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SUMMARY

While the pluripotency of stem cells is known to determine the fate of embryonic development, the mechanisms underlying the acquisition and maintenance of
full pluripotency largely remain elusive. Here, we
show that the balance between mitochondrial fission
and fusion is critical for the full pluripotency of stem
cells. By analyzing induced pluripotent stem cells
with differential developmental potential, we found
that excess mitochondrial fission is associated with
an impaired embryonic developmental potential. We
further uncover that the disruption of mitochondrial
dynamics impairs the differentiation and embryonic
development of pluripotent stem cells; most notably,
pluripotent stem cells that display excess mitochondrial fission fail to produce live-born offspring by
tetraploid complementation. Mechanistically, excess
mitochondrial fission increases cytosolic Ca2+ entry
and CaMKII activity, leading to ubiquitin-mediated
proteasomal degradation of b-Catenin protein. Our
results reveal a previously unappreciated fundamental role for mitochondrial dynamics in determining the full pluripotency and embryonic developmental potential of pluripotent stem cells.

INTRODUCTION
Pluripotent stem cells (PSCs) undergo unlimited self-renewal
and possess the potential to differentiate into all types of somatic

cells in various organisms (Ding et al., 2015; Ying et al., 2008).
Somatic cells have been reprogrammed into induced pluripotent
stem cells (iPSCs) via transduction with ‘‘Yamanaka factors’’
(Takahashi and Yamanaka, 2006), thus providing new hope for
regenerative medicine and patient-specific cell therapy (Gintant
et al., 2017). Early studies investigated gene expression profiles
in embryonic stem cells (ESCs) and iPSCs and have found
that iPSCs and ESCs express the same surface markers and
are equally capable of generating teratomas, but differ in their
embryonic developmental potential (Meissner et al., 2007;
Wernig et al., 2007). As shown in our previous study, iPSCs
produce viable mice through tetraploid complementation (Zhao
et al., 2009), providing the first in vivo evidence that iPSCs
have the ESC-like potential to develop into individual animals.
Notably, our data also revealed the existence of partially pluripotent iPSCs, which were unable to develop to viable offspring
by tetraploid complementation but satisfied other criteria of
pluripotency, such as an ESC-like morphology, an ESC-like
global expression pattern, chimera formation, and germline
contribution (Zhao et al., 2009). Furthermore, Liu et al. compared
the gene and small RNA expression patterns in iPSCs with
different degrees of pluripotency and identified the imprinted
Dlk1-Dio3 region, which was actively expressed in murine
ESCs (mESCs) and 4N-comp iPSCs that develop into viable
mice, but was repressed in partially pluripotent cells, indicating
that this imprinted genomic region may serve as a marker to
assess the pluripotency level of stem cells (Liu et al., 2010).
Recently, the differences in metabolomic profiles between fully
reprogrammed iPSCs and partially reprogrammed cells were
characterized, and the results revealed that fully reprogrammed iPSCs shared higher similarity in metabolites with human ESCs than the partially reprogrammed cells (Park et al.,
2017), suggesting potentially important roles for mitochondrial
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Figure 1. Dysregulated Mitochondrial Fission in Partially Pluripotent iPSCs
(A) Representative images of E13.5 embryos derived from IP14D-1 and IP20D-3 cells. The table shows the percentages of embryos with an RPE deficiency.
(B) Representative images of hematoxylin-eosin staining in the eyes of E13.5 embryos. Scale bars, 100 mm.
(legend continued on next page)
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metabolism in regulating pluripotency levels. Although multiple
reports, including studies from our group, have indicated the
involvement of pluripotent gene transcription, epigenetic modifications, and cellular metabolism in the mechanisms regulating
pluripotency (Silva et al., 2009; Graf et al., 2017; Zhang et al.,
2012; Mathieu and Ruohola-Baker, 2017; Cao et al., 2015;
Wang et al., 2017), the factors determining the differences in
the pluripotency of PSCs largely remain elusive.
Mitochondria are organelles that play pivotal roles in diverse
cellular processes, such as metabolism, intracellular calcium
balance, signaling, the assembly of iron-sulfur clusters that
are important for oxidation-reduction reactions and apoptosis
(Brookes et al., 2004). Cellular mitochondria do not function
as isolated and static organelles; instead, they mix the contents,
including mtDNA, among the mitochondrial population to promote homogeneity, alter their morphology under different conditions, eliminate ‘‘damaged’’ mitochondria by selective degradation, are transported along the cytoskeleton, and interact with
other organelles. All these activities are orchestrated by fusion
and fission protein-mediated mitochondrial dynamics (Chen
and Chan, 2017; Pei et al., 2018). PSCs, including ESCs and
iPSCs, have a punctate, fragmented mitochondrial network
that progressively fuses during differentiation (Figure 1I) (Zhang
et al., 2011), which depends on the alternative dominant expression of fusion or fission proteins. Mitochondrial fusion has been
reported to be essential for embryonic development and, by
enabling cooperation between mitochondria, exerts protective
effects on the mitochondrial population (Chen et al., 2003).
Recently, mitochondrial fusion was shown to be essential for
proper cardiomyocyte development (Kasahara et al., 2013).
Knockdown of the fusion gene MFN2 in human iPSCs has
been reported to result in defects in neurogenesis and synapse
formation because of disruptions in mitochondrial metabolism
and the mitochondrial network (Fang et al., 2016). Moreover,
mice lacking the fission protein DRP1 exhibit developmental
abnormalities and die after embryonic day 12.5, but the mechanism was not identified (Ishihara et al., 2009). Intriguingly, according to a recent study by Khacho et al. (2016), an imbalance
in mitochondrial dynamics caused by MFN1/2 or DRP1 knockout

impairs neural stem cell self-renewal by affecting the ROS/NRF2
axis. This evidence points to the importance of mitochondrial
dynamics in regulating stem cell function and developmental
potential. Since defects in mitochondrial fusion or fission are
associated with various clinical disorders, a reasonable hypothesis is that pharmacological manipulation of mitochondrial dynamics may have therapeutic benefits. Thus, the mechanisms
by which mitochondrial dynamics regulates the full pluripotency
and developmental potential of iPSCs or PSCs in general must
be further dissected.
Here, by taking advantage of iPSCs with different embryonic
development potential that were initially generated in our laboratory (Zhao et al., 2009), we revealed that balanced mitochondrial
dynamics is critical for the full pluripotency of PSCs. We further
identified a mitochondrial dynamics-mediated Ca2+/CaMKII/
b-Catenin axis that regulates the full pluripotency and embryonic
development of PSCs.
RESULTS
Dysregulated Mitochondrial Fission in Partially
Pluripotent iPSCs
In our previous study, we established 4N-comp iPSCs and 2NiPSCs, among which 2N-iPSC-derived embryos exhibited early
termination of fetal development at embryonic day 13.5 and
15.5 and did not develop into live pups by tetraploid complementation (Zhao et al., 2009). Using these cell lines with different
developmental potential, we examined the underlying mechanisms that determine the full pluripotency of iPSCs. According
to the results of the in vitro embryoid body (EB) formation experiments, IP20D-3 cells (2N-iPSCs) displayed a lower EB formation
efficiency and smaller size of the formed EBs than IP14D-1 cells
(4N-comp iPSCs) (Figure S1A). Under random differentiation
conditions, IP20D-3 cells exhibited reduced expression of
Nestin, T, and Gata4, the markers of the ectoderm, mesoderm,
and endoderm, respectively, suggesting a delay in the differentiation of IP20D-3 cells (Figure S1B). By further performing a tetraploid complementation experiment, we observed that, although
a small percentage of IP20D-3-derived embryos survived until

(C) qRT-PCR analysis of the levels of the Nestin and Pax6 mRNAs in E10.5 embryos derived from IP14D-1 and IP20D-3 cells (n = 9 embryos in the IP14D-1 group
and n = 11 embryos in the IP20D-3 group).
(D) Microarray analysis of the expression of mitochondria fission and electron transport chain genes in IP14D-1 and IP20D-3 cells, which are defined in a previous
study (accession number GEO: GSE16925; Zhao et al., 2009).
(E) qRT-PCR analysis of the levels of pluripotency- and mitochondrial dynamics-related mRNAs in IP14D-1 and IP20D-3 cells (n = 3).
(F) Western blot analysis of the levels of pluripotency- and mitochondria dynamics-related proteins in the mESC, 4N-comp iPSC, and 2N-iPSC lines.
(G) Representative images of the mitochondria in IP14D-1 and IP20D-3 cells under the electron microscope. Bar graphs depict the results from the morphometric
analysis of mitochondria area or cristae length/mitochondrial area in IP14D-1 and IP20D-3 cells (n = 21 mitochondria in the IP14D-1 group and n = 23
mitochondria in the IP20D-3 group). Scale bars, 0.5 mm.
(H) Western blot analysis of levels of pluripotency- and mitochondria dynamics-related proteins in IP14D-1 and IP20D-3 cells on different days of differentiation.
(I) Representative images of the mitochondria in IP14D-1 and IP20D-3 cells on different days of differentiation under the electron microscope. Bar graphs show
the results of the morphometric analysis of mitochondrial area or cristae length/mitochondrial area in differentiated IP14D-1 and IP20D-3 cells (n = 24
mitochondria in the IP14D-1 group and n = 36 mitochondria in the IP20D-3 group on day 1, and n = 10 in the IP14D-1 group and n = 15 in the IP20D-3 group on
day 3). Scale bars, 0.5 mm.
(J) Representative images of the mitochondria stained with MitoTracker in IP14D-1 and IP20D-3 cells on day 3 after the induction of differentiation. The nucleus
was stained with DAPI. The percentages of cells with mitochondria showing three different statuses were quantified from more than 100 cells (lower panel). Scale
bars, 10 mm.
(K) qRT-PCR analysis of the levels of the Mff, Drp1, and Fis1 mRNAs in E10.5 embryos derived from IP14D-1 and IP20D-3 cells (n = 9 embryos in the IP14D-1
group and n = 11 embryos in the IP20D-3 group).
(L) IHC staining for MFF in E13.5 embryos derived from IP14D-1 and IP20D-3 cells. Scale bars, 100 mm.
Data are presented as the means ± SD. *p < 0.05. p value was calculated by Student’s t test in (C), (E), (G), and (I)–(K). See also Figure S1.
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E13.5, they exhibited significant developmental deficiencies, the
most obvious being the lack of the retinal pigment layer (Figure 1A), which was confirmed by hematoxylin-eosin staining
(Figure 1B). Statistically, 53.6% of IP20D-3-derived embryos
had lost the retinal pigment epithelia (RPE) compared with only
25.8% of IP14D-1-derived embryos (Figure 1A). Moreover, levels
of the Nestin and Pax6 mRNAs, which are required for neural and
retinal development, were significantly decreased in E10.5 embryos generated from IP20D-3 cells compared with embryos
generated from IP14D-1 cells (Figure 1C). Furthermore, consistent with the suppressed expression levels of Nestin and Pax6
and the failure of RPE development in embryos derived from
IP20D-3 cells, our qRT-PCR results revealed decreased expression of genes involved in neural development in IP20D-3 cells in
the in vitro neural differentiation experiments (Figure S1C).
Next, we analyzed our microarray data and compared the
gene expression profiles of IP20D-3 and IP14D-1 cells. Intriguingly, among other changes, the expression of genes involved
in mitochondrial fission was increased in IP20D-3 cells
compared with IP14D-1 cells (Figure 1D). qRT-PCR confirmed
the elevated expression of fission genes, including Drp1, Fis1,
and Mff, in IP20D-3 cells (Figure 1E). To extend the generalizability of this observation, the protein levels of the major mitochondrial dynamics factors were analyzed in two mESC lines
and two pairs of iPSC lines with/without the ability to generate
viable mouse pups. Significantly increased levels of DRP1,
FIS1, and MFF were observed in partially pluripotent iPSCs
(IP20D-3 and IP36D-3 cells), compared with fully pluripotent
iPSCs (IP14D-1 and IP14D-6 cells), and mESCs (Figure 1F).
Further analysis using the representative IP14D-1 and IP20D-3
cells under the electron microscope revealed that, compared
with IP14D-1 cells, IP20D-3 cells displayed increased numbers
of fragmented mitochondria accompanied by a disarranged
structure of cristae (Figure 1G). Under EB differentiation conditions, levels of the MFF, DRP1, and FIS1 proteins gradually
decreased in IP14D-1 cells but remained high in IP20D-3 cells
(Figure 1H). Consistent with these results, the mitochondria in
IP14D-1 cells progressively fused and developed mature cristae
during differentiation; however, the mitochondria in IP20D-3
cells remained fragmented with a disarranged structure of
cristae during differentiation (Figure 1I). MitoTracker staining
and TOM20 immunofluorescence staining also revealed
increased numbers of fragmented mitochondria in differentiated

IP20D-3 cells compared with IP14D-1 cells, while the mitochondrial contents of IP14D-1 and IP20D-3 cells did not have significant differences, suggesting that aberrant mitochondrial fission
occurred in IP20D-3 cells during differentiation (Figures 1J and
S1D). More importantly, IP20D-3-derived embryos showed
enhanced Mff, Drp1, and Fis1 expression compared with
IP14D-1-derived embryos (Figure 1K). Immunohistochemistry
(IHC) staining also revealed that IP20D-3-derived embryos exhibited elevated MFF levels in both the neural tube and brain
compared with IP14D-1-derived embryos (Figure 1L). Collectively, we observed dysregulated mitochondria fission in iPSCs
with partial pluripotency, suggesting a potential association between the unbalanced mitochondrial dynamics and compromised pluripotency of iPSCs.
Excess Mitochondrial Fission Leads to Differentiation
Deficiency
We manipulated the expression of Mff, an important fission factor displaying distinct levels among iPSCs with different development potentials (Figures 1E and 1F), in iPSCs or mESCs and
analyzed the mitochondrial morphology to further explore the
effects of imbalanced mitochondrial dynamics on iPSCs. As a
result, forced expression of Mff led to smaller mitochondria
and disarranged cristae in IP14D-1 cells, while knockdown
of Mff significantly restored the normal cristae structure in
IP20D-3 cells (Figure 2A), indicating that Mff-mediated mitochondrial fission is at least partially responsible for the differences in mitochondrial morphology between these two cell lines.
MitoTracker staining also revealed that IP14D-1 cells with forced
Mff expression that were cultured under differentiation conditions exhibited fragmented mitochondria, while knockdown of
Mff in IP20D-3 cells increased the number of elongated mitochondria (Figure S2A). The effects of Mff overexpression on fragmented mitochondria were also observed in mESCs expressing
mitochondrial-targeting sequence-GFP (MtS-GFP) under differentiation conditions (Figure S2B). We also manipulated the
expression of Mff in another mESC line, as well as 4N-comp
iPSC IP14D-6 and 2N-iPSC IP36D-3 cell lines, and observed
the mitochondrial morphology using TOM20 staining. Consistently, under differentiation conditions, Mff overexpression in
mES2 and IP14D-6 cells produced fragmented mitochondria,
while IP36D-3 cells expressing shMffs exhibited elongated mitochondria (Figures S2C and S2D).

Figure 2. Excess Mitochondrial Fission Impairs Differentiation
(A) Representative images of mitochondria in IP14D-1 cells stably overexpressing Mff and IP20D-3 cells with stable Mff knockdown. Bar graphs show the results
from the morphometric analysis of mitochondrial area or cristae length/mitochondrial area in indicated iPSCs (n = 23 mitochondria in the IP14D-1 EV group, n = 20
mitochondria in the IP14D-1 MFF group, n = 19 mitochondria in the IP20D-3 NTC group, and n=19 mitochondria in the IP20D-3 shMff group). Scale bars, 0.5 mm.
(B–D) EB formation by stable mESC or iPSC lines with altered Mff expression levels, including Mff-overexpressing mESCs (B) or IP14D-1 cells (C), and Mff
knockdown IP20D-3 cells (D). Bar graphs show the EB formation efficiency (left panel) and the diameters of EBs (right panel, n = 20 EBs per group). The images
show representative EBs from each group. Scale bars, 50 mm. The overexpression efficiency was analyzed by western blotting.
(E) qRT-PCR analysis of mRNA levels of the neural ectoderm marker Nestin, mesoderm marker T and endoderm marker Gata4 in differentiated IP14D-1 cells
overexpressing Mff and the empty vector control cells (n = 3).
(F and G) qRT-PCR analysis of mRNA levels of neural markers in Mff-overexpressing IP14D-1 cells (F), Mff knockdown IP20D-3 cells (G), and control groups of
each cell line after the induction of neural differentiation (n = 3).
(H) Representative images of immunofluorescence staining for Nestin and PAX6 in Mff-overexpressing mESCs (left panel) or IP14D-1 cells (right panel) compared
with control cells on day 4 after the induction of neural differentiation. The nucleus was stained with DAPI. Scale bars, 50 mm.
(I) Representative images of immunofluorescence staining for Nestin and PAX6 in Mff knockdown IP20D-3 cells compared with control cells on day 4 after the
induction of neural differentiation. The nucleus was stained with DAPI. Scale bars, 50 mm.
Data are presented as the means ± SD. *p < 0.05. p value was calculated by Student’s t test in (A)–(G). See also Figure S2.
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Next, we performed a qRT-PCR analysis and found that Mff
expression in IP14D-1 or IP20D-3 cells had no effect on the
mRNA levels of pluripotency regulators, such as Nanog, Oct4,
Sox2, or cMyc (Figures S2E and S2F), consistent with our results
showing a lack of significant differences in mRNA levels of pluripotency regulators between IP14D-1 and IP20D-3 cells (Figure 1E). However, interestingly, overexpression of Mff in mESCs
and 4N-comp iPSCs, including IP14D-1 and IP14D-6 cells,
impaired the EB formation efficiency (Figures 2B, 2C, and
S2G), while Mff knockdown in IP20D-3 or IP36D-3 cells restored
the EB formation capacity (Figures 2D and S2G). Similar effects
on EB formation were observed for DRP1 and FIS1 in Drp1- or
Fis1-overexpressing IP14D-1 cells and Drp1 or Fis1 knockdown
IP20D-3 cells (Figures S2H–S2K). Moreover, under differentiation conditions, forced expression of Mff significantly suppressed the expression of the lineage-specific genes Nestin, T,
and Gata4 in IP14D-1 cells (Figure 2E), indicating that excess
mitochondrial fission may impair the differentiation of iPSCs.
Since the in vivo tetraploid complementation experiments
showed embryonic lethality, abnormal expression of the neural
developmental regulators (Nestin and Pax6) and defects in the
RPE development in IP20D-3-derived embryos (Zhao et al.,
2009; Figures 1A and 1C), we next studied the effects of mitochondria fission on the expression of neural markers during the
induced differentiation. Forced expression of Mff suppressed
the mRNA expression of neural markers in IP14D-1 cells (Figure 2F), while knockdown of Mff gradually increased their
expressions in IP20D-3 cells during differentiation (Figure 2G).
Furthermore, immunofluorescence staining revealed that overexpression of Mff was associated with reduced levels of the Nestin and PAX6 proteins in differentiated mESCs and IP14D-1 cells
(Figure 2H), suggesting that the disruption of mitochondrial
dynamics induced by the overexpression of the fission factor
Mff in mESCs and 4N-comp iPSCs impaired their neural differentiation. Consistent with these findings, Mff knockdown in IP20D3 cells restored the levels of the Nestin and PAX6 proteins
(Figure 2I), indicating that inhibition of excess mitochondrial

fission in 2N-iPSCs restored their neural differentiation. Based
on these data, balanced mitochondrial dynamics is critical for
the full pluripotency of iPSCs, and excess mitochondrial fission
is involved in the defects in the differentiation potential of PSCs.
Mitochondrial Dynamics Regulates the Full Pluripotency
of Pluripotent Stem Cells via b-Catenin
We further analyzed the RNA microarray data from IP14D-1 and
IP20D-3 cells to determine the expression of genes involved in
embryonic development and obtain a better understanding of
the mechanism by which mitochondrial dynamics affects the
full pluripotency of PSCs. Significant differences were not
observed in the mRNA levels of genes involved in the major pathways regulating cell proliferation and differentiation between
these two cell lines. However, after analyzing the protein levels
of the major factors in these pathways, including the Wnt
pathway, Notch pathway, some FOX family members, and so
on, we observed a significant reduction of the b-Catenin protein
in IP20D-3 cells and Mff-overexpressing mESCs and IP14D-1
cells (Figure 3A). Knockdown of mff markedly increased levels
of the b-Catenin protein in IP20D-3 cells (Figure 3B). Similar results were obtained from mES2, IP14D-6, and IP36D-3 cells in
which Mff expression was manipulated (Figure S3A). Moreover,
consistent with the western blot results, immunofluorescence
staining revealed that Mff overexpression significantly
decreased levels of the b-Catenin protein in IP14D-1 cells, while
knockdown of Mff in IP20D-3 cells restored its levels (Figure 3C).
Drp1 and Fis1 exerted similar effects on the b-Catenin protein in
the western blot analysis using lysates from IP14D-1 cells overexpressing Drp1 or Fis1 and IP20D-3 cells expressing shDrp1s
or shFis1s (Figure S3B), suggesting that excess mitochondrial
fission decreased levels of the b-Catenin protein in PSCs.
Consistent with the RNA microarray data, qRT-PCR results
showed no difference in the levels of the b-Catenin mRNA
between IP14D-1 and IP20D-3 cells (Figure S3C). Moreover,
Mff had no effect on b-Catenin mRNA expression, as determined
by qRT-PCR (Figure S3C), suggesting that mitochondrial

Figure 3. Mitochondrial Dynamics Regulates the Full Pluripotency of Pluripotent Stem Cells via b-Catenin
(A) Western blot analysis of the levels of proteins related to embryonic development in IP20D-3 cells (left panel), Mff-overexpressing mESCs (middle panel) or
IP14D-1 cells (right panel) compared with IP14D-1 cells and each empty vector control cell lines.
(B) Western blot analysis of levels of the b-Catenin protein in Mff knockdown IP20D-3 cells compared with NTC control cells.
(C) Representative images of immunofluorescence staining for b-Catenin in Mff-overexpressing IP14D-1 cells and Mff knockdown IP20D-3 cells. The nucleus
was stained with DAPI. Scale bars, 10 mm.
(D) Western blot analysis of the levels of the b-Catenin protein in IP14D-1 and IP20D-3 cells cultured in the presence or absence of the proteasome inhibitor
MG132 (2 mM).
(E) Western blot analysis of levels of the b-Catenin protein in IP14D-1 cells overexpressing Mff in the presence or absence of the proteasome inhibitor
MG132 (2 mM).
(F) Ubiquitination of b-Catenin in IP14D-1 and IP20D-3 cells. Cells were treated with the proteasome inhibitor MG132 (2 mM) for 8 hr before lysis.
(G) Ubiquitination of b-Catenin in OSKM-induced Mff knockdown cells on day 10 of reprogramming. Mff was silenced with shRNAs on day 5 after the initiation of
reprogramming. Cells were treated with the proteasome inhibitor MG132 (2 mM) for 8 hr before lysis.
(H) EB formation by IP14D-1 and IP20D-3 cells with b-Catenin knockdown. The knockdown efficiency was analyzed by western blotting (left panel). Bar graphs
show the EB formation efficiency (middle panel) and the diameters of EBs (right panel, n = 20 EBs in each group).
(I) EB formation by IP20D-3 cells with Mff and b-Catenin double knockdown. The knockdown efficiency was analyzed by western blotting (left panel). Bar graphs
show the EB formation efficiency (middle panel) and the diameters of EBs (right panel, n = 20 EBs in each group).
(J) qRT-PCR analysis of mRNA levels of neural markers in IP20D-3 cells with forced b-Catenin expression after the induction of neural differentiation (n = 4).
(K) qRT-PCR analysis of mRNA levels of neural markers in IP14D-1 cells with stable b-Catenin knockdown after the induction of neural differentiation (n = 4).
(L) qRT-PCR analysis of mRNA levels of neural markers in IP20D-3 cells in which both Mff and b-Catenin were silenced after the induction of neural differentiation (n = 4).
Data are presented as the means ± SD. *p < 0.05. p value was calculated by two-way ANOVA in (H), (I), and (L), and Student’s t test in (J) and (K). See also
Figure S3.
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dynamics regulates b-Catenin expression at the post-transcriptional level. Thus, next, we determined the levels of the b-Catenin
protein in the presence of MG132, an inhibitor of the proteasomal degradation pathway. The MG132 treatment restored the
expression of the b-Catenin protein in IP20D-3 cells to the
same level as in IP14D-1 cells (Figure 3D). The MG132 treatment also restored the reduced b-Catenin protein induced
by Mff overexpression in IP14D-1 cells (Figure 3E), indicating
that proteasomal degradation is involved in the mechanism by
which mitochondrial dynamics regulates b-Catenin protein
expression. Consistent with these results, we observed markedly increased K48-polyubiquitination of b-Catenin in IP20D-3
cells compared with IP14D-1 cells in the presence of MG132
(Figure 3F). Furthermore, using the OSKM (Yamanaka factors,
including Oct4, Sox2, Klf4, and cMyc)-induced reprogramming
of mouse embryonic fibroblast (MEF) cells, we observed that
Mff knockdown markedly suppressed the polyubiquitination of
b-Catenin (Figure 3G). Thus, mitochondrial dynamics regulates
the stability of the b-Catenin protein, and excess mitochondrial
fission suppresses b-Catenin expression by enhancing its proteasomal degradation.
Furthermore, as expected, forced overexpression of b-Catenin in IP20D-3 cells enhanced the EB formation efficiency
(Figure S3D), while knockdown of b-Catenin in IP14D-1 cells
markedly suppressed it (Figure S3E). Importantly, when b-Catenin was silenced with shRNAs, IP14D-1 and IP20D-3 cells displayed similar EB formation deficiencies (Figure 3H), indicating
that differential expression of the b-Catenin protein in those
two cell lines at least partially determines their differential EB
formation efficiency. More interestingly, b-Catenin silencing
abolished shMff-induced increase in EB formation efficiency in
IP20D-3 cells (Figure 3I), indicating that b-Catenin is involved
in mitochondrial fission-regulated iPSC differentiation. Consistent with these findings, forced expression of b-Catenin
enhanced the neural differentiation potential of IP20D-3 cells
(Figure 3J), while b-Catenin silencing with shRNAs impaired
the neural differentiation ability of IP14D-1 cells (Figure 3K).

Moreover, b-Catenin silencing attenuated shMff-enhanced neural differentiation of IP20D-3 cells (Figure 3L), further revealing
that b-Catenin was required for mitochondrial dynamics-regulated iPSC differentiation.
Ca2+-Activated CaMKII Mediates Excess Mitochondrial
Fission-Induced b-Catenin Degradation
We first investigated cellular ATP levels to obtain insights into the
mechanism by which mitochondrial dynamics regulates the
stability of the b-Catenin protein because mitochondria are
known to function as the ‘‘power house’’ in cells. However, no
significant differences in cellular ATP levels were observed in
either IP14D-1 and IP20D-3 cells, or Mff-overexpressing
IP14D-1 and empty vector (EV) control cells (Figure S4A). Next,
since the mitochondria play important roles in maintaining
cellular calcium homeostasis and Ca2+ signaling (Pernas and
Scorrano, 2016; Brookes et al., 2004), we determined the cytosolic Ca2+ concentrations in cells with different levels of Mff
expression. Intriguingly, Mff overexpression increased calcium
flux into the cytoplasm of mESCs (Figure 4A), while Mff knockdown decreased the cytosolic calcium entry in OSKM-induced
reprogrammed MEF cells (Figure 4B), suggesting that Mffmediated excess mitochondrial fission increased the cytosolic
Ca2+ concentration. Sustained cytosolic Ca2+ accumulation
was reported to promote the autophosphorylation of threonine
286 in CaMKII, leading to persistent activation of CaMKII (Hoffman et al., 2011). Western blot analysis and CaMKII activity
measurements revealed that Mff overexpression increased
the phosphorylation of the CaMKII protein and CaMKII activity in mESCs (Figure 4C). Moreover, we observed increased
CaMKII phosphorylation and CaMKII activity in IP20D-3 and
IP36D-3 cells compared with mESCs and 4N-comp iPSCs (Figures 4D and S4B). Furthermore, forced expression of Mff in
mESCs or 4N-comp iPSCs cells increased, while knockdown
of Mff in IP20D-3 or IP36D-3 cells decreased, CaMKII phosphorylation and activity (Figures 4E and S4B). Drp1 or Fis1 exerted
similar effects on CaMKII phosphorylation in iPSCs (Figure S4C),

Figure 4. Ca2+-Activated CaMKII Mediates Excess Mitochondrial Fission-Induced b-Catenin Degradation
(A) Cytosolic Ca2+ recordings in mESCs stably overexpressing Mff treated with the SERCA inhibitor thapsigargin (TG, 1 mM) and then with extracellular Ca2+
(200 mM). Bar graphs show peak DF/F0 values.
(B) Cytosolic Ca2+ recordings in OSKM-induced Mff knockdown cells on day 10 of reprogramming. Mff was silenced with shRNAs on day 5 after the initiation of
reprogramming. The cells were treated with the SERCA inhibitor thapsigargin (TG, 1 mM) and extracellular Ca2+ (200 mM) on day 10 of reprogramming, and
cytosolic Ca2+ was recorded. Bar graphs show peak DF/F0 values.
(C–E) Western blot analysis of the levels of phospho-CaMKII (Thr286) and CaMKII activity in Mff-overexpressing mESCs (C), IP20D-3 cells (D), Mff-overexpressing
IP14D-1 cells and Mff knockdown IP20D-3 cells (E) compared with IP14D-1 cells or control cells in each group.
(F) Western blot analysis of levels of the b-Catenin protein in IP20D-3 cells compared with IP14D-1 cells cultured in the presence or absence of the CaMKII
inhibitor KN62 (1 mM).
(G) Western blot analysis of levels of the b-Catenin protein in Mff-overexpressing mESCs or IP14D-1 cells compared with control cells from each group cultured in
the presence or absence of the CaMKII inhibitor KN62 (1 mM).
(H) Ubiquitination of b-Catenin in Mff-overexpressing mESCs cultured in the presence or absence of the CaMKII inhibitor KN62 (1 mM). Cells were treated with the
proteasome inhibitor MG132 (2 mM) for 8 hr before lysis.
(I) Western blot analysis of levels of the b-Catenin protein in Camkii knockdown IP14D-1 and IP20D-3 cells compared with NTC groups.
(J) Western blot analysis of levels of the b-Catenin protein in mESCs or IP14D-1 cells with stable Mff overexpression and Camkii knockdown compared with each
control cell line.
(K) EB formation by Camkii knockdown IP14D-1 and IP20D-3 cells. Bar graphs show the EB formation efficiency (left panel) and the diameters of EBs (right panel,
n = 20 EBs in each group).
(L) qRT-PCR analysis of mRNA levels of neural markers in IP20D-3 cells with stable Camkii knockdown after the induction of neural differentiation (n = 4).
(M) qRT-PCR analysis of mRNA levels of neural markers in IP14D-1 cells with stable Mff overexpression and Camkii knockdown after the induction of neural
differentiation (n = 4)
Data are presented as the means ± SD. *p < 0.05. p value was calculated by Student’s t test in (A)–(E), (L) and two-way ANOVA in (K) and (M). See also Figure S4.
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suggesting that excess mitochondrial fission increased CaMKII
phosphorylation and CaMKII activity. More importantly, treatment with KN62, an inhibitor of CaMKII activity, restored the
expression of the b-Catenin protein in IP20D-3 to the same levels
as in IP14D-1 cells (Figure 4F). The KN62 treatment also abolished the inhibitory effect of Mff overexpression on the levels
of the b-Catenin protein in both mESCs and IP14D-1 cells
(Figure 4G). Moreover, the KN62 treatment abolished Mff overexpression-enhanced b-Catenin polyubiquitination in mESCs
(Figure 4H), indicating that CaMKII activity was required for
MFF-enhanced proteasomal degradation of the b-Catenin
protein. Consistent with these results, Camkii silencing with
shRNAs restored the levels of the b-Catenin protein in IP20D-3
cells and Mff-overexpressing mESCs and IP14D-1 cells (Figures
4I, 4J, and S4D), further confirming that CaMKII is downstream of
mitochondrial dynamics in the mechanism regulating the levels
of the b-Catenin protein. Based on these data, aberrant cytosolic
Ca2+ accumulation induced by excess mitochondrial fission
results in CaMKII hyperactivation and subsequent proteasomal
degradation of the b-Catenin protein.
Next, we explored whether CaMKII is involved in the mechanism by which mitochondrial dynamics regulates the differentiation capacity of PSCs. Camkii silencing with shRNAs restored
the EB differentiation potential of IP20D-3 cells (Figure 4K). According to the qRT-PCR results, Camkii knockdown increased
the expression of neural differentiation markers in IP20D-3 cells
(Figure 4L). More importantly, Camkii knockdown restored the
expression of neural differentiation markers that was reduced
by Mff overexpression in IP14D-1 cells (Figure 4M). Similar
results were observed in mESCs (Figure S4E), indicating that
CaMKII was an important contributor in the mechanism by which
mitochondrial dynamics regulates the differentiation potential
of PSCs. Therefore, we conclude that cytosolic Ca2+-driven
CaMKII activity is an effector of mitochondrial dynamics in the
mechanism regulating b-Catenin stability and the differentiation
capacity of PSCs.
Balanced Mitochondrial Dynamics Is Critical for the
In Vivo Development of Pluripotent Stem Cells
We investigated the effect of Mff on the birth of live pups derived
from mESCs using the tetraploid complementation assay to
further determine how mitochondrial dynamics in PSCs regulates their developmental potential in vivo. Intriguingly, forced
expression of Mff in mESCs markedly decreased the production
efficiency of live-born offspring, with only 0.45% offspring produced compared with 3.70% offspring from the EV-expressing
control mESCs (Figures 5A and 5B). More importantly, while
E13.5 embryos generated from EV control mESCs displayed a
normal embryonic morphology, 56.25% of E13.5 embryos (9 of
16) derived from Mff-overexpressing mESCs had lost the retinal
pigment layer (Figure 5C), suggesting that the disruption of mitochondrial dynamics by aberrant expression of fission proteins
contributed to alterations in the development of embryos. Mff
overexpression in embryos was confirmed by qRT-PCR (Figure 5D). Further detection of neural differentiation markers in
the heads of E13.5 embryos revealed that forced expression of
Mff significantly decreased the expression of Nestin and Pax6
compared with the EV control group (Figure 5E), consistent
with the defects in the development of the retinal pigment layer,
10 Cell Metabolism 29, 1–14, March 5, 2019

which are also observed in IP20D-3-derived embryos. IHC staining for b-Catenin revealed significantly decreased levels of the
b-Catenin protein in both the eyes and neural tubes of the embryos derived from Mff-overexpressing mESCs (Figure 5F), confirming that b-Catenin is involved in the developmental defects
mediated by imbalanced mitochondrial dynamics in vivo. Thus,
excess mitochondrial fission in mESCs impairs embryonic development, leading to a failure to produce live-born offspring.
DISCUSSION
iPSCs, which are similar to ESCs that have unlimited selfrenewal and developmental potential, have been considered to
hold great promise for the development of patient-specific cell
therapy (Takahashi and Yamanaka, 2006; Wan et al., 2015).
While several lines of evidence have suggested the involvement
of many cellular processes, such as pluripotent gene transcription, epigenetic modification, and metabolic remodeling in
somatic cell reprogramming and cell fate determination (Doege
et al., 2012; Prigione et al., 2014; Gu et al., 2016; Cliff et al.,
2017), the mechanisms determining the full pluripotency of
iPSCs remain unclear. Here, we report that balanced mitochondrial dynamics is required for iPSCs to acquire full pluripotency. We observed that PSCs with disrupted mitochondrial
dynamics failed to produce live-born offspring in the tetraploid
complementation assay. By comparing the gene expression
profiles of mESCs, 4N-comp iPSCs (IP14D-1 and IP14D-6),
and 2N-iPSCs (IP20D-3 and IP36D-3), we observed higher levels
of mitochondrial fission proteins in IP20D-3 and IP36D-3 cells
(Figure 1). The observations of mitochondrial morphology also
confirmed the disruption of cristae and a fragmented mitochondrial morphology in IP20D-3 cells (Figure 1). Furthermore, the
disruption of mitochondrial dynamics in PSCs impaired differentiation in vitro and development in vivo, and restricting the
expression of fission proteins in 2N-iPSCs rescued the EB formation ability and neural differentiation (Figures 2 and 5). We
further identified that the mechanism driving mitochondrial dynamics-linked acquisition of full pluripotency is related to the
maintenance of the stability of the b-Catenin protein by regulating cytosolic Ca2+ entry and CaMKII activity (Figure 6).
Based on accumulating evidence, the Wnt/b-Catenin signaling
pathway plays pivotal roles in maintaining cell pluripotency and
facilitating somatic cell reprogramming (Miki et al., 2011; Pieters
and van Roy, 2014). Notably, b-Catenin has also been reported
to function as a critical switching signal to initiate differentiation
(Liu et al., 2017; Kelly et al., 2011). Homozygous knockout of
b-Catenin leads to embryonic lethality before gastrulation (Haegel
et al., 1995). Although a reduction in b-Catenin expression to
12.5% of the wild-type mESC level is sufficient to maintain
ESC morphology and the pluripotent state, it fails to drive gastrulation (Rudloff and Kemler, 2012). Importantly, mESCs lacking
b-Catenin expression display impairments in mesendodermal
germ layer formation and neuronal differentiation (Lyashenko
et al., 2011). The activity of the Wnt/b-Catenin pathway is tightly
controlled and has been verified to play critical roles during neurodevelopment (Brafman and Willert, 2017); the loss of b-Catenin
leads to defects in the formation of the retinal pigment epithelium
and lens epithelium (Fujimura, 2016). The stability of b-Catenin,
the key switch in the canonical Wnt pathway, is controlled by
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Figure 5. Balanced Mitochondrial Dynamics Is Required for the In Vivo Development of Pluripotent Stem Cells
(A) Analysis of the developmental efficiency of live offspring produced by mESCs overexpressing Mff and the control cells using tetraploid complementation.
(B) Representative image of tetraploid mice derived from mESCs expressing the empty vector (C57, black coat color).
(C) Representative images of E13.5 embryos derived from mESCs overexpressing Mff and the control cells (left panel), and representative hematoxylin-eosin
stained images of embryo eyes (right panel). Scale bars, 100 mm.
(D and E) qRT-PCR analysis of the levels of the Mff (D), Nestin and Pax6 (E) mRNAs in embryos derived from Mff-overexpressing mESCs (n = 6 embryos in the EV
group, and n = 10 embryos in the MFF group).
(F) IHC staining for b-Catenin in the eyes and neural tubes of E13.5 embryos derived from Mff-overexpressing mESCs and control cells. Scale bars, 100 mm.
Data are presented as the means ± SD. *p < 0.05. p value was calculated by Student’s t test in (D) and (E).

the cytoplasmic APC/Axin destruction complex (Nusse and
Clevers, 2017). In our study, CaMKII, which responds to mitochondrial dynamics-mediated cytosolic calcium entry, regulates
b-Catenin protein stability (Figure 4). Thus, we identified a new
mechanism by which the stability of b-Catenin is controlled in
PSCs. As CaMKII is considered an effector of the noncanonical

Wnt pathway (Bengoa-Vergniory and Kypta, 2015), our results
might serve to provide a new link between mitochondrial dynamics and noncanonical Wnt pathways.
Recent studies revealed the importance of mitochondrial
dynamics in various key developmental events, such as cardiomyocyte differentiation, hematopoietic stem cell maintenance,
Cell Metabolism 29, 1–14, March 5, 2019 11
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Figure 6. Mitochondrial Dynamics Is Required for the Full Pluripotency and Differentiation of Pluripotent Stem Cells
The balance between mitochondrial fusion and fission is critical for the full
pluripotency and embryonic developmental potential of pluripotent stem cells
(PSCs). Excess mitochondrial fission in PSCs results in ubiquitin-mediated
proteasomal degradation of the b-Catenin protein by increasing cytosolic Ca2+
entry and CaMKII activity, ultimately leading to a failure to produce live-born
offspring. See also Figure S5.

T cell fate decisions, neurogenesis, and the transformation of
somatic cells to iPSCs (Kasahara et al., 2013; Luchsinger et al.,
2016; Buck et al., 2016; Khacho et al., 2016; Prieto et al., 2016;
Son et al., 2013). During somatic cell reprogramming, cellular
metabolism shifts from oxidative phosphorylation to glycolysis
(Folmes et al., 2011; Zhang et al., 2012; Cao et al., 2015); therefore, an extensive restructuring of the mitochondria at the initiation stage during the conversion from somatic cells to iPSCs is
critical for this reprogramming (Figure S5A; Prieto et al., 2016;
Son et al., 2015; Son et al., 2013). Intriguingly, at the initiation
stage of the somatic reprogramming, but not at the middle or
late stages, fission gene expression is required for reprogramming, as changes in fission protein expression in OSKM-induced
cells significantly altered the generation of alkaline phosphatase
(AP)-positive colonies (knockdown impaired while overexpression enhanced the process; Figures S5B and S5C). Consistent
with these findings, altered Mff expression significantly affected
cellular ATP levels at the initiation stage but not the middle stage
of reprogramming (Figures S5D and S5E). These results, however, did not contradict the overall observation of this study that
balanced and controlled mitochondrial dynamics is required
for the full pluripotency of iPSCs. As shown in a recent study
by Prieto et al. (2016), OSKM-induced cells remodeled their
mitochondria to a fragmented morphology during the first
3 days but then regained and sustained a tubular mitochondrial
morphology as the induction process continued. According to a
more recent study from the Yamanaka group, Esrrb-mediated
OXPHOS activation, which is generally considered as the predominant metabolic pathway in somatic cells, is very important
for the efficient reprogramming and conversion of primed
PSCs into the naı̈ve state (Sone et al., 2017). Based on these results, during iPSC generation, fusion and fission factors might be
responsible for altering the mitochondrial structure and balanced
12 Cell Metabolism 29, 1–14, March 5, 2019

mitochondrial dynamics is required for the acquisition of full pluripotency. In this regard, our novel results might serve to invite
more detailed studies of mitochondrial dynamics during cellular
reprogramming, which will help to reveal new mechanisms underlying the full pluripotency and development potential of PSCs.
Although iPSCs are believed to provide new hope for the
development of patient-specific cell therapy and research applications, relatively little is known about the reprogramming
processes and multi-lineage specification during early embryonic development, which hampers progress in the field. Thus,
an understanding of the molecular mechanisms that influence
full pluripotency acquisition and PSC differentiation holds the
key to advancing applications of iPSCs in a therapeutic setting
(Takebe et al., 2013; Rais et al., 2013). In addition, while tetraploid complementation is considered the gold standard to
assess full pluripotency and developmental potential, and the
fully reprogrammed iPSCs from mouse somatic cells have
been verified by tetraploid complementation (Zhao et al., 2009;
Boland et al., 2009), a gold standard to assess human ESCs or
iPSCs is currently unavailable. Therefore, the development of
fast and effective methods to evaluate the pluripotent properties
of human PSCs is both necessary and urgent. Our results reveal
a novel role for mitochondrial dynamics in regulating the full
pluripotency of iPSCs and their in vivo embryonic development
by regulating the proteasomal degradation of b-Catenin, which
might contribute not only to our understanding of pluripotency
and embryonic development but also the more efficient generation and assessment of human PSCs.

Limitations of the Study
The present study demonstrated that balanced mitochondrial
dynamics is essential for the full pluripotency of PSCs. While
we provided the in vivo evidence that excess mitochondrial
fission in PSCs led to failure in live-born offspring production
using Mff-overexpressing mESCs, we were unable to assess
whether knocking down MFF in partially pluripotent iPSCs could
lead to the generation of viable pups by tetraploid complementation. The strict requirements of the cell conditions for the
tetraploid complementation assay might be the major reason
responsible for this failure. Our study also had limitations in the
dissection of the detailed mechanisms through which expression of the fission machinery is regulated in PSCs, which might
be a focus for our future study.
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A., López-Garcı́a, C., and Torres, J. (2016). Early ERK1/2 activation promotes
DRP1-dependent mitochondrial fission necessary for cell reprogramming.
Nat. Commun. 7, 11124.
Prigione, A., Rohwer, N., Hoffmann, S., Mlody, B., Drews, K., Bukowiecki, R.,
€mlein, K., Wanker, E.E., Ralser, M., Cramer, T., and Adjaye, J. (2014). HIF1a
Blu
modulates cell fate reprogramming through early glycolytic shift and upregulation of PDK1-3 and PKM2. Stem Cells 32, 364–376.
Rais, Y., Zviran, A., Geula, S., Gafni, O., Chomsky, E., Viukov, S., Mansour,
A.A., Caspi, I., Krupalnik, V., Zerbib, M., et al. (2013). Deterministic direct
reprogramming of somatic cells to pluripotency. Nature 502, 65–70.
Rudloff, S., and Kemler, R. (2012). Differential requirements for b-catenin
during mouse development. Development 139, 3711–3721.

14 Cell Metabolism 29, 1–14, March 5, 2019

Son, M.J., Kwon, Y., Son, M.Y., Seol, B., Choi, H.S., Ryu, S.W., Choi, C., and
Cho, Y.S. (2015). Mitofusins deficiency elicits mitochondrial metabolic reprogramming to pluripotency. Cell Death Differ. 22, 1957–1969.
Sone, M., Morone, N., Nakamura, T., Tanaka, A., Okita, K., Woltjen, K.,
Nakagawa, M., Heuser, J.E., Yamada, Y., Yamanaka, S., and Yamamoto, T.
(2017). Hybrid cellular metabolism coordinated by Zic3 and Esrrb synergistically enhances induction of naive pluripotency. Cell Metab. 25, 1103–1117.e6.
Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells
from mouse embryonic and adult fibroblast cultures by defined factors. Cell
126, 663–676.
Takebe, T., Sekine, K., Enomura, M., Koike, H., Kimura, M., Ogaeri, T., Zhang,
R.R., Ueno, Y., Zheng, Y.W., Koike, N., et al. (2013). Vascularized and functional human liver from an iPSC-derived organ bud transplant. Nature 499,
481–484.
Wan, W., Cao, L., Kalionis, B., Xia, S., and Tai, X. (2015). Applications of
induced pluripotent stem cells in studying the neurodegenerative diseases.
Stem Cells Int. 2015, 382530.
Wang, L., Zhang, T., Wang, L., Cai, Y., Zhong, X., He, X., Hu, L., Tian, S., Wu,
M., Hui, L., et al. (2017). Fatty acid synthesis is critical for stem cell pluripotency
via promoting mitochondrial fission. EMBO J. 36, 1330–1347.
Wernig, M., Meissner, A., Foreman, R., Brambrink, T., Ku, M., Hochedlinger,
K., Bernstein, B.E., and Jaenisch, R. (2007). In vitro reprogramming of fibroblasts into a pluripotent ES-cell-like state. Nature 448, 318–324.
Ying, Q., Wray, J., Nichols, J., Batlle-Morera, L., Doble, B., Woodgett, J.,
Cohen, P., and Smith, A. (2008). The ground state of embryonic stem cell
self-renewal. Nature 453, 519–523.
Zhang, J., Khvorostov, I., Hong, J.S., Oktay, Y., Vergnes, L., Nuebel, E.,
Wahjudi, P.N., Setoguchi, K., Wang, G., Do, A., et al. (2011). UCP2 regulates
energy metabolism and differentiation potential of human pluripotent stem
cells. EMBO J. 30, 4860–4873.
Zhang, J., Nuebel, E., Daley, G.Q., Koehler, C.M., and Teitell, M.A. (2012).
Metabolic regulation in pluripotent stem cells during reprogramming and
self-renewal. Cell Stem Cell 11, 589–595.
Zhao, X., Li, W., Lv, Z., Liu, L., Tong, M., Hai, T., Hao, J., Guo, C.L., Ma, Q.W.,
et al. (2009). iPS cells produce viable mice through tetraploid complementation. Nature 461, 86–90.

Please cite this article in press as: Zhong et al., Mitochondrial Dynamics Is Critical for the Full Pluripotency and Embryonic Developmental Potential of
Pluripotent Stem Cells, Cell Metabolism (2018), https://doi.org/10.1016/j.cmet.2018.11.007

STAR+METHODS
KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

OCT4

Stemgent

Cat# 09-0023; RRID:AB_2167689

SOX2

Millipore

Cat# AB5603; RRID:AB_2286686

MFF

Thermo Fisher Scientific (Proteintech)

Cat# 17090-1-AP; RRID:AB_2142463

DRP1

Novus

Cat# NB110-55288SS; RRID:AB_921147

FIS1

Thermo Fisher Scientific (Proteintech)

Cat# 10956-1-AP; RRID:AB_2102532

MIEF1

Thermo Fisher Scientific (Proteintech)

Cat# 20164-1-AP; RRID:AB_10639522

MIEF2

Thermo Fisher Scientific (Proteintech)

Cat# 16413-1-AP; RRID:AB_2714217

MFN1

Thermo Fisher Scientific (Proteintech)

Cat# 13798-1-AP; RRID:AB_2266318

MFN2

Thermo Fisher Scientific (Proteintech)

Cat# 12186-1-AP; RRID:AB_2266320

b-Catenin

Thermo Fisher Scientific (Proteintech)

Cat# 51067-2-AP; RRID:AB_2086128

CaMKII

Thermo Fisher Scientific (Proteintech)

Cat# 20666-1-AP

Phospho-CaMKII (Thr286)

Cell Signaling Technology

Cat# 12716; RRID:AB_2713889

b-Actin

Thermo Fisher Scientific (Proteintech)

Cat# 60008-1-Ig; RRID:AB_2289225

WNT3

Thermo Fisher Scientific (Proteintech)

Cat# 17983-1-AP; RRID:AB_2215299

WNT5a

Thermo Fisher Scientific (Proteintech)

Cat# 55184-1-AP

DLL4

Thermo Fisher Scientific (Proteintech)

Cat# 21584-1-AP

Notch1

Thermo Fisher Scientific (Proteintech)

Cat# 20687-1-AP; RRID:AB_10700012

Notch3

Thermo Fisher Scientific (Proteintech)

Cat# 55114-1-AP; RRID:AB_10858393

BMP4

Thermo Fisher Scientific (Proteintech)

Cat# 12492-1-AP; RRID:AB_2063531

TOM20

Thermo Fisher Scientific (Proteintech)

Cat# 11802-1-AP; RRID:AB_2207530

Nestin

Thermo Fisher Scientific (Proteintech)

Cat# 66259-1-AP

PAX6

Thermo Fisher Scientific (Proteintech)

Cat#12323-1-AP; RRID:AB_2159695

b-Catenin

ZSGB-Bio

Cat# ZM0442

anti-ubiquitin (linkage-specific K48)

Abcam

Cat# ab140601

HRP-conjugated anti-rabbit

Bio-Rad / AbD Serotec

Cat# 170-6515; RRID:AB_11125142

HRP-conjugated anti-mouse

Bio-Rad / AbD Serotec

Cat# 170-6516; RRID:AB_11125547

Alexa Fluor 594-conjugated Goat Anti-Rabbit IgG(H+L)

Thermo Fisher Scientific (Proteintech)

Cat# SA00006-4-AP

Texas Red-conjugated Goat Anti-Rabbit IgG(H+L)

Thermo Fisher Scientific (Proteintech)

Cat# SA00005-1-AP

Antibodies

Chemicals, Peptides, and Recombinant Proteins
MitoTracker Red CMXRos

Thermo Fisher Scientific

M7512

MG132

Sigma-Aldrich

C2211

Fluo-8 AM

Abcam

ab142773

KN62

Selleckchem

S7422

Critical Commercial Assays
Alkaline Phosphatase Staining Kit

Beyotime

P0321

CaMKII activity assay kit

YIJI

YJ60143.1.3

ATP assay kit (CellTiter-Glo Luminescent Cell Via Assay)

Promega

G7571

Experimental Models: Cell Lines
IP14D-1

Zhao et al., 2009

N/A

IP20D-3

Zhao et al., 2009

N/A

mES1

This paper

N/A

IP14D-6

Zhao et al., 2009

N/A

IP36D-3

Zhao et al., 2009

N/A

mES2 (ESC2)

Zhao et al., 2009

N/A
(Continued on next page)

Cell Metabolism 29, 1–14.e1–e4, March 5, 2019 e1

Please cite this article in press as: Zhong et al., Mitochondrial Dynamics Is Critical for the Full Pluripotency and Embryonic Developmental Potential of
Pluripotent Stem Cells, Cell Metabolism (2018), https://doi.org/10.1016/j.cmet.2018.11.007

Continued
REAGENT or RESOURCE

SOURCE

IDENTIFIER

Experimental Models: Organisms/Strains
CD-1

Slaccas

CD-1

C57BL/6

Slaccas

C57BL/6

This paper

N/A

Oligonucleotides
Primers for qRT-PCR, see Table S1
Recombinant DNA
pSin-EF2a-Puromycin

Addgene

#16580

shmff

Sigma Mission

TRCN0000174539, TRCN0000174875

shfis1

Sigma Mission

TRCN0000124385, TRCN0000124387

shdrp1

Sigma Mission

TRCN0000012604, TRCN0000012606

shctnnb1

Sigma Mission

TRCN0000012691, TRCN0000012692

shcamkii

Sigma Mission

TRCN0000012469, TRCN0000012471

NTC

Sigma Mission

SHC002

GraphPad Prism Version 5.03

GraphPad

https://www.graphpad.com/scientificsoftware/prism/

ImageJ

NIH

https://imagej.nih.gov/ij/

Software and Algorithms

CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ping Gao
(pgao2@ustc.edu.cn).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell Culture
Mouse iPS cell lines or ES cell lines (originated from male mouse with a B6D2F1 or C57 genetic background) were cultured in 1:1 Neurobasal (Thermo Fisher Scientific, Gibco, 21103-049):F12/DMEM (Thermo Fisher Scientific, Gibco, 11330-032) culture medium supplemented with B27 (Thermo Fisher Scientific, Gibco, 17504-044), N2 (Thermo Fisher Scientific, Gibco, 17502-048), CHIR99021 (Stemgent,
04-0004, 3 mM), PD0325901 (Stemgent, 04-0006, 1 mM), and mouse Leukemia Inhibitory Factor (mLIF, Millipore, ESG1107). Mouse embryonic fibroblast (MEF) cells were isolated from E13.5 CF-1 mouse embryos and cultured in DMEM (MultiCell, 319-015-CL) containing
10% heat-inactivated fetal bovine serum (FBS, Thermo Fisher Scientific, Gibco, 10099-141) and 0.1 mM MEM nonessential amino acids
(Thermo Fisher Scientific, Gibco, 11140-050). All cells were cultured in a humidified incubator at 37 C and 5% CO2.
Tetraploid Embryo Complementation
All animal studies were conducted with approval from the Animal Research Ethics Committee of South China University of Technology, or Institute of Zoology, Chinese Academy of Sciences. The mice were housed in ventilated cages with free access to sterile food
(Beijing KeaoXieli Feed) and water under the condition of standard 12 hr light/darkness cycle (lights on at 07:00 AM) and ambient
temperature 23±2 C. The generation of mice by tetraploid embryo complementation was performed using previously described
methods (Zhao et al., 2009). Briefly, two-cell embryos were collected from the oviducts of CD-1 females (white coat color) and electrofused to produce one-cell tetraploid embryos that were then cultured in CZB media. Ten to fifteen iPS cells (originally with a
B6D2F1 genetic background) or ES cells (originally with a C57 genetic background) were injected into each tetraploid blastocyst
and transferred to CD-1 pseudopregnant recipient females. All CD-1 female mice used in the experiments were nine-week-old.
Embryos derived from tetraploid blastocyst injection (4N) were dissected in handling media (CZB-HEPES media, CZB media without
BSA and supplemented with 20 mM HEPES-Na and 5 mM NaHCO3) on E10.5 or E13.5. Numbers of live pups were counted after they
were born. All the embryos and live pups derived from tetraploid blastocyst injection were male, since the injected iPSCs or mESCs
were originated from male mice.
METHOD DETAILS
Differentiation Protocol
For embryoid body (EB) formation, iPSCs were first harvested by digestion and dissociated until a single-cell suspension was
achieved. The cell suspension was pelleted by centrifugation and resuspended in IMEM (Thermo Fisher Scientific, Gibco,
e2 Cell Metabolism 29, 1–14.e1–e4, March 5, 2019

Please cite this article in press as: Zhong et al., Mitochondrial Dynamics Is Critical for the Full Pluripotency and Embryonic Developmental Potential of
Pluripotent Stem Cells, Cell Metabolism (2018), https://doi.org/10.1016/j.cmet.2018.11.007

12440053) supplemented with 15% heat-inactivated fetal bovine serum (FBS, Gibco, 10099-141), GlutaMAX (Thermo Fisher Scientific, Gibco, 35050-061), and MEM nonessential amino acids (Thermo Fisher Scientific, Gibco, 11140-050). The cell number was
counted. For the determination of EB formation efficiency, aliquots of 20 ml containing 100 cells were placed on the lids of Petri dishes
(50 aliquots per lid). The lids were inverted and placed on dishes filled with culture medium. The forming EBs were cultured in suspension for 4 days and counted. The EB formation efficiency was calculated using the following equation: aliquots with individual
EBs/total aliquot numbers (50 aliquots). Images of the individual EBs that formed were captured and the diameter of EBs was
measured using ImageJ software. For day 15 cultures, the counted cells were seeded on non-adhesive Petri dishes to allow cells
to aggregate. Media were replaced every two days. For random differentiation, iPS cells were dissociated and plated on 0.1%
Matrigel (Corning, 354277)-coated tissue culture dishes in DMEM supplemented with 15% heat-inactivated fetal bovine serum
(FBS, Thermo Fisher Scientific, Gibco, 10099-141), GlutaMAX (Thermo Fisher Scientific, Gibco, 35050-061), an MEM nonessential
amino acids solution (Thermo Fisher Scientific, Gibco, 11140-050), 0.1 mM b-mercaptoethanol (Thermo Fisher Scientific, Gibco,
21985-023) and RA (Sigma-Aldrich). Media were refreshed daily. For neural differentiation, iPS cells were dissociated and plated
onto 0.1% Matrigel-coated tissue culture dishes in N2B27 medium, which is a 1:1 mixture of DMEM/F12 supplemented with N2
and Neurobasal medium supplemented with B27. Media were refreshed daily.
qRT-PCR Analysis
Cells were rinsed with cold PBS and total RNA was isolated using TRIzol (Thermo Fisher Scientific, Invitrogen). For qRT-PCR
analyses, 1 microgram of total RNA was reverse transcribed using SuperScript III Reverse Transcriptase (Thermo Fisher Scientific,
Invitrogen, 18080044) and qRT-PCR was performed using iQ SYBR Green Supermix (Bio-Rad, 1708880) on the iCycler Real-time
System (Bio-Rad). The relative expression of individual transcripts was normalized to 18S. Primer sequences are listed in Table S1.
Western Blot Analysis
Equal amounts of cell lysates were separated by SDS-PAGE, transferred onto NC membranes (GE Healthcare) and blocked with 5%
milk. Primary antibodies against the following proteins at the different dilutions were used: OCT4 (1:3000), SOX2 (1:1000), MFF
(1:1000), DRP1 (1:1000), FIS1 (1:1000), MIEF1 (1:1000), MIEF2 (1:1000), MFN1 (1:1000), MFN2 (1:1000), TOM20 (1:4000), b-Catenin
(1:1000), CaMKII (1:1000), pCaMKII (1:1000), b-Actin (1:3000), WNT3a (1:1000), WNT5a (1:1000), DLL4 (1:1000), Notch1 (1:1000),
Notch3 (1:1000), and BMP4 (1:1000). HRP-conjugated anti-rabbit or -mouse secondary antibodies (1:10000) were used, and membranes were imaged using the Western ECL Substrate (Bio-Rad).
Plasmid Construction and Establishment of Stable Cell Lines
Mff, Fis1, Drp1, and b-Catenin were cloned into the lentiviral vector pSin-EF2a-Puromycin with the specified CDS sequences
replacing each gene sequence. The COX4 mitochondrial target sequence (MtS)-GFP (or RFP) was cloned into the lentiviral vector
pSin-EF2a-Puromycin. All shRNAs in the PLKO vector were purchased (Sigma-Aldrich). Sequences of shRNAs used in this study
are listed in Key Resources Table. The overexpression or shRNA plasmids were cotransfected with viral packaging plasmids into
HEK293T cells using Lipofectamine 2000 (Thermo Fisher Scientific, Invitrogen, 11668019). Culture medium containing virus particles
was collected and filtered through a 0.22 mm filter 48 hours after transduction. The iPS cells that had been weaned off feeder cells
were infected with equal amounts of empty vector control or a nontargeting control virus mixed with 8 mg/ml polybrene (SigmaAldrich). The medium was replaced 24 hours after infection.
Immunofluorescence Staining
For immunofluorescence (IF) staining, cells were fixed with 4% paraformaldehyde, blocked with PBS containing 5% BSA and
incubated with anti-TOM20 (1:150) anti-b-Catenin (1:100), anti-Nestin (1:100), or anti-PAX6 (1:100) antibodies. Anti-rabbit or
anti-mouse secondary antibodies conjugated to Texas Red (1:200) were used. The nucleus was stained with DAPI (Sigma-Aldrich).
Images of IF staining were captured using a Zeiss 710 laser scanning confocal microscope (Zeiss) and data were analyzed using ZEN
microscope imaging software.
MitoTracker Staining
Cells grown on Matrigel-coated coverslips were incubated with a pre-warmed staining solution containing 100 nM MitoTracker Red
CMXRos for 30 minutes. After washes with PBS, cells were fixed with 4% formaldehyde and stained with DAPI. Images were
captured using a Zeiss 710 laser scanning confocal microscope (Zeiss) and data were analyzed using ZEN microscope imaging software. The experiments were performed in a blinded manner and repeated three times independently. The acquisition and assessment of images were performed in random order.
Electron Microscopy
Cells were harvested by trypsin digestion and fixed with 2.5% glutaraldehyde. After washes with PBS, cells were further fixed with
1% osmic acid. Then, cells were sequentially immersed in epoxy propane, epoxy propane:epoxy resin, and epoxy resin after dehydration with sequential washes in 30, 50, 70, 80, 95 and 100% ethanol. Samples in epoxy resin were heated at 40 C for 12 hours and
then at 60 C for 48 hours. The ultrathin sections (70 nm) were collected on copper grids and stained using electronic staining regents.
Images were obtained with a JEM-1230 transmission electron microscope.
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Ubiquitination Assay
MEF cells were infected with OSKM and were then infected with shMffs on day 5. For CaMKII inhibitor KN62 treatment, the cells were
treated with 1 mM KN62 for 36 hours. The iPS cells or day 10 reprogrammed cells were treated with 2 mM MG132, a proteasome
inhibitor, for 8 hours, followed by PBS washes and protein lysis. Equal amounts of protein lysates were immunoprecipitated with
a b-Catenin antibody and subjected to SDS-PAGE, followed by blotting with an anti-ubiquitin (linkage-specific K48) antibody.
Cytosolic Ca2+ Measurement
Cells were incubated with 5 mM Fluo-8 AM in the extracellular solution (130 mM NaCl, 3 mM KCl, 1.25 mM KH2PO4, 1.5 mM MgSO4,
24 mM NaHCO3, 10 mM glucose, and 2 mM CaCl2, pH 7.4, with CaCl2 replaced with 1 mM EGTA in the Ca2+-free solution) at 37 C in a
5% CO2 incubator for 30 minutes, washed twice, and incubated in the extracellular solution for an additional 10 minutes to allow
de-esterification. Images were collected with a fluorescence microscope (Olympus IX51) using the FITC channel. Image analysis
was performed with ImageJ. DF/F0 was used to measure changes in cytosolic Ca2+ concentrations and compare the differences
between Mff-overexpressing mESCs and the EV control cells or between Mff knockdown cells and the NTC cells. F is the fluorescence at given time and F0 is the fluorescence of samples measured in the Ca2+-free solution. DF is F minus F0.
CaMKII Activity Measurement
CaMKII activity was measured using an assay kit according to the manufacturer’s instructions.
Immunohistochemical Staining
E13.5 mouse embryos were fixed with 4% paraformaldehyde and embedded in paraffin. Samples were deparaffinized and rehydrated. After antigens retrieval, sections were treated with 1% hydrogen peroxide in methanol for 10 minutes to block endogenous
peroxidase activity and incubated with an antibody against MFF (1:800 dilution), or b-Catenin (ZSGB-Bio, 1:200 dilution) at 37 C for 1
hour. Sections were incubated with SignalStain Boost Detection Reagent for 30 minutes at room temperature. Color was developed
with a diluted SignalStain DAB Chromogen solution. Nuclei were lightly counterstained with hematoxylin.
Induction of Pluripotent Stem Cells
For iPS induction, pMXs-based vectors containing mouse Oct4, Sox2, Klf4, or cMyc cDNAs (Addgene) were cotransfected into
HEK293T cells using Lipofectamine 2000 (Invitrogen). Culture medium containing virus particles was collected and filtered through
a 0.22 mm filter 48 hours after transduction. MEF cells were infected with equal amounts of OSKM viruses mixed with 8 mg/ml polybrene (Sigma-Aldrich). The medium was replaced daily. Six days after the infection, the induced cells were suspended and seeded on
the prepared feeder cells. The induced cells were stained with the Alkaline Phosphatase Staining Kit on day 14 after infection. The iPS
cell colonies were also picked on day 14 after infection and cultured in 2i medium.
Intracellular ATP Measurement
Intracellular ATP levels were measured using the ATP assay kit according to the manufacturer’s instructions. Relative ATP levels were
normalized to protein concentrations.
QUANTIFICATION AND STATISTICAL ANALYSIS
The values reported in the graphs are presented as the means ± S.D. A two-tailed Student’s t test and two-way ANOVA with Bonferroni post-hoc test were used to compare treatment groups. GraphPad Prism software (GraphPad Software Inc.) was used for
these analyses. For all analyses, a p value less than 0.05 was considered statistically significant. Statistical significance is displayed
as p < 0.05 (one asterisk).
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