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ABSTRACT 

 

Evasion of cell death is fundamental to the development of cancer and its metastasis. The 

role of the BCL-2-mediated (intrinsic) apoptotic program in these processes remains 

poorly understood. Here we have investigated the relevance of the pro-apoptotic protein 

BIM to breast cancer progression using the MMTV-Polyoma middle-T (PyMT) 

transgenic model. BIM deficiency in PyMT females did not affect primary tumor growth, 

but substantially increased the survival of metastatic cells within the lung. These data 

reveal a role for BIM in the suppression of breast cancer metastasis. Intriguingly, we 

observed a striking correlation between the expression of BIM and the EMT transcription 

factor SNAI2 at the proliferative edge of the tumors. Overexpression and knockdown 

studies confirmed that these two genes were coordinately expressed, and ChIP analysis 

further revealed that Bim is a target of SNAI2. Taken together, our findings suggest that 

SNAI2-driven BIM–induced apoptosis may temper metastasis by governing the survival 

of disseminating breast tumor cells. 
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INTRODUCTION 

Evasion of cell death is a major mechanism that contributes to tumor initiation and 

progression to a metastatic state. Metastasis is the culmination of a complex cascade that 

enables cancer cells to disseminate from the primary tumor site and proliferate at distant 

sites.1 Cell survival is necessary at each of the steps in this cascade, including local 

invasion, entry and passage in the circulation, extravasation into secondary tissues, the 

formation of micrometastases and eventual colonization.2 The vast majority of cancer 

cells that exit a primary tumor are destined to die, with most of this death occurring when 

circulating tumor cells in the blood arrive at distant organs. Tumor cells must then 

survive in the foreign microenvironment of the distant organ to form micrometastases. 

The role of the BCL-2 apoptotic pathway during the different stages of the metastatic 

cascade has yet to be elucidated. 

 

Apoptosis is controlled by the BCL-2 protein family that encompasses one pro-survival 

and two pro-apoptotic subgroups. The pro-survival family members (e.g. BCL-2, BCL-

XL, MCL-1) protect cells against apoptosis. The pro-apoptotic BCL-2 family members 

are divided into two sub-groups. The multi-BH (BCL-2 Homology) domain proteins 

BAX and BAK, are required for mitochondrial outer membrane permeabilization,3 which 

leads to activation of the caspase cascade, cleavage of hundreds of cellular proteins and 

ultimately cell demolition. The BH3-only proteins include BIM, PUMA and BMF. BIM 

is a potent cell death initiator, in part due to its ability to bind all pro-survival BCL-2-like 

proteins with high affinity and its potential for direct activation of BAX and BAK. 

 

Although BIM has been extensively studied in hematological malignancies,4 relatively 

little is known about its role in solid tumors. Cell culture assays have identified BIM as a 

potential tumor suppressor, while in vivo studies have generated discordant data. In one 

report, loss of BIM accelerated tumor growth of transformed kidney cells5 while another 

suggested that BIM behaved as a pro-survival protein,6 in contrast to the well-established 

role of BIM as an essential initiator of apoptosis. Other reports have suggested that down-

regulation of BIM is necessary for tumor progression. For example, comparison of BIM 

levels in early, primary and metastatic melanoma revealed a progressive decrease in BIM 
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expression,7 with similar observations made for renal8 and colon carcinoma cells.9 

Overall, these studies support the notion that BIM plays an important role in suppressing 

tumorigenesis. 

 

In this study, we investigated the role of BIM in breast cancer progression using the 

MMTV-PyMT (denoted PyMT) transgenic mouse model, which recapitulates oncogenesis 

from preneoplasia to the advanced stages of breast cancer, including metastases to the 

lungs and lymph nodes.10 Loss of BIM on the PyMT background was associated with a 

striking increase in metastasis due to increased survival of disseminated tumor cells 

within the lung. Moreover, we unraveled a molecular link between BIM and the epithelial 

to mesenchymal transition (EMT) transcription factor SNAI2, both of which were found 

to be upregulated at the tumor border. SNAI2 appears to be a direct regulator of Bim 

expression in breast epithelial cells, suggesting a novel function for this transcription 

factor at the proliferative edge of tumors, distinct from its role in the EMT. Thus, SNAI2 

and BIM may act as suppressors of cancer cell exit from the primary tumor site and 

metastasis by promoting apoptosis. 

 

RESULTS 

Bim-deficiency does not impact on the growth of PyMT tumors 

To examine the effect of BIM deletion on mammary tumorigenesis, we backcrossed Bim 

knockout mice (C57BL/6 background) onto a FVB/N background and then intercrossed 

these with PyMT transgenic mice. Western blot analysis confirmed the deletion of BIM 

from tumors of PyMT; Bim–/– mice and showed no change in the expression of other Bcl-

2 family members in tumors of different genotypes (Figure 1A). Tumors developed in 

PyMT mice lacking one or two alleles of Bim with the same latency as in control PyMT 

mice (Figure 1B and 1C). Moreover, the tumors displayed similar histopathology based 

on immunostaining for lineage markers (Figure 1D). 

 

Since Bim knockout mice on a C57BL/6 background are known to accumulate lymphoid 

and myeloid cells,11 differences in the growth of primary PyMT tumors may be masked 

by hyperactivity of the host immune system. We therefore enumerated white blood cells 
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(WBC) in Bim-deficient mice on the FVB/N background. Bim deletion led to an increase 

in WBC numbers on this background (~2-fold), but this was less pronounced than that 

observed on the C57BL/6 background (~4-fold) (Supplementary Figure 1A). The overall 

increase in WBC numbers in PyMT; Bim+/+ and PyMT; Bim–/– tumor-bearing mice may 

be due to the activation of an anti-tumor response. In the PyMT model, the recruitment of 

Gr-1+CD11b+ myeloid cells to primary tumors has been implicated in metastasis 

development.12 Since the number of myeloid cells is increased in Bim-deficient mice,11, 13 

we determined whether loss of BIM induced a greater accumulation of these cells in 

primary tumors. The numbers of Gr-1+CD11b+ myeloid cells recruited to tumors 

developing in PyMT; Bim+/+, PyMT; Bim+/– or PyMT; Bim–/– mice were found to be 

similar (Supplementary Figure 1B). Furthermore, transplantation of tumors of different 

genotypes into immunodeficient Rag1-/-J mice showed that Bim-deficient tumors 

developed at the same rate as control PyMT tumors (Supplementary Figure 1C), thus 

indicating that the increase in leukocyte numbers accompanying loss of BIM does not 

appreciably alter the growth of PyMT tumors. 

 

BIM and SNAI2 are highly expressed at the border of PyMT tumors 

Although loss of BIM did not affect primary tumor growth, we unexpectedly found that 

BIM levels were notably higher at the tumor border. Concomitantly, expression of the 

EMT transcription factors SNAI2 and TWIST, and the proliferation marker KI67 were 

elevated (Figure 2A and 2B), whereas expression of the cell junctional protein β-

CATENIN remained unchanged (Figure 2A and 2B). The ‘proliferative edge effect’ of 

increased SNAI2, TWIST and KI67, was observed in the PyMT and MMTV-Wnt1 

mammary tumorigenesis models, but not in tumors from BALB/c-p53+/– or MMTV-Neu 

mice (Supplementary Figure 2A and 2B). Moreover, PyMT and Wnt1 tumors exhibited 

minimal levels of SNAI2 by Western blot analysis, compared to the pre-neoplastic state 

where high levels of SNAI2 protein were apparent (Supplementary Figure 2B). No 

change in SNAI2 levels was observed in the models that did not exhibit the ‘proliferative 

edge effect’. Nevertheless, localized SNAI2-positive cells could be readily identified at 

the border of PyMT tumors (Supplementary Figure 2A). Since immunostaining for 

cleaved caspase 3 and TUNEL assay did not reveal an increase in cell death towards the 
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border of PyMT tumors (Supplementary Figure 2C), we surmise that cells may die upon 

exit from the tumor and be cleared rapidly. Interestingly, the vasculature was observed to 

be dense near the tumor border, as indicated by staining for CD31 (Supplementary Figure 

2D).  

 

Co-regulation of SNAI2 and BIM expression 

We next investigated a potential relationship between SNAI2 and BIM expression as 

SNAI2 is a key regulator of mammary ‘stemness’ and the EMT.14 Both SNAI2 and BIM 

are highly expressed in the virgin mammary gland, the tumor edge and micrometastases 

in the lung (Supplementary Figure 3A). Reduced BIM protein levels were observed in the 

human breast cancer cell line MDA-MB-231 following transfection with a human LMS-

shSNAI2 construct (Supplementary Figure 3B). Moreover, knock-down of SNAI2 in 

sorted mouse MaSC/basal cells, which express high levels of SNAI2,15 led to a marked 

reduction in BIM levels compared to cells transduced with a control virus (Figure 3A). 

Quantitative RT-PCR analysis of MaSC/basal cells in which SNAI2 was either 

suppressed (via LMS-shSNAI2) or overexpressed (via MIG-SNAI2) (Figure 3B) further 

showed a strong correlation between Bim and Snai2 transcript levels. Interestingly, a 3-

fold increase in dead or dying cells (double-positive for AnnexinV and PI) was observed 

in MIG-SNAI2 transduced MaSC/basal cells after a three-day culture period (Figure 3C), 

suggesting that SNAI2 can promote cell death via induction of BIM. To test this directly, 

we overexpressed SNAI2 in wild-type (WT), Bim–/– and Bax–/–Bak–/– mouse embryonic 

fibroblasts (MEFs) (Figure 3D). As expected, SNAI2 over-expression killed a substantial 

proportion of WT MEFs, as measured by AnnexinV/PI staining. The reduced cell death 

evident in Bim–/– or Bax–/–Bak–/– MEFs over-expressing SNAI2 suggests that cell death is 

due to BAX/BAK-mediated apoptosis, and that BIM is the main initiator of this process. 

 

To investigate whether there might be a direct transcriptional relationship between 

SNAI2 and Bim, chromatin immuno-precipitation (ChIP) of SNAI2 on the Bim promoter 

was performed. Endogenous SNAI2 protein was found to bind to two regions upstream of 

the Bim transcriptional start site (TSS) (Figure 3E), also confirmed using cells transduced 

with a low copy number of a Flag-tagged version of SNAI2. In the context of human 
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breast cancer cells, ChIP was performed on MDA-MB-231-Luc cells for endogenous 

SNAI2 protein. This identified two regions upstream of the human BIM transcriptional 

start site that appear to be homologous to those mapped in the mouse Bim promoter 

(Supplementary Figure 3C). Collectively, our data suggest that Bim is a novel target gene 

of SNAI2 in both normal and neoplastic cells, and that SNAI2 may directly contribute to 

the upregulation of BIM at the border of PyMT tumors. 

 

To determine whether Bim deficiency altered proliferation or EMT gene expression along 

the proliferative border, immunostaining for KI67, TWIST and SNAI2 was performed on 

tumors from PyMT; Bim+/+ and PyMT; Bim–/– mice. A comparable extent of proliferation 

(Figure 4A) and enrichment for SNAI2 and TWIST expression (Figure 4B, 

Supplementary Figure 3D) was evident, regardless of the status of Bim. These findings 

are consistent with BIM acting downstream of SNAI2 and the EMT at the tumor border. 

 

To determine whether these observations extended to human breast cancer, we performed 

immunostaining on 10 patient derived xenograft (PDX) models for KI67, SNAI2 and 

BIM. Interestingly, the ‘proliferative edge effect’ was only observed in metaplastic 

tumors (162T and 371T), and not in triple negative (110T) or ER-positive tumors (23T) 

(Supplementary Figure 4). We speculate that SNAI2 and BIM expression at the tumor 

edge may play a role in tumor cell dissemination of specific human tumor subtypes such 

as in highly aggressive metaplastic breast tumors. 

 

Bim deletion in PyMT tumors increases lung metastases 

The tumor border is presumed to play a critical role in dissemination of cells from the 

primary tumor site. To explore a potential role for BIM in metastasis, metastatic lesions 

in the lungs were evaluated by histological sectioning after primary PyMT tumors had 

reached ethical endpoint. The number of lung metastases was significantly increased (4-

fold) in PyMT; Bim–/– mice compared to those observed in control PyMT; Bim+/+ mice 

(Figure 5A and 5B), suggesting that Bim can suppress tumor metastasis in the absence of 

any effect on primary tumor growth (Figure 5C and Figure 1). It is noteworthy that loss 

of BIM did not alter the extent of tumor vascularization (Supplementary Figure 1D), 
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indicating that other factors contribute to the increased metastastic burden observed in 

Bim-deficient PyMT mice. 

 

We next utilized the ‘tail vein’ metastasis assay to monitor dissemination of PyMT tumor 

cells to the lungs.16 Mammary tumor cell suspensions from either PyMT; Bim+/+ or 

PyMT; Bim–/– mice were injected into Rag1-/-J recipient mice and lung tissue was 

analysed one month post-injection. Many more metastases were evident in the lungs of 

mice injected with PyMT; Bim–/– tumor cells compared to PyMT; Bim+/+ cells, thus 

leading to significantly higher lung weights in Bim-deficient mice (Figure 6A, 

Supplementary Figure 5). These data indicate that Bim-deficient cells have markedly 

higher invasive capacity than control PyMT tumor cells. In the tail vein injection assay, 

most cells reach the lung vasculature within five minutes following injection, and then 

the majority of cells die within the next 24 hours.17, 18 Therefore our data indicate that 

loss of BIM promotes the survival of metastatic cells during transit in the circulation 

and/or upon arrival of the tumor cells at the secondary organ. 

 

To gain further insight into the rate of tumor cell attrition on extravasation, we turned to 

MDA-MB-231 cells carrying a luciferase gene cassette (MDA-MB-231-Luc), which 

enables in vivo imaging. Knock-down of BIM via stable shRNA expression 

(Supplementary Figure 6A) significantly enhanced tumor survival 48 hours post-injection 

in the tail vein metastasis assay compared to cells transduced with a control virus 

(Supplementary Figure 6B). However, no effect on the size of lung metastases was 

observed when the cells were transplanted into the mammary fat pad (data not shown). 

Following tail vein injection, the luciferase signal could be readily detected in the lungs 

after injection of 1 x 106 cells. This signal in the lungs was found to decrease over the 

next 24 hours in control cells, before increasing again as metastatic growth ensued 

(Supplementary Figure 6B). The observation that some control cells could survive in the 

lungs suggests that the threshold of BIM in these cells was not sufficient to induce 

apoptosis. Collectively, BIM appears to play an important role in the induction of 

apoptosis of tumor cells following intravasation into the bloodstream. 
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Bim deletion in PyMT tumors increases the survival of disseminated cells 

To evaluate the survival of Bim-deficient tumor cells once they had extravasated, PyMT; 

Bim+/+ and PyMT; Bim–/– breast tumor cells were injected directly into the lung by 

intratracheal injection. Mice that received Bim-deficient cells tended to be the first to 

exhibit symptoms of respiratory distress. One month post-injection, the majority of mice 

injected with PyMT; Bim–/– tumor cells developed large metastases within their lungs 

while those injected with PyMT; Bim+/+ tumor cells only had small lesions (Figure 6B). 

Consequently, the weight of the lungs was substantially higher in the group of mice 

injected with cells from PyMT; Bim–/– mice. BIM is therefore a critical regulator of 

apoptosis in tumor cells capable of seeding lung metastases. 

 

DISCUSSION 

There is accumulating evidence that tumor cells can disseminate at early stages of 

neoplasia, despite the metastatic process originally being considered a late event in the 

progression of breast cancer.19 A large number of potentially metastatic cells reach the 

circulation, but only a minute proportion of them are capable of seeding and growing in 

distant organs. The elimination of cancer cells in a new environment has been termed 

‘metastasis inefficiency’.20 Apoptosis of tumor cells is thought to be central to ‘metastasis 

inefficiency’, and over-expression of either BCL-2 or BCL-XL has been shown to 

increase tumor cell colonization of the lungs following tail vein injection.18, 21-24 Here we 

report that BIM-mediated apoptosis contributes to ‘metastasis inefficiency’ by limiting 

the survival of mammary tumor cells at secondary sites of metastasis. 

 

In the PyMT mouse model of mammary tumorigenesis, loss of BIM led to an increase in 

the number of lung metastases. Using assays that specifically allow assessment of tumor 

cell entry into the lungs and subsequent colonization (injection of cells directly into the 

blood or trachea), ablation of Bim was found to significantly enhance the survival of 

disseminated cells within the lung environment. The processes that have been implicated 

in facilitating the survival of disseminated cancer cells primarily reflect attenuation of 

death signals from the reactive stroma. For example, brain metastases in breast cancer 

appear to express serpins to prevent the mobilization of FasL by plasmin from reactive 
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astrocytes.25 Amplification of PI3K-AKT pathway activity in disseminated tumor cells 

plays a prominent role in their survival upon entry into the foreign environment of the 

distant organ. In lung metastases, macrophage-mediated engagement of VCAM1 triggers 

AKT activation in tumor cells to protect them against TRAIL-induced apoptosis,26 while 

in the bone marrow, SRC amplifies the PI3K-AKT response of breast cancer cells to 

counteract apoptotic signals from TRAIL and CXCL12.27 TrkB can function as an 

inhibitor of anoikis in detached tumor cells, in part through activation of AKT,28 which 

may result in inhibition of BIM expression.29 More recently, the acute activation of miR-

31 in established lung metastases was shown to induce regression by decreasing AKT 

signaling and increasing BIM levels.30 This finding supports our data and highlights the 

importance of BIM in the survival of disseminated cells in the lung microenvironment. 

 

BIM deletion did not impact on primary tumor growth or latency in the PyMT model.  

Consistent with these findings, down-regulation of BIM in MDA-MB-231-Luc cells did 

not affect primary tumor growth (data not shown). In the PyMT model, mice were 

sacrificed due to their primary tumors reaching ethical endpoint, thus precluding analysis 

of the effect of metastatic burden on overall survival of PyMT; Bim+/+ versus PyMT; 

Bim-/-mice. Nevertheless, tumors appeared with the same latency for both genotypes, and 

reached ethical endpoint at similar time. These data differ from a previous report showing 

that Bim suppresses tumorigenesis of transformed mouse kidney cells upon subcutaneous 

transplantation,5 and may reflect differences in the oncogenic lesions that drive 

tumorigenesis or the mode of transplantation of tumor cells. Conversely, other studies 

showed that BCL-2 and BCL-XL overexpression increased metastasis without affecting 

the primary tumor growth18, 31 consistent with the data presented here. The observation 

that loss of BIM enhances metastasis without affecting primary tumor growth might be 

explained by differences in the expression of BIM between primary tumor and metastatic 

cells. Loss of extracellular matrix contact is known to induce BIM during anoikis through 

a decrease in 14-3-3zeta and inhibition of ERK and PI3K signaling.32-36 Even though 

post-translational regulation of BIM by ERK phosphorylation may be dispensable in the 

normal hemopoietic system,37 it could be important in a neoplastic context. The levels of 

pro-apoptotic BAD and BMF, as well as those of the pro-survival molecules MCL-1 and 
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BCL-XL, also have been implicated in inducing anoikis.33, 35, 38-40 

 

A novel transcriptional link between the transcription factor SNAI2 and pro-apoptotic 

BIM was revealed in both normal mouse mammary epithelial cells and breast cancer 

cells. Moreover, higher levels of both SNAI2 and BIM were evident at the proliferative 

edge of the tumor. Interestingly, an association was noted between SNAI2 and BIM 

expression at the border of highly aggressive metaplastic breast cancers from patients. 

SNAI2 is a key regulator of the EMT,41 and its expression is linked to the progression of 

solid tumors and the risk of metastatic relapse.42 In BRCA1-associated tumors, the higher 

levels of SNAI2 protein present have suggested that Snai2 contributes to aberrant 

differentiation of luminal cells towards the basal lineage.43 In other contexts, SNAI2 has 

been implicated in the radioresistance of hematopoietic cells,44 in which SNAI2 may 

serve an anti-apoptotic function. SNAI2 may protect cells from apoptosis by repressing 

P53-mediated transcription of PUMA, a BH3-only protein that is essential for DNA 

damage-induced and P53-mediated apoptosis.45 More recently, SNAI2 regulation of 

PUMA was shown to be stimulated by N-cadherin in breast tumors.46 Therefore during 

breast tumorigenesis, SNAI2 may have dual functions in promoting a mesenchymal 

phenotype via an EMT as well as regulating the expression of BCL-2 family members, 

dependent on external stimuli. The lack of discernible apoptosis at the tumor edge 

suggests that SNAI2 and BIM-expressing cells may be protected by the expression of 

pro-survival proteins. Pertinently, high levels of SNAI2 could trigger BIM-mediated 

apoptosis in normal basal epithelial cells as well as in MEFs. It is tempting to speculate 

that cells at the mammary tumor border are primed for cell death, rendering them more 

sensitive to environmental stimuli when they reach the circulation, as recently described 

for metastatic colon cancer cell lines.47 

 

Our findings that BIM influences the survival of tumor cells following extravasation into 

the lungs suggest that the loss of BIM may be responsible for early dissemination of 

tumor cells and their colonization of distant tissues. It will be of interest to determine 

whether mutations or epigenetic silencing of BIM during metastasis correlate with poor 

outcome in patients with breast cancer (and other malignancies). Inhibition of BIM-
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induced cell death in metastasis is likely to be one mechanism to facilitate tumor cell 

spreading. Other mechanisms may include the upregulation of pro-survival proteins such 

as BCL-2, high levels of which have been observed in metastatic breast cancer.48-50 The 

identification of further regulators that control the survival of metastatic cells has the 

potential to yield new therapeutic strategies to target tumor dissemination. 

 

MATERIALS AND METHODS 

Mice and tumor monitoring 

MMTV-PyMT [FVB/NJ] and BIM knockout [C57BL/6] mice have been described.10 The 

PyMT;Bim strain was generated by crossing Bim–/– 266Del [C57BL/6] mice11 onto the 

FVB/N background for 8 generations before crossing with MMTV-PyMT transgenic 

mice. In some cases (where indicated), tumor cells were obtained from F2 (second 

generation) mice that resulted from crosses between MMTV-PyMT and Bim–/– 266Del 

mice. For transplantation studies, Rag1-/-J mice or NOD/SCID/IL2γ–/– mice were used. 

Mice were palpated three times a week for tumor detection and measurement. The date 

when tumors were first detected was recorded for the generation of tumor-free survival 

curves. Tumors were collected at the ethical endpoint of 600 mm3. Blood count analysis 

was performed on an Advia 2120 blood analysis machine (Siemens, Germany). All 

animal experiments were conducted with the approval and according to the guidelines of 

the WEHI Animal Ethics Committee. 

 

Cell lines 

The MDA-MB-231-Luc cell line (Caliper Life Sciences, USA) was maintained in RPMI-

1640 plus GlutaMAX-1 (Gibco, USA), supplemented with 10 % fetal calf serum (FCS). 

BIM down-regulation was performed using the pSuper shRNA expression construct.51 

For SNAI2 knockdown, hairpins were cloned into the LMS vector: mouse 5’-

TGCTGTTGACAGTGAGCGCCCAGAATGTCGCTTCTGCATATAGTGAAGCCAC

AGATGTATATGCAGAAGCGACATTCTGGATGCCTACTGCCTCGGA-3’ and 

human 5’-TGCTGTTGACAGTGAGCGTAGACAGACAATCATATTAATCTAGTGA-

AGCCACAGATGTAGATTAATATGATTGTCTGTCTATGCCTACTGCCTCGGA-3’ 

and with the renilla luciferase (non-mammalian target) control 5’-
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TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCAGGAATTATAATGCTTATCT

ATAGTGAAGCCACAGATGTATAGATAAGCATTATAATTCCTATGCCTACTGCC

TCGG-3’. Primary MaSC/basal cells were isolated from the inguinal and thoracic 

mammary glands of 8 week-old FVB/N mouse. Cell culture and retroviral infections 

were performed on feeder layers of irradiated fibroblasts prior to sorting for transduced 

cells, as previously described.52 

 

Cell death assays were performed by staining with APC-conjugated AnnexinV (BD 

Biosciences, USA) at RT for 30 min in 2 mM CaCl2/PBS solution and resuspended in 

Propidium Iodide (PI; 1 µg/mL). Flow cytometric analysis was performed in an LSR II 

Analyzer (BD Biosciences) and AnnexinV- PI- cells were considered to be alive. 

 

Mouse cell lines were transduced with retrovirus produced in Phoenix cells, while human 

cell lines were transfected using Lipofectamine LTX Reagent (Invitrogen, USA) 

according to manufacturer’s protocols. 

 

Preparation of single cell suspensions and cell transplantation 

Single cell suspensions from MMTV-PyMT tumors were prepared by digestion in 150 

U/ml collagenase (Sigma, USA) and 50 U/ml hyaluronidase (Sigma) for 1 - 2 h at 37o C. 

The resulting organoid suspension was sequentially digested with 0.25 % trypsin/1 mM 

EGTA and 5 mg/mL dispase (Roche Diagnostics, Switzerland) for 1 min at 37 °C. A 

single cell suspension was obtained by filtration (40 µm) and red blood cells were 

removed by incubation in red blood cell lysis buffer. Cell suspension were frozen in 50 % 

serum, 44 % culture medium and 6 % DMSO. 

 

For transplantation assays, 500,000 tumor cells were resuspended in 10 µL of 

transplantation buffer (50 % FCS, 0.04 % trypan blue in PBS and Matrigel (BD) at a ratio 

of 3:1), and injected into the cleared mammary fat pads of 3 - 4 week-old Rag1-/-J (for 

PyMT; Bim+/+ and PyMT; Bim–/– tumor cells). For intravenous (i.v.) injections into the 

tail vein, 500,000 PyMT tumor cells were injected into Rag1-/-J or 1 x 106 MDA-MB-

213-luc cells were injected into NOD-SCID-IL2Rϒc
–/–. For intratracheal injections, 1 x 
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106 cells were resuspended in 50 % Matrigel and 50 % PBS, before injection by a canula 

into the trachea, as previously described.53 In each case, mice were sacrificed when the 

tumor volume reached 600 mm3 or their health had deteriorated. 

 

Patient derived xenograft models 

Human breast tumors were obtained from consenting patients through the Royal 

Melbourne Hospital Tissue Bank and the Victorian Cancer Biobank with relevant 

institutional review board approval. Human Ethics approval was obtained from the 

Walter and Eliza Hall Institute (WEHI) Human Research Ethics Committee. Human 

breast tumor fragments were inserted into the inguinal mammary fat pads of 4-week-old 

NOD-SCID-IL2Rϒc
–/– female mice and passaged as previously described.54 Passage 2 

tumors were collected at ethical endpoint for immunohistochemistry. 

 

Immunohistochemistry 

Human xenografted tumors were collected and fixed in formalin before embedding in 

paraffin. Sections were subjected to antigen retrieval and then incubated with antibodies 

against either BIM (Cell Signaling), KI67 (Dakocytomation), KERATIN 8 (Promega), 

P63 (Abcam), TWIST1 (Novus Biologicals), SNAI2 (Cell Signaling), β-CATENIN (BD 

Biosciences) or CD31 (BD Pharmingen) followed by incubation with biotinylated anti-

IgG secondary antibodies (Vector Labs, USA). Signal detection was performed using 

ABC Elite (Vector Labs) and 3,3'-diaminobenzidine (DAB) (Dako, Denmark). For 

immunofluorescence, primary antibodies (CD31, BD Pharmingen; KI67, Cell Signaling) 

were incubated at 4°C overnight and secondary antibodies (Life Technologies) and DAPI 

(Sigma) were incubated for 30 minutes at RT, before being mounted with Fluoromount-G 

(Southern Biotech) for fluorescence microscopy. 

 

For histological examination of the metastases, organs were fixed in 4 % 

paraformaldehyde, embedded in paraffin, sectioned (1.5 µm) and stained with 

haematoxylin and eosin. For quantification of KI67 positive cells, immunohistochemical 

images were separated into two color filters (one representing the haematoxylin/nuclei 

stain, the other the DAB stain), using a Color Deconvolution module. The individual 
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channel images were then inverted and the number of positive and negative cells was 

counted using the Multi Wavelength Cell Scoring application module from 

MetaMorph™ v7.7.10.0 (Molecular Devices, USA). For TWIST, SNAI2, BIM, KI67 and 

β-CATENIN border analysis, quantification was performed using the Colour 

Deconvolution module in Fiji software (Softonic Inc, Spain) and analysis by the 

MetaMorph™ v7.7.10.0 line scan. 

 

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) 

In situ cell death detection kit (Roche) was used to perform the TUNEL assay, according 

to the manufacturer’s protocol. Slides were imaged on Zeiss Axio Scan.Z1 and analyzed 

using Zen software (Zeiss). 

 

In vivo imaging 

Mice and organs were imaged at different time points using the Xenogen IVIS Spectrum 

live imager (Caliper Life Sciences). Mice were injected intraperitoneally with Luciferin 

(Caliper Life Sciences, 15 mg/ml) 10 min prior to imaging. For lung imaging, mice were 

injected with Luciferin before euthanasia and imaging of the organs. 

 

Immunoblot analysis 

Tumors were homogenized in lysis buffer (20 mM Tris.HCl, 135 mM NaCl, 1.5 mM 

MgCl2, 1 mM EGTA, 1 % Triton X-100 and 10 % glycerol). Protein lysates were 

analyzed by western blot analysis on 12 % SDS-polyacrylamide gels (Invitrogen), and 

transferred onto PVDF membranes (Millipore, USA). Membranes were probed with anti-

BIM (C34C5, Cell Signaling Technologies), anti-BCL-2 (BCL-2-100, WEHI 

Monoclonal Antibody Facility), anti-BCL-XL (54H6, Cell Signaling Technologies), anti-

MCL-1 (14C11-20, WEHI Monoclonal Antibody Facility), anti-BAX (554106, BD 

Biosciences), anti-SNAI2 (C19G7, Cell Signaling Technologies) or anti-ACTIN (Sigma).  

 

Quantitative RT-PCR 

RNA was extracted from cell pellets of MaSC/basal cells using the RNeasy RNA 

extraction kit (Qiagen) and cDNA generated using the First Strand kit (Life 
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Technologies) according to the manufacturer’s instructions. qRT-PCR was performed 

using SyberGreen (Bioline, UK) on the Corbett RotorGene qPCR machine and software 

(Life Technologies, USA). Relative mRNA was calculated compared to Gapdh internal 

control. Primers used were Gapdh 5’-TGACATCAAGAAGGTGGTGAAGC-3’ R 5’-

AAGGTGGAAGAGTGGGAGTTGCTG-3’; Snai2 F 5’-

CCTTTCTCTTGCCCTCACTG-3’ R 5’-ACAGCAGCCAGACTCCTCAT-3’; Bim F 5’-

GAGTTGTGACAAGTCAACACAAACC-3’ R 5’-

GAAGATAAAGCGTAACAGTTGTAAGATAAC-3’. 

 

Chromatin immuno-precipitation (ChIP) analysis 

ChIP was performed on 1 x 106 CommaDβGeo cells or MDA-MB-231 cells as described 

previously,55 with shearing optimized for approximately 500 bp fragments, using anti-

IgG (Cell Signaling), anti-SNAI2 (Cell Signaling) and anti-FLAG (Sigma). Primers used 

for CommaDβGeo PCR were: -300 bp F 5’-AAGGGCGGAGGGACGCC-3’ R 5’-

GCGACAGGTAGTGGGGAG-3’; -1200 bp F 5’-CCGTGACGTTAGATCCGC-3’ R 5’-

CTTTGTGATTCCAACAG-3’ and for MDA-MB-231 PCR: -300 F 5’-

GATGACGCTAAATCAGTTG-3’ R 5’-GTGATGGATCAGTATACAG-3’; -800 bp F 

5’-GCATTGCAGTTGTTCAGG-3’ R 5’-CGTATGGGTGGGGCGTGG-3’; TSS F 5’-

CTTACTTGTGTTTTGCAC-3’ R 5’-CTAGTTGAAAGTTTTATT-3’. 

 

Statistical analyses 

Statistical analyses were performed in Prism (GraphPad Software, USA). Kaplan-Meier 

(log-rank test) was used for testing the significance of animal survival related to the 

ethical end point for tumor size. Unpaired t tests were used to test the significance of 

column means between treatment and control. Significance is indicated by the following 

convention: *p<0.05; **p<0.01; ***p<0.001. 
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Figure legends 

 

Figure 1:  BIM loss does not affect tumor formation in PyMT transgenic mice. (A) 

Expression of BIM, BCL-XL, BCL-2, MCL-1 and BAX in tumors from PyMT; Bim+/+, 

PyMT; Bim+/- and PyMT; Bim–/– mice (n = 3 independent tumors). TUBULIN was used 

as the loading control. (B) Tumor latency in PyMT; Bim+/+ (n = 16), PyMT; Bim+/– (n = 

15) and PyMT; Bim–/– (n = 11) mice. Bim–/– mice (n = 3) did not develop mammary 

tumors. (C) Survival of PyMT; Bim+/+ (n = 13), PyMT; Bim+/– (n = 11) and PyMT; Bim–

/–(n = 12) mice at the ethical endpoint. For all genotypes, mice were euthanized when the 

primary tumors reached 600 mm3. (D) Immunostaining of PyMT; Bim+/+ and PyMT; 

Bim–/– tumors for BIM, KERATIN 8 and P63 expression. H&E, hematoxylin and eosin 

stain. Scale bar, 40 µm. 

 

Figure 2:  BIM is upregulated at the border of PyMT tumors.  (A) Immunostaining of 

tumors from PyMT; Bim+/+ mice for KI67, TWIST, SNAI2 and BIM. Staining for β-

CATENIN was included as a control as it exhibited uniform expression from the center to 

the border of tumors. Scale bar, 10 µm. (B) Statistical analysis of Metamorph linescan 

data from immunostained tumors from PyMT; Bim+/+ mice with representative images 

shown in (A). Immunostained images were deconvoluted, and 16-color fluorescence used 

to measure the intensity of staining at the border of tumors relative to intensity at the 

centre. β-CATENIN immunostaining provided a control (n = 3-4 independent 

experiments). Data represent the mean ± SEM. 

 

Figure 3:  SNAI2 binds to the Bim promoter.  (A) Western blot analysis of SNAI2 and 

BIM expression levels in MaSC-enriched/basal cells expressing either LMS-shLUC 

(renilla luciferase) or LMS-shSNAI2. ACTIN was used as a loading control. (B) 

Quantitative RT-PCR analysis of Snai2 (left panel) and Bim (right panel) transcript levels 

in the MaSC/basal population expressing LMS-shLUC (control), LMS-shSNAI2 

(construct), MIG-empty (control) or MIG-SNAI2 (construct) relative to Gapdh levels. 

Analysis is represented as fold change compared to the control in each group. Data 

represent the mean ± SEM for 3 independent experiments. (C) Cell death assay in 
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MaSC/basal cells expressing either MIG-empty or MIG-SNAI2. The percentage of 

AnnexinV+PI+ cells was analysed by flow cytometry. Data represent the mean ± SEM for 

5 independent transductions. (D) Cell death assay in mouse embryonic fibroblasts 

(MEFs). Wild type (WT), Bim–/– and Bax–/–Bak–/– expressing either MIG-empty or MIG-

SNAI2 were analyzed by flow cytometry for AnnexinV+PI+ cells. Data represent the 

mean ± SEM for 3 independent experiments. (E) Chromatin immuno-precipitation (ChIP) 

of SNAI2 protein on different regions of the upstream regulatory region of Bim in mouse 

CommaDβgeo cells. Precipitation using anti-IgG was used as a control. CommaDβgeo 

cells expressing a low copy number of the Flag-tagged SNAI2 construct (MIG-SNAI2) 

were subjected to immunoprecipitation using anti-FLAG antibody, and parental 

CommaDβgeo cells were analysed using anti-SNAI2 antibody to detect endogenous 

SNAI2 protein binding (n = 2 independent experiments). 

 

Figure 4:  Bim loss does not affect proliferation and the expression of EMT markers 

in PyMT tumors. (A) KI67 immunostaining of tumors from PyMT Bim+/+ and PyMT 

Bim–/– mice. Left panel, quantitation of KI67 positive cells per field. Data represent the 

mean ± SEM (n = 4 mice per group). No significant difference was found. Scale bar, 40 

µm. (B) Fluorescence intensity for TWIST, SNAI2 and β-CATENIN immunostaining 

was quantified using Metamorph™ v7.7.10.0, on the border or the centers of tumors. 

Data represent the mean ± SEM for n > 3 tumors per genotype. Representative images of 

SNAI2 staining are shown. Scale bar, 200 µm.  

 

Figure 5:  Bim deficiency increases the number of metastases. (A) The number of 

metastases per lung section in PyMT; Bim–/– compared with PyMT; Bim+/– and PyMT; 

Bim+/+
 mice (PyMT; Bim+/+, n = 12; PyMT; Bim+/–, n = 8; and PyMT; Bim–/–, n = 18). 

Data represent mean ± SEM.  Similar results were obtained for F2 second generation 

mice. (B) H&E sections of lungs from PyMT and PyMT; Bim–/–mice. Arrows indicate 

the metastases. Scale bar, 80 µM. (C) Primary tumor weights of PyMT; Bim+/+ (n = 25), 

PyMT; Bim+/– (n = 8) or PyMT; Bim–/– (n = 14) tumors collected at ethical endpoint. The 

total weight of the different tumors per mouse is represented, since multifocal tumors 

arise in the PyMT model. Error bars represent mean ± SEM. 
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Figure 6:  Increased survival of Bim-deficient cells in the lung microenvironment. 

(A) Weights and images of the lungs of Rag1-/-J mice, one month after i.v. injection of 

500,000 cells from PyMT; Bim+/+ or PyMT; Bim–/– mice of F2 generation. Data represent 

the mean ± SEM of n = 12 mice per group, for 3 independent experiments. (B) 500,000 

tumor cells from PyMT; Bim+/+ or PyMT; Bim–/– were injected in the lungs of Rag1-/-J by 

intratracheal injection. For each experiment, all the mice were sacrificed when the first 

mouse developed signs of respiratory distress. Left panel: Lungs were harvested and 

weighed (n > 17 mice per group, 4 independent experiments). Data represents the mean ± 

SEM. Right panel: H&E sections of the lungs. Scale bar, 40 µm. 
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Supplementary Figure Legends 

 

Supplementary Figure 1:  Effect of Bim loss on the host immune system.  (A) 

Analysis of leukocyte number in blood from mice of different genotypes and different 

genetic backgrounds, as shown. Analysis was performed with the Advia 2120. ND, not 

determined. Data represent the mean ± SEM for n > 3 mice per group. (B) Gr1+Mac1+ 

myeloid cells per tumor from mice of the indicated genotypes. Error bars represent the 

mean ± SEM for n = 3 independent experiments. (C) Survival of Rag1-/-J mice after 

mammary fat pad transplantation with 500,000 tumor cells from PyMT; Bim+/+ or PyMT; 

Bim–/– mice (F2 generation). PyMT; Bim+/+, n = 20; PyMT; Bim–/–, n = 22. (D) 

Percentage of CD31+ endothelial cells per tumor from mice of the indicated genotypes. 

Bars represent mean ± SEM for n = 3 independent experiments.  

 

Supplementary Figure 2:  Expression of SNAI2 in mouse mammary tumor models.  

(A) Immunostaining for BIM, SNAI2, TWIST and KI67 at the borders of different mouse 

tumor models: MMTV-Neu, BALB/c-p53+/– and MMTV-Wnt1. Scale bar, 40 µm. (B) 

Western blot analysis of SNAI2 expression in pre-neoplastic mammary tissue and tumors 

for the PyMT, MMTV-Wnt1, MMTV-Neu and BALB/c-p53+/– mouse models. 

TUBULIN provided a protein loading control. Each sample represents a single tumor. (C) 

TUNEL assay and immunostaining for cleaved caspase-3 or (D) DAPI, CD31 or KI67 of 

PyMT; BIM+/+ tumor sections. Scale bar, 200 µm. 

 

Supplementary Figure 3:  SNAI2 binds to the human BIM promoter.  (A) 

Immunostaining of sections from an adult mammary gland, PyMT tumor and PyMT lung 

metastasis for SNAI2 and BIM expression. Scale bar, 2 µm. (B) Western blot analysis of 

SNAI2 and BIM expression in MDA-MB-231 cells expressing either LMS-shLUC or 

LMS-shSNAI2 knockdown constructs. ACTIN provided a protein loading control. (C) 

ChIP of SNAI2 on the BIM promoter in MDA-MB-231 cells. Antibodies against IgG and 

anti-SNAI2 were used to immunoprecipitate protein bound to the BIM promoter (n = 2 

independent experiments). Regions of SNAI2 binding are depicted above. (D) 
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Representative images of TWIST and β-CATENIN border staining from data analysis in 

Figure 4B. Scale bar, 200 µm. Inset width: 3 µm. 

 

Supplementary Figure 4:  Expression of SNAI2 and BIM in patient xenograft 

models. (A) Immunostaining for KI67, SNAI2 and BIM at the borders of human tumors: 

Metaplastic models: 162T and 371T; Triple negative: 110T; ER-positive: 23T. Scale bar, 

2 µm. (B) CD31 staining and DAPI assay on sections from 371T and 23T breast cancer 

xenografts. Scale bar, 200 µm. 

 

Supplementary Figure 5:  Increased survival of Bim-deficient PyMT tumor cells in 

the lungs after tail vein injection.  Histological sections of Rag1–/–J mice 2 hrs, 3 wks or 

4 wks after i.v. injection of 500,000 tumor cells from PyMT; Bim+/+, PyMT; Bim–/– mice 

(FVB/N). Scale bar, 40 µm. 

 

Supplementary Figure 6:  Loss of BIM increases lung colonization by MDA-MB-231 

breast cancer cells.  (A) Western blot analysis MDA-MB-231 cells transfected with the 

control LMS-Ctl or LMS-shBIM (BIM shRNA) knockdown construct. ACTIN was used 

as a loading control. (B) Mice were injected i.v. with MDA-MB-231 LMS-Ctl or LMS-

shBIM cells, then imaged 2, 24 or 48 hrs post-injection (n = 3 for no injection, n = 4 for 

LMS-Ctl and LMS-shBIM groups). Error bars represent the SEM. The right panel shows 

representative IVIS images taken at the indicated time points. 
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Supplementary Figure 6
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