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Epithelial–mesenchymal transition (EMT) and its reverse process, mesenchymal–

epithelial transition MET, are crucial in several stages of cancer metastasis. Epithe-

lial–mesenchymal transition allows cancer cells to move to proximal blood vessels

for intravasation. However, because EMT and MET processes are dynamic,

mesenchymal cancer cells are likely to undergo MET transiently and subsequently

re-undergo EMT to restart the metastatic process. Therefore, spatiotemporally

coordinated mutual regulation between EMT and MET could occur during metas-

tasis. To elucidate such regulation, we chose HCC38, a human triple-negative

breast cancer cell line, because HCC38 is composed of epithelial and mesenchymal

populations at a fixed ratio even though mesenchymal cells proliferate signifi-

cantly more slowly than epithelial cells. We purified epithelial and mesenchymal

cells from Venus-labeled and unlabeled HCC38 cells and mixed them at various

ratios to follow EMT and MET. Using this system, we found that the efficiency of

EMT is approximately an order of magnitude higher than that of MET and that

the two populations significantly enhance the transition of cells from the other

population to their own. In addition, knockdown of Zinc finger E-box-binding

homeobox 1 (ZEB1) or Zinc finger protein SNAI2 (SLUG) significantly suppressed

EMT but promoted partial MET, indicating that ZEB1 and SLUG are crucial to EMT

and MET. We also show that primary breast cancer cells underwent EMT that cor-

related with changes in expression profiles of genes determining EMT status and

breast cancer subtype. These changes were very similar to those observed in EMT

in HCC38 cells. Consequently, we propose HCC38 as a suitable model to analyze

EMT–MET dynamics that could affect the development of triple-negative breast

cancer.

E pithelial–mesenchymal transition, in which adherent epithe-
lial cells differentiate into migratory mesenchymal cells,

has been identified as an important step in the generation of
tissues and organs.(1) Epithelial–mesenchymal transition has
received much attention because it is involved in tumor pro-
gression, especially in several stages of the metastatic cascade
including the loss of cell–cell adhesion and enhancement of
cell migration and intravasation.(2–4) In addition, MET, the
reverse process, is involved in another stage of metastasis, the
stable integration of cancer cells into distant organs after
extravasation.(5) Interestingly, cancer cells that have undergone
EMT could transiently display an epithelial phenotype through
MET and subsequently reacquire a mesenchymal phenotype
through EMT before extravasation.(3) Therefore, both EMT
and MET are dynamic processes, and such bidirectional transi-
tions between epithelial and mesenchymal cells could be
involved in cancer development. Notably, it was recently
reported that EMT is crucial for the development of human

TNBC in vivo.(6) Therefore, the molecular mechanisms under-
lying regulation of the balance between EMT and MET
urgently require elucidation. One of the molecular features of
EMT is the functional loss of E-cadherin, encoded by CDH1,
which forms adherens junctions to maintain cell–cell adhesion.
SNAIL (SNAI1) was the first-identified transcription factor
that represses CDH1 expression and induces EMT.(7–10) Since
then, a number of EMT-inducing transcription factors (EMT-
inducers) have been identified as transcriptional repressors of
CDH1, such as SLUG (SNAI2),(11) ZEB family factors (ZEB1
and ZEB2),(12,13) E47,(14) Kruppel-like factor 8,(15) and Bra-
chyury.(16) These EMT-inducers repress the expression of not
only CDH1 but also other junctional proteins, including clau-
dins and desmoglein-2.(17,18) They can also trigger cellular
reprogramming so that the cells display mesenchymal charac-
teristics. While some EMT-inducers are involved in maintain-
ing stem cell plasticity in normal tissues, they are also
involved in the generation and maintenance of cancer stem
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cells, which are highly resistant to chemotherapy and radio-
therapy, thereby establishing cancer recurrence.(19,20) There-
fore, it has been proposed that EMT is crucial for cancer stem
cell generation. Expression levels of EMT-inducers are regu-
lated by various signal pathways, including the TGF-b,(4,21–23)

Wnt/b-catenin,(24,25) and JAK/STAT(26,27) pathways. These
pathways are likely involved in the dynamics of the EMT–
MET balance.
Although EMT plays a critical role in TNBC development

in vivo, the lack of a simple model for analyzing the intratu-
moral EMT–MET balance hampers clarification of the mecha-
nisms underlying its regulation. While studying TNBC
development, we found that two TNBC cell lines, HCC38 and
HCC1143, contain both epithelial and mesenchymal popula-
tions in fixed ratios. This finding led us to determine whether
intratumoral EMT and MET could occur in these cell lines
and to investigate the molecular mechanisms for regulating the
balance between EMT and MET.

Materials and Methods

Cell culture and transfection. Human breast cancer cell lines
were purchased from ATCC (Manassas, VA, USA). All cell
lines were cultured according to the recommendations of the
supplier. Primary culture of the breast cancer cells was car-
ried out as previously described(28) (Doc. S1). For the inhibi-
tion of signaling pathways, cells were cultured with 1 lM
LGK-974, 1 lM Reparixin (Cayman Chemical Company.
Ann Arbor, MI, USA), 10 lM AG-490, 5 lM DAPT, 10 lM
L685, 458, 1 lM TPCA1 (Sigma, St. Louis, MO, USA) or 1
lM SB203580 (LC Laboratories, Woburn, MA, USA). For
the neutralization assay, cells were cultured with 2 lg/mL
neutralizing antibody against pan-TGF-b or control mouse
IgG. Cell lines expressing SNAIL, SLUG, and ZEB1 were
generated by retroviral infection with pMXs-SNAIL-puro,
pMXs-SLUG-puro, and pMXs-ZEB1-puro, followed by 1 lg/
ml puromycin selection. The siRNA transfection was
achieved by using Lipofectamine RNAiMAX (Thermo Fisher
Scientific, San Jose, CA, USA) according to the manufac-
turer’s protocol. See Document S1 for siRNAs.

Flow cytometric analysis. Cells were stained with anti-human
CD44-FITC (1:100), anti-human CD24-PE (1:100), and anti-
human EpCAM-PerCP/Cy5.5 antibodies (1:100) in the
presence of 7AAD (1 lg/mL) for 30 min at 4°C. Cells were
analyzed using a BD FACSVerse (BD Biosciences, San Jose,
CA, USA) and sorted using a BD FACSAria. For HCC38-
Venus cell analysis, anti-human CD44-PE (1:100) was used.
For analysis of primary breast cancer cells, cells were stained
with anti-human CD140b-biotin (1:100) and a cocktail of bio-
tin-conjugated antibodies (anti-CD2, anti-CD3, anti-CD11b,
anti-CD14, anti-CD15, anti-CD16, anti-CD19, anti-CD56, anti-
CD123, and anti-CD235a) (1:5) for 15 min at 4°C to separate
hematopoietic cells, red blood cells, endothelial cells, and
fibroblasts. Cells were stained with anti-human CD44-FITC
(1:100), anti-human CD24-PE (1:100), and anti-human
EpCAM-PerCP/Cy5.5 antibodies (1:100) and streptavidin-PE-
CF594 (1:100) in the presence of 7AAD (1 lg/mL) for 30 min
at 4°C and analyzed using a BD FACSVerse.

Ethical considerations. The protocols for the experiments
using primary tumor cells were approved by the Ethics
Committee of the Institute of Medical Science, The Univer-
sity of Tokyo (Tokyo, Japan), and conformed to the provi-
sions of the Declaration of Helsinki (as revised in Fortaleza,
Brazil, October 2013). Written informed consent was

obtained from each patient before any study procedure was
carried out.

Statistical analysis. Statistically significant differences
between the mean values were determined using two-tailed
Student’s t-tests. All data are representative of three indepen-
dent experiments. The values represent the mean � SD.
P-values less than 0.05 were considered statistically signifi-
cant.

Results

HCC38 and HCC1143 cell lines maintain EpCAM+ epithelial and

EpCAM� mesenchymal populations in fixed ratios. To search for
human breast cancer cell lines in which EMT and MET occur,
we first analyzed cell surface expression of EpCAM and CD44
in various breast cancer cell lines including luminal-like sub-
type and TNBC, which consists of basal-like and claudin-low
subtypes. Two luminal-like cell lines, MCF7 and T47D, and
one basal-like cancer cell line, HCC1937, contain a single pop-
ulation of EpCAM+CD44low cells (blue dots); two claudin-low
cell lines, MDA-MB231 and MDA-MB436, contain a single
population of EpCAM�CD44high cells (red dots) (Fig. 1a,
upper panels). Interestingly, two basal-like cell lines, HCC38
and HCC1143, consist of the two populations in fixed ratios;
the ratios of EpCAM+CD44low (hereafter called EpCAM+)
cells to EpCAM�CD44high (EpCAM�) cells were approxi-
mately 90:10 and 99:1 in HCC38 and HCC1143, respectively
(Fig. 1a, upper panels). Note that EpCAM� populations in
HCC38 and of HCC1143 cells were CD24�, similar to clau-
din-low subtype cell lines (Fig. 1a, lower panels), suggesting
that HCC38 and HCC1143 contain claudin-low subtype cancer
cells as a minor population. Western blot and immunofluores-
cence analyses also revealed that HCC38 was composed of
both E-cadherin+ basal-like and vimentin+ claudin-low subtype
cancer cells (Fig. S1a,b). Therefore, a loss of EpCAM expres-
sion could lead to a subtype change, observed in some breast
cancer patients.(29,30)

To further characterize EpCAM+ and EpCAM� populations,
the two populations were sorted in HCC38 cells (Fig. S1c) and
analyzed for expression of epithelial and mesenchymal markers
by Western blot analysis and quantitative real-time RT-PCR.
The EpCAM+ cells highly expressed epithelial markers includ-
ing E-cadherin, ZO-1, and claudin-1, as well as mRNAs for
claudin-4, claudin-7, keratin-5, and keratin-17, while EpCAM�

cells abundantly expressed mesenchymal markers including N-
cadherin and vimentin (Fig. 1b). Immunofluorescence analysis
revealed that EpCAM+ cells express E-cadherin, whereas
EpCAM� cells express vimentin (Fig. 1c). Epithelial–mes-
enchymal transition induces changes in cell morphology.(1,31)

Vimentin+ cells showed an elongated shape with a bigger axial
ratio when compared with E-cadherin+ cells in unsorted
HCC38 (Fig. 1d). Moreover, sorted EpCAM� cells showed an
elongated shape with bigger axial ratio than that of EpCAM+

cells (Fig. 1e). These results indicate that the EpCAM+ popula-
tion is composed of epithelial cells whereas the EpCAM� pop-
ulation is composed of mesenchymal cells. It has been
reported that mesenchymal cells divide much more slowly than
epithelial cells.(3,22,32) The doubling times of EpCAM+ cells
and EpCAM� cells were approximately 35 and 54 h, respec-
tively (Fig. 1f).
To determine the possible involvement of EMT and MET in

the persistence of the two populations in HCC38 cells, expres-
sion levels of EMT-inducers were first analyzed (Fig. 1g).
High expression of SNAIL, ZEB1, and ZEB2 was evident in
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the EpCAM� population but barely expressed in the EpCAM+

population. However, SLUG was similarly expressed in the
two populations at both the protein and mRNA levels.
Taken together, these results led us to hypothesize that the

epithelial and mesenchymal populations do not proliferate
independently, and that bidirectional transitions between the
two populations, which are partly regulated by EMT-inducers,
could occur such that the ratio of the two populations is fixed.

Enhanced expression of EMT-inducers led to the generation of

an EpCAM� population. To ask whether EMT is involved in
the generation of the two populations, we examined the effect
of enforced EMT induced by overexpression of EMT-inducers
on the generation of an EpCAM� population. In HCC38 cells,
overexpression of EMT-inducers dramatically expanded the
EpCAM� population from 10% to 87% (Fig. 2a,b). Even in
the other cell lines, lacking an EpCAM� population, overex-
pression of EMT-inducers efficiently generated an EpCAM�

population (Fig. 2b). Immunofluorescence analysis revealed
that SLUG overexpression induced E-cadherin downregulation
in luminal-like cells and reduction of the E-cadherin+ popula-
tion and expansion of the Vimentin+ population in basal-like
cells (Fig. 2c). These results suggest that EMT of the epithelial
population in HCC38 is involved in generating the mesenchy-
mal population. Proliferation analysis of sorted EpCAM+ and
EpCAM� cells from SLUG-overexpressing cells revealed that
SLUG-induced EpCAM� cells divided much more slowly than
EpCAM+ cells in all cell lines tested (Fig. S2a). One may
wonder at the existence of an EpCAM+ population in cells that
are stably overexpressing SLUG. This could be due to varia-
tion in the expression levels of SLUG among cells, as SLUG
expression was much lower in the EpCAM+ than EpCAM�

population (Fig. S2b).
Epithelial and mesenchymal populations mutually enhance

transition of the other population to their own. To examine
bidirectional transitions between EpCAM+ and EpCAM� pop-
ulations, single cell sorting of the two populations in the
HCC38 cell line was carried out. Two cell clones per popula-
tion (EpCAM+-derived E10 and E14, and EpCAM�-derived
M1 and M7) were allowed to grow for 1 month and then ana-
lyzed for EpCAM and CD44 expression. The EpCAM+-
derived E10 and E14 clonal populations contained 0.2–1.4%
EpCAM� cells; EpCAM�-derived M1 and M7 clonal popula-
tions contained 0.1–0.2% EpCAM+ cells (Fig. 3a). These
results indicate that bidirectional transitions (EMT and MET)
can potentially occur in at least the single cell culture experi-
ments. However, such low transition efficiencies cannot
account for the fixed ratio of the two populations in HCC38
cells after factoring in the significant difference in their dou-
bling times (Fig. 1c). These results led us to analyze the bidi-
rectional transitions occurring in HCC38 cells under regular
culture conditions.
To this end, HCC38 cells were first labeled with Venus, a

derivative of GFP. The EpCAM+ and EpCAM� populations
were then purified from both Venus-labeled and non-labeled
cells by FACS-mediated cell sorting (Fig. S1c). To analyze
EMT, the EpCAM+-Venus population was first cultured alone

(Fig. 3b, Culture-1) to determine whether the proliferation of
the contaminated EpCAM�-Venus cells (0.08% of the
EpCAM+-Venus population; Fig. S1c) needs to be taken into
account when evaluating EMT. Cell counts of EpCAM�-
Venus cells at day 0 and day 3 revealed that the cell number
increased 56- to 860-fold, which corresponded to a doubling
time of 7.4–12 h (Fig. S3a). Given that the doubling time of
purified EpCAM� cells is approximately 54 h (Fig. 1c), the
simplest interpretation is that most of the cells represented by
the open columns in Figure 3(c) arise from EMT. When
EpCAM+-Venus cells were cocultured with EpCAM�-unla-
beled cells at their normal ratio of 90:10 (Fig. 3b, Culture-2),
the expansion of EpCAM�-Venus cells was slightly enhanced
(Figs 3c, S4a). Because the EpCAM+/EpCAM� ratio was nor-
mal, the total EpCAM� population was constant even though
the EpCAM�-Venus population was expanded (Fig. S4b).
This expansion was significantly enhanced when EpCAM+-
Venus cells were cocultured with a 9-fold excess of
EpCAM�-unlabeled cells (Fig. 3b, Culture-3; Figs 3c, S4a).
To analyze MET, the EpCAM�-Venus population was first
cocultured with EpCAM+-unlabeled cells at the normal ratio
of 10:90 (Fig. 3d, Culture-4). To check whether the prolifera-
tion of the contaminated EpCAM+-Venus cells (0.13% of the
EpCAM�-Venus population; Fig. S1c) needs to be taken into
account when evaluating MET, EpCAM+-Venus cells at day
0 and day 3 were counted. The experiment revealed that the
cell number increased 50- to 100-fold, which corresponded to
a doubling time of 10–12 h (Fig. S3b). Given that the dou-
bling time of purified EpCAM� cells is approximately 35 h
(Fig. 1c), most of the cells represented by the open columns
in Figure 3(e) must arise from MET. When EpCAM�-Venus
cells were cocultured with a 9-fold excess of EpCAM�-unla-
beled cells (Fig. 3d, Culture-5), the expansion of the
EpCAM+-Venus cell population was significantly inhibited in
comparison with Culture-4 (Figs 3e, S4c). Immunofluores-
cence analysis also revealed that EMT of EpCAM+-Venus
cells was significantly enhanced in Culture-3 and MET of
EpCAM�-Venus cells was inhibited in Culture-5 (Fig. S4d).
Taken together, these results indicate that bidirectional transi-
tions between epithelial and mesenchymal populations occur,
and strongly suggest that the epithelial and mesenchymal pop-
ulations each enhance the transition of cells from the other
population to their own.

Both ZEB1 and SLUG are crucial for EMT and MET. To further
explore the mechanisms regulating the bidirectional transitions
between epithelial and mesenchymal populations in HCC38
cells, the roles of EMT-inducers including ZEB1, ZEB2,
SLUG, and SNAIL were analyzed. The EpCAM+ population
was purified and siRNA-mediated knockdown of EMT-indu-
cers was carried out. EpCAM� populations were then mea-
sured at the indicated number of days after transfection.
Knockdown efficiencies were confirmed (Fig. 4a,b). Knock-
down of ZEB1 and SLUG significantly suppressed the appear-
ance of the EpCAM� population, whereas knockdown of
ZEB2 and SNAIL barely affected it (Figs 4c, S5a).
Immunofluorescence analysis also revealed that knockdown of

Fig. 1. Breast cancer cell lines HCC38 and HCC1143 maintain epithelial cell adhesion molecule (EpCAM)+ epithelial and EpCAM� mesenchymal
populations in fixed ratios. (a) Flow cytometric analysis of breast cancer cell lines. (b) Expression of epithelial and mesenchymal markers. (c)
Immunofluorescence analysis of E-cadherin (E-cad) and vimentin (Vim) expression in unsorted HCC38 and sorted EpCAM+ and EpCAM� cells. Scale
bar = 100 lm. (d) Morphological differences between E-cadherin+ and vimentin+ cells. (e) Morphological differences between sorted EpCAM+

and EpCAM� cells. (f) Proliferation analysis of sorted EpCAM+ and EpCAM� cells. (g) Expression of epithelial–mesenchymal transition (EMT)-indu-
cers. (b–g) Data represent the mean � SD of three independent experiments. Nuc, Nuclei; SLUG, Zinc finger protein SNAI2; SNAIL, Zinc finger
protein SNAI1; ZEB1, Zinc finger E-box-binding homeobox 1. **P < 0.01.
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Fig. 2. Overexpression of epithelial–mesenchymal transition-inducers generates an epithelial cell adhesion molecule (EpCAM)�CD44high

population in breast cancer cells. (a) Western blot analyses of Zinc finger protein SNAI2 (SLUG), Zinc finger protein SNAI1 (SNAIL), and Zinc finger
E-box-binding homeobox 1 (ZEB1) expression. (b) Flow cytometric analysis of epithelial–mesenchymal transition-inducer overexpressing cells. (c)
Immunofluorescence analysis of E-cadherin (E-cad) and vimentin (Vim) expression in SLUG-overexpressing cells. Scale bar = 100 lm. Cont, control;
Nuc, Nuclei.
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ZEB1 and SLUG significantly suppressed the appearance of
the vimentin+ cells (Fig. S5b). These results indicate that
ZEB1 and SLUG, but not ZEB2 and SNAIL, are crucial in

EMT. It was noted that ZEB1 is highly expressed in mes-
enchymal cells whereas SLUG expression is similar in epithe-
lial and mesenchymal cells (Fig. 1b), suggesting that ZEB1

Fig. 3. Involvement of reciprocal enhancement of bidirectional transition between epithelial cell adhesion molecule (EpCAM)+ and EpCAM�

populations of breast cancer cells. (a) EpCAM+ or EpCAM� single cells were sorted by flow cytometry and seeded into a 96-well plate (1 cell/
well). (b) Protocol for the coculture assay in (c). (c) Effect of unlabeled EpCAM� cells on the Venus-expressing EpCAM+ population. (d) Protocol
for the coculture assay in (e). (e) Effect of unlabeled EpCAM+ cells on the Venus-expressing EpCAM� population. (c, e) Data represent the
mean � SD of three independent experiments. *P < 0.05; **P < 0.01.
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becomes activated mostly by induction, and that SLUG may
be activated by post-translational modifications, as reported
previously.(33,34)

To elucidate the role of EMT-inducers in MET, siRNA-
mediated knockdown was carried out in unsorted HCC38 cells.
When ZEB1 or SLUG was downregulated, the EpCAM� pop-
ulation (EpCAM�CD44high; Fig. 4d, red dots) decreased sig-
nificantly. Concomitantly, an EpCAM+CD44high population
appeared (Fig. 4d, green dots). The reduction in the EpCAM�

population and increase in the EpCAM+CD44high population
were most prominent in ZEB1-knockdown cells, rather weak
in SLUG-knockdown cells, and not observed in SNAIL- and
ZEB2-knockdown cells (Fig. 4e,f). Given that complete MET
results in the generation of an EpCAM+CD44low population,
appearance of the EpCAM+CD44high population may be
regarded as partial MET. Consistent with this, knockdown of
ZEB1 or SLUG significantly generated E-cadherin+vimentin+

cells from E-cadherin�vimentin+ cells (Fig. S6). Therefore,
one may propose that ZEB1 and SLUG, but neither ZEB2 nor
SNAIL, are crucial for MET because expression levels of
EpCAM and E-cadherin in the EpCAM+CD44high population
are almost equal to those in the EpCAM+CD44low population
(Fig. 4d).

Involvement of the TGF-b pathway in EMT. To elucidate the
interactions between epithelial and mesenchymal populations,
involvement of the signal pathways that regulate EMT were
addressed. Treatment of the sorted EpCAM+ population with
LGK-974 (WNT inhibitor), reparixin (IL-8 inhibitor), DAPT,
L685,458 (NOTCH inhibitor), SB203580 (p38 inhibitor), and
TPCA1 (IKKb inhibitor) barely affected EMT (Fig. 5a,b).
Interestingly, treatment with AG-490, a JAK2/3 inhibitor, sig-
nificantly suppressed EMT (Figs 5a, S7a), whereas treatment
with CHIR-98014, a GSK3b inhibitor, dramatically enhanced
EMT (Figs 5c, S7a). Moreover, the addition of anti-TGF-b1,
2, 3 neutralizing antibody significantly suppressed EMT
(Figs 5d, S7a). Inhibition of EMT by AG-490 and anti-TGF-b
antibody was also observed when EpCAM+-Venus cells were
cocultured with a 9-fold excess of EpCAM�-unlabeled cells
(Figs 5e, 3b, Culture-3; Fig. S7b). Neither AG-490 nor anti-
TGF-b antibody affected the proliferation of EpCAM+ and
EpCAM� cells (Fig. S8), suggesting that the TGF-b pathway
and some JAK/STAT pathways could promote EMT, whereas
some GSK3b-mediated pathways are likely to inhibit EMT.
Expression levels of TGF-b and IL-6, known to promote EMT
through JAK/STAT pathway activation,(26,35) were analyzed in
the two populations. Interestingly, TGF-b1, but not TGF-b2,
TGF-b3, or IL-6, was highly expressed in the mesenchymal
population (Fig. 5f). These results strongly suggest that TGF-
b1 could be involved in the mesenchymal cell-mediated
enhancement of EMT.

Primary breast cancer cells undergo EMT. The dynamics of
EMT or MET in primary breast tumors were then examined.
Out of 70 specimens, cancer cells from five patients prolifer-
ated for several passages. Cell surface markers including
EpCAM, CD24, and CD44 and gene expression profiles were
analyzed immediately before the first passage (P0) as well as

each subsequent passage (P1–4). Interestingly, cancer cells
from one of the five patients showed changes in surface mark-
ers as follows (Fig. 6a); although most of the population was
EpCAM+ at P0 and P1, approximately half became EpCAM�

at P2 and 90% became EpCAM� at P3. Moreover, although
most of the population was CD24+ at P0 and P1, a portion
became CD24� as it became EpCAM� at P2, and most of the
population became EpCAM�CD24�CD44high at P3. Given that
EpCAM�CD24�CD44high is characteristic of claudin-low sub-
type breast cancer (Fig. 1a), the primary breast cancer cells
not only underwent EMT but also changed breast cancer sub-
type. To explore the details, expression levels of 17 genes
whose expression profiles are used to score EMT status and
subtype classification were analyzed(36,37) (Fig. 6b–d). In addi-
tion, as standards for EMT and cancer subtypes, RNAs from
luminal-like cell lines (epithelial: MCF7, T47D, and SKBR3),
basal-like cell lines (epithelial: MB468 and HCC1937), and
claudin-low cell lines (mesenchymal: MB231 and BT549)
were analyzed (Fig. 6b). As the passage time increased from
P0 to P4, expression levels of E-cadherin (CDH1) and claudins
(CLDN) decreased significantly, whereas that of N-cadherin
(CDH2) rapidly increased (Fig. 6b,c). Expression levels of
EMT-inducers aside from SNAIL were significantly increased
(Fig. 6b,d). Interestingly, specific induction of TGF-b1 was
also observed (Fig. 6e). Moreover, clustering analysis revealed
that the primary breast cancer changed from either the lumi-
nal-like or basal-like subtype at P0 to the claudin-low subtype
at P1–4 (Fig. 6b). Given that the EMT in HCC38 associated
with both a similar subtype change (Fig. 1a) and specific
expression of TGF-b1 (Fig. 5f), cellular reprograming similar
to that observed in HCC38 cells may promote EMT in primary
breast cancer.

Discussion

Epithelial–mesenchymal transition and its reverse process,
MET, are crucial in metastasis.(5,6) Epithelial–mesenchymal
transition allows cancer cells to move from the primary lesion
to proximal blood vessels by reducing cell–cell contact and
enhancing cell migration. Given that EMT and MET are
dynamic processes, mesenchymal cancer cells are likely to
undergo MET transiently by interacting with other cancer cells
or normal cells. Subsequently, such epithelial cancer cells
could reacquire a mesenchymal phenotype through EMT
before intravasation. Therefore, spatiotemporally coordinated
relationships between EMT and MET could exist for the
metastasis process up to intravasation and probably also the
process after extravasation. It has been reported that TGF-b
and canonical and non-canonical Wnt pathways collaborate to
induce EMT in immortalized mammary epithelial cells.(38)

However, the molecular mechanisms for regulating bidirec-
tional EMT–MET in breast cancer cells remain unclear. Here
we identified TNBC cell line HCC38 as a simple model sys-
tem, in which EMT and MET are mutually regulated, leading
to an intratumoral equilibrium between epithelial and mes-
enchymal populations.

Fig. 4. Zinc finger E-box-binding homeobox 1 (ZEB1) and Zinc finger protein SNAI2 (SLUG) are crucial for epithelial–mesenchymal transition
(EMT) and mesenchymal–epithelial transition (MET). (a) Knockdown of Zinc finger protein SNAI1 (SNAIL), SLUG, and ZEB1. (b) Knockdown of
ZEB2. (c) Effect of knockdown of various EMT-inducers on EMT. Sorted epithelial cell adhesion molecule (EpCAM)+ cells were cultured in the
presence of each siRNA. Cells were stained with CD44 and EpCAM. (d–f) Effect of knockdown of various EMT-inducers on MET. Parental HCC38
cells were cultured in the presence of each siRNA. Cells were stained with CD44 and EpCAM. (d) Representative flow cytometric results on day 9.
(e) EpCAM� populations were quantified. (f) EpCAM�CD44high and EpCAM+CD44high populations on day 9 were quantified. (b, c, e, f) Data rep-
resent the mean � SD of three independent experiments. *P < 0.05; **P < 0.01. siCont, control siRNA.
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Fig. 5. Effects of various inhibitors and an anti-transforming growth factor-b (TGF-b) neutralizing antibody on epithelial–mesenchymal transi-
tion in breast cancer cells. Sorted epithelial cell adhesion molecule (EpCAM)+ cells were cultured in the presence or absence of various inhibitors
(a–c) and an anti-TGF-b antibody (d). (e) Effect of various inhibitors and an anti-TGF-b neutralizing antibody on EpCAM� cell-mediated enhance-
ment of epithelial–mesenchymal transition. Sorted EpCAM+-Venus-expressing cells were cocultured with a 9-fold excess of unlabeled EpCAM�

cells in the presence or absence of various inhibitors and an anti-TGF-b antibody. (f) Expression levels of TGFB1, TGFB2, TGFB3, and IL6 were ana-
lyzed by quantitative real-time RT-PCR. (a–f) Data represent the mean � SD of three independent experiments. *P < 0.05; **P < 0.01. Cont, con-
trol; DAPT, N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester; TPCA1, 2-[(aminocarbonyl)amino]-5-(4-fluorophenyl)-3-
thiophenecarboxamide.
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We would like to propose a novel model for the intratumoral
regulation of the bidirectional transitions between epithelial and
mesenchymal populations in HCC38 cells, in which ZEB1 and
SLUG are crucial for both EMT and MET, and both epithelial
and mesenchymal populations each enhance the transition of
cells from the other population to their own ranks (Fig. 7). Sev-
eral lines of evidence provided here support our model: (i)

HCC38 maintains EpCAM+ epithelial and EpCAM� mesenchy-
mal populations in a fixed ratio of 90/10 (Figs 1, 2); (ii) EMT
occurs and this process is enhanced by mesenchymal cells
(Fig. 3b,c); (iii) MET occurs and this process is enhanced by
epithelial cells (Fig. 3d,e); (iv) knockdown of ZEB1 or SLUG,
but not ZEB2 or SNAIL, significantly suppressed EMT
(Fig. 4c); and (v) knockdown of ZEB1 or SLUG, but not ZEB2

Fig. 6. Primary breast cancer cells undergo epithelial–mesenchymal transition. Primary breast cancer cells were analyzed for surface markers (a)
and gene expression profiles (b) immediately before the first passage (P0) and following each subsequent passage (P1–4). (a) Cultured primary
cells were stained for CD24, CD44, and epithelial cell adhesion molecule (EpCAM). (b) Total RNA was extracted at P0–P4. Gene expression profiles
were analyzed by quantitative real-time RT-PCR and hierarchical clustering analysis was carried out. (c–e) Quantitative real-time RT-PCR analyses
of epithelial and mesenchymal markers (c), epithelial–mesenchymal transition-inducers (d), and transforming growth factor-b (TGF-b) (e). (c–e)
Data represent the mean � SD of three independent experiments. *P < 0.05; **P < 0.01.
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or SNAIL, induced partial MET (Fig. 4d–f). Moreover, our
results suggest involvement of critical ligand/receptor combina-
tions in the epithelial–mesenchymal interaction. The TGF-b sig-
nal pathway and an unidentified pathway mediated by JAK2/3
in epithelial cells could positively regulate ZEB1 expression or
activate SLUG to promote EMT. In contrast, a GSK3b-depen-
dent pathway could negatively regulate EMT. Interestingly,
inhibition of Wnt signaling did not affect EMT in HCC38 cells
as distinct from immortalized mammary epithelial cells,(38) sug-
gesting that molecular mechanisms to promote EMT depend on
cell characteristics such as breast cancer subtype. In HCC38
cells, various ligands expressed in mesenchymal cells could
enhance EMT-promoting pathways or inhibit EMT-suppressing
pathways. Transforming growth factor-b1 is a strong candidate
for such a ligand, because TGF-b1, but not other TGF-b family
members, is highly expressed in mesenchymal populations of
HCC38 (Fig. 5f) and specifically induced during EMT of pri-
mary breast cancer (Fig. 6e). Signal pathways that block
expression of ZEB1 and SLUG need to be identified. Because
ZEB1 and CD44 expression is suppressed by various micro-
RNAs, including the miR-200 family for ZEB1(39) and miR-373
and miR-520c for CD44,(40) the signals that induce these micro-
RNAs could be involved in promoting MET.
Although much more precise quantification of transition and

proliferation rates are required for full explanation of the intra-
tumoral EMT–MET equilibrium in the HCC38 cell line, it
could be explained as follows (Fig. 7): the efficiency of EMT
is approximately an order of magnitude higher than that of
MET (Fig. 3c,e) while the proliferation of mesenchymal cells
is significantly slower than that of epithelial cells (Fig. 1f).
The transition rates for EMT and MET and the proliferation
rates of the two populations, both of which could be affected
by the sizes of the two populations, may work together to
maintain the fixed ratio of the two populations.
One instance of primary breast tumors that could grow

in vitro underwent EMT that was associated with a subtype
change. In terms of expression profiles of surface markers and
other genes related to EMT and subtype change, the EMT-
associated changes in this primary breast cancer were very
similar to those observed in the HCC38 cell line (Fig. 6).

These results strongly suggest that HCC38 is a suitable model
to analyze the dynamics of EMT and MET that are involved
in the development of TNBC. Further studies to elucidate the
molecular mechanisms governing the dynamic EMT and MET
observed in HCC38 must be pursued to develop effective ther-
apeutic strategies against TNBC.
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7AAD 7-amino-actinomycin D
DAPT N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-phenylglycine t-

butyl ester
EMT epithelial–mesenchymal transition
EpCAM epithelial cell adhesion molecule
GSK3b glycogen synthase kinase 3b
IL interleukin
MET mesenchymal–epithelial transition
miR microRNA
PE Phycoerythrin
SLUG Zinc finger protein SNAI2
SNAIL Zinc finger protein SNAI1
STAT signal transducers and activators of transcription
TGF-b transforming growth factor-b
TNBC triple-negative breast cancer
TPCA1 2-[(aminocarbonyl)amino]-5 -(4-fluorophenyl)-3-thiophene-

carboxamide
ZEB1 Zinc finger E-box-binding homeobox 1

Fig. 7. Model illustrating the intratumoral
epithelial–mesenchymal transition (EMT)–mesen-
chymal–epithelial transition (MET) equilibrium in
HCC38 breast cancer cells. EpCAM, epithelial cell
adhesion molecule; GSK3b, glycogen synthase kinase
3b; SLUG, Zinc finger protein SNAI2; TGF-b1,
transforming growth factor-b1; TGF-bR,
transforming growth factor-b receptor; ZEB1, Zinc
finger E-box-binding homeobox 1.
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Fig. S5. Effect of knockdown of various epithelial–mesenchymal transition-inducers on epithelial–mesenchymal transition in HCC38 breast cancer
cells.
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Fig. S6. Effect of knockdown of various epithelial–mesenchymal transition-inducers on mesenchymal–epithelial transition in unsorted HCC38
breast cancer cells.

Fig. S7. Effect of various inhibitors and an anti-transforming growth factor-b (TGF-b) neutralizing antibody on epithelial–mesenchymal transition
in HCC38 breast cancer cells.

Fig. S8. Neither AG-490 nor anti-transforming growth factor-b (TGF-b) antibody affected epithelial cell adhesion molecule (EpCAM)+ or
EpCAM� cell proliferation.
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