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2Plateforme ARN interférence (PARi), Service de Biologie Intégrative et de Génétique Moléculaire, I2BC, UMR 9198, CEA Saclay, 91191
Gif-sur-Yvette, France
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SUMMARY

Breast cancer stem cells (bCSCs) have been impli-
cated in tumor progression and therapeutic resis-
tance; however, the molecular mechanisms that
define this state are unclear. We have performed
two microRNA (miRNA) gain- and loss-of-function
screens to identify miRNAs that regulate the choice
between bCSC self-renewal and differentiation. We
find that micro-RNA (miR)-600 silencing results in
bCSC expansion, while its overexpression reduces
bCSC self-renewal, leading to decreased in vivo
tumorigenicity. miR-600 targets stearoyl desaturase
1 (SCD1), an enzyme required to produce active,
lipid-modified WNT proteins. In the absence of miR-
600, WNT signaling is active and promotes self-
renewal, whereas overexpression of miR-600 inhibits
the production of active WNT and promotes bCSC
differentiation. In a series of 120 breast tumors, we
found that a low level of miR-600 is correlated with
active WNT signaling and a poor prognosis. These
findings highlight a miR-600-centered signaling
network that governs bCSC-fate decisions and influ-
ences tumor progression.

INTRODUCTION

Tumor heterogeneity contributes to therapy failure and disease

progression. The origin of this heterogeneity is explained by

both the coexistence of clones with various mutational events

and a hierarchical organization where several subpopulations
2256 Cell Reports 18, 2256–2268, February 28, 2017 ª 2017 The Aut
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of self-renewing cancer stem cells (CSCs) maintain the long-

term oligoclonal nature of the neoplasm (Kreso and Dick,

2014). CSCs drive tumor growth, can be resistant to conven-

tional therapies, and initiate metastasis development (Visvader

and Lindeman, 2012). Thus, developing CSC-targeting therapies

is of major interest and requires insight into the unique molecular

circuitry of CSCs compared to non-CSCs (Liu and Wicha, 2010).

The cardinal property of a CSC is its self-renewal program. Deci-

phering molecular mechanisms regulating self-renewal and dif-

ferentiation in proliferating CSCs is a key step in the development

of new therapeutic strategies. MicroRNAs (miRNAs), a class of

small non-coding RNAs that regulate gene expression at the

post-transcriptional level, have been proposed to be key players

of the complex regulatory circuit controlling CSC fate. Several

miRNAs are either highly expressed or excluded from the CSC

compartment (Liu et al., 2012a; Garofalo and Croce, 2015).

miRNAs regulate gene expression by base-pairing to the

30 UTRs of target mRNAs, inducing mRNA degradation and/

or translational inhibition (Djuranovic et al., 2011). Let-7 and

microRNA (miR)-200 families were among the first miRNAs

described to regulate the CSC self-renewal program (Yu et al.,

2007; Shimono et al., 2009). Several studies have implicated

miRNAs as central regulators of CSC self-renewal in multiple tu-

mor types, including leukemia (Song et al., 2013), colon cancer

(Bu et al., 2013; Hwang et al., 2014), prostate cancer (Liu et al.,

2011), hepatocellular carcinoma (Ma et al., 2010), brain tumors

(Wang et al., 2014), and breast cancer (Polytarchou et al.,

2012; Liu et al., 2012b; Cai et al., 2013; Taube et al., 2013).

Given the central role of CSCs in tumor growth and of miRNAs

in CSC biology, it is crucial to perform a comprehensive elucida-

tion of the regulators that specify CSC identity. Here, we have

studied breast CSCs (bCSCs) and performed two concurrent hu-

man miRNA gain- and loss-of-function screens using pre-miRs
hor(s).
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Parallel miRNA-Based Genetic Screens Identify miRNA Bimodal Switchers that Regulate bCSC Fate

(A) Workflow of the miRNome-wide miRNA OE and KD screens. miRNAs that could oppositely influence the bCSC/non-CSC ratio when overexpressed (OE) and

knocked down (KD) (switchers) were considered as candidates.

(B) Bi-dimensional plot of the two concurrent screens (x axis, miRNA KD z-score; y axis miRNA OE Z score). Results are expressed according to a composite

score (see Supplemental Experimental Procedures). Each green dot represents a miRNA that favors CSC depletion when overexpressed and CSC expansion

(legend continued on next page)
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as miRNAs mimics and locked nucleic acid (LNA)-modified

probes as inhibitors. These functional screens identify miRNAs

that influence bCSC-fate decision. Focusing on miR-600, we

have shown that overexpression of this miRNA regulates WNT

signaling by suppressing the expression of stearoyl desaturase

1 (SCD1), an enzyme required to produce active, lipid-modified

WNT proteins. We find that miR-600 expression regulates the

bCSC subpopulation in vivo and that its expression level corre-

lates with overall survival in breast cancer patients.

RESULTS

miRNome-wide Parallel Screens Identify Bimodal
Switcher miRNAs that Regulate bCSC Fate
We previously demonstrated that the brightest cell subpopula-

tions of breast cancer cell lines (BCLs) stainedwith ALDEFLUOR,

a reporter probe of cellular ALDH enzymatic activity, are strongly

enriched in CSCs (Charafe-Jauffret et al., 2009; Ginestier et al.,

2007). To identify miRNAs that may regulate bCSC fate, we

studied the effects of miRNA modulation in a miniaturized

ALDEFLUOR-probed CSC detection assay. Systematic and

unbiased miRNA modulation was achieved by performing two

concurrent miRNome-wide loss- and gain-of-function screens

in the SUM159 BCL cell line using LNA and pre-miR libraries as

miRNA inhibitors and mimics, respectively (Figure 1A). After

72 hr of miRNA modulation, plates were imaged by means of a

high-content epifluorescence microscope, and individual cells

were detected using an automated image-segmentation algo-

rithm (see Experimental Procedures). To identify miRNAs that

could influence the bCSC/non-CSC ratio, we first normalized

the variation of the CSC proportion upon overexpression (OE)

or knockdown (KD) of a givenmiRNAwith theCSCproportion de-

tected in the negative controls (SUM159 cells transfected with a

scrambled LNA or a scrambled pre-miR) (Table S1). For each

miRNA, the variation (fold change) of the CSC/non-CSC ratio

upon miRNA OE was plotted according to the variation of the

CSC/non-CSC ratio upon miRNA KD (Figure 1B). We developed

a composite score (see Experimental Procedures) to select

miRNAs acting as bimodal switchers of CSC equilibrium and

ended up identifying 18 miRNAs as top candidates (K R 3).

Overexpression of seven of these miRNAs (miR-26a, miR-26b,

miR-30d, miR-196b, miR-212, miR-499-5p, and miR-620)

resulted in CSC expansion, whereas overexpression of the

eleven others (miR-20a, miR-93, miR-192, miR-302c, miR-371-

3p, miR-493*, miR-520b, miR-590-5p, miR-597, miR-600, and

miR-1206) induced CSC depletion. Utilizing a network-based

approach (Bhajun et al., 2015; Shannon et al., 2003), we con-

nected the 18 candidate miRNAs based on their common pre-
when downregulated (and vice versa for the red dots). 18 candidatemiRNAswith b

K R 3. Hyperboles are lines of same composite scores (iso-score lines).

(C) Representative images of the high-content screening (HCS) captures. Hoech

green.

(D and E) Validation of candidate miRNAs using FACS analysis. CSC/non-CSC rati

jlog2 (CSC/non/CSC ratio)j R 0.5 were considered as validated hits.

(F) Tumorsphere-forming efficiency (SFE) after miR-600 KD or OE. The relative nu

three different breast cancer cell lines (SUM159, SUM149, and S68) (n = 5, *p <

(G) Relative expression levels of miR-600 measured by qRT-PCR in ALDHbr (A+)

(S68, SUM159, and SUM149). Results are expressed as mean ± SD.
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dicted targets and identified miRNA hit groups (Figure S2). The

most relevant groupcontainedmembersof themiR-17/92cluster

and itsparalogs. Supportingour results, differentmembersof this

cluster are known to downregulate the CSC population and bal-

ance CSC fate by inducing cell differentiation (Liu et al., 2012b;

Cioffi et al., 2015; Srivastava et al., 2015).

Next, we generated a focused library comprising all candidate

miRNAs selected from the primary screens, and we performed

validation experiments using flow cytometry analysis. The

miRNA KD results from the primary screens were confirmed for

7 out of 18 candidates (Figure 1D). A bimodal switcher effect in

miRNA OE conditions was confirmed for four of these seven

miRNAs (miR-600, miR-590-5p, miR-212, and miR-196b; Fig-

ure 1E). To extend these observations, we tested the effect of

miRNA OE or KD for these four hits in two additional BCLs

(SUM149 and S68). We first confirmed that each of these four

miRNAswas expressed in our three BCLs (Figure S3). After mod-

ulation of miRNAs expression, only miR-600 OE or KD showed a

reproducible switcher effect in all the BCLs (Figure S3). The ef-

fect of miR-600modulation on the bCSC population was accom-

panied by moderate effect on cell proliferation after OE 600 and

no apoptosis induction (Figure S3). We next performed a func-

tional in vitro assay based on tumorsphere formation to validate

the functional effect of miR-600 OE and KD on the CSC popula-

tion. Following miR-600 OE, depletion of the CSC population

was associated with a decrease in tumorsphere-forming effi-

ciency (SFE), while miR-600 KD expanded the number of tumor-

spheres formed in all three tested BCLs (Figure 1F). Importantly,

miR-600 expression level, as measured by qRT-PCR, was lower

in CSC populations than in non-CSC populations (Figure 1G).

Taken together, these data suggest that miR-600 acts as a

bimodal regulator of bCSC fate.

miR-600 Modulation Balances the bCSC Pool In Vivo
In vivo xenotransplantation remains the gold standard to prove

that the balance between bCSC self-renewal and differentiation

is affected. To show that miR-600 overexpression affects the

CSC self-renewal/differentiation balance in vivo, we infected sin-

gle-cell suspensions, isolated from established patient-derived

xenograft (PDX)models (Charafe-Jauffret et al., 2013),with lentivi-

ral vectors (lenti-miR-600, lenti-sponge 600, and lenti-CTRL) to

generate stable miR-600 OE, miR-600 KD, and control PDX

models. 3 days post-transduction, infected cells were sorted

based on their DsRed positivity and then xenografted in recipient

mice using limiting-dilution transplantation assay (Figure 2A).

In two independentPDXmodels (CRCM168xandCRCM494x), tu-

mor cells overexpressing miR-600 had markedly reduced tumor-

initiating capacity in recipient mice compared to control, whereas
imodal switcher activity were selected according to a score selection threshold

st nuclear DNA staining is shown in blue and ALDEFLUOR cellular staining in

os are represented after KD (D) or OE (E) of the candidatemiRNAs. Thosewith a

mber of tumorspheres formed in each condition is represented in a bar plot for

0.05, **p < 0.01).

and ALDHlow (A�) cell populations from three different breast cancer cell lines



Figure 2. miR-600 Modulation Balances CSC Frequency In Vivo

(A) Workflow of the experimental protocol used for the lentiviral infection of cells from patient-derived xenografts (PDXs).

(B) FACS-sorted DsRed-positive cells were implanted using a limiting dilution assay in the fat-pads of NOD/SCIDmice. Tumor growth kinetics are represented for

CRCM494x PDX infected with Lenti-CTRL, Lenti-miR-600, or Lenti-sponge 600 (one tumor growth curve per injected fat-pad).

(C) Table showing the number of outgrowths generated in NOD/SCID mouse fat pads as a function of the amount of injected cells isolated from CRCM494x

(or CRCM168x) Lenti-CTRL, Lenti-miR-600, or Lenti-sponge 600.

(D) bCSC frequency was calculated using an extreme limiting dilution analysis (ELDA) algorithm. Results are expressed as the estimated number of CSCs for

10,000 tumor cells.
it increased uponmiR-600KD (Figures 2B andS4). As determined

by limiting dilution analysis (LDA), in vivo bCSC frequency was

lower in the miR-600 OE tumor cell population (CRCM494x

Lenti-miR-600 OE, 1:4,416, confidence interval [CI], 1,090–

17,890; CRCM168x Lenti-miR-600 OE, 1:inf. (infinity), CI, inf.–

12,518) than in the control cell population (CRCM494x Lenti-

CTRL, 1:192, CI, 101–365; CRCM168x Lenti-CTRL, 1:7,370, CI,

3,024–17,966) (CRCM494x p = 3.87e-8; CRCM168x p = 0.0068).

Conversely, we observed a greater bCSC frequency in the miR-

600 KD tumor cell population (CRCM494x Lenti-sponge 600,

1:36, CI, 13–100; CRCM168x Lenti-CTRL, 1:940, CI, 301–2,943)

(CRCM494x p = 0.009; CRCM168x p < 0.004) (Figures 2C, 2D,

and S4). These in vivo observations confirm our in vitro results

and strengthen the role of miR-600 as a key player in bCSC fate.

Identification of SCD1 as a Downstream Target of
miR-600
To identify the mechanism(s) whereby miR-600 exerts its biolog-

ical effect on bCSC, we established the gene expression profiles

of fluorescence-activated cell sorting (FACS)-sorted SUM159
ALDHbr cells transiently transfected with either miR-600 OE vec-

tor or its corresponding control vector (Figure 3A). We observed

an overrepresentation of miR-600 predicted target genes

(ArrayExpress: E-MTAB-5393 and TargetScan database; Garcia

et al., 2011) among the genes downregulated after miR-600 OE

(p value < 0.01; false discovery rate [FDR] < 0.25) (Figure 3B;

Table S2). Because target gene prediction of miRNAs is chal-

lenging due to mismatch tolerance in miRNA-target mRNA

complementarity, we used MiRonTop algorithm to integrate

our gene expression profiles with miRNA target prediction data-

sets into a single meta-analysis (Le Brigand et al., 2010). This al-

gorithm selects significantly downregulated transcripts following

the overexpression of a specific miRNA and generates enrich-

ment scores according to the spatial distribution of predicted

miRNA target sites along the selected transcripts. MiRonTop

analysis validated the enrichment of miR-600 predicted targets

in the population of downregulated transcripts (Figure 3C).

We focused our next set of experiments on a subset of 19 tran-

scripts with the highest enrichment score (log2 fold change

<�0.7; p value < 0.01) (Table S3). To functionally validate these
Cell Reports 18, 2256–2268, February 28, 2017 2259



Figure 3. Identification of miR-600 Functional Target Genes

(A) Schematic representation of the experimental design to identify miR-600 functional target genes.

(B) Volcano plot of the gene expression profiling results. Scatter points represent genes, the x axis is the log2 fold change of the gene expression ratio between

ALDHbr miR-600 OE treated versus untreated cells, and the y axis is the probability that a gene has statistical significance in its differential expression (genes with

a FDR > 0.25 are highlighted as black dots). miR-600 predicted target genes from TargetScan database are highlighted as red dots.

(C) Graph derived from MiRonTop bioinformatics tool showing the overrepresentation of miR-600 seed complementary sequences in the 30 UTR of down-

regulated transcripts. Representation of TargetScan predicted targets in the set of downregulated genes was compared with the set of all expressed genes. For

(legend continued on next page)
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19 transcripts as miR-600 targets, we performed a STarS (sup-

pressor target screen) assay (Polesskaya et al., 2013), an unbi-

ased screening approach to identify miR-600 functional targets.

The STarS assay relies on the screening of a focused small inter-

fering RNA (siRNA) library targeting the 19 MiRonTop selected

transcripts, each siRNA being systematically and individually

co-transfected with miR-600 LNA. The genes targeted by the

siRNAs able to ‘‘rescue’’ the CSC expansion induced by miR-

600 KD define a list of functional targets of miR-600 in the

context of CSC equilibrium regulation. We designed a focused

library of 76 siRNAs targeting our 19 candidates (4 siRNAs per

candidate), and we set up a STarS assay to test each of the 76

siRNAs individually combined with miR-600 LNA. We selected

siRNA/miR-600 LNA combinations able to restore the normal

CSC ratio as measured in the control conditions (scrambled

siRNA/scrambled LNA). Among the 19 candidate genes tested,

only SCD1 and MBD2 silencing in miR-600 KD conditions

restored the normal CSC ratio for at least three out of the four

tested siRNA sequences (Figure 3D). Collectively, these data

suggest that SCD1 and MBD2 serve as functional targets of

miR-600 in bCSCs.

MBD2 is part of the methyl-CpG-binding domain family of

protein that contributes to establishment and/or maintenance

of transcriptional repression by recruiting enzymes that locally

modify histones (Wood and Zhou, 2016). SCD1 is an enzyme

of the fatty acid metabolism that generates mono-unsaturated

fatty acids (MUFAs) from saturated fatty acid precursors, such

as palmitoyl-coenzyme A and stearoyl-coenzyme A. SCD1 is

required to produce active, lipid-modified WNT proteins (Rios-

Esteves and Resh, 2013). Only lipid-modified WNT proteins

can be secreted to activate the canonical WNT pathway, which

is implicated in cell fate determination during development and

oncogenesis in adult tissues (Ring et al., 2014). Based on the

key role of WNT signaling in bCSC fate (Korkaya et al., 2009),

we focused our study on SCD1 as an miR-600 target. We first

confirmed that endogenous SCD1 protein expression was regu-

lated by miR-600 (Figure 3E) and that transient SCD1 inhibition

with two potent siRNAs (Figure 3F) was able to suppress the

miR-600 KD effect on SUM159 CSCs using a tumorsphere-

formation assay (Figure 3G). This result was also confirmed in

SUM149 cells (Figure S5). SCD1 silencing had a limited effect

on cell proliferation and reduced bCSC population in an

apoptosis-independent manner (Figure S5), suggesting a role

in bCSC-fate decisions. To further evaluate miR-600’s direct

regulation of SCD1, we developed a reporter assay using two

plasmids with luciferase expression under the control of SCD1
each miRNA, a fold enrichment value (horizontal axis) and an associated p valu

obtained for miR-600.

(D) Representation of the STarS assay results. A focused library of 76 siRNAs targ

assayed for CSC/non-CSC ratio modulation in miR-600 KD SUM159 cell line. Gre

induced by miR-600 KD, whereas red dots represent siRNAs unable to restore co

600 when at least three out of four siRNAs restored the initial CSC ratio (i.e., SC

(E) SCD1 protein expression level after miR-600 modulation evaluated by wester

(F) SCD1 siRNA KD efficiency was evaluated by western blot. b-Actin was used

(G) Tumorsphere-forming efficiency (SFE) after miR600 KD and SCD1 inhibition.

(H) Schematic of miR-600 putative target sites in the SCD1-30 UTR. The mutated

(I) Luciferase assay of SCD1-WT andmutant constructs aftermiR-600OE ormiR-6
30 UTR. One plasmid had the SCD1 30 UTR wild-type sequence

(SCD1-WT), while the other had the SCD1 30 UTR with mutations

in the seed sequence of the miR-600 site (SCD1 mutant) (Fig-

ure 3H). Relative luciferase activity of the SCD1-WT construct

(normalized to the luciferase activity of SCD1 mutant) was lower

in cells treated with miR-600 OE and higher in cells treated with

miR-600 KD (Figure 3I). Altogether, these results strongly sug-

gest that miR-600 may regulate CSC-fate decisions in breast

cancer cells by directly controlling SCD1 expression.

miR-600 Controls bCSC Fate by Regulating WNT/
b-Catenin Signaling through SCD1
Because SCD1 controls WNT secretion, we examined whether

miR-600 could control bCSC fate through a miR-600/SCD1/

WNT axis. We first confirmed that SCD1 regulates WNT/b-cate-

nin signaling in our BCL models using a b-catenin biolumines-

cent reporter assay (TOPflash normalized with FOPflash). As

expected, SCD1 inhibition decreased the transactivating activity

of b-catenin (Figure 4A). Moreover, analysis of a transcriptomics

SCD1KD experiment using gene set enrichment analysis (GSEA)

confirmed that SCD1 inhibition resulted in a downregulation of

WNT target genes (Figure S5). Additionally, SCD1 inhibition re-

sulted in a decrease of b-catenin relocation to the nucleus

(Figure 4B; quantification in Figure S5). Because nuclear translo-

cation and activation of b-catenin are rendered possible by

the phosphorylation and inactivation of GSK3-b, we measured

the level of GSK3-b phosphorylation in conditions where SCD1

is inhibited (Figures 4C and S5). As expected, we observed a

decrease of phosphorylated GSK3-b, supporting that, in our

cellular models, SCD1 controls the WNT signaling pathway.

SCD1 generates oleic acid (OA), a MUFA transferred to the

WNT protein via Porcupine/PORCN (Rios-Esteves and Resh,

2013), a membrane-bound O-acyltransferase that palmitoleates

the WNT factors. To further validate the role of SCD1 in the con-

trol ofWNT signaling pathway, we evaluatedwhether exogenous

OA addition to the culture medium was able to rescue SCD1

inhibition. Exogenous OA in the culture medium restored the

ALDHbr cells after SCD1 inhibition (Figure 4D). It also partially

restored the tumorsphere-formation efficiency (Figure 4E) and

reactivated the transactivating activity of b-catenin (Figure 4F).

These results show that, in our cellular models, SCD1 controls

the WNT signaling pathway.

We then evaluated the role of miR-600 in WNT/b-catenin

signaling. miR-600 OE resulted in a decrease in b-catenin trans-

activator activity, nuclear b-catenin, phosphorylated GSK3-b,

and WNT3A ligand secretion (Figures 4G–4J; quantification in
e (vertical axis) were calculated. The best enrichment score and p value was

eting 19 putative miR-600 target genes (4 siRNAs per gene) was designed and

en dots represent siRNAs that significantly rescue the CSC proportion increase

ntrol CSC/non-CSC ratio. A gene was considered as a functional target of miR-

D1 and MBD2).

n blot. b-Actin was used as a loading control.

as a loading control.

The amount of formed tumorspheres is represented for each condition.

sites of the SCD1 mutant construct are highlighted in red.

00 KD. Results are expressed asmean ±SD (*p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 4. miR-600/SCD1 Axis Targets the WNT Signaling Pathway in bCSCs

(A–C) Effect of SCD1 KD onWNT signaling pathway. SCD1 KD was achieved using two different siRNAs (siSCD1#1 and #2). (A) WNT signaling activity measured

by TOPflash assay normalized with FOP activity. (B) Immunostaining of b-catenin in SUM159 cells. b-catenin localization is shown in brown. (C) Phosphorylated

GSK3-b expression measured by western blotting. Total GSK3-b and GAPDH expression were used as controls.

(D–F) Evaluation of compensatory effects of oleic acid (OA) supplementation after SCD1 KD. (D) Evolution of the relative proportion of ALDHbr cells after OA

supplementation. (E and F) Bee swarm plots of the number of tumorspheres formed (SFE) and b-catenin transactivation after OA supplementation.

(G–I) Effect of miR-600 OE and KD on WNT signaling pathway was evaluated as described in (A)–(C).

(J) Level of soluble WNT3A in the medium measured by ELISA assay after miR-600 modulation.

(K) Evaluation of WNT signaling activity in cells double KD for SCD1 andmiR-600 is represented by a bee swarm plot of b-catenin transactivation level (TOPflash).

In bee swarm plots, a dot corresponds to an individual experiment. Results are expressed as mean ± SD (*p < 0.05; **p < 0.01; ***p < 0.001).
Figure S6). Conversely, miR-600 KD induced a strong increase in

b-catenin transactivator activity, an accumulation of b-catenin in

the nucleus, a 2-fold increase in phosphorylated GSK3-b, and an

increase in WNT3a secretion in the medium (Figures 4G–4J;

quantification in Figure S6). Using GSEA, we confirmed that

miR-600 OE compared to miR-600 KD transcriptomics experi-

ments resulted in a downregulation of WNT target genes (Fig-

ure S6). Interestingly, tumors generated from PDX infected with

miR-600 OE presented an absence of nuclear b-catenin staining,

whereas 10%of the cells fromPDX infected with the control vec-

tor presented a nuclear staining for b-catenin (Figure S6). More-

over, the inhibition ofSCD1 in miR-600 KD condition restored the

basal b-catenin transactivator activity found in control cells (Fig-

ure 4K) and a downregulation of WNT target genes (Figure S6),

further supporting a miR-600/SCD-1/WNT regulation axis. Due

to the role of SCD1 in the production of OA, we measured the

intracellular level of free OA following miR-600 modulation.

Consistent with our other data, miR-600 OE decreased the intra-

cellular level of free OA, whereas miR-600 KD induced a 2-fold
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increase (Figure S6). Because the role of SCD1 in the production

of lipid-modified WNT proteins should not be restricted to the

canonical WNT pathway, we also tested the effect of miR-600

modulation on the non-canonical WNT pathway. We used an

ATF2 reporter assay to monitor the non-canonical WNT pathway

and observed results similar to those obtained with the b-catenin

reporter assay, suggesting an equivalent effect on both the ca-

nonical and non-canonical WNT pathways (Figure S6). Taken

together, these results suggest that miR-600 acts as an intra-

cellular bimodal regulator of WNT signaling through SCD1

regulation.

miR-600 Controls the WNT Signaling Regulatory Loop
WNT/b-catenin signaling activity is known to be maintained

through a regulatory autocrine loop. We first evaluated the po-

tential of miR-600 in regulating a loop involving secreted factors.

We treated miR-600 OE cells with conditioned medium (CM)

from miR-600 OE or KD cells (Figure 5A). As expected, CM

from miR-600 OE cells did not modify the CSC proportion in



Figure 5. miR-600 Is Critical in Regulating the WNT Signaling Regulatory Autocrine Loop

(A) Evaluation of compensatory effects of conditioned medium (CM) from cells treated with miR-600 KD or OE.

(B–N) Evaluation of compensatory effects of WNT3A supplementation (B–E), WNT3A neutralizing antibody (F–I), and exogenous oleic acid (OA) (J–N) on theWNT

signaling pathway in the bCSC population with miR-600 KD or OE. (B, F, and J) Evolution of the relative proportion of ALDHbr cell after the compensatory

treatments. (C, G, and K) Bee swarm plots of the number of tumorspheres formed (SFE) after the compensatory treatments. (D, H, and L) Bee swarm plots of

b-catenin transactivation measured by TOPflash after the compensatory treatments. (E, I, and M) Representative b-catenin immunostainings (brown staining)

after the compensatory treatments. (N) Level of soluble WNT3A in the medium measured by ELISA assay after OA supplementation. In bee swarm plots, a dot

corresponds to an individual experiment. Results are expressed as mean ± SD (*p < 0.05; **p < 0.01;***p < 0.001).
miR-600 OE cells, whereas CM from miR-600 KD cells restored

the ALDHbr cell population, suggesting that miR-600 participates

to the regulation of important secreted factors for CSC equilib-

rium. Next, we hypothesized that miR-600 toggles this regulatory

loop by directly controlling the production of active WNT ligands

secreted. According to this hypothesis, an extracellular WNT

ligand should bypass miR-600 function. Thus, we evaluated

the compensatory effect of exogenous WNT3A addition in the

medium of miR-600 OE cells. WNT3A treatment indeed restored

the ALDHbr cell population and the tumorsphere-formation effi-

ciency (Figures 5B and 5C). The restoration of the CSC popula-

tion was accompanied by an activation of the WNT/b-catenin

signaling as shown by the increased b-catenin transcriptional

activity and its nuclear accumulation (Figures 5D and 5E; quan-

tification in Figure S6). Conversely, by inhibiting WNT/b-catenin

signaling using a WNT3A neutralizing antibody, we suppressed

the miR-600-KD-induced increase in CSCs (Figures 4F and

4G) and restored initial WNT/b-catenin signaling to the levels

observed in control cells (Figures 4H and 4I; quantification in Fig-

ure S6). Finally, addition of exogenous OA to the culture medium

rescued the miR-600-OE-induced effect: it restored the number

of ALDHbr cells (Figure 5J), partially restored the tumorsphere-

formation efficiency (Figure 5K), and reactivated WNT/b-catenin
signaling and WNT3A secretion in the medium (Figures 5L–5N;

quantification in Figure S6). These observations further support

a model in which miR-600 drives a bimodal switch that balances

bCSC-fate decisions by controlling the WNT/b-catenin regula-

tory autocrine loop (Figure 6). Interestingly, b-catenin silencing

induced a decrease in endogenous miR-600 expression (Fig-

ure S6), suggesting that a negative feedback regulatory loop

might be needed to maintain CSC proportions at steady state.

miR-600 Expression Is Associated with Prognosis in
Breast Cancer Patients
To evaluate the clinical relevance of the above findings in human

breast cancer, the expression of miR-600 was measured in 120

breast tumor samples using qRT-PCR. The expression of miR-

600 was elevated in 28 patients (miR-600high group), whereas

the remaining 92 patients had miR-600 expression levels com-

parable to the normal breast epithelium (miR-600low group).

Interestingly, in our cell models with an ectopic overexpression

of miR-600 (cell lines with miR-600 OE or PDXs with Lenti-miR-

600 OE), the miR-600 expression level was comparable to the

endogenous expression level observed in tumors from the

miR-600high group (Figure S7), which qualify our previous exper-

iments as physiologically relevant. In patient samples, miR-600
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Figure 6. Simplified Model of bCSC Bimodal Regulation by the miR-

600/SCD1/WNT Axis

miR-600 inhibits SCD1 to control bCSC-fate by regulating the sources of lipids

needed to activate WNT.
expression was not associated with conventional histoclinical

parameters (Table S4). miR-600high tumors exhibited a lower

b-catenin activation level with an absence of b-catenin nuclear

staining, whereas 21% of miR-600low tumors presented a nu-

clear localization of b-catenin (p < 0.035) (Figures 7A and 7B). Pa-

tients with miR-600high tumors had a better overall survival (OS)

than patients with miR-600low tumors (5-year overall survival of

97% versus 81%, p = 0.028) (Figure 7C). These results suggest

that miR-600 is a clinically relevant player in breast cancer

tumorigenicity.

DISCUSSION

Delineating the intrinsic regulatory network that defines the CSC

state is a prerequisite to develop more effective cancer thera-

pies. This state is maintained by a transcriptional regulatory

circuit that controls critical cellular processes, including self-

renewal and differentiation. In this study, we have combined

gain- and loss-of-function miRNome-wide screens and identi-

fied miR-600 as a bimodal switch regulator of bCSC fate. miR-

600 KD resulted in an expansion of the phenotypic and functional

bCSC compartment. Conversely, overexpression of miR-600

resulted in bCSC depletion and reduced tumorigenicity in xeno-

graft experiments. Several miRNA switches have already been

described as ‘‘fine-tuners’’ of stem cell fate. miR-126 governs

the hematopoietic stem cell (HSC) pool size by controlling HSC

cycle progression through regulation of the phosphatidylinositol

3-kinase (PI3K)/AKT/GSK3-b pathway (Lechman et al., 2012). In

colon cancer, miR-34a regulates NOTCH signaling and acts as

a CSC-fate determinant by altering the balance between self-

renewal and differentiation (Bu et al., 2013). More recently, the
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concept of miRNA switches has been extended to human plurip-

otent stem cells (hPSCs) with the identification of several distinct

miRNA switches that define hPSC-derived cell determination

(Miki et al., 2015). It is conceivable that the concept of miRNA

switches as stem cell-fate determinants could be generalized

to a broader series of normal tissues and cancer types. In the

future, the identification of these miRNAs will help decipher the

regulatory circuits that control stem cell-fate decisions.

Beyond the identification of the miR-600 switch, our study es-

tablished its underlying molecular mechanism. Neither the target

genesofmiR-600nor its functionwasknown.We identifiedSCD1

and MBD2 as two functional targets of mi-R600. The MBD pro-

teins induce transcriptional silencing by blocking transcription

or other protein factors from binding to DNA or by inducing chro-

matin remodeling through their binding partners. Interestingly,

MBD2 has been shown to regulate pluripotency in human plurip-

otent stem cells (Wood and Zhou, 2016). Further investigation is

needed to evaluate the potential of MBD2 in regulating bCSC

fate. This study focused on the miR-600/SCD1 axis that controls

bCSC fate through regulation of the WNT signaling pathway.

Several studies have reported the prominent role of the WNT

pathway in orchestrating CSC proliferation and differentiation

in different solid tumors, including breast cancer (Ring et al.,

2014). We previously demonstrated that GSK3-b is an essential

crossing point in the regulation of the WNT-driven bCSC self-re-

newal. Indeed, dysregulation of the PTEN/PI3K/AKT pathway in-

duces the expansion of the CSC pool by activation of the WNT/

b-catenin pathway through the phosphorylation of GSK3-b (Kor-

kaya et al., 2009). In the present study, we have identified a sec-

ond essential crossing point where the miR-600/SCD1/PORCN

pathway regulates WNT signaling to control bCSC fate. The pro-

duction of a lipid-modifiedWNT protein appears to be a key step

in the maintenance of the bCSC population. PORCN is known

to be a non-redundant node for the regulation of global WNT

signaling, because PORCN-null cells are incapable of autocrine

WNT signaling (Proffitt and Virshup, 2012). Pharmacological in-

hibitors of PORCN demonstrated a strong potential in inhibiting

WNT-dependent cancer (Proffitt et al., 2013; van de Wetering

et al., 2015; Chen et al., 2009) and are presented as a new class

of anti-CSCagents (Takebe et al., 2015). The role of SCD1 inWNT

signaling has recently gained prominence as the provider of

MUFAs to PORCN (Rios-Esteves and Resh, 2013). Interestingly,

SCD1 is overexpressed in lung-cancer-initiating cells, and its in-

hibition selectively kills lungCSCs (Noto et al., 2013).Moreover, a

high-throughput screen of a large chemical compound bank

identified several SCD1 inhibitors as specific pluripotent cell in-

hibitors (Ben-David et al., 2013). Our findings are consistent

with these reports and provide new insights into the role of

WNT in bCSC-fate choices by uncovering a regulatory circuit

where miR-600 acts as the master determinant of a key WNT

signaling crossing point. Beside its role in WNT signaling, SCD1

has been described as an important coordinator of the lipid

biosynthesis and energy production (Igal, 2010). Recent studies

have described a specific metabolic activity in the CSC popula-

tion as a crucial element in the maintenance of CSC properties

(for review, see Deshmukh et al., 2016). Based on our results,

SCD1 may be considered an important regulator of the CSC’s

metabolic switch.



Figure 7. Clinical Association between miR-600 Expression and Breast Cancer Prognosis

(A) Stacked bar chart of the relative b-catenin immunostaining proportions (red, membrane; green, nucleus; and blue, no staining) in breast tumor samples.

Patient samples were grouped according to their miR-600 expression level. miR-600high tumors exhibit an absence of b-catenin nuclear staining, whereas 21%of

miR-600low tumors present a nuclear localization of b-catenin (chi-square test, p < 0.035).

(B) Representative tumor sample sections with b-catenin immunostaining (in brown). Left: miR-600high tumor with cytoplasmic andmembrane b-catenin staining.

Right: miR-600low tumor with nuclear b-catenin staining.

(C) Kaplan-Meier overall survival curve according tomiR-600 expression levels in tumors. There is an association between a high level of miR-600 expression and

better overall survival (log-rank test, p = 0.028).
This report links a miRNA to the regulation of bCSC fate. The

clinical relevance of these observations was shown in patient tu-

mor samples where miR-600 overexpression was associated

with an absence of b-catenin activation and a better prognosis.

Given the close relationship between the clinical behavior and

the CSC content of a tumor (Kreso and Dick, 2014), our observa-

tion opens an avenue to develop new therapeutic strategies tar-

geting the miR-600/SCD1/PORCN axis. Moreover, our findings

indicate that miR-600 can be added to the list of feedback

loop regulators controlling WNT signaling. Finding ways to block

these loops is essential in WNT targeting. Besides SCD1 and

PORCN inhibition, nanovectorizedmiR-600 agonist (pre-miRNA)

may potentially represent an efficient anti-CSC therapeutic

approach. Finally, considering the role ofWNT signaling in breast

tumor progression, future studies should examine whether miR-

600 deregulation contributes to breast tumor genesis.

EXPERIMENTAL PROCEDURES

Ethics Statement

Samples of human origin and the associated data were obtained from the

Institut Paoli-Calmettes/Cancer Research Center of Marseille (IPC/CRCM)

Tumor Bank, which operates under authorization number AC-2013-1905

granted by the French Ministry of Research (‘‘Ministère de la Recherche

et de l’Enseignement Supérieur’’). Prior to scientific use of samples and

data, patients were appropriately informed and filed a written consent, in

compliance with French and European regulations. Animal studies were

approved by the INSERM office for Laboratory Animal Medicine (Marseille,

France).
Cell Culture

Three breast cancer cell lines from three distinctmolecular subtypes (SUM149/

Basal, SUM159/Mesenchymal and S68/Luminal) were used in this study. All

BCLs were grown in standard medium as previously described (Charafe-Jauf-

fret et al., 2013). For Wnt3a antibody rescue, miR-600 KD cells were treated

with Wnt3a-neutralizing antibody (R&D Systems) directly added into the me-

dium at 5 mg/mL. Similarly, rescue experiments were performed in miR-600

OE cells using Wnt3a recombinant proteins (0.1 mg/mL) or 100mM of OA-BSA

(Sigma). Conditioned medium (CM) from cells maintained 3 days in culture

was prepared using ultracentrifugal filters (Amicon, 10 kDa). 12 mL CM was

concentrated down to 250 mL before performing rescue experiments. Cell cul-

ture conditions for tumorsphere formation are described in Supplemental

Experimental Procedures.

Breast Cancer Samples

Breast cancer samples were collected from a cohort of 120 consecutive pa-

tients with invasive breast cancers who underwent surgical biopsies or initial

surgery at the Institut Paoli-Calmettes (Marseille, France) during the year

2002. Histoclinical characteristics were established for the 120 breast cancer

samples as described in Table S4. A TMA containing 120 breast cancer cores

from the tumor cohort was constructed and used to evaluate b-catenin pro-

tein expression and localization as described in Supplemental Experimental

Procedures.

Cell Transfection and Miniaturized ALDEFLUOR Assay

We performed two concurrent miRNome-wide screenings in SUM159 cell line

using miRNA OE and KD libraries. KD library contained LNA miRNA inhibitors

with normalized Tm (miRCURY LNA humanmiRNA Inhibitor Library, 1023 LNA

probes, catalog number 190102-00, Exiqon), designed to target and neutralize

954 human miRNAs listed in miRBase v.12. The OE library contained pre-miR

hairpins (1,090 human miRNA precursor library, catalog number AM17102,

Ambion) designed to mimic 1,240 human miRNAs listed in miRBase v.15.0.
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For screening purpose, an automated reverse transfection protocol of LNA

probes or pre-miRs was developed as described in Supplemental Experi-

mental Procedures.

Cell Proliferation Rate

Cells were transfected with siRNAs, pre-miRs or LNAs in 96-well format as

described earlier. 24, 48, and 72 hr post-transfection, cells were fixed in para-

formaldehyde 4% (w/v, Sigma), and nucleic acids were stained overnight with

Hoechst 33342 (5 mg/mL). After replacement of paraformaldehyde (PFA) by

PBS, plates were imaged using an Operetta High Content Imaging device

(103 magnification, nine fields per well). Images acquired in the blue channel

were segmented to detect nuclei, and results were expressed as percentage

of cells relative to the respective negative control (scrambled siRNA or LNA,

value set to 1).

Apoptotic Rate

Cells were analyzed for phosphatidylserine exposure and cell membrane

rupture by an Annexin-V fluorescein isothiocyanate (FITC)/propidium iodide

(PI) double-staining method as described by the manufacturer (Santa Cruz

Biotechnology). Cells cultured in 96-well format were collected 72 hr post-lip-

ofection and subjected to the analysis. A minimum of 10,000 cells per condi-

tion were analyzed by cytometry (Guava Easycyte HT, Merck Millipore).

Annexin-V- and PI-negative cells were considered as viable, while Annexin-

V-positive and PI-negative cells were considered as early apoptotic cells

and double-positive cells were considered as cells in end-stage apoptosis.

ELISA Assay

To measure the level of soluble WNT3a secreted in the culture medium

of breast cancer cell lines, we utilized a human WNT3a ELISA kit from

MyBiosource as described by the manufacturer. Absorbance was read on a

spectro-photometer using 450 nm as the primary wavelength. Each measure-

ment was done in quadruplicate. For each replicate, the total cell number was

evaluated and used to normalize the level of soluble WNT3a detected.

miRNA Extraction and Quantitative Real-Time PCR

MicroRNAs were extracted from cultured cell lines and PDXs using miReasy

micro kit (QIAGEN) and from paraffin-embedded normal and malignant breast

tissues using RecoverAll Total Nucleic Acid Isolation Kit (Ambion). 500 ng

RNA was reverse transcribed in accordance with manufacturer’s instruction

(Superscript II reverse transcriptase, Invitrogen). miRNA expression levels

were quantified using TaqMan probes as described in Supplemental Experi-

mental Procedures.

Animal Models

Two established primary human breast cancer xenografts were generated from

two different patients (CRCM494 andCRCM168) (Charafe-Jauffret et al., 2013).

Tumors were dissociated into single cells and infected overnight at 37�C
with smart choice human lentiviral has-miR600 (GE Healthcare), hsa-miR600-

sponge lentivirus (Creative Biogene), or DsRedcontrol lentivirus in the presence

of Polybrene (10 mg/mL). Infected cells were then cultured in non-adherent con-

ditions for 3days, filtered, anddissociatedusing trypsin0.05% (w/v,Gibco), and

DsRed-positive cells were sorted using an ARIA III cytometer (Becton Dickin-

son). For the limiting dilution assay, sorted cells were suspended in 100 mL of

a mixture of FBS/Matrigel (v/v) (Invitrogen) and injected orthotopically in the

humanized cleared fat padof non-obesediabetic/severe combined immunode-

ficiency (NOD/SCID)mice. Toavoid tumor necrosis, and in compliancewith reg-

ulations foruseof vertebrateanimals in research,animalswereeuthanizedwhen

the tumors reached�1 cm in the largest diameter. A portion of each injected fat

pad was fixed in formalin and embedded in paraffin for histological analysis.

Gene Expression Profiling

RNA expression data were generated using Affymetrix ST2.0 oligonucleotide

microarrays as described in Supplemental Experimental Procedures.

SCD1 30 UTR Reporter Assay

To validate miR-600’s direct interaction with SCD1, we developed a reporter

assay using two plasmids (LightSwitch Luciferase vector) with luciferase
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expression under control of either the wild-type SCD1 30 UTR (SCD1-WT) or

the SCD1 30 UTR with mutations brought into the seed sequence of miR600

site (SCD1 mutant). We also used a Cypridina TK Control Vector (Active Motif)

as reporter of transfection efficiency. 24 hr post-transfection, luciferase

expression was revealed using LightSwitch Dual assay kit (Active Motif) ac-

cording to the manufacturer’s instructions. Data were first normalized to the

Cypridina TK control vector and then expressed as the SCD1-WT/SCD1

mutant ratio.

Wnt Pathways Reporter Assays

Canonical Wnt/b-catenin signaling activation was evaluated using a b-catenin

reporter assay (TOP flash assay), and for the non-canonical WNT signal, we

used an ATF2 reporter assay (QIAGEN). Similar transfection and culture con-

ditions were used for both assays as described in Supplemental Experimental

Procedures.

Free Fatty Acid Methyl Ester Analysis

Lipids corresponding to 1.5 million cells were extracted in dichloromethane/

methanol/water (2.5:2.5:2.1, v/v/v), in the presence of the internal standard

heptadecanoate acid. The lipid extracts were directly methylated in boron tri-

fluoride methanol solution 14% (w/v, Sigma) and heptane at real time (RT) for

10 min. After addition of water to the crude, free fatty acid methyl esters

(FAMEs) were extracted with heptane, dried by evaporation and dissolved in

ethyl acetate. FAMEs were analyzed by gas-liquid chromatography on a Cla-

rus 600 system (Perkin Elmer) using fused silica capillary column (30 m 3

0.32 mm i.d, 0.25 mm, Famewax RESTEK 0.5). The injector and the detector

were heated at 225�C and 245�C respectively.

Statistical Analysis

GraphPad Prism 5.0 was used for data analysis and imaging. Results are pre-

sented as the mean ± SD for at least three repeated independent experiments.

To investigate associations among variables, univariate analysis were per-

formed using non-parametric Wilcoxon rank sum test, chi-square test or

Fisher’s exact test when appropriate. Extreme LDA (http://bioinf.wehi.edu.

au/software/elda/) was used to evaluate bCSC frequency. GSEA significance

cutoffs were FDR < 0.25, p < 0.05. The Kaplan-Meier method was used to

establish survival curves, and curves were compared with the log-rank test.

In all cases, a p value < 0.05 was considered as statistically significant.
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