentivirus was constructed to regulate TRAF4 expression,
and oil red O staining andWestern blotting were used to assess its role in adipogenesis, which was confirmed
in vivo by implanting an MSC-matrigel mixture into nude mice. Western blotting was used to detect the acti-
vated signaling pathways, and a specific inhibitor and agonist were used to clear the roles of the key signaling
pathways. Additionaly, Co-Immunoprecipitation was conducted to find that Pyruvate kinase isozyme type
M2 (PKM2) interacts with TRAF4, and to further explore their binding and functional domains. Finally, an
RNA-binding protein immunoprecipitation assay and Western blotting were used to detect whether N6-
methyladenosine mediates the decreased TRAF4 expression during adipogenic differentiation.
Findings: The results demonstrated that TRAF4 negatively regulates MSC adipogenesis in vitro and in vivo.
Mechanistically, we revealed that TRAF4 binds to PKM2 to activate the kinase activity of PKM2, which subse-
quently activates b-catenin signaling and then inhibits adipogenesis. Furthermore, TRAF4 downregulation
during adipogenesis is regulated by ALKBH5-mediated N6-methyladenosine RNA demethylation.
Interpretation: TRAF4 negatively regulates the adipogenesis of MSCs by activating PKM2 kinase activity,
which may act as a checkpoint to fine-tune the balance of adipo-osteogenic differentiation, and suggests that
TRAF4 may be a novel target of MSCs in clinical use and may also illuminate the underlying mechanisms of
bone metabolic diseases.
Funding: This study was supported by the National Natural Science Foundation of China (81871750 and
81971518) and the Science and Technology Project of Guangdong Province (2019B02023600 and
2017A020215070).
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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1. Introduction

Mesenchymal stem cells (MSCs), which are seed cells with a wide
range of clinical applications, can selectively differentiate into adipo-
cytes and osteoblasts under the appropriate conditions [1]. As a com-
mon progenitor of adipocytes and osteoblasts, MSCs engage in bone
homeostasis via the following two mechanisms after differentiation:
MSCs can differentiate into osteoblasts that directly mediate bone
development [2] or MSCs can differentiate into adipocytes that
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Research in context

Evidence before this study

TRAF4 is a member of the TRAF family of scaffold proteins, and
previous animal study had demonstrated that TRAF4 deficiency
can lead to serious skeletal malformation, which suggests that
TRAF4 plays a critical role in bone development and metabo-
lism, however, its exact molecular mechanism requires further
study. Accumulating studies have revealed that the adipogenic-
osteogenic balance plays a critical role in bone metabolism. We
previously reported that TRAF4 positively regulates the osteo-
genic differentiation of MSCs by acting as an E3 ubiquitin ligase
to degrade Smurf2. However, whether TRAF4 affects the adipo-
genic differentiation of MSCs remains unclear.

Added value of this study

We demonstrated that TRAF4 negatively regulates MSC adipo-
genesis in vitro and in vivo, and we further revealed that TRAF4
binds to PKM2 to activate the kinase activity of PKM2, which
subsequently activates b-catenin signaling and then inhibits
adipogenesis. Taken together, our results indicate that TRAF4
acts as a fate checkpoint to regulate the adipogenic-osteogenic
differentiation of MSCs. Interestingly, TRAF4 expression was
decreased in the marrow cavity of rats with osteoporosis. Fur-
thermore, TRAF4 downregulation during adipogenesis was
regulated by ALKBH5-mediated m6A RNA demethylation.

Implications of all the available evidence

This study demonstrated that TRAF4 may act as a checkpoint to
fine-tune the balance of adipogenic-osteogenic differentiation, and
it may be a novel target of MSCs in clinical use andmay also illumi-
nate the underlyingmechanisms of bone metabolic diseases.
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regulate the bone marrow microenvironment and subsequently
affect bone metabolism [3]. Although adipocytes and osteoblasts are
differentiated from MSCs, they drive contrasting metabolic decisions
[4]. Thus, tightly controlled MSC differentiation is highly significant
for the maintenance of bone homeostasis, which has attracted
increasing attention in recent years.

Considerable evidence has shown that the adipogenic and osteo-
genic differentiation of MSCs is under the control of several key
checkpoints [5,6]. These molecules positively or negatively affect
downstream signaling pathways, including the peroxisome prolifera-
tor-activated receptor-gamma (PPAR-g) [7], transforming growth
factor-beta (TGF-b)/bone morphogenic protein (BMP) [8] and Wnt
signaling pathways [9], which eventually affect the MSC differentia-
tion direction. Thus, exploring and identifying these checkpoints
could improve the application efficiency of MSCs and illuminate the
underlying mechanisms of bone metabolism disorders.

TNF receptor-associated factor 4 (TRAF4) is a member of the TRAF
family (TRAF 1 to 7) of seven scaffold proteins, which are involved in
various cellular physiological processes [10]. TRAF4, like other TRAFs,
mainly consists of three domains. Between the N-terminus and C-ter-
minus, there is a RING finger domain, several continuous zinc finger
domains and one TRAF domain. The “E3 ubiquitin ligase” characteristic
of TRAF4 is of great importance to TRAF4 functions under most cir-
cumstances, promoting the proliferation and metastasis of prostate
cancers [11]. Additionally, a recent report revealed that TRAF4 directly
binds to the juxtamembrane region of EGFR via the TRAF domain and
promotes kinase autophosphorylation and activation [12]. Previous
animal studies have demonstrated that TRAF4 is required for embryo-
genesis and that TRAF4 deficiency can lead to serious skeletal malfor-
mation, which suggests that TRAF4 plays a critical role in bone
development and metabolism [13]; however, the exact molecular
mechanism requires further study. Our previous study demonstrated
that TRAF4 positively regulates the osteogenic differentiation of MSCs
by acting as an E3 ubiquitin ligase to degrade Smurf2 via the K48-
linked ubiquitination of Smurf2 [14]. Accumulating studies have
revealed that the adipogenic-osteogenic balance plays a critical role in
bone metabolism [15]. However, whether TRAF4 affects the adipo-
genic differentiation of MSCs remains unknown.

Pyruvate kinase isozyme typeM2 (PKM2) is an isozyme of pyruvate
kinase that functions as a rate-limiting enzyme in the glycolytic path-
way and modulates Wnt/b-catenin signaling [16]. Substantial evi-
dence indicates that PKM2 is important for cell differentiation [17] and
metabolism [18]. PKM2 is expressed in MSCs and adipocytes [19], and
the regulation of PKM2 expression or kinase activity can affect cell dif-
ferentiation. Jiang et al. found that PKM2 could regulate adipocyte dif-
ferentiation via the PI3K-AKT pathway [20]. Moreover, abundant
evidence has demonstrated that PKM2 can influence b-catenin nuclear
localization and activation [16,21], which has been recognized as the
master signaling pathway in adipogenic differentiation [22]. However,
the upstream regulatory network that regulates PKM2 or kinase activ-
ity during adipogenesis remains unknown.

In this study, we found that TRAF4 negatively regulated the adipo-
genesis of MSCs both in vitro and in vivo. Mechanistically, we
revealed that TRAF4 interacts with PKM2 to activate b-catenin signal-
ing and then inhibits adipogenesis. Finally, we observed that TRAF4
expression was decreased in the marrow cavities of rats with osteo-
porosis, which is a typical bone metabolism disease. Taken together,
our results suggest that TRAF4 acts as a fate checkpoint in regulating
the adipogenic differentiation of MSCs. Thus, TRAF4 may be a novel
target for the clinical application of MSCs in tissue engineering.

Previous studies have demonstrated that the shift in preferential
differentiation of MSCs from osteoblasts to adipocytes plays a role in
the pathogenesis of osteoporosis via reducing bone mineral density
[23]. We have already demonstrated that TRAF4 positively regulated
the osteogenic differentiation of MSCs and TRAF4 was found to be
abnormally decreased in osteoporosis specimen [14]. Thus, we
hypothesis that TRAF4 not only regulate osteogenic differentiation of
MSCs but also modulate the adipogenic capacity of MSCs. In this
study, we focus on exploring the effect of TRAF4 on the adipogenic
differentiation and further clarify the concrete mechanism. Addition-
ally, our results might help further the understanding of the possible
mechanisms of bone metabolism disorders.

2. Materials and methods

2.1. Isolation and culture of MSCs

This study was approved by the Ethics Committee of Sun Yat-sen
Memorial Hospital of Sun Yat-sen University (Guangzhou, China).
Eighteen healthy donors between the ages of 20 and 30 years were
selected for this study and signed the informed consent agreement.
Bone marrow samples were extracted from the posterior superior
iliac spine under sterile conditions, and MSCs were isolated and
expanded according to a previously reported method [24]. MSCs
were isolated and cultured using DMEM supplemented with 10% FBS.
MSCs from passages 3 to 5 were used for the subsequent experi-
ments.

2.2. Culture of 293T cells

Cells from the human embryonic kidney 293T cell line were cul-
tured in glucose Dulbecco’s modified Eagle’s medium (DMEM, glu-
cose 4.5 mg/L, GIBCO) containing 10% FBS at 37 °C with 5% CO2. After
reaching 80%�90% confluence, the 293T cells were collected for the
subsequent experiments or passaged into two new flasks. The 293T
cells were used to explore the interaction between TRAF4 and PKM2.
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2.3. Adipogenic differentiation induction

MSCs were seeded into 12-well plates at a concentration of
1.5 £ 104 cells per cm2. MSCs were induced with adipogenic medium
containing DMEM (10% FBS), 0.5 mM 3-isobutyl-1-methylxanthine
(Sigma-Aldrich), 0.2 mM indomethacin (Sigma-Aldrich), 10 mg/mL
insulin (Sigma-Aldrich), and 1 mM dexamethasone (Sigma-Aldrich).
The medium was replaced every 3 days for 14 days. The cells were
stained with oil red O (ORO) at the end of culturing.

2.4. ORO staining and quantification

After specific induction for the indicated days, MSCs were fixed
with 4% paraformaldehyde for 20 min and then stained with ORO
working solution for 20 min at room temperature. The oil red O was
dissolved in isopropyl alcohol at the concentration of 12 mM, and then
diluted with deionized water to the concentration of 7.2 mM before
staining. After three washes with PBS, the MSCs were observed and
recorded immediately under a microscop. The stained cells were
destained thoroughly with 600 ml isopropyl alcohol. A 200 ml aliquot
was transferred to a 96-well plate, and the absorbance was measured
at 520 nm.

2.5. Real-time quantitative reverse transcription-polymerase chain
reaction (qRT-PCR)

SYBR Premix Ex Taq (TaKaRa) and a LightCycler 480 Real-TimePCR
system (Roche) were used to detect the mRNA levels of relative genes
in our experiment. Total RNA was extracted from the MSCs using TRI-
zol (Invitrogen) according to the manufacturer’s protocol, and cDNA
was then generated using a PrimeScriptTM RT Reagent Kit (TaKaRa).
The expression level of each gene was normalized to the mRNA level
of GAPDH using the 2�44CT method. The sequences of the specific
primers used in this study are listed in Supplemental Table 1.

2.6. Western blot analysis

Western blotting was performed as previously described [25].
Briefly, MSCs were lysed with RIPA buffer (Beyotime), and the pro-
teins were then boiled with loading buffer after quantification. Equal
amounts of protein extracts were separated by 10% SDS-PAGE and
subsequently transferred to polyvinylidene fluoride (PVDF) mem-
branes (Millipore). The membranes were blocked with 5% nonfat
milk and incubated with primary antibodies against TRAF4
(ab88612), p-CREB (ab32096), CREB (ab32515), PKM2 (ab150377), C/
EBP-a (ab40764), fatty-acid-binding protein 4 (FABP4) (ab13979),
ALKBH5 (ab195377), FTO (ab92821), METTL3 (ab186002), METTL14
(ab107540), WTAP (ab195380) (the above eleven antibodies are from
Abacam), PPAR-g (2443S), active b-catenin (19807S), b-catenin
(8480S), p-Akt (4060S), Akt (9272S), p-p38 (4511S), p38 (8690S), p-
ERK (4370S), ERK (4695), p-JNK (4668S), JNK (9252S), p-PKM2
(3827S), Flag (14793S), MYC (2276S), HA (3724S) (the above fifteen
antibodies are from Cell Signaling Technology) and GAPDH (AF0006,
Beyotime) overnight at 4 °C. All the antibodies were diluted in Tris
buffered saline Tween (TBST) consisting of 20 mM Tris base, 150 mM
NaCl, 0.1% Tween 20 and deionized water. After washing three times
with TBST, the membranes were incubated with HRP-conjugated sec-
ondary antibodies (1:3000; Santa Cruz) for 1 h at room temperature.
The target protein bands were detected using an Immobilon Western
Chemiluminescent HRP Substrate (Millipore) and analyzed using
Image J software (version 1.49e).

2.7. Lentivirus construction and infection

The protocols used were reported previously. The TRAF4 overex-
pression lentiviruses (OE-TRAF4) and vector control (NC1) were
synthesized by GenePharma. Lentiviruses encoding short hairpin
RNA (shRNA) for TRAF4 were constructed with a target sequence of
50-GCACTAAGGAGTTCGTCTTTG-30(sh-TRAF4). The negative control
shRNA sequence was 50-TTCTCCGAACGTGTCACGTTTC-30 (NC2). All of
the above lentiviruses were generated by cotransfecting pGLVH1/
GFP/Puro (GenePharma, China) and packaging plasmids (pGag/Pol,
pRev, and pVSV-G) into 293T cells. Culture supernatants containing
lentiviruses were filtered and concentrated 72 h after transfection.
Then, 109 TU/mL lentivirus and 5mg/mL polybrene were premixed in
medium and incubated with MSCs for 24 h at a multiplicity of infec-
tion of 30. The related experiments were conducted after the corre-
sponding lentivirus infection and treatments.

2.8. Cell apoptosis and proliferation assay

MSCs were seeded into the indicated plates, and then infected
with lentiviruses (NC1, OE-TRAF4, NC2 and sh-TRAF4). MSC apoptosis
was detected by using an Annexin V-PE Apoptosis Detection Kit I (BD
Biosciences) according to the manufacturer’s protocol. After being
cultured in adipogenic medium from 1 to 11 days, cell proliferation
was analyzed using a Cell Counting Kit-8 (CCK-8) assay (Doindo
Molecular Technologies).

2.9. Plasmid construction and transfection

Expression plasmid constructs, including pcDNA3.1(+)-Myc-
TRAF4,pcDNA3.1(+)-Myc-TRAF4-RING domain deletion, pcDNA3.1
(+)-Myc-TRAF4-TRAF domain deletion, pcDNA3.1(+)-Flag-PKM2,
pcDNA3.1(+)-Flag-PKM2-AB/C-domain deletion, pcDNA3.1(+)-Flag-
PKM2-C-domain deletion, pcDNA3.1(+)-Flag-PKM2-N/C-domain
deletion, pcDNA3.1(+)-Flag-PKM2-N/AB-domain deletion and
pcDNA3.1(+)-HA-ubiquitin, were all constructed and purchased from
Shanghai (Shanghai). A Lipofectamine 3000 Transfection Kit (Invitro-
gen, L3000-015) was used for transfection according to the manufac-
turer's instructions with minor modifications. Briefly, 293T cells were
seeded into 6-well plates at a density of 3 £ 105 cells/well. One day
later, the 293T cells were transfected with 2.5 mg/well plasmid, 5 ml
Lipo 3000 and 5 ml P3000 according to the manufacturer's instruc-
tions. The total amounts of transfected plasmids in each well were
equalized by adding empty pcDNA3.1(+)-vector.

2.10. Adipogenic differentiation of preadipocytes in vivo

This experiment was performed to observe the effect of TRAF4 on
the in vivo adipogenic differentiation of preadipocytes derived from
MSCs. MSCs were infected with lentiviruses (NC1, OE-TRAF4, NC2
and sh-TRAF4) and then cultured in adipogenic medium for 5 days
before being transplanted in vivo. Preadipocytes (1 £ 106) were har-
vested and mixed with 150 mL Matrigel (BD Biosciences) and then
injected subcutaneously into two symmetrical sites on the backs of
8-week-old BALB/c-nu/nu female mice (Laboratory Animal Center of
Sun Yat-Sen University; n = 9 per group). BALB/c-nu/nu mice were
used to assess the potential in vivo effect of TRAF4 on adipogenesis,
which complementary verification via in vitro cell experiments. The
preadipocytes/Matrigel implants were obtained 8 weeks after trans-
plantation. The implants were fixed in 4% paraformaldehyde and
embedded in paraffin for hematoxylin and eosin (H&E) staining and
immunohistochemical staining for Perilipin-1, which was used to
observe the adipogenic differentiation of preadipocytes in vivo.

2.11. H&E staining and immunohistochemical staining

The sections were deparaffinized in xylene and hydrated with
decreasing concentrations of ethanol. For H&E staining, the sections
were first incubated with hematoxylin for 5 min and then stained
with eosin for 3 min after clearing. Immunohistochemical staining
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for Perilipin-1 (ab3526, Abcam) was performed to investigate adipo-
genesis. Briefly, after antigen retrieval, the sections were blocked in
5% serum and then incubated with the primary antibody. Next, the
sections were incubated with the appropriate biotin-conjugated sec-
ondary antibody and subsequently with a streptavidin solution,
which was followed by color development. After staining, allsections
were dehydrated with increasing concentrations of ethanol and
xylene. All sections were visualized under a light microscope (Nikon).

2.12. Immunofluorescence staining

MSCs were seeded onto sterile glass coverslips, which were induced
in adipogenic medium for the indicated days. Then, the MSCs or adipo-
cytes were fixed with 4% paraformaldehyde for 30 min and permeabi-
lized with 0.1% Triton X-100 for 15 min at room temperature. After
blocking, the cells were incubated with anti-TRAF4 (ab88612, Abcam)
and anti-PKM2 (4053, Cell Signaling Technology), Perilipin-1 (ab3526,
Cell Signaling Technology), or active b-Catenin (19807S, Cell Signaling
Technology) antibodies overnight at 4 °C. The appropriate secondary
antibodies were subsequently added for incubation for 1 h at room tem-
perature. Next, the MSCs were counterstained with 40,6-diamidino-2-
phenylindole (DAPI) to reveal the nuclei. Thereafter, the glass slides
were covered with coverslips after antifade mounting medium (P0126,
Beyotime) was applied. Finally, the samples were observed under a laser
scanning confocal microscope, and images were obtained using an LSM
5 Exciter confocal imaging system (Carl Zeiss).

2.13. Coimmunoprecipitation and LC-MS/MS

MSCs and 293T cells were seeded into 10-cm dishes, and MSCs
were cultured in adipogenic medium, while 293T cells were cotrans-
fected with the indicated plasmids on the second day. All cells were
lysed and coimmunoprecipitated using a DynabeadsTM Protein G
Immunoprecipitation Kit (10007D, Invitrogen) according to the man-
ufacturer’s instructions. The primary antibodies used in this experi-
ment included TRAF4 (sc-390232, Santa Cruz), PKM2 (ab150377, Cell
Signaling Technology), Flag-Tag (14793, Cell Signaling Technology),
Myc-Tag (2276, Cell Signaling Technology), and their IgG control
(3452 or 37988, Cell Signaling Technology). The immunoprecipitates
were collected, washed, and boiled in Laemmli sample buffer for
10 min. The samples were separated by SDS-PAGE and subsequently
dyed using a Coomassie blue staining kit (Beyotime Institute of Bio-
technology). Differential bands were collected for further LC-MS/MS
analysis for the TRAF4 interaction proteins in MSCs, and the analysis
result and raw data were deposited to the ProteomeXchange with
the accession number PXD017524. Western blotting was performed
to confirm the interaction between the two proteins, as described
above. Notably, a special secondary antibody (ab131366, Abcam) that
recognized only native (nonreduced) antibodies was used to mini-
mize the heavy and light chain bands in the WB.

2.14. Measurement of pyruvate kinase activity

MSCs were seeded into 6-well plates and transfected with the
indicated lentiviruses (NC1, OE-TRAF4, NC2 and sh-TRAF4). After
induction in adipogenic medium for three days, the pyruvate kinase
activity was measured using a Pyruvate Kinase Assay Kit (ab83432,
Abcam) according to the manufacturer’s instructions.

2.15. PKM2 inhibitor and activator preparation and MSC treatment

To regulate the PKM2 activity of MSCs, PKM2-IN-1 (inhibitor,
MCE) and DASA-58 (activator, MCE) were used in our study. Accord-
ing to the manufacturer’s instructions, PKM2-IN-1 (10 mM) and
DASA-58 (10 mM) were dissolved in dimethyl sulfoxide (DMSO) and
stored at �80 °C for subsequent experiments. MSCs were seeded into
a 12-well plate and induced in adipogenic medium containingPKM2-
IN-1 (10 mM) or DASA-58 (5 mM). Equal amounts of DMSO were
added to the negative control (NC) groups.

2.16. RNA-binding protein immunoprecipitation assay

An RNA immunoprecipitation (RIP) assay was performed using a
Magna RIPTM RNA-Binding Protein Immunoprecipitation Kit (Milli-
pore) according to the manufacturer’s instructions. In brief, approxi-
mately 5 £ 106 MSCs or adipogenic differentiation MSCs were lysed
via an RIP assay and then incubated with the prepared beads-anti-
body complex (anti-m6A antibody (202003, Synaptic Systems) or
purified rabbit IgG (17-701, Merck Millipore)) in RIP immunoprecipi-
tation buffer. All proteins were digested by proteinase K, and the RNA
was extracted using phenol chloroform. Thereafter, the purified RNA
was reversed transcribed into cDNA and subjected to quantitative
PCR to detect TRAF4 expression.

2.17. Establishment of ovariectomized rats

All female Sprague-Dawley rats were purchased from the Laboratory
Animal Center of Sun Yat-Sen University at the age of two months. In
this study, all rats were housed in a pathogen-free facility on a 12-hour
light/dark cycle with water and food provided ad libitum. Rats were
anesthetized with isoflurane and underwent sham (sham) or ovariec-
tomization (OVX) surgery. Then, the animals were observed for general
health twice daily for the first week and allowed 3 months for healing.
We established the ovariectomized rats to determine whether TRAF4
was involved in the pathogenesis of osteoporosis. After 3 months, the
rats were sacrificed for the related assays. Micro-CT (Siemens) was per-
formed to analyzed the cancellous bone mass between the two groups,
and the parameters were calculated using an Inveon Research Work-
place (Siemens). Moreover, H&E staining was used to evaluate the tra-
becula and adipocytes, and IHC was performed to detected TRAF4
expression in sections of femur speciments from the two groups.

2.18. Statistical analysis

The experiments were repeated at least three times, and all data
are expressed as the means§standard deviations (SDs). Statistical sig-
nificance was determined by Student’s t-test (two groups) and one-
way analysis of variance (ANOVA) followed by Bonferroni test (three
or more groups), and the Pearson correlation test was performed for
correlation analyses, which were performed using SPSS 22.0 software
(Chicago, IL, USA). A P-value < 0.05 was considered significant.

3. Results

3.1. TRAF4 negatively correlates with the adipogenic differentiation
capacity of MSCs

MSCs were isolated, cultured and identified as previously
described [25]. All MSCs used in this study conformed to the standard
criteria stated by the International Society for Cellular Therapy. MSCs
were cultured in adipogenic medium for up to 14 days, and ORO
staining and Western blotting were performed to detect the adipo-
genic differentiation of MSCs. As shown in our results, ORO staining
increased gradually from 0 to 14 days (Fig. 1a). Consistent with this
result, the protein levels of key adipogenic markers, including PPAR-
g , C/EBP-a and FABP4, were upregulated during adipogenic differen-
tiation within 14 days (Fig. 1b and c). However, TRAF4 expression
was decreased during MSC adipogenic differentiation from day 0 to
day 14 (Fig. 1b and c). Further analysis demonstrated a strong nega-
tive relationship between TRAF4 expression and ORO staining quan-
tification (Fig. 1d). In other words, TRAF4 was negatively associated
with MSC adipogenic differentiation.



Fig. 1. TRAF4 negatively correlated with the adipogenic differentiation of MSCs. (a) ORO staining and quantification gradually increased from 0 to 14 days (scale bar=150mm). (b, c)
Western blotting showed that the protein levels of PPAR-g, C/EBP-a and FABP4 were gradually increased during adipogenic differentiation (0 d, 3 d, 6d, 10 d and 14d), while TRAF4
decreased after induction toward adipogenic differentiation. (d) A Pearson correlation test revealed a strong negative relationship between TRAF4 expression and ORO staining
quantification. All data are presented as the means§SDs. *p < 0.05, according to a one-way analysis of variance (n = 3 independent experiments with three different MSC samples).
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3.2. TRAF4 negatively regulated the adipogenic differentiation of MSCs
in vitro

To confirm that TRAF4 is involved in the process of MSC adipo-
genic differentiation, we constructed a lentivirus to regulate TRAF4
expression and assessed the role of TRAF4 in adipogenesis. The trans-
duction efficiencies of the lentivirus were high and comparable
among the different groups (Fig. S1a). The ORO staining results dem-
onstrated that TRAF4 overexpression remarkably decreased the for-
mation of adipocytes, while TRAF4 knockdown promoted the
adipogenic differentiation capacity of MSCs in vitro (Fig. 2a). Consis-
tent with the above results, the PPAR-g , C/EBP-a, and FABP4 protein
levels were decreased in TRAF4-overexpressing MSCs but increased
in TRAF4-knockdown MSCs (Fig. 2b and c). Moreover, the immuno-
fluorescence result targeting Perilipin-1 was consistent with the ORO
and Western blot results, further confirming that TRAF4 negatively
regulates the adipogenic differentiation of MSCs (Fig. S3). The differ-
entiation capacity of MSCs might also depend on their state and pro-
liferation. Therefore, we detected MSC apoptosis and proliferation
among the different groups. Our results show that MSC apoptosis
and proliferation were not influenced by TRAF4 overexpression, as
well as not influenced by TRAF4 knockdown (Fig. S1b). Above all,
these results indicate that TRAF4 negatively regulates the adipogenic
differentiation of MSCs in vitro.

3.3. TRAF4 impaired the adipogenic differentiation of preadipocytes in
vivo

To assess the potential effect on adipogenesis of TRAF4 in vivo,
MSCs transfected with a specific lentivirus (NC1, OE-TRAF4, NC2 or
sh-TRAF4) were induced in adipogenic medium for 5 days and mixed
with Matrigel and then injected subcutaneously into nude mice
(Fig. 3a). The preadipocytes/Matrigel plugs were harvested after 8
weeks, and adipocytes were detected using H&E staining and immu-
nohistochemical staining for Perilipin-1. H&E staining showed that
there were obviously fewer adipocytes in the OE-TRAF4 group than
in the NC1 group, whereas more adipocytes were observed in the sh-
TRAF4 group than in the NC2 group (Fig. 3b). Consistent with these
results, immunohistochemical staining demonstrated that there
were fewer Perilipin-1(+) adipocytes in the overexpression group
than in the control group, while more were detected in the knock-
down group (Fig. 3c). Collectively, TRAF4 overexpression in preadipo-
cytes derived from MSCs impaired in vivo adipogenesis, while TRAF4
knockdown had the opposite effect, which confirmed the negative
adipogenic capacity observed previously in vitro.

3.4. TRAF4 inhibited adipogenic differentiation by activating the
b-catenin signaling pathway

To explore the mechanism by which TRAF4 modulates the adipo-
genic differentiation of MSCs, we assessed several classical signaling
pathways involved in adipogenesis. Western blotting results demon-
strated that TRAF4 overexpression promoted the expression of active
b-catenin, while TRAF4 knockdown effectively inhibited it. However,
there was no difference in the expression of the Smad1/5/8, pERK/
ERK, p-p38/p38 and pCREB/CREB signaling pathways (Fig. 4a). In
addition, immunofluorescence analyses indicated that MSCs from the
OE-TRAF4 group expressed significantly higher levels of active b-cat-
enin than those from the NC1 group, while TRAF4-knockdown MSCs
expressed lower levels; These trends were especially visible in the



Fig. 2. TRAF4 negatively regulated the adipogenic differentiation of MSCs in vitro. (a) MSCs were transduced with lentivirus to regulate TRAF4 expression for 24 h and then cultured
in adipogenic medium for 14 days. ORO staining and quantification results show that TRAF4 overexpression remarkably decreased the formation of adipocytes, while TRAF4 knock-
down promoted the adipogenic differentiation of MSCs (scale bar = 150 mm). (b, c) Western blotting results demonstrated that the protein levels of PPAR-g , C/EBP-a, and FABP4
were decreased in TRAF4-overexpressing MSCs but increased in TRAF4-knockdown MSCs. All data are presented as the means§SDs. *p<0.05, according to Student’s t-test (n = 3
independent experiments with three different MSC samples).

Fig. 3. TRAF4 impaired the adipogenic differentiation of preadipocytes in vivo. (a) Schematic of the in vivo experimental setup. MSCs were infected with lentiviruses (NC1, OE-
TRAF4, NC2 and sh-TRAF4), and adipogenesis was induced for 5 days before the cells were transplanted in vivo. Differentiated cells were harvested and mixed with Matrigel, which
was implanted in the subcutaneous space of nude mice and detected after 8 weeks. (b) H&E staining showed fewer adipocytes in the TRAF4-overexpressing group than in the NC1
group, whereas more adipocytes were observed in the sh-TRAF4 group (scale bar = 100 mm). (c) The IHC results for Perilipin-1 showed that TRAF4 overexpression inhibited adipo-
genic differentiation in vivo, while TRAF4 knockdown exerted the opposite effect (scale bar = 100mm).
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Fig. 4. TRAF4 inhibited adipogenic differentiation by activating the b-catenin signaling pathway. (a) Western blotting results of adipogenic differentiation at 10 days indicated that
TRAF4 overexpression promoted the expression of active b-catenin, while TRAF4 knockdown effectively inhibited it. (b) Immunofluorescence analyses indicated that active b-cate-
nin expression in the nucleus was increased in TRAF4-overexpressing MSCs but decreased in TRAF4-knockdown MSCs (scale bar = 100 mm). (c) The ORO staining and quantification
results on day 14 revealed that XAV-939 (a specific b-catenin inhibitor) recovered the adipogenic differentiation of MSCs in the OE-TRAF4 group to a level near that in the NC group,
while WAY-262611 (a specific b-catenin agonist) reduced the adipogenesis of the sh-TRAF4 group to a level similar to that of the NC group (scale bar=150 mm). All data are pre-
sented as the means§SDs. *p < 0.05, according to Student’s t-test (a) and a one-way analysis of variance (c) (n = 3 independent experiments with three different MSC samples).
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cell nuclei (Fig. 4b). The addition of XAV-939, a specific b-catenin
inhibitor, recovered the adipogenic differentiation of MSCs in the
OE-TRAF4 group to levels near those in the NC group. Moreover,
WAY-262611, a specific b-catenin agonist, reduced the adipogenesis
of the sh-TRAF4 group to that of the NC group (Fig. 4c). Taken
together, these results indicated that TRAF4 negatively regulated the
adipogenic differentiation of MSCs by activating b-catenin signaling.

3.5. TRAF4 binds with PKM2 through the RING domain and N- and C-
terminals on PKM2

To explore the mechanism underlying the negative regulation of
adipogenesis by TRAF4, we performed co-IP and LC-MS/MS experi-
ments to identify the proteins that interact with TRAF4 during
adipogenic differentiation. The results revealed that multiple pro-
teins, which are listed in Supplementary Document 1, may interact
with TRAF4. The PKM2 protein was detected in the co-IP complex
(Fig. 5a), indicating that PKM2 may be a binding partner of TRAF4.
Subsequently, the reciprocal co-IP assay results revealed that endoge-
nous TRAF4 could interact with PKM2 in MSCs (Fig. 5b).

To further confirm the interaction between TRAF4 and PKM2, we
detected their locations in MSCs using immunofluorescence staining.
The results showed that TRAF4 colocalized with PKM2, and these two
proteins were both expressed in the cell cytoplasm and nucleus
(Fig. 5c). Altogether, these results suggest that TRAF4 can physically
associate with PKM2 in MSCs.

TRAF4 consists of a RING domain, three zinc-finger domains, a
coiled-coil domain and a TRAF domain. Previous studies have



Fig. 5. TRAF4 bound with PKM2 through the RING domain and N- and C-terminals on PKM2. (a) The peptide sequences of the PKM2 protein were detected in the co-IP complex. (b)
Co-IP assay results revealed that endogenous TRAF4 could interact with PKM2 in MSCs. (c) The immunofluorescence results showed that TRAF4 colocalized with PKM2 and was
expressed in both the cytoplasm and nuclei of MSCs (scale bar = 150 mm; green, TRAF4; red, PKM2; blue, DAPI). (d) The structural compositions of TRAF4 and PKM2 are shown. The
Western blotting results show that TRAF4 binds to PKM2 through the RING domain and N- and/or C-terminals of PKM2. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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reported that TRAF4 interacts with other proteins primarily through
the RING domain or the TRAF domain [12,26]. Thus, we transfected
plasmids encoding Myc-TRAF4 or deletion mutants (TRAF4 DRING or
TRAF4 DTRAF) and Flag-PKM2 into 293T cells, which were then sub-
jected to immunoprecipitation with an anti-Myc antibody and immu-
noblotting with an anti-Flag antibody. Our results showed that the
RING domain of TRAF4 is necessary for the interaction with PKM2.
Similarly, we coexpressed Flag-PKM2 or PKM2 mutants along with
full-length Myc-tagged TRAF4. The results reveal that both the N-
and C-terminals of PKM2 can interact with TRAF4 (Fig. 5d). Taken
together, these results indicated that TRAF4 binds to PKM2 through
the RING domain and N- and/or C-terminals of PKM2.

3.6. TRAF4 inhibits adipogenic differentiation by activating pyruvate
kinase activity

To investigate the potential role of PKM2 in the TRAF4-mediated
inhibition of adipogenic differentiation, we detected PKM2 and p-PKM2
expression after modulating TRAF4 expression in MSCs. The Western
blotting results indicated that there was no difference in PKM2 expres-
sion among the groups. However, our results showed that p-PKM2
(Y105) levels were decreased in the TRAF4-overexpressing group but
increased in the TRAF4-knockdown group compared to their corre-
sponding control groups (Fig. 6a). Previous studies indicated that TRAF4
usually acts as an E3 ubiquitin ligase to affect the ubiquitination of pro-
teins that bind with it. However, TRAF4 showed no effect on the ubiqui-
tination of PKM2 in our study (Fig. 6b), which may explain why there
was no difference in PKM2 expression among the groups above. Thus,
we analyzed the pyruvate kinase activity and found that TRAF4 overex-
pression increased pyruvate kinase activity, while TRAF4 knockdown
decreased pyruvate kinase activity in MSCs during adipogenesis
(Fig. 6c). Previous studies demonstrated that PKM2 plays a role in adipo-
genic differentiation [20]. Thus, we speculated that the activity of PKM2
may also affect adipogenic differentiation in MSCs. To assess this ques-
tion, a kinase agonist (DASA) and inhibitor (PKM2-IN) of PKM2 were
applied during adipogenic differentiation. The results revealed that
increasing the concentration of PKM2-IN gradually promoted adipogen-
esis, while increasing the concentration of DASA exerted the opposite
effect (Fig. S2). Further confirming the role of PKM2 activity in the
TRAF4-mediated inhibition of adipogenic differentiation, 10 mM PKM2-
IN increased adipogenesis in the TRAF4-overexpressing group similar to
that in the NC1 group, and 5mM DASA reduced the adipogenesis of the
TRAF4-knockdown group similar to that of the NC2 group (Fig. 6d).
Moreover, the results showed that 10 mM PKM2-IN reduced PKM2
activity and active b-catenin expression in the TRAF4-overexpressing
group to levels near those of the NC1 group, while 5 mM DASA exerted
an inverse effect on the TRAF4 knockdown group (Fig. 6e and f). Alto-
gether, the data indicate that TRAF4 inhibits adipogenic differentiation
by increasing the PKM2 activity of MSCs.

To identify the functional domain of TRAF4 that inhibits the adipo-
genic differentiation of MSCs, we detected the effect of TRAF4 and
mutants (TRAF4DRING or TRAF4DTRAF) on the PKM2 activity and adi-
pogenic differentiationof MSCs. Interestingly, overexpression of TRAF4
or the mutant retaining the RING domain (DTRAF) could increase PKM2



Fig. 6. TRAF4 inhibited adipogenic differentiation by activating pyruvate kinase activity. (a) Western blotting results of adipogenic differentiation at 10 days show that TRAF4 did
not affect the expression of PKM2 but inhibited the expression of p-PKM2. (b) MYC-TRAF4 showed no effect on the ubiquitination of Flag-PKM2. (c) TRAF4 overexpression increased
pyruvate kinase activity, while TRAF4 knockdown decreased pyruvate kinase activity in MSCs after adipogenic induction for 10 days. (d) ORO staining and quantification demon-
strated that 10mM PKM2-IN (a kinase inhibitor) could rescue the impaired adipogenic differentiation in the TRAF4-overexpressing group, while 5mMDASA (a kinase agonist) could
reduce the enhanced adipogenic differentiation in the TRAF4-knockdown group (scale bar = 150mm). (e) 10mM PKM2-IN decreased the pyruvate kinase activity in the TRAF4-over-
expressing group to a level near that in the NC1 group, while 5 mM DASA increased the pyruvate kinase activity in the sh-TRAF4 group. (f) 10 mM PKM2-IN decreased the active
b-catenin expression in the TRAF4-overexpressing group to a level near that in the NC1 group, while 5 mM DASA exerted an inverse effect on the TRAF4-knockdown group. (g-h)
Overexpression of TRAF4 or the mutant retaining the RING domain (DTRAF) could increase PKM2 activity and inhibit adipogenesis, whereas the TRAF4 mutant lacking the RING
domain (DRING) could not. All data are presented as the means§SDs. *p < 0.05, according to Student’s t-test (a) and a one-way analysis of variance (c�h) (n = 3 independent experi-
ments with three different MSC samples).
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activity and inhibit adipogenesis, whereas the TRAF4 mutant lacking the
RING domain (DRING) could not (Fig. 6g and h). In summary, the RING
domain of TRAF4, which binds to PKM2, is required for the TRAF4-medi-
ated inhibition of adipogenic differentiation inMSCs.

3.7. Excessive adipogenesis and decreased TRAF4 were observed in the
marrow cavity of osteoporotic rats

We previously reported that TRAF4 positively regulates the osteo-
genic differentiation of MSCs and might be involved in the
pathogenesis of osteoporosis [26]. Substantial evidence suggests that
the balance between osteogenesis and adipogenesis plays an impor-
tant role in osteoporosis [27,28]. We constructed a rat model of post-
menopausal osteoporosis using ovariectomy surgery (OVX). The CT
results demonstrated that the cancellous bone mass in the proximal
femur was significantly decreased in the OVX groups compared with
the sham group (Fig. 7a), and further analysis indicated that OVX sig-
nificantly decreased trabecular Tb.N and BV/TV in the OVX groups
compared to the sham group (Fig. 7b). Moreover, these results were
confirmed by H&E staining (Fig. 7c, black arrows). Interestingly, the



Fig. 7. Excessive adipogenesis but decreased TRAF4 was observed in the marrow cavities of osteoporotic rats. We constructed a rat model using ovariectomy surgery (OVX) to
explore the pathogenesis of postmenopausal osteoporosis. (a) Representative micro-CT images demonstrated that the cancellous bone mass was significantly decreased in the OVX
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H&E staining results revealed that excessive adipogenesis was found
in OVX rats compared with sham-operated rats (Fig. 7c, red arrows).
Furthermore, the immunohistochemistry (IHC) results demonstrated
that TRAF4 is decreased in the marrow cavity, especially in the adipo-
cytes of osteoporotic rats (Fig. 7d, red arrows). Above all, these results
indicated that TRAF4 is decreased, with excessive adipogenesis in
osteoporosis. Thus, we speculated that TRAF4 might affect the adipo-
genesis of MSCs and is involved in the pathogenesis of osteoporosis.

3.8. ALKBH5-mediated m6A RNA demethylation regulates the mRNA
expression of TRAF4 during adipogenesis

Why TRAF4 expression was downregulated during MSC adipo-
genic differentiation remains unknown. Previous studies demon-
strated that N(6)-methyladenosine (m6A) methylation plays an
important role in regulating posttranscriptional gene expression
[29]. Thus, we wondered whether m6A methylation modifications
were involved in TRAF4 mRNA expression regulation during the adi-
pogenic differentiation of MSCs. First, m6A-IP-qPCR indicated that
the m6A abundance of TRAF4 was markedly increased on day 7 com-
pared to day 0, while TRAF4 was decreased on day 7 in the input
groups (Fig. 8a). These results suggest that TRAF4 may be regulated
by m6A methylation. Second, we examined the expression patterns
of known m6A writers (Mettl3, Mettl14 and Wtap) and erasers
(ALKBH5 and FTO) during the adipogenic differentiation of MSCs. The
Western blotting results indicated that ALKBH5 gradually decreased
during adipogenic differentiation, while the others did not (Fig. 8b).

Furthermore, we constructed a lentivirus to regulate ALKBH5
expression to confirm this speculation. ALKBH5 expression was effi-
ciently increased in the overexpression group and decreased in the
knockdown group, as shown byWestern blotting. Next, we detected
TRAF4 expression using qPCR and Western blotting. Our results
showed that the TRAF4 mRNA and protein expression levels were
increased in the ALKBH5-overexpressing group but decreased in the
ALKBH5-knockdown group compared to the corresponding negative
groups (Fig. 8c and d). In addition, the ORO staining results demon-
strated that ALKBH5 overexpression decreased the formation of adi-
pocytes, while ALKBH5 knockdown promoted the adipogenic
differentiation capacity of MSCs in vitro (Fig. 8e). Taken together,
these results indicated that TRAF4 downregulation during adipogen-
esis was regulated by m6A RNA demethylation.

4. Discussion

Previously, we demonstrated that TRAF4 positively regulates the
osteogenic process of MSCs both in vitro and in vivo [26]. In this
study, we identified a downregulated TRAF4 expression pattern dur-
ing the adipogenic differentiation process of MSCs and confirmed



Fig. 8. ALKBH5-mediated m6A RNA demethylation regulated TRAF4 mRNA expression during adipogenesis. (a) The m6A-IP-qPCR results demonstrated that the m6A abundance of
TRAF4 was markedly increased on day 7 after adipogenic induction, while TRAF4 was decreased on day 7 in the input samples. (b) Western blotting demonstrated that ALKBH5
gradually decreased during adipogenic differentiation. (c, d) The TRAF4 mRNA and protein expression levels were increased in the ALKBH5-overexpressing group and decreased in
the ALKBH5-knockdown group. (e) ORO staining and quantification results demonstrated that ALKBH5 negatively regulated the adipogenic differentiation capacity of MSCs in vitro
(scale bar = 150mm). All data are presented as the means§SDs. *p<0.05, according to Student’s t-test (a, c�e) and a one-way analysis of variance (b) (n = 3 independent experiments
with three different MSC samples).
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that TRAF4 negatively regulated the adipogenesis of MSCs both in vitro
and in vivo. Further mechanistic investigations revealed that TRAF4
interacts with PKM2, activating its kinase activity and then activating
b-catenin signaling to regulate the adipogenesis of MSCs. Surprisingly,
TRAF4 downregulation during adipogenesis was regulated by m6A
RNA demethylation (Fig. S4). In addition, we observed that TRAF4 was
decreased in the bone marrow cavities of femurs in osteoporotic rats.
These results suggest that TRAF4 is a differentiation checkpoint in
MSCs that conversely regulates the adipogenic and osteogenic differ-
entiation of MSCs. Moreover, TRAF4 could be a promising target of
MSC-based tissue engineering and may be involved in the pathogene-
sis of some bonemetabolism diseases, such as osteoporosis.

MSCs, which are also known as multipotent stromal cells, are
extensively applied in tissue engineering due to their self-renewal and
multiple differentiation abilities [30]. However, the clinical application
of MSCs poses a potential problem due to the possibility of differentia-
tion into unwanted tissues [7]. Moreover, disruption of the balance
during MSC differentiation may lead to metabolic diseases, such as
skeletal fragility and osteoporosis [31]. Therefore, controlling the spe-
cific differentiation of MSCs, especially osteogenesis or adipogenesis, is
quite important. Accumulating studies have demonstrated that there
is an inverse and competitive balance between adipogenesis and oste-
ogenesis [32,33], and these processes are recognized as the crossroads
of MSC differentiation. MSC differentiation contains two steps: lineage
commitment and maturation. The first step determines the lineage-
specific differentiation, which is usually irreversible once the first step
has begun [34]. Recently, studies have indicated that some molecules
are involved in regulating the first step of MSC differentiation, which
plays a critical role in regulating adipo-osteogenic differentiation as a
molecular checkpoint [35,36]. For example, Runx2 can promote the
MSC differentiation potential toward osteoblasts while inhibiting the
lineage commitment to adipocytes [37]. Although great progress has
been made over the past decades in exploring these regulators regard-
ing adipo-osteogenic differentiation, further studies are required to
identify more and better checkpoints. We previously reported that
TRAF4 positively regulated the osteogenic capacity of MSCs by acting
as an E3 ubiquitin ligase to degrade Smurf2 via the K48-linked ubiqui-
tination of Smurf2 [26]. However, whether TRAF4 affects the adipo-
genic differentiation of MSCs remains unknown.

To explore this question, we assessed the adipogenic differentia-
tion of MSCs after knocking down and overexpressing TRAF4. Our
results revealed that TRAF4 could inhibit the adipogenesis of MSCs
both in vitro and in vivo. These results, along with our previous
results [26], suggested that TRAF4 is one of the key checkpoints regu-
lating the adipo-osteogenic differentiation of MSCs. Surprisingly,
TRAF4 expression in MSCs gradually decreased during adipogenic dif-
ferentiation. Similarly, Hong et al. [5] demonstrated that TAZ, an adi-
pocyte differentiation inhibitor, was decreased during differentiation.
We conclude that TRAF4 is a checkpoint for MSC differentiation and
may function as a “clutch” during adipogenesis, so gradually
decreased TRAF4 levels will promote the adipogenic differentiation
ability of MSCs. Therefore, decreased TRAF4 was observed after
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adipogenic induction, and TRAF4 downregulation may be a necessary
process to initiate adipogenesis.

Adipogenic differentiation, just one of the multiple differentiation
of MSCs. Thus, maintaining MSC differentiation toward desired cells,
such as adipocytes, requires a complex regulatory process. Many
studies have indicated that cellular/molecular signaling pathways
and microenvironmental changes can affect adipogenic differentia-
tion. Cao et al. demonstrated that PPAR-g plays an important role in
promoting adipogenic differentiation [1,5]. Similarly, some other pro-
teins have also been reported to increase the adipognesis of MSCs,
such as CEBPB, Twist-1, and Oct4. By constrast, Foxa 1, HOXC8 and
GATA have been found to exert an inhibitory effect on adipogenic dif-
ferentiation. Moreover, most of the above molecules might regulate
adipogenic differentiation via the Wnt/b-catenin, PI3K/Akt or BMPR-
1A/TGF-b signaling pathways.

Some questions remain concerning how TRAF4 inhibits the adipo-
genic differentiation of MSCs. We previously reported that TRAF4
promoted osteogenesis by acting as an E3 ubiquitin ligase to degrade
Smurf2 [26]. Interestingly, the mechanism by which TRAF4 inhibits
adipogenesis is completely different from that involved in the osteo-
genesis of MSCs. Large studies have indicated that TRAF4 acts as a
classical ubiquitin enzyme [11], so we speculated that it potentially
interacts with a key molecule directly to regulate adipogenesis. Our
results revealed that TRAF4 binds to PKM2 and inhibits adipogenesis
through the RING domain, while TRAF4 interacts with Smurf2
through the TRAF domain, and the promotion to osteogenesis relies
on both the RING and TRAF domains. Large previous studies demon-
strated that the RING domain plays a critical role in TRAF4-mediated
ubiquitination [38], which always affects protein degradation, while
the TRAF domain can mediate protein kinase activation [39]. How-
ever, our results revealed that TRAF4 did not affect the ubiquitination
of PKM2 but affected its kinase activity, while the RING domain was
the functional domain in our study. These results suggested that the
RING domain could also exert an effect on kinase activity in addition
to ubiquitination. Similarly, some RING finger proteins without the
TRAF domain were also reported to activate the kinase pathway [40].
These results not only revealed that different domains showed differ-
ent biological functions but also indicated that the same domain of a
protein may exert diverse functions under different circumstances.
Moreover, we found that TRAF4 regulates adipogenesis and osteo-
genesis by respectively modulating b-catenin and Smad1 signaling.
Much evidence has confirmed that PKM2 is involved in the regulation
of b-catenin signaling. Yang et al. demonstrated that PKM2 regulates
b-catenin transactivation via c-Src-mediated b-catenin Y333 phos-
phorylation and EGFR activation [16]. Zheng et al. indicated that
PKM2 reduction inhibits b-catenin activity [21,41]. In brief, PKM2
might regulate the b-catenin signaling pathway via affecting b-cate-
nin nuclear localization or activating its expression. Moreover, stud-
ies have reported that the activation of b-catenin signaling inhibited
the adipogenic differentiation of MSCs [36,42]. Above all, TRAF4
might regulate adipogenic differentiation through the PKM2-catenin
axis, independently of its osteogenic regulatory mechanism.

Although adipogenic and osteogenic differentiation have been
well explained, the fate decision and balance of adipo-osteogenic dif-
ferentiation are of great importance. The most critical problem is
how to maintain the balance when MSCs initiate their differentiation
into osteoblasts or adipoblasts. The present study demonstrated that
the microenvironment in vivo and a variety of external cues, includ-
ing chemical, physical and biological factors, contribute to the adipo-
osteogenic differentiation balance of MSCs [43,44]. All of these factors
could activate various molecules and trigger different signaling path-
ways that guide MSCs to differentiate into either lineage. Thus,
checkpoints that can regulate both adipogenic and osteogenic differ-
entiation are of great significance because they determine the fate of
MSCs. MSC-based skeletal therapies have attracted increasing atten-
tion in recent years [45], but their clinical efficiency is limited due to
the possibility of differentiation into unwanted tissues [7]. Check-
points that can drive MSCs to differentiate into the indicated lineage
will improve the clinical application of MSCs. In addition, dysregula-
tion of the adipo-osteogenic balance has been linked to several dis-
eases, such as osteoporosis and osteopenia [15]. MSCs can
selectively differentiate into adipocytes and osteoblasts, and the
prevailing though is that there is an opposite relationship between
the two differentiation. This opposing phenomenon and adipo-oste-
ogenic differentiation imbalance can also be observed in osteoporo-
sis. Moerman et al. have demonstrated that adipocytes were
increased while osteoblasts were decreased during osteoporosis,
which was accompanied by a reduced bone mineral density [46].
Further studies revealed that MSCs from old humans or mice had a
high ability to differentiate into adipocytes rather than osteoblasts
via multiple mechanisms, which might help to explain osteoporosis
[23]. Our results, along with our previous study [26], demonstrated
that TRAF4 could increase the osteogenic differentiation and
decrease the adipogenic differentiation of MSCs and that TRAF4 was
decreased in osteoporotic rats. The decreased-TRAF4-mediated
adipo-osteogenic differentiation imbalance might help explain the
reduced bone trabecula and increased adipocytes in marrow cavity
of osteoporosis. Additionally, these results suggested that TRAF4
may be a potential therapeutic target and diagnostic marker for
osteoporosis. Thus, elucidating the roles of the checkpoints in the
adipo-osteogenic balance contributes to our understanding of the
mechanisms of some bone metabolic diseases.

As the adipocyte-or-osteoblast differentiation checkpoint is of
great medical importance, finding the pathway upstream of TRAF4
that regulates TRAF4 expression is also very important. In our study,
we demonstrated that both TRAF4 mRNA and protein levels were
decreased during MSC adipogenic differentiation from day 0 to day
14. In recent years, abundant research has indicated that N6-methyla-
denosine (m6A) is the most prevalent internal modification in
eukaryotic mRNA [47,48]. Therefore, we speculated that decreased
TRAF4 expression may be regulated by m6A. Interestingly, we found
that ALKBH5-dependent demethylation of m6A could regulate TRAF4
mRNA expression and is required for adipogenic differentiation. Zhao
et al. [49] previously reported that FTO (another m6A demethylase)
depletion blocked adipogenesis by controlling exonic splicing of the
adipogenic regulatory factor RUNX1T1. However, these results seem
controversial. After careful analysis, we used cells harvested from
human bone marrow in our study, whereas in their study, the cells
were from a mouse 3T3-L1 preadipocyte cell line. Thus, the above fac-
tor might have contributed to this “discrepancy”. However, the cells
used in our study were harvested from humans rather than from
mice; therefore, our study is more suitable for life science applica-
tions in the human body. Similarly, this “discrepancy” has been
reported in other bioprocesses [50,51]. Despite the “discrepancy”
between these studies, both suggest that m6A plays a critical role in
cell biology, such as in adipogenic differentiation, and further investi-
gations are required to address this “discrepancy”.

In conclusion, we demonstrated that TRAF4 negatively regulated
the adipogenesis of MSCs by activating PKM2 kinase activity, which
may act as a checkpoint to fine-tune the balance between adipogenic
and osteogenic differentiation. These results suggest that TRAF4 may
be a novel therapeutic target to improve the clinical applications of
MSCs but may also illuminate the underlying mechanism of bone
metabolism diseases, such as osteoporosis. However, there are still
some limitations to this study. To further explore the specific role of
TRAF4 in adipogenic-osteogenic differentiation, transgenic mice in
which TRAF4 is targeted toward MSCs are necessary, and we are cur-
rently developing these transgenic mice for future studies.
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