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e Primary skin SCCs with EMT have a high incidence of
metastasis

e Primary skin SCCs without EMT have no metastasis

e Circulating tumor cells present EMT in primary tumors with
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e Transplanted tumors present metastasis regardless of EMT
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In Brief

The role of epithelial-to-mesenchymal
transition (EMT) during metastasis
remains controversial. Revenco et al.
show that in models of primary skin
tumors, only EMT tumors are associated
with metastasis. In contrast, EMT is not
required to induce metastasis following
the subcutaneous transplantation of
tumor cells, demonstrating the context
dependency of EMT for metastasis.
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SUMMARY

Epithelial-to-mesenchymal transition (EMT) has
been proposed to be important for metastatic
dissemination. However, recent studies have chal-
lenged the requirement of EMT for metastasis.
Here, we assessed in different models of primary
skin squamous cell carcinomas (SCCs) whether
EMT is associated with metastasis. The incidence
of metastasis was much higher in SCCs presenting
EMT compared to SCCs without EMT, supporting
the notion that a certain degree of EMT is required
to initiate the metastatic cascade in primary skin
SCCs. Most circulating tumor cells presented EMT,
whereas most lung metastasis did not present
EMT, showing that mesenchymal-to-epithelial tran-
sition is important for metastatic colonization. In
contrast, immunodeficient mice transplanted with
SCCs, whether displaying EMT or not, presented
metastasis. Altogether, our data demonstrate that
the association of EMT and metastasis is model
dependent, and metastasis of primary skin SCCs is
associated with EMT.

INTRODUCTION

Cancer metastasis, which represents the propagation of pri-
mary tumor cells in distant tissues, is the leading cause of can-
cer patient mortality (Mehlen and Puisieux, 2006; Mittal, 2018).
Metastasis involves a series of distinct biological processes
known as the metastatic cascade (Lambert et al., 2017; Mas-
sagué and Obenauf, 2016). Tumor cells (TCs) need to invade
the microenvironment of the primary tumor, intravasate and
circulate into the blood or lymphatic circulation, reach distant
organs, extravasate from the circulation into the metastatic
site, colonize this organ, and proliferate and establish the sec-
ondary tumor(s). While the mutations and molecular mecha-
nisms necessary to initiate tumor formation are relatively well
characterized, the precise molecular events responsible for
the different steps of the metastatic cascade are much less un-
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derstood (Diepenbruck and Christofori, 2016; Nieto et al.,
2016).

It has been proposed that epithelial-to-mesenchymal transi-
tion (EMT)—a developmental process that allows epithelial cells
to detach from their neighboring cells, lose some of their epithe-
lial characteristics, and acquire mesenchymal features, such as
their ability to migrate as individual cells—is important to initiate
the metastatic cascade allowing the cancer cells to leave the pri-
mary tumor, invade, and migrate across the surrounding mesen-
chyme to reach the circulation (Massagué and Obenauf, 2016;
Nieto et al., 2016). Since most of the metastases present a low
degree of EMT, it has been suggested that EMT TCs undergo
mesenchymal-to-epithelial transition (MET) at the metastatic
site (Chaffer et al., 2007; Gunasinghe et al., 2012; Nieto et al.,
2016; Yao et al., 2011).

Short hairpin RNA (shRNA) or small interference RNA
(siRNA) knockdown of transcription factors (TFs) that promote
the EMT, such as Twist1, Snail, or Prrx1, in different cancer
cell lines transplanted into immunodeficient mice decreases
metastasis in these experimental conditions (Olmeda et al.,
2007; Takano et al., 2016; Tsai et al., 2012; Xu et al., 2017;
Yang et al., 2004). The conditional deletion of Zeb1, a key
EMT TF in a mouse model of a pancreatic tumor, strongly de-
creases the proportion of mice with metastasis (Krebs et al.,
2017). Conversely, transient overexpression of Twist1 or
Prrx1 promotes the circulation of cancer cells into the blood
and the formation of distant metastases (Ocana et al., 2012;
Schmidt et al., 2015; Tsai et al., 2012; Yang et al., 2004). How-
ever, sustained overexpression of these TFs inhibits metas-
tasis, suggesting that a downregulation of the EMT program
is important for the establishment and growth of metastasis
(Celia-Terrassa et al., 2012; Ocana et al.,, 2012; Stankic
et al., 2013; Tsai et al., 2012). An intravenous injection of
TCs that undergo EMT, in particular cells that undergo partial
EMT, promotes lung colonization and metastasis of mouse
skin, pancreatic, and breast tumors (Del Pozo Martin et al.,
2015; Latil et al., 2017; Pastushenko et al., 2018; Rhim et al.,
2012). Collectively, these data support the importance of
EMT in promoting tumor dissemination and metastasis. How-
ever, it has been recently shown that the conditional deletion
of Snai1 or Twist1 in mouse pancreatic tumors or the overex-
pression of mir200 in a mouse model of mammary tumors did
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not affect the occurrence of metastasis, questioning the
importance of EMT for metastasis (Fischer et al., 2015; Zheng
et al., 2015).

Many of the aforementioned studies used non-physiological
experimental approaches such as intravenous injection of TCs
or overexpression of EMT TFs, or they can be associated with
other confounding factors, raising the question of whether a
spontaneously occurring EMT is required to initiate the metasta-
tic cascade in the most common primary epithelial cancers and
whether MET is required to promote metastatic colonization and
outgrowth.

The detection of circulating TCs (CTCs) has been shown to
be associated with metastatic burden and correlates with
poor prognosis in human cancers (Krebs et al., 2014; Pantel
et al., 2008). However, the gold standard method to detect
CTCs uses Epcam expression, an epithelial marker that is
lost during EMT, to monitor the presence of CTCs in the blood
of cancer patients or mice with tumors (Krebs et al., 2014). It
has recently been shown that some CTCs can lose their
epithelial characteristic, including the expression of Epcam
or E-cadherin and present mesenchymal features (Yu et al.,
2013), suggesting that the expression of Epcam by CTCs
can underestimate the number of CTCs. Because it is not
possible to unambiguously detect CTCs without fluorescently
marked TCs, the exact proportion of EMT CTCs arising from
the primary tumors that spontaneously metastasize is currently
unknown.

We have recently demonstrated that a physiological level of
oncogenic KRas®'2P expression together with p53 deletion
in two distinct compartments of the skin epidermis leads to
completely different tumor phenotypes. KRas®'2P/p53°K© in
the skin interfollicular epidermis (IFE) using K14CREER leads
to the formation of well-differentiated squamous cell carci-
noma (SCCs) with no sign of EMT, whereas the same onco-
genic hits in hair follicle (HF) lineages using Lgr5CREER lead
to tumors presenting EMT (Latil et al., 2017; Pastushenko
et al., 2018). The presence and importance of EMT in
these tumors can be easily monitored using fluorescence-
activated cell sorting (FACS) to quantify the proportion of
TCs expressing Epcam (Latil et al., 2017; Pastushenko
et al., 2018).

Here, we used these two models of skin SCC in which TCs
are fluorescently labeled, and present or do not present a
spontaneous EMT, to assess whether the development of
spontaneous lung and lymph node metastases in primary
cancer mouse models is correlated with EMT without the
need for overexpression of EMT TFs or an intravenous
injection of TCs. We also used these models to assess
whether CTCs undergo EMT and whether MET frequently
occurs at the distant metastatic site. Finally, we assessed
the association of EMT and metastasis in a frequently used
experimental model based on a subcutenous injection of
TCs into immunodeficient mice. Our data indicate that EMT
in primary tumors is always associated with the initiation of
the metastatic cascade in primary mouse skin SCCs and
that MET occurs at the metastatic site. In contrast, EMT is
not required to induce metastasis after subcutaneous trans-
plantation of TCs.

RESULTS

HF-Derived SCCs with a Spontaneous EMT Present a
High Incidence of Metastasis

To determine whether primary skin SCCs presenting EMT are
associated with spontaneous metastasis, we assessed metasta-
tic incidence and quantified the degree of EMT in primary skin
tumors arising from the expression of KRas®'2P and p53 deletion
in HF lineages using Lgr5CreER/ KRas®'2P/p53°K° /RosaYFP
(yellow fluorescent protein) mice (Figure 1A). The presence of
Rosa-YFP allowed YFP labeling of the tumor-initiating
cells, which enabled the tracking of TCs in primary tumors,
CTCs in the blood, and metastasis in distant organs (Latil
et al., 2017; Pastushenko et al., 2018). In Lgr5CreER/
KRas®'?P/p53°K° /RosaYFP HF-derived tumors, most SCCs
contain EMT TCs (YFP+ Epcam-), although the proportion of
EMT TCs varies between the different tumors, ranging from
well-differentiated SCCs with only a few percent of Epcam-
TCs to fully mesenchymal tumors with more than 90% of
Epcam- TCs (Latil et al., 2017) (Figures 1B and S1A).

Lgr5 is expressed in different tissues and organs, including the
lung mesenchyme (Lee et al., 2017; Zepp et al., 2017). To avoid
oncogene and YFP expression in these different organs, and to
induce oncogene expression specifically in the skin epidermis,
we applied a low dose of hydroxytamoxifen topically on the
backskin of the mice. Using this procedure, we induced YFP
expression only in the skin epidermis and not in distant organs
such as the lung (Figures 1C-1E). The number of skin tumors
varied from mouse to mouse and led to, on average, 3 YFP+
tumors per mouse (Figure S1B).

By analyzing lungs and lymph nodes (LNs) of Lgr5CreER/
KRas®'2P/p53°%9/RosaYFP mice presenting SCCs, we found
that 28.6% (20/70) of mice presented lung YFP+ metastases,
and 48.6% (34/70) of mice presented LN YFP+ metastases.
Almost all mice presenting lung metastases had LN metastases
(18/20), and only 2 mice developed exclusively lung metastases
(Figures 1F=1H). The timing between the appearance of the pri-
mary tumors and the termination of the experiments was similar
between mice presenting and not presenting metastasis (Figures
S1C and S1D), suggesting that the timing between the tumor
occurrence and the development of metastasis was not a con-
founding variable in this study.

To determine whether the occurrence of metastasis is associ-
ated with EMT, we quantified the percentage of YFP+ Epcam-
TCs in primary tumors by FACS in mice that developed or did
not develop metastasis. In all mice that developed lung or LN
YFP+ metastasis, at least one of the SCCs presented some de-
gree of EMT, as shown by the presence of YFP+ Epcam- TCs in
these mice (>7.5% YFP+ Epcam- TCs) (Figures 1l and S1E-
S1G). In contrast, none of the mice presenting SCCs with a low
degree of EMT (<7.5% of YFP+ Epcam- TCs) developed LN or
lung metastases (n = 8 mice) (Figure 1J; mice 1-8). The mean
percentage of Epcam- TCs for metastatic mice was clearly
higher in comparison to non-metastatic mice. When considering
the lowest percentage of Epcam values (the most mesenchymal
tumors) found among different tumors in a given mouse, the
mean percentage of YFP+ Epcam- TCs in tumors of non-
metastatic mice was lower than the mean percentage of YFP+
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Figure 1. HF-Derived SCCs with a Spontaneous EMT Present a High Incidence of Metastasis
G12D

(A) Schematic of skin epidermis with its different lineages, and the mouse model of skin SCCs with a high incidence of the EMT induced by Kras expression

and p53 deletion in HF lineage using Lgr5CreER.

(B) Immunofluorescent images of mixed SCCs (upper panel), differentiated SCCs (middle panel), and mesenchymal SCCs (lower panel) in Lgr5CreER/Kras ¢12P
/p53°%°/RosaYFP mice. Scale bars, 50 um.

(C-E) Representative immunofluorescent images of YFP+ expression in back skin (C) and in lung of Lgr5CreER/Kras®'2P /p53°%°/RYFP mice induced topically
(D) and in lung of Lgr5CreER/Kras®'2P /p53°K°/Rosa-tdTomato induced intra-peritoneally (E). Scale bars, 50 pm.

(F and G) Representative immunofluorescent images of YFP+ lung metastases (F) and YFP+ LN metastases (G) arising from HF-derived tumors. Scale bars, 1 cm.
(H) Graph showing the percentage of LgrSCreEFVKrasG12D /p53°°/RosaYFP mice with YFP+ lung and LN metastases (n = 70 total mice; of those, 20 mice
presented lung metastases, and 34 mice had LN metastases).

(I and J) Graph showing the percentage of YFP+Epcam- TCs in metastatic (I) (mice 1-36) and non-metastatic (J) HF-derived tumors. Mice 37-54 had lung and LN
metastases, mice 55-70 had only LN metastases, and mice 71 and 72 had only lung metastases (J). Each dot represents a single tumor. Red dots represent
tumors above the threshold of 10% YFP+Epcam- (black line), and blue dots represent tumors below the threshold.

See also Figure S1.

Epcam- TCs found in the metastatic mice (Figures 1J and STE-  ants). We have recently found that EMT TCs with hybrid epithelial

S1G) (p = 0,002 for metastatic tumors in lungs and p = 0,018 for and mesenchymal features were more metastatic than fully
metastatic tumors in LNs; Welch test for heterogeneity of vari- mesenchymal TCs upon intravenous injection (Pastushenko
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Figure 2. IFE-Derived SCCs with a Low Rate of EMT Present a Low Incidence of Metastasis

(A) Schematic of skin epidermis with its different lineages and the mouse model of skin SCCs with a low incidence of the EMT induced by Kras
p53 deletion in IFE lineage using K14CreER.

(B) Immunofluorescence of rare metastatic SCCs in K14CreER/Kras®'2P /p53°%°/RosaYFP mice. Scale bars, 50 um.

(C and D) Representative immunofluorescence of rare YFP+ lung metastases (C) and YFP+ LN metastases (D) arising from IFE-derived tumors. Scale bars, 1 cm.
(E) Graph showing the percentage of K14CreER/Kras®'2%/p53°%°/RosaYFP mice with YFP+ lung and LN metastases (n = 42 total mice; of those, 5 mice had lung
metastases, and 4 mice had LN metastases).

(F and G) Graph presenting the percentage of YFP+Epcam- TCs in metastatic (F) (mice 1-5) and non-metastatic (G) IFE-derived tumors. Mice 38-41 had lung and
LN metastases; mouse 42 had only lung metastases. Each dot represents a single tumor. Red dots represent tumors above the threshold of 7% YFP+Epcam-

G120 expression and

(black line), and blue dots represent tumors below the threshold.
See also Figure S2.

et al., 2018). A FACS analysis of primary Lgr5-derived SCCs in
mice with and without metastasis showed no statistical differ-
ence between the different subpopulations of Epcam- EMT
TCs (Figure S1H), which is possibly related to the high proportion
of EMT tumors without metastasis and the presence of several
tumors per mice, which present metastasis. Altogether, these
data show that in HF-derived primary skin SCCs that frequently
undergo EMT, the occurrence of LN and lung metastases is al-
ways associated with a certain degree of EMT in the primary
tumor.

IFE-Derived SCCs with a Low Rate of EMT Present a Low
Incidence of Metastasis

To assess whether primary skin SCCs rarely presenting EMT are
associated with a lower frequency of metastasis compared to
SCCs that frequently present EMT, we assessed the metastatic
incidence and the degree of EMT in primary skin tumors arising
from the expression of KRas®'2P and p53 deletion in the IFE

lineages using K14CreER/Kras®'2°/p53°%°/RosaYFP mice
(Lapouge et al., 2012; Latil et al., 2017; White et al., 2011) (Fig-
ure 2A). Topical administration of a low dose of hy-
droxytamoxifen or an intraperitoneal (IP) injection of TAM to
K14CreER/Kras®'2/p53°K°/RosaYFP mice preferentially tar-
geted the cells of the IFE and led to an average of 2 SCCs per
mouse (Figure S2A), similar to the number of tumors per mouse
observed in Lgr5 HF-derived SCCs treated with a topical appli-
cation of hydroxytamoxifen (Figure S1B). As previously
described (Latil et al., 2017), these mice had a very high inci-
dence of well-differentiated SCCs (Figure 2B). The metastatic
incidence observed in these mice presenting well-differentiated
SCCs that rarely presented EMT was much rarer—12% (5/42) for
lung and 9.5% (4/42) for LN metastases (Figures 2C-2E)—
compared to the higher incidence of metastasis observed in
HF-derived SCCs presenting EMT (Figure 1J). Most mice pre-
senting lung metastases had also LN metastases (4/5), and
only one mouse had exclusively lung metastases.
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Figure 3. Epcam-Negative CTCs Are Associated with Metastasis

(A) Graph showing the presence of YFP+ CTCs and lung metastases in
Lgr5CreER/Kras®'?P /p53°K° /RosaYFP mice. A dot represents an individual
mouse. Exact Pearson chi-square test, p < 0.001.

(B) Epcam expression of YFP+ CTCs from Lgr5CreER/Kras®'2P /p53°KC
/RosaYFP mice (n = 8 mice, 31 YFP+ CTCs in total; conformity test of one
proportion with HO = 0.50; p < 0.001).

As some K14CreER-derived tumors can sometimes present a
low degree of EMT (Latil et al., 2017), we assessed whether the
rare metastases observed in these mice present some degree
of EMT by analyzing the percentage of YFP+ Epcam- TCs in
the primary tumors and whether they had metastasized or not.
Strikingly, all K14CreER mice that developed lung or LN metas-
tasis had at least one primary SCC that presented some degree
of EMT, with more than 7% YFP+ Epcam- TCs for mice with
lung metastasis and more than 9% YFP+ Epcam- TCs for LN
metastasis (Figure 2F). None of the mice presenting exclusively
well-differentiated SCCs with less than 7% of YFP+ Epcam-—
EMT TCs developed LN or lung metastases (Figure 2G). The per-
centage of YFP+ Epcam- TCs for metastatic mice was higher
than for non-metastatic mice (p < 0.001). When considering the
lowest percentage of Epcam values (the tumors presenting the
highest EMT degree) found among the different tumors for a given
mouse, the percentage of YFP+ Epcam- TCs for K14CreER mice
that did not present metastasis was always higher than the per-
centage of YFP+ Epcam- TCs found in tumors of metastatic
mice (p = 0.022 for tumors with lung metastasis and p = 0.007
for tumors with LN metastasis) (Figures 2F, 2G, and S2B-S2D).
Altogether, these data show that mice presenting IFE-derived
SCCs with no sign of EMT do not develop metastasis, and all
mice presenting metastasis present some signs of EMT, further
supporting the notion that at least some degree of EMT is
required for spontaneous metastasis in primary skin SCC.

Epcam-Negative CTCs Are Associated with Metastasis
in Primary Skin SCC

To initiate metastasis, cells must leave the primary tumor and
reach the blood circulation. CTCs have been detected in the
blood of patients with metastatic cancer, as well as in cancer
mouse models presenting metastasis (Aceto et al., 2014; Pas-
tushenko et al., 2018; Rhim et al., 2012; Yang et al., 2004; Yu
et al., 2013). CTCs have been associated with poor prognosis
in some cancers (Cristofanilli, 2006; Pantel et al., 2008). Although
CTCs are usually defined as being CD45 negative, Epcam posi-
tive, and pancytokeratin positive, some recent studies indicate
that CTCs present some hybrid and EMT features (Pastushenko
and Blanpain, 2019; Pastushenko et al., 2018; Yu et al., 2013),
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suggesting that the expression of Epcam may not be optimal
to track CTCs. Our cancer mouse models with YFP-expressing
TCs represent an ideal model to assess whether CTCs present
some degree of EMT. We assessed the presence of CTCs in
mice and whether they displayed EMT or not by quantifying
the presence of CD45-/CD31- and YFP+ Epcam+ or YFP+
Epcam- cells in the peripheral blood of these mice. All mice
that presented CTCs had at least one lung metastasis (Figure 3A),
further supporting the notion that the presence of CTCs is asso-
ciated with poor prognosis and is predictive of the presence of
metastasis (Cristofanilli, 2006; Pantel et al., 2008). Interestingly,
more than 80% of YFP+ CTCs were YFP+ Epcam-, showing
that most CTCs presented the EMT and that Epcam-expressing
CTCs represent a minor portion of total CTCs (Figure 3B). Alto-
gether, these data show that during spontaneous lung metas-
tasis, the cells that leave the primary tumor undergo EMT.

Spontaneous Metastasis of Primary Tumors Is
Associated with MET

While transient overexpression of the EMT TFs Twist1 and Prrx1
promotes metastasis, constitutive overexpression of the same
TFs inhibits metastasis, suggesting that MET might be important
for metastasis formation (Ocana et al., 2012; Tsai et al., 2012;
Yang et al., 2004). To determine whether spontaneous metas-
tasis in primary skin SCCs is associated with MET at the meta-
static site, we performed an immuno-histological analysis of
epithelial and mesenchymal markers in primary SCCs as well
as in lung and LN metastases from Lgr5CreER/Kras®'25/
p53°K%/RosaYFP mice (Figures 4A and 4B). We found that
most primary lung metastases presented the epithelial pheno-
type YFP+/K14+/Vim- (71% of metastases; 36/51). About 14%
(7/51) of the lung metastases presented differentiated epithelial
features but did not express K14 or Vimentin, 12% (6/51) of
the metastases presented an EMT hybrid epithelial phenotype
YFP+/K14+/Vim+, and only 4% (2/51) of the lung metastases
were purely mesenchymal YFP+/K14-/NVim+ (Figure 4C). A
FACS analysis of lung metastasis showed that a much lower pro-
portion of YFP+ TCs presented EMT features, as demonstrated
by the lower proportion of YFP+ Epcam- (Figure 4D) compared
to the primary tumors (Figures 11 and 1J), and these Epcam-
TCs were mainly composed of early hybrid EMT cells (CD106/
CD51/CD61 triple negative [TN)]) rather than fully mesenchymal
TCs (Figure 4E), consistent with the results of the immuno-histo-
logical analysis. Likewise, the majority of LN metastases (60% of
metastases; 17/28) were epithelial YFP+/K14+/Vim- (Figures
4F-4H). A greater proportion of LN metastases was composed
of hybrid EMT TCs, as shown by the YFP+/K14+/Vim+ inter-
spersed with differentiated cells (36% of metastases; 11/28)
(Figures 4F-4H), and the higher proportion of Epcam- TN hybrid
EMT TCs, compared to more advanced EMT states observed by
the FACS analysis (Figures 41 and 4J). No metastases were
composed of mesenchymal cells only (Figure 4H).

These data show that while EMT in the primary tumors and in
the CTCs is important for the initial steps of metastasis, the vast
majority of metastases—even those that arise from primary
tumors with a high degree of EMT—are epithelial, supporting
the notion that MET is important for the establishment and
outgrowth of metastasis from primary skin SCCs.
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EMT Is Not Required for Metastasis Following a
Transplantation of TCs

Subcutaneous transplantation of TCs is frequently used to study
tumor growth and metastasis (Workman et al., 2010). We as-
sessed whether similar mechanisms operate to mediate meta-
static dissemination upon subcutaneous transplantation of TCs
in immunodeficient mice, as compared to the ones we found
in primary skin SCCs. To this end, we performed a subcutaneous
transplantation of FACS-isolated YFP+ Epcam+ and YFP+
Epcam- TCs into immunodeficient mice and assessed the inci-
dence of lung metastasis (no LN metastasis was observed
upon tumor transplantation in NOD/SCID/112Rg null mice) in rela-
tion to the percentage of YFP+ Epcam+ and YFP+ Epcam- TCs
in the subcutaneous tumors (Figure 5A). We used immunodefi-
cient mice because the mice used to genetically induce SCCs
(K14 and Lgr5 derived) are not inbred; therefore, TCs cannot
be transplanted into syngenic mice. As previously shown, sub-
cutaneous transplantation of YFP+ Epcam+ TCs into immuno-
deficient mice can give rise to well-differentiated YFP+ Epcam+
tumors or can undergo EMT and give rise to mixed YFP+
Epcam+ and YFP+ Epcam- tumors, whereas YFP+ Epcam-
TCs give rise exclusively to YFP+ Epcam- tumors (Latil et al.,
2017; Pastushenko et al., 2018). Surprisingly, and in sharp
contrast to what we found in primary skin SCCs, we found that
58% of the transplanted tumors gave rise to metastasis irrespec-
tive of the percentage of Epcam expression, whereas tumors
with less than 5% YFP+ Epcam- TCs gave rise to metastasis
with the same efficiency as tumors with a high proportion of
YFP+ Epcam- EMT TCs (Figure 5B). These data demonstrate
that metastasis following a subcutaneous transplantation of
TCs is not significantly associated with EMT.

Similar to what we found in the metastases of primary Lgr5
SCCs, the metastases that arise in secondary mesenchymal tu-
mors following a subcutaneous transplantation of TCs were
much more epithelial than their primary tumors, though a greater
fraction of lung metastasis remained mesenchymal (Figures 5C
and 5D). The metastases that arise from well-differentiated sec-
ondary tumors were also epithelial (Figures 5E and 5F). These
data show that lung metastasis arising after a subcutaneous
transplantation of TCs also frequently undergoes MET.

Mice presenting spontaneous metastasis in transplanted tu-
mors contained CTCs resembling the primary tumors with re-
gard to EMT. Mice with metastasis coming from tumors with little

or no EMT contained CTCs that were mainly YFP+ Epcam-+,
whereas mice with metastasis arising from tumors with strong
EMT components presented YFP+ CTCs that were Epcam- (Fig-
ures 5G and 5H).

To assess whether the high rate of metastasis independent of
EMT observed following the transplantation of Epcam+ TCs
arising from Lgr5-derived SCCs was due to their HF origin, we
performed a subcutaneous transplantation of YFP+ Epcam+
TCs from IFE-derived primary skin SCCs coming from
K14CreER/KrasG12D/p53cKO/Rosa-YFP mice. Three out of 10
transplanted mice with Epcam+ TCs isolated from K14CreER/
KrasG12D/p53cKO/Rosa-YFP mice gave rise to lung metastases
(Figure S3). Among the three secondary tumors that gave rise to
metastasis, one was a mixed tumor with 50% of Epcam- TCs,
and the other two were well-differentiated SCCs with 12%
Epcam- and 4% of Epcam- TCs (Figure S3). These data are
consistent with the results obtained following the transplantation
of Epcam+ TCs from Lgr5CreER/KrasG12D/p53cKO/Rosa-YFP
mice and further support the notion that EMT is not absolutely
essential to induce metastasis in transplanted skin SCCs inde-
pendent of their cellular origin.

DISCUSSION

In this study, we showed that spontaneous lung and LN metas-
tases occurring in primary, genetically induced mouse SCCs
were always associated with a significant fraction of EMT cells.
While CTCs present in the blood of metastatic mice present
EMT CTCs, most of the lung metastasis did not present residual
signs of EMT, demonstrating the importance of the metastatic
niche in promoting MET.

The very different metastatic incidences between the EMT-
prone HF-derived SCCs and the IFE-derived well-differentiated
SCCs without signs of EMT support the notion that EMT is asso-
ciated with spontaneous metastasis. The precise and sensitive
quantification of EMT by monitoring the percentage of YFP+
Epcam+ and YFP+ Epcam- TCs in the primary tumors demon-
strated that the primary tumors of all mice presenting metasta-
ses contain a fraction of YFP+ Epcam- TCs. However, the per-
centage of YFP+ Epcam- TCs of the primary tumors in
metastatic mice is not always a determining factor, and SCCs
with as few as 7% of YFP+ Epcam- TCs can lead to metastasis.
These data clearly show that careful analysis, using a very

Figure 4. Spontaneous Metastasis of Primary Lgr5-Derived SCCs Is Associated with MET
(A and B) Representative immunofluorescence of K14 and Vimentin expression in a primary fully EMT tumor (A) arising from Lgr5CreER/Kras®'2P /p53°K©/

RosaYFP and their associated lung metastases (B). Scale bars, 50 pm.

(C) Graph showing the proportion of the different subtypes of YFP+ lung metastases arising from Lgr5CreER/Kras®'2P /p53°%° /RosaYFP mice based on the
expression of K14 and Vimentin in TCs (n = 23 mice; conformity test of one proportion with HO = 0.25; p < 0.001).

(D) Graph showing the percentage of YFP+Epcam- TCs in lung metastases (n = 7 mice).

(E) Graph showing subtypes of YFP+Epcam- lung metastases based on expression of CD106, CD51, and CD61. Mean and SEM are presented (n = 4 mice;

Friedman test of linked samples p < 0.001; two-tailed Wilcoxon test).

(F and G) Representative immunofluorescence of K14 and Vimentin expression in a primary tumor with a partial EMT (F) arising from Lgr5CreER/Kras
p53°“%/RosaYFP and their associated LN metastases (G). Scale bars, 50 pm.

G12D /

(H) Graph showing the proportion of the different subtypes of YFP+ LN metastases arising from Lgr5CreER/Kras®'2P /p53°K° /RosaYFP mice based on the
expression of K14 and Vimentin in TCs (n = 28 LNs, 28 mice; conformity test of one proportion with HO = 0.50).

(I) Graph showing the percentage of YFP+Epcam- TCs in LN metastases (n = 13 mice, 21 LNs).

(J) Graph showing subtypes of YFP+Epcam- LN metastases based on expression of CD106, CD51, and CD61. Mean and SEM are presented (n = 11 mice,
15 LNs; LNs with > 3% YFP+/Epcam- are represented; Friedman test of linked samples p < 0.0001; two-tailed Wilcoxon test).
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Figure 5. EMT Is Not Required for Metastasis Following a Subcutaneous Transplantation of TCs

(A) Experimental strategy of subcutaneously transplanted YFP+Epcam+ or YFP+Epcam- FACS-sorted TCs into NOD-SCID-II2Ry null mice.

(B) Graph showing the percentage of YFP+Epcam- TCs in metastatic and non-metastatic tumors, showing the absence of a relationship between the proportion
of Epcam-expressing TCs and the presence of lung metastases, which can occur in the absence of EMT; dots represent a single mouse with a single tumor
(53 non-metastatic mice, 74 metastatic mice. two-tailed Student’s t test).

(C) Representative immunofluorescent images of K14 and Vimentin expression in a secondary tumor following the transplantation of Epcam- TCs from
Lgr5CreER/KrasG12D /p53°%C/RosaYFP-derived SCCs into NOD-SCID-II2Rynull mice and their associated lung metastases. Scale bars, 50 pm.

(D) Graphs showing the proportions of the different subtypes of YFP+ lung metastases based on the co-expression of K14 and Vimentin (n = 31 mice with lung
metastases arising from secondary mesenchymal SCCs; conformity test of one proportion with HO = 0.25).

(legend continued on next page)
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sensitive method such as Epcam analysis by FACS in a model in
which all TCs can be unambiguously identified (such as fluores-
cent tagging), is required to distinguish a partial EMT in the pri-
mary tumors. These data may explain the discrepancy in the
interpretation of results by different groups using the same
mouse models concerning the requirement of EMT for metas-
tasis (Aiello et al., 2017; Fischer et al., 2015; Krebs et al., 2017;
Rhimetal., 2012; Yeetal., 2017; Zheng et al., 2015). Importantly,
not all EMT tumors give rise to metastasis, showing that while
EMT is important for SCC metastasis, it represents only one of
the several requirements for tumor metastasis. It has been pro-
posed that fully mesenchymal primary tumors present lower
metastatic potential (Del Pozo Martin et al., 2015). However,
we found that spindle cell carcinoma, which represents fully
mesenchymal tumors, can present lung and LN metastases. In
Lgr5CreER-derived EMT tumors and K14CReER-derived tu-
mors, we observed mice with lung metastasis without evidence
of LN metastasis. These data support the notion that LN metas-
tases are not an obligatory relay for lung metastasis, consistent
with sequencing studies obtained in chemically-induced skin
SCCs showing that LN and lung metastases often consist of
different clones (Nassar et al., 2015; Westcott et al., 2015).

Detection of CTCs has been suggested to enable the strat-
ification of patients with a high risk of developing metastasis
(Effenberger et al., 2018; Krebs et al., 2014). However, the
gold standard, and the only FDA-approved, method uses
Epcam as a marker for CTC detection (Krebs et al., 2014).
Here, we show that YFP+ CTCs were detected only in meta-
static mice, suggesting that CTCs indeed correlate with the
metastatic burden. However, not all mice with metastasis pre-
sented detectable CTCs, suggesting that the sensitivity of the
method is not perfect. Moreover, we found that in EMT-con-
taining tumors, most CTCs were YFP+ Epcam-, consistent
with the importance of EMT order for cells to leave the primary
tumors and reach the blood circulation; this shows that
Epcam expression is not optimal to monitor the presence of
CTCs, as many of these CTCs can lose Epcam expression
(Pastushenko et al., 2018). Clearly, new markers expressed
by all TCs independently of EMT will be needed to detect
CTCs more accurately.

Interestingly, whereas YFP+ Epcam- TCs with partial hybrid
(K14+Vim+) or complete (K14-Vim+) EMT phenotypes were pre-
sent within the primary tumors that gave rise to metastasis and in
CTCs from metastatic mice, most of the lung and the majority of
the LN metastases were composed of epithelial TCs (K14+Vim-).
In the LNs, about 40% of the metastasis also contained hybrid
EMT TCs interspersed among differentiated cells, and less
than 5% of the lung metastases were exclusively mesenchymal
(K14-Vim+). These data clearly show that spontaneous metasta-

ses very frequently undergo MET at the metastatic site, and that
the lung microenvironment promotes the epithelial phenotype
more strongly than the LN microenvironment. Future studies
will be needed to define the molecules that promote or restrict
MET in different metastatic niches. More studies will be needed
to better understand the functional consequences associated
with MET during the metastatic cascade.

In sharp contrast to the metastases associated with primary
skin SCCs that invariably arise from tumors containing at least
a minor population that underwent EMT, metastases arising
from the subcutaneous transplantation of primary TCs into
immunodeficient mice can originate from purely epithelial TCs
(95%-100% of YFP+ Epcam+ TCs) associated with YFP+
Epcam+ CTCs. It remains unclear why EMT is not absolutely
required for metastasis under this experimental condition. Are
some transplanted TCs directly pushed into the blood circulation
at the time of the injection? Or do the mechanisms required for
cancer cells to leave the primary tumor, circulate in the blood
and establish distant metastases vary between different experi-
mental conditions? There was a higher proportion of lung metas-
tasis that reverted to an epithelial state in the transplanted
tumors, suggesting that either the cells that undergo metastasis
in transplanted tumors are less plastic than the ones arising
from spontaneous metastasis, or immune cells promote MET in
primary tumors from immunocompetent mice. Further studies
would be required to assess the respective importance of metas-
tasis-initiating cells and immunity in promoting EMT and MET
during metastasis.

In conclusion, our study reveals the important role of EMT in
promoting metastasis in different primary mouse models of
SCCs and demonstrates the role of the metastatic niche in
regulating MET during spontaneous metastasis. EMT and MET
are not essential for lung metastasis in transplantation tumor
models, demonstrating the model dependency of the EMT/
MET for metastasis.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o LEAD CONTACT AND MATERIALS AVAILABILITY STATE-
MENT
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Mouse strains
e METHOD DETAILS
O Krast®-612D/ 53 cKO- induced tumors
O FACS analysis of skin tumors and metastases

(E) Representative immunofluorescent images of K14 and Vimentin expression in a secondary tumor following the transplantation of Epcam+ TCs from
Lgr5CreER/Kras®'2P /p53°%C/RosaYFP-derived SCCs into NOD-SCID-II2Rynull mice and their associated lung metastases. Scale bars, 50 um.

(F) Graphs showing the proportions of the different subtypes of YFP+ lung metastases based on the co-expression of K14 and Vimentin (n = 15 mice with lung
metastases arising from secondary epithelial well-differentiated SCCs; conformity test of one proportion with HO = 0.25).

(G and H) Epcam expression of YFP+ CTCs in secondary mesenchymal (G) and epithelial (H) SCCs presenting lung metastasis (n = 10 mice, 32 YFP+ CTCs in
total; conformity test of one proportion with HO = 0.50; p < 0.0001 for mesenchymal tumors) (n = 4 mice, 48 YFP+ CTCs in total; conformity test of one proportion

with HO = 0.50; p < 0.0001 for epithelial tumors).
See also Figure S3.
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Antibodies

Goat anti-GFP Abcam Cat#ab6673
Chicken anti-K14 (polyclonal) Thermo Fisher Scientific Cat#MA5-11599
Rabbit anti-Epcam Abcam Cat#ab6673
Rabbit anti-Vimentin Abcam Cat#ab92547
Chicken anti-GFP Abcam Cat#ab13970

anti-rabbit conjugated to rhodamine Red-X

anti-chicken conjugated to rhodamine Red-X

anti-rabbit conjugated to rhodamine Cy5

anti-goat conjugated to Alexa Fluor-A488

anti-chicken conjugated to Alexa Fluor-A488

Rat BV711- conjugated anti-Epcam (clone G8.8)

Rat PerCPCy5.5-conjugated anti-CD45(clone 30-F11)
Rat PerCPCy5.5-conjugated anti-CD31 (clone MEC 13.3)
streptavidin-BV786

PE-conjugated anti-CD51 (rat clone RMV-7)

BV421-conjugated anti-CD61 (armenian hamster,
clone 2C9.G2)

CD106 (rat, clone 429 (MVCAM.A)

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Invitrogen Thermofisher
Invitrogen Thermofisher
BD Bioscience

BD Bioscience

BD Bioscience

BD Bioscience

Biolegend

BD Bioscience

BD Bioscience
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Cat#563134
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Chemicals, Peptides, and Recombinant Proteins

4-Hydroxytamoxifen
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Matrigel
Collagenase type 1
HBSS without Ca
EDTA
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Invitrogen
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Cat#H6278-50MG
Cat#T5648-5G
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Cat#14175095

P/N: AM9260G, L/N: 1509002)

Experimental Models: Organisms/Strains

NOD/SCID/II2Ry null mice
Rosa26-YFP mice
Lgr5CreER mice
K14CreER mice
KRas"S-¢12P mice

p53cKO mice

Charles River

Jackson Laboratories
Jackson Laboratories
Jackson Laboratories
Jackson Laboratories
Jackson Laboratories

N/A

Srinivas et al., 2001
Barker et al., 2007
Vasioukhin et al., 1999
Tuveson et al., 2004
Jonkers et al., 2001

Software and Algorithms

Adobe illustrator CC (version 17.1.0)

Photoshop CS3

SPSS (version 25.0)
MedCalc (version 14.12.0)

Microsoft Office 365 Excel
Graph Pad Prism (version 5.0a)

Adobe

Adobe

IBM Corp, Armonk, NY, USA

MedCalc Software bvba,
Ostend, Belgium;2014

Microsoft
GraphPad

https://www.adobe.com/be_fr/
downloads.html

https://www.adobe.com/be_fr/
downloads.html
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LEAD CONTACT AND MATERIALS AVAILABILITY STATEMENT

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Cédric
Blanpain (Cedric.blanpain@ulb.ac.be). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse colonies were maintained in a certified animal facility in accordance with the European guidelines. All the experiments were
approved by the corresponding ethical committee (Commission d’Ethique et du Bien Etre Animal CEBEA, Faculty of Medicine, Uni-
versité Libre de Bruxelles). CEBEA follows the European Convention for the Protection of Vertebrate Animals used for Experimental
and other Scientific Purposes (ETS No.123). Mice were checked every day and were euthanized when the tumor reached the end-
point size (1 cm in diameter or 1 cm® in volume) or if the tumor was ulcerated (independent of its size), if the mouse lost >20% of its
initial weight or showed any other sign of distress (based on general health status and spontaneous activity). None of the experiments
performed in this study surpassed the size limit of the tumors fixed in the Ethical protocol. All the experiments complied strictly with
the protocols approved by Ethical Committee.

Mouse strains

Rosa26-YFP mice (Srinivas et al., 2001), Lgr5CreER mice (Barker et al., 2007), K14CreER mice (Vasioukhin et al., 1999), KRas-S--G12P
(Tuveson et al., 2004) mice and p53 floxed (Jonkers et al., 2001) mice were imported from the NCI mouse repository and Jackson
Laboratories. All mice used in this study were composed of males and females with mixed genetic background. No randomization
and no blinding were performed in this study.

METHOD DETAILS

Kras'St-¢12D/ b53 cKO- induced tumors

Lgr5CreER/Kras G12D /553°K0/RosaYFP mice were induced with tamoxifen by one topical application on shaved back skin between
scapulae (10 mg/ml; 100 pL per mouse). K14CreER/Kras &'2P /p53°¥C/RosaYFP were induced with tamoxifen by intraperitoneal in-
jections (2,5 mg 1x) or by one topical application on shaved back skin between scapulae (10 mg/ml; 100 pL per mouse). All mice were
28-35 days old at the moment of induction. Tumor appearance was monitored by daily observation. Mice were sacrificed when the
tumors reached the size limit of 1 cm? in diameter or when mice presented signs of distress. Skin tumors were measured by precision
caliper, enabling the identification of 0,1 mm change in size. Tumor volume was calculated using the formula V = 7t(d?D)/6, where d is
the minor tumor axis and D is the perpendicular major tumor axis. At the moment of sacrifice skin tumors, blood, lung, and lymph
nodes were collected.

FACS analysis of skin tumors and metastases

Skin tumors from Lgr5CreER/Kras®'22/p53°K°/RYFP, K14CreER/Kras®'2P/p53°K°/RosaYFP and transplanted NOD/SCID/II2Ry null
mice, and metastases from lung and lymph nodes of Lgr5CreER/Kras®'2P/p53°%°/RosaYFP mice were dissected, minced, and di-
gested in Collagenase type 1 (Sigma) 3,5 mg/ ml diluted in HBSS without Ca (Invitrogen) for 1 h at 37°C on a rocking plate protected
from light. Collagenase activity was blocked by the addition of EDTA (0.5 M, pH 8, Ambion P/N: AM9260G, L/N: 1509002) and then
the cells were rinsed in PBS supplemented with 10% FBS and the cell suspensions were filtered through a 70-um cell strainer (BD
Bioscience). Brilliant violet stain buffer (BD Bioscience) was added (50 uL per sample) and the cells were incubated with primary anti-
bodies for 30 min at 4°C protected from light. The following primary antibodies were used: BV711- conjugated anti-Epcam (rat clone
G8.8, BD Bioscience Cat#563134, dilution 1:100), PerCPCy5.5-conjugated anti-CD45 (rat, clone 30-F11, BD Bioscience
Cat#550994, dilution 1:100), PerCPCy5.5-conjugated anti-CD31 (rat, clone MEC 13.3, BD Bioscience Cat#562861, dilution
1:100), PE-conjugated anti-CD51 (rat clone RMV-7, Biolegend Cat#1041086, dilution 1:50), BV421-conjugated anti-CD61 (armenian
hamster, clone 2C9.G2, BD Cat#553345, dilution 1:50), biotinconjugated anti-CD106 (rat, clone 429 (MVCAM.A), BD Cat#553331,
dilution 1:50).

Cells were washed with PBS supplemented with 2% FBS and incubated 30 min protected on ice with secondary antibody strep-
tavidin-BV786 (BD Bioscience Cat#563858, dilution 1:400). Living single TCs were selected by forward and side scatter, doublet
discrimination and 7AAD dye exclusion. FACS analyses were performed with Fortessa and FACS DiVa softwear (BD Biosciences).
Cell sorting was performed with FACS Aria cell sorter (BD Biosciences).

Detection of CTCs

1 mL blood was extracted by cardiac cord disrupter with 100 pl EDTA (0.5 M, pH 8, Ambion P/N: AM9260G, L/N: 1509002). Red blood
cells were lysed with 0.2% NaCl (VWR chemicals) and brought to isotonic condition with 3.8% NaCl, 0.2% sucrose (MERCK KGaA).
The blood was incubated with collagenase type 1 (Sigma) at 37°C for 30 min protected from light on rocking plate to dissociate CTC
clusters. FACS staining and analysis were performed as described for tumors.
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Subcutaneous transplantation of tumor cells in immunodeficient mice

NOD/SCID/II2Ry null mice were purchased from Charles River. All mice used in this study were composed of males and females, of
the same age. Tumors were dissected, minced, and digested as described above for the FACS analysis. Tumor cells were selected
by YFP expression and the exclusion of CD45 and CD31 from SCCs of Lgr5CreER/Kras®'2P/p53°K°/RosaYFP and K14CreER/
Kras®'2P/p53°K°/RosaYFP mice. FACS-sorted YFP+/Epcam+/CD31-/CD45- TCs and YFP+/Epcam-/CD31-/CD45- TCs (100, 500
and 5.000 TCs) were resuspended in 50 ul matrigel (E1270, 970 mg/ml; Sigma) and subcutaneously injected into NOD/SCID/
[I2Ry null mice (1 injection per mouse). Mice were sacrificed when the tumor reached size limit of 1 cm®. Secondary skin tumors,
blood, and lung were collected.

Immunofluorescent staining
At the moment of mouse sacrifice tumors, lung and LNs were prefixed in 4% paraformaldehyde for 2h at room temperature, followed
by sucrose 30% over-night, subsequently washed with PBS and embedded in OCT.

Non-specific antibody binding was blocked with 5% horse serum, 1% BSA, 0. 1% triton x-100 for 1 h at room temperature. Primary
antibodies were incubated over night at 4°C. Secondary antibodies were incubated for 1h at room temperature. Mounting of slides
was performed with Glycergel (Dako) supplemented with 2, 5% 1, 4- Diazobicyclo (2, 2, 2) octane (DABCO; Sigma-Aldrich). The
phenotype and the number of metastases were quantified on 10 serial cryosections per lung (separated by 100 um) based on
YFP expression.

The following primary antibodies were used: anti-GFP (goat polyclonal, Abcam Cat#ab6673, dilution 1:500), anti-K14 (chicken
polyclonal, Thermo Fisher Scientific Cat#MA5-11599, dilution 1:1500), anti-Vimentin (rabbit, clone ERP3776 Abcam Cat#ab92547,
dilution 1:500), anti-GFP chk (Abcam, dilution 1:4000), anti-Epcam rb (Abcam, dilution 1:200). The following secondary anti-
bodies were used (all at dilution 1:400): anti-rabbit, anti-rat, anti-goat, anti-chicken conjugated to rhodamine Red-X (Jackson
ImmunoResearch), Cy5 (Jakson ImmunoResearch) or Alexa Fluor-A488 (Molecular Probes).

Bioimaging

Image acquisition was performed on Zeiss Axio Imager M1 (Thornwood) fluorescent microscope with a Zeiss Axiocam MR3 cameras,
using Axiovision release 4.6 software. Single cell pictures were acquired with the same microscope supplied with 100x objective
(alfa-Plan-Fluor 1.45 numerical aperture oil-immersion objective). The picture sizes were adjusted using Photoshop CS3 (Adobe)
software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Continuous variables are given as means and standard error of the mean (SEM) and qualitative variables as percentages.

Differences in continuous variables were compared between two groups using parametric tests (classical t test or Welch test in
case of heterogeneity) in case of large enough sample sizes or Mann Whitney tests otherwise. Comparisons among independent
groups in case of qualitative variables were performed using exact Pearson chi-square tests. Conformity tests were performed
for testing the null hypothesis of equal proportions (Ho = 0.50 in case of two groups and Hg = 0.25 in case of four groups). For repeated
data, Friedman tests were performed, followed by two by two Wilcoxon tests in case of statistical significance.

Statistical significance was considered when p was < 0.05. All statistical tests were performed using IBM-SPSS (version 25.0) soft-
ware (IBM Corp, Armonk, NY, USA) and MedCalc (version 14.12.0) Statistical Software (MedCalc Software bvba, Ostend, Belgium;
http://www.medcalc.org; 2014).

All statistical analyses were based on biological replicates (n indicated in the text, figures or figure legends). No technical replicates
were used to calculate statistics.

DATA AND CODE AVAILABILITY

This study did not generate any unique datasets or code.
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