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Abstract

SNAI2 overexpression appears to be associated with poor prognosis in breast cancer, yet it 

remains unclear in which breast cancer subtypes this occurs. Here we show that excess SNAI2 is 

associated with a poor prognosis of luminal B HER2+ breast cancers in which SNAI2 expression 

in the stroma but not the epithelium correlates with tumor proliferation. To determine how stromal 

SNAI2 might influence HER2+ tumor behavior, Snai2-deficient mice were crossed with a mouse 

line carrying the ErbB2/Neu protooncogene to generate HER2+ breast cancer. Tumors generated 

in this model expressed SNAI2 in the stroma but not the epithelium, allowing for the role of 

stromal SNAI2 to be studied without interference from the epithelial compartment. The absence of 

SNAI2 in the stroma of HER2/ERBB2+ tumors is associated with: (i) lower levels of CYCLIN D1 

and reduced tumor epithelium proliferation; (ii) higher levels of AKT and a lower incidence of 

metastasis; (iii) lower levels of ANGIOPOIETIN-2 and more necrosis. Together, these results 

indicate that the loss of SNAI2 in cancer-associated fibroblasts limits the production of some 

cytokines, which influences AKT/ERK tumor signaling and subsequent proliferative and 

metastatic capacity of ERBB2+ breast cancer cells. Accordingly, SNAI2 expression in the stroma 

enhanced the tumorigenicity of luminal B ERBB2+ breast cancers. This work emphasizes the 

importance of stromal SNAI2 in breast cancer progression and patients' prognosis.

Graphical Abstract

SNAI2 overexpression in the stroma and not in the epithelium is associated with a poor prognosis 

in luminal B-HER2+ breast cancer patients.
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Introduction

Breast cancer is one of the major causes of death among women worldwide (1), with 

ERBB2/NEU/HER2-positive breast cancers (hereafter ERBB2+) constituting 20-30% of all 

breast tumors (2). Breast cancer develops in complex tissue environments, with cancer cells 

depending on these milieus for their sustained growth, invasion and metastasis. The tumor 

microenvironment contains both cellular and non-cellular components, with different cell 

types contributing to the cellular compartment: immune cells, endothelial cells, and 

fibroblasts. Fibroblasts are the most abundant cell type in the tumor-associated stroma (also 

known as cancer-associated fibroblast or CAFs) where they fulfill multiple roles, influencing 

the epithelial-mesenchymal transition (EMT) of tumor cells and their ability to acquire stem 

cell traits (3). CAFs are a heterogeneous population of activated fibroblasts whose activity in 

the stroma is associated with tumor progression and malignancy. CAFs produce different 

cytokines, including stromal-derived growth factor (SDF1), and their activity influences the 

biomechanical homeostasis of the tumor microenvironment and tumor evolution (4).

SNAI2/SLUG is a transcription factor of the SNAIL family with repressor activity (5), 

dampening the expression of target genes like E-CADHERIN (6), PUMA (7) and BRCA2 

(8). However, SNAI2 can also increase the levels of CYCLIN D1 (9) and activate the 

transcription of other genes, such as VEGF (10), VIMENTIN (11) or MMP-9 (12). SNAI2 is 

involved in initiating the EMT by repressing E-CADHERIN expression (the CDH gene) (6, 

13), and it has been associated with tumor invasion and metastasis, and with the poor 

prognosis of different tumors like breast cancer (14). Furthermore, SNAI2 fulfills other roles 

in cells, inhibiting apoptosis (7) or regulating cell movement, adhesion, proliferation (15), 

and the acquisition of stem cell properties (16), all critical aspects of tumor development and 

progression. SNAI2 has also been associated with differentiation and morphogenesis in 

several tissues (13). Indeed, the constitutive deletion of Snai2 in mice results in small body 

size (17), defects in hematopoiesis, the variable penetrance of pigmentation defects (18), 

cleft palate (19) and defects in the post-lactation involution of the mammary gland (20).

SNAI2 is expressed in the basal compartment of the mammary gland, and it is involved in 

programming the basal phenotype of breast cancer (21). We showed previously that SNAI2 

is important in the development of luminal breast cancer (20). Indeed, we crossed the Snai2-
deficient mouse (17) with a mouse model that overexpresses the ErbB2/Neu protooncogene 

under the MMTV promoter, mice in which breast cancer develops within a median of 7 

months (22). In these MMTV-ErbB2 mice, SNAI2 deficiency leads to longer tumor latency 

and fewer breast tumors, surprisingly, without any effect on tumor dissemination. 

Interestingly, these effects on tumor latency and tumor load were compensated by increasing 

the ERBB2 oncogenic activity after pregnancy, although the incidence of metastases was 

reduced (20).

Here, we show that overexpression of SNAI2 in Luminal B HER2+ breast tumors can 

identify a subset of patients with poor prognosis. Interestingly, overexpression of SNAI2 in 

the stroma and not in the epithelium was associated with increased proliferation of Luminal 

B HER2+ human breast cancers, evident through the expression of Ki-67, a marker of poor 

prognosis used in the clinic (23, 24). Besides, the breast tumors that develop in MMTV-
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Erbb2 mice express SNAI2 in the stroma but not in the epithelium. The defects observed in 

the mouse model where SNAI2 is ablated in the stroma suggest that SNAI2 in the tumour 

microenvironment influences distinct aspects of epithelial cell behavior and evolution in 

breast tumors.

Materials and Methods

Clinical data analyses

The Kaplan-Meier (KM) plotter free database was used to evaluate how SNAI2 

overexpression is associated with the evolution of several intrinsic subtypes of breast cancer 

patients (25). In addition, the compartmentalization of SNAI2 expression in HER2+ breast 

tumors was studied by immunohistochemistry in 50 breast tumor samples from patients 

(Supplementary Table S2). According to the Declaration of Helsinki, studies were 

performed after approval of The Bioethics Committee at the Instituto Biosanitario de 

Salamanca (IBSAL). Written informed consent was obtained from each patient. The Gene 

expression profiles from human breast tumor stroma microarrays and their associated 

clinical data were downloaded from the NCBI gene expression omnibus (GSE36295, 

GSE9014).

Mice

The mice used in this work have been described elsewhere (20) and they were housed at the 

Animal Research Core Facility at the University of Salamanca, maintained in ventilated 

filter cages under SPF conditions with food and water available ad libitum. In brief, FVB/N-

Tg(MMTVneu)202Mul/J mice carrying the ErbB2 protooncogene (22) were obtained from 

the Jackson Laboratory and B6;129S1-Snai2tm2Grid/J Snai2-deficient mice were generated 

by Dr. Gridley (26). Snai2 WT ErbB2+ and Snai2 KOErbB2+ female mice were bred twice to 

generate the parous cohort, and after the second lactation, the cohort was followed for 

mammary tumor formation. All the experimental protocols were previously approved by the 

Institutional Animal Care and Bioethics board at the University of Salamanca. The ages of 

the mice that participate in different experiments are shown in Table S9. After embedding in 

paraffin, tumors sections were stained with hematoxylin-eosin (H/E) to evaluate their 

pathology under the microscope. PCR of the MMTV 3’LTR promoter was used to detect the 

ErbB2 transgene and the Snai2 gene in the mice, as described previously (20).

Immunohistochemistry

SNAI2 expression was evaluated in 50 HER2+ human tumor samples by 

immunohistochemistry (IHC) (Table S2). IHC staining was performed automatically using 

the Bond Polymer Refine Detection kit (BOND III: Leica, Biosystems, Leica 

Microsystems). The sections were probed for 60 minutes with an antibody against SNAI2 

(clone: 1A6. Novus Biologicals) diluted 1:100 and then mildly counterstained with 

hematoxylin. Appropriate positive and negative controls were used, and SNAI2 expression 

was considered positive when the staining was nuclear. The expression of SNAI2 in the 

tumor epithelium and stroma was analyzed as described in the supplementary methods.

Immunohistochemistry in mouse tissues is described in supplementary methods
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Cell cultures

Mouse Embryonic Fibroblasts (MEFs), CAFs, MDA-MB-231, and MCF7 cells were grown 

in complete DMEM containing glucose (4.5 g/L) and L-glutamine (SIGMA), and 

supplemented with penicillin (56 IU/ml), streptomycin (56 mg/L, Invitrogen) and 10% FBS 

(Fetal Bovine Serum: LINUS). BT474 cancer cells were grown in RPMI medium. The cells 

were maintained at 37 °C in a humid atmosphere containing 5% C02 and where indicated, 

they were treated with TGFβ1 (transforming growth factor β1, 15 ng/mL: R&D) or SDF1 

(10 ng/ml: SIGMA). MEF and CAF generation is described in the supplementary methods. 

The hCAFs and hNFs were isolated from breast tumors (27), they were grown for three days 

in the absence of serum, and the culture supernatants were collected and used as conditioned 

medium (CM) in migration experiments. All cells were routinely tested for mycoplasma 

contamination. Cell lines were analyzed for authentication by the Genomics Core Facility 

(Instituto de Investigaciones Biomédicas “Alberto Sols” CSIC-UAM. Madrid, Spain) using 

the STR PROFILE DATA. STR amplification kit: GenePrintR 10 System (Promega); STR 

profile analysis software GeneMapper® v3.7 (Life Technologies); Genomic Analyzer 

System ABI 3130 XL (Applied Biosystems).

Transfection experiments

For RNAi transfection experiments, a pool of 3 constructs specifically targeting SNAI2 
(Santa Cruz Biotechnology, sc-38393) and an RNAi Control (#sc-37007) were used. A 

second pool of RNAi anti-SNAI2 (RNAi #2) was obtained to validate the results (Sigma, 

#EHU048191). In general, 1×106 cells were transfected with DharmaFECT 1 Transfection 

Reagent (Dharmacon catalog number T-2001) and incubated for up to 72 hours before 

starting the experiment. In co-culture experiments, 1×106 hCAFs were transfected with the 

RNAi indicated and incubated for up to 72 hours. Subsequently, 5×105 cells were seeded in 

the lower chamber, and 5×105 MCF7, BT474, or MDA-MB-231 breast cancer cells were 

seeded on the inside of the transwell insert (4 μm pore size: Millipore). The transwell was 

incubated for 48 hours before breast cancer cells were harvested from the insert and 

analyzed in western blots.

Protein analyses

The proteins in the tumor samples were analyzed in western blots, as described previously 

(20). The antibodies used are described in the supplementary methods section.

Xenografts

The mMEF were mixed with MCF-7-ras human breast carcinoma cells expressing an 

activated RAS oncogene, and the mixtures were injected subcutaneously into 

immunodeficient nude mice. As a control, normal GFP-labeled, puromycin-resistant, 

immortalized human mammary stromal fibroblasts were injected subcutaneously into nude 

mice as pure cultures without MCF-7-RAS cells. Tumors were induced in nude mice by 

subcutaneous injection of 1x106 MCF7 cells and 3x106 Snai2 WTErbB2+ or Snai2 KOErbB2+ 

MEFs in PBS supplemented with 0.1% glucose. Tumor growth was determined using digital 

calipers and the tumor volume was estimated daily using the formula: Tumor volume = 

Length × Width2 × 0.5.
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Gene expression profiling and analysis

The quality and quantity of the total RNA isolated from the cells were determined using an 

Agilent 2100 Bioanalyzer and NanoDrop ND-1000. Affymetrix GeneChip mouse gene 1.0 

ST arrays were used according to the manufacturer’s protocol. Briefly, the robust microarray 

analysis (RMA) algorithm was used for background correction, intra and inter-microarray 

normalization, and to calculate the signal for the gene expression analysis. Once the absolute 

expression of each gene was calculated in each microarray (i.e., the value for each probe 

set), the significance analysis of microarray (SAM) method (28) was used to calculate the 

differential expression. This method uses permutations to provide a robust statistical 

inference of the most significant genes, and it includes P-values adjusted to multiple testing 

using a false discovery rate (FDR) (29). Gene Set Enrichment Analyses were performed 

using GSEA ver. 2.2.2 (30) and the hallmark collection of gene sets (31). Gene expression 

data for mouse breast tumors are available through Gene Expression Omnibus GSE112052.

Statistical analyses

SNAI2 overexpression was associated with patient survival using Kaplan-Meier curves, 

evaluating the degree of significance with a Log-Rank test. The expression of SNAI2 in the 

stroma was evaluated as a discrete and dichotomous variable. Thus, the presence of SNAI2 

expression (positive and focal) was compared to the absence of expression (negative 

staining). The association of SNAI2 expression with different histopathological and clinical 

parameters in patients was achieved using Chi-squared and Fisher’s tests. The number of 

tumors, the number of lung metastases and other variables were evaluated using a Mann-

Whitney U test for two groups, and with the Kruskal-Wallis test for more than two groups. 

Pearson’s or Spearman’s correlation tests were performed according to the distribution of 

the data. All these analyses were performed using the SPSS and JMP/SAS statistical 

packages, and P values ≤ 0.05 were considered statistically significant. We used the “glm” 

function of the package “stats” of R to fit generalized linear models.

Results

Snai2 overexpression in the stroma of HER2+ breast cancer is associated with poor 
evolution in patients

Overexpression of SNAI2 is associated with poor prognosis in breast cancer (32, 33), yet it 

remains unclear which breast tumor subtypes are influenced by the overexpression of 

SNAI2. Therefore, we studied the association of SNAI2 overexpression with tumor 

evolution in different breast cancer subtypes in a freely available public database (25) (Fig. 

1A-F). There were no differences in tumor evolution between patients with low and high 

SNAI2 levels without considering any tumor subtype (Fig. 1A and Table S1). Importantly, 

when we examined intrinsic and Pietenpol tumor subtypes (34), we only found clear 

differences in the Luminal B group that were ER+ and HER2+ (P=0.06) (Fig. 1D, E and 

Table S1). Indeed, SNAI2 expression was not associated with prognosis in HER2-enriched 

(ER-) tumors (Fig. 1F and Table S1). These results indicate an association between the 

signaling pathways of the HER2 oncogene and the SNAI2 transcription factor in Luminal B 

breast tumors.
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Bioinformatics analysis of a public human breast cancer data set (GSE36295) revealed that 

SNAI2 expression in breast tumors was similar to that in normal breast tissue (Fig. 1G). 

However, analysis of a human breast cancer data set of stromal gene expression (GSE9014) 

revealed that SNAI2 expression in the stroma of tumors was significantly stronger than in 

the normal stroma (Fig. 1H). Moreover, the differences were greater when we compared 

normal breast tissue with the stroma of HER2+ tumors (Fig. 1I). Furthermore, we analyzed 

the expression of SNAI2 in human breast cancer fibroblasts (hCAFs) (27), with SNAI2 

expressed more strongly in hCAFs than in normal human fibroblasts (hNFs) (Fig. 1J), 

suggesting a role for SNAI2 in breast cancer CAFs.

SNAI2 expression in different tumors has been associated with poor prognosis (35), yet 

recently, SNAI2 overexpression in the stroma of ovarian cancer was also associated with 

poor prognosis (36). Therefore, in a cohort of patients with HER2+ breast cancer, we 

evaluated the expression of SNAI2 in the epithelial and stromal compartments of the tumor 

by immunohistochemistry (Fig. 1K and L, and Fig. S1), as well as its association with 

clinical and pathological variables of the disease (Table S2 and S3). Significantly, there was 

no association between epithelial and stromal SNAI2 expression (Fig. 1M). For many years, 

overexpression of Ki-67 has been recognized as a marker of tumor proliferation and poor 

prognosis in breast cancer (37). Interestingly, we noted that SNAI2 expression in the stroma 

but not in the epithelium was positively associated with Ki-67 expression (P = 0.03) and 

hence, tumor proliferation (Fig. 1N). Moreover, we only detected a positive association with 

SNAI2 expression in the stroma and cell proliferation in the ER+ and progesterone negative 

(PR-) tumor subtype (Fig. 1O and Table S3), which is the Luminal B HER2+ intrinsic 

subtype according to the 2013 St Gallen criteria (38). These results are in agreement with 

the results obtained when the prognosis was evaluated in the freely available Kaplan-Meier 

plotter database (25). We did not observe any other associations with either clinical or 

histopathological variables in our cohort.

Collectively, these data suggest that SNAI2 expression in tumor stroma can identify a 

subgroup of breast cancer patients with poor prognosis into the luminal B HER2+ subtype.

The absence of SNAI2 in the stroma disrupts the changes in gene expression observed in 
tumors when oncogenic ERBB2 activity was enhanced

The overexpression of SNAI2 in the stroma of HER2+ tumors was associated with enhanced 

proliferation and poor prognosis of a subset of patients (Fig. 1). Thus, to study how stromal 

SNAI2 influences the evolution of HER2+ tumors, we took advantage of a transgenic mouse 

model that overexpresses the protooncogene ErbB2/Neu under the MMTV promoter (22). 

MMTV-ErbB2/Neu mice develop tumors with a predominantly epithelial component and a 

minor stromal one, like human ductal carcinoma in situ (DCIS). In the stromal compartment 

there are fibroblasts and to a lesser extent, cells like endothelial cells and intratumoral 

leukocytes (39). The tumors that develop in these mice do not express SNAI2 in the 

predominant epithelial component but rather in the mammary gland (20), as also shown here 

(Fig. 2A and Fig. S2A). We already demonstrated that the MMTV-ErbB2 mice deficient in 

Snai2 displayed defects in the development of breast cancer (20). To justify the differences 

in tumor behavior in the absence of SNAI2 (which is not expressed in the epithelium), we 
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assessed whether SNAI2 was present in another tumor compartment, such as the tumor 

stroma as seen in human tumors (Fig. 1 and Fig. S1). Indeed, SNAI2 was expressed in the 

stroma of these tumors when assessed by qPCR and by western blots (Fig. 2B, C), similar to 

hCAFs (Fig. 1J).

SNAI2 deficiency in nulliparous mice (Snai2 KOErbB2+, hereafter) was previously seen to 

delay the development of ErbB2 -positive breast cancer, leading to longer tumor latency, 

survival and fewer tumors, yet surprisingly, no effect on metastasis was observed (19). Given 

the hormone-responsive nature of the MMTV promoter, we used pregnancy and lactation as 

a strategy to transiently induce the expression of ErbB2 and enhance its oncogenic activity 

(Fig. 2D) (40). Under these conditions (Snai2 KOErbB2++, hereafter), there was a reduction 

in the incidence (20) and the number of lung metastases in Snai2 KO ErbB2++ parous mice 

relative to their WT ErbB2++ counterparts (Fig. S2B, C). However, we did not observe 

differences in the number of metastases between Snai2 WT ErbB2++ and Snai2 KO ErbB2++ 

parous mice, considering only mice with lung metastases (Fig. S2D, E). Hence, although 

Snai2 KO ErbB2++ parous mice develop fewer tumors with the capability to metastasize, 

those tumors that do metastasize do so as efficiently as tumors that develop in Snai2 WT 
ErbB2++ parous mice.

Thus, we wondered if the absence of SNAI2 in the stroma might modify the metastatic 

capacity of ErbB2 tumors leading to differences in incidence. Hence, we studied the 

molecular mechanisms underlying the different effects of ErbB2 induction on tumor 

behavior in Snai2 WTErbB2++ and Snai2 KOErbB2++ mice. Microarray analyses of whole-

tumor RNA from nulliparous and parous Snai2 WTErbB2 and Snai2 KOErbB2 mice were 

carried out. We identified 602 transcripts differentially expressed between Snai2 WTErbB2+ 

tumors from nulliparous mice and those with even stronger ErbB2 induction from parous 

mice (FDR = 0.05). This signature permits the unsupervised clustering of tumors from Snai2 

WTErbB2 nulliparous and parous mice (Fig. 2E and Table S4). However, when these 602 

transcripts were compared between tumors from nulliparous and parous Snai2 KOErbB2 

mice, the signature was disrupted and it was not possible to classify the tumors from Snai2 
KOErbB2 mice in an unsupervised manner (Fig. 2F). Indeed, Snai2 KOErbB2 tumors from 

nulliparous or parous mice did not cluster together, nor did metastatic and non-metastatic 

tumors.

Furthermore, we already published that there were no differences in the hierarchy of 

epithelial cell subpopulations between tumors from nulliparous and parous Snai2 WTErbB2 

or Snai2 KOErbB2 mice (19). Hence, the epithelial cell composition of the tumor did not 

appear to determine the differences in tumor gene expression observed. Moreover, the levels 

of ERBB2 expression and activation were similar in Snai2 WTErbB2++ and Snai2 KOErbB2++ 

tumors from parous mice, excluding this as a possible explanation for the differential tumor 

expression (Fig. S2F and G). Thus, these results suggest that the absence of SNAI2 in the 

stromal microenvironment affects gene expression in these tumors.

We assessed the differences in gene expression between Snai2 WTErbB2 and Snai2 KOErbB2 

mice using gene set enrichment analysis (GSEA) (30). Interestingly, we found that relative 

to Snai2 KOErbB2+ tumors, Snai2 WTErbB2+ nulliparous tumors were enriched in EMT-
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related signatures (Fig. 2G, upper graph). Surprisingly, an enrichment of the EMT signature 

was also detected in tumors from parous Snai2 KOErbB2++ mice despite their lower 

incidence of metastasis (Fig. 2G, the graphic below). However, this activation seems to be 

insufficient to promote metastasis in this mouse model. Therefore, the influence of stromal 

SNAI2 expression on the metastatic capacity of breast cancer cells was analyzed by 

assessing the impact of luminal hCAFs deficient for SNAI2 on breast cancer cell migration. 

When the effect of conditioned medium (CM) from hNFs (hNF-CM) and hCAFs (hCAF-

CM) was assessed on tumor cell migration, hCAF-CM enhanced tumor cell migration 

significantly more than hNFs-CM (Fig. 2H). However, the depletion of SNAI2 in hCAFs 

using siRNAs produced CM that did not stimulate such strong migration of MDA-MB-231 

and BT474 tumor cells (Fig. 2I-K). Similar results were obtained when using a different 

pool of two SNAI2-selective siRNAs (Fig. S2H, I).

All these results suggest that SNAI2 in the stroma could affect gene expression in ERBB2 

tumors, thereby influencing the migratory capacity of breast cancer cells in a non-cell-

autonomous manner.

SNAI2 deficiency in the stroma alters the proliferation, cell death, migration and the 
ANGIOPOIETIN levels of ERBB2 tumors

Gene ontology (GO) analysis revealed a significant enrichment of the differentially 

expressed genes involved in biological processes other than EMT in nulliparous Snai2 
WTErbB2+ mice relative to their parous counterparts, including genes involved in the cell 

cycle, inflammation, apoptosis, metabolism and necrosis. Also, tumors from Snai2 
KOErbB2+ mice were enriched in gene sets associated with metabolic pathways and other 

processes (Fig. 3A). Thus, we evaluated the effect of the absence of SNAI2 in the stroma of 

tumors from nulliparous and parous mice. Regarding tumor growth, no apparent differences 

were observed between tumors from nulliparous and parous Snai2 deficient mice (Fig. S3A). 

However, Ki-67 staining indicated that tumors from Snai2 WTErbB2++ parous mice had a 

higher proportion of proliferative cells than their Snai2 WTErbB2+ nulliparous counterparts 

(P = 0.05) (Fig. 3B, C). These differences were not observed in Snai2 KOErbB2 tumors 

indicating that cell proliferation is dampened in tumors from Snai2 KOErbB2++ parous mice 

(Fig. 3B, D).

Since CYCLIN D1 is essential for breast cancer cell proliferation (9), we also evaluated its 

expression in these tumors. While there were no differences in CYCLIN D1 expression in 

tumor cells from Snai2 KOErbB2++ parous and Snai2 KOErbB2+ nulliparous mice, stronger 

CYCLIN D1 expression was observed in tumors from Snai2 WTErbB2++ parous mice than in 

tumors from Snai2 WTErbB2+ nulliparous mice (Fig. 3E), consistent with their higher rate of 

proliferation. Since SNAI2 is not expressed in the epithelial component of these tumors (Fig. 

2B, C) (20), the weaker proliferation and CYCLIN D1 expression of tumors from Snai2 
KOErbB2++ parous mice could be the consequence of the Snai2 deficiency in the stromal 

compartment. To address this possibility, we analyzed how SNAI2 expression in hCAFs 

influenced the proliferation of tumor epithelial cells by co-culturing the human breast cancer 

cell line MCF7, which does not express SNAI2, and BT474, which express SNAI2 and the 

oncogene HER2 (Fig. 3F), with SNAI2-depleted or control hCAF cells (Fig. S3B). 
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Interestingly, the reduction of SNAI2 expression in the stroma did not affect CYCLIN D1 

expression in MCF7 cells but it did affect its expression in the luminal HER2+ breast cancer 

cell line, BT474 (Fig. 3G). Moreover, transient exposure of BT474 cells to hCAF-CM 

affected the proliferation of BT474 breast cancer cells (Fig. 3H).

Despite the differences in proliferation, no differences were detected in the rate of tumor 

growth between nulliparous and parous Snai2 WTErbB2 and Snai2 KOErbB2 mice (Fig. S3A) 

(20). However, while there was less apoptosis in the tumors from Snai2 KOErbB2++ parous 

mice than in those from their Snai2 KOErbB2+ nulliparous counterparts (P = 0.015), no such 

differences were evident in tumors from Snai2 WTErbB2++ parous and Snai2 WTErbB2+ 

nulliparous mice (Fig. 3I, J). Accordingly, the less intense proliferation and lower apoptosis 

in tumors from parous Snai2 KOErbB2++ mice could partly explain the similarities in the 

rates of tumor growth.

Foci of micronecrosis were less frequent in tumors from Snai2 KOErbB2+ nulliparous mice 

(52%) than in their parous counterparts (70%, P = 0.001). By contrast, they were more 

frequent in tumors from Snai2 WTErbB2+ nulliparous mice (55%) than in their parous 

counterparts (20%, P < 0.0001) (Fig. 3K, L). The higher frequency of micronecrosis in 

tumors from Snai2 KOErbB2++ parous mice might suggest a relative deficiency in blood flow. 

Indeed, as expected, there was an increase in CD31+ cells in Snai2 WTErbB2++ parous mice 

relative to their nulliparous counterparts (P = 0.035) (Fig. S3C). Unexpectedly, the same was 

observed in Snai2 KOErbB2++ parous mice relative to their nulliparous counterparts, with an 

even stronger statistical significance (P = 0.009) (Fig. S3D).

Increased necrosis in the context of lower tissue proliferation, coupled with an increase in 

CD31+ cells, might suggest a functional deficit of blood vessels in the tumors of Snai2 
KOErbB2++ parous mice. Therefore, we evaluated a battery of angiogenic factors using a 

multiplex bead array (Luminex assay) (Table S5) and interestingly, we found that Snai2 

WTErbB2++ parous tumors had more ANGIOPOIETIN-2 than their nulliparous counterparts, 

a factor known to be related to vessel physiology and pathophysiology (41). However, this 

increase was not evident in Snai2 KOErbB2 tumors (Fig. 3M, N, and Table S5). 

ANGIOPOIETIN-2 and other angiogenic factors can be produced by macrophages and other 

white blood cells (42) but paradoxically, we also observed a small decrease in keratinocyte 

chemoattractant (KC) levels in the tumors of Snai2 WTErbB2++ parous mice compared to 

their nulliparous counterparts. This difference was not found in the tumors of the Snai2 
KOErbB2++ parous mice, so it did not contribute to the increased necrosis observed in these 

animals (Fig. S3E). .

Infiltrating white blood cells in the tumors produce angiogenic factors (43). Differences in 

F4/80+ macrophages and Gr1+ myeloid cell infiltration between breast tumors from Snai2 
WTErbB2 and KOErbB2 nulliparous and parous mice had already been excluded (20). 

Nevertheless, lymphocyte infiltration has been implicated in the angiogenic capacity of 

tumors (43) and mice deficient in SNAI2 are defective in peripheral blood lymphocytes (44). 

However, when we evaluated lymphocyte infiltration in these tumors, there were no 

differences in tumor lymphocyte infiltration between nulliparous and parous mice (Fig. 

S3F).
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Since SNAI1/SNAIL can partially compensate for the loss of SNAI2 activity in various 

contexts (19, 44, 45), we quantified SNAI1 levels in the tumors from Snai2 WTErbB2 and 

Snai2 KOErbB2 mice, both nulliparous and parous. SNAI1 was expressed in both the 

epithelium and the stroma of tumors (Fig. S3G). Interestingly, although there were no 

significant differences in epithelial expression between the different cohorts of mice, 

differences were observed at the stromal level (Table S6A). However, no associations were 

found between SNAI1/SNAIL expression and the evolution of breast cancer (Table S6B, C).

Together, all these results indicate that SNAI2 expression in the stroma influences the 

behavior of ERBB2-positive breast tumors at the histopathological level.

SNAI2 deficiency in tumor stroma modifies cell signaling in ERBB2 breast cancer

Given the histopathological differences detected in the tumors, we evaluated the role of 

SNAI2 at the molecular level. Since we did not previously observe differences in the total 

and phosphorylated ERBB2 protein in tumors from nulliparous or parous Snai2 WTErbB2 

and Snai2 KOErbB2 mice (20) (Fig. S2F, G), the histopathological differences might be 

driven by signals downstream of ERBB2 (22). When assessed by ELISA, the expression of 

some primary ERBB2 targets, like pAKT1(S473) and pERK1/2, was elevated in the tumor 

relative to the normal mammary gland, both in Snai2 WTErbB2 and Snai2 KOErbB2 mice 

(Fig. 4A, B). These results are consistent with the stronger ERBB2 expression in mammary 

tumors relative to the mammary gland (22). More total and pERK1/2 was detected in 

developed tumors from parous mice than in tumors from nulliparous ones, both in the 

presence and absence of SNAI2 (Fig. 4C, D, and Table S7). These differences between 

nulliparous and parous mice were much more evident in tumors from Snai2 KOErbB2 mice 

(P < 0.0001 for total ERK1/2 and P = 0.0003 for pERK1/2) than in tumors from Snai2 
WTErbB2 mice (P = 0.028 for total ERK1/2 and P = 0.035 for pERK1/2). Moreover, tumors 

from Snai2 KOErbB2++ parous mice had more total and pERK1/2 than tumors from Snai2 
WTErbB2++ parous mice, a difference not evident in the nulliparous mice (Fig. S4A-D and 

Table S7).

Regarding AKT, tumors from Snai2 KOErbB2++ parous mice had more total AKT and 

pAKT1(Ser473) than Snai2 WTErbB2++ parous mice (20). Here we confirmed that not only 

pAKT1(Ser473) but also total and pAKT(T308) were elevated in tumors from Snai2 
KOErbB2++ parous mice (Fig. 4E-G and Table S7). Moreover, tumors from Snai2 KOErbB2++ 

parous mice had more pAKT1 than tumors from Snai2 WTErbB2++ parous mice (Fig. 4H). 

These results obtained by ELISA were confirmed by western blots (Fig. 4I and Fig. S4E).

To confirm the influence of SNAI2 in the stroma over the AKT/ERK signaling pathway, we 

co-cultured in transwell inserts MCF7 luminal human breast cancer cells that do not express 

SNAI2, and MDA-MB-231 and cell lines that express SNAI2, in the presence of SNAI2 
siRNAs silenced hCAFs (Fig. S4F), analyzing the signaling downstream of ERBB2. We 

observed similar results to those obtained in the Snai2 KO ERBB2 mouse model and as such, 

the absence of SNAI2 in hCAFs was associated with higher levels of phosphorylated 

ERK1/2 and AKT in breast cancer cells (Fig. 4J, K). Similar results were obtained using a 

different pool of two SNAI2-selective siRNAs (Fig. S4G).
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In conclusion, tumors from Snai2 KOErbB2++ parous mice had more phosphorylated ERK1/2 

and AKT than those from Snai2 WTErbB2++ parous mice (Table S7), implicating some 

activation of the central pathways downstream of ERBB2 (22). Since tumor epithelial cells 

do not express SNAI2 (Fig. 2A-C and Fig. S2A), these differences must be a consequence of 

the absence of SNAI2 expression in the tumor microenvironment, as also indicated by our in 
vitro experiments (Fig. 4J, K).

SNAI2 in the stroma influences the initiation and dissemination of ERBB2 tumors

We assessed whether differences in cell signaling in tumors were associated with breast 

cancer behavior in the different cohorts of mice studied. Interestingly, we only observed 

correlations between the tumor initiation time (latency) and most of these molecules in 

parous Snai2 KOErbB2++ mice (Table S8). Indeed, the pERK1/2 but not the total ERK1/2 

levels were positively correlated with tumor latency in parous Snai2 KOErbB2++ mice (P = 

0.009) (Fig. 5A, B), whereas total and pERK1/2 levels were not correlated with tumor 

latency in Snai2 WTErbB2 parous and nulliparous mice, and Snai2 KOErbB2+ nulliparous 

mice (Table S8). Similar results were obtained when survival was used as the endpoint 

(Table S8 and Fig. S5A, B), as expected because latency but not the disease duration 

influences the survival time (19). Also, total and pAKT(T308) levels were only correlated 

with tumor latency in parous Snai2 KOErbB2++ mice (Fig. 5C, D, and Table S8). When we 

analyzed this correlation between latency and the different AKT isoforms, the pAKT1(S473) 

and pAKT2(S474) but not pAKT3(S472) levels were correlated with tumor latency in 

tumors developed in parous Snai2 KOErbB2++ mice (Fig. 5E-G).

The capacity of breast cancer to metastasize has been associated with limited AKT in both 

humans and mice (46-48). Interestingly, the highest levels of total and phospho-AKT were 

observed in tumors from Snai2 KOErbb2++ parous mice (Table S7). Moreover, tumors from 

Snai2 KOErbB2++ parous mice with elevated total AKT and pAKT(T308) did not spread to 

the lung, unlike the tumors with less total and pAKT (Fig. 5H, I). When we assessed which 

AKT isoform might be related to the metastatic behavior of the tumors, high levels of 

pAKT2(S474), and to a lesser extent pAKT1(S473) but not pAKT3(S472), were associated 

with tumor dissemination to the lung (Fig. 5J-L). These results suggest that the absence of 

SNAI2 in the stroma affects the ERBB2-dependent activation of AKT1/2 and the ability of 

tumor cells to metastasize.

SNAI2 directs cytokine production in CAFs

Since differences in the dissemination of tumors derived from Snai2 WTErbB2++ and Snai2 
KOErbB2++ parous mice were observed (20), and CAFs have been implicated in tumor 

dissemination (49), we evaluated the activity of mouse CAFs (mCAFs) derived from tumors 

developed in mice deficient in Snai2. Deficiencies in cytokine production were evident in 

the mCAFs isolated from Snai2-lacking tumors relative to those from their WT counterparts 

using an antibody array (Fig. 6A). Accordingly, there was less SDF1 (CXC12) and CXCL1 

in the supernatant (Fig. 6B), and minor changes to the CXCL2, IFN-γ and IL16 (Fig. S6A), 

all cytokines that support the growth and progression of carcinomas (3, 50). Similar results 

were obtained when Cxcl1 and Sdf1 mRNAs expression were analyzed in the stromal cells 

(CD140+/CD31−/EpCAM−) isolated by FACS of tumors developed in Snai2 WTErbB2++ or 
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Snai2 KOErbB2++ parous mice, indicating that the cytokine deficiency arises at the 

transcriptional level (Fig. 6C).

These differences in cytokine production suggest that SNAI2-deficient mCAFs have a less 

active pro-tumorigenic phenotype, an activity that includes metalloprotease (MMP) 

production (51). When the MMP-2 and MMP-9 (gelatinase) activity in supernatants from 

primary mCAF cultures was examined, there was less MMP-9 activity in the supernatant of 

SNAI2-deficient mCAFs (Fig. 6D, E). In addition, there appeared to be less Mmp2 mRNA 

in the mCAFs of tumors from KO ErbB2++ parous mice than from WT ErbB2++ parous mice, 

yet these differences were not statistically significant (Fig. S6B). Interestingly, Cxcl1 and 

Mmp2 were expressed more weakly in mCAFs obtained from Snai2 KOErbB2++ metastatic 

tumors (Fig. 6F), suggesting that tumors require enhanced cytokine expression from CAFs 

to disseminate efficiently. Moreover, we only observed significant differences in the levels of 

Cxcl1 but not in those of Sdf1 or Mmp2 and Mmp9 in the mCAFs isolated from nulliparous 

Snai2 WTErbB2+ or Snai2 KOErbB2+ mice (Fig. S6C, D). These differences could help 

explain why tumors from parous mice are more malignant than those from nulliparous ones.

Fibroblasts are transformed into CAFs by TGFβ, and CAFs are permanently activated by an 

autocrine loop involving TGFβ itself (27, 52). Thus, we assessed whether the deficient 

cytokine production by mCAFs was associated with a defect in MEF activation in response 

to TGFβ. The absence of SNAI2 in fibroblasts was related to the failure of TGFβ1 to 

efficiently induce αSMA (α-Smooth Muscle Actin), FAP (Fibroblast Activating Protein) or 

S100A4 production (Fig. 6G, H and Fig. S6E). However, the TGFβ signaling did not seem 

to be affected (Fig. S6F).

While the oncogenic activity of ERBB2 increases by pregnancy, the incidence of lung 

metastases was reduced in Snai2 KOErbB2++ parous mice (20) (Fig. S2B, C). Interestingly, 

SDF1, which plays an essential role in tumor metastasis (53), was weakly expressed in 

Snai2-deficient mCAFs (Fig. 6A-C). Indeed, we confirmed that SDF1 potentiated human 

MDA-MB-231 breast cancer cell migration (Fig. S6G) and significantly, hCAFs produced 

more SDF1 than hNFs. Indeed, depletion of SNAI2 in hCAFs using specific siRNAs 

significantly dampened SDF1 RNA and protein expression (Fig. 6I). Furthermore, 

incubating human breast cancer cells with CM from SNAI2-depleted hCAFs confirmed the 

reduction in cell migration (Fig. 2I-K and S2I). Also, the addition of SDF1 to the CM 

obtained from SNAI2 depleted hCAFs partially rescued the defect observed in cell migration 

(Fig. S6H). Interestingly, further bioinformatics studies of a public human breast cancer data 

set (GSE9014) of stromal gene expression, revealed a statistically significant correlation 

between the transcript levels of SNAI2 and the hCAFs activating proteins SDF1 and FAP in 

the tumor stroma (Fig. 6J, K), yet not with CXCL1 (Fig. S6I).

Normal fibroblasts can inhibit cancer cell growth via direct cell-cell interactions and 

secreted paracrine factors (54). SNAI2-depleted fibroblasts were transformed into less 

functional CAFs than WT fibroblasts, although we did not previously observe differences in 

mouse tumor growth rate (Fig. S3A). Thus, we wondered if co-injection of MCF7 breast 

cancer cells, which does not express SNAI2, with primary MEFs of WT or KO Snai2 origin, 

would modify tumor cell growth in xenografts. Interestingly, the Snai2-deficient fibroblasts 
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reduced the incidence of tumor generation (Fig. 6L) but not tumor growth (Fig. 6M), as seen 

in the MMTV-ErbB2 mice. Moreover, there was more total and phosphorylated ERK and 

AKT in MCF7 tumors when Snai2 was absent from the stroma (Fig. 6N). Hence, SNA2 in 

the stroma appears to be required to generate a tumor niche that supports tumor 

development.

Together, these results suggest that SNAI2 is required for the efficient transformation of 

fibroblasts to CAFs and normal CAFs cytokine production (e.g., SDF1). These defects could 

in part explain how SNAI2 in the stroma compartment influences breast cancer evolution.

DISCUSSION

SNAI2 participates in tumor pathogenesis through its anti-apoptotic activity and its 

prometastatic influence (15, 55).

Importantly, the influence of SNAI2 on cell behavior has, in most cases, been related to the 

direct activity of SNAI2 in the cells that express it. Here we assessed the non-autonomous 

cell effects of SNAI2 deficiency that might underlie the reduced proliferation and apoptosis 

in tumors, their enhanced necrosis, and the altered signaling and transcription in such tissue. 

All these data support the idea that the influence of SNAI2 in the extra-epithelial 

compartment has a significant impact on the epithelium itself. In this study, we observed an 

association between tumor Snai2 overexpression and the poor evolution of breast cancer 

patients, specifically with the luminal B ERBB2 tumor subtype. Also, we showed an 

association of SNAI2 stromal expression with ERBB2 tumor epithelial cell proliferation. All 

this suggests an indirect functional interaction between these two molecular pathways, from 

two different compartments, ERBB2 expressed in the tumor epithelium and SNAI2 

expressed in the tumor stroma. Thus, we highlight the clinical relevance of the interaction 

between ERBB2 in the tumor epithelium and SNAI2 in the stroma, contributing to tumor 

proliferation and poor prognosis in patients with ERBB2 breast cancer. Indeed, the 

ZEB1/p53 axis was recently identified as a stroma-specific signaling pathway that promotes 

breast tumor development (56), emphasizing the importance of the levels of stromal 

transcriptional factors for breast cancer progression.

Fibroblasts constitute a major component of the tumor microenvironment and there is a large 

amount of data demonstrating their capacity to promote cancer through paracrine effects, 

escorting tumor cells through all the steps of carcinogenesis (3). Here we illustrate the 

complex interactions in the tumor-host microenvironment. The expression of SNAI2 in 

CAFs stimulates tumor cell migration thought the release of different cytokines into the 

medium. At the same time, SNAI2 depleted CAFs produce less SDF1, CXCL1 and MMPs, 

all of which are important in the tumorigenic process (57). In prostate cancer, SNAI2 is 

required for SDF1 and MMP-9 expression (58), and here we found that SNAI2 is required 

for SDF1 production by CAFs in both mice and humans, as well as for the heterocellular 

signaling loop established between cancer cells and fibroblasts. Primary fibroblasts deficient 

in Snai2 cannot be transformed into CAFs as efficiently as Snai2 WT fibroblasts. Thus, our 

results suggest that SNAI2 is not only crucial for stromal activation by cancer cells but also 
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to maintain the secreted signals that enhance the invasive behavior of tumor cells, thereby 

favoring tumor progression.

While SNAI2 has been primarily implicated in the EMT, the data presented here is the first 

in vivo evidence supporting the idea that SNAI2 in the tumor stromal compartment plays an 

essential role in metastasis. However, we were only able to detect a role for SNAI2 in tumor 

dissemination when ERBB2 levels were increased.

Although there was no defect in tumor spreading in nulliparous mouse tumors, we observed 

a tumor spreading defect in parous mice, in which there were fewer tumors with the ability 

to metastasize. However, the tumors from Snai2 KO mice that metastasized seem to do so 

just as efficiently as the tumors developed by Snai2 WT mice. These results suggest that 

there is no defect in metastasis homing but rather, in the primary tumor. Moreover, the 

metastasis deficit is associated with higher levels of AKT1 in the primary tumor, consistent 

with data from other models (59-61).

All the data obtained in this study suggest that the decreased expression of SNAI2 by CAFs 

reduces cytokine production and influences the tumor-host microenvironment by modifying 

the ERK/AKT pathways. Other unknown elements of the EMT program are also likely to be 

affected (62). Thus, more studies will be necessary to clarify the mechanism by which 

SNAI2 expression in CAFs affects metastasis in the luminal breast tumors.

In summary, the absence of SNAI2 in the stroma dramatically affects tumor behavior, gene 

expression, the signaling pathways activated in response to the ERBB2 oncogene, and tumor 

malignancy due to the effects on tumor latency, proliferation and metastasis. Indeed, SNAI2 

overexpression in the stroma is associated with poor prognosis in patients with breast cancer 

of the luminal B HER2+ subtype. These data enhance the potential of SNAI2 as a 

therapeutic target since inhibiting its activity in different compartments could have a more 

potent antitumor effect than initially expected due to its non-autonomous cell effects in the 

epithelium.
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Significance

Stromal SNAI2 expression enhances the tumorigenicity of luminal B HER2+ breast 

cancers and can identify a subset of patients with poor prognosis, making SNAI2 a 

potential therapeutic target for this disease.

Blanco-Gómez et al. Page 20

Cancer Res. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Association of tumor Snai2 overexpression with evolution in different subtypes of breast 
cancer.
Survival curves (Kaplan-Meier) were obtained from the Kaplan-Meier plotter database (30). 

(A) Survival of patients with breast cancer in the whole cohort regardless of tumor subtype. 

(B) Survival of patients with the Luminal A subtype of tumors. (C) Patients with basal 

tumors. (D) Patients with luminal B tumors. (E) Patients with luminal B HER2+/ER+ 

tumors. (F) Patients with HER2+ enriched ER- tumors. The statistical significance of the 

Kaplan-Meier curves (A-F panels) was evaluated using the Log-Rank test, according to the 

public database website, Kaplan-Meier plotter. The number of patients (N) in each cohort is 

shown in Table S1. (G) Bioinformatics analysis of the SNAI2 mRNA levels of normal (N=5) 

and breast cancer samples (N=45). The data were collected from a public data set of breast 

cancer (GSE36295). (H, I) Bioinformatics analysis of SNAI2 mRNA levels in the stroma of 

normal (N=12) and breast cancer samples (N=111). The data were collected from a public 

data set of stromal gene expression in human breast cancer (GSE9014). (J) SNAI2 protein 

expression assessed in western blots of normal human fibroblast (hNFs) and CAFs obtained 
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from human breast cancers (hCAFs). (K) Breast tumors with SNAI2 expression in the 

stroma and the epithelium assessed by immunohistochemistry (L) or only in the epithelium 

of the tumor. (M) There was no correlation between the immunohistochemical detection of 

SNAI2 in the epithelium and stroma of HER2+ tumors. (N) Expression of SNAI2 in the 

tumor stroma but not in the epithelium was associated with the proliferation of HER2+ 

tumors. Statistical significance in panels M and N was evaluated using Fisher's exact test. 

(O) Scheme showing in which HER2-positive tumor subtypes there is an association 

between the stromal expression of SNAI2 and tumor proliferation (measured as Ki-67 

expression by immunohistochemistry), evaluated by generalized linear models. Scale bar 

100 μm.
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Fig. 2. The profile of breast tumor gene expression is affected by SNAI2 deficiency in a non-cell-
autonomous manner.
(A) Detection of SNAI2 in Snai2 WTErbB2 and Snai2 KOErbB2 tumors by western blot. 

Mouse embryonic fibroblasts (MEFs) were used as a positive control for SNAI2 expression. 

(B) QPCR quantification of Snai2 in the epithelial and stromal components from Snai2 
WTErbB2+ and Snai2 KOErbB2+ tumors. Snai2 RNA is not detected in Snai2 WTErbB2+ mice 

by QPCR after EpCAM+ cell sorting of the epithelial component, yet it is found in the 

stromal CD140+ cells. (C) SNAI2 protein in western blots of CAFs from mouse breast 

tumors. (D) Scheme representing the study design. Tumors from Snai2 WTErbB2 and Snai2 
KOErbB2 mice were analyzed, both from nulliparous (ERBB2+ expression: WT N=41 and 

KO N=33) and parous (ERBB2++ expression) females in which the tumors developed after 

two pregnancies (WT, N=33, and KO, N=22). (E) The 602 gene expression signature allows 

unsupervised classification of the tumors from Snai2 WTErbB2 nulliparous and parous mice. 

(F) The signature does not permit the clustering of Snai2 KOErbB2 nulliparous and parous 

mice. (G) GSEA analysis: representation of the enrichment of the EMT pathway in tumors 

from Snai2 WTErbB2+ relative to the tumors from Snai2 KOErbB2+ nulliparous mice (above), 

and in tumors Snai2 KOErbB2++ relative to the tumors from Snai2 WTErbB2++ parous mice 
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(below). (H) Conditioned medium (CM) from cultured human normal fibroblasts (hNFs) or 

human cancer-associated fibroblasts (hCAFs) was used to induce MDA-MB-231 cell 

migration (N=3). (I) Representative western blot of normal hCAFs and hCAFs in which 

SNAI2 was depleted by specific siRNAs, probed for SNAI2. (J) Migration of MDA-

MB-231 cells in the presence of CM from control or SNAI2 depleted hCAFs (N=3). (K) 

Migration of BT474 cells using CM from control or SNAI2 depleted hCAFs (N=3). 

Statistical significance in panels I, K was evaluated using an unpaired t-test. In E and F red 

and blue color represent over-expressed and down-expressed genes, respectively.
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Fig. 3. Histopathological features of tumors from Snai2 WTErbB2 and Snai2 KOErbB2 mice.
(A) GSEA analysis showed different functional groups of transcripts enriched in tumors 

from nulliparous and parous Snai2 WTErbB2 and Snai2 KOErbB2 mice. (B) Representative 

images of tumor proliferation assessed by Ki-67 immunohistochemistry in a tissue-array (N 

= 10 mice per group). (C, D) The proportion of Ki67-positive cells was quantified in the 

tissue-array (Mann-Whitney U test). (E) Western blot showing CYCLIN D1 in the different 

groups of mice studied (N = 7 mice per group): n, nulliparous; p, parous. (F) SNAI2 and 

HER2 expression in MCF7 and BT474 human breast cancer cell lines assessed by 

immunoblots. (G) The siRNA SNAI2-depleted hCAFs were incubated with MCF7 and 

BT474 cells for two days, and the CYCLIN D1 expressed by the MCF7 and BT474 cells 

was analyzed in western blots. (H) Conditioned medium from hCAFs was used to analyze 

BT474 cell proliferation through the expression of the Ki67 marker (Chi-squared test). (I) 

Evaluation of apoptosis through active CASPASE 3 immunohistochemistry in a tissue-array 
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(N = 10 mice per group, Mann-Whitney U test). (J) Quantification of the active CASPASE-3 

labeled cells in the tissue-array shown in panel I. (K) Detail of a micronecrotic focus in a 

tumor from a Snai2 KOErbB2+ parous mouse indicated with an asterisk. (L) The percentage 

of tumors with micronecrotic foci in the different groups of mice studied (Chi-squared test). 

(M, N) ANGIOPOIETIN-2 expression analyzed by multiplex bead array (Luminex), 10 

tumors per group were studied. Statistical significance in panels C, D, J, M, and N was 

evaluated using an unpaired t-test.
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Fig. 4. Signaling in tumors derived from Snai2 WTErbB2+ and Snai2 KOErbB2+ mice.
(A and B) Comparison of the signaling in mammary glands and tumors derived from Snai2 
WTErbB2 and Snai2 KOErbB2 mice, quantified by ELISA (Mann-Whitney U test); (A) 

pAKT1 (S473) and (B) ERK1/2(T185/Y187) (pERK1/2, after that). In panels A and B, N = 

20 tumors per group and N = 5 mammary glands were studied per group. (C-G) Comparison 

of the signaling in tumors derived from Snai2 WTErbB2 and Snai2 KOErbB2 mice: (C) Total 

ERK1/2; (D) pERK1/2; (E) total AKT; (F) pAKT1 (T308); and (G) pAKT1 (S473). (H) 

Comparison of the signaling in tumors derived from Snai2 WTErbB2++ and Snai2 KOErbB2++ 

parous mice. In panels C-H, the levels of signaling molecules were quantified by ELISA and 

compared in N = 20 tumors per group by the Mann-Whitney U test. See also Table S7. (I) 

Detection of total AKT1 and pAKT1 (S473) in western blots of selected tumors (lower and 

higher expression) to confirm the sensitivity of the technique (N = 4 mice per group). (J) 

hCAFs were treated with control or SNAI2 siRNA for two days and then co-cultured with 

MCF7 cells or (K) MDA-MB-231 in transwell inserts, for two days before analyzing the 

ERK and AKT signaling pathways in the tumor cells by western blots.
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Fig. 5. Correlation between tumor levels of total and phosphorylated AKT and ERK and tumor 
behavior in Snai2 KOErbB2++ parous mice.
(A-G) Association between tumor latency and signaling elements in the tumor: (a) Total 

ERK; (B) pERK; (C) total AKT; (D) Pan-pAKT (T308); (E) pAKT1 (S473); (F) pAKT2 

(S474); and (G) pAKT3 (S472). All protein isoforms were assessed by ELISA (Spearman 

correlation, N = 20 mice per group). See also Table S8. (H-L) Levels of pAKT isoforms in 

tumors from Snai2 KOErbB2++ parous mice with and without dissemination quantified by 

ELISA (Mann-Whitney U test, N = 10 mice per group). (H) Total AKT; (I) Pan-pAKT 

(T308); (J) pAKT1 (S473); (K) pAKT2 (S474); and (L) pAKT3 (S472).
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Fig. 6. SNAI2 in the stroma modified the microenvironment required to support cancer behavior.
(A) Mouse CAFs (mCAFs) obtained from tumors developed in Snai2 WTErbB2++, and Snai2 
KOErbB2++ parous mice were maintained for three days in the absence of serum. The 

supernatant was analyzed using a mouse cytokine array. Arrows point to differences in 

CXCL-1 (left) and SDF-1(right) protein expression. (B) Quantification of the cytokine array 

showed in panel A with the ImageJ software. (C) Relative Cxcl1 and Sdf1 mRNA 

expression in sorted CD140+/CD31−/EpCAM− cells from tumors developed in WT (N=8) or 

KO (N=9) parous mice, determined by real-time QPCR (Mann-Whitney U test). (D) Gelatin 

zymography assay on the supernatant from cultured mCAFs. Supernatants were collected 

and separated by electrophoresis, and gelatinase activity was visualized by standard staining. 

(E) Gelatin zymography bands were quantified using the ImageJ software. (F) Relative 

Cxcl1 and Mmp2 mRNA expression in sorted CD140+/CD31−/EpCAM− cells from 

metastatic tumors developed in WT and KO parous mice, as determined by real-time QPCR 

(Mann-Whitney U test). (G) Primary WT or KO mouse embryonic fibroblasts (MEFs) were 
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treated with TGFβ1 (10 ng/mL) for 48 hours in the absence of serum, and αSMA (Student's 

t-test, N=3), or FAP (H) expression was determined by western blots. (I) Relative SDF1 
mRNA expression in WT or SNAI2 depleted human CAFs (hCAFs) determined by real-time 

QPCR (one-way ANOVA, upper graph) and the SDF1 protein levels were assessed by 

western blot (lower image). (J, K) A positive correlation between the levels of SNAI2 and 

(J) SDF1 or (K) FAP was found in the stroma of breast tumors (Pearson's correlation). (L) 

Incidence of tumors generated by xenografts of WT or Snai2-deficient MEFs mixed with 

MCF7 cells (Chi-squared test, N=6). (M) Volume of tumors generated by MCF7 cells co-

injected with WT or Snai2-deficient primary MEFs in subcutaneous xenografts (tumor 

volumes were compared using t-tests, N=6). (N) The tumors shown in panel M were 

analyzed for total and phosphorylated ERK and AKT levels by western blots (N=3).
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