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PRECLINICAL STUDY

Tamoxifen selects for breast cancer cells with mammosphere
forming capacity and increased growth rate
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Abstract Using the MO5 mouse mammary tumor model
and the MCF-7 cell line, we investigated the effect of
tamoxifen treatment on the fraction of breast cancer cells
with self-renewing capacity both in vitro and in vivo. We
found that pretreatment with 4-OH-tamoxifen leads to an
increase in cells with the ability of forming mammospheres
that express lower levels of ER-a and increased expression
of transcription factors associated with pluripotency.
Moreover, exposure on plastic to 4-OH-tamoxifen by itself
leads to an upregulation of these transcription factors. M0O5
tumors grown in mice treated with tamoxifen have a higher
percentage of cells with self-renewing capacity and this
proportion is conserved when tumors are passaged to
nontreated mice. Furthermore, interruption of tamoxifen
leads to increased tumor growth compared to tumors grown
in mice that were never exposed to the antiestrogen. In
addition, these tumors are characterized by a higher num-
ber of CD24'CD29" cells compared to tumors grown in
nontreated mice. Treatment in vitro with 4-OH-tamoxifen
for 5 days leads to a long lasting increase in the proportion
of cells with self-renewing capacity even after 1 month of
growth in the absence of the antiestrogen. Finally, we
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compared the mammosphere forming capacity of hormone
dependent and independent passages of the MOS tumor and
found that hormone independence is associated to an
increase in cells with self-renewing capacity. Our results
support previous findings that suggest that endocrine
treatment selects for cells with stem cell properties.
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Stem cells - Self-renewing capacity - Estrogen receptor

Introduction

Estrogen receptor (ER) positive mammary tumors account
for 75 % of breast cancer cases in women around the world
[1]. Adjuvant endocrine therapy in the form of tamoxifen
or aromatase inhibitors has been the current recommended
5 years therapy. In the case of tamoxifen in particular,
approximately 35 % of patients have a recurrence within
15 years of the initial diagnosis [2]. Interestingly recent
advances are starting to recommend the use of tamoxifen
for 10, rather than 5 years [3]. Thus, understanding the
mechanisms that are implicated in endocrine resistance is
of great clinical relevance.

Cancer stem cells have gained attention in the last years as
responsible for tumor progression and resistance to therapy
[4]. Experiments carried out with human samples have clearly
shown that both chemo and radiotherapy increase the per-
centage of breast cancer stem cells in a neo-adjuvant setting
[5]. However, endocrine therapy is seldom used in neo-ad-
juvancy. There are still confusing results regarding the role of
4-OH-tamoxifen and/or estrogen on breast cancer stem cells.
Initially, a paper by Fillmore et al. [6] showed that estrogen,
through the FGF/Tbx signaling pathway, leads to an increase
in breast cancer stem cells. This effect was abrogated by
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treatment with 4-OH-tamoxifen. Subsequently, Simoes et al.
[7] showed results that suggest the contrary: they found that
estrogens reduce and 4-OH-tamoxifen increases both the
normal mammary and the cancer stem cell populations. Ao
et al. [8] at about the same time showed similar results sup-
porting the notion that 4-OH-tamoxifen selects for cells with
stem cell properties. In addition, a clinical paper by Creighton
et al. [9] reported that neo-adjuvant treatment with letrozol in
breast cancer patients leads to an enrichment in cells with a
stem cell gene expression signature, associated to tumor ini-
tiating and mesenchymal features. Thus, the role of endocrine
treatment on the breast cancer stem cell population is still
controversial.

We have developed a syngeneic model of endocrine
responsive breast cancer from a spontaneous mouse
mammary tumor that arose in our animal facility [10]. The
MO5 mouse mammary tumor is ER positive, estrogen
dependent, and sensitive to tamoxifen within the first 9
in vivo passages [10]. From it we developed a continuous
epithelial cell line, LMO5-E, that is ER-positive and 4-OH-
tamoxifen sensitive [11]. This model is thus very useful to
investigate both in vitro and in vivo, in an immune com-
petent setting, the impact endocrine treatment has on stem
cell populations. Thus, using this system, together with
MCEF-7 cells, we investigated the effect of 4-OH-tamoxifen
treatment on cells with self-renewing capacity. Our results
suggest that tamoxifen leads to a selection of cells with
stem cell properties, supporting the previous findings by
Simoes et al. and Ao et al. [7, 8]. These results may help
interpret the high recurrence rate found in the clinic after
endocrine treatment is ended.

Materials and methods
Cell culture

The MCF-7 and LMOS-E cell lines were routinely main-
tained in growth medium, consisting of DMEM/F12 med-
ium (Sigma-Aldrich), supplemented with 10 % fetal calf
serum (FCS, GenSA, Buenos Aires, Argentina) and gen-
tamicin, in a humidified 5 % CO,/air atmosphere. Serial
passages were carried out by treatment of 80 % confluent
monolayers with 0.25 % trypsin (Invitrogen) and 0.02 %
EDTA in Ca®" —free and Mg®>" —free PBS. Experiments
were carried out with charcoal stripped serum and phenol
red free DMEM/F12 as previously described [12].

Reagents
Estradiol and 4-OH-tamoxifen (both from Sigma-Aldrich)

were prepared 1,000x in absolute ethanol and used at a
final concentration of 10 nM and 1 uM, respectively, [12].
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Controls were subjected to the same dilution of absolute
ethanol. For in vivo studies 2.5 mg silastic pellets were
prepared with tamoxifen citrate (Gador Laboratories,
Buenos Aires, Argentina). Empty pellets were used as
controls.

Tamoxifen pretreatment for in vitro experiments

LMO5-E or MCF-7 cells were cultured for 5 days with
10~® M estradiol or 10~® M estradiol plus 107® M 4-OH-
tamoxifen in DMEM/F12 supplemented with 1 % charcoal
stripped FBS. Then, either crystal violet, RT-PCR or
mammosphere assays were performed.

Preparation of single mammary tumor cell suspensions
from MOS tumors

MO5 tumors were minced using razor blades and digested
in 5 ml digestion media [digestion buffer containing
DMEM/F12, 100 mg/ml gentamycin and 0.15 % colla-
genase type III (Sigma-Aldrich)]. Samples were incubated
at 37 °C for 1 h, while shaking on a rotary shaker. Cells
were washed with DMEM/F12 10 % FBS twice or until
the supernatant was clear in the presence of DNase
(Sigma-Aldrich). Then, a final wash with DMEM/F12
without serum was performed in order to wash serum
before cells were used for mammosphere assays or flow
cytometry.

Mammosphere assays

Single cells derived from MO5 tumors or from LMO05-E and
MCEF-7 cell lines were plated in 6-well low attachment sus-
pension culture plates (Greiner Bio-One, Koln, Germany) or
2 % agarose coated plates (for LMOS5-E cells) at a density of
10,000-15,000 viable cells/ml. Cells were grown in 2 ml
serum-free media, supplemented with B27 (Gemini Bioprod-
ucts, California), and 20 ng/ml EGF as previously described
[13]. Mammospheres were counted after 5-8 days in culture
with a Nikon eclipse TE2000-S inverted microscope.

Flow cytometry

Cells from the LMOS-E cell line were trypsinzed, washed,
and resuspended in PBS containing 2 % FCS at a con-
centration of 1.10° cells/ml. Mammospheres were disso-
ciated enzymatically (10 min at 37 °C in 0.05 % trypsin,
0.53 mM EDTA), and mechanically by gently pipetting,
and resuspended in PBS with 2 % FCS at a final concen-
tration of 1.10° cells/ml. Cell were labeled under optimized
conditions (1:100 for CD29-FITC and 1:300 for CD24-
APC and 1:7 for LIN-PE (antibodies were purchased from
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BioLegend, San Diego, California) during 1 h on ice and
were subjected to FACS analysis (PASII, PARTEC,
Munich, Germany).

RT-PCR

RNA from subconfluent monolayers or from mammo-
sphere cultures was prepared using TRIzol® Reagent
(Invitrogen Life technologies, Carlsbad, CA, USA). cDNA
was prepared with the iScript cDNA synthesis kit (Bio Rad,
Richmond, CA, USA). PCR products were obtained by use
of the human primers to Nanog, Sox2 and Oct4 previously
published by Lengerke et al. [14], and the mouse primers
Nanog, Sox2, Oct4 from Zhang et al. [15]. Band densi-
tometry was analyzed using Gel-Pro Analyzer.

Western immunoblot

Protein extracts were prepared by homogenizing cells on
ice in RIPA buffer (50 mM Tris, pH 8.0 containing
150 mM NacCl, 0.1 % SDS, 0.5 % deoxycholate, and 1 %
NP40) containing protease inhibitors (40 pm phenylmeth-
ylsulfonyl fluoride, 5 pg/ml leupeptin, 50 pg/ml aprotinin,
and 200 uM orthovanadate) [12]. Protein concentrations
were measured using the Bradford method. Samples were
mixed with 4x sample buffer containing [-mercap-
toethanol and boiled for 2 min. One hundred micrograms
of each sample were then separated in SDS-PAGE mini
gels (BioRad) and transferred to PVDF membranes
(Amersham Biosciences, Sweden). The membranes were
blocked overnight in 5 % fat free milk, 0.1 % Tween-20 in
PBS at 4 °C. Primary antibodies were used at a 1/200-1/
2000 dilution in PBS containing 0.1 % Tween-20 (PBST)
and 5 % fat free milk, and were incubated at 4 °C over-
night. After washing with PBST, membranes were incu-
bated with secondary antibodies at a 1/1000 dilution for 1 h
at room temperature. Signals were detected with an
enhanced chemiluminescence kit (ECL, Amersham Bio-
sciences). The following primary antibodies were used:
rabbit anti-ER alpha and rabbit anti-E-cadherin (Santa Cruz
Biotechnology, Dallas, Texas). The following secondary
antibody was used: donkey-antirabbit HRP (Santa Cruz
Biotechnology, Dallas, Texas).

Animals

Inbred BALB/c female mice, 2—4 month old were obtained
from our Animal Care Division. All animals were kept in
metal cages (5-6 per cage) with controlled temperature
(22 £ 1 °C) and light exposure of 12 h. Food and water
were available ad libitum. Animal care and manipulation
were in agreement with institutional guidelines and the
Guide for the Care and Use of Laboratory Animals [16].

Histology and immunofluorescence

Specimens were fixed in 10 % formalin, dehydrated, and
embedded in paraffin. Sections of approximately 3 um of
thickness were stained with hematoxylin and eosin and
examined under a microscope. For immunofluorescence
studies frozen tissues were mounted in OCT, and 15-20
pm thick sections were cut using a cryostat. They were air
dried and fixed for 20 min in 10 % formalin in PBS.
Subsequently, they were permeabilized by incubating in
0.1 % Triton X-100 in PBS for 30 min at 37 °C, and after
that nonspecific binding sites were blocked by incubation
in blocking buffer (PBS containing 2 % fetal calf serum)
for 1 h at room temperature. Sections were then treated
with primary antibodies dissolved in blocking buffer at a
1/100 dilution ON at 4 °C. Primary antibodies used were:
rabbit anti-ER-o, rabbit anti-E-cadherin, and rabbit anti-
pERK (all from Santa Cruz Biotechnology). After 3 washes
in PBS sections were incubated with the corresponding
fluorescein conjugated secondary antibody, goat antirabbit
(1/100 dilution; Zymed, San Francisco, California) for 1 h
at room temperature in blocking buffer. Slides were then
washed with PBS, and nuclei were stained with propidium
iodide and mounted with Vectashield (Vector Laboratories,
Burlingame, CA). Sections were analyzed under a Nikon
Laser Confocal Microscope.

Experiments with the M0O5 mouse mammary tumor

The original tumor appeared spontaneously in a mammary
gland of a 12-months-old virgin inbred female mouse of
our BALB/c colony [10]. The MO5 tumor is maintained in
our laboratory by subcutaneous serial transplants in syn-
geneic mice performed every 7-8 weeks. Experiments
were carried out with passage 8 tumors which are hormone
dependent [10] and passage 20 tumors in the case of hor-
mone independence. Tumors were measured once a week
with a Vernier caliper in two different planes (height and
width). Tumor volume was calculated using the following
formula: (width)® x length/2. Once tumors reached an
average size of 10 x 10 mm, silastic pellets containing
tamoxifen citrate, or empty pellets as controls, were
implanted under general anesthesia by s.c. administration
of 0.01 ml/g of body weight of a cocktail of Ketamine
(Ketalar, Parke Davis 0.23 mg/ml) and Rompum (Bayer,
0.14 mg/ml). Mice were treated for 30 days and were then
sacrificed by cervical dislocation. Tumors were collected
and single cell suspensions were prepared as described to
be used for mammosphere assays or flow cytometry. To
investigate the effect of tamoxifen treatment interruption
on tumor growth, tumors derived from tamoxifen and
vehicle-treated mice were subsequently passaged to
untreated animals. As tumor transplants were carried out
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using a trocar, each tumor was passaged to five indepen-
dent mice, and the average size of the five mice was used as
the value to plot on the growth curve. Tumors were grown
for approximately 60 days before being analyzed by flow
cytometry and mammosphere forming capacity.

Statistical analysis

The significance of the differences in the assays was ana-
lyzed by Student’s t test or one or two way ANOVA,
followed by Tukey’s multiple comparisons test. A value of
P < 0.05 was considered significant.

Results

4-OH-tamoxifen leads to an increase in cells
with mammosphere forming capacity in MCF-7
and LMO5-E cell lines

Cancer treatments such as chemo and radiotherapy have
been shown to lead to an increase in cells with stem cell
properties such as self-renewing capacity [5]. However,
given that endocrine treatments such as tamoxifen are
seldom administered in a neo-adjuvant setting, few papers
have addressed whether they also select for this particular
cell population. To answer this question, we treated the
estrogen-dependent LMOS-E and MCF-7 cells with 4-OH-
tamoxifen for five consecutive days, and then carried out
mammosphere assays. As shown in Fig. la, b, 4-OH-
tamoxifen pretreatment led a to statistically significant
increase in cells with self-renewing capacity in both cell
lines. Figures ¢ and d show the appearance of mammo-
spheres of MCF-7 and LMOS-E cells, respectively, after
6 days in culture. Mammospheres formed defined spheres
in both cases. However we noticed, as shown in the picture,
that in the case of MCF-7 cells some of the spheres were
hollow suggesting that some degree of differentiation was
taking place (Fig. 1c). This was never the case for LMO5-E
cells (Fig. 1d).

Next we investigated whether 4-OH-tamoxifen increased
the expression levels of transcription factors reported to be
upregulated in cells with stem cell properties. We found that
treatment with 4-OH-tamoxifen of human MCF-7 cells on
plastic (2D) was itself capable of moderately increasing the
expression Sox 9 (Fig. 2a and Supplementary Fig. 1a). In
mouse LMO5-E cells, on the other hand, treatment with
4-OH-tamoxifen led to an important increase in Nanog and
Oct4 in 2D (Fig. 2b and Supplementary Fig. 1a). MCF-7
mammospheres showed increases in the expression of Na-
nog, Sox-2 and Slug, and moderate changes in Sox 9 and
Oct4 compared to cells on 2D in the absence of 4-OH-
tamoxifen (Fig. 2a and Supplementary Fig. 1a). LMO5-E
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mammospheres, on the other hand, showed important
increases in levels of Nanog and Oct4 (Fig. 2b and Sup-
plementary Fig. 1b). These results show that treatment with
4-OH-tamoxifen by itself increases the expression of tran-
scription factors associated to stem cell behavior, even for
cells growing on 2D monolayers. Moreover, the pretreat-
ment with 4-OH-tamoxifen selected for cells with self-
renewing capacity as demonstrated by the mammosphere
assays, and these express higher levels of transcription fac-
tors associated with pluripotency. We cannot discriminate
with these experiments, however, whether 4-OH-tamoxifen
increases the expression of genes associated to stemness, or
whether the cells that are selected by the treatment have
higher expression of these genes.

Next, to asses whether 4-OH-tamoxifen affects the self-
renewing capacity of breast cancer cells once they were in
suspension cultures in conditions to form mammospheres,
the antiestrogen was added directly to these without pre-
treatment. Under these conditions, we did not find any
differences in mammosphere forming capacity in either
LMO5-E or MCF-7 cells (not shown) thus suggesting that
only cells that are resistant to 4-OH-tamoxifen are capable
of giving rise to mammospheres in suspension cultures. We
did notice, however, that in the case of MCF-7 cells,
mammospheres were smaller in the presence of 4-OH-
tamoxifen and did not last as long in culture (data not
shown).

Others have previously reported a downregulation of
ER-a and E-cadherin in mammospheres compared to
MCE-7 cells cultured in 2D [7]. To test whether we could
reproduce these results, protein extracts were prepared
from MCF-7 cells cultured in both conditions. We found,
as previously reported, that ER-a levels were decreased in
the mammospheres compared to the cells on plastic
monolayer (Fig. 2c). We also evaluated the levels of
E-cadherin and found that in the mammospheres there was
an increase in a previously described 100 kDa isoform of
this molecule [17], but we did not reproducibly find a
decrease in the levels of the 120 kDa isoform (Fig. 2d).

Tamoxifen increases the number of cells with
mammosphere forming capacity in the M0O5 mouse
mammary tumor in vivo

We previously showed that the M05 mouse mammary
tumor is estrogen dependent and sensitive to tamoxifen
[10]. This sensitivity is reflected by a halt in tumor growth
upon treatment [10]. Figure 3a shows the H&E stained
sections of the MO5 tumor before and after treatment. As
confirmed by immunofluorescence of frozen sections,
tamoxifen leads to a decrease in the epithelial E-cadherin,
ER-a positive cell compartment (Fig. 3b). A noticeable
decrease in pERK staining supports the halt in tumor
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Fig. 1 4-OH-tamoxifen leads to an increase in breast cancer cells
with mammosphere forming capacity. MCF-7 (a) and LMO5-E
(b) cells were treated for 5 days in the presence of 1 % csFCS+
estradiol 108 M (control) or 1 % csFCS+ estradiol 10~% M+ 4-OH-
tamoxifen 10~° M. They were then tripsinized, washed, and plated on
nonadherent 6 well plates at a density of 10,000 and 15,000 cells/ml
in mammosphere medium as explained in materials and methods. The

growth (Fig. 3b). Thus, as has been previously shown for
other hormone responsive mouse mammary tumors [18],
the pause in tumor growth is a dynamic process that
involves changes within the tumor tissue composition. To
assess whether tamoxifen modulates the percentage of cells
with self-renewing capacity within the tumors, mice were
inoculated with the MO5 tumor that was allowed to grow
for a month. At that point, mice were treated for an addi-
tional month with silastic pellets containing either tamox-
ifen or no antiestrogen, as a control. Tumors were then
removed, and either passaged to mice with no treatment or
processed to prepare single cell suspensions as explained in
materials and methods. Mammosphere assays of these cell
suspensions revealed that treatment with tamoxifen of mice
carrying the M05 tumor led to an increase in the amount of
cells capable of forming mammospheres (Fig. 4a). Fig-
ure 4b shows the appearance of the mammospheres derived
from MOS5 tumors. We did not notice any morphological
difference between those derived from tamoxifen or from
vehicle-treated mice. On the other hand examination of the
growth rate of the tumors passaged to untreated mice
showed that tumors derived from mice previously treated
with tamoxifen grew significantly faster than those that
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graphs show the number of mammospheres/number of cells for each
cell line. A statistically significant increase in mammosphere forming
capacity was observed in the tamoxifen-treated cells (** P < 0.01).
(c, d) Show representative pictures of mammospheres formed by
MCF-7 and LMOS-E cells, respectively. One of at least three
independent experiments is shown. Scale 100 um

originated from the control-treated mice (Fig. 4c). Fig-
ure 4d shows the largest tumors for both conditions, clearly
supporting the data represented in the graph. Finally,
mammosphere assays carried out with cells derived from
these “secondary” tumors showed that even though the
selection pressure had been removed, there was a signifi-
cant increase in cells capable to form mammospheres
(Fig. 4e). Thus our results demonstrate that in the MO05
mouse mammary tumor model, in vivo, treatment with
tamoxifen leads to the selection of cells with self-renewing
capacity and that these cells persist even after the anties-
trogen is removed.

In vivo treatment with tamoxifen increases the percentage
of CD29"/CD24' and decreases the percentage of
CD29"/CD24" cells within the MO5 tumor

We showed above that treatment with tamoxifen of BALB/
¢ mice carrying the MO5 tumor led to an increase in cells
capable of forming mammospheres and that this feature
was maintained even when the tumors were passaged to
untreated mice. Other authors have reported that in the
mouse mammary gland, cells with self-renewing capacity
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Fig. 2 Changes in transcription factors associated to pluripotency,
ER-a and E-cadherin levels in mammospheres. a RNA was extracted
and processed for RT-PCR from cells treated for 5 days on plastic
with 1 % csFCS+ estradiol 1078 M (2D), or 1 % csFCS+ estradiol
1078 M+ 4-OH-tamoxifen (2D + 4-OH-Tam) or from mammo-
spheres. Treatment with 4-OH-tamoxifen on plastic led to an increase
in the expression levels of Sox-9 compared to cells not exposed to the
antiestrogen. Mammospheres, additionally, showed increases in
Nanog as well as in Sox2, Slug and Sox9. One of three experiments
is shown. b RNA of LMO05-E cells was analyzed for the conditioned
explained in A. Treatment with 4-OH-tamoxifen on 2D led to an

are CD29"/CD24' [19, 20]. We analyzed by flow cytometry
the percentage of cells with these markers in tumors
derived from mice treated with tamoxifen or vehicle. As
seen in Fig. 5a and b, tamoxifen led to a statistically sig-
nificant increase in the population of CD29"/CD24' and a
reduction in the CD29"/CD24" cell populations. Figure 5a
shows a representative scatter plot for one of these cyt-
ometries. Moreover, when we analyzed the tumors that had
been passaged to the untreated mice and allowed to regrow
this effect was maintained (Fig. Sc, d). Thus, our results
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increase in the levels of Nanog and Oct4. These same genes were
upregulated in the mammospheres compared to the cells on 2D. One
of two experiments is shown. ¢ Western blot showing a significant
decrease in the levels of ER-a in MCF-7 cultured as mammospheres
compared to cells on 2D plastic (in the presence of 1 % csFCS+
estradiol 107% M). One of at least three experiments is shown. d E-
cadherin levels were measured in MCF-7 cells cultured on 2D plastic
(in the presence of 1 % csFCS+ estradiol 1078 M) and in mammo-
spheres. An increase in both the 120 and 100 kDa isoforms was
detected. One of at least three experiments is shown

show that tamoxifen selects for cells with self-renewing
capacity and that this is correlated with an increase in the
CD29"/CD24' cell population.

Exposure to tamoxifen causes a long lasting selection
of cells with mammosphere forming capacity in vitro

Having found both in vitro and in vivo that tamoxifen selects for
cells with self-renewing capacity, and that in vivo this effect
was maintained when the selection pressure was removed, we
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Fig. 3 Impact of tamoxifen A
treatment on the MO5 tumor.

Female BALB/c mice bearing

the MO5 tumor were treated for

30 days with tamoxifen citrate

pellets or vehicle as explained in

materials and methods. a H&E

stained section of the MO05

tumor derived from mice treated

with vehicle or tamoxifen. An

increase in the stromal

compartment can be appreciated

in the sample exposed to the B
antiestrogen. Scale bars

100 pm. b Frozen sections of
tumors derived from tamoxifen
and vehicle-treated mice show a
loss in the epithelial E-cadherin
positive compartment (in
accordance to what is observed
by H&E). Residual epithelial
cells are positive for ER-o..
pMAPK staining shows a clear
reduction in accordance to the
halt in tumor growth. Scale bars
50 pm

Vehicle

Tamoxifen

E-cadherin

wondered whether the regrowth of cells that had been previ-
ously treated with 4-OH-tamoxifen in vitro would maintain an
increased proportion of cells with self-renewing capacity, or if
on the contrary, the original proportions would be restored. To
answer this question we treated both MCF-7 and LMOS5-E cells
with 4-OH-tamoxifen for 5 days. We carried out mammo-
sphere assays and obtained results similar to those shown in
Fig. 1 (not shown). Next we regrew the cells in growth medium
for 1 month and then proceeded to carry out mammosphere
assays. As shown in Fig. 6, the increased proportion of cells
with self-renewing capacity was maintained even though
exposure to 4-OH-tamoxifen had been removed 1 month
before for both MCF-7 (Fig. 6a) and LMOS5-E (Fig. 6b) cells.
Our results show that both in vitro and in vivo tamoxifen selects
for cells with self-renewing capacity and that when the anti-
estrogen is removed the proportion of cells with this charac-
teristic is maintained for at least 1 month.

MOS5 tumors that have acquired resistance to tamoxifen
have a higher proportion of cells with mammosphere
forming capacity

We previously showed that the M0O5 mammary tumor pro-
gresses in vivo to tamoxifen resistance around passage 10

amoxifen

pERK ER-a

[10]. Hormone independent passages of the tumor express
estrogen and progesterone receptors and do not differ his-
tologically from the hormone respondent early passages
[10]. To investigate whether hormone independent passages
of the MOS5 tumor had an increased proportion of cells with
self-renewing capacity compared to the early hormone
responsive passages, we prepared cell suspensions from both
estrogen dependent and independent tumors and carried out
mammosphere assays. Figure 7 shows that there was a sta-
tistically significant increase in cells with mammosphere
forming capacity in the hormone independent passages
suggesting that in these tumors there are more stem/pro-
genitor cells, compared to the responsive M05 tumors.

Discussion

In the current paper we show that tamoxifen selects for
cells with stem cell properties in the human MCF-7 cells
line, as well as in mouse LMO5-E cells and the M05 tumor
from which they derive. Mammosphere assays reveal that
pretreatment of either cell line with 4-OH-tamoxifen leads
to an increase in cells with increased clonogenicity in
suspension. Additionally, we analyzed the gene expression

@ Springer



Breast Cancer Res Treat

1501

&

1001

504

Mammospheres/10.000 cells

1000 1

Tumor volume (mm®)

dedkdk

Time (days)

E wk
—
z
T 2501
(=] I
S 2004
=
=
Z 1504
£
=
< 100+
w
(-]
E 50+
£
a
= : R4
& ¥

o@

Fig. 4 Tamoxifen leads to an increase in cells with self-renewing
capacity in MO5 tumors together with increased malignancy. Female
BALB/c mice bearing the M05 tumor were treated for 30 days with
tamoxifen or vehicle pellets. Tumors were removed and either
passaged to mice with no treatment or processed to prepare single cell
suspension for mammosphere assays. a Quantification of mammo-
spheres in cultures derived from single cell suspensions derived from
tumors grown either in vehicle or tamoxifen-treated mice. A
statistically significant increase in mammospheres was detected in
those tumors derived from the tamoxifen-treated mice (P < 0.01).
b Appearance of mammospheres derived from MOS5 tumors after
7 days in culture. No morphological differences were seen between
those derived from tamoxifen or vehicle-treated mice. One of two

of transcription factors associated with pluripotency and
found that they were increased both in the mammospheres
and in cells growing on 2D treated with 4-OH-tamoxifen
for 5 days. In vivo studies using the MOS5 tumor showed
similar results with an increase in the amount of cells with
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independent experiments is shown; a total of 6 tumors per treatment
were analyzed. ¢ In vivo growth kinetics of MO5 tumors grown in
nontreated mice (derived from tamoxifen or vehicle-treated mice as
explained in materials and methods). Tumors derived from tamoxi-
fen-treated mice grew at a significantly faster rate than those derived
from vehicle-treated mice; P < 0.001. d Representative tumors
showing the size difference between treatments. € Mammosphere
assays carried out with the tumors generated in ¢ show a statistically
significant increase in mammosphere forming capacity in those
tumors derived from tamoxifen-treated mice, compared to controls;
(P < 0.01). One of three independent experiments is shown, with a
total of 8 tumors analyzed per treatment. Scale 100 pm

mammosphere forming capacity in tumors derived from
mice treated with tamoxifen containing pellets. These
tumors were enriched in CD29"/CD24! cells, in comparison
to the parental tumor. Additionally, when passaged to
untreated mice, those tumors that derived from mice that
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Fig. 5 Tamoxifen increases the percentage of CD29"CD24' cells in
MOS5 tumors. Single cell suspensions were prepared from M05 tumors
derived from tamoxifen or vehicle-treated mice as explained in Fig. 4.
a Representative scatter plot showing the decrease in CD24™ cells
upon tamoxifen treatment. b Bar graph showing the average of 3
independent tumors, where the increase in CD29"CD24' and the
decrease in CD29"CD24' cells are shown (P < 0.05). ¢ Single cell
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Fig. 6 Mammosphere forming capacity of MCF-7 and LMO5-E cells
is increased after 4-OH-tamoxifen removal. MCF-7 and LMOS5-E cells
were treated for 5 days with 1 % csFCS + estradiol 10™% M (control)
or 1 % csFCS + estradiol 107 M + 4-OH-tamoxifen (4-OH-Tam).
They were then grown during 1 month in growth medium and
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suspensions of tumors passaged to nontreated mice, derived from
previously treated as explained in Fig. 4. Even though the treatment
was removed, the decrease in CD24" cells remained. d Bar graph
showing the average of three independent tumors confirms statistically
significant difference even in the absence of treatment (P < 0.05). The
results of three independent tumors are shown for each treatment. At
least three independent experiments were carried out
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subsequently tested for mammosphere forming capacity. Both MCF-7
(a) and LMOS-E (b) cells maintain a statistically significant increase
in mammosphere forming ability when previously exposed to
tamoxifen; P < 0.001. Three independent experiments were carried
out for each condition
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Fig. 7 Tamoxifen resistant passages of the MO5 tumor have an
increased amount of cells with self-renewing capacity. Single cell
suspensions were prepared from hormone dependent (HD) and
hormone independent (HI) passages of the M05 tumor. Cells were
assayed for mammosphere forming capacity. A statistically signifi-
cant increase in mammosphere forming capacity was detected in cells
derived from hormone independent tumors; ** P < 0.01. The
experiment was carried out twice with three tumors per group

had been previously exposed to tamoxifen generated
“secondary tumors” that grew at a faster rate compared to
controls, and had a higher capacity of giving rise to
mammospheres as well as maintaining an increased
CD29"/CD24" cell population. Finally, M05 tumor pas-
sages that are hormone independent have a higher amount
of cells with mammosphere forming capacity supporting
the notion that increased aggressiveness and endocrine
independence are correlated with an increase in cells with
stem cell properties.

Several papers have previously addressed the putative
role endocrine treatment could have on stem cell selection
in the mammary gland and in breast cancer. However, to
date results are still confusing. Initially a paper from Fill-
more et al. [6] suggested that estradiol expands the stem
cell population in MCF-7 cells. Although these data seem
contradictory to ours, a closer analysis of the methods used
may suggest that they are actually complementary, or the
result of different experimental approaches. In Fillmore’s
paper [6] MCF-7 cells were deprived of estradiol for
1 month before being treated with estradiol for 6 days, and
then tested for mammosphere forming capacity. This led to
approximately 1.75 % stem cells in the culture. Cells
deprived of estradiol are known to have increased levels of
estrogen receptors and be hypersensitive to hormone
treatment [21]. Thus, the fact that in this particular paper,
cells were deprived of estradiol for 30 days may account
for the obtained results. In our case, we did not deprive the
cells of estrogen signaling before pretreating with estradiol;
in fact our cells were always maintained in regular FCS,
and charcoal stripped serum was used at very low con-
centrations (1 %) when pretreatments with estradiol were
carried out. Under these conditions, about 2 % of the cells
were capable of forming mammosphere cultures (similar to
Fillmore’s result when treating with estradiol). When
adding 4-OH-tamoxifen to the pretreatment the number of
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mammosphere forming cells increases to approximately
4 % in our conditions, whereas in Fillmore’s 4-OH-
tamoxifen was inhibitory. Simoes et al. [7] used a different
strategy to analyze the impact of estrogen signaling on
MCF-7 mammosphere forming capacity. They plated
MCEF-7 cells straight onto nonadherent plates and treated
the suspension cultures with hormones finding that estra-
diol decreases, and 4-OH-tamoxifen increases mammo-
sphere forming capacity. The same results were true for
suspension cultures of primary human normal and tumor
breast cell suspensions, where treatment with 4-OH-
tamoxifen lead to an increase in Nanog and Sox-2. Ao et al.
[8] on the other hand treated suspension cultures with
4-OH-tamoxifen (1 pM for 2 days) and then passaged the
cells to media without antiestrogen (still in suspension) and
found that under these conditions a greater amount of
mammospheres were formed. Regarding experiments
in vivo Fillmore’s paper shows an increase in tumor initi-
ating cells when cells are pretreated with estradiol. Our
experimental design was different as we treated tumor-
bearing mice with tamoxifen for 30 days, and then assayed
the mammosphere forming capacity of cell suspensions
prepared from these tumors and the controls. Under these
conditions, we found an increase in cells with self-renew-
ing capacity in accordance to our in vitro data and that
reported by Ao et al. [8] and Simoes et al. [7]. The CD24'
cell population is associated to cells with repopulating
capacity in the mouse mammary gland [19], and CD29 has
been shown to be a stem cell marker as well [20]. It
remains to be determined whether the CD29"/CD24' sub-
population in the normal mammary glands of our mice has
stem cell activity. Ao et al. [8] did a similar experiment
pretreating the cells in vitro, allowing them to recover for
6 days and then inoculating them to mice using a xeno-
graph model. Under these conditions they did not find
differences between the control, estrogen or 4-OH-tamox-
ifen-treated groups. However, they used higher 4-OH-
tamoxifen concentrations and allowed the cells to recover
for 6 days, which may account for the differences. Inter-
estingly, the only report testing the effect of neo-adjuvant
treatment in patients with letrozole shows that it leads to
enrichment in cells with mammosphere forming capacity
[9].

In agreement with Simoes et al. [7], Ao et al. [8] and
Fillmore et al. [6] we find that mammospheres express
lower amounts of ER-a compared to the parental cell line.
These results suggest that within the tumor initiating cell
population there are different variants some of which
express ER-a and others that do not, as previously sug-
gested [7].

Cells with stem cell properties have been characterized
by the increase in the expression of transcription factors
associated to pluripotency [22]. We found that by only
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treating cells plated on 2D with 4-OH-tamoxifen several of
these genes were upregulated in both MCF-7 and LMO5-E
cells. These results are in accordance with the fact that
pretreatment with 4-OH-tamoxifen leads to an increase in
cells with mammosphere forming capacity. However, we
cannot at this point differentiate whether 4-OH-tamoxifen
actually rises the expression of these genes in the cells, or if
the cells that are selected initially had higher expression
levels.

Our in vitro results thus suggest that 4-OH-tamoxifen
leads to an increase in cells with mammosphere forming
capacity and a higher expression of transcription factors
associated to pluripotency. Our experiments using the M05
tumor model in vivo show that suspending tamoxifen
treatment in this setting leads to the selection of cells with
increased growing capacity, mammosphere forming
capacity, and higher percentage of CD29"/CD24' cells. In
this context, nonetheless, tamoxifen is still for most
patients, a very effective treatment. Further studies are
necessary to unravel the mechanisms implicated in endo-
crine resistance and its relation to stem cell biology to find
alternatives for those patients that do recur.
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