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Breast cancer is the most common malignancy among women and has poor survival and high recurrence
rates for aggressive metastatic disease. Notably, triple-negative breast cancer (TNBC) is a highly aggressive
cancer and there is no preferred agent for TNBC therapy. In this study, we show that a novel agent,
2-(4-hydroxy-3-methoxyphenyl)-benzothiazole (YL-109), has ability to inhibit breast cancer cell growth and
invasiveness in vitro and in vivo. In addition, YL-109 repressed the sphere-forming ability and the expression
of stem cell markers in MDA-MB-231 mammosphere cultures. YL-109 increased the expression of carboxyl
terminus of Hsp70-interacting protein (CHIP), which suppresses tumorigenic and metastatic potential of
breast cancer cells by inhibiting the oncogenic pathway. YL-109 induced CHIP transcription because of the
recruitment of the aryl hydrocarbon receptor (AhR) to upstream of CHIP gene in MDA-MB-231 cells.
Consistently, the antitumor effects of YL-109 were depressed by CHIP or AhR knockdown in MDA-MB-231
cells. Taken together, our findings indicate that a novel agent YL-109 inhibits cell growth and metastatic
potential by inducing CHIP expression through AhR signaling and reduces cancer stem cell properties in
MDA-MB-231 cells. It suggests that YL-109 is a potential candidate for breast cancer therapy.

B
reast cancer is the major cause of cancer death among women worldwide. Triple-negative breast cancer
(TNBC), which has been reported to represent approximately 15% of all breast cancers1, is characterized by
the absence of estrogen receptors (ERs), progesterone receptors (PRs), and human epidermal growth

factor-2 (HER-2) expression2. TNBC is an aggressive cancer, characterized by rapid tumor growth, a high
incidence of metastasis, an increased rate of distant recurrence, and a poor prognosis compared with other breast
cancer subtypes3. Unlike ER/PR-positive or HER-2-overexpressing subtypes, the effective treatment options for
TNBC are limited to cytotoxic therapies because of the lack of molecular targets. Moreover, TNBC cells show a
profile that is similar to breast cancer stem cells, which have a strong resistance to chemotherapeutic drugs4,5.
Therefore, new therapeutic options and strategies are required for TNBC therapy.

The carboxyl terminus of Hsp70-interacting protein (CHIP, also named STUB1) is a potential target for the
treatment of TNBC. CHIP is a U-box-type ubiquitin E3 ligase that induces ubiquitylation and degradation of its
substrates. These include several oncogenic proteins that suppress the tumorigenic and metastatic potential of
breast cancer cells6–8. We previously reported that CHIP levels were much higher in MCF-7 cells, a non-aggressive
cell line derived from human breast cancer cells, than in MDA-MB-231 cells, a highly aggressive cell line.
Furthermore, CHIP levels are negatively correlated with the malignancy of human breast tumor tissues9. In
addition, CHIP suppresses both tumor growth and metastasis in a nude mouse xenograft model. Thus, it has been
suggested that the regulation of CHIP expression may represent a potential new clinical approach to TNBC
therapy.
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Aryl hydrocarbon receptor (AhR) has also recently emerged as a
potential therapeutic target for breast cancer. The AhR is a basic
helix-loop-helix transcription factor that was initially identified as
a receptor for environmental toxins, such as dioxin10. Ligand binding
to the receptor triggers formation of a heterodimeric nuclear AhR
complex, which binds to dioxin response elements in target gene
promoters to induce transcriptional activation11. Several studies have
demonstrated that the AhR may be a potential drug target for several
diseases, including endometrial, prostate, pancreatic, and ER-pos-
itive breast cancers12–17. In addition, the antitumor effects of com-
pounds belonging to the 2-(4-amino-3-methylphenyl) benzothiazole
group are mediated by AhR in ER-positive breast cancer cells18–20.
Phortress, the lysine amide prodrug of 2-(4-amino-3-methylphenyl)-
5-fluorobenzothiazole, has completed Phase I clinical evaluations18,21.
In addition to 2-(4-aminophenyl) benzothiazoles, the relatively non-
toxic selective AhR modulators (SAhRMs) are highly effective agents
for inhibiting hormone-responsive breast cancer growth in animal
models17,22. Although 2-(4-aminophenyl) benzothiazoles and
SAhRMs are less effective against ER-negative breast cancer cells,
AhR is also expressed in these cells18,23,24. Therefore, we hypothesized
that ideal agents might exert the antitumor effects mediated by AhR
signaling in both ER-positive and -negative breast cancer cells.

In this study, we demonstrated that the novel agent 2-(4-hydroxy-
3-methoxyphenyl)-benzothiazole (YL-109) has ability to inhibit
breast cancer progression in TNBC, MDA-MB-231 cells, and ER-
positive breast cancer MCF-7 cells. In addition, YL-109 suppresses
the proliferation and invasiveness of MDA-MB-231 cells, both in
vitro and in vivo. Moreover, YL-109 suppresses the properties of
breast cancer stem cells. Furthermore, we demonstrated that YL-
109 increases CHIP expression by the recruitment of AhR to an
upstream region of the gene. Consistent with these observations,
CHIP or AhR knockdowns inhibit the suppressive effects of YL-
109 on anchorage-independent growth and invasiveness. Taken
together, our findings indicate that YL-109 is a novel antitumor agent
that can induce CHIP expression through AhR signaling, and that it
represents a promising candidate for a new therapeutic strategy
against TNBC.

Results
YL-109 inhibits cell proliferation, motility, and invasiveness in
breast cancer cells. It has been reported that 2-(4-aminophenyl)-
benzothiazoles have anti-proliferative activity in MCF-7, ER-positive
breast cancer cells18–20. Therefore, we investigated the effects of 2-(4-
hydroxy-3-methoxyphenyl)-benzothiazole, YL-109 (Figure 1a) on
cell proliferation in MCF-7 cells. YL-109 possesses characteristic
hydroxyl group at C4, whereas 2-(4-aminophenyl)-benzothiazoles
have the amino group at this position. YL-109 strongly inhibited
cell proliferation of MCF-7 cells in a dose-dependent manner (IC50

5 85.8 nM) (Figure 1b and c). Surprisingly, YL-109 had an anti-
proliferative effect in a dose-dependent manner (IC50 5 4.02 mM)
on MDA-MB-231 cells, known as TNBC cells, unlike 2-(4-
aminophenyl)-benzothiazoles (Figure 1b and c)18. We subsequently
tested whether YL-109 inhibited anchorage-independent growth in
poly-HEMA coated plates and colony formation in soft agar
(Figure 1d and e). Under short-term detached conditions using
poly-HEMA coated plate, YL-109 suppressed cell survival in MCF-
7 cells, but not in MDA-MB-231 cells (Figure 1d). In contrast, YL-
109 decreased the number of colonies in MDA-MB-231 cells under
long-term detached conditions on soft agar (Figure 1e). Moreover, to
examine the effects of YL-109 on the metastatic and invasive
potential of MDA-MB-231 cells, we performed migration and
invasion assays. In the migration assay, YL-109 reduced the ability
of cells to migrate (Figure 1f). YL-109 also significantly decreased the
number of cells that penetrated the Matrigel-coated membrane
(Figure 1g). In addition, YL-109 inhibited cell proliferation
and invasiveness of BT-20 cells, also known as TNBC cells (see

Supplementary Fig. S1 online). These results suggest that YL-109
inhibits cell proliferation and suppresses the metastatic potential of
breast cancer cells.

YL-109 inhibits both tumor growth and cancer metastasis of
breast cancer cells in vivo. Using a nude mouse xenograft model,
we investigated the effects of YL-109 in vivo. Mice treated with
vehicle showed significantly enlarged tumors, whereas mice treated
with YL-109 showed attenuated tumor growth using MCF-7 cells
(Figure 2a). Interestingly, YL-109 also suppressed tumor growth in
mice injected with MDA-MB-231 cells (Figure 2b). Next, to examine
the effect of YL-109 against metastatic activity, we performed an in
vivo lung metastasis assay using MDA-MB-231 cells. We discovered
several metastatic tumors in the lungs of mice injected with MDA-
MB-231 cells in the vehicle (Figure 2c). Compared with the vehicle
control, YL-109 significantly reduced lung metastasis (Figure 2c).
We also quantified lung metastasis using real-time RT-PCR, which
confirmed our observations (Figure 2d). These results suggest that
YL-109 suppresses tumor progression of breast cancer cells in vivo.

YL-109 suppresses breast cancer progression by inducing CHIP
expression. We previously demonstrated that CHIP suppresses
tumorigenesis and the metastatic cellular phenotypes of breast
cancer cells both in vitro and in vivo9. It has also been indicated
that CHIP expression is significantly associated with prognostic
parameters in breast cancer patients25. Therefore, we examined
whether YL-109 induced CHIP expression. We observed that YL-
109 increased both CHIP mRNA and protein levels (Figure 3a and b).
Next, to investigate whether the antitumor effects of YL-109 were
mediated by CHIP, we performed colony formation and Matrigel
invasion assay using siRNA for CHIP (Figure 3c–e). YL-109-induced
inhibition of cell growth and invasive potential were decreased by
CHIP knockdown (Figure 3d and e). These results demonstrate that
YL-109 inhibits breast cancer progression by inducing CHIP
expression.

YL-109 activates AhR signaling to induce CHIP expression.
Previous studies indicated that 2-(4-aminophenyl)-benzothiazoles
activate AhR and increase transcription of AhR target genes, such
as Cyp1a118–20. We observed that YL-109 induced Cyp1a1 expression
in MCF-7 and MDA-MB-231 cells (Figure 4a). To explore AhR
participation in the mechanisms underlying the induction of CHIP
by YL-109, we examined whether CHIP expression levels were
affected by knocking down of AhR with siRNA (Figure 4b and c).
We observed that YL-109-induced increases in CHIP mRNA
were reduced by AhR knockdown (Figure 4c). We subsequently
examined AhR recruitment to the promoter region in CHIP gene,
which contains potential AhR response elements. Chromatin
immunoprecipitation (ChIP) assay demonstrated that the
interaction between AhR and the CHIP promoter is potentiated by
YL-109 (Figure 4d). Our data suggest that YL-109 induces CHIP
expression through recruitment of AhR to upstream of CHIP gene.

YL-109 exerts antitumor effects through AhR signaling. To
examine whether AhR signaling mediated the inhibition of cell
proliferation by YL-109, we performed MTT assay using the AhR
antagonist a-naphtoflavone (a-NF) and siRNA against AhR
(Figure 5a and b). Treatment with a-NF and knockdown of
AhR expression abolished the inhibitory effect of YL-109 on cell
proliferation of MCF-7 cells (Figure 5a and b). Moreover, YL-109-
induced inhibition of colony formation and invasive potential were
repressed by AhR knockdown (Figure 5c and d). Our data suggest
that the antitumor effects of YL-109 are mediated by AhR signaling.

YL-109 reduces the property of cancer stem cells in breast cancer
cells. Recently, we have shown that CHIP suppresses cancer stem cell
properties in breast cancer cells26. Therefore, we evaluated whether
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YL-109 affects breast cancer stem cells. One property of cancer stem
cells is their ability to form tumor spheres, denoted mammospheres
in the case of breast cancer27. We observed that cells derived from the
MDA-MB-231 cell line formed mammospheres, whereas YL-109
markedly inhibited mammosphere formation (Figure 6a). To
confirm the effects of YL-109 on the population of cancer
stem cells in MDA-MB-231 cells, we used flow cytometry with
cancer stem cell marker ALDH. Consistent with the effects on
mammosphere formation, YL-109 decreased ALDH-positive cell
population (Figure 6b). In addition, YL-109 significantly decreased
mRNA levels of Klf-4 and Notch target gene Hes1 in MDA-MB-231
mammosphere cultures (Figure 6c). Taken together, these results
indicate that YL-109 inhibits the properties of breast cancer stem
cells.

Discussion
In the present study, we revealed that the novel agent YL-109 has
antitumor activity in TNBC cells. It was previously reported that 2-
(4-aminophenyl)-benzothiazoles have anti-proliferative activity in
ER-positive breast cancer cells, that is mediated by the AhR signaling
pathway. AhR is expressed in breast cancer cells regardless of
ER expression23,24. However, TNBC cells exhibit a poor response to

benzothiazoles and SAhRMs because they do not activate AhR -
signaling18. Consistent with previous reports on benzothiazole anti-
tumor activity, YL-109 inhibited cell proliferation through AhR
activation in ER-positive breast cancer cells. In addition, we observed
that YL-109 could activate AhR signaling in MDA-MB-231 cells,
which is necessary for YL-109 to exert antitumor effects in these cells.
These results suggest that YL-109 inhibits breast cancer progression
by AhR signaling activation in TNBC cells.

Our results also demonstrated that the YL-109-induced AhR sig-
naling activation resulted in increased CHIP expression. We prev-
iously reported that CHIP suppresses tumor progression in human
breast cancer by inhibiting oncogenic pathways9. In mice, tumor
growth and metastasis were significantly inhibited by CHIP express-
ion, whereas CHIP knockdowns in breast cancer cells resulted in
rapid tumor growth and metastatic phenotypes. In this study, we
observed that YL-109 treatment increased CHIP expression and
CHIP knockdown inhibited the suppressive effects of YL-109 on
both breast cancer cell growth and invasiveness. Moreover, YL-109
induced CHIP expression by recruiting AhR to an upstream region
of the CHIP gene. We also found that the multiple AhR-responsive
element sites exist in the promoter region of CHIP, which contain the
core sequence 59-GCGTG-39. Taken together, these findings indicate

S
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Figure 1 | Identification of a compound that inhibits cell proliferation, motility and invasiveness in breast cancer cells. (a) Structure of 2-(4-hydroxy-3-

methoxyphenyl)-benzothiazole, YL-109. (b) Effects of YL-109 on cell proliferation in breast cancer cells. MCF-7 or MDA-MB-231 cells were cultured

with the indicated concentration (shown as -logM) of YL-109. After 96 h, MTT assay was performed (MCF-7; IC50 5 85.8 nM, MDA-MB-231; IC50 5

4.02 mM). (c) Effects of YL-109 on anchorage-dependent cell growth in breast cancer cells. MCF-7 or MDA-MB-231 cells were cultured in media

containing DMSO or YL-109 (1 mM) for 96 h. The cell viability was measured by MTT assays. (d and e) Effects of YL-109 on anchorage-independent cell

growth in breast cancer cells. Cells were plated on poly-HEMA (d) or soft agar (e) coated plates in the absence or presence of YL-109 (1 mM). The viable

cells were counted using Countess Automated Cell Counter (Invitrogen) (d). The colonies were examined under a microscope and colonies with a

diameter of more than 100 mm were counted (e). (f and g) Effects of YL-109 on cell motility and invasiveness in MDA-MB-231 cells. MDA-MB-231 cells

were seeded onto filters with an 8 mm pore size in uncoated (f, migration assay) or Matrigel matrix-coated (g, invasion assay) upper chambers in the

absence or presence of YL-109 (1 mM). * indicates p,0.05 and ** indicates p,0.01 and n.s. indicates p.0.05 by student’s T test vs. DMSO-treated cells.
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that YL-109 inhibits breast cancer progression by inducing CHIP
expression through AhR signaling.

Our data demonstrated that YL-109 increased CHIP levels in
MDA-MB-231 cells. We also observed that YL-109 inhibited anchor-
age-independent cell growth in soft agar as well as xenograft tumor
growth, but not in poly-HEMA coated plates. For assays of in vitro
cell growth, cells were detached and suspended, either in poly-
HEMA coated plates for 24 h, or in soft agar for 3 weeks. In short-
term growth experiments such as the poly-HEMA assay, we did not
observe cell growth inhibition by YL-109, because YL-109-induced
inhibition of cell growth presumably requires the elevation of CHIP
levels. Consistent with this, in long-term growth experiments such as
soft agar colony formation and xenograft tumor growth, YL-109
inhibited cell growth of TNBC cells. Furthermore, this effect was
repressed by the knockdown of CHIP or AhR in TNBC cells.

In contrast, CHIP levels are considerably higher in MCF-7 cells
than in MDA-MB-231 cells, and we observed that YL-109 did not
affect CHIP expression in MCF-7 cells (data not shown). However,
YL-109 was able to inhibit the growth of MCF-7 cells in both short-
term and long-term growth experiments. These observations suggest
that CHIP does not contribute to the effects of YL-109 on cell growth
in ER-positive breast cancer cells.

Previous studies have reported that the inhibition of ER signaling
can result from cross talk with the ligand-activated AhR. AhR ligands
strongly suppress estrogen-induced responses in the rodent uterus,
mammary tumors, and human breast cancer cells28. Treatment of
ER-positive breast cancer cells with 2,3,7,8-tetrachlorodeibenzo-p-
dioxin (TCDD) induces proteasome-dependent degradation of
endogenous ERa29. In this study, we demonstrated that YL-109 inhi-
bits cell proliferation through the AhR signaling pathway in MCF-7

Figure 2 | YL-109 suppresses both tumor growth and metastasis of breast cancer cells in vivo. (a and b) Effects of YL-109 on tumor growth in a mouse

xenograft model. Mice were treated with DMSO (vehicle) or YL-109 (15 mg/kg) for every 2 days. Tumor growth curves showed tumor volume in nude

mice inoculated with MCF-7 (a) or MDA-MB-231 cells (b). Tumor growth was monitored twice each week. Bars represent mean 1 s.d. (n53–6). *

indicates p,0.05 and ** indicates p,0.01 by two-way ANOVA with Bonferroni’s post hoc test. (c and d) Effects of YL-109 on tumor metastasis in vivo.

MDA-MB-231 cells were injected into the tail veins of nude mice. Forty-two days after the injections, lungs were collected. Representative images of

sections from lungs are shown (c). Left panels show the images of H&E staining (50x). Immunohistochemistry for human cytokeratins is shown in middle

(50x) and right (200x) panels. Asterisks indicate metastatic tumor growth. The lung metastasis was quantified by real-time RT–PCR (d). Specific primers

for human HPRT were used. * indicates p,0.05 and ** indicates p,0.01 by student’s T test vs. DMSO-treated mice.
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cells. These findings suggest that YL-109 may induce ERa degrada-
tion because of AhR activation in ER-positive breast cancer cells.
Taken together, our results show that YL-109 suppresses cell growth
through AhR signaling in both ER-positive and triple-negative breast
cancer cells. In TNBC cells, YL-109 increases CHIP levels by AhR
activation. In contrast, in ER-positive cells, YL-109 induces ERa
degradation by AhR activation.

The treatment options for patients with TNBC, including those
with ER-negative breast cancer, have not yet been established. In this
study, we have demonstrated that YL-109 has antitumor activity in
TNBC cells, and thus represents a potential TNBC therapy. In addi-
tion, resistance to anti-estrogens like tamoxifen is a major clinical
problem in the treatment of hormone-dependent breast cancer
including ER-positive breast cancer. Our results indicated that YL-
109 inhibited tumor growth using a different mechanism from

anti-estrogens in ER-positive breast cancer cells. Therefore, we pre-
dict that YL-109 will also exert an antitumor effect in tamoxifen-
resistant breast cancer. Thus, YL-109 might have the ability to treat
with several subtypes of breast cancer.

Drug resistance is a serious problem in breast cancer therapy,
and cancer stem cells contributed to chemotherapeutic drug and
radiation resistance30. Breast cancer stem cells form mammo-
spheres and express stem cell markers. We observed that YL-
109 markedly inhibited mammosphere formation and decreased
the ALDH-positive cell population in MDA-MB-231 cells. More-
over, YL-109 significantly decreased Klf-4 and Hes1 expression in
mammospheres derived from MDA-MB-231 cells. KLF-4 is essen-
tial for the maintenance of breast cancer stem cells and cell inva-
siveness31, and Hes1 is a target of Notch signaling, which may be
important for the self-renewal of breast cancer stem cells32,33.

β β

Figure 3 | YL-109 inhibits breast cancer progression by inducing CHIP expression. (a and b) Effect of YL-109 on CHIP levels in MDA-MB-231 cells.

MDA-MB-231 cells were cultured in the absence or presence of YL-109 (1 mM). Total RNA was prepared from the indicated cells and the expression of

CHIP was analyzed using real-time RT–PCR (a). Protein levels of CHIP were determined by Western blotting (b). Full length images of blots are

represented in Supplementary Fig. S2. (c) Knock-down of CHIP by treatment with siRNA targeting CHIP. The levels of CHIP were examined by western

blotting. Full length images of blots are represented in Supplementary Fig. S2. (d) Effects of CHIP knockdown on YL-109-induced reduction of

anchorage-independent cell growth in MDA-MB-231 cells. CHIP expression was knocked down in MDA-MB-231 cells, and cells were plated in soft agar

dishes in the absence or presence of YL-109 (1 mM). After incubation for 3 weeks, colonies were examined under a microscope and colonies with a

diameter of more than 50 mm were counted. (e) Effects of CHIP knockdown on YL-109-reduced invasiveness in MDA-MB-231 cells. MDA-MB-231 cells

were knocked down of CHIP and pre-cultured in the absence or presence of YL-109 (1 mM) for 48 h. The cells were seeded onto filters with Matrigel

matrix-coated upper chambers in the absence or presence of YL-109 (1 mM). After 24 h incubation, invaded cells were stained using crystal violet. *

indicates p,0.05, ** indicates p,0.01, and n.s. indicates p.0.05 by student’s T test vs. DMSO-treated cells.
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Therefore, our results suggest that YL-109 inhibits the properties
of breast cancer stem cells and can be used for patients with drug-
resistant cancer.

In summary, we demonstrated that YL-109 is a novel antitumor
agent that suppresses tumor progression in TNBC cells and inhibits
cancer stem cell properties, unlike other benzothiazoles.
Furthermore, we show that YL-109 induces CHIP expression
through AhR signaling. Taken together, we propose a new thera-
peutic strategy for breast cancer including TNBC, and prodrug of
YL-109 improved water solubility and chemically stability may be
helpful in development of new pharmacological treatments for
TNBC.

Methods
Cell culture. MCF-7, MDA-MB-231 and BT-20 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) or RPMI1640 supplemented with 10% fetal
bovine serum (FBS). For the experiments, cells were seeded in phenol red-free DMEM
containing 4% charcoal-stripped FBS. After 24 h, the medium was exchanged for
phenol red-free DMEM containing 1% charcoal-stripped FBS with or without
ligands.

RNA interference. For transfection of siRNAs, cells at 30–50% confluency were
transfected with 20 nmol/L of siRNA using Lipofectamine RNAi max (Invitrogen)
according to the manufacture’s protocol. All siRNAs were purchased from
Invitrogen. The siRNA duplexes

CHIP, 59-CCAGCGCUCUUCGAAUCGCGAAGAA-39;
AhR, 59-GAGAAUUCUUAUUACAGGCUCUGAA-39.

α

β

Figure 4 | YL-109 induces CHIP expression through AhR activation. (a) Effects of YL-109 on Cyp1a1 mRNA expression in breast cancer cells. MCF-7 or

MDA-MB-231 cells were cultured in the absence or presence of YL-109 (1 mM). Cyp1a1 mRNA level was quantified using real-time RT-PCRs. (b) Knock-

down of AhR by treatment with siRNA targeting AhR. Western blotting was used to examine the levels of AhR. Full length images of blots are represented

in Supplementary Fig. S2. The representative blots for AhR were cropped to clarify relevant bands. (c) Effects of AhR knockdown on YL-109-increased

CHIP expression. AhR expression was knocked down in MDA-MB-231 cells, and cells were cultured in the absence or presence of YL-109 (1 mM). CHIP

expression was analyzed using real-time RT-PCRs. (d) AhR recruitment to CHIP promoter by YL-109. MDA-MB-231 cells were cultured in the absence

or presence of YL-109 (1 mM). ChIP assay was performed with control IgG or anti-AhR antibodies. Immunoprecipitated DNA was examined using real-

time RT-PCR and primers specific for the CHIP promoter. Samples were normalized to the amount of input DNA. * indicates p,0.05, ** indicates

p,0.01, and n.s. indicates p.0.05 by student’s T test vs. DMSO-treated cells.
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StealthTM RNAi reporter control was used as a negative control.

MTT assay. Cells were incubated in DMEM containing 4% charcoal-stripped FBS
with DMSO or YL-109 (1 mM) for 96 h. The proliferation of cultured cells was
measured by MTT assay using the MTT Cell Count Kit (Nakarai tesque).

Poly-HEMA. One gram of poly-(2-hydroxyethyl methacrylate) (poly-HEMA)
(Sigma-Aldrich) was dissolved in 25 mL 99.5% ethanol and mixed overnight at 37uC.
The poly-HEMA stock solution were added to 12-well plates and plates were left to
dry for a few hours. After drying, the plates were washed with PBS. Cells were plated in
the poly-HEMA-coated 12-well plates at a density of 1 3 105 cells (MCF-7) or 1.5 3

105 cells (MDA-MB-231) per well and incubated for 24 h. Cells were treated with
0.2% trypan blue. Viable cells were counted using Countess Automated Cell Counter
(Invitrogen).

Soft agar colony-formation assay. For soft agar assays, 2 3 105 cells were suspended
in DMEM containing 0.35% agar and layered on top of 1 mL of DMEM solidified
with 0.6% agar in each well of a 6-well plate. After growing at 37uC for 3 weeks,
colonies were counted under the microscope. The reported results represent the
averages of three independent experiments.

Invasion and migration assay. The invasive potentials of MDA-MB-231 and BT-20
cells were tested with Matrigel invasion chambers (24-well format, 8 mm pore size; BD
Biosciences). After incubation in DMEM containing 1% charcoal-stripped FBS with
DMSO or YL-109 (1 mM) for 48 h, suspensions (0.5 mL) containing 1 3 105 cells
(MDA-MB-231) or 0.5 3 105 cells (BT-20) were added with vehicle alone (DMSO) or
YL-109 (1 mM), and transferred into insert chambers. These cells were then incubated
for 24 h at 37uC with 0.75 mL of DMEM containing 4% charcoal-stripped FBS and
each ligand in the bottom chambers. After incubation, the cells on the upper surface of
the filter were removed, and invading cells were fixed in methanol. Fixed cells were
stained with crystal violet and counted under a microscope. Migration assays were
performed using the same procedure, except that the insert chambers were not coated
with Matrigel and cells in chamber were incubated for 12 h.

Tumor xenograft models. BALB/cAjcl-nu/nu female mice at 4-5 weeks of age were
purchased from CLEA Japan. The mice were kept in a pathogen-free environment
under controlled conditions of light and humidity. MCF-7 or MDA-MB-231 cells were
cultured as monolayers, trypsinized and resuspend in Matrigel (BD Biosciences) at each
1 3 108 or 1 3 107 cells/ml. Each mouse was injected subcutaneously with 100 mL of
cell suspension (1 3 107 or 1 3 106 cells) in both flanks. YL-109 was subcutaneously
injected in the scruff of the neck (15 mg/kg) for every 2 days. Tumor growth was

α

Figure 5 | YL-109 suppresses breast cancer progression through AhR signaling. (a and b) Effects of AhR on YL-109-inhibited cell proliferation in MCF-

7 cells. MCF-7 cells were cultured in the absence or presence of YL-109 (1 mM), AhR antagonist a-NF (1 mM) (a). MCF-7 cells knocked down of AhR were

cultured in the absence or presence of YL-109 (1 mM) (b). The cell viability was measured by MTT assays. (c) Effects of AhR knockdown on YL-109-

inhibited anchorage-independent cell growth in MDA-MB-231 cells. AhR expression was knocked down in MDA-MB-231 cells, and cells were

plated in soft agar dishes in the absence or presence of YL-109 (1 mM). After incubation for 3 weeks, colonies were examined under a microscope and

colonies with a diameter of more than 50 mm were counted. (d) Effects of AhR knockdown on YL-109-reduced invasiveness in MDA-MB-231 cells.

MDA-MB-231 cells were seeded onto filters with Matrigel matrix-coated upper chambers in the absence or presence of YL-109 (1 mM). * indicates

p,0.05, ** indicates p,0.01, and n.s. indicates p.0.05 by student’s T test vs. DMSO-treated cells.
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monitored twice each week by measuring the tumor size using calipers; tumor volume
was determined using the formula V51/2 3 larger diameter 3 (smaller diameter)2. All
animal experiments were performed in accordance with institutional guidelines.

In vivo lung metastasis analysis. BALB/cAjcl-nu/nu female mice at 4-5 weeks of age
were purchased from CLEA Japan. The tail vein of each mouse was injected with
MDA-MB-231 cells (5 3 105 cells). Forty-two days after injection, the mice were

sacrificed and lung metastases were examined by hematoxylin-eosin (H&E) staining
and immunohistochemistry for human cytokeratin and quantified by real-time RT-
PCRs using primers specific for human HPRT that did not cross-react with the mouse
homologue. Mouse b-actin was used for normalization.

Immunohistochemistry. Immunohistochemistry was performed under contract
with Genostaff Co., Ltd. Tissues were fixed, dehydrated and embedded in paraffin

Figure 6 | YL-109 reduces cancer stem cell properties in MDA-MB-231 cells. (a) Effects of YL-109 on Mammosphere formation. MDA-MB-231 cells

were inoculated onto ultra-low-attachment plates in the absence or presence of YL-109 (1 mM. After 7 days, mammospheres with a diameter of more than

100 mm were counted. The photographs in the left panel show representative mammospheres. The insets in panels show magnified images. The scale bars

represent 100 mm. The graph in right panel shows the number of mammospheres. (b) Effects of YL-109 on ALDH-positive cell population. MDA-MB-

231 cells were incubated with YL-109 (1 mM) for 96 h and ALDH-positive cell population was measured by the Aldefluor assay kit and flow cytometry. (c)

Effects of YL-109 on the expression of cancer stem cell markers in mammospheres. The mammospheres were collected after 7 days culture on ultra-low-

attachment plates in the absence or presence of YL-109 (1 mM). The gene expressions of Klf-4 and Hes1 were analyzed using real-time RT-PCR. **

indicates p,0.01 by student’s T test vs. DMSO-treated cells.
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were cut at 5 mm thickness. For antigen retrieval, the sections were incubated with
EDTA buffer [10 mM Tris-HCl and 1 mM ethylenediaminetetraacetic acid (EDTA)]
(pH 9.0) at 95uC for 20 min, and then treated with 0.3% hydrogen peroxide. After
blocking, the sections were incubated with anti-human-cytokeratin clone MNF-116
(Abcam) (10 mg/ml, overnight at 4uC). Immunostaining was performed with
EnVisionTM system (Dako). Staining of H&E was performed by standard protocol.

Real-time RT-PCR. Tissues and cells were homogenized in 1 mL of Sepazol and total
RNA was extracted according to the manufacturer’s instructions (Nacalai tesque).
cDNA was synthesized from total RNA using RevaTraAce reverse transcriptase
(Toyobo) and oligo dT primer. Real-time PCRs were performed to amplify fragments
representing for the indicated mRNA expression using the Thermal Cycle DiceTM
TP800 (Takara) and SYBR Premix Ex Taq (Takara). The primer sequences can be
found in Supplementary Table S1.

Western blotting. Cells were lysed in TNE buffer [10 mM Tris-HCl (pH 7.8), 1%
Nonidet P-40 (NP-40), 0.15 M NaCl, and 1 mM EDTA], and then immunoblotted
with the appopriate antibodies. A murine hybridoma monoclonal antibody against
human CHIP was generated in our laboratory. The antibodies used in this study were:
anti- human CHIP (15500; Green Space Biomed, Japan), AhR (15500; Santa Cruz),
and b-actin (155000; Sigma) antibodies. Specific proteins were visualized using an
enhanced chemiluminescence (ECL) Western blot detection system (Millipore).

Chromatin immunoprecipitation (ChIP) assay. This was done essentially as
described previously34. The DNA was amplified by real-time PCR as described above.
The primers for real-time PCR are as follows: forward primer: 59-
TCACATGCTTCTCTGCTCTG-39; reverse primer: 59-
GACTGTTGGTAGAGTGGAAG-39 for CHIP gene upstream region. Samples were
normalized based on the amount of input DNA.

Mammosphere formation assay. MDA-MB-231 cells were plated onto 6-well ultra-
low-attachment plates (Corning Costar) at 5 3 103 cells per well. Cells were
maintained in serum-free with a CnT-27 medium and growth additives (CellnTEC
Advanced cell systems)27. After 7 days, over 100 mm spheres were counted.

ALDH assays. The ALDEFLUOR kit (Stem Cell Technologies, Durham, NC, USA)
was used to detect cancer stem cell population with high aldehyde dehydrogenase
(ALDH) enzyme activity, as previously reported35. Briefly, MDA-MB-231 cells were
treated with YL-109 (1 mM) for 4 days. The cells were then incubated in ALDH assay
buffer containing the ALDH substrate (BAAA, 1 mM) for 30 min at 37uC. As a
negative control, cells were stained under identical conditions in the presence of
diethylaminobenzaldehyde (DEAB, 15 mM), a specific ALDH inhibitor. FACS Aria II
cell sorter (BD Biosciences) was used to measure the ALDH-positive cell population.

Statistical analysis. Data are representative of at least three different experiments.
Significance of differences was determined by Student t-test analyses or by two-way
ANOVA with Bonferroni’s post hoc test (tumor xenograft experiments).
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a b s t r a c t

Cancer stem cells (CSCs) have several distinctive characteristics, including high metastatic potential,
tumor-initiating potential, and properties that resemble normal stem cells such as self-renewal, differen-
tiation, and drug efflux. Because of these characteristics, CSC is regarded to be responsible for cancer
progression and patient prognosis. In our previous study, we showed that a ubiquitin E3 ligase carboxyl
terminus of Hsc70-interacting protein (CHIP) suppressed breast cancer malignancy. Moreover, a recent
clinical study reported that CHIP expression levels were associated with favorable prognostic parameters
of patients with breast cancer. Here we show that CHIP suppresses CSC properties in a population of
breast cancer cells. CHIP depletion resulted in an increased proportion of CSCs among breast cancers
when using several assays to assess CSC properties. From our results, we propose that inhibition of
CSC properties may be one of the functions of CHIP as a suppressor of cancer progression.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Breast cancer is the most frequent cause of cancer death among
women [1]. Although numerous therapeutic strategies have been
developed for breast cancer, many problems with achieving
complete remission remain to be resolved.

In a previous study we showed that a ubiquitin E3 ligase
carboxyl terminus of Hsc70-interacting protein (CHIP) suppressed
breast cancer malignancy [2]. CHIP is a tetratricopeptide repeat
(TPR) containing protein that is expressed in a number of organs
[3,4]. CHIP ubiquitinates misfolded proteins along with heat shock
proteins and induces their degradation through the proteasome
pathway, which is involved in protein quality control [5–7]. More-
over, CHIP participates in several biological processes through
ubiquitination of specific target proteins [8–10]. In our previous
study, we found that CHIP expression levels were negatively
correlated with tumor malignancy in human breast tissues and
suppressed tumor growth and metastasis of breast cancer cells

[2]. In addition, a recent clinical study reported that CHIP expres-
sion levels were associated with favorable prognostic parameters
of patients with breast cancer [11]. Thus, CHIP may be a novel
target for breast cancer therapy. However, many issues remain to
be addressed regarding the mechanism(s) of how CHIP is involved
in breast cancer progression.

Recent studies suggested the importance of eliminating cancer
stem cells (CSCs) to achieve complete remission [12,13]. CSCs have
tumor-initiating potential [14] and high metastatic potential [15].
They also have properties that resemble those of normal stem cells,
such as self-renewal, differentiation [16], and drug efflux [17].
Because of their self-renewal and differentiation properties, CSCs
organize into a hierarchical structure and give rise to cancer heter-
ogeneity [16], which hampers prediction of tumor behavior and
clinical outcome [18]. Moreover, these cells’ drug efflux capability
results in resistance to conventional chemotherapies, which allows
CSCs to survive even under anticancer drug treatment conditions
[17]. Thus, understanding the biology of CSCs would contribute
to the development of novel cancer therapies by overcoming prob-
lems encountered clinically, such as therapeutic resistance and
relapse.

CSC properties can be assessed using different specific
experimental systems; such as a sphere formation assay, a side

http://dx.doi.org/10.1016/j.bbrc.2014.09.011
0006-291X/� 2014 Elsevier Inc. All rights reserved.
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population (SP) assay, and a limiting dilution xenograft assay.
These assays are based on stem cell-like characteristics; including
non-adherent growth capability [19] and drug efflux capacity [20],
and on tumor-initiating potential [14]. To assess the non-adherent
growth capability, the sphere formation assay is conducted [19]. In
this assay, cancer cells are cultured under non-adherent conditions
and form some spheres [21], after which the numbers of spheres
are counted. To examine the drug efflux capacity mediated by
transporters, the SP assay has been used [20]. In this assay, the
proportions of SP cells are determined by evaluating the efflux
capacity for the DNA-binding dye Hoechst 33342 using a fluores-
cence-activated cell sorter (FACS) [20]. To test the tumor-initiating
potential, the limiting dilution xenograft assay is conducted
[14,22]. While non-CSCs cannot form tumors by themselves, CSCs
can initiate tumors in vivo [22]. This tumor-initiating potential is
assessed by transplantation of serial diluted cancer cells into
immunodeficient mice.

Numerous studies analyzed the CSC properties using breast
cancer cell lines [21,23]. Clinically, breast cancer cells with stem
cell phenotypes were also detected in bone marrow of breast can-
cer patients [24]. Thus, the presence of CSCs among breast cancer
cells is becoming clear, but the precise regulation and characteris-
tics of CSCs remains to be determined.

Here we show that depleting CHIP increases the proportions of
CSCs among breast cancer cells by examining CSC properties using
these assays. Thus, CHIP may contribute to a favorable prognosis
for patients with breast cancer through its inhibition of CSC
properties.

2. Materials and methods

2.1. Cell culture and treatment

MCF-7, MDA-MB-231 and T47D cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and Penicillin-Streptomycin Mixed
Solution (Nacalai Tesque).

2.2. RNA interference

RNA interference experiment was performed as described in
Kajiro et al. [2], with minor modification. We used a retroviral
expression system. The pVSV-G vector and pSINsi-hU6 (Takara)
vector containing either the CHIP or LacZ (control) target sequence
were co-transfected into GP2-293 cells (Clontech). MCF-7 and
T47D cells were incubated with the retroviral supernatant in the
presence of 8 mg/ml polybrene. Twenty-four hours after infection,
the viral supernatant was replaced with fresh DMEM containing
10% FBS. The infected cells were selected with 1 mg/ml G418.
The target sequences were 50-gcacgacaagtacatggcgga-30 for CHIP,
and 50-gctacacaaatcagcgatt-30 for LacZ.

2.3. Immunoblotting

Immunoblotting experiment was performed as described in
Kajiro et al. [2]. Cells were lysed in 0.5% Triton buffer [50 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 0.5 mM EDTA, and 0.5% TritonX-
100]. Extracted proteins were separated by SDS–PAGE, transferred
onto PVDF membranes (Millipore), immunoblotted with the indi-
cated antibodies. The antibodies employed in this study included
mouse monoclonal antibodies specific for b-Actin (1:1000; Santa
Cruz, clone C4), and rat monoclonal antibodies against human CHIP
(1:250; Green Space Biomed, Japan).

2.4. Sphere forming assay

MCF-7 cells were plated onto 6-well ultra-low-attachment
plates (Corning Costar) at 1000 cells per well. MCF-7 cells were
maintained in DMEM/Ham’s F-12 (Nacalai Tesque) supplemented
with 0.4% bovine serum albumin, 4 mg/ml bovine insulin (Sigma-
Aldrich), 20 ng/ml EGF (Peprotech), and 1 � B27 supplement
(Gibco). After 7 days, over 100 mm spheres were counted using Bio-
Zero BZ8000 microscope (Keyence). T47D cells were plated onto 6-
well ultra-low-attachment plates at 5000 cells per well. T47D cells
were maintained in CnT-27 medium (Cellntec). After 10 days cul-
ture, over 100 mm spheres were counted. MDA-MB-231 cells were
plated onto 6-well ultra-low-attachment plates at 5000 cells per
well. MDA-MB-231 cells were maintained in CnT-Prime medium
(Cellntec). After 7 days culture, over 100 mm spheres were counted.

2.5. Side population (SP) analysis

Cells were removed from culture dish by Tripsin-EDTA solution.
1 � 106 cells were suspended in 970 ml Hanks’ balanced salt solu-
tion (HBSS) with 2% fetal bovine serum (FBS) and 10 mM HEPES
(pH 7.4). The cells were incubated at 37�C for 90 minutes with
17.5 mg/ml Hoechst 33342 (Sigma-Aldrich). Then, the cells were
washed with 2% FBS in PBS, and resuspended in ice-cold HBSS with
2% FBS, 10 mM HEPES (pH 7.4), and 2 mg/ml propidium iodide
(Sigma-Aldrich). Fumitremorgin C (FTC, 1 mM) was used to confirm
the SP fraction. SP cells were analyzed with FACSAria (BD Biosci-
ences). Collected events were analyzed using FlowJo (Tree Star).

2.6. Real-time RT-PCR

Real-time RT-PCR was performed as described in Kajiro et al.
[2], with minor modification. Cells were homogenized in 1 ml of
Sepasol-RNA I Super G (Nacalai Tesque) and total RNA was
extracted according to the instruction manual and treated with
DNase (Promega) for 30 min at 37�C. cDNA was synthesized from
total RNA using RevatraAce reverse transcriptase (Toyobo) and
random primers. The cDNA was amplified by rea-ltime PCR using
Thermal Cycler DiceTM TP800 (Takara) and SYBR� Premix Ex Taq™
(Takara). Samples were normalized by PPIA mRNA levels. The
primers for real-time PCR are as follows: 50-acgtggtataaaaggggcgg-
gag-30 and 50-tcaccaccctgacacataaaccctg-30 for PPIA, 50-atgcctgt-
gatttgtgggcc-30 and 50-gccagttgtttttctgccac-30 for NANOG, and
50-ggacccattggcattctc-30 and 50-caggacacagcatagaataatc-30 for
CD133.

2.7. Limiting dilution transplantation assay

NOD.CB17-Prkdcscid/J (NOD/SCID) female mice at 5 weeks of age
were purchased from Charles River Laboratories US. MCF-7 cells
were cultured as monolayers, trypsinized, and resuspended in
Matrigel (BD Biosciences) at dose ranging from 1.0 � 106 to
5.0 � 102 cells/ml. Female NOD/SCID mice were given bilateral
subcutaneous injections of 0.1 ml MCF-7 cells. The mice were kept
in a pathogen-free environment. After 6 weeks all of the mice were
sacrificed, and the tumor tissues were collected. All animal exper-
iments were in accordance with institutional guidelines.

2.8. Statistical analysis

Student’s t-test was used to compare number of sphere (Fig. 1C
and E) and mRNA levels (Fig. 3). Standard deviation and sample
number were abbreviated as ‘‘S.D.’’ and ‘‘n’’, respectively.
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3. Results

CHIP expression levels were previously found to be significantly
associated with the prognosis of patients with breast cancer [11].
Consistent with this clinical observation, CHIP expression levels
in MCF-7 and T47D cell lines, both non-aggressive human breast
cancer cell lines, were much higher than in the MDA-MB-231 cell
line, an aggressive triple-negative human breast cancer cell line
(Fig. 1A). However, little is known regarding the mechanism(s) of
how CHIP is involved in breast cancer progression. Therefore, we
investigated the relationship between CHIP expression levels and
CSC properties, as recent evidence suggests that CSCs are responsi-
ble for cancer progression and recurrence [12,13].

We first analyzed sphere-forming capability, which is one of the
major indices used to define CSCs [19], to test the effects of CHIP
depletion on CSC properties. When CHIP expression levels were
reduced using shRNA for CHIP (shCHIP) in MCF-7 and T47D cells
(Fig. 1B), sphere formation assay results showed that shCHIP cells
more frequently formed spheres than did shCtrl cells both for
MCF-7 and T47D cells (Fig. 1C). Alternatively, we used FLAG-tagged
CHIP over-expressed MDA-MB-231 cells (CHIPOE; Fig. 1D), as

Fig. 1. CHIP inhibits sphere-forming capability. (A) Endogenous CHIP expression levels in MCF-7, T47D, and MDA-MB-231 cells. Total cell lysates of these cells were analyzed
using the indicated antibodies. (B) CHIP depletion efficiency by shRNA. CHIP protein levels in MCF-7 and T47D cells infected with a retro virus containing shRNA against LacZ
(shCtrl) and CHIP (shCHIP) were analyzed by immunoblotting using the indicated antibodies. (C) Sphere-forming capabilities of MCF-7 and T47D shCtrl and shCHIP cells.
Representative photomicrographs (left panels) and numbers of spheres (right graphs) are shown. (D) CHIP protein levels in MDA-MB-231 cells introduced FLAG-CHIP
(CHIPOE) or empty vector (empty). Cells were generated as described by Kajiro et al [2]. CHIP expression levels were assessed using the indicated antibodies. (E) Sphere-
forming capabilities of MDA-MB-231 empty and CHIPOE cells. Numbers of spheres (right graphs) are shown. Error bars are + S.D.; n = 3 for C and E. ⁄p < 0.05; ⁄⁄p < 0.01.

Fig. 2. CHIP depletion increases the proportion of SP cells. Fumitremorgin C (FTC)
was used to confirm the SP fraction. SP cells were detected using FACS analysis.
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described by Kajiro et al. [2], to further test the effect of CHIP
expression on sphere-forming capability. Consistent with the CHIP
depletion results, sphere-forming capability was reduced for
CHIPOE MDA-MB-231 cells (Fig. 1E). Taken together, these results
(Fig. 1) indicated that CHIP expression levels were negatively
correlated with sphere-forming capability, which suggested that
CHIP suppressed CSC phenotypes.

We next analyzed the proportion of the SP fraction in shCHIP
cells to further assess whether CHIP suppressed CSC phenotypes.
SP assay is one method used to assess CSC enrichment in several
cancers, including breast cancer [25], hepatocellular carcinoma
[26], ovarian cancer [27], and lung cancer [28]. SP cells, which have
the ability to efflux the DNA-binding dye Hoechst 33342 out of the
cell membranes, were detected using FACS analysis [20]. This
showed that the proportion of the SP fraction in shCHIP cells was
markedly higher than that of shCtrl cells (Fig. 2); thus, CHIP deple-
tion had increased the SP fraction in breast cancer cells.

We then tested whether CHIP depletion affected the expression
levels of CSC-related genes. We isolated total RNAs from spheres
derived from MCF-7 or T47D shCtrl and shCHIP cells and analyzed
the expression levels of some CSC-related genes. As a result, CHIP

depletion increased the expression levels of self-renewal gene
NANOG [29] and cell surface marker gene CD133 [23,29,30] in
spheres (Fig. 3), suggesting that CSC-related genes such as NANOG
and CD133 were involved in enhanced CSC properties by CHIP
depletion.

Finally, we examined whether tumor-initiating potential was
affected by CHIP expression levels, as numerous studies have indi-
cated that CSCs have tumor-initiating potential [14]. To examine
this, we conducted a limiting dilution xenograft assay using
NOD/SCID mice. This showed that tumors were more effectively
initiated in MCF-7 shCHIP cells than in shCtrl cells (Table 1), which
demonstrated that the tumor-initiating capability was increased in
CHIP-depleted cells.

All of these results showed that CHIP depletion increased the
CSC population among breast cancer cells (Figs. 1–3 and Table 1).
Thus, CHIP may reduce breast cancer malignancy by suppressing
CSC properties.

4. Discussion

In our previous study, we found that CHIP suppressed breast
cancer metastasis and tumor growth. Moreover, a clinical study
reported that CHIP expression levels were associated with a favor-
able prognosis for patients with breast cancer [11]. All of these
findings suggest that CHIP suppresses breast cancer malignancy.

In this study, using several different assays, we found that CHIP
depletion increased the CSC population among non-aggressive
breast cancer cell lines that had higher CHIP protein levels,
whereas CHIP over-expression reduced the CSC population in an
aggressive breast cancer cell line that had lower CHIP protein
expression. Thus, inhibition of CSC properties by CHIP may account
for one aspect of CHIP as a suppressor of cancer progression,
because CSCs have high metastatic [15] and tumor-initiating
potentials [14]. Thus, it is possible that inhibition of CSC properties
by CHIP could result in a favorable prognosis for patients with
breast cancer with higher CHIP expression. However, we have
not yet determined the molecular mechanism(s) of how CHIP sup-
presses CSC properties.

We consider that there are two possibilities for inhibition of CSC
properties by CHIP, one is by quantity control and the other is
quality control of proteins due to its ubiquitinating potential.
Numerous studies have identified CSC-related genes, including
transcription factors [31,32], receptors [33,34], and signaling fac-
tors [35,36]. Thus, the abundance of one or some of these CSC-
related factors may be regulated by CHIP (quantity control), as
CHIP regulates the quantity of its specific substrates by inducing
protein degradation [2,9,10]. Alternatively, the accumulation of
misfolded proteins due to CHIP depletion may cause for the
changes in the expression of genes that function to maintain CSC
properties, as CHIP regulates protein quality by inducing the deg-
radation of misfolded proteins [5–7]. Our next goals will be to
identify the target proteins of CHIP and elucidate the molecular
mechanisms of how CHIP suppresses CSC properties.

In this study, we showed that CHIP suppressed not only breast
cancer metastasis and tumor growth [2], but also CSC properties.
Thus, developing methods to enhance CHIP expression levels
may provide an efficient therapy for patients with breast cancer.

Fig. 3. mRNA levels of CSC related genes are enhanced in spheres after CHIP
depletion. Error bars are +S.D.; n P 3. ⁄p < 0.05; ⁄⁄p < 0.01.

Table 1
Tumor initiation capability of MCF-7 cells is enhanced by CHIP depletion.

Number of cell line Number of cells injected

105 104 103 102 50

shCtrl 4/4 4/4 3/4 1/4 0/4
shCHIP 4/4 4/4 4/4 4/4 1/4
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Therefore, understanding the relationship between CHIP expres-
sion and CSC properties and regulating its expression may provide
important clues for developing a novel breast cancer therapy.
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Tributyltin induces mitochondrial fission through
NAD-IDH dependent mitofusin degradation in
human embryonic carcinoma cells

Shigeru Yamada,a Yaichiro Kotake,b Mizuho Nakano,a Yuko Sekinoa and
Yasunari Kanda*a

Organotin compounds, such as tributyltin (TBT), are well-known endocrine disruptors. TBT acts at the

nanomolar level through genomic pathways via the peroxisome proliferator activated receptor (PPAR)/

retinoid X receptor (RXR). We recently reported that TBT inhibits cell growth and the ATP content in the

human embryonic carcinoma cell line NT2/D1 via a non-genomic pathway involving NAD+-dependent

isocitrate dehydrogenase (NAD-IDH), which metabolizes isocitrate to a-ketoglutarate. However, the

molecular mechanisms by which NAD-IDH mediates TBT toxicity remain unclear. In the present study,

we evaluated the effects of TBT on mitochondrial NAD-IDH and energy production. Staining with

MitoTracker revealed that nanomolar TBT levels induced mitochondrial fragmentation. TBT also degraded

the mitochondrial fusion proteins, mitofusins 1 and 2. Interestingly, apigenin, an inhibitor of NAD-IDH,

mimicked the effects of TBT. Incubation with an a-ketoglutarate analogue partially recovered TBT-induced

mitochondrial dysfunction, supporting the involvement of NAD-IDH. Our data suggest that nanomolar TBT

levels impair mitochondrial quality control via NAD-IDH in NT2/D1 cells. Thus, mitochondrial function in

embryonic cells could be used to assess cytotoxicity associated with metal exposure.

Introduction

Growing evidence suggests that environmental organometals
contribute to the observed increase in neurodevelopmental
disorders, such as learning disabilities, autism spectrum dis-
order, behavioral abnormalities and teratogenicity.1–3 Since the
developing brain is more vulnerable to injury than the adult
brain, exposure to these organometals during early fetal develop-
ment can cause permanent or delayed neural disorders at much
lower doses than in adults.4–7 Therefore, it is necessary to
elucidate the cytotoxic effects of organometals at low levels
during development.

Organotin compounds, such as TBT, are well known to cause
various types of cytotoxicity via genomic and non-genomic
pathways. In the genomic pathway, nanomolar concentrations
of TBT activate the retinoid X receptor (RXR) and/or peroxisome
proliferator-activated receptor g (PPARg) and result in neuro-
developmental defects in mammals.8,9 Conversely, many reports
have shown that TBT at micromolar levels causes mitochondorial
toxicity in the non-genomic pathway. For example, micromolar

TBT and dibutyltin (DBT) levels have been shown to prevent
mitochondrial respiration by inhibiting the electron transfer
from complexes I and III, and Mg-ATPase activity.10–12 The
non-genomic effect of TBT mediates cell death in rat neurons.
TBT induces neuronal death via AMPK activation and the
phosphorylation of the mammalian target of rapamycin (mTOR)
in rat cortical neurons.13,14 TBT also induces neuronal degenera-
tion via mitochondria-mediated ROS generation in rat neurons.15

We studied nanomolar TBT toxicity using neuronal precursor
NT2/D1 cells as a model of the neurodevelopmental stage16 and
found that nanomolar TBT levels inhibit intracellular energy
metabolism, including ATP production, via mitochondrial NAD+-
dependent isocitrate dehydrogenase (NAD-IDH), which catalyzes
the irreversible conversion of isocitrate to a-ketoglutarate in the
tricarboxylic acid (TCA) cycle.17,18 Based on these observations,
we hypothesized that nanomolar TBT levels affect mitochondrial
functions, thereby altering the energy metabolism of neuronal
precursor cells.19

Mitochondria continuously change their morphology through
fission and fusion. These mitochondrial dynamics are an impor-
tant quality control mechanism that maintains mitochondrial
function, such as ATP production.20 Mitochondrial fission and
fusion are regulated by several GTPases. In mitochondrial fusion,
mitofusins 1 and 2 (Mfn1, 2) and optic atrophy 1 (Opa1) induce
the fusion of the outer and inner mitochondrial membranes,
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respectively.21,22 The deletion of Mfn1 and Mfn2 in mice is
embryonically lethal, and cells from these embryos contain
fragmented and dysfunctional mitochondria.23 In contrast,
dynamin-related protein 1 (Drp1) is a cytoplasmic protein that
assembles into rings surrounding the outer mitochondrial
membrane, where it interacts with fission protein 1 (Fis1) to
promote fission.24,25

In the present study, we have investigated the effect of TBT
on mitochondrial quality control in NT2/D1 cells. We found
that exposure to 100 nM TBT induced proteasomal degradation
of Mfn and mitochondrial fragmentation through an NAD-IDH-
dependent mechanism. Thus, impaired mitochondrial quality
control is a novel mechanism of nanomolar level TBT-induced
toxicity in human embryonic carcinoma cells.

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) supplemented with 10% fetal bovine serum
(FBS; Biological Industries, Ashrat, Israel) and 0.05 mg ml�1

of the penicillin–streptomycin mixture (Life Technologies,
Carlsbad, CA, USA) at 37 1C in 5% CO2.

Assessment of mitochondrial fusion

After treatment with TBT (100 nM, 24 h), the cells were fixed
with 4% paraformaldehyde and stained with 50 nM Mito-
Tracker Red CMXRos (Cell Signaling Technology, Danvers,
MA, USA) and 0.1 mg ml�1 40,6-diamidino-2-phenylindole (DAPI;
Dojin, Kumamoto, Japan). Changes in the mitochondrial mor-
phology were observed using confocal laser microscopy (Nicon A1).
Images (n = 3–7) of random fields were obtained, and the number
of cells displaying mitochondrial fusion (o10% punctiform) was
counted in each image, as previously reported.26

Real-time PCR

Total RNA was isolated from NT2/D1 cells using the TRIzol
reagent (Life Technologies), and quantitative real-time reverse
transcription (RT)-PCR using a QuantiTect SYBR Green RT-PCR
Kit (QIAGEN, Valencia, CA, USA) was performed using an ABI
PRISM 7900HT sequence detection system (Applied Biosystems,
Foster City, CA, USA), as previously reported.27 The relative change
in the amount of transcript was normalized to the mRNA levels
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The fol-
lowing primer sequences were used for real-time PCR analysis:
human Drp1: forward, 5-TGGGCGCCGACATCA-3, reverse, 5-GCT
CTGCGTTCCCACTACGA-3; human Fis1: forward, 5-TACGTCCG
CGGGTTGCT-3, reverse, 5-CCAGTTCCTTGGCCTGGTT-3; human
Mfn1: forward, 5-GGCATCTGTGGCCGAGTT-3, reverse, 5-ATTAT
GCTAAGTCTCCGCTCCAA-3; human Mfn2: forward, 5-GCTCG
GAGGCACATGAAAGT-3, reverse, 5-ATCACGGTGCTCTTCCCATT-3;
human GAPDH: forward, 5-GTCTCCTCTGACTTCAACAGCG-3,
reverse, 5-ACCACCCTGTTGCTGTAGCCAA-3.

Western blot analysis

Western blot analysis was performed as previously reported.28

Briefly, the cells were lysed with cell lysis buffer (Cell Signaling
Technology). The proteins were then separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and electrophoretically transferred to Immobilon-P (Millipore,
Billerica, MA, USA). The membranes were probed using the
following antibodies: an anti-Mfn1 polyclonal antibody (1 : 1000;
Cell Signaling Technology), an anti-Mfn2 monoclonal antibody
(1 : 1000; Cell Signaling Technology), an anti-cytochrome c
oxidase subunit IV (COX IV) monoclonal antibody (1 : 1000; Cell
Signaling Technology), and an anti-b-actin monoclonal antibody
(1 : 5000; Sigma-Aldrich). The membranes were then incubated
with secondary antibodies against rabbit or mouse IgG conju-
gated to horseradish peroxidase (Cell Signaling Technology). The
bands were visualized 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).

Chemicals and reagents

Tributyltin chloride was obtained from Tokyo Chemical Industry
(Tokyo, Japan). Tin acetate (TA), rosiglitazone (RGZ), CD3254,

Fig. 1 Effect of TBT on the mitochondrial morphology in NT2/D1 cells.
Cells were exposed to 100 nM TBT for 3, 6, 12, or 24 h. (A) The cells were
stained with MitoTracker Red CMXRos and DAPI. Mitochondrial morphology
was observed by confocal laser microscopy. Bar = 10 mm. (B) The number of
cells undergoing mitochondrial fusion (o10% punctiform) was counted in
each image. Data represent mean � s.d. (n = 5). *P o 0.05.
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apigenin, cycloheximide (CHX), carbonylcyanide m-chlorophenyl-
hydrazone (CCCP), and MG132 were obtained from Sigma-
Aldrich.

Statistical analysis

All data were presented as means � S.D. ANOVA followed by a
post hoc Tukey’ test was used to analyze data in Fig. 1B, 2B, 3C,
4C, 5B, and 5C. Student’s t-test was used to analyze data in
Fig. 3A and 4B. P-values less than 0.05 were considered to be
statistically significant.

Results and discussion
Effects of TBT on mitochondrial morphology

We have previously examined the effect of TBT (30–300 nM) on
cell growth in NT2/D1 cells and found that TBT levels at the
concentrations of 100 nM or more induced growth arrest in
the cells.17 Here we investigated whether 100 nM TBT affects
mitochondrial dynamics in the cells. After exposure to 100 nM
TBT for 12 h, we observed the increase in the number of cells

with fragmented mitochondria, as compared to untreated con-
trol cells (Fig. 1A, B). After 24 h, the proportion of cells with
mitochondrial fusion was nearly 80%. As a positive control, we
used CCCP, which induces mitochondrial uncoupling and
mitochondrial fission in other cells.29 As expected, fragmented
mitochondria were also observed following CCCP treatment for
24 h (Fig. 2A and B). In contrast, exposure to tin acetate (TA),
which is less toxic, did not affect the mitochondrial morphol-
ogy. To investigate whether TBT-induced mitochondrial fission
was caused by changes in transcription, we treated the cells
with the protein synthesis inhibitor cycloheximide. Treatment
with cycloheximide did not alter the effects of TBT on the mito-
chondrial morphology (Fig. 2A and B). Moreover, rosiglitazone,
an agonist of the TBT genomic target PPARg, did not induce
mitochondrial fragmentation. These results suggest that TBT
induces mitochondrial fission through a non-genomic pathway
in NT2/D1 cells.

TBT exposure induces proteasomal degradation of Mfn1 and 2

To examine the molecular mechanism by which TBT induces
mitochondrial fragmentation, we assessed the effect of TBT on

Fig. 2 Non-genomic effect of TBT-induced mitochondrial fission. Cells
were exposed to 100 nM TA, 100 nM TBT, 100 nM TBT + 10 mg ml�1

cycloheximide (CHX), 1 mM CCCP or 100 nM rosiglitazone (RGZ) for 24 h.
(A) The cells were stained with MitoTracker Red CMXRos and DAPI.
Mitochondrial morphology was observed by confocal laser microscopy.
Bar = 10 mm. (B) The number of cells undergoing mitochondrial fusion
(o10% punctiform) was counted in each image. Data represent mean �
s.d. (n = 5). *P o 0.05.

Fig. 3 Effect of TBT on mitochondrial protein levels in NT2/D1 cells. (A) After
24 h TBT exposure, the expression of mitochondrial genes was analyzed by real
time PCR. The gene expression was not significantly altered by TBT exposure.
(B) After TBT exposure for 3, 6, 12, or 24 h, mitochondrial proteins were
analyzed by western blot using anti-Mfn1, Mfn2, Opa1, COXIV, or b-actin
antibodies. (C) Cells were exposed to 100 nM TA, 100 nM TBT, or 100 nM
TBT + 3 mM MG132 for 6 h. Mitochondrial proteins were analyzed by western
blot using anti-Mfn1 or Mfn2 antibodies. (D) After 6 h TBT exposure, other
mitochondrial proteins were analyzed by western blot using anti-Drp1, Fis1, or
b-actin antibodies. Data represent mean � s.d. (n = 3). *P o 0.05.
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mitochondrial fission (Fis1, Drp1) and fusion genes (Mfn1,
Mfn2, OPA1). Real-time PCR analysis showed that each gene
expression was not significantly altered by TBT exposure
(Fig. 3A). Fusion allows damaged mitochondria to incorporate
into intact mitochondria, thereby maintaining mitochondrial
function.30 Dysfunctional mitochondria may lose their fusion
capacity by the degradation of fusion proteins, resulting in the
accumulation of fragmented mitochondria. Thus, we assessed
the protein expression of Mfn1, Mfn2, and OPA1 in the presence
or absence of TBT. Western blot analysis revealed that Mfn1 and
Mfn2 protein levels were significantly reduced after 6 h, whereas
OPA1 protein expression was not changed after 24 h (Fig. 3B and C).
The other mitochondrial inner membrane protein, cytochrome c
oxidase subunit IV (COX IV), was also not changed after 24 h
(Fig. 3B). Moreover, MG132, a proteasome inhibitor, recovered
the TBT-induced reduction in Mfn1 and Mfn2 (Fig. 3C). In
contrast, the fusion proteins Fis1 and Drp1 were not affected
by TBT (Fig. 3D). These data suggest that TBT-induced mito-
chondrial fragmentation is caused by the proteasomal degrada-
tion of Mfn1 and Mfn2.

Consistent with our data, chemical stressors have been
reported to cause mitochondrial fission through the proteasomal

degradation of Mfn. For example, doxorubicin induces ubiquitin-
mediated proteasomal degradation of Mfn2, which facilitates
mitochondrial fragmentation and apoptosis in sarcoma U2OS
cells.31 Another study has shown that CGP37157, an inhibitor of
mitochondrial calcium efflux, mediates mitochondrial fission
through Mfn1 degradation via ubiquitin ligase in prostate cancer
LNCaP cells.32 Since it remains unknown if ubiquitin ligases are
involved or not in these TBT actions, further studies should be
addressed to clarify the TBT-induced mechanism of proteasomal
degradation of Mfn1 and Mfn2.

TBT induces mitochondrial defects via NAD-IDH

To investigate whether Mfn degradation and mitochondrial
dysfunction are mediated through the non-genomic TBT target
NAD-IDH, we examined the effects of apigenin, an NAD-IDH
inhibitor,33 on mitochondrial function. Apigenin (10 mM)
decreased the number of cells undergoing mitochondrial
fusion and induced mitochondrial fragmentation after 24 h
(Fig. 4A and B). Furthermore, apigenin significantly reduced
Mfn1 and Mfn2 protein expression, which was recovered by
MG132 treatment (Fig. 4C). Apigenin has been reported to
inhibit not only NAD-IDH but also hnRNPA2 and NF-kB.33

Fig. 4 Effect of apigenin on mitochondrial function in NT2/D1 cells. Cells
were exposed to 10 mM apigenin. (A) Cells were stained with MitoTracker
Red CMXRos and DAPI. Mitochondrial morphology was observed by
confocal laser microscopy. Bar = 10 mm. (B) The number of cells under-
going mitochondrial fusion (o10% punctiform) was counted in each
image. Data represent mean � s.d. (n = 5). (C) Mitochondrial proteins in
the cell lysate were analyzed by western blotting using anti-Mfn1 or Mfn2
antibodies. Data represent mean � s.d. (n = 3). *P o 0.05.

Fig. 5 Effect of DMKG on TBT-induced mitochondrial dysfunctions in
NT2/D1 cells. Cells were exposed to 100 nM TBT and 7 mM DMKG. (A) Cells
were stained with MitoTracker Red CMXRos and DAPI. Mitochondrial mor-
phology was observed by confocal laser microscopy. Bar = 10 mm. (B) The
number of cells undergoing mitochondrial fusion (o10% punctiform) was
counted in each image. Data represent mean � s.d. (n = 5). (C) Mitochondrial
proteins were analyzed by western blotting using anti-Mfn1 or Mfn2
antibodies. Data represent mean � s.d. (n = 3). *P o 0.05.
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We cannot rule out the possibility that apigenin-induced
mitochondrial dysfunction was induced by other targets. It
is necessary to confirm our data by shRNA against NAD-IDH.
To further confirm the involvement of NAD-IDH, we used
dimethyl a-ketoglutarate (DMKG), a cell-permeable analog
of a-ketoglutarate.34 Incubation with DMKG prevented TBT-
induced mitochondrial fragmentation in NT2/D1 cells (Fig. 5A)
and recovered the number of cells undergoing mitochondrial
fusion to the basal level (Fig. 5B). Furthermore, DMKG signifi-
cantly recovered the TBT-induced the proteasomal degradation
of Mfn1 and Mfn2 (Fig. 5C). Taken together, these data suggest
that NAD-IDH mediates TBT-induced mitochondrial dysfunction
via Mfn degradation in NT2/D1 cells. In addition to NAD-IDH,
citrate synthase and a-ketoglutarate dehydrogenase also work as
rate-limiting enzymes in the TCA cycle. Aluminium has been
shown to induce oxidative stress via the negative regulation of
citrate synthase and a-ketoglutarate dehydrogenase.35,36 We
could not rule out the possibility that TBT affects these enzymes.
Several reports indicate that knockdown of Mfn1 and Mfn2 in
the cells induces mitochondrial fragmentation and shows severe
cellular defects, including decreased ATP content and poor cell
growth.30,37 Especially, Mfn2 has been reported to be necessary
for striatal axonal projections of midbrain dopamine neurons by
studies using dopamine neuron-specific Mfn2 knockout mice.38

Taken together, Mfn1 and Mfn2 might be involved in several
TBT actions via NAD-IDH, such as the reduction of ATP content,
growth inhibition and enhancement of neuronal differentiation.

Conclusions

Based on our data, we have proposed a model of nanomolar
TBT-induced mitochondrial dysfunction in neuronal precursor
cells (Fig. 6). We demonstrated that TBT mediates the inhibi-
tion of NAD-IDH and the loss of mitochondrial quality control,
representing a novel non-genomic pathway of TBT-induced
toxicity. These negative effects of TBT on mitochondria could
inhibit ATP production and cell growth. Since TBT at micro-
molar levels is known to cause neuronal degeneration via
multiple mitochondrial defects, similar mitochondrial dysfunction
might be also observed in immature neuronal precursor cells. We
have previously revealed TBT-induced NAD-IDH inhibition in the
rat brain. It would be interesting to study whether TBT-induced
mitochondrial dysfunction via NAD-IDH might be also observed
in vivo. We are now conducting experiments to determine how
TBT degrades Mfn proteins both in vitro and in vivo. It remains to
be determined if micromolar concentrations of TBT induce other
mitochondrial dysfunctions in NT2/D1 cells and if the mechan-
isms pointed out here are selective for immature cells.

List of abbreviations

CCCP Carbonylcyanide m-chlorophenylhydrazone
CHX Cycloheximide
COX IV Cytochrome c oxidase subunit IV
DAPI 40,6-Diamidino-2-phenylindole
DMEM Dulbecco’s modified Eagle’s medium
DMKG Dimethyl a-ketoglutarate
Drp1 Dynamin-related protein 1
FBS Fetal bovine serum
Fis1 Fission protein 1
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
Mfn Mitofusin
NAD-IDH NAD+-dependent isocitrate dehydrogenase
Opa1 Optic atrophy 1
PPAR Peroxisome proliferator activated receptor
RGZ Rosiglitazone
RXR Retinoid X receptor
TA Tin acetate
TBT Tributyltin
TCA Tricarboxylic acid
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Fig. 6 Proposed model of TBT toxicity through non-genomic pathways
in human embryonic carcinoma cells. Nanomolar TBT levels induce Mfn
degradation and mitochondrial fission through NAD-IDH inhibition. These
negative effects of TBT on mitochondrial quality control could mediate
cell growth inhibition.
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