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Abstract

Tumor progression is regulated by a complex interplay between neoplastic cells and the tumor 

microenvironment. Tumor associated macrophages have been shown to promote breast cancer 

progression in advanced disease and more recently, in early stage cancers. However, little is known 

about the macrophage-derived factors that promote tumor progression in early stage lesions. Using 

a p53-null model of early stage mammary tumor progression, we found that Gas6 is highly 

expressed in pre-invasive lesions associated with increased infiltrating macrophages, as compared 
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to those with few recruited macrophages. We show that F4/80+CD11b+ macrophages produce 

Gas6 in premalignant lesions in vivo, and that macrophage-derived Gas6 induces a tumor-like 

phenotype ex vivo. Using a 3-D co-culture system, we show that macrophage-derived Gas6 

activates its receptor Axl and downstream survival signals including Akt and STAT3, which was 

accompanied by altered E-cadherin expression to induce a malignant morphology. In vivo studies 

demonstrated that deletion of stromal Gas6 delays early stage progression and decreases tumor 

formation, while tumor growth in established tumors remains unaffected. These studies suggest 

that macrophage-derived Gas6 is a critical regulator of the transition from premalignant to invasive 

cancer, and may lead to the development of unique biomarkers of neoplastic progression for 

patients with early stage breast cancer, including ductal carcinoma in situ.
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INTRODUCTION

The tumor microenvironment can dictate tissue-specific gene expression, which in turn plays 

a crucial role in the development of human malignancies (1, 2). Macrophages are 

differentiated myeloid cells that constitute a major component of the inflammatory infiltrates 

present in solid tumors. Although macrophages were first thought to contribute to the host 

response against tumors, it is now well-established that macrophages promote tumor 

progression and metastasis in a number of cancers, including prostate, bladder, colon and 

breast (3, 4). In particular, increased macrophages within the tumor microenvironment are 

associated with poor prognosis in breast cancer patients (5, 6).

Macrophages exhibit enormous plasticity and respond to different stimuli, including 

cytokines, according to the local environment. Cell responses fall under an umbrella of 

phenotypes, including activated pro-inflammatory macrophages (often referred to as M1 

macrophages), and pro-tumorigenic phenotypes including anti-inflammatory, 

immunosuppressive, angiogenesis-promoting, invasion-promoting, and others (7, 8). Studies 

in mouse models have shown that macrophages are recruited to the invasive fronts of 

established mammary tumors where they exert pro-tumorigenic activities to promote 

metastasis (9–11). A growing body of literature suggests that macrophages at the pre-

invasive stage also have tumor-promoting activities, including immunosuppression and 

promotion of cell invasion (12, 13). Using a p53-null model of early breast cancer 

progression, we showed that macrophages are recruited to pre-invasive lesions where they 

are polarized toward a tumor-promoting phenotype (14). In this model, premalignant cells 

are serially transplanted into the cleared fat pads of Balb/c mice, where they progress 

through ductal hyperplasia, low grade mammary intraepithelial neoplasia (MIN), and high 

grade MIN/invasive tumors at various times post-transplantation (15–17), and thus closely 

mimic human ductal carcinoma in situ (DCIS) progression (17). Gene profiling of pre-

invasive lesions revealed that the growth arrest-specific gene 6 (Gas6) is highly expressed in 

lesions with increased macrophage recruitment and a high tumor-forming potential as 
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compared to those with few macrophages that rarely form tumors (14), suggesting that Gas6 

may regulate premalignant progression.

Gas6 is a vitamin K-dependent cytokine that binds to a family of receptor tyrosine kinases 

that include Tyro3, Axl and MerTK (TAMR family). Although Gas6 can bind all three 

receptors, its affinity for Axl is ~100–1000 times higher than MerTK and Tyro3 (18–20). 

Gas6/TAMR signaling has been shown to regulate proliferation, efferocytosis, leukocyte 

migration, clearance of apoptotic cells, platelet aggregation, and other biological processes 

(21–25). In macrophages, Gas6 has emerged as a potent inhibitor of innate immune 

responses. More recently, Gas6 and Axl have been implicated in the progression of various 

cancers, sparking interest in targeting this pathway as a potential therapeutic strategy (26, 

27). Axl expression has been associated with resistance to EGFR targeted therapy in EGFR+ 

lung and breast cancers (28, 29), increased metastasis in breast cancers (30, 31), and is 

correlated with poor overall survival in Her2+ breast cancers (30). However, it is unclear as 

to whether Gas6/Axl are important during premalignancy. Gas6 was shown to promote 

prostate cancer cell invasion (32), while Axl-induced breast cancer metastasis was shown to 

be Gas6-independent (30). Notably, leukocyte-derived Gas6 was shown to promote tumor 

growth in several different syngeneic tumor models, which was ablated in the presence of 

Gas6−/− bone marrow-derived macrophages (33). The potential role of Gas6 and TAMRs in 

localized invasion during the switch from premalignant to invasive breast cancer has not 

been studied.

In this study, we explore whether Gas6 signaling mediates early breast cancer progression. 

We show that Gas6 was highly expressed in pre-invasive lesions, but declined in invasive 

tumors, suggesting that this cytokine may be important for the transition from pre-invasive 

to invasive cancer. Using a 3-D co-culture ex vivo system, we demonstrate that macrophage-

derived Gas6 promotes a tumor-like phenotype in premalignant cells and activates Axl, Akt 

and STAT3 to induce cell survival, which is accompanied by mislocalization of E-cadherin. 

Finally, we show that stromal Gas6 promotes primary tumor formation in vivo. These 

studies have critical implications for targeting macrophages and Gas6/Axl signaling in early 

stage breast cancer.

RESULTS

Gas6 and TAMR expression in pre-invasive lesions.

Using a p53-null transplantable syngeneic model of early progression, we previously 

showed that macrophages are recruited to pre-invasive lesions with a high tumor-forming 

potential (PN1a) as compared to those that rarely form tumors (PN1b). Gene profiling 

showed that Gas6 was upregulated ~10 fold in PN1a lesions as compared to PN1b lesions, 

and ~30 fold as compared to p53−/− mammary glands (14). To confirm these results, we 

performed an ELISA for Gas6 on whole cell lysates that were harvested from mammary 

glands containing transplanted PN1a and PN1b tissue at various stages of progression. 

Mammary glands from wildtype and p53−/− mice were also evaluated as controls (Figure 

1a). While Gas6 levels were nearly undetectable in PN1b lesions, Gas6 was highly 

expressed in PN1a lesions at 8 and 16 weeks post-transplantation and declined in established 

tumors. Immunostaining for Gas6 showed strong expression in PN1a lesions in both 
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epithelial and stromal compartments, which was decreased in PN1b lesions. In support of 

the ELISA, Gas6 expression was decreased in PN1a tumors as compared to pre-invasive 

lesions (Figure 1b). We also examined Gas6 expression in the well-characterized C3(1)TAg 

mouse model in which low grade MIN develop by 8 weeks of age, progress to high grade 

MIN by 12 weeks, and invasive cancer by 16 weeks or later. Similar to the PN1a lesions, 

Gas6 was highly expressed in early C3(1)TAg MIN (Supplemental Figure 1a). To determine 

which cell type was secreting Gas6 in PN1a lesions, we FACS-sorted macrophages 

(CD45+CD11b+F480+), T-cells (CD45+CD3+CD11b-), and CD45- cells (primarily 

containing epithelial cells) and performed qPCR. Figure 1c shows that Gas6 expression was 

highest in CD45+ cells as compared to CD45- cells, with increased expression in 

macrophages (Figure 1c and Supplemental Figure 1b). Next, we examined Gas6 and 

receptor expression in LIN--sorted cells (epithelial cells) from normal mammary glands and 

premalignant lesions. Gas6 and Axl were highly expressed in PN1a epithelium while 

expression was significantly lower in MECs and PN1b epithelium (Figure 1d). While 

MerTK was expressed in all cell types analyzed, Tyro3 was barely detectable by qPCR (data 

not shown). To determine the clinical relevance of these results, we analyzed 23 patient 

samples of pre-invasive ductal carcinoma in situ (DCIS), the non-obligatory precursor of 

invasive carcinoma (Supplemental Table 1). While epithelial Gas6 was variable (65% low, 

staining 35% high), 86% of the DCIS samples showed stromal staining for Gas6, including 

cells with cytological features of macrophages (Figure 1e). Gas6 and CD68 co-localized, 

suggesting that stromal Gas6 expression included macrophages (Figure 1f). These results 

suggest that Gas6 signaling may regulate human DCIS progression.

Macrophage-derived Gas6 induces a malignant phenotype in pre-invasive mammary cells.

We previously showed that PN1a cells polarize bone marrow-derived macrophages 

(BMDMs) to a tumor-promoting phenotype, and induce Gas6 expression in BMDMs (14). 

Using a 3-D co-culture system, we showed that BMDMs induce the formation of tumor-like 

structures in primary PN1a cells ex vivo (14). Therefore, we next asked whether this 

macrophage-mediated phenotype is dependent on Gas6. Epithelial cells were isolated from 

PN1a lesions and cultured in Matrigel as previously described (34), where round, organized 

structures developed, characterized by luminal cytokeratin (CK) 8 and basal CK14 

expression. After three days of culture, BMDMs isolated from wildtype or Gas6−/− mice 

were added to the cultures and grown for an additional 10 days. As expected, co-culture with 

wildtype BMDMs induced a tumor-like phenotype as compared to PN1a alone, 

characterized by irregular, disorganized structures with disrupted integrin α6 (basal polarity 

marker) expression and increased CK14 expression (Figure 2a). In contrast, co-culture with 

Gas6−/− BMDMs resulted in primarily non-malignant structures indistinguishable from 

colonies formed by PN1a cells alone, with an intact basal layer marked by integrin α6 

staining and CK14 expression. Quantification of non-malignant and tumor-like colonies 

showed a significant decrease in malignant structures in co-cultures with Gas6−/− BMDMs 

as compared to wildtype BMDMs (Figure 2b). Since both macrophages and PN1a cells 

express Gas6 (Figure 1b,c), we asked whether secreted Gas6 was indeed decreased in cells 

co-cultured with Gas6−/− BMDMs. PN1a cells alone and with Gas6−/− BMDMs expressed 

low levels of Gas6 as compared to those cultured with wildtype BMDMs (Figure 2c), 

suggesting that PN1a cells produced negligible levels of Gas6. Notably, wildtype BMDMs 
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alone secreted nearly undetectable levels of Gas6, supporting our previous results showing 

that PN1a cells induce Gas6 expression in macrophages (14). These results suggest that 

macrophage-derived Gas6 promotes a malignant phenotype in vitro.

We previously showed that primary PN1a conditioned media induced the expression of Gas6 

as well as a number of tumor-promoting cytokines in macrophages, suggesting that PN1a 

cells polarize macrophages toward a pro-tumorigenic phenotype. Thus, it is possible that the 

malignant phenotype observed in co-cultures is due to the presence of tumor-polarized 

macrophages, independent of Gas6. To test whether Gas6 is required for macrophage 

polarization, we exposed wildtype or Gas6−/− BMDMs to PN1a conditioned media and 

analyzed gene expression of Vegfa, Tnfa, Arg1, Il6, and Il10. Surprisingly, PN1a cells 

induced similar levels of pro-tumor genes in both wildtype and Gas6−/− BMDMs, suggesting 

that Gas6 is not required for polarization (Supplemental Figure 2). To determine whether 

Gas6 alone is sufficient to induce a tumor-like phenotype, we treated primary PN1a cells 

with various concentrations of recombinant Gas6 (rGas6) and analyzed their morphology. 

Figure 3 shows a significant increase in tumor-like colonies in Gas6-treated cells as 

compared to vehicle-treated, mimicking PN1a cells that were co-cultured with wildtype 

BMDMs (Figure 3a,b). Altered integrin α6 localization and increased pAxl expression was 

observed in Gas6-treated cells as compared to controls. Quantification of tumor-like 

colonies showed a significant increase in pAxl+ cells as compared to pAxl- cells in 

malignant structures, suggesting a link between activated Axl and the malignant phenotype 

(Figure 3c). To validate these findings, primary cells from 16 week C3(1)TAg lesions were 

cultured in 3-D in the presence or absence of exogenous Gas6, or wildtype or Gas6−/− 

BMDMs. Gas6 treatment induced a tumor-like phenotype exemplified by invasive CK14+ 

positive cells (Supplemental Figure 3a). Similar to the PN1a model, wildtype BMDMs 

induced a tumor-like phenotype, while co-culture with Gas6−/− BMDMs resulted in non-

malignant colonies (Supplemental Figure 3b). Together, these results suggest that 

macrophages induce the formation of tumor-like colonies in pre-invasive cells in a Gas6-

dependent manner.

PN1a cells are pre-invasive and have a high tumor-forming potential. To determine whether 

Gas6 alone can induce changes in normal cells, normal mouse mammary epithelial cells 

(MECs) were cultured in 3-D in the presence or absence of rGas6 and structures were 

analyzed. There was no observed difference in morphology, size, or polarity, although there 

was a modest increase in the number of colonies formed (Supplemental Figure 4a and data 

not shown). To address whether Gas6/Axl was sufficient to induce malignant changes in 

non-invasive premalignant cells, a p53−/− cell line (PN2cl) was. These cells were originally 

derived from primary PN2 outgrowths, which express low levels of Axl (Supplemental 

Figure 4b) and have a low tumor-forming potential (35). Axl was overexpressed in PN2cl 

(pLeGO-iG empty vector control or pLeGO-iG-Axl), treated with or without rGas6 in 3-D 

culture, and the phenotype was assessed. All PN2cl colonies resembled organized, non-

malignant structures, suggesting that Gas6/Axl is not sufficient to induce a tumor-like 

phenotype in non-invasive cells, although there was a significant increase in colony size of 

Gas6-treated cells (Supplemental Figure 4b). These results suggest that although Gas6 may 

regulate growth in non-invasive cells, it is likely not an oncogenic driver during cancer 

initiation.
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Gas6 activates Axl in premalignant cells to induce pro-survival signals.

Given that Gas6 is a ligand for the TAMR family, and our premalignant cells expressed both 

Axl and MerTK (Figure 1), we analyzed whether co-culture with BMDMs activated both 

receptors. pAxl was expressed basally in PN1a cells cultured alone, whereas PN1a cells co-

cultured with wildtype BMDMs showed pAxl expression throughout the tumor-like 

structures (Figure 4a), similar to that observed when cells were treated with rGas6. In 

contrast, pAxl expression was basally-restricted in Gas6−/− BMDM co-cultured PN1a cells, 

consistent with the observed non-malignant phenotype. Under all conditions, pMerTK was 

undetectable in PN1a cells, although pMerTK was expressed in BMDMs present in our co-

culture system (Figure 4b). These data suggest that macrophage-derived Gas6 preferentially 

activates Axl signaling in premalignant cells.

To further characterize the tumor-like phenotypes observed, we stained co-cultures with 

antibodies to detect proliferation (Ki-67) and apoptosis [cleaved caspase 3 (CC3)], since 

Gas6/Axl signaling has been shown to regulate these processes (36, 37). Figure 5 shows that 

CC3 expression was significantly decreased by 50% in PN1a cells co-cultured with wildtype 

BMDMs as compared to Gas6−/− BMDMs or PN1a alone (Figure 5a). A modest increase in 

proliferation was observed in cells co-cultured with wildtype BMDMs as compared to other 

conditions, however this increase was not statistically significant (Figure 5b). These results 

suggest that Gas6 protects PN1a cells from apoptosis.

Gas6/Axl signal transduction has previously been shown to induce anti-apoptotic effects 

during tumor progression by activating a number of pathways, including AKT, STAT3, and 

NFκB [reviewed in (38)]. Therefore, we next addressed whether these pathways were 

altered in the 3-D co-culture model. pAKT expression was significantly increased in PN1a 

cells co-cultured with wildtype BMDMs as compared to Gas6−/− BMDMs (Figure 6a). 

Similarly, pSTAT3 was barely detectable in Gas6−/− BMDM co-cultures, but significantly 

increased in malignant structures formed in wildtype BMDM co-cultures (Figure 6b). In 

contrast, there was no difference in nuclear localization or expression of NF-κB (p65/p105) 

(Supplemental Figure 5). Since Axl activation has been implicated as both an upstream and 

downstream regulator of the epithelial mesenchymal transition (EMT) during tumor 

metastasis (31, 39), we analyzed E-cadherin expression in PN lesions in vivo. E-cadherin 

was uniformly expressed in pre-invasive PN1a and PN1b lesions, however by 18 weeks, 

expression was reduced in PN1a lesions (Figure 7a). In support, PN1a cells co-cultured with 

wildtype BMDMs showed mislocalized E-cadherin staining and decreased expression as 

compared to PN1a cells cultured alone or with Gas6−/− BMDMs (Figure 7b). Collectively, 

these results suggest that macrophage-derived Gas6 promotes the survival of pre-invasive 

cells in a paracrine fashion, possibly by activating pAKT and pSTAT3, and may induce EMT 

changes in pre-invasive cells.

Deletion of stromal-Gas6 delays progression to invasive cancer in vivo.

Our in vitro data show that Gas6/Axl signaling is critical for malignant changes in pre-

invasive cells, suggesting that macrophage-derived Gas6 mediates early stage breast cancer 

progression. To test whether stromal Gas6 has tumor-promoting activity in pre-invasive 

stages of mammary tumorigenesis, we performed in vivo studies using two cohorts of 
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animals. PN1a cells were injected into the cleared fat pads of wildtype or Gas6−/− mice, and 

mammary glands were analyzed at early and late stages of progression. In cohort 1, mice 

were euthanized at 6 weeks post-transplantation, where lesions resemble simple ductal 

hyperplasia to low grade MIN (14). Whole mount analysis showed that there was no 

difference in the percent of fat pad filled in wildtype and Gas6−/− mice, suggesting that Gas6 

is not required for ductal outgrowth (Supplemental Figure 6a). The majority of the lesions 

showed simple ductal hyperplasia, indicating that both groups of lesions were in the earliest 

stage of progression (Supplemental Figure 6b). Quantification of Ki-67+ epithelial cells 

showed a significant decrease in proliferation in PN1a lesions from Gas6−/− mice as 

compared to wildtype (Supplemental Figure 6c). In support of our in vitro results, STAT3 

activation in PN1a lesions was higher in wild type mice as compared to Gas6−/− mice 

(Supplemental Figure 6d). Finally, CC3 staining revealed a modest increase in apoptosis in 

PN1a lesions from Gas6−/− mice as compared to wildtype (Supplemental Figure 6e). 

However, at this early stage of progression, apoptosis is not a predominant event as 

compared to late stages, which may account for the small difference observed between the 

groups.

In a second cohort of mice, we addressed whether Gas6 deletion affected palpable tumor 

formation and growth. Tumor growth was determined by measuring tumors every other day 

until they reached 1 cm in diameter, at which time the mice were euthanized. A Kaplan-

Meier curve shows that there was a significant increase in the onset of measurable tumors in 

wildtype as compared to Gas6−/− mice, indicating that there was a delay in progression to 

invasive tumors in Gas6−/− mice (Figure 8a). Similarly, there was a significant increase in 

the time that tumors reached 1 cm in diameter in wildtype mice as compared to Gas6−/− 

mice (Figure 8b). Interestingly, there was no significant difference in tumor growth between 

wildtype and Gas6−/− mice, suggesting that once tumors formed, Gas6 is not required for 

tumor progression (Figure 8c). Quantification of F4/80+ cells showed no difference in 

macrophage number in tumors from wildtype and Gas6−/− mice (Supplemental Figure 7). 

Collectively, these data suggest that stromal Gas6 promotes the transition to invasive cancer 

in early stage mammary lesions.

DISCUSSION

There has been tremendous interest in targeting the tumor microenvironment, and 

particularly macrophages, as a therapeutic strategy for metastatic breast cancer. It is well-

established that macrophages play an instrumental role in promoting the progression of 

established tumors, by secreting a number of factors that induce angiogenesis and cellular 

invasion. Although macrophages were previously believed to exert a pro-inflammatory, anti-

tumor role in early stage lesions, a growing body of literature suggests that macrophages at 

the pre-invasive stage also have tumor-promoting functions, including immunosuppression 

and promotion of cell invasion (12, 13, 40). Using a p53-null syngeneic mouse model of 

early stage progression, we previously showed that macrophages are recruited to 

premalignant lesions with a high tumor-forming potential, but were limited in lesions that do 

not progress to invasive cancer. Macrophage ablation at the pre-invasive stage caused a 

significant delay in early progression, decreased localized invasion, and a significant 

reduction in tumor formation (14). In the present study, we identified Gas6 as an important 
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macrophage factor that is induced by premalignant cells upon macrophage infiltration into 

ductal hyperplasias (Figure 1). Using a 3-D ex vivo co-culture system, we showed that 

macrophages induce a tumor-like phenotype in premalignant cells in a Gas6-dependent 

manner, activating the Axl receptor, inducing cell survival and regulating E-cadherin 

expression (Figures 2–7). Others have shown that leukocyte-derived Gas6 promotes tumor 

growth of numerous cancer cell lines, including 4T1 cells, in vivo (33). However, these 

models are highly aggressive and do not progress through distinct stages of premalignancy, 

thus it remained unclear as to whether Gas6/Axl regulate DCIS progression. Our studies 

utilizing an established mouse model of MIN progression (41) showed that deletion of 

stromal Gas6 in vivo delayed tumor formation, but had no effect on tumor growth once 

primary tumors were established (Figure 8). These results suggest that stromal Gas6, 

potentially macrophage-derived, regulates the transition from pre-invasive to invasive cancer.

Gas6/Axl signaling has been shown to promote survival, proliferation and invasion of cancer 

cells in vitro and in vivo. Gas6 has the highest affinity for Axl, which can be activated by 

both ligand-dependent and -independent mechanisms. Our in vitro data showed that Axl was 

preferentially activated by macrophages in a Gas6-dependent manner, with consequent AKT 

and STAT3 activation, and increased cell survival (Figures 3–6). In support, others have 

shown Gas6/Axl induced cell survival by activating P13K/AKT, downregulating Bad and 

increasing Bcl2 (42, 43). More recently, using the MMTV-Neu mouse mammary tumor 

model, Goyette et al demonstrated increased apoptosis in Neu+Gas6−/− tumors as compared 

to Neu+Gas6+/+ (30). Interestingly, PN1a cells cultured alone or with Gas6−/− BMDMs 

displayed basally localized pAxl expression (Figure 4). It is possible that other receptor 

tyrosine kinases such as HER2 or EGFR, which have been shown to activate Axl in a ligand-

independent fashion (30, 44), induced pAxl in our system. Alternatively, autocrine Gas6 

signaling may be activating Axl, as low levels of Gas6 were detected (Figure 2c). However, 

these mechanisms are unlikely to contribute to cell survival in our pre-invasive cells since 

pAKT and pSTAT3 were significantly decreased, while CC3 was significantly increased, in 

the observed non-malignant structures in PN1a cells cultured alone or with Gas6−/− 

BMDMs. It is well established that Gas6/Axl signaling induces acquisition of EMT features 

required for invasion in several tumor mouse models of metastasis (30, 31, 39). In support of 

this concept, our data showed that macrophage-derived Gas6 regulates E-cadherin 

localization and expression, suggesting that it may modulate the EMT program.

Several studies have correlated Gas6/TAMR expression with poor prognosis in different 

cancers. High Gas6 expression in ovarian cancer (45), glioblastoma (46), and non-small cell 

lung cancer (NSCLC) (46) was shown to predict poor overall survival. Similarly, Axl 

expression has been correlated with poor outcome in acute myeloid leukemia (47), 

metastatic renal cell carcinoma (48), and several other cancers, and was shown to contribute 

to resistance to EGFR-targeted therapies in NSCLC (28). In breast cancer, numerous studies 

have suggested that Axl is an important negative prognostic factor in triple-negative and 

Her2+ metastatic breast cancer (30, 49). However, it is unclear as to whether Axl is activated 

by Gas6 during metastasis. Gas6 mRNA expression was shown to correlate with 

progesterone receptor B (PRB) in a panel of 49 breast carcinomas, and was associated with 

favorable prognostic parameters including lymph node negativity, low nuclear morphology, 

and smaller tumor size (50). Additionally, it was recently shown in a mouse model of Her2+ 
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breast cancer that Axl, but not Gas6, is required for the metastasis of established tumors 

(30). Interestingly, we showed that Gas6 expression increased in pre-invasive hyperplastic 

lesions as compared to the normal mammary gland, but decreased in invasive tumors as 

compared to pre-invasive lesions (Figure 1), even though macrophages continue to increase 

(14). Furthermore, our in vivo studies showed that once tumors were established, growth 

was not altered by Gas6 deletion (Figure 8). These results suggest that Gas6 signaling may 

be shut down after the transition to invasive cancer, and thus primarily functions during 

premalignancy.

Inhibition of Axl phosphorylation is a basis for cancer therapeutic modalities that are under 

development, and more than 17 Axl inhibitors are currently in preclinical or clinical trials 

(51). Efforts have also been made to inhibit the interaction between Gas6 and Axl with an 

Axl decoy recptor, MYD1–72, which has high affinity for Gas6, and effectively blocks Gas6 

signaling. This drug has been shown to decrease metastasis of human ovarian cancer cells 

and to blunt tumor growth and metastasis of mouse mammary tumor cells (27). Additionally, 

warfarin, a vitamin K antagonist, inhibits Gas6-mediated Axl activation and as a 

consequence, decreases proliferation, invasion and metastasis of pancreatic tumor cells (52). 

Our studies suggest that stromal Gas6, and potentially macrophage Gas6, regulates the pre-

invasive to invasive transition in a mouse model of premalignant progression. These studies 

have critical implications for dual targeting the stroma and pre-invasive epithelium with 

Gas6/Axl inhibitors as a potential prevention or treatment strategy of human DCIS.

MATERIALS AND METHODS

Animal Models

Mice were maintained in a pathogen-free facility under the NIH Guide for the Care and Use 

of Experimental Animals with approval from the Tulane School of Medicine Institutional 

Animal Care and Use Committee. BALB/cAnHsd (Balb/c) mice were obtained from Envigo, 

C57BL/6J mice were obtained from the The Jackson Laboratory, and C3(1)Tag mice 

(FVB/NJ) were obtained from the University of North Carolina School of Medicine Mouse 

Phase 1 Unit (Chapel Hill, NC). Trp53−/− mice have been described (53) and are maintained 

in the Balb/c strain. Gas6−/− mice were maintained and genotyped as previously described 

(22) and were backcrossed eight generations to the Balb/c strain. Experiments were 

performed using either C57BL/6J or Balb/c strains. Trp53−/− outgrowth lines PN1a and 

PN1b were maintained by serial transplantation into the cleared fat pads (#4 contralateral 

mammary glands) of 3-week-old female Balb/c mice as previously described (17).

ELISA

The Mouse Gas6 Quantikine® ELISA kit (R&D Systems, Minneapolis, MN, US) was used 

according to the manufacturer’s instructions. Details are described in Supplemental 

Methods.

FACS analysis

Fluorescence activated cell sorting (FACS) was performed as previously described (14). 

Details are described in Supplemental Methods.
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RNA isolation and qPCR

RNA isolation and qPCR was performed as described in the Supplemental Methods.

Clinical samples

Twenty three formalin fixed human DCIS samples were obtained from 3 sources: Louisiana 

Cancer Research Consortium Biospecimen Core (New Orleans, LA), the Biorepository Unit 

at Ochsner Medical Center (New Orleans, LA), and the NCI Cooperative Human Tissue 

Network (University of Virginia School of Medicine, VA). DCIS patient samples are 

described in Supplemental Table 1. Immunostaining using antibodies to Gas6 and CD68 

(Supplemental Table 2) was performed as previously described (14), where tissues were 

blocked with 5%BSA/PBST. Images were acquired using a Nikon Eclipse microscope.

Immunohistochemistry

Paraffin-embedded tissues were processed and stained with various antibodies 

(Supplemental Table 2) as previously described (14). Details and modifications are 

described in Supplemental Methods.

Three-dimensional co-culture

Bone marrow cells from the femurs and tibias of adult C57BL/6J mice were isolated and 

differentiated into BMDMs as previously described (14, 54, 55). Epithelial cells were 

isolated from mammary glands containing PN1a 8-week outgrowths as described (14). PN1a 

cells and PKH26-labeled (Sigma Aldrich) BMDMs were co-cultured on growth factor-

reduced Matrigel® (BD Bioscience) as described (14). For treatment with recombinant Gas6 

(rGas6), mouse rGas6 (R&D Systems) or PBS (vehicle control) were added to the cultures 

on day 3, and incubated at 37°C for an additional 10 days, replacing the media/rGas6 every 

3 days. Phase contrast images were obtained using an Evos FL microscope (Thermo Fisher 

Scientific, Waltham, MA, USA). For quantification of the number of non-malignant and 

tumor-like colonies, at least 30 structures per group were analyzed (n=3). Immunostaining 

was performed as previously described (14) and antibodies are listed in Supplemental Table 

2. Confocal images were acquired under a 60X objective using a Nikon A1plus confocal 

microscope.

In vivo studies

For analysis of tumor progression in vivo, PN1a cells were isolated as described above, and 

1000 cells/10μl in a 1:1 solution of PBS:growth factor-reduced Matrigel® were injected into 

the cleared fat pads (#4 contralateral) of 3–6-week-old wildtype or Gas6−/− balb/c mice 

using a 26G needle and a 50μl Hamilton syringe. Cells were injected into both contralateral 

mammary glands and allowed to grow for 6 weeks. For the tumor study, cells were injected 

into one mammary gland/animal and allowed to grow for the indicated times. Once palpable, 

tumor size was measured every other day and mice were euthanized when tumors reached 

1cm in diameter. For whole mounts, glands were fixed in cold 4% paraformaldehyde for 2 

hours, incubated with acetone for 1 hour at room temperature to remove the fat, and stained 

with a 50% glycerol/PBS solution containing 10ug/mL DAPI overnight. Mammary glands 
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were washed with 50% glycerol/PBS, imaged on a Leica M165 FC stereoscope (Leica 

Biosystems), and subsequently embedded in paraffin.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 6/7. Fold change significance 

for qPCR was calculated using a two-way ANOVA (Figure 1) or an unpaired t-test 

(Supplemental Figure 2). For 3-D co-culture experiments, the significance of the number of 

non-malignant and tumor-like acini was calculated using a contingency table and Chi-

squared analysis. For quantification of Ki67, CC3, pAKT, and pSTAT3 from in vitro 
experiments and ELISA, the significance was calculated using a one-way ANOVA. For 

pSTAT3, Ki67 and CC3 from the in vivo experiments the significance was calculated using 

an unpaired t-test. For the Kaplan-Meier curve the log rank test was used. For the tumor 

growth analysis and time of sacrifice an unpaired t-test was used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Gas6 and TAMR expression in pre-invasive lesions.
A) Mammary glands or tumors from wildtype, p53−/−, or Balb/c mice containing PN1a or 

PN1b premalignant lesions were analyzed for Gas6 expression using ELISA. Recombinant 

Gas6 (rGas6) supplied by the manufacturer was used as positive control. Values shown 

(ng/ml of Gas6) are the mean and SEM from 3–6 independent experiments. ****p< 0.0001, 

**p< 0.01. B) Representative images of PN1a and PN1b tissues stained with a Gas6 

antibody (n=3). Black arrowhead indicates Gas6 stromal staining and red arrowhead 

indicates Gas6 epithelial staining. Gas6−/− mammary glands (MG) were used as a negative 
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control. Scale bar= 20 μm. C) Cells were isolated from PN1a lesions at 8 weeks post-

transplantation, FACS-sorted for CD45+ (CD45+), CD45+CD3+CD11b- (T cells), 

CD45+F4/80+CD11b+ (macrophages) or CD45- cells, and qPCR for Gas6 was performed. 

Graph depicts 2^ddCT after normalizing to 18S, and fold changes were calculated by setting 

the highest value (CD45+) equal to 1. Values shown are the mean and SD (n=3) from one 

representative experiment. D) LIN- epithelial cells were FACS-sorted from normal 

mammary glands (MEC) or PN1a and PN1b lesions (8 weeks post-transplantation) and 

relative expression of Axl, MerTK and Gas6 was detected by qPCR. Graph depicts 2^ddCT 

after normalizing to 18S values shown are the mean and SD (n=3) from one representative 

experiment. Fold changes were calculated after setting MEC equal to 1. ***p< 0.001 and 

****p< 0.0001 E) Representative images of human DCIS stained with a Gas6 antibody 

displaying low and high epithelial Gas6 expression. Red arrowhead indicates Gas6 epithelial 

staining, while black arrowhead shows Gas6 stromal staining. Scale bar = 10 μm. F) 

Representative images of immunofluorescence staining showing Gas6 (red) and CD68 

(green) co-localization in human DCIS. Scale bar = 20 μm.
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Figure 2: Macrophage-derived Gas6 induces a malignant phenotype in vitro.
Primary PN1a cells were cultured in Matrigel in the presence or absence of WT or Gas6−/− 

BMDMs (PKH26-labelled). A) Representative phase contrast images (BMDMs: red) and 

confocal images of structures immunostained with antibodies to α6 integrin (red), CK18 

(green), and CK14 (purple). Scale bar=50 μm. B) Quantification of the number of tumor-like 

(disorganized, grape-like morphology) and non-malignant colonies. At least 30 structures 

per group were examined for each experiment from 3 independent experiments. Error bars 

represent SEM, ****p<0.0001. C) ELISA for Gas6 levels in supernatants collected after 10 
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days of co-culture (13 days total culture). Error bars represent SEM from 3 independent 

experiments (**p=0.0012).
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Figure 3: Gas6 treatment induces a malignant phenotype in PN1a cells.
PN1a cells were cultured in Matrigel in the presence or absence of various concentrations of 

rGas6 for 13 days. A) Representative phase contrast and confocal images depicting 

morphological changes induced by Gas6 treatment. Cells were stained with antibodies 

against pAxl (green) or α6 integrin and nuclei were detected with DAPI (blue). Scale bar=50 

μm. B) Quantification of non-malignant and tumor-like structures resulting from treatment 

with various concentrations of rGas6 or vehicle (PBS) control. The number of non-

malignant or tumor-like structures from a minimum of 30 colonies per group were counted 
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and expressed as a percent of total structures analyzed. Values shown are the mean and SEM 

from 3 independent experiments (p<0.0001). C) Graph depicts the presence or absence of 

pAxl staining within malignant structures after treatment with Gas6. Data are expressed as 

the percentage of total tumor-like structures (mean + SEM) from at least 30 colonies per 

group from 3 independent experiments (*p< 0.05).
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Figure 4: BMDMs induce Axl activation of pre-invasive cells.
PN1a cells were cultured in Matrigel in the presence or absence of WT or Gas6−/− BMDMs. 

Confocal images of structures stained with antibodies to A) pAxl (red), Axl (green) or B) 
pMerTK (red) are shown. Dapi staining was used to detect nuclei (blue). Arrow depicts 

pMerTK staining of a macrophage. Scale bar = 50 μm.
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Figure 5: Macrophage-derived Gas6 increases premalignant mammary epithelial cell survival.
PN1a cells were cultured in Matrigel in the presence or absence of wildtype or Gas6−/− 

BMDMs for a total of 13 days. A) Confocal images of cells stained with an antibody to 

cleaved CC3 and the percentage of CC3+ cells was quantified. B) Confocal images showing 

Ki-67 staining and graph depicts the percentage of proliferating cells in each group. Values 

from both graphs represent the mean and SEM per field of view from 3 independent 

experiments (*p< 0.05). Scale bar = 50 μm.
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Figure 6: Macrophage-derived Gas6 activates AKT and STAT3 signaling in PN1a cells.
PN1a cells were cultured in Matrigel in the presence or absence of wildtype or Gas6−/− 

BMDMs for 13 days, and then they were fixed and stained with antibodies to pAKT and 

pSTAT3. A) Representative confocal images of pAKT staining and quantification of pAKT+ 

cells expressed as a percentage of total cells. B) Confocal images of pSTAT3 staining and 

quantification of pSTAT3+ cells expressed as a percentage of total cells. Nuclei were stained 

with DAPI (blue); scale bar = 50 μm. Values from both graphs represent the mean and SEM 

per field of view from 3 independent experiments (**p< 0.01 and *p< 0.05).
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Figure 7: Macrophage-derived Gas6 promotes decreased E-cadherin expression.
A) Representative images of 8 week PN1a (n=4), 18 week PN1a (n=3) and 12 week PN1b 

(n=3) tissues stained with an E-cadherin antibody. Scale bar = 20 μm. B) PN1a cells were 

cultured in Matrigel in the presence or absence of wildtype or Gas6−/− BMDMs for 13 days, 

and then they were fixed and stained with an E-cadherin antibody (green) and nuclei were 

stained with DAPI (blue) (n=3). Representative confocal images of E-cadherin staining in 

PN1a cells are shown. Scale bar = 50 μm.
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Figure 8: Stromal Gas6 deletion impairs the progression of PN1a lesions.
PN1a cells were transplanted into the cleared fat pads of wildype or Gas6−/− mice and 

allowed to progress to palpable tumors. Mice were euthanized when tumors reached 1 cm in 

diameter. A) Kaplan-Meier curve depicting the number of fat pads with palpable tumors at 

0–35 weeks post-transplantation. 13 WT animals and 12 Gas6−/− animals were analyzed. 

The log rank test was used for statistical analysis (p=0.01). Hazard ratio (Mantel 

Haenszel)=2.8 with 95% CI=1.2 to 6.4. B) Box and whisker plot shows the number of weeks 

until tumors reached 1 cm in diameter. (*p< 0.05). C) Box and whisker plot depicting tumor 
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growth expressed as the number of days from when tumors are measurable (3 mm) until 

tumors reached 1 cm in diameter. (p=0.08).
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