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Proteasome inhibitor-resistant cells cause EMT-induction
via suppression of E-cadherin by miR-200 and ZEB1
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Abstract. Downregulation of E-cadherin (gene: CDHI) plays
an important role in epithelial-mesenchymal transition (EMT),
which is critical for normal development and disease states.
As a result of long-term treatment of endometrial carcinoma
Ishikawa cells with epoxomicin (EXM), the cells exhibited the
phenotype for EXM-resistance (Ish/EXM cells). Moreover,
CDHI1 mRNA and its protein were suppressed and EMT
was induced in Ish/EXM cells. Ish/EXM cells exhibited
drug-resistance to other proteasome inhibitors, MG-132, PSI
and PS-341 (Bortezomib). The proteasome inhibitor-resistant
cells acquired invasiveness as a result of the chemotherapy.
In Ish/EXM cells, E-cadherin was suppressed by upregulation
of its transcriptional repressor ZEB1. Furthermore, expression
of the miR-200 family (miR-200a, miR-200b, miR-200c and
miR-141) found in Ishikawa cells was suppressed in Ish/EXM
cells. Overexpression of the miR-200 family in Ish/EXM
cells caused by transfection with the pre-miR-200 family
induced downregulation of ZEBI and enhanced expression
of E-cadherin. Conversely, suppression of miR-200 expres-
sion in the Ishikawa cells by transfection with anti-miR-200
elevated the expression of ZEBI and suppressed the expres-
sion of E-cadherin. These results suggest that acquirement
of EXM-resistance in Ish/EXM cells induces up regulation
of ZEBI via suppression of the miR-200 family following
suppression of E-cadherin. Since suppression of ZEBI in
Ish/EXM cells by treatment with its siRNA did not restore
the miR-200 family expression, miR-200 family was placed
upstream of ZEBI to regulate the expression.

Introduction

The ubiquitin/proteasome system is an extra-lysosomal,
ATP-dependent protein degradation system. It participates in
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the control of many cellular signals that concern proliferation,
growth, differentiation and death, namely apoptosis, of the
cells (1-6). It is the 26S proteasome that serves as the center
of this degradation mechanism and is within the huge enzyme
complex, which acts as the center of the functional control of the
cells (1-7). The suppression of proteasome activity that partici-
pates in many life phenomena leads to death, i.e. apoptosis of
the cell. The use of such inhibitors for this multifunctional
enzyme complex, ‘proteasome’ as anticancer drug has been
attempted in recent years (8-20). Proteasome inhibitor is a
drug with highly anticipated efficacy as an anticancer drug
for clinical use. PS-341, an inhibitor, is already applied for a
multiple myeloma (9,10,12,17,21,22). However, there are scarce
data available on the clinical use of a proteasome inhibitor as
an anticancer drug. In addition to noting any systemic side
effect, evaluation whether cancer cells acquiring resistance to
a proteasome inhibitor reappear after inadequate or incomplete
cancer therapy is necessary in this type of agents. To evaluate
the possible generation of cells resistant to the inhibitor and
their specific properties it is necessary to work out a strategy
for the second line chemotherapy. Therefore, a squamous cell
carcinoma cell line A431 resistant to epoxomicin (EXM) (23),
which is a proteasome-specific inhibitor, was established and
some features were examined to overcome the resistance to
treatment (24).

Normally, epithelial cells are tightly interconnected
through several junctional structures, including tight junctions
and adherens-type junctions, which are intimately associated
with the actin and intermediate cytoskeleton. The activation
of epithelial-mesenchymal transition (EMT) allows cells
to dissociate from the epithelial type to mesenchymal type.
EMT is a process vital for morphogenesis during embryonic
development and has also been implicated in the transition
of early-stage tumors into invasive malignancies. This type
of conversion results in the loss of cell-cell contacts and a
dramatic remodeling of cytoskeleton in the epithelial cell
layers (25,26). E-cadherin is a cell-cell adhesion molecule and
the loss of its expression is a hallmark of EMT. Reduction of
the E-cadherin increased cell mobility and promoted tumor
cell invasion (27-29).

The loss of E-cadherin has been shown to be an impor-
tant event for the invasion of epithelial tumor cells. Several
mechanisms have revealed that the loss of E-cadherin expres-
sion can occur either genetically or epigenetically during
tumor progression (30,31). Hyper-methylation and chromatin
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remodeling of the E-cadherin gene have emerged as the main
mechanisms for the downregulation of E-cadherin in most
carcinomas. The dysfunction in the regulation of E-cadherin
expression plays an essential role in pathological processes
such as tumor progression.

We reported previously that stabilization of cell surface
E-cadherin during EMT induced by TGF-f or during scat-
tering by hepatocyte growth factor can be blocked by inhibiting
proteasome with MG132 and lactacystin, and that this inhi-
bition results in transcriptional suppression of E-cadherin
mRNA (24). We concluded that the proteasome plays a crucial
role in E-cadherin trafficking during EMT (24).

The Snail family transcription factors have been shown
to play major roles in E-cadherin repression and these
factors have been proposed to act as inducers in the invasion
process, including the zinc-finger factors snail (32-34). The
two-handed zinc factor family, ZEB1 and ZEB2 (SIP-1), and
the basic helix-loop-helix family factors, E12/E47 and Twist,
also demonstrated their downregulated effects to repress
E-cadherin gene expression (35-37).

MicroRNAs (miRNAs) are small non-coding RNAs,
usually 21-23 nucleotides long, which regulate gene expres-
sion, primarily at the posttranscriptional level. So far, more that
400 miRNAs have been identified in mammalian cells, with
each miRNA having several target genes. The broad spectrum
of genes that can be targeted by a single miRNA is attributed
to the high level of conservation of the target motifs, known as
seed sequences, within the 3'-untranslated region (UTR)? of the
target genes, thus making them the most powerful regulators
of gene expression in complex cellular processes, including
cancer cell invasion and metastasis (38-45). miRNAs are
initially synthesized by polymerase II as long primary tran-
scripts, which are subsequently processed into ~70-nt stem-loop
pre-miRNAs by Drosha RNase III endonuclease (46) and are
transported out of the nucleus by exportin 5 (47). Pre-miRNAs
are further processed in the cytoplasm by Dicer to yield the
final 21-23-nt mature miRNAs (48). Binding of miRNA to
target mRNAs with perfect or near perfect complementarity
induces mRNA degradation, whereas imperfect complemen-
tarity often induces translational repression. It is believed
that 7-8 nt in the 5' end of miRNAs, referred to as the seed
sequence, are critical for efficient targeting.

miRNAs have been implicated in regulating complex
physiological processes such as embryogenesis (49), organ
development (50), and oncogenesis (40,51). However, the func-
tional roles of a vast majority of miRNAs remain unknown.
Previously, several groups have used a variety of model systems
to identify different miRNAs as promoters or suppressors of
metastasis (52-56). Although these studies clearly implicate
these miRNAs in metastasis, it is unclear which step(s) in the
multistep metastatic progression these miRNAs regulate.

Several miRNAs have been found to function as tumor
suppressors, such as miR15a, miR16-1, and let-7 (40,57-61),
whereas others were found to possess oncogenic properties,
including miR155, miR17-5p and miR21 (40,62,63). Previously,
the miR200 family has been found to play a central role in
the regulation of EMT process during cancer progression and
metastasis (39,41-45,64-68). EMT, while being a critical process
during embryonic development and wound healing (69), also
plays a fundamental role in cancer metastasis, where cancer
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cells acquire their invasive phenotype by undergoing a
change from the differentiated to a more dedifferentiated
state (38,66,69-72).

Applying a classical model system of inducing EMT
in several cells, some studies showed that members of the
miR-200 family, existing as two clusters in the genome, are
significantly repressed during EMT, suggesting a role as
suppressors of EMT.

Since the proteasome inhibitor EXM-resistant endometrial
carcinoma Ishikawa cells (Ish/EXM cells) prepared by us,
suppressed E-cadherin and induced EMT, we studied here the
mechanism of E-cadherin suppression in Ish/EXM cells for
an association between transcriptional suppression factor and
miRNA.

Materials and methods

Cell lines. Human endometrial carcinoma cell line, Ishikawa,
and EXM-resistant Ishikawa cells (Ish/EXM cells) were
cultured with RPMI-1640 (Wako Chemicals, Japan) containing
10% heat inactivated fetal bovine serum (growth medium)
under conventional conditions.

Cytotoxicity of proteasome inhibitor and DXR. To assess
the growth inhibitory effect of proteasome inhibitors (EXM,
MG-132, PSI and PS-341, Peptide Instrument, Japan) and DXR
(Kyowa Hakko Kogyo, Japan), viable Ishikawa and Ish/EXM
cells (2x10*) were cultured continuously for 96 h in a 48-well
culture plate (Greiner Japan) with 0.5 ml of EXM, MG-132,
PSI, PS-341 or DXR containing growth medium at graded
equivalent concentrations of each drug. After incubation, viable
cells were determined with a colorimetric assay using MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt (CellTiter 96®
Aqueous, Promega) as previously described (34), and the results
were expressed by the following equation: viable cells (%) =
100 x (absorbance at 490 nm of the treated cells) / (absorbance
at 490 nm of the untreated cells) (35-42).

Assay of proteasome activity. Proteasome activity was
measured in 100 yM of Suc-Leu-Leu-Val-Tyr-amino-methyl-
coumarin (Suc-LLVY-AMC, for chymotrypsin-like activity) or
Boc-Leu-Arg-Arg-amino-methyl-coumarin (Boc-LRR-AMC,
for trypsin-like activity), respectively, monitored for AMC
liberation at 37°C for 15 min in a spectrofluorometer at an
excitation/emission wavelength of 380/460 nm, and expressed
as nmol AMC per min per mg protein (35). Reaction mixture
contained 0.05 M HEPES-NaOH (pH 7.5), 2% glycerol, 2 mM
dithiothreitol and 100 #M substrate. Triton X-100 extracts (1%)
from cells were used as enzymatic source.

Semi-quantitative PCR analysis. Total RNA of Ishikawa and
Ish/EXM cells were purified using the RNeasy Plus mini kit
(Promega). The cDNA was prepared by reverse transcription
(Prime Script reverse transcription kit, Takara) using total
RNA, and the expression level of CDHI (E-cadherin), ZEBI,
ZEB2, Snail, Slug, and Twist were measured by PCR (GoTaq
Green Master Mix, Promega) using the obtained cDNA as a
template; the amplification number for each gene was 26, 28, 35,
45, 35 and 33 cycles, respectively. Each factor was compared
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with B-actin as an internal standard. The primers used (Fasmac
Co. Ltd., Greiner Japan) for each factor were: 3-actin (254 bp):
AACACCCCAGCCATGTAC (sense), ATGTCACGCA
CGATTTCC (antisense), CDH1 (567 bp): GGTTCAAGC
TGCTGACCTTC (sense), AGCCAGTTGGCAGTGTCTCT
(antisense), COL1A2 (486 bp): TGCTCAGCTTTGTGGAT
ACG (sense), CCTGTGGTCCAACAACTCCT (antisense),
CNX26 (421 bp): CTACTTCCCCATCTCCCACA (sense),
GACATTCAGCAGGATGCAAA (antisense), CTNNBI1
(394 bp): CCCACTAATGTCCAGCGTTT (sense), AATCC
ACTGGTGAACCAAGC (antisense), VIN (170 bp): GAG
AACTTTGCCGTTGAAGC (sense), TCCAGCAGCTTCC
TGTAGGT (antisense), CDH2 (527 bp): GGACAGTTCCTG
AGGGATCA (sense), TGGTTTGACCACGGTGACTA (anti-
sense), FN1 (196 bp): TGTTCGTGCAGCTGTTTACC (sense),
GCCACCGTAAGTCTGGGTTA (antisense), ZEB1 (537 bp):
GCACCTGAAGAGGACCAGAG (sense), TGGTGATGC
TGAAAGAGACG (antisense), ZEB2 (393 bp): TTCCTGGG
CTACGACCATAC (sense), TTTACCTTCCAGCAGCCCTA
(antisense), Snail (415 bp): TTTACCTTCCAGCAGCCCTA
(sense), CCAGGCTGAGGTATTCCTTG (antisense), Slug
415 bp): CTTTTTCTTGCCCTCACTGC (sense), ACAGCA
GCCAGATTCCTCAT (antisense) , Twist (468 bp): CTGAGC
AACAGCGAGGAAG (sense), CATCTTGGAGTCCAG
CTCGT (antisense), and E47/E12 (567 bp): GCACTGGCCT
CGATCTACTC (sense), GGCCTTCAGCTCCTTCTTCT
(antisense).

Transwell invasion assay. For the invasion assay, 1x10° cells
were plated in the top chamber onto a Matrigel-coated
membrane (24-well insert; pore size, 8 pm, Greiner Japan).
Each well was coated freshly with Matrigel (60 mg) before the
invasion assay. Cells were plated in medium without serum
or growth factors, and medium supplemented with serum was
used in the lower chamber. The cells were incubated for 24 h
and cells that did not invade through the pores were removed
by a cotton swab. Cells on the lower surface of the membrane
were fixed with methanol and stained with crystal violet. The
number of cells invading through the membrane was counted
under a light microscope (three random fields per well).

Promoter methylation assay. Genome DNA from both
Ishikawa and Ish/EXM cells was purified using the QIAamp
DNA Mini kit (Qiagen). Methylation of the promoter CpG
island in the CDHI gene was detected using the MethylEasy
Xceed: Rapid DNA Bisulphite Modification kit (Human
Genetic Signatures). Treatment with bisulphate converts cyto-
sines to uracils whereas 5-methylcytosines remain unreactive.
Methylation of the E-cadherin promoter was determined by
PCR using bisulphate-treated DNA as a template. Primers
used for unmethylation and methylation of the promoter CpG
island in the CDHI1 gene were as follows: unmethylation,
TAATTTTAGGTTAGAGGGTTATTGT (sense) and AACTC
ACAAATCTTTACAATTCCAACA (antisense); methylation,
TTAGGTTAGAGGGTTATCGCGT (sense) and CTCACAA
ATACTTTACAATTCCGACG (antisense).

Detection of miRNA. miRNA was analyzed using the
QuantiMir kit (System Bioscience: SBI, USA). Briefly, total
RNA purified by the above described method including the
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small RNA fraction, was used as starting material. miRNA
was tailed with polyA, annealed with oligo-dT adaptor, and
then first strand cDNA was created by reverse transcription.
The expression level of miRNA was measured by PCR using
the obtained cDNA as a template, and the primers used were as
follows: forward, miRNA-specific sequence; reverse, universal
reverse primer into the oligo-dT adaptor sequence.

Knockdown of transcriptional suppression factor in Ish/EXM
cells. SIRNA for human ZEBI1, ZEB2, Snail, Slug or Twist
(150 pmol in 10-cm dish) was transfected into Ish/EXM
cells using the siPORT NeoFX transfection reagent (Life
Technologies).

Regulation of miR-200 family expression in Ishikawa and
Ish/EXM cells. Pre- and anti-miRNA for the miR-200 family
(chemically modified double-stranded RNAs that mimic the
endogenous miR-200 family, Life Technologies) (150 pmol in
a 10-cm dish) were transiently transfected into Ish/EXM and
Ishikawa cells, respectively, using Lipofectamine RNAiMax.
Pre-miR Negative Control (a random sequence miRNA mimic
molecule that has been extensively tested in human cell lines
and tissues and validated to not produce identifiable effects on
known miRNA function) was transfected using Lipofectamine
RNAiMax. Following transfection, cells were starved over-
night and then the total RNA was extracted as described
previously. Using RT-PCR, expression of the miR-200 family,
E-cadherin and ZEB1 was measured as described above.

Western blot analysis. E-cadherin and ZEBI in the cell extract
with 1% Triton X-100 were separated by SDS-PAGE (5-20%
gradient acrylamide) and analyzed by western blotting using
anti-E-cadherin antibody (Cosmo Bio Co.) and anti-ZEB1
antibody (Sigma-Aldrich Japan) as the primary antibody and
alkaline phosphatase-labeled anti-rabbit IgG as the secondary
antibody (Sigma-Aldrich, Japan).

Protein determination. Protein concentration was assayed by
a Bio-Rad protein assay kit using bovine serum albumin as
the standard.

Results

Establishment of EXM-resistant variants. EXM-resistant
variants of Ishikawa cells were obtained by exposure to EXM.
Initial induction of resistance was achieved by continuous
exposure of Ishikawa cells to EXM (6.25 nM) over 2 months.
Growing resistant cells were further treated with gradually
increasing concentrations of EXM (increasing every 4 weeks)
until the concentration finally reached 60 nM of EXM. The
resistant Ishikawa cells that survived exposure to 60 nM EXM
were designated as Ish/EXM cells. Ish/EXM cells were cloned
by the limiting dilution method in a 96-well culture plate.
Acquirement of EXM-resistance in Ishikawa cells is shown
in Fig. 1A.

Acquirement of EXM-resistance in Ishikawa cells and protea-
some activity. Cytotoxic effect of EXM on Ishikawa and
Ish/EXM cells was measured using the MTS method. The
50% growth inhibition concentration (ICs,) for EXM against
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Figure 1. Cytotoxicity of EXM (A), MG132 (B), PSI (C), PS-341 (D) and DXR (E) against Ishikawa and Ish/EXM cells. The cells were cultured continuously
for 96 h at 37°C in a 48-well culture plate with 0.5 ml of EXM, MG-132, PSI, PS-341 or DXR containing growth medium at graded equivalent concentrations
of each drug. After incubation, MTS reagent was added to each well and measured at 490 nm.

Ishikawa and Ish/EXM cells was 20+1.7 and 400+28 nM,
respectively (Fig. 1A, 3 independent experiments). Cytotoxicity
of the other proteasome inhibitors, MG132, PSI and PS-341
against these cells was assayed. Ish/EXM cells were also
acquired for these inhibitors, and the 1Cs, values of Ishikawa
and Ish/EXM cells were: 12511 and 1200+105 nM for MG132,
4+0.32 and 500+35 nM for PSI, and 20+1.2 and 3000+250 nM
for PS-341, respectively (Fig. 1B, C and D), 3 independent
experiments). However, sensitivity to DXR against Ish/EXM
cells showed 3-fold resistance compared to that against
Ishikawa cells (Fig. 1D). Proteasomal activity in Ishikawa and
Ish/EXM cells was 7.2+0.8 and 1.0+0.2 nmol/min/mg protein
for chymotrypsin-like activity, and 6.9+0.8 and 4.7+0.6 nmol/
min/mg protein for trypsin-like activity, respectively (3 inde-
pendent experiments).

Suppression of E-cadherin and expression of transcriptional
suppression factor in Ish/EXM cells/Induction of EMT in
Ish/EXM cells. Acquirement of EXM-resistance led to the disap-
pearance of both E-cadherin mRNA (CDHI) and its protein

in Ish/EXM cells (Fig. 2) and induction of EMT in Ish/EXM
cells. Moreover, suppression of the epithelial markers COL1A2,
CNX26 and CTNNBI, and overexpression of the mesenchymal
markers VIN, CDH2 and FN1 were observed in Ish/EXM cells
relative to Ishikawa cells. Since E-cadherin expression is known
to be regulated by a transcriptional suppression factor, we used
RT-PCR to measure mRNA expression of several factors related
to E-cadherin suppression, specifically Snail, Slug, ZEB1,ZEB?2,
E12/E47 and Twist, in Ish/EXM cells. Among these suppressors
concerning EMT-induction, expression of ZEB1 and ZEB2 was
especially enhanced in Ish/EXM cells, and expression of the
ZEBI protein was markedly increased (Fig. 2A). Expression of
Slug, Snail and Twist mRNA was also substantially increased in
the cells. However, no change in E12/E47 mRNA was observed
in Ishikawa or Ish/EXM cells.

Methylation profile of E-cadherin promoter in Ishikawa and
Ish/EXM cells. Since promoter hyper-methylation is known
to result in transcriptional downregulation of the E-cadherin
gene, we measured methylation of the E-cadherin promoter.
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Figure 2. Expression of mRNA level of epithelial marker (CDHI1, COL1A2, CNX26, CNTB1), mesenchymal marker (VIN, CDH2, FN1), and transcriptional
repressors (ZEB1, ZEB2, Slug, Snail, Twist, E47/E12) by acquirement of EXM-resistance (A), and of the protein level of E-cadherin and ZEB1 (B). P, Ishikawa
cells, R, Ish/EXM cells. The methylation profile of this E-cadherin promoter fragment in CpG islands of both Ishikawa and Ish/EXM cells (C). Un-Me,

unmethylation in CpG islands; Me, methylation in CpG islands.
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Figure 3. Increase in invasive capacity by acquirement of EXM-resistance.
The number of invading cells in Ishikawa and Ish/EXM cells. Data represent
mean + SD. P<0.001: significantly different from control.

The methylation profile of this E-cadherin promoter fragment
contained unmethylated CpG islands in both Ishikawa and
Ish/EXM cells (Fig. 2C).

Increase in invasive capacity of Ish/EXM cells. Since
E-cadherin was suppressed in Ish/EXM cells, it was expected
that EMT would be induced in these cells. Therefore, we
measured migration of both Ishikawa and Ish/EXM cells.
Invasive capacity of Ish/EXM cells increased 5.7-fold
compared with that of Ishikawa cells (Fig. 3, 3 independent
experiments).

E-cadherin expression by suppression of transcriptional
repression factor in Ish/EXM cells. For identification of the
primary transcriptional suppressor for E-cadherin suppres-
sion, each factor of Snail, Slug, ZEB1, ZEB2 and Twist, was
knocked down in Ish/EXM cells. Treatment of Ish/EXM cells
with ZEB1 siRNA but not with ZEB2, Snail, Slug or Twist
siRNA restored the expression of both E-cadherin mRNA
and its protein (Fig. 4). Of note, treatment of Ish/EXM cells
with ZEB2 siRNA partially restored expression of E-cadherin
mRNA (Fig. 4).

siZEB1-treatment (left: mRNA, right: protein)
ACTB

ZEB1

P R RI/si Rinc

P R RiIsi Rinc

siZEB2-treatment (MRNA) siSnail-treatment (MRNA)
CDH1 CDH1

ZEB2 Snalil

siTwist-treatment (MRNA)
CDH1

siSlug-treatment (MRNA)
CDH1

Slug Twist

P R R/si

P R Risi

Figure 4. Effect of the knock-down of transcriptional repressors (ZEBI,
ZEB2, Snail, Slug and Twist) by transfection with their respective siRNA
on E-cadherin expression. R/si, R/nc; treatment of Ish/EXM cells (R) with
siRNA for each transcriptional repressor and non-coding RNA, respectively.
P, Ishikawa cells.

Cytotoxic effect of EXM on CDHI-suppressed Ishikawa cells
and ZEBI-repressed Ish/EXM cells. We studied whether the
sensitivity of EXM decreased with CDHI1-supressed Ishikawa
cells by transfection of siRNA for CDHI1. Conversely, we
studied whether the sensitivity of EXM rose with Ish/EXM
cells by transfection of siRNA for ZEB1. Acquirement of
EXM-resistance led to the disappearance of both E-cadherin
mRNA (CDHI) and its protein in Ish/EXM cells (Fig. 2) and
induction of EMT in Ish/EXM cells.

Since the IC, value for EXM against CDH1-supressed
Ishikawa cells was 40+4.8 nM (3 independent experiments),
sensitivity to EXM against CDH1-supressed Ishikawa cells
showed 2-fold resistance compared to that against Ishikawa
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Figure 5. Cytotoxic effect of EXM on CDHI-suppressed Ishikawa cells and
ZEB]-repressed Ish/EXM cells. Ishikawa and Ish/EXM cells were cultured
for 2 days after transfection with siRNA for CDHI1 and ZEBI, respectively,
and then these cells were cultured continuously for 96 h at 37°C in a 48-well
culture plate with 0.5 ml of EXM containing growth medium at graded
equivalent concentrations of EXM. After incubation, MTS reagent was
added to each well and measured at 490 nm. Control cells were transfected
with non-coding siRNA.

cells (Fig. 5). Since the ICs, value for EXM against the ZEBI1-
supressed Ish/EXM cells was 300+45 nM (3 independent
experiments), sensitivity to EXM against ZEBI1-supressed Ish/
EXM cells showed 1.3-fold higher susceptibility compared to
that against Ish/EXM cells (Fig. 5).

Suppression of miRNA controlling EMT in Ish/EXM cells.
Since several miRNAs have been found to regulate EMT,
such as miR-9, miR-10a, miR-10b, miR-21, miR-23a, miR-23b,
miR-27a, miR-27b, miR-34a, miR-141, miR-150, miR-192,
miR-200a, miR-200b, miR-200c, miR-205, miR-206, miR-215,
miR-217, miR-221, miR-298, miR-374b, miR-382, miR-429,
miR-508-3p, and miR-539, we measured the expression of
these miRNAs in Ishikawa and Ish/EXM cells. Shown in
Fig. 6, miR-200a, miR-200b, miR-200c and miR-141 (miR-200
family) were suppressed in Ish/EXM cells. Therefore, the
miR-200 family was regarded as a candidate for inducing
EMT in Ish/EXM cells.

Regulation of ZEBI expression by the miR-200 family. Since
the miR-200 family was suppressed in Ish/EXM cells, we
measured the expression of these miRNAs in Ishikawa and
Ish/EXM cells, and investigated the effect of transfection
with anti- or pre-miR-200 family (miR-200a, miR-200b,
miR-200c and miR-141) on both transcriptional suppres-
sion factor and E-cadherin expression in Ishikawa or Ish/
EXM cells, respectively. Expression of the miR-200 family
in Ish/EXM cells by transfection with the pre-miR-200
family led to suppression of ZEB1. Moreover, expression of
E-cadherin was observed in Ish/EXM cells transfected with
the pre-miR-200 family (Fig. 7). By contrast, suppression of
the miR-200 family in Ishikawa cells by transfection with
the anti-miR-200 family led to both expression of ZEBI and
suppression of E-cadherin (Fig. 7). On the other hand, since
suppression of ZEB1 in Ish/EXM cells caused by treatment
with its siRNA did not restore miR200 family expression, the
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miR200 family was placed upstream of ZEBI to regulate the
expression (Fig. 8).

Discussion

Proteasome inhibitor is a drug with highly anticipated effi-
cacy as an anticancer agent for clinical use. The inhibitor,
PS-341 (Bortezomib), is already in use for multiple
myeloma (9,10,12,17,21,22). However, there are scarce data
available on the clinical use of a proteasome inhibitor as an
anticancer drug. Very careful use of this type of agent is neces-
sary, noting any systemic side effect, and whether cancer cells
acquiring resistance to a proteasome inhibitor reappear after
inadequate or incomplete cancer therapy. When Ishikawa cells
acquired resistance to the proteasome inhibitor epoxomicin
(EXM), the cells caused EMT and suppressed E-cadherin.
Induction of EMT was confirmed by suppression of the epithe-
lial markers CDH1, COL1A2, CNX26 and CTNNBI, and
overexpression of the mesenchymal markers VIN, CDH2, FN1,
ZEBI and ZEB2 in Ish/EXM cells.

The proteasome inhibitor-resistant cells acquired invasive-
ness through chemotherapy and the cells became even more
malignant. EXM-resistant Ish/EXM cells acquired cross-
resistance for MG-132, PSI and PS-341, and other proteasome
inhibitors (Fig. 1A-D). However, Ish/EXM cells showed a
3-fold resistance to DXR compared to Ishikawa cells (Fig. 1E).
In generation, DXR-resistant cells exhibited Pgp (MDR
mechanism) expression and DXR was released from the cells
using the ATP-dependent transporter, Pgp. In EXM-resistant
cells, it was suggested that detoxification activity for protea-
some inhibitors was enhanced, because enhanced expression
of the Cytochrome P450 family and ALDH as a detoxification
enzyme was observed in Ish/EXM cells (data not shown).

Expression of ZEB1 among the transcriptional suppression
factors caused suppression of E-cadherin in Ish/EXM cells.
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Figure 7. Effect of regulation of miR200 family expression on the expression of ZEB1 and CDHI (E-cadherin) mRNA (A) and protein (B) in Ishikawa
and Ish/EXM cells by transfection with the anti- and pre-miR200 family, respectively. Lane 1, Ishikawa cells; lane 2, Ish/EXM cells; lane 3, non-coding
miR-transfected Ishikawa cells; lane 4, non-coding miR-transfected Ish/EXM cells; lane 5, anti-miR200 family (miR-200a, miR-200b, miR-200c and miR-
141)-transfected Ishikawa cells; lane 6, pre-miR200 family (miR-200a, miR-200b, miR-200c and miR-141)-transfected Ish/EXM cells.
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Figure 8. Effect of ZEB1 knockdown by siRNA on miR-200 family expression.
P, Ishikawa cells; R, Ish/EXM cells; R/si, Ish/EXM treated with siRNA for
ZEB1. CDHI and ZEB1 mRNA were determined by RT-PCR. The miR-200
family was measured using the QuantiMir kit.

This result demonstrated that E-cadherin was re-expressed in
Ish/EXM cells in which ZEB1 was knocked down by treatment
with siRNA but not by any other transcriptional suppressor
factor (Figs. 4 and 8). ZEB2 also suppressed expression of
E-cadherin in Ish/EXM cells, but the suppression was weaker
in these cells (Fig. 4), possibly because E-cadherin was partly
re-expressed in Ish/EXM cells in which ZEB2 had been
knocked down by treatment with siRNA. Several studies have

demonstrated that transcriptional suppression factors caused
suppression of E-cadherin in various cells (32-37).

Since acquirement of EXM-resistance led to the disap-
pearance of both E-cadherin mRNA (CDH1) and its protein
in Ish/EXM cells, we studied whether the sensitivity of EXM
decreased with CDHI1-supressed Ishikawa cell by transfec-
tion of siRNA for CDHI. Conversely, we studied whether the
sensitivity of EXM rose with Ish/EXM cell by transfection of
siRNA for ZEBI. Sensitivity to EXM against CDH1-supressed
Ishikawa cells showed 2-fold resistance compared to that
against Ishikawa cells, and sensitivity to EXM against ZEBI-
supressed Ish/EXM cells showed 1.3-fold higher susceptibility
compared to that against Ish/EXM cells (Fig. 5). Accordingly,
the disappearance of E-cadherin partially participated in
acquirement of EXM-resistance. Recently, we found that
several drug-resistant factors, the cytochrome P450 family and
ALDH family were highly expressed in Ish/EXM cells (data
not shown). These factors may participate in EXM-resistance.

Since several miRNAs have been found to control EMT,
such as miR-9, miR-10a, miR-10b, miR-21, miR-23a, miR-23b,
miR-27a, miR-27b, miR-34a, miR-141, miR-150, miR-192,
miR-200a, miR-200b, miR-200c, miR-205, miR-206, miR-215,
miR-217, miR-221, miR-298, miR-374b, miR-382, miR-429,
miR-508-3p and miR-539 in several cell types (48-64), we
conducted quantitative tests to compare with the expression
of these miRNAs in Ishikawa and Ish/EXM cells. As shown
in Fig. 5, the miR200 family (miR-200a, miR-200b, miR-200c
and miR-141) was suppressed in Ish/EXM cells.

In initial studies, an inverse correlation between the
miR-200 family and ZEBI1 was established in Ishikawa and
Ish/EXM cells (Fig. 8). Suppression of ZEB1 by the miR-200
family resulted in enhanced expression of the key epithelial
marker, E-cadherin and acquisition of an epithelial phenotype
(Fig. 7). During the induction of EMT in Ish/EXM cells with
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acquirement of EXM-resistance, the miR-200 family and
E-cadherin were repressed in parallel with an increase in ZEB1
expression. The ability to induce EMT was dependent upon
suppression of the miR-200 family and induction of ZEB1
expression. Conversely, a mesenchymal-epithelial transition
(MET) could be induced by expression of the miR-200 family
in cells that were originally mesenchymal in nature (Fig. 8).
These results confirm that the miR-200 family represses ZEB1
expression and consequently inhibits the progression of EMT
by establishing and maintaining an epithelial phenotype. The
suppression of ZEB1 expression by the miRNA-200 family is
direct, and occurs as a result of the miRNA binding to the
eight and the nine sites in the 30UTRs of ZEBI1 (and ZEB2)
mRNA (65,73).

An additional level of miR200-ZEB1/ZEB2 protein
regulation was identified in breast and colon cancer cell
lines in which ZEB1 was constitutively downregulated by
shRNA (39). Cells underwent MET, with corresponding
upregulation of the miR-200 family, most notably the
miR-141 and miR-200c transcripts. The miR-141 and
miR-200c promoter contains multiple highly conserved
E-boxes which are occupied by ZEB1 in mesenchymal cells
leading to the transcriptional suppression. This finding was
complemented by data showing that ZEBI1-depleted cells
retained the epithelial phenotype upon miR-200 inhibition.
It was reported that a double-negative feedback loop controls
ZEBI1-SIP1 (ZEB2) and miR-200 family expression that
regulates cellular phenotype and has direct relevance to the
role of these factors in tumor progression (64,74-76). Data
suggest that the majority, if not all, epithelial cells express
high levels of the miR-200 family, which directly repress
ZEBI1 and ZEB2 and so enable the expression of E-cadherin.
However, if an extracellular signal stimulates the expression
of ZEBI, the miR-200 family is suppressed, thereby allowing
EMT to proceed.

Moreover, investigating the effect of transfection with
the anti- and pre-miR-200 family on both transcriptional
suppression factor and E-cadherin expression in Ishikawa and
Ish/EXM cells, respectively, led to an increase in expression
of the miR-200 family in Ish/EXM cells by transfection with
pre-miR-200 and suppression of ZEBI1 and re-expression of
E-cadherin (Fig. 7). By contrast, suppression of the miR-200
family in Ishikawa cells by transfection with anti-miR-200
family showed both expression of ZEB1 and suppression of
E-cadherin (Fig. 7). Since suppression of ZEBI in Ish/EXM
cells by treatment with its siRNA did not restore miR-200
family expression, the miR-200 family was placed upstream of
ZEBI to regulate the expression (Fig. 8). It was suggested that
this regulatory loop did not control ZEB1 and the miR-200
family in Ishikawa and Ish/EXM cells.

As we recently found that several drug-resistant factors,
the cytochrome P450 family and ALDH family, and the ERK
signal-regulating factors were highly expressed in Ish/EXM
cells, further study will attempt to confirm the relationship
between proteasome inhibitor resistance and EMT induction.
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