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SUMMARY
Tumor-initiating cells (TICs) contribute to drug resistance and tumor recurrence in cancers, thus experimental approaches to dissect the

complexity of TICs are required to design successful TIC therapeutic strategies. Here, we show that miRNA-30 UTR sensor vectors can be

used as a pathway-based method to identify, enrich, and analyze TICs from primary solid tumor patient samples. We have found that an

miR-181ahigh subpopulation of cells sorted fromprimary ovarian tumor cells exhibited TIC properties in vivo, were enriched in response to

continuous cisplatin treatment, and showed activation of numerousmajor stem cell regulatory pathways. ThismiRNA-sensor-based plat-

form enabled high-throughput drug screening leading to identification of BET inhibitors as transcriptional inhibitors ofmiR-181a. Taken

together, we provide a valuable miRNA-sensor-based approach to broaden the understanding of complex TIC regulatory mechanisms in

cancers and to identify miRNA-targeting drugs.
INTRODUCTION

Tumor-initiating cells (TICs), or cancer stem cells, are sub-

populations of cancer cells that are enriched in stem-like

properties and drive tumor recurrence in various cancers

(Bonnet and Dick, 1997; Al-Hajj et al., 2003; Kreso and

Dick, 2014). Dissecting the complexities underlying TIC

function is critical toward developing pharmacological stra-

tegies that caneradicate these cells. Several challenges inun-

derstanding TIC functions have emerged over the last few

years as identified by various TIC studies across cancers,

themost important of which in this context are TIC hetero-

geneity and TIC plasticity (Stewart et al., 2011; Meacham

andMorrison, 2013). Enrichmentof TICsbasedonpathway

activity is an emergingapproach inTIC research thatoffers a

potential platform to study TICs in the context of heteroge-

neity and uncover therapies that selectively target this pop-

ulation of cells (Vermeulen et al., 2010; Tang et al., 2015).

Existence of functional crosstalk between major stem cell

regulatory pathways and the need for reliable indicators to

determine the activity status of the pathway of interest in

TIC clones as assessed in standard readout assays (e.g.,

flow cytometry/reporter assays) are main barriers in the
122 Stem Cell Reports j Vol. 12 j 122–134 j January 8, 2019 j ª 2018 The Au
This is an open access article under the CC BY-NC-ND license (http://creativ
pathway-based TIC study approach.Hence, identifyingmo-

lecular entities that can regulate several pathways simulta-

neously coupledwith reliable readout properties can greatly

improve the understanding of TIC function in cancers.

microRNAs (miRNAs) can be interesting candidates in this

context and can offer study approaches that can potentially

overcome the barriers in pathway-based TIC research.

miRNAs are small RNA molecules that mainly regulate

post-transcriptional gene silencing by binding to the

30 UTR of their potential targets, resulting in target mRNA

degradation or translational repression (Ha and Kim,

2014). A single miRNA can thus affect multiple pathways

and, not surprisingly, miRNAs are implicated in regulation

of various aspects of tumorigenesis including regulation of

TIC properties in many cancers (Yu et al., 2007; Shimono

et al., 2009; Yin et al., 2010; Tung et al., 2017; Chen

et al., 2017). Tumor subpopulations could be composed

of cells with varying degrees of miRNA activity; hence,

overexpression or knockdown of miRNAs to the same

extent in all these populations may not reflect the true

biology of miRNAs in these settings. Since 30 UTR-driven

activity is one of the defining traits of miRNA functions,

isolation and characterization of TIC subpopulations in
thor(s).
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cancers based on miRNA 30 UTR activity can overcome the

barriers associated with pathway-based approaches in TIC

research. Isolating target cell populations based on miRNA

activity using miRNA switches has been reported in physi-

ological settings (Miki et al., 2015). Studying TICs in

hematological malignancies utilizing a miRNA 30 UTR

activity-based approach has also been reported (Lechman

et al., 2016). However, the application of miRNA activity-

based tools to enrich for TICs in solid tumors or uncover

miRNA-targeted drugs has not been explored to date.

Epithelial ovarian cancer (EOC) is themost lethal gyneco-

logical malignancy, in which TICs have been shown to be

involved in the emergence of chemotherapy resistance and

tumor recurrence, and to contribute to poor patient survival

(Silva et al., 2011; Garson and Vanderhyden, 2015). One of

the striking features of EOC is that even though the disease

is heterogeneous in origin, the treatment approach has re-

mained mostly homogeneous to date, i.e., platinum-based

therapy has remained the mainstay of EOC treatment in

the last few decades and resistance to platinum-based thera-

pies continues to be the major barrier to eradication of this

disease (Cunnea and Stronach, 2014). Thus, lack of TIC-tar-

geted therapies may represent one of the main reasons for

poor patient survival, and experimental approaches are

required to dissect TIC function in order to develop drugs

that could eradicate these cells. We have previously identi-

fied that highmiR-181a expression correlates with poor sur-

vival in the high-grade serous ovarian cancer (HGSOC)

subtype of EOC and that miR-181a is enriched in recurrent

HGSOC tumors (Parikh et al., 2014). This correlation has

also been shown in numerous other cancers (Pop-Bica

et al., 2018). Most recently a comprehensive TCGA analysis

of 12,000 tumor samples from 33 different cancers showed

that a high level of miR-181 family members correlated

with an mRNA stemness signature (Malta et al., 2018), and

miR-181ahasbeen identifiedas a regulatorofTICs inhepatic

cancer (Ji et al., 2010), thus suggesting that thismiRNA fam-

ily couldbe involved indrivingTICproperties. In the current

study, we have developed a miRNA-sensor-based platform

drivenbymiR-181a30 UTRactivity to enrichTICs inprimary

EOCtumors andhave identifiedmiR-181aas aTICtherapeu-

tic target. We further utilized the miR-181a sensor as a

pharmacological screening platform to identify upstream

regulators of miR-181a function, and uncovered that BET

inhibitors transcriptionally regulatemiR-181a.
RESULTS

miR-181a Induces Stem-like Properties in Non-

transformed Fallopian Tube Secretory Epithelial Cells

Deregulation of adult stem cell drivers is one of the traits

observed in TICs. Several regulators of TICs identified to
date in cancers are in fact the ones that regulate stem-like

properties under physiological conditions in their respec-

tive tissues (e.g., LGR5) (Barker et al., 2007; Shimokawa

et al., 2017). Fallopian tube secretory epithelium (FTSE)

has been identified as the origin of HGSOC, which is the

most common subtype of EOC (Perets et al., 2013). Exis-

tence of a stem cell niche in the fallopian tube suggests a

TIC-based origin of HGSOC (Flesken-Nikitin et al., 2013).

Hence, identifying regulators of stem-like properties in

FTSE cells can lead to characterization of TIC regulators in

EOC. Thus, to investigate the potential role of miR-181a

in driving TIC properties in EOC, we first looked at the

effects of miR-181a upregulation in non-transformed

FTSE cells (FTSE shp53-R24C) (Karst et al., 2011). We

focused on miR-181a, given that this miR-181 family

member is the most highly expressed in HGSOC tumors

(Figure S2A).

Upon stable miR-181a overexpression in FTSE cells we

found increased expression of ALDH1A1 and CD133, es-

tablished as TIC markers in EOC (Figure 1A) (Choi et al.,

2015). We next looked at sphere-initiating cell frequency

in miR-181a-FTSE cells by utilizing in vitro limiting dilu-

tion tumor sphere-formation assay (Rota et al., 2012).

Extreme limiting dilution analysis (ELDA) (Hu and Smyth,

2009) found that miR-181a increased sphere-initiating cell

frequency by �10-fold (Figures 1B and 1C). Conversely,

stable downregulation of miR-181a decreased the expres-

sion of TIC markers ALDH1A1, CD133, and LGR5 (Fig-

ure 1D), which was associated with an 18-fold decrease

in sphere-initiating cell frequency in FTSE-miR-181a cells

(Figure 1E), confirming specificity of miR-181a induced

stem-like phenotype. Next, to assess whether miR-181a

is a critical driver of TIC properties in EOC, we studied

the effects of miR-181a overexpression on TIC properties

in the OV81.2 primary HGSOC cell line model (Nagaraj

et al., 2015a). OV81.2 cells exhibit high ALDH activity

and form tumors at low cell numbers; however, tumor-

initiation ability was significantly higher in OV81.2-miR-

181a overexpressed cells as compared with OV81.2-

control cells (�45-fold increase in tumor-initiating cell

frequency, p = 0.001) (Figures 1F and 1G). These results

support miR-181a as a regulator of stem-like properties

in FTSE cells and primary HGSOC cells and suggest that

miR-181a deregulation could underlie TIC function in

EOC. Thus, we would predict that ovarian tumor cells

with high miR-181a activity could potentially be enriched

in TIC properties.

miR-181a Sensor Enriches for Tumor-Initiating Cells

in Ovarian Cancer

We next set out to isolate miR-181ahigh versus miR-181alow

subpopulation of tumor cells from ovarian tumors by using

an miRNA sensor platform (Mullokandov et al., 2012). The
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Figure 1. miR-181a Induces Stem-like Properties in Non-transformed Fallopian Tube Secretory Epithelial Cells
(A) Real-time PCR showing increased expression of stem cell markers in fallopian tube secretory epithelial (FTSE)-miR-181a cells.
(B) 3D-on-Top Matrigel sphere-formation assay. (Left) 53 light microscopy representative images showing increased sphere-formation by
miR-181a overexpression (3 weeks) and (right) quantification of sphere size.
(C) In vitro limiting dilution sphere-formation assay (LDA) (3 weeks) showing �10-fold increased sphere-initiating cell frequency upon
miR-181a overexpression.
(D) Real-time PCR showing decreased stem cell markers upon miR-181a downregulation in FTSE-miR-181a cells.
(E) In vitro LDA assay (3 weeks) showing�18-fold decreased sphere-initiating cell frequency uponmiR-181a downregulation in FTSE-miR-
181a cells.
(F) ALDEFLUOR flow-cytometry assay showing high ALDH activity in OV81.2 primary HGSOC PDX-derived cell line model (DEAB is an ALDH
inhibitor).
(G) (Left) In vivo tumor-initiation assay showing miR-181a overexpression increases tumor-initiation ability in OV81.2 cells and (right)
ELDA calculation of the tumor-initiating cell frequency showing �45-fold increase in OV81.2-miR-181a cells as compared with OV81.2-
control cells.
*p < 0.05, **p < 0.005, ***p < 0.005.
miR-181a sensor (Figure S1) enabled isolation of miR-

181ahigh and miR-181alow cells from both OCI-P5X

(primaryHGSOCcells [Ince et al., 2015]) andHEYA8 (estab-

lished TIC study model in ovarian cancer [Chau et al.,

2013]) with �4-fold increase in miR-181a expression (Fig-

ures 2A and 2B). Similar to what was observed in the

TCGA dataset (Figure S2A),miR-181awas the predominant

miRNA expressed in both miR-181ahigh and miR-181alow

primary HGSOC OCI-P5X cells as compared with miR-
124 Stem Cell Reports j Vol. 12 j 122–134 j January 8, 2019
181b and miR-181c (Figure S2B), whose expression levels

were below reliable detectable levels. Hence, we focused

on studying miR-181a in the current study. The ability to

initiate tumors at low cell densities is a hallmark of TICs,

thus we first looked at tumor-initiation capacity of miR-

181a sensor-sorted OCI-P5X primary cells. OCI-P5X miR-

181ahigh cells were able to initiate tumors with as few

as 1,000 cells whereas OCI-P5X miR-181alow cells were un-

able to initiate tumors even at 100,000 cells (Figure 2C).



Figure 2. miR-181a Sensor Enriches for TICs in Ovarian Cancer
(A and B) miR-181a sensor-based sorting of mCherryhigh and mCherrylow cells from OCI-P5X cells and HEYA8 cells (A, left and B, left)
(sensor-sorted cells were analyzed three passages after sorting for reporter levels, and we did not observe changes in the reporter fluo-
rescence activity even after 20 passages). Real-time PCR (A, right and B, right) showing �4-fold difference in miR-181a expression in
mCherry sorted cells.
(C) In vivo tumor initiation showing increased tumor formation bymiR-181ahigh primary HGSOC cells as compared with no tumors formed by
miR-181alow primary HGSOC cells at 100,000 cells (day 93) and 1,000 cells (day 121).
(D) In vivo tumor initiation showing increased tumor formation by miR-181ahigh HEYA8 cells (10,000 cells) (day 35).
(E and F) In vivo LDA tumor-initiation assay (E) and ELDA analysis (F) showing increased tumor-initiating cell frequency (�10-fold) in vivo
in miR-181ahigh HEYA8 cells (day 28).
(G and H) Asymmetric and symmetric division of miR-181a sensor-sorted cells: top 10% miR-181ahigh and miR-181alow HEYA8 cells were
sorted into single-cell-capture microfluidic devices and their growth was monitored daily for 15 days. Representative photomicrographs
(G) of miR-181alow/mCherryhigh cell divisions showing these cells were only observed to divide to yield two miR-181alow/mCherryhigh cells.
In contrast, miR-181ahigh/mCherrylow cells divided both symmetrically to yield other mCherry-negative cells and asymmetrically to yield
mCherry dim cells. (H) Summary of all divisions observed after 4 days of growth.
**p < 0.005, ***p < 0.005.
OCI-P5X miR-181alow cells did not form tumors even after

121 days, suggesting it is unlikely that 181alow cells eventu-

ally produce tumors. HEYA8-miR-181ahigh cells exhibited

robust tumor formation (10/10) compared with HEYA8-

miR-181alow cells (7/10) (10,000 cells) (Figure 2D). Further-

more, in vivo limiting dilution tumor-initiation assays
showed �10-fold increase in tumor-initiating cell fre-

quency in HEYA8 miR-181ahigh cells (�1:322) compared

with HEYA8 miR-181alow cells (�1:3,142) (Figures 2E and

2F). miR-181a expression in miR-181ahigh tumors was

�4-fold higher than that of miR-181alow tumors (data not

shown). This is similar to �4-fold difference observed in
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Figure 3. Pathways Enriched in miR-181ahigh Primary HGSOC Cells
(A) PANTHER gene expression analysis of the top 50 genes upregulated or downregulated in miR-181ahigh primary HGSOC (OCI-P5X) cells.
(B) GSEA analysis of the microarray data showing several TIC regulatory pathways enriched inmiR-181ahigh primary HGSOC (OCI-P5X) cells.
miR-181a expression between miR-181ahigh and miR-

181alow cells in vitro. This suggests that miR-181alow cells

are unlikely to revert to miR-181ahigh cells in vivo. We next

assessed asymmetric cell division in these two populations,

given that it is one of the defining traits of TICs and ovarian

TICs are known to exhibit asymmetric cell division (Choi

et al., 2015).We found thatmiR-181alow ovarian tumor cells

exhibited 100% symmetric cell division (relative to miR-

181a) whereas miR-181ahigh ovarian tumor cells exhibited

both symmetric (�65%) and asymmetric (35%) divisions,

further supporting that these cells are enriched in TIC

properties (Figures 2G and 2H). In vitro proliferation rate

did not differ between miR-181alow and miR-181ahigh

ovarian tumor cells, confirming that the differences in

TIC properties between these two populations are not

due to differences in proliferation ability (Figure S3).

Collectively, these results demonstrate the ability of

miRNA 30 UTR sensor to isolate TICs from primary tumors

and also identify miR-181a as a regulator of TIC properties

in EOC.
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miR-181a Sensor Enriches for Multiple TIC Regulatory

Signaling Pathways in Primary HGSOC Cells

Since the miR-181a sensor enabled isolation of ovarian

TICs, we next looked at the pathways enriched in miR-

181a sensor-sorted primary HGSOC cells by microarray

analysis to determine the ability of miRNA sensor to poten-

tially enrich for multiple TIC pathways. PANTHER gene

expression analysis of the top 50 genes upregulated or

downregulated inmiR-181ahigh primary HGOSC cells iden-

tified several classes of genes altered in these cells as

compared with miR-181alow primary HGSOC cells (Fig-

ure 3A). Furthermore, gene set enrichment analysis

(GSEA) of the gene expression profile of miR-181ahigh and

miR-181alow primary HGSOC cells revealed several known

TIC regulatory pathways to be enriched in miR-181ahigh

cells, which correlated with the known fact that miRNAs

regulate several pathways (Figure 3B). Epithelial mesen-

chymal transition (EMT) and transforming growth factor

b (TGF-b) pathways were upregulated inmiR-181ahigh cells,

which correlated with our previous results showing that



miR-181a induces EMT in ovarian cancer by activating

TGF-b through the direct targeting of the inhibitory

SMAD, SMAD7, thus confirming the functional reliability

of the gene expression data (Parikh et al., 2014). In addi-

tion, several known stem cell regulatory pathways such as

interferon-a (IFN-a), tumor necrosis factor a (TNF-a),

PI3K/AKT/mTOR, and MYC were upregulated in miR-

181ahigh cells, showing that miR-181a sensor can enrich

for multiple TIC regulatory pathways (Zhu et al., 2014;

Lee et al., 2012; Xia and Xu, 2015; Dubrovska et al., 2009;

Wang et al., 2008; Yang et al., 2017; Nair et al., 2014).

The pathways enriched inmiR-181ahigh HGSOC cells could

be due to combination of a direct effect of the miRNA and

also an indirect effect due to potential crosstalks between

the pathways. Therefore, we examined the top 100 down-

regulated genes in miR-181ahigh HGSOC cells in compari-

son with miR-181a predicted targets (miRWalk database),

which revealed that �30% of the downregulated genes

in miR-181ahigh HGSOC cells are predicted miR-181a tar-

gets (Table S1). Thus, enrichment of diverse TIC regula-

tory pathways directly or indirectly by miR-181a could

contribute to increased TIC properties of miR-181ahigh

ovarian tumor cells.

miR-181a Sensor Enables Analysis of Ovarian Tumor

Cell Response to Cisplatin in Real Time

The ability of TIC populations to survive standard cyto-

toxic chemotherapy leads to disease recurrence and poor

outcomes. Thus, given that miR-181ahigh ovarian tumor

cells were enriched in TIC properties and miR-181a sensor

provides a real-time platform to assess endogenous miR-

181a activity, we utilized this platform to study the effects

of long-term cisplatin treatment on miR-181a activity

in ovarian tumor cells. Long-term culture of miR-181a

sensor-transduced HEYA8 cells in the presence of cisplatin

(HEYA8miR-181a-sensor-CP10) increased themiR-181ahigh

subpopulation, which correlated with increased miR-181a

expression (Figures 4A and 3B). Control sensor-transduced

HEYA8 cells did not exhibit a decrease in themCherry pop-

ulation upon long-term cisplatin treatment (HEYA8 con-

trol sensor-CP10) (Figure 4A). We next sorted mCherryhigh

and mCherrylow populations from HEYA8 miR-181a-

sensor-CP10 cells (Figure 4C) and assessed their sphere-

initiating cell frequency. HEYA8-miR-181a-sensor-CP10-

mCherrylow (miR-181ahigh) cells exhibited increased

sphere-initiating cell frequency (�12-fold) as compared

with HEYA8-miR-181a-sensor-CP10-mCherryhigh (miR-

181alow) cells, further confirming enrichment of miR-

181ahighTICs in response to cisplatin treatment (Figure 4D).

Long-term cisplatin treatment of miR-181alow cells en-

riched the miR-181ahigh subpopulation (HEYA8 miR-

181alow CP20) that correlated with increased miR-181a

expression, suggesting enrichment of miR-181ahigh cells
in response to selection pressure induced by long-term

treatment with cisplatin (Figures 4E and 4F). Next, we

asked whether the miRNA 30 UTR sensor platform would

be able to isolatemiR-181ahigh ovarian tumor cells from pri-

mary recurrent HGSOC (OV236) tumor cells. We found

that in this recurrent tumor the miR-181ahigh subpopula-

tion of cells exhibited the greatest difference in sphere-

initiating cell frequency compared with all tumors tested.

We observed a �20-fold increase in sphere-initiating cell

frequency in the miR-181ahigh compared with miR-181alow

cells (Figure 4G). These findings raise the possibility that

targeting miR-181a could overcome the barrier of tumor

recurrence by inhibiting TICs in EOC.

miRNA-Sensor-Based High-Throughput Therapeutic

Screen Identifies BET Inhibitors as Potential Inhibitors

of miR-181a

Even though transcriptional regulation of miRNAs forms

a critical step in the regulation of miRNA functions, this

aspect is not very well understood. Identifying upstream

regulatory elements of miRNAs can lead to identification

of inhibitors of these regulatory elements, thus greatly

enhancing the efficacy of miRNA-targeted therapeutics.

Current methodologies to study upstream regulatory ele-

ments of miRNAs are mainly limited to a candidate gene

approach whereby selected genes/pathways are studied

as potential drivers of miRNA expression, thus limiting

the identification of miRNA inhibitors (Niu et al., 2016).

The lack of reliable platforms to identify global regulators

of miRNA transcription is the main barrier toward deci-

phering upstream regulatory elements involved in miRNA

transcription. This, in turn, translates into the lack of

miRNA-targeting drugs in oncology. Since our results

identified miR-181a as a TIC therapeutic target in

EOC, we next set out to test the utility of the miRNA

sensor model as a tool to identify inhibitors of miR-181a

that can be potentially evaluated as TIC-targeting drugs.

For this approach, we first established a 384-well func-

tional platform in which miR-181a inhibition in miR-

181ahigh (mCherrylow) ovarian tumor cells could be

monitored as an increase in mCherry fluorescence readout

(Figure S4). Using this 384-well platform, we treated the

miR-181ahigh ovarian tumor cells with a chemical library

consisting of 3,114 compounds and looked for candidate

drugs that increased mCherry fluorescence, thus identi-

fying them as potential inhibitors of miR-181a expression

(Table S2). Preliminary screening revealed 32 hits (Fig-

ure S5). Further correction for false-positive hits due to

potential autofluorescence properties of the drugs trans-

lated into eight final hits (Figure 5A and Table S2). Inter-

estingly, all eight hits have been previously linked with

targeting TICs (Naujokat and Steinhart, 2012; Yokoyama

et al., 2016) and SC144, an inhibitor STAT3 that regulates
Stem Cell Reports j Vol. 12 j 122–134 j January 8, 2019 127



Figure 4. miR-181a Sensor Enables Analysis of Ovarian Tumor Cell Response to Cisplatin in Real Time
(A) Flow cytometry showing increase in miR-181ahigh (mCherrylow) population in response to long-term cisplatin treatment (10 passages)
in HEYA8 cells transduced with miR-181a sensor (right) compared with no decrease in mCherry fluorescence in control sensor-transduced
HEY8 cells in response to long-term cisplatin treatment (2.5 mM) (left).
(B) Real-time PCR showing increased miR-181a expression in HEYA8-miR-181a sensor-CP10 cells.
(C and D) Flow cytometry (C) showing sorting ofmiR-181ahigh (mCherrylow) andmiR-181alow (mCherryhigh) subpopulations from HEYA8-miR-
181a sensor-CP10 cells, and (D) in vitro LDA assay (3 weeks) showing increased sphere-initiating cell frequency (�12-fold) inmiR-181ahigh

cells sorted from HEYA8-miR-181a-CP10 cells.
(E) Flow cytometry showing increased miR-181ahigh subpopulation in response to long-term cisplatin treatment in HEYA8 miR-181alow

cells.
(F) Real-time PCR showing increased miR-181a expression in miR-181alow cells upon long-term treatment with cisplatin.
(G) In vitro LDA assay (8 weeks) showing increased sphere-initiating cell frequency (�20-fold) in miR-181ahigh cells sorted from primary
recurrent HGSOC cells (OV236).
**p < 0.005.
miR-181a transcription (Niu et al., 2016), supports the

functional reliability of the miRNA-sensor-screening plat-

form. Furthermore, four of the eight hits were epigenetic

regulators or bromodomain and extra-terminal motif

(BET) inhibitors, suggesting an epigenetic regulation of

miR-181a by the BET protein family that has not been re-

ported to date in either cancer or normal physiological

context.
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We next assessed the correlation of cell counts versus

mCherry fluorescence upon treatment with increasing

doses of the identified eight hits. Six hits including the

three BET inhibitors exhibited R2 value of >0.7 in the corre-

lation analysis, further suggesting that BET proteins could

be regulators of miR-181a transcription (Figure 5B and

Table S2). Sarcatinib and NSC319726 exhibited weak corre-

lation and hence were excluded from further analysis. We



Figure 5. miR-181a Sensor Screen Identifies BET Inhibitors as Potential Inhibitors of miR-181a
(A) Final eight hits obtained from miR-181a sensor screen in OVCAR3 miR-181ahigh cells showing epigenetic regulators as the main hits.
(B) Correlation analysis of mCherry fluorescence with cell counts upon treatment with all eight hits obtained from miR-181a sensor screen
showing R2 values >0.7 in 6 of the 8 hits.
(C) Fluorescence imaging of OVCAR3 miR-181ahigh cells showing increased mCherry expression upon treatment with 6 of the 8 hits (10 mM
48 hr) with H342 dye used to detect viable cells.
further confirmed that these six hits increased mCherry

expression in miR-181ahigh cells (Figure 5C and Table S2).

miR-181a Is a Target of BET Inhibitors Across Cancers

We next set out to validate whether miR-181a is a target of

BET inhibitors. BET inhibitors increased mCherry fluores-

cence in the miR-181ahigh subpopulation sorted from

OVCAR3, HEYA8, and primary HGSOC OCI-P5X cells,

further validating the miRNA-sensor-screening results

identifying BET inhibitors as inhibitors of miR-181a in

EOC (Figure 6A). We subsequently confirmed that BET in-

hibitors decreased the expression of miR-181a by Taqman

miRNA assays (Figure 6B). In addition, we looked at the

effect of BET inhibition on miR-181a promoter activity

(Presnell et al., 2015; Bert et al., 2000) to assess whether

miR-181a is a transcriptional target of BET inhibitors. BET
inhibitors decreased miR-181a promoter activity by �70%

in the miR-181ahigh subpopulation sorted from OVCAR3,

showing that miR-181a is a transcriptional target of BET

inhibitors in EOC. Contrastingly, cisplatin increased miR-

181a promoter activity in these cells by more than 1.5-

fold, in accordance with the increasedmiR-181a expression

seen in cisplatin-resistant EOC tumor cells (Figure 6C).

Furthermore, BET inhibition decreasedmiR-181a promoter

activity in the miR-181ahigh subpopulation sorted from

OCI-P5X (�90%) and HEYA8 cells (�80%), and also in

FTSE cells (�90%) (Figure 6D). To assess whether miR-

181a is a conserved target of BET proteins across cancers,

we looked at the effect of BET inhibition on miR-181a pro-

moter activity in breast cancer cells (MDA-MB-231) and

lung cancer cells (H358). BET inhibition decreased miR-

181a promoter activity in both breast cancer (�70%) and
Stem Cell Reports j Vol. 12 j 122–134 j January 8, 2019 129



Figure 6. miR-181a Is a Target of BET Inhibitors
(A) Flow cytometry showing increased mCherry fluorescence upon treatment with BET inhibitors inmiR-181ahigh subpopulation sorted from
OVCAR3-HEYA8 and OCI-P5X cells (10 mM, 48 hr).
(B) Real-time PCR showing decreased miR-181a expression upon treatment with BET inhibitors in OVCAR3-miR-181ahigh cells
(10 mM, 48 hr).
(C) miR-181a promoter reporter assay showing decreased promoter activity upon treatment with BET inhibitors (10 mM, 24 hr) and
increased promoter activity by cisplatin (10 mM, 24 hr) in OVCAR3 miR-181ahigh cells.
(D) miR-181a promoter reporter assay showing decreased promoter activity upon treatment with BET inhibitors (10 mM, 24 hr) in OCI-P5X
miR-181ahigh cells, HEYA8 miR-181ahigh cells, FTSE cells, MDA-MB-231 cells, and H358 cells.
*p < 0.05, **p < 0.005, ***p < 0.005.
lung cancer cells (�90%), thus identifying a hitherto un-

known function of BET protein family as regulators of

miR-181a transcription across cancers (Figure 5D). Given

that the mechanism of BET inhibitors is through the

disruption of bromodomain proteins on to acetylated chro-

matin, we next examined whether the miR-181a promoter

was acetylated. H3K27ac chromatin immunoprecipitation

sequencing revealed that the miR-181a promoter was acet-

ylated and, interestingly, this acetylation increased in

cisplatin-resistant cells (Figure S6). SincemiR-181a is impli-

cated in regulation of various aspects of tumorigenesis

across cancers, these results suggest that the BET-miR-
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181a axis could be a functionally conserved regulatory

axis in cancers; hence, BET inhibitors could potentially be

evaluated as small-molecule inhibitors of miR-181a func-

tion in cancers ormiR-181a could be a potential biomarker

for response.
DISCUSSION

Isolation, characterization, and targeting of TIC clones pre-

sent in a tumor are a major barrier to complete eradication

of all the cancer cells present in a patient. TIC regulators



can differ in patients due to intertumor and intratumor

heterogeneity. An miRNA sensor approach can enhance

the understanding of TIC functions in cancers because (1)

miRNAs regulate multiple pathways, and thus miRNA ac-

tivity can potentially enrich for multiple TIC clones in pri-

mary tumors, and (2) miRNA function can be assayed by

30 UTR activity, and hence status of miRNA function can

be reliably assayed in TIC clones in real time in response

to genetic/pharmacological modulation.

Our results also demonstrate the importance of including

non-transformed cell models to identify TIC regulators in

cancers. Increased stem-like properties by miR-181a in

non-transformed FTSE cells prompted us to investigate

stem-like properties in miR-181ahigh and miR-181alow sub-

populations in EOC tumors, thus identifying miR-181a as

a regulator of TIC functions. Several predicted targets of

miR-181a were enriched in miR-181ahigh primary HGSOC

cells. For example, PARK2 (Parkin), which was one of the

predicted miR-181a targets that was downregulated in

miR-181ahigh HGSOC cells and has been characterized as a

target of miR-181a in neuroblastoma cells (Cheng et al.,

2016), is a negative regulator of PI3K/Akt pathways (Gupta

et al., 2017). In addition, loss of PARK2 is reported to be

associated with increased levels of cytokines such as

TNF-a (Lee et al., 2016). Hence, downregulation of PARK2

in miR-181ahigh HGSOC cells could be one of the mecha-

nisms activating TNF-a and PI3K/Akt pathways in these

cells. Furthermore, IRF8, which is a predicted miR-181a

target downregulated in miR-181ahigh cells, is a negative

regulator of the IFN pathway and could contribute to the

increased IFN-a pathway we observed in miR-181ahigh

HGSOC cells (White et al., 2016). Furthermore, ongoing

studies in our laboratory have identified functional interac-

tion of miR-181a with MYC in regulating HGSOC patho-

genesis, which correlates with enrichment of the MYC

pathway in miR-181ahigh HGSOC cells (our unpublished

data). In addition, it has been previously shown that miR-

181 is sharply induced in Myc-induced differentiated em-

bryonic stem cells and tumor cells (Lin et al., 2009); thus,

enrichment of the MYC pathway in the miR-181ahigh

HGSOC cells may be due to the upstream regulation of

miR-181a by MYC. Activation of the Akt pathway by miR-

181a has been reported, and hence this pathway could

function downstream of miR-181a in HGSOC (Strotbek

et al., 2017). Activation of PI3K/Akt pathway is known to

induce MYC stabilization, and synergy between these two

pathways is reported in cancers (Tsai et al., 2012; Sander

et al., 2012), suggesting that crosstalk between enriched

pathways could also be an important contributor to the

increased TIC phenotype in miR-181ahigh HGSOC cells.

In this study we have identified a hitherto unknown role

of miR-181a in driving tumor recurrence in HGSOC, and

show that (1)miR-181ahigh ovarian tumor cells are enriched
in TIC properties and (2) themiR-181ahigh subpopulation of

ovarian tumor cells is enriched in response to cisplatin

treatment. miR-181a is reported to be induced by cisplatin

treatment in lung cancer (Galluzzi et al., 2010), and our

results show that cisplatin induces miR-181a promoter

activity. Thus, both selection of miR-181ahigh cells and in-

duction of miR-181a in response to cisplatin treatment

can contribute to enrichment of miR-181ahigh cells upon

cisplatin treatment. Moreover, miR-181a could be a com-

mon driver of both intrinsic stem-like properties in ovarian

tumor cells, and also acquired stem-like properties in

response to selection pressure induced upon cisplatin treat-

ment. These data have been recently supported and

expanded to other cancers through the comprehensive

TCGA analysis of 12,000 tumor samples from 33 different

cancers, which revealed thatmiR-181 expression in several

different cancers correlated with a highmRNA stemness in-

dex (Malta et al., 2018). Hence, miR-181a inhibition could

be evaluated as an miRNA therapeutic approach targeting

TICs to overcome the barrier of tumor recurrence in EOC

as well as several other cancers.

One of the main barriers for advancements in miRNA

therapeutics is the lack of in-depth understanding of tran-

scriptional regulation ofmiRNAs in both physiological and

cancer settings. Here, we have identified a role for BET in-

hibitors as miRNA modulators in EOC, in particular as

miR-181a inhibitors. BET inhibitors are being explored as

potential anti-cancer drugs in clinical trials across multiple

cancers (Fujisawa and Filippakopoulos, 2017). BET inhibi-

tion is being evaluated as a potential therapeutic strategy

in EOC, and BET inhibition is reported to decrease the

expression of stemness-regulating genes and to overcome

cisplatin resistance in EOC (Yokoyama et al., 2016). The

miR-181ahigh subpopulation in EOC could represent a po-

tential TIC clone that could be targeted by BET inhibitors.

However, since BET proteins regulate amultitude of cellular

processes in cancers (Fujisawa and Filippakopoulos, 2017),

several miRNAs could be targeted by BET inhibition in

EOC. Changes in miRNAome induced by BET inhibition

are not understood in EOC and, hence, functional charac-

terization of miRNAome targeted by BET inhibitors in EOC

is important to establish these drugs as miRNA-targeting

drugs in EOC. Since miRNAs are established as reliable bio-

markers in various cancers including EOC (Nagaraj et al.,

2015b), miRNAs can be employed as biomarkers for both

patient stratification and monitoring therapeutic efficacy

of BET inhibition in EOC, thus enhancing the translational

potential of BET inhibition in EOC with potential exten-

sion to other cancers.

By developing anmiRNA-30 UTR sensor platform and us-

ing it to explore the role of miR-181a in EOC, we have (1)

simplified the understanding of functional complexity in

TICs and expedited the journey toward near complete
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isolation of multiple TIC clones in tumors, (2) identified a

reliable approach to find small-molecule inhibitors of

miRNA function that can greatly enhance the translational

potential of miRNA therapeutics in both cancer and phys-

iological contexts, and (3) uncovered a potential clinical

biomarker for response to BET inhibitors.
EXPERIMENTAL PROCEDURES

Cell Culture and Reagents
Cells were cultured in 10-mm plates in a humidified atmosphere

(5% CO2) at 37�C. At 70%–90% confluence, trypsin (0.25%)/

EDTA solution was used to detach the cells from the culture plate

for passaging and used for further experiments until passage 20.

FTSE cells (DMEM-F12medium), OVCAR3, HEYA8, and H358 cells

(RPMI medium), and MDA-MB-231 cells (DMEM medium) were

cultured in their respective media supplemented with 10% fetal

bovine serum (FBS) (Gibco) and 1% PenStrep (PS) (Gibco). Primary

HGSOC cells (OCI-P5X,OV236) were cultured inOCMI-Lmedium

(Liver Tumor Culture Core, University of Miami) supplemented

with 2.5% heat-inactivated FBS (Gibco) and 1% PS. OCI-P5X cells

were purchased from Liver Tumor Culture Core, University of

Miami. Matrigel was purchased from Corning (NY). Cisplatin

was purchased from Mount Sinai Hospital Pharmacy. miR-181a

lentiviral overexpression and the control vector were purchased

fromBiosettia (SanDiego, CA).miR-181a antagomiR lentiviral vec-

tor and the control vector were purchased from Genecopoeia

(Rockville, MD). miR-181a antagomir and the corresponding

negative control for transient transfections were purchased from

Dharmacon. BET inhibitors were purchased from Selleckchem

(Houston, TX).

Tumor-Initiating Cell Assays
For limiting dilution sphere assays, a BD FACSAria II sorter was

used to sort cells directly into 96-well ultra-low attachment

(ULA) plates (Corning, NY) in 200 mL of mammocult medium

(STEMCELLTechnologies, Vancouver, Canada) per well. After indi-

cated time points, the number of wells with tumor spheres was

counted and the datawere analyzed by the ELDAplatform to deter-

mine the sphere-initiating cell frequency. At each cell dosage three

biological replicates were used for in vitro LDA assays. Each repli-

cate was sorted in eight wells in ULA plates per cell dosage. For

in vivo tumor-initiation assays, miR-181ahigh and miR-181alow cells

were resuspended in cell culturemediumwithMatrigel in 50:50 ra-

tios and injected subcutaneously in NU/NU mice, and tumor for-

mation was assessed. For in vivo LDA assays, ten mice were studied

in each group with OCI-P5X and HEYA8 cells, and four mice were

studied in each group with OV81.2 cells. Tumor volume was esti-

mated by standard caliper measurement (V = L 3 W2/2). The

ELDA platform was employed to determine the tumor-initiating

cell frequency. Symmetric and asymmetric cell division experi-

ments were performed as described previously (Choi et al., 2015).

Statistical Analysis
Unless otherwise noted, data are presented as mean ± SD from

three independent experiments, and Student’s t test (two-tailed)
132 Stem Cell Reports j Vol. 12 j 122–134 j January 8, 2019
was used to compare two groups (p < 0.05 was considered signifi-

cant) for independent samples.
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