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Summary

Screens for agents that specifically kill epithelial cancer stem cells (CSCs) have not been possible
due to the rarity of these cells within tumor cell populations and their relative instability in culture.
We describe here a novel approach to screening for agents with epithelial CSC-specific toxicity.
We have implemented this method in the context of a chemical screen and have discovered
compounds showing selective toxicity for breast CSCs. In functional assays, one compound
(salinomycin) reduced the proportion of CSCs by >100-fold relative to paclitaxel, a commonly
used breast cancer chemotherapeutic drug. Treatment of mice with salinomycin inhibits mammary
tumor growth /7 vivo and induces increased epithelial differentiation of tumor cells. In addition,
global gene expression analyses show that salinomycin but not paclitaxel treatment results in the
loss of expression of breast CSC genes previously identified by analyses of breast tissues isolated
directly from patients. This study demonstrates that it is possible to identify agents with specific
toxicity for epithelial CSCs as well as providing a practical approach for doing so.
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Introduction

Studies have identified subpopulations of cells within tumors that drive tumor growth and
recurrence, termed cancer stem cells (CSCs) (Al-Hajj et al., 2003, Lapidot et al., 1994. Li et
al., 2008, Singh et al., 2003, Smalley and Ashworth, 2003, Stingl and Caldas, 2007) cscs
are resistant to many current cancer treatments, including chemo- and radiation therapy (Bao
etal., 2006; Deanetal., 2005; Diehn et al., 2009; Diehn and Clarke, 2006; Eyler and Rich,

2008, Li et al., 2008, Woodward et al., 2007) Thjs suggests that many cancer therapies,

while killing the bulk of tumor cells, may ultimately fail because they do not eliminate
CSCs, which survive to regenerate new tumors.

CSC representation in cancer cell populations is operationally measured based on the ability
to seed tumors at limiting dilutions /n vivo. CSC-enriched cancer cell populations also
exhibit certain properties /n vitro. (1) CSC-enriched subpopulations can be isolated using
cell-surface marker profiles (AI-Hajj etal., 2003; Lietal., 2007; Ricci-Vitiani et al., 2007;
Singh et al., 2003 Zhang et al., 2008). for example, breast CSCs are enriched in the
CD44Migh/CD24!0w sub-fraction of cells (Al-Halj etal., 2003) 2y csc-enriched populations
form spherical colonies in suspension cultures, termed tumor mammospheres (Pontu etal.,

2003) or tumorspheres. (3) CSC-enriched populations exhibit increased resistance to
chemotherapeutic agents (Bao et al., 2006. Dean et al., 2005. Diehn and Clarke, 2006, Eyler

and Rich, 2008; Lietal.,, 2008; Woodward et al., 2007) and ionizing radiation (Diehn etal.,
2009; Woodward et al., 2007).

In principle, the application of automated screening technologies could facilitate the
identification of agents that kill CSCs. However, since CSCs generally comprise only small
minorities within cancer cell populations, standard high-throughput cell viability assays
applied to bulk populations of cancer cells cannot identify agents with CSC-specific toxicity.
Accordingly, screening for agents that preferentially kill CSCs depends on the ability to
propagate stable, highly-enriched populations of CSCs /n vitro. However, this is not
currently possible for the CSCs of solid tumors. For example, breast CSC enrichment is
rapidly lost during /7 vitro culture (Fillmore and Kuperwasser, 2008

The induction of an epithelial-mesenchymal transition (EMT) in normal or neoplastic
mammary epithelial cell populations has been shown to result in the enrichment of cells with
stem-like properties (Mani etal., 2008) e demonstrate here that normal and cancer cell
populations experimentally induced into an EMT also exhibit an increased resistance to
chemotherapy drug treatment. We exploit this observation to develop and implement a high-
throughput screening method to identify agents with specific toxicity for epithelial CSCs.
The results of our screen and subsequent experiments demonstrate that it is possible to find
agents with strong selective toxicity for breast CSCs.

Results

CSC numbers are increased in breast cancer cells induced into an EMT

We sought to increase the proportion of CSCs in breast cancer cell populations by inducing
them to pass through an EMT. To this end, we modified experimentally transformed
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HMLER breast cancer cells (Elenbaas et al., 2001y py shRNA-mediated inhibition of the
human CDH1 gene, which encodes E-cadherin. Confirming previous results, an shEcad
vector triggered an EMT and resulted in acquisition of a mesenchymal phenotype (Figure
1A; Onder etal., 2008y ‘noreover, expression of a murine E-cadherin gene resistant to the
introduced human shEcad construct caused reversion of EMT-associated phenotypes,
indicating that EMT induction was not due to off-target ShRNA effects (Figure 1A).

We next examined whether HMLER cancer cell populations induced through an EMT
displayed an increase in the proportion of cells carrying the CD44M3h/CD24!°W marker
profile associated with human mammary CSCs. We observed that the percentage of
CDA44high/CcD24!oW cells was ~10-fold higher in HMLERS'ECad cells than in control cells
(HMLERSNCntrly (~909% vs. 8%:; Figure 1B). A similar increase was observed in HMLER
cells induced to undergo EMT by expression of Twist, a transcription factor whose ability to
program an EMT is well documented (Mani etal., 2008, Yang et al., 2004y

We next tested the ability of HMLERSNECad cells to form tumorspheres when grown in
suspension cultures, an in vitro measure of CSC activity. HMLERShECad cells showed a
~100-fold increase in tumorsphere-forming ability relative to HMLERSNCNtr! cells (15
spheres vs. ~0.15 spheres per 100 cells; Figure 1C). We also directly assayed the ability of
HMLERShECad cells to seed tumors in mice. Tumors were generated with 1000
HMLERShEcad ce|ls, which was 100-fold less than was required for tumor seeding by
HMLERSCntrl cells (Figure 1D). While displaying increased CSC activity, the
HMLERShEcad ce|ls proliferated more slowly than the HMLERSCnt! cells (Figure 1E).
Thus, using all established measures of CSC activity, HMLER breast cancer cell populations
that had undergone an EMT contained a significantly greater proportion of CSCs relative to
control cell populations.

Normal and neoplastic cells induced to pass through an EMT exhibit increased drug

resistance

Drug treatment of cancer cell populations leads to a concomitant enrichment for CSCs
(Levina et al., 2008y ang for cells that have undergone an EMT (EYer and Rich, 2008,
Thomson et al., 2005; Yang et al., 2006; Yauch et al., 2005)' We therefore examined whether
breast cancer cell populations that have been experimentally induced into EMT also share
this aspect of CSC biology, namely an increased resistance to chemotherapeutic drugs. We
found that HMLERSMECad cells were more resistant than HMLERSCNt! cells to two
commonly used chemotherapeutic drugs, paclitaxel (~20-fold increase in IC50) and
doxorubicin (~5-fold increase) (Figure 1F). Taken together with the above observations,
these findings indicated that breast cancer cell populations induced into EMT were
operationally indistinguishable from populations enriched for CSCs using cell-surface
markers.

Cancer cells often carry uncharacterized genetic alterations, some of which could contribute
in important ways to the increased drug resistance observed following EMT induction. We
therefore examined whether untransformed epithelial cells also exhibited increased drug
resistance after EMT induction. We studied HMLE cells, which are immortalized mammary
epithelial cells that differ from HMLER cells in that they lack an introduced HrasV12
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oncogene and are non-tumorigenic. Similar to the transformed HMLERShECad cells, when E-
cadherin was down-regulated in these cells through shRNA-mediated inhibition, the
resulting HMLESNECad cells underwent an EMT and were found to contain a ~80-fold
increase in the proportion of CD44N3h/CD24!oW cells relative to HMLEShCt controls
(Figure 1B). In addition, like HMLERSECad cells, the non-tumorigenic HMLESNECad ce|ls
exhibited increased resistance (10-20 fold) to paclitaxel and doxorubicin relative to control
cells not induced into EMT (Figure 1G). In fact, HMLEShECad ce|ls were also more resistant
than HMLES'CNt' cells to other established chemotherapeutic drugs, including actinomycin
D, camptothecin, as well as staurosporine, a broad-spectrum kinase inhibitor (Figure 1G).
These results indicated that the increased drug resistance observed following EMT induction
is not a consequence of neoplastic transformation.

We next examined whether the increased drug resistance associated with cells induced to
pass through an EMT would select for the preferential outgrowth of such cells following
drug treatment /n vitro. Accordingly, we treated co-cultures of green fluorescent protein
(GFP)-labeled HMLESNECad cells and unlabeled, unfractionated HMLESCNt! cells (1:20
ratio) with paclitaxel in culture. Treatment for 4 days with paclitaxel (10nM) resulted in a 4-
fold increase in the proportion of HMLESNECad cells compared to DMSO-treated co-cultures
(Figure 1H), indicating that paclitaxel treatment leads to the selective outgrowth of cells that
have undergone an EMT.

Identification via high-throughput screening of compounds with EMT-specific toxicity

The results above indicated that (1) breast cancer cells that have undergone an EMT
exhibited a ~100-fold increase in CSCs; and (2) the responses of immortalized non-
tumorigenic epithelial cells (HMLE) to drug treatment closely paralleled the drug treatment
responses of their neoplastically transformed HMLER derivatives. Having also observed that
HMLEShEcad cells exhibit increased resistance to commonly used chemotherapeutic drugs,
we speculated that agents that selectively target these non-transformed cells might also be
found subsequently to exhibit selective toxicity toward CSCs.

Based on this reasoning, we designed a proof-of-concept screen to identify agents that
selectively target mesenchymally transdifferentiated breast epithelial cells. We therefore
screened test compounds for their effects on HMLESECad and control HMLESC cels,
Cells from each cell line were seeded in 384-well plates, allowed to proliferate for one day,
treated with test compounds, and assayed for cell viability three days later using a
luminescence assay; compounds were screened in duplicate for each cell line (Figure 2A;
Methods). We screened a collection of ~16,000 compounds, which included several diverse
commercial libraries as well as collections of natural extracts; many of the compounds in
these collections had known bioactivity (Methods).

About 10% of the tested compounds reduced the viability of HMLESNECad cells, but the vast
majority (98%) of this set of compounds also reduced the viability of the control
HMLEShCt cells. Only 32 compounds (~0.2% of total library) exhibited selective toxicity
toward the HMLESNECad (Figure 2B). Among the ~100 commonly used chemotherapeutic
drugs contained in this large compound library, the proportion of hits was not significantly
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higher, with only three showing any evidence of selective toxicity toward the HMLEShEcad
cells.

We selected eight of these 32 compounds for further study, based on their availability, and
evaluated their effects across a range of doses. Upon retesting, four of these eight
compounds showed consistent evidence of selective toxicity toward HMLESNECad cells
(Figure 3A). The chemical identities of these four compounds were confirmed using high-
resolution mass spectrometry (data not shown). Three of these compounds (etoposide,
salinomycin, abamectin) showed moderate-to-strong selectivity (IC50 ~10-fold lower for
HMLEShECad cells than HMLESNCN cells): the fourth, nigericin, showed more modest
selectivity (~7-fold). The four compounds that selectively inhibited the immortalized
HMLEshECad hyman mammary epithelial cells also preferentially killed cells that had
undergone an EMT due to forced expression of the Twist transcription factor (HMLETWist:
Figure 3B; Supplementary Figure 1). Thus, the dose-response curves of these four
compounds for HMLETWist cells were essentially identical to those observed for
HMLEShEcad cells (Figure 3B). These results suggest that the selectivity of these compounds
is independent of the particular mechanism used to induce mesenchymal transdifferentiation
and the associated acquisition of stem cell traits.

While these four compounds were identified as selective inhibitors of immortalized human
breast epithelial cells (HMLESNECad) that had undergone an EMT, it was not clear whether
they would also exhibit a selective effect on the corresponding tumorigenic cells
(HMLERShECad) |n fact, across a range of concentrations, salinomycin was selectively toxic
for the HMLERSNECad ce|s (~8-fold selectivity), while the remaining three compounds
(abamectin, etoposide, nigericin) displayed only a modest selective toxicity (~2-fold) toward
the HMLERSNECad ce|ls, in all cases relative to the HMLERSNCNtr! cells (Figure 3C).

Salinomycin selectively Kills breast CSCs

In response to these various observations, we focused our further investigations on the
properties of salinomycin. We observed that the sensitivity of breast cancer cell lines to
salinomycin correlated with the relative abundance of their CD44M3h/CD24low cSC-
enriched subpopulations (Supplementary Figure 2). Accordingly, we sought to assess the
specific effects of salinomycin on CSCs that existed naturally as a subpopulation within
HMLER breast cancer cells rather than in populations experimentally induced into an EMT.
For these and subsequent compound-treatment experiments, we treated cells for a specified
time, allowed cells to recover for 4 days, and then conducted subsequent experimental
assays in the absence of additional treatment, since this protocol would ensure that any
further toxicity in the continued presence of a chemical compound would not confound the
results of assays used to measure CSC representation.

We first assayed the effects of treatment on the proportion of breast cancer cells with the
CD44high/CD24'ow antigenic phenotype (Al-Hajj etal., 2003 sajinomycin treatment
decreased the proportion of CD44M9"/CD24!W breast cancer cells by 20-fold relative to
vehicle-treated controls; in contrast, paclitaxel treatment increased the proportion by 18-fold.
The relative size of the CD44N9"/CD24!°W fraction was therefore 360-fold lower following
treatment with salinomycin than with paclitaxel (HMLER_1, Figure 4A). In a second
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experiment with an independent population of HMLER breast cancer cells that naturally
contains a high proportion of CSCs, we observed a ~75-fold reduction in the proportion of
CSC:s following salinomycin treatment compared to control treatment (HMLER_2, Figure
4A). We observed comparable results with cells of the SUM159 human breast carcinoma
line (Supplementary Figure 3).

As a functional measure of CSC frequency, we also examined the ability of HMLER breast
cancer cells to form tumorspheres following treatment with salinomycin, paclitaxel, or
DMSO control. Salinomycin treatment induced a ~10-fold decrease in the number of
tumorspheres relative to controls (Figure 4B). In contrast, paclitaxel treatment did not affect
the number of tumorspheres formed, resulting instead in a significant increase in
tumorsphere size.

We speculated that the inability of paclitaxel treatment to increase relative tumorsphere
numbers was due to the already-high proportion of CSCs present in the HMLER breast
cancer cell line used in this assay. To address this issue directly, we controlled the proportion
of CSCs in the test population by reconstructing a mixed population of CSCs and non-CSCs;
this was done by admixing cells that had been forced to undergo an EMT with control cells
that had not undergone this transition. This resulted in a representation of CSCs that allowed
both positive and negative effects on CSC numbers to be assayed within a single cancer cell
population (termed HMLER_MX).

Salinomycin treatment decreased the proportion of CD44M3"/CD24!oW HMLER_Mx cells by
4-fold relative to vehicle-treated controls; in contrast, paclitaxel treatment increased the
proportion of CD44M3M/CD24!°" HMLER_Mx cells by 4-fold. The relative proportion of
CD44high/cD24!ow HMLER_Mx cells was therefore 16-fold lower following treatment with
salinomycin than with paclitaxel (Figure 4C). Similarly, treatment of immortalized non-
tumorigenic HMLE_Mx cells with salinomycin reduced the fraction of CD44high/cD24low
HMLE_Mx cells 4-fold, whereas paclitaxel treatment increased the fraction of CD44Midh/
CD24!W HMLE_Mx cells 4-fold (Figure 4C).

We also examined the effects of drug treatment on the ability of either breast cancer
(HMLER_MXx) or immortalized mammary epithelial (HMLE_MNX) cells to form colonies in
suspension culture. Sphere-forming ability in suspension cultures is correlated with CSC
numbers in cancer cell lines and with progenitor activity in untransformed mammary
epithelial cells (PoNtu et al., 2003y sajinomycin treatment resulted in a 13-fold decrease in
the number of HMLER_Mx tumorspheres relative to controls (Figure 4D). In contrast,
paclitaxel treatment induced a 2-fold increase in the number of HMLER_Mx tumorspheres
relative to vehicle treatment; as before, paclitaxel also caused a significant increase in
HMLER_Mx tumorphere size (Figure 4D).

Salinomycin treatment also reduced mammosphere formation by non-tumorigenic
HMLE_Mx populations (>10-fold; Figure 4D). In contrast, paclitaxel treatment did not
affect the number of HMLE_Mx mammospheres relative to vehicle-treated controls (Figure
4D). Proliferation in monolayer cultures was not inhibited by salinomycin treatment relative
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to either vehicle or paclitaxel treatment (Figure 4E), indicating that salinomycin's inhibition
of CSC viability was not a consequence of a general inhibition of cell proliferation.

We next examined the effects of salinomycin, paclitaxel and DMSO treatment on two
additional breast cancer cell lines—a mouse mammary tumor line (4T1) and a human breast
cancer line (MCF7Ras). Salinomycin treatment led to a ~3-fold reduction in CSC numbers
as gauged by tumorsphere-forming potential for MCF7Ras cells and a ~2-fold reduction for
4T1 cells, relative to control DMSO treatment (Figure 4F). In contrast, paclitaxel treatment
caused a ~3-fold increase in tumorsphere-forming potential of the MCF7Ras cells and a ~2-
fold increase for 4T1 cells, relative to DMSO vehicle treatment (Figure 4F). Notably, for
both 4T1 and MCF7Ras cells, salinomycin treatment selected for cells with morphologic
features associated with increased epithelial differentiation relative to DMSO-treated
controls (Supplementary Figure 4; data not shown). In contrast, paclitaxel treatment selected
for cells exhibiting a mesenchymal and migratory phenotype (Supplementary Figure 4).

We observed that 4T1 cells treated with paclitaxel for 4 days and then allowed to recover in
the absence of drug for 4 days (4T1-TaxR cells) were resistant to further paclitaxel treatment
in comparison to parental 4T1 cells that had not been previously treated with paclitaxel
(Figure 4G). In contrast, the 4T1-TaxR cells, while resistant to paclitaxel, displayed a 2-fold
increase in sensitivity to treatment with salinomycin in comparison to parental 4T1 cells
(Figure 4G). These observations demonstrate that treatment with paclitaxel selects for
mesenchymal cancer cells that display increased resistance to paclitaxel while remaining
sensitive to salinomycin treatment.

Effects of salinomycin and paclitaxel on tumor seeding, growth and metastasis

We also assessed the functional presence of CSCs by assaying for /7 vivo tumor-seeding
ability following chemical compound treatment /n vitro. For these experiments, HMLER and
4T1 cancer cells were treated with compounds /n vitro for 7 days, allowed to recover and
expand in culture for at least 14 days in the absence of treatment, and then injected in serial
limiting dilutions into mice. We observed that salinomycin pre-treatment resulted in a >100-
fold decrease in tumor-seeding ability relative to paclitaxel pre-treatment for both the
HMLER and 4T1 cancer lines (Figure 5A). These findings indicated that CSCs within breast
cancer cell populations are resistant to paclitaxel but sensitive to treatment with salinomycin.

We next treated mice that had been injected orthotopically with SUM159 human breast
cancer cells with paclitaxel (5mg/kg), salinomycin (5mg/kg) or vehicle, administered daily.
While palpable tumors developed in vehicle-treated mice within ~1.5 weeks, paclitaxel and
salinomycin treatment both delayed palpable tumor formation by ~2 weeks. Subsequent
tumor size in salinomycin-treated animals was reduced relative to tumors in vehicle-treated
animals (Figure 5B). While tumor size reduction relative to vehicle-treated controls was
comparable for salinomycin- and paclitaxel-treated mice, the latter cohort exhibited a
reduced tumor size at later time points (Figure 5B). Four weeks following cancer cell
injection, tumors were analyzed for the presence of surviving CSCs using /n vitro
tumorsphere formation assays. Tumors from the paclitaxel-treated cohort had a 2-fold
increase in tumorsphere-forming cells relative to either salinomycin- or vehicle- treated
cohorts (Figure 5C).
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Tumors from salinomycin-treated mice had increased necrosis and apoptosis compared to
comparably sized tumors from vehicle-treated mice (Figure 5D). Viable cancer cells in
tumors from salinomycin-treated mice were mostly restricted to the periphery of the tumor
mass (Figure 5D). E-cadherin protein, which is not normally expressed in the SUM159 line,
was focally expressed specifically in tumors from salinomycin-treated mice and not in
tumors from control vehicle-treated mice (Figure 5D). Cells that expressed E-cadherin
protein displayed a more differentiated epithelial morphology, suggesting that salinomycin
treatment had either induced SUM159 cancer cells to differentiate /n vivo or selected for the
expansion /in vivo of SUM159 cancer cell subpopulations displaying increased epithelial
differentiation.

CSCs have been proposed to be responsible for colonization at secondary organ sites upon
metastatic dissemination (L1 et al, 2007. Croker and Allan, 2008) \e therefore examined
whether the reduction in CSC numbers following salinomycin treatment was also
accompanied by a reduction in metastatic nodule-forming ability. To specifically assay for
the final step of metastasis, we seeded 4T1 cancer cells into the lungs of syngeneic animals
via tail-vein injection. 4T1 cells pre-treated /n vitro with salinomycin displayed a 4-fold
reduction in metastasis burden after 3 weeks growth /n vivo compared to vehicle-pretreated
cells (Figure 5E). In contrast, 4T1 populations pre-treated with paclitaxel exhibited a 2-fold
increase in metastasis formation relative to the vehicle-pretreated control cohort (Figure 5E).

We next stained lungs from 4T1 metastasis-bearing animals for markers of epithelial
differentiation (E-cadherin) and EMT (vimentin). Lung nodules formed by paclitaxel-treated
4T1 cells displayed increased vimentin staining and decreased E-cadherin staining relative
to nodules formed by DMSO-treated 4T1 cells (Figure 5F). In contrast, salinomycin-treated
4T1 cells formed lung nodules with increased E-cadherin and reduced vimentin expression
relative to nodules formed by DMSO-treated 4T1 cells (Figure 5F). Furthermore, 4T1 cells
explanted and cultured from lung nodules displayed differences in morphology; paclitaxel-
treated 4T1 cells showed a mesenchymal morphology whereas salinomycin-treated 4T1 cells
showed a morphology associated with epithelial differentiation (Figure 5F). Together with
our previous observations (Supplementary figure 4), these results indicated that paclitaxel-
and salinomycin-treatment exert opposing effects on the differentiation state of breast cancer
cells, with the former inducing an increase in mesenchymal transdifferentiation and the latter
inducing an increase in epithelial differentiation relative to treatment with DMSO vehicle.
Moreover, these alterations in differentiation state were meta-stable, remaining throughout
the 3-week period of growth /n vivo.

Reduced expression of CSC-associated genes following salinomycin treatment

To determine whether our observations with cultured human breast cancer cells were
representative of breast CSCs naturally present in mammary carcinomas, we performed
comparative global gene expression analyses on three populations of HMLER breast cancer
cells treated in parallel with either salinomycin or paclitaxel (Figure 6A). We then applied
Gene Set Enrichment Analysis (GSEA) (Mootha etal., 2003; Subramanian et al., 2005) to
test whether genes that had been previously associated with either breast CSCs or normal
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mammary epithelial progenitor cells were related to those downregulated upon treatment of
HMLER breast cancer cells with salinomycin relative to paclitaxel treatment.

The first gene set tested, termed the invasiveness gene signature, was generated by
comparing the expression profiles of CD44MI"CD24!W tymorigenic breast cancer cells with
expression profiles from normal mammary epithelium (Liu etal., 2007). A previous report
has suggested that this signature is correlated inversely with both metastasis-free survival
and overall survival for four different types of tumors ('—iLI etal., 2007). The 97 genes that
were upregulated in this signature constituted the CD44+CD24~ I1GS gene set. GSEA
revealed a significant reduction in the expression of genes in this set upon treatment with
salinomycin compared with paclitaxel treatment (p<6x1073, CD44+CD24- IGS gene set,
Figure 6B). The second gene set, termed the CD44vs.CD24 gene set, was generated by
comparing SAGE expression data from either CD44M3h or CD24M9" cells purified directly
from human breast cancers (Shipitsin et al., 2007) Thjs set consists of 41 genes upregulated
in CD44high cells that also exhibited prognostic value for breast cancer patient clinical
outcomes. GSEA indicated a significant reduction in the expression of the genes in this set
upon treatment of cultured breast cancer cells with salinomycin compared with paclitaxel
treatment (p<2.9x102, CD44vs.CD24, Figure 6C).

The third gene set- the Mammosphere gene set (31 genes) —was obtained by comparing the
expression profiles of normal mammary epithelial cells obtained from human patients
cultured under conditions that favor mammary epithelial stem cell expansion with the
expression profiles of cells cultured under conditions favoring their differentiation (PNt €t
al,, 2003). GSEA indicated that expression of the mammaosphere-specific genes was
preferentially lost upon treatment with salinomycin compared with paclitaxel treatment
(p<5x10~4, Mammosphere, Figure 6D).

The depletion of these gene sets in salinomycin-treated cells suggests an overlap between
the mammary epithelial cell states associated with normal and neoplastic CD44M3ghCcp24low
cells, seeding of mammospheres, and passage through an EMT. To identify genes
concordantly regulated in all of these three cell states, we compared genes exhibiting strong
differential expression in (1) paclitaxel- vs. salinomycin-treated HMLER cells, (2) primary
human mammary epithelial cells grown in suspension-sphere vs. adherent culture conditions
(Dontuetal., 2003 gnq (3) CD44+ vs. CD24+ normal and neoplastic primary human
mammary epithelial cells (Shipitsin etal., 2007y

We found 25 genes that showed more than 3-fold upregulation across all three of the
comparisons, and 14 genes that showed a greater than 3-fold down-regulation across all
three comparisons (Table 1). Notably, almost all of the coordinately regulated genes encoded
proteins that were either membrane-associated or secreted factors, the latter of which
included multiple components of the extracellular matrix. This indicates that these genes and
their products are associated with specific phenotypes of the normal and neoplastic stem-cell
states.
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Discussion

Given the variety of therapies to which they are resistant, it is possible that CSCs would
exhibit a generalized resistance to apoptosis, suggesting that it might not be possible in
practice to find therapies that specifically target CSCs. Here, we demonstrate that this is not
the case and that it is in fact possible to use unbiased screening strategies to systematically
identify chemical compounds that specifically target breast CSCs. The approach described
here can be extended to other epithelial cancer types and implemented using any reagent
collection compatible with high-throughput screening, including RNAI, antibody, or cDNA-
overexpression libraries.

As shown here, salinomycin preferentially targets the viability of CSCs within breast cancer
cell populations. Moreover, salinomycin but not paclitaxel treatment results in the loss of
expression of CSC-associated genes correlated with poor-prognosis tumors. This finding
indicates that breast CSCs in culture have a molecular phenotype that reflects the /n vivo
biology of CSCs, since the poor-prognosis CSC-associated gene sets examined here were
compiled from two independent studies using tissues isolated directly from patients.
Moreover, the subset of genes coordinately expressed in CSCs and downregulated in
salinomycin-treated cells (Table 1) may serve as useful biomarkers for identifying breast
tumors that would be responsive to anti-CSC therapies.

The screen reported here was carried out using genetically well-defined immortalized
mammary epithelial cells that were not tumorigenic. This experimental design was adopted
to minimize the likelihood of finding compounds that depend on undefined genetic
alterations in order to selectively kill cells that have undergone an EMT. The observation
that compounds identified by screening with non-tumorigenic cells also target CSCs
provides further evidence linking the CSC state with EMT (Mani etal., 2008y noreover,
this observation suggests a new avenue for the development of anti-tumor therapies. To date,
rational cancer therapies have been designed to target specific genetic alterations present
within tumors. The findings here indicate that a second approach may also prove useful—
namely, searching for agents that target specific states of cancer cell differentiation.
Accordingly, future therapies could offer greater possibilities for individualized treatment by
considering both the genetic alterations and differentiation states present within the cancer
cells of a tumor at the time of diagnosis.

The mechanism(s) by which salinomycin, a potassium ionophore, induces breast CSC-
specific toxicity remains unclear. Nigericin, another potassium ionophore bearing structural
similarity to salinomycin, also exhibited selective toxicity for HMLEShECad cells hoth in our
primary screen and in follow-up validation. Further studies will be required to characterize
the connection between potassium membrane potential and CSC biology.

An important future direction would be extending the findings reported here to primary
tumor cells directly explanted from patients. However, such studies will have to surmount
two significant technical challenges: (1) only ~20% of patient-derived breast cancers can
currently be successfully engrafted directly into immunocompromised murine hosts and (2)
the genetic and histopathologic variability among patient tumors at the time of surgical
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resection would confound any comparisons of the effects of drug treatment across different
xenograft-bearing animals /n7 vivo. Thus, such an experimental design would require a large
number of primary tumor samples derived from patients diagnosed with the same subtype of
breast cancer and would ideally stratify for genetic background.

The importance of targeting CSCs derives from the multiple observations showing that
CSCs, in addition to having increased tumor-seeding potential, are resistant to a variety of
chemotherapy drugs and radiation treatment. As is shown here and elsewhere (Fillmore and
Kuperwasser, 2008) treatment with paclitaxel actually imposes a strong selection for CSC
survival and expansion. This suggests that in cases where chemotherapy or radiation
treatment fail to completely eradicate the disease, the residual cancer cells will be highly
enriched for cells that persist in a CSC/mesenchymal state. This notion is supported by
recent clinical observations showing that following conventional chemotherapy, breast
tumors have an increased proportion of cells with a CD44"/CD24!° marker profile and
increased tumorsphere-forming ability ('—i etal., 2008). Collectively, these considerations
indicate that to be effective in the long-term, cancer therapies should include agents that
target CSCs to prevent the re-growth of neoplastic cell populations.

It is conceivable that non-CSCs within tumors can give rise to CSCs at a low but significant
rate. It is also possible that the elimination of the CSCs within a tumor may not result in its
complete regression, since non-CSCs, while less aggressive, may nonetheless be capable of
maintaining an already-established tumor for an extended period of time. Either of these
possibilities would compromise the therapeutic utility of agents that exclusively target CSCs.
One strategy to address this concern would be to look for agents that target both the CSCs
and non-CSCs within tumors. Alternatively, it may be preferable to develop combination
therapies that apply agents with specific toxicity for CSCs together with agents that
specifically target non-CSC populations within tumors.

Due to practical considerations related to compound availability, the current study was
focused largely on the anti-CSC properties of a single agent, salinomycin. However, our
experiments indicate that ~30% of the primary screen hits exhibit EMT-specific toxicity
upon retesting. Therefore, it is likely that expanding the breadth and scope of the current
screen to larger library collections will result in the discovery of additional agents of
therapeutic interest.

Experimental Procedures

Cell culture

HMLE and HMLER cells expressing either control ShRNA (shCntrl) or shRNA targeting E-
cadherin (shEcad) were generated and maintained in MEGM+5%FBS. GFP-expressing
HMLE and HMLE-shEcad cell strains were generated by infection with retrovirus encoding
the pWZL-GFP plasmid. SUM159 cells (Asterand) were cultured in F12+5% FBS, insulin
and hydrocortisone. 4T1 cells (ATCC) were maintained in RPMI+10%FBS.

Mammosphere formation assays were performed as described (POntu etal., 2003) pyt with
0.5 % methylcellulose (Stem Cell Technologies). 1000 cells were plated per well in low-
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adherence 96-well plates and cultured for 7-10 days prior to being counted and
photographed.

Antibodies used for immunoblotting were: E-cadherin, N-cadherin (BD Transduction),
Vimentin V9 (NeoMarkers), Actin (Abcam), H-Ras (Santa Cruz), Cytokeratin 8 (Troma-1,
Developmental Studies Hybridoma Bank, University of lowa). Western blotting was
performed as previously described (Onder etal 2008y antibodies used for
immunohistochemistry were: pan-cytokeratin (clones AE1/AE3&PCK26, Ventana Medical
Systems), Vimentin (3B4, Ventana and V9, Vector Labs), caspase-3 (Aspl175, Cell
Signaling), E-cadherin (ECH-6, Ventana and Vector Labs). Immunohistochemistry
procedures were performed as previously described (GuPta et al., 2005

Fluorescence-activated cell sorting (FACS)

APC-conjugated anti-CD44 (clone G44-26) antibody, PE-conjugated anti-CD24 antibody
(clone ML5) and propidium iodide (5pg/ml) were obtained from BD Biosciences and used
for FACS analysis in accordance with the manufacturer's protocols.

Characterization of resistance to cytotoxic agents

All compounds were purchased from Sigma and dissolved in DMSO. Cells (5000/well) were
plated in 100ul per well in 96-well plates. One day (24h) after seeding, compounds were
added in 5 replicates per concentration for each cell line. Cell viability was measured after
72 hrs using the CellTiter96 AQueous Non-radioactive Assay (Promega).

For cell mixture experiments, unlabeled and GFP-labeled cells were mixed and seeded into
6-well plates. Wells were compound-treated in triplicate for 48 hrs prior to FACS.

Chemical screen and analysis

Chemical screening was conducted at the Chemical Biology Platform of the Broad Institute.
Cells were seeded in 40uL of medium containing 1000 cells per well into white 384-well
opaque-bottom plates (Nunc, Rochester, NY) using an automated plate filler (Bio-Tek
pFiller; Winsooki, VT). At 24h, 100nL of compound solutions were pin-transferred from
stock 384-well plates into the 384-well assay plates containing cells, resulting in ~10uM
final conc. for most compounds.

The HMLEShCntrl and HMLEShECad [ines were each screened in two replicates. Two kinds of
negative control wells were employed for normalization: Multiple DMSO-only control wells
(>10% of wells/plate) were present on each compound assay plate screened; also, all wells
in at least one assay plate for each cell line were treated with DMSO alone. CellTiter-Glo
Reagent (Promega) was added 3 days after compound addition (20ul/well). Luminescence
signal was measured using an automated plate reader (Perkin-Elmer Envision 1).

The raw intensity data for each well were background-corrected by subtracting the median
intensities across all control wells on the same plate. The background-corrected data were
using to compute a per-well ZScore by subtracting the per-plate mean and dividing by twice
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the per-replicate standard deviation. Composite Z-scores for each compound/cell line
combination were computed by projecting the vector of normalized replicate Z-scores
(ZscoreA, ZscoreB) onto the imaginary vector corresponding to perfect reproducibility.

Internal compound plate numbers for screened plates were 2158-2167, 2099-2105,
2290-2297, 2403-2407, Biokin1-2. Primary screening data have been deposited into
Chembank (Screen ID: 1108), a publicly accessible database (http://
chembank.broad.harvard.edu/).

Follow-up validation of compounds from primary screen

All compounds for follow-up were purchased from Sigma and dissolved in DMSO with the
exception of Nigericin which was dissolved in 100% ethanol. Activity of the compounds
were quantified by generating dose-response curves for HMLE-shCntrl, HMLE-shEcad and
HMLE-Twist under the same cell density and culture conditions described for the initial
screen.

Animal experiments

NOD/SCID and Balb/c mice were purchased from Jackson Labs. All mouse procedures
were approved by the Animal Care and Use Committees of the Massachusetts Institute of
Technology and Tufts University School of Medicine and performed in accordance with
institutional policies.

For xenograft tumor-seeding studies, the indicated numbers of HMLER-shCntrl, HMLER-
shEcad, or drug-treated (DMSO vehicle control; 10nM paclitaxel; 1uM salinomycin)
HMLER cells were suspended in 100ul of Matrigel diluted 1:2 in DMEM and injected
subcutaneously into NOD-SCID mice. For drug pre-treatment experiments, parental
HMLER cells were treated for 1 week and allowed to recover in the absence of drug for 2
weeks prior to injection in vivo. Tumor incidence was monitored for 60 days following
injection. For syngeneic tumor seeding studies, 4T1 cells were pre-treated for 4 days with
paclitaxel (10nM), salinomycin (4uM) or DMSO /n vitro. Cells were injected in 30ul of a
1:1 Matrigel:DMEM solution into the thoracic and inguinal mammary glands. For tail-vein
injection, 1x10° 4T1 cells were resuspended in 100ul of saline. Tumor formation was
assayed by palpation. Tumor and tissues were fixed in 10% buffered formalin. Lung tumor
burden was quantified using Spot Software v4.1.3 on captured images to calculate the mean
tumor surface area.

For /n vivo compound treatment studies, 1x10% SUM159 cells were resuspended in F12
medium and injected into the 4" inguinal mammary glands of NOD/SCID mice. Compound
treatment was initiated 24-hours after injection. Animals were administered either ethanol
(vehicle), salinomycin (5mg/kg), or paclitaxel (5mg/kg) daily by intraperitoneal injection for
5 weeks.

Tumor cell isolation and tumorsphere assays

SUM159 tumor tissues were minced and digested for 3hrs with agitation at 37°C with
collagenase and hyaluronidase. Single-cell suspensions were plated (30,000 cells/ well) in 6-

Cell. Author manuscript; available in PMC 2016 June 03.


http://chembank.broad.harvard.edu/
http://chembank.broad.harvard.edu/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gupta et al.

Page 14

well ultra-low attachment plates (Corning) in F12+5%FBS, insulin and hydrocortisone.
Tumorspheres were cultured for 8 days. Tumorspheres collected from non-adherent cultures
were quantified using a Multisizer 3 Coulter Counter (sizing range of 14-336um).

4T1 lung nodules were isolated at necropsy under a dissection microscope. Lung nodules
were minced and dissociated 4T1 cells plated in DMEM +10%FBS for 7 days.

Microarray data collection and gene expression analyses

HMLER breast cancer cells were drug-treated for 1 week (10nM paclitaxel; 1JuM
salinomycin) and cultured in the absence of drug for 3 weeks prior to RNA isolation. Total
RNA was isolated using the RNeasy Mini kit (Qiagen). Synthesis of cRNA from total RNA
and hybridization/scanning of microarrays were performed with Affymetrix GeneChip
products (HGU133A) as described in the GeneChip manual. Normalization of the raw gene
expression data, quality control checks, and subsequent analyses were done using the open-
source R-project statistical softwarel (RDC-’ 2007) together with Bioconductor packages.
Raw data files (.CEL) were converted into probe set values by RMA normalization. The
microarray data have been deposited in National Center for Biotechnology Information
Gene Expression Omnibus (GEO) and are accessible through GEO Series accession number
GSE9691.

Following RMA-normalization, the t-statistic was used to generate a ranked list of genes that
are differentially expressed between salinomycin-treated and paclitaxel-treated HMLER
cells. GSEA was performed using this pre-ranked list as described previously (Moothaetal.,
2003, Subramanian et al., 2005y The gene sets used for the analysis were compiled from
published sources (Pontu etal., 2003 Liu et al., 2007, Shipitsin et al., 2007y 4nq are

provided in Supplemental Table 1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mesenchymally transdifferentiated breast epithelial cells have increased numbers of
CSCs and are drug resistant

(a) Western blotting for E-cadherin, B-catenin and p-actin in HMLER cells expressing either
GFP (shGFP) or the human ECAD gene (shEcad). Stable introduction of a murine ECAD
gene (p.mEcad) but not GFP (p.GFP) results in re-expression of E-cadherin protein and
reversal of EMT-associated morphology. (b) FACS with CD24 and CD44 markers;
Percentage of the CD44*/CD24-subpopulation is indicated. (c) Mammosphere formation
assays and (d) tumor-seeding with HMLERshCntrl and HMLERshEcad breast cancer cells.
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(e) Proliferation curves of HMLER-shCntrl and HMLER-shEcad cells grown in culture.
Viable cells were counted by Trypan Blue dye-exclusion. (f) Dose-response curves of
HMLERshEcad and HMLERshChntrl breast cancer cells treated with doxorubicin or
paclitaxel. (g) Viability of immortalized, non-tumorigenic breast epithelial cells (HMLE
shCntrl) and cells induced through EMT (HMLEshEcad) treated with various chemotherapy
compounds (h) Proportion by FACS of GFP-labeled HMLEshEcad cells following paclitaxel
treatment when mixed with control cells (HMLE) cells.
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Figure 2. Chemical screening for compounds that selectively kill mesenchymally
transdifferentiated immortalized epithelial cells

(a) Schematic of the screen design and protocol. (b) (i) Histogram of replicate-averaged
background-corrected viability signal intensities (see Methods for details) for the viability of
each tested compound for control breast epithelial cells (HMLESCNt) | ow/high signal
intensities indicate compounds that reduce/increase cell viability. (ii) XY-Scatter plot of
normalized Z-scores for the viability of each tested compound for mesenchymally
transdifferentiated breast epithelial cells (HMLESNECad: red dots indicate DMSO treatment;
blue dots indicate test compounds). Z-scoreA and Z-scoreB represent the normalized Z-
scores for the two independent replicates of the screen. (iii) The data are as in (i) with the
red shaded region in the histogram representing compounds that exhibited mild-to-strong
toxicity (>1 S.D. lower than the mean normalized signal intensity) for the control
HMLESCntr! epithelial cells. Compounds within the red region in (iii) were filtered out of
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the plot in (ii), producing the scatter plot in (iv). Application of this selectivity filter resulted
in the identification of compounds that selectively killed mesenchymally transdifferentiated
HMLEShECad hyt not control HMLESCNt epithelial cells (yellow dots).
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Figure 3. Identification and validation of compounds that exhibit selective toxicity for
mesenchymally transdifferentiated epithelial cells

(a) Chemical structure of salinomycin, etoposide, abamectin, and nigericin and dose-
response curves of control HMLE-shCntrl cells and HMLE-shEcad cells treated with
indicated compounds. (b) Dose-response curves of the viability of HMLE-shCntrl and
HMLE-Twist cells. (c) Dose-response curves of control HMLER and HMLER-shEcad
tumorigenic mammary epithelial cells treated with salinomycin, etoposide, abamectin, or
nigericin. Each treatment combination was performed in at least 6 replicates.
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Figure 4. Effect of salinomycin and paclitaxel treatment on breast CSC numbers
(a) HMLER cells were treated with DMSO, paclitaxel or salinomycin at the specified doses

for 4 days, and then allowed for recover in the absence of treatment for 4 days. Percent of
CD44high/CD24!oW cells after compound treatment in independent experiments with two
different HMLER cell populations (HMLER_1, HMLER_2). The CD44/CD24 FACS
profiles are shown for a subset of HMLER_2 compound treatments with the green ellipse
(e o o mmm) denoting the CSC-enriched fraction and the blue ellipse (- w—-—)
the CSC-depleted fraction. (b) Quantification of tumorsphere-formation with HMLER cells
treated as in (a). (c) Heterogeneous populations (control/EMT mixtures) of HMLE and
HMLER cells (HMLE_Mx, HMLER_MYx, respectively) were compound-treated for 4 days,
cultured in the absence of compound for 4 days, and the percent of CD44M3h/CD24!oW ce|ls
quantified by FACS. (d) Quantification of mammosphere-formation in HMLE_Mx and
HMLER_Mx populations compound-treated as in (a). Phase-contrast images of
mammospheres are shown. (e) /n vitro growth curves of HMLER cells compound-treated as
in (a) are shown. (f) Compound-pretreated MCF7Ras (4000 cells/well) and 4T1 cells (1000
cells/well) were seeded in the absence of compound and tumorsphere formation assessed at
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10 days. (g) The fraction of viable cells after compound treatment was assessed using
trypan-blue exclusion for both the parental 4T1 line and a paclitaxel-resistant 4T1 line (4T1-
TaxR).
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Figure 5. Effects of salinomycin and paclitaxel treatment on tumor seeding, growth and

metastasis in vivo

(a) Tumor-seeding ability of HMLER and 4T1 breast cancer cells treated with salinomycin,
paclitaxel or DMSO. (b) SUM159 tumor-growth curves of compound-treated mice. (c)
Quantification of tumorsphere-forming potential (diameter between 20-50um was evaluated)
of cancer cells isolated from dissociated SUM159 tumors from compound-treated mice.
Images of tumorsphere cultures are shown. (d) Histological analysis of tumors from
salinomycin- or vehicle-treated mice. Shown are H&E, caspase-3, human-specific vimentin
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and E-cadherin staining. (e) Tail-vein injection of 4T1 cancer cells, pre-treated with
paclitaxel, salinomycin, or DMSO. Lung images shown were captured at 1.5X
magnification. Values are shown below the images as the mean and standard error for lung
burden in each treatment group. (f) H&E, vimentin and E-cadherin staining of lung nodules
from compound-treated 4T1 breast cancer cells. Also shown are images of cultured 4T1
cells explanted from lung nodules.
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Figure 6. Salinomycin and paclitaxel treatment affect expression of CSC genes associated with
poor patient prognosis

HMLER cells were treated in triplicate with either salinomycin or paclitaxel and then
subjected to microarray gene expression analysis. (a) Genes showing differential expression
(|£statistic| > 5) between salinomycin (Sal) and paclitaxel (Tax) treatment conditions were
plotted on the Heatmap using the Euclidean distance measure. (b,c,d) Salinomycin treatment
reduces the expression of clinically relevant breast CSC and progenitor genes. Gene set
enrichment analysis was used to determine whether the previously reported (b)
CD44+CD24- 1GS (Liu etal., 2007), (c) CD44+CD24~ (Shipitsin etal., 2007) or (d)
Mammosphere (PONtu et al., 2003y gene sets were repressed in response to salinomycin in
comparison with paclitaxel treatment. Graphed are the Kolmogorov-Smirnov enrichment
scores versus Gene ranks based on differential expression. P-values reflecting statistical
significance for each analysis are shown. The rank of each gene in the gene set relative to the
differential expression between salinomycin and paclitaxel treatment are shown as horizontal
lines in the vertical bars next to each graph.
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