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Abstract

Background: The pluripotent state of embryonic stem (ES) cells is controlled by a network of specific transcription factors.
Recent studies also suggested the significant contribution of mitochondria on the regulation of pluripotent stem cells.
However, the molecules involved in these regulations are still unknown.

Methodology/Principal Findings: In this study, we found that prohibitin 2 (PHB2), a pleiotrophic factor mainly localized in
mitochondria, is a crucial regulatory factor for the homeostasis and differentiation of ES cells. PHB2 was highly expressed in
undifferentiated mouse ES cells, and the expression was decreased during the differentiation of ES cells. Knockdown of
PHB2 induced significant apoptosis in pluripotent ES cells, whereas enhanced expression of PHB2 contributed to the
proliferation of ES cells. However, enhanced expression of PHB2 strongly inhibited ES cell differentiation into neuronal and
endodermal cells. Interestingly, only PHB2 with intact mitochondrial targeting signal showed these specific effects on ES
cells. Moreover, overexpression of PHB2 enhanced the processing of a dynamin-like GTPase (OPA1) that regulates
mitochondrial fusion and cristae remodeling, which could induce partial dysfunction of mitochondria.

Conclusions/Significance: Our results suggest that PHB2 is a crucial mitochondrial regulator for homeostasis and lineage-
specific differentiation of ES cells.
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higher eukaryotes [6,7,8]. PHB2 is mainly involved in the
functionality of the mitochondrial inner membrane as a protein-
lipid scaffold. Some reports also suggested other functions of
PHB2, such as transcriptional regulation in the nucleus and cell
signaling in the plasma membrane [9].

Recent studies suggested various roles of PHBs in disease
pathogenesis. For example, PHBs are involved in cancer growth
and metastasis. PHBs are highly expressed in various cancers, such

Introduction

The pluripotent stem cells, such as embryonic stem (ES) cells
and induced pluripotent stem (iPS) cells, are regulated by a specific
transcription network composed of core transcription factors such
as Oct4, Sox2, and Nanog [1,2]. Recent reports suggested the
involvement of other factors, such as mitochondrial functions, in
the regulation of stem cells [3,4]. Previously, we performed
proteomic analyses of mouse ES cells and identified prohibitin 2

) R X as hepatocellular carcinoma, endometrial hyperplasia, adenocar-
(PHB2) as one of the highly expressed proteins in pluripotent

cinoma, gastric cancer, and breast cancer [10]. PHBs are also

mouse ES cells [5]. PHB2 is a pleiotropic protein that has been
reported to be essential for cell proliferation and development in
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involved in inflammatory diseases, such as inflammatory bowel
diseases [9]. Therefore, PHBs are considered as important
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therapeutic targets for clinical applications. In contrast to roles of
PHBs in adult tissues, the detailed functions of PHB2 during early
development are still unknown. Gene targeting of PHB2 in mice
led to embryonic lethality before embryo day 8.5 [8,11].

In this study, we took advantage of the multiple differentiation
abilities of ES cells, and analyzed the roles of PHB2 on the
differentiation as well as pluripotency of these cells. We show that
PHB2 localized in mitochondria regulates proliferation and
lineage-specific differentiation of pluripotent ES cells.

Results

To identify the novel regulatory proteins of ES cells, we have
surveyed proteins selectively expressed in pluripotent mouse ES
cells by differential proteomic analyses, and identified PHB2 as
one of those proteins [5]. Recently, other groups have also
reported that PHB proteins are highly expressed in primate ES
cells, including in humans [12,13]. However, the functions of
PHBs in ES cells are still unknown. As shown in Fig. 1A, PHBI
and PHB2 are highly expressed in pluripotent mouse ES cells, and
their expression was significantly decreased after 1 week of culture
without leukemia inhibitory factor (LIF). PHB2 was much more
decreased than PHB1. PHB2 is mainly localized in the mitochon-
dria of pluripotent mouse ES cells (Fig. 1C). However, PHB2
signal was also detected in the nucleus. Subcellular fractionation of
pluripotent ES cells further confirmed the localization of PHB2 in
both fractions (Fig. 1B). When mouse ES cells were cultured in the
absence of LIF for 1 week, the cells lost the expression of the
pluripotency-specific marker Oct4. They were morphologically
differentiated into flattened cells, and the expression of PHB2 was
diminished (Fig. 1D).

To examine the functions of endogenous PHB2 in ES cells, we
generated a PHB2-specific shRINA-expressing retrovirus vector. As
shown in Fig. 2A (left), transient transfection of the PHB2 shRNA
vector successfully knocked down endogenous PHB2 in mouse ES
cells. However, ES cell lines stably expressing PHB2 shRNA could
not be established. In contrast, the control shRNA-expressing ES
cells were readily obtained (Fig. 2B, left), suggesting that PHBZ is
an indispensable gene for the survival of pluripotent ES cells. As
shown in Fig. 2C (left), transient transfection of a PHB2 shRNA-
expressing vector significantly induced terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick end-labeling
(TUNEL)-positive cells among the mouse ES cells, suggesting that
knockdown of PHB2 induced apoptosis in ES cells. In contrast,
non-ES cell lines (NIH3T3 and C2C12) that stably express PHB2
shRNA were easily established (Fig. 2B, middle and right). No
apparent apoptosis was observed (Fig. 2C, middle), although
efficient knockdown of endogenous PHB2 was equally observed in
these differentiated cells (Fig. 2A, middle, right). This ES-specific
induction of apoptosis by the knockdown of PHB2 was also
observed in human pluripotent stem cells (Fig. 2C, right). These
results suggest that high-level expression of PHB2 is indispensable
for the maintenance of pluripotent ES cells.

Next, PHB2-expressing ES clones were established by using a
Tet-off expression system [14]. These ES clones expressed PHB2-
Flag protein when they were cultured in the absence of
tetracycline (Tc) (Fig. 3A). Exogenous PHB2-Flag protein was
slightly larger than the endogenous PHB2, and was expressed in
lesser amount than the endogenous PHB2 (Fig. 3B). Culture
without Tc simultaneously induced the expression of a GIP
variant protein, Venus, in addition to PHB2, owing to the
presence of the J/RES sequence in the knock-in vector (Fig. 3C).
Exogenous PHB2-Flag protein was mostly localized in mitochon-
dria (Fig. 3D). When PHB2-expressing ES cells were cultured in
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Figure 1. Prohibitin 2 (PHB2) is highly expressed in pluripotent
mouse embryonic stem (ES) cells and mainly localized in
mitochondria. (A) High expression of PHBs in pluripotent ES cells. ES
cells cultured with or without LIF for 1 week were subjected to
immunoblotting with the indicated antibodies. (B) Subcellular fraction-
ation of ES cells cultured in the presence of leukemia inhibitory factor
(LIF). The indicated proteins were detected by immunoblotting after
separation by SDS-PAGE. (C) Localization of PHB2 in pluripotent ES cells.
Pluripotent ES cells cultured in the presence of LIF were analyzed by
confocal microscopy after immunofluorescence staining with a PHB2
antibody (green). Mitochondria and nuclear DNA were stained with
MitoTracker (red) and DAPI (blue), respectively. Enlarged images of the
boxed area in the left panels are shown in the middle and right panels.
The white solid and dotted circles in the middle panels show the
plasma membrane and nuclear envelopes of ES cells, respectively. Scale
bar, 10 um. (D) ES cells cultured with or without LIF for 1 week were
analyzed by immunofluorescence staining with a PHB2 or Oct4
antibody. Scale bar, 30 pm.

doi:10.1371/journal.pone.0081552.g001

the absence of LIF and allowed to differentiate spontaneously, the
cells showed prolonged alkaline phosphatase activity for a while,
although the compact morphology of these cells was disrupted. In
contrast, ES cells expressing a control vector showed a flattened
morphology with significantly decreased alkaline phosphatase
activity (Fig. 3E, F). Moreover, the growth of PHB2-expressing ES
cells was faster than that of the control vector-expressing cells
when cultured in the absence of LIF (Fig. 3G). However,
overexpression of PHB2 failed to maintain the pluripotency of
ES cells for a longer culture time (data not shown). These results
suggest that PHB2 promotes cell proliferation and retards the
spontaneous differentiation of pluripotent ES cells.
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Figure 2. Knockdown of PHB2 in ES cells causes induction of apoptosis. (A) Knockdown of endogenous PHB2 in mouse ES, NIH3T3, and
C2C12 cells. Cells transiently transfected with a PHB2 shRNA-expressing plasmid were fixed 2 days after transfection and immunostained with a PHB2
antibody. White arrows in the pictures indicate PHB2-knockdown cells. Nuclei were stained with DAPI. Scale bar, 50 pm. (B) ES cells stably expressing
PHB2 shRNA cannot be established. ES, NIH3T3, and C2C12 cells were infected with a PHB2 shRNA retrovirus, and the stable clones were selected for
10 days in the presence of 500, 300, or 1000 ug/ml G418, respectively. The numbers of the established clones were counted. (C) TUNEL staining of
PHB2-knockdown cells. Mouse ES, NIH3T3, C2C12, and human iPS cells were transiently transfected with the PHB2 shRNA-expressing vector and

subjected to TUNEL staining after 2 days culture. TUNEL, green; DAPI, blue. Scale bar, 100 um.

doi:10.1371/journal.pone.0081552.g002

Next, we examined the effect of ectopic expression of PHB2 on
the differentiation of ES cells by using the Tet-off-regulated PHB2-
expressing ES cells. First, we tested the effect of PHB2 on the
differentiation of ES cells into the mesodermal lineage, particularly
into cardiomyocytes. On the 14th day after differentiation, the
PHB2-expressing Venus-positive cells efficiently differentiated into
cI'nT-positive cardiomyocytes similar to the control cells (Fig. 4A,
B), suggesting that PHB2 does not affect the differentiation of ES
cells into the cardiomyocyte lineage.

In contrast, when the ES cells were differentiated into
endodermal cells with a high concentration of activin, significant
induction of Foxa2-positive endodermal cells was observed.
However, PHB2-expressing Venus-positive cells did not differen-
tiate into endodermal cells that show the characteristic nuclear
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localization of Foxa2 (Fig. 4C, D). A similar inhibitory effect was
also observed in human pluripotent stem cells (Fig. 4G, H).
When the ES cells were induced to differentiate into neuronal
lineages by using the SFEB method [15], the Venus-positive
control ES cells efficiently differentiated into TuJl-positive
neuronal cells. In contrast, most of the PHB2-expressing Venus-
positive cells showed significantly fewer TuJ1-positive cells (Fig. 4E,
F). Interestingly, PHB2-expressing cells expressed the neural stem
cell marker nestin, but not the dendrite marker MAP2 after the
neuronal differentiation of ES cells (Fig. 41-K), suggesting that
PHB2 particularly inhibits differentiation of ES cells after neural
stem/progenitor cells. These results indicate that ectopic expres-
sion of PHB2 strongly inhibits the differentiation into the
ectodermal and endodermal cell lineages of pluripotent stem cells.
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Figure 3. Ectopic expression of PHB2 promotes cell proliferation of mouse pluripotent mouse ES cells. (A, B) Ectopic expression of
PHB2 under the control of a Tet-off promoter. EBRTcH3 cells carrying the PHB2 target gene under the control of a tetracycline (Tc)-regulated
promoter were cultured with or without Tc for 4 days, and subjected to immunoblotting either with a Flag (A) or a PHB2 antibody (B). (C) Expression
of Venus under the control of a Tet-off promoter. Venus protein was expressed simultaneously with PHB2 under the same Tet-off promoter. A PHB2-
expressing clone was cultured with or without Tc for 4 days. Scale bar, 300 um. (D) Confocal microscopic images of the ectopically expressed PHB2-
Flag protein in ES cells. PHB2-expressing clones cultured without Tc for 2 days were immunostained with Flag antibody (cyan). Mitochondria were
stained with MitoTracker (red), and nuclei were stained with DAPI (blue). Merged regions of cyan and red are shown as white areas. Autofluorescence
of Venus induced upon withdrawal of Tc from the culture medium was also observed. Scale bar, 10 um. (E) Alkaline phosphatase staining of PHB2-
expressing ES cells. PHB2-expressing ES cells cultured without LIF for 2 days were cultured for 4 more days in the absence of LIF and Tc. The cells were
fixed and analyzed for alkaline phosphatase activity. (F) Liquid assay for alkaline phosphatase activity. The ES cells cultured as in (E) were subjected to
the liquid assay for alkaline phosphatase. (G) Growth rate of PHB2-expressing ES cells. ES cells cultured without LIF and Tc for 2 days were seeded in a
12-well plate at 1x10* cells per well. The cells were cultured for 3 more days without LIF, and the number of cells was counted. The experiments were
done in duplicate and repeated twice. P<<0.05.

doi:10.1371/journal.pone.0081552.g003

To investigate the mechanism of these observations, we
generated stable ES clones that express shRINA-insensitive wild-
type PHB2 or the mitochondria-targeted signal-mutated version of
PHB2 (PHBQAAAA) [8] as the GFP fusion protein (Fig. 5A, B).
PHB2"-GFP was specifically localized in mitochondria (Fig. 5C).
In contrast, PHB2'**.GFP was mainly localized in the
cytoplasm, and a lesser amount of this mutant was detected in
the nucleus. PHB2***A-GFP failed to be transported into
mitochondria (Fig. 5C, arrowhead). When ES cells were infected
with the PHB2 shRNA retrovirus, none of the cells survived after
G418 selection (Fig. 5D, left). The ES cells started to undergo

PLOS ONE | www.plosone.org

apoptosis 2 days after the induction of PHB2 shRNA. Cell
numbers were gradually decreased by apoptosis, and dead cells
gradually detached from the culture plate. Most cells die in
approximately 5-6 days. The cell death induced by the
knockdown of endogenous PHB2 gene was reversed by the ectopic
expression of the shRNA-insensitive PHB2'/-GFP gene. In
contrast, the shRNA-insensitive PHB2-GFP gene failed to
inhibit the knockdown-induced cell death (Fig. 5D, E). TUNEL
staining of these cells further confirmed that effective suppression
of apoptosis was attained by the ectopic expression of PHB2™ -
GFP but not the PHB2***.GFP mutant (Fig. 5F, G). These
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Figure 4. PHB2 inhibits the differentiation of ES cells into neuronal cells and endodermal cells but not into cardiomyocytes. (A, C, E)
Effect of ectopic expression of PHB2 on the differentiation of mouse ES cells into cardiomyocytes (A), endoderm cells (C), or neuronal cells (E).
EBRTcH3 cells were differentiated in the absence of Tc. The differentiated cells were immunostained with the indicated antibodies. The ectopic
expression of PHB2 was monitored with the autofluorescence of the coexpressed Venus protein. (B, D, F) Quantification of the effect of PHB2 on the
differentiation of ES cells. The number of Venus-positive PHB2-expressing cells and indicated marker-positive cells were counted. The bar graph
shows the average numbers of immunofluorescently stained cells counted in 3 independent eye fields. 0: No Foxa2-positive cell was detected in
Venus-positive cells. Scale bar, 50 um. (G) Inhibitory effect of PHB2 on the differentiation of human iPS cells into Foxa2-positive endodermal cells. The
human iPS cell line 201B7 stably expressing PHB2-Flag (Fig. S1A clone 9) was differentiated into the endodermal lineage. The differentiated cells were
detected by immunofluorescence staining with Sox17 antibody. Scale bar, 50 um. (H) Quantification of the inhibitory effect of PHB2 on the
endodermal differentiation of human iPS cells. The number of Flag-positive PHB2-expressing cells and nuclear-localized Sox17-immunopositive cells
were counted. Scale bar, 50 um. P<<0.01. (I) PHB2 does not inhibit the differentiation of ES cells into neural stem/progenitor cells. The EBRTcH3 cell
line was differentiated as in (A) and immunostained with Nestin or MAP2 antibody. (J, K) Quantification of the inhibitory effect of PHB2 in (I).
doi:10.1371/journal.pone.0081552.9004

results demonstrated that PHB2 localized in mitochondria is
essential for the survival of pluripotent ES cells.

The importance of PHB2 in mitochondria was further
examined during the differentiation of ES cells. When ES cells
expressing the PHB2-GFP genes were differentiated into Tu]l-
positive neuronal cells, a strong inhibition of neuronal differenti-
ation was observed in PHB2"'-GFP-expressing cells. In contrast,
ectopic expression of PHB2**A.GFP did not inhibit neuronal
differentiation at all (Fig. 6A, left, and 6B). Interestingly, PHB2W'
did not show an obvious inhibitory effect on the differentiation of
ES cells into Neurodl-positive neural stem/progenitor cells

PLOS ONE | www.plosone.org 5

(Fig. 6A, right, and 6C). These results suggest that PHB2 localized
in mitochondria negatively regulates the differentiation into
neurons after the differentiation of ES cells into neural stem/
progenitor cells.

A recent study reported that the subcellular localization of
PHBI is regulated by a nuclear exporter, CRM1, with its nuclear
export signal located in its C-terminal [16]. Treatment of cells with
LMB, an inhibitor of CRMI1, abrogated the nuclear export of
PHBI, and endogenous PHB1 was concentrated in the nucleus. In
mouse ES cells, however, neither PHB1 nor PHB2 showed nuclear
localization after treatment with LMB. LMB was effective on ES

April 2014 | Volume 9 | Issue 4 | e81552
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Figure 5. PHB2 localized in mitochondria is essential for the survival of pluripotent ES cells. (A) N-terminal sequence of the
mitochondria-targeting signal mutated version of PHB2. (B) Establishment of shRNA-insensitive PHB2-GFP stable clones in mouse ES cells. The wild
type and the mitochondria-targeted signal-mutated version of PHB2-expressing ES clones were established. The expression of these proteins was
monitored by immunoblotting with a GFP antibody. (C) Subcellular localization of PHB2-GFP"™ and PHB2****-GFP proteins in pluripotent ES cells.
Confocal images of GFP-tagged PHB2 in ES cells are shown. Arrowheads indicate the location of mitochondria in ES cells. PHB2***A-GFP but not
PHB2-GFP"T failed to localize in mitochondria. Scale bar, 5 um. (D, E) PHB2"" but not PHB2**** rescued cells from apoptosis induced by PHB2
knockdown in ES cells. ES cells expressing the PHB2VT or PHB2**** transgene (1x10* cells) were infected with PHB2 shRNA- or the control shRNA-
expressing retrovirus, and cultured in the presence of 500 pg/ml G418 for 10 days (D). The resulting numbers of colonies counted in 5 different eye
fields are shown in (E). (F, G) TUNEL staining of PHB2-knockdown ES cells rescued by the exogenous mitochondrial PHB2 gene. ES cells expressing
the control vector or shRNA-insensitive PHB2-GFP (1 x10* cells) were transfected with PHB2 shRNA vector and cultured for 3 days. The apoptotic cells
were detected by TUNEL staining (F), and the numbers of cells were counted (G). Knockdown of endogenous PHB2 induced TUNEL-positive
apoptosis. Cells were rescued from apoptosis by ectopic expression of PHB2VT but not PHB2AAA,

doi:10.1371/journal.pone.0081552.9005

cells because a transcription factor, Smad4, which shuttles between
the nucleus and the cytoplasm [17], was trapped in the nucleus
(Fig. 6D). Therefore, our results suggest that PHB2 constitutively
localized in mitochondria functions as a crucial regulator for
proliferation and cell type—specific differentiation of ES cells.
When we analyzed the intracellular ATP level (Fig. 7A), it was
apparently decreased upon knockdown of PHB2. The reactive
oxygen species (ROS) level was also significantly decreased in
PHB2-knockdown cells (Fig. 7B). A membrane-permeable indica-
tor for mitochondrial membrane potential, 5,5',6,6'-tetrachloro-

PLOS ONE | www.plosone.org

1,1',3,3'-tetraethylbenzimi-dazolylcarbocyanine iodide (JC-1), re-
vealed a decrease of membrane potential in PHB2 knockdown
cells (Fig. 7C). However, ES cells overexpressing PHB2 did not
show a clear difference in ATP, ROS, and mitochondrial
membrane potential when they were cultured in the presence of
LIF (Fig. 7D-F). These results suggest that ectopic expression of
PHB2 may not drastically affect mitochondrial biogenesis in
pluripotent ES cells.

Mitochondria in ES cells are small and morphologically immature.
Time-lapse confocal microscopy revealed that overexpression of

April 2014 | Volume 9 | Issue 4 | e81552
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doi:10.1371/journal.pone.0081552.g006

PHB2 in ES cells did not change the size of mitochondria nor did it
induce any significant network formation as observed in differenti-
ated cells (Movie S1, S2) [18]. Both PHB2-overexpressing and
control cells showed active mitochondrial fusion and fission,
indicating that overexpression of PHB2 did not significantly affect
mitochondrial dynamics. In contrast, PHB2 knockdown caused
mitochondrial swelling (Movie S3, S4) and significantly impaired
mitochondrial movement. These results indicate that knockdown of
endogenous PHB2 significantly deteriorates mitochondrial dynamics.

To further investigate the mechanisms of PHB2 on the
regulation of ES cells, we analyzed the ultrastructure of
mitochondria to determine the effects of PHB2 knockdown and
overexpression in mouse ES cells. Knockdown of PHB2 by PHB2-
specific shRNA caused significant changes in the morphology of
mitochondria, which degenerated into vacuole-like structures and
lost cristae (Fig. 8A). Moreover, many lysosomes were observed in

PLOS ONE | www.plosone.org

the cytoplasm, suggesting that defective mitochondria are degrad-
ed by autophagosomes. These phenomena were not observed in
control shRNA-expressing cells (Iig. 8B). On the other hand,
overexpression of PHB2 induced mitochondrial swelling (Fig. 8C—
E). However, these mitochondria still maintained a basic structure,
including cristae, which suggests that the mitochondria in PHB2-
overexpressing cells would still be functional in pluripotent ES cells
as shown in Fig. 7D-F.

When the ES cells were subjected to neuronal differentiation,
most of the mitochondria in control ES cells changed their shape
mto the elongated and matured form that is characteristically
observed in neuronally differentiated cells. In contrast, the
mitochondria in PHB2-overexpressing ES cells were mainly of
the ES-cell-type immature form (Fig. 8F). These observations
suggest that overexpression of PHB2 caused failure in the
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Figure 7. ATP biosynthesis, ROS production, and mitochondri-
al membrane potential of PHB2-knockdown ES cells and PHB2-
overexpressing ES cells. (A, B) ATP concentration (A) and ROS level
(B) were measured with EBRTcH3 cells that express PHB2 shRNA under
the control of a Tc promoter. The ES cells were cultured in either the
absence or presence of Tet for 4 days. (C) Mitochondrial membrane
potential in ES cells transiently transfected with PHB2 siRNA or control
siRNA. The ES cells were cultured for 45 h, and treated with or without
cyclosporin A (CsA). (D-F) ATP concentration (D), ROS level (E), and
mitochondrial membrane potential (F) were measured in EBRTcH3 cells
that express PHB2 under the control of Tc promoter in the presence of
LIF. The ES cells were cultured either absence or presence of Tc for 3
days.

doi:10.1371/journal.pone.0081552.g007

transformation of the ES cell-specific juvenile form of mitochon-
dria into the differentiated cell-specific mature form.

The dynamin-like GTPase OPA1 has been identified as one of
the major PHB2 targets in mitochondria [19-21]. OPAI proteins
that exist as multiple isoforms with different sizes in the inner
mitochondrial membrane are required for the maintenance of the
normal structure of cristac. Deletion of the PHBZ gene in mouse
embryonic fibroblast cells promoted processing of OPA1 and led
to selective loss of the long OPAI isoforms [8]. In this study,
knockdown of PHB2 in mouse ES cells also induced loss of the
longer OPA isoforms (Fig. 8G), severe dysfunction of mitochon-
dria, and apoptosis. Interestingly, significant decrease of the longer
OPAL1 isoforms and concomitant increase of the shorter isoforms
were also observed in PHB2-overexpressing cells, although the
mitochondria maintained functional integrity in plurotent ES cells,
as shown in Fig. 7D-F. The accelerated processing of OPAI in
PHB2-overexpressing ES cells suggests potential destabilization of
cristac  structure, which was observed as mild swelling of
mitochondria in PHB2-overexpressing ES cells. This might affect
efficient ES cell differentiation. As expected, after neuronal
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Figure 8. Ultrastructural analysis of mitochondria in PHB2-
overexpressing ES cells and PHB2-knockdown ES cells by
electron microscopy. (A) Mouse ES cells (EBRTcH3) expressing with
PHB2 shRNA. (B) ES cells (EBRTcH3) expressing a control shRNA. (C)
Mouse D3 cells overexpressing PHB2. (D) D3 cells transfected with a
control vector. Scale bar, 500 nm. (E) Semiquantitation of morpholog-
ical differences of mitochondria in D3 cells stably expressing PHB2 or
control vector. More than 100 mitochondria were analyzed in these
cells. (F) Semiquantitation of morphological differences of mitochondria
after neuronal differentiation of D3 cells stably expressing PHB2. The ES
cells used in (E) were differentiated into the neuronal lineage by using
the SFEB method for 9 days, and the samples on day 8 (d8) and day 9
(d9) were subjected to electron microscopy. More than 100 mitochon-
dria were analyzed in these cells. (G, H) Immunoblotting of OPA1 in ES
cells. Whole lysate of EBRTcH3 cells that express PHB2 shRNA (G) or D3
cells that express PHB2-Flag (H) were analyzed by immunoblotting with
OPAT1 antibody. a-Tubulin was used as a loading control.
doi:10.1371/journal.pone.0081552.9g008

differentiation, only immature mitochondria were detected in
PHB2-overexpressing ES cells, while an increasing number of
mature mitochondria typical for differentiated cells were observed
in the control ES cells (Fig. 8F). These results suggest that
overexpression of PHB2 would promote the processing of OPAI
and hamper efficient differentiation of ES cells owing to the partial
dysfunction of mitochondria.

Discussion

In this study, we have shown that PHB2 localized in
mitochondria is essential for the survival and proliferation of
pluripotent ES cells. Enhanced expression of PHB2 itself promotes
proliferation of ES cells. In contrast, decreased expression of
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PHB2 causes apoptosis in ES cells at a much higher rate than that
in differentiated cells. Although we observed prolonged alkaline
phosphatase activity in PHB2-expressing ES cells cultured in the
absence of LIF, overexpression of PHB2 was not able to maintain
the pluripotent state of ES cells in a long-term culture without LIF.
Therefore, our results suggest that high-level expression of PHB2
enhances the proliferation of pluripotent ES cells and thereby
retards their spontaneous differentiation in the absence of LIF
rather than actively maintaining the pluripotent state of these cells.

We have shown that PHB2 also regulates the lineage-specific
differentiation of pluripotent ES cells. Enhanced expression of
PHB2 strongly inhibited the differentiation of ES cells, especially
into neuronal and endodermal cells. Initially, we speculated that
PHB2 localized in the nucleus regulates the differentiation of ES
cells because PHBs have been reported to modulate gene
expression by interacting with several cellular signaling molecules
[9], such as estrogen receptor [11,22,23] and Akt [24,25]. Previous
studies with CG2C12 cells have shown that PHB2 can translocate
into the nucleus and inhibit skeletal muscle differentiation by
direct interaction with the nuclear transcription factors MyoD and
MEF?2, and by the recruitment of HDAC]1 [24,25]. Several papers
describe the transcriptional repressor function of PHBs in the
nucleus [22,23,26,27]. In breast cancer cell lines but not in normal
cells, PHBI is mainly localized in the nucleus and can be exported
in response to a topoisomerase 1 inhibitor, camptothecin, in a
CRM-1-dependent manner [16]. PHB2 also translocates into the
nucleus in response to estrogen, when estrogen receptor o is
overexpressed in HeLa cells [23]. To our surprise, however, in
pluripotent ES cells, PHBs are predominantly localized in
mitochondria and do not actively shuttle in pluripotent mouse
ES cells through a CRMI-dependent mechanism, although
CRM1 is functional in pluripotent ES cells. Moreover, we have
demonstrated that only mitochondrial PHB2 regulates ES cell
differentiation since the mitochondria-targeted signal-mutated
PHB2*** Iocalized in the cytoplasm and nucleus failed to inhibit
ES cell differentiation. Our results unexpectedly revealed that
PHB2 localized in the mitochondria but not in the nucleus and
cytosol are crucial for the regulation of proliferation and
differentiation of ES cells.

In addition to cell proliferation and differentiation, PHB2 also
regulates mitochondrial morphogenesis and dynamics. Merkwirth
et al. reported that OPAL, a dynamin-like GTPase that is a central
component of the mitochondrial fusion and cristae remodeling
machinery, is the major target of PHB2. PHB2-knockout MEFs
show significant growth deficiency [8]. In this study, we have
shown that knockdown of PHB2 induced loss of long isoforms of
OPAT1 and caused massive apoptosis in ES cells. Overexpression of
PHB2 also induced loss of long isoforms of OPAIl and enlarged
mitochondria in ES cells, although the effects on OPAl were
much milder than that of PHB2 knockdown. These observations
suggested an imbalanced expression of PHBs caused aberrations of
mitochondrial functions by modulating the processing of OPAl
protein. However, pluripotent ES cells are highly dependent on
anaerobic glycolytic metabolism rather than the more efficient
mitochondrial oxidative metabolism for energy production [28].
Thus, pluripotent ES cells overexpressing PHB2 may be capable
of surviving even under these potential problems.

In differentiated cells, mitochondrial morphogenesis and
dynamics are much more important than that in pluripotent ES
cells. Mitra et al. reported that in normal kidney epithelial cells a
hyperfused giant network of mitochondria is necessary for proper
G1-S transition during the cell cycle [18]. Homozygous mutations
in the genes required for mitochondrial dynamics also cause
neuronal degeneration [29]. For example, mutations in the OPAI
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gene cause autosomal dominant optic atrophy [30,31]. MFNZ, one
of the core genes in the mitochondrial fusion machinery, is
responsible for a very common hereditary neuropathy, Charcot-
Marie-Tooth disease [32]. These in vivo observations support our
finding that PHB2, an upstream regulatory factor for OPAI,
regulates neuronal differentiation of stem cells.

Although mature neurons are highly dependent on mitochon-
dria because of their high-energy demands, neural stem/progen-
itor cells still have morphologically immature mitochondria, and
most of them are fragmented similar to those in ES cells. During
differentiation to mature neurons, mitochondria undergo mor-
phological transition to fused hypertrophic state associated with
enhancement of the mitochondrial transmembrane potential [33].
Therefore, pro-apoptotic changes in mitochondria caused by
PHB2 overexpression could compromise survival of mature
neurons, but not of neural stem/progenitor cells and pluripotent
stem cells. In fact, most of the PHB2-overexpressing cells died after
they differentiated into neurons, whereas undifferentiated cells
survived (Figs. 4E-F, 41-K, and 8F). Moreover, Feng et al. recently
reported that an important regulatory transcription factor, Sox2,
protected neural stem cells from apoptosis by upregulating the
expression of survivin [34]. These observations suggest that neural
stem cells, but not differentiated neurons, are protected by the
Sox2-survivin pathway. Thus, overexpression of PHB2 may not
induce apoptosis in neural stem cells.

In contrast to neuronal lineage differentiation, differentiation of
ES cells to mesodermal lineages, such as cardiomyocytes, was not
inhibited by exogenous PHB2. During the differentiation of ES
cells into cardiomyocytes, the cellular metabolic system has to be
transformed from anaerobic glycolytic metabolism, which is
characteristic in ES and cancer cells, to the more efficient
mitochondrial oxidative metabolism mandatory for the production
of functional progenies of the cardiac lineage. Disruption of the
electron transport chain by antimycin or rotenone interferes with
the formation of mitochondrial organization, and the failure of
energetic infrastructure results in defective sarcomerogenesis and
contractile malfunction [35]. Maturation of mitochondria and
their oxidative capacity was also evident during cardiomyogenic
differentiation of cardiomyoblasts [36]. Interestingly, Hom ¢t al.
reported that the mitochondrial permeability transition pore
(mPTP) was open in early embryonic heart; however, apoptotic
factors, including cytochrome ¢ and apoptosis-inducing factor,
were not released from the mitochondria to the cytosol in E9.5
myocytes [37], which indicates that mPTP opening in early
embryonic heart is nonpathologic. Their results suggest that
differentiating cardiomyocytes from the progenitor cells could be
more resistant to the pathologic effects observed during differen-
tiation.

In this study, we found that PHB2 highly expressed in
mitochondria is essential for the survival and proliferation of
pluripotent stem cells. The expression level of PHB2 also
modulates the differentiation of ES cells. Our results revealed
that PHB2, an essential gene for mitochondrial homeostasis,
functions as a crucial molecule in mitochondria that regulates
proliferation and lineage specification during stem cell differenti-
ation.

Materials and Methods
Cell Culture

The mouse ES cell line D3 was purchased from the American
Tissue Culture Collection (ATCC). EBRTcH3, a mouse ES cell
line for knock-in experiments [14], was a kind gift from Drs.
Hitoshi Niwa and Shinji Masui (Riken, Japan). These cells were
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maintained on mitomycin C-treated mouse embryonic fibroblast
(MEF) feeder layer in ES medium (DMEM with high glucose
[Wako]), 2 mM L-glutamine, 0.1 mM nonessential amino acids
(GIBCO), 0.1 mM 2-mercaptoethanol, 15% FBS (Nichirei Bio-
sciences), 1,000 IU/ml ESGRO (Chemicon), and penicillin/
streptomycin (Sigma). MEFs were prepared as described previ-
ously [38], and maintained in MEF medium (DMEM with low
glucose [WAKO], 2 mM r-glutamine, 12.5% FBS, and penicillin/
streptomycin). A human iPS cell line (201B7) was obtained from
Riken Cell Bank and cultured as described [40]. The experimental
protocols for the preparation of MEFs from ICR mouse embryos
and use of human iPS cells were approved by the Animal
Experiment Committee and FEthical committee of National
Institute of Advanced Industrial Science and Technology (AIST),
respectively. For retrovirus propagation, Plat-E cells [39] were
maintained in DMEM with low glucose, 10% FBS, 10 pg/ml
blasticidin (Invitrogen), 1 pg/ml puromycin (Sigma), and penicil-
lin/streptomycin (Sigma).

Plasmid Construction

For the construction of an expression vector for PHB2, the full-
length coding region was amplified by polymerase chain reaction
(PCR) with pCMV-SPORT-PHB2-Flag vector [23] as the
template. The following primers were used for PCR amplification:
human PHB2-5": CTCCTCGAGGCCACCATGGCCCAGAA-
CTTGAAG; human PHB2-3": GAGGCGGCCGCTTAGT-
GATGGTGATGGTG. For cDNA amplification, a high-fidelity
PCR enzyme, KOD-Plus (TOYOBO), was used. The resulting
fragments were digested by Xkol and Nod, and subcloned into the
Xhol and Nodl sites of the pPthC vector [14].

Tc-regulated PHB-expressing ES cell lines were established
according to the method of Masui et al. [14]. An EB3 cell-derived
mouse ES cell line, EBRTcH3, which has a Tet-off cassette in the
ROSA26 locus [14], was cotransfected with a targeting vector,
pPthC-PHB2-Flag, and a Cre recombinase expressing vector,
pCAGGS-Cre, by using Lipofectamine 2000 (Invitrogen) and
cultured in the presence of 1.5 ug/ml puromycin (Sigma) and
1 pg/ml Tc. The established ES clones were cultured in ES
medium with or without Tc, and the expression of the exogenous
gene was examined by immunoblotting (Fig. 3A, 3B). The
expression of the exogenous gene was also confirmed by
coexpression of the fluorescent protein, Venus. The Tc-regulated
PHB2-expressing ES cell lines were maintained in ES medium on
a feeder cell layer of puromycin-resistant, mitomycin C—inactivat-
ed MEFs (DR4 line from ATCC). The medium was changed
daily, and the cells were passaged every 3 days.

To obtain human iPS clones stably expressing PHB2, pCMV-
SPORT-PHB2-Flag vector was digested with Hindlll, blunted
with T4 polymerase, digested with EcoRI, and subcloned into the
EcoRI and EcoRV sites of the pCAG-IP vector [41]. Human iPS
cells (201B7) were transfected with pCAG-IP-PHB2-Flag vector
using Lipofectamine 2000 (Invitrogen). Human iPS cell clones
stably expressing PHB2-Flag were selected in the presence of
0.4 pg/ml of puromycin on DR4 MEFs (ATCC). The expression
of PHB2-Flag was confirmed by immunoblotting (Fig. S1A).

For knockdown experiments, the retroviral vectors pSinSi-DK-
PHB2 shRNA and the negative control vector were constructed by
mserting the following sense-loop-antisense DNA sequences into
BamHI and Clal sites of the pSinSi-DK-I vector (Takara): PHB2
shRNA, sense: 5'- CTAGAGAACCGAATCTATCTCAACA-
CAGGGAAGCGAGTCTGTGTGAGATAGATTCGGTCTTT-
TTCCTGCA-3', antisense: 5'-GGAAAAAAGAACCGAATC-
TACTTATCTCACACAGACTCGCTTCCCTGTGTGTGAG-
ATAGATTCGGTTCT-3'; and negative control-1 shRNA, sense:
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5-CTAGAGTCTTAATCGCGTATAAGGCCACAGGGAAG-
CGAGTCTGGCCTTATACGCGATTAAGACTTTTTTCCT-
GCA-3', antisense: 5'-GGAAAAAAGTCTTAATCGCGTATA-
AGGCCAGACTCGCTTCCCTGTGGCCTTATACGCGATT-
AAGACT-3". Knockdown of PHB2 was confirmed by transient
transfection of pSinSi-DK-PHB2 shRNA vector followed by
immunofluorescence staining (Fig. 2A).

A Tet-off-based PHB2 miR expression vector was constructed
with the same target region of PHB2 as pSinSi-DK-PHB2 shRNA
vector. The following sense-loop-antisense DNA sequences were
annealed and inserted into Sall and Xhol sites of the pcdNA6.2/
GW-EGFPmiR vector: PHB2 shRNA, sense: 5'- TGCTGCTGT-
GAGATAGATTCGGTTCTGTTTTGGCCACTGACTGACA-
GAACCGACTATCTCACAG-3', antisense: 5'- CCTGCTGTG-
AGATAGTCGGTTCTGTCAGTCAGTGGCCAAAACAGAA-
CCGAATCTATCTCACAGC-3'. As for the control vector,
pcDNA6.2-GW/miR-neg (Invitrogen) was used as negative
control. The PHB2 and the negative control miR regions were
further amplified with the following primers: sense: 5'- AAACTCG-
AGTAGGCGTGTACGGTGGGAGGCCTATATAAGCAGAG-
CTCGTTTAGTGAACCGTCAGATCGCCTGGAGAATTCG-
CCACCCTGGAGGCTTGCTGAAG-3', antisense: 5'- TTTGC-
GGCCGCACACACAAAAAACCAACACACAGATGTAATGA-
AAATAAAGATATTTTATTGGGCCATTTGTTCCATGTGA-
3.

The amplified fragments were digested with Nod and Xkol, and
ligated into the Nofl and Xhol sites of pPthC vector to generate
pPthC-PHB2 miR and the control miR vector. Knockdown of
PHB2 was monitored by immunoblotting (Fig. S1B).

For the construction of shRNA-insensitive mouse PHB2-GFP
expression vector, the GFP expression vectors, PHB2wt-eGFP and
PHB2AAAA-eGFP (kind gift from Dr. Langer) [8], were mutated
by inverse PCR using KOD plus Neo (TOYOBO) with the
following primers: 5'-TACCTGACTGCTGACAACCTTGTG-
CTGAA-3’, antisense: 5'- TATACGATTCTGTGATGTGGC-
GATCG-3'. The resulting fragments were digested by EcoRI and
Notl, and subcloned into the EcoRI and Nod sites of the pCAG-IP
vector (provided by Dr. Koide) [41].

A Tet-off-based PHB2 miRNA expression vector was con-
structed using the same target sequence of PHB2 as pSinSi-DK-I-
PHB2 shRNA vector. The following sense-loop-antisense DNA
sequences were annealed and inserted into the Sa/l and Xhol sites
of the pcDNA6.2/GW-EGFP miR vector, sense: 5-TGCT-
GCTGTGAGATAGATTCGGTTCTGTTTTGGCCACTGAC-
TGACAGAACCGACTATCTCACAG-3', antisense: 5'-CCTG-
CTGTGAGATAGTCGGTTCTGTCAGTCAGTGGCCAAAA-
CAGAACCGAATCTATCTCACAGC-3'. The PHB2 miR re-
gion was further amplified by PCR using KOD FX Neo
(TOYOBO) with the following primers, sense: 5- AAACTC-
GAGTAGGCGTGTACGGTGGGAGGCCTATATAAGCAGA-
GCTCGTTTAGTGAACCGTCAGATCGCCTGGAGAATTC-
GCCACCCTGGAGGCTTGCTGAAG -3', antisense: 5'-
TTTGCGGCCGCACACACAAAAAACCAACACACAGATG-
TAATGAAAATAAAGATATTTTATTGGGCCATTTGTTC-
CATGTGA-3'. The PCR amplicon was digested with Nod and
Xhol, and ligated into the Nofl and Xhol sites of pPthC vector [14]
to generate pPthC-PHB2 miR vector. Tc-regulated PHB miR-
expressing ES cell lines were established as described above.

Differentiation of ES Cells

For the induction of cardiomyocytes, the mouse ES cell line
EBRTcHS3, carrying the PHB2 transgene under the control of a
Tc-regulated promoter, was dissociated with trypsin and aggre-
gated at 1,000 cells per well on a 96-well low-cell-binding
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microplate (Nunc) in ES medium without LIF for 2 days culture.
The resulting embryoid bodies (EBs) were further cultured in
suspension for 2 more days. Then, EBs were cultured on a gelatin-
coated dish for 12 days in ES medium without LIF. Neuronal cells
were differentiated according to a previous report [15] using the
above-mentioned EBRTcH3 cell line with minor modification.
The EBs were cultured in suspension for 5 days followed by an
adhesion culture for 4 days. For definitive endoderm differenti-
ation, the ES cells were aggregated at 1,000 cells per well in ES
medium without LIF. After 3 days culture, the EBs were plated on
a gelatin-coated dish with ES medium supplemented with 100 ng/
ml activin A (R&D Systems) and incubated for 24 h. On the next
day, the medium was changed to ES medium without LIF and
cultured for 2 more days. After differentiation, cells were
immunostained with lineage-specific marker antibodies, and the
immunopositive cells were counted to calculate the differentiation
efficiency. For definitive endoderm differentiation of human iPS
cells, a human iPS cell line, 201B7, was differentiated into
endoderm cells according to a previously published method [42].

Alkaline Phosphatase Staining

Mouse ES cells cultured on gelatin-coated dishes were washed
twice with PBS and fixed in 3.7% formaldehyde/PBS for 5 min at
room temperature. The cells were washed twice with PBS and
incubated with BM purple AP substrate (Roche) for 30 min at
room temperature.

Subcellular Fractionation

Mitochondria from mouse ES cells were fractionated with
Mitochondria Purification Kit (Thermo Scientific) according to
the manufacturer’s protocol with some modifications. Briefly,
mouse ES cells (D3) cultured on gelatin-coated dish without feeder
cells were washed twice with PBS, dissociated with trypsin/EDTA,
and harvested by centrifugation at 1,000 rpm for 5 min at room
temperature. ES cells (2x107 cells) were washed with PBS and
suspended in solution A supplemented with protease inhibitor
cocktail (Complete, Roche). The cells were incubated on ice for
2 min, homogenized with a Dounce homogenizer, and centrifuged
at 700 xg for 5 min at 4°C. The precipitated fraction was washed
with solution A, and used as the nuclear fraction. The supernatant
was centrifuged at 700 xg for 5 min to further remove nucleus and
debris, and centrifuged again at 12,000 xg for 15 min 4°C. The
supernatant fraction was used as the cytosolic fraction. The
precipitated fraction was washed with solution A and used as the
mitochondrial fraction. The nuclear and mitochondrial precipi-
tated samples were resuspended in solubilization solution (20 mM
Tris-HCI [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% NP40, and
Complete) and rotated at 4°C overnight. The solubilized proteins
were recovered by centrifugation at 12,000 xg for 10 min at 4°C.

Immunoblotting and Immunofluorescence Staining

For the preparation of cell extracts, mouse ES cells were lysed in
a lysis buffer (20 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1 mM
EDTA, 1% Nonidet P-40, 1 mM NazVO,, 25 mM NakF, and
25 mM B-glycerophosphate) supplemented with a protein inhib-
itor cocktail (Complete, Roche), and rotated at 4°C for 30 min.
After centrifugation at 13,200 rpm for 10 min at 4°C, the
supernatant was collected and protein concentration was deter-
mined with a Protein Assay Kit (Bio-Rad). Thirty micrograms of
the sample was boiled in SDS sample buffer, resolved using SDS-
PAGE, and transferred to polyvinylidene difluoride membranes.
The membranes were blocked with 5% skim milk in TBS-T and
incubated with first antibodies. After incubation with horseradish-
conjugated secondary antibody, the blots were incubated with an
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enhanced chemiluminescent assay reagent (SuperSignal West
Femto, Pierce) for 5 min at room temperature, and the protein
bands were visualized using an LAS 1000 Pro Image Analyzer
(Fuji Film). For quantitative analysis, the protein bands were
further analyzed using Image Gauge software (Fuji Film).

Immunofluorescence staining was performed as described
previously [43]. Confocal images of ES and differentiated cells
were obtained using a FV1000 laser scanning confocal microscope
(Olympus) equipped with a 40x UPlanSApo 0.95 objective lens.
To analyze the subcellular localization of PHBs, a 60x
UPlanSApo 1.35 or a 100x UPlanSApo 1.4 oil immersion
objective lens was used with the same confocal system. For the
detection of apoptosis of cells after shRINA-based knockdown of
PHB2, DNA fragmentation was detected by the TUNEL method
(DeadEndTM Fluorometric TUNEL System, Promega) was used
according to the manufacturer’s instruction.

The antibodies used in this study were follows: PHBI
(BioVision, 3805-100), PHB2 (Bethyl Laboratories, A300-658),
Oct4 (Santa Cruz, sc-9081; Abcam, ab19857), Nanog (Repro-
CELL, RCABO001P), GFP (Santa Cruz, sc-8334), Flag M2
(Sigma, F3165), TuJ1 (Covance, MMS-435P), Neurodl (Abcam,
ab60704), MAP2 (Abcam, AB32454), Nestin (Millipore,
MAB353), cardiac troponin T (¢TnT; NeoMarkers, MS-295-P1),
Foxa2 (Santa Cruz, sc-6554), Sox17 (Neuromics, GT15094),
Smad4 (Santa Cruz, sc-7966), and a-tubulin (Sigma, T9026). To
detect mitochondria, MitoTracker (Molecular Probes) was used
according to the manufacturer’s instruction. The secondary
antibodies used for the immunofluorescence study were anti-
mouse and anti-rabbit IgG-conjugated Alexa 488 or Alexa 594
(Molecular Probes). All immunofluorescence images other than the
confocal images were obtained using an Olympus IX70 micro-
scope equipped with CoolSNAP HQ? (Photometrics) and
processed using MetaMorph software (Molecular Devices).

ATP Biogenesis and ROS Production

ATP biosynthesis was measured using an ATP Bioluminescence
Assay Kit HS II (Roche) following the manufacturer’s instruction.
For the analysis of ROS production, ES cells were incubated in a
medium containing 2 pM dihydroethidium (Molecular Probes) at
37°C in dark for 15 min, washed with PBS, and suspended in PBS
containing 0.5% BSA. The fluorescence intensity of 30,000 cells
was recorded with a BD Biosciences LSR II (BD Biosciences,
MD).

Membrane Potential

The membrane potential of mitochondria in ES cells was
measured with a confocal microscope. The cells were incorporated
with a cytofluorimetric, lipophilic cationic dye, JC-1, as described

[44].

Electron Microscopy

ES cells were fixed with 0.1 M sodium cacodylate buffer
(pH 7.4) containing 3% paraformaldehyde and 2.5% glutaralde-
hyde, and washed with 0.2 M sodium cacodylate buffer 3 times.
The cells were postfixed with 1% osmium tetroxide for 30 min,
dehydrated through an ethanol and acetone series, and then
embedded in epoxy resin. Ultrathin sections cut at 80-90 nm
thickness were stained with uranyl acetate and lead citrate, and
observed under a transmission electron microscope (JEM-200CX;
JEOL, Tokyo, http://www jeol.com).
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Statistical Analysis

Statistical significance was determined by Student’s /test.
Differences were considered significant at P<<0.05. All statistical
analysis was performed using the data analysis package included in
Microsoft Excel 2007 software.

Supporting Information

Figure S1 Expression of prohibitin 2 (PHB2) in PHB2-
overexpressing embryonic stem (ES) cells and PHB2-
knockdown ES cells. (A) Expression level of PHB2 in human
induced pluripotent stem (iPS) cells stably expressing C-terminally
Flag-tagged PHB2. (B) Expression level of endogenous PHB2 in
mouse ES cells expressing tetracycline (T'c)-regulated PHB2
shRNA.

(TIF)

Movie S1 Time laps analysis of mitochondria in ES
cells. EBRTcH3 cells carrying the PHHB2 gene under the control
of a Tc-regulated promoter were cultured with Tc (S2) or without
Tc (S1) for 4 days, and subjected to time laps analysis using a
confocal microscope. Similarly, the EBRTcH3 cells carrying the
PHB2-specific miR under the control of a Tc-regulated promoter
were cultured with (S4) or without (S3) Tc for 4 days, and
subjected to time laps analysis using a confocal microscope. PHB2
gene and PHB2 miR are expressed in the absence of Tc. Scale bar,
5 um.

(AVI)

Movie 82 Time laps analysis of mitochondria in ES
cells. EBRTcH3 cells carrying the PHB2 gene under the control
of a Tc-regulated promoter were cultured with Tc (S2) or without
Tc (S1) for 4 days, and subjected to time laps analysis using a
confocal microscope. Similarly, the EBRTcHS3 cells carrying the
PHB2-specific miR under the control of a Tc-regulated promoter
were cultured with (S4) or without (S3) Tc for 4 days, and
subjected to time laps analysis using a confocal microscope. PHB2
gene and PHB2 miR are expressed in the absence of Tc. Scale bar,
5 um.

(AVI)
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Movie 83 Time laps analysis of mitochondria in ES
cells. EBRTcH3 cells carrying the PHB2 gene under the control
of a Tc-regulated promoter were cultured with Tc (52) or without
Tc (S1) for 4 days, and subjected to time laps analysis using a
confocal microscope. Similarly, the EBRTcH3 cells carrying the
PHB2-specific miR under the control of a Tc-regulated promoter
were cultured with (S4) or without (S3) Tc for 4 days, and
subjected to time laps analysis using a confocal microscope. PHB2
gene and PHB2 miR are expressed in the absence of Tc. Scale bar,
5 pum.

(AVI)

Movie S4 Time laps analysis of mitochondria in ES
cells. EBRTcH3 cells carrying the PHB2 gene under the control
of a Tc-regulated promoter were cultured with Tc (52) or without
Tc (S1) for 4 days, and subjected to time laps analysis using a
confocal microscope. Similarly, the EBRTcH3 cells carrying the
PHB2-specific miR under the control of a Tc-regulated promoter
were cultured with (S4) or without (S3) Tc for 4 days, and
subjected to time laps analysis using a confocal microscope. PHB2
gene and PHB2 miR are expressed in the absence of Tc. Scale bar,
5 um.

(AVI)
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