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Abstract

Mammary stem cells (MSCs) expansion is associated with aggressive human breast cancer. The 

nuclear receptor peroxisome proliferator activated receptor γ (PPARγ) is a breast cancer tumor 

suppressor, but the mechanisms of this suppression are not completely characterized. To determine 

whether PPARγ regulates MSC expansion in mammary cancer, we deleted PPARγ expression in 

the mammary epithelium of an in vivo model of basal breast cancer. Loss of PPARγ expression 

reduced tumor latency, and expanded the CD24+/CD49fhi MSC population. PPARγ-null 

mammary tumors exhibited increased angiogenesis, which was detected in human breast cancer. In 
vivo inhibition of a PPARγ-regulated miR-15a/angiopoietin-1 pathway blocked increased 

angiogenesis and MSC expansion. PPARγ bound and activated a canonical response element in 

the miR-15a gene. PPARγ-null tumors were sensitive to the targeted anti-angiogenic drug 

sunitinib but resistant to cytotoxic chemotherapy. Normalization of tumor vasculature with 

sunitinib resulted in objective response to cytotoxic chemotherapy. Chemotherapy-treated PPARγ-

null mammary tumors exhibited luminal phenotype and expansion of unipotent CD61+ luminal 

progenitor cells. Transplantation of chemotherapy-treated luminal progenitor cells recapitulated 

the luminal phenotype. These results have important implications for anti-angiogenic therapy in 

breast cancer patients.

INTRODUCTION

Mammary stem cells (MSCs) are the progenitor population for all breast epithelia.1–4 The 

MSC population is expanded in some mouse mammary cancer models,5,6 and tumorigenic 

progenitor populations have been isolated from human breast cancers.7,8 MSC expansion is 

associated with aggressive human breast cancer.9

Tumorigenic MSC expansion has been associated with increased angiogenesis and poor 

clinical prognosis in human breast cancer.10,11 However, the mechanisms of this expansion 

are unclear, and anti-angiogenic therapies have not resulted in significantly increased 

survival in breast cancer patients.12 The nuclear receptor peroxisome proliferator activated 

receptor γ (PPARγ13,14) has tumor suppressor effects in breast cancer.15–17 PPARγ has 

functional domains for ligand binding and interaction with recognition sequences in the 
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promoter regions of its target genes to regulate transcription. Breast cancers express reduced 

levels of PPARγ compared with normal mammary tissue, consistent with its tumor 

suppressor function.18,19 However, mutant forms of PPARγ promoted tumor growth in 

animal models,20,21 and polymorphisms in PPAR genes were associated with increased 

breast cancer risk in humans.22 The mutant PPAR/PAX8 fusion protein was shown to 

regulate thyroid cancer phenotype via microRNA-122.23,24 MicroRNAs (miRNA) are 

single-stranded small non-coding RNA molecules.25 miRNAs regulate the stability of their 

target mRNAs by binding to their untranslated regions and inducing degradation or 

translational inhibition. Circulating tumor-associated miRNAs are found in breast cancer 

patients, and are associated with poor prognosis.26

To determine whether the PPARγ breast tumor suppressor regulated MSC expansion in vivo, 

we genetically deleted PPARγ expression in the mammary epithelium of a tumor prone 

model. We discovered a novel mechanism by which tumorigenic MSCs regulate the 

angiogenic niche in mammary cancer that is relevant to human breast cancer. Molecular 

inhibition of this mechanism disrupts the angiogenic niche, and suppresses MSC expansion 

associated with increased angiogenesis in this model. This model may inform the use of 

anti-angiogenic agents in human breast cancer, and how chemotherapy-mediated expansion 

of other tumorigenic cell fractions may result in poor clinical outcomes.

RESULTS

We created the MMTV-Cre;PPARγf/f;Wnt1 mouse in which exons 1 and 2 of the PPARγ 
gene are selectively deleted in mammary epithelium via Cre-mediated recombination. Wnt1 

mammary tumors model human basal subtype breast cancer.5 PPARγ expression in MMTV-

Cre;PPARγf/f;Wnt1 and MMTV-Cre;PPARγ+/+; Wnt1 control MSC is shown in Figure 1a. 

MMTV-Cre;PPARγf/f;Wnt1 mammary tumors developed with shorter mean latency of 140 

days compared with 182 days for MMTV-Cre;PPARγ+/+;Wnt1 cancers (P < 0.04; Figure 

1b). Tumor growth rate was significantly increased in MMTV-Cre;PPARγf/f;Wnt1 

mammary cancers (P < 0.05; Figure 1c). Both genotypes developed poorly differentiated 

adenocarcinoma as determined by histopathologic analysis (Figures 1d and e). Mammary 

adenocarcinomas of both genotypes were composed of both basal and luminal epithelial 

cells. The CD24+/CD49f+ MSC population is one of two known tumorigenic populations in 

MMTV-Wnt1 cancers.3 MMTV-Cre; PPARγf/f;Wnt1 mammary tumors showed 36% 

relative expansion of the MSC population (P < 0.02, Figure 1f) as determined by FACS 

(Figures 1g and h). MSC was localized in MMTV-Cre;PPARγ+/+; Wnt1 and MMTV-

Cre;PPARγf/f;Wnt1 tumors by CD24/CD49f immunofluorescence microscopy (Figures 1i 

and j). MMTV-Cre; PPARγf/f;Wnt1 mammary tumors exhibited increased cell proliferation 

(36 vs 24%; P < 4 × 10−6; Figure 1k) as shown by proliferating cell nuclear antigen (PCNA) 

immunohistochemistry (Figures 1l and m). No significant differences in apoptotic cells were 

observed in mammary tumors of either genotype as shown by terminal transferase mediated 

dUTP nick end labeling (TUNEL) analysis (Figures 1n and o). These results indicate that 

loss of PPARγ expression decreases tumor latency, expands the MSC population and 

increases cell proliferation in Wnt1 mammary tumors.
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CD24+/CD49fhi MSC from MMTV-Cre;PPARγ+/+;Wnt1 and MMTV-Cre;PPARγf/f;Wnt1 

mammary tumors was grown as tumorspheres in MSC medium on low attachment plates. 

We observed no significant differences in MSC clonogenicity (Figure 2a) or tumorsphere 

proliferation (Figure 2b) between cells from MMTV-Cre;PPARγ+/+;Wnt1 and MMTV-

Cre;PPARγf/f;Wnt1 mammary tumors. Tumorspheres appeared morphologically similar by 

phase contrast microscopy (Figures 2c and d). These results indicate that loss of PPARγ 
expression does not affect in vitro clonogenicity and proliferation of tumor-derived MSC. 

We next performed gene expression analysis on in vivo-isolated MSC from both genotypes. 

Interestingly, the angiogenesis pathway was upregulated in MMTV-Cre;PPARγf/f;Wnt1 

MSC (Angpt1, 2-fold; miR-15a, -2-fold; Figure 2e). There were no differences in VEGF, 

VEGFR or Tie2 expression between genotypes (data not shown). Searches of public 

databases identified a miR-15a/Angpt1 interaction in a previous genomic screening (Figure 

2f).27 MMTV-Cre;PPARγf/f; Wnt1 mammary tumors expressed increased Angpt1 protein 

as shown by western blot (2- to 4-fold; Figure 2g). We then localized capillary endothelium 

by CD31 expression. We observed a 4-fold increase in capillary density in MMTV-

Cre;PPARγf/f;Wnt1 mammary tumors (P < 0.007; Figures 2h–j). These results indicate that 

loss of PPARγ expression correlates with increased angiogenesis in MMTV-Cre;PPARγf/

f;Wnt1 mammary tumors.

We examined PPARγ and CD31 expression by immunofluorescence microscopy in 70 

human breast cancers and normal breast tissue (Figure 2k). All normal human breast 

epithelium demonstrated diffuse PPARγ nuclear staining with minimal stromal capillaries 

(Figure 2l). In contrast, human breast cancer specimens were predominantly negative for 

PPARγ expression (68/70; 97%). These PPARγ-negative breast cancer specimens were 

highly angiogenic (54/70; 77%; P < 0.05; Figure 2m). The two breast cancer samples that 

expressed PPARγ did not exhibit the angiogenic phenotype (Figure 2n). These results 

indicate that loss of PPARγ expression correlates with increased angiogenesis in human 

breast cancer.

We treated MMTV-Cre;PPARγ+/+;Wnt1 and MMTV-Cre;PPARγf/f; Wnt1 tumors in vivo 
with the PPARγ agonist rosiglitazone. This PPARγ selective ligand significantly induced 

miR-15a expression and apoptosis, and inhibited Angpt1 expression, MSC fraction and 

tumor proliferation/growth in MMTV-Cre;PPARγ+/+;Wnt1 tumors (Supplementary Figure 

S1). These effects were not observed in MMTV-Cre;PPARγf/f;Wnt1 tumors. To determine 

whether miR-15a and Angpt1 were responsible for the angiogenic phenotype of MMTV-

Cre;PPARγf/f;Wnt1 tumors, we stably transduced MMTV-Cre;PPARγf/f;Wnt1 MSC with 

Angpt1 shRNAs, miR-15a, or control lentiviruses followed by transplantation to mammary 

fat pads of immunodeficient mice. Angpt1 shRNAs reduced Angpt1 protein expression in 

MMTV-Cre;PPARγf/f;Wnt1 tumors by 90% as determined by western blot (Figure 3a). 

miR-15a lentivirus reduced Angpt1 protein expression in MMTV-Cre;PPARγf/f;Wnt1 

tumors by 80%. Mammary tumors derived from Angpt1 shRNAs, miR-15a and control 

transduced MSC were classified as poorly differentiated adenocarcinomas by 

histopathologic analysis (Figures 3b–d). The angiogenic phenotype was dramatically 

suppressed in tumors derived from transplanted MSC transduced with Angpt1 shRNAs or 

miR-15a compared with control lentivirus as determined by CD31 immunofluorescence 

microscopy (75–80% reduction; P < 0.002; Figures 3e–h). Reduced angiogenesis correlated 
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with threefold decreases in the CD24+/CD49fhi MSC fractions of tumors derived from 

Angpt1 shRNA and miR-15a transduced stem cells as determined by FACS (P < 0.02; 

Figures 3i–l). Angpt1 shRNAs and miR-15a inhibited growth of MMTV-Cre;PPARγf/

f;Wnt1 tumors (P < 0.05; Figure 3m). Differences were not observed in PCNA+ (Figures 

3n–p) or apoptotic (Figures 3q–s) cells in tumors derived from Angpt1 shRNA or miR-15a 

transduced MSC compared with control mammary cancers. These results indicate that 

Angpt1 and miR-15 regulate the angiogenic phenotype of MMTV-Cre;PPARγf/f;Wnt1 

mammary tumors. Inhibition of the angiogenic phenotype dramatically suppressed MSC 

expansion in these cancers.

Sequence analysis of the miR-15a gene revealed a potential PPARγ binding site in the 5′ 
flanking region at − 1593/− 1573 bp (Figure 3t). Chromatin immunoprecipitation using 

tumor-derived CD24/CD49f MSC revealed PPARγ binding to the DR1 region, but not in 

PPARγ-null cells (Figure 3u). We cloned 1.8 kb of the miR-15a 5′ flanking region into the 

pGL3 luciferase reporter vector. The miR-15a 5′ flanking region induced luciferase reporter 

activity by fourfold (Figure 3v). Transient transfection of a mouse PPARγ expression vector 

significantly induced transcription of the miR-15a reporter construct, but not when the 

putative PPRE was mutated (P < 0.008). These data indicate that PPARγ activates 

expression of the miR-15a gene by binding to a DR1 element in the 5′ flanking region.

MMTV-Cre;PPARγf/f;Wnt1 mammary tumors were resistant to the anti-angiogenesis drug 

sunitinib and cyclophosphamide chemotherapy when used as single agents (Supplementary 

Figures S2 and S3). However, treatment with sunitinib followed by cyclophosphamide 

produced significantly greater tumor reduction in MMTV-Cre;PPARγf/f;Wnt1 than in 

MMTV-Cre;PPARγ +/+;Wnt1 cancers (P < 0.0004; Figure 4a). Tumors from both groups 

treated with sunitinib and cyclophosphamide resembled poorly differentiated luminal 

adenocarcinomas with reduced basal cells (Figures 4b and c). Sunitinib and 

cyclophosphamide treatment significantly inhibited the angiogenic phenotype in MMTV-

Cre;PPARγf/f;Wnt1 (P < 0.002; Figures 4d–f) but not in MMTV-Cre;PPARγ+/+;Wnt1 

mammary tumors. Sunitinib and cyclophosphamide treatment significantly decreased the 

MSC population in MMTV-Cre;PPARγf/f;Wnt1 (1 vs 49%; P < 0.05; Figures 4g–i) but not 

in MMTV-Cre;PPARγ+/+;Wnt1 mammary tumors. Sunitinib and cyclophosphamide 

treatment dramatically decreased cell proliferation in MMTV-Cre;PPARγ+/+;Wnt1 (mean 

13 vs 24% in control-treated tumors; P < 0.04; Figures 4j and k) and MMTV-Cre;PPARγf/

f;Wnt1 (mean 27 vs 34% in control-treated tumors; P < 0.03; Figures 4j and l) mammary 

tumors. Sunitinib and cyclophosphamide treatment significantly increased apoptotic basal 

and luminal cells in MMTV-Cre;PPARγ+/+;Wnt1 (42 vs 0.1%; P < 0.02; Figures 4m and n) 

and MMTV-Cre;PPARγf/f;Wnt1 (38 vs 0.2%; P < 10−5; Figures 4m and o) mammary 

tumors. These results indicate that MMTV-Cre;PPARγf/f;Wnt1 mammary tumors are 

sensitive to sunitinib and cyclophosphamide chemotherapy.

Despite chemotherapy-mediated depletion of the MSC population, we observed increased 

tumor volume with sunitinib and cyclophosphamide monotherapies. CD61+ luminal 

progenitor cells were previously identified as tumorigenic and capable of regenerating both 

basal and luminal cells in the Wnt1 mammary tumor model.28 To determine whether CD61+ 

luminal progenitor cells contribute to mammary tumorigenesis following chemotherapy, we 
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examined the CD61+ cell fraction in control and chemotherapy-treated MMTV-Cre;PPARγ
+/+;Wnt1 and MMTV-Cre;PPARγf/f;Wnt1 tumors using FACS. Control-treated MMTV-

Cre; PPARγ+/+;Wnt1 and MMTV-Cre;PPARγf/f;Wnt1 tumors contained mean CD61+ cell 

fractions of 2 and 2.5%, respectively (Figures 5a and b). Sunitinib treatment resulted in 

dramatic expansion of the CD61+ cell population (63% in MMTV-Cre;PPARγ+/+;Wnt1 and 

73% in MMTV-Cre;PPARγf/f;Wnt1 tumors; P < 10−7; Figures 5c and d). 

Cyclophosphamide treatment increased the CD61+ cell fraction in MMTV-Cre;PPARγ+/

+;Wnt1 and MMTV-Cre;PPARγf/f;Wnt1 tumors to 66 and 63%, respectively (Figures 5e 

and f). Sunitinib and cyclophosphamide chemotherapy increased the CD61+ cell fraction in 

MMTV-Cre;PPARγ+/+;Wnt1 and MMTV-Cre;PPARγf/f; Wnt1 tumors to 44 and 72%, 

respectively (Figures 5g and h). To confirm failure of basal cell regeneration in 

chemotherapy-treated tumors, we performed immunohistochemistry using the basal and 

luminal cell markers keratin 5 and keratin 18. We observed consistent reduction of keratin 5 

expressing basal cells in chemotherapy-treated MMTV-Cre;PPARγ+/+;Wnt1 (Figures 5i 

and j) and MMTV-Cre;PPARγf/f;Wnt1 (Figures 5k and l) tumors. In contrast, no significant 

changes in keratin 18-positive cells were observed due to chemotherapy treatment in 

MMTV-Cre;PPARγ+/+; Wnt1 (Figures 5m and n) and MMTV-Cre;PPARγf/f;Wnt1 

(Figures 5o and p) tumors. To determine whether loss of the angiogenic phenotype in 

MMTV-Cre;PPARγf/f;Wnt1 mammary tumors was due to basal cell-specific Angpt1 

expression, we examined this protein by immunofluorescence microscopy in control and 

chemotherapy-treated tumors from both genotypes. Angpt1 protein was expressed in both 

basal and luminal cells in control-treated tumors from both genotypes (Figures 5r and t). 

Angpt1 expression was twofold higher in MMTV-Cre;PPARγf/f;Wnt1 tumors consistent 

with our western blot results (Figure 5q). Chemotherapy treatment significantly decreased 

Angpt1 expression in MMTV-Cre;PPARγf/f;Wnt1 mammary tumors (−3-fold; P < 0.01; 

Figures 5s and u), which correlated with reduced angiogenesis in these cancers. These 

results indicate that the CD61+ luminal progenitor population undergoes dramatic expansion 

in the context of chemotherapy induced MSC depletion.

To determine whether chemotherapy-treated MSC and CD61+ luminal progenitor cells are 

tumorigenic, we transplanted these populations from MMTV-Cre;PPARγ+/+;Wnt1 and 

MMTV-Cre; PPARγf/f;Wnt1 tumors to mammary fat pads of immunodeficient mice. 

Chemotherapy-treated MSC transplants from both genotypes failed to form tumors (data not 

shown). However, transplanted chemotherapy-treated CD61+ luminal progenitor cells from 

both genotypes consistently formed tumors. There were no significant differences in growth 

rate between MMTV-Cre; PPARγ+/+;Wnt1 and MMTV-Cre;PPARγf/f;Wnt1 tumors 

derived from chemotherapy-treated CD61+ luminal progenitor cells (Figure 6a). These 

cancers were classified as poorly differentiated luminal adenocarcinomas (Figures 6b and c). 

Notably basal layer cells failed to regenerate in these transplanted tumors. Strikingly, the 

angiogenic phenotype was suppressed in tumors derived from transplanted CD61+ luminal 

progenitor cells sorted from chemotherapy-treated MMTV-Cre;PPARγf/f;Wnt1 cancers as 

determined by CD31 expression (Figures 6d–f). Angpt1 expression was significantly 

suppressed in tumors derived from transplanted CD61+ luminal progenitor cells sorted from 

chemotherapy-treated MMTV-Cre;PPARγf/f;Wnt1 tumors (P < 0.008; Figures 6g–i). We 

confirmed failure of basal cell regeneration using keratin 5 immunohistochemistry on tumors 
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derived from transplanted CD61+ luminal progenitor cells sorted from chemotherapy-treated 

MMTV-Cre;PPARγ+/+;Wnt1 and MMTV-Cre;PPARγf/f;Wnt1 tumors (Figures 6j and k). 

In contrast, luminal cells were regenerated in tumors derived from transplanted CD61+ 

luminal progenitor cells sorted from chemotherapy-treated MMTV-Cre; PPARγ+/+;Wnt1 

and MMTV-Cre;PPARγf/f;Wnt1 cancers as confirmed by keratin 18 immunohistochemistry 

(Figures 6l and m). The PCNA-positive cell fraction was not significantly different in 

MMTV-Cre;PPARγ+/+;Wnt1 cancers (15 vs 23%; Figure 6n), but remained suppressed in 

MMTV-Cre;PPARγf/f;Wnt1 (20 vs 35%; P < 0.00005; Figures 6o and p) tumors derived 

from transplanted CD61+ luminal progenitor cells sorted from chemotherapy-treated 

mammary tumors. The TUNEL+ cell fraction was low in transplanted tumors, and no 

significant differences were observed between genotypes (Figures 6q–s). Consistent with 

failure of basal cells to regenerate, we observed suppression of the MSC fraction in 

transplanted tumors by FACS (0.5%; Figure 6t). Similarly consistent with observed luminal 

histopathology, the CD61+ luminal progenitor population remained expanded in 

transplanted tumors (72%; Figure 6u). These results indicate that the CD61+ luminal 

progenitor (but not MSC) population drives tumorigenesis in chemotherapy-treated 

mammary tumors. However, chemotherapy treatment results in persistent suppression of 

angiogenesis, cell proliferation and basal cell regeneration.

DISCUSSION

Our study is the first to report a miRNA target gene for the tumor suppressor PPARγ. A 

genomic study of PPARγ target genes using chromatin immunoprecipitation followed by 

high throughput sequencing in adipocytes failed to identify the PPARγ binding site in the 

miR-15a gene.29 These results suggest that factors other than sequence similarity to the 

canonical PPARγ binding site are required for receptor binding in specific cell types.30 

miR-15a expression was decreased in human breast cancers and cell lines,31,32 although 

target genes were not identified. Other miRNAs have been shown to regulate angiogenesis in 

human breast cancer. miR-126 expression targeted VEGF levels and is downregulated in 

human breast cancer.33 miR-148a expression is reduced in breast cancer and inhibits 

angiogenesis by targeting ERBB3.34 Loss of PTEN in breast cancer stromal fibroblasts 

downregulates miR-320, thereby upregulating its target ETS2 that promotes tumor 

angiogenesis.35 miR-126 inhibits angiogenesis by targeting signaling pathways such as 

insulin-like growth factor.36 miR-145 inhibits tumor angiogenesis by targeting N-RAS and 

VEGF in breast cancer.37 miR-98 inhibits tumor angiogenesis in breast cancer cells by 

targeting activin receptor like kinase 4 and matrix metalloproteinase 11.38 Expression of the 

transcription factor GATA3 is reduced in breast cancer; GATA3 inhibits breast cancer 

metastasis by inducing expression of miR-29b that regulates angiogenesis.39 miR-155 

promotes tumor angiogenesis by targeting the von Hippel-Lindau tumor suppressor and is 

associated with poor prognosis and triple negative breast cancer.40 miR-542-3p inhibits 

angiogenesis in breast cancer xenografts by targeting angiopoietin-2 and is associated with 

poor prognosis in humans.41 These studies indicate that the breast cancer angiogenic niche is 

regulated by highly complex transcriptional and post-transcriptional mechanisms.

One of the novel findings of our study is the existence of an MSC angiogenic niche in 

mammary cancer. The angiogenic phenotype of MMTV-Cre;PPARγf/f;Wnt1 tumors is 
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associated with MSC expansion and increased cellular proliferation. Inhibition of this 

phenotype by genetic and pharmacologic methods dramatically reduced the MSC fraction 

and cellular proliferation. This is in contrast to a previous study, which indicated that tumor 

hypoxia resulting from anti-angiogenic therapy results in stem cell expansion.42 An 

important difference in our study is the angiogenic phenotype of MMTV-Cre;PPARγf/

f;Wnt1 mammary tumors. Our results suggest that anti-angiogenic therapy would be more 

effective if targeted at tumors expressing the angiogenic phenotype.

Our results indicate that Angpt1 expression is critical to angiogenesis and MSC expansion. 

Angpt1 is overexpressed in mouse mammary and human breast cancer specimens and cell 

lines.43,44 Angpt1 expression was higher in estrogen receptor-negative breast cancers and 

correlated with increased angiogenesis.45 BRCA1 mutant and triple negative breast cancers 

also expressed higher Angpt1 levels.46

Human breast cancer specimens were predominantly negative for PPARγ expression. These 

PPARγ-negative breast cancer specimens were highly angiogenic. Breast cancer samples 

that expressed PPARγ did not exhibit the angiogenic phenotype. These human breast cancer 

specimens that expressed PPARγ showed a different pattern of nuclear localization 

compared with normal breast epithelium. PPARγ expression in these cancers was confined 

to the nuclear periphery. Previous studies indicated that the nuclear periphery sequesters 

transcription factors from their chromatin binding sites.47 Transcription factor localization to 

the nuclear periphery restricts access to target genes, limits transactivation and is associated 

with transcriptional repression.48 In PPARγ expressing breast cancers, altered nuclear 

localization may result in transcriptional repression of genes regulating the angiogenic 

phenotype. Genomic analysis of short and long range PPARγ target genes in breast cancer 

will provide important insight into these findings.

Previous studies hypothesized that normalization of abnormal tumor vasculature leads to 

more efficient chemotherapy drug delivery (for review, see Jain49). Our study indicated that 

sunitinib or cyclophosphamide monotherapy did not decrease tumor volume in MMTV-

Cre;PPARγf/f;Wnt1 mammary tumors. Treatment with sunitinib followed by 

cyclophosphamide was required to reduce tumor volume in MMTV-Cre;PPARγf/f;Wnt1 

mammary tumors. These results indicate that normalization of the tumor vasculature 

conferred chemotherapeutic sensitivity in angiogenic mammary tumors. Tumors lacking the 

angiogenic phenotype were more sensitive to first-line cytotoxic chemotherapy such as 

cyclophosphamide. These results suggest that evaluation of angiogenesis in human breast 

cancers may improve clinical response to targeted chemotherapy.

Our data showed that the tumorigenic CD61+ luminal progenitor population dramatically 

expanded following sunitinib or cyclophosphamide chemotherapy in conjunction with 

increased tumor volume. BRCA1 mutant human breast cancers exhibited expansion of 

luminal progenitor cells.50 However, our paper is the first report of luminal progenitor cell 

expansion in response to anti-proliferative therapy. In contrast, chemotherapy-treated MSC 

failed to generate tumors following transplantation. Currently, it is not clear whether tumor 

hypoxia resulting from anti-angiogenic therapy or drug resistance mechanisms result in 

luminal progenitor cell expansion. However, this expanded luminal progenitor population 
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was not capable of regenerating basal layer cells, indicating that chemotherapy treatment 

induced unipotency in the CD61+ tumor fraction. Angpt1 expression and the angiogenic 

phenotype were suppressed in mammary tumors derived from chemotherapy-treated luminal 

progenitor cells, indicating that anti-proliferative therapy has long-term effects on tumor 

differentiation and the angiogenic phenotype. Future studies will determine the mechanisms 

responsible for these altered tumor phenotypes.

MATERIALS AND METHODS

Mouse breeding and procedures

We bred female MMTV-Cre;PPARγf/f;Wnt1 mice and MMTV-Cre;PPARγ+/+; Wnt1 

littermate controls which were assigned to experimental and control groups based on 

genotype. Mouse background strain was identical in both groups. All mouse strains were 

obtained from The Jackson Laboratories (Bar Harbor, ME, USA) and approved by 

institutional animal care committee. PPARγ expression is deleted in mammary epithelium of 

these mice by Cre-mediated recombination of exons 1 and 2. Mammary tumorigenesis is 

driven by Wnt1 oncogene expression, which is a model of basal subtype breast cancer.5 All 

mice were genotyped using PCR amplification of extracted tail DNA according to Jackson 

Laboratories protocols. Twenty tumors were obtained from each group for analysis (α = 

0.05, P = 0.8, s.d. = 0.5). The latency, number and volume of tumors were recorded for each 

mouse. Tumors from each group were analyzed at a uniform volume of 500 mm3. Complete 

necropsy was performed on each mouse. Portions of each tumor were fixed in 10% formalin, 

flash frozen for storage at − 80°C, and trypsin dissociated for cryopreservation in liquid 

nitrogen. For chemotherapy experiments, tumor bearing mice were treated with five daily 

doses of the PPARγ agonist rosiglitazone (25 mg/kg; Sigma, St Louis, MO, USA), five daily 

doses of the angiogenesis inhibitor sunitinib (60 mg/kg; Sigma), three doses of the cytotoxic 

chemotherapeutic drug cyclophosphamide (200 mg/kg on alternating days; Sigma), sunitinib 

followed by cyclophosphamide, or vehicle. A minimum of five tumors per group were 

harvested as described above for analysis. Data were analyzed by t-test.

qRT-PCR

RNA was extracted from sorted MSC from MMTV-Cre;PPARγf/f;Wnt1 and MMTV-

Cre;PPARγ+/+;Wnt1 tumors and reverse transcribed according to manufacturer’s 

instructions (Invitrogen, Carlsbad, CA, USA). cDNA was amplified using mPPARγ primers 

5′-AGCTGAATCACCCAGAGTCC-3′ and 5′-TGCAATCAATAGAAGGAACACG-3′. β-

Actin was amplified using primers 5′-AAAAGCCACCCCCACTCCTAAG-3′ and 5′-

TCAAGTCAGTGTACAGGCCAGC-3′. Angpt1 cDNA was amplified using primers 5′-

GGGGGAGGTTGGACAGTAA-3′ and 5′-CATCAGCTCAATCCTCAGC-3′. PCR was 

performed using thermal cycling parameters of 94°C for 25 s, 55°C for 1 min and 72°C for 1 

min (Stratagene, La Jolla, CA, USA). miScript Primer Assay (Qiagen, Valencia, CA, USA) 

was used to quantitate miR-15a expression. Data were analyzed by t-test.

Histopathology, immunohistochemistry and immunofluorescence microscopy

All experiments were performed at least three times on all tumors. Investigators were 

blinded to genotype for all experiments. Formalin-fixed tumor tissue was dehydrated in 

Kramer et al. Page 8

Oncogene. Author manuscript; available in PMC 2018 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ethanol, cleared in xylene and embedded in paraffin. Sections were deparaffinized and 

stained with hematoxylin and eosin. For immunohistochemistry and immunofluorescence 

studies, sections were rehydrated in phosphate-buffered saline (PBS, pH 7.4) and blocked 

with 10% normal serum. For immunohistochemistry studies, sections were incubated with 

anti-PCNA, keratin 5 (K5) or keratin 18 (K18) primary antibodies overnight at room 

temperature. Following washing in PBS, sections were incubated with biotinylated 

secondary antibody and streptavidin-conjugated horseradish peroxidase. Antigen–antibody 

complexes were detected by incubation with peroxide substrate solution containing 

aminoethylcarbazole chromogen followed by hematoxylin counterstaining. The percentage 

of PCNA+ cells in 10 random high power fields was determined by counting. Data were 

analyzed by t-test. For immunofluorescence studies, sections were incubated with anti-

CD24, -CD49f, -CD31, -PPARγ or -Angpt1 primary antibodies overnight at room 

temperature. Sections from 70 human breast cancer cases and matching normal breast tissue 

were incubated with anti-PPARγ and -CD31 antibodies overnight at room temperature. 

After washing in PBS, sections were incubated with secondary antibodies conjugated to 

AlexaFluor 488 or AlexaFluor 555 and visualized by fluorescence microscopy following 

coverslipping with anti-fade mounting medium containing DAPI (Vector, Burlingame, CA, 

USA). Data were analyzed by Fischer’s exact test or two-sided t-test.

Fluorescence-activated cell sorting

Dissociated tumor cells were incubated with phycoerythrin-conjugated anti-CD24 and 

AlexaFluor 488-conjugated anti-CD49f antibodies, washed in PBS, and the CD24+/CD49fhi 

MSC fraction sorted by flow cytometry (MoFlo Astrios, Becton Dickinson, Franklin Lakes, 

NJ, USA). The CD24 +/CD49flo/CD61+ luminal progenitor fractions were sorted in 

separate experiments. Data were analyzed by t-test.

Cell death analysis

Tumor tissue sections were incubated with terminal deoxynucleotidyl transferase and dUTP-

fluorescein for 1 h at 37°C according to manufacturer’s recommendations (Roche Applied 

Sciences, Indianapolis, IN, USA). After washing, apoptotic cells were visualized by 

fluorescence microscopy following coverslipping with anti-fade mounting medium 

containing DAPI. The percentage of fluorescent cells in 10 random high power fields was 

determined by counting. Data were analyzed by t-test.

Cell culture, lentiviral transduction and transplantation

In all, 104 sorted MSCs from MMTV-Cre;PPARγf/f;Wnt1 and MMTV-Cre; PPARγ+/

+;Wnt1 tumors were cultured in 3:1 Dulbecco’s modified Eagle medium:F12 medium 

containing 1 × B27 supplement, 10 ng/ml epidermal growth factor, 25 ng/ml basic fibroblast 

growth factor, 0.2% heparin, 40 μg/ml gentamicin, 2.5 μg/ml amphotericin B (MSC 

medium) at 37°C in a humidified atmosphere of 5% CO2. For tumorsphere analysis, 

clonogenicity and proliferation were determined by counting and tumorsphere diameter 

measurements every second day for 2 weeks. Tumorspheres were photographed using phase 

contrast microscopy.
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miR-15a interaction with Angpt1 mRNA27 was identified in searches of TarBase using the 

DIANA software. In all, 104 sorted MSCs from MMTV-Cre; PPARγf/f;Wnt1 tumors were 

cultured in MSC medium and separately transduced with Angpt1 shRNAs, miR-15a or 

control lentiviruses with 5 μg/ml polybrene overnight according to manufacturer’s protocol 

(Thermo Scientific, Waltham, MA, USA) at 37°C in a humidified atmosphere of 5% CO2. 

MSC medium was replaced and cells cultured for 24 h. Two μg/ml puromycin was added, 

and cells were incubated for 48 h. MSC medium was replaced, and cells were injected into 

the fat pads of 2-month-old immunocompromised NU/J mice. Mice were examined weekly 

for tumor formation for up to 6 months. The latency and volume of tumors were recorded 

for each mouse. Complete necropsy was performed on each mouse. Tumors were processed 

for histopathology, immuno-histochemistry, immunofluorescence, FACS and cell death 

analysis. Data were analyzed by t-test.

Gene expression analysis

Total RNA was extracted from sorted MSC from MMTV-Cre;PPARγ+/+;Wnt1 and MMTV-

Cre;PPARγf/f;Wnt1 tumors. The integrity of the ribosomal RNA bands was confirmed by 

Northern gel electrophoresis. Total RNA (1 μg) was converted to labeled cRNA targets. The 

biotinylated cRNA targets were then purified, fragmented and hybridized to mouse genome 

2.0 ST expression arrays (Affymetrix, Santa Clara, CA, USA) to interrogate transcript 

abundance in each sample. Affymetrix GCOS software was used to generate raw gene 

expression scores and normalized to the relative hybridization signal from each experiment. 

All gene expression scores were set to a minimum value of two times the background 

determined by GCOS software in order to minimize noise associated with less robust 

measurements of rare transcripts. Data were analyzed by t-test with a value of P < 0.005 

followed by ratio analysis (minimum twofold change). Expression changes for selected 

genes were validated by qRT-PCR.

Western blot

Sorted MSC from MMTV-Cre;PPARγ+/+;Wnt1 and MMTV-Cre;PPARγf/f;Wnt1 tumors 

was lysed in 1 × Laemmli buffer. Sorted MSC from lentiviral transduced MMTV-

Cre;PPARγf/f;Wnt1 mammary tumors was analyzed in separate experiments. Fifty μg total 

cellular proteins were separated by SDS–PAGE. Proteins were electroblotted onto PVDF 

membranes (Roche Applied Sciences, Indianapolis, IN, USA). Blots were incubated with 

blocking solution followed by anti-Angpt1 and anti-β-actin antibodies for 16 h at 4°C. After 

washing in Tris-buffered saline containing 0.1% Tween-20, blots were incubated for 30 min 

at room temperature with anti-IgG secondary antibody conjugated to horseradish peroxidase. 

Bands were visualized by the enhanced chemiluminescence method and quantitated by 

densitometry. Data were analyzed by t-test.

Chromatin immunoprecipitation

The putative PPAR response element in the miR-15a promoter was identified using the 

UCSC Genome Browser. MSC from MMTV-Cre;PPARγ +/+;Wnt1 and MMTV-

Cre;PPARγf/f;Wnt1 mammary tumors was fixed in 1% formaldehyde for 10 min followed 

by native lysis and DNA fragmentation. Purified chromatin was immunoprecipitated using 

anti-PPARγ antibody and protein A/G agarose beads. Eluted DNA fragments were purified 
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for PCR templates. The input fraction before immunoprecipitation was amplified as the 

positive control. Control IgG immunoprecipitates were used as the negative control. DNA 

templates were amplified with primers 5′-TTCAAAAAGTATCCCATTATTCTG-3′ and 5′-

TGTCCTATTTCCCCCTTCAA-3′ flanking the putative PPAR response element in the 

miR-15a gene. The 197-bp fragment was separated by agarose gel electrophoresis and 

visualized by ethidium bromide staining.

Promoter cloning and reporter gene analysis

A 1.8-kb fragment of the promoter region of the mouse miR-15a gene was amplified by 

PCR from mouse genomic DNA using primers 5′-CGG 

GGTACCACTAGAATAACAGCCATGGGAGACAC-3′ and 5′-CCGCTCGAGAGTA 

TGGCCTGCACCTTTTCAACA-3′. This fragment was cloned into the KpnI and XhoI sites 

of the pGL3 luciferase vector. We generated a mutant miR-15a promoter construct with a 3-

bp substitution in the putative PPARγ response element using the QuikChange site directed 

mutagenesis kit (Stratagene). Wild-type and mutant constructs were confirmed by 

sequencing. Promoter constructs were transfected with mouse PPARγ expression vector or 

control plasmid and Renilla luciferase reporter vector pRL-TK into the mouse mammary 

tumor cell line NF639 (American Type Culture Collection, Manassas, VA, USA) using 

Lipofectamine (Life Technologies, Grand Island, NY, USA). Promoter activity was 

determined using the dual luciferase assay kit (Promega, Madison, WI, USA) and 

luminometry (Berthold, Bad Wildbad, Germany). miR-15a promoter activity was 

normalized to TK promoter activity. Data were analyzed by ANOVA.

Antibodies

Antibodies used were CD31, AB5690; K5, AB24647; K18, AB668 (Abcam, Cambridge, 

MA, USA); β-actin, NB600-503SS (Novus Biologicals, Littleton, CO, USA); Angpt1, 

SC-6320; CD61, SC-19671PE; PCNA, SC-7907; PPARγ, SC-7273 (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA); CD24-PE, 10814; CD49f-AF488, 60037 (Stem Cell 

Technologies, Vancouver, BC, Canada); and anti-rabbit IgG-AF488, A11008; anti-rabbit 

IgG-AF555, A21428 (Thermo Fisher Scientific, Waltham, MA, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Loss of PPARγ expression reduces tumor latency, expands the tumorigenic CD24+/CD49fhi 

stem cell population and increases proliferation in Wnt1-induced mammary cancer. (a) 

PPARγ expression in adipocytes (+ control), MMTV-Cre;PPARγf/f;Wnt1 and MMTV-Cre; 

PPARγ+/+;Wnt1 mammary tumors is shown by RT–PCR. β-Actin amplification was used 

as the loading control. DNA size marker is shown at left. (b) Decreased tumor latency in 

MMTV-Cre;PPARγf/f;Wnt1 mammary cancer. Kaplan–Meier analysis of MMTV-

Cre;PPARγf/f;Wnt1 and MMTV-Cre;PPARγ+/+;Wnt1 mammary tumor latency shows 
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percent tumor-free mice over time (days). (c) MMTV-Cre;PPARγf/f;Wnt1 mammary tumors 

exhibit increased growth rate. Tumor volume in MMTV-Cre;PPARγ+/+;Wnt1 and MMTV-

Cre;PPARγf/f;Wnt1 cancers was measured daily. Error bars indicate s.e.m. (d, e) 

Histopathologic analysis of MMTV-Cre;PPARγ+/+;Wnt1 and MMTV-Cre;PPARγf/f;Wnt1 

mammary tumors indicates poorly differentiated adenocarcinomas as shown by H&E 

staining. Scale bar = 10 μm. (f) The tumorigenic CD24/CD49f stem cell population is 

expanded in MMTV-Cre;PPARγf/f;Wnt1 compared with MMTV-Cre;PPARγ+/+;Wnt1 

mammary tumors. Quantitation of tumor stem cell fraction is shown for both genotypes. 

Representative flow-cytometric analysis of tumor stem cell fraction in MMTV-Cre;PPARγ
+/+; Wnt1 (g) and MMTV-Cre;PPARγf/f;Wnt1 (h) is shown. Immunofluorescence 

microscopy shows CD24/CD49f stem cells in MMTV-Cre;PPARγ+/+; Wnt1 (i) and 

MMTV-Cre;PPARγf/f;Wnt1 (j) mammary tumors. CD24 and CD49f expression is shown 

by phycoerythrin and fluorescein-conjugated antibodies (red and green, respectively). DAPI 

nuclear counterstaining is shown (blue). Merged images are shown at lower right. Scale bar 

= 5 μm. (k) Loss of PPARγ expression increases cell proliferation compared with MMTV-

Cre;PPARγ+/+;Wnt1 tumors as demonstrated by PCNA immunohistochemistry. 

Representative images of PCNA expression in MMTV-Cre;PPARγ+/+;Wnt1 (l) and 

MMTV-Cre;PPARγf/f;Wnt1 (m) mammary tumors. Sections were counterstained with 

hematoxylin. Scale bar = 10 μm. Representative TUNEL images of apoptotic cells in tumors 

from MMTV-Cre;PPARγ+/+;Wnt1 (n) and MMTV-Cre;PPARγf/f;Wnt1 (o) are shown. 

TUNEL-positive cells are shown by dUTP-fluorescein labeling (green) and DAPI nuclear 

counterstain (blue). Merged images are shown at lower left. Scale bar = 5 μm.
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Figure 2. 
Loss of PPARγ correlates with stem cell expansion and increased angiogenesis in Wnt1 

mammary tumors. (a) In vitro clonogenicity of MSC from MMTV-Cre;PPARγ+/+;Wnt1 

and MMTV-Cre;PPARγf/f;Wnt1 mammary tumors. (b) In vitro proliferation of MSC from 

MMTV-Cre;PPARγ +/+;Wnt1 and MMTV-Cre;PPARγf/f;Wnt1 mammary tumors. Percent 

small (20–49 μm) and large (50–100 μm) tumorspheres from each genotype are shown. 

Representative phase contrast photomicrographs of tumorspheres from MMTV-Cre;PPARγ
+/+;Wnt1 (c) and MMTV-Cre; PPARγf/f;Wnt1 (d) MSC. Scale bar = 10 μm. (e) miR-15a 

and angiopoietin-1 mRNA expression changes in MMTV-Cre;PPARγf/f;Wnt1 compared 
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with MMTV-Cre;PPARγ+/+;Wnt1 mammary tumors. (f) Complementary sequences of 

miR-15a and Angpt1 3′-UTR. (g) Angpt1 protein expression is increased in MMTV-

Cre;PPARγf/f;Wnt1 compared with MMTV-Cre;PPARγ+/+;Wnt1 tumors as shown by 

western blot. β-Actin expression is used as the loading control. Representative blots are 

shown. (h) Increased angiogenesis in MMTV-Cre;PPARγf/f;Wnt1 mammary tumors. 

Representative CD31 immunofluorescence images of capillary endothelium in MMTV-

Cre;PPARγ+/+;Wnt1 (i) and MMTV-Cre;PPARγf/f; Wnt1 (j) mammary tumors. Nuclei 

were counterstained with DAPI (blue). Scale bar = 20 μm. (k) Decreased PPARγ expression 

correlates with increased angiogenesis in human breast cancer. PPARγ and CD31 expression 

in control human mammary gland (l) and human breast cancers (m, n). Representative 

immunofluorescence images of CD31 (red), PPARγ (green) and DAPI nuclear counterstain 

(blue). Merged images are shown at lower right. Scale bar = 20 μm.
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Figure 3. 
miR-15a and Angpt1 regulate angiogenesis in Wnt1 mammary tumors. (a) Angpt1 protein 

expression in MMTV-Cre;PPARγf/f;Wnt1 MSC transduced with control, Angpt1 shRNAs 

and miR-15a lentivirus is shown by western blot. β-Actin is expression used as the loading 

control. Histopathologic analysis of mammary tumors from control (b), Angpt1 shRNAs (c) 

or miR-15a lentivirus (d) transfected MMTV-Cre; PPARγf/f;Wnt1 MSC indicates poorly 

differentiated adenocarcinomas as shown by H&E staining. Scale bar = 10 μm. (e) 

Decreased angiogenesis in mammary tumors from Angpt1 shRNAs and miR-15a lentivirus 
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transduced MMTV-Cre;PPARγf/f;Wnt1 MSC. Representative CD31 immunofluorescence 

images of capillary endothelium are shown in tumors from control (f), Angpt1 shRNAs (g) 

and miR-15a (h) lentiviral transduced MSC. Scale bar = 20 μm. (i) Decreased MSC fraction 

in tumors from MMTV-Cre;PPARγf/f;Wnt1 MSC transduced with Angpt1 shRNAs or 

miR-15a lentivirus. Representative FACS analyses of MSC fractions in tumors from control 

(j), Angpt1 shRNAs (k) and miR-15a (l) lentivirus transduced MSC. (m) miR-15a and 

Angpt1 shRNA inhibited growth of MMTV-Cre;PPARγf/f;Wnt1 mammary tumors. Tumor 

volume in miR-15a and Angpt1 shRNA transduced MMTV-Cre;PPARγf/f;Wnt1 cancers 

was measured daily. Error bars indicate s.e.m. Representative images of PCNA expression in 

tumors from MMTV-Cre;PPARγf/f;Wnt1 MSC transduced with control (n), Angpt1 

shRNAs (o) and miR-15a lentivirus (p). Sections were counterstained with hematoxylin. 

Scale bar = 10 μm. Representative TUNEL images of apoptotic cells in tumors from control 

(q), Angpt1 shRNAs (r) and miR-15a (s) lentivirus transduced MSC are shown. TUNEL-

positive cells are shown by dUTP-fluorescein labeling (green) and DAPI nuclear 

counterstain (blue). Merged images are shown at lower left. Scale bar = 5 μm. The 5′ 
flanking region of miR-15a gene has promoter activity and a DR1 element that is activated 

by PPARγ. (t) Sequence of the putative PPARγ response element (PPRE) located 1593 bp 

upstream of the transcriptional start (miR-15a wt). Site directed mutation in PPRE is shown 

in lowercase letters (miR-15a mut). (u) PPARγ binds to the miR-15a PPRE in genomic 

DNA. Chromatin immunoprecipitation of miR-15a PPRE from MMTV-Cre;PPARγ+/

+;Wnt1 and MMTV-Cre; PPARγf/f;Wnt1 MSC was performed using anti-PPARγ antibody. 

Control IgG was used as the negative immunoprecipitation control. Non-

immunoprecipitated genomic DNA (input) was used as the amplification control. DNA size 

marker is shown at left. (v) PPARγ induces miR-15a promoter activity via the DR1 element. 

Relative luciferase activities in miR-15a promoter and site directed DR1 mutant are shown.
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Figure 4. 
MSC from MMTV-Cre;PPARγf/f;Wnt1 mammary tumors is sensitive to sunitinib/

cyclophosphamide chemotherapy. (a) Greater reduction in volume of sunitinib/

cyclophosphamide-treated MMTV-Cre;PPARγf/f;Wnt1 mammary tumors. Tumor volume in 

sunitinib/cyclophosphamide-treated MMTV-Cre;PPARγ+/+;Wnt1 and MMTV-

Cre;PPARγf/f;Wnt1 cancers was measured daily. Error bars indicate s.e.m. Histopathologic 

analyses of sunitinib/cyclophosphamide-treated MMTV-Cre;PPARγ+/+;Wnt1 (b) tumors 

and MMTV-Cre;PPARγf/f;Wnt1 (c) mammary tumors indicate poorly differentiated luminal 
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adenocarcinomas as shown by H&E staining. Scale bar = 10 μm. (d) Decreased 

angiogenesis in sunitinib/cyclophosphamide-treated MMTV-Cre;PPARγf/f;Wnt1 mammary 

tumors. Representative CD31 immunofluorescence images of capillary endothelium in 

sunitinib/cyclophosphamide-treated MMTV-Cre;PPARγ+/+;Wnt1 (e) and MMTV-

Cre;PPARγf/f;Wnt1 (f) mammary tumors. Nuclei were counterstained with DAPI (blue). 

Merged images are shown at lower left. Scale bar = 20 μm. (g) Decreased MSC fraction in 

sunitinib/cyclophosphamide-treated MMTV-Cre;PPARγf/f;Wnt1 mammary tumors. 

Representative FACS analyses of MSC fractions in sunitinib/cyclophosphamide-treated 

MMTV-Cre;PPARγ+/+;Wnt1 (h) tumors and MMTV-Cre;PPARγf/f;Wnt1 (i) mammary 

tumors are shown. (j) Decreased cell proliferation in sunitinib/cyclophosphamide-treated 

MMTV-Cre;PPARγ+/+;Wnt1 and MMTV-Cre;PPARγf/f;Wnt1 mammary tumors as 

demonstrated by PCNA immunohistochemistry. Representative PCNA 

immunohistochemical images of sunitinib/cyclophosphamide-treated MMTV-Cre;PPARγ+/

+;Wnt1 (k) and MMTV-Cre;PPARγf/f;Wnt1 (l) mammary tumors. Sections were 

counterstained with hematoxylin. Scale bar = 10 μm. (m) Increased apoptotic cells in 

sunitinib/cyclophosphamide MMTV-Cre;PPARγ+/+;Wnt1 and MMTV-Cre; PPARγf/

f;Wnt1 mammary tumors. Representative TUNEL images of apoptotic cells in tumors from 

MMTV-Cre;PPARγ+/+;Wnt1 (n) and MMTV-Cre;PPARγf/f;Wnt1 (o) mammary tumors are 

shown. TUNEL-positive cells are shown by dUTP-fluorescein labeling (green) and DAPI 

nuclear counterstain (blue). Merged images are shown at lower left. Scale bar = 5 μm.
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Figure 5. 
CD61+ luminal progenitor cell expansion in chemotherapy-treated MMTV-Cre;PPARγ+/

+;Wnt1 and MMTV-Cre;PPARγf/f;Wnt1 mammary tumors. Representative flow-cytometric 

analyses of CD61+ luminal progenitor cell fraction in control MMTV-Cre;PPARγ+/+;Wnt1 

(a) and MMTV-Cre;PPARγf/f;Wnt1 (b), sunitinib-treated MMTV-Cre;PPARγ+/+;Wnt1 (c) 

and MMTV-Cre;PPARγf/f;Wnt1 (d), cyclophosphamide-treated MMTV-Cre;PPARγ+/

+;Wnt1 (e) and MMTV-Cre;PPARγf/f;Wnt1 (f), sunitinib and cyclophosphamide-treated 

MMTV-Cre;PPARγ+/+;Wnt1 (g) and MMTV-Cre;PPARγf/f;Wnt1 (h) mammary tumors. 
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Reduced basal cell marker keratin 5 expression in MMTV-Cre;PPARγ+/+;Wnt1 and 

MMTV-Cre;PPARγf/f;Wnt1 tumors treated with sunitinib/cyclophosphamide chemotherapy. 

Representative immunohistochemical images of keratin 5 expression in control (i) and 

sunitinib/cyclophosphamide-treated (j) MMTV-Cre;PPARγ+/+;Wnt1 mammary tumors, and 

control (k) and sunitinib/cyclophosphamide-treated (l) MMTV-Cre;PPARγf/f;Wnt1 

mammary tumors. Representative immunohistochemical images of keratin 18 luminal 

marker expression in control (m) and sunitinib/cyclophosphamide-treated (n) MMTV-

Cre;PPARγ+/+;Wnt1 mammary tumors, and control (o) and sunitinib/cyclophosphamide-

treated (p) MMTV-Cre;PPARγf/f;Wnt1 mammary tumors. Scale bar = 10 μm. (q) 

Decreased Angpt1 expression in MMTV-Cre;PPARγf/f;Wnt1 tumors treated with sunitinib/

cyclophosphamide. Representative immunofluorescence images of Angpt1 expression 

(green) with DAPI nuclear counterstain (blue) in control (r) and sunitinib/

cyclophosphamide-treated (s) MMTV-Cre;PPARγ+/+;Wnt1 mammary tumors, and control 

(t) and sunitinib/cyclophosphamide MMTV-Cre;PPARγf/f;Wnt1 (u) mammary tumors. 

Merged images are shown at lower left. Scale bar = 5 μm.
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Figure 6. 
Chemotherapy-treated CD61+ luminal progenitor cells are tumorigenic but unipotent and 

not angiogenic. (a) No significant differences in growth rate between MMTV-Cre;PPARγ+/

+;Wnt1 and MMTV-Cre;PPARγf/f;Wnt1 tumors derived from chemotherapy-treated CD61+ 

luminal progenitor cells. Tumor volume was measured daily. Error bars indicate s.e.m. 

Histopathologic analysis of tumors from CD61+ luminal progenitor cells sorted from 

chemotherapy-treated MMTV-Cre;PPARγ+/+;Wnt1 (b) and MMTV-Cre;PPARγf/f;Wnt1 

(c) indicates poorly differentiated luminal adenocarcinomas as shown by H&E staining. 

Scale bar = 10 μm. (d) Reduced CD31 expression in mammary tumors derived from 

transplanted CD61+ luminal progenitor cells from chemotherapy-treated cancers of each 

genotype. Representative CD31 (red) immunofluorescence images of capillary endothelium 

in mammary tumors from CD61+ luminal progenitor cells sorted from chemotherapy-treated 

MMTV-Cre;PPARγ+/+;Wnt1 (e) and MMTV-Cre;PPARγf/f;Wnt1 (f) mammary tumors. 

Nuclei were counterstained with DAPI (blue). Merged images are shown at lower left. Scale 

bar = 20 μm. (g) Reduced Angpt1 expression in transplanted mammary tumors derived from 

CD61+ luminal progenitor cells sorted from chemotherapy-treated MMTV-Cre;PPARγ+/

+;Wnt1 and MMTV-Cre;PPARγf/f;Wnt1 mammary tumors. Representative 

immunofluorescence images of Angpt1 expression (green) and DAPI nuclear counterstain 

(blue) in transplanted mammary tumors from CD61+ luminal progenitor cells sorted from 

chemotherapy-treated MMTV-Cre;PPARγ+/+;Wnt1 (h) and MMTV-Cre; PPARγf/f;Wnt1 

(i) mammary tumors. Merged images are shown at lower left. Scale bar = 5 μm. Lack of 

basal cell regeneration in tumors derived from transplanted CD61+ luminal progenitor cells 

sorted from chemotherapy-treated MMTV-Cre;PPARγ+/+;Wnt1 (j) and MMTV-Cre; 

PPARγf/f;Wnt1 (k) mammary tumors is demonstrated by keratin 5 immunohistochemistry. 

Scale bar = 10 μm. Luminal cell regeneration in tumors derived from transplanted CD61+ 

luminal progenitor cells sorted from chemotherapy-treated MMTV-Cre;PPARγ+/+;Wnt1 (l) 
and MMTV-Cre;PPARγf/f;Wnt1 (m) mammary tumors is demonstrated by keratin 18 

immunohistochemistry. Scale bar = 10 μm. (n) Quantitation of cell proliferation in tumors 

derived from transplanted CD61+ luminal progenitor cells sorted from chemotherapy-treated 

tumors of both genotypes is demonstrated by PCNA immunohistochemistry. Representative 
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images of PCNA expression in tumors derived from transplanted CD61+ luminal progenitor 

cells sorted from chemotherapy-treated MMTV-Cre;PPARγ+/+;Wnt1 (o) and MMTV-

Cre;PPARγf/f;Wnt1 (p) tumors are shown. Scale bar = 10 μm. (q) Quantitation of apoptotic 

cells in tumors derived from transplanted CD61+ luminal progenitor cells sorted from 

chemotherapy-treated cancers from both genotypes as shown by TUNEL analysis. 

Representative TUNEL images of apoptotic cells in tumors derived from transplanted 

CD61+ luminal progenitor cells sorted from chemotherapy-treated MMTV-Cre;PPARγ+/

+;Wnt1 (r) and MMTV-Cre; PPARγf/f;Wnt1 (s) tumors are shown. TUNEL-positive cells 

are shown by dUTP-fluorescein labeling (green) and DAPI nuclear counterstain (blue). 

Merged images are shown at lower left. Scale bar = 5 μm. (t) Representative flow-cytometric 

analysis of the CD24+/CD49fhi tumor stem cell fraction in tumors derived from transplanted 

CD61+ luminal progenitor cells sorted from chemotherapy-treated mammary tumors. (u) 

Representative flow-cytometric analysis of the CD61+ luminal progenitor cell population in 

tumors derived from transplanted CD61+ luminal progenitor cells sorted from 

chemotherapy-treated mammary tumors.
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