
Methylparaben stimulates tumor initiating cells in ER+ breast 
cancer models

Maria Angeles Lillo Osuna1,6, Cydney Nichols2, Chanel Perry1,6, Stephanie Runke3, Raisa 
Krutilina4,6, Tiffany N. Seagroves4,6, Gustavo A. Miranda-Carboni5,6, and Susan A. Krum*,1,6

1Department of Orthopaedic Surgery and Biomedical Engineering, University of Tennessee 
Health Science Center, Memphis, TN

2Department of Microbiology, Immunology and Molecular Genetics, UCLA

3Department of Obstetrics and Gynecology, UCLA

4Department of Pathology, University of Tennessee Health Science Center, Memphis, TN

5Department of Medicine, University of Tennessee Health Science Center, Memphis, TN

6Center for Cancer Research, University of Tennessee Health Science Center, Memphis, TN

Abstract

A body of epidemiological evidence implicates exposure to endocrine disrupting chemicals 

(EDCs) with increased susceptibility to breast cancer. To evaluate the physiological effects of a 

suspected EDC in vivo, we exposed MCF-7 breast cancer cells and a patient-derived xenograft 

(PDX, estrogen receptor positive) to physiological levels of methylparaben (mePB), which is 

commonly used in personal care products as a preservative. mePB pellets (4.4 μg/day) led to 

increased tumor size of MCF-7 xenografts and ER+ PDX tumors. mePB has been thought to be a 

xenoestrogen; however, in vitro exposure of 10 nM mePB failed to increase MCF-7 cell 

proliferation or induction of canonical estrogen-responsive genes (pS2 and progesterone receptor), 

in contrast to 17β-estradiol (E2) treatment. MCF-7 and PDX-derived mammospheres exhibited 

increased size and up-regulation of canonical stem cell markers ALDH1, NANOG, OCT4 and 

SOX2 when exposed to mePB; these effects were not observed for MDA-MB-231 (ER−) 

mammospheres. Since tumor initiating cells (TICs) are also believed to be responsible for 

chemoresistance, mammospheres were treated with either tamoxifen or the pure anti-estrogen 

fulvestrant in the presence of mePB. Blocking the estrogenic response was not sufficient to block 

NANOG expression in mammospheres, pointing to a non-classical estrogen response or an ER-

independent mechanism of mePB promotion of mammosphere activity. Overall, these results 

suggest that mePB increases breast cancer tumor proliferation through enhanced TIC activity, in 

part via regulation of NANOG, and that mePB may play a direct role in chemoresistance by 

modulating stem cell activity.
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INTRODUCTION

Endocrine disruptors (EDCs) are exogenous chemicals, or mixture of chemicals, that 

interfere with an aspect of hormone action (Zoeller, et al. 2012). Esters of p-hydroxybenzoic 

acid (parabens), which are used as preservatives in thousands of consumer products 

(Andersen 2008; Loretz, et al. 2006; Yazar, et al. 2011), have come under recent scrutiny. 

Parabens from personal care products have the ability to be absorbed systemically from 

dermal application, are accumulated into underlying tissues and are measurable in blood 

after as little as one hour from dermal application (Janjua, et al. 2007). There is a positive 

correlation between the amount of one or more personal care products used and levels of 

parabens measured in blood (Sandanger, et al. 2011) or urine (Braun, et al. 2014). In 2004, 

parabens were detected in human breast tumor tissue (Darbre, et al. 2004), and it is thought 

that their ability to stimulate growth of human breast cancer cells is through their estrogenic 

properties (Byford, et al. 2002; Darbre, et al. 2003; Pugazhendhi, et al. 2005), although the 

amount of parabens needed in vitro to stimulate growth of human breast cancer cells was 

higher than physiological levels measured in breast tissue. However, higher concentrations 

of parabens in human breast tissues have recently been measured (Barr, et al. 2012). 

Furthermore, mixtures of different parabens together in lower concentrations can stimulate 

human breast cancer cell proliferation (Charles and Darbre 2013).

The estrogenic activity of parabens and their presence in human breast tissue and tumors, 

combined with the known influence of estrogen on the development of breast cancer and on 

the proliferation of some breast cancers (ER+), suggest that parabens might play a functional 

role in influencing breast cancer behavior. The objective of this study was to determine if 

methylparaben (mePB), which is one of the highest paraben found in breast (Barr et al. 

2012), affects breast cancer tumor initiating cells in vitro and tumor proliferation in vivo.

MATERIALS AND METHODS

Reagents and antibodies

Hormone- or placebo-containing pellets were purchased from Innovative Research of 

America, Sarasota, FL, USA. E2 pellets contained 0.72 mg to be released over 90 days. 

Methylparaben (mePB) pellets contained released an equivalent molarity as E2 over 90 days 

(0.4 mg/90 days). 17β-estradiol (E2) and mePB were purchased from Sigma-Aldrich 

Corporation (St. Louis, MO, USA). (Z)-4-Hydroxytamoxifen (Tam) and ICI 182,780 

(fulvestrant) were purchased from Tocris Bioscience (Bristol, UK). NANOG (D73G4, 

#4903) and β-Actin (8H10D10, #12262) antibodies were purchased from Cell Signaling 

Technology (Danvers, MA, USA). Horseradish peroxidase-conjugated anti-rabbit and anti-

mouse antibodies were purchased from (Thermo Fisher Scientific, Waltham, MA, USA).
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Tumor Xenografts

Animal experiments were approved by the Institutional Animal Care and Use Committee at 

the University of Tennessee Health Science Center. Animals were maintained in a specific 

pathogen free environment at 20–26 °C with a relative humidity of 30–70% and a 12 h light/

dark cycle. Commercial rodent chow (LM-485, Teklad, Madison, WI) and drinking water 

were available ad libitum.

Six-week old ovariectomized female nu/nu mice were purchased from Charles River 

Laboratories. Two weeks after ovariectomy, 90-day slow release hormone- or placebo- 

containing pellets (Innovative Research of America, Sarasota, FL) were implanted 

subcutaneously into the lateral side of the neck between the ear and shoulder with a trochar, 

while the mice were under isoflurane anesthesia. The pellets contained 0.72 mg of 17β-

estradiol (E2) or 0.4 mg of methylparaben. The placebo pellets contain the identical slow-

release matrix as the hormone-containing pellets (Innovative Research of America). Three 

days after pellet implantation 5 × 106 MCF-7 cells were mixed with 200 μl phenol-red free 

Matrigel (Corning) and injected subcutaneously into the hind flank of each mouse. Mice 

were monitored twice a week for tumor size with digital calipers and mice were euthanized 

when the tumor diameter reached 1.5 cm or 90 days after the injection. None of the mice 

showed signs of morbidity besides the tumor formation. For the placebo-treated mice n=13 

mice, for the E2-treated mice n=16 mice, and for the mePB-treated mice n=13 mice.

The patient-derived xenograft (PDX) breast tumor line (HCI-7; ER+) was generously 

provided by the laboratory of Dr. Alana Welm and the Huntsman Cancer Institute (HCI) 

Tissue Resource and Applications Core. This line was originally generated from pleural 

effusion cells from a human patient with an ER+ breast tumor and transplanted by serial 

passage into NOD/SCID immunocompromised female mice as described in (DeRose, et al. 

2011). Upon receipt at UTHSC, cryopreserved tumor fragments were thawed, washed and 

re-implanted into NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, (NSG, The Jackson Laboratory) 

female recipients by orthotopic implantation into the inguinal mammary fat. Tumors were 

then serially re-passaged into additional NSG female hosts. HCI-7 tumors were pooled, 

digested to prepare small organoids and then transduced in stem cell culture conditions with 

pEIL-puro (Addgene) using protocols in (DeRose, et al. 2013) to generate a 

Luciferase2(Luc2)-labeled sub-line of HCI-7 (HCI-7-Luc2).

Six week old female NSG recipient mice were purchased from The Jackson Laboratory. 

mePB- or placebo- containing pellets were implanted subcutaneously into recipients three 

days prior to the implantation of 2 mm2 HCI-7 tumor fragments into the cleared mammary 

fat pad (mammary gland pair six). Primary tumor size was monitored twice a week using 

digital calipers. After 90 days new mePB containing pellets were implanted. Five mice for 

each treatment were injected bilaterally with tumor fragments and the largest tumor volume 

for each mouse was quantified.

Cell culture and proliferation assays

MCF-7 human breast cancer cells and MDA-MB-231 cells were obtained from ATCC and 

grown according to standard protocols. The cell lines were verified each year by STR 
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profiling. All experiments were performed in DMEM media without phenol red (Corning, 

Corning, NY, USA) and with 5% charcoal dextran-treated fetal bovine serum (CDT-FBS) 

(Omega Scientific, Tarzana, CA, USA). MCF-7 cells were plated at 50,000 cells/ml in 

quadruplicate on day 1. On days 2 and 3 the media was changed to media without phenol 

red and with 5% CDT-FBS. On day 5 the cells were treated with vehicle control (0.1% 

ethanol), E2 (10 nM) or mePB (10 nM). On day 7 and 9 the media was refreshed, and on 

day 12 triplicate wells were counted in a hemocytometer.

Mammosphere Assays

To establish mammospheres, cells were seeded onto ultralow attachment plates at 50,000 

cells/ml and cultured in mammosphere medium (phenol-red free DMEM (Corning) 

supplemented with B27 (Invitrogen), 20 ng/mL EGF, 20 ng/mL bFGF (BD Biosciences, San 

Jose, CA, USA), and 4 μg/mL heparin (Sigma-Aldrich Corporation)). To establish 

mammospheres with MDA-MD-231 cells, the concentration was 250,000 cells/ml. On day 4 

and 7 the mammospheres were treated with vehicle control (0.1% ethanol), E2 (10 nM), 

mePB (10 nM), tamoxifen (1 μM) or fulvestrant (100 nM). Treatments were performed in 

triplicate. The entire well was imaged on day 10 of hormone treatments.

HCI-7-Luc2 PDX tumors are collected and were mechanically dissociated and digested (4 

hours, 37°C, 225 rpm) with 1.5 U/gr collagenase A (Roche Diagnostics, Indianapolis, IN, 

USA) in 1.8 ml mammosphere media per gram of tissue. The resulting cell suspension was 

washed three times with 1X PBS, 5 mM EDTA (Sigma) and 1% BSA (Santa Cruz Santa 

Cruz, CA, USA) and centrifuged (800g, 5 min). Red blood cells were lysed with NH4Cl-

solution (Stemcell Technologies, Vancouver, Canada), and then samples were sieved through 

a 40-μm mesh. A single-cell suspension was obtained by passing the sample repeatedly 

through a 25-gauge needle. Mammospheres were grown using the same conditions as 

MCF-7 cells.

Normal mammospheres were obtained from the mammary glands of 8 week old FVB mice 

(Charles River) as described in (Wend, et al. 2013).

RNA and Quantitative PCR (qPCR)

Adherent cells were hormone-deprived by culture for three days in phenol red-free medium 

(Corning) supplemented with 5% CDT-FBS. These cells were treated with vehicle control 

(0.1% ethanol), E2 (10 nM) or mePB (10 nM) for 24 hours and RNA was isolated. 

Mammospheres were grown for 8 days and then treated with hormones for 24 hours. Total 

cellular RNA was extracted from cells by using TRIzol Reagent (Invitrogen). Each RNA 

sample was collected in triplicate and each PCR reaction was amplified in triplicate. Total 

RNA was converted to cDNA with Thermo Scientific Maxima First Strand cDNA Synthesis 

Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. cDNA was 

subjected to quantitative PCR using the Thermo Scientific Maxima SYBR Green qPCR 

Master Mix with ROX (Thermo Fisher Scientific). Gene expression levels were compared 

after normalization to endogenous β-actin (ACTB). Primers were selected using Primer3 

(Rozen and Skaletsky 2000) and the sequences are: ACTB: F, 

GGACTTCGAGCAAGAGATGG, R, AGCACTGTGTTGGCGTACAG; ALDH1: F, 
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GTTAGCTGATGCCGACTTGG, R, CCCACTCTCAATGAGGTCAAG; ERα: F, 

GAATCTGCCAAGGAGACTCGC, R, ACTGGTTGGTGGCTGGACAC; NANOG: F, 

CAAAGGCAAACAACCCACTT, R, TCTGCTGGAGGCTGAGGTAT; OCT-4: F, 

GGGCTCACCCTGGGGGTTCT, R, CTGCTGGGCGATGTGGCTGA; PR: F, 

AAATCATTGCCAGGTTTTCG, R, TGCCACATGGTAAGGCATAA; PS2: F, 

TTGTGGTTTTCCTGGTGTCA, R, CCGAGCTCTGGGACTAATCA; SOX2: F, 

GGGGAAAGTAGTTTGCTGCC, R, CGCCGCCGATGATTGTTATT.

Immunohistochemistry

After 10 days mammospheres were collected and fixed in 75% cold ethanol. They were 

resuspended in HistoGel (Thermo Fisher Scientific) and processed according to the 

manufacturer’s recommendations. MCF-7 tumors xenografts were formalin-fixed and 

paraffin-embedded. The slides were processed through standard deparaffinization protocols 

and the samples were then incubated in blocking buffer (5% normal goat serum, 2.5% BSA 

in PBS at pH 7.5) for 30 min. Primary antibodies were incubated overnight at 4°C in a 

humidified chamber followed by the DAKO Envision + visualization system and 

counterstaining with hematoxylin.

Immunoblot Analysis

Protein extracts were prepared by homogenizing cells on ice in RIPA buffer containing 

protease inhibitors. Protein concentrations were measured using the Bradford method. 40 μg 

of each sample was boiled at 95°C for 10 minutes in sodium dodecyl sulfate (SDS) loading 

buffer (Boston BioProducts, Ashland, MA, USA), separated on 8% SDS-PAGE gels and 

transferred to a polyvinylidenedifluoride membrane using a transfer apparatus according to 

the manufacturer’s protocols (Bio-Rad Laboratories, Hercules, CA, USA). After incubation 

with 5% BSA in TBST for 60 min, the membrane was incubated with antibodies (NANOG 

(1:2,000) or β-Actin (1:5,000)) at 4°C overnight. Membranes were washed three times for 

10 min and incubated with a 1:10,000 dilution of horseradish peroxidase-conjugated anti-

rabbit or anti-mouse antibodies for one hour at room temperature. Blots were washed with 

TBST three times and developed with the ECL system (Thermo Fisher Scientific) according 

to the manufacturer’s protocols.

Statistical Analysis

The data were expressed as the mean plus or minus the standard error. Analyses were 

performed using Prism software and statistically significant values were determined by two-

tailed unpaired t-test to be p <0.05. For tumors, a two-tailed Mann-Whitney test was 

performed with statistically significant values p <0.05.

RESULTS

mePB induces human xenograft tumor formation in mice

Subcutaneous transplantation of MCF-7 cells to the hind flank of ovariectomized nude mice 

with slow-release 17β-estradiol (E2) pellets led to larger tumors compared to mice with 

placebo pellets. mePB also led to a statistically significant increase in tumor formation 

compared to placebo-treated mice (Fig. 1A). To test the effect of mePB on an ER+ breast 

Osuna et al. Page 5

J Appl Toxicol. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tumor PDX model (HCI-7), fresh tumor fragments were transplanted into the mammary fat 

pad of NSG mice, which were exposed to either slow-release mePB or placebo pellets (Fig. 

1B). After 17 weeks the tumors that developed in mice with mePB pellets were bigger than 

those developed in mice with placebo pellets.

mePB does not cause MCF-7 cells to proliferate, nor do they increase canonical estrogen-
responsive genes

To determine the effects on proliferation at physiological levels, MCF-7 cells were exposed 

to 10 nM E2, which increased the cell number seven-fold after one week, but 10 nM mePB 

failed to increase the proliferation over vehicle alone (Fig. 2A). This concentration of mePB 

also failed to increase expression of pS2 (TFF1) or progesterone receptor (PGR, also known 

as PR) mRNA, which are canonical estrogen-responsive genes (Fig. 2B–C).

mePB induces ALDH1 and increases mammosphere size

MCF-7 cells treated with 10 nM mePB increased ALDH1 expression (Fig. 2D), which is a 

marker of human mammary stem cells. Therefore, MCF-7 mammospheres were treated with 

EtOH (control), 10 nM E2 or 10 nM mePB. After ten days in culture, MCF-7 

mammospheres treated with hormones were bigger than mammospheres not treated (EtOH), 

and the biggest mammosphere sizes were observed with 10 nM mePB (Fig. 3A).

The same size effect was observed in mammospheres grown from an ER+ breast tumor PDX 

treated with hormones (Fig. 3B). PDX mammospheres treated with 10 nM mePB were 

bigger than vehicle-treated (EtOH) mammospheres (Fig. 3B).

Not only do mePB increase the size of tumor-derived mammospheres, but they increase the 

size of normal mammary gland mammospheres. 10 nM mePB induces bigger size spheres 

than those treated with EtOH (Fig. 3C). E2-treated mammospheres are intermediate of those 

treated with EtOH and mePB.

mePB increases stem cell marker expression in mammospheres and tumors

While E2 induced classical E2-responsive genes in MCF-7 mammospheres (pS2 and PR), 

mePB did not (Fig. 4A), similar to what was observed in adherent MCF-7 cells. In addition, 

E2 decreased ERα mRNA levels (Fig. 4A). mePB had no effect on ERα mRNA levels. 

However, mePB increased NANOG, OCT4 and ALDH1 (Fig. 4B), which are known stem 

cell markers. Furthermore, mePB had the same effect in mammospheres from a PDX tumor: 

mePB increased NANOG, OCT4 and SOX2 expression in PDX mammospheres (Fig. 4C).

In MCF-7 mammospheres, NANOG protein expression was up-regulated by mePB (Fig. 

5A) and mammospheres treated with mePB expressed more NANOG protein than 

mammospheres treated with EtOH (Fig. 5A). Also, in mePB-induced xenograft tumors there 

was a small percentage of cells, suggestive of tumor-initiating cells, expressing NANOG 

protein. The tumors that developed in mice with placebo pellets did not express NANOG 

protein, as demonstrated by immunohistochemistry (IHC) (Fig. 5B).
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mePB does not affect MDA-MB-231 mammosphere size

Unlike MCF-7 mammospheres, MDA-MB-231 mammospheres treated with 10 nM E2 or 10 

nM mePB during ten days in culture were similar in size as control (EtOH)-treated 

mammospheres (Fig. 6A), and mePB did not increase NANOG expression in MDA-MB-231 

mammospheres (Fig. 6B). While MDA-MB-231 cells do not express ERα, MCF-7 cells 

have a high expression of ERα. Moreover, MCF-7 mammospheres express ERα (Fig. 6C).

The ER antagonists tamoxifen and fulvestrant do not block the effects of mePB in MCF-7 
mammospheres

Estrogens promote the growth of cancers that are estrogen receptor alpha-positive. Most 

types of hormone therapy for breast cancer either lower the levels of estrogens or stop 

estrogens from acting on breast cancer cells. Tamoxifen (Tam) is a first-line therapy used for 

all stages of ER-positive breast cancer and it binds to ERα in the same pocket as estrogens, 

blocking recruitment of coactivators. Tamoxifen blocks E2-mediated proliferation of MCF-7 

cells (Supplemental Fig. S1). However, tamoxifen does not block the increased size in 

MCF-7 mammospheres generated by mePB, since MCF-7 mammospheres treated with 

tamoxifen and 10 nM mePB were bigger than mammospheres treated only with tamoxifen 

(Fig. 7A). Tamoxifen also does not block the increase in NANOG protein expression in 

MCF-7 mammospheres increased by mePB. MCF-7 mammospheres only treated with 

tamoxifen presented an increase in NANOG protein expression, and were bigger than 

MCF-7 mammospheres treated with 10 nM mePB (Fig. 7C).

As with tamoxifen, fulvestrant does not block the increased size of MCF-7 mammospheres 

by mePB (Fig. 7B), nor does it inhibit the increase in NANOG protein expression by mePB. 

Actually, MCF-7 mammospheres only treated with fulvestrant have an increase in NANOG 

protein that is greater than MCF-7 mammospheres treated with 10 nM mePB (Fig. 7C).

Discussion

Epidemiological, clinical and experimental studies over more than a century confirm that 

estrogens are associated with the development of breast cancer. This conclusion is based on 

the observations that several estrogen-related events such as early menarche, age at 

menopause, plasma estrogen levels, BMI, and menopausal hormone therapy are all 

associated with an increased risk of breast cancer (Simpson and Santen 2015). Besides 

endogenous estrogens synthesized by the body, synthetic compounds—endocrine disruptors 

that are able to mimic hormone action—can be detected in the body and in the mammary 

gland in particular (Sajiki, et al. 1999; Takeuchi and Tsutsumi 2002) (Sandanger et al. 2011). 

Parabens are considered to be EDCs and they are detected in the mammary gland (Darbre et 

al. 2004). However, epidemiological studies evaluating parabens and breast tumorigenesis 

are conflicting (Sasseville, et al. 2015) and parabens have demonstrated safety in classical 

toxicity tests (Society 2015).

In 1998, Routledge, et al., showed that high concentrations of parabens possessed estrogenic 

activity when assessed in vitro: these esters could bind to rodent uterine estrogen receptor 

and increase estrogen-regulated gene expression in yeast cells (Routledge, et al. 1998). The 

estrogenic activity of parabens were also demonstrated by increased expression of an 

Osuna et al. Page 7

J Appl Toxicol. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



estrogen reporter gene in human cells, proliferation of ER+ breast cancer cells, and estrogen-

regulated gene expression in ER+ breast cancer cells (Byford et al. 2002; Miyakoshi, et al. 

2009; Pugazhendhi et al. 2005). Furthermore, parabens (methylparaben, n-propylparaben 

and n-butylparaben) have been shown to enable growth of MCF-10A cells in suspension 

(Khanna and Darbre 2013). However, in all of these studies the concentration of mePB used 

was a thousand times greater (i.e. 1 μM) than the concentration of mePB measured in human 

blood (60 nM) (Sandanger et al. 2011).

Previously, mePB has not been studied in mouse models of breast cancer. This is the first 

evidence demonstrating mePB leads to MCF-7 xenograft tumor formation. Furthermore, 

mePB increases the size of an ER+ breast patient-derived tumor xenograft (PDX). The 

results of these studies suggest that mePB is likely to have significant effects on breast 

cancer. Further studies should be done using similar assays to those done here to test other 

parabens that are commonly found in cosmetics and food.

Normal mammary stem cells from humans and mice are highly responsive to estrogen 

signaling, although they usually show a receptor negative phenotype for ERα and PR 

(Asselin-Labat, et al. 2006; Lim, et al. 2009). A paracrine signaling model was proposed to 

explain the effects of estrogen signaling in mammary stem/progenitor cells (Fillmore, et al. 

2010; Mallepell, et al. 2006). However, MCF-7 mammospheres have ERα gene expression 

and E2 positively regulates ER-positive breast cancer stem/progenitor cells (Deng, et al. 

2014). MDA-MB-231 mammospheres do not express ERα and mePB has no effect in 

MDA-MB-231 mammosphere size or stem cell markers gene expression. This suggests that 

mePB may act in MCF-7 mammospheres by ERα. However, in MCF-7 mammospheres 

treated with mePB, classical E2-responsive genes are not expressed. Moreover, neither 

tamoxifen nor fulvestrant not block the effects of mePB in MCF-7 mammospheres, 

suggesting a non-classical estrogen signaling response or an ER-independent effect of 

mePB. Expression array studies in MCF-7 cells showed only a 21% overlap between E2 and 

methylparaben (Pugazhendhi, et al. 2007), confirming a partial ER-independent effect of 

mePB.

Although tamoxifen lowers the risk of recurrence for several years, late recurrences remain a 

major clinical challenge. Among women treated with a recommended 5-year tamoxifen 

regimen, one-third of them experienced recurrent disease within 15 years (Early Breast 

Cancer Trialists’ Collaborative 2005). Breast cancer-derived tumor initiating cells exhibit 

higher resistance to radiation and chemotherapy (Fillmore and Kuperwasser 2008; Li, et al. 

2008; Phillips, et al. 2006), and greater tumorigenic potential (Cariati, et al. 2008; 

Grimshaw, et al. 2008). However, it has not been reported whether these cells are responsive 

to anti-hormonal treatment.

Tamoxifen and fulvestrant may attenuate MCF-7 mammosphere growth (Ao, et al. 2011). 

However, when treatments were stopped, the sphere formation frequency and tumorigenic 

potential of these cells remained unchanged and that mammospheres retained the same 

capability of sphere formation in vitro and tumorgenicity in vivo. Here, we observe that 

tamoxifen and fulvestrant increase the expression of NANOG protein in MCF-7 

mammospheres, suggesting that anti-estrogen treatments that are effective in ER-positive 
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breast cancer cells proliferation control may not be effective in targeting of cancer stem 

cells/tumor initiating cells, which are able to sustain tumor growth, metastasis and 

recurrence (Kakarala and Wicha 2008; Reya, et al. 2001; Visvader and Lindeman 2008).

Together, this data, for the first time, demonstrates that mePB affects breast cancer tumor-

initiating cells, and directly regulates stem cell genes, including NANOG.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
mePB increases ER+ breast tumor size in vivo. A, Mice treated with mePB pellets develop 

bigger tumors than mice treated with placebo pellets when MCF-7 cells (ER+ human breast 

cancer) are xenografted into nude mice. B, HCI-7-Luc2 PDX tumor growth is increased 

when NSG mice are exposed to a mePB pellet relative to a placebo pellet.
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Figure 2. 
Effect of hormone exposure in adherent MCF-7 cells. A, MCF-7 cells were treated for one 

week with 10 nM E2, mePB or control treatment (EtOH) and then counted. * = P<0.0001. 

Expression of classical ER target genes, B pS2, C, progesterone receptor (PR) and D, a 

marker of stem cell activity, ALDH1, were compared in MCF-7 cells treated with E2 or 

mePB by quantitative PCR; * = P<0.05.
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Figure 3. 
E2 and mePB increase size of mammospheres derived from MCF-7 cells, ER+ HCI-7-Luc2 

PDX breast cancer or the normal mammary gland. A, MCF-7 mammospheres were treated 

with 10 nM hormones for 10 days. B, HCI-7-Luc2 PDX mammospheres were treated with 

10 nM hormones for 10 days. C, Normal mammary epithelial cells were grown under 

mammosphere conditions in the presence of hormones for 10 days. Magnification bar, 400 

μm.
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Figure 4. 
mePB induces expression of stem cell markers in mammospheres. A, Classical E2-

responsive genes and B, classical stem cells markers were analyzed in MCF-7 

mammospheres. C, Classical stem cells markers were analyzed in PDX-derived 

mammospheres. Gene expression was analyzed by quantitative PCR in cDNAs isolated from 

mammospheres treated with each hormone. *, P<0.05.
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Figure 5. 
mePB increases NANOG expression in mammospheres and tumor xenografts derived from 

MCF-7 cells. A, Immunohistochemistry of NANOG protein in mammospheres treated with 

EtOH (control) or 10 nM mePB for 10 days and B, MCF-7 tumor xenografts developed in 

mice with placebo pellet (control) or mePB pellet. Magnification bar, 200μm.
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Figure 6. 
mePB does not increase MDA-MB-231 mammosphere size. A, MDA-MB-231 

mammospheres treated with 10 nM E2 or mePB have similar size as vehicle control treated 

mammospheres. Magnification bar, 400 μm. B, Nanog levels were analyzed by qPCR using 

cDNAs isolated from MDA-MB-231 mammospheres treated with E2 or mePB. C, ERα 
levels were compared by quantitative RT-PCR using cDNAs isolated from MDA-MB-231 

cells, adherent MCF-7 cells and MCF-7 mammospheres harvested at day 10 in culture. *, 

P<0.002.
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Figure 7. 
ER antagonists increase MCF-7 mammosphere size. A, Mammospheres treated with 1 μM 

Tam and 10 nM mePB are bigger than mammospheres treated with 1 μM Tam. B, 

Mammospheres treated with 100 nM fulvestrant and 10 nM mePB are bigger than 

mammospheres treated with 100 nM fulvestrant. C, Immunoblot analysis of NANOG 

protein expression in lysates harvested from adherent MCF-7 cells and MCF-7 

mammospheres treated with 10 nM mePB, 1 μM Tam and/or 100 nM fulvestrant as 

indicated. Large arrow indicates NANOG protein.
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