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Epithelial-to-mesenchymal transition
is not required for lung metastasis but
contributes to chemoresistance

KariR. Fischer>?34, Anna Durransb?3, Sharrell Lee'-??, Jianting Sheng®, Fuhai Li°, Stephen T. C. Wong>°, Hyejin Choil>34,
Tina El Rayesb234, Seongho Ryub37, Juliane Troeger®?, Robert F. Schwabe®?, Linda T. Vahdat'?, Nasser K. Altorki"3,

Vivek Mittal»?3 & Dingcheng Gao"?3

The role of epithelial-to-mesenchymal transition (EMT) in metastasis is a longstanding source of debate, largely owing
to an inability to monitor transient and reversible EMT phenotypes in vivo. Here we establish an EMT lineage-tracing
system to monitor this process in mice, using a mesenchymal-specific Cre-mediated fluorescent marker switch system
in spontaneous breast-to-lung metastasis models. We show that within a predominantly epithelial primary tumour, a
small proportion of tumour cells undergo EMT. Notably, lung metastases mainly consist of non-EMT tumour cells that
maintain their epithelial phenotype. Inhibiting EMT by overexpressing the microRNA miR-200 does not affect lung
metastasis development. However, EMT cells significantly contribute to recurrent lung metastasis formation after
chemotherapy. These cells survived cyclophosphamide treatment owing to reduced proliferation, apoptotic tolerance
and increased expression of chemoresistance-related genes. Overexpression of miR-200 abrogated this resistance.
This study suggests the potential of an EMT-targeting strategy, in conjunction with conventional chemotherapies, for

breast cancer treatment.

Despite significant advances in diagnosing and treating cancer, metas-
tasis persists as a barrier to successful therapy and the main cause of
cancer-related death!. The EMT, wherein epithelial cells depolarize,
lose their cell-cell contacts, and gain an elongated, fibroblast-like
morphology, is a potential mechanism by which tumour cells gain
metastatic features. Functional implications of EMT include enhanced
mobility, invasion and resistance to apoptotic stimuli**. Moreover,
through EMT tumour cells acquire cancer stem cell, secondary
tumour-initiating and chemoresistance properties**>. However, the
importance of EMT in vivo is fiercely debated owing to major chal-
lenges. Mesenchymal tumour cells cannot easily be distinguished from
neighbouring stromal cells, and metastatic lesions mostly exhibit epi-
thelial phenotypes’. The latter may be due to the hypothesized reverse
process, mesenchymal to epithelial transition (MET), of the dissem-
inated tumour cells. Studies have confirmed that mesenchymal cells
are more capable of escaping the primary tumour, and of reaching
distant sites, but it remains unproven that those same cells complete
the full metastatic cascade in the form of a secondary nodule. Without
evidence for the dissemination, colonization and metastatic outgrowth
of mesenchymal tumour cells, the role of EMT will remain contested.
In this study, we employed multiple transgenic mouse models, estab-
lishing a cell lineage tracing approach together with characterization
of epithelial and mesenchymal markers, to address the requirement
of EMT in metastasis. The newly established transgenic model also
provided us a unique opportunity to study the contribution of EMT
to chemoresistance.

EMT lineage tracing during metastasis

To track EMT during metastasis in vivo, we generated a mesen-
chymal-specific, Cre-mediated fluorescent marker switch strategy
and established a triple-transgenic mouse model (MMTV-PyMT/
Rosa26-RFP-GFP/Fspl-cre, tri-PyMT, Fig. 1a). In these mice, spon-
taneous multifocal breast adenocarcinomas with distinct epithe-
lial characteristics resembling the human luminal subtype develop
in the mammary glands, and give rise to lung metastases with high
penetrance®®. The Fsp1 (fibroblast specific protein 1) promoter drives
expression of Cre recombinase in cells of mesenchymal lineage!®.
A Cre-switchable fluorescent marker (lox-RFP-STOP-lox-GFP) is
ubiquitously expressed under the control of the f-actin promoter
in the Rosa26 locus'!. Fsp1 is the critical gatekeeping gene of EMT
initiation'?, and its early activation in this process13 allows for lin-
eage tracing of tumour cells that have undergone EMT in vivo.
Importantly, the colour switch system is irreversible—even if the
mesenchymal tumour cells undergo MET in the metastatic organs'4,
they would remain GFP*.

Primary breast tumours developed in the tri-PyMT mice at 8 weeks
of age. Immunofluorescence revealed that the majority of tumour cells,
identified by PyMT oncogene expression, were RFP positive (Fig. 1b).
These cells expressed E-cadherin and lacked vimentin (Extended Data
Fig. 1a), indicating their epithelial phenotype. The GFP™ cells detected
in the tumour bed were largely haematopoietic cells as they are PyMT
negative and express CD45, a pan-haematopoietic marker (Extended
Data Fig. 1a), which is consistent with previous reportslS. Altogether,
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Figure 1 | Establishing an EMT lineage tracing system in triple-transgenic
mice. a, Schematic of triple-transgenic mice carrying polyoma middle-T
(PyMT) or Neu oncogenes driven by the MMTV promoter, Cre recombinase
under the control of the FspI promoter, and floxed RFP-STOP followed

by GFP under control of the p-actin promoter in the Rosa26 locus. REP™
epithelial tumour cells undergoing EMT permanently convert into GFP*
cells following activation of FspI-Cre. b, ¢, Inmunofluorescent microscopy
images of tri-PyMT primary tumours (b) and lung metastases (met; ¢) (>10
sections from 3 mice), depicting REP™ and GFP™ cells within the tumour
bed, and staining (white, pseudo-coloured) for PyMT. Scale bars, 100 pm.

this data suggests that tumour cells maintain their original RFP expres-
sion and epithelial phenotype in the primary tumour.

Lung metastasis developed spontaneously in tri-PyMT lungs at 12
weeks of age. Surprisingly, the PyMT-positive metastatic lesions were
RFP* (Fig. 1c), and epithelial (E-cadherin™/vimentin~) (Extended Data
Fig. 1b), whereas only non-tumour cells expressed GFP. These results
indicate that tumour cells did not activate the mesenchymal-specific
Fsp1 promoter, and retained their epithelial phenotype during metastasis.
Thus, tumour cells may not undergo EMT to form metastatic lesions.

Lineage tracing in additional models

To exclude the possibility that the absence of EMT in metastasis may be
unique to PyMT-driven breast tumours, we established EMT lineage
tracing in the Neu oncogene-driven'® spontaneous breast cancer model
(MMTV-neu/Rosa26-RFP-GFP/Fsp1-Cre, tri-Neu mouse). The Neu
(ErbB-2) proto-oncogene is associated with 20-30% of human breast
cancers, and MMTV-Neu transgenic mice spontaneously develop
focal adenocarcinomas resembling human luminal phenotypes after
an extended latency at 6-8 months of age. Lung metastases are fre-
quently (72%) observed in these transgenic mice at 9-12 months of age.
Mirroring the tri-PyMT model, the Neu™ tumour cells in both primary
and metastatic lesions in tri-Neu mice were also RFP™ and epithelial
(E-cad™/Vim ™) (Extended Data Fig. 2). Therefore, the absence of EMT
during metastasis formation is an oncogene-independent phenome-
non, manifesting in both PyMT and Neu-driven tumours.

To overcome the limitation of using solely Fsp1-Cre to indicate EMT,
we acquired the vimentin-CreER transgenic mouse, which successfully
traced mesenchymal lineage cells during liver fibrosis'’, and gener-
ated an additional EMT lineage tracing model (tri-PyMT/Vim mice,
MMTV-PyMT/Rosa26-RFP-GFP/ Vimentin-creER). After continuous
induction of Cre activity by Tamoxifen injection (2 mg, intraperito-
neal, three times per week starting when the primary tumours appear
at 8 weeks of age) the majority of tumour cells in both the primary
and metastatic lesions in tri-PyMT/Vim mice were RFP* (Extended
Data Fig. 3)—suggesting an absence of vimentin promoter activation
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Figure 2 | The EMT lineage tracing system reports EMT in tumour cells
with high fidelity. a, Scatter plots from flow cytometry analysis of tri-PyMT
primary tumour cells, depicting GFP* and RFP™ populations in the primary
tumour immediately after sorting of RFP™ cells (P1), and after ten passages

in culture with 10% FBS (P10+10% FBS). Numbers indicate the percentage
of RFP* and GFP™ cells in the total population. b, Phase contrast/fluorescent
overlay image of tri-PyMT cells in culture. Scale bar, 50 pm. ¢, Western blot of
sorted RFP* and GFP™ tri-PyMT cells for E-cadherin, vimentin and B-actin as
aloading control. Representative of two individual experiments. For original
gel images, see Supplementary Fig. 1. d, Representative imaging of GFP* and
RFP" tumour cells in primary tumours (PT) and lung metastases (LM) in the
orthotopic model (1 =8 mice). Arrow indicates scattered GFP™ EMT tumour
cells in the primary tumour. Scale bars, 100 um (PT) and 50 pm (LM).

e, QRT-PCR analysis of relative expression of EMT markers in RFP* and GFP*
cells sorted from orthotopic tri-PyMT primary tumours. Gapdh served as the
internal control. E-cadherin is encoded by the CdhI gene. Occludin is encoded
by the Ocin gene. Data are reported as mean =+ s.e.m., # =4 primary tumours.

during lung metastasis formation. EMT marker staining also revealed
the epithelial phenotype (E-cad™/Vim ™) of the tumour cells in both
primary and metastatic lesions (Extended Data Fig. 3).

Together, results from two oncogene-driven metastatic tumour mod-
els (MMTV-PyMT and MMTV-Neu) and two independent mesen-
chymal-specific reporters (Vim-Cre and Fsp1-Cre) suggest that EMT
does not significantly contribute to the development of lung metastases.

Validating EMT lineage tracing

To evaluate the specificity and sensitivity of the EMT lineage tracing
system, we established a cell line from the tri-PyMT breast tumours. In
culture, RFP™ tri-PyMT cells switched their fluorescent marker expres-
sion to GFP, as indicated by the presence of a RFP*/GFP" double-
positive transitioning population (Fig. 2a). The cells were cultured in
10% FBS, and serum is known to be enriched for many EMT promot-
ing factors including TGFs'®. Moreover, addition of TGF-B1 in low-
serum conditions (2% FBS), yielded an increase in GFP™ cells
(Extended Data Fig. 4a). In concert with the fluorescent marker switch,
tri-PyMT cells changed their morphology from cobblestone-like clus-
ters of epithelial cells to dispersed spindle-shaped mesenchymal cells
(Fig. 2b). Reflecting the morphologic differences, the GFP" cells were
more motile than RFP™ cells (Extended Data Fig. 4b).

The fidelity of the EMT lineage tracing system was confirmed by
analysis of EMT marker expression in sorted RFP* and GFP™ tri-
PyMT cells. RFP™" cells expressed elevated levels of epithelial markers
including E-cadherin and Occludin, while GFP™ cells expressed
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several mesenchymal markers including vimentin, FSP1, Twist, Zeb1
and Zeb2 as determined by quantitative reverse transcription PCR
(qRT-PCR) (Extended Data Fig. 4c). Both RFP* and GFP™ tri-PyMT
cells expressed the PyMT oncogene. Consistently, western blot analysis
confirmed the differential expression of E-cadherin and vimentin in
RFP* and GFP™ cells (Fig. 2c). Flow cytometry for E-cadherin revealed
that the majority of E-cadherin™ cells were GFP™ (97.4%) (Extended
Data Fig. 4d). Of note, the E-cadherin™ cells were either RFP™ (93.6%)
or RFPT/GFP™ (6.0%), demonstrating that tumour cells switch their
fluorescent marker expression before the loss of epithelial markers, and
validating the early reporting of EMT in our system. These results con-
firm that the Fsp1-Cre-mediated fluorescent marker switch in tumour
cells reports EMT with high fidelity and efficiency.

Rare EMT events in tumour progression

In the triple-transgenic models, ubiquitous expression of GFP in the
tumour microevironment precluded detection of potentially rare GFP™
tumour cells. To confine the fluorescence to tumour cells, we estab-
lished an orthotopic model by implanting purified RFP* tri-PyMT
cells in wild-type mice (Extended Data Fig. 5a, b). Consistent with
observations in the triple-transgenic mice, primary tumours contained
RFP* epithelial cells (Fig. 2d). However, GFP™ cells were detected, indi-
cating tumour EMT (Fig. 2d and Extended Data Fig. 5¢, upper panel).
These cells lacked E-cadherin (Extended Data Fig. 5¢, upper panel)
and made up 1.98 4+ 1.40% (n = 6) of the total tumour cells (Extended
Data Fig. 5d). qRT-PCR analysis of EMT markers comparing sorted
RFP™ and GFP™ cells from the same primary tumour confirmed the
mesenchymal phenotype of the GFP™ cells (Fig. 2e). Importantly, these
GFP' EMT tumour cells did not contribute to lung metastasis. Early
disseminated tumour cells detected in the lungs were epithelial and
RFPT (Extended Data Fig. 5¢, middle panel), and 28 lung nodules
detected in 8 mice maintained the epithelial phenotype (Fig. 2d and
Extended Data Fig. 5¢, lower panel).

We also established an orthotopic tri-PyMT/Vim model, wherein
Tamoxifen was administered directly after orthotopic injection to
ensure immediate tracing of EMT events. Consistently, the majority of
tumour cells in both primary and metastatic tumours were RFP" and
epithelial (Extended Data Fig. 6). Again, GFP™ EMT events (4.46 4 1.0%
of total tumour cells, n=3) were detected in the primary tumours.

To further dissect the metastatic cascade, we quantified the relative
numbers of RFP™ and GFP™ cells in the primary tumour, blood and
metastases of the tri-PyMT orthotopic model by flow cytometry. An
RFP to GFP ratio of ~100:1 in the primary tumour and ~15:1 in the
blood was observed (Extended Data Fig. 7a, b). However, gain by the
enrichment of GFP™ cells in circulation did not translate to an advan-
tage in metastatic outgrowth, as the RFP:GFP ratio in the lung was
~150:1. Altogether, these findings are consistent with our observa-
tions in the triple-transgenic models, suggesting that the majority of
breast tumour cells persist in an epithelial state during primary tumour
growth and lung metastasis formation.

EMT inhibition and metastasis formation

In spite of the extensive characterization of the EMT reporter system,
there was still the distant possibility of our reporter failing to mani-
fest all EMT events in vivo. Therefore, we sought to inhibit EMT and
determine its impact on metastasis. We ectopically expressed miR-200,
a well-known inhibitor of EMT that directly targets Zebl and Zeb2—
the transcriptional repressors of E-cadherin'®*’, We posited that sta-
bly expressing miR-200 in tri-PyMT cells would block EMT and trap
tumour cells in a permanent epithelial state. Compared with control
cells, miR-200 overexpressing cells (Extended Data Fig. 7c) showed
elevated expression of epithelial cell markers and reduced expression
of mesenchymal markers (Extended Data Fig. 7d). As expected, over-
expression of miR-200 inhibited the RFP to GFP conversion (>90%
remaining RFP™, Fig. 3a). These results substantiate effective miR-200
suppression of EMT in the tri-PyMT cells.
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Figure 3 | mir-200 inhibition of EMT in tri-PyMT cells did not impact
lung metastasis. a, Flow cytometry analysis of tri-PyMT control and
mir-200-expressing cells, indicating the percentage of RFP* and GFP™ cells.
b, Representative histologic lung images in tri-PyMT control and mir-200-
expressing orthotopic mice (n=5). Scale bar, 1.5 mm. ¢, Quantification

of lung metastasis formation (number of individual nodules) in tri-PyMT
control and mir-200-expressing tumour-bearing mice (n = 5). Data reported
as the mean + s.e.m.

To explore the impact of inhibiting EMT on metastasis formation
in vivo, we orthotopically injected miR-200 overexpressing tri-PyMT
cells. We identified 18 metastases in 5 mice, a similar ratio to that
observed in mice bearing control tri-PyMT cells (28 metastases in
8 mice) (Fig. 3b, ). These results demonstrate that inhibition of EMT
by miR-200 overexpression does not impair the ability of tumour cells
to form distant lung metastases.

EMT is involved in chemoresistance

Emerging evidence suggests a molecular and phenotypic associ-
ation between EMT and chemoresistance in several cancers?' 2.
Compellingly, residual breast cancers following chemotherapy display
a mesenchymal phenotype and tumour-initiating features. To deter-
mine if the acquisition of chemoresistance induces specific molecular
changes consistent with EMT, we evaluated the orthotopic tri-PyMT
model under chemotherapy. Animals with established primary tumours
were treated with cyclophosphamide (CTX), a commonly used drug in
breast cancer treatment®* (100 mgkg !, once per week, for two weeks
prior, and two weeks after, surgery; Fig. 4a). The tumours responded to
chemotherapy, manifesting a 60% reduction in growth and markedly
enhanced apoptotic activity (Extended Data Fig. 8a—c). Of note, the
RFP™ cells were highly proliferative and apoptotic in comparison with
GFP" cells in CTX-treated mice (Extended Data Fig. 8d-g), suggesting
that GFP™ cells have reduced susceptibility to chemotherapy. However,
in the primary tumour, the GFP™ cell percentage remained static under
CTX treatment (Extended Data Fig. 8h).

Remarkably, in the early metastatic lungs (four weeks after tumour
inoculation), flow cytometry analysis revealed a 2.7:1 ratio of GFP™ to
RFP™ cells in CTX-treated mice (Fig. 4b). Subsequently at four weeks
after cessation of treatment, a notable contribution of GFP* tumour
cells was detected in 5 out of 17 metastatic lesions (Fig. 4a). This is in
contrast to untreated mice, where all metastatic lesions were derived
from RFPY cells (Fig. 2d), suggesting that the EMT process may be
involved in metastatic outgrowth in the context of chemotherapy.

To evaluate the effects of CTX on the EMT and non-EMT cell
populations, sorted GFP™ and RFP™ cells were incubated with CTX
in vitro—the GFP™ cells were markedly more resistant to both short- and
long-term treatment (Fig. 4c and Extended Data Fig. 9a, b). The selective
advantage of mesenchymal tumour cells in the context of chemotherapy
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Figure 4 | EMT tumour cells are resistant to chemotherapy. a, Schema
of CTX treatment in tri-PyMT orthotopic model. Mice bearing an RFP™*
primary tumour were treated with CTX (100 mgkg ™", once per week, for
4 weeks, as indicated by blue arrows). After 2 weeks of treatment, primary
tumour (PT) was removed (black arrow). Lung metastasis growth was
permitted for 4 weeks post CTX treatment. Fluorescent imaging of lungs
revealed the contribution of GFP™ tumour cells to lung metastases (n=9
mice). b, Ratio of GFP™ to RFP™ cells in early metastatic lungs (4 weeks
post orthotopic injection) of untreated control and CTX-treated mice

as quantified by flow cytometry (n=4, *P < 0.05). Data reported as the
mean = s.e.m. ¢, Apoptosis (as measured by Annexin binding) of RFP*
and GFP™ tri-PyMT cells treated with CTX (n =2 biological replicates).
d, Flow cytometry scatter plot showing the proportions of RFP™ and
GFP™ tri-PyMT cells before intravenous injection. Mice were treated
with CTX (100 mgkg ! per week for 3 weeks, n =5 mice per group).

e, Quantification of flow cytometry data showing the percentage of RFP"
and GFP™ tumour cells (red and green bars, respectively) of total cells in
the lung of control and CTX-treated mice (n =5 mice per group, *P < 0.05).
f, Quantification of flow cytometry data showing the ratio of GFP™ to
RFP™ cells in lungs of control and CTX-treated mice. Black line represents
the starting ratio of GFP™ to RFP™ cells before injection as derived from
the data in Fig. 4d (*P < 0.05). Data reported as the mean =+ s.e.m.

was then corroborated by a competitive survival assay in vivo (Fig. 4d).
Mice were injected intravenously with an equivalent number of RFP™
and GFP™ cells, and immediately received CTX (100 mgkg ™!, once per
week). After three weeks, lungs were harvested and the ratio of RFP™
and GFP™ cells was assessed by flow cytometry. CTX significantly
inhibited outgrowth of lung metastasis from both RFP* and GFP* cells
(Fig. 4e). The untreated lungs were morbidly overwhelmed with
tumours, with nearly 80% of the tumour cells detected as RFP™.
Conversely, in CTX-treated mice, more than 60% of the surviving
tumour cells were GFP™, producing a significantly higher ratio of
GFP:RFP cells in these mice (Fig. 4f). These results indicate that GFP™
EMT cells are more resistant to chemotherapy both in vitro and in vivo.

Immunostaining revealed that in the untreated mice, both REP™
and GFP™ cells formed epithelial metastatic lesions (E-cad™/Vim™)
(Extended Data Fig. 9¢). Given the initial mesenchymal phenotypes
of GFP™ cells before injection, this suggests that the GFP* tumour
cells have undergone MET in the metastatic organ. On the other hand,
in CTX-treated mice the majority of surviving tumour cells were
scattered mesenchymal GFP™ cells (E-cad /Vim™) (Extended Data
Fig. 9d). Together, these observations suggest that EMT tumour cells
that sustain a mesenchymal phenotype are resistant to chemotherapy.

To begin to investigate the molecular underpinnings of mesenchy-
mal tumour cell resistance, we analysed the transcriptomic changes of
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Figure 5 | miR-200 overexpression abrogates CTX resistance.

a, Sensitivity of Control and miR-200-expressing tri-PyMT tumour cells

to CTX treatment as measured by CellTiter-Glo. n =4 biological replicates
per condition b, Representative histologic lung images in tri-PyMT control
and mir-200-expressing tumour-bearing mice treated with CTX (n=>5).
Scale bar, 1.5 mm. ¢, Quantification of lung metastasis formation (number
of individual nodules) in CTX-treated tri-PyMT control and mir-200-
expressing tumour-bearing mice (n =5). Data reported as the mean + s.e.m.

EMT tumour cells. We sorted RFPt and GFP™ cells and performed
RNA-sequencing analysis (Supplementary Information Table 1). In
addition to the expected changes in EMT marker expression (Extended
Data Fig. 10a), the expression of many cell-proliferation-related
genes was reduced in GFP™ cells (Extended Data Fig. 10b), mirror-
ing their phenotype of reduced proliferation in vivo. The GFP* cells
also showed increased expression of proven chemoresistance-related
factors including IL6, Periostin, Enpp2 and Pdgfr*>-?%. Additionally, the
CTX-treated GFP™ cells elevated their expression of many drug-
metabolizing enzymes including drug transporters (Abcbla, Abcblb
and Abccl), aldehyde dehydrogenases (ALDHs), cytochrome P450s,
and glutathione-metabolism-related enzymes (Extended Data Fig. 10c).
The main toxicity of CTX is due to its metabolite phosphoramide mus-
tard, which is only formed in cells with low levels of ALDHs. ALDH
converts the CTX-metabolite aldophosphamide into the non-toxic
carboxyphosphamide?. In accordance with the transcriptomic data,
GFPT cells had significantly higher ALDH activity compared with
RFP™ cells (Extended Data Fig. 10d). These properties of reduced pro-
liferation, increased apoptotic resistance, and upregulation of chemore-
sistance and drug metabolizing genes in GFP* EMT tumour cells may
contribute to their insensitivity to CTX. Notably, GFP™ cells were also
refractory to other commonly used chemotherapies including doxoru-
bicin, paclitaxel, and fluorouracil treatment (Extended Data Fig. 10e).

To demonstrate that the EMT is required for the generation of CTX
resistance, we first tested in vitro the effect of treatment on control
and miR-200 overexpressing tri-PyMT cells. With increasing concen-
trations of CTX, the miR-200 cells were significantly more suscepti-
ble to therapy (Fig. 5a). We then expanded upon this finding in vivo,
establishing orthotopic control and miR-200 primary tumours, and
applying the pre- and post-surgery CTX regimen. We found that by
blocking EMT in tumour cells, we effectively ablated metastatic growth
(Fig. 5b, ¢). Thus, EMT contributes to the development of chemo-
resistant metastasis.

Discussion

Using two independent EMT lineage tracing strategies in two dis-
parate oncogene-driven autochthonous models of breast cancer, we
demonstrated that lung metastases are derived from non-EMT tumour
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cells, contradicting the original EMT/MET hypothesis>*. In a tracing
system similar to our own, EMT was identified in primary tumours,
but the mesenchymal lineage status of the metastatic nodules was
not pursued®!. Ultimately in our models we found that tumour cells
disseminate and form metastases while persisting in their epithelial
phenotype, in accordance with a recent study’2. To underline that
EMT is not required for metastasis, overexpression of miR-200—a
microRNA that is incongruously associated with both reduced
invasion'®? and increased metastasis®**—resulted in combined sup-
pression of the EMT-promoting transcription factors Snaill/2, Twist,
Zeb1 and Zeb2, but had no effect on metastasis. Given that both epithe-
lial and mesenchymal tumour cells have the potential to disseminate,
it is plausible that the larger fraction of highly proliferative epithelial
cells outcompete the minor EMT tumour cell population in generating
macrometastatic lesions.

Until now, the majority of data connecting EMT with chemore-
sistance was largely derived from in vitro studies, or clinical prognostic
data. Here we demonstrate that highly proliferative non-EMT cells are
sensitive to chemotherapy, and observe the emergence of recurrent
EMT-derived metastases after treatment. There is a great emphasis
towards developing EMT-targeting therapies****, and our studies sug-
gest that while EMT blockade may not affect metastasis formation,
specifically targeting EMT tumour cells will be synergistic with conven-
tional chemotherapy. Thus, our EMT lineage tracing system provides a
unique preclinical platform to develop combination therapies that will
eliminate both populations, and combat chemoresistance.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Animals. Wild-type C57BL/6 and FVB/n mice, and transgenic mice with ACTB-
tdTomato—-eGFP (stock no. 007676), FspI-Cre (stock no. 012641), MMTV-PyMT
(stock no. 002374), and MMTV-Neu (stock no. 002376) were obtained from The
Jackson Laboratory. The vimentin-CreER mouse was a kind gift from the labo-
ratory of R. E Schwabe at Columbia University. CB-17 SCID mice were obtained
from Charles River Laboratories. All mouse strains obtained were bred in the
animal facility at Weill Cornell Medical College. All animal work was conducted
in accordance with a protocol approved by the Institutional Animal Care and Use
Committee at Weill Cornell Medical College.

The ACTB-tdTomato-EGFP and FspI-Cre mice were bred together
to obtain double transgenic mice and then bred with MMTV-PyMT or
MMTV-Neu mice to obtain the tri-PyMT and tri-Neu triple-transgenic mice,
respectively. Double transgenic male mice carrying ACTB-tdTomato-eGFP
and MMTV-PyMT were crossed with the vimentin-CreER mice to obtain
the tri-PyMT/Vim triple-transgenic mice. Genotyping for each transgenic
line was performed following the standardized protocols as described in the
website of The Jackson Laboratory. Genotyping for vimentin-CreER was done
using forward primer 5'-CCCCTTCCTCACTTCTTTCC and reverse primer
5'-ATGTTTAGCTGGCCCAAATG.

Tamoxifen injection. To induce vimentin-CreER activity in the tri-PyMT/Vim
mice, Tamoxifen (Sigma-Aldrich, 2 mg per mouse, dissolved in corn oil) was
administered through intraperitoneal injections, three times per week starting
when the primary tumours appear (at 8 weeks of age) and continuing for 6 weeks
until metastasis developed in the lung.

Establishing tri-PyMT cell line. The primary tumour of the tri-PyMT mouse
(12-week-old female) was surgically removed under sterile conditions. Tumour
tissue was sliced into ~1 mm? blocks and implanted into the fat pad (no. 4 on the
right side) of CB-17 SCID mice. The secondary tumour was used to establish the
tri-PyMT cell line, eliminating the contamination of fluorescent positive stromal
cells in the tumour tissue from tri-PyMT transgenic mice.

Tumour tissue was minced and digested with an enzyme cocktail (Collagenase
A, elastase, and DNase I, Roche Applied Science) in HBSS buffer at 37 °C for
30 min. The cell suspension was strained through a 40-um cell strainer (BD
Biosciences). Cells were washed with PBS three times and uploaded in the Aria
I1I cell sorter (BD Biosciences). The sorted REP™ cells were cultured in DMEM
supplemented with 10% fetal bovine serum. The PyMT oncogene expression in
the established cell line was confirmed by RT-PCR (Extended Data Fig. 4c). The
tumorigenic ability of these cells was confirmed throughout the study.

To determine EMT induction by TGE-B, cells were cultured for one week in
DMEM with 2% FBS and 2ngml ! TGF-B1 (R&D Systems). The GFP™ cell ratio
was quantified by flow cytometry.

To generate the miR-200 overexpressing cell line, a pLenti 4.1 Ex miR-200b-
200a-429 construct®®, was obtained from Addgene. To eliminate the contamination
of fluorescent marker expression in targeted cells, the GFP gene in this construct
was removed by BstBI/Xbal digestion followed by blunted self-ligation. Lentivirus
was packaged by co-transfection of the pLenti-miR-200 construct and packag-
ing plasmids into HEK293T cells. tri-PyMT cells (passage 2) were infected with
the lentivirus. Infected cells (tri-PyMT miR-200) were selected by culturing with
puromycin (2 pugml™") for 14 days. A control tri-PyMT cell line was generated by
infecting cells with lentivirus carrying the puromycin resistance gene, following
the same procedure in parallel.

Orthotopic breast tumour model. To establish an orthotopic breast tumour
model, we first purified RFP™ cells from passages 10-15 of tri-PyMT cell culture by
FACS. The purified RFP" tri-PyMT cells (1 x 10° cells with purity >99%, Extended
Data Fig. 5a) were injected into the mammary fat pad of 8-week-old female CB-17
SCID mice. The growth of the primary tumour was monitored by external calliper
measurement once a week. In approximately 4 weeks, the primary tumour was
surgically removed and the incision was closed with wound clips. The tumour
size did not exceed 5% of total body weight as permitted in the IACUC protocol.
Animals were euthanized 4 weeks after primary tumour removal to analyse the
development of pulmonary metastasis. For animals subjected to chemotherapy,
Cyclophosphamide (CTX, Sigma-Aldrich, 100 mgkg ') was administered once
per week, for 2 weeks prior and 2 weeks after surgery.

Tissue processing, immunofluorescence and microscopy. The harvested primary
tumours and PBS-perfused lungs bearing metastases were fixed in 4% paraform-
aldehyde overnight, followed by 30% sucrose for 2 days, and then embedded in
Tissue-tek O.C.T. embedding compound (Electron Microscopy Sciences). Serial
sections (10 pum, at least 10 sections) were prepared for histological analysis by
haematoxylin and eosin staining, and immunofluorescent staining following
standardized protocols.

Primary antibodies used in this study include CD45 (30-F11, BioLegend),
E-cadherin (DECMA-1, BioLegend), vimentin (sc-7557, Santa Cruz), PyMT
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(ab15085, Abcam), Neu (sc-284, Santa Cruz), Ki67 (ab15580, Abcam), and active
caspase-3 (C92-605, BD Pharmingen). Primary antibodies were directly conjugated
to Alexa Fluor 647 using an antibody labelling kit (Invitrogen) performed as per
manufacturer’s instructions and purified over BioSpin P30 columns (Bio-Rad).
GFP™" and RFP™ cells were detected by inherent fluorescence.

Fluorescent images were obtained using a computerized Zeiss fluorescent

microscope (Axiovert 200M), fitted with an apotome and an HRM camera. Images
were analysed using Axiovision 4.6 software (Carl Zeiss).
Flow cytometry and cell sorting. For the metastatic lungs and primary tumours,
cell suspensions were prepared by digesting tissues with an enzyme cocktail
(collagenase A, elastase, and DNase I, Roche Applied Science) in HBSS buffer at
37°C for 30 min. For cultured cells, cells were collected through trypsinization. A
single-cell suspension was prepared by filtering through a 30-um cell strainer (BD
Biosciences). Then cells were stained following a standard immunostaining protocol.
In brief, cells were pre-blocked with 2% FBS plus Fc block (CD16/CD32, 1:30, BD
Biosciences) and then incubated with the primary antibody against E-cadherin
(DECMA-1, BioLegend). SYTOX Blue (Invitrogen) was added to the staining tube
in the last 5 min to facilitate the elimination of dead cells. GFP™ and RFP™ cells
were detected by their intrinsic signals. The stained samples were analysed using
the LSRII flow cytometer coupled with FACS Diva software (BD Biosciences). Flow
cytometry analysis was performed using a variety of controls including isotype anti-
bodies, unstained and single-colour stained samples for determining appropriate
gates, voltages and compensations required in multivariate flow cytometry.

For sorting live cells back for further culturing or injection into animals, we
used the Aria I cell sorter coupled with FACS Diva software (BD Biosciences). The
preparation of cells for sorting was performed under sterile conditions. The purity
of subpopulations after sorting was confirmed by analysing post-sort samples in
the sorter again.

Quantitative RT-PCR analysis. Total RNA was extracted by using the RNeasy Kit
(Qiagen), and miRNA via the mirVana miRNA isolation kit (Life Technologies),
and converted to cDNA using qScript cDNA SuperMix (Quanta Biosciences)
and RT-PCR. qPCR was performed with the appropriate primers (sequences
shown in the table) and iQ™ SYBR Green master mix (Bio-Rad). PCR proto-
col: initial denaturing at 95°C for 3 min, 40 cycles of 95°C for 205, 60°C for 30s,
and 72°C for 305, followed by final extension at 72 °C for 5min and melt curve
analysis was applied on a Bio-Rad CFX96 Real Time System (Bio-Rad) coupled
with Bio-Rad-CFX Manager software. Primers used are as follows: GAPDH,
forward, 5'-GGTCCTCAGTGTAGCCCAAG-3’; reverse 5'-AATGTGTC
CGTCGTGGATCT-3'; CdhI (E-cadherin), forward, 5-ACACCGATGGTGAGGG
TACACAGG-3'; reverse, 5-GCCGCCACACACAGCATAGTCTC-3’; Ocln,
forward, 5'-TGCTAAGGCAGTTTTGGCTAAGTCT-3/, reverse, 5'-AAAA
ACAGTGGTGGGGAACGTG-3'; Vim, forward, 5'-TGACCTCTCTGAGG
CTGCCAACC-3/; reverse, 5'-TTCCATCTCACGCATCTGGCGCTC-3'; Cdh2
(N-cadherin), forward, 5'-AAAGAGCGCCAAGCCAAGCAGC-3/; reverse,
5'-TGCGGATCGGACTGGGTACTGTG-3'; FSP-1, forward, 5'-CCTG
TCCTGCATTGCCATGAT-3/, reverse, 5'-CCCACTGGCAAACTACACCC-3/;
Snail, forward, 5'-ACTGGTGAGAAGCCATTCTCCT-3/; reverse, 5'-CTGGC
ACTGGTATCTCTTCACA-3'; Snai2, forward, 5'-TTGCAGACAGATCA
AACCTGAG-3'; reverse, 5'-TGTTTATGCAGAAGCGACATTC-3; Twistl,
forward, 5'-AGCTACGCCTTCTCCGTCTG-3’; reverse, 5'-CTCCTTCT
CTGGAAACAATGACA-3'; Zeb-1, forward, 5-GATTCCCCAAGTGGC
ATATACA-3’; reverse, 5'-TGGAGACTCCTTCTGAGCTAGTG-3'; Zeb-2,
forward, 5'-TGGATCAGATGAGCTTCCTACC-3’; reverse, 5'-AGCAA
GTCTCCCTGAAATCCTT-3'; PyMT, forward, 5'-ACTGCTACTGCA
CCCAGACA-3/; reverse, 5'-CTGGAAGCCGGTTCCTCCTA-3’; GFP,
forward, 5'-CCACATGAAGCAGCACGACT-3; reverse, 5'-GGGTCTTG
TAGTTGCCGTCG-3'; RFP, forward, 5-AGCGCGTGATGAACTTCGAG-3/;
reverse, 5-CCGCGCATCTTCACCTTGTA-3'.

RNA-sequencing analysis. Total RNA was extracted from sorted RFP* and GFP ™"
tri-PyMT cells with the RNeasy Kit (Qiagen). RNA-seq libraries was constructed
and sequenced following standard protocols (Illumina). Single-end RNA-seq reads
were mapped to UCSC mouse genome (GRCm38/mm10) using Tophat2. FPKM
values for each gene were estimated by Cufflinks and statistical analysis was done
using Cuffdiff2. Heat maps for differentially expressed genes with adjusted P values
<0.05 were drawn using gplots R package.

Western blot analysis. Cells were homogenized in 1x RIPA lysis buffer (Millipore)
with protease inhibitors (Roche Applied Science). Samples were boiled in 1x
Laemmli buffer and 10% -mercaptoethanol, and loaded onto 12% gradient Tris-
glycine gels (Bio-Rad). Western blotting was performed using antibodies specific
for E-cadherin (clone DECMA-1), vimentin (clone RV202, BD Pharmingen), and
B-actin (clone AC-15, Sigma-Aldrich).

Cell apoptosis and viability assays. To determine apoptosis of RFP" and
GFP™ cells, tri-PyMT cells (Passage 10) were seeded on adherent six-well plates
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(1 x 10° cells), and treated with 4-hydroperoxy cyclophosphamide (Santa Cruz)
for 48 h. After treatment, cells were trypsinized and stained with APC-conjugated
Annexin V (BD Biosciences) and SYTOX Blue (Invitrogen) for apoptotic-cell
labelling. The stained cells were analysed in the LSRII flow cytometer to quantify
the percentage of apoptotic, dead, and live RFP* and GFP™ cells by FACS Diva
software. To determine the viability of tri-PyMT control and miR-200-expressing
cells treated with CTX, cells were plated in 96-well adherent black-walled plates
(1 x 10* cells), and treated with 4-hydroperoxy cyclophosphamide for 48 h. After
treatment, cell viability was measured with the CellTiter-Glo Luminescent Cell
Viability Assay (Promega).

Cell migration assay. 1 x 10° tri-PyMT cells were seeded in a six-well plate.
Real-time images of cells (including phase, GFP and RFP channels) were taken
under a computerized Zeiss microscope (Axiovert observation) every 10 min for
10h. Movement of individual cells (>10 RFP™ and >10 GFP™ cells in each field,
>2 fields were analysed) were tracked with Image]J software, and the distance that
was travelled during that time was measured as indicated.

ALDH activity assay. RFP" and GFP tri-PyMT cells (1 x 10° cells each) were
freshly sorted from culture by FACS and then homogenized in cold ALDH Assay
buffer provided in the ALDH Activity Colorimetric Assay Kit (Biovision Inc.)
Following the protocol, ALDH substrate and acetaldehyde were added. ALDH
activities in samples were measured by OD at 450 nm in kinetic mode (every 3 min
for 60 min).

Statistical analysis. To determine the sample size of animal experiments, we used

difference in means

power analysis assuming > 2.5. Therefore, all animal experiments

standard deviation
were conducted with >5 mice per group to ensure adequate power between groups
by two-sample ¢-test comparison. Animals were randomized within each experi-
mental group. No blinding was applied in performing experiments. Results are
expressed as mean =+ s.e.m. Data distribution in groups and significance between
different treatment groups was analysed by using the Mann-Whitney U-test in
GraphPad Prism software. P values <0.05 were considered significant. Error bars
depict s.e.m., except where indicated otherwise.
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Tri-PyMT Primary Tumor

Extended Data Figure 1 | Characterization of the primary tumour and
lung metastasis of tri-PyMT mice. a, b, Sections of primary tumours

(a) and lungs (b) from tri-PyMT mice were immunostained for E-cadherin
(E-cad, top), vimentin (Vim, middle) and CD45 (bottom) in white

pseudo-colour. Representative images are shown (n > 5 mice). Note the
co-localization of PyMT with RFP, and CD45 with GFP (as indicated by
arrows), in both primary tumours and lung metastases.
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CD45

Neu

E-cad

Vim

Tri-Neu mouse (MMTV-Neu/FSP1-Cre/Rosa-RGFP)

Primary Tumor

Lung metastasis

GFP/RFP/DAPI CD45/GFP/DAPI

GFP/RFP/DAPI CDA45/GFP/DAPI

Extended Data Figure 2 | Characterization of the primary tumour and

lung metastasis of tri-Neu mice. Sections of primary tumours (left panel)
and lungs (right panel) from tri-Neu mice were immunostained for CD45,

Neu, E-cadherin, and vimentin (in white pseudo-colour). Representative
images are shown (1 > 5 mice). Note that both primary tumours and lung
metastases are largely composed of epithelial RFP™ tumour cells.
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Tri-PyMT/Vim mouse (MMTV-PyMT/Vim-creER/Rosa-RGFP)

Lung

Metastases
Extended Data Figure 3 | Characterization of the primary tumour immunostained for PyMT, E-cadherin and vimentin (in white pseudo-
and lung metastasis of tri-PyMT/Vim mice. Tri-PyMT/Vim mice were colour). Representative images are shown (n > 5 mice). Note that both
obtained by crossing MMTV-PyMT, vimentin-Cre and Rosa26-RFP-GFP  primary tumours and lung metastases are largely composed of epithelial

transgenic mice. a, b, Sections of primary tumours (a) and lungs (b) were REP* tumour cells.
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of tri-PyMT cells with TGE. RFP™ tri-PyMT cells were sorted by flow Gapdh as the internal control. n =2 individual experiments.
cytometry and cultured in medium containing 2% FBS with or without d, EMT of tri-PyMT cells is reported by fluorescent marker switch. Flow
TGF-B1 (2ngml™") for 3 days. Plot shows quantification of the percentage  cytometry plot shows E-cadherin~ (E-cad~) and E-cadherin® (E-cad™)
of GFP™ cells analysed by flow cytometry (n =2 biological replicates). subpopulations of tri-PyMT cells (upper panel). Of the E-cad ™~ and
b, Cell migration assay of tri-PyMT cells. The tracing plots show the E-cad' subsets, the populations were further dissected according to innate
movement of individual RFP* and GFP™ cells in 10 h of live imaging. fluorescence (lower panel). Numbers indicate the percentage of GFP™,
Quantification plot (right panel) showed the average distance that RFP™ RFPT, or transitioning (Q2) cells in the parental E-cad™ or E-cad™ subsets,
and GFP" cells have moved during the time frame (n > 20, *P < 0.01). respectively.

¢, Relative expression of epithelial, mesenchymal and tumour markers in
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Extended Data Figure 5 | Establishing an orthotopic model with sorted
RFP tri-PyMT cells. a, Flow cytometry plots show tri-PyMT cells before
and after sorting for RFP" cells. Numbers indicate the percentage and
purity of RFP™ cells used for establishing orthotopic breast tumours in
mice. b, Schematic of the orthotopic breast tumour model with sorted
RFP™ tri-PyMT cells. Cells are injected into the mammary gland of
wild-type mice to generate primary breast tumours, resection of primary
tumour at 4 weeks and lung metastases evaluation in another 4 weeks.

¢, Characterization of tumour cells in the primary tumour, disseminated

tumour cells (DTCs) and tumour cells in the lung metastasis of the
tri-PyMT orthotopic model. Sections of primary tumours and lungs
from tri-PyMT orthotopic mice were immunostained for E-cadherin and
vimentin (in white pseudo-colour). Essentially all RFP™ tumour cells

are detected as E-cad™/Vim™, while the scattered GFP* tumour cells

in the primary tumour are E-cad /Vim™ (as indicated by arrows in the
top panel). Representative images are shown (n = 8). d, Plot shows the
percentage of GFP™ cells out of total tumour cells (GFP™ plus

RFPT, n=6).
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Extended Data Figure 6 | Characterization of EMT status of pseudo-colour). As expected, RFPT tumour cells are entirely E-cadherin-
orthotopic tri-Vim-PyMT primary tumours. a, b, Sections of positive and vimentin-negative, GFP™ tumour cells are vimentin-positive
tri-Vim-PyMT orthotopic primary tumours (a) and metastatic lung and E-cadherin-negative, and lung metastases are epithelial and RFP™.

(b) were immunostained for E-cadherin and vimentin (in white
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Extended Data Figure 8 | Effects of CTX therapy on primary tumours. in control mice and CTX-treated mice. Scale bars, 50 um. f, Proliferation
a, Quantification of primary tumour growth after 2 weeks of CTX therapy.  status of RFP™ and GFP " primary tumour cells as detected by Ki67
For tumour growth data see accompanying Source Data. b, Proliferation staining in control and CTX-treated mice. g, Level of apoptosis in RFP*
status of primary tumour cells as detected by Ki67 staining in control and GFP" primary tumours as detected by active caspase-3 staining in
mice and after 2 weeks of CTX therapy. ¢, Level of apoptosis in primary control and CTX-treated mice. h, Percentage of GFP™ tumour cells in
tumours as detected by active caspase-3 staining in control mice and control and CTX-treated primary tumours. n =3 mice for all figures
after 2 weeks of CTX therapy. d, e, Representative images of Ki67 (d) and described above. Quantification performed using Image] software.

active caspase-3 staining (e) (white pseudo-colour) of primary tumours
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Extended Data Figure 9 | EMT tumour cells are resistant to CTX
treatment both in vitro and in vivo. a, b, Long-term CTX treatment
in vitro results in a GFP™ population. Tri-PyMT cells were subjected to
2 weeks cyclophosphamide (+CTX) treatment (4 uM). Fluorescent
imaging (a) and flow cytometry (quantified, b, n = 3) exhibit the
percentage of GFP™ cells in the CTX-treated culture compared to
untreated control cells ¢, d, EMT status of lung nodules in competitive
survival assay. Representative fluorescent images of tri-PyMT lung

GFP/RFP/DAPI E-cad/DAPI

metastases in untreated control lungs (c) and CTX-treated lungs (d),
depicting RFP* and GFP™ tumour cells. Immunostaining showing
E-cadherin (E-cad) or vimentin (Vim) in white pseudo-colour. White
arrow indicates GFP™ tumour cells with epithelial phenotypes (E-cad™/
Vim™), while the yellow arrow indicates GFP™ cells with mesenchymal
phenotypes (E-cad~/Vim™). Nuclei were counter-stained with DAPI.
n=>.
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Extended Data Figure 10 | Gene expression profile analysis of RFP* and
GFP™ tri-PyMT cells. RFP" and GFP™ tri-PyMT cells were sorted by flow
cytometry and subjected to transcriptomic analysis by RNA-sequencing.

a, Heat map of differentially expressed genes (adjusted P < 0.05) from
RNA-seq of sorted RFP™ and GFP™ tri-PyMT cells, biologically duplicated.
Genes that are established epithelial markers (Group 1) include CdhI
(which encodes E-cad), Dsp, Epcam, Fgfbp1, Krt18, Krt19, Ocln, Tjp3,
Krt14 and Tjp2; the mesenchymal markers (Group 2) include Cdh2 (which
encodes N-cad), Col23al, Col3al, Col5al, Col6a2, Fsp1, Mmp3, Wnt5a and
Zebl. b, Cell cycle (left panel) and chemoresistance-related (right panel)
genes alternatively regulated in RFP™ and GFP™ cells. ¢, GFP™ tri-PyMT
cells were also sorted from CTX-treated (4 uM) samples. Interestingly, a
branch of genes related to drug metabolism were significantly elevated in
CTX-treated GFP™ cells. Group 1 genes are drug transporters including
Abcbla, Abcb1b and Abccl. Group 2 genes are phase I drug-metabolizing
enzymes including Adh7, Aldhlal, Aldhla3, Aldhlll1, Aldh112, Aldh2,

Aldh3al, Aldh3a2, Aldh3b2, Aldh4al, Cyplal, Cyp2f2, Cyp2j6, Ptgsl and
Ptgs2. Group 3 genes are phase II drug metabolizing enzymes including
Aoxl, Blvrb, Ces2e, Ces2f, Ces2g, Chstl, Ephx1, Fmol, Gpx2, Gsta3, Gsta4,
Gstm2, Gstol, Gstpl, Gstt3, Maoa, Mgst1, Mgst2, Nat6, Nat9, Nqol, Pon3,
Ugtla6a and Ugtla7c. d, Aldehyde dehydrogenase (ALDH) activity assay.
Cell lysates were prepared from flow cytometry-sorted RFP* and GFP*
tri-PyMT cells. ALDH activity in samples was measured by OD at 450 nm
in a kinetic mode (every 3 min for 60 min). Representative result from

two independent experiments depicted. e, EMT tumour cells (GFP™ cells)
showed resistance to multiple commonly used chemotherapies. Tri-PyMT
cells were subjected to treatment with CTX (8 uM), doxorubicin (Dox,

2 uM), paclitaxel (Taxol, 10 uM) and fluorouracil (5FU; 1.6 uM) for 3 days.
Flow cytometry analysis of apoptotic cells was performed after Annexin
staining. The percentage of dead cells (Annexin™) in RFP* and GFP cells,
respectively, was quantified. n = 2 biological replicates.
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