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CANCER

Cooperative pro-tumorigenic adaptation to oncogenic
RAS through epithelial-to-mesenchymal plasticity

Hadrien De Blander'?, Laurie Tonon?3, Frédérique Fauvet'?, Roxane M. Pommier' 3,
Christelle Lamblot'2, Rahma Benhassoun'-?, Francesca Angileri”z, Benjamin Gibert®?,
Raphaél Rodriguezs'ﬁ, Maria Ouzounova'?, Anne-Pierre Morel"?*, Alain Puisieux

In breast cancers, aberrant activation of the RAS/MAPK pathway is strongly associated with mesenchymal features
and stemness traits, suggesting an interplay between this mitogenic signaling pathway and epithelial-to-
mesenchymal plasticity (EMP). By using inducible models of human mammary epithelial cells, we demonstrate
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herein that the oncogenic activation of RAS promotes ZEB1-dependent EMP, which is necessary for malignant
transformation. Notably, EMP is triggered by the secretion of pro-inflammatory cytokines from neighboring RAS-
activated senescent cells, with a prominent role for IL-6 and IL-1a. Our data contrast with the common view of
cellular senescence as a tumor-suppressive mechanism and EMP as a process promoting late stages of tumor
progression in response to signals from the tumor microenvironment. We highlighted here a pro-tumorigenic
cooperation of RAS-activated mammary epithelial cells, which leverages on oncogene-induced senescence and
EMP to trigger cellular reprogramming and malignant transformation.

INTRODUCTION

Epithelial-to-mesenchymal transition (EMT) is a fundamental em-
bryonic process enabling the reprogramming of epithelial cells
toward a mesenchymal phenotype (I, 2). During EMT, cells lose
epithelial features including cell-cell junctions and apical-basal po-
larity and acquire mesenchymal phenotypic traits and increased cell
motility (3). The activation of this transdifferentiation program is
orchestrated by a network of EMT-inducing transcription factors
(EMT-TFs) including members of the Zinc Finger E-Box Binding
Homeobox (ZEB), SNAIL, and TWIST families that can repress the
expression of epithelial genes and induce the expression of mesen-
chymal genes (4-9). EMT-TFs have been shown to be aberrantly
reactivated in a series of pathogenic conditions, including tissue fi-
brosis and cancer (1, 10). In the context of tumor development, reac-
tivation of EMT-TFs triggers an EMT-like process designated as
epithelial-to-mesenchymal plasticity (EMP) (3). EMP was recently
defined as a set of multiple and dynamic steps between epithelial and
mesenchymal phenotypes, leading to carcinoma cells with hybrid
epithelial-to-mesenchymal characteristics in which individual cells
co-express markers of both epithelial and mesenchymal lineages (3,
11-14). Over the course of this dynamic transdifferentiation pro-
cess, malignant cells acquire motility capabilities and stemness char-
acteristics, promoting tumor invasion, metastases formation, and
therapy resistance (10, 15, 16). It is generally accepted that the aber-
rant reactivation of EMT-TFs is mainly triggered by signals from the
tumor microenvironment (TME), which include growth factors and
pro-inflammatory cytokines (17, 18). Notably, apart from their role
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over the course of tumor progression, several in vitro and in vivo
studies highlighted the reactivation of EMT-TFs in early steps of
malignant transformation (19-22). In early tumorigenesis, because
the microenvironment has not yet been shaped by cancer cells, these
observations suggest that cell-autonomous mechanisms may be in-
volved in EMP induction.

Although the precise role of EMP in the early stages of tumori-
genesis remains to be determined, EMT-TFs have been shown in vi-
tro to cooperate with mitogenic oncoproteins, including RAS, for
malignant transformation by attenuating key oncosuppressive bar-
riers (22-25). Furthermore, in mouse models, ectopic expression of
EMT-TFs in mammary epithelial cells cooperates with mutant Kras
to promote tumorigenesis (22, 26). Further supporting a link be-
tween the RAS/mitogen-activated protein kinase (MAPK) signaling
pathway and EMP in vivo, molecular analysis of human tumors
demonstrated common activation of the mitogenic pathway in the
“claudin-low” (CL) molecular subtype of breast cancers, a subtype
defined by its mesenchymal and stem cell signatures (27, 28). To-
gether, these observations led us to test the hypothesis of a cell-
autonomous interaction between oncogenic activation of RAS and
EMP during early steps of breast tumorigenesis. Here, using human
mammary epithelial (HME) cells with inducible RAS activation, we
uncover an unexpected interplay between oncogene-induced senes-
cence (OIS) and EMP during malignant transformation.

RESULTS

RAS activation in differentiated mammary cells induces a
phenotypic switch associated with EMT-TF expression

To confirm the association between RAS/MAPK activation and mes-
enchymal features in breast cancers, single-sample gene set enrich-
ment analysis (ssGSEA) scores were generated for the two pathways
(RAS/MAPK and EMT, hereon designated as EMP) using Molecular
Signatures Database (MSigDB) C2-curated gene sets (Kyoto Ency-
clopedia of Genes and Genomes, Gene Ontology, Reactome, etc.),
and EMP scores were generated using transcriptomic EMP (EMT)
signature defined by Tan et al. (29) on three breast cancer cohorts
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[The Cancer Genome Atlas Network (TCGA; www.cancer.gov/tcga),
Molecular Taxonomy of Breast Cancer International Consortium
(METABRIC) (30), and Cancer Cell Line Encyclopaedia (CCLE)
(31)]. As expected from recent reports, signatures of RAS/MAPK
signaling as well as EMP were overrepresented in the CL breast can-
cer subtype compared to other breast cancer subtypes (fig. S1, A to F)
(27). Notably, the RAS/MAPK pathway was highly correlated with
EMP in the CL cell lines, excluding any stroma contamination bias
(fig. S1, G to I). Nevertheless, although these data confirm a link be-
tween activated RAS/MAPK signaling and EMP features in breast
cancers, they do not demonstrate that EMP reactivation is a conse-
quence of oncogenic RAS activation.

To test whether the correlation between RAS activation and EMP
signatures in human breast cancers may imply causation, we carried
out kinetics analysis in a RAS-inducible cellular model, HME-RASgg,
generated by introducing a 4-hydroxytamoxifen (4-OHT)-inducible
form of HRAS®'?Y into HME cells (HMECs). After 7 days of RAS
activation in HME-RASEg, an increase in expression of EMT-TFs
ZEBI1 and ZEB2 as well as a concomitant decrease in the expression of
ZEB negative regulators, the miR-200 mRNA family members, were
revealed (Fig. 1, A and B, and fig. S2A). Moreover, a clear change in
cellular morphology was noted at day 49 (D49) following RAS induc-
tion, with HME-RASgp cells losing their cobblestone-like epithelial
morphology and gaining a spindle-like morphology suggestive of
mesenchymal features (Fig. 1C). Engagement of HME-RASgg cells to
undergo EMP following RAS activation was confirmed by decreased
E-cadherin expression and increased vimentin expression (Fig. 1B). It
was previously demonstrated that cell commitment to EMP was as-
sociated with the acquisition of features of cancer stem cells (CSCs)
(15, 16, 32, 33). Therefore, the expression of CD24, CD44, Epithelial
Cell Adhesion Molecule (EpCAM), and CD104 was evaluated by flow
cytometry analysis in HME-RASgg cells ensuing RAS activation. The
emergence of the three main phenotypes associated with breast CSC,
namely, CD24~"°"/CD44" (Fig. 1C) and CD24~"°*/CD44*/EpCAM™*
and CD44%/CD104" (Fig. 1D and fig. S2B), was observed as early as
D7 following RAS activation, suggesting the onset of a reprogram-
ming process. These results were confirmed using two other indepen-
dent HME-RASgr models (fig. S3). The emergence of these CSC
phenotypes was accompanied by an increased capacity to grow in soft
agar, a gold standard assay for cellular transformation (Fig. 1E). We
next examined whether RAS activation affected the structural and
morphological organization in three-dimensional (3D) culture. Here,
HME-RASEp cells were grown in 3D organoid culture conditions for
10 days, without 4-OHT activation, to obtain a typical organoid struc-
ture before RAS activation. A disruption in the structural organization
associated with the acquisition of EMP features was observed in 4-
OHT-induced HME-RASgy organoids compared to non-induced or-
ganoids (Fig. 1F). Collectively, these data suggest that RAS activation
in HMECs induces EMT-TF expression and promotes cell plasticity
associated with the acquisition of stemness markers.

RAS-induced cellular plasticity and transforming ability

are ZEB1-dependent

To determine whether RAS activation could trigger EMP in the ab-
sence of EMT-TFs, a vector allowing the constitutive expression of
miR-200c, a major negative regulator of ZEBI and ZEB2, was intro-
duced into HME-RASgp cells (fig. S4, A to C) (2, 34). As expected,
an increase of both ZEBI and ZEB2 gene expression and protein
levels was dampened following RAS activation in this model (fig. S4,
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D and E). miR-200c expression further prevented the emergence of
CD247°"/CD44" cells and the acquisition of properties associated
with transformation and stemness (Fig. 2, A to C). Induced HME-
RASEr-miR-200c¢ cells were neither able to form colonies in soft
agar assays nor mammospheres in low-adherent culture conditions
(Fig. 2, B and C). Hence, inhibiting the expression of ZEBI and
ZEB2 by overexpressing miR-200c prevented EMP induction fol-
lowing RAS activation.

Because ZEB1 is a known master regulator of EMP in mammary
epithelial cells (35), a CRISPR-Cas9 knockdown approach was used to
determine its role in the context of RAS activation. Three independent
ZEB]-inactivated clones of HME-RASgg cells were generated (HME-
RASgg-CRISPR ZEB1#1, HME-RASgR-CRISPR ZEB1#2, and HME-
RASgr-CRISPR ZEB1#3) (fig. S4, F and G). ZEBI inactivation alone
inhibited the emergence of the CD24™/°"/CD44" population as well
as the acquisition of transformation and stemness properties (Fig. 2, D
to F). ZEB2 and SNAI2 induction was decreased in ZEBI-inactivated
clones, suggesting that their up-regulation was at least partially ZEB1-
dependent (fig. S4H). Together, these data demonstrate that, follow-
ing RAS activation in differentiated HMECs, EMP induction relies on
the ZEB1 TE

Dual fate following RAS activation: Senescence or EMP

Because only a subpopulation of induced HME-RASgp cells displays
EMP features after RAS activation, we performed single-cell RNA
sequencing (scRNA-seq) analysis at different time points (D0, D3,
D7, D14, and D20) with the aim of deciphering the fate of individual
cells. Expression profiles were obtained for 12,357 genes in 445 cells
(117 cells at DO, 83 cells at D3, 74 cells at D7, 82 cells at D14, and
89 cells at D20). To analyze transcriptional variability over the complete
scRNA-seq dataset, dimensions were reduced using principal com-
ponents analysis (PCA) and uniform manifold approximation and
projection (UMAP) (Fig. 3A) (36). A dimension reduction analysis
and graph-based k-means clustering identified five clusters (num-
bered 1 to 5) based on differential gene expression (Fig. 3A and
fig. S5A). For each cluster, specific marker genes were extracted to
search for enriched pathways using MSigDB (tables S1 to S5). This
allowed us to functionally annotate each cluster (Fig. 3B), resulting
in clusters 1, 2, and 4 related to G;, G2-M, and S phases, respectively,
and clusters 3 and 5 related to senescence and EMP, respectively
(Fig. 3, Cand D). Cluster 3, which represents less than 10% of cells at
DO, constitutes more than 40% of cells at D7, while cluster 5 emerges
at D14 and is the most represented at D20. Tests to assess composi-
tional differences between cell types established them as credible for
D7 and D20 [single-cell differential composition analysis (SCODA)]
(Fig. 3E). We next interrogated a possible link between these two
emerging clusters through evolutionary trajectory analysis. Giv-
en the uncertain origin of a potential trajectory, cluster 1 (related to
G, phase) was used as a starting point because it was the most repre-
sented at DO (40%) (Fig. 3E). Trajectory analysis showed two differ-
ent end points: cluster 3/senescence or cluster 5/EMP (Fig. 3F and
fig. S5B), suggesting that, following RAS activation, cells would ei-
ther undergo senescence or acquire a mesenchymal phenotype. Tra-
jectory analysis using cluster 2 or 4 as a starting point gave identical
results with regards to the evolutionary outcome: senescence or
EMP (fig. S5C). Consistently, RNA velocity analysis corroborated
the bidirectional nature discovered in the trajectory analysis, sug-
gesting that cluster 3/senescence originated from cluster 1/G;, while
cluster 5/EMP emerged from cluster 2/G,-M (fig. S5D). To mitigate
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Fig. 1. RAS activation in differentiated mammary cells induces a phenotypic switch in 2D associated with the expression of EMT-TFs and a disruption of organ-
oid formation in 3D. (A) mRNA relative expression fold change across time for EMT-TFs ZEB1, ZEB2, and SNAI2; miR200c; and miR141 in HME-RASgr (RASgr) or HME-CTRL
(CTRL) cells induced with 4-OHT (IND) or not (NI) (ratio IND/NI). Median + range (n = 2 independent experiments in duplicate). (B) Immunoblot showing the expression of
HRASERGuV, PERK1/2, ERK, ZEB1, ZEB2, SNAIL/SLUG, E-CADHERIN, and VIMENTIN in HME-RASgr (RASgg) cells at the indicated days following 4-OHT treatment. MDA-MB 231
cell line was used as a positive control for ZEB1, ZEB2, and SNAIL/SLUG expression. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) level was used as a loading
control. (C) Top: Representative bright field images of HME-RASg cells at DO and D49 after RAS activation (scale bars, 200 pm). Bottom: Representative fluorescence-
activated cell sorting (FACS) analysis of CD24 and CD44 markers in HME-RASgg (RASgr) and HME-CTRL (CTRL) cells at DO and D49 of induction with 4-OHT (IND) or not (NI).
Kinetics analysis across time of the percentage population of CD247°"/CD44™ in HME-RASEg cells and HME-CTRL cells after 4-OHT treatment or not. Median + range
(n =4 independent experiments). FITC, fluorescein isothiocyanate; PE, phycoerythrin. (D) Kinetics FACS analysis of cancer stem cell (CSC) markers CD24~/°"/CD44*/EpCAM™
[as described by (32)] and CD44*/CD104" [as described by (33)] in HME-RASg cells and HME-CTRL cells after 4-OHT treatment. Median + range (n = 2 independent ex-
periments). (E) Transformation potential analysis by soft agar colony formation assay. Representative images of phase-contrast colonies (scale bars, 200 pm). The number
of colonies (defined by >20 cells) is indicated. Median + SD (n = 3 independent experiments). (F) Representative images of multi-immunofluorescence staining for the
indicated markers in cross sections of organoids generated from HME-RASgg cells (RASgg) that were induced with 4-OHT (IND) or not (NI) for 21 days (scale bars, 100 pm)
(n = 3 independent experiments). DAPI, 4’,6-diamidino-2-phenylindole.
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Fig. 2. RAS-induced EMP and transformation capabilities are ZEB1-dependent. (A and C) HME-RASg-miR200c cells (RASgg-miR200c) or HME-RASgr-empty cells
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ages of mammaospheres (scale bars, 200 pm). Data are presented as median + range of four independent experiments (n = 4). P values are calculated by one-way ANOVA,
Tukey multiple comparisons test (**##P < 0.0001).
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the effects of cell cycle heterogeneity in scRNA-seq data, we regressed
the cell cycle effect in our analysis, leading us to identify three clusters
based on differential gene expression: cluster 1 related to proliferated
epithelial cells, cluster 2 related to senescence, and cluster 3 related to
EMP (fig. S6, A to E, and tables S6 to S8). Like for the first analysis,
cluster 2/senescence was scarcely represented at DO (5%), while be-
ing the major cell population at D7 (40%), whereas cluster 3/EMP
emerged at D14 and was the most represented at D20 (fig. S6E). Thus,
cell cycle regression analysis resulted in the same evolutionary trajec-
tory supporting two distinct paths that cells take following RAS acti-
vation: senescence or EMP (fig. S6F). Independent of the analysis
performed, the rise of the senescence cluster preceded that of the
EMP one (D7 versus D20, respectively; Fig. 3, E and G, and fig. S6E),
suggesting a causal relationship.

ZEB1-dependent EMP is driven by OIS

On the basis of scRNA-seq data, we sought to gain further insights
into a potential cross-talk between OIS and EMP. We therefore ana-
lyzed the emergence of senescent cells, determined by B-galactosidase
(SA-B-gal)-positive staining with respect to ZEB1 expression in a
time-dependent manner. As shown in Fig. 3 (E and G), RAS-induced
senescent cells appeared from D3 onward, with a peak at D7, where-
as ZEB1 expression increased from D14 onward and was directly as-
sociated with the emergence of the CD24~"1°*/CD44™ population
(Fig. 1, A to C).

The initial emergence of OIS followed by the delayed occurrence
of EMP led us to hypothesize that senescence may contribute to the
induction of cellular plasticity. As a first approach to test this hypoth-
esis, HME-RASgp cells were treated with well-known senolytic drugs:
dasatinib, an inhibitor of the Bcr-Abl protein kinase; A1331852 and
navitoclax, both inhibitors of BCL-2, BCL-XL; and the MCL-1 inhib-
itor S63845 (37-41). Treatments with these different drugs signifi-
cantly reduced the number of senescent cells at D7 of RAS-activation,
along with a decrease in SA-f-gal-positive cells (Fig. 4, A and D).
Notably, this senescence blockage was also associated with a decrease
at D21 in both ZEBI expression (Fig. 4, B and E) and the percentage
of CD247"°"/CD44" cells (Fig. 4, C and F), thus supporting ZEB1-
dependent EMP to be reliant on the onset of senescence.

ZEB1-dependent EMP is driven by factors secreted by
senescent cells
Upon entering senescence, cells produce a set of pro-inflammatory cy-
tokines and chemokines, extracellular matrix proteins, growth factors,
and metalloproteinases composing the senescence-associated secretory
phenotype (SASP), which, through secretory signaling, affects the de-
differentiation of somatic cells (42). We therefore interrogated whether
a secretory signaling process emanating from RAS-activated senescent
cells may be responsible for ZEB1-mediated plasticity in neighboring
RAS-activated cells. To test this hypothesis, HME-RASgg or HME-
CTRL cells previously treated for 7 days with 4-OHT were co-cultured
with either HME-RASgr or HME-CTRL cells seeded in a transwell in-
sert. At D18, corresponding to 11 days of RAS activation for cells in the
insert, we noted a threefold increase in the percentage of CD24~"°"/
CD44" cells in the HME-RASgR population that was co-cultured
with pre-induced HME-RASgR as compared to HME-RASgy cells co-
cultured with pre-induced HME-CTRL cells (Fig. 5A). This increase
was associated with an upregulation of ZEBI expression (Fig. 5B).

To further investigate the involvement of secretory properties of
RAS-activated senescent cells in EMP induction, we explored their
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impact on normal HMECs. For that purpose, we generated a cellular
HME model (HME_d2GFP_200) that expressed a destabilized green
fluorescent protein (GFP) (d2GFP_200) including a 3’ untranslated
region containing five miR-200 target sequences (fig. S7A). This set-
up aimed to highlight cells undergoing EMP through an increased
GFP signal underlying lower levels of expression of miR-200 family
members (43). To determine whether senescent cells promote EMP
in neighboring cells, HME-RASgg cells tagged with dsRED (HME-
RASgr-dsRED cells), were treated with tamoxifen to initiate RAS-
induced senescence and co-cultured with HME_d2GFP_200 cells
(fig. S7B). An enrichment of GFP"8" cells associated with an emer-
gence of a CD24™ low/CD44* phenotype was observed in HME_
d2GFP_200 cells (fig. S7, C and D), revealing that ZEB1 reactivation
can be driven by secreted factors from senescent cells. Moreover, co-
cultured HME_d2GFP_200 cells showed a significant increase in
ZEBI expression and were able to form colonies in soft agar assay,
suggesting that they had acquired cellular properties associated
with transformation (fig. S7, E and F). Last, we performed a tran-
swell co-culture assay using HME_d2GFP_200 cells and RAS-induced
HME-RASgg-dsRED cells. The characterization of cells following
co-culture showed a significant increase of GFP"#" cells enriched in
a CD247°"/CD44™ phenotype (fig. S7, G and H), thus evoking a
paracrine signaling process.

IL-6 and IL-1x secreted by senescent cells following RAS
activation promote ZEB1-induced EMP

Considering the well-known cooperation between activated RAS
and transforming growth factor-f (TGF-p) ligands to promote
cellular plasticity, the secretion of TGF-p1, TGF-p2, and TGF-#3
was assessed (44, 45). Unexpectedly, the secretion rate of these
factors remained unchanged following RAS activation, suggest-
ing the involvement of other cytokines capable of inducing EMP
(fig. S8A).

We next aimed to narrow down the specific factors produced by
senescent cells leading to this effect, focusing specifically on SASP
constituents. Multiplex technology was used to quantify the concen-
trations of SASP factors in RAS-induced HME-RASgg cell culture
supernatants. Quantifications revealed high levels of cytokines IL-6
(interleukin-6), IL-8, IL-1a, IL-1p, and granulocyte-macrophage
colony-stimulating factor (GM-CSF) (Fig. 6A). Experiments based
on the direct addition of these cytokines to HMECs at the highest
concentration found in cell culture supernatants showed the ability
of IL-6, IL-1a, and IL-1f to promote the acquisition of a plasticity
phenotype (Fig. 6B). The combination of IL-6 and IL-1a had a cu-
mulative effect on the emergence of CD24~°"/CD44" cells. Next, to
evaluate the role of these cytokines in RAS-induced plasticity, we
used a depletive approach with cytokine-neutralizing antibodies or
IL-6R antibody (tocilizumab). Double inhibition of IL-6/IL-6R or
the inhibition of IL-1a alone decreased the CD24~"°"/CD44* popu-
lation and ZEBI protein levels as well as the transforming abilities of
RAS-induced HME-RASgg cells (Fig. 6, C and D, and fig. S8B). No-
tably, combination treatments with different cytokines showed that
the concomitant inhibition of IL-6/IL-6R and IL-1a induced an al-
most 10-fold decrease in cellular plasticity and transformation ca-
pacities, suggesting that these two cytokines are major determinants
of ZEB1-mediated plasticity and transformation (Fig. 6, C and D).

To confirm that IL-1a and IL-6 secretion predominantly originates
from senescent cells, the levels of these cytokines were assessed after
senolytic treatment. Concomitant with senescence, secretion of IL-1a
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Fig. 4. Senescent cells drive ZEB1-dependent EMP. (A and D) Representative phase-contrast images and quantification of SA-B-gal activity in HME-RASgg (RASgr) cells
analyzed at D7 of induction with 4-OHT (IND) or not (NI) and treatment with senolytic drugs or the equivalent concentration of DMSO starting from D0. Median + range
(n =4 independent experiments) [scale bars, (A) 100 pM and (D) 50 pm]. (B and E) ZEBT mRNA expression in HME-RASgr (RASgg) cells at D21 of induction with 4-OHT (IND)
or not (NI) and treatment with senolytic drugs or the equivalent concentration of DMSO starting from DO. Median + range (n = 4 independent experiments). (C and
F) Representative flow cytometry analysis on CD24 and CD44 markers. Quantification of CD247"°%/CD44* population in HME-RASgg (RASgg) cells at D21 of induction with
4-OHT (IND) or not (NI) and treatment with senolytic drugs or the equivalent concentration of DMSO starting from D0. Median + range (n = 4 independent experiments).
P values are calculated by one-way ANOVA, Tukey multiple comparisons test (**#P < 0.001 and *#*#P < 0.0001).
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(4P < 0.001).

and IL-6 in the supernatant of induced HME-RASgy cells was signifi-
cantly reduced after senolytic treatment (fig. S8C).

ZEB1-induced EMP relies on a paracrine effect mediated by
senescent cells

To further characterize the process involved in ZEB1-mediated plastic-
ity following RAS activation, we used multi-fluorescent labeling kinet-
ics to visualize the expression of IL-6, IL-1a, ZEB1, and Ki67, a
well-known proliferation marker, in HME-RASgg cells (Fig. 6E). We
observed that, at D7 of RAS activation, 10% of RAS-induced HME-
RASgg cells showed a negative Ki67 profile and were double-positive for
IL-6 and IL-1a,, consistent with a senescent state. Moreover, 31% of cells
presented a negative Ki67 profile and were positive for either IL-6 or
IL-1a, potentially indicating a pre-senescent state. None of these cells
were positive for ZEBI. Fourteen days after RAS induction, 9% of cells
were ZEB1-positive and less than 2% of them were both negative for
Ki67 and positive for IL-6 and/or IL-1a (Fig. 6E). At D21, 26% of cells
were ZEB1-positive with the majority being Ki67-positive. Overall,
these data suggest that cells entering OIS do not express ZEB1, consis-
tent with the hypothesis of the involvement of a paracrine process driv-
ing EMP in neighboring cells. Next, we co-cultured HME-d2GFP_200
cells with tamoxifen-induced HME-RASgr-dsRED cells and treated
them with IL-6/IL-6R and IL-1o neutralizing antibodies. EMP induc-
tion in GFP"8" cells was strongly impaired following treatment (fig. S8,
D and E). Together, these results reveal that ZEB1 activation after RAS
induction is driven by a paracrine process involving the secretion of IL-
6 and IL-1a cytokines from senescent cells.

De Blander et al., Sci. Adv. 10, eadi1736 (2024) 14 February 2024

DISCUSSION

In cancer, EMP is generally considered to be a process induced dur-
ing the progression of the disease in response to microenvironmen-
tal signals such as growth factor signaling and immune response
pathways (9), which promotes key steps of the invasion-metastasis
cascade and resistance to treatment (7). Our work reveals another
aspect of EMP, both in terms of its mechanisms of reactivation and
its role in tumorigenesis. First, we show that the activation of the
RAS/MAPK signaling pathway is sufficient to induce the expression
of EMT-TFs and to promote EMP in HMEC:s, the in vitro approach
precluding the influence of other cell types. Second, inhibition of
EMP prevents RAS-induced transformation of HMECs, suggesting a
determinant role for this transdifferentiation process in early phases
of tumorigenesis following the oncogenic hit. Consistent with this
hypothesis, we have previously shown in a model of breast tumori-
genesis that EMT-TFs of the TWIST and ZEB families cooperate
with mitogenic oncoproteins for malignant transformation by allevi-
ating OIS (22, 24). Therefore, our observations reinforce the notion
that the induction of EMP may constitute an early event for cellular
adaptation to certain oncogenic insults, thereby fostering malignant
transformation. Further strengthening this notion, several in vivo
studies demonstrated the cooperation between RAS activation and
the expression of EMT-TFs in tumor initiation. As examples, in a
mouse model of epithelial cancer driven by the activation of mutant
Kras, depletion of Zebl significantly reduces neoplastic lesions (21,
46), and ectopic expression of Twist] in differentiated mammary
epithelial cells cooperates with mutant Kras for the development of
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Fig. 6. IL-6 and IL-1a are major cytokines responsible for ZEB1-dependent EMP. (A) Quantification of cytokine levels in HME-RASgg supernatants following 4-OHT
treatment compared to controls at D4, D6, D8, D10, D13, D17, D20, and D27. Data are presented as fold change of secreted cytokine concentrations in HMIE-RASgg or HME-
CTRL cells induced by 4-OHT (IND) or not (NI). (B) Quantification by flow cytometry analysis of CD247"°"/CD44* population of HMECs after treatment by the indicated
cytokine(s) or isotype controls analyzed at D40. Median =+ range (n = 4 independent experiments). (C) Quantification by flow cytometry analysis of CD247~"°%/CD44*
population of HME-RASgr (RASgg) cells induced by 4-OHT (IND) or not (NI) and treated by neutralizing antibodies or isotype controls analyzed at D28. Median + range
(n =4 independent experiments). (D) Transformation potential analysis by soft agar colony formation assay in HME-RASggr (RASgr) cells induced by 4-OHT (IND) or not (NI)
and treated by neutralizing antibodies or isotype controls analyzed at D28. Median + range (n = 5 independent experiments). (E) Top: multi-fluorescence staining kinetics.
HME-RASgr (RASgr) and HME-CTRL (CTRL) cells were induced by 4-OHT (IND) or not (NI) and stained with anti-Ki67 (white), anti-IL-6 (green), anti-IL-1a (red), and anti-ZEB1
(yellow) at D7, D14, and D21. Representative pictures are shown (scale bars, 20 and 10 pm in enlarged pictures). Bottom: Graphical representation of cellular phenotype
distribution according to Ki67, IL-6, IL-1a, or ZEB1 staining. P values are calculated by one-way ANOVA, Tukey multiple comparisons test (**P < 0.01 and ****P < 0.0001).

De Blander et al., Sci. Adv. 10, eadi1736 (2024) 14 February 2024 90f17

202 ‘ST Afeniga uo BI0°80US 105 MMM,/:SANY WO | PaPE0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

CL tumors (22, 26). In addition, Kras activation in murine luminal
mammary epithelial cells leads to early EMP engagement and pro-
motes the development of CL tumors (26).

Our study further highlights a mechanistic link between OIS and
EMP during malignant transformation. Strengthening our observa-
tions, recent studies have used a pan-cancer scRNA-seq approach to
show recurrent signatures associated with EMP and senescence at
tumor initiation and over the course of malignant transformation
(47-49). Cellular senescence is a stress response that is generally con-
sidered to irreversibly arrest the cell cycle following a variety of intrinsic
and extrinsic stressors such as shortening of chromosomal termini,
DNA damage, oxidative stress, oncogenic insults, or inactivation of tu-
mor suppressors (50). Notably, OIS or senescence induced by loss of a
tumor suppressor was observed in vivo in human and murine preneo-
plastic lesions (51-53). Senescence is traditionally described as an
innate anticancer mechanism because cells harboring oncogenic muta-
tions are prevented from proliferating and transforming (54). Moreover,
in addition to decreasing replicative capacity, activation of senes-
cence in different contexts and tissues leads to increased expression of
inflammatory cytokines that elicit immune-mediated tumor clearance
(55, 56). However, recent studies challenge this conventional view,
showing a paradoxical role for senescence emanating from its special
secretory profile that can counterintuitively promote cancer stemness
and aggressiveness (57, 58). In our study, single-cell analysis revealed
OIS in a subset of RAS-activated cells and the subsequent induction of
an EMP process in a separate subset. Senolytic treatments showed that
senescent cells comprising the first subset play a causal role in the ac-
quisition of plasticity by vicinal cells. This duality in cellular outcomes
recalls previous studies showing that activation of the four TFs—Oct4,
Sox2, K14, and c-Myc (OSKM)—in mouse tissue triggers opposite cel-
lular fates, namely, senescence and reprogramming, fates that coexist
in vivo within separate subpopulations of cells (59, 60). Consistent with
a senescence response, overexpression of OSKM in human primary fi-
broblasts triggers replication stress and DNA damage characterized by
the up-regulation of p53, p16™~*, and p21“"*!, as well as impaired
proliferation and formation of senescence-associated heterochromatin
foci (61). With notable conceptual similarity, we have thus demonstrat-
ed that entry into senescence of a subset of mammary epithelial cells
facing RAS-dependent oncogenic insult promotes the transdifferentia-
tion of neighboring cells.

Cellular senescence creates a tissue context that favors OSKM-
driven reprogramming in surrounding cells through the paracrine
action of the SASP, with IL-6 being a key mediator (59, 60). A similar
interplay also occurs in tissue aging and injury, where there is an ac-
cumulation of senescent cells that secrete pro-inflammatory cyto-
kines, triggering OSKM-driven dedifferentiation and reprogramming
in neighboring cells. Quantification of a series of SASP constituents
and functional assays enabled us to determine the factors inherent to
senescent mammary epithelial cells that are responsible for trigger-
ing a similar reprogramming process in the cellular vicinity. Namely,
we identified proinflammatory cytokines IL-6 and IL-1a as major
mediators of senescence-induced EMP. Of note, IL-6 has previously
been shown to trigger EMP via Janus kinase-signal transducer and
activator of transcription 3 or nuclear factor kB signaling, leading to
the activation of EMT-TFs (62-69). Accordingly, IL-6 overexpres-
sion and/or hyperactivation has been reported in several human can-
cers (70-73). Relatively fewer studies have directly examined the role
of IL-1a in cellular reprogramming and in cancer development and
progression. Nevertheless, it is noteworthy that depletion of IL-1a in
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a murine pancreatic cancer model resulted in impaired immune cell
infiltration and decreased Kras-induced dysplastic and neoplastic le-
sions (74). Moreover, a recent work examining the relationship between
HER?2 expression in breast cancer, inflammation, and expansion of
cells exhibiting stemness properties highlighted an essential role for
IL-1a (75). In light of these observations, further investigations will
now be necessary to define the steps downstream of IL-6 and IL-1a
secretion that lead to the induction of ZEB1 expression.

The present data suggest that OIS of only a subset of epithelial
cells is sufficient to trigger the bypass of this same oncosuppressive
barrier in neighboring cells via the action of released SASP factors,
thereby favoring their malignant transformation. From a determin-
istic point of view, we are confronted here with a paradox: The at-
tempt of cells to undergo senescence following an oncogenic hit may
be interpreted as a mechanism of self-sacrifice to protect an organ-
ism as a whole, yet this desperate act may be the critical element that
promotes the transformation of neighboring cells facing the same
stress. This notion supports the hypothesis that OIS has contrasting
cell-autonomous and non-cell-autonomous effects in early tumori-
genesis, providing previously unknown clues to the ongoing debate
on its tumor suppressor and pro-tumorigenic effects.

Last, this study suggests a reassessment of the microenvironmental
components affecting malignant transformation. Oncogene-induced
senescent cells constitute an adverse microenvironment inducing
modifications to the identity of neighboring cells and the acquisition
of EMT-related plasticity fostering tumor initiation. In addition to fi-
broblasts or immune cells, oncogene-induced senescent cells could
thus also be considered as crucial players affecting tumor develop-
ment and progression. This concept prompts further investigations to
assess whether early EMP commitment of transformed cells would be
imprinted as a memory of cell identity to dictate tumor evolution, in-
cluding the formation of metastases and resistance to treatment.

MATERIALS AND METHODS

Cell culture

Primary HMECs (Lonza) were immortalized by human Telomerase
Reverse Transcriptase (WTERT), and named HME thereafter (22).
HME-derived cells (HME-RASgr, HME-CTRL, HME-RASgr-miR-
200c, HME-RASgr-empty, HME-RASgr-CRISPR ZEB1, HME-
RASgr-CRISPR SCR, and HME_d2GFP_200) were cultured in
Dulbeccos modified Eagle’s medium (DMEM)/Ham's F12 medium
with 1% GlutaMAX (Thermo Fisher Scientific) supplemented with
10% heat-inactivated fetal calf serum (Eurobio Scientific), penicillin
(100 IUml), streptomycin (100 pg/ml; Thermo Fisher Scientific),
human epidermal growth factor (EGF; 10 ng/ml) (PeproTech), hy-
drocortisone (0.5 mg/ml; Sigma-Aldrich), and insulin (10 mg/ml;
NovoRapid, Novo Nordisk), at 37°C in 5% CO,/95% air. Breast can-
cer cell lines were obtained from the American Tissue Culture Col-
lection. MDA-MB-231, Hs578T, and human embryonic kidney
(HEK) 293T cells were maintained in DMEM with 1% GlutaMAX
(Thermo Fisher Scientific) with 10% heat-inactivated fetal calf se-
rum (Eurobio Scientific), penicillin (100 IU/ml), and streptomycin
(100 pg/ml; Thermo Fisher Scientific). All cell lines were regularly
tested negative using a MycoAlert mycoplasma detection kit (Lonza).

Lentiviral and retroviral infections
Lentiviral particles were produced using non-confluent 2 x 10°
HEK293T cells transfected with the GeneJuice Transfection Reagent

100f 17

202 ‘ST Afeniga uo BI0°80US 105 MMM,/:SANY WO | PaPE0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

(Merck Millipore) with 13.02 pg of total lentiviral expression vec-
tors (5.1 pg of pCMVdeltaR8.91, 1.32 pg of phCMVG-VSVG, and
6.6 g of plasmid of interest). The pCM VdeltaR8.91 and phCM VG-
VSVG were gifts from D. Négre (International Center for Infectiology
Research, INSERM U1111-CNRS UMR5308-ENS de Lyon-UCB
Lyonl, EVIR Team, Lyon, France). Forty-eight hours after trans-
fection, the supernatant was collected, filtered, and supplemented
with polybrene (5 pg/ml; Merck Millipore) combined with cells for
6 hours. Cell selection was done 72 hours after infection through
fluorescence-activated cell sorting (FACS) for GFP plasmids
(pCDH-CMV-EF1-copGFP/MIR200¢c, pCDH-CMV-MCS-EF1-
copGFP-empty, and FUGW-d2GFP-200), or dsRED plasmid
(pLLRSV Red-empty), or by antibiotics (puromycin at 0.5 pg/ml
or neomycin at 100 pg/ml; InvivoGen) depending on plasmid
construct. To produce retrovirus particles, 2 X 10° Phoenix cells
were transfected with the GeneJuice Transfection Reagent (Merck
Millipore) and 10 pg of retroviral expression vectors (76). At 48 hours
after transfection, the supernatant was collected, filtered, supple-
mented with polybrene (5 pg/ml; Merck Millipore) and combined
with 10° targeted cells for 6 hours. Cells were selected 48 hours
following infection with puromycin (0.5 pg/ml) and/or neomycin
(100 pg/ml).

Plasmids

The lentiviral plasmids, pPCDH-CMV-EF1-copGFP/MIR200c and
pCDH-CMV-MCS-EF1-copGFP-empty, were gifts from T. Brabletz;
the dsRED plasmid, pLLRSV Red-empty, was a gift from C. Ginestier;
and the miR-200 sensor plasmid, FUGW-d2GFP-200, was pur-
chased from Addgene (plasmid no. 79602) (43). Retroviral plasmids
used were purchased from Addgene: pLNCX2 neo-RAS-ER (no.
67844) and pLNCX2 neo-empty (77, 78).

CRISPR-Cas9 knockdown

ZEBI1-depletion model in HME (HME-RASgr-CRISPR ZEB1) was
generated using CRISPR-Cas9 gene editing technology. Scrambled
single guide RNA/Cas9 All-in-One Lentivector (Applied Biological
Materials, catalog no. K010) and ZEB1 sgRNA/Cas9 All-in-One Len-
tivector (Human) (target 1: 5'-CACCTGAAGAGGACCAG-3') (Ap-
plied Biological Materials, catalog no. K2671006) lentiviral particles
were used to infect HMECs. Scrambled sgRNA/Cas9 and ZEB1
sgRNA/Cas9 cells were selected with puromycin (InvivoGen) at 0.5 pg/
ml 48 hours after infection. After cloning by limited dilution, single
cells were grown for ~3 weeks and colonies were screened for knock-
outs by quantitative polymerase chain reaction (qQPCR), genomic
DNA sequencing, and Western blotting. Genomic DNA sequencing
was performed using the sanger method with the following primers
for amplification and sequencing 5'-TGAACTGAACGTCAGAG-
TGGT-3' (forward) and 5'-TCACGTGCAGTGGCATTACT-3’ (re-
verse). Three different clones were lastly validated.

Kinetics, co-culture, and transwell assay

For all kinetics, 27,000 cells were seeded at DO in a six-well plate
with 2 ml of medium under all conditions. At D4, medium was
changed, and, at D7, cells were trypsinized (0.05% trypsin and
0.53 mM EDTA; Thermo Fisher Scientific); this cycle was repeated
until D49. For transwell kinetics, 21,000 cells (HME-RASggr or
HME-CTRL) were first plated with or without 4-OHT; 7 days later,
7000 cells (HME-RASgg or HME-CTRL) were plated in the insert of
the plate. At D18, corresponding to 11 days of RAS activation
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for the cells on the insert, FACS analyses were performed. For
co-culture, HME_d2GFP_200 cells were mixed 20:80 with HME-
RASgr dsRED cells. For 1-week kinetics in a six-well plate, around
5000 HME_d2GFP_200 cells were mixed with 22,000 HME-RASgR.
dsRED cells per well. Cells were trypsinized at D7 and D14. For
transwell kinetics, 7000 HME_d2GFP_200 cells were plated in the
insert for 27,000 HME-RASgr dsRED cells per well at DO0. Cells were
trypsinized at D7 and D14.

Mammospheres

Cells were suspended in DMEM-F12 medium and counted. A total
of 10,000 cells were seeded into an ultralow-attachment 24-well
plate (Corning). In necessary cases, 4-OHT was added to each well
every 4 days (without removing the old medium), and 100 pl of
fresh medium was added every 3 to 4 days. Mammospheres were
collected after 7 to 10 days by centrifugation (800g), washed two
times in phosphate-buffered saline (PBS), trypsinized (100 pl,
30 min), and dissociated mechanically through pipetting. Cells
were assessed microscopically for single-cellularity. Next, cells
were resuspended with 900 pl of fresh medium and sieved through
a 40-pm sieve. Three rounds of mammosphere formation of 7 to
10 days were conducted. The number of spheres (nonadherent
spherical clusters of cells with basal membrane) for each well was
evaluated under the microscope after round three. Quantification
of formed mammospheres was performed microscopically by
manual counting. Images of mammospheres were acquired using a
ZEISS Axio Vert.Al inverted microscope.

Organoids

Cell suspension was resuspended in Reduced Growth Factor
Basement Membrane Matrix (BME; Bio-Techne). A 50-pl drop
of this BME suspension containing 1000 cells was placed in the
center of a well of a prewarmed ultralow-attachment 96-well
plate (Corning), allowed to harden at 37°C for 20 min. Upon
complete gelation, 200 pl of organoid medium supplemented
with different factors was added to each well (79). The plate
was incubated in a humidified 37°C/5% CO, incubator. Culture
medium was changed every 2 days. After 10 days, 4-OHT was
added to the medium every 3 days in induced RAS condition.
After 21 days of 4-OHT treatment or nontreatment, organoids
were fixed in buffered formalin for multiplexed immunofluores-
cence staining.

Multiplexed immunofluorescence
For histological examination, tissue samples (organoids or cell pel-
lets) were fixed in 10% buffered formalin and embedded in paraffin
using a cytoblock kit (Microm Microtech France, E/7401150). Four-
micrometer-thick sections of formalin-fixed, paraffin-embedded
tissue were prepared according to conventional procedures.
Multiplexed immunofluorescence was performed on a Bond RX
automated immunostainer (Leica Biosystems) using Opal detec-
tion kits (AKOYA Biosciences). Sequential immunofluorescence
stainings were performed using the following: organoid panel:
Opal 520 (anti-CKS5; Leica, no. NCL-L-CK5), Opal 690 (anti-CK18;
Agilent, no. M7010), and Opal 780 (anti-VIMENTIN; Agilent, no.
MO0725); cell panel: Opal 520 (anti-IL-1a; LSBio, no. LS-C33821),
Opal 620 (anti-IL-6; ABclonal, no. A0286), Opal 570 (anti-
ZEB1; Bethyl, no. IHC-00419), and Opal 690 (anti-Ki67 Mib1;
Agilent, no. M7240).
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Samples were counterstained with 4’,6-diamidino-2-phenylindole
(Sigma-Aldrich, D8417). Fluorescent slides were mounted using
ProLong Gold Antifade Reagent (Invitrogen, ref. no. P36930).

Sections were scanned using the Vectra POLARIS device (AKOYA
Biosciences). An autofluorescence treatment was carried out on im-
ages using the Inform software (PerkinElmer). For analysis of cells,
an evaluation of the staining was carried out using the HALO Image
Analysis Software (Indica Labs). Cells were considered Ki67-positive
if the fluorescence intensity value was >30, IL-6-positive if the fluo-
rescence intensity value was >25, IL-1la—positive if the fluorescence
intensity value was >75, and ZEB1-positive if the fluorescence inten-
sity value was >32.

Soft agar colony formation assay

A 2x DMEM/F12 powder including L-glutamine (Sigma-Aldrich,
no. D0547) was resuspended with sterile water and completed with
sodium bicarbonate (1.2 g/liter; Sigma-Aldrich, no. S5761). This
prewarmed medium was supplemented with 20% heat-inactivated
fetal calf serum, penicillin (200 IU/ml), streptomycin (200 pg/ml),
hydrocortisone (1 mg/ml), and EGF (20 ng/ml) and mixed 1:1 with
melted SeaPlaque Agarose (Lonza) solution to obtain a final 0.75%
low-melting agarose base that was then overlaid with a suspension
of cells in 0.45% low-melting agarose (10,000 cells/well). Six-well
plates were incubated for 4 weeks at 37°C with 5% CO,/95% air,
and colonies defined as a group of >20 cells were counted under
the microscope. In experiments using GFP-tagged cells, only
GFP-positive cells were counted. Experiments were performed in
triplicate.

SA-f-gal staining

Cells were rinsed with PBS and fixed for 4 min in 2% formaldehyde/0.2%
glutaraldehyde, then washed twice with PBS, and incubated at 37°C
for 18 hours in a buffer containing 40 mM sodium phosphate (pH 6.0),
5 mM K4Fe(CN)g, 5 mM K3Fe(CN)g, 150 mM NaCl, 2 mM MgCl,,
and X-Gal (1 mg/ml). All reagents were purchased at Sigma-Aldrich
except for X-Gal powder (VWR).

Multiplex cytokine assay

We assessed 31 cytokines in each sample with the Panel (human) kit
[Meso Scale Discovery (MSD)], which measures IL-1a, IL-1f, IL-2,
1L-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p40, IL-12p70, IL-13, IL-15,
IL-16, IL-17A, GM-CSEF, tumor necrosis factor—a (TNF-o), TNE-f,
interferon-y, TGF-f1, TGF-p2, TGF-f3, Interferon y-induced Pro-
tein 10 kDa (IP-10), Monocyte Chemoattractant Protein-1 (MCP-1),
Monocyte Chemoattractant Protein-4 (MCP-4), Macrophage In-
flammatory Protein-1 Alpha (MIP-1a), Macrophage Inflamma-
tory Protein-1 Beta (MIP-1p), Macrophage-Derived Chemokine
(MDC), C-C Motif Chemokine Ligand 17 (CCL17), eotaxin 1, eotaxin
3, and vascular EGE. MSD plates were analyzed on the MS2400
imager (MSD). Calibrator dilutions and samples were prepared
according to the manufacturer’s recommendations.

Determination of the secreted level of IL-6 and IL-1« in cells
after senolytic treatment

We assessed concentrations of secreted IL-6 and IL-1a in each super-
natant by performing enzyme-linked immunosorbent assay (ELISA)
kits (Quantikine ELISA, R&D Systems, Bio-Techne, no. D6050 (IL-
6) and no. DLA50 (IL-1a). Calibrator dilutions and samples were
prepared according to the manufacturer’s recommendations. The
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concentration of the secreted cytokine was normalized according to
the number of cells in each condition.

Reagent, antibodies, and cytokines

To induce RAS activation in HME-derived cells, (Z)-4-OHT (Sigma-
Aldrich, no. H7904) was added in the medium at 500 nM every 3 to
4 days. Cells were treated with dasatinib (1.5 pM), A1331852 (1 pM),
navitoclax (2 pM), S63845 (2 pM), or dimethyl sulfoxide (DMSO)
every 3 days.

All antibodies except Tocilizumab-Roactemera were purchased
at R&D Systems (Bio-Techne): IL-1a /IL-1F1 antibody (MAB200),
IL-1p /IL-1F2 antibody (MAB201), IL-6 antibody (MAB2061), IL-8/
CXCL8 antibody (MAB208), GM-CSF antibody (MAB215), and
normal human immunoglobulin G (IgG) control (1-001-A). Tocili-
zumab (anti-human IL-6R, humanized antibody IgG1; Tocilizumab-
Roactemera, 20 mg/ml; Roche) was stored at 4°C and used at a final
concentration of 50 pg/ml. Other antibodies were reconstituted in
aliquots stored at —80°C and, once used, were stored at 4°C for no
more than 2 weeks. Antibodies were used at the following final con-
centrations guided by MSD/ELISA highest concentrations mea-
sured: anti-IL-6 (0.6 pg/ml), anti-IL-8 (1 pg/ml), anti-IL-1a (1 pg/
ml), anti-IL-1p (0.3 pg/ml), anti-GM-CSF (4 pg/ml), and normal
human IgG control (50 pg/ml). Medium was changed every 3 to 4 days,
and antibodies were added at the same time.

Cytokines were purchased at R&D Systems (Bio-Techne): recom-
binant human IL-1o/IL-1F1 protein (200-LA), recombinant human
IL-1B/IL-1F2 protein (201-LB), recombinant human IL-6 protein
(206-1L), recombinant human IL-8/CXCLS8 protein (208-IL), and re-
combinant human GM-CSF protein (215-GM). These cytokines
were reconstituted in sterile PBS with 0.1% bovine serum albumin
(Sigma-Aldrich) and stored at —80°C. Once thawed, cytokines were
kept at 4°C up to 2 weeks. Cytokines were used at the following final
concentrations: IL-6 (2 ng/ml), IL-8 (10 ng/ml), IL-1a (1.5 ng/ml),
IL-1B (50 pg/ml), GM-CSF (1 ng/ml), and normal human IgG con-
trol (10 ng/ml). Cytokines were added every 2 days, and medium was
changed every 3 to 4 days.

RNA extraction, reverse transcription, and PCR

Adherent cells were washed in PBS (Eurobio Scientific); TRIzol re-
agent (Merck Millipore) was then added. After sorting, cells were
directly centrifuged and washed before TRIzol was added. Total
RNA was isolated using the TRIzol reagent according to the manu-
facturer’s instructions. Total RNA concentration and purity were
determined from absorbance at 260 and 280 nm using a ND-1000
NanoDrop spectrophotometer. Reverse transcription (RT) was per-
formed with 300 ng to 1 pg of RNA using a cDNA RT kit (Maxima
cDNA synthesis kit, Thermo Fisher Scientific). qPCR analysis was
performed with 3 pl of a 1:10 dilution of the resulting cDONA. DNA
amplification was monitored by real-time PCR with a CFX96 in-
strument (Bio-Rad) and analyzed with Bio-Rad CFX manager soft-
ware. The relative quantification of gene expression was performed
using the comparative threshold cycles (Cr) method, with normal-
ization of the target gene to Hypoxanthine Phosphoribosyltransfer-
ase 1 (HPRT1) housekeeping gene.

The list of primer sequences used for Q-PCR analysis is as fol-
lows: human ZEB1, 5'-AGGGCACACCAGAAGCCAG-3’ (forward)
and 3'-GAGGTAAAGCGTTTATAGCCTCTATCA-5' (reverse); hu-
man ZEB2, 5'-AAGCCAGGGACAGATCAGC-3’ (forward) and
3’-GCCACACTCTGTGCATTTGA-5' (reverse); human SNAII,
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5'-GCTGCAGGACTCTAATCCAGA-3’ (forward) and 3'-ATCTCCG-
GAGGTGGGATG-5' (reverse); human SNAI2, 5'-TGGTTGCTTCAA-
GGACACAT-3' (forward) and 3'-GTTGCAGTGAGGGCAAGAA-5’
(reverse); human TWIST1, 5'-GGCTCAGCTACGCCTTCTC-3’
(forward) and 3'-CCTTCTCTGGAAACAATGACATCT-5' (re-
verse); human TWIST2, 5'-CATGTCCGCCTCCCACTA-3’ (for-
ward) and 3'-GCATCATTCAGAATCTCCTCCT-5’ (reverse); and
human HPRT1, 5'-TGACCTTGATTTATTTTGCATACC3’ (for-
ward) and 3'-CGAGCAAGACGTTCAGTC-5’ (reverse).

TagMan qRT-PCR assay was used for detection of mature mi-
croRNAs. Reagents, primers, and specific probes for miR-200c and
miR-141 were obtained from Applied Biosystems. RT reactions and
real-time qPCR were performed according to the manufacturer’s
protocols from 40 ng of RNA per sample. RNU48 was used as a
loading control. Relative expression was determined by the AACt
method, normalized to the expression of HPRT'1 housekeeping gene
for ZEBI1, ZEB2, and SNAI2 mRNA, and to RNU-48 for miR200c
and miR141.

Immunoblot analysis

Cells were washed in PBS with CaCl, and lysed in a radioimmunopre-
cipitation assay buffer [100 mM NaCl, 1% NP-40, 0.1% SDS, and
50 mM tris (pH 8)] supplemented with protease inhibitor cocktail
(tablets, Roche), phenylmethylsulfonyl fluoride (Merck Millipore),
and a phosphatase inhibitor cocktail (Merck Millipore). Cells were
scratched at 4°C, and lysed cells were sonicated. Protein concentra-
tion was dosed with the Bio-Rad Protein Assay Dye Reagent (Bio-Rad).

Primary antibodies used include anti-ZEB1 (Merck Millipore, no.
HPA027524), anti-ZEB2 (Merck Millipore, no. HPA003456), anti-
SNAIL*SLUG (Abcam, no. ab85936), anti-phospho-p44/42 MAPK
[extracellular signal-regulated kinase 1/2 (Erk1/2)] ('IhrZOZ/TyrZM)
(Cell Signaling Technology, no. 4370), anti-p44/42 MAPK (Erk1/2)
(Cell Signaling Technology, no. 9102), anti-RAS (G12V mutant spe-
cific) (Cell Signaling Technology, no. 14412), anti-glyceraldehyde-
3-phosphate dehydrogenase (Merck Millipore, no. ABS16), and
anti-tubulin (Sigma-Aldrich, no. T7816).

Secondary antibodies used were horseradish peroxidase—conjugated
goat anti-mouse (Santa Cruz Biotechnology, no. sc-2005) or mouse
anti-rabbit polyclonal antibodies (Santa Cruz Biotechnology, no.
sc-2357). Western blots were revealed using a Western blot luminol
reagent kit (Bio-Rad). Luminal signal was detected by ChemiDoc
(Bio-Rad). Post-analysis was done with ImageLab software 6.0.1
(Bio-Rad).

Flow cytometry analysis and sorting

For CD44/CD24/CD104 or EpCAM staining, cells were stained
with primary antibodies from Miltenyi Biotec: anti-CD44-labeled
fluorescein-5-isothiocyanate (clone REA690, dilution 1:400), anti-
CD24-labeled phycoerythrin (clone 32D12, dilution 1:50), anti-CD104
(Integrin 4)-allophycocyanin (clone: REA236, dilution 1:400), or anti-
CD326 (EpCAM)-allophycocyanin (clone REA764, dilution 1:400).
For analyzing GFP- or dsRED-tagged cells, anti-CD44-Brilliant Violet
421 (clone BJ18, dilution 1:50; Ozyme) and anti CD24-allophycocyanin
(clone ML5, dilution 1:100; Ozyme) were used.

Fresh cells were washed once in PBS, stained protected from
light at 4°C for at least 1 hour, and then washed again with PBS three
times. A FACSCanto II cytometer (Becton Dickinson) or BD LSR
Fortessa (Becton Dickinson) was used for data acquisition alongside
Diva software. The cytometer was calibrated daily using Cytometer,
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Setup, and Tracking (CST) beads (Becton Dickinson) according to
the manufacturer’s instructions. Sample acquisition was made at a
medium flow rate and set to record the highest number and identi-
cal number of events possible for each condition. Post-analysis was
done using FlowLogic software (Miltenyi Biotec). Antibody valida-
tion information is available on the manufacturers’ websites. Cell
sorting was performed using Bio-Rad S3 (Bio-Rad) for GFP- and
dsRED-tagged cells after cell infection. For all other sorting experi-
ments, FACSAria III (BD Biosciences) was used.

Statistical analysis

For all biological experiments, significance testing was performed using
Prism Software version 7.0 (GraphPad). P values were calculated by one-
way analysis of variance (ANOVA) and Tukey multiple comparisons test
or Student’s ¢ test as specified in the figure legends. Kinetics analysis data
were plotted as median + range and showing all points. P values of <
0.05 were considered significant. All statistical tests are two-tailed.

Bioinformatics analysis on breast cancer dataset

Samples and statistics

Breast tumor samples used in this study are from METABRIC (30)
and TCGA Research Network (www.cancer.gov/tcga). Cohorts and
breast cancer cell lines are from CCLE database (31). All analyses,
statistical tests, and figures were realized using either the R software
(version 3.6.1) or GraphPad Prism 8.0 (GraphPad Software Inc., San
Diego, USA). All statistical tests are two-tailed.

Expression data processing

METABRIC microarray expression data from discovery and valida-
tion sets were extracted from the EMBL-EBI archive (EGA; www.
ebi.ac.uk/ega/; accession number: EGAS00000000083) (normalized
expression data files) (30). Normalized expression data per probe of
the discovery set and the validation set were combined after inde-
pendent normalization of each set with a median z-score calculation
for each probe. The expression levels of different probes associated
with the same Entrez Gene ID were averaged for each sample to
obtain a single expression value by gene.

TCGA Breast Cancer (BRCA) RNA-seq expression data were ex-
tracted as fragments per kilobase million (FPKM) values from the
Genomic Data Commons (GDC) data portal (https://portal.gdc.
cancer.gov/). FPKM data by gene were converted to transcript per
million (TPM) as follows: for each gene g € G and each samples € S

FPKM(g, s)
G

2 FPKM(i, s)
i=1

TPM(g, s) = x 10°

RNA-seq expression data from the CCLE breast cell lines were
extracted as reads per kilobase million (RPKM) values from the
CCLE data portal (https://portals.broadinstitute.org/ccle). RPKM
data by gene were converted to TPM as follows: for each gene g€ G
and each samples € S

RPKM(g, s)
G
Z RPKM(, s)
i=1

TPM(g,s) = x 10°
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Molecular breast cancer subtype assignment
For both tumors and cell lines, attribution of breast cancer molecular
subtypes was performed using the R package genefu (80). Basal-like,
luminal A, luminal B, Her2, and normal-like subtype assignments
were computed from five different algorithms (PAM50, AIMS,
SCMGENE, SSP2006, and SCMOD?2) (81-85). An assignment was con-
sidered final if defined by at least three different algorithms. In case
of divergence between classifiers, PAM50-subtype attribution was
used. For METABRIC and TCGA breast tumors, classification as a
CL subtype was defined by nearest centroid method. For this, the
Euclidean distance between each tumor sample and the previously
described CL and non-CL tumor centroids was determined using the
1667 genes defined by Prat et al. (28) as “significantly differentially
expressed” between CL tumors and all other molecular subtypes.
For CCLE breast cancer cell lines, CL status assignment was per-
formed using the nine-cell line predictor via the R package genefu (80).
Pathway analysis
ssGSEA scores were computed through gsva R package (86) using
gene signatures from the MSigDB (msigdbr R package) (87). Pan-
cancer transcriptomic EMT signature defined by Tan et al. (29) was
used to compute EMT scores for each sample.

Single-cell transcriptome analysis
Sample preparation
Full-length scRNA-seq libraries were prepared using the Smart-seq2
protocol (88) with minor modifications. Briefly, freshly harvested
single cells were sorted into 96-well plates containing the lysis buffer
[0.2% Triton X-100 and RNase inhibitor (1 U/pl); Thermo Fisher
Scientific). RT was performed using SuperScript II (Thermo Fisher
Scientific) in the presence of 1 pM oligo-dT30VN (IDT), 1 pM
template-switching oligonucleotides (QIAGEN), and 1 M betaine.
cDNA was amplified using the KAPA Hifi Hotstart ReadyMix
(Roche) and IS PCR primer [Integrated DNA Technologies (IDT)],
with 23 cycles of amplification. Following purification with Agen-
court Ampure XP beads (Beckmann Coulter), product size distribu-
tion and quantity were assessed on a Bioanalyzer using the High
Sensitivity DNA Kit (Agilent Technologies). A total of 140 pg of the
amplified cDNA was fragmented using Nextera XT (Illumina) and
amplified with Nextera XT indexes (Illumina). Products of each well
of the 96-well plate were pooled and purified twice with Agencourt
Ampure XP beads (Beckmann Coulter). Final libraries were quanti-
fied and checked for fragment size distribution using the Bioana-
lyzer High Sensitivity DNA Kit (Agilent Technologies). Pooled
sequencing of Nextera libraries was carried out using a HiSeq4000
(Ilumina) to an average sequencing depth of 0.5 million reads per
cell. Sequencing was carried out as paired-end reads of 75-base pair
length (PE75) with library indexes corresponding to cell barcodes.
Data processing
For the Smart-seq2 single-cell samples, quality check of the se-
quenced reads was performed with the FastQC v0.11.8 software to
ensure the quality standards. Next, reads were aligned on the human
genome (hg38) using STAR v2.7.0f (default parameters) (89). Raw
counts for each gene were also computed by STAR, using the gen-
code V29 annotations.

Counts data for each cell of the same plate were grouped together.
Single-cell analysis
Quality control for the data was performed using the R packages
scater (90) and scran (91). To eliminate low-quality data, we excluded
cells with gene counts less than 3000 or greater than 7000. Genes
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expressed in less than 5% of cells were also removed. No further filter-
ing was necessary. Subsequently, all cell data were consolidated into a
unified matrix and normalized using the logNormCounts method.
Using the 500 most variable genes, we conducted PCA and UMAP
dimension reduction. Data clustering was carried out using the build-
KNNGraph method with a parameter of K = 15. Signature scores for
individual cells were obtained through the ssGSEA method from the
GSVA package (86), except for the Jean-Paul Thierry EMT signature,
for which we used the published cell line method (29).

The identification of gene markers for each data cluster was ac-
complished using the Seurat (92) package’s FindMarkers method, us-
ing the Model-based Analysis of Single-cell Transcriptomics (MAST)
method. Top marker genes from each cluster were selected on the
basis of criteria of a P value less than 0.001 and a fold change greater
than 1 or less than —1. Enriched pathways within these genes were
investigated using the clusterProfiler package (93) and the Hallmark,
C2, and C5 genesets from MSigSB (94).

We generated a diffusion map using the R package Destiny (95),
using the 50 principal component axes as input and setting a k pa-
rameter of 15. For trajectory analysis on the established data clusters
that underwent PCA dimension reduction, the slingshot method
(96) was used. Significance of cluster cell composition at different
time points was assessed using scCODA (97). Velocity analyses were
carried out by applying velocyto (98) to the BAM files, followed by
analysis using the scVelo Python package (99).

Single-cell analysis with partial cell-cycle regression

Data from all cells were pooled into a single matrix and normalized
using Scater logNormCounts method. The data were then scaled,
and the cell cycle effect was reduced by regressing with the differ-
ence between the S and G,-M scores of each cell. Using the 300 most
variable genes, we calculated the PCA and UMAP dimension reduc-
tions. We then clustered the data with Seurat’s FindClusters method,
using the first 15 PCA axes, a k parameter of 15, and Leiden’s algo-
rithm with a resolution of 0.25. Marker genes were called for each
cluster using the FindMarkers method and the parameters test.
used = MAST and min.pct = 0.1, logfc.threshold = 0.1. Genes were
then selected for pathway analysis with a minimum log; fold change
of 0.6 and an adjusted P value < 0.001. Overrepresentation analysis
of pathways in marker genes was performed with the enricher func-
tion of the clusterProfiler R package, using gene sets from the Hall-
mark, C2, and C5 MSigDB database.

Supplementary Materials
This PDF file includes:

Figs.S1to S8

Legends for tables S1 to S8

Other Supplementary Material for this manuscript includes the following:
Tables S1to S8
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