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Abstract

Metastatic estrogen receptor alpha positive (ERα+) cancers account for most breast cancer 

mortality. Cancer stem cells (CSCs) and dense/stiff extracellular matrices are implicated in 

aggression and therapy resistance. We examined this interplay and response to mTOR inhibition 

using ERα+ adenocarcinomas from NRL-PRL females in combination with Col1a1tmJae/+ 

(mCol1a1) mice, which accumulate collagen-I around growing tumors. Orthotopic transplantation 

of tumor cells to mCol1a1 but not wildtype hosts resulted in striking desmoplasia. Mammary 

tumors in mCol1a1 recipients displayed higher CSC activity and enhanced AKT-mTOR and YAP 

activation, and these animals developed more and larger lung metastases. Treatment with the 

mTOR inhibitor, rapamycin, with or without the anti-estrogen, ICI182780, rapidly diminished 

mammary tumors, which rapidly reversed when treatment ceased. In contrast, lung metastases, 

which exhibited lower proliferation and pS6RP, indicating lower mTOR activity, were 

unresponsive, and mCol1a1 hosts continued to sustain greater metastatic burdens. These findings 

shed light on the influence of desmoplastic tumor microenvironments on the CSC niche and 

metastatic behavior in ERα+ breast cancer. The differential mTOR dependence of local mammary 

tumors and pulmonary lesions has implications for success of mTOR inhibitors in advanced ERα+ 

disease.
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1. Introduction

Patients with estrogen receptor alpha (ERα) expressing tumors constitute 75% of breast 

cancer cases. Though often treated successfully with surgery and anti-estrogen therapies, 

approximately 25% initially or eventually display treatment resistance and recurrence of 

metastatic disease [1, 2]. Unfortunately, little is known about the mechanisms which 

contribute to progression and therapeutic insensitivity of these cancers, but increasing 

evidence implicates components of the tumor microenvironment, such as the extracellular 

matrix (ECM), as partners in these processes.

Collagen density, organization and tissue stiffness have been independently linked to 

mammary cancer. Type-1 fibrillar collagens are prevalent in the mammary ECM, and dense 

collagen is associated with increased risk of breast cancer [3]. Collagen organization, 

particularly alignment of collagen fibers perpendicular to the tumor boundary, correlates 

with reduced survival of patients with ERα+ cancers [4]. Furthermore, increased tissue 

stiffness, which can be conferred by accumulated collagen, contributes to tumor cell 

invasion and treatment resistance [5–7]. The mechanism(s) by which desmoplastic 

microenvironments drive tumor aggression is not fully understood, but may involve cancer 

cells with stem-like characteristics [8–10]. Cancer stem cells (CSCs) have the ability to 

regenerate tumor heterogeneity and self-renew [11, 12]. Signaling through the mammalian 

target of rapamycin (mTOR) increases activity of CSCs in breast cancers [13–15]. Inhibition 

of mTOR signaling by the rapamycin analog, everolimus, has been approved for treatment 

of patients with anti-estrogen resistant ERα+ breast cancer [16–18]. However, how 

desmoplastic environments affect responses of ERα+ cancers to these therapies is not 

known.

To investigate the links among collagen density/stiffness, CSCs, metastatic behavior, and 

treatment sensitivity of ERα+ breast cancer in vivo, we utilized the metastatic ERα+ 

mammary adenocarcinomas that develop in nulliparous transgenic NRL-PRL females [19]. 

These prolactin-induced serially transplantable, lineage heterogeneous ERα+ cancers [20] 

provide a preclinical model to investigate responses of complex cancers in 

immunocompetent environments. These tumors exhibit ER-responsive gene expression, but 

many lose dependence on ER-mediated signals for growth [20], modeling advanced anti-

estrogen resistant clinical breast cancers. To evaluate the impact of desmoplastic tumor 

microenvironments, we employed a genetically engineered mouse with a mutation in the 

col1a1 gene (col1a1tm1Jae), rendering it non-cleavable [21]. In this model, the desmoplastic 

col1a1tm1Jae/+ (mCol1a1) environment increases the multiplicity of primary tumors and 

metastases in MMTV-PyMT mice [22], and intravasation and lung metastases of 

orthotopically transplanted mammary tumor cell lines [23]. Here, we transplanted serially 

passaged ERα+ tumor cells into mammary fat-pads of either wildtype (WT) or mCol1a1 

recipients. Mammary tumors in mCol1a1 recipients were surrounded by dense collagen 
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fibers which aligned more perpendicularly to tumor boundaries. These tumors exhibited 

higher CSC activity, driven by the AKT-mTOR signaling cascade and YAP, a major 

downstream effector of the Hippo signaling pathway. Further, mCol1a1 recipients developed 

more and larger lung metastases. Treatment of tumor-burdened mice with the mTOR 

inhibitor, rapamycin, with or without the selective estrogen downregulator (SERD), ICI 

182,780 (ICI), dramatically reduced the size and CSC activity of mammary tumors in both 

recipient genotypes. However, in contrast to the rapamycin sensitivity of the local tumors, 

lung metastases did not respond to inhibition of mTOR signaling, and mCol1a1 hosts 

continued to sustain greater metastatic burdens. Closer examination revealed that metastases 

displayed lower mTOR activity and rates of proliferation than mammary tumors. This failure 

of lung metastases to respond to mTOR-targeted therapy underscores the need to understand 

and target processes which lead to treatment evasion, particularly at distant sites.

2. Materials and methods

2.1 Experimental mice and treatment administration

Animals were bred, handled, and housed in accordance with the National Institutes of Health 

Guide for Care and Use of Laboratory Animals in AAALAC-accredited facilities. All 

procedures were approved by the University of Wisconsin-Madison Institutional Animal 

Care and Use Committee. NRL-PRL mice were generated and maintained on the FVB/N 

strain background [24]. Heterozygous col1a1tm1Jae (mCol1a1) mice [21] were backcrossed 

for more than 10 generations onto the FVB/N strain. A primary ERα+ NRL-PRL 

adenocarcinoma (#72-46) [20], which has been serially passaged in vivo, was digested into a 

single-cell suspension for subsequent transplantations into 8-week old wild-type (WT) and 

mCol1a1 syngeneic recipients. 100,000 cells were injected bilaterally into intact caudal 

mammary glands of recipient mice, and growth of tumors was monitored using digital 

calipers. Tumor volume was calculated as: largest diameter * (smallest diameter2) * 0.4. 

When tumors reached 150 mm3, mice were divided into treatment cohorts: untreated 

control, ICI 182,780 (ICI, Fulvestrant, AstraZeneca Pharmaceuticals, weekly subcutaneous 

injection, 250 mg/kg), Rapamycin (Rapamune oral solution, Pfizer Inc., daily oral gavage, 5 

mg/kg), and ICI/Rapamycin combination therapy. The bioactivity of ICI in vivo was 

confirmed by reduced uterine weights (Fig. S1A). For some studies, animals were 

euthanized after 2 or 14 days of treatment. For an additional cohort (withdrawal, WD), mice 

that had been treated with ICI/Rapamycin for 14 days were untreated for an additional 14 

days prior to tissue collection.

2.2 Immunohistochemistry

Portions of tumors were fixed overnight in 10% neutral buffered formalin, and processed 

into 5 μm sections for immunostaining [25]. Sections were counterstained with hematoxylin 

and imaged using an E600 Eclipse microscope with NIS-Elements imaging software. The 

following antibodies were used: ERα (1/500; Santa Cruz Biotechnology, #SC-542), 

pAKTS473 (1/50; Cell Signaling Technologies, #3787), YAP (1/400; Cell Signaling 

Technologies, #14074), cleaved caspase-3 (Asp175) (1/100; Cell Signaling Technologies, 

#9661), pp70S6K (1/100; Cell Signaling Technologies, #9205), Ki-67 (1:500; Abcam, 

#15580), pS6RPS235/236 (1/400; Cell Signaling Technologies, #4858), and biotinylated anti-
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rabbit IgG (H&L) (Vector Laboratories, #BA-1000). Labeled cells were quantified by 

counting 200 cells in each of five random 40x fields of view (FOV) for each tumor.

All lungs from tumor-burdened mice were processed as above, and metastatic load was 

quantified in three step-sections, 50 μm apart. Metastases in ten random 10x FOVs were 

counted in each section, taking care to avoid recounting metastases which spanned multiple 

step-sections. Lesion area was quantified by tracing freehand perimeters using ImageJ 

software [26].

2.3 Collagen fiber imaging and analysis

Fibrillar collagens were analyzed by staining sections with picrosirius red, and visualized at 

high resolution using fluorescent microscopy methodology [27]. Stained fibrillar collagens 

produce a robust fluorescent signal when excited using a 561 nm laser with emission 

detection between 635–685 nm, improving imaging quality over polarized light microscopy. 

Imaging was performed using a Leica TCS SP8 confocal microscope with LAS X software 

and a scanning tile-stitching 20x oil-immersion objective. Quantification of total collagen 

fiber number was performed utilizing CT-FIRE software (LOCI, Madison, WI), and 

alignment was analyzed using CurveAlign software (LOCI, Madison, WI) [28]. Collagen 

fibers in five random 20x FOVs for each tumor were analyzed.

2.4 Tumorsphere formation in vitro

Single-cell suspensions were prepared from harvested tumors as described [20] for 

subsequent analyses. In brief, fragments were dissociated in Epicult-B Mouse Medium 

(Stem Cell Technologies, #05610) supplemented with 5% fetal bovine serum, 10 ng/mL 

epidermal growth factor, 300 U/mL collagenase, and 100 U/mL hyaluronidase (Stem Cell 

Technologies, #07912) at 37°C for one hour. Red blood cells were lysed using ammonium 

chloride, and then cells were incubated for one minute in trypsin-EDTA (Stem Cell 

Technologies, #07901) containing 5 mg/mL dispase (Stem Cell Technologies, #07913) and 

0.1 mg/mL DNase I (Stem Cell Technologies, #07900), and filtered through 40 μm strainers. 

Cancer stem cell activity was quantified using the in vitro mammosphere formation assay 

[29, 30] as described [20]. Briefly, single-cell suspensions of 4 independent tumors were 

seeded at six replicates of 25,000 cells/well into 96-well ultra-low attachment plates 

(Corning, #3474) in mammosphere medium containing DMEM-F12 with 20 ng/mL EGF, 20 

ng/mL bFGF, 1X B27 supplement (Gibco, #17504044), 5 μg/mL insulin, and 100 μg/mL 

gentamicin. After 10 days of culture at 37°C, tumorspheres greater than 50 μm in diameter 

were quantified. In order to assess the effect of ERα, mTOR, and YAP signaling on CSC 

self-renewal capacity in vitro, tumor cells from untreated WT and mCol1a1 animals were 

treated with vehicle (0.1% ethanol, 0.1% DMSO, or both), 1 μM ICI, 10 nM rapamycin 

(Millipore Sigma, #553210), 1 μM verteporfin (Millipore Sigma, #SML0534), or 

combinations of inhibitors immediately after seeding into ultra-low attachment plates. After 

10 days, primary tumorspheres were counted, dissociated with trypsin, and replated at 

25,000 cells/well in mammosphere medium without treatments for an additional 10 days 

(secondary tumorsphere assay). Self-renewal was quantified by counting secondary 

tumorspheres.
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2.5 Quantitative real-time PCR

Transcripts in single-cell tumor suspensions were quantified by qRT-PCR [25], normalized 

to 18S RNA. Primers with the following sequences were employed: 18S: F: 5′-CGC CGC 

TAG AGG TGA AAT TCT-3′, R: 5′-CGA ACC TCC GAC TTT CGT TCT-3′; Sox2: F: 5′-

CCA CCA ATC CCA TCC AAA TT-3′, R: 5′-CAA AAA GAA GTC CCA AGA TCT 

CTC A-3′; Bmi1: F: 5′-AGT TCG GCC AAC TTG CAA AA-3′, R: 5′-GCC TTG TCA 

CTC CCA GAG TC-3′; Ctgf: F: 5′-GTG TGC ACT GCC AAA GAT GG-3′, R: 5′-TGC 

TTT GGA AGG ACT CAC CG-3′; Cyr61: F: 5′-CAG CTC ACT GAA GAG GCT TCC 

T-3′, R: 5′-GCG TGC AGA GGG TTG AAA A-3′.

2.6 Immunoblotting

Protein lysates were prepared from single tumor cell suspensions, fractionated and 

immunoblotted for proteins of interest. Primary and secondary antibodies: AKT (1/2000; 

Cell Signaling Technologies, #9272), pAKTS473 (1/1000; Cell Signaling Technologies, 

#9271), p70S6k (1/1000; Cell Signaling Technologies, #9202), pp70S6k (1/1000; Cell 

Signaling Technologies, #9205), and HRP-linked anti-rabbit IgG (1/2000; Cell Signaling 

Technologies, #7074). Signals were visualized using enhanced chemiluminescence and 

quantified by scanning densitometry (Vision WorksLS, v7.1, UVP).

2.7 Statistical analysis

Data were analyzed using Prism v.5 (GraphPad Software, Inc., San Diego, CA). Based on 

our published studies which include quantification of some of these same endpoints [20,23], 

a sample size of 4 mice per group provides 95% power to detect a 30% difference with a 

0.05 two-sided significance level. Experiments involving two groups were analyzed with 

Student’s t-tests assuming unequal variance. For multiple experimental cohorts, data were 

analyzed by one-way ANOVA and multiple comparison tests. Differences were considered 

significant when p<0.05.

3. Results

3.1 Mammary tumors in mCol1a1 mice display abundant collagen deposition around tumor 
boundaries and generate increased lung metastases

To elucidate the effects of a desmoplastic collagen environment on the behavior of ERα+ 

tumors in vivo, tumor cells from a serially in vivo passaged prolactin-induced 

adenocarcinoma were orthotopically transplanted to mammary glands of WT and mCol1a1 

young adult females. The resulting tumors exhibited similar histology, levels of ERα 
expression (Fig. 1Ai–iv), and rates of development in both recipient genotypes (Fig. 1B). 

However, tumors in the mCol1a1 hosts were surrounded by a dense collagenous network 

which was absent in WT hosts (Fig. 1Ai vs Aii).

To characterize the collagen matrix that enveloped these tumors, we stained tissues with 

picrosirius red (Fig. 1Av–viii). Collagen fibers around tumors in mCol1a1 hosts were more 

numerous (Fig. 1C) and more perpendicular to the tumor boundary (Fig. 1Aviii, arrows, Fig. 

1D) compared to those in WT hosts. These characteristics resemble the tumor associated 

collagen signature-3 (TACS-3) [5], which in clinical cases, positively associates with tumor 
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grade and risk of metastasis, and predicts a decreased 10-year survival in ERα+ patients [4]. 

These results confirm that mCol1a1 mice model the desmoplasia which surrounds many 

cancers, and demonstrate that developing tumors in this environment interact with the ECM 

to realign collagen fibers, a feature associated with tumor progression.

To assess the impact of a dense collagen microenvironment on metastasis, we analyzed the 

lungs of tumor-burdened mice at end stage. Lungs of both WT and mCol1a1 recipients 

exhibited lesions, many of which contained ERα+ cells (Fig. 1E). However, metastases in 

mCol1a1 mice were significantly more numerous and larger (Fig. 1F,G) than in WT animals, 

suggesting that the desmoplastic ECM surrounding the tumors in mCol1a1 mice facilitates 

tumor cell invasion and intravasation, supported by other studies [6, 7, 23, 31].

3.2 Cancer stem cell activity and AKT-mTOR and YAP activities are increased in tumors in 
mCol1a1 mice

The impact of collagen properties on the CSC niche is of growing interest [32–34]. We 

therefore examined the effects of the desmoplastic microenvironment in vivo on CSC 

activity using the in vitro tumorsphere assay, an established method for studying stem-like 

activity [29, 30]. Mammary tumors from mCol1a1 hosts contained a significantly higher 

frequency of tumorsphere forming cells compared to tumors from WT hosts (Fig. 2A). 

Moreover, these tumors contained higher levels of transcripts for Bmi1 and Sox2, which are 

associated with stem cell activity [35] (Fig. 2B), supporting the higher CSC frequency.

These findings led us to investigate signaling pathways which may link properties of the 

ECM to CSC activity, and may represent potential therapeutic targets. The PI3K-AKT-

mTOR pathway has been linked to breast CSC self-renewal [13–15]. Activation of 

phosphoinositide 3-kinase (PI3K) phosphorylates AKT, which in turn, mediates formation of 

the mTOR complex 1 (mTORC1). Mammary tumors mCol1a1 recipients had significantly 

more phosphorylated AKT (pAKT) than WT tumors (Fig. 2C,D), and higher although more 

variable levels of phosphorylated p70S6K (pp70S6K), a downstream effector of mTOR (Fig. 

2E). The Hippo transducer, YAP, which is activated by a dense/stiff ECM, also has been 

associated with increased CSC activity [10]. As predicted, tumors in mCol1a1 hosts 

exhibited nearly 3-fold more nuclear localized YAP (Fig. 2F,G), indicating higher activation. 

Consistently, they also contained elevated Ctgf and Cyr61 mRNAs, target genes of this 

pathway (Fig. 2H) [36].

3.3 Inhibition of mTOR signaling reduces tumor volume and CSC activity

Many prolactin-induced ERα+ mammary tumors are no longer dependent on estrogen for 

growth [20], modeling advanced clinical anti-estrogen resistant cancers. The elevated CSC 

activity and activated signaling cascades implicated in CSCs, including pAKT and 

pp70S6K, in the mCol1a1 hosts suggested that mTOR inhibitors, approved therapies for 

ERα+ breast cancer [16–18], may counter the aggressive behaviors exhibited in a 

desmoplastic environment.

We therefore evaluated the mTOR inhibitor, rapamycin, and the SERD, ICI, to assess effects 

of mTOR inhibition in the context of the anti-estrogen treatment that patients with advanced 

ERα+ disease would receive. In one cohort, we initiated treatment of WT or mCol1a1 hosts 
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when the mammary tumors reached 150 mm3, and continued the treatment for 14 days, 

when untreated control tumors had grown to end-stage size. As expected, ICI alone did not 

alter tumor growth in WT hosts [20] or mCol1a1 recipients (Fig. 3A). In contrast, 

rapamycin, alone or in combination with ICI, dramatically reduced mammary tumors to 

nearly undetectable volumes by 14 days in both WT and mCol1a1 animals (Fig. 3A, B), 

accompanied by widespread necrosis (Fig. S1B). In a second cohort, mice were treated for 

14 days as described above, but then rapamycin/ICI treatment was withdrawn. Tumors 

quickly recovered in both WT and mCol1a1 mice, re-establishing pre-treatment volumes and 

collagen environments after an additional 14 days (Fig. 3B, Fig. S1B,C). These data 

demonstrate that these rapidly growing ERα+ mammary tumors are strongly dependent on 

mTOR signaling, regardless of host genotype, but that the therapeutic effect is not durable.

In light of the rapid recovery following treatment withdrawal, we evaluated the effect of 

treatment on CSC activity using the tumorsphere assay. Rapamycin, either alone or with ICI 

co-treatment, dramatically reduced CSC frequency in tumors from both host genotypes (Fig. 

3C), demonstrating the crucial role of mTOR in this activity and its requirement for the 

increased CSC activity in the dense/stiff tumor microenvironment. After withdrawal of 

treatment, CSC activity increased in tumors from both genotypes, albeit to a lesser extent 

than tumor volume, reinforcing the importance of mTOR signals in CSC activity and the 

transient response to its inhibition. CSC activity in tumors from mCol1a1 recipients 

recovered significantly more rapidly after treatment withdrawal, confirming the enhanced 

CSC niche in mCol1a1 hosts.

To determine if treatment effects on CSC activity were independent of ongoing signals from 

the tumor microenvironment, we further examined the effects of ICI, rapamycin, and the 

YAP inhibitor, verteporfin, on CSC self-renewal in vitro. These compounds, alone or in 

combination, did not alter the frequency of primary tumorspheres that developed from cells 

harvested from untreated mammary tumors from either genotype, indicating that these 

inhibitors do not affect sphere-forming capacities of existing CSCs (Fig. S2). However, 

similar to previous findings, ICI treatment during formation of primary spheres, followed by 

dissociation and subsequent replating, increased development of secondary spheres in tumor 

cells from both host genotypes (Fig. 3D), indicating that ICI enhances CSC renewal [20, 37, 

38]. In contrast, inhibition of either mTOR or YAP significantly decreased CSC self-

renewal, regardless of host genotype, even in this in vitro setting (Fig. 3D). Moreover, 

inhibition of mTOR and YAP together was not additive (Fig. 3D), suggesting that their 

influence on CSC activity may be driven by a common signal in the mTOR pathway.

Together, these results confirm the individual importance of mTOR and YAP on tumor 

growth and CSC activity in these rapidly growing ERα+ but estrogen independent tumors, 

and strengthen our findings that desmoplastic tumor microenvironments enhance activation 

of both pathways.

3.4 Lung metastases are not dependent on mTOR signaling

In sharp contrast to the mTOR dependent growth and CSC activity of the mammary tumors, 

lung metastases in both WT and mCol1a1 hosts were strikingly unresponsive to 

rapamycin/ICI co-treatment (Fig. 4A–C, compare to Fig. 1E–G), leaving mCol1a1 recipients 
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with more abundant and larger lung lesions. Whereas mammary tumors displayed elevated 

cleaved caspase-3 expression two days after initiation of treatment, preceding extensive 

necrosis evident after 14 days (Fig. S1B), the corresponding lung metastases displayed low 

apoptosis even after 14 days of treatment (Fig. 4D, Fig. S3A). Examination of pS6RP 

staining in mammary tumors and pulmonary lesions of untreated animals revealed 

significantly lower mTOR activity in the metastases, consistent with differential dependence 

of local and metastatic lesions on mTOR (Fig. 4E, Fig. S3B). Furthermore, in untreated 

animals, lung lesions were significantly less proliferative than mammary tumors (Fig. 4F–

G). These results suggest that the pulmonary environment fosters lesions with less mTOR 

activity and consequent resistance to mTOR inhibitors by selecting for escaped tumor cells 

with these features and/or supporting lower rates of growth [39–41].

4. Discussion

Treatment resistance occurs in more than a quarter of all patients with ERα+ breast cancer, 

and many of these individuals eventually succumb to metastatic disease. The mechanisms 

underlying treatment failure are unclear, but several features, including CSCs and a 

surrounding dense/stiff ECM, have been implicated in tumor aggression and therapy 

resistance. Studies have been limited by the paucity of preclinical in vivo models. Using a 

serially transplantable heterogeneous prolactin-induced ERα+ adenocarcinoma to model 

anti-estrogen resistant clinical cancers, we demonstrated that the desmoplastic environment 

which develops rapidly around mammary tumors in mCol1a1 recipients increases CSC 

activity without altering tumor growth, and augments the number and size of lung 

metastases. This was associated with increased AKT-mTOR and YAP activity in mammary 

tumors in the mCol1a1 environment, suggesting that the heightened aggression could be 

ameliorated by mTOR inhibitors, which are approved for treatment of advanced ERα+ 

cancers. However, although rapamycin dramatically reduced mammary tumor cell survival 

and CSC activity, this effect was not durable. Moreover, lung metastases were strikingly 

resistant, and mCol1a1 recipients continued to bear a greater metastatic burden.

A burgeoning literature documents the growing interest in YAP/TAZ signals in cancer. Our 

in vivo studies of metastatic ERα+ cancer substantiate the links established in elegant in 
vitro studies between stiff ECMs and YAP/TAZ activation (reviewed in [10, 36, 42]) and 

ECM stiffness and CSC activity in breast cancer cells [33], and TAZ and CSC activity in 

mouse models and clinical cancers (reviewed in [10]). Our examination of CSC activity in 
vitro also reveals a connection between YAP and the PI3K-AKT-mTOR pathway, 

demonstrated in tissue growth and hyperplasia [43]. Together, our data support the model 

that desmoplastic collagen microenvironments activate AKT-mTOR signaling and thereby 

enhance CSC activity in ERα+ cancers. mTOR-targeted therapies have shown some promise 

in patients with anti-estrogen resistant ERα+ breast cancers [16–18]. Ongoing trials in 

various settings of breast cancer are demonstrating increases in progression-free-survival, 

although overall survival data are not yet mature. However, our findings also suggest that 

analysis of metastatic sites might be particularly informative.

Despite dramatic impacts on tumor cell survival and CSC activity of established mammary 

tumors, targeting mTOR failed to impact lung metastases. Although these metastases 
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displayed a more indolent phenotype than the aggressive parent tumors, their persistence in 

the face of treatment that dramatically reduced the mammary tumors suggests that these 

distant lesions may lead to symptomatic disease even after successful treatment of the 

primary tumor. Interestingly, Mateo and colleagues recently reported in a model of triple 

negative breast cancer that mTOR signaling was important for initiation of distant 

metastases, but also noted that many established metastatic lesions were resistant to mTOR 

inhibition [44]. Therefore differences in treatment sensitivity at primary and pulmonary sites 

are not restricted to a specific breast cancer subtype.

Epidemiologically, prolactin exposure is associated with higher risk for development of 

aggressive ERα+ breast cancer [45, 46]. Increased mammary exposure to prolactin as 

modeled in the transgenic NRL-PRL mouse results in spontaneous diverse mammary 

carcinomas, many of which express ERα. The serially in vivo passaged heterogeneous 

adenocarcinomas that have not been exposed to tissue culture plastic, such as that employed 

here, exhibit diverse morphologies and behaviors [20]. Together with cell lines derived from 

these tumors [23, 47], they provide preclinical models of ERα+ breast cancer to examine 

disease processes in the dynamic immunocompetent in vivo environment.

In summary, our findings demonstrate the ability of desmoplastic ECMs in vivo to enhance 

CSC activity in mammary ERα+ tumors by both mTOR and YAP signals, associated with 

increased pulmonary metastases. The resistance of lung lesions to mTOR inhibitors, in 

contrast to the primary tumors, underscores the different therapeutic responses of local 

tumors and distant lesions; a complete pathologic response at the primary site may not 

translate to successful treatment of distant metastases. Analysis of long term outcomes in 

ongoing patient trials and future experimental studies are needed to illuminate susceptibility/

resistance to inhibitors of mTOR and related pathways at different metastatic sites.
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Highlights

• Dense/stiff microenvironments enhanced CSC activity, AKT-mTOR and YAP 

activation

• Inhibition of mTOR +/− ICI182780 rapidly but not durably diminished 

mammary tumors

• Lung metastases, which exhibited lower mTOR activity, were unresponsive

• mCol1a1 hosts continued to sustain greater metastatic burdens despite 

treatment
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Figure 1. mCol1a1 recipients display increased deposition of fibrillar collagen around primary 
tumors and higher metastatic load
100,000 tumor cells from a serially passaged ERα+ NRL-PRL adenocarcinoma were 

transplanted into mammary fat pads of either WT or mCol1a1 mice, and growth of the 

primary tumor was monitored until end stage. (A) i,ii; Representative H&E stained 

photomicrographs of end-stage tumors and the adjacent mammary gland in WT and 

mCol1a1 mice. Scale bars, 100 μm. iii,iv; ERα expression, representative images. Scale 

bars, 100 μm. v-viii; Picrosirius red-stained collagen, visualized by fluorescent confocal 

microscopy. Scale bars, 100 μm. (B) Tumor latency (days) from initial transplantation until 

tumors grew to approximate end-stage volume, 1,200 mm3 (N=4 tumors; mean ± S.D.). (C) 

Quantification of collagen fibers using CT-FIRE analysis, see Methods (N=4 tumors; mean 

± S.D.). (D) Collagen fiber alignment angle relative to the tumor boundaries using 

CurveAlign analysis, see Methods. * p<0.05, ** p<0.01 by unpaired Student’s t-tests. (E) 

Lung metastases in WT and mCol1a1 mice. i,ii: H&E; iii,iv: ERα. Scale bars, 100 μm. (F) 

Numbers of lung metastases per cm2 lung tissue, quantified as described in the Materials and 

Methods (N=4 animals; mean ± S.D.). (G) Average lung lesion area (N=4 animals; mean ± 

S.D.). * p<0.05, ** p<0.01 by unpaired Student’s t-tests.
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Figure 2. Tumors from mCol1a1 hosts display elevated CSC activity and associated signaling 
pathways
(A) Ability of tumor cells in WT and mCol1a1 recipients to form primary tumorspheres 

(N=4 tumors; mean ± S.D.). (B) Relative transcript levels of Bmi1 and Sox2 in tumors from 

WT and mCol1a1 recipients as measured by qRT-PCR (N=4 tumors; mean ± S.D.). (C) 

pAKTS473 immunostaining of primary tumors (representative images). Scale bars, 50 μm. 

(D) Immunoblotting of pAKTS473 relative to total AKT protein (N=4 tumors; mean ± S.D.). 

(E) Immunoblotting of pp70S6kT389 relative to total p70S6K protein (N=4 tumors; mean ± 

S.D.). (F) YAP immunostaining of primary tumors (representative images). Scale bars, 50 

μm. (G) Quantification of YAP nuclear localization (N=4 independent tumors; mean ± S.D.). 

(H) Relative transcripts of YAP target genes, Ctgf and Cyr61 (N=4 tumors; mean ± S.D.). * 

p<0.05, ** p<0.01, *** p<0.001 by unpaired Student’s t-tests.
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Figure 3. Rapamycin diminishes tumor volume and CSC activity, regardless of host environment
(A,B) Effect of treatment on the volume of primary tumors after initiation and withdrawal of 

treatment for an additional 14 days as shown (N=4 tumors per treatment group; mean ± 

S.D.). (C) Effects of in vivo treatments on ability to form primary tumorspheres in vitro 
(N=4 tumors; mean ± S.D.). (D) Effects of in vitro treatments on CSC self-renewal, as 

assessed by secondary tumorsphere formation. Data are normalized to the number of 

tumorspheres that develop in untreated cells from tumors from each host genotype, 

respectively. (N=4 independent experiments; mean ± S.D.). C, D. Different letters denote 

significant differences among groups (one-way ANOVA followed by Tukey’s multiple 

comparison tests, p<0.05).
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Figure 4. Lung metastases are unaffected by in vivo Rapamycin/ICI treatment
(A) Representative images of lung metastases in mice treated with Rapamycin/ICI for 14 

days. Scale bars, 100 μm. (B) Number of lung lesions per cm2 tissue. (C) Size of lung 

lesions. (N=4 mice; mean ± S.D.). ** p<0.01 by unpaired Student’s t-test. (D) Apoptosis, 

indicated by immunohistochemical staining for cleaved caspase-3, in primary tumors from 

untreated hosts, primary tumors from hosts treated with Rapamycin/ICI for 2 days, and lung 

metastases from hosts treated with Rapamycin/ICI for 14 days. Scale bars, 100 μm. (Positive 

cells quantified in Supplementary Figure 3A). (E) pS6RPS235/236 staining in primary tumors 

from untreated and ICI/Rapamycin-treated (2 day) hosts and lung metastases from untreated 

hosts. Scale bars, 100 μm. (Positive cells quantified in Supplementary Figure 3B). (F) 

Proliferation in primary tumors and lung metastases from untreated hosts, indicated by 

Ki-67 staining. Scale bars, 100 μm. (G) Quantification of Ki-67 positive cells from (F) (N= 4 

mice; Mean ± S.D.). Different letters denote significant differences (one-way ANOVA 

followed by Tukey’s multiple comparison tests), p<0.05.
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