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ABSTRACT — Organotin compounds, such as tributyltin (TBT), are well-known endocrine-disrupting 
chemicals (EDCs). We have recently reported that TBT induces growth arrest in the human embryonic 
carcinoma cell line NT2/D1 at nanomolar levels by inhibiting NAD+-dependent isocitrate dehydrogenase 
(NAD-IDH), which catalyzes the irreversible conversion of isocitrate to α-ketoglutarate. However, the 
molecular mechanisms by which NAD-IDH mediates TBT toxicity remain unclear. In the present study, 
we examined whether TBT at nanomolar levels affects cell cycle progression in NT2/D1 cells. Propidium 
iodide staining revealed that TBT reduced the ratio of cells in the G1 phase and increased the ratio of cells 
in the G2/M phase. TBT also reduced cell division cycle 25C (cdc25C) and cyclin B1, which are key reg-
ulators of G2/M progression. Furthermore, apigenin, an inhibitor of NAD-IDH, mimicked the effects of 
TBT. The G2/M arrest induced by TBT was abolished by NAD-IDHα knockdown. Treatment with a cell-
permeable α-ketoglutarate analogue recovered the effect of TBT, suggesting the involvement of NAD-
IDH. Taken together, our data suggest that TBT at nanomolar levels induced G2/M cell cycle arrest via 
NAD-IDH in NT2/D1 cells. Thus, cell cycle analysis in embryonic cells could be used to assess cytotox-
icity associated with nanomolar level exposure of EDCs.

Key words:  Embryonic carcinoma cells, Tributyltin, Cell cycle, Isocitrate dehydrogenase

INTRODUCTION

Organotin compounds, such as tributyltin (TBT) are 
typical environmental contaminants and are categorized 
as endocrine-disrupting chemicals (EDCs), which 
cause neurodevelopmental defects including behavioral 
abnormality and teratogenicity (Dopp et al., 2004; 
Gårdlund et al., 1991). Although the use of TBT has 
already been restricted, butyltin compounds, including 
TBT, can still be found in human blood at concentrations 
between 50 and 400 nM. There is still concern about TBT 
toxicity for human health (Whalen et al., 1999).

Several studies have revealed that TBT activates retin-
oid X receptor (RXR) and/or peroxisome proliferator-ac-
tivated receptor γ (PPARγ) (Kanayama et al., 2005). TBT 

at nanomolar levels has the ability to bind with higher 
affinity than the intrinsic ligands and these genomic tran-
scriptional activations have been reported to mediate neu-
rodevelopmental defects in Xenopus (Yu et al., 2011). In 
contrast, TBT elicits non-genomic pathway in mature rat 
neurons and brain tissues at nearly micromolar levels. For 
instance, TBT induces neuronal death by inhibiting mam-
malian target of rapamycin (mTOR) in rat cortical neu-
rons (Nakatsu et al., 2010). TBT also induces neuronal 
degeneration via the generation of reactive oxygen spe-
cies along with marked reduction of GSH/GSSG levels in 
the rat brain (Mitra et al., 2013). 

Cell stress is known to trigger a checkpoint that arrests 
cells in the G1 or G2 phase (Gabrielli et al., 2012). The 
cell cycle is tightly regulated by spatial and temporal 
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expression of cell cycle proteins and divided into p53-
dependent and p53-independent regulations (Shackelford 
et al., 1999). In the p53-independent regulations, cdc25C 
phosphatase, a mitotic inducer, plays a central role in 
G2/M phase regulation. Cdc25C activates cyclin B1/cyc-
lin-dependent kinase (Cdk) 1 complex, which triggers 
mitosis (Donzelli and Draetta, 2003) and cyclin B1 accu-
mulates during the S and G2 phases, followed by nuclear 
translocation and association with Cdk1. Protein levels of 
these cell cycle regulators are strictly regulated during cell 
cycle progression. Ultraviolet irradiation or toxic drugs 
are known to cause G2 arrest by the inactivation of cyclin 
B1/Cdk1 via p53 induction followed by the upregulation 
of p21, a Cdk inhibitor and/or cdc25C downregulation by 
degradation (Chaudhary et al., 2013; Kawabe, 2004; Nam 
et al., 2010; Ouyang et al., 2009). 

We have previously reported that nanomolar levels of 
TBT induce growth arrest of neuronal precursor NT2/D1 
cells as a model of neurodevelopmental stage (Yamada et 
al., 2013). We found that TBT causes growth arrest via 
mitochondrial NAD+-dependent isocitrate dehydrogenase 
(NAD-IDH), which catalyzes the irreversible conversion 
of isocitrate to α-ketoglutarate in the tricarboxylic acid 
(TCA) cycle (Yamada et al., 2014). Based on these obser-
vations, we hypothesized that nanomolar levels of TBT 
could also affect cell cycle progression via NAD-IDH in 
NT2/D1 cells. 

In the present study, we investigated the effect of TBT 
on cell cycle progression in NT2/D1 cells. We found that 
exposure to 100 nM TBT reduced the protein levels of 
cell cycle regulators and induced G2/M cell cycle arrest 
through an NAD-IDH-dependent mechanism. Thus, cell 
cycle regulation via NAD-IDH is a novel target of TBT-
induced toxicity in human embryonic carcinoma cells.

MATERIALS AND METHODS

Cell culture
NT2/D1 cells were obtained from the American Type 

Culture Collection (Manassas, VA, USA). The cells 
were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM; Sigma-Aldrich, St. Louis, MO, USA) supple-
mented with 10% fetal bovine serum (FBS; Biological 
Industries, Ashrat, Israel) and 0.05 mg/mL penicillin-
streptomycin mixture (Life Technologies, Carlsbad, CA, 
USA) at 37°C in 5% CO2.

Cell cycle analysis
The cells were trypsinized and harvested in phosphate 

buffered saline. Then the cells were resuspended in 70% 
ethanol for 30 min at -20°C. The fixed cells were collected 

by centrifugation and resuspended in propidium iodide 
(PI)/RNase Staining Buffer (BD Biosciences, San Jose, 
CA, USA) followed by incubation at room temperature for 
30 min in the dark. Cell cycle distribution was determined 
by flow cytometric analysis of the DNA content using 
the BD FACS Aria II system (BD Biosciences). Data 
were analyzed by Modfit LT 4.0 (Verity Software House,  
Topsham, ME, USA).

Real-time PCR
Total RNA was extracted from NT2/D1 cells using 

TRIzol reagent (Life Technologies), and quantitative 
real-time reverse transcription (RT)-PCR was performed 
with QuantiTect SYBR Green RT-PCR Kit (QIAGEN,  
Valencia, CA, USA) using an ABI PRISM 7900HT 
sequence detection system (Applied Biosystems, Foster 
City, CA, USA) as previously reported (Hirata et al., 2014). 
The relative change in transcript amounts was normalized to 
the expression levels of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The following primer sequences were 
used for real-time PCR analysis: human cdc25C: forward, 
5′-AGGCAGCCTTGAGTTGCATAGAGA-3′, reverse, 
5′-AGAGTTGGCTGGCTTGTGAGAAGA-3′; human cyclin 
B1: forward, 5′-CGGGAAGTCACTGGAAACAT-3′, reverse, 
5′-AAACATGGCAGTGACACCAA-3′; human GAPDH: 
forward, 5′-GTCTCCTCTGACTTCAACAGCG-3′, reverse, 
5′-ACCACCCTGTTGCTGTAGCCAA-3′.

Western blot analysis
Western blot analysis was performed as previous-

ly reported (Kanda et al., 2011). Briefly, cells were 
lysed with Cell Lysis Buffer (Cell Signaling Technology,  
Danvers, MA, USA). The proteins were then separat-
ed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and electrophoretically trans-
ferred to Immobilon-P membrane (Millipore, Billerica, 
MA, USA). The membranes were probed with an anti-
cdc25C monoclonal antibody (1:1,000; Cell Signaling  
Technology), an anti-cyclin B1 monoclonal antibody 
(1:1,000; Cell Signaling Technology), and an anti-GAP-
DH polyclonal antibody (1:2,500; Abcam, Cambridge, 
UK) followed by incubation with horseradish peroxidase-
conjugated secondary antibodies against rabbit or mouse 
IgG (Cel Signaling Technology). The bands were visual-
ized using the ECL Western Blotting Analysis System (GE  
Healthcare, Buckinghamshire, UK), and images were 
acquired using a LAS-3000 Imager (FUJIFILM UK Ltd., 
Systems, Bedford, UK).

NAD-IDH activity assay 
NAD-IDH activity was determined using the  
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Isocitrate Dehydrogenase Activity Colorimetric Assay Kit  
(Biovision, Mountain View, CA, USA), according to the 
manufacturer’s instructions. Briefly, NT2/D1 cells were 
lysed in an assay buffer provided in the kit. The lysate 
was centrifuged at 14,000 g for 15 min, and the cleared 
supernatant was used for the assay. 

NAD-IDHα knockdown 
Knockdown studies were performed using NAD-IDHα 

shRNA lentiviruses from Sigma-Aldrich (MISSION  
shRNA) according to the manufacturer's protocol. A 
scrambled hairpin sequence was used as a negative con-
trol. Briefly, the cells were infected with the viruses at 
a multiplicity of infection of 10 in presence of 8 μg/mL 
hexadimethrine bromide (Sigma-Aldrich) for 24 hr, and 
were then subjected to selection with 0.5 μg/mL puromy-
cin for 72 hr for further functional analyses.

Chemicals and reagents
Tributyltin Chloride was obtained from Tokyo 

Chemical Industry (Tokyo, Japan). Tin acetate (TA), 
apigenin, and dimethyl α-ketoglutarate (DMKG) were 
obtained from Sigma-Aldrich. 

Statistical analysis
All data were presented as mean ± S.D. Analysis of 

variance (ANOVA) followed by post hoc Tukey’s test was 
used to analyze the data in Figs. 1C, 1D, 1E, 2A, 2B, 3C, 
4E, 5A, 5B, 6A and 6B. Student's t test was used to analyze 
the data in Figs. 3A, 3B, 4A, 4B and 4C. P-values less than 
0.05 were considered to be statistically significant.

RESULTS

Effect of TBT on cell cycle progression
We have previously found that 100 nM TBT induced 

growth arrest in NT2/D1 cells (Yamada et al., 2013). 
Here we investigated whether TBT affects cell cycle 
progression. Exposure to 100 nM TBT for 48 hr 
decreased the proportion of cells in the G1 phase (51.9% 
decrease) and increased of the proportion of cells in the 
G2/M phase (79.6% increase), compared with untreated 
control cells (Figs. 1A-E). In contrast, TBT did not affect 
the proportion of cells in the S phase. Moreover, exposure 
to tin acetate (TA), which is less toxic, did not affect cell 
cycle progression. These data suggest that TBT induces 
G2/M cell cycle arrest in the cells.

TBT exposure reduces G2/M cell cycle 
regulators, cdc25C and cyclin B1 

To examine the molecular mechanism by which TBT 

induces G2/M cell cycle arrest, we assessed the protein 
levels of p53, a major cell cycle regulator. We found that 
p53 protein level was reduced after 24 hr of TBT treat-
ment, whereas cisplatin, which is known to cause p53-
dependent G2/M cell cycle arrest (Pani et al., 2007), 
increased p53 levels (Supplementary Fig. 1). Since we 
could not observe p53-dependency in TBT-induced G2/M 
cell cycle arrest, we assessed cdc25C and its downstream 
factor, cyclin B1, which are also involved in G2/M pro-
gression of cell cycle. Western blot analysis revealed that 
cdc25C and cyclin B1 protein levels were reduced after 
24 hr of TBT treatment (Fig. 2A). In contrast, exposure 
to TA did not affect cdc25C and cyclin B1 protein levels. 
Equal GAPDH protein expression levels were confirmed 
as a loading control. Next, we assessed the gene expres-
sion of cdc25C and cyclin B1. However, real-time PCR 
analysis showed that gene expression was not significant-
ly altered by TBT exposure for both 24 and 48 hr (Fig. 
2B). These data suggest that TBT-induced G2/M cell 
cycle arrest is caused by reduction of cdc25C and cyclin 
B1 proteins.

TBT induces G2/M cell cycle arrest via NAD-IDH
To investigate the molecular mechanisms by which 

cdc25C is degraded and G2/M cell cycle arrest is induced, 
we examined the effect of the PPARγ agonist rosiglitazone 
(RGZ), which is the genomic target of TBT. We found 
that RGZ did not induce G1 phase reduction and G2/M 
phase increase (Figs. 3A and B). RGZ at 100 nM induced 
PPARγ gene expression at similar level to 100 nM TBT in 
NT2/D1 cells (Fig. 3C), confirming the agonistic effect of 
RGZ on PPARγ expression described in previous report 
(Benkirane et al., 2006). These data suggest that TBT 
induces G2/M cell cycle arrest in NT2/D1 cells through a 
non-genomic pathway. We next examined the involvement 
of the non-genomic target NAD-IDH. We used an NAD-
IDH inhibitor apigenin (Arango et al., 2013) at 10 μM, 
which reduced NAD-IDH activity to a level (22.4%)  
(Fig. 4A). As previously reported, 100 nM TBT had a 
similar inhibitory effect (24.4%; Yamada et al., 2014). 
Treatment with apigenin (10 μM, 48 hr) decreased G1 
phase ratio (58.6% decrease) and increased G2/M phase 
ratio (98.1% increase) (Figs. 4B and C). Similar to TBT, 
apigenin reduced protein expression of cdc25C and cyclin 
B1 without affecting gene expression (Figs. 4D and E). 
To further confirm the effect of apigenin, we performed 
knockdown (KD) experiments of NAD-IDHα, the 
catalytic subunit of NAD-IDH, using lentivirus-delivered 
shRNAs. Real-time PCR analysis showed that KD 
efficiency was approximately 40% (Yamada et al., 2014). 
We could not obtain more highly KD cells because of cell 
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death. Due to partial KD of the NAD-IDHα gene, NAD-
IDH activity decreased by 22%, which is comparable to 
its decreased levels by TBT. In our previous studies, we 
observed that NAD-IDHα KD recovered the inhibitory 
effect of TBT on ATP content (Yamada et al., 2014). This 
might be because the TBT target NAD-IDHα was already 
inhibited by shRNA and further inhibition by TBT was not 
observed in the knockdown cells. Similar to these data, 
NAD-IDHα KD abolished the TBT-induced G1 phase 
reduction and G2/M phase increase (Figs. 5A and B), 
suggesting the involvement of NAD-IDH on TBT effects. 
NAD-IDHα KD tended to decrease the proportion of 
cells in the G1 phase (24.1% ± 0.55 to 23.2% ± 0.34) and 

increase the proportion of cells in the G2/M phase (17.5% 
± 1.6 to 20.3% ± 0.62), compared with control (Figs. 5A 
and B). Moreover, NAD-IDHα KD also abolished the 
TBT-induced reduction of cdc25C and cyclin B1 proteins 
(Fig. 5C). NAD-IDHα KD reduced the basal levels of 
cdc25C and cyclin B1 proteins, compared with control 
(Fig. 5C). These data suggest that NAD-IDH mediates 
TBT-induced G2/M cell cycle arrest in NT2/D1 cells. 
To further confirm the involvement of NAD-IDH, we 
treated the cells with dimethyl α-ketoglutarate (DMKG), 
a cell-permeable analog of α-ketoglutarate (Willenborg 
et al., 2009). Incubation with DMKG prevented TBT-
induced G2/M cell cycle arrest in NT2/D1 cells and 

Fig. 1. Effect of TBT on cell cycle progression in NT2/D1 cells. Cells were exposed to 100 nM TA or TBT for 24, 48 or 72 hr. 
Cells were stained with propidium iodide (PI). Cell cycle distribution was determined by flow cytometric analysis of the 
DNA content on BD FACS Aria II. Representative cell cycle data in control (A) and TBT (B)-treated cells. The area ratio of 
G1 (C), G2/M (D) and S (E) phases was determined by Modfit LT 4.0. Data represent mean ± S.D. (n = 3). *P < 0.05.
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Fig. 2. Effect of TBT on expression levels of G2/M cell cycle regulators in NT2/D1 cells. After TBT exposure for 24 and 48 hr, 
protein expression was analyzed by western blot using anti-cdc25C, cyclin B1, or GAPDH antibodies (A). After TBT expo-
sure for 24 or 48 hr, the expression of G2/M cell cycle regulators was analyzed by real time PCR (B). The gene expression 
was not significantly altered by TBT exposure. Data represent mean ± S.D. (n = 3). 

Fig. 3. Effect of RGZ on cell cycle progression in NT2/D1 cells. After RGZ exposure for 48 hr, cells were stained with propidium 
iodide (PI). The cell cycle distribution was determined by flow cytometric analysis of the DNA content using BD FACS 
Aria II. The ratio of G1 (A) and G2/M (B) phases was determined by Modfit LT 4.0. After exposure to TBT or RGZ, the ex-
pression of PPARγ was analyzed by real time PCR (C). The gene expression was comparably increased upon TBT or RGZ 
exposure. Data represent mean ± S.D. (n = 3). *P < 0.05. 
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Fig. 4. Effect of apigenin on cell cycle progression in NT2/D1 cells. Cells were exposed to 10 μM apigenin for 24 hr and then de-
termined NAD-IDH activity (A). Moreover, after exposure to apigenin for 48 hr, the cell cycle distribution was determined 
by flow cytometric analysis of the DNA content using BD FACS Aria II. The ratio of G1 (B) and G2/M (C) phases was 
determined by Modfit LT 4.0. The protein expressions in the cell lysate were analyzed by western blot using anti-cdc25C, 
cyclin B1, or GAPDH antibodies (D). The expression of G2/M cell cycle regulators was analyzed by real time PCR (E). 
The gene expression was not significantly altered upon apigenin exposure. Data represent mean ± S.D. (n = 3). *P < 0.05.

Fig. 5. Effect of NAD-IDH knockdown on cell cycle progression in NT2/D1 cells. Cells were infected with lentiviruses to express 
a shRNA against NAD-IDHα or a scrambled sequence shRNA (control). The infected cells were subjected to selection 
with 0.5 μg/mL puromycin for 72 hr and were then exposed to TBT at 100 nM for 48 hr. After staining with PI, cell cycle 
distribution was determined by flow cytometric analysis of the DNA content using BD FACS Aria II. The ratio of G1 (A) 
and G2/M (B) phases was analyzed by Modfit LT 4.0. The protein expressions in cell lysates were analyzed by western blot 
using anti-cdc25C, cyclin B1, or GAPDH antibodies (C). Data represent mean ± S.D. (n = 3). *P < 0.05. 
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recovered the ratio of G1 and G2/M phases to the basal 
level (Figs. 6A and B). DMKG treatment also recovered 
TBT-induced protein reduction of cdc25C and cyclin B1  
(Fig. 6C). Taken together, these data suggest that NAD-
IDH mediates TBT-induced G2/M cell cycle arrest via 
cdc25C reduction in NT2/D1 cells. 

DISCUSSION

Our data suggest that nanomolar TBT levels induce 
G2/M cell cycle arrest through the protein reduction of 
cdc25C and thereafter cyclin B1 (Figs. 1 and 2). Since 
the protein expression of p53 is decreased after TBT 
exposure, TBT-induced G2/M cell cycle arrest seems to 
be p53 independent. Consistent with our data, recent study 
has reported that nearly micromolar TBT levels induce 
G2/M cell cycle arrest in human amniotic cells via protein 
phosphatase (PP) 2A inhibition-mediated extracellular-
signal-regulated kinase (ERK) inactivation (Zhang et 
al., 2014). Since we did not observe the reduction of 
phospho-ERK in NT2/D1 cells after nanomolar levels 
of TBT exposure (data not shown), the mechanism of 
inducing G2 arrest may differ depending on the TBT 
levels and cell type. Moreover, several chemical stressors 

have been reported to cause G2/M cell cycle arrest 
through the protein reduction of cell cycle regulators 
(Chaudhary et al., 2013; Nam et al., 2010; Ouyang et al., 
2009). For instance, 4-Hydroxynonenal, an inducer of 
oxidative stress, causes DNA damage and induces G2/M 
cell cycle arrest in hepatocellular carcinoma HepG2 
and Hep3B cells, following reduction of cdc25C and 
thereafter cyclin B1 proteins in a p53-independent manner  
(Chaudhary et al., 2013). Reduction of cdc25C protein 
may be mediated by the ubiquitin-proteasome sys-
tem in NT2/D1 cells. Cdc25C has been reported to be 
degraded via ubiquitination by BRCA1 during G2/M 
cell cycle arrest in breast cancer cell lines (Shabbeer et 
al., 2013). During G2/M cell cycle arrest, another cell 
cycle regulators, such as Plk1, cdc25A and CDK1, are 
also known to be degraded by ubiquitin ligases, such as 
multi-subunit E3 ubiquitin ligases, Skp1-Cullin1-F-box 
Complex (SCF) or Anaphase Promoting Complex (APC) 
(Bassermann and Pagano, 2010). Further studies should 
determine whether ubiquitin ligases are involved in TBT-
induced cdc25C reduction and subsequent G2/M cell 
cycle arrest in embryonic cells.

Our data using apigenin showed that TBT-induced 
G2/M cell cycle arrest is caused by NAD-IDH inhibition 

Fig. 6. Effect of dimethyl α-ketoglutarate (DMKG) on TBT-induced G2/M cell cycle arrest in NT2/D1 cells. Cells were exposed 
to 100 nM TBT and 7 mM DMKG for 48 hr. Cells were then stained with propidium iodide (PI) and cell cycle distribution 
was determined by flow cytometric analysis of the DNA content using BD FACS Aria II. The ratio of G1 (A) and G2/M (B) 
phases was analyzed by Modfit LT 4.0. Next, the protein expressions in cell lysates were analyzed by western blot using 
anti-cdc25C, cyclin B1, or GAPDH antibodies (C). Data represent mean ± S.D. (n = 3). *P < 0.05.
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(Fig. 4) and the data were verified by NAD-IDH 
knockdown and DMKG experiments (Figs. 5, 6). We used 
apigenin as a NAD-IDH inhibitor. We also confirmed the 
data by knockdown experiments. Since Apigenin has been 
reported to inhibit not only NAD-IDH but also hnRNPA2 
and NF-κB (Arango et al., 2013), we can not rule out 
the possibility that apigenin-induced G2/M cell cycle 
arrest was induced by other targets. Our previous report 
indicates that TBT induces mitochondrial dysfunction, 
such as impaired mitochondrial morphological dynamics 
and reduced ATP production via NAD-IDH in embryonic 
carcinoma cells (Yamada et al., 2015). Considering that 
NAD-IDH is a mitochondrial enzyme, TBT-induced 
G2/M cell cycle arrest is caused by mitochondrial 
dysfunction through NAD-IDH inhibition. NAD-IDH 
catalyzes the reduction of NAD to NADH, which is 
oxidized by the electron transport chain and is required to 
generate proton electrochemical gradients across the inner 
mitochondrial membrane (Saraste, 1999). Thus, inhibition 
of NAD-IDH by TBT may reduce the NADH supply, 
thereby dissipating the proton electrochemical gradient. 
Intracellular Ca2+ may be also involved in mitochondrial 
dysfunction. Previous reports have shown that several 
anticancer drugs induce G2/M cell cycle arrest and 
apoptosis by depolarizing mitochondrial membrane 
potential and increasing intracellular Ca2+ (Fang et al., 
2014; Guo et al., 2014). With respect to intracellular 
Ca2+, there has been also reported that TBT induces 
mobilization of Ca2+ from intracellular stores and results 
in phosphorylation of MAPKs because its suppression by 
chelation of intracellular Ca2+ in human T lymphoblastoid 
cells (Yu et al., 2000). Thus, Ca2+ release from depolarized 
mitochondria may induce G2/M cell cycle arrest after 
TBT exposure. Further studies should determine how the 
downstream signaling of NAD-IDH induces reduction of 
the cdc25C protein and subsequent G2/M cell cycle arrest 
after TBT exposure in embryonic cells. 

In our previous studies, we have observed that TBT 
degrades mitofusin proteins and induces mitochondrial 
fission via the NAD-IDH inhibition. Moreover, we have 
also shown that TBT results in growth arrest by targeting 
the glycolytic systems (Yamada et al., 2014). Both mito-
chondrial fission and glycolysis have been reported to be 
linked to cell cycle alterations (Yamamori et al., 2015; 
Zhai et al., 2013). Thus, we are currently investigating 
whether TBT-induced mitochondrial fission or glycolytic 
inhibition are linked to G2/M cell cycle arrest or not. 

In summary, we demonstrate that TBT mediates G2/M 
cell cycle arrest through inhibition of NAD-IDH, repre-
senting a novel non-genomic pathway of TBT-induced 
toxicity (Fig. 7). These negative effects of TBT on the 

cell cycle could result in direct inhibition of cell growth. 
Thus, TBT-induced G2/M cell cycle arrest via NAD-IDH 
in embryonic cells may represent a novel mechanism of 
cytotoxicity associated with nanomolar level exposure of 
EDCs.
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Chlorpyrifos inhibits neural 

 

Shigeru , , Yusuke Kubo , Daiju aki , Yuko Sekino  & Yasunari Kanda

Organophosphates, such as chlorpyrifos (CPF), are widely used as insecticides in agriculture. CPF 

 gene in iPSCs 
downregulated the expression of , a key transcription factor that regulates neurogenesis, 

Growing evidence suggests the involvement of environmental chemicals in neurodevelopmental toxicity, lead-
ing to neurobehavioral outcomes such as learning disabilities, attention deficit hyperactivity disorder, cognitive 
impairment, and autism1,2. As the fetal brain is inherently more susceptible to chemical-induced toxicity com-
pared to the adult brain, exposure to neurotoxic chemicals during early prenatal period can cause delayed neural 
disorders at lower doses than in adults3,4.

Organophosphates, such as chlorpyrifos (CPF), are well known to affect brain structure and neurodevel-
opmental outcome, resulting in delayed neural disorders5,6. In regard to this, previous studies using magnetic 
resonance imaging have shown that prenatal exposure to CPF caused abnormalities in the structure, size, and 
thickness of cerebral cortex, where was responsible for several higher-order brain functions such as attention, 
cognition, and emotion7. Several reports indicate that CPF causes neurotoxicity in the developing brain of ani-
mals. In the developing brain of neonatal rats, CPF exposure impairs neurite outgrowth by inhibiting choline 
acetyltransferase activity8. Maternal exposure to CPF suppresses neurogenesis in the hippocampal dentate gyrus 
of rat offspring9. In addition to in vivo effects, there has been reported the cytotoxic effects of micromolar CPF 
levels in vitro. For example, CPF inhibited mitochondrial oxidative phosphorylation10 and induced apoptosis 
in human neuroblastoma SH-SY5Y cells11 or human neural precursor cells12. As micromolar CPF levels were 
detected in the blood of human newborns living in an agricultural community13, the observations made using 
micromolar levels of CPF in vitro could potentially reflect the biological reactions in a living body. However, the 
effect of CPF on neurodevelopment has not been precisely elucidated.
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Morphological changes of mitochondria are known to contribute to homeostasis14,15. Under normal cir-
cumstances, mitochondria fuses together and forms excessive tubular networks (mitochondrial fusion). These 
fusion is regulated by fusion factors mitofusin 1 and 2 (Mfn1, Mfn2) and optic atrophy 1 (Opa1)16,17. In contrast, 
under stress conditions, mitochondrial networks convert into large numbers of small fragments with spherical 
and punctate morphology (mitochondrial fission), and are regulated by fission factors, such as fission protein 1 
(Fis1) and dynamin-related protein 1 (Drp1)18,19. This morphological dynamics contributes to the maintenance 
of mitochondrial functions, including energy generation14. Moreover, several studies have shown the relationship 
between mitochondrial fragmentation and cellular and neurodevelopmental defects. For example, Mfn1 or Mfn2 
knockout mice die in midgestation embryo, accompanying with developmental delay. In addition, embryonic 
fibroblasts from these knockout mice display distinct types of fragmented mitochondria, a phenotype due to a 
severe reduction in mitochondrial fusion20. Thus, Mfn1 is considered to be functionally different from Mfn2. 
In support to this, Mfn1, not Mfn2, is reported to contribute to Opa1-mediated fusion of mitochondrial inner 
membrane16.

In the present study, we investigated the effect of CPF on neural differentiation using human induced pluripo-
tent stem cells (iPSCs) as a model of human organ development. We focused on the effects of micromolar levels 
of CPF on mitochondrial dynamics, examining the molecular mechanisms of the process. Our results show that 
micromolar CPF levels inhibited ATP production through Mfn1 reduction, followed by mitochondrial fragmen-
tation. Moreover, Mfn1-mediated mitochondrial dysfunction suppressed early neural induction by decreasing 
levels of PAX6, a key transcription factor that regulates neurogenesis. These data suggest that CPF-induced neu-
rodevelopmental toxicity is based on impairment of mitochondrial functions in human iPSCs.

Results
To investigate whether CPF affects early neurodevel-

opment, we examined neural differentiation capability of iPSCs, which was induced by dual SMAD inhibition 
protocol21 (Fig. 1A). First, we determined the critical CPF concentration, affecting neural differentiation. At day 
4 after neural induction with different concentrations of CPF, the expression of PAX6, an early neuroectodermal 
marker that regulates neurogenesis22, was analyzed using real-time PCR. We found that exposure to 30 μ M CPF 
significantly decreased PAX6 gene expression (Fig. 1B). Next, we performed time course experiments for expres-
sion of several neural differentiation markers at days 2, 4, 6, and 8 after exposure to 30 μ M CPF. At day 9, almost 
all cells exposed by CPF (30 μ M) were detached from the culture dish. Real-time PCR analysis revealed upreg-
ulated expression of PAX6 by day 4, and FOXG1, a neuroectodermal marker that also regulates neurogenesis23, 
thereafter (Fig. 1C and D). Representative neural maturation marker NCAM124 continuously increased, confirm-
ing that further neural differentiation occurred (Fig. 1E). In addition, CPF exposure reduced the expression of 
these neural induction markers by day 6 (Fig. 1C–E). These data suggest that CPF has an inhibitory effect on early 
neural differentiation of iPSCs.

Mitochondrial function of iPSCs exposed to CPF. As neural differentiation process requires ATP 
as a source of energy25, we examined intracellular ATP content in iPSCs. Treatment with 30 μ M CPF signifi-
cantly reduced the ATP content of the cells (Fig. 2A). We have previously shown that 0.1 μ M carbonyl cyanide 
m-chlorophenyl hydrazone (CCCP), which functions as a mitochondrial uncoupler26, decreased ATP levels in 
iPSCs. Because CPF inhibited ATP production, we focused on several mitochondrial functions. Mitochondrial 
membrane potential (MMP) was decreased by exposure to 30 μ M CPF for 24 h (Fig. 2B and C). As a positive 
control, exposure to 0.1 μ M CCCP reduced MMP (Figure S1). In addition, CPF exposure increased the number 
of cells with fragmented mitochondria displaying punctate morphology (Fig. 2D) and decreased the number 
of cells exhibiting mitochondrial fusion (Fig. 2E). We have already confirmed that 0.1 μ M CCCP also increased 
the occurrence of fragmented mitochondria. These results suggest that CPF induces mitochondrial dysfunction, 
including MMP depolarization and mitochondrial fragmentation, in iPSCs.

To examine the 
molecular mechanisms by which CPF induces mitochondrial fragmentation in iPSCs, we assessed the expression 
levels of mitochondrial fission (Fis1 and Drp1) and fusion genes (Mfn1, Mfn2, and OPA1). Real-time PCR analy-
sis showed that the gene expression of the factors was not altered after CPF exposure (Fig. 3A). Interestingly, west-
ern blot analysis revealed that CPF significantly decreased Mfn1 protein levels. In contrast, protein expression 
levels of other factors, including Mfn2, were not changed (Fig. 3B and C). These data suggest that CPF-induced 
mitochondrial fragmentation is caused by reduction of Mfn1 protein levels.

To investigate whether the effects of CPF selec-
tively occur in the early stage of neural differentiation in iPSCs, we used iPSC-derived neural progenitor cells 
(NPCs), which were induced by dual SMAD inhibition protocol21 (Figure S1A). Treatment with 30 μ M CPF had 
little effect on ATP content (Figure S1B). Similarly, exposure to 30 μ M CPF had little effect on mitochondrial 
morphology (Figure S1C and D), which was confirmed by the fact that CPF did not alter the protein levels of 
mitochondrial fission and fusion factors containing Mfn1 (Figure S1E). These data suggest that iPSCs, not NPCs, 
are sensitive to CPF exposure.

To further investigate the involvement of 
Mfn1 in the effects of CPF on neural induction, we performed knockdown (KD) of Mfn1, using lentivirus-delivered 
shRNAs. Real-time PCR analysis showed that KD was selective for Mfn1, not Mfn2, and that the efficiency 
was approximately 70% (Fig. 4A). The KD effects were also confirmed by protein levels (Fig. 4B and C).  
The Mfn1 KD cells were used to perform neural induction. Real-time PCR analysis revealed that Mfn1 KD 
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decreased the expression of PAX6 (day 4), FOXG1 (day 6) and NCAM1 (day 6) (Fig. 4D). These data suggest that 
Mfn1 is involved in CPF-mediated negative effects on neural induction of iPSCs.

Negative regulation of neural induction by CPF exposure. A previous report indicates that ERK 
signaling inhibits neural induction via PAX6 silencing in human embryonic stem cells27. ERK has been reported 
to be activated after depletion of Mfn128. We focused on ERK signaling in the effect of CPF on neural induction. 

Figure 1. Time course studies of neural induction in iPSCs exposed to CPF. (A) Schematic time course of 
induction from iPSCs to NPCs by dual SMAD inhibition. Neural induction was initiated after exposure to CPF 
for 24 h. The cells were continuously exposed to CPF throughout neural differentiation. (B) At day 4 after neural 
induction with CPF (0–30 μ M), expression of the neural differentiation marker PAX6 was examined using real-
time PCR analysis. (C–E) At days 2, 4, 6, and 8 after neural induction with CPF (30 μ M), expression of neural 
differentiation markers, PAX6, FOXG1, and NCAM1 was examined using real-time PCR analysis. Data are 
represented as means ±  SD (n =  3). *P <  0.05.
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We found that CPF exposure significantly increased basal ERK phosphorylation levels, which were abolished 
by treatment with the ERK inhibitor U0126 (Fig. 5A and B). To further study whether PAX6 downregulation 
in CPF-exposed cells occurred through ERK signaling, we examined the effect of U0126 on PAX6 expression. 
Incubation with U0126 recovered the expression levels of PAX6 (Fig. 5C). These data suggest that CPF activates 
ERK and prevents neural induction via PAX6 downregulation.

To confirm the involvement of Mfn1 in the inhibition 
of neural induction by CPF, we used Mfn1 KD cells. Mfn1 KD significantly increased basal ERK phosphoryl-
ation levels that were abolished by treatment with the ERK inhibitor U0126 (Fig. 6A and B). To further study 

Figure 2. Mitochondrial function of iPSCs exposed to CPF. (A) Cells were exposed to CPF (30 μ M) for 
24 h. Intracellular ATP content was determined in the lysed cells (n =  3). (B) Cells were exposed to CPF 
for 24 h and stained with JC-10 for 20 min. MMP of JC-10 labeled cells was analyzed by flow cytometry. 
The histogram represents the ratio of JC-aggregate (F-590) to JC-monomer (F-535) fluorescence (n =  3). 
(C) Cells were exposed to CPF for 72 h and stained with MitoTracker Red CMXRos and Hoechst33342. 
Mitochondrial morphology was observed by confocal laser microscopy. Bar =  5 μ m. (D) The number of cells 
with mitochondrial fusion (< 10% punctiform) was determined in each image (n =  5). Data are represented as 
means ±  SD. *P <  0.05.
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whether PAX6 downregulation in Mfn1 KD cells occurred through ERK signaling, we examined the effect of 
U0126 on PAX6 expression. Mfn1 KD decreased PAX6 by 64% by in the vehicle-treated cells. In contrast, Mfn1 
KD decreased PAX6 by 30% in the U0126-treated cells. Thus, incubation with U0126 partially recovered the 
PAX6 expression in the Mfn1 KD cells (Fig. 6C). Taken together, these data suggest that Mfn1 reduction by CPF 
exposure activates ERK and prevents neural induction via PAX6 downregulation.

Discussion
In the present study, we demonstrated that exposure to micromolar CPF targeted mitochondrial quality control 
in human iPSCs. We showed that CPF induced Mfn1 reduction, thereby promoting mitochondrial fragmenta-
tion. These negative effects of CPF on mitochondrial quality control could suppress ATP production and neural 

Figure 3. Expression of mitochondrial fission and fusion factors of iPSCs exposed to CPF. (A) After 
exposure to CPF (30 μ M) for 24 h, expression of mitochondrial genes was analyzed by real-time PCR. (B) After 
exposure to CPF for 24 h, expression of mitochondrial proteins was analyzed by western blotting using anti-
Drp1, anti-Fis1, anti-Mfn1, anti-Mfn2, anti-Opa1, or anti-β -actin antibodies. (C) Relative densities of bands 
were quantified with ImageJ software. Relative changes in expression were determined by normalization to  
β -actin. Data are represented as means ±  SD (n =  3). *P <  0.05.
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differentiation. Based on the data observed in our study, Fig. 7 shows a proposed mechanism of CPF cytotoxicity 
via mitochondrial dysfunction.

Our studies showed that treatment with micromolar CPF levels caused mitochondrial dysfunction of human 
iPSCs (Fig. 2). We observed that iPSCs were sensitive to CPF exposure, unlike iPSC-derived NPCs (Figure S1). 
Previous reports support this difference in CPF sensitivity. The inhibitory effect of CPF on DNA synthesis in 
undifferentiated C6 glioma cells is found to be much higher than in differentiated cells29. In vivo studies indicate 
that immature organisms are more susceptible to CPF-induced toxicity compared to adults due to lower levels of 
CPF metabolizing enzymes30. Thus, the difference in CPF sensitivity between iPSCs and NPCs may be dependent 
on the maturation of CPF detoxification pathways. We are currently conducting experiments to determine the 
mechanism causing the differences in sensitivity to CPF.

We showed that CPF induced mitochondrial fragmentation via Mfn1 reduction (Figs 2 and 3). Consistent 
with this, our previous knockdown studies indicated that Mfn1 reduction was sufficient to promote mitochon-
drial dysfunction31. CPF-induced Mfn1 reduction might mediate mitochondrial fragmentation, decrease ATP 
levels, and inhibit iPSC growth. Although Mfn2 is also involved in mitochondrial fission and energy supply  
processes32,33, our results indicated that CPF specifically targeted Mfn1, not Mfn2. Regarding this apparent CPF 
specificity, E3 ubiquitin ligase membrane-associated RING-CH 5 (MARCH5) has been reported to selectively 
bind to Mfn1 dependent on its acetylation, and degrade among all mitochondrial proteins, including Mfn234. 
In addition, we have reported that organotin compounds induced Mfn1 degradation through MARCH5, 

Figure 4. Effect of Mfn1 knockdown on neural induction of iPSCs. Cells were infected with lentiviruses 
containing a vector encoding a shRNA directed against Mfn1 or a scrambled sequence shRNA (control) for 24 h. 
The infected cells were subjected to selection with puromycin (1 μ g/ml) for 24 h and cultured for an additional 
72 h prior to functional analyses. (A) The expression of Mfn1 and Mfn2 genes was analyzed by real-time PCR. 
(B) The expression of Mfn1 and Mfn2 proteins was analyzed by western blotting using anti-Mfn1, anti-Mfn2, or 
anti-β -actin antibodies. (C) Relative densities of bands were quantified with ImageJ software. Relative changes 
in expression were determined by normalization to β -actin. (D) Expression of neural differentiation markers 
PAX6 (day 4), FOXG1 (day 6), and NCAM1 (day 6) was examined with real-time PCR. Data are represented as 
means ±  SD (n =  3). *P <  0.05.
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thereby promoting mitochondrial fragmentation in iPSCs31. Thus, CPF may specifically target Mfn1 protein via 
MARCH5 in iPSCs without affecting mRNA levels. Furthermore, the difference in CPF sensitivity between iPSCs 
and NPCs may be dependent on Mfn1 and MARCH5 expression levels or MARCH5 activity. Further studies 
should determine whether CPF reduces Mfn1 via MARCH5-mediated degradation in iPSCs.

We demonstrated that ERK phosphorylation mediated the negative effects of CPF on early neural differentia-
tion (Figs 1, 4 and 5). A previous report indicates that Mfn1 directly binds Ras and Raf, resulting in the inhibition 
of Ras-Raf-ERK signaling by the biochemical analysis35,36. Mfn1 reduction by CPF or shRNA may reverse this 
ERK signaling inhibition. Mobilization of Ca2+ from intracellular stores, including mitochondria was reported to 
result in phosphorylation of MAPKs, as the process was suppressed by chelation of intracellular Ca2+ in human T 
lymphoblastoid cells37. As mitochondria are known to uptake into the matrix of any Ca2+ that has accumulated in 
the cytosol, dependent on MMP38, mitochondrial dysfunction by CPF exposure may cause an overload of Ca2+, 
resulting in ERK activation. Moreover, ERK signaling was reported to inhibit neural induction by PAX6 silenc-
ing via upregulation of stemness factors NANOG/OCT4 and downregulation of homeobox transcription factor 
OTX227. NANOG and OCT4 act as repressors of PAX6 induction, whereas OTX2 is a positive inducer of PAX627. 
Therefore, ERK signaling evoked by CPF could affect the expression of these transcriptional network, including 
NANOG, OCT4 and OTX2, by regulating PAX6. In future studies, we should further investigate the mechanisms 
of CPF-induced negative regulation of neural induction via ERK.

Figure 5. Negative regulation of neural induction by CPF exposure. (A) Cells were exposed to CPF (30 μ M) 
or CPF +  U0126 (5 μ M) for 24 h. ERK phosphorylation was analyzed by western blotting using anti-phospho-
ERK antibodies. (B) Relative densities of bands were quantified with ImageJ software. Relative changes in 
expression were determined by normalization to total ERK protein level. (C) At day 4 after neural induction 
with CPF or CPF +  U0126, the expression of PAX6 gene was analyzed by real-time PCR. Data are represented 
as means ±  SD (n =  3). *P <  0.05.
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We further demonstrated that Mfn1 reduction mediated cytotoxic effects of CPF on iPSCs via PAX6 down-
regulation (Figs 5 and 6). FOXG1 was downregulated, along with PAX6, during neural differentiation of iPSCs 
exposed to CPF. PAX6 and FOXG1 act as transcriptional regulators during forebrain development in verte-
brates39,40. Targeted disruption of PAX6 and FOXG1 in rodents led to the loss of anterior neural tissues, suggesting 
the central role of these genes in forebrain development41,42. CPF causes various defects in the development of 
hippocampus and cortex of rodents43. Thus, CPF-induced defects of forebrain architecture may be caused by 
transcriptional silencing of anterior neural markers during early neurogenesis. As NCAM1 was downregulated 
during neural differentiation of iPSCs exposed to CPF, further studies using NPCs are required to reveal how CPF 
affects neural maturation processes.

In summary, our results demonstrate a novel mechanism underlying cytotoxicity, including neurodevelop-
mental toxicity of CPF in iPSCs. Recently, significant progress has been made in the induction of differentiation of 
pluripotent stem cells into a variety of cell types44. Further studies are needed to evaluate the developmental effects 
of CPF on various types of iPSC-derived cells. Moreover, we show that CPF toxicity is caused by Mfn1-mediated 
mitochondrial dysfunction, which is involved in the cytotoxicity of organotin compounds31. Thus, mitochondrial 
functions influenced by Mfn1 might be a good starting point for investigating toxic mechanisms induced by 
exposure to other chemicals.

Figure 6. Negative regulation of neural induction by Mfn1 knockdown. The cells were infected with 
lentiviruses containing a vector encoding a shRNA directed against Mfn1 or a scrambled sequence shRNA 
(control) for 24 h. The infected cells were subjected to selection with 1 μ g/ml puromycin for 24 h and 
cultured for an additional 72 h prior to functional analyses. (A) After incubation with U0126 for 24 h, ERK 
phosphorylation was analyzed by western blotting using anti-phospho-ERK antibodies. (B) Relative densities of 
bands were quantified with ImageJ software. Relative changes in expression were determined by normalization 
to total ERK protein level. (C) At day 4 after neural induction with U0126, the expression of PAX6 gene was 
analyzed by real-time PCR. Data are represented as means ±  SD (n =  3). *P <  0.05.
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Methods
Chlorpyrifos (CPF), Y-27632, SB431542, and LDN193189 were obtained from Wako (Tokyo, 

Japan). Penicillin-streptomycin mixture (PS) was obtained from Thermo Fisher Scientific (Waltham, MA, USA). 
U0126 was obtained from Enzo Life Sciences (Farmingdale, NY, USA). Poly-L-ornithine, 2-mercaptoethanol 
(2-ME), and carbonylcyanide m-chlorophenylhydrazone (CCCP) were obtained from Sigma-Aldrich (St. Louis, 
MO, USA). All other reagents were of analytical grade and obtained from commercial sources.

Cell culture. Human iPSC line 253G1 (Riken BRC Cell Bank, Tsukuba, Ibaraki, Japan) was established 
through retroviral transduction of OCT4, SOX2, and KLF4 into adult human dermal fibroblasts45. The cells 
were cultured under feeder-free conditions using human embryonic stem cell (ESC)-qualified Matrigel (BD 
Biosciences, San Jose, CA, USA) and TeSR-E8 medium (Stemcell Technologies, Vancouver, BC, Canada) at 
37 °C in an atmosphere containing 5% CO2. For passage, iPSC colonies were dissociated into single cells using 
Accumax (Innovative Cell Technologies, San Diego, CA, USA) and cultured in TeSR-E8 medium supplemented 
with Y-27632 (ROCK inhibitor, 10 μ M). The NPCs derived from iPSCs were cultured on poly-L-ornithine and 
Laminin (Thermo Fisher Scientific) coated dishes at 37 °C in an atmosphere containing 5% CO2. The culture 

Figure 7. Proposed mechanism of CPF cytotoxicity in human iPSCs. CPF exposure causes Mfn1 reduction, 
which induces mitochondrial dysfunction, including mitochondrial fragmentation and decreased ATP levels. 
Mitochondrial dysfunction in turn evokes ERK phosphorylation, leading to the suppression of PAX6, which is 
an early marker of neurogenesis.
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medium was Neural maintenance medium [NMM; a 1∶ 1 mixture of DMEM/F12 (Thermo Fisher Scientific) and 
Neurobasal (Thermo Fisher Scientific) containing N2 (Thermo Fisher Scientific), B27 (Thermo Fisher Scientific), 
GlutaMAX (Thermo Fisher Scientific), non-essential amino acids (NEAA; Thermo Fisher Scientific), 2-ME, PS]. 
For passage, NPCs were dissociated into single cells using Accumax and cultured in NMM supplemented with 
EGF (20 ng/ml), FGF2 (20 ng/ml) and Y-27632.

For the induction of neuronal lineages, dual SMAD inhibition protocol 
was used as previously described21 with modifications. Briefly, iPSC colonies were dissociated into single cells 
with Accumax. The cells were seeded at a density of 7 ×  104 cells/cm2 in TeSR-E8 medium on Matrigel-coated 
plates in order to reach nearly confluent within two days after seeding. The initial differentiation medium 
was knockout serum replacement (KSR) medium [Knockout DMEM (Thermo Fisher Scientific) containing 
KSR (Thermo Fisher Scientific), L-glutamine, NEAA, 2-ME, PS] with SB431542 (TGFβ  inhibitor, 10 μ M) and 
LDN193189 (BMP inhibitor, 1 μ g/ml). After 4 days, N2 medium [Neurobasal containing N2, B27, GlutaMAX, 
PS] was added to the KSR medium with LDN193189 every two days.

Intracellular ATP content was measured using an ATP 
Determination Kit (Thermo Fisher Scientific), according to the manufacturer’s protocol. Briefly, the cells were 
washed and lysed with 0.1% Triton X-100/PBS. The resulting cell lysates were added to a reaction mixture con-
taining 0.5 mM D-luciferin, 1 mM DTT, and 1.25 μ g/mL luciferase and incubated for 30 min at room temperature. 
Luminescence was measured using a Fluoroskan Ascent FL microplate reader (Thermo Fisher Scientific). The 
luminescence intensities were normalized to the total protein content.

A Cell Meter JC-10 Mitochondrial Membrane Potential Assay Kit (AAT Bioquest, 
Sunnyvale, CA, USA) was used to detect MMP. Briefly, the cells were suspended in staining buffer containing 
JC-10 and incubated for 20 min at room temperature. After the cells were treated with CPF, a FACS Aria II cell 
sorter (BD Biosciences) was used to measure the fluorescence intensity ratio, JC-aggregate (F-590)/JC-monomer 
(F-535).

After treatment with CPF (30 μ M, 72 h), the cells were fixed with 
4% paraformaldehyde and stained with 50 nM MitoTracker Red CMXRos (Cell Signaling Technology, Danvers, 
MA, USA) and 5 μ g/mL Hoechst 33342 (Sigma-Aldrich). Changes in mitochondrial morphology were observed 
using a confocal laser microscope (Nikon A1). Images (n =  5) of random fields were taken, and the number of 
cells displaying mitochondrial fusion (< 10% punctiform) was determined in each image, as previously reported46.

Total RNA was isolated from iPSCs using TRIzol reagent 
(Thermo Fisher Scientific), and quantitative real-time reverse transcription (RT)-PCR was performed using a 
QuantiTect SYBR Green RT-PCR Kit (Qiagen, Valencia, CA, USA) on an ABI PRISM 7900HT sequence detec-
tion system (Applied Biosystems, Foster City, CA, USA) as previously reported47. Relative changes in transcript 
levels were normalized to the mRNA levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The fol-
lowing primer sequences were used for real-time PCR analysis: Fis1, forward, 5′-TACGTCCGCGGGTTGCT-3′ 
and reverse, 5′-CCAGTTCCTTGGCCTGGTT-3′; Drp1, forward, 5′-TGGGCGCCGACATCA-3′ and reverse, 
5′-GCTCTGCGTTCCCACTACGA-3′; Mfn1, forward, 5′-GGCATCTGTGGCCGAGTT-3′ and reverse, 
5′-ATTATGCTAAGTCTCCGCTCCAA-3′; Mfn2, forward, 5′-GCTCGGAGGCACATGAAAGT-3′ and reverse,  
5′-ATCACGGTGCTCTTCCCATT-3′; Opa1, forward, 5′-GTGCTGCCCGCCTAGAAA-3′ and reverse, 
5′-TGACAGGCACCCGTACTCAGT-3′; PAX6, forward, 5′-ATGTGTGAGTAAAATTCTGGGCA-3′ and reverse,  
5′-GCTTACAACTTCTGGAGTCGCTA-3′; FOXG1, forward, 5′ -GCCACAATCTGTCCCTCAACA-3′ and 
reverse, 5′-GACGGGTCCAGCATCCAGTA-3′; NCAM1, forward, 5′-GGCATTTACAAGTGTGTGGTTAC-3′ and  
reverse, 5′-TTGGCGCATTCTTGAACATGA-3′; GAPDH, forward, 5′-GTCTCCTCTGACTTCAACAGCG-3′ and  
reverse, 5′-ACCACCCTGTTGCTGTAGCCAA-3′.

Western blot analysis. Western blot analysis was performed as previously reported48. Briefly, the cells were 
lysed with Cell Lysis Buffer (Cell Signaling Technology). The proteins were then separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred to Immobilon-P 
membranes (Millipore, Billerica, MA, USA). The membranes were probed with anti-Drp1 monoclonal antibodies 
(1:1000; Cell Signaling Technology), anti-Fis1 polyclonal antibodies (1:200; Santa Cruz Biotechnology, Santa 
Cruz, CA, USA), anti-Mfn1 polyclonal antibodies (1:1000; Cell Signaling Technology), anti-Mfn2 monoclonal 
antibodies (1:1000; Cell Signaling Technology), anti-Opa1 monoclonal antibodies (1:1000; BD Biosciences), 
anti-ERK1/2 polyclonal antibodies (1:1000; Cell Signaling Technology), anti-phospho ERK1/2 (Thr202/
Tyr204) monoclonal antibodies (1:2000; BD Biosciences), and anti-β -actin monoclonal antibodies (1:5000; 
Sigma-Aldrich). The membranes were then incubated with secondary antibodies against rabbit or mouse IgG 
conjugated to horseradish peroxidase (Cell Signaling Technology). The bands were visualized using an ECL 
Western Blotting Analysis System (GE Healthcare, Buckinghamshire, UK). Images were acquired using an LAS-
3000 Imager (FUJIFILM, Tokyo, Japan).

Knockdown experiments were performed using Mfn1 shRNA lentiviruses 
from Sigma-Aldrich (MISSION shRNA), as previously reported49. A scrambled hairpin sequence was used as a 

negative control. Briefly, the cells were infected with the viruses at a multiplicity of infection of 1 in the presence 
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of 8 μ g/mL hexadimethrine bromide (Sigma-Aldrich) for 24 h. After medium exchange, the cells were subjected 
to selection with 1 μ g/mL puromycin for 24 h and cultured for an additional 72 h prior to functional analyses.

Statistical analysis. All data are presented as means ±  standard deviation (SD). Analysis of variance 
(ANOVA) followed by post-hoc Bonferroni test was used to analyze data in Figs 1, 3C, 4, 5, and 6. Student’s t test 
was used to analyze data in Figs 2, 3A, S1, and S2. P-values <  0.05 were considered statistically significant.
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Organotin compounds, such as tributyltin (TBT), are well-known endocrine disruptors. TBT is also known to
cause various forms of cytotoxicity, including neurotoxicity and immunotoxicity. However, TBT toxicity has
not been identified in normal stem cells. In the present study, we examined the effects of TBT on cell growth
in human induced pluripotent stem cells (iPSCs). We found that exposure to nanomolar concentrations of TBT
decreased intracellular ATP levels and inhibited cell viability in iPSCs. Because TBT suppressed energy production,
which is a critical function of themitochondria,we further assessed the effects of TBT onmitochondrial dynamics.
Staining withMitoTracker revealed that nanomolar concentrations of TBT inducedmitochondrial fragmentation.
TBT also reduced the expressionofmitochondrial fusion proteinmitofusin 1 (Mfn1), and this effectwas abolished
by knockdown of the E3 ubiquitin ligase membrane-associated RING-CH 5 (MARCH5), suggesting that
nanomolar concentrations of TBT could inducemitochondrial dysfunction viaMARCH5-mediatedMfn1 degrada-
tion in iPSCs. Thus, mitochondrial function in normal stem cells could be used to assess cytotoxicity associated
with metal exposure.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Human induced pluripotent stem cells (iPSCs), which possess
self-renewal and multipotent differentiation properties, are expected
to have applications in drug discovery and drug safety assessment
(Nakamura et al., 2014; Takahashi et al., 2007). Growing evidence sug-
gests that iPSCs can also provide a unique platform for assessing
chemical-induced toxicities in various tissues, such as the brain (He
et al., 2012; Kumar et al., 2015). Thus, it is necessary to elucidate the
mechanisms mediating the cytotoxic effects of different chemicals dur-
ing embryonic development in stem cells.

Organotin compounds, such as tributyltin (TBT), are also associated
with various developmental, neurological, immunological, and meta-
bolic effects (Kotake, 2012). Although the use of TBT has already been
restricted, butyltin compounds, including TBT, have been reported to
be still present at concentrations between 50 and 400 nM in human
blood (Whalen et al., 1999). Therefore, the mechanisms through
which nanomolar concentrations of TBT cause cytotoxicity should be
elucidated using undifferentiated normal stem cells, which is the most
suitable platform for toxicological analysis.

Several studies have revealed the cytotoxic effects of nanomolar
concentrations of TBT in stem cells. For example, nanomolar concentra-
tions of TBT activate retinoid X receptor (RXR) and/or peroxisome

proliferator-activated receptorγ (PPARγ), thereby enhancing adipocyte
differentiation in adipose-derived stromal stem cells (ADSCs) (Kirchner
et al., 2010). In ratmesencephalic neural stem cells, transcriptome anal-
ysis after induction of TBT-dependent apoptosis revealed changes in the
expression levels of genes involved in Ca2+ mobilization, retinoic acid
signaling, and apoptosis (Suzuki and Ishido, 2011). We previously re-
ported that nanomolar concentrations of TBT mediate mitochondrial
dysfunction and inhibit the growth of human embryonic carcinoma
NT2/D1 cells (Yamada et al., 2015). Thus, we hypothesized that
nanomolar concentrations of TBT could also affect mitochondria in
human iPSCs.

Mitochondria exhibit continuous changes in morphology through
fusion and fission (van der Bliek et al., 2013; Youle and van der Bliek,
2012). Under normal circumstances, mitochondria fuse together,
forming excessive tubular networks (mitochondrial fusion). In contrast,
under stress conditions, mitochondrial networks convert into large
numbers of small fragments with punctate morphology (mitochondrial
fission). These mitochondrial dynamics play a key role in the mainte-
nance ofmitochondrial functions, such as ATP production.Mitochondri-
almorphology is strictly regulated byfission (fission protein 1 [Fis1] and
dynamin-related protein 1 [Drp1]) and fusion (mitofusin 1 and 2 [Mfn1,
Mfn2] and optic atrophy 1 [Opa1]) factors (Fischer et al., 2012). Several
reports have described mitochondrial fragmentation induced by chem-
ical exposure. For example, CGP37157, an inhibitor of mitochondrial
calcium efflux, mediates mitochondrial fission through Mfn1 degrada-
tion via the E3 ubiquitin ligase membrane-associated RING-CH 5
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(MARCH5) in prostate cancer cells (Choudhary et al., 2014). Another
study showed that doxorubicin induces proteasomal degradation of
Mfn2, which facilitates mitochondrial fragmentation and apoptosis in
sarcoma U2OS cells (Leboucher et al., 2012).

In the present study, we investigated the cytotoxic effects of
nanomolar concentrations of TBT in iPSCs. Our results showed that ex-
posure to 50 nM TBT decreased intracellular ATP levels and inhibited
cell growth. Moreover, TBT exposure induced Mfn1 degradation and
mitochondrial fragmentation through a MARCH5-dependent mecha-
nism. Thus, nanomolar concentrations of TBT induce toxicity through
impairment of mitochondrial quality control in human iPSCs.

2. Materials and methods

2.1. Chemicals and reagents

TBT was obtained from Tokyo Chemical Industry (Tokyo, Japan). Tin
acetate (TA), rosiglitazone (RGZ), and carbonyl cyanidem-chlorophenyl
hydrazone (CCCP) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). All other reagents were of analytical grade and were obtained
from commercial sources.

2.2. Cell culture

We used the human iPSC line 253G1 (Riken BRC Cell Bank, Tsukuba,
Ibaraki, Japan), which was established through retroviral transduction
of Oct3/4, Sox2, and Klf4 into adult human dermal fibroblasts
(Nakagawa et al., 2008). The cells were cultured under feederless condi-
tions using human embryonic stem cell (ESC)-qualified Matrigel
(BD Biosciences, San Jose, CA, USA) and TeSR-E8 medium (Stemcell
Technologies, Vancouver, BC, Canada) at 37 °C in an atmosphere con-
taining 5% CO2. For passage, iPSC colonies were dissociated into single
cells using Accumax (Innovative Cell Technologies, San Diego, CA,
USA) and cultured in a TeSR-E8 medium supplemented with the Rho-
kinase (ROCK) inhibitor Y-27632 (Wako, Tokyo, Japan).

2.3. Cell proliferation assay

Cell viabilitywasmeasured using CellTiter 96 AQueous One Solution
Cell Proliferation Assays (Promega, Madison,WI, USA), according to the
manufacturer's instructions. Briefly, iPSCs were seeded into 96-well
plates and exposed to different concentrations of TBT. After exposure
to TBT, One Solution Reagent was added to each well, and the plate
was incubated at 37 °C for another 2 h. Absorbance was measured at
490 nm using an iMark microplate reader (Bio-Rad, Hercules, CA, USA).

2.4. Measurement of intracellular ATP levels

The intracellular ATP content was measured using an ATP Determi-
nation Kit (Life Technologies, Carlsbad, CA, USA), according to the
manufacturer's protocol. Briefly, the cells were washed and lysed with
0.1% Triton X-100/PBS. The resulting cell lysates were added to a
reaction mixture containing 0.5 mM D-luciferin, 1 mM DTT, and
1.25 μg/mL luciferase and incubated for 30 min at room temperature.
Luminescence was measured using a Fluoroskan Ascent FL microplate
reader (Thermo Fisher Scientific, Waltham, MA, USA). The lumines-
cence intensities were normalized to the total protein content.

2.5. Measurement of mitochondrial membrane potential (MMP)

A Cell Meter JC-10 Mitochondrial Membrane Potential Assay Kit
(AAT Bioquest, Sunnyvale, CA, USA) was used to detect MMP. Briefly,
the cells were suspended in a staining buffer containing JC-10 and incu-
bated for 20 min at room temperature. After treatment of the cells with
chemicals, a FACS Aria II cell sorter (BD Biosciences) was used to

measure the fluorescence intensity ratio, that is, JC-aggregate (F-590)/
JC-monomer (F-535).

2.6. Assessment of mitochondrial fusion

After the cells were treated with TBT (50 nM, 72 h), they were fixed
with 4% paraformaldehyde and stained with 50 nM MitoTracker Red
CMXRos (Cell Signaling Technology, Danvers, MA, USA) and 5 μg/mL
Hoechst 33342 (Sigma-Aldrich). Changes in mitochondrial morphology
were observed using a confocal laser microscope (Nikon A1). Images
(n= 5)were taken of random fields, and the number of cells displaying
mitochondrial fusion (b10% punctiform) was counted in each image, as
previously reported (Fan et al., 2010).

2.7. Real-time polymerase chain reaction (PCR)

Total RNA was isolated from iPSCs using TRIzol reagent (Life Tech-
nologies), and quantitative real-time reverse transcription (RT)-PCR
was performed using a QuantiTect SYBR Green RT-PCR Kit (Qiagen,
Valencia, CA, USA) on an ABI PRISM 7900HT sequence detection system
(Applied Biosystems, Foster City, CA, USA) as previously reported
(Hirata et al., 2014). Relative changes in transcript levels were normal-
ized to themRNA levels of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The following primer sequences were used for real-time PCR
analysis:Nanog, forward, 5′-CAGAAGGCCTCAGCACCTAC-3′ and reverse,
5′-ATTGTTCCAGGTCTGGTTGC-3′; Oct3/4, forward, 5′-ACATCAAAGCTC
TGCAGAAAGAA-3′ and reverse, 5′-CCAGTTCCTTGGCCTGGTT-3′; Drp1,
forward, 5′-TGGGCGCCGACATCA-3′ and reverse, 5′-GCTCTGCGTTCCCA
CTACGA-3′; Fis1, forward, 5′-TACGTCCGCGGGTTGCT-3′ and reverse,
5′-CCAGTTCCTTGGCCTGGTT-3′; Mfn1, forward, 5′-GGCATCTGTGGCCG
AGTT-3′ and reverse, 5′-ATTATGCTAAGTCTCCGCTCCAA-3′; Mfn2, for-
ward, 5′-GCTCGGAGGCACATGAAAGT-3′ and reverse, 5′-ATCACGGTGC
TCTTCCCATT-3′; Opa1, forward, 5′-GTGCTGCCCGCCTAGAAA-3′ and re-
verse, 5′-TGACAGGCACCCGTACTCAGT-3′; GAPDH, forward, 5′-GTCTCC
TCTGACTTCAACAGCG-3′ and reverse, 5′-ACCACCCTGTTGCTGTAGCC
AA-3′.

2.8. Western blot analysis

Western blot analysis was performed as previously reported (Kanda
et al., 2011). Briefly, the cells were lysed with a Cell Lysis Buffer
(Cell Signaling Technology). The proteins were then separated by sodi-
umdodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
electrophoretically transferred to Immobilon-P membranes (Millipore,
Billerica, MA, USA). The membranes were probed with anti-Drp1 mono-
clonal antibodies (1:1000; Cell Signaling Technology), anti-Fis1 polyclon-
al antibodies (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-Mfn1 polyclonal antibodies (1:1000; Cell Signaling Technology),
anti-Mfn2 monoclonal antibodies (1:1000; Cell Signaling Technology),
anti-Opa1 monoclonal antibodies (1:1000; BD Biosciences), and anti-β-
actin monoclonal antibodies (1:5000; Sigma-Aldrich). The membranes
were then incubated with secondary antibodies against rabbit or mouse
IgG conjugated to horseradish peroxidase (Cell Signaling Technology).
The bandswere visualizedusing anECLWesternBlottingAnalysis System
(GE Healthcare, Buckinghamshire, UK), and images were acquired using
an LAS-3000 Imager (Fujifilm, Tokyo, Japan).

2.9. Gene knockdown by shRNA

Knockdown experiments were performed using Mfn1 shRNA lenti-
viruses from Sigma-Aldrich (MISSION shRNA), as previously reported
(Yamada et al., 2014). A scrambled hairpin sequence was used as a neg-
ative control. Briefly, the cells were infected with the viruses at a multi-
plicity of infection of 1 in the presence of 8 mg/mL hexadimethrine
bromide (Sigma-Aldrich) for 24 h. The cells were then subjected to
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selectionwith 1 μg/mL puromycin for 24 h and cultured for an addition-
al 72 h prior to functional analyses.

2.10. Gene knockdown by siRNA

Double-stranded RNA oligonucleotides (siRNAs) against MARCH5
and appropriate control scrambled siRNA were purchased from
Life Technologies. The siRNAs were transfected into iPSCs using
DharmaFECT1 (Dharmacon, Lafayette, CO, USA) as previously described
(Kinehara et al., 2013).

2.11. Statistical analysis

All data were presented as means ± standard deviations (SDs).
Analysis of variance (ANOVA) followed by post-hoc Tukey test was
used to analyze data involvingmore than two samples. For comparisons
between two samples, Student's t-tests were used. Differences with
P-values of less than 0.05 were considered statistically significant.

3. Results

3.1. Cytotoxic effects of TBT in iPSCs

To examine whether TBT was cytotoxic in iPSCs, we studied the ef-
fects of TBT on cell proliferation in iPSCs. Treatment with TBT reduced
cell viability in a dose-dependent manner (Fig. 1A and B). The LC50 for
TBT was 77 nM in iPSCs. Moreover, almost all cells were detached
from the culture dish at more than 200 nM TBT. In contrast, exposure
to TA, which is less toxic, had little effect at any concentration tested
(Fig. 1A and B). We next examined whether TBT affected pluripotency.
The expression levels of the undifferentiated markers Nanog and

Oct3/4 were not changed by TBT (Fig. 1C). Because cell growth requires
ATP as a source of energy in iPSCs, we examined intracellular ATP con-
tent in the cells. We found that treatment with 50 nM TBT reduced
the ATP content of the cells (Fig. 1D). We confirmed that 0.1 μM CCCP,
which functions as a mitochondrial uncoupler, also decreased ATP
levels. In contrast, TA had little effect. These data suggest that exposure
to 50 nM TBT reduces cell growth without inhibiting iPSC pluripotency.

3.2. Effects of TBT on mitochondrial function in iPSCs

Because TBT inhibited ATP production, we investigated MMP, as an
important parameter of mitochondrial function, during TBT treatment
in iPSCs. MMPwas decreased by 50 nMTBT for 1 h (Fig. 2A). In contrast,
TA had little effect on MMP. We further examined the generation of re-
active oxygen species (ROS), which affect MMP and are related to
mitochondrion-mediated cell damage (Park et al., 2005), using 2′,7′-
dichlorodihydrofluorescein (DCFH). TBT at 50 nM did not affect the
ROS level (Fig. S1). In contrast, hydrogen peroxide (H2O2) as a positive
control promoted the generation of ROS, which was attenuated by
N-acetylcysteine treatment. Because morphological changes in mito-
chondria are closely related to energy supply and MMP maintenance
(Youle and van der Bliek, 2012), we focused onmitochondrial dynamics
in iPSCs. After TBT exposure, we observed fragmented mitochondria
with punctate morphology (Fig. 2B). Furthermore, TBT significantly de-
creased the number of cells exhibitingmitochondrial fusion (Fig. 2C). As
expected, fragmentedmitochondria were also observed following CCCP
treatment (Fig. S2). In contrast, TA exposure did not affectmitochondri-
al morphology. Taken together, these results suggest that nanomolar
concentrations of TBT induce mitochondrial dysfunction, such as MMP
depolarization and mitochondrial fragmentation, in iPSCs.

Fig. 1. TBT induces cytotoxic effects in iPSCs. (A) Cells were seeded in 96-well plates and exposed to different concentrations of TBT for 72 h. Phase-contrast photomicrographs of iPSCs
were captured after exposure to TBT or TA at 0, 50, and 100 nM. Bar = 100 μm. (B) Cell viability in the presence of TBT or TA was examined using CellTiter 96 AQueous One Solution
Cell Proliferation Assays. (C) After exposure to 50 nM TBT or TA for 72 h, the expression of undifferentiated marker genes (Nanog and Oct3/4) was analyzed by real-time PCR. (D) The
intracellular ATP content was determined in the lysed cells. Data represent the mean ± SD (n = 3). *P b 0.05 using ANOVA with post-hoc Tukey test.
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3.3. TBT exposure induced mitochondrial fission via the reduction of Mfn1
protein in iPSCs

To examine the molecular mechanisms through which TBT induces
mitochondrial fragmentation, we assessed the effects of TBT on the ex-
pression of mitochondrial fission (Fis1 and Drp1) and fusion genes
(Mfn1,Mfn2, andOPA1). Real-time PCRanalysis showed that the expres-
sion of each genewas not altered by TBT exposure (Fig. 3A). Interesting-
ly, western blot analysis revealed that TBT significantly decreased only
Mfn1 protein levels. In contrast, the expression levels of other factors,
including Mfn2, were not changed (Fig. 3B and C). To confirm the in-
volvement ofMfn1 in the fragmentation ofmitochondria,we performed
knockdown (KD) of Mfn1 using lentivirus-delivered shRNAs. Real-time
PCR analysis showed that the KD efficiency was approximately 60%
(Fig. 3D), which was similar to that reported in previous KD studies
(Son et al., 2015). Similar to TBT exposure, Mfn1 KD inducedmitochon-
drial fragmentation (Fig. 3E and F). These data suggest that TBT-induced
mitochondrial fragmentation is caused by reduction of Mfn1 protein
levels.

3.4. MARCH5 KD abolished TBT-induced Mfn1 reduction in iPSCs

To investigate whether Mfn1 reduction triggered by TBT occurred
through an E3 ubiquitin ligase-dependent mechanism, we performed
KD of MARCH5 by siRNA. Real-time PCR analysis showed that the KD
efficiency of MARCH5 was approximately 70% (Fig. 4A). Western
blot analysis revealed that MARCH5 KD increased basal Mfn1 levels
and further abolished TBT-induced Mfn1 reduction (Fig. 4B and C). In
contrast, Mfn2 protein levels were not recovered by MARCH5 KD. Be-
cause the gene expression of Mfn1 was not affected by TBT exposure,
Mfn1 reductionwas thought to be caused byMARCH5-mediated degra-
dation, independent of gene downregulation. Taken together, these

data suggest that MARCH5 mediates TBT-induced Mfn1 degradation in
iPSCs.

4. Discussion

In the present study, we demonstrated that nanomolar concentra-
tions of TBT targeted mitochondrial quality control in human iPSCs.
We showed that exposure to nanomolar concentrations of TBT induced
Mfn1 degradation through the E3 ubiquitin ligase MARCH5, thereby
promoting mitochondrial fragmentation. These negative effects of TBT
on mitochondrial quality control could inhibit ATP production and cell
growth.

Our results showed that treatment with more than 200 nM TBT
caused almost complete detachment of human iPSCs from the culture
dish (Fig. 1). Previous studies have shown that micromolar concentra-
tions of TBT induce apoptosis in various cell types, such as human amni-
on cells (Zhu et al., 2007), hepatocytes (Grondin et al., 2007), and
neutrophils (Lavastre and Girard, 2002). Compared to somatic cells, im-
mature cells tend to be highly sensitive to TBT exposure. Therefore,
analysis of TBT sensitivity using iPSCs, iPSC-neural progenitor cells,
and iPSC-neurons might provide interesting insights into the mecha-
nisms of TBT toxicity. Previous reports have shown that iPSC-derived
cells are immature compared with human naïve neural cells and do
not form neural networks (Belinsky et al., 2011). Therefore, further
studies are required to elucidate the mechanisms of TBT neurotoxicity
using iPSCs and to optimize the types of iPSC-derived cells.

We also showed that the stemness properties of iPSCs were main-
tained after TBT exposure, whereas cell growth was reduced (Fig. 1).
Mitochondria have been reported to be in a morphologically and func-
tionally immature state in iPSCs, with poorly developed cristae and
more fragmented structures than those observed in somatic cells
(Wanet et al., 2015). Mfn1 and Mfn2 have been shown to constitute a
new barrier to reprogramming because Mfn1/2 ablation facilitates the

Fig. 2. TBT affects several mitochondrial functions in iPSCs. (A) Cells were stained with JC-10 for 20 min and exposed to 50 nM TBT or TA for an additional 1 h. The MMP of JC-10-labeled
cells was analyzed by flow cytometry. (B) Cells were exposed to 50 nMTBT or TA for 72 h and then stainedwithMitoTracker Red CMXRos and Hoechst 33342.Mitochondrial morphology
was observed by confocal lasermicroscopy. Bar=10 μm. (C) The number of cellswithmitochondrial fusion (b10%punctiform)was counted in each image. Data represent themean± SD
(n = 5). *P b 0.05 using ANOVA with post-hoc Tukey test.
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induction of pluripotency through the restructuring of mitochondrial
dynamics and bioenergetics (Son et al., 2015). Moreover, MARCH5 has
been shown to be involved in maintaining the pluripotency of mouse
embryonic stem cells through protein kinase A (PKA)-extracellular
signal-regulated kinase (ERK) signaling (Gu et al., 2015). Thus,
MARCH5-Mfn1 might be involved in maintenance of embryonic
stemness through mitochondrial fragmentation in iPSCs. Previous
study has reported that Mfn1 knockout results in embryonic lethality
of homozygous mutants (Chen et al., 2003). Moreover, Mfn1-deficient
embryonic cells have dramatically fragmented mitochondria. Taken
together, these data indicate that Mfn1-mediated mitochondrial dy-
namics might regulate embryonic development. Further studies are
needed to determine whether MARCH5-mediated Mfn1 degradation
plays a role in the maintenance of stemness properties.

Our data suggest that nanomolar concentrations of TBT could induce
mitochondrial fission through MARCH5-mediated Mfn1 degradation
(Figs. 2–4). Consistent with our data, chemical stressors have been re-
ported to causemitochondrial fission through proteasomal degradation
ofMfn1 and/orMfn2 (Choudhary et al., 2014; Leboucher et al., 2012). In
addition, Mfn1 or Mfn2 deficiency in cells is known to result in severe
cellular defects, including decreased ATP content and poor cell growth
(Chen et al., 2005; Yue et al., 2014). Our Mfn1 KD studies indicated
that Mfn1 degradation was sufficient to promote mitochondrial
dysfunction; therefore, TBT-induced Mfn1 degradation might mediate
mitochondrial fragmentation, decrease ATP levels, and inhibit iPSC
growth. AlthoughMfn2 is also involved inmitochondrial fission and en-
ergy supply (Chen et al., 2005; Leboucher et al., 2012; Yue et al., 2014),

our results indicated that TBT specifically targeted Mfn1, not Mfn2. Re-
garding this apparent TBT specificity, MARCH5 has been reported to se-
lectively degrade Mfn1 among all mitochondrial proteins, including
Mfn2 (Park et al., 2014). This selectivity of MARCH5 toward Mfn1 was
also confirmed by our recovery studies of TBT-induced Mfn1 degrada-
tion using MARCH5-KD cells. Thus, exposure to nanomolar concentra-
tions of TBT might specifically target Mfn1 via MARCH5 in iPSCs.
In future studies, it will be necessary to investigate the specific mecha-
nisms underlying TBT-induced Mfn1 degradation via MARCH5, a pro-
cess that results in mitochondrial fission and dysfunction.

Herein, we found that TBT targeted themitochondrial energy supply
in iPSCs. Although mitochondrial energy production is more efficient
than glycolysis, embryonic cells such as iPSCs are known to rely mainly
on glycolysis rather than the mitochondrial system for ATP production
(Varum et al., 2011). We previously reported that nanomolar concen-
trations of TBT inhibit glucose uptake and cause growth arrest in
human embryonic carcinoma NT2/D1 cells (Yamada et al., 2013). Fur-
ther studies should determine whether glycolysis is also targeted by
TBT in iPSCs.

In summary, our results demonstrated a novel mechanism underly-
ing the cytotoxicity of nanomolar TBT levels in iPSCs. Recently, signifi-
cant progress has been made in the induction of differentiation of
pluripotent stem cells into a variety of cell types (Li et al., 2016). Thus,
further studies are needed to evaluate the toxicities and developmental
effects of TBT on somatic cells present in human adults. The chemical
sensitivity and broad utility of iPSCs in toxicological studies of TBT
may enable the discovery of versatile toxicity evaluation markers,

Fig. 3. TBT inducesmitochondrial fission via decreasedMfn1 protein levels in iPSCs. (A) After exposure to 50 nMTBT or TA for 72 h, the expression ofmitochondrial geneswas analyzed by
real-time PCR. (B) After exposure to 50 nMTBT or TA for 72 h, the expression ofmitochondrial proteinswas analyzed bywestern blotting using anti-Drp1, anti-Fis1, anti-Mfn1, anti-Mfn2,
anti-Opa1, or anti-β-actin antibodies. (C) The relative densities of bands were quantified with ImageJ software. Relative changes in expression were determined by normalization to
β-actin. (D) After introduction of lentivirus-delivered shRNAs against Mfn1 to the cells, the expression of Mfn1 was analyzed by real-time PCR. (E) Mfn1-KD cells were stained with
MitoTracker Red CMXRos and Hoechst 33342. Mitochondrial morphology was observed by confocal laser microscopy. Bar = 10 μm. (F) The number of cells with mitochondrial fusion
(b10% punctiform) was counted in each image. Data represent the mean ± SD (n = 5). *P b 0.05 using ANOVA with post-hoc Tukey test.
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which could facilitate the development of a platform for chemical vali-
dation by providing simple, reproducible, and cost-effective tools.
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