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Abstract

Metastatic, anti-estrogen resistant estrogen receptor α positive (ER+) breast cancer is the leading 

cause of breast cancer deaths in U.S. women. While studies have demonstrated the importance of 

the stromal tumor microenvironment in cancer progression and therapeutic responses, effects on 

the responses of ER+ cancers to estrogen and anti-estrogens are poorly understood, particularly in 

the complex in vivo environment. In this study, we used an estrogen responsive syngeneic mouse 

model to interrogate how a COL1A1-enriched fibrotic ECM modulates integrated hormonal 

responses in cancer progression. We orthotopically transplanted the ER+ TC11 cell line into wild-

type (WT) or collagen-dense (Col1a1tm1Jae/+, mCol1a1) syngeneic FVB/N female mice. Once 

tumors were established, recipients were supplemented with 17β-estradiol (E2), tamoxifen, or left 

untreated. Although the dense/stiff environment in mCol1a1 recipients did not alter the rate of E2-

induced proliferation of the primary tumor, it fostered the agonist activity of tamoxifen to increase 

proliferation and AP-1 activity. Manipulation of estrogen activity did not alter the incidence of 

lung lesions in either WT or mCol1a1 hosts. However, the mCol1a1 environment enabled 

tamoxifen-stimulated growth of pulmonary metastases and further fueled estrogen-driven growth. 

Moreover, E2 remodeled peritumoral ECM architecture in WT animals, modifying alignment of 

collagen fibers and altering synthesis of ECM components associated with increased alignment 

and stiffness, and increasing FN1 and POSTN expression in the pulmonary metastatic niche. 

These studies demonstrate dynamic interactions between ECM properties and estrogen activity in 

progression of ER+ breast cancer, and support the need for therapeutics that target both ER and the 

tumor microenvironment.
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Introduction

The extracellular matrix (ECM) is increasingly recognized as a critical component of the 

tumor microenvironment, which can profoundly influence tumor behavior, metastasis and 

patient survival [1–4]. As solid cancers grow, collagen deposition increases around the tumor 

[5, 6]. For estrogen receptor alpha positive (ER+) breast cancers, which constitute 75% of 

breast cancer cases in the United States [7], collagen structure is an independent prognostic 

indicator of reduced disease-free survival [8]. Estrogen is a major mitogenic driver of many 

ER+ cancers, and anti-estrogens are the cornerstone of the therapeutic strategies. While most 

patients respond to these treatments, a substantial number are initially resistant or become 

resistant, especially in the metastatic setting [9, 10]. Indeed, advanced therapy resistant ER+ 

disease accounts for the majority of breast cancer mortality [11]. How the characteristics of 

the ECM influence the outcome of estrogen signals, and equally importantly, the responses 

to anti-estrogens, is poorly understood. Moreover, although the contribution of hormones to 

mammographic density, including stromal density, is widely appreciated [12, 13], how 

estrogen exposure prior to diagnosis influences the peritumoral ECM has not been 

examined.

We demonstrated that ECM density and stiffness can alter the repertoire and outcomes of 

hormonal signals to ER+ human breast cancer cells in vitro [14–16]. Varying matrix density/

stiffness does not affect the magnitude of 17β-estradiol (E2)-induced proliferation of cells 

grown in 3-D collagen I matrices. However, in stiff matrices, E2-induced growth is less 

sensitive to inhibition by tamoxifen, a selective estrogen receptor modulator (SERM), which 

is the first line treatment for premenopausal women with ER+ breast cancer [17]. Moreover, 

ECM properties strongly modulate the estrogen responses of endogenous target genes, 

indicating that matrix properties can influence the E2-regulated transcriptome [15]. Further, 

stiff/dense COL1A1 matrices enable hormone-induced invasion, which is not evident in 

compliant environments [15]. Conversely, hormones also modulate the organization of 

collagen fibers in dense/stiff 3-D collagen I matrices [15].These studies demonstrate 

reciprocal interactions between matrix properties and hormone signals in well-characterized 

breast cancer cell lines in defined COL1A1-enriched in vitro systems.

Despite the wealth of knowledge accrued in in vitro models, the interplay between ECM 

characteristics and estrogen/anti-estrogen actions in a dynamic in vivo environment is poorly 

understood. The paucity of immunocompetent models of ER+ aggressive disease has limited 

our ability to probe the effects on behavior of primary ER+ tumors and disseminated tumor 

cells. Here we utilized a hormonally-induced mouse model of ER+ breast cancer, which 

displays many characteristics of aggressive luminal B clinical cancers [18–20]. We used an 

ER+ cell line derived from these estrogen responsive metastatic cancers , in conjunction with 

a model of elevated collagen deposition, Col1a1tm1Jae/+ (mCol1a1) [21], to mimic the 

desmoplasia surrounding growing tumors. A point mutation in the Col1a1 gene in these 

mice renders the protein collagenase-insensitive, and the consequent reduced turnover leads 

to accumulation of COL1A1, increasing ECM density and stiffness. We orthotopically 

transplanted an ER+ tumor cell line into syngeneic wildtype (WT) or mCol1a1 female mice, 

and once tumors were established, mice were treated with supplemental E2 or tamoxifen. 

The dense/stiff environment in mCol1a1 recipients did not alter the rate of E2-induced 
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proliferation of the primary tumor, but permitted tamoxifen to robustly increase tumor 

growth, associated with increased activating protein 1 (AP-1) activity. The collagen I-dense 

environment increased the number of lung metastases, but estrogen activity did not further 

alter the frequency. However, E2 increased the size of the lung lesions in WT recipients, 

which was further enhanced in mCol1a1 recipients. Moreover, E2 altered the orientation and 

synthesis of ECM components in the tumor environment in WT animals. Together, these 

studies demonstrate the power of collagen density to modulate hormone responses, and 

reciprocally, the ability of estrogen to remodel the ECM. Understanding this dynamic 

interplay between hormones and the tumor microenvironment is essential to understand 

estrogen and tamoxifen actions in aggressive ER+ breast cancers prior to diagnosis and 

initiation of treatment.

Results

Primary tumors are estrogen responsive, and both E2 and tamoxifen increase tumor 
growth in mCol1a1 recipients

To investigate the effect of a collagen I-rich environment on the responses of ER+ mammary 

tumors to E2 and the SERM, tamoxifen, we utilized a murine ER+ mammary tumor cell line 

derived from an ER+ adenocarcinoma that spontaneously developed in a NRL-PRL female 

[19]. 10 000 TC11 cells were orthotopically transplanted into syngeneic WT and mCol1a1 

female mice. When tumors reached 150 mm3, mice were implanted with pellets releasing E2 

or tamoxifen citrate, or left untreated (Fig. 1a). Primary tumors in untreated WT recipients 

grew slightly faster than in mCol1a1 hosts (Fig. 1b, interaction between genotypes, p=0.03). 

However, the collagen environment did not alter the spindle cell morphology, or expression 

of ER or progesterone receptor (Fig. 1c, i-iv; Suppl. Fig. 1a). Staining of fibrillar collagens 

with picrosirius red revealed substantial collagen deposition, particularly around the tumor 

boundary in mCol1a1 compared to WT recipients (Fig. 1c, v-vi), as well as increased 

COL1A1 expression within the tumor (Suppl. Fig. 1a).

E2 robustly increased tumor growth compared to untreated females in both genotypes (Fig. 

1d,e). In WT hosts, tamoxifen did not alter tumor growth, indicating that these tumors are 

not markedly dependent on estrogenic ligands in this setting. However, in mCol1a1 females, 

tamoxifen fueled tumor growth (Fig. 1e). Ki-67 staining of end stage tumors reflected these 

findings, indicating that tamoxifen promotes tumor cell proliferation in the mCol1a1 

environment (Fig. 1f). Regardless of genotype, estrogen activity did not alter tumor 

morphology (Suppl. Fig. 1b).

Estrogen activity does not influence the number of lung metastases, but E2 enlarges 
lesions in both genotypes and tamoxifen increases lesion area in mCol1a1recipients

One of the common sites of metastasis of luminal B breast cancers is the lung [22–24], and 

metastatic dissemination by endogenous routes to this site is mimicked by tumors in the 

NRL-PRL model [18]. After orthotopic transplantation of TC11 tumor cells, pulmonary 

lesions were readily histologically detectable in both recipient genotypes in all treatment 

groups at end stage (Fig. 2a, i). Like the primary tumors, lung lesions in both WT and 

mCol1a1 recipients expressed ER (Fig. 2a, ii). mCol1a1 recipients developed significantly 
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more lesions than WT recipients, similar to reports of other tumor cell sources in the 

mCol1a1 model [25–27]. Manipulation of estrogen activity did not alter the number of lung 

metastases that developed in either WT or mCol1a1 recipients (Fig. 2a, iii), indicating that 

once tumors were established, it has no net effect on the sum of the processes that result in 

successful initiation of pulmonary lesions. However, E2 significantly increased the size of 

the metastases in recipients of both genotypes, and further enlarged lung lesions in mCol1a1 

recipients compared to similarly treated WT females (Fig. 2a, iv). In WT females treated 

with tamoxifen, lung lesions remained small, as in untreated animals. However, in mCol1a1 

recipients, tamoxifen also significantly enlarged metastases compared to similarly treated 

WT animals, although not to the extent of E2 (Fig. 2a, iv). These results reflect the 

culmination of multiple events that result in endogenous metastasis. In order to distinguish 

possible differences in the lung environments of WT and mCol1a1 females from systemic 

consequences of long term interactions of ECM properties and the primary tumor that might 

contribute to these findings, we injected 10 000 TC11 cells intravenously via the tail vein. 

As shown in Fig. 2b, i-ii, fewer metastases were established by this delivery method than by 

endogenous metastatic routes, but the sizes of lesions were similar to those originating from 

dissemination of orthotopic tumors. However, no significant differences were observed in 

the number or size of these lesions between WT and mCol1a1 females, suggesting that the 

lungs of these genotypes do not exhibit large inherent differences.

Collagen I-rich environments activate signaling cascades

Multiple studies have demonstrated the ability of the surrounding ECM to alter patterns of 

activated signals in tumor cells, including focal adhesion kinase, MAP kinases, and the 

PI3K-AKT cascade [1, 3, 26–28]. Primary tumors in untreated mCol1a1 recipients in this 

study exhibited higher levels of pERK1/2 and trended to higher levels of pAKT, compared to 

those in WT hosts (Fig. 3). PAK1 is activated by the PI3K/PDK1 pathway, and cooperates 

with AKT and activates MAP kinases to promote oncogenic processes. This kinase, which is 

overexpressed in some breast cancers [29–31], was also expressed at significantly elevated 

levels in primary tumors in mCol1a1 recipients (Fig. 3). These ECM-augmented kinase 

cascades would influence multiple transcriptional regulators with potential impact on ER 

signals.

Collagen I-rich environments increase tamoxifen-induced AP-1 activity

AP-1 activity is implicated in tamoxifen resistance in preclinical models and some studies of 

patient tumors [32–38]. In light of the ability of activated ER to signal by “tethering” to 

these transcription factors [39–41], we evaluated effects of the ECM environment on E2 and 

tamoxifen signals via AP-1 elements. Initially, we examined expression of c-JUN, a 

component of AP-1 dimers [42, 43]. The collagen I-dense environment was sufficient to 

increase c-JUN positive cells in primary tumors in the absence of any other treatment (Fig. 

4a, b). As predicted from its ability to activate this complex, E2 significantly increased the 

proportion of tumor cells expressing c-JUN to a similar level in WT and mCol1a1 female 

recipients. Tamoxifen was able to slightly but significantly increase nuclear c-JUN in WT 

recipients, but further elevated its expression to the E2-induced level in mCol1a1 recipients. 

To confirm the increased AP-1 activity predicted by the elevated c-JUN expression, we 

examined transcripts for well characterized AP-1 target genes [43]. As predicted, transcripts 
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for cyclin D1 (CCDN1), MMP3, and FOSL1, another AP-1 protein which is positively 

regulated by AP-1 activity [44], followed a similar pattern (Fig. 4c, i).

In contrast, the ability of E2/ tamoxifen to regulate expression of target genes known to be 

dependent on an estrogen response element (ERE; Greb1, Pgr, Stat5a) was not affected by 

the mCol1a1 environment (Fig. 4c, ii). Consistently, the responses of STAT5A protein 

expression followed a similar pattern (Fig. 4d, e). Together, these data indicate that the 

mCol1a1 environment increases the ability of tamoxifen to activate some, but not all, ER 

signals.

Estrogen activity modulates components of the ECM in the tumor microenvironment

The studies above demonstrate that the increased ECM density/ stiffness of the mCol1a1 

environment permits tamoxifen to drive growth of the primary tumor, and enables both E2 

and tamoxifen to further promote growth of pulmonary metastatic lesions. These findings 

raise the reciprocal question: do these ER ligands alter the peritumoral ECM in the wildtype 

environment in the absence of this collagen I mutation? Any evidence for bidirectional 

activity is critical to understand the multiple mechanisms by which estrogen activity may 

affect undiagnosed cancers. We began by investigating the effect of estrogen activity on 

ECM architecture in the WT collagen environment. Tumor progression is marked by 

modification of the ECM structure, including increased deposition and reorganization of 

collagen fibers. As tumorigenesis proceeds, collagen fibers at the tumor-stromal boundary 

no longer appear loosely associated (tumor-associated collagen signature-1; TACS-1), and 

become straighter and more parallel to one another (TACS-2). With additional remodeling, 

some fibers reorient, aligning perpendicularly to the tumor boundary (TACS-3) [45], and 

forming tracks for tumor cell invasion [1, 46]. TACS-3 is an indicator of poor prognosis, 

particularly for ER+ breast cancer [8]. Analysis of picrosirius red-stained fibrillar collagens 

in the primary tumor microenvironment in WT mice revealed that estrogen activity did not 

significantly alter the length, diameter or density of the peritumoral collagen fibrils (data not 

shown). However, the collagen fibers surrounding E2-supplemented tumors were oriented 

with a significant increase in angle relative to the tumor boundary compared to control or 

tamoxifen-treated hosts (Fig. 5a, b). In order to further understand effects of estrogen 

activity on ECM architecture, we examined transcripts for ECM components which have 

been associated with altered collagen structure or properties [47–49]. The E2-induced ECM 

reorganization was accompanied by increased transcripts for COL1A1, and several 

matricellular proteins, including TNC, FN1 and POSTN. In addition, transcripts for the 

cross-linking enzyme, LOX, and factors regulating TGFβ were upregulated. Taken together 

these changes predict E2-increased ECM remodeling (Fig. 5c, i-iv). E2-induced FN1 protein 

expression in primary tumors was confirmed by immunofluorescence (Suppl. Fig. 2). As 

shown in Fig. 2a, iv, supplementation with E2 increased the size of the pulmonary 

metastases. In order to determine if this was associated with altered expression of ECM 

components at these distant lesions, we examined FN1 and POSTN, which have been 

associated with pulmonary metastases [50, 51], by immunofluorescence. As shown in Fig. 

5d, e, E2 increased expression of both proteins.
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Discussion

Accumulating studies have demonstrated the importance of the stromal tumor 

microenvironment in cancer progression and therapeutic responses. While clinical and 

experimental evidence indicate that stiff, aligned collagen-I environments increase breast 

cancer aggression [3, 8, 26, 28, 45, 52, 53], the effects of this environment on the responses 

of ER+ cancers in vivo to estrogen and anti-estrogens are poorly understood. In this study, 

we used an estrogen responsive syngeneic mouse mammary tumor model which develops 

endogenous pulmonary metastases to interrogate how a COL1A1-enriched fibrotic ECM 

modulates integrated hormonal responses in cancer progression. We demonstrated that a 

dense/stiff collagen-I environment fostered the agonist activity of tamoxifen to increase 

proliferation and AP-1 activity in primary tumors. Manipulation of estrogen activity did not 

alter the incidence of lung lesions in either WT or mCol1a1 hosts. However, the mCol1a1 

environment enabled tamoxifen-stimulated growth of pulmonary metastases and further 

fueled estrogen-driven growth. Moreover, estrogen remodeled peritumoral ECM architecture 

in WT animals, modifying alignment of collagen fibers and altering synthesis of ECM 

components. The lack of preclinical estrogen responsive, immunocompetent in vivo models 

of breast cancer has impeded our understanding of the breadth of mechanisms by which E2 

and anti-estrogen therapeutics influence ER+ breast cancer. The in vivo studies presented 

here demonstrate the power of the ECM to dictate estrogen and anti-estrogen responses in 

ER+ breast cancer, and conversely, the influence of estrogen on this component of the tumor 

microenvironment (summarized in Suppl. Fig. 3).

ECM properties can markedly alter the activity of signaling pathways within tumor cells, 

increasing integrin-mediated activation of focal adhesion kinase and downstream kinases 

such as c-SRC, MAP kinases and AKT [1, 3, 28, 54]. Many of these signaling cascades 

regulate the expression and activity of AP-1 family members [42, 43, 55]. Dimers of AP-1 

proteins alter transcription of target genes to drive multiple processes underlying cancer 

progression, including proliferation, anti-apoptosis, invasion, and angiogenesis [42, 43, 56, 

57]. AP-1 activity also has been linked to ECM properties. The AP-1 protein, c-JUN, is 

upregulated in many fibrotic diseases, and forms a positive feedback loop with AKT [55]. 

Further, YAP-TAZ regulated TEAD factors, which are activated by mechanical signals [52, 

58], synergize with AP-1 dimers to stimulate transcriptional enhancers [44]. Consistent with 

these relationships, the ER+ tumors in untreated mCol1a1 recipients in the current study 

exhibited elevated activity of these kinase cascades, and significantly higher nuclear c-JUN 

compared to primary tumors in WT recipients.

Importantly, AP-1 can also interact with the ER pathway. Activated ER tethered to AP-1 

dimers can further upregulate their transcriptional activity [39–41]. Consistently, E2 

augmented nuclear c-JUN and transcripts for AP-1 target genes in both WT and mCol1a1 

recipients in our study. The ability of SERMs, including tamoxifen, to activate AP-1 in 

breast cancer cell lines in vitro has long been appreciated [59]. In multiple studies utilizing 

primarily MCF7-derived cell lines, increased AP-1 activity has been linked to reduced 

effectiveness of tamoxifen to inhibit growth [32–36], which also has been observed in some 

studies of patient tumors [34, 37, 38]. Growth factors activate many of the kinase cascades 

which drive this pathway, and elevated growth factor activity is also implicated in tamoxifen 
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resistance. Not surprisingly, the ER transcriptome in tamoxifen resistant experimental 

models and patient tumors overlaps with growth factor-regulated genes, and the promoters of 

many of these genes exhibit AP-1 binding sites [60, 61]. Our data demonstrate that the 

intensified kinase cascades in stiff/dense ECM, like those activated by growth factors, can 

strengthen tamoxifen-induced AP-1 activity, associated with heightened ER+ tumor 

aggression in an immunocompetent in vivo model.

Mammotropic hormones alter synthesis of ECM components [62, 63], and inhibition of 

estrogen action with tamoxifen alters the mammary ECM [64]. Involution of the mammary 

gland following weaning, which is associated with alterations in the balance of these 

hormones, is marked by changes in ECM composition and structure [65]. Our studies in the 

WT environment showed that elevated E2 substantially alters the ECM in the vicinity of the 

primary tumor. In contrast to tumors in untreated and tamoxifen-treated animals, which 

exhibited collagen fibers generally aligned parallel to the tumor edge (TACS-2) [45], tumors 

in E2-treated recipients exhibited many fibers oriented perpendicularly to the tumor 

boundary (TACS-3). In addition, E2 increased transcripts for COL1A1, matricellular 

components and the cross-linking enzyme, LOX, which increase ECM density and stiffness, 

and are clinically associated with aligned collagen fibers, tamoxifen resistance, and poor 

outcomes [47, 54, 66]. Further, E2 augmented Tgfb1 transcripts, a key player in ECM 

remodeling and fibrosis [48, 67]. The E2-induced increase in FN1 expression in the primary 

and metastatic tumor environments, in combination with the recent report that fibronectin 

increases association of ER with integrin b1 [68], suggests one mechanism by which 

estrogen and the peritumoral ECM can positively feed forward to alter tumor behavior. 

Understanding how estrogen impacts the tumor microenvironment is critical. Prior to 

diagnosis, clinical cancers may be exposed to estrogen from the ovary in premenopausal 

women, and by locally produced estrogens in postmenopausal patients.

Interestingly, in the current study, manipulation of estrogen activity did not alter the number 

of lung metastases in either recipient genotype. In light of the E2-induced changes in the 

ECM composition and architecture, this was unexpected. Moreover, estrogen has been 

reported to promote cancer aggression by recruiting and activating immunosuppressive 

myeloid derived suppressor cells [69] and upregulating angiogenesis [70], even in non-breast 

(ER-) cancers. Notably, E2 treatment also did not increase lung metastases in the ER-

MMTV-PyMT model [71]. In both the current and MMTV-PyMT study, E2 treatment was 

initiated after the primary tumors were established. However, tumor cells intravasate early in 

the disease process [72, 73], and circulating tumor cells peak 2.5–4 weeks after orthotopic 

transplantation of related murine ER+ cell lines [26]. It is therefore possible that tumor cells 

in the current study had disseminated and begun to colonize the lungs prior to the 

manipulation of estrogen activity. The relevance of timing of estrogen exposure on the steps 

in the metastatic cascade and identification of critical target cells deserve additional study.

Despite the failure to alter the frequency of lung metastases, E2 increased the size of 

pulmonary lesions in WT female recipients, which was further augmented in mCol1a1 

females. In mCol1a1, but not WT recipients, tamoxifen also significantly increased the size 

of metastatic lesions, although not to the extent of E2. Interestingly, the number and size of 

the lung lesions that developed from tumor cells injected into tail veins did not differ 
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between the recipient genotypes, in marked contrast to the pulmonary metastases resulting 

from dissemination from the primary tumors. This suggests that the lungs of the WT and 

mCol1a1 mice do not exhibit substantial differences in attractiveness as potential metastatic 

sites. Instead, our data suggest that the increased E2- and tamoxifen-stimulated growth of 

lung metastases in the mCol1a1 model may be due to pulmonary seeding by more vigorous 

tumor cells nurtured in the stiffer environment of the primary tumor, or by more 

advantageous conditioning of the premetastatic niche in mCol1a1 mice. Future studies will 

dissect the mechanisms and mediators by which a stiff/dense ECM encourages the enhanced 

growth and estrogen/anti-estrogen responsiveness of lung metastases.

Metastasis, dormancy, and treatment resistance of ER+ breast cancer remain major clinical 

challenges. Our data demonstrate that a COL1A1-enriched fibrotic ECM, like elevated 

growth factor activity, strengthens kinase cascades, heightens AP-1 activity and permits 

tamoxifen agonism. The interplay of estrogen and SERMs with the ECM, and consequences 

for metastatic burden, highlight the importance of understanding the dynamic 

microenvironment of these cancers, in order to prevent and treat advanced disease.

Material and methods

Reagents

17β-estradiol (E2) (E2758) and tamoxifen citrate (T9272) were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Biotinylated goat anti-rabbit (BA-100), Avidin-biotin-

complex (ABC) (PK-4000), ImmPACT DAB (SK-4105) were purchased from Vector Labs 

(Burlingame, CA, USA). Antibodies against the following proteins were purchased from 

these vendors: STAT5A (sc-1081), ERα (sc-542), Santa Cruz Biotechnology, Inc. (Santa 

Cruz, CA, USA); progesterone receptor (PR, A0098), Dako (Carpinteria, CA, USA); Ki-67 

(ab15580), FN1 (ab23750), POSTN (ab14041), Abcam (Cambridge, MA, USA); c-JUN (cs 

9165), PAK1 (cs 2602), pAKT S473 (cs 3787; cs9271), AKT (cs9272), pERK1/2 (cs 9101), 

ERK1/2 (cs9102), Cell Signaling Technology (Danvers, MA, USA), COL1A1 (NB600–

450), Novus Biologicals, Centennial, CO, USA).

Animals and treatments

Heterozygous Col1a1tm1Jae (Col1a1tm1Jae/+, mCol1a1) mice were backcrossed onto the 

FVB/N strain background for more than 10 generations. Mice were housed and handled in 

accordance with the Guide for Care and Use of Laboratory Animals in AAALAC-accredited 

facilities, and all procedures were approved by the University of Wisconsin–Madison 

Animal Care and Use Committee. The TC11 cell line was generated from an ER+ mammary 

tumor that developed in a NRL-PRL female [19]. Like the parent tumors that develop 

spontaneously as a result of local transgenic prolactin overexpression in the mammary 

glands [18, 20], TC11 cells express low levels of progesterone receptor, but respond to E2 

with robust proliferation and changes in gene expression [19]. For some of these studies, 10 

000 TC11 cells in 50 μl of sterile PBS were orthotopically injected bilaterally into the caudal 

mammary fat pads of 10-week-old WT or mCol1a1 FVB/N female mice. When tumors were 

approximately 150 mm3, mice from each genotype were randomly divided into 3 

experimental groups: controls (unpelleted), E2 (20 μg)-pelleted, and tamoxifen (25 mg)-
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pelleted. We used this low dose of E2, which delivers E2 to more physiologic levels in 

murine females, because of the bladder pathology associated with chronic treatment using 

higher doses [74, 75]. Sample sizes were based on power calculations using variability 

observed in similar studies. Animals were excluded only if they developed complications 

prior to end stage (n=1). Tumors were measured three times per week with calipers, and 

tumor volumes calculated (the largest diameter × (the smallest diameter)2 × 0.4). When 

primary tumors reached end stage (1.5 cm in diameter), recipient mice were humanely 

euthanized and tissues collected. In order to distinguish effects on the early stages of 

metastasis from pulmonary colonization, 10 000 tumor cells were injected into the tail veins 

of WT and mCol1a1 females, and after 50 days, lungs were collected for analysis.

Immunohistochemistry/ Immunofluorescence

Immunohistochemistry analyses were performed as previously described [27] using the 

primary antibodies shown in Supplementary Table 1. Briefly, tissues were fixed in 10% 

neutral buffered formalin for 24 h, embedded in paraffin, and processed to 5μm sections. 

10mM citrate buffer (pH 6.0) was used for antigen retrieval for all antibodies except PAK1, 

which required 10mM Tris buffer (pH 10). Signals were amplified by the avidin-biotin 

complex prior to chromogen detection with ImmPACT 3,3-diaminobenzidine and counter-

staining with hematoxylin. Labeled cells were quantified by counting 200 cells in five 

random 40X fields of view (FOV).

Immunofluorescence analysis of the lungs and primary tumors was performed as previously 

described [76] with antibodies shown in Suppl. Table 1. Briefly, antigens were retrieved with 

citrate buffer. Following blocking, sections were subjected to the TSA Plus kit for tissue 

labeling following manufacturers’ protocols (Perkin Elmer, fluorescein NEL741001KT and 

Cy 3.5 NEL763001KT, Waltham, MA), and were mounted in ProLong Gold with DAPI 

(Thermo Fisher Scientific P36931). Images were collected using a Nikon Eclipse TE300 

inverted microscope with a Nikon Plan Fluor ELWD 20X/0.45 DIC L objective lens and an 

ORCA-R2 Digital CCD camera. A minimum of 6 images were collected from each lung 

section from 3 mice per treatment using SlideBook Software (v6) and processed using FIJI 

software. A mask was created of the tissue area and then applied to quantify the mean 

fluorescence intensity of FN1 or POSTN in each image. For all analyses, tissues were 

assessed and reported based on pathology numbers only, blinding investigators to treatments.

Immunoblotting

Relative levels of protein expression in individual tumors were determined by 

immunoblotting using the primary antibodies shown in Supplementary Table 1. Signals were 

detected by enhanced chemiluminescence and quantified by scanning densitometry (Vision 

WorksLS, v.7.1, UVP).

Quantitative real-time PCR

Tumor RNA was isolated, and specific transcripts were quantified by RT-PCR, normalized 

to 18S RNA, as described [27]. Primers utilized are shown in Suppl. Table 2.

Jallow et al. Page 9

Oncogene. Author manuscript; available in PMC 2020 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Collagen imaging

Collagen fibers in paraffin sections were visualized by picrosirius red staining, as previously 

described [27, 77]. Signals were imaged using a Leica TSC SP8 Confocal Microscope 

(Wetzlar, Germany). Sample tissues were excited at 561 nm and emission was detected 

between 582 and 654 nm. LAS × software (Leica) was used to capture images at 512 × 512 

resolution using z-stack. CT-fire software was used to detect fibers prior to analysis of fiber 

alignment, which was performed using CurveAlign software (LOCI; Madison, WI) [78]. 

Collagen fibers in at least five random 63x FOVs for each tumor were analyzed.

Analysis of lung metastases

Lung metastases were analyzed as previously described [26]. Briefly, at end stage following 

orthotopic transplantation or 50 days after tail vein injection, lungs were collected and 

processed for sections, which were stained with hematoxylin and eosin. For lungs from 

animals with orthotopic tumors, lesions detectable in 5 random 4x FOV were assessed. For 

lungs of animals following tail vein injections, the lung lesions detectable at 4x were 

counted over the entire section, normalized for section area. The sizes of all metastases 

lesions were calculated using ImageJ software.

Statistical analysis

Statistical analyses were performed using GraphPad Prism v.7 (GraphPad software, Inc. San 

Diego, CA), utilizing the tests noted in the figure legends. Similar variance was observed in 

statistically compared groups. Differences were considered significant at P<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Primary tumors are estrogen responsive, and both E2 and tamoxifen increase tumor growth 

in mCol1a1 recipients. a Experimental design. TC11 cells were orthotopically transplanted 

into WT and mCol1a1 recipients. When tumors reached 150 mm3 (21 – 23 days post-

transplantation), the estrogen environment was modulated by administration of E2 or 

tamoxifen, or no treatment, as described in the Materials and methods. Tumor volumes were 

measured three times per week, and tissues were collected when primary tumors reached 

end-stage. b Primary tumors grew faster in wildtype (WT) than in mCol1a1 recipients. 

(Mean ± SEM; n=12). Significant interaction with genotype, determined by repeated 

measures two-way ANOVA, *p = 0.03. c Collagen environment did not alter morphology (i, 

ii; hematoxylin and eosin, H&E), or ER expression assessed by immunohistochemistry (iii, 

iv). Picrosirius red staining (v-vi) demonstrated accumulated fibrillar collagen around 

boundaries of primary tumors in mCol1a1 recipients. Original magnifications, x200; scale 

bars, 50 μm. d, e Tumor growth curves show that 17β-estradiol (E2) increased tumor growth 

in both recipient genotypes (d,e) and tamoxifen increased tumor growth in the mCol1a1 

females (e). Solid lines depict mean sizes of primary tumors in untreated animals from (b). 

(Mean ± SEM; n=10–14). (b,d,e), Significant differences in tumor volumes between 

genotypes and among treatment groups were determined by repeated measures two-way 

ANOVA. ǂ denotes a significant difference between control and E2, p < 0.0001; † denotes a 

significant difference between control and tamoxifen-treated animals, p <0.0001; § denotes a 

significant difference between E2- and tamoxifen-treated animals, p < 0.0001. f Rate of 

proliferation of tumor cells at the time of collection, assessed by nuclear Ki-67 staining. 

(Mean ± SEM; n= 5). Significant differences were determined by two-way ANOVA, 

followed by the Bonferroni post-test. Lower case letters denote significant differences with 

treatment in WT recipients, and uppercase letters denote significant differences with 

treatment in mCol1a1 recipients (p < 0.0001). **** denotes a significant difference between 

recipient genotypes administered the same treatment (p < 0.0001).
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Fig. 2. 
a mCol1a1 recipients develop more lung metastases, and 17β-estradiol (E2) significantly 

increases the size of lung metastases. i Photomicrographs of lung metastases (H&E) from 

recipients of orthotopic transplants treated as shown. Original magnifications, x40; scale 

bars, 500 μm. ii ER immunohistochemistry. Arrows point to ER+ metastatic cells. Original 

magnifications, x200; scale bars, 50 μm. iii Number of lesions per 4x field of view (FOV). iv 
Area of individual lesions. b Lungs of WT and mCol1a1 females which had been injected 

with 10 000 tumor cells into their tail veins displayed similar numbers (i) and sizes (ii) of 

lung lesions after 50 days. (Mean ± SEM; n=4–6 mice). Significant differences were 

determined by two-way ANOVA, followed by the Bonferroni post-test. Lower case letters 

denote significant differences with treatment in WT recipients and uppercase letters denote 
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significant differences in mCol1a1 recipients (p < 0.02). * denotes significant differences 

between recipient genotypes (*p < 0.05, **p < 0.01, ****p < 0.0001).
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Fig. 3. 
Primary tumors in mCol1a1 recipients exhibit higher activation of oncogenic signaling 

pathways. a Immunohistochemistry of primary tumors for pERK (i, ii), pAKT (iii, iv), and 

total PAK1 (v, vi). Original magnifications, x200; scale bars, 50 μm. b Tumor lysates were 

immunoblotted for the proteins shown. c Quantification of the signals in (b) as shown. 

(Mean ± SEM, n=6). Significant differences were determined by unpaired Students t test (*p 
< 0.05, **p < 0.002).
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Fig. 4. 
Collagen 1-rich environments activate AP-1. a Representative c-JUN immunohistochemistry 

in primary tumors in recipients of different genotypes and treatments. b Quantification of the 

proportion of tumor cells exhibiting nuclear c-JUN staining. c i Relative levels of transcripts 

for AP-1 regulated genes in primary tumors in recipients of different genotypes and 

treatments determined by RT-PCR, normalized to 18S RNA. ii Relative levels of transcripts 

for ERE-regulated genes in primary tumors in recipients of different genotypes and 

treatments determined by RT-PCR, normalized to 18S RNA. d Representative STAT5A 

immunohistochemistry in primary tumors in recipients of different genotypes and 

treatments. f Quantification of the proportion of tumor cells exhibiting nuclear STAT5A 

staining. a, d Original magnifications, x200; scale bars, 50 μm. b, c, e. Mean ± SEM; n=4–6. 
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Significant differences with treatment were determined by one-way ANOVA, followed by 

the Bonferroni post-test. Lower case letters denote significant differences with treatment in 

WT recipients and uppercase letters denote significant differences in mCol1a1 recipients (p 
< 0.05). Significant differences between genotypes with the same treatment were determined 

by two-way ANOVA, followed by the Bonferroni post-test. * denotes significant differences 

between recipient genotypes (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Jallow et al. Page 20

Oncogene. Author manuscript; available in PMC 2020 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Estrogen activity modulates components of the ECM in the tumor microenvironment. a 
Picrosirius red-stained fibrillar collagens at the tumor boundary in WT females, treated as 

shown. Dotted line denotes the tumor boundary; T = tumor. White box in the top panel 

denotes the region enlarged in the lower panel. Arrowheads point to fibers aligned parallel to 

the tumor boundary (TACS-2), prominent in untreated and tamoxifen treated females, and 

arrows point to fibers perpendicular to the tumor boundary (TACS-3), enriched in E2-treated 

animals. Original magnifications x630; scale bars, 30 μm. b Angles of collagen fibers 

relative to the tumor boundary were calculated using CurveAlign (see Materials and 

methods). Mean ± SEM; n= 4–5. c Transcripts for ECM components determined by RT-

PCR, normalized to 18S RNA. Mean ± SEM; n= 4–5. Significant differences were 
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determined by one-way ANOVA, followed by Tukey’s post-test. * denotes significant 

differences between recipient genotypes (*p < 0.05, **p < 0.01, ***p < 0.001). d 
Representative pseudo-colored immunofluorescent images of expression of the matricellular 

proteins, FN1 and POSTN, in lung sections from control, E2- or tamoxifen-treated WT 

mice. Arrow indicates the metastatic lesion. Original magnifications, x200; scale bar, 50μm. 

e Quantification of POSTN and FN1 fluorescence was determined as described in the 

Methods. (Mean ± SEM; n=3 mice per group). Significant differences were determined by 

Dunn’s multiple comparison test. * denotes significant differences between treatment groups 

(** p < 0.01, *** p < 0.001).
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