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In Brief

Micro-RNAs (miRNAs) are important

modulators of gene expression, providing

an additional layer of post-transcriptional

regulation. In epithelial-mesenchymal

transition (EMT), interactions between

miRNAs and key transcription factors

allow for switching between phenotypes.

We identify a set of miRNAs co-regulated

during breast cancer EMT and

demonstrate that treatment with

combinations of pro-epithelial miRNAs at

very low concentrations can drive highly

specific phenotypic change with fewer

off-target effects than individual miRNA

overexpression. Our results suggest co-

operative interactions should be

considered when studying miRNA

function.
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SUMMARY

MicroRNAs (miRNAs) are important post-transcrip-
tional regulators of gene expression, functioning in
part by facilitating the degradation of target mRNAs.
They have an established role in controlling epithe-
lial-mesenchymal transition (EMT), a reversible
phenotypic program underlying normal and patho-
logical processes. Many studies demonstrate the
role of individual miRNAs using overexpression at
levels greatly exceeding physiological abundance.
This can influence transcripts with relatively poor tar-
geting and may in part explain why over 130 different
miRNAs are directly implicated as EMT regulators.
Analyzing a human mammary cell model of EMT we
found evidence that a set of miRNAs, including
the miR-200 and miR-182/183 family members, co-
operate in post-transcriptional regulation, both
reinforcing and buffering transcriptional output.
Investigating this, we demonstrate that combinato-
rial treatment altered cellular phenotype with miRNA
concentrations much closer to endogenous levels
and with less off-target effects. This suggests that
co-operative targeting by miRNAs is important for
their physiological function and future work classi-
fying miRNAs should consider such combinatorial
effects.

INTRODUCTION

Epithelial-mesenchymal transition (EMT) is a reversible pheno-

typic switch that has gained significant attention due to its role

in both normal physiological (e.g., gastrulation and wound heal-

ing) and pathological (e.g., fibrosis, metastasis, and chemo-
Cell Systems 7, 77–9
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resistance) processes (Ye and Weinberg, 2015). Many aspects

of EMT regulation are well known: it is driven by co-ordinated

changes in gene expression, controlled by both transcription

factors (particularly the ZEB, SNAIL, and TWIST families) and

miRNAs (such as the miR-200 family) linked through multiple

co-regulatory relationships (Bracken et al., 2016; Lu et al.,

2013; Friard et al., 2010; Gosline et al., 2016; Re et al., 2009).

Many studies investigating the role of specific miRNAs have em-

ployed overexpression or ectopic exposure at concentrations

greatly exceeding physiological abundances. Given that miRNA

binding affinities are dose dependent, this overexpression likely

has a multitude of off-target effects, influencing gene transcripts

that are not functional targets at endogenous miRNA levels

(Witwer and Halushka, 2016). EMT-promoting stimuli (such as

transforming growth factor b [TGF-b]) cause changes in the

expression of multiple miRNAs, but induced abundances are

typically far lower than those achieved by transfection with

miRNA mimics. This suggests a discrepancy between the func-

tion of miRNAs with moremodest endogenous expression levels

and the effect of individual miRNAs when expressed at levels far

beyond their physiological concentration. We hypothesized that

the co-operative actions of multiple miRNAsmay thus contribute

to their function in controlling EMT.

The role of somemiRNAs in EMT is well established; however,

over 130 different miRNAs have been directly implicated in regu-

lating EMT (Table S1), raising questions about the effects of

common experimental manipulations (e.g., miRNA overexpres-

sion) and the extent to which these relationships are biologically

meaningful or a reasonable reflection of endogenous function.

As miRNAs can directly regulate a multitude of targets, there

has been a focus on their characterization following manipula-

tion; however, it appears that the primary effects of miRNA

perturbation are mediated by transcription factors (Gosline

et al., 2016), and thus by solely characterizing direct targets,

the field has failed to capture the impact of miRNAs upon regu-

latory networks. Furthermore, it was recently reported that

many predicted miRNA targets are functionally insensitive at
1, July 25, 2018 ª 2018 The Authors. Published by Elsevier Inc. 77
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endogenous miRNA levels and many miRNA target sites identi-

fied by computational algorithmsmay be conserved due to other

evolutionary drivers (Pinzón et al., 2017).

Significant questions remain regarding the role of miRNAs in

EMT regulation: which miRNAs are truly capable of regulating

the EMT/mesenchymal-epithelial transition (MET) process

in vivo and during cancer progression; to what extent do

miRNAs regulate EMT at physiological concentrations; what

are the endogenous roles of individual miRNAs given that

EMT-promoting stimuli drive co-ordinated up- and downregula-

tion for dozens of miRNAs? To address these questions, we

combined computational and experimental methods to identify

co-regulated miRNAs that have the potential for functional co-

operation during EMT. We explore the contribution of endoge-

nous miRNAs to the regulation of EMT/MET and demonstrate

that the combinatorial activities of co-regulated miRNAs is cen-

tral to their natural function. To an extent, these co-operative

functions can be achieved by the massive overexpression of in-

dividual miRNA components but this fails to fully re-capitulate

the endogenous function and is associated with off-target

effects.

We demonstrate that miRNAs provide a secondary regulatory

layer after transcription, amplifying transcriptional effects on

relevant EMT-associated processes (such as cell adhesion and

extracellular matrix organization) while simultaneously buffering

transcriptional effects on non-EMT genes. We also show that,

at physiologically relevant expression levels, EMT is regulated

by multiple miRNAs acting in a combinatorial manner. We

observe a dominant role for miR-200c-3p, which is augmented

by miR-141-3p, miR-182-5p, and miR-183-5p; these miRNAs

are not only simultaneously suppressed during TGF-b-induced

EMT and co-regulated across a large cohort of breast cancer

samples, but computational analyses also suggest functional

co-operation, co-targeting genes that are in close proximity

within protein interaction networks. Furthermore, as miRNA

function is proportional to abundance, we find that transfection

with multiple miRNAs at sub-nanomolar concentrations is suffi-

cient to regulate EMT without off-target effects that are evident

at high concentrations. While this work seeks to better under-

stand co-ordinated regulation of the EMT process, we anticipate

that our findings of the importance of co-operative miRNA func-

tion at non-supra-physiological levels, and the global role of

miRNAs in supporting and modulating transcriptional output,

should be applicable to all miRNA systems.

RESULTS

The HMLE Cell Model of EMT Shares a Transcriptional
Profile with Claudin-Low Metaplastic Tumors
Following prolonged (24-day) exposure to TGF-b, human

mammary epithelial (HMLE) cells establish a stable sub-line

(MesHMLE) with morphological (Figure 1A), protein (Figure 1B),

and mRNA transcript (Figure 1C) changes indicative of EMT.

Subsequent overexpression of miR-200c (MesHMLE + miR-

200c) is sufficient to reverse morphological changes (Figure 1A)

consistent with MET. However, molecular changes suggest MET

is partial, with VIM (vimentin) remaining high despite increased

CDH1 (E-cadherin) and reduced ZEB1 expression (Figures 1B

and S1A).
78 Cell Systems 7, 77–91, July 25, 2018
We have previously examined the relative molecular pheno-

types of cells on a 2D epithelial and mesenchymal landscape

(Foroutan et al., 2017). To characterize our model system,

gene set scores for the HMLE cell system (Figure 1D) were

compared with TCGA breast cancer samples (The Cancer

Genome Atlas Network, 2012) and a number of established

breast cancer cell lines (Daemen et al., 2013; Heiser et al.,

2012). The TGF-b-driven HMLE to MesHMLE transition is asso-

ciated with a large reduction in epithelial score and a smaller in-

crease in the mesenchymal score (Figure 1D). The subsequent

MesHMLE + miR-200c cells have a similar mesenchymal score

to the original HMLE cells, but only a partial restoration of the

epithelial phenotype. This is consistent (Figures 1A–1C) and

supports the notion of partial MET driven by exogenous miR-

200c exposure. MesHMLE cells also show a similar molecular

phenotype to basal B claudin-low cell lines (Blick et al., 2008)

(Figure S1B) and have scores similar to a rare subset of TCGA

breast cancer samples that typically have ametaplastic histolog-

ical annotation (Table S2A; Figure S1C). These cancers are

characterized by lower expression of epithelial markers and

higher expression of mesenchymal markers than other samples

(Figure S1D).

Post-transcriptional Gene Regulation Simultaneously
Reinforces and Buffers Transcriptional Changes
During EMT, complex changes in gene expression are co-ordi-

nated through transcriptional and post-transcriptional regula-

tion, largely governed by transcription factors (TFs) andmiRNAs,

respectively. To assess their contributions we used exon-intron

split analysis (EISA) (Gaidatzis et al., 2015): as most miRNA-

mediated post-transcriptional regulation occurs after transcripts

are exported from the nucleus to the cytoplasm, intronic read dif-

ferences between two conditions (Dintron) are indicative of

altered gene transcription, whereas differences between exon

and intron read changes (Dexon – Dintron) suggest altered

post-transcriptional regulation. To ensure that the Dintron and

Dexon –Dintron data were robust to alignment and quantification

methods, an alternative pipeline was run in parallel; the resulting

data were largely consistent (Figure S2).

The EISAmetrics show that transcriptional and post-transcrip-

tional regulation can either work in unison or opposition. Genes

that are both transcriptionally and post-transcriptionally upregu-

lated or downregulated we annotate as ‘‘co-ordinately

increased’’ (CI) or ‘‘co-ordinately decreased’’ (CD). Genes where

the transcriptional increase is counteracted by post-transcrip-

tional downregulation (or vice versa) we label as ‘‘increased,

buffered’’ (IB) and ‘‘decreased, buffered’’ (DB) (Figure 2A;

Table 1). Comparing HMLE and MesHMLE cells we expect

post-transcriptionally downregulated genes to be targeted by

miRNAs associated with a mesenchymal state. Conversely, the

loss of repression from miRNAs predominantly expressed in

the epithelial state would drive post-transcriptional upregulation.

There was a marked difference in the enrichment of gene

ontology terms, with genes subject to co-ordinated regulation

highly enriched for processes central to EMT (Figure 2B). For

example, terms including ‘‘extracellular matrix’’ and ‘‘cell migra-

tion’’ were enriched for the CI gene set, while CD genes were

involved in processes such as ‘‘cell junction organization’’ and

‘‘epithelial cell development.’’ In contrast, genes with buffered



Figure 1. Characterizing Our Human Cell-

Line Model of EMT

(A) The morphology of HMLE, MesHMLE

(HMLE +24 days TGF-b), and MesHMLE cells

exposed to 20 nMofmiR-200cmimic (MesHMLE +

miR-200c). Scale bar, 100 mm.

(B) Western blots showing protein expression for

selected epithelial (E-cadherin, encoded byCDH1)

and mesenchymal (ZEB1, vimentin) markers.

(C) Gene expression changes from RNA se-

quencing (RNA-seq) and qPCR transcript abun-

dance data. GAPDH was used for qPCR normali-

zation and ACTB is an internal control. Error bars

represent SD.

(D) A density plot of epithelial and mesenchymal

score for TCGA breast cancer samples (hexbin),

overlaid with a scatterplot of epithelial and

mesenchymal scores for individual breast cancer

cell lines. The epithelial and mesenchymal gene

sets derived by Tan et al. (2014) have distinct cell

line and tissue signatures to account for the more

complex composition of tissue, however, factors

such as sample purity may influence the tran-

scriptional profile.
expression had far less enrichment, indicating diverse genes

with no strong functional similarity. Terms significant for the buff-

ered sets were associated with relatively small numbers of genes

and had no obvious EMT link.

During EMT miRNAs Co-regulate Functionally Related
Transcripts
Within gene regulatory networks ‘‘feedback motifs’’ between

miRNAs and TFs are relatively common, and specific relation-

ships, such as that between miR-200 and the ZEB transcription
factors (Bracken et al., 2015, 2016), are

known to underpin EMT. The transcrip-

tomic changes we observe during HMLE

cell EMT (Figure 2) speak to a broader de-

gree of transcriptional and post-transcrip-

tional co-regulation, with miRNAs acting

to both reinforce TF activity and buffer

genes with altered transcription that are

not essential for EMT.

Thus we sought to characterize the

roles of endogenous miRNAs in co-ordi-

nating EMT gene regulation. We ranked

miRNAs by their relative abundance

and magnitude of differential expression

(Figure 3A). In general, miRNAs that

decreased have been described as pro-

epithelial and associated with MET, while

miRNAs that increased in abundance are

generally pro-mesenchymal and associ-

ated with EMT (Table S1). An exception

is miR-204 which has been described as

pro-epithelial in a number of studies,

but undergoes a large increase in abun-

dance with the HMLE-to-MesHMLE tran-

sition (Figure 3A). Epithelial- and mesen-
chymal-specific expression of the EMT-responsive miRNAs

were also seen in TCGA breast cancer data, with a particularly

strong positive correlation with epithelial score and negative cor-

relationwithmesenchymal score found for themost ‘‘pro-epithe-

lial’’ miRNAs (Figure 3B).

To determine the contribution of eachmiRNA from Figure 3A in

directly controlling gene expression, we calculated the relative

enrichment of high-confidence predicted targets within each of

the EISA-partitioned gene sets (Figure 3C). Genes post-tran-

scriptionally upregulated during EMT (the CI and DB gene sets)
Cell Systems 7, 77–91, July 25, 2018 79
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Figure 2. Post-transcriptional Regulation Can

Reinforce or Buffer Transcriptional Changes

Associated with Specific Biological Processes

(A) The categories into which genes were classified

using exon-intron split analysis (EISA).

(B) For each gene set the number of significant gene

ontology (GO) annotations is shown, grouped across

GO category list size and the degree of statistical

support (log10(p value)). For visualization only signifi-

cant (adjusted p value < 1 3 10�3) groups with a

minimum GO list size of 40 are plotted (3D histo-

grams), while the largest and most significant GO

categories are listed. More comprehensive lists are

given in Table S3.
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Table 1. Gene Sets Partitioned by mRNA Abundance Changes

Metric Partitioned

Gene Set Label

Co-ordinated

Increase

Decreased,

Buffered No Change

Increased,

Buffered

Co-ordinated

Decrease

Dintron top 15% bottom 15% �0.1 -> 0.1 (30th–47th %ile) top 15% bottom 15%

Dexon – Dintron top 15% top 15% �0.1 -> 0.1 (46th–65th %ile) bottom 15% bottom 15%

Differential transcript abundance – – �0.3 -> 0.31 (31st–66th %ile) – –

Gene sets were partitioned using thresholds against mRNA differential expression and exon-intron split analysis (EISA) metrics.
are enriched for pro-epithelial miRNA target sites (Figure 3C,

upper panel), consistent with a loss of repression across these

genes as epithelial miRNA expression decreases during EMT.

The greatest relative enrichment of target sites is consistently

seen within the DB gene set, suggesting particularly important

roles for miRNAs in buffering unrelated transcription. Targets

for epithelial miRNAs are under-represented among post-tran-

scriptionally downregulated genes (the IB and CD gene sets,

upper panel). The absence of clear trends for predicted targets

of EMT upregulated miRNAs (Figure 3C, lower panel), coupled

with less-concordant changes for these miRNAs in TCGA data

(Figure 3B) suggests a dominant role for miRNAs associated

with a more differentiated epithelial state.

As multiple miRNAs appear co-regulated between epithelial

and mesenchymal states, both in our HMLE model and in

TCGA, we further investigated co-ordinated miRNA function

through co-operative regulation. Correlated expression was

examined between pairs of miRNAs across breast cancer sam-

ples (Figure 3D, top right), revealing extensive co-regulation

among epithelial and mesenchymal miRNAs (Figure 3D, red

shading of the upper left and lower sections) and, in general, a

slightly weaker inverse association when comparing epithelial

and mesenchymal miRNAs (Figure 3D, light blue shading of

upper right panel). Most positively correlated miRNA pairs,

such as miR-200c/miR-141 and miR-182/miR-183, are encoded

at genomic loci within 20 kb of each other (Figure 3D, bottom left,

green shading), and correlations likely reflect their polycistronic

clustering. However, moderate positive correlation in the

expression of non-polycistronic miRNAs, such as the miR-200

and miR-182/183 clusters, suggest co-regulation. The miRNAs

co-expressed our HMLE system also show similar associations

across a broader set of primary cell lines from the microRNAome

(McCall et al., 2017) (Figures S3A and S3B).

We hypothesized that miRNAs amplify their function through

co-regulation and co-operative targeting of functionally related

transcripts. This might be evident as direct co-targeting of a tran-

script by co-expressed miRNAs, or by targeting of transcripts

that encode proteins with functional relationships (e.g., direct

protein-protein interactions [PPIs]; Figure S4). To assess this

we constructed a regulatory network containing miRNAs with

large changes in abundance during HMLE cell EMT (Figure 3A)

and predicted targetmRNA transcripts, with known protein inter-

actions between targets. The resulting network (Figure S5) con-

tains 13,851 nodes (20miRNAs and 13,831mRNAs) and 147,487

edges (42,908 predicted miRNA:mRNA interactions without

filtering, and 104,578 protein interactions). It is difficult to distin-

guish structure within such complex networks so we used

network topology metrics to quantify miRNA co-regulation (Fig-
ure S4). In particular, we assessed miRNA direct co-targeting by

testing the null hypothesis that target overlap frequency is inde-

pendent between miRNAs (Figure 3E, top right). Between many

pro-epithelial miRNAs downregulated during EMT there was

particularly strong evidence against this (indicated by red

squares; adjusted p value < 1 3 10�3), suggesting enriched

co-targeting of individual genes. This was particularly evident

between miR-200b-3p, miR-200c-3p, miR-141-3p, and miR-

182-5p (and expected formiR-200b-3p andmiR-200c-3p, which

share a seed sequence).

We also quantified the connectivity of high-confidence pre-

dictedmiRNA target genes in the context of PPI networks, exam-

ining the density of bipartite graphs induced from paired miRNA

target lists to quantify co-targeting around protein interactions

and complexes (Figure 3E, bottom left). This shows relatively

high co-targeting between pro-epithelial miRNAs, suggesting

another dimension of co-operation between these miRNAs.

With the exception of miR-381-3p, which has a very large num-

ber of targets, this predicted co-regulation is largely absent for

pro-mesenchymal miRNAs, again consistent with the notion

that epithelial-associated miRNAs have a dominant role in

orchestrating epithelial-mesenchymal plasticity (EMP). We also

examined correlations between the abundance of miRNAs ex-

pressed across a number of primary cell lines (Figure S3A), which

included several miRNAs studied here (Figure S3B). We identi-

fied miRNAs with a strong cross-correlation (i.e., within the top

1 percentile of Figure S3A) and performed the co-targeting anal-

ysis across an expanded set of miRNA pairs (Figure S3C),

revealing a number of cross-correlated miRNA pairs (beyond

themiRNAs studied here) with evidence for co-targeting (Figures

S3B and S3D).

These results show highly co-regulated expression between

epithelial miRNAs, especially the miR-200c/141 and miR-182/

183 clusters (Figure 3A, 3C, and 3D), as well as evidence of

co-operative function through both direct overlap of target tran-

scripts, and through regulation of functionally interacting targets

(Figure 3E).

Multiple miRNAs Act in a Combinatorial Manner to
Promote MET
We tested the functional significance of these predicted co-reg-

ulators by re-expressing combinations of pro-epithelial miRNAs

in MesHMLE cells and investigating the resulting MET. Based

upon titrations of miR-200c mimics we selected a concentration

of 0.2 nM (far lower than the 5–20 nM typically used) for subse-

quent miRNA transfection into MesHMLE cells. At this abun-

dance, only miR-200c was sufficient to induce epithelial marker

genes (Figure 4A). While miR-141, miR-182, and miR-183
Cell Systems 7, 77–91, July 25, 2018 81
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Figure 3. miRNAsUndergoing Large Changes in Abundance during HMLECell EMT ShowConcordant Changes within TCGAData andOver-
lap in their Predicted Target Genes

(A) miRNAs were selected by relative abundance (summed across both states) and differential expression between HMLE and MesHMLE cells (details in the

STAR Methods); the top 20 miRNAs are shown, split by the direction of their change in abundance.

(B) Correlations between miRNA abundance and epithelial score or mesenchymal score across metaplastic TCGA breast cancer samples (Table S2B;

ntumours = 16).

(legend continued on next page)
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individually had no effect on epithelial gene expression they

acted in a co-operative manner with miR-200c, indicating the

importance of combinatorial miRNA activity at abundances at

least an order of magnitude lower (and closer to natural levels

of expression) than those at which miRNAs are typically

manipulated.

Conversely, treatment of epithelial HMLE cells with combina-

tions of antagomiRs did not appear to drive EMT to the same

extent. AntagomiRs against all four miRNAs led to minor

repression of ESRP1 (p % 1.84 3 10�2; all combined antago-

miRs against control) and minor upregulation of SNAI1,

but had little effect on the mRNA abundance of other EMT

markers tested (Figure S7A). It is important to note that

ZEB1 and ZEB2 transcripts are present at almost unde-

tectable levels in HMLE cells (Figure S7B) and relative to the

MesHMLE state, these genes are depleted for activating

histone marks and enriched for repressive histone marks

(Figure S7C). This suggests that these TFs are downregulated

through epigenetic mechanisms, and miRNAs may not be the

dominant suppressors under stable epithelial conditions.

Consistent with this, SNAI1, which had a minor increase in

mRNA abundance with combined antagomiR treatment (Fig-

ure S7A), is not as strongly regulated by histone modifications

(Figure S7C).

The relative contribution of miR-183 or miR-182 to epithelial

gene expression is dependent upon the gene in question: upre-

gulation of CDH1 depends upon miR-200c and miR-182,

whereas CDS1 is more reliant on miR-200c and miR-183 (Fig-

ure 4B). Further, although miR-200c drives the regulation of

epithelial genes, the miR-183/-182 family primarily suppresses

VIM (Figure 4C), probably through an indirect mechanism, as

neither TargetScan nor DIANA-microT predict VIM targeting

by either miRNA. A more prominent suppression of VIM and

ZEB1 proteins was observed for the miR-183/-182 and miR-

200 families, respectively (Figures 4C and 4D), under these

conditions.

A large increase in miR-204 abundance was observed with the

HMLE-to-MesHMLE transition (Figure 3A), contradicting a num-

ber of studies that have implicated miR-204 as pro-epithelial

(Table S1). We expressed miR-204 alone at varying concentra-

tions, and together at low levels with miR-200c (Figure 4E). In

this context, miR-204 alone (even at 20 nM) had no effect on

CDH1, CDH2, and ESRP1 mRNA abundance, and only minor

repressive effects upon ZEB2 andDSG3 (consistent with an indi-

vidually pro-epithelial role, at least when overexpressed). When

co-expressed with miR-200c, however, miR-204 antagonized

epithelial gene induction, suggesting that it may promote a

mesenchymal phenotype. This emphasizes the importance of

testing miRNA function at physiological levels and in the context

of other miRNAs, and may explain contradictory reports of

this apparently pro-mesenchymal miRNA promoting epithelial

characteristics.
(C) Relative enrichments of high-confidence predicted targets (top 5% of Targe

gene sets (as in Figure 2A).

(D) Pearson’s correlation for each pair of miRNAs across all TCGA breast cancer s

tissue samples, together with the genomic distance between miRNAs located on

(E) Several metrics were applied to measure miRNA target set interactions (Figu

protein interactions between the targets of each miRNA pair is shown on the bo
Ectopic miRNA Expression Effects Genes that Are Not
Functional Targets at Endogenous miRNA Levels
Supra-physiological miRNA concentrations (5–20 nM) may influ-

encemRNA transcripts that are not functionally regulated by that

miRNA at endogenous levels (Mayya and Duchaine, 2015;

Witwer and Halushka, 2016). Further, computational databases

may over-predict the number of transcripts functionally regu-

lated by miRNAs at endogenous expression levels (Pinzón

et al., 2017). To test this we compared EISA data for predicted

miR-200c targets during TGF-b-driven EMT against miR-200c-

driven MET, which involved exposure to ectopic miRNA at a

concentration (20 nM) well in excess of physiological levels

(Figure 5).

As noted earlier, non-zero values for Dintron are indicative of

altered transcription, while Dexon – Dintron indicates altered

post-transcriptional regulation. For reference, distributions for

all mRNAs are shown (Figure 5, top row) with density contours

superimposed upon plots of predicted target mRNAs with vary-

ing confidence (see percentile). The rotation and skew of these

distributions reflect the earlier observation that, at a systems

level, many genes experience transcriptional changes that are

supported by concordant regulatory changes (Figure 2).

During the HMLE-to-MesHMLE transition there was an

approximately 80-fold decrease in miR-200c driven by endoge-

nous factors downstream of TGF-b signaling; accordingly, there

is a bulk shift in target mRNAs toward positive Dexon – Dintron

values, particularly when compared with the distribution of all

genes. However, even for the strongest predicted targets, where

there is good overlap between databases, only a small fraction

are represented. Conversely, with miR-200c-induced MET,

over 70% of predicted targets show evidence of strong post-

transcriptional suppression. For miRNA targets predicted with

less confidence (lower percentile bins) there is a reduced enrich-

ment for post-transcriptional upregulation in EMT, while the cor-

responding bins for miR-200c overexpression still show over

60% of targets with post-transcriptional downregulation. These

results highlight substantial differences betweenmiR-200c over-

expression effects and endogenous changes (Figure 5, middle

column) in comparison with the effects associated with miR-

200c overexpression (Figure 5, right column). We strongly sus-

pect that the attribution of function to some miRNAs has been

confounded by miRNA overexpression effects upon targets

that would otherwise not be modulated at endogenous levels;

this may have contributed to an over-estimation of the impact

of many individual miRNAs on EMT (Table S1).

Combinations of miRNAs Can Induce MET with
Increased Specificity
As discussed above, overexpression of miR-200c drives

the post-transcriptional degradation of several hundred

predicted targets that are not under strong control by miR-

200c during TGF-b-induced EMT. This suggests that miR-200c
tScan and DIANA-microT targets) for each miRNA within the EISA-partitioned

amples (at top right) as ameasure of miRNA co-regulation across a larger set of

the same chromosome (at bottom left).

re S4) Overlap in miRNA targets is shown in red, top right, while the density of

ttom left.
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overexpression may have ‘‘off-target’’ effects that would not

occur endogenously, nor when EMT is driven by miRNA combi-

nations at lower levels. Increasing levels of miR-200c increased

the expression of multiple epithelial genes in a dose-dependent

manner (CDH1, ESRP1, and DSG3; Figure 6A) but not mesen-

chymal genes (with the prominent exception of ZEB2; Figures

6B and 6C). We identified overexpression off-target effects by

selecting genes that were: (1) altered in the RNA sequencing

data with ectopic miR-200c transfection (MesHMLE to

MesHMLE + miR-200c) but not TGF-b-induced EMT, (2) not

previously implicated in EMT, and (3) not predicted targets of

either the miR-200 or miR-182/-183 families. A number of these

off-target genes had dose-dependent effects with miR-200c

transfection, being either up- (FLJ44056 and TRIM58) or down-

regulated (CAMK2N2, GTF2I, and GBGT1). Consistent with our

previous result (Figure 4), co-transfection with low levels of

miR-200 and miR-182/-183 family members had a co-operative

effect on epithelial gene expression (Figure 6A), but importantly,

despite still driving MET-like gene expression, these low-level

miRNA combinations no longer influenced off-target mRNAs

(Figure 6D).

Finally, we investigated the phenotype of MesHMLE cells

following transfection of individual miRNAs or combinations of

miRNAs using a proliferation and migration assay. The relative

density of cells transfected with miR-200c, miR-141, miR-182,

and miR-183 was reduced compared with all other conditions

at both the 48- and 72-hr time points (Figure 6E). Furthermore,

MesHMLE cells treated with this combination showed reduced

migratory capacity (Figure 6F). These results show that low-

abundance pro-epithelial miRNAs exert a combinatorial effect

and induce amore-robust MET than that achieved through treat-

ment with extremely high concentrations of individual pro-

epithelial miRNAs.

DISCUSSION

Results presented here provide evidence for an alternative

model of miRNA function, where small, simultaneous changes

in the abundance of several miRNAs can exert strong functional

effects through distributed targeting across molecular networks,

with buffering of unrelated expression. Working with an estab-

lished model of TGF-b-induced EMT in breast cells (Figure 1),

we used the EISA method to separate transcriptional and post-

transcriptional changes. A small number of interesting genes

were lost with EISA due to very small intronic regions (e.g., the

well-studied miR-200c target CFL2; Bracken et al., 2014), or

very low abundance under certain conditions (e.g., ZEB2 with

themiR-200c-inducedMET); however, it still provides a powerful

approach to examine system-wide changes in the regulation of

mRNA transcripts. Subsequent gene ontology enrichment ana-
Figure 4. miRNAs Act in a Combinatorial Manner to Promote an Epithe

All qPCR abundances shown relative to GAPDH. Black asterisks indicate a sig

significant difference between annotated samples.

(A and B) Marker gene expression in MesHMLE cells 3 days after transfection w

(C) Expression of E-cadherin and vimentin in MesHMLE cells detected by immun

Scale bars represent 20 mm. Quantified fluorescence intensity (inset) was norma

(D) Expression of E-cadherin and ZEB1 by western blotting following treatment w

(E) Expression of marker genes with varying concentrations of miR-204 and/or 0
lyses using EISA-partitioned data identified several EMT-associ-

ated gene sets with increased abundance from promotion of

transcription that was enhanced by a loss of repression from

epithelial-promoting miRNAs, and, similarly, a set of mesen-

chymal-associatedmiRNAs that supported the effects of repres-

sive TFs, which exerted their effects during EMT (Figure 2A;

distribution skew/rotation in Figure 5). A number of TFs within

the CI and decreased gene sets are important regulators of

EMT, in particular ZEB1/ZEB2 (Gregory et al., 2008; Lamouille

et al., 2014; Perdigao-Henriques et al., 2016), RUNX2 (Chimge

et al., 2011; Tan et al., 2016), and GRHL2 (Cieply et al., 2013;

Mooney et al., 2017), reflecting the high degree of interaction be-

tween transcriptional and post-transcriptional control.

Not only do miRNAs provide an additional regulatory layer to

enhance transcriptional regulation, but they also prominently

buffer effects on ‘‘bystander’’ genes that are not needed in

EMT but that nevertheless are transcriptionally affected by

regulators of EMT. This can be seen both in Figure 3C, where

‘‘buffered’’ genes (lane 2, epithelial panel) have the greatest

enrichment of miRNA target sites, and in Figure 5, where targets

in the buffered quadrants are especially regulated after miR-

200c expression. Given that these genes are buffered by

miRNAs (and thus, do not appear among the genes with strong

differential expression), such relationships may be under-repre-

sented in studies aiming to characterize the strongest targets

and, as such, this important (and general) aspect of miRNA func-

tion remains under-appreciated. miRNAs therefore play an

important role in transcriptomic homeostasis extending beyond

the well-studied miRNA:TF reciprocal inhibition motif (Gregory

et al., 2008; Tam and Weinberg, 2013; Bracken et al., 2016),

which provides an important regulatory module within biological

networks (Lu et al., 2013; Jolly et al., 2016).

Another key finding is the importance of combinatorial miRNA

function, which is often masked in single miRNA overexpression

studies (Witwer and Halushka, 2016). We observe this clearly

when comparing EISA profiles for HMLE cells that are exposed

to TGF-b, where miR-200c-3p levels are naturally reduced

80-fold, against the profiles of cells after exogenous miR-200c

overexpression, where hundreds of weak target genes become

miR-200c responsive (Figure 5). For miR-200c, perhaps the

most well-known enforcer of an epithelial phenotype, we note

that individually it has minimal impact driving MET when ex-

pressed at low levels (Figures 4 and 6). Instead, we have identi-

fied miRNAs that are co-regulated with miR-200c and predicted

to co-target common protein complexes (Figure 3E), and we

observe a dramatic additive effect when simultaneously modu-

lating these miRNAs to promote MET (Figure 4). Although the

EMT-promoting effects of multiple low-level miRNAs are similar

to that of single miRNA overexpression, combinatorial miRNAs

at modest expression levels minimize off-target effects. This
lial Phenotype

nificant difference (p < 0.01) from control samples, blue asterisks indicate a

ith 0.2 nM of indicated miRNAs.

ofluorescence 3 days after transfection with 0.2 nM of the indicated miRNAs.

lized against DAPI intensity (for individual cells). Scale bars represent 20 mm.

ith specified miRNA combinations at 0.2 nM.

.2 nM miR-200c.
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Figure 5. Differences in the Transcriptional and Post-transcriptional Regulation of mRNA Transcripts

The number ofmiRNA targets from each database and the overlap is shown (Venn diagrams on the left). The distribution ofDintron andDexon –Dintron values are

shown for mRNA transcripts during the HMLE-to-MesHMLE and MesHMLE-to-MesHMLE + miR-200c transitions. The density of all mRNA transcripts is shown

(top row), and contour values are superimposed over the distribution of mRNA transcripts within the specified percentile range of database scores. Within each

EISA data plot, red horizontal and vertical lines indicate the origin of each plot and the relative proportion of mRNA transcripts within each resulting quadrant is

shown. In the scatterplots of percentile-binned targets, markers are colored by a kernel estimate of sample density. Note that there are differences in the number

of miR targets across percentile bins of each database, and DIANA-microT in particular predicts a very large number of miR-200c-3p targets within the highest-

scoring group (Figure S6).
may have clinical relevance, as this work suggests combinatorial

manipulation could both achieve greater specificity than single

miRNA expression and require lower levels of miRNA perturba-

tion, which might be more easily achievable in vivo. While we

demonstrate these combinatorial relationships between mem-

bers of the miR-200 and miR-182/-183 families (Figures 4

and 6) in the induction of an epithelial phenotype, it is likely
86 Cell Systems 7, 77–91, July 25, 2018
that more miRNAs participate in this role and that this research

describes an important type of combinatorial function that is

likely applicable to all endogenous aspects of miRNAs.

The relative contribution of miRNAs to the control of EMP is

dependent not only upon miRNA abundance but also the

expression level of key miRNA-targeted transcripts and the ac-

tivity of other regulatory mechanisms. This is well demonstrated



A C D

B

E F

Figure 6. Transfection of Sub-nanomolar Concentrations of Co-operative Epithelial-Enforcing miRNAs Can Drive MET with Reduced Off-

Target Effects, Reduced Proliferation and Reduced Migration

All qPCR abundances shown relative to GAPDH. Black asterisks indicate a significant difference (p < 0.01) from control samples, blue asterisks

indicate a significant difference between annotated samples. Genes are divided into (A) known pro-epithelial markers, (B) known pro-mesenchymal markers,

(legend continued on next page)
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by the inability of antagomiR repression against miR-141, miR-

200c, miR-182, and miR-183 to effectively drive EMT in HMLE

cells (Figure S7A); ZEB1 and ZEB2 are already expressed at

very low levels in HMLE cells (Figure S7B) with an associated

depletion of activating histone marks and an enrichment of the

repressive H3K27me3 mark (Figure S7C). Accordingly, further

repression is unnecessary, and the miRNAs tested here do not

appear to play an active role in repressing ZEB1 and ZEB2 under

these conditions. Consistent with this, the well-studied ZEB1/2

target gene CDH1 (Comijn et al., 2001) does not undergo signif-

icant changes; however, SNAI1, which has an earlier response

with induction of EMT (Dave et al., 2011), is not subject to the

same degree of histone-mediated regulation (Figure S7C) and

shows minor increases with antagomiR treatment against all

target miRNAs (Figure S7A). This provides strong evidence that

MET is not simply a direct reversal of EMT and is consistent

with previous reports that TGF-b-induced EMT involves transi-

tions through several states which aremediated by the switching

of multiple double-negative feedback loops (Zhang et al., 2014;

Tian et al., 2013). This lack of symmetry in gene regulation is

likely mediated by histone modifications and other epigenetic

mechanisms that can reinforce phenotypic change.

Combinatorial activities of miRNAs have been reported previ-

ously and recently reviewed (Bracken et al., 2016). The use of

antisense inhibitors to miR-21, miR-23a, and miR-27a for

example showed synergistic effects reducing the proliferation

of cells in culture and the growth of xenograft tumors in mice

to a greater extent than the inhibition of single miRNAs alone

(Frampton et al., 2014). Combinatorial activities of miRNAs co-

regulated from polycistronic clusters have also been character-

ized. The miR-192–miR-194–miR-215 cluster, for example, can

co-ordinately suppress tumor progression in renal cell carci-

noma (Khella et al., 2013). Similarly, each member of the let-

7c-miR-99b-miR-125b cluster directly targets interleukin-6

receptor (IL-6R) and other components of the IL-6-signal trans-

ducer and activator of transcription 3 signaling pathway to

decrease mammosphere growth, invasion, and the metastatic

spread of tumors in xenograft mouse models (Lin et al., 2016).

Computational studies also suggest that clustered miRNAs co-

regulate genes in shared protein interaction networks and that

the closer the proximity of proteins in the network, themore likely

they are to be targeted by miRNAs from the same cluster (Yuan

et al., 2009), but these predicted effects were not experimentally

validated. In agreement with the findings we present here, miR-

200 family members have been shown to be co-expressed with

the miR-96�miR-183 cluster in lung cancer, with both miRNA

families promoting an epithelial phenotype and preventing can-

cer invasion and metastasis (Kundu et al., 2016). It should be

noted, however, that many of these studies performed transfec-

tions with miRNA mimics/precursors at levels greatly exceeding

physiological abundances. The concentrations used here are

much closer to endogenous levels andwe suspect that observed

combinatorial activities may be increasingly important at lower

abundance levels.
(C) pro-mesenchymal EMT-promoting transcription factors, and (D) putative off-ta

not the TGF-b-induced HMLE-to-MesHMLE transition, are not previously assoc

family, miR-182 or miR-183. Error bars represent SD. Phenotypic effects of sing

proliferation assay and (F) a trans-well migration assay. Assays were performed
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Several of the miRNAs altered during the HMLE-to-MesHMLE

transition (Figure 3A) have been associated with mammary cell

differentiation, such that the downregulated miR-200 family

members are expressed in luminal cells, while upregulated

miR-143, miR-100, and miR-204 have been linked to mammary

stem cells/basal cells (Pal et al., 2015). It is possible that the mo-

lecular changes we observed during this TGF-b-induced EMT

correspond to a loss of cellular differentiation, while the pheno-

typic changes induced by our combinatorial miRNA treatment

(Figures 6E and 6F) reflect activation of a terminal differentiation

program, rather than a pure induction of MET achieved through

miR-200c alone. Indeed, the co-operation of these miRNAs in

both lung (Kundu et al., 2016) and breast tissue suggests a

more-general role in epithelialization.

In conclusion, we have shown that combinatorial miRNA regu-

lation provides a more efficacious approach to modulating cell

phenotype with reduced off-target effects when compared

with overexpression of individual miRNAs. The control of cell

phenotype by miRNAs appears to be mediated through both

the reinforcement of transcriptional changes and the buffering

of transcriptional noise, a feature of miRNA functionality that

has thus far been under-appreciated. Using an established cell

line model of EMT we have demonstrated that distributed,

combinatorial targeting by multiple miRNAs can produce a

more pronounced phenotypic effect than individual miRNAs

used at higher concentrations. Together, these results support

the hypothesis that EMT is co-ordinated through distributed

co-targeting by multiple miRNAs, suggesting that low-level co-

manipulation of miRNAs may provide an effective strategy to

minimize off-target effects while maintaining biological efficacy.
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