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Abstract

Dysregulation of miRNA expression is associated with multiple diseases, including cancers, in 

which small RNAs can have either oncogenic or tumor suppressive functions. Here we 

investigated the potential tumor suppressive function of miR-450a, one of the most significantly 

downregulated miRNAs in ovarian cancer. RNA-Seq analysis of the ovarian cancer cell line 

A2780 revealed that overexpression of miR-450a suppressed multiple genes involved in the 

epithelial-to-mesenchymal transition (EMT). Overexpression of miR-450a reduced tumor 

migration and invasion and increased anoikis in A2780 and SKOV-3 cell lines and reduced tumor 

growth in an ovarian tumor xenographic model. Combined AGO-PAR-CLIP and RNA-Seq 

analysis identified a panel of potential miR-450a targets of which many, including TIMMDC1, 
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MT-ND2, ACO2, and ATP5B, regulate energetic metabolism. Following glutamine withdrawal, 

miR-450a overexpression decreased mitochondrial membrane potential but increased glucose 

uptake and viability, characteristics of less invasive ovarian cancer cell lines. In summary, we 

propose that miR-450a acts as a tumor suppressor in ovarian cancer cells by modulating targets 

associated with glutaminolysis, which leads to decreased production of lipids, amino acids, and 

nucleic acids as well as inhibition of signaling pathways associated with EMT.
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Introduction

Ovarian cancer is the most lethal gynecological tumor worldwide, largely due to a lack of 

specific symptoms and reliable biomarkers (1). As a consequence, 75% of patients are 

already in an advanced stage at the time of diagnosis and only 30% can be cured (2). 

Therefore, there is an urgent need to develop biomarkers capable to help diagnose ovarian 

cancer earlier, as well as to identify targets to improve treatment.

MicroRNAs (miRNAs), non-coding RNAs of 21–23 nucleotides (nt) length, play a key role 

in posttranscriptional regulation of gene expression of most mRNAs (3). Together with 

Argonaute (AGO) proteins miRNAs form the core of the RNA induced silencing complex 

(RISC) silencing target RNAs. miRNAs guides RISC to its targets, mainly by limited base-

pairing by 6–8 nucleotides at the 5′ end of the miRNA, the so-called seed sequence (4,5). 

On the target RNA, AGO recruits a number of accessory proteins including the TNRC6A-C 

scaffolding protein and the CCR4-NOT deadenylase complex, resulting in mRNA 

deadenylation, which in turn triggers mRNA decapping and destabilization and translational 

repression (6–8). Most miRNAs recognize multiple target mRNAs, so that each of the 90 

most conserved miRNA families targets more than 400 different mRNAs, resulting in most 

mammalian mRNAs being predicted to be regulated by miRNAs (9). Knockout studies 

confirmed that many of these conserved miRNAs are required for normal development and 

physiology (3). Consistently, dysregulation of miRNA levels has been associated with 

tumorigenesis and many miRNAs have been characterized as oncogenes or tumor 

suppressors (10).

There is abundant evidence of miRNA dysregulation in ovarian cancer (11). For instance, in 

samples from late stage epithelial ovarian cancer more than 40 miRNAs, among them 

miR-450a, were found downregulated compared to early stage disease (12). Similarly, in a 

survey of 100 serous ovarian carcinoma samples compared to 50 normal oviduct matched 

tissues (13), miR-450a was among the most significantly altered miRNAs, presenting a 

fivefold reduced expression.

While the previous studies suggest that miR-450a may function as a tumor suppressor in 

ovarian cancer, its function remains poorly understood. Here, we characterized miR-450a 

functions and identified some of its targets through in vitro and in vivo assays with ovarian 

cancer cell lines. We found that miR-450a expression results in suppression of genes 
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involved in cell migration and extracellular matrix organization and dysregulation of 

epithelial to mesenchymal transition (EMT) pathway genes. miR-450a expression decreased 

cell clonogenicity, migration, and invasion in vitro and also decreased tumor growth in an in 
vivo xenographic model, suggesting tumor suppressive effects. Direct miR-450a targets were 

related to mitochondrial metabolism, including TIMMDC1, MT-ND2, ACO2 and ATP5B, 

genes that have also shown reduced expression in ovarian cancer. Consistently, miR-450a 

overexpressing cells exhibited decreased glutaminolysis and increased glycolysis rates. This 

change in energetic metabolism may result in less efficient production of lipids, amino acids, 

nucleic acids and NADPH, and then inhibition of signaling pathways associated with 

migration and invasion (14–16).

Materials and Methods

Cell culture maintenance

We used the commercial human cell lines A2780, purchased from the Cell Bank of Rio de 

Janeiro (BCRJ), and SKOV-3, kindly donated from the Molecular Oncology Research 

Center (MORC) at Barretos Cancer Hospital. A2780 and SKOV-3 were cultivated either in 

RPMI medium (Gibco, Catalog No. 31800–022) or in Dulbecco’s Modified Eagle Medium 

(DMEM) (Gibco, Catalog No. 11995065), respectively, supplemented with 10% fetal bovine 

serum (FBS, GE Healthcare, Catalog No. SH30071.03) and 100 units of penicillin and 0,1 

mg/ ml of streptomycin (Sigma-Aldrich Co., Catalog No. P4333). Cells were cultivated at 

37°C and 5% CO2. The cell lines were checked for mycoplasma once at three months using 

Myco Alert™ PLUS Mycoplasma Detection Kit (Lonza, Catalog No. LT07–705) or 

Universal Mycoplasma Detection Kit (ATCC, Catalog No. 30–1012K). A2780 and SKOV-3 

cell lines were authenticated by BCRJ and MORC, respectively, using short tandem repeat 

(STR) DNA typing according to the International Reference Standard for Authentication of 

Human Cell Lines (17).

Plasmid construction and transduction

Expression vectors containing GFP and the pri-miR-450a or pri-miR-450b sequences were 

constructed with the pLVX-IRES-ZsGreen Vector as backbone (Clontech, Catalog No. 

632187, modified for restriction enzymes positions) using the EcoRI and BamH1 restriction 

enzymes (New England BioLabs Catalog No. R0101S and R0136S, respectively) for 

cloning. DNA prepared from peripheral blood mononuclear cells was used as template to 

amplify the pri-miRNAs sequences with the following primers: miR-450a Forward: 

5’attgataGGATCCgaggctatcaggaagtat 3’, miR-450a Reverse: 

5’gctgagaGAATTCataattctgcatcttacat 3’, miR-450b Forward: 

5’attgataGGATCCaagatggagggaataagc 3’ and miR-450b Reverse: 

5’gctgagaGAATTCgagaaaaacaaacattacc 3’. The capital letters refer indicate the restriction 

site for BamHI (GGATCC) and EcoRI (GAATTC) enzymes. The amplified DNA was 

introduced into the pLVX-IRES-ZsGreen using standard cloning procedures. Lentivirus was 

generated in 293FT cells (Thermo Fischer, Catalog No. R70007) with ViraPower™ 

Packaging Mix (Thermo Fischer, Catalog No. K4975–00) according to the manufacturer’s 

protocol. Briefly, 3×106 293FT cells were plated and then co-transfected with 

Lipofectamine™ 2000 Transfection Reagent (Thermo Fischer, Catalog No 11668027) after 
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24 hours with lentiviral package mix and pLVX-IRES-ZsGreen vectors. After 48 hours, 105 

A2780 and SKOV-3 cells plated the day before were infected with total supernatant (purified 

with 0.45 μM pore size filter) from 293FT cells for 2 times. GFP positive cells were sorted 

by FACS in order to isolate cell lines stably expressing miR-450a and b.

Anoikis assay

We plated 105 cells in Ultra-Low attachment 6 well plates (Corning® Costar®, Catalog No. 

CLS3471–24EA). After 24 hours, recovered cells were trypsinized to obtain a single cell 

suspension. We marked cells with FITC Annexin V Apoptosis Detection Kit I (BD 

Biosciences, Catalog No. 556547) using Annexin V APC (BD Biosciences, Catalog No. 

550474) instead of Annexin V FITC, according to the manufacturer’s instructions. At the 

moment of FACS analysis, we added to 200 μl of cells in PBS 1X, 50μg/ml of PI (BD 

Biosciences, Catalog No. 5506463). Cells were analyzed on a FACS Calibur flow cytometer 

(BD Biosciences). Percentage of anoikis was calculated as cells Annexin V positive and PI 

negative. Cells negative for both markers were considered as viable.

Migration and invasion assays

Cell migration was evaluated in 24-well transwell inserts (Greiner BioOne, Catalog No 

662638). Matrigel Invasion Chamber (Corning, Catalog No. 354480) were used to perform 

the invasion assay. Before the assays, cells were serum-starved for 24 hours. In the top part 

of the chamber we added 5×105 or 2×104 cells for A2780 and SKOV-3 cell lines, 

respectively, in incomplete medium (without FBS) and complete medium to the bottom well. 

After 24 or 3 hours for A2780 and SKOV-3 cell lines, respectively, cells were removed from 

the top compartment with a cotton swab and cells that migrated to the lower face of the filter 

were fixed in 4% formaldehyde (in PBS) and stained with 0.5% crystal violet. For each 

insert, 5 areas including top, bottom, left and right were photographed, and the average of 

cells was manually counted using Image J software.

Clonogenic assay

We synchronized the cells before the experiment by removing FBS from medium for 48 

hours (5% in the first day and 0% in the second day). Single cells were plated in a 6 well 

plate and after 9 days they were fixed in 4% formaldehyde (in PBS), stained with 0.5% 

crystal violet and colonies formed by at least 50 cells were counted manually.

Xenograph model of ovarian cancer

All procedures were performed after approval of the National Council for the Control of 

Animal Experimentation (CONCEA) and the Local Animal Ethical Committee from 

Ribeirão Preto Medical School of the University of São Paulo (Protocol n° 141/2016). We 

used 9–11 weeks NSG female mice and injected 5×106 cells of the control A2780 or A2780 

cells expressing miR-450a and b into the peritoneal cavity. Animals were monitored during 

the time of experiment for tumor growth and after 4 weeks, 7 to 8 mice were sacrificed by 

anesthetic overdose using thiopental 150 mg/kg for 10 minutes and then lidocaine 2% in 5 

mg/kg dose. The tumors from abdominal area were collected and weighed.
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RT-qPCR

Reverse transcription was performed with High Capacity cDNA Reverse Transcription Kit 

(Thermo Scientific, Catalog No. 4368813), according to the manufactureŕs instructions. The 

qPCR for mRNA quantification of EMT markers from figure 1 (CDH1, VIM, TWIST1 and 

SERPINE1) was performed using TaqMan™ Universal PCR Master Mix (Thermo Fisher, 

Catalog No. 4304437) and probes (Thermo Fisher, Catalog No. Hs01023894_m1, 

Hs0185584_m1, Hs00361186_m1 and Hs01126604_m1, respectively). Probes from rRNA 

18s (Thermo Fisher, Catalog No. Hs99999901_s1) and GAPDH (Thermo Fisher, Catalog 

No. Hs02786624_g1) were used to normalize the expression. The other genes (ACO2, 

TIMMDC1, MT-ND2, ATP5B and VIM from figure 4) had their expression measured using 

Power SYBR® Green PCR Master Mix (Thermo Fisher, Catalog No. 4367659). Their 

expression was normalized to TUBB and HPRT1, quantified with previously described 

primers. All reactions were done on a 7500 Fast Real-Time PCR System cycler (Thermo 

Fisher). We calculated the relative expression using the 2−ΔΔCt method (18) considering the 

samples with empty vector as the reference.

The sequences from designed primers are the following: ACO2 Forward: 5' 

AGCCCAACGAGTACATCCAT 3';, ACO2 Reverse: 5' TCTTCTCCGAGAGTGTCAGC 3', 

ATP5B Forward: 5' TGTTTGCTGGTGTTGGTGAG 3', ATP5B Reverse: 5' 

GAGCACCAGGTGGTTCATTC 3', MT-ND2 Forward: 5' CCCAACCCGTCATCTACTCT 

3', MT-ND2 Reverse: 5' AAATCAGTGCGAGCTTAGCG 3', TIMMDC1 Forward: 5' 

CTACAGCAGGCATCATTGGC 3', TIMMDC1 Reverse: 5' 

TGCAGATTGCACAGCATCAA 3', VIM Forward: 5' CCCTGAACCTGAGGGAAACT 3', 

VIM Reverse 5' ATTGCTGCACTGAGTGTGTG 3', HPRT1 Forward: 

5'GAACGTCTTGCTCGAGATGTGA 3', HPRT1 Reverse: 

5'TCCAGCAGGTCAGCAAAGAAT 3', TUBB Forward: 

5'TCAACACTTTCTTCAGTGAAACG 3' and TUBB Reverse: 

5'GTGCCAGTGCGAACTTCATC 3'

Western blot

Whole cell lysates were obtained by sonication of cells at 20% of amplitude for 3 cycles of 

10 seconds in RIPA or IP (Tris 20 mM, pH 7.5; NaCl 150 mM; EDTA 2 mM and NP40 1%) 

buffers. Total protein amount in the lysate was determined using Bio-Rad Protein Assay Kit 
(Bio Rad, Catalog No. 5000001) and BSA as standard. 20 μg of protein was loaded into the 

gel, transferred to nitrocellulose using standard blotting procedure. Protein expression was 

normalized to LAMIN A/C. For proteins difficult to detect in whole lysates (ATP5B and 

MT-ND2), we used the Mitochondria Isolation Kit for Cultured Cells (Thermo Fischer, 

Catalog No. 89874) and VDAC3 antibody (Proteintech, Catalog No. 14451–1-AP) (1:500 

dilution) to normalize the expression. We used the following primary antibodies: AGO2 

(Abcam, Catalog No. ab32381) (1:2000 dilution), HNRPA0 (1:2000 dilution) (Bethyl, 

Catalog No. A303–941A) to normalize the whole cell lysates expression, ACO2 

(Proteintech, Catalog No. 11134–1-AP) (1:500 dilution), VIM (Proteintech, Catalog No. 

10366–1-AP) (1:5000 dilution), TIMMDC1 (Proteintech, Catalog No. 23622–1-AP) (1:500 

dilution), MT-ND2 (Abclonal, Catalog No. A6180) (1:500 dilution) and ATP5B (Sigma, 

Catalog No. HPA001528) (1:500 dilution). Membranes were developed with Luminata 
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Crescendo Western HRP substrate (Millipore, Catalog No. WBLUR0500). Nuclear and 

cytoplasmic fractions from A2780 cell lines were obtained according to Adam and 

collaborators(19). In this assay we used Anti-pan Ago (1:500 dilution) (Millipore-Sigma, 

Catalog No. MABE56), HNRPA0, as previously mentioned, and GAPDH (1:2000 dilution) 

(Cell Signaling, Catalog No. 14C10) as primary antibodies. Bands were quantified using 

Image J software.

RNA-Seq

Total RNA was extracted from three biological replicates from each cell line using TRIzol™ 

Reagent (Invitrogen, Catalog No. 15596026) according to recommendations from 

manufacturer. We used the NEBNext Ultra Directional RNA Library Prep Kit for Illumina 

(NEB, Catalog No. E7760) with NEBNext rRNA Depletion Kit (NEB, Catalog No. E6318). 

The samples were sequenced on an Illumina HiSeq 3000 machine using the 50 cycle single 

read protocol. Sequence reads were aligned to the human genome h19 using TopHat. 

Differential gene expression was quantified using Cufflinks and Cuffdiff (20).

Small RNA-Seq

For small RNA cDNA library, we followed the protocol from Farazi et al (21) after RNA 

extraction. Samples were sequenced as described in previous item.

AGO-PAR-CLIP

AGO 4SU-PAR-CLIP method was performed in two biological replicates as described 

previously (22,23). Resulting cDNA libraries were sequenced on an Illumina HiSeq 3000 

machine as single reads with 50 cycles. Analysis was performed as described previously 

using PARalyzer (24) built into the PARpipe (25) pipeline. Putative miR-450a targets were 

selected based on the presence of the seed complementary sequence of miR-450a in binding 

sites not found in the AGO2 PAR-CLIP from the A2780 control sample.

Correlation analysis with TGCA data

To calculate correlation between the expression of the miRNA miR-450a-5p, and PAR-CLIP 

targets using data from TCGA Research Network: http://cancergenome.nih.gov/, we 

downloaded the published RNA- and miRNA-Seq data for serous ovarian 

cystadenocarcinoma samples at https://tcga-data.nci.nih.gov/docs/publications/ov_2011/ by 

the cgdsr package (26) in R software (27). Expression levels were expressed in RSEM for 

mRNAs and TPM for miR-450a.

Mitochondrial membrane potential assay

2×105 cells of the A2780 and A2780 cell lines stably expressing miR-450a were grown in 

24-well plates using standard conditions (see above). Before the experiment, cells were 

cultured for 30 min in DMEM (Thermo Scientific, Catalog No. 21063029) without phenol-

red supplemented with 100 units of penicillin and 0,1 mg/ ml of streptomycin and TMRM 

(Tetramethylrhodamine methyl ester, perchlorate) (Thermo Fischer, Catalog No, I34361) at a 

final concentration of 20 nM. Cells were collected by centrifugation at 1200 rpm, washed 

with PBS and centrifuged again. Cells were resuspended in the same medium and incubated 
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in for 1 hour in FACS tubes at 37°C and 5% CO2. Prior to fluorescence measurement of 

TMRM (laser: 488 nm, filter 585/42 BP) on a FACSCanto machine (BD Biosciences) SORP, 

1 μl of 0.01 mM TO-PRO™−3 Iodide (Thermo Scientific, Catalog No. T3605) (laser: 633 

nm, filter 660/20 BP) was added to verify cell viability.

Glucose uptake assay

Glucose uptake assay was performed using the Glucose Uptake-Glo™ Assay (Promega, 

Catalog No. J1341), accordingly to the manufacturer’s instructions.

Glutamate and Glutamine assay

Glutamate and glutamine assay were performed using the Glutamine/Glutamate-Glo™ 

Assay (Promega, Catalog No. J8021) according to the manufacturer’s instructions.

Viability assay after glutamine removal

2×105 cells from A2780 cell lines were cultivated for 24 hours in medium DMEM (Thermo 

Scientific, Catalog No. A14430) without glucose, glutamine and phenol red, supplemented 

with 5% FBS, 100 units of penicillin and 0,1 mg/ ml of streptomycin and 5 mM D-glucose 

(Sigma, catalog No. G8644–100ML). Next, medium was removed and exchanged for 

DMEM with 5 mM glucose and 100 units of penicillin and 0,1 mg/ ml of streptomycin. 

Subsequently, cells were cultivated for more 24 hours and their viability was measured using 

Annexin V APC (BD Biosciences, Catalog No. 550474) and PI (BD Biosciences, Catalog 

No. 5506463) at FACS Calibur flow cytometer (BD Biosciences).

Statistics Analysis

The expression and functional data were analyzed using Student’s t-test or ANOVA 

followed by Bonferroni post-test. To verify correlation regarding the expression of miRNAs 

and their targets in TCGA data, we used Spearman’s correlation coefficient. All the 

statistical analysis was performed with GraphPad Prism 7 software and p<0.05 was 

considered as significant.

Results

miR-450a decreased the expression of mesenchymal markers in ovarian cancer cells

In order to characterize the role of miR-450a in ovarian cancer, we manipulated the ovarian 

cancer cell line A2780 to stably express miR-450a using lentiviral transduction and 

confirmed overexpression of miR-450a by small RNA sequencing (RNAseq) (28) (Figure 

1A–B). To quantify the impact of miR-450a overexpression on the transcriptome we used 

RNA-Seq and compared A2780 cells with and without miR-450a expression. Analysis of the 

top 100 downregulated genes revealed that biological processes associated with miR-450a 

overexpression were categorized into gene ontology terms such as “regulation of 

locomotion”, “regulation of cellular component movement”, “extracellular matrix 

organization” (Figure 1C). Consistent with these enriched GO terms, the expression of many 

mesenchymal marker genes, including VIM, TWIST1, and SERPINE1 decreased and some 

Muys et al. Page 7

Cancer Res. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



epithelial marker genes, e.g. CDH1, increased in a panel of EMT genes (Figure 1D). We 

validated some of these results using qPCR (Figure 1E).

miR-450a has tumor suppressive effects in vitro and in vivo.

As miR-450a overexpression resulted in widespread changes in genes associated with EMT, 

we tested whether it would affect cell migration and invasion. Indeed, overexpression of 

miR-450a reduced the migration and invasion rates of A2780 cells in transwell assays 

(Figure 2A–B). Similar results were observed using another ovarian cancer cell line, 

SKOV-3 (Supplementary Figure 1A–B), corroborating a general role for miR-450a in EMT 

regulation in ovarian cancer cells.

Since EMT is dependent on the ability of cells surviving in a deficient cell-matrix interaction 

context, we considered the possibility of miR-450a being involved in resistance to anoikis, a 

type of programmed cell death induced by lack of cell-matrix interactions (29). 

Overexpression of miR-450a decreased the viability of cells upon cultivation for 24 hours in 

non-adherent plates, reflecting an increase in the anoikis rate in A2780 (Figure 2C) and 

SKOV-3 cells (Supplementary Figure 1C). A successful EMT program in the cancer context 

depends on the capability of single cells to survive and produce new colonies in distant 

organs. Consistent with a function as tumor suppressor, miR-450a also decreased the colony-

formation capacity of A2780 cells. (Figure 2D).

We next tested whether miR-450a would also have a tumor suppressor effect in vivo. NOD/

SCID female mice injected intraperitoneally with A2780 cells stably overexpressing 

miR-450a presented fewer and significantly smaller tumors than animals injected with 

control cells (Figure 2E), further strengthening our hypothesis that miR-450a has tumor 

suppressive effects.

miR-450b shows similar function as miR-450a

miRNAs guide the RISC to sites on target mRNAs based on complete or partial sequence 

complementarity and miRNAs from the same sequence family are expected to regulate a 

similar set of targets (3) (Supplementary Figure 2A) with similar effects in vitro and in vivo. 

We performed the same set of experiments described in Figures 1 and 2 using cell lines 

stably overexpressing miR-450b (Supplementary Figure 2B–C). Again, GO analysis of the 

100 most downregulated genes in RNA-Seq experiments from A2780 cells revealed that 

miR-450b affected similar processes as miR-450a, such as “regulation of cell motility”, 

“locomotion” and “cellular component movement” (Supplementary Figure 2D). miR-450b 

also inhibited the migration and invasion of the A2780 and SKOV-3 cell lines 

(Supplementary Figure 2E–F). Finally, we confirmed that miR-450b reduced tumor growth 

in NOD SCID female mice (Supplementary Figure 2G–H). Taken together, our results 

indicate that both members of the miR-450 family had tumor suppressive function in vitro 
and in vivo, likely by targeting a similar set of transcripts.

Many targets of miR-450a-5p are associated to mitochondrial metabolism

In order to experimentally identify target genes of miR-450a, we mapped Argonaute protein 

interaction sites in A2780 cells and A2780 cells expressing miR-450a using 4-thiouridine 
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(4SU) photoactivatable ribonucleoside enhanced crosslinking and immunoprecipitation 

(PAR-CLIP)(22). We either isolated AGO2 with antibodies, or all expressed AGO proteins 

(AGO1–4) with a specific peptide derived from the AGO-interacting domain of the TNRC6 

protein family (30).

Autoradiography of the crosslinked, ribonuclease-treated, and radiolabeled precipitate 

revealed one main band at ~100 kDa, corresponding to the expected size of the AGO-

containing ribonucleoprotein (RNP) complex (Figure 3A). We recovered the bound RNA 

fragments from the isolated AGO2 or AGO1–4-containing RNPs and generated small RNA 

cDNA libraries for next-generation sequencing. We used the PARalyzer software (24) to 

determine clusters of overlapping reads containing T-to-C mutations diagnostic of the 

crosslinking event. Considering that we were interested to comprehensively identify possible 

miR-450a binding sites, we pooled the PAR-CLIP results generated from AGO2 

immunoprecipitation or AGO1–4 pulldown from 2 best biological replicates in A2780 cells 

with and without miR-450a expression and found 11196 and 13497 potential miRNA 

binding sites, respectively. Of those, 9 showed seed sequence complementarity to miR-450a 

in the control cell line compared to 53 in the miR-450a expressing cell line (Supplementary 

tables 1A for control cell line and 1B for miR-450a overexpressed cell line).

Most of the AGO binding sites in these cell lines distributed to the mature mRNA and 

specifically the 3’ untranslated region (UTR), as expected of miRNA binding sites in most 

cell lines (3,31) and consistent with the mainly cytoplasmic localization of AGO proteins in 

A2780 (Supplementary Figure 3). Nevertheless, most of the bona fide miR-450a binding 

sites that contained (1.) the miR-450a seed complementary sequence and (2.) were almost 

exclusively found in A2780 expressing miR-450a were found in mRNA coding sequences 

(CDS) (Figure 3B).

We next confirmed that miR-450a indeed directly repressed its target genes in the RNA-Seq 

datasets used above (Figure 1). We binned mRNAs according to whether they did or did not 

contain a miR-450a target site either predicted by Targetscan (32) or by PAR-CLIP. Indeed, 

miR-450a expression tended to lead to a global decrease in abundance of predicted 

miR-450a target mRNAs compared to non-target mRNAs (Figure 3C), confirming that our 

approach was capturing functional miR-450a targets.

We noticed that many of the potential miR-450a targets we captured (pooled from 4 different 

experiments) (Supplementary Table 2), were found in mRNAs encoding mitochondrial 

genes. We verified for a panel of those (ACO2, TIMMDC1, ATP5B and MT-ND2) that 

miR-450a expression resulted in decreased mRNA abundance by RNA-Seq and RT-qPCR, 

and concomitantly decreased protein abundance (Figure 4A–F). Furthermore, VIM, the 

typical mesenchymal marker, is also among the possible miR-450a target genes 

downregulated upon miR-450a expression.

We further explored the expression of TIMMDC1, ATP5B, and ACO2 in ovarian cancers 

and their relationship with miR-450a. Using data from The Cancer Genome Atlas (TCGA) 

database, we compared expression levels of these genes in ovarian tumors to normal tissue 

and found that they were all significantly reduced in tumors. For ACO2 and ATP5B we 
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further found a negative correlation of their expression levels with miR-450a, suggesting that 

these mRNAs are indeed direct targets of miR-450a in vivo (Figure 5A–C). Of the examined 

genes, low TIMMDC1 expression levels was also clearly associated with disease free 

survival (Figure 5D).

miR-450a expression decreases mitochondrial membrane potential and increases glucose 
uptake and viability after glutamine withdrawal

Many of the directly bound and moderately downregulated miR-450a targets were 

associated with the mitochondrial oxidative phosphorylation complexes (complex I: 

TIMMDC1 and MT-ND2; complex V: ATP5B) and thus, we hypothesized that the rate of 

oxidative phosphorylation would be decreased in miR-450a-expressing cells. The oxidative 

phosphorylation rate is coupled to the mitochondrial membrane potential, which can be 

measured colorimetrically by staining with tetramethylrhodamine methyl ester perchlorate 

(TMRM) (33). Consistent with our hypothesis, overexpression of miR-450a in A2780 cell 

line resulted in more than 50% decrease in mitochondrial membrane potential compared to 

controls (Figure 6A).

We next asked whether this decrease in membrane potential would result in a metabolic 

switch of miR-450a expressing cells from oxidative phosphorylation to glycolysis. We used 

the 2-deoxyglucose-6-phosphate (assay to quantify the cellular glucose uptake rate as an 

indicator of glycolysis and found it was increased by almost 80% upon miR-450a 

overexpression (Figure 6B).

Next to glucose, glutamine is one of the main source of energy for mammalian cells (34). A 

prominent miR-450a-target was ACO2, which is part of the citric acid cycle and metabolizes 

α-ketoglutarate, a product of glutamine oxidation (35). We therefore asked whether 

miR-450a-expression could alter cellular glutamine metabolism. We observed that miR-450a 

increased the viability of cells after glutamine withdrawal, likely by reducing apoptosis rates 

(Figure 6C). Additionally, miR-450a slightly decreased glutamate production, while 

glutamine uptake from the medium was moderately increased (Supplementary Figure 4A–

B). Our data suggest that miR-450a acts as a tumor suppressor by rewiring and acting as a 

break on cellular metabolism. Its overexpression increased the uptake of glucose, however, 

the cells exhibited impaired glutaminolysis and only efficiently used glycolysis for energy 

production.

Discussion

Reprogramming of energy metabolism is one of the hallmarks of cancer (36). Tumor cells 

actively divide and require more glucose to generate energy even under normal oxygen 

conditions. Typically, in most tumors, the pyruvate produced during glycolysis is converted 

into lactic acid rather than completely metabolized into carbon dioxide by oxidative 

phosphorylation (Warburg effect) (37). Nevertheless, many types of cancers, including most 

ovarian tumors maintain a high rate of oxidative phosphorylation (37). In addition to 

requiring increased amounts of glucose, tumor cells may also become “glutamine-addicted”. 

These cells depend on glutaminolysis as a source of energy, but also for the production of 

lipids, amino acids, and nucleotides for cell replication (14,15,38), and of metabolites for the 
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maintenance of mitochondrial membrane potential (14). Here we presented evidence that 

miR-450a acts as a tumor suppressive molecule, most likely by directly targeting and 

suppressing key mitochondrial genes and rewiring the cellular metabolism to reduce 

glutaminolysis and oxidative phosphorylation (Figure 7).

For example, we found and validated that miR-450a directly targets and suppresses ACO2 in 

ovarian cancer cells. ACO2 converts citrate into isocitrate and is a key enzyme in the citrate 

cycle, and involved in glutaminolysis (38). This is consistent with a previous report that 

found that highly invasive ovarian cancers - that avoid miR-450a expression - have higher 

rates of glutaminolysis than less invasive cells (16) and are more dependent on glucose and, 

therefore, on the glycolysis process. At the same time, high expression of genes associated 

with the citric acid cycle, such as ACO2, was found correlated with shorter patient survival 

(16).

We also found that miR-450a impaired mitochondrial activity by downregulation of 

TIMMDC1 and MT-ND2 (genes from complex I in oxidative phosphorylation) and ATP5B 

(subunit of mitochondrial ATP synthase). This in turn increased the glucose uptake, which is 

a sign of higher rate of glycolysis. TIMMDC1 has oncogenic effects in lung (39) and gastric 

cancer cell lines (40) and consistent with our results, TIMMDC1 knockdown decreased the 

membrane potential in lung carcinoma cells (39). We suggest that the combined reduction of 

oxidative phosphorylation and glutaminolysis made our miR-450a expressing cells on one 

hand less dependent on glutamine for survival, but also less aggressive compared to control 

cell line. In this way, miR-450a inhibits mitochondrial and citric acid cycle genes 

(TIMMDC, ND2, and ACO2, respectively) decreasing the oxidative phosphorylation levels, 

which in turn leads to an increase of glucose consumption and a decrease in glutaminolysis 

degree. This metabolic rewiring is the probable responsible for the decreased tumorigenic 

and metastatic potential of the cell, as the glutaminolysis rate is important for the generation 

of metabolites important for cell maintenance and metastasis. Additionally, the inhibition of 

VIM contributes for this pattern.

Although is known that Wnt pathway can promote glutaminolysis (41), we did not find a 

direct association with this pathway from our RNA-Seq data. Nevertheless, miR-450a has 

been demonstrated to target and downregulate WISP2, a Wnt associated protein, in the 

context of adipogenesis (42). From our data, curiously, many genes associated to this 

pathway were upregulated after miR-450a overexpression like MYC and CTNNB1, what 

could be explained as a way of the cells trying to adapt to the metabolic shift caused by 

miR-450a.

To our knowledge, this is the first work demonstrating a miRNA targeting nuclear (ACO2, 

ATP5B and TIMMDC1) or mitochondrially (MT-ND2) encoded mitochondrial genes in the 

context of ovarian cancer. Although there is evidence that a number of miRNAs can target 

mitochondrially localized genes there is no well stablished mechanism of transport of 

miRNAs encoded in nucleus to mitochondria (43).

Taken together, we propose that miR-450a acts as a tumor suppressor that decreases the 

tumorigenicity and metastasis ability in ovarian cancer. The tumorigenicity is the ability to 
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grow tumor from cells derived from culture after their injection in immunodeficient mice 

(44). The metastatic potential is the ability of tumor cells to migrate and invade other tissues 

and to survive in the absence of adhesion to the extracellular matrix during their pathway 

from one organ to another through the systemic circulation (45) or peritoneal fluid; a process 

that can be partially mimicked by cell dishes which prevent cell adhesion (46). A reduction 

of tumorigenic and metastatic potential of miR-450a expressing cells was corroborated by 

our in vitro and in vivo assays, that showed reduction of EMT markers expression and most 

prominently, of the canonical mesenchymal gene, VIM, a miR-450a target we validated. 

This effect was reinforced by the inhibition of oncogenes related to energetic metabolism 

(ACO2, ATPB5, MT-ND2 and TIMMDC1) (39,47–50).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

miR-450a limits the metastatic potential of ovarian cancer cells by targeting a set of 

mitochondrial mRNAs to reduce glycolysis and glutaminolysis.
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Figure 1. 
miR-450a overexpression in A2780 cell line altered the expression of important EMT 

markers. A-B. Validation of miR-450a overexpression by Small RNA-Seq. C. Gene 

Ontology enrichment analysis of top 100 genes downregulated after miR-450a 

overexpression in A2780 cell line. D. Heat map with some EMT markers in control and 

miR-450a overexpressed samples from RNA-Seq. E. RNA-Seq validation of some EMT 

markers with qPCR. miR-450a - : empty vector ; miR-450a + : pri-miR-450a. The values 

refer to the average of three biological samples.

*p <0.05
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Figure 2. 
miR-450a has tumor suppressor effects. A. Representative images from inserts after cell 

migration and invasion assays. B. Migration and invasion quantifications. C. Percentage of 

anoikis (percentage of Annexin V positive cells - left) and viability (percentage of Annexin 

V and PI negative cells - right). D. Representative images from colonies after clonogenic 

assay (left) and colony formation rate (right). Each value was calculated setting 100% as the 

number of cells which migrated or invaded in the control groups. – miR-450a: empty vector; 

+ miR-450a: pri-miR-450a. The values refer to the average of three biological experiments. 

E. Right: representative images from tumors collected in each mouse (lower part) and mice 

before tumor collection (upper part). Left: tumor weights collected from all tumors in each 

mouse at the end of the experiment. The values refer to the average of 7 to 8 animals.
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***p<0.001 and ****p <0.0001.
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Figure 3. 
PAR-CLIP analysis of A2780 cell lines. A. Recovery of AGO and RNAs bound to it after 

crosslink and autoradiography from SDS-PAGE gel of marked ATP [γ−32P] RNAs (upper 

part) and protein recovered from pull-down with TNRC6B peptide or antibody anti-AGO2 

(bottom part). The AGO2 protein corresponds to 130 kDa. - empty vector; + miR-450a: pri-

miR-450a. B. Distribution of recovered RNA bound to AGO regarding their classification or 

mRNA specific region. + miR-450a: pri-miR-450a; control: empty vector; (+450a - control) 

∩ seed: RNAs exclusively found in miR-450a overexpressed sample that contains the 

miR-450a complementary seed sequence. These distributions are relative to the results from 

best PAR-CLIPs replicate. C. Cumulative relative frequency of fold change (control samples 
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versus miR-450a overexpressed samples) of genes recovered from RNA-Seq analysis 

regarding their presence in PAR-CLIP experiments or TargetScan algorithm prediction.

Muys et al. Page 20

Cancer Res. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
miR-450a-5p directly targets ACO2 (A), TIMMDC1 (B), MT-ND2 (C), ATP5B (D) and 

VIM (E). Top part: Representative figure showing the frequency of reads derived from 

RNA-Seq and PAR-CLIP (Binding site track) in respective genes regions. F. Protein blots 

and their quantifications normalized against VDAC3 or HNRPA0 and empty vector samples 

(upper part) and RT-qPCR (lower part) from target genes. The values RT-qPCR values refer 

to the average of three biological samples. VDAC3 or HNRPA0 were loaded as control in 

mitochondrial lysate and total lysate, respectively. - empty vector; + miR-450a: pri-

miR-450a.

*p<0.05, **p <0.01, ***p<0.01 ***p<0.0001.
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Figure 5. 
ACO2 (A), ATP5B (B) and TIMMDC1 (C) are overexpressed in tumor ovarian tissues 

compared to normal ones. Left: Box plots showing the differential expression of the 

indicated genes between ovarian serous cystadenocarcinoma and Gtex normal samples. 

(Figures modified from gepia database: http://gepia.cancer-pku.cn/). Right: Spearman’s 

correlation between expression levels of miR-450a-5p and genes ACO2, ATP5B and 

TIMMDC1 in ovarian serous cystadenocarcinoma samples from TCGA data. Data were 

downloaded from cgdsr package in R software. N = 294 for tumor tissues. D. Disease free 

survival from patients derived from TCGA ovarian serous cystadenocarcinoma samples 

database. (Figure modified from gepia database: http://gepia.cancer-pku.cn/). N = 426 for 

tumor tissue and N = 88 for normal tissue samples.
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Figure 6. 
Specific metabolic effects from miR-450a A. miR-450a decreases mitochondrial membrane 

potential in A2780 cell line. B. miR-450a increases glucose uptake in A2780 cell line. C. 

miR-450a increases viability (left) and decreases apoptosis (right) under glutamine removal 

in A2780 cell line. The values refer to the average of three different experiments. - empty 

vector and + miR-450a: pri-miR-450a.

*p<0.05, ***p<0.001 and ****p<0.0001.

Muys et al. Page 23

Cancer Res. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Model proposed for action of miR-450a in ovarian cancer. miR-450a inhibits mitochondrial 

genes from complex I (TIMMDC1 and ND2) and complex V (ATP5B), which cause 

decreased oxidative phosphorylation rate. This leads to the increased consume of glucose. 

As miR-450a also inhibits ACO2, an enzyme from citric acid cycle, most part of the glucose 

is probably metabolized directly in pyruvate (increased glycolysis rate, also known as 

Warburg effect). Moreover, because the citric acid cycle is important for glutamine 

metabolization, there is a decrease in glutaminolysis rate, which contributes to the decreased 

production of NADPH, lipids, amino acids, nucleic acids and signaling pathways associated 

with migration and invasion. Additionally, miR-450a can inhibit invasion through inhibition 

of VIM.
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