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Abstract 

Cancer stem cells (CSC) are considered responsible for tumor initiation, therapeutic 

resistance, and metastasis. A comprehensive knowledge of the mechanisms governing the 

acquisition and maintenance of cancer stemness is crucial for the development of new 

therapeutic approaches in oncology. E2A basic helix-loop-helix (bHLH) transcription factors 

are associated with epithelial-mesenchymal transition (EMT) and tumor progression, but 

knowledge of their functional contributions to cancer biology is still limited. Using a 

combination of in vivo and in vitro analyses in a novel PyMT-E2A conditional knockout 

mouse model and derived primary tumor cell lines, we report here an essential role of E2A in 

stemness, metastasis, and therapeutic resistance in breast cancer. Targeted deletion of E2A in 

the mammary gland impaired tumor initiating ability and dedifferentiation potential and 

severely compromised metastatic competence of PyMT-driven mammary tumors. 

Mechanistic studies in PyMT-derived cell lines indicated that E2A actions are mediated by 

the upregulation of Snai1 transcription. Importantly, high E2A and SNAIL1 expression 

occurred in aggressive human basal-like breast carcinomas, highlighting the relevance of the 

E2A-Snail1 axis in metastatic breast cancer. In addition, E2A factors contributed to the 

maintenance of genomic integrity and resistance to PARP inhibitors in PyMT and human 

triple-negative breast cancer cells. Collectively, these results support the potential for E2A 

transcription factors as novel targets worthy of translational consideration in breast cancer. 

 

Statement of significance 

These findings identify key functions of E2A factors in breast cancer cell stemness, 

metastasis, and drug resistance, supporting a therapeutic vulnerability to targeting E2A 

proteins in breast cancer. 
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Introduction 

Metastasis and therapeutic resistance are major challenges in present oncology. Both 

processes depend on a small subset of tumor cells (cancer stem cells [CSCs]) endowed with 

unlimited self-renewal, high invasive properties and resistance to standard cancer therapies (1, 

2). However, the molecular mechanisms underlying CSC biology and their similarities with 

those operating in normal stem cells are not completely understood (1, 3). Epithelial-

mesenchymal transition (EMT) is a cell-plasticity program that enables epithelial cells to shift 

toward a mesenchymal-like phenotype with increased migratory and invasive abilities that 

facilitate metastatic dissemination (4, 5). Induction of EMT relies on several signaling 

pathways that impinge on a series of EMT-transcription factors (EMT-TFs) that are 

differently expressed in a tissue- and tumor-dependent context (4, 6, 7). EMT has also been 

associated with the acquisition of stem cell-like properties and therapeutic resistance in 

several types of carcinomas (8, 9). In particular, Twist and Snail EMT-TFs promote the 

expression of stem cells markers and confer tumor-initiating activity to normal and 

transformed mammary epithelial cells (MECs) (10-12), indicating a tight interconnection 

between EMT and the CSC phenotype. Nevertheless, the link of EMT with stemness and 

metastasis is still under debate (13-15). Regarding breast cancer (BC), distinct CSC 

subpopulations coexist within mammary tumors displaying different capacities to initiate 

primary tumors (tumor-initiating cells [TICs]) or metastatic foci (metastasis-initiating cells 

[MICs]) (16). In this scenario, EMT has been described to promote MIC over TIC activity 

(16) or to become irrelevant for stemness-enhanced metastatic outgrowth of early-

disseminated breast tumor cells (15). Thus, a better understanding of the contribution of EMT 

to breast CSC activity, together with the characterization of the specific role of distinct EMT-

TFs in tumor and metastasis initiation are required.  
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E2A proteins (E12/E47), members of the basic Helix–Loop–Helix (bHLH) TF family, are 

encoded by the E2A gene (also known as TCF3) and generated by differential splicing (17). 

They critically control transcriptional programs that promote commitment and differentiation 

of the B- and T-cell lineages (18) and participate in the maintenance of the hematopoietic 

stem cell pool (19), being defects in their expression associated with B- and T-cell leukaemias 

(18, 20). The E47 isoform is a potent E-cadherin repressor and EMT inducer (21), promoting 

a specific EMT-genetic program and distinct invasive properties compared to Snail1/Snail2 

(22, 23). In addition, E47 interacts with Lysyl oxidase-like 2 (LOXL2), a key driver of 

metastatic BC (24), and participates in pre-metastatic niche formation in syngeneic BC 

models (25). Although E2A expression associates with poor prognosis in human breast 

carcinomas (26), the implication of E2A proteins in BC stemness is still unknown.  

 

To evaluate the contribution of specific EMT-TFs, in particular E2A factors, to breast CSC 

biology we generated conditional E2A knock-out mice in the context of the MMTV-PyMT 

model of BC. Using a combination of in vivo and in vitro studies in this mouse model and in 

primary tumor cells, we here define E2A factors as key regulators of stemness and metastatic 

competence of BC cells. Mechanistically, E2A proteins favor tumor progression by enhancing 

Snai1 transcription. Noticeably, E2A and SNAIL1 are co-expressed in human basal-like 

breast tumors, reinforcing the biological relevance of the epistatic E2A-Snail1 axis. Moreover, 

E2A participates in the control of genome stability and favors resistance of BC cells to the 

PARP inhibitor olaparib. Collectively, these data define the role of a novel E2A-Snail1 axis in 

metastatic BC that can be exploited in future therapeutic strategies. 

 

Materials and Methods  
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Human tumor samples 

A total of 11 infiltrating ductal breast carcinomas (IDBC) were acquired from the MD 

Anderson Cancer Center Biobank (record number B.0000745, ISCIII National Biobank 

Record). All tumors were grade 3 and classified with basal-like phenotype following the 

recommendation described on (27). Patients’ underwent surgery between 2013 and 2020. The 

mean patient age at surgery was 67.6 years (range to 41 to 93 years). Written informed 

consent was obtained from the patients. This study was performed following standard ethical 

procedures of the Spanish regulation (Ley de Investigación Orgánica Biomédica, 14 July 

2007) and was approved by the ethic committees of the MD Anderson Cancer Center Madrid, 

Spain.  

 

Mice 

MMTV-PyMT strain was purchased from Jackson laboratory and MMTV-Cre mice were 

provided by the CNIO Transgenic Unit. Transgenic mice carrying E2A floxed alelles were 

kindly provided by Dr. Y Zhuang (28). PyMT mice harboring conditional deletion of E2A in 

the mammary gland were generated by intercrossing MMTV-Cre
+/+

;E2A
Floxed/Floxed

 females 

with MMTV-PyMT
+/T

;MMTV-Cre
+/T

;E2A
Floxed/Floxed 

males. MMTV-PyMT
+/T

;MMTV-

Cre
+/+

;E2A
Floxed/Floxed

 littermates females were used as controls. Mice were bred in a mixed 

genetic background (50% FVB and 50% mix from C57BL/6, CD1 and 129v strains). 

Experiments were conducted in accordance with protocols approved by the Use Committee 

for Animal Care from the UAM (Ref# CEI-25-587) and the Comunidad de Madrid (PROEX 

122/17). For tumorigenesis studies, females were examined twice a week for tumor 

development by palpation and, unless otherwise specified, sacrificed at 14-weeks of age. 

Small pieces were taken from each tumor for genotyping and RNA and protein analyses, and 

the remnants were included in OCT and paraffin blocks. For metastasis determination, 
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animals were sacrificed at 16-weeks of age, and lungs were paraffin-embedded. The 

investigators were not blinded to genotype allocation during experiments and outcome 

assessment. No randomization method was used as mice were segregated into groups based 

on genotype. 

 

Genotyping 

Primers for conventional PCR-based genotyping of tail genomic DNA are described in 

Supplementary Table S1. 

 

Isolation and flow cytometry analysis of mammary epithelial cells (MECs)  

MECs were obtained by mechanical dissociation of mammary glands from 5/9-weeks old 

virgin females as described (29). For flow cytometry, single cell suspensions were stained 

with CD45/CD31/CD24/CD49f or CD45/CD31/CD24/CD90 combinations of conjugated 

antibodies (Supplementary Table S2). Labeled cells were analyzed and sorted on BD 

FACSCantoII and FACSVantage flow cytometers (BD Biosciences), respectively.  

 

Human cell lines 

MDA-MB-468 and HCC1937 human BC cell lines were obtained from ATCC and cultured as 

detailed in Supplementary Data. All experiments were performed within 3-8 passages after 

thawing. Cells were authenticated by STR profiling and routinely tested for mycoplasma 

contamination.  

 

Mammosphere assays 

Freshly isolated MECs and stable neoplastic cell lines (NCs) were seeded at a density of 

5x10
3
 cells/well on ultralow-adherence 24-well plates (Corning Inc.) in mammosphere 
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growing media (30) (see Supplementary Data for details). Every 10 days, mammospheres 

were dissociated with 0.05% trypsin (Thermo Fisher Scientific) and single cell suspensions 

reseeded and cultured. Mammosphere number was estimated with ImageJ free software (“Cell 

Counter” plugin) (v1.47d).  

 

Transplantation experiments 

Sorted CD24
+
/CD49f

low
 MECs or dissociated first generation (1stG) mammospheres from 

NCs were transplanted into the inguinal fat pads of 3-weeks old Swiss-Nude females (Charles 

River Laboratories) cleared of endogenous epithelium as described (31). Development of 

tumors was monitored three times a week by palpation and outgrowths analyzed 12 weeks 

after injection. Repopulating unit frequency was calculated with Extreme Limiting Dilution 

Analysis software (32).  

 

Protein extraction from human tumor samples 

Ten sections (10µm thick) of OCT-embedded human tumors were collected, washed 

repeatedly with PBS to remove excess preservative and lysed on Urea-Thiourea-Hepes Lysis 

Buffer [7 M urea, 2 M thiourea and 50 mM Hepes pH 7.2], containing 2% N-octylglucoside, 

15 mM TCEP-HCl and 0.1 mg/ml DNAse I, using an Eppendorf pellet pestle. After 

centrifugation at 13,000 rpm for 20 min at 4º C, supernatants were collected and protein 

concentration was determined using Pierce 660 nm Protein Assay kit (Thermo Fisher 

Scientific). 

 

Metaphase-spread preparation and analysis 

Subconfluent cultured cells were treated with 100 ng/ml of colcemid for 2 h and collected by 

trypsinization. Cellular pellets were hypotonically swollen in 75 mM KCl for 10 min at 37º C, 
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fixed in an ice-cold fixative solution (75% methanol-25% acetic acid), washed and spread on 

glass slides. Cells were then steam-treated for 5 s, heat-dried and stained with mounting media 

containing DAPI (4’,6-diamidino-2-phenylindole). Spreads were imaged using Cytovision 

GSL 120 scanning system for karyotyping (Leica Microsystems). At least 50 spreads were 

analyzed in every experiment and chromosome number was determined with ImageJ software 

(“Cell Counter” plugin). 

 

In silico expression analyses 

To assess E2A and SNAI1 mRNA expression in human BC, an in silico study on 499 IDBC 

were selected from The Cancer Genome Atlas (TCGA) cohort dataset (33). First, E2A 

microarray expression was log2 transformed (+0.25 to avoid zero misspecifications) and 

quartile normalized. SNAI1 expression was then evaluated on tumors previously categorized 

according to E2A expression as “high” if the value was within the third percentile (top 25% 

expression from all analyzed samples, n=125), and as “low” when below the second quartile 

(bottom 25% expression, n=125). A Pearson correlation was calculated to estimate the 

significance between both genes (P-value <0.05). Furthermore, tumor samples were 

subclassified on Normal-Like, Luminal A-B, HER2-enriched and Basal-like phenotypes using 

PAM50 criteria (34), available for each case in the cBioPortal (https://www.cbioportal.org/) 

(35). Each breast tumor subtype was also classified as “E2A/SNAI1 high” (top 25% 

expression, n=38) and the rest named as “E2A/SNAI1 low” (n=52) for studying the correlation 

with BC phenotype. An adjusted for multiple testing using the False Discovery Rate (FDR) 

method with an adjusted P-value <0.05 was used. Box and whisker plot analysis were carried 

out using the GraphPad PRISM 5.0 software (https://www.graphpad.com/scientific-

software/prism/). Mutual exclusivity analysis between E2A expression and mutational status 

of BRCA1/2 was done using cBioPortal criteria in 463 IDBC from TCGA dataset (33). This 
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analysis tests three pairs (E2A expression and BRCA1/2 mutated or not) in the OncoPrint tool. 

Representation was done indicating the presence or absence of each track (neither of them, 

E2A not BRCA1/2, BRCA1/2 not E2A, and both E2A and BRCA1/2). The Log2 Odds Ratio 

was used for the estimations of co-occurrence.  

 

Statistics and reproducibility 

Unless otherwise stated, numerical data are expressed as mean ± SEM. Sample sizes, number 

of replicates and normalization methods are indicated in each figure legend. No statistical 

methods were used to pre-determine sample/group sizes. Statistical analyses were performed 

as described in each figure legend using GraphPad PRISM 5.0 software. The statistical 

significance of difference between groups is indicated by asterisks (*, 0.01 < P < 0.05; **, 

0.001 < P < 0.01; ***, P < 0.001). 

 

Supplementary Materials and Methods 

Protocols for: mammosphere and human tumor cells culture, generation of immortalized 

neoplastic cells, viral transductions, whole-mount mammary glands studies, spontaneous and 

experimental metastasis assays, generation of mSnai1-promoter vectors and promoter activity, 

invasion, proliferation and cell cycle analysis, RT-qPCR, histology, immunofluorescence and 

additional immunological analyses are described in Supplementary Data. List of secondary 

antibodies (Table S3) and primers used for RT-qPCR analysis (Table S4) are also included in 

Supplementary Data. 

 

Results 

Conditional deletion of E2A does not affect mammary gland morphogenesis 
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To evaluate if E2A proteins are required for mammary gland development, we first analyzed 

the impact of E2A deletion in mammary gland morphogenesis. E2A
Floxed/Floxed

 mice (28) were 

crossed with MMTV-Cre mice to target Cre-recombinase expression to the mammary 

epithelium (Supplementary Fig. S1A). E2A deletion was restricted to the mammary glands of 

MMTV-Cre
+/T

;E2A
Floxed/Floxed

 mice (E2A
KO

), while tissue from MMTV-Cre
+/+

;E2A
Floxed/Floxed

 

control littermates (E2A
Floxed

) was not affected (Supplementary Fig. S1Band C). Next, we 

performed X-Gal staining of the mammary epithelium from 9-weeks old females (Fig. 1A and 

B). Since -Galactosidase reporter is present in the E2A
Floxed

 allele
 
(28), X-Gal positivity 

indicates Cre-recombinase expression and active E2A promoter activity in the E2A
KO

 

mammary epithelium. Most basal (cytokeratin-5 positive, K5) cells displayed intense X-Gal 

staining (Fig. 1A and B), while luminal (cytokeratin-8 positive, K8) cells showed X-Gal 

positivity only in some ducts (Fig. 1A, right; and B, bottom). MECs obtained from 9-weeks 

old females were then sorted using markers of luminal (CD24
+
/CD49f

low
) and basal 

(CD24
+
/CD49f

high
) epithelial subsets (29). The percentage of CD24

+
/CD49f

low
 and 

CD24
+
/CD49f

high
 subpopulations was comparable between E2A

Floxed
 and E2A

KO
 mice (Fig. 

1C and D). Consistent with X-Gal staining, RT-qPCR analysis revealed that E2A mRNA 

levels were notably higher in the basal than in the luminal population of control mammary 

glands (Fig. 1E). E2A expression was significantly reduced in both populations from E2A
KO

 

mammary glands (Fig. 1E), indicating Cre-recombinase activity in both cell layers of the 

mammary epithelium.  

 

We then investigated whether in vivo deletion of E2A alters mammary gland development 

since E47-mediated regulation of mammary epithelial branching morphogenesis has been 

described in 3D-organotypic cultures (36). Whole-mount analysis of mammary glands from 

virgin females at different developmental stages showed no defects in architecture, duct 
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density or side branching in mammary glands from E2A
KO

 compared to E2A
Floxed

 mice (Fig. 

1F). Collectively, these results indicate that specific deletion of E2A in the mammary 

epithelium does not alter mammary ductal morphogenesis and validate E2A
KO

 transgenic-

strain as a suitable model to study the role of E2A EMT-TFs in tumorigenesis and metastasis. 

 

Ablation of E2A in the mammary epithelium restrains PyMT-driven tumorigenesis 

To analyze in vivo the role of endogenous E2A proteins in tumor progression and metastasis 

the conditional E2A
KO

 strain was crossed with MMTV-PyMT mice, an established model of 

metastatic BC (37) (Supplementary Fig. S2A and S2B). Specific deletion of E2A in MMTV-

PyMT
+/T

;MMTV-Cre
+/T

;E2A
Floxed/Floxed

 mice (PyMT-E2A
KO

) was accompanied by reduced 

levels of E2A mRNA and protein within tumor tissue compared to MMTV-PyMT
+/T

;MMTV-

Cre
+/+

;E2A
Floxed/Floxed

 control cohort (PyMT-E2A
Floxed

) (Fig. 2A; Supplementary Fig. S2C). Of 

note, PyMT expression was comparable between PyMT-E2A
Floxed

 and PyMT-E2A
KO

 primary 

lesions (Supplementary Fig. S2D and S2E), demonstrating no interference between the 

MMTV-promoters driving PyMT and Cre-recombinase expression. Similar to the 

observations made in E2A
KO

 mice, X-Gal-positive cells preferentially accumulated in the 

basal layer of PyMT-E2A
KO

 pre-tumoral mammary epithelium, with luminal cells displaying 

a weaker staining (Fig. 2B, left). However, in hyperplastic and tumor lesions the majority of 

epithelial cells were X-Gal-positive, suggesting an increase in E2A expression with tumor 

progression (Fig. 2B, left (boxed area) and right panel). Indeed, upregulation of E2A mRNA 

occurs in tumors (14-weeks) compared to mammary glands (9-weeks) from PyMT-E2A
Floxed

 

mice (Supplementary Fig. S2F). 

 

Compared to the control group, PyMT-E2A
KO

 animals showed a significant delay in tumor 

latency (Fig. 2C). Likewise, whole-mounts of PyMT-E2A
KO

 mammary glands at 9-weeks of 
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age exhibited a marked reduction in the fat pad area occupied by the lesion compared to 

glands from PyMT-E2A
Floxed

 mice (Fig. 2D-G). According to their multifocal origin (38), 

PyMT-E2A
Floxed 

and PyMT-E2A
KO

 lesions showed multiple stages of tumor progression (Fig. 

2F and H). PyMT-E2A
Floxed

 glands contained only 10% of normal epithelial tissue, while 46% 

and 44% of the epithelial component corresponded to in situ and invasive carcinomas, 

respectively. In contrast, PyMT-E2A
KO

 glands presented an increase in normal epithelial 

structures (23%) and reduced invasive component (32%) (Fig. 2F and H). Histological 

differences were also found in invasive lesions originated by each cohort. Tubular features 

were increased in PyMT-E2A
KO

 tumors, while papillary/cystic and solid adenocarcinomas 

were more prevalent in PyMT-E2A
Floxed

 tumors (Supplementary Fig. S2G). Additionally, 

more than 91% of PyMT-E2A
Floxed

 tumors contained fibrotic areas, while fibrosis decreased 

to 42% in PyMT-E2A
KO 

tumors (Supplementary Fig. S2H and S2I). These results suggest that 

at early stages PyMT-E2A
KO

 tumors exhibit a more differentiated phenotype than their 

corresponding controls. Indeed, expression of the luminal differentiation marker Csn2 (β-

casein) was increased, concomitantly with other caseins, in PyMT-E2A
KO

 tumors 

(Supplementary Fig. S2J).  

 

At 14-weeks of age, tumors from PyMT-E2A
KO

 mice
 
were smaller than those from PyMT-

E2A
Floxed

 controls
 

(Fig. 2I), although advanced lesions from both genotypes displayed 

extensive areas of high-grade carcinomas and little positivity for estrogen (ER), progesterone 

(PR) and HER2/neu receptors (Supplementary Fig. S2K and S2L), in line with previous 

reports and a luminal B-like phenotype (38, 39). Collectively, these results indicate that E2A 

proteins control breast tumor-initiation and promote progression to a more dedifferentiated 

phenotype.  
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Deletion of E2A
 
impairs self-renewal of PyMT-induced CSCs and favors a luminal 

differentiation fate 

We next investigated whether E2A factors regulate tumor initiation of PyMT-tumor cells by 

controlling the expansion and activity of CSCs. MECs were recovered from 9-weeks old 

PyMT-E2A
Floxed

 and PyMT-E2A
KO

 mammary glands and profiled using CD24
 
and CD49f 

surface markers. Consistent with the luminal-like expression profile of PyMT tumors (39), 

PyMT-E2A
Floxed

 and PyMT-E2A
KO

 pre-neoplastic tissues showed a dramatic expansion of the 

CD24
+
/CD49f

low
 luminal component, being the CD24

+
/CD49f

high
 basal subpopulation almost 

undetectable (Fig. 3A and B, compare to Fig. 1C and D). No differences were observed in the 

percentage of CD24
+
/CD49f

low
 or CD24

+
/CD49f

high
 cells between PyMT-control and PyMT-

E2A
KO

 mice (Fig. 3B), although PyMT-E2A
Floxed

 mammary glands contained a larger 

absolute number of luminal epithelial cells (Fig. 3C), consistent with histological analyses of 

9-weeks old mammary glands (Fig. 2D-G). In contrast, the CD24
+
/CD90

+
 subpopulation, 

reported to exhibit CSC properties in the PyMT model (40), was reduced in PyMT-E2A
KO

 

mammary glands (Supplementary Fig. S3A and S3B), suggesting a role for E2A TFs in the 

regulation of CSC expansion and self-renewal capacity.  

 

The effect of E2A on the TIC potential of pre-neoplastic glands was investigated by 

mammosphere-formation assays with luminal cells isolated from 9-weeks old PyMT-

E2A
Floxed

 and PyMT-E2A
KO

 mammary glands. E2A-deficient cells showed decreased 

mammosphere-forming activity across several generations compared to E2A-proficient cells 

(Fig. 3D and E). Remarkably, mammospheres from PyMT-E2A
Floxed

 glands contained both 

luminal K8 and basal K5 expressing cells, while mammospheres from PyMT-E2A
KO

 glands 

consisted essentially of cells expressing K8 (Fig. 3F). RT-qPCR analysis confirmed decreased 

expression of basal cytokeratins (K5, K14) in E2A-deficient mammospheres, while K18 
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expression augmented (Fig. 3G). Mammary basal cells display some EMT-related features 

(12, 41, 42). Consistently with its higher content in basal cells, PyMT-E2A
Floxed

 

mammospheres showed increased expression of mesenchymal markers and EMT-TFs 

(Supplementary Fig. S3C). Moreover, primary lesions from 9-weeks old PyMT-E2A
Floxed

 

mice displayed increased number of basal K5-positive cells compared to PyMT-E2A
KO

 

tumors (Fig. 3H and I), reinforcing the participation of E2A proteins in the specification or 

maintenance of the basal cell linage. 

 

The in vivo effect of E2A deletion on TIC capacity was then explored by transplantation 

experiments of freshly isolated PyMT-tumor cells. Primary PyMT-E2A
KO

 cells showed 

substantially less tumor-repopulating ability compared to PyMT-E2A
Floxed

 cells, as revealed 

by reduced tumor incidence at limiting dilution assays (Fig. 3J, left). Moreover, tumors 

generated from both cell types showed striking changes in their differentiation pattern. 

Tubular features were more prevalent in tumors generated from PyMT-E2A
KO

 cells, while 

papillary/cystic and solid adenocarcinomas predominated in those from PyMT-E2A
Floxed

 cells 

(Fig. 3J, right). Interestingly, 2% of the lesions arising from E2A-proficient cells 

corresponded to squamous-cell carcinomas (SCCs), a poorly differentiated histological 

subtype more frequently observed in tumors derived from basal- and stem-like cells (43). 

Additional transplantation assays performed at higher cell density (to minimize differences in 

TIC frequency) showed that squamous differentiation and necrosis associated with breast 

SCC (44) were frequent in the lesions from PyMT-E2A
Floxed

 cells, but absent in those from 

E2A
KO

 cells (Fig. 3K). Besides, sebaceous-like differentiation, present in some tumors 

originated from basal- and stem-like cells (43), was only detected in some PyMT-E2A
Floxed

 

tumors (Supplementary Fig. S3D). Collectively, these results demonstrate that E2A depletion 
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severely compromises self-renewal activity and dedifferentiation potential of PyMT-derived 

CSC. 

 

E2A proteins are required for lung metastasis of PyMT breast tumors 

Since CD24
+
/CD90

+
 subpopulation has been shown to be specifically enriched in MICs (16, 

40), we next analyzed the incidence of pulmonary metastases in 16-weeks old PyMT-control 

and PyMT-E2A-deficient mice. PyMT-E2A
KO

 females displayed a dramatic reduction in the 

number and size of lung metastatic foci as compared to PyMT-E2A-proficient mice (Fig. 4A-

C), indicating a pro-metastatic action of E2A proteins. To analyze if this effect is cell-

autonomous, we derived two primary neoplastic cell lines (NC-1/NC-2) from independent 

PyMT-E2A
Floxed

 tumors that were subsequently transduced with adenovirus encoding control 

GFP or Cre-recombinase. In vitro excision of E2A alleles was confirmed by RT-qPCR and 

immunoblot analyses (Supplementary Fig. S4A-S4C). E2A-proficient (NC-GFP) and E2A–

deficient (NC-CRE) cells exhibited an epithelial-like morphology and showed no differences 

in their in vitro proliferation rate (Supplementary Fig. S4D and S4E). Spontaneous metastasis 

assays of PyMT-cells (5x10
5
 injected cells/fat pad) showed that control and E2A-deficient 

NCs produced neoplastic lesions with similar kinetics and proliferation pattern, as confirmed 

by immunohistochemical detection of Ki67 (Supplementary Fig. S4F and S4G). However, 

pulmonary metastatic burden decreased significantly in mice injected with NC-CRE cells 

compared to NC-GFP cells (Fig. 4D-F). Notably, some of the mice injected with NC-GFP 

cells also displayed lymph node metastasis and vascular and lymphatic emboli 

(Supplementary Fig. S4H), events not detected in mice injected with NC-CRE cells.  

 

Invasion assays showed reduced invasiveness in NC-CRE cells compared to control 

counterparts (Fig. 4G and H). Experimental metastasis assays also revealed that E2A deletion 
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resulted in abrogation of lung colonization; half of the mice injected with NC-GFP cells 

developed lung macrometastasis while none of the NC-CRE-injected animals displayed 

metastatic foci (Fig. 4I and J). Altogether, these results indicate that E2A proteins are 

necessary for metastatic competence of PyMT breast tumors, likely influencing metastasis-

initiating capacity by cell-autonomous mechanisms. 

 

Snail1 is a transcriptional target of E2A TFs in breast tumors 

To investigate the molecular mechanisms underlying the ability of E2A to modulate TIC and 

MIC capacities, we analyzed the expression of different EMT-TFs previously involved in 

stemness maintenance in breast tumor cells (10-12, 45, 46). Snail1 protein levels decreased in 

NC-CRE compared to NC-GFP cells, while no significant changes were detected in other 

EMT-TFs (Snail2, ZEB1, Twist1). No alterations in E-cadherin content or localization were 

observed, although NC-CRE cells showed reduced N-cadherin expression compared to NC-

GFP cells (Fig. 5A and B; Supplementary Fig. S5A and S5B). Immunofluorescence analyses 

confirmed that NC-CRE cells displayed a marked reduction in nuclear Snail1-positive cells 

compared to NC-GFP cells (Fig. 5C and D). Similar differences were observed in vivo in 

neoplastic glands from PyMT-E2A
Floxed

 and PyMT-E2A
KO

 mice (Fig. 5E; Supplementary Fig. 

S5C and S5D). Decreased Snai1 mRNA levels were also detected in NC-CRE cell lines, as 

well as in luminal cells from PyMT-E2A
KO 

neoplastic glands, regarding their corresponding 

controls (Fig. 5F and G), suggesting that E2A TFs could function as transcriptional activators 

of Snai1 in vitro and in vivo. 

 

Next, the region of the mouse Snai1 promoter containing 7 E-boxes recognized by E2A and 

Twist1 factors during palatal fusion (47) was cloned into a reporter vector (Supplementary 

Fig. S5E and S5F). NC-CRE cells showed a 48% reduction in Snai1-promoter activity 
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compared to NC-GFP cells (Fig. 5H). Besides, transient overexpression of E47 in NC-GFP 

cultures markedly increased Snai1-promoter activity regarding controls (Fig. 5I) depending on 

the E-boxes E3.1 and E3.2 (Fig. 5J; Supplementary Fig. S5F). Collectively, these results 

demonstrate that E47 is a transcriptional activator of Snai1 in PyMT-tumor cells through the 

E3 region of the Snai1-upstream-promoter. Unlike previous findings in other cellular systems
 

(47), no cooperation between E47 and Twist1 was detected in Snai1-promoter activation in 

NC-GFP cells (Supplementary Fig. S5G). In line with these results, transient expression of 

E47 in NC-GFP cells increased endogenous Snai1 mRNA and protein levels compared to 

controls (Fig. 5K; Supplementary Fig. S5H and S5I).  

 

Remarkably, an in silico study on BC data sets from the TCGA (33, 35) revealed a significant 

upregulation of SNAI1 mRNA in IDBC displaying high levels of E2A expression (Fig. 5L). 

Moreover, high co-expression of SNAI1 and E2A was associated with basal-like BC (Fig. 

5M), a triple negative breast cancer (TNBC) subtype, supporting a functional role for the 

E2A-Snail1 axis in this kind of human breast tumors. Immunoblot analysis of both EMT-TFs 

in a representative cohort of basal-like breast tumors revealed a direct correlation between 

E2A and SNAIL1 protein levels (Fig. 5N and O). Additionally, depletion of E2A in two 

human TNBC cell lines, MDA-MB-468 and HCC1937, also decreased SNAIL1 expression 

(Supplementary Fig. S5J and S5K). Altogether, these results demonstrate a novel action of 

E47 as a transcriptional activator of Snai1 in PyMT-tumor cells, and suggest that E2A-TFs 

may contribute to human basal-like BC by enhancing SNAI1 transcription. 

 

The E2A-Snail1 axis boosts self-renewal and metastatic potential of PyMT tumor cells 

To confirm the functional connection between Snail1 and E2A in breast tumor progression, 

rescue studies with Snail1 were performed in PyMT-NCs by retroviral transduction 
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(Supplementary Fig. S6A). Increased Snail1 expression was confirmed in Snail1-infected 

cultures (Snail1) compared to their respective controls (Ø), and to similar levels in NC-CRE 

and NC-GFP cells (Fig. 6A). Analysis of other EMT-TFs revealed increased expression of 

ZEB1 and a sharp decrease in Snail2 levels after Snail1 overexpression (Fig. 6A; 

Supplementary S6B), reproducing the reported switch between Snail2 and Snail1 during 

PyMT-tumor progression (12). Additionally, compared to Ø-controls, Snail1-overexpressing 

cells showed reduced levels and partial membrane delocalization of E-cadherin, and increased 

expression of N-cadherin and vimentin (Fig. 6A; Supplementary Fig. S6B and S6C). These 

changes, together with the acquisition of a more elongated morphology (Supplementary Fig. 

S6D), suggest a transition from an early to a late E/M hybrid phenotype
 
induced by Snail1 

overexpression.  

 

Mammosphere-forming assays showed that NC-CRE cells gave rise to fewer mammospheres 

and exhibited lower expression of basal K5 and K14 cytokeratins than NC-GFP cells 

(Supplementary Fig. S6E-S6H), reproducing the behavior of freshly isolated PyMT-E2A
KO

 

luminal cells (Fig. 3D-G). Remarkably, while E2A deletion decreased mammosphere-forming 

activity of NCs infected with control viruses (Ø), Snail1 overexpression fully restored their 

mammosphere-forming efficiency (Fig. 6B and C) and their impaired K5 expression 

(Supplementary Fig. S6I). Moreover, the decreased tumor-repopulating potential of NC-CRE-

Ø cells was fully rescued by Snail1 overexpression in transplantation experiments (Fig. 6D, 

left). All generated tumors corresponded to high-grade invasive carcinomas, but those derived 

from Snail1-overexpressing cells displayed areas with elongated, less cohesive cells (Fig. 6D, 

right).  
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Finally, Snail1 overexpression in NC-CRE cells completely reestablished their invasive 

abilities to levels similar to those of NC-GFP controls (Fig. 6E) and fully rescued the 

metastatic potential of E2A-deficient cells (Fig. 6F-H). Of note, NC-CRE-Ø cells gave rise to 

fewer and smaller lesions than their corresponding NC-GFP-Ø controls (Fig. 6G and H), 

corroborating results of previous experiments (Fig. 4I and J). Collectively, these data identify 

Snail1 as a critical E2A target, functionally involved in the regulation of major attributes of 

breast CSCs such as self-renewal and metastatic potential. 

 

E2A controls genome integrity and therapeutic response of breast cancer cells 

EMT-TFs have been associated with DNA damage (DD), chromosomal instability (CIN), and 

therapeutic resistance in various types of tumors, including BC (8, 9, 13, 14, 48). More 

specifically, E2A proteins have been previously related to DD and drug resistance in 

hematological malignancies (49, 50), but their contribution to genome integrity and 

therapeutic resistance in BC remains unexplored. To investigate whether E2A factors regulate 

genomic stability of PyMT-tumors, we first studied the existence of chromosomal alterations 

in PyMT-derived cell lines. NC-CRE cells displayed increased numerical chromosomal 

alterations compared to NC-GFP cultures, being near-tetraploid about 40% of the E2A-

deficient cells (Fig. 7A and B; Supplementary Fig. S7A).  

 

Increased ploidy is associated with spontaneous DD and altered DNA damage response 

(DDR) (51, 52). Thus, we next examined the DD status in NCs by detecting γH2AX and 

53BP1 foci as markers of double strand breaks (DSBs) (53). Increased γH2AX/53BP1 foci 

numbers were found in NC-CRE cells (Fig. 7C-E; Supplementary Fig. S7B and S7C) and in 

early primary tumors from PyMT-E2A
KO

 mice (Fig. 7F) compared to their respective 

controls, suggesting that E2A deletion promotes CIN and the accumulation of DSBs in vitro 
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and in vivo. Since Snail1 has been linked to increased genomic instability and resistance to 

DNA-damaging agents (13, 48), we next investigated whether this response was attributable 

to the differential expression of Snail1 between NC-CRE and NC-GFP cells. Noticeably, 

Snail1 overexpression reduced DSBs compared to control condition (Ø), both in NC-GFP-

Snail1 and NC-CRE-Snail1 cells. However, NC-CRE-Snail cells still displayed significantly 

more γH2AX/53BP1 foci than NC-GFP-Snail1 cultures (Fig. 7G-I), indicating that the 

accumulation of DSBs in E2A-defficient cells is partially independent of Snail1 expression. 

 

Increased DD, especially unresolved DSBs, is being exploited as a therapeutic weakness in 

BC and other tumors. In particular, PARP inhibitors (PARPi) are being used for the treatment 

of BC exhibiting defects on homologous recombination (HR)-mediated DNA repair (54), as 

well as in recurrent ovarian cancer and other tumor types regardless of their BRCA status or 

the presence of HR defects (55). Therefore, we investigated whether the PARPi olaparib 

could differentially affect PyMT-tumor cells depending on E2A expression. As expected, 

treatment with olaparib diminished the proliferation of NC-GFP cells (Fig. 7J). Interestingly, 

in these control cells, E2A protein levels increased in response to olaparib treatment along 

with the activation of the canonical DDR pathways (ATM-Chk2, ATR-Chk1 and p53) 

(Supplementary Fig. S7D and S7E). Abrogation of E2A expression enhanced olaparib 

cytotoxicity in NC-CRE cells, as indicated by decreased IC50 compared to NC-GFP control 

(Fig. 7J). Although NC-CRE cells showed a basal increased fraction of cells in G2/M 

compared to NC-GFP cells (Supplementary Fig. S7F), no differences were detected in the 

expression levels of cell cycle markers such as phospho-H3 or p27 upon PARP inhibition 

(Supplementary Fig. S7E), suggesting that olaparib was not promoting a cell cycle arrest in 

E2A-deficient cells. At early time-points of olaparib treatment, γH2AX/53BP1 foci increased 

in PyMT-NCs regardless of their E2A status. However, after 24 h, γH2AX/53BP1 foci were 
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significantly reduced in NC-GFP cells, while they remained high in NC-CRE cells up to 72 h 

(Fig. 7K and L). Accordingly, canonical DDR pathways were similarly activated in NC-GFP 

and NC-CRE cells at early time-points of olaparib treatment. After 72 h, most DDR signaling 

dropped to basal levels in NC-GFP cells, whereas higher levels of phosphorylated Chk1 and 

p53 remained in NC-CRE cells, together with increased levels of active caspase3 

(Supplementary Fig. S7E), in line with enhanced DD and olaparib sensitivity (Fig. 7J-L). This 

finding suggests that E2A-proficient cells harbor a better competence to repair DNA, and that 

E2A depletion leads to an increase in unresolved DSBs that ultimately results in apoptosis 

activation and cleavage of caspase-3. The observed response seems to be specific of PARPi 

since E2A abrogation slightly increased the sensitivity of NC-CRE cells to paclitaxel, but not 

as markedly as treatment with olaparib (Supplementary Fig. S7G). 

 

To explore the translational potential of the results obtained in PyMT-derived cells, we next 

investigated the consequences of E2A interference in the response to PARPi in the TNBC cell 

lines, MDA-MB-468 and HCC1937, harboring wild-type or mutated BRCA1, respectively 

(56). Similarly to PyMT-NCs, E2A silencing in both cell lines promoted an increase in DNA 

damage in basal conditions (Supplementary Fig. S7H and S7I). In response to olaparib, E2A-

interfered cells were also less capable to repair DNA, as evidenced by a greater number of 

γH2AX foci than those observed in E2A-proficient MDA-MB-468 and, to a lesser extent, 

HCC1937 cells after 72 h of treatment (Fig. 7M and N). Additionally, olaparib sensitivity was 

enhanced to different degrees in E2A-depleted cells (Supplementary Fig. S7J). These results 

suggest that the loss of E2A in TNBC cell lines favors genomic instability irrespective of their 

BRCA status. In support of this conclusion, no co-occurrence was found between E2A 

expression and the mutational status of BRCA1 or BRCA2 in the data sets of human IDBC 
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from the TCGA previously used to identify the association between E2A and SNAI1 

expression (Supplementary Fig. S7K). 

 

Altogether, these results indicate that E2A deletion promotes the accumulation of unrepaired 

DSBs, a situation that favors a greater sensitivity of E2A-deficient cells to PARPi, pointing to 

E2A factors as promising therapeutic targets in BC. 

 

Discussion 

Invasive and stem-like properties are features inherent to some tumor cells, but can also be 

acquired by certain tumor cell subpopulations in response to appropriate stimuli (1). The 

impact of EMT to tumor progression and metastasis has been previously explored (4, 5), but 

the contribution of specific EMT-TFs to tumor biology in certain tumor-contexts still remains 

elusive. Using the MMTV-PyMT model we here describe a novel role for E2A proteins 

(E12/E47 EMT-TFs (21)) in stemness and metastasis of BC. Targeted deletion of E2A impairs 

the early stages of breast tumor growth and diminishes the self-renewal capacity of PyMT-

TICs. This is accompanied by a switch to a luminal cell fate and a more differentiated tumor 

phenotype, a behavior consistent with the proposal that PyMT-dependent tumor progression is 

associated with EMT-activation and the acquisition of basal features (12). Considering the 

key role of E2A proteins in the maintenance of the hematopoietic stem cell pool and 

differentiation of B- and T-cell lineages (18, 19),
 
it is tempting to speculate that E2A factors 

may regulate differentiation and self-renewal capacity in the mammary gland. Since in vivo 

deletion of E2A in the normal mammary gland epithelium does not alter gland 

morphogenesis, E12/E47 function could be restricted to stem cell/differentiation programs 

operating in breast CSCs but not in normal MECs. These observations are in line with the 

hypothesis that normal stem cells and TICs from the same tissue-of-origin exploit different 
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molecular mechanism to activate related signaling pathways, as shown for Snail2 and Snail1 

in breast tissue (12, 41). Alternatively, E2A proteins could contribute to the regulation of stem 

cell-like properties in normal MECs but their absence might be compensated in vivo by other 

EMT-TFs during mammary homeostasis. 

 

Remarkably, our data from PyMT-E2A
KO

 mice provide compelling evidence for the in vivo 

pro-metastatic action of E2A proteins in BC, corroborating previous findings on the 

contribution of E47 to the pre-metastatic niche formation (25). The diminished invasive and 

metastatic potential of E2A-depleted cells is in full agreement with the reduced invasive 

component of E2A-deficient primary breast tumors and the dramatic decrease in the 

metastatic burden exhibited by PyMT-E2A
KO

 mice, supporting that E2A factors regulate 

PyMT-dependent metastatic competence by cell-autonomous mechanisms. In this regard, we 

herein characterize Snail1 as a transcriptional target of E2A proteins during PyMT-driven 

tumorigenesis, being E47 able to activate the upstream Snai1-promoter through its E3-boxes. 

Since Snail1 expression is associated with the acquisition of basal features, dedifferentiation, 

and increased TIC and MIC activities
 
in various BC models (12, 45, 57), our findings suggest 

that E2A TFs may regulate malignant BC progression by enhancing Snai1 transcription. 

Indeed, overexpression of Snail1 in PyMT-E2A-deficient cells fully restored their invasive 

and metastatic potential, as well as TIC competence concomitant with their switch towards a 

basal cell fate. Interestingly, PyMT-E2A-proficient and deficient cells maintained E-cadherin 

expression together with that of several EMT-TFs and mesenchymal markers, which is 

suggestive of an hybrid E/M phenotype that might confer them high plasticity (5, 8),
 

especially following Snail1 overexpression (10, 11). Accordingly, Snail1-overexpressing 

PyMT-tumor cells exhibited significant E-cadherin downregulation together with increased 

expression of the EMT-TF ZEB1 and the mesenchymal markers N-cadherin and vimentin, 
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changes that may reflect their transition from an early to a late E/M phenotype (5). Notably, 

high E2A and SNAI1 mRNA levels occur in human IDBC and co-expression of E2A and 

SNAI1 associates with the aggressive basal-like phenotype, a breast tumor subtype compatible 

with hybrid E/M states (42). Indeed, a directed correlation between E2A and SNAIL1 protein 

levels was confirmed in a representative cohort of basal-like breast tumors. These 

observations reinforce the relevance of the E2A-Snail1 axis in human BC biology and support 

the previous association of E2A expression with poor-prognosis in human breast tumors (26). 

Since transient Snail1 expression seems to be required for efficient PyMT-dependent 

metastasis (57), we hypothesize that E2A factors might regulate Snail1 expression at early 

steps of the metastatic cascade, i.e. invasion, while other E2A downstream targets could 

contribute to later stages of metastasis evolution. This reasoning also extends to the 

acquisition of stem cell-like properties, being plausible that other factors assist Snail1 in E2A-

mediated stemness. 

 

Besides the participation of E2A factors in tumor initiation and metastasis, we herein describe 

their contribution to genomic integrity and therapeutic resistance of BC cells. E2A deletion 

increases CIN, and favors tetraploidization and the accumulation of DSBs, sensitizing PyMT-

E2A-deficient cells to PARPi. Noticeably, E2A depletion also seems to favor a greater 

sensitivity of TNBC cell lines to olaparib independent of their BRCA1 status, as additionally 

supported from in silico analyses of E2A expression and BRCA1/2 mutational status of IDBC 

samples. Although the underlying mechanisms of E2A-mediated drug resistance are presently 

unknown, it is worth to mention that E2A proteins participate in megakaryocytic 

polyploidization by regulating Cdc6 transcription
 
(58). Since CDC6 expression has been 

linked to poor prognosis and resistance to DNA-damaging agents
 
in various types of cancer 

(59), altered expression of Cdc6 in E2A-deficient cells may contribute to increase genomic 
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instability, eventually favoring olaparib cytotoxicity. However, participation of alternative 

mechanisms cannot be discarded, such as E2A-dependent regulation of p21/PUMA 

expression ratio upon p53 activation (60).  

 

Summarizing, the present work demonstrates that E2A EMT-TFs are key players in BC 

stemness, tumor initiation and metastasis, characterizes a novel E2A-Snail1 axis participating 

in mammary gland tumorigenesis and dedifferentiation, and identifies E2A as a vulnerability 

target to be exploited in novel therapeutic approaches for BC patients.  
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Figure Legends 

Figure 1. Mammary gland morphogenesis and MEC populations are not altered in 

E2A
KO

 mice. A, Sections of whole-mounts of virgin mammary glands from 9-weeks old 

E2A
Floxed

 and E2A
KO

 females stained with X-Gal and Fast-red. Images are representative of 3-

5 mice per genotype. Scale bar: 100μm. B, Differential interference contrast (DIC) and 

confocal microscopy images of mammary glands from 9-weeks old E2A
KO

 females (n=4). X-

Gal-positive cells (black arrowheads) are appreciated by DIC microscopy (left and middle 

panels). K8 (red) and K5 (green) immunofluorescence (right panels) identifies luminal and 

basal populations, respectively (white and yellow arrowheads). Nuclei were counterstained 

with DAPI (blue). Magnifications correspond to the boxed areas in left panels. Scale bar: 

50μm. C and D, Flow cytometry analysis of LIN
-
 (CD45

-
/CD31

-
) single cell suspensions from 

9-weeks old E2A
Floxed

 and E2A
KO

 mammary glands for CD24/CD49f surface markers. Biaxial 

density plot of a representative experiment (C) and quantification of CD24
+
/CD49f

low
 and 

CD24
+
/CD49f

high
 cell populations E2A

Floxed 
(n=4) and E2A

KO
 (n=5) mammary glands (D). 

Data represent the mean ± SEM of 5 independent experiments. E, RT-qPCR analysis of E2A 

mRNA levels in CD24
+
/CD49f

low
 and CD24

+
/CD49f

high
 cells from E2A

Floxed
 and E2A

KO
 

mammary glands as in (D). Values are expressed relative to those of CD24
+
/CD49f

low
 cells 

from E2A
Floxed

 glands. Data represent the mean ± SEM. of 5 independent experiments. F, 

Whole-mount Carmine-Alum staining of mammary glands from control and E2A
KO

 virgin 

females at the indicated weeks of age (n=4-6 mice/per group). Magnifications correspond to 

the boxed areas. Scale bars: 5mm and 2.5mm (magnifications). P-value was calculated by 

one-way ANOVA test (D and E). ns, not significant.  
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Figure 2. Conditional deletion of E2A in the mammary gland restrains PyMT-driven 

tumorigenesis. A, Immunoblot analyses of mammary tumors from 14-weeks old PyMT-

E2A
Floxed

 and PyMT-E2A
KO

 mice. GAPDH detection was used as a loading control. Results 

are representative of 5 independent experiments. B, X-Gal/Fast-red staining of PyMT-E2A
KO

 

primary tumors from 9-weeks old females. Cells from the basal (black arrowheads) and 

luminal (white arrowheads) compartments are depicted. The boxed area in the left panel 

comprises one hyperplastic region. Images are representative of 4 mice. Scale bars: 100μm. 

C, Latency to detect palpable-tumors in PyMT-E2A
Floxed

 (n=21) and PyMT-E2A
KO

 (n=12) 

mice. Midlines represent the mean value and error bars SEM. D, Whole-mount Carmine-

Alum staining of mammary glands from 9-weeks old PyMT-E2A
Floxed

 and PyMT-E2A
KO

 

virgin females. Scale bar: 5mm. E, Relative fat pad area covered by lesion in control (n= 16) 

and E2A
KO

 (n=21) mice, expressed as percentage of the whole fat pad area. F, Histological 

analysis of primary tumors derived from 9-weeks old PyMT-E2A
Floxed

 and PyMT-E2A
KO

 

mice. H&E images are representative of 8-12 mice for each genotype. Scale bars: 2mm (left) 

and 250μm (middle and right panels). G, Quantification of the whole epithelial component 

present in the H&E staining of mammary glands from 9-weeks old control and E2A-deficient 

mice. Results are expressed in percentage relative to the whole mammary gland area. Data 

shown are the mean ± SEM of PyMT-E2A
Floxed

 (n=12) and PyMT-E2A
KO

 (n=18) mice. H, 

Epithelial structures quantified in (G) were classified into the indicated histopathological 

categories and expressed in percentage relative to the whole epithelial area. Data shown are 

the mean ± SEM. I, Tumor volume of lesions present in 14-weeks old PyMT-E2A
Floxed

 

(n= 13) and PyMT-E2A
KO

 (n=26) mice. Midlines represent the mean value and error bars 

SEM. P-value was calculated by two-side unpaired Student’s t-test (C and I); and by two-

sided Mann–Whitney U test (G and H).  
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Figure 3. Deletion of E2A impairs self-renewal of PyMT-induced CSCs and maintenance 

of basal-like features. A-C, Flow cytometry analyses of LIN
-
 (CD45

-
/CD31

-
) MECs isolated 

from PyMT-E2A
Floxed

 (n=8) or PyMT-E2A
KO

 (n=9) mammary glands (9-weeks old) for 

CD24/CD49f surface markers. Biaxial density plot of a representative experiment (A), 

quantification expressed as percentage (B), and absolute number of cells per mouse (C) of 

CD24
+
/CD49f

low
 and CD24

+
/CD49f

high
 populations in mammary glands from both genotypes. 

Data represent the mean ± SEM of 8 independent experiments. D and E, Mammospheres 

formed by luminal cells isolated from 9-weeks old PyMT-E2A
Floxed

 or PyMT-E2A
KO

 

mammary glands. Representative microphotographs (D) and relative mammosphere forming 

efficiency (E) at first (1
st
G) and third (3

rd
G) generations. Results in (E) are expressed relative 

to those of 1
st
G of control cells. Data represent the mean  SEM of 6 independent 

experiments. F, Representative confocal microscopy images of mammospheres from PyMT-

E2A
Floxed

 and PyMT-E2A
KO

 mammary glands stained for K5 (green) and K8 (red) 

cytokeratins. Nuclei were counterstained with DAPI (blue). Scale bar: 40μm. G, RT-qPCR 

analyses of relative mRNA levels of luminal (K18) and basal (K5 and K14) cytokeratins in 

3
rd

G mammospheres. Results are expressed relative to PyMT-E2A
Floxed

 mammospheres. Data 

represent the mean  SEM of 6 independent experiments. H, Representative confocal 

microscopy images of K5 (green)/K8 (red) stains in PyMT-E2A
Floxed

 and PyMT-E2A
KO

 

tumors (9-weeks old mice). Nuclei were counterstained with DAPI (blue). Scale bar: 50μm. I, 

Quantification of K5
+
 cells per tissue area (μm

2
) in control and E2A-deficient PyMT-primary 

tumors (9-weeks old mice). Midlines show the mean and error bars SEM of PyMT-E2A
Floxed

 

(n= 9) and PyMT-E2A
KO

 (n=7) tumors. Two different fields from each lesion were analyzed. 

J, Schematics, results and distribution of tumor histological subtypes of lesions generated in 

limiting dilution transplantation assays of luminal cells isolated from PyMT-E2A
Floxed

 (n=3) 

or PyMT-E2A
KO

 (n=3) mammary glands (9-weeks old). TIC-frequency and associated 
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probability (left panel) were calculated with ELDA software (CI, 95%). Histological subtype 

classification (right panel) of E2A
Floxed 

(n=12) and E2A
KO

 (n=4)
 

tumors expressed as 

percentage of the total lesion area. K, Squamous cell differentiation and necrosis detected in 

tumors from transplantation assays as depicted in (J). Representative H&E images of tumors 

from transplanted PyMT-E2A
Floxed

 cells (left panels). Magnifications correspond to the boxed 

areas. Scale bars: 50μm. Quantification of both parameters in tumors from E2A-proficient 

(n=7) and E2A-deficient (n=11) cells (right panel). P-value was calculated by two-side 

unpaired Student’s t-test (B, C, E, G and I), two-sided Mann–Whitney U test (J, right) and by 

two-side Fisher’s exact test (K). ns, not significant.  

 

Figure 4. E2A proteins regulate the metastatic potential of PyMT-derived tumor cells. A, 

Representative H&E stained lung sections showing metastatic lesions from 16-weeks old 

PyMT-E2A
Floxed 

and PyMT-E2A
KO

 mice. Scale bar: 1mm. B and C, Quantification of the 

number/per mouse (B) and number/per size category (C) of lung metastatic foci developed by 

PyMT-E2A
Floxed

 (n=14) and PyMT-E2A
KO

 (n=13) mice at 16-weeks of age. Midlines (B) and 

barplots (C) show the mean values; error bars represent SEM. D-F, H&E representative 

images (D), number/per mouse (E) and number/per size category (F) of lung metastatic foci 

after orthotopic injection of E2A-proficient (NC-GFP) and E2A-deficient (NC-CRE) cells 

into the fat pad of immunodeficient mice. Scale bar (D): 2mm. Midlines (E) and barplots (F) 

show the mean values and error bars SEM; n=16 mice per genotype. G and H, Representative 

images of invasion assays on matrigel chambers (G) and their corresponding quantification 

(H) of NC-GFP or NC-CRE cells. Data are expressed relative to values of NC-GFP cells, and 

represented the mean  SEM of 3 independent experiments in two independent PyMT cell 

lines. I and J, H&E representative images (I) and number (J) of lung metastatic foci/per 

mouse after tail vein-injection of NC-GFP or NC-CRE cells into immunodeficient mice. Scale 
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bar (I): 2mm. Midlines (J) represent the mean  SEM; n=6 mice per genotype. P-value was 

calculated by two-side Mann-Whitney U test in (B and E); and by two-side unpaired Student’s 

t-test in (H and J). In panels (D) and (I) schematics of the experiments performed is included.  

 

Figure 5. E2A proteins regulate Snail1 expression in breast tumors. A, Representative 

immunoblots of the indicated EMT-markers in two independent PyMT-neoplastic cell lines. 

GAPDH was used as loading control. B, Quantification of Snail1 protein levels in PyMT cell 

lines. Data are expressed relative to control NC-GFP cells and represent the mean  SEM of 4 

independent experiments. C and D, Representative confocal microscopy images (C), and 

percentage of NC-GFP or NC-CRE cells positive for nuclear Snail1 stain (D). Nuclei were 

counterstained with DAPI (blue, C). Scale bar: 10μm. Results in (D) correspond to the mean  

SEM of 3 independent experiments; n=80-100 cells analyzed per experiment. E, 

Representative confocal microscopy images of nuclear Snail1 detection in PyMT-E2A
Floxed

 

and PyMT-E2A
KO

 tumors (14-weeks old). Magnifications correspond to the boxed areas. 

Nuclei were counterstained with DAPI (blue). Scale bars: 20μm and 10μm (magnification). 

n=6 tumors per genotype. F and G, RT-qPCR analyses of relative Snai1 mRNA levels in NC 

cells (F) and primary luminal cells (G). Data are expressed relative to corresponding controls 

and represent the mean  SEM; n=4 (F) and n=6 (G) independent cell preparations. H, 

Relative activity of 1.7-Kb mSnai1 WT promoter in NC-GFP and NC-CRE cells. Data 

represent the mean ± SEM of 4 independent experiments. I and J, Relative activity of mSnai1 

WT (I) and ΔE3 (J) promoters in NC-GFP cells in the presence or absence of ectopic mE47. 

Data represent the mean ± SEM of 5 independent experiments. K, RT-qPCR analysis of 

endogenous Snai1 mRNA levels in NC-GFP cells in the absence or presence of mE47. Data 

show the mean ± SEM of 3 independent experiments. L, Tuckey’s style boxplot showing 

SNAI1 expression in human IDBC plotted against normalized E2A mRNA levels (first vs. 
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third quartile, n=125 tumors to each category), (TCGA dataset). M, Tumors analyzed in (L) 

stratified for normalized E2A and SNAI1 mRNA levels (first vs. third quartile, n=38 and n=52, 

respectively) and classified according to their PAM50-subtype. N, Immunoblot of E2A and 

SNAIL1 in a representative cohort of human basal-like breast tumors (n=9). GAPDH was 

used as a loading control. O, Correlation between E2A and SNAIL1 relative protein levels in 

human tumors represented in (N) plus additional samples (n=11). Correlation between E2A 

and SNAI1 mRNA (L) and protein expression (O) was done by linear regression analysis and 

Pearson’s R coefficient (Pr). Association of high E2A/SNAI1 mRNA expression with PAM50 

tumor subtype (M) was calculated by multiple testing using the False Discovery Rate (FDR). 

Additional statistical analyses were performed by two-side unpaired Student’s t-test. ns, not 

significant.  

 

Figure 6. E2A-Snail1 axis favors self-renewal and invasiveness of PyMT-NCs. A, 

Representative immunoblots of the indicated EMT-markers and EMT-TFs in NC cell lines 

stably expressing Snail1 (GFP-Snail1 and CRE-Snail1) and their corresponding controls 

(GFP-Ø and CRE-Ø). GAPDH was used as a loading control. (s.e., short exposure; l.e., long 

exposure). B and C, Mammospheres formed by control and Snail1-overexpressing NC cell 

lines. Representative microphotographs (B) and relative mammosphere forming efficiency (C) 

at first (1
st
G) and third (3

rd
G) generations of the indicated NC cells. Values in (C) are 

expressed relative to those corresponding to 1
st
G in control GFP-Ø cells. Data represent the 

mean  SEM of 4 independent experiments. D, Limiting dilution transplantation experiments 

of single-cell suspensions obtained after dissociation of 1
st
G mammospheres formed by the 

indicated NC cell lines (n=3 different cell suspension per condition). TIC-frequency and 

associated probability (left panel) were calculated with ELDA software (CI, 95%). 

Representative H&E images of tumors generated after transplantation of control and Snail1-
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overexpressing NCs (right panels). Scale bar: 100μm. E, Invasion assays on matrigel 

chambers of the indicated NC cell lines. Results, expressed in percentage relative to values 

obtained for NC-GFP-Ø cells, represent the mean  SEM of 3 independent experiments. F-H, 

Schematics of the experimental procedure and H&E representative lung images (F), number 

per mouse (G), and number per size category (H) of lung metastatic foci generated by the 

indicated cell lines upon tail vein-injection. Scale bar in (F): 2mm. Midlines in (G) and 

barplots in (H) show the mean values and error bars SEM; n=12 mice per condition. P-value 

was by one-way ANOVA test in (C, E and G). ns, not significant.  

 

Figure 7. E2A controls genome stability and therapeutic resistance of breast cancer cells. 

A, Numerical chromosomal alterations of NC-GFP and NC-CRE cell lines determined by 

metaphase-spread assays. Spreads containing more or less chromosomes than the mean ± 5% 

were classified as altered. Data, indicated as a percentage, represent the mean  SEM of 2 

independent experiments. A minimum of 50 spreads were analyzed in every experiment. B, 

Histogram shows chromosome number distribution in NC-1 cells. Data are representative of 2 

independent experiments. C-E, Representative confocal microscopy images (C), and 

quantification of the number of γH2AX (D) and 53BP1 (E) foci per nucleus in NC-1-GFP and 

NC-1-CRE cells. Nuclei were counterstained with DAPI (blue). Scale bar: 20μm. Results in 

(D and E) show the mean  SEM of 3 independent experiments. n=80-100 cells analyzed per 

experiment. F, Representative images (upper panels) and quantification (lower panel) of 

γH2AX immunohistochemical stains in PyMT-E2A
Floxed

 (n=30) and PyMT-E2A
KO

 (n=25) 

tumors from 9-weeks old mice. Scale bar: 100μm. Data are expressed as percentage of 

positive cells, mean values and SEM are indicated. G-I, Representative confocal microscopy 

merged images (G), and quantification of γH2AX (H) and 53BP1 (I) foci per nucleus in NC-1 

cells stably expressing Snail1 (GFP-Snail1 and CRE-Snail1) and their corresponding controls 
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(GFP-Ø and CRE-Ø). Results show the mean  SEM of 3 independent experiments. n=80-100 

cells analyzed per experiment. J, NC-GFP and NC-CRE cells were treated with increasing 

concentrations of olaparib for 72 h and their proliferation rate was measured by MTT. Data 

show the mean ± SEM of 6 independent experiments. IC50 values were determined after 

normalization to the results obtained in vehicle-treated cells. K and L, Quantification of 

γH2AX (K) and 53BP1 (L) foci per nucleus in NC-GFP (G) and NC-CRE (C) cells treated 

with 1 μM olaparib for the indicated times. Results represent the mean  SEM of 4 

independent experiments; n=80-100 cells analyzed per experiment. M and N, Quantification 

of γH2AX foci per nucleus in MDA-MB-468 (M) and HCC1937 (N) control (shC) and E2A-

silenced (sh1 and sh2) cells treated with 5μM and 50μM olaparib, respectively, for the 

indicated times. Results represent the mean  SEM of 3 independent experiments. n=150-200 

cells analyzed per experiment. P-value was calculated by two-side unpaired Student’s t-test in 

(A, D and E); two-side Fisher’s exact test in (F); and two-way ANOVA test in (K-N). 
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