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Downregulating MFN2 Promotes the Differentiation
of Induced Pluripotent Stem Cells into Mesenchymal Stem
Cells through the PI3K/Akt/GSK-3b/Wnt Signaling Pathway

Lidi Deng,1 Siqi Yi,1 Xiaohui Yin,2 Yang Li,3 and Qingxian Luan1

Understanding the mechanism of the differentiation of induced pluripotent stem cells (iPSCs) into mesenchymal
stem cells (MSCs) and promoting the production efficiency of iPSC-derived MSCs (iPSC-MSCs) are critical to
periodontal tissue engineering. However, the gene networks that control this differentiation process from iPSCs
into MSCs are poorly understood. We demonstrated that MFN2 knockdown showed a positive effect on the
triploblastic and MSC differentiation from iPSCs. Activation of the PI3K/Akt signaling pathway by MFN2
knockdown activated the Wnt/b-catenin signaling pathway by inhibiting GSK-3b and reducing b-catenin
degradation. Inhibitor of the PI3K/Akt signaling pathway normalized the enhanced efficiency of differentiation
into MSCs of MFN2-KD iPSCs and Wnt activator-treated control iPSCs. MFN2-OE iPSCs displayed an
opposite phenotype. In conclusion, downregulating MFN2 promotes the differentiation of iPSCs into MSCs by
activating the PI3K/Akt/GSK-3b/Wnt signaling pathway. Our results reveal a crucial function and mechanism
for MFN2 in regulating MSC differentiation from iPSCs, which will provide new ideas for periodontal tissue
engineering and periodontal regenerative treatment by using iPSC-MSCs.

Keywords: MFN2, induced pluripotent stem cells, mesenchymal stem cells, differentiation, PI3K/Akt signaling
pathway, Wnt/b-catenin signaling pathway

Introduction

Currently, periodontal tissue engineering mainly
applies mesenchymal stem cells (MSCs) derived from

autologous tissues, such as bone marrow, fat tissue, and
periodontal ligament [1]. MSCs are adult stem cells de-
rived from mesoderm that can produce a variety of spe-
cialized cell types, but the number of MSCs derived from
these tissues is limited. Pluripotent stem cells (PSCs), in-
cluding embryonic stem cells (ESCs) and induced plurip-
otent stem cells (iPSCs), alleviate this problem to a certain
extent. These cells have unlimited self-renewal capacity
and can produce almost all cells derived from endoderm,
mesoderm, and ectoderm [2,3]. Therefore, theoretically,

iPSC-derived MSCs (iPSC-MSCs) can be obtained indef-
initely, which are phenotypically stable and safe con-
cerning tumor formation [4].

Current studies report that iPSCs generated from one
tissue have a greater capacity to form cells from the original
tissue [5,6]. This finding provides a good rationale for using
periodontal tissue-derived iPSCs for periodontal regenera-
tion. Our previous work reported that iPSCs can be estab-
lished from gingival fibroblasts of dental tissue origin [7].
Previous studies showed that MSCs can be differentiated
from PSCs [8], but a more time-saving method is needed.

Mitochondria are important organelles to synthesize
ATP, and critical for maintaining normal physiological
functions such as cell metabolism, cell differentiation, cell
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cycle, and biosynthesis. Mitochondria continuously change
their shape through fusion and fission to respond to different
needs [9]. The morphological changes of mitochondria are
mainly controlled by a series of GTPases that participate in the
regulation of mitochondrial fusion and fission. Mitofusin-1
(MFN1), mitofusin-2 (MFN2), and optic atrophy-1 (OPA1) are
involved in mitochondrial fusion [10].

MFN2 is critical in the process of embryonic develop-
ment, and its knockout leads to the death of mouse embryos
[11]. Studies have shown that knockdown of MFN2 led to
defects in mitochondrial metabolism, neurogenesis, and
synapse formation. Overexpressing MFN2 enhanced the
biological energy and function of mitochondria and pro-
moted the differentiation and maturation of iPSC-derived
cortical neurons [12]. Lack of mitofusin affects mouse
spermatogonial differentiation and the formation of sper-
matocytes [13].

It has been reported that PI3K/Akt signaling pathway is
closely related to MFN2 [14]. GSK3b is one of the down-
stream targets of the PI3K/Akt signaling pathway. Inhibition
of GSK3b through activating the PI3K/Akt signaling path-
way stabilizes and translocates b-catenin into the nucleus for
gene transcription [15]. Previous studies have shown that the
phosphorylation of AKT inhibits the activity of GSK3b,
thereby activating the downstream Wnt/b-catenin signaling
pathway and promoting mesoderm differentiation of PSCs
[16]. The Wnt/b-catenin pathway plays an important role in
the development of many mesoderm-derived tissues and
organs [17]. However, the roles and interrelationships of
MFN2, PI3K/Akt, and Wnt/b-catenin signaling pathways in
the differentiation of iPSCs into MSCs have not been
studied yet.

In this study, we raised the hypothesis that MFN2 par-
ticipated in MSC differentiation from iPSCs. To address
the specific roles of MFN2 during MSC differentiation
from human iPSCs, we generated MFN2 knockdown
(MFN2-KD) and MFN2 overexpressing (MFN2-OE)
iPSCs derived from human gingival fibroblasts, which
were induced toward MSCs in vitro. Our data showed that
the knockdown of MFN2 in iPSCs promoted the differ-
entiation capacity to MSCs. Conversely, MFN2-OE iPSCs
displayed an opposite phenotype. Lastly, we demonstrated
that knockdown of MFN2 promoted the differentiation of
iPSCs into MSCs by activating the PI3K/Akt/GSK-3b/
Wnt signaling pathway. This study reveals a crucial
function and mechanism for MFN2 in regulating MSC
differentiation from iPSCs.

Materials and Methods

Cell culture

iPSCs were reprogrammed from human gingival fibro-
blasts in our previous studies [7], which are derived from
wasted human gingival tissues from third molar removal
surgery or orthodontic therapy with informed consent. The
protocols were approved by the Biomedical Ethics Com-
mittee, Peking University Hospital of Stomatology (No.
PKUSSIRB-201414048). The iPSCs were expanded and
passaged in TeSR-E8 medium (Stemcell Technologies) and
Matrigel (Corning) precoated culture plates. All cells were
cultured in a cell culture incubator (Thermo Fisher Scien-
tific) containing 5% CO2 at 37�C.

Construction of MFN2-KD iPSCs by lentivirus

The siRNA target gene sequence for MFN2 was designed
according to the RNAi sequence design principles. The se-
quence was GGAAGAGCACCGTGATCAATG. The virus
vector framework was constructed, the plasmid transfor-
mation was conducted, and the transformed E. coli was
screened by ampicillin-containing agar plate. We identified
and sequenced the PCR product, and extracted the E. coli
solution with the correct sequencing result. Then, we added
pGag/Pol, pRev, and pVSV-G to package the lentiviral
particles and infected the 293T cells, and concentrated the
virus in an ultracentrifuge (Beckman Coulter). For infec-
tion, fresh TeSR-E8 medium containing concentrated vi-
rus was added to the iPSCs, and the positive iPSCs were
screened with puromycin (Thermo Fisher Scientific) 48 h
after infection.

Construction of MFN2-OE iPSCs by lentivirus

The linearized GV492 vector (Genechem) was obtained
by digestion with restriction enzymes BamHI and AgeI. The
target gene fragment (NM_014874, 2274 bp) was amplified
by PCR using primers with homologous recombination se-
quence (underlined) added to the 5’end (Primers: MFN2–1:
AGGTCGACTCTAGAGGATCCCGCCACCATGTCCCT
GCTCTTCTCTCG; and MFN2–2: TCCTTGTAGTCCAT
ACCTCTGCTGGGCTGCAGGTACTGGTG). The linearized
vector and target gene fragment were connected by a homolo-
gous recombination reaction. The following steps, such as
transformation, virus packaging, purification, and infection,
were the same as the construction of MFN2-KD iPSCs.

Western blot analysis

The cells were lysed in RIPA lysis and Extraction buffer
(Thermo Fisher Scientific). All proteins were separated
by SDS-PAGE electrophoresis and transferred to poly-
vinylidene difluoride membrane (Merck Millipore). The
blot was incubated by primary and secondary antibodies
after blocking in 5% defatted milk. Immobilon ECL Ultra
Western HRP substrate (Merck Millipore) was applied to
visualize the protein band. The antibodies were as follows:
MFN2 (1:1,000; Abcam), GAPDH (1:1,000; CST), RUNX2
(1:1,000; Proteintech), OSX (1:1,000; Abcam), AKT
(1:1,000; Proteintech), phosphor-AKT (pAKT, 1:1,000;
Proteintech), pGSK-3b (1:1,000; CST), GSK-3b (1:1,000;
CST), VDAC (1:1,000; Proteintech), and b-catenin
(1:1,000; Proteintech).

Quantitative real-time polymerase chain
reaction analysis

TRIzol reagent (Thermo Fisher Scientific) was added to
the cell samples to extract total RNA. According to the
manufacturer’s instructions, reverse transcription was per-
formed with the PrimeScript RT Kit (TaKaRa, Japan) to
obtain cDNA. Quantitative real-time polymerase chain re-
action (qRT-PCR) was performed by Power Up SYBR
Green master mix (Thermo Fisher Scientific) in CFX384
Touch Real-Time PCR Detection System (Bio-Rad). The
primer sequences are shown in Table 1; ACTB was em-
ployed as an internal control.
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Immunofluorescence

The cells were fixed in 4% paraformaldehyde solution for
30 min, gently rinsed three times with phosphate-buffered
saline (PBS), permeabilized in 0.3% Triton X-100 (Sigma-
Aldrich) in PBS for 20 min, and blocked with 5% bovine
serum albumin (BSA) (Sigma-Aldrich) in PBS for 1 h at
room temperature. The cells were stained by primary anti-
body MFN2 (1:100; Abcam) at room temperature for 1 h,
then incubated by secondary antibody DyLight 488 (ZSGB-
Bio) for 1 h. The nucleus was stained by DAPI (Thermo
Fisher Scientific). Images were observed and recorded by a
confocal microscope (Leica).

Flow cytometry

The cells were digested with Accutase (Merck Millipore)
and stained with antibody for 30 min in the dark at 4�C. The
cells were then washed twice with PBS, resuspended in
PBS, and analyzed by CytoFLEX S flow cytometer (Beck-
man Coulter) and Cytexpert software (ver. 2.3; Beckman
Coulter). The antibodies were as follows: CD34-PE (BD
Biosciences), CD45-APC-A750 (eBioscience), CD73-FITC
(eBioscience), CD90-FITC (BioLegend), and CD146-PE
(BioLegend).

Three germ layer differentiation of iPSCs

Neural ectoderm, hematopoietic progenitor cell (meso-
derm), and endoderm differentiation were performed ac-
cording to the protocols described in our previous study
[18]. qRT-PCR and flow cytometry analyses were carried
out 3 days after differentiation.

Extracellular oxygen consumption assay

Cells were seeded on a 96-well plate. The relative
oxidative phosphorylation (basal and maximal respira-
tion) rate was measured by fluorescence intensity in a
fluorescence microplate reader (Molecular Devices) with
the Mitochondrial Stress Test Complete Assay Kit (Ab-
cam) according to the manufacturer’s protocols. Basal
respiration rate represents the cellular energy require-

ments under basal conditions. Maximal respiration rate
refers to the cellular maximum respiration potential
treated with FCCP.

Derivation and multilineage differentiation
of iPSC-MSCs

According to the manufacturer’s instructions, on day 1–3,
the TeSR-E8 medium was replaced by 3 mL STEMdiff�-
ACF mesenchymal induction medium (Stemcell Technolo-
gies). On day 4–5, the medium was replaced by 2 mL
MesenCult�-ACF Plus medium (Stemcell Technologies).
On day 6, the cells were passaged and cultured with
MesenCult-ACF Plus medium. Flow cytometry and total
RNA extraction were performed on day 8. On day 6 to day
21, cells were passaged at *80% confluence and cultured
with MesenCult-ACF Plus medium.

Multilineage differentiation was performed on day 21.
For the osteogenic differentiation of iPSC-MSCs, the me-
dium was replaced by DMEM supplemented with 10% FBS
(Gibco), 10 mM sodium b-glycerophosphate, 50mM vitamin
C, and 0.1 mM dexamethasone (Sigma-Aldrich). Alizarin
Red staining was performed on day 42.

For adipogenic differentiation, the medium was replaced by
DMEM supplemented with 10% FBS, 10mM insulin, 200mM
indomethacin, 0.5mM IBMX (Sigma-Aldrich), and 1mM
dexamethasone. Oil Red O staining was performed on day 42.
For chondrogenic differentiation, the medium was replaced by
DMEM supplemented with 10% FBS, 100mg/mL sodium
pyruvate, 40mg/mL proline (Sigma-Aldrich ), 50mg/mL vita-
min C, 10 ng/mL TGF-b1 (R&D Systems), and 0.1mM
dexamethasone. Alcian Blue staining was performed on day
42. Multilineage differentiation markers, RUNX2, PPARG,
and SOX9, were detected accordingly by qRT-PCR on day 42.
The timeline of the differentiation and induction process was
summarized in Supplementary Fig. S1.

RNA-sequencing

One microgram total RNA of the control and MFN2-KD
iPSCs was collected and processed by the NEBNext Ultra
RNA Library Prep Kit for Illumina (NEB) to generate a

Table 1. Primer Sequences Used for Quantitative Real-Time Polymerase Chain Reaction

Gene Forward primer (5¢–3¢) Reverse primer (5¢–3¢)

MFN2 CACAAGGTGAGTGAGCGTCT CGTTGAGCACCTCCTTAGCA
PAX6 CGAGACTGGCTCCATCAGAC CTTTTCGCTAGCCAGGTTGC
SOX1 CAACCAGGACCGGGTCAAAC CCTCGGACATGACCTTCCACT
T TATGAGCCTCGAATCCACATAGT CCTCGTTCTGATAAGCAGTCAC
MESP1 TCGAAGTGGTTCCTTGG TGCTTGCCTCAAAGTGTC
SOX17 CCTTCACGTGTACTACGGCG GTTCAAATTCCGTGCGGTCC
GATA4 CTGGCCTGTCATCTCACTACG GGTCCGTGCAGGAATTTGAGG
COX7A1 GGAACCGCTTTCAGAACCGA CACAGCGTCATTGTCACTCG
NDUFB6 TCCATGGGGTATACAAAAAGAG GGAAATTCTTTCATTGGTGGA
NT5E (CD73) GGGCGGAAGGTTCCTGTAG GAGGAGCCATCCAGATAGACA
ENG (CD105) AGCCCCACAAGTCTTGCAG GCTAGTGGTATATGTCACCTCGC
RUNX2 TCTAAATCGCCAGGCTTCAT GAGGACCTACTCCCAAAGGA
OSX TCCCTGCTTGAGGAGGAAG TAGCATAGCCTGAGGTGGGT
PPARG TCTGGCCCACCAACTTTGGG CTTCACAAGCATGAACTCCA
SOX9 GGCAAGCTCTGGAGACTTCTG CCCGTTCTTCACCGACTTCC
ACTB CTCGCCTTTGCCGATCC TCTCCATGTCGTCCCAGTTG
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sequencing library. The library preparations were sequenced
on the Illumina platform. Differential expression analysis
was performed on DESeq2 R software, and genes with a P
value <0.05 were considered differentially expressed. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway and
Gene Ontology (GO) enrichment analysis on differentially
expressed genes, and gene set enrichment analysis (GSEA)
were performed using clusterProfiler R software.

Statistical analysis

All experiments were repeated three times independently.
The biological triplicate results were presented as
mean – standard deviation using GraphPad Prism (ver. 6.01;
GraphPad Software, Inc.). Data were analyzed by one-way
ANOVA for comparisons. *P < 0.05, **P < 0.01, ***P < 0.001,
ns: no significant.

Results

Construction and identification of MFN2-KD
and MFN2-OE iPSCs

To demonstrate the function of MFN2 in iPSCs, we
constructed MFN2-KD and MFN2-OE iPSCs by the
lentivirus-based system. In terms of cell morphology,
MFN2-KD and MFN2-OE iPSCs showed little change with
control iPSCs (Fig. 1A). Western blot and qRT-PCR were
performed to detect the knockdown and overexpression ef-
ficiency of MFN2 (Fig. 1B). Immunofluorescence analysis
showed the expression and distribution of MFN2 in control,
MFN2-KD, and MFN2-OE iPSCs (Fig. 1C).

The effect of MFN2 on the three germ layer
differentiation of iPSCs

To investigate the function of MFN2 in the three germ
layer differentiation of iPSCs, we conducted neural ecto-
derm, hematopoietic progenitor cell (mesoderm), and en-
doderm differentiation.

For neural ectoderm differentiation, MFN2-KD iPSCs
demonstrated an increased expression level of neural ecto-
derm markers PAX6 and SOX1 (Fig. 2A). For mesoderm
differentiation, MFN2-KD iPSCs showed an increased level
of mesoderm markers T and MESP1 (Fig. 2B) and CD34-
positive cells (Fig. 2C, D). For endoderm differentiation,
MFN2-KD iPSCs demonstrated an increased mRNA level of
markers SOX17 and GATA4 (Fig. 2E). PSC differentiation is
closely related to energy metabolism and MFN2 can affect
the way of cellular energy metabolism. Extracellular oxygen
consumption assay showed that MFN2 knockdown en-
hanced OXPHOS (oxidative phosphorylation) rates and
marker expression levels of iPSCs (Supplementary Fig. S2).

The effect of MFN2 on the differentiation of iPSCs
into MSCs

To further evaluate the role of MFN2 in the differentia-
tion of iPSCs into MSCs, we conducted a series of assays to
assess the iPSC-MSC output efficiency of control, MFN2-
KD, and MFN2-OE iPSCs. The main criteria for identifying
MSCs are the expression of MSC surface markers and the
capacity of trilineage differentiation (osteogenesis, adipo-
genesis, and chondrogenesis) [19].

FIG. 1. Construction and
identification of MFN2-KD
and MFN2-OE iPSCs. (A) The
morphology ofcontrol, MFN2-
KD, and MFN2-OE iPSCs
under optical and fluorescence
microscope. Western blot,
qRT-PCR (B) and immuno-
fluorescence (C) analysis of
MFN2 in control, MFN2-KD,
and MFN2-OE iPSCs. MFN2-
KD, MFN2 knockdown.
MFN2-OE, MFN2 over-
expressing. Data are expressed
as mean – SD, **P < 0.01.
qRT-PCR, quantitative real-
time polymerase chain reac-
tion; iPSC, induced pluripotent
stem cell.
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MFN2-KD and MFN2-OE iPSC-MSCs showed little
difference from control iPSC-MSCs, and both of them ex-
hibited typical fibrous or polygonal morphology as MSCs
(Fig. 3A). Flow cytometry demonstrated that the MSC
surface markers CD73, CD90, and CD146 were highly
expressed in the MFN2-KD group and expressed lower in
the MFN2-OE group than the control (Fig. 3B). Hemato-
poietic cell surface markers CD34 and CD45 were hardly

expressed in each group (Fig. 3D). Consistently, qRT-PCR
results showed an increased expression level of MSC
markers NT5E (CD73) and ENG (CD105) (Fig. 3C). In
conclusion, the knockdown of MFN2 promoted the dif-
ferentiation of iPSCs into MSCs.

After 21 days of differentiation, the control, MFN2-KD,
and MFN2-OE iPSC-MSCs were able to differentiate into
the osteogenic (Fig. 4A), adipogenic (Fig. 4B), and

FIG. 2. The effect of MFN2 on the three germ layer differentiation of iPSCs. (A) qRT-PCR analysis of neural ectoderm
markers PAX6 and SOX1 in control, MFN2-KD, and MFN2-OE iPSCs. (B) qRT-PCR analysis of mesoderm markers T and
MESP1 in control, MFN2-KD, and MFN2-OE iPSCs. (C, D) Flow cytometry analysis of hematopoietic cell surface markers
CD34 in control, MFN2-KD, and MFN2-OE iPSCs. (E) qRT-PCR analysis of endoderm markers SOX17 and GATA4 in
control, MFN2-KD, and MFN2-OE iPSCs. MFN2-KD, MFN2 knockdown. MFN2-OE, MFN2 overexpressing. Data are
expressed as mean – SD, *P < 0.05, **P < 0.01, ***P < 0.001.
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FIG. 3. The effect of MFN2 on the differentiation of iPSCs into MSCs. (A) The morphology of control, MFN2-KD, and
MFN2-OE iPSC-MSCs. Flow cytometry analysis of CD73, CD90, and CD146 (B), qRT-PCR analysis of NT5E (CD73) and
ENG (CD105) (C), flow cytometry analysis of CD34 and CD45 (D) in control, MFN2-KD, and MFN2-OE iPSCs 8 days
after differentiation into MSCs. MFN2-KD, MFN2 knockdown. MFN2-OE, MFN2 overexpressing. Data are expressed as
mean – SD, *P < 0.05, **P < 0.01, ***P < 0.001. MSC, mesenchymal stem cell.
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FIG. 4. Multilineage differentiation of iPSC-MSCs. Alizarin red staining and RUNX2 expression (A) Oil Red O staining
and PPARG expression (B) Alcian Blue staining and SOX9 expression (C) of control, MFN2-KD, and MFN2-OE iPSC-
MSCs after 21 days of differentiation. MFN2-KD, MFN2 knockdown. MFN2-OE, MFN2 overexpressing. ns, no significant.
Data are expressed as mean – SD, *P < 0.05, **P < 0.01.
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chondrogenic lineage (Fig. 4C). The results showed that
there was no significant difference in adipogenic and
chondrogenic differentiation capacity between control and
MFN2-KD and MFN2-OE iPSC-MSCs. MFN2-KD iPSC-
MSCs showed a stronger osteogenic differentiation capacity
than control, while MFN2-OE was weaker (Fig. 4A and
Supplementary Fig. S3).

Downregulating MFN2 promotes iPSC differentiation
into MSCs by activating the PI3K/Akt signaling
pathway

RNA-sequencing (RNA-seq) was conducted to obtain the
differential gene expression profile of MFN2-KD and con-
trol iPSCs (Fig. 5A). There were 1,958 upregulated and
2,256 downregulated genes in MFN2-KD iPSCs compared
with control iPSCs (Fig. 5B). The GSEA plot showed that
MFN2 expression was associated with the regulation of stem
cell differentiation (Fig. 5C). The GO analysis showed that
embryonic organ morphogenesis (GO:0048562) was in the
top 10 enriched terms (Fig. 5D). Enrichment analysis of the
KEGG pathway of differentially expressed genes found that
the PI3K/Akt and Wnt signaling pathway was enriched
(Fig. 5E).

Previous studies have shown that MFN2 can participate in
a series of cellular processes, such as cell proliferation,
apoptosis, and differentiation by regulating the downstream
PI3K/Akt signaling pathway [20]. Therefore, we evaluated
the expression levels of pan AKT and phosphorylated AKT
in control, MFN2-KD, and MFN2-OE iPSCs after eight days
of culture in MSC induction medium. The MFN2-KD group
showed an increase in PI3K/Akt signaling activation com-
pared with the control and MFN2-OE groups (Fig. 6A). The
PI3K/Akt signaling pathway was inhibited by 1mM Akti-1/2
(S7776; Selleck) (Fig. 6B). Results showed that Akti-1/2
treatment of MFN2-KD iPSCs normalized the enhanced
efficiency of differentiation into MSCs. Akt activator SC79
(5 mg/mL, S7863; Selleck) rescued the decreased efficiency
of MFN2-OE iPSCs (Fig. 6C–E).

In conclusion, these data demonstrated that down-
regulating MFN2 promoted iPSC differentiation into MSCs
by activating the PI3K/Akt signaling pathway.

PI3K/Akt signaling pathway maintains Wnt/b-catenin
activity via GSK-3b during the differentiation of
iPSCs into MSCs

As mentioned before, the PI3K/Akt signaling pathway
phosphorylates and inhibits GSK3b, thereby stabilizing b-
catenin and promoting its transcription. Therefore, we

evaluated the expression levels of pGSK-3b (phosphory-
lated GSK-3b) and b-catenin. The MFN2-KD group showed
increases in pGSK-3b and b-catenin levels compared with
the control group, which were normalized by Akti-1/2. The
decreased levels of the MFN2-OE group were rescued by
Akt activator SC79 (Fig. 7A, B). Wnt agonist 1 (5mM, S8178;
Selleck) simulates the role of the Wnt ligand as an activator of
the Wnt signaling pathway. Wnt agonist 1 promoted the dif-
ferentiation of the control iPSCs into MSCs, which were
normalized by Akti-1/2. Wnt agonist 1 was not able to rescue
the depressed capability of the MFN2-OE group due to the
suppressed PI3K/Akt signaling pathway. (Fig. 7C–E).

In conclusion, PI3K/Akt signaling pathway maintained
Wnt/b-catenin activity through GSK-3b during the differ-
entiation of iPSCs into MSCs. MFN2 knockdown promoted
the differentiation of iPSCs into MSCs through the PI3K/
Akt/GSK-3b/Wnt signaling pathway.

Discussion

Numerous kinds of cells have been utilized in periodontal
tissue regeneration, but the quantity of these cells is limited,
iPSC-MSCs are easier and infinitely obtainable [21]. Pre-
vious studies have shown that MSCs can be effectively
differentiated from hPSCs under defined environments,
factors, and stepwise protocols [22], but we still need a more
time-saving method.

iPSCs are more inclined to differentiate back to their
original lineage [23], which may be due to transcription
factor-based reprogramming-derived iPSCs that have
residual DNA methylation characteristics of the somatic
tissue of their origin [6]. Interestingly, our previous
studies reprogrammed human gingival fibroblasts to
iPSCs [7], which were more effective in periodontal
differentiation in vitro and in vivo [24]. Therefore, the
MSCs derived from human gingival fibroblast-derived
iPSCs in this study are expected to become efficient seed
cells for periodontal regeneration.

Mitochondria are the principal location for energy pro-
duction. The morphology of mitochondria changes to meet
cellular energy needs and is maintained by the balance of
fusion and fission. Mitochondrial dynamics also signifi-
cantly affect stem cell function and fate [25].

As one of the key genes of mitochondrial fusion, MFN2
can affect the way of cellular energy metabolism. Studies
have shown that MFN2 positively regulates oxidative
phosphorylation (OXPHOS) [26]. Other studies have shown
a negative effect of MFN2 in OXPHOS [27]. Our results
showed that MFN2 knockdown enhanced OXPHOS level in
iPSCs. Studies have shown that PSCs are not highly

‰

FIG. 6. Downregulating MFN2 promotes iPSC differentiation into MSCs by activating the PI3K/Akt signaling
pathway. (A) Western blot analysis of pAKT and AKT in control, MFN2-KD, and MFN2-OE iPSCs eight days after
differentiation into MSCs. (B) Western blot analysis of pAKT and AKT in control, MFN2-KD, and Akti-1/2-treated
iPSCs eight days after differentiation into MSCs. (C) qRT-PCR analysis of NT5E (CD73) and ENG (CD105) in control,
MFN2-KD, Akti-1/2-treated MFN2-KD iPSCs, MFN2-OE and SC79-treated MFN2-OE iPSCs eight days after dif-
ferentiation into MSCs. (D, E) Flow cytometry analysis of CD73, CD90, and CD146 in control, MFN2-KD, Akti-1/2-
treated MFN2-KD iPSCs, MFN2-OE, and SC79-treated MFN2-OE iPSCs eight days after differentiation into MSCs.
MFN2-KD, MFN2 knockdown. MFN2-OE, MFN2 overexpressing. ns, no significant. Data are expressed as mean – SD,
*P < 0.05, **P < 0.01, ***P < 0.001.
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dependent on mitochondria for energy, while increased
OXPHOS promotes PSC germ layer differentiation and loss
of pluripotency [28]. Therefore, we deduced that MFN2
knockdown may promote the three germ layer differentia-
tion of iPSCs by enhancing OXPHOS. Further in-depth
studies are needed to clarify the relationship among MFN2,
germ layer differentiation, and energy metabolism.

The role of MFN2 in the differentiation of PSCs has not yet
been fully understood; therefore, controversial results exist.
Downregulation of MFN2 in inflammatory periodontal liga-
ment stem cells promotes its osteogenic differentiation [29].
On the contrary, knocking out MFN1, MFN2, or OPA1 in
mouse ESCs inhibits the differentiation of ESCs into cardio-
myocytes [30]. Double knockdown of MFN1 and MFN2 in
iPSCs downregulates the gene expression of neural differen-
tiation [31]. We demonstrated that knockdown of MFN2
promoted the differentiation of iPSCs into MSCs, while
overexpression of MFN2 resulted in the opposite. The dif-
ference in the results of MFN2 in PSC differentiation may be
due to the differences in cell culture conditions, differentiation
methods, and the mechanisms involved.

It has been reported that the PI3K/Akt signaling pathway
is closely related to MFN2, and MFN2 participates in a
series of life processes such as cell proliferation and apo-
ptosis by regulating the downstream PI3K/Akt signaling
pathway [20]. MFN2 inhibits the activation of mTORC2 and
AKT through direct interaction by binding to its HR1 do-
main [32]. These studies demonstrate that MFN2 can inhibit
the PI3K/Akt signaling pathway, which is consistent with
our results.

The role of the PI3K/Akt signaling pathway in PSCs is
still controversial, it may play different roles in different
types of differentiation. Some reports suggest that it main-
tains pluripotency [33]. Inhibition of PI3K/Akt/mTOR
signaling can promote the endothelial differentiation of
mouse PSC-derived endothelial-like progenitors [34]. Down-
regulating PI3K/Akt signaling effectively promotes me-
sendoderm and definitive endoderm of hESCs [35]. Inhibition
of the PI3K/Akt pathway can increase the expression of he-
matopoietic genes of common marmoset ESCs [36].

Other reports suggest that it activates differentiation [37].
Extracellular IL-37 promotes osteogenic differentiation of
MSCs through activation of the PI3K/Akt signaling pathway
[38]. Matrix metalloproteinase-2 and melatonin significantly
increase neural differentiation of iPSCs by activating the
PI3K/Akt signaling pathway [39,40]. Erythropoietin treat-
ment may stimulate the phosphorylation of ERK1/2 and
AKT, which promotes the differentiation of mouse ESCs
into definitive endoderm [41].

Similarly, our results showed that the inhibition of the
PI3K/Akt signaling pathway in MFN2-KD iPSCs nor-

malized the enhanced efficiency of differentiation into
mesoderm-derived MSCs. This different effect may be due
to the regulation of AKT by different complexes [42].

The AKT protein includes three isoforms with similar
domains: AKT1 and AKT2 are widely expressed in all tis-
sues, and AKT3 expression is limited to the brain and testis
[43]. Studies have found that the coexpression of AKT1 and
WNT11 may synergistically promote the survival and pro-
liferation of MSCs and reduce apoptosis [44]. AKT1
maintains the complete development of the body, and due to
its higher and wider expression pattern, it seems to play a
more important role than other isoforms in the development
process. AKT2 is related to insulin-regulated metabolic
processes; AKT3 is involved in postnatal brain development
and cell proliferation [45–47].

In our study, although both AKT1 and AKT2 were in-
hibited, it may be AKT1 that played a more critical role in
the differentiation of iPSCs into MSCs. We will continue to
study its specific mechanism and clarify its target in the
future.

The PI3K/AKT/Gsk-3b signaling pathway participates in
the regulation of many important biological processes [48].
Whether the Wnt/b-catenin and PI3K/Akt signaling path-
ways interact through the regulation of GSK-3b is still
controversial. Previous studies have shown that the Wnt/b-
catenin and PI3K/Akt signaling pathways are pharmaco-
logically different [37]. Our study clarified that the PI3K/
Akt signaling pathway maintained the Wnt/b-catenin path-
way through the phosphorylation of GSK-3b during the
iPSC differentiation into MSCs.

Our results showed that there was no significant differ-
ence in adipogenic and chondrogenic differentiation ca-
pacity between control and MFN2-KD and MFN2-OE iPSC-
MSCs. The possible explanation is that MFN2 does not
affect adipogenic and chondrogenic differentiation. Studies
have shown that increased expression of MFN2 leads to a
decrease in osteogenic differentiation of periodontal ligament
stem cells owing to endoplasmic reticulum-mitochondria
coupling [29]. MFN2 conditional knockout female mice
show an increased oxygen consumption, which enhanced
cortical bone formation [49]. Similarly, our results demon-
strated that MFN2-KD iPSC-MSCs had a stronger osteo-
genic differentiation capacity than control, which may be
due to the above mechanism.

Further work in this area of research is required. We will
identify the effect of MFN2 on the energy utilization of
iPSCs, as well as on the differentiation, immunomodulatory,
and regeneration capacity of iPSC-MSCs in vivo in the
periodontal defect model, which can result in a better un-
derstanding of the function of MFN2 and serve the peri-
odontal tissue regeneration.

‰

FIG. 7. PI3K/Akt signaling pathway maintains Wnt/b-catenin activity through GSK-3b during the differentiation of
iPSCs into MSCs. (A, B) Western blot analysis of pGSK-3b and b-catenin in control, MFN2-OE, MFN2-KD, SC79, and
Akti-1/2-treated iPSCs eight days after differentiation into MSCs. (C) qRT-PCR analysis of NT5E (CD73) and ENG
(CD105) in control, MFN2-OE, Wnt agonist 1, and Akti-1/2-treated iPSCs eight days after differentiation into MSCs. (D, E)
Flow cytometry analysis of CD73, CD90, and CD146 in control, MFN2-OE, Wnt agonist 1, and Akti-1/2-treated iPSCs
eight days after differentiation into MSCs. MFN2-KD, MFN2 knockdown. MFN2-OE, MFN2 overexpressing. ns, no
significant. Data are expressed as mean – SD, **P < 0.01, ***P < 0.001.
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