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Abstract

Background

MicroRNAs (miRNAs) are frequently deregulated in various types of cancer. While anti-
sense oligonucleotides are used to block oncomiRs, delivery of tumour-suppressive miR-
NAs holds great potential as a potent anti-cancer strategy. Here, we aim to determine, and
functionally analyse, miRNAs that are lowly expressed in various types of tumour but abun-
dantly expressed in multiple normal tissues.

Methods

The miRNA sequencing data of 14 cancer types were downloaded from the TCGA dataset.
Significant differences in miRNA expression between tumor and normal samples were cal-
culated using limma package (R programming). An adjusted p value < 0.05 was used to
compare normal versus tumor miRNA expression profiles. The predicted gene targets were
obtained using TargetScan, miRanda, and miRDB and then subjected to gene ontology
analysis using Enrichr. Only GO terms with an adjusted p < 0.05 were considered statisti-
cally significant. All data from wet-lab experiments (cell viability assays and flow cytometry)
were expressed as means + SEM, and their differences were analyzed using GraphPad
Prism software (Student’s ttest, p < 0.05).

Results

By compiling all publicly available miRNA profiling data from The Cancer Genome Atlas
(TCGA) Pan-Cancer Project, we reveal a small set of tumour-suppressing miRNAs (which
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we designate as 'normomiRs’) that are highly expressed in 14 types of normal tissues but
poorly expressed in corresponding tumour tissues. Interestingly, muscle-enriched miRNAs
(e.g. miR-133a/b and miR-206) and miRNAs from DLK7-DIO3locus (e.g. miR-381 and
miR-411) constitute a large fraction of the normomiRs. Moreover, we define that the
CCCGU moitif is absent in the oncomiRs’ seed sequences but present in a fraction of
tumour-suppressive miRNAs. Finally, the gain of function of candidate normomiRs across
several cancer cell types indicates that miR-206 and miR-381 exert the most potent inhibi-
tion on multiple cancer types in vitro.

Conclusion

Our results reveal a pan-cancer set of tumour-suppressing miRNAs and highlight the poten-
tial of miRNA-replacement therapies for targeting multiple types of tumour.

Introduction

MicroRNAs (miRNAs) are an extensive class of highly conserved, short regulatory RNAs
which post-transcriptionally control gene expression in diverse eukaryotes and various cell
types [1-3]. They are transcribed as primary miRNAs (pri-miRNAs) from specific loci of the
genome mostly by RNA Pol II, and are therefore capped and poly-adenylated. The pri-
miRNA, which can be thousands of nucleotides long, is then processed into a ~70-nucleotide
precursor miRNA (pre-miRNA) either by spliceosome or microprocessor (a complex of
DROSHA/DGCRS). The pre-miRNA is shuttled into the cytosol to undergo further processing
by DICER/TRBP complex, yielding a mature double-stranded ~22-bp miRNA. One strand of
this double-stranded RNA species is then preferentially selected by an Argonaute (AGO) pro-
tein which composes the main component of the so-called miRNA-induced silencing complex
(miRISC). The mature single-stranded miRNA incorporated into miRISC will bind comple-
mentary sequences within target mRNAs, promoting their cleavage or translational repression.
The net effect would be to block efficient translation of the target mRNAs into proteins [4].

Since miRNAs have a minimal binding requirement of only six consecutive nucleotides to
pair with their target transcripts [5], they might have numerous mRNA targets, thereby
enabling them to orchestrate complex gene expression programs and exert widespread effects
on cell behaviour. Global miRNA activity is of crucial importance to embryonic development,
as genetic ablation of key processing enzymes involved in miRNA maturation is embryonic
lethal, highlighting the vital functions that are mediated by miRNAs in cellular and embryonic
physiology [6, 7]. Importantly, loss of function of specific individual miRNAs has also been
demonstrated to disrupt normal pre-, peri-, or post-natal development [8], further indicating
essential roles played by these tiny RNAs in organismal development.

Abnormal expression and function of miRNAs have been linked to various diseases, includ-
ing different cancers [9-17]. It has been shown that miRNA-coding sequences are frequently
located in, or near, genomic regions associated with cancer, leading to aberrant activation or
inactivation of miRNAs in diverse tumor types [18]. Global expression of miRNAs has been
documented to be deregulated in most (if not all) cancers [19]. Functionally, a fraction of miR-
NAs promote tumorigenicity (also known as oncomiRs), while others suppress cancer cell
growth and metastasis (also known as tumor-suppressive or anti-cancer miRNAs) [9, 14, 20,
21]. While antisense oligonucleotides are frequently used to prevent oncomiRs from
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functioning, delivery of tumor-suppressing miRNAs has emerged as a potent strategy to
restrict tumor growth and metastasis [14]. It appears that the majority of miRNAs serve anti-
cancer functions, as evidenced by enhanced growth and/or aggressiveness of tumors upon loss
of function of DICER, DGCR8 or DROSHA [19]. In fact, many cancers downregulate global
miRNA expression to facilitate their malignant transformation and tissue invasion. Kota and
colleagues indicated that a normal tissue-enriched miRNA, namely miR-26a, can be used to
effectively inhibit cancer cell growth both in vitro and in a mouse model of liver cancer [22].
Such miRNAs, which we designate as "normomiR" (i.e. showing high expression in multiple
types of healthy tissues yet downregulated in various cancer types), are believed to be well tol-
erated by normal tissues of the body when administered systematically [22-26]. This is because
normal tissues already express high levels of them (therefore, a further increase in their expres-
sion would not have notable adverse effects). We hypothesized that miRNAs that are poorly
expressed in multiple cancer types but highly expressed in multiple corresponding normal tis-
sues might be effective agents to target tumorigenesis of various cancers.

We investigated the global miRNA landscapes across 14 cancer types with their correspond-
ing normal cell types to determine miRNAs that exhibit low expression in various tumors but
abundant expression in normal tissues (i.e. identification of the so-called normomiRs). By com-
piling all publically available miRNA profiling data from the TCGA Pan-Cancer Project, which
includes data from Prostate Adenocarcinoma (PRAD), Kidney Renal Clear Cell Carcinoma
(KIRC or KIRH), Kidney Papillary Cell Carcinoma (KIRP), Kidney Chromophobe (KICH),
Stomach Adenocarcinoma (STAD), Oesophageal Carcinoma (ESCA), Lung Squamous Cell Car-
cinoma (LUSC), Lung Adenocarcinoma (LUAD), Uterine Corpus Endometrial Carcinoma
(UCEC), Bladder Urothelial Carcinoma (BLCA), Head and Neck Squamous Cell Carcinoma
(HNSC), Thyroid Cancer (THCA), Breast Cancer (BRCA), and Liver Hepatocellular Carcinoma
(LIHC), we revealed a small set of pan-cancer tumor-suppressing miRNAs that are highly
expressed in various normal tissues while at the same time, poorly expressed in corresponding
tumor types. Muscle-enriched miRNAs (also known as myomiRs) as well as miRNAs from the
imprinted DLKI-DIO3 locus constitute a large fraction of the final tumor-suppressive miRNAs.
Interestingly, the CCCG motif appears to be absent in the oncomiRs’ seed sequences, but present
in a fraction of final candidate anti-cancer miRNAs. Gain of function of nine of these potentially
anti-cancer miRNAs across six cancer cell types indicates the miRNAs miR-206 and miR-381
exert the most powerful inhibition on multiple cancer types. Overall, our results reveal a pan-
cancer set of tumor-suppressing miRNAs which effectively restrict tumor cell growth in vitro,
and highlight the potential of miRNA replacement therapy for targeting multiple cancer types.

Materials and methods
Research design: The TCGA pan-cancer dataset analysis

The miRNA sequencing data of 14 cancer types as well as the corresponding normal cell types
were downloaded from the TCGA pan-cancer dataset. We determined which miRNAs were
consistently upregulated in normal cells (i.e. tumor-suppressing miRNAs or normomiRs) or
in tumor cells (i.e. oncomiRs). Next, a seed sequence motif analysis was performed to examine
if specific nucleotide motifs might define oncomiRs or normomiRs. We also asked whether
miRNAs enriched in ’specific’ normal tissues might contribute more commonly to the final set
of candidate normomiRs. Next, we sought to shortlist the normomiRs in order to perform
functional analyzes and find the best miRNA candidates capable of simultaneously inhibiting
multiple cancer cell types. The most potent miRNAs were then subjected to in silico analyses
to identify their putative targets and define major cancer-related regulatory processes on
which these miRNAs could exert inhibitory effects.
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Acquisition of TCGA data

The TCGA miRNA profiling data were downloaded directly from the TCGA data portal of
TCGA Pan-Cancer project (https://tcga-data.nci.nih.gov/tcga/). This project consists of 14
available tumor types that include PRAD, KIRH, KIRP, KICH, STAD, ESCA, LUSC, LUAD,
UCEC, BLCA, HNSC, THCA, BRCA, and LIHC. Multiple reads from individual miRNA iso-
forms were compiled into a single read count; we used the reads per million miRNAs mapped
data form, in which each miRNA read count is established as a fraction of the total miRNA
population. miRNA profiling data were normalized using the quantile normalization from
limma package. The significant differences in miRNA expression between tumor and normal
samples were calculated using limma package with Benjamini-Hochberg correction to deter-
mine false discovery rates (FDRs).

Determination of pan-cancer pro-tumor and anti-tumor miRNAs

To determine miRNAs that exhibit consistent expression changes across the majority of tumor
types tested, a stringent threshold (adjusted p value < 0.05, with Benjamini-Hochberg correc-
tion for multiple testing) was used to compare normal versus tumor miRNA expression pro-
files. Our threshold required pan-cancer tumor-suppressing miRNAs to be significantly
upregulated in 12 out of 14 cancer types with available normal versus cancer data. On the
other hand, pan-cancer oncomiRs were defined to have reduced expression in 12 out of 14
cancer types.

Prediction of miRNA target and GO analyzes

TargetScan (www.targetscan.org) [27], miRanda (www.microrna.org) [28], and miRDB
(www.midb.org) [29] databases were used to obtain the list of predicted mRNA targets of miR-
NAs. The predicted gene targets were then subjected to gene ontology (GO) Biological Process
analysis using Enrichr (http://amp.pharm.mssm.edu/Enrichr/) [30]. To identify oncogenes
potentially targeted by normomiRs, we intersected the predicted targets of all the normomiRs
(obtained using TargetScan) with all the experimentally validated oncogenes, obtained from
CancerMine (http://bionlp.bcgsc.ca/cancermine) [31], that have previously been identified in
various types of cancer. Only GO terms with an adjusted P<0.05 were considered statistically
significant and represented.

Cell culture

Cancer cells (1.5-3.0 x 10> cells/well) were cultured on tissue-culture 96-well plates (Sigma-
Aldrich) in Knockout™ DMEM (Invitrogen) supplemented with 15% fetal bovine serum
(HyClone), 0.1 mM B-mercaptoethanol (Sigma-Aldrich), 100 U/ml penicillin, 100 pg/ml strep-
tomycin (Invitrogen), and 2 mM L-glutamine (Invitrogen), and passaged every other day.

Viability assays
After removal of the culture media, the MTS reagent (Promega) was directly added to the wells
in 96-well plates, and the cells were then maintained in a 37°C incubator for 1-3 hours. Cell

viability measurements were performed by determining absorbance at 495 nm on a Multiskan
MCC microplate reader (Thermo Fisher Scientific).

Transient transfection of miRNAs

Cells were transfected with 100 nM of each miRNA mimic (Dharmacon, miRIDIAN micro-
RNA mimics, Thermo Fisher Scientific) according to the manufacturer’s instructions. The
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scrambled small RNA control (Scr) or the candidate miRNA mimics as well as the Dharma-
FECT1 transfection reagent (Dharmacon, Thermo Fisher Scientific) were diluted in serum-
free DMEM/F-12, mixed, and incubated for 20 minutes at room temperature. Dharma-
FECT1-small RNA complexes were added to the culture media in a drop-wise manner. To
determine the efficiency of small RNA transfection into cancer cells, we utilized FITC-labelled
small RNA to transfect the cells. Twenty four hours post-transfection, flow cytometry was used
to assess the percentage of cells positive for FITC. Flow cytometry of the cells transfected with
FITC-conjugated small RNA was performed using a BD LSR II flow cytometer (BD Biosci-
ences) and the data were analyzed using BD FACSDiva (BD Biosciences). Assays were per-
formed with three biological replicates and the data are represented as the mean + SEM.

Statistical analysis

All data from wet-lab experiments are expressed as means + SEM. GraphPad Prism software
(GraphPad Software, Inc., La Jolla, CA) was used to analyze the differences using Student’s ¢
test, and a P<0.05 was considered statistically significant.

Results and discussion
Identification of pan-cancer normomiRs

First, we wanted to determine top normal tissue-upregulated miRNAs across multiple types of
normal cells in comparison to corresponding tumor samples. The downloaded data from the
TCGA dataset included 14 major types of cancers which included KICH, STAD, OSCA,
PRAD, KIRH, KIRP, BLCA, HNSC, THCA, LUSC, LUAD, LIHC, BRCA, and UCEC. Of note,
we obtained a much larger number of samples for tumors versus normal samples (Fig 1A),
which was expected, as the TCGA dataset mainly contains omics data (including global
miRNA expression profiles) of tumor samples. We attempted to find miRNAs which exhibit
higher levels of expression in 14 out of 14 normal tissues than corresponding tumor samples.
This analysis was revealed to be too stringent, as very few miRNAs could meet this criterion
(Fig 1B). We, therefore, reduced the stringency and found that a minimum 12 out of 14 level
of stringency yields a 25-miRNA list of pan-cancer normomiRs (Fig 1C and 1D). The normo-
miRs identified by our analysis include, but are not limited to, miR-145, let-7c, miR-26a, miR-
381, miR-1, and miR-206 (Fig 1D). Importantly, the majority of these candidate miRNAs have
previously been reported to inhibit the growth and/or invasiveness of cancer cells [22, 32-34],
indicating that our analysis of normomiRs yields reliable anti-cancer miRNAs with pan-cancer
inhibitory potential. Notably, our analysis also yielded some normomiRs, e.g. miR-139 and
miR-195, which have not been broadly investigated in multiple cancer types, suggesting poten-
tially anti-cancer miRNAs with pan-cancer effects which need to be further functionally char-
acterized. We then sought to determine the oncogenes that could be targeted by the
normomiRs in various cancer types. To this end, we obtained the predicted targets of normo-
miRs using TargetScan and intersected them with the list of experimentally verified oncogenes
reported in the CancerMine database. This analysis indicated that a large number of onco-
genes were targeted by normomiRs (S1 Table), which highlights the potential anti-cancer func-
tions of normomiRs. Notably, we found that 27 of these oncogenes were co-targeted by at least
five of the normomiRs (Table 1), which suggests that the potential pan-cancer inhibitory
effects of normomiRs may stem from their ability to target multiple oncogenes simultaneously.
Overall, we provide a short list of normomiRs with potentially anti-cancer effects across vari-
ous types of cancer.
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Fig 1. Identification of pan-cancer normomiRs. (a). The total number of global miRNA expression profiles from normal and tumor cells. (b). Heatmap of miRNAs
showing higher expression in 14 out of 14 normal tissue types than corresponding tumor cells. (c). The miRNAs showing higher expression in 13 out of 14 normal tissue
types than corresponding tumor cells. (d). The miRNAs with higher expression in 12 out of 14 normal tissue types than corresponding cancer cell types.

https://doi.org/10.1371/journal.pone.0267291.9001
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Table 1. The oncogenes predicted to be co-targeted by several normomiRs in various cancer types.

Gene
symbol

TAOK1

G3BP1
LASP1
TET3
DNMT3A
FUBP1
RORA
SEMA6D
AICF

CBL
CCDCé6

CDK6
FGFR3
FOSL2

GAN
IGF1
KLF12

KLF13
OTUD4
PDE7A
RCORI1
REX3
ROBO1
SLC7A11
TPM3
ZBTB20

ZBTB7A

Regulating
normomiRs (#)

10

Regulating normomiRs (miRNA IDs)

hsa-miR-99a-5p, hsa-miR-30a-5p, hsa-miR-100-5p, hsa-miR-26a-5p, hsa-
miR-195-5p, hsa-miR-133b, hsa-miR-139-5p, hsa-miR-23b-3p, hsa-miR-204-
5p, hsa-miR-145-5p

hsa-miR-30a-5p, hsa-miR-125b-5p, hsa-miR-1-3p, hsa-miR-145-5p, hsa-
miR-204-5p, hsa-miR-206, hsa-let-7c-5p

hsa-miR-218-5p, hsa-miR-29¢-3p, hsa-miR-206, hsa-miR-145-5p, hsa-miR-
23b-3p, hsa-miR-133b, hsa-miR-1-3p

hsa-miR-381-3p, hsa-miR-29¢-3p, hsa-miR-26a-5p, hsa-miR-23b-3p, hsa-
miR-133b, hsa-miR-139-5p, hsa-let-7c-5p

hsa-miR-145-5p, hsa-miR-29¢-3p, hsa-miR-26a-5p, hsa-miR-30a-5p, hsa-
miR-1-3p, hsa-miR-206

hsa-miR-218-5p, hsa-miR-30a-5p, hsa-miR-26a-5p, hsa-miR-195-5p, hsa-
miR-206, hsa-miR-1-3p

hsa-miR-29c-3p, hsa-miR-30a-5p, hsa-miR-206, hsa-miR-1-3p, hsa-miR-
23b-3p, hsa-miR-125b-5p

hsa-miR-206, hsa-miR-1-3p, hsa-miR-26a-5p, hsa-miR-23b-3p, hsa-miR-
30a-5p, hsa-miR-195-5p

hsa-miR-26a-5p, hsa-miR-195-5p, hsa-miR-143-3p, hsa-let-7c-5p, hsa-miR-
30a-5p

hsa-miR-206, hsa-miR-143-3p, hsa-miR-378c, hsa-miR-1-3p, hsa-let-7c-5p
hsa-miR-26a-5p, hsa-miR-23b-3p, hsa-miR-30a-5p, hsa-miR-218-5p, hsa-
miR-195-5p

hsa-miR-26a-5p, hsa-miR-145-5p, hsa-miR-1-3p, hsa-miR-206, hsa-miR-
218-5p

hsa-miR-100-5p, hsa-miR-1-3p, hsa-miR-206, hsa-miR-99a-5p, hsa-miR-
23b-3p

hsa-miR-30a-5p, hsa-miR-195-5p, hsa-miR-218-5p, hsa-miR-143-3p, hsa-
miR-125b-5p

hsa-miR-30a-5p, hsa-miR-206, hsa-miR-1-3p, hsa-miR-26a-5p, hsa-let-7c-5p
hsa-miR-29¢-3p, hsa-miR-206, hsa-miR-1-3p, hsa-miR-378¢, hsa-let-7c-5p
hsa-miR-381-3p, hsa-miR-29¢-3p, hsa-miR-218-5p, hsa-miR-145-5p, hsa-
miR-30a-5p

hsa-miR-143-3p, hsa-miR-1-3p, hsa-miR-206, hsa-miR-30a-5p, hsa-miR-
125b-5p

hsa-miR-26a-5p, hsa-miR-29¢-3p, hsa-miR-195-5p, hsa-miR-143-3p, hsa-
miR-23b-3p

hsa-miR-1-3p, hsa-miR-23b-3p, hsa-miR-30a-5p, hsa-miR-206, hsa-miR-
218-5p

hsa-miR-26a-5p, hsa-miR-23b-3p, hsa-miR-30a-5p, hsa-miR-218-5p, hsa-
miR-204-5p

hsa-miR-218-5p, hsa-miR-195-5p, hsa-miR-30a-5p, hsa-miR-145-5p, hsa-
miR-133b

hsa-miR-23b-3p, hsa-miR-218-5p, hsa-miR-29¢-3p, hsa-miR-139-5p, hsa-let-
7¢c-5p

hsa-miR-26a-5p, hsa-miR-206, hsa-miR-30a-5p, hsa-miR-1-3p, hsa-miR-
143-3p

hsa-miR-143-3p, hsa-miR-1-3p, hsa-miR-145-5p, hsa-miR-206, hsa-miR-
204-5p

hsa-miR-204-5p, hsa-miR-195-5p, hsa-miR-139-5p, hsa-miR-378c, hsa-miR-
143-3p

hsa-miR-204-5p, hsa-miR-30a-5p, hsa-miR-206, hsa-miR-1-3p, hsa-miR-
125b-5p

https://doi.org/10.1371/journal.pone.0267291.t001
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miRNAs highly expressed in various types of cancers

Hamilton et al. [35] previously reported a list of pan-cancer oncomiRs which displayed
enhanced expression in at least 6 out of 8 tumor samples versus corresponding normal cells. We
sought to determine which oncomiRs were expressed higher in at least 12 out of 14 tumor types
compared with normal cells (i.e. twice as many cancer types as used in Hamilton et al. study),
thereby providing a more reliable pan-cancer list of oncomiRs. Our analysis yielded 25 miRNAs
which were more abundantly expressed in tumor cells than normal tissues (S1A Fig). We
observed a significant overlap with data reported by Hamilton et al. in terms of the miRNAs
exhibiting higher expression levels in multiple cancer cells. For example, miRNAs such as miR-
21, miR-17, miR-93, miR-19a, and miR-130b were observed to be the most consistently upregu-
lated miRNAs in various tumor samples (S1A and S1B Fig), as reported previously [35].

In addition to these commonly identified miRNAs, we found yet other oncomiRs including
miR-181, miR-1307, miR-1301, miR-20a, miR-155, miR-106b, miR-15a, miR-16, miR-629,
miR-454, miR-937, miR-3127, miR-769, miR-671, and miR-589 to be abundantly expressed in
the majority of cancer types analyzed as compared to normal tissues (S2A and S2B Fig). Fur-
thermore, some of the oncomiRs identified as pan-cancer oncomiRs in Hamilton et al. study
(i.e. miR-210, miR-106a, miR-135b, miR-301b, miR-192, miR-142, miR-301a, miR-33b, miR-
590, miR-196a, miR-7, and miR-455) were not included in our final list of oncomiRs, probably
due to the inclusion of a lower number of cancer types in the aforementioned study and the
higher stringency applied in our analysis. Finally, we looked at the previously reported GUGC
motif in oncomiRs identified by Hamilton et al. and observed that eight of our identified onco-
miRs had this typical oncomiR-associated nucleotide motif in their seed sequence.

The identification of a more or less similar set of oncomiRs in both studies further high-
lights the reliability of our analysis. Although there was a fraction of pan-cancer oncomiRs that
were differentially identified in the two studies, the fact that these miRNAs belong to some of
the same miRNA families underscores the high similarity of the final set of oncomiRs between
the Hamilton et al. and our study. Importantly, almost all of the oncomiRs that we identified
across multiple tumor types are known to be upregulated, and functionally important, in plu-
ripotent stem cells such as embryonic stem cells and induced pluripotent stem cells [36-38].
These stem cells are characterized by unlimited self-renewal property and can form benign ter-
atomas or malignant teratocarcinomas upon direct transplantation into immunocompromised
mice [39, 40], suggesting that the identified oncomiRs might facilitate the malignant transfor-
mation as well as invasiveness of various cancer cells by promoting stemness characteristics in
emerging tumor cells.

Specific short sequence motifs define a fraction of normomiRs

We next asked if we can similarly find a common four-nucleotide motif within the seed
sequences (nucleotides 2-8 from 5’ terminus) of the identified normomiRs. Our motif analysis
found a four-nucleotide sequence, i.e. the CCCG motif, which was observed in three of the
normomiRs: miR-100, miR-99a, and miR-1247 (Fig 2A). Intriguingly, none of the 25 pan-can-
cer oncomiRs identified in our study contained the CCCG motif (S1B Fig), making this short
sequence motif depleted among the identified oncomiRs. This four-nucleotide sequence might
be a key determinant in defining the range of target mRNAs commonly regulated by the
CCCG-containing normomiRs. This seed motif similarity in a fraction of pan-cancer normo-
miRs suggests that these miRNAs might undergo coordinate regulation to commonly target
crucial oncogenes. We next examined the frequency of CCCG motif across all human miRNAs
and not just the miRNAs from our final candidates. This analysis yielded 256 four-nucleotide
motifs across the human miRNome (S2A Fig and S2 Table). We observed that a total of 23

PLOS ONE | https://doi.org/10.1371/journal.pone.0267291  April 27, 2022 8/23


https://doi.org/10.1371/journal.pone.0267291

PLOS ONE

NormomiRs suppress multiple tumor types

a | miRNA ID

Sequence

miR-381
miR-411
miR-125b-2
miR-26a-2
miR-23b
miR-99a
let-7c
miR-101-2
miR-100
miR-1258
miR-29¢c
miR-378c
miR-30a
miR-218-2
miR-204
miR-1-2
miR-133a-1
miR-133a-2
miR-133b
miR-139
miR-145
miR-1247
miR-195
miR-143
miR-206

uauacaagggcaagcucucugu
uaguagaccguauagcguacg
ucccugagacccuaacuuguga
uucaaguaauccaggauaggcu
aucacauugccagggauuaccac
aACCCGuagauccgaucuugug
ugagguaguagguuguaugguu
uacaguacugugauaacugaa
aACCCGuagauccgaacuugug
aguuaggauuaggucguggaa
uagcaccauuugaaaucgguua
acuggacuuggagucagaagagugg
uguaaacauccucgacuggaag
uugugcuugaucuaaccaugu
uucccuuugucauccuaugecu
uggaauguaaagaaguauguau
uuugguccccuucaaccageug
uuugguccccuucaaccageug
uuugguccccuucaaccageua
ucuacagugcacgugucuccagu
guccaguuuucccaggaaucccu
acccgucccguucgucccegga
uagcagcacagaaauauugge
ugagaugaagcacuguagcuc
uggaauguaaggaagugugugg

'2';':“;:1‘3’::‘ "c'?glf; ";’t'f:‘ miRNAS with CAGU motif
miR.1247.5p |miR.132.5p miR.16.1.3p |miR-199a-3p |miR-148a-3p
miR-1247-3p |miR-340-3p  |miR-4645-3p [MiR-222-5p |miR-199b-3p
miR-1471 miR-1973 mMiR-4697-3p |[miR-144-3p |miR-152-3p
miR-4258 miR-3678-5p [miR-4797-3p |miR-770-5p |miR-194-3p
miR-4740-3p |miR-6827-3p [miR-5094 miR-1825 miR-148b-3p
miR-4783-3p |miR-1468-5p [miR-5195-3p [miR-4276 miR-455-3p
miR-7108-3p |miR-1247-5p |miR-17-3p  [miR-4712-5p |miR-545-5p
miR-10398-3p [miR-99a-5p  [miR-27a-3p |miR-6499-3p |miR-584-3p
miR-99a-5p miR-100-5p  [miR-30a-3p |miR-34a-5p |miR-622
miR-100-5p  |[miR-99b-5p  |miR-30d-3p |miR-212-3p |miR-935
miR-99b-5p  |[miR-451a miR-139-5p [miR-216a-3p [miR-936
miR-941 miR-3605-3p |miR-27b-3p |miR-217-3p |miR-1910-5p
miR-4707 miR-4800-3p |miR-143-5p [miR-223-3p |miR-3129-5p
miR-5587-3p |miR-1537-3p [miR-34b-5p |miR-128-3p |miR-4302
miR-1538 miR-30e-3p |miR-132-3p |miR-4277
miR-3940-3p miR-575 miR-145-5p  |[miR-4328
miR-4449 miR-449¢c-5p |[miR-34c-5p |miR-4704-3p
miR-4745-3p miR-2682-5p |miR-449a miR-5190
miR-6763-3p miR-3130-5p [mMiR-582-5p |miR-5693
miR-6840-5p miR-3925-3p |miR-449b-5p |miR-6733-3p
miR-10396b miR-4482-5p |miR-4264 miR-101-3p
miR-4281 miR-4676-5p |miR-4274 miR-199a-5p
miR-4747-3p miR-4709-5p |miR-3681-3p |miR-199b-5p
miR-6516-5p |miR-4519

Fig 2. A fraction of tumor-suppressive miRNAs are characterized by specific short nucleotide motifs. (a). The frequency of certain
four- and five-nucleotide motifs in the seed regions of normomiRs: the CCCG motif (blue) was found in miR-100, miR-99a, and miR-
1247, the CCGU motif (underlined sequence) was present in in the same three normomiRs, the CAGU motif (red) was found in miR-
101, miR-139, and miR-145, the CCCGU motif (bold) was present in miR-99a, -100, and -1247, and the ACCCG motif (italic) was
present in miR-99a and miR-100. (b). The list of all miRNAs across human miRNome containing the CCCG, CCGU, and/or CAGU
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motifs in their seed regions. (c). Identification of the mRNA-miRNA network of the normomiRs containing the three sequence motifs
CCCG, CCGU, and CAGU. These normomiRs engage in a highly dynamic regulatory circuitry in which many cancer-critical genes
(particularly FXN, IGFIR, COX2, UTP4, YTHDCI, MCM8, and KPNA2) are co-regulated.

https://doi.org/10.1371/journal.pone.0267291.9002

miRNAs contain the CCCG motif in their seed sequence (Figs 2B and S2A and S2 Table) and
that this motif was found in four miRNAs (including the three normomiRs above) with anti-
cancer functions but was completely absent in known oncomiRs (Figs 2B and S1B and S2A).

Notably, our comprehensive analysis also yielded two other four-nucleotide motifs within
the human miRNome which were more prevalent in miRNAs with potential anti-cancer func-
tions: CCGU and CAGU (S2A Fig). The CCGU motif was present in 14 miRNA seed
sequences, four of them exhibiting tumor suppressing activities. This motif was present in
three of our 25 final normomiRs (overlapping with the CCCG motif) but again absent in
known oncomiRs. The other motif, CAGU, was found in the seed regions of 71 miRNAs
totally, with four of them exhibiting anti-tumor and one with pro-tumor functions. Three of
our normomiRs (miR-101, miR-139, and miR-145) contained the CAGU motif in their seed
region (Figs 2A and S2A). We also looked at the frequency of the five-nucleotide motifs in the
seed region of all human miRNAs. Our results indicated that the CCCGU motif (containing
the four-nucleotide CCCG motif mentioned before) was present in only four miRNAs, three
of them were among our normomiRs (miR-99a, -100, and -1247), but depleted from onco-
miRs (Fig 2A and S3 Table and S2B Fig). The miRNAs miR-99a and miR-100 also contained
another five-nucleotide motif, ACCCG (containing the four-nucleotide ACCC motif), which
was again depleted from oncomiRs (Figs 2A and S2B).

Next, to examine how a common seed motif (CCCG) might provide the miRNAs with this
motif with a shared set of target genes potentially involved in tumorigenesis, we obtained the
predicted list of transcripts co-targeted by of all these miRNAs from TargetScan, miRDB, and
miRanda databases (54 Table). Interestingly, our analysis suggested that the three CCCG-con-
taining miRNAs could inhibit crucial cancer-associated pathways involved in cell cycling, gli-
oma, melanoma, prostate cancer progression, and HIF-1 signaling (S2C Fig). We finally
sought to identify the mRNA-miRNA network of the normomiRs containing the three
sequence motifs CCCG, CCGU, and CAGU to examine if they converge on a small set of
genes potentially implicated in cancer promotion. As shown in Fig 2C, these miRNAs engage
in a highly interactive regulatory network in which they regulate many genes. Importantly,
three of the normomiRs containing the above-mentioned motifs could co-target seven genes
simultaneously. These genes (FXN, IGFIR, COX2, UTP4, YTHDCI1, MCM8, and KPNA2)
might be interesting targets for suppression in various cancers, as some of them (e.g. COX2
and IGFIR) are already known to be potent drivers of tumorigenesis [41, 42]. Taken together,
we uncover a number of previously uncharacterized short sequence motifs, enriched in the
seed region of normomiRs but depleted in oncomiRs, which might mediate the suppression of
various types of cancer and inhibit some of the biological processes driving malignant transfor-
mation of the cells.

MyomiRs as well as miRNAs from DLK1-DIO3 locus might resist
tumorigenesis

Next, we sought to determine if the identified normomiRs might be representing certain geno-
mic regions and/or belonging to specific miRNA families or clusters. We noticed that several
of our identified normomiRs belong to the muscle-enriched family of miRNAs known as myo-
miRs which serve anti-tumor functions: miR-133a, miR-133b, miR-206, and miR-1 [34, 43,
44]. Notably, a large fraction of other miRNAs in the list including miR-100, miR-145, miR-
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195, miR-139, miR-381, and miR-411 are reported to be expressed in muscle cells and promote
myogenic differentiation [43, 45-47]. The overrepresentation of muscle-associated miRNAs in
our analysis is highly interesting, as muscle is among the few body tissues which do not (or
only rarely) develop cancer, suggesting that these miRNAs might be among the key factors nat-
urally resisting cancer development in muscle tissue and that they could be exploited for fight-
ing multiple cancer types. Although these miRNAs are abundantly expressed in muscle, we
found that they exhibited an enhanced expression level in other normal tissues than the major-
ity of tumor samples analyzed (Fig 1D). To gain insight into the potential biological processes
regulated by these miRNAs, we performed miRNA target prediction analysis using TargetScan
and subjected the obtained targets (S5 Table) to gene ontology (GO) analysis. Results of KEGG
analysis strongly suggested that these myomiRs could frequently target critical oncogenic path-
ways such as MAPK/Ras signaling and converge on a shared set of genes promoting the stem-
ness and malignant transformation of tumor cells (Fig 3A).

Apart from myomiRs, we also noticed the enhanced expression of three miRNAs miR-381,
miR-1247, and miR-411 in various normal cell types compared with corresponding tumor
cells (Fig 1D). These miRNAs are expressed from the imprinted DLK1-DIO3 locus at 14q32,
encoding miR-379/410 mega cluster, the largest known miRNA locus in placental mammals.
This locus codes for a large number of long and small non-coding RNAs including tens of
miRNAs with diverse functions including in stem cell regulation, normal development, and
diseases including cancer [48-50]. Importantly, DLKI-DIO3 miRNAs tend to serve tumor-
suppressing functions in many cancer types [51-53]. We, therefore, investigated in silico the
potential gene networks that are regulated by these miRNAs to find out which pathways are
potentially regulated by these miRNAs. Our analysis suggested that these miRNAs could target
several genes (S6 Table) and pathways such as Wnt signaling critically involved in the develop-
ment and progression of several types of cancer (Fig 3B). Overall, these findings suggest that
miRNAs associated with muscle differentiation and the DLKI-DIO3 miRNAs might provide
natural barriers to tumorigenesis and that these miRNAs might be a viable option to target sev-
eral cancer types simultaneously.

miR-206 and miR-381 exhibit pan-cancer tumor-suppressing effects

In the next step, we wanted to examine which candidate miRNAs might simultaneously inhibit
multiple tumor types in vitro. First, we tried to further narrow down the number of final candi-
date miRNAs for functional analysis. We chose all of the myomiRs except miR-133a, since it is
almost identical to another selected myomiR, i.e. miR-133b (these two miRNAs differ from each
other in only a single nucleotide located outside of the seed region. We also selected two of the
CCCG-motif-containing miRNAs, i.e. miR-100 and miR-1247. miR-145 and miR-381 were also
chosen because several separate studies report that they might inhibit multiple tumor types when
overexpressed [54-56]. Of note, miR-1247 and miR-381 belong to the DLK1-DIO3 locus-embed-
ded miRNA cluster, as described above. Finally, we also included miR-195 and miR-139 for func-
tional analysis, as they had been poorly studied in the context of tumorigenesis, and we wanted
to further investigate their potential anti-cancer impacts on various cancer cell types in vitro.

The cancer cell lines which were chosen for miRNA gain of function studies included
LnCAP (a prostate cancer cell line with mesenchymal phenotype), PC3 (a prostate cancer cell
line with epithelial phenotype), MDA-MB-231 (a malignant/metastatic breast cancer cell line
with mesenchymal phenotype), A549 (a lung cancer cell line with mesenchymal phenotype),
Huh-7 (a liver cancer cell line with epithelial phenotype), and SKOV3 (an ovarian cancer cell
line with mesenchymal phenotype). These cancer types are already known to be either highly
prevalent worldwide and/or among the deadliest cancers reported to date [57, 58]. Before
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Fig 3. MyomiRs and certain miRNAs from DLKI-DIO3 locus constitute a fraction of normomiRs. (a). KEGG analysis of genes predicted to be targeted by myomiRs.
The gene targets of myomiRs were predicted using TargetScan and the GO analysis was performed using the KEGG feature of Enrichr. (b). GO analysis of genes predicted
by TargetScan to be targeted by miR-381, miR-411, and miR-1247. These miRNAs belong to the DLK1-DIO3 locus-embedded miRNA cluster.
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cancer cell treatment with candidate mature miRNA mimics, we analyzed the efficiency of
small RNA delivery into three types of cancer cell line (MDA-MB-231 breast cancer cells, PC3
prostate cancer cells, and SKOV-3 ovarian cancer cells) using FITC-conjugated small RNAs by
transient transfection. Our flow cytometry analysis indicated that FITC-labelled small RNA
could be delivered to different cancer cell lines with very high efficiency (from 76.1% to 98.4%
of the cells for different cells) 24 hours post-transfection (Fig 4A-4C).

For functional analysis of candidate miRNAs, cancer cells were seeded 24 hours prior to
miRNA transfection and were subjected to viability assessment three days post-treatment (Fig
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5A). Interestingly, we observed that except miR-139 and miR-100 whose overexpression inhib-
ited only one cancer cell line (MDA-MB-231 and SKOV3, respectively), all the other candidate
normomiRs significantly suppressed the growth of at least two cancer cell types (Fig 5A and
5B). We also found that miR-145 which is reported to inhibit various cancer cell types, could,
in our hands, inhibit the growth of three of the six cancer cell types tested. Most importantly, it
was revealed that two of the nine candidate miRNAs analyzed, i.e. miR-206 and miR-381, were
the most potent pan-cancer normomiRs in suppressing multiple tumor types, since they con-
siderably decreased the viability of five out of the six cancer types: the myomiR miR-206 could
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Fig 5. Gain of function of nine candidate normomiRs in six cancer cell types. (a). Schematic showing the procedure of cancer cell analysis
following treatment with candidate normomiRs. (b). MTS viability assays of different cancer cell lines three days after transfection with
candidate normomiRs. Data are shown as mean + SEM, n = 3-5, *p<0.05; **p<0.001; ***p<0.0001; ****p<0.0001. (c). Summary of the results
shown in (B). Huh-7: human hepatoma (hepatocellular carcinoma) cell line; PC3: prostate cancer 3 cell line, SKOV-3: an ovarian cancer cell line
originally derived from ascites of a female patient with ovarian cancer; LnCAP: a prostate cancer cell line originally established from a metastatic
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lymph node lesion of prostate cancer; MDA-MB-231: a breast cancer cell line initially derived from a pleural effusion of a breast cancer patient
with ductal carcinoma; A549: a lung cancer cell line isolated from a cancerous lung tissue in the explanted tumor tissue of a man with pulmonary
adenocarcinoma.

https://doi.org/10.1371/journal.pone.0267291.9g005

suppress all cancer types but LnCAP prostate cancer cell line, and the DLK1-DIO3-embedded
miRNA miR-381 inhibited all but A549 lung cancer cells (Fig 5B and 5C). Therefore, miRNAs
miR-381 and miR-206 can be powerful tools to suppress various cancer cell types. Notably,
these two miRNAs did not exert any negative influence on the growth of human dermal fibro-
blast cells (53 Fig), suggesting that their growth-inhibitory effects are restricted to cancer cells.
Opverall, our analyses revealed specific normomiRs with high potential to be investigated in
future miRNA replacement therapies against multiple types of tumor cells in animal models
and human clinical trials of cancer.

Gene targets of miR-206 and miR-381 are critically involved in tumor
development

Having specified the most potent normomiRs against multiple cancer cell types, we next
sought to analyze the potential gene regulatory networks modulated by miRNAs miR-206 and
miR-381 in cancer. Our previous analysis showed that myomiRs (including miR-206) and the
miRNAs encoded by DLKI-DIO3 locus (including miR-381) could repress critical pathways
implicated in (see Fig 3B and 3C). Therefore, we wanted to investigate in silico how miR-206
and miR-381 could regulate molecular pathways in order to suppress tumorigenesis in a pan-
cancer manner. Our KEGG pathway analysis through Enrichr revealed that the putative target
genes of miR-206 and miR-381 were important players in the development and progression of
cancer cells (Fig 6A). This finding was further confirmed by another feature of Enrichr (JEN-
SEN Disease) which highlights the relationship between genes and diseases (Fig 6B).

We then obtained the list of genes predicted by TargetScan to be co-targeted by both miR-
381 and miR-206. This analysis revealed a small set of shared targets (most notably CCND2,
ACVR2B, NFAT5, and COROI1C) which are known to promote fundamental processes driving
tumorigenesis and malignancy [59-69] (54 Fig). Of note, miR-206 tended to occupy more
complementary sites in the 3’ untranslated region (3" UTR) of its target transcripts than miR-
381 (S4 Fig). Since the presence of more miRNA binding sites within the 3> UTR of target
mRNAs leads to a more powerful gene silencing [70, 71], this might at least partially explain
why growth-suppressive effects exerted by miR-206 were in most cases more potent than that
of miR-381 (see Fig 5B). Finally, we generated a regulatory network using experimentally vali-
dated miRNA/mRNA targeting interactions within cancer-related pathways for miR-206 and
miR-381 and observed that these two miRNAs can suppress several important aspects of
tumorigenesis including DNA replication and repair, cell cycling and proliferation, migration,
invasion to neighnoring tissues, and metastatsis to distant parts of the patient’s body (Fig 7).
Taken together, our findings highlight key miRNAs which could potentially serve as pan-can-
cer inhibitors of tumorigenesis in miRNA replacement therapies.

Conclusion

In this study, we analyzed genome-wide miRNA expression profiles from 14 tumor types and
their corresponding normal cell types to obtain miRNAs upregulated in various normal cells
compared to cancer cells. We identified 25 miRNAs that were expressed more abundantly in
normal cell types compared to their corresponding cancer cell types. Some of these so-called
normomiRs had previously been suggested to suppress tumor cell growth, invasion, and
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Fig 6. Potential biological processes regulated by miR-206 and miR-381. (a). Enrichr-based KEGG analysis of genes predicted to be co-targeted by miR-206 and miR-
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obtained using TargetScan.
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metastasis. Moreover, a large fraction of these normomiRs was found to be members of myo-
miRs and of the largest known miRNA cluster embedded in the DLKI-DIO3 locus on human
chromosome 14. Importantly, myomiRs (i.e. muscle-enriched miRNAs) as well as miRNAs
from the DLK1-DIO3 locus are frequently reported to be potent suppressors of carcinogenesis.
Furthermore, we found that the five-nucleotide CCCGU motif within the miRNA seed region
characterized a fraction of tumor-suppressor miRNAs, while simultaneously being depleted
from pro-tumor miRNAs. Finally, our functional analysis of nine normomiRs indicated that
all the tested normomiRs could suppress at least one cancer cell type in vitro. More impor-
tantly, we found that two of the select normomiRs, i.e. miR-206 and miR-381, drastically
reduced the viability of five out of six types of cancer cell lines tested, suggesting that these
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miRNAs might have potent tumor-suppressing impacts in a pan-cancer manner. These find-
ings highlight the potential in vivo application of miR-206 (a myomiR) and miR-381 (belong-
ing to the DLK1-DIO3 miRNAs) in targeting multiple types of tumor. Further investigations
using animal models of various cancer types would be needed to determine how normomiRs
might function in vivo. Taken together, our results suggest that the delivery of miRNAs that
are normally expressed at higher levels in various normal cell types but lost in tumor cells (i.e.
normomiR overexpression) might provide an effective approach to miRNA-replacement ther-
apies in multiple cancer types.

Supporting information

S1 Fig. Identification of pan-cancer oncomiRs. (a). Heatmap of miRNAs showing higher
expression levels in 12 out of 14 cancer types than in corresponding normal cell types. (b). The
sequence of top 25 pan-cancer oncomiRs identified in our analysis of 14 types of cancer and
normal cell types. The nucleotide motifs in blue font indicate the four-nucleotide GUGC motif
characteristic of pan-cancer oncomiRs.

(TIF)

S2 Fig. The frequency of various short sequence motifs across anti- and pro-tumor miR-
NAs. (a). Table showing the total number of miRNAs with the indicated four-nucleotide
sequence motifs across the human miRNome. (b). Table showing the total number of miRNAs
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with the indicated five-nucleotide sequence motifs across the human miRNome. (c). Enrichr-
based GO analysis of genes predicted to be targeted by the three miRNAs miR-100, miR-99a,
and miR-1247. TargetScan, miRDB, and miRanda were used to obtain the predicted targets of
the miRNAs.

(TIF)

S3 Fig. Effect of miR-381 and miR-206 on the viability of cultured fibroblast cells. Twenty
hours after seeding, human dermal fibroblasts were treated with each miRNA, and then sub-
jected to viability assessment using MTS assays three days post-transfection. Ctrl: untreated
control; Scr: scrambled control.

(TTF)

S4 Fig. Genes predicted to be co-targeted by miR-206 and miR-381. The co-targeted genes
of miR-206 and miR-381 were predicted using TargetScan.
(TIF)

S1 Table. The list of various experimentally validated oncogenes predicted to be targeted
by normomiRs.
(XLSX)

$2 Table. The frequency of various four-nucleotide sequence motifs observed in oncomiRs
or tumor-suppressive miRNAs.
(XLS)

S3 Table. The frequency of various five-nucleotide sequence motifs observed in oncomiRs
or tumor-suppressive miRNAs.
(XLS)

S4 Table. The putative targets of normomiRs containing the CCCG motif in their seed
regions predicted using TargetScan, miRanda, and miRDB.
(XLSX)

S5 Table. The predicted targets of myomiRs obtained using TargetScan.
(XLSX)

S6 Table. The predicted targets of the DLK1-DIO3 locus-embedded miRNAs miR-381,
miR-411, and miR-1247 obtained using TargetScan.
(XLSX)

Acknowledgments

The authors thank Javad Firoozi and Ehsan Janzamin for assistance with cell culture and flow
cytometry. We are also grateful to Zahra Abdi for assistance with the identification of the nor-
momiR-targeted oncogenes.

Author Contributions
Conceptualization: Sharif Moradi, Ali Sharifi-Zarchi.
Data curation: Sharif Moradi, Hamidreza Aboulkheyr Es.

Formal analysis: Sharif Moradi, Aryan Kamal, Hamidreza Aboulkheyr Es, Farnoosh Farhadi,
Marzieh Ebrahimi, Hamidreza Chitsaz, Ali Sharifi-Zarchi, Hossein Baharvand.

Funding acquisition: Hamidreza Chitsaz, Hossein Baharvand.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267291  April 27, 2022 18/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267291.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267291.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267291.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267291.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267291.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267291.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267291.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267291.s010
https://doi.org/10.1371/journal.pone.0267291

PLOS ONE

NormomiRs suppress multiple tumor types

Investigation: Sharif Moradi, Hamidreza Aboulkheyr Es, Marzieh Ebrahimi, Hamidreza Chit-

saz, Ali Sharifi-Zarchi, Hossein Baharvand.

Methodology: Sharif Moradi, Hamidreza Aboulkheyr Es, Ali Sharifi-Zarchi.

Software: Aryan Kamal, Farnoosh Farhadi, Ali Sharifi-Zarchi, Hossein Baharvand.

Supervision: Hamidreza Chitsaz, Ali Sharifi-Zarchi, Hossein Baharvand.

Validation: Sharif Moradi, Marzieh Ebrahimi, Hamidreza Chitsaz, Ali Sharifi-Zarchi, Hossein

Baharvand.

Writing - original draft: Sharif Moradi.

Writing - review & editing: Hamidreza Chitsaz, Ali Sharifi-Zarchi, Hossein Baharvand.

References

1.

10.

11.

12.

13.

14.

Ha M, Kim VN. Regulation of microRNA biogenesis. Nature Reviews Molecular Cell Biology. 2014; 15
(8):509—-24. Epub 2014/07/17. https://doi.org/10.1038/nrm3838 PMID: 25027649.

Moradi S, Braun T, Baharvand H. miR-302b-3p Promotes Self-Renewal Properties in Leukemia Inhibi-
tory Factor-Withdrawn Embryonic Stem Cells. Cell Journal. 2018; 20(1):61-72. Epub 2018/01/09.
https://doi.org/10.22074/cellj.2018.4846 PMID: 29308620.

Shahriari F, Satarian L, Moradi S, Zarchi AS, Gunther S, Kamal A, et al. MicroRNA profiling reveals
important functions of miR-125b and let-7a during human retinal pigment epithelial cell differentiation.
Experimental Eye Research. 2019; 190:107883. Epub 2019/11/24. https://doi.org/10.1016/j.exer.2019.
107883 PMID: 31758976.

Jonas S, Izaurralde E. Towards a molecular understanding of microRNA-mediated gene silencing.
Nature Reviews Genetics. 2015; 16(7):421-33. Epub 2015/06/17. https://doi.org/10.1038/nrg3965
PMID: 26077373.

Wang Y, Juranek S, Li H, Sheng G, Tuschl T, Patel DJ. Structure of an argonaute silencing complex
with a seed-containing guide DNA and target RNA duplex. Nature. 2008; 456(7224):921—6. Epub 2008/
12/19. hitps://doi.org/10.1038/nature07666 PMID: 19092929; PubMed Central PMCID: PMC2765400.

Bernstein E, Kim SY, Carmell MA, Murchison EP, Alcorn H, Li MZ, et al. Dicer is essential for mouse
development. Nature Genetics. 2003; 35(3):215—7. Epub 2003/10/07. https://doi.org/10.1038/ng1253
PMID: 14528307.

Wang Y, Medvid R, Melton C, Jaenisch R, Blelloch R. DGCR8 is essential for microRNA biogenesis
and silencing of embryonic stem cell self-renewal. Nature Genetics. 2007; 39(3):380-5. Epub 2007/01/
30. https://doi.org/10.1038/ng1969 PMID: 17259983; PubMed Central PMCID: PMC3008549.

Sayed D, Abdellatif M. MicroRNAs in development and disease. Physiological Reviews. 2011; 91
(3):827-87. Epub 2011/07/12. https://doi.org/10.1152/physrev.00006.2010 PMID: 21742789.

Radmanesh F, Sadeghi Abandansari H, Ghanian MH, Pahlavan S, Varzideh F, Yakhkeshi S, et al.
Hydrogel-mediated delivery of microRNA-92a inhibitor polyplex nanoparticles induces localized angio-
genesis. Angiogenesis. 2021; 24(3):657-76. Epub 2021/03/21. https://doi.org/10.1007/s10456-021-
09778-6 PMID: 33742265.

Mohammadi P, Nilforoushzadeh MA, Youssef KK, Sharifi-Zarchi A, Moradi S, Khosravani P, et al.
Defining microRNA signatures of hair follicular stem and progenitor cells in healthy and androgenic alo-
pecia patients. Journal of Dermatological Science. 2021; 101(1):49-57. Epub 2020/11/14. https://doi.
org/10.1016/j.jdermsci.2020.11.002 PMID: 33183906.

Ahmadi A, Moradi S. In silico analysis suggests the RNAi-enhancing antibiotic enoxacin as a potential
inhibitor of SARS-CoV-2 infection. Scientific Reports. 2021; 11(1):10271. Epub 2021/05/15. https://doi.
org/10.1038/s41598-021-89605-6 PMID: 33986351; PubMed Central PMCID: PMC8119475.

Wust S, Drose S, Heidler J, Wittig |, Klockner |, Franko A, et al. Metabolic Maturation during Muscle
Stem Cell Differentiation Is Achieved by miR-1/133a-Mediated Inhibition of the DIk1-Dio3 Mega Gene
Cluster. Cell Metabolism. 2018; 27(5):1026—-39 e6. Epub 2018/04/03. https://doi.org/10.1016/j.cmet.
2018.02.022 PMID: 29606596.

Anastasiadou E, Jacob LS, Slack FJ. Non-coding RNA networks in cancer. Nature Reviews Cancer.
2018; 18(1):5-18. Epub 2017/11/25. https://doi.org/10.1038/nrc.2017.99 PMID: 29170536.

Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards a new era for the management of cancer and
other diseases. Nature Reviews Drug Discovery. 2017; 16(3):203—22. Epub 2017/02/18. https://doi.org/
10.1038/nrd.2016.246 PMID: 28209991.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267291  April 27, 2022 19/23


https://doi.org/10.1038/nrm3838
http://www.ncbi.nlm.nih.gov/pubmed/25027649
https://doi.org/10.22074/cellj.2018.4846
http://www.ncbi.nlm.nih.gov/pubmed/29308620
https://doi.org/10.1016/j.exer.2019.107883
https://doi.org/10.1016/j.exer.2019.107883
http://www.ncbi.nlm.nih.gov/pubmed/31758976
https://doi.org/10.1038/nrg3965
http://www.ncbi.nlm.nih.gov/pubmed/26077373
https://doi.org/10.1038/nature07666
http://www.ncbi.nlm.nih.gov/pubmed/19092929
https://doi.org/10.1038/ng1253
http://www.ncbi.nlm.nih.gov/pubmed/14528307
https://doi.org/10.1038/ng1969
http://www.ncbi.nlm.nih.gov/pubmed/17259983
https://doi.org/10.1152/physrev.00006.2010
http://www.ncbi.nlm.nih.gov/pubmed/21742789
https://doi.org/10.1007/s10456-021-09778-6
https://doi.org/10.1007/s10456-021-09778-6
http://www.ncbi.nlm.nih.gov/pubmed/33742265
https://doi.org/10.1016/j.jdermsci.2020.11.002
https://doi.org/10.1016/j.jdermsci.2020.11.002
http://www.ncbi.nlm.nih.gov/pubmed/33183906
https://doi.org/10.1038/s41598-021-89605-6
https://doi.org/10.1038/s41598-021-89605-6
http://www.ncbi.nlm.nih.gov/pubmed/33986351
https://doi.org/10.1016/j.cmet.2018.02.022
https://doi.org/10.1016/j.cmet.2018.02.022
http://www.ncbi.nlm.nih.gov/pubmed/29606596
https://doi.org/10.1038/nrc.2017.99
http://www.ncbi.nlm.nih.gov/pubmed/29170536
https://doi.org/10.1038/nrd.2016.246
https://doi.org/10.1038/nrd.2016.246
http://www.ncbi.nlm.nih.gov/pubmed/28209991
https://doi.org/10.1371/journal.pone.0267291

PLOS ONE

NormomiRs suppress multiple tumor types

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Nunez-lglesias J, Liu CC, Morgan TE, Finch CE, Zhou XJ. Joint genome-wide profiling of miRNA and
mRNA expression in Alzheimer’s disease cortex reveals altered miRNA regulation. PLoS One. 2010; 5
(2):8898. Epub 2010/02/04. https://doi.org/10.1371/journal.pone.0008898 PMID: 20126538; PubMed
Central PMCID: PMC2813862.

Lu M, Zhang Q, Deng M, Miao J, Guo Y, Gao W, et al. An analysis of human microRNA and disease
associations. PLoS One. 2008; 3(10):e3420. Epub 2008/10/17. https://doi.org/10.1371/journal.pone.
0003420 PMID: 18923704; PubMed Central PMCID: PMC2559869.

Chen X, Wang CC, Yin J, You ZH. Novel Human miRNA-Disease Association Inference Based on Ran-
dom Forest. Molecular Therapy Nucleic Acids. 2018; 13:568—79. Epub 2018/11/16. https://doi.org/10.
1016/j.omtn.2018.10.005 PMID: 30439645; PubMed Central PMCID: PMC6234518.

Calin GA, Sevignani C, Dumitru CD, Hyslop T, Noch E, Yendamuri S, et al. Human microRNA genes
are frequently located at fragile sites and genomic regions involved in cancers. Proceedings of the
National Academy of Sciences of the United States of America. 2004; 101(9):2999-3004. Epub 2004/
02/20. https://doi.org/10.1073/pnas.0307323101 PMID: 14973191; PubMed Central PMCID:
PMC365734.

Rupaimoole R, Calin GA, Lopez-Berestein G, Sood AK. miRNA Deregulation in Cancer Cells and the
Tumor Microenvironment. Cancer Discovery. 2016; 6(3):235-46. Epub 2016/02/13. https://doi.org/10.
1158/2159-8290.CD-15-0893 PMID: 26865249; PubMed Central PMCID: PMC4783232.

Svoronos AA, Engelman DM, Slack FJ. OncomiR or Tumor Suppressor? The Duplicity of MicroRNAs in
Cancer. Cancer Research. 2016; 76(13):3666—70. Epub 2016/06/22. https://doi.org/10.1158/0008-
5472.CAN-16-0359 PMID: 2732564 1; PubMed Central PMCID: PMC4930690.

Moradi S, Torabi P, Mohebbi S, Amjadian S, Bosma P, Faridbod F, et al. 10th Royan Institute’s Interna-
tional Summer School on "Molecular Biomedicine: From Diagnostics to Therapeutics". BioEssays:
news and reviews in molecular, cellular and developmental biology. 2020:62000042. Epub 2020/04/18.
https://doi.org/10.1002/bies.202000042 PMID: 32301124.

Kota J, Chivukula RR, O’Donnell KA, Wentzel EA, Montgomery CL, Hwang HW, et al. Therapeutic
microRNA delivery suppresses tumorigenesis in a murine liver cancer model. Cell. 2009; 137(6):1005—
17. Epub 2009/06/16. https://doi.org/10.1016/j.cell.2009.04.021 PMID: 19524505; PubMed Central
PMCID: PMC2722880.

Wiggins JF, Ruffino L, Kelnar K, Omotola M, Patrawala L, Brown D, et al. Development of a lung cancer
therapeutic based on the tumor suppressor microRNA-34. Cancer Research. 2010; 70(14):5923-30.
Epub 2010/06/24. https://doi.org/10.1158/0008-5472.CAN-10-0655 PMID: 20570894; PubMed Central
PMCID: PMC2913706.

Bader AG, Brown D, Winkler M. The promise of microRNA replacement therapy. Cancer Research.
2010; 70(18):7027-30. Epub 2010/09/03. https://doi.org/10.1158/0008-5472.CAN-10-2010 PMID:
20807816; PubMed Central PMCID: PMC2940943.

Esquela-Kerscher A, Trang P, Wiggins JF, Patrawala L, Cheng A, Ford L, et al. The let-7 microRNA
reduces tumor growth in mouse models of lung cancer. Cell Cycle. 2008; 7(6):759—64. Epub 2008/03/
18. https://doi.org/10.4161/cc.7.6.5834 PMID: 18344688.

Takeshita F, Patrawala L, Osaki M, Takahashi RU, Yamamoto Y, Kosaka N, et al. Systemic delivery of
synthetic microRNA-16 inhibits the growth of metastatic prostate tumors via downregulation of multiple
cell-cycle genes. Molecular Therapy: the journal of the American Society of Gene Therapy. 2010; 18
(1):181-7. Epub 2009/09/10. https://doi.org/10.1038/mt.2009.207 PMID: 19738602; PubMed Central
PMCID: PMC2839211.

Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting effective microRNA target sites in mammalian
mRNAs. eLife. 2015;4. Epub 2015/08/13. https://doi.org/10.7554/eLife.05005 PMID: 26267216;
PubMed Central PMCID: PMC4532895.

Enright AJ, John B, Gaul U, Tuschl T, Sander C, Marks DS. MicroRNA targets in Drosophila. Genome
Biology. 2003; 5(1):R1. Epub 2004/01/08. https://doi.org/10.1186/gb-2003-5-1-r1 PMID: 14709173;
PubMed Central PMCID: PMC395733.

Chen 'Y, Wang X. miRDB: an online database for prediction of functional microRNA targets. Nucleic
Acids Research. 2020; 48(D1):D127-D31. Epub 2019/09/11. https://doi.org/10.1093/nar/gkz757 PMID:
31504780; PubMed Central PMCID: PMC6943051.

Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al. Enrichr: a comprehen-
sive gene set enrichment analysis web server 2016 update. Nucleic Acids Research. 2016; 44(W1):
W90-7. Epub 2016/05/05. https://doi.org/10.1093/nar/gkw377 PMID: 27141961; PubMed Central
PMCID: PMC4987924.

Lever J, Zhao EY, Grewal J, Jones MR, Jones SJM. CancerMine: a literature-mined resource for driv-
ers, oncogenes and tumor suppressors in cancer. Nature Methods. 2019; 16(6):505—7. Epub 2019/05/
22, https://doi.org/10.1038/s41592-019-0422-y PMID: 31110280.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267291  April 27, 2022 20/23


https://doi.org/10.1371/journal.pone.0008898
http://www.ncbi.nlm.nih.gov/pubmed/20126538
https://doi.org/10.1371/journal.pone.0003420
https://doi.org/10.1371/journal.pone.0003420
http://www.ncbi.nlm.nih.gov/pubmed/18923704
https://doi.org/10.1016/j.omtn.2018.10.005
https://doi.org/10.1016/j.omtn.2018.10.005
http://www.ncbi.nlm.nih.gov/pubmed/30439645
https://doi.org/10.1073/pnas.0307323101
http://www.ncbi.nlm.nih.gov/pubmed/14973191
https://doi.org/10.1158/2159-8290.CD-15-0893
https://doi.org/10.1158/2159-8290.CD-15-0893
http://www.ncbi.nlm.nih.gov/pubmed/26865249
https://doi.org/10.1158/0008-5472.CAN-16-0359
https://doi.org/10.1158/0008-5472.CAN-16-0359
http://www.ncbi.nlm.nih.gov/pubmed/27325641
https://doi.org/10.1002/bies.202000042
http://www.ncbi.nlm.nih.gov/pubmed/32301124
https://doi.org/10.1016/j.cell.2009.04.021
http://www.ncbi.nlm.nih.gov/pubmed/19524505
https://doi.org/10.1158/0008-5472.CAN-10-0655
http://www.ncbi.nlm.nih.gov/pubmed/20570894
https://doi.org/10.1158/0008-5472.CAN-10-2010
http://www.ncbi.nlm.nih.gov/pubmed/20807816
https://doi.org/10.4161/cc.7.6.5834
http://www.ncbi.nlm.nih.gov/pubmed/18344688
https://doi.org/10.1038/mt.2009.207
http://www.ncbi.nlm.nih.gov/pubmed/19738602
https://doi.org/10.7554/eLife.05005
http://www.ncbi.nlm.nih.gov/pubmed/26267216
https://doi.org/10.1186/gb-2003-5-1-r1
http://www.ncbi.nlm.nih.gov/pubmed/14709173
https://doi.org/10.1093/nar/gkz757
http://www.ncbi.nlm.nih.gov/pubmed/31504780
https://doi.org/10.1093/nar/gkw377
http://www.ncbi.nlm.nih.gov/pubmed/27141961
https://doi.org/10.1038/s41592-019-0422-y
http://www.ncbi.nlm.nih.gov/pubmed/31110280
https://doi.org/10.1371/journal.pone.0267291

PLOS ONE

NormomiRs suppress multiple tumor types

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.

Tang H, Ma M, Dai J, Cui C, SiL, Sheng X, et al. miR-let-7b and miR-let-7c suppress tumourigenesis of
human mucosal melanoma and enhance the sensitivity to chemotherapy. Journal of Experimental &
Clinical Cancer Research: CR. 2019; 38(1):212. Epub 2019/05/24. https://doi.org/10.1186/s13046-019-
1190-3 PMID: 31118065; PubMed Central PMCID: PMC6532197.

Fu X, Mao X, Wang Y, Ding X, Li Y. Let-7c-5p inhibits cell proliferation and induces cell apoptosis by tar-
geting ERCCS6 in breast cancer. Oncology Reports. 2017; 38(3):1851-6. Epub 2017/07/22. https://doi.
org/10.3892/0r.2017.5839 PMID: 28731186.

Nohata N, Hanazawa T, Enokida H, Seki N. microRNA-1/133a and microRNA-206/133b clusters: dys-
regulation and functional roles in human cancers. Oncotarget. 2012; 3(1):9—21. Epub 2012/02/07.
https://doi.org/10.18632/oncotarget.424 PMID: 22308266; PubMed Central PMCID: PMC3292888.

Hamilton MP, Rajapakshe K, Hartig SM, Reva B, McLellan MD, Kandoth C, et al. Identification of a pan-
cancer oncogenic microRNA superfamily anchored by a central core seed motif. Nature Communica-
tions. 2013; 4:2730. Epub 2013/11/14. https://doi.org/10.1038/ncomms3730 PMID: 24220575; PubMed
Central PMCID: PMC3868236.

Moradi S, Asgari S, Baharvand H. Concise review: harmonies played by microRNAs in cell fate repro-
gramming. Stem Cells. 2014; 32(1):3—-15. Epub 2013/10/25. https://doi.org/10.1002/stem.1576 PMID:
24155164.

Greve TS, Judson RL, Blelloch R. microRNA control of mouse and human pluripotent stem cell behav-
ior. Annual Review of Cell and Developmental Biology. 2013; 29:213-39. Epub 2013/07/24. https://doi.
org/10.1146/annurev-cellbio-101512-122343 PMID: 23875649; PubMed Central PMCID:
PMC4793955.

Moradi S, Mahdizadeh H, Saric T, Kim J, Harati J, Shahsavarani H, et al. Research and therapy with
induced pluripotent stem cells (iPSCs): social, legal, and ethical considerations. Stem Cell Research &
Therapy. 2019; 10(1):341. Epub 2019/11/23. https://doi.org/10.1186/s13287-019-1455-y PMID:
31753034; PubMed Central PMCID: PMC6873767.

Kawamura A, Miyagawa S, Fukushima S, Kawamura T, Kashiyama N, lto E, et al. Teratocarcinomas
Arising from Allogeneic Induced Pluripotent Stem Cell-Derived Cardiac Tissue Constructs Provoked
Host Immune Rejection in Mice. Scientific Reports. 2016; 6:19464. Epub 2016/01/15. https://doi.org/10.
1038/srep19464 PMID: 26763872; PubMed Central PMCID: PMC4725880.

Gutierrez-Aranda |, Ramos-Meijia V, Bueno C, Munoz-Lopez M, Real PJ, Macia A, et al. Human
induced pluripotent stem cells develop teratoma more efficiently and faster than human embryonic
stem cells regardless the site of injection. Stem Cells. 2010; 28(9):1568—70. Epub 2010/07/20. https://
doi.org/10.1002/stem.471 PMID: 2064 1038; PubMed Central PMCID: PMC2996086.

LiuB, QuL, Yan S. Cyclooxygenase-2 promotes tumor growth and suppresses tumor immunity. Cancer
Cell International. 2015; 15:106. Epub 2015/11/10. https://doi.org/10.1186/s12935-015-0260-7 PMID:
26549987; PubMed Central PMCID: PMC4635545.

Morii I, lwabuchi Y, Mori S, Suekuni M, Natsume T, Yoshida K, et al. Inhibiting the MCM8-9 complex selec-
tively sensitizes cancer cells to cisplatin and olaparib. Cancer Science. 2019; 110(3):1044-53. Epub 2019/
01/17. https://doi.org/10.1111/cas.13941 PMID: 30648820; PubMed Central PMCID: PMC6398883.

Townley-Tilson WH, Callis TE, Wang D. MicroRNAs 1, 133, and 206: critical factors of skeletal and car-
diac muscle development, function, and disease. The International Journal of Biochemistry & Cell Biol-
ogy. 2010; 42(8):1252-5. Epub 2010/07/14. https://doi.org/10.1016/j.biocel.2009.03.002 PMID:
20619221; PubMed Central PMCID: PMC2904322.

Pan JY, Sun CC, Bi ZY, Chen ZL, Li SJ, Li QQ, et al. miR-206/133b Cluster: A Weapon against Lung
Cancer? Molecular Therapy Nucleic Acids. 2017; 8:442-9. Epub 2017/09/18. https://doi.org/10.1016/j.
omtn.2017.06.002 PMID: 28918043; PubMed Central PMCID: PMC5542379.

Xin M, Small EM, Sutherland LB, Qi X, McAnally J, Plato CF, et al. MicroRNAs miR-143 and miR-145
modulate cytoskeletal dynamics and responsiveness of smooth muscle cells to injury. Genes & Devel-
opment. 2009; 23(18):2166—78. Epub 2009/09/02. https://doi.org/10.1101/gad.1842409 PMID:
19720868; PubMed Central PMCID: PMC2751981.

Harafuji N, Schneiderat P, Walter MC, Chen YW. miR-411 is up-regulated in FSHD myoblasts and sup-
presses myogenic factors. Orphanet Journal of Rare Diseases. 2013; 8:55. Epub 2013/04/09. https://
doi.org/10.1186/1750-1172-8-55 PMID: 23561550; PubMed Central PMCID: PMC3637251.

Hitachi K, Tsuchida K. Myostatin-deficiency in mice increases global gene expression at the DIk1-Dio3
locus in the skeletal muscle. Oncotarget. 2017; 8(4):5943-53. Epub 2016/12/20. https://doi.org/10.
18632/oncotarget. 13966 PMID: 27992376; PubMed Central PMCID: PMC5351603.

Moradi S, Sharifi-Zarchi A, Ahmadi A, Mollamohammadi S, Stubenvoll A, Gunther S, et al. Small RNA
Sequencing Reveals DIk1-Dio3 Locus-Embedded MicroRNAs as Major Drivers of Ground-State Pluri-
potency. Stem Cell Reports. 2017; 9(6):2081-96. Epub 2017/11/14. https://doi.org/10.1016/j.stemcr.
2017.10.009 PMID: 29129685.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267291  April 27, 2022 21/23


https://doi.org/10.1186/s13046-019-1190-3
https://doi.org/10.1186/s13046-019-1190-3
http://www.ncbi.nlm.nih.gov/pubmed/31118065
https://doi.org/10.3892/or.2017.5839
https://doi.org/10.3892/or.2017.5839
http://www.ncbi.nlm.nih.gov/pubmed/28731186
https://doi.org/10.18632/oncotarget.424
http://www.ncbi.nlm.nih.gov/pubmed/22308266
https://doi.org/10.1038/ncomms3730
http://www.ncbi.nlm.nih.gov/pubmed/24220575
https://doi.org/10.1002/stem.1576
http://www.ncbi.nlm.nih.gov/pubmed/24155164
https://doi.org/10.1146/annurev-cellbio-101512-122343
https://doi.org/10.1146/annurev-cellbio-101512-122343
http://www.ncbi.nlm.nih.gov/pubmed/23875649
https://doi.org/10.1186/s13287-019-1455-y
http://www.ncbi.nlm.nih.gov/pubmed/31753034
https://doi.org/10.1038/srep19464
https://doi.org/10.1038/srep19464
http://www.ncbi.nlm.nih.gov/pubmed/26763872
https://doi.org/10.1002/stem.471
https://doi.org/10.1002/stem.471
http://www.ncbi.nlm.nih.gov/pubmed/20641038
https://doi.org/10.1186/s12935-015-0260-7
http://www.ncbi.nlm.nih.gov/pubmed/26549987
https://doi.org/10.1111/cas.13941
http://www.ncbi.nlm.nih.gov/pubmed/30648820
https://doi.org/10.1016/j.biocel.2009.03.002
http://www.ncbi.nlm.nih.gov/pubmed/20619221
https://doi.org/10.1016/j.omtn.2017.06.002
https://doi.org/10.1016/j.omtn.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/28918043
https://doi.org/10.1101/gad.1842409
http://www.ncbi.nlm.nih.gov/pubmed/19720868
https://doi.org/10.1186/1750-1172-8-55
https://doi.org/10.1186/1750-1172-8-55
http://www.ncbi.nlm.nih.gov/pubmed/23561550
https://doi.org/10.18632/oncotarget.13966
https://doi.org/10.18632/oncotarget.13966
http://www.ncbi.nlm.nih.gov/pubmed/27992376
https://doi.org/10.1016/j.stemcr.2017.10.009
https://doi.org/10.1016/j.stemcr.2017.10.009
http://www.ncbi.nlm.nih.gov/pubmed/29129685
https://doi.org/10.1371/journal.pone.0267291

PLOS ONE

NormomiRs suppress multiple tumor types

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Enterina JR, Enfield KSS, Anderson C, Marshall EA, Ng KW, Lam WL. DLK1-DIO3 imprinted locus
deregulation in development, respiratory disease, and cancer. Expert Review of Respiratory Medicine.
2017; 11(9):749-61. Epub 2017/07/19. https://doi.org/10.1080/17476348.2017.1355241 PMID:
28715922.

Benetatos L, Hatzimichael E, Londin E, Vartholomatos G, Loher P, Rigoutsos |, et al. The microRNAs
within the DLK1-DIO3 genomic region: involvement in disease pathogenesis. Cellular and Molecular
Life Sciences: CMLS. 2013; 70(5):795-814. Epub 2012/07/25. https://doi.org/10.1007/s00018-012-
1080-8 PMID: 22825660.

Cui W, Huang Z, He H, Gu N, Qin G, Lv J, et al. MiR-1188 at the imprinted DIk1-Dio3 domain acts as a
tumor suppressor in hepatoma cells. Molecular Biology of the Cell. 2015; 26(8):1416—27. Epub 2015/
02/20. https://doi.org/10.1091/mbc.E14-11-1576 PMID: 25694452; PubMed Central PMCID:
PMC4395123.

Haga CL, Phinney DG. MicroRNAs in the imprinted DLK1-DIOS3 region repress the epithelial-to-mesen-
chymal transition by targeting the TWIST1 protein signaling network. The Journal of Biological Chemis-
try. 2012; 287(51):42695-707. Epub 2012/10/30. https://doi.org/10.1074/jbc.M112.387761 PMID:
23105110; PubMed Central PMCID: PMC3522270.

Xu Q, Briggs J, Park S, Niu G, Kortylewski M, Zhang S, et al. Targeting Stat3 blocks both HIF-1 and
VEGF expression induced by multiple oncogenic growth signaling pathways. Oncogene. 2005; 24
(36):5552—60. Epub 2005/07/12. https://doi.org/10.1038/sj.onc.1208719 PMID: 16007214.

Xu Q, Liu LZ, Qian X, Chen Q, Jiang Y, Li D, et al. MiR-145 directly targets p70S6K1 in cancer cells to
inhibit tumor growth and angiogenesis. Nucleic Acids Research. 2012; 40(2):761-74. Epub 2011/09/16.
https://doi.org/10.1093/nar/gkr730 PMID: 21917858; PubMed Central PMCID: PMC3258133.

Cui SY, Wang R, Chen LB. MicroRNA-145: a potent tumour suppressor that regulates multiple cellular
pathways. Journal of Cellular and Molecular Medicine. 2014; 18(10):1913-26. Epub 2014/08/16.
https://doi.org/10.1111/jcmm.12358 PMID: 25124875; PubMed Central PMCID: PMC4244007.

Yang X, Ruan H, Hu X, Cao A, Song L. miR-381-3p suppresses the proliferation of oral squamous cell
carcinoma cells by directly targeting FGFR2. American Journal of Cancer Research. 2017; 7(4):913—
22. Epub 2017/05/05. PMID: 28469963; PubMed Central PMCID: PMC5411798.

Fidler MM, Gupta S, Soerjomataram |, Ferlay J, Steliarova-Foucher E, Bray F. Cancer incidence and
mortality among young adults aged 20—39 years worldwide in 2012: a population-based study. The Lan-
cet Oncology. 2017; 18(12):1579-89. Epub 2017/11/08. https://doi.org/10.1016/S1470-2045(17)
30677-0 PMID: 29111259.

Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018: GLO-
BOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: a cancer
journal for clinicians. 2018; 68(6):394—424. Epub 2018/09/13. https://doi.org/10.3322/caac.21492
PMID: 30207593.

Hung CS, Wang SC, Yen YT, Lee TH, Wen WC, Lin RK. Hypermethylation of CCND2 in Lung and
Breast Cancer Is a Potential Biomarker and Drug Target. International Journal of Molecular Sciences.
2018; 19(10). Epub 2018/10/13. https://doi.org/10.3390/ijms 19103096 PMID: 30308939; PubMed Cen-
tral PMCID: PMC6213171.

WangL, Cui Y, ZhangL, ShengJ, Yang Y, Kuang G, et al. The Silencing of CCND2 by Promoter Aber-
rant Methylation in Renal Cell Cancer and Analysis of the Correlation between CCND2 Methylation Sta-
tus and Clinical Features. PLoS One. 2016; 11(9):e0161859. Epub 2016/09/02. https://doi.org/10.1371/
journal.pone.0161859 PMID: 27583477; PubMed Central PMCID: PMC5008725.

Senanayake U, Das S, Vesely P, Alzoughbi W, Frohlich LF, Chowdhury P, et al. miR-192, miR-194,
miR-215, miR-200c and miR-141 are downregulated and their common target ACVR2B is strongly
expressed in renal childhood neoplasms. Carcinogenesis. 2012; 33(5):1014—21. Epub 2012/03/21.
https://doi.org/10.1093/carcin/bgs126 PMID: 22431721.

Ye Y, Zhang F, Chen Q, Huang Z, Li M. LncRNA MALAT 1 modified progression of clear cell kidney car-
cinoma (KIRC) by regulation of miR-194-5p/ACVR2B signaling. Molecular Carcinogenesis. 2019; 58
(2):279-92. Epub 2018/10/20. https://doi.org/10.1002/mc.22926 PMID: 30334578.

Jiang Y, He R, Jiang Y, Liu D, Tao L, Yang M, et al. Transcription factor NFAT5 contributes to the glyco-
lytic phenotype rewiring and pancreatic cancer progression via transcription of PGK1. Cell Death & Dis-
ease. 2019; 10(12):948. Epub 2019/12/13. https://doi.org/10.1038/s41419-019-2072-5 PMID:
31827081; PubMed Central PMCID: PMC6906509.

Jauliac S, Lopez-Rodriguez C, Shaw LM, Brown LF, Rao A, Toker A. The role of NFAT transcription fac-
tors in integrin-mediated carcinoma invasion. Nature Cell Biology. 2002; 4(7):540—4. Epub 2002/06/25.
https://doi.org/10.1038/ncb816 PMID: 12080349.

Grottke A, Ewald F, Lange T, Norz D, Herzberger C, Bach J, et al. Downregulation of AKT3 Increases
Migration and Metastasis in Triple Negative Breast Cancer Cells by Upregulating S100A4. PLoS One.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267291  April 27, 2022 22/23


https://doi.org/10.1080/17476348.2017.1355241
http://www.ncbi.nlm.nih.gov/pubmed/28715922
https://doi.org/10.1007/s00018-012-1080-8
https://doi.org/10.1007/s00018-012-1080-8
http://www.ncbi.nlm.nih.gov/pubmed/22825660
https://doi.org/10.1091/mbc.E14-11-1576
http://www.ncbi.nlm.nih.gov/pubmed/25694452
https://doi.org/10.1074/jbc.M112.387761
http://www.ncbi.nlm.nih.gov/pubmed/23105110
https://doi.org/10.1038/sj.onc.1208719
http://www.ncbi.nlm.nih.gov/pubmed/16007214
https://doi.org/10.1093/nar/gkr730
http://www.ncbi.nlm.nih.gov/pubmed/21917858
https://doi.org/10.1111/jcmm.12358
http://www.ncbi.nlm.nih.gov/pubmed/25124875
http://www.ncbi.nlm.nih.gov/pubmed/28469963
https://doi.org/10.1016/S1470-2045(17)30677-0
https://doi.org/10.1016/S1470-2045(17)30677-0
http://www.ncbi.nlm.nih.gov/pubmed/29111259
https://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
https://doi.org/10.3390/ijms19103096
http://www.ncbi.nlm.nih.gov/pubmed/30308939
https://doi.org/10.1371/journal.pone.0161859
https://doi.org/10.1371/journal.pone.0161859
http://www.ncbi.nlm.nih.gov/pubmed/27583477
https://doi.org/10.1093/carcin/bgs126
http://www.ncbi.nlm.nih.gov/pubmed/22431721
https://doi.org/10.1002/mc.22926
http://www.ncbi.nlm.nih.gov/pubmed/30334578
https://doi.org/10.1038/s41419-019-2072-5
http://www.ncbi.nlm.nih.gov/pubmed/31827081
https://doi.org/10.1038/ncb816
http://www.ncbi.nlm.nih.gov/pubmed/12080349
https://doi.org/10.1371/journal.pone.0267291

PLOS ONE

NormomiRs suppress multiple tumor types

66.

67.

68.

69.

70.

71.

2016; 11(1):e0146370. Epub 2016/01/08. https://doi.org/10.1371/journal.pone.0146370 PMID:
26741489; PubMed Central PMCID: PMC4704820.

Akhtari FS, Green AJ, Small GW, Havener TM, House JS, Roell KR, et al. High-throughput screening
and genome-wide analyses of 44 anticancer drugs in the 1000 Genomes cell lines reveals an associa-
tion of the NQO1 gene with the response of multiple anticancer drugs. PLoS Genetics. 2021; 17(8):
e€1009732. Epub 2021/08/27. hitps://doi.org/10.1371/journal.pgen.1009732 PMID: 34437536; PubMed
Central PMCID: PMC8439493.

Liao M, Peng L. MiR-206 may suppress non-small lung cancer metastasis by targeting CORO1C. Cellu-
lar & Molecular Biology Letters. 2020; 25:22. Epub 2020/03/25. https://doi.org/10.1186/s11658-020-
00216-x PMID: 32206066; PubMed Central PMCID: PMC7079403.

Lim JP, Shyamasundar S, Gunaratne J, Scully OJ, Matsumoto K, Bay BH. YBX1 gene silencing inhibits
migratory and invasive potential via CORO1C in breast cancer in vitro. BMC Cancer. 2017; 17(1):201.
Epub 2017/03/18. https://doi.org/10.1186/s12885-017-3187-7 PMID: 28302118; PubMed Central
PMCID: PMC5356414.

Castagnino A, Castro-Castro A, Irondelle M, Guichard A, Lodillinsky C, Fuhrmann L, et al. Coronin 1C
promotes triple-negative breast cancer invasiveness through regulation of MT1-MMP traffic and invado-
podia function. Oncogene. 2018; 37(50):6425-41. Epub 2018/08/02. https://doi.org/10.1038/s41388-
018-0422-x PMID: 30065298.

Nielsen CB, Shomron N, Sandberg R, Hornstein E, Kitzman J, Burge CB. Determinants of targeting by
endogenous and exogenous microRNAs and siRNAs. RNA. 2007; 13(11):1894-910. Epub 2007/09/18.
https://doi.org/10.1261/ra.768207 PMID: 17872505; PubMed Central PMCID: PMC2040081.

Grimson A, Farh KK, Johnston WK, Garrett-Engele P, Lim LP, Bartel DP. MicroRNA targeting specificity
in mammals: determinants beyond seed pairing. Molecular Cell. 2007; 27(1):91-105. Epub 2007/07/07.
https://doi.org/10.1016/j.molcel.2007.06.017 PMID: 17612493; PubMed Central PMCID: PMC3800283.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267291  April 27, 2022 23/23


https://doi.org/10.1371/journal.pone.0146370
http://www.ncbi.nlm.nih.gov/pubmed/26741489
https://doi.org/10.1371/journal.pgen.1009732
http://www.ncbi.nlm.nih.gov/pubmed/34437536
https://doi.org/10.1186/s11658-020-00216-x
https://doi.org/10.1186/s11658-020-00216-x
http://www.ncbi.nlm.nih.gov/pubmed/32206066
https://doi.org/10.1186/s12885-017-3187-7
http://www.ncbi.nlm.nih.gov/pubmed/28302118
https://doi.org/10.1038/s41388-018-0422-x
https://doi.org/10.1038/s41388-018-0422-x
http://www.ncbi.nlm.nih.gov/pubmed/30065298
https://doi.org/10.1261/rna.768207
http://www.ncbi.nlm.nih.gov/pubmed/17872505
https://doi.org/10.1016/j.molcel.2007.06.017
http://www.ncbi.nlm.nih.gov/pubmed/17612493
https://doi.org/10.1371/journal.pone.0267291

