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area of functional somatic mutations in miRNA genes is heavily understudied.

Methods: Here, based on the analysis of large genomic datasets, mostly the whole-exome sequencing of

Iﬁém?ds" over 10,000 cancer/normal sample pairs deposited within the TCGA repository, we undertook an analysis

Somatic mutations of somatic mutations in miRNA genes.

Pan-Cancer Findings: We identified and characterized over 10,000 somatic mutations and showed that some of the

I]CGA di miRNA genes are overmutated in Pan-Cancer and/or specific cancers. Nonrandom occurrence of the iden-
on-coding

tified mutations was confirmed by a strong association of overmutated miRNA genes with KEGG path-
ways, most of which were related to specific cancer types or cancer-related processes. Additionally, we
showed that mutations in some of the overmutated genes correlate with miRNA expression, cancer stag-
ing, and patient survival.

Interpretation: Our study is the first comprehensive Pan-Cancer study of cancer somatic mutations in
miRNA genes. It may help to understand the consequences of mutations in miRNA genes and the identi-
fication of miRNA functional mutations. The results may also be the first step (form the basis and provide
the resources) in the development of computational and/or statistical approaches/tools dedicated to the
identification of cancer-driver miRNA genes.
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Research in Context Section

cancer-targeted therapies. However, very little (close to noth-
ing) is known about genetic alterations in regions that en-

Evidence before this study code non-coding RNAs, including miRNAs that are considered
important players in oncogenesis, serving either as oncomiRs
Cancer genome analyses supported by data generated in or suppressormiRs.
large projects such as The Cancer Genome Atlas (TCGA) have
led to the identification of hundreds of cancer-driving genes Added value of this study

and thousands of cancer-driving mutations in protein-coding
regions, which encompass barely 2% of the genome. Some

. . ; With the use of sequencing datasets generated within
of these genes/mutations, serve as important biomarkers for

the large cancer-genome projects, mostly TCGA, we identi-
fied and characterized >10,000 miRNA gene mutations in 33
types of cancers. Among the identified variants were muta-
tions in well-known oncomiRs and miRNA suppressors, in-
cluding let-7, miR-21, and miR-205. We identified and char-
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acterized dozens of significantly overmutated miRNA genes
and hotspot nucleotide positions that are recurrently mutated
in particular cancer types or the overall Pan-Cancer dataset
and showed that some of these mutations affect miRNA ex-
pression, cancer staging, and patient survival as well as occur
more frequently in miRNA genes playing role in cancer.

Implication of all the available evidence

This is the first comprehensive analysis of somatic muta-
tions in miRNA genes in cancer. It may serve as the first step
in the identification of driver mutations in miRNA genes and
may help in understanding the role of particular miRNAs in
cancer. After further functional validation, some of the muta-
tions may be utilized as cancer biomarkers.

1. Introduction

Cancer encompasses a broad spectrum of heterogeneous dis-
eases whose development (i.e., initiation, promotion, and progres-
sion) is associated with the accumulation of numerous genetic al-
terations in the cancer genome, which is the hallmark of all can-
cers. Although most of these alterations are neutral, some of the
randomly occurring mutations are functional, providing a growth
advantage to a neoplastic cell [1]. As a result of clonal selec-
tion of the fastest dividing cells, functional (driver) mutations of-
ten recur in genes playing an important role in cancer develop-
ment (driver genes) and therefore may serve as indicators of such
genes. Numerous large cancer genome sequencing studies (mostly
whole-exome sequencing, WES) have been performed, and hun-
dreds of cancer-driving genes and thousands of cancer-driving mu-
tations have been detected. Some of these genes/mutations, e.g.,
EGFR, BRAF, and JAK2, serve as important biomarkers for cancer-
targeted therapies. As the overwhelming majority of the cancer
genome studies have focused on protein-coding genes, the most
identified cancer-driver mutations are in protein-coding sequences,
which encompass barely 2% of the genome. The spectacular excep-
tion are TERT promoter mutations, which occur most frequently in
melanoma, brain, and bladder cancers but have also been identi-
fied in other cancers [2-4].

On the other hand, a growing body of evidence indicates that
miRNAs, a class of short (~21 nt long) single-stranded non-coding
RNAs, play an important role in cancer, and it was shown that par-
ticular miRNAs can either drive (oncomiRs, often upregulated in
cancer) or suppress (suppressormiRs, often downregulated in can-
cer) oncogenesis. It was also proposed that miRNAs have great po-
tential as cancer biomarkers and/or targets of cancer therapies [5-
8].

Among the most intensively studied miRNAs whose function in
cancer is best documented are the let-7 family, miR-17-92 clus-
ter (oncomiR-1), miR-21, and miR-205 (reviewed in [9]). Although
the global level of miRNA is generally downregulated in cancer,
many miRNAs are consistently either upregulated or downregu-
lated in particular cancer types or specific cancer conditions. It was
also shown that miRNA genes frequently show copy number al-
terations (either amplification or deletion) in cancer [10,11]. The
cancer-related processes that are regulated by miRNAs include cell
proliferation, epithelial-mesenchymal transformation (EMT), migra-
tion, angiogenesis, inflammation, apoptosis, and response to cancer
treatment (reviewed in [12-15]).

Despite the great interest in the role of miRNA in cancer,
very little (close to nothing) is known about somatic mutations
in miRNA genes (defined here as sequences coding for the most
crucial part of miRNA precursors) occurring in cancer. Consider-
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ing subsequent steps of miRNA biogenesis and the mechanism of
miRNA posttranscriptional gene regulation, mutations may be ex-
pected to affect different attributes of miRNA genes. In addition
to the most obvious consequences of mutations in seed sequences
that affect the pivotal function of miRNAs, i.e., the ability to rec-
ognize and downregulate their specific targets, mutations in any
part of the miRNA precursor may affect the effectiveness or pre-
cision of miRNA biogenesis by altering/destabilizing the hairpin
structure of the miRNA precursor, by altering DROSHA or DICER1
cleavage sites, or by altering protein-interacting or other regulatory
sequences/structure motifs [16-19]. Additionally, mutations desta-
bilizing one of the miRNA duplex ends may alter 5p/3p miRNA
preference. Despite the scarcity of identified miRNA gene muta-
tions, the individual examples of SNPs, germline or somatic muta-
tions provide proof, at least for some of the scenarios listed above.
Examples include (i) the mutation in the seed sequence of miR-
204-5p, affecting target recognition, that causes inherited retinal
dystrophy [20]; (ii) the mutation in the passenger strand of hsa-
miR-96 that destabilizes the structure of the miRNA precursor, af-
fects its processing, and decreases the miR-96-5p level, eventually
resulting in the same phenotypic effect as mutations in the seed
sequence of the guide strand, i.e.,, nonsyndromic inherited hear-
ing loss [21,22]; (iii) the G>C substitution (SNP rs138166791) in
the penultimate position of the 3p passenger strand of hsa-miR-
890 that significantly lowers the cleavage efficiency by DROSHA
and consequently decreases the levels of both mature miR-890-
5p and passenger miR-890-3p [23]; (iv) the G>C substitution (SNP
1s2910164) located in the 3p passenger strand of hsa-miR-146a that
is associated with an increased risk of papillary thyroid carcinoma,
where it was shown that the C allele of the SNP alters the struc-
ture of the precursor, decreases expression of the mature miRNA
and activates the passenger strand, which becomes the second ma-
ture miRNA modulating many genes involved in the regulation of
apoptosis [24]; (v) interesting example is a mutation in the seed
sequence of miR-184-3p, causing familial keratoconus, whose ef-
fect is not the disruption of miR-184-3p target recognition but the
inability to mask overlapping targets for miR-205 in INPPL1 and
ITGB4 [25]; (vi) mutations in hsa-miR-30c-1 and hsa-miR-17 that
affect the precursor structure and thereby increase the levels of
mature miRNAs, downregulating BRCA1 in familial breast cancer
cases without BRCA1/2 mutations [26]; and finally, (vii) two differ-
ent somatic mutations in the seed sequence of miR-142-3p, found
in acute myeloid leukemia (AML) samples, that were shown to de-
crease miR-142-5p and reverse the miR-5p/3p ratio (in favor of
miR-3p) [27] (more details and references on mutations in hsa-
miR-142 in the subsequent sections). An additional indication of
miRNA gene sensitivity to genetic alteration is their general high
conservation and the decreased density of common SNPs in miRNA
hairpin sequences [28-30]. The SNP occurring in miRNA genes and
other non-coding RNA sequences are collected in curated databases
(e.g., MSDD and lincSNP 2.0), whose use may facilitate identifica-
tion of functionally relevant SNP or mutations [31,32]. In our re-
cent analysis of somatic mutations in lung cancers, we confirmed
that seed mutations affect the vast majority of the predicted tar-
gets and showed that mutations in miRNA genes often alter the
predicted structure of miRNA precursors [33]. miRNAs in cancers
were also considered in the context of somatic mutations found in
mRNAs that affect mRNA-miRNA and competing endogenous RNA
(ceRNA)-miRNA interactions [34,35]. As we consider sequence vari-
ations in mRNAs that may affect miRNA function, the same should
apply to the sequence variations in the miRNA genes themselves.
The more general effect of sequence variants, including cancer
somatic mutations on RNA structure, was recently demonstrated
with the use of high-throughput combined experimental and com-
putational approaches, that have led to the identification of many
RNA structure motifs (termed riboSNitches) whose functionalities



M.0. Urbanek-Trzeciak, P. Galka-Marciniak, PM. Nawrocka et al.

were affected by the variants detected in both coding and non-
coding sequences [36,37].

Several multicenter projects have led to gathering data on so-
matic mutations from hundreds of cancers. One of the projects,
The Cancer Genome Atlas (TCGA), covers over 10,000 samples from
33 types of cancers, including the most common human cancers.
Importantly, the TCGA consortium works on standardized pipelines
of data analysis [38], enabling comparisons across different cancer
types (within the so-called Pan-Cancer set).

In the current study, we took advantage of data gathered by
the TCGA consortium to analyze somatic mutations occurring in
miRNA genes. As a result, we identified thousands of mutations in
all subregions of miRNA genes and identified many Pan-Cancer or
cancer-specific overmutated miRNA genes. We showed that muta-
tions in some of the overmutated genes correlate with miRNA ex-
pression, cancer staging, and patient survival. Although the func-
tionality of individual mutations or groups of mutations needs to
be verified in independent functional studies, the strong associa-
tion of the overmutated miRNA genes with cancer-related path-
ways indicates that miRNA gene mutations are not only random
events and that at least some of them play a role in cancer.

2. Methods
2.1. Data resources

We used molecular and clinical data (Level 2) generated and
deposited in the TCGA repository (http://cancergenome.nih.gov).
These data included the results of somatic mutation calls in WES
datasets preprocessed through the standard TCGA pipeline. We
took advantage of somatic mutation data generated with four mu-
tation caller algorithms (Mutect2, Muse, Varscan, and Somatic-
Snipper) and deposited as vcf.gz files. We analyzed the annotated
somatic mutations with corresponding clinical information [39],
miRNA and mRNA expression data [40].

2.2. Data processing

We analyzed somatic mutations in 1918 miRNA gene re-
gions (Supplementary Table S1) annotated in the miRBase v.22.1
database. The miRNA genes were defined as pre-miRNA-coding se-
quences, extended upstream and downstream by 25 nucleotides.
The pre-miRNA-coding sequences were reconstructed based on 5p
and 3p mature miRNA sequences defined in miRBase (in cases
when only one miRNA strand was indicated, the other pre-miRNA
end was reconstructed assuming the pre-miRNA hairpin structure
with a 2-nt 3p overhang). According to the number of reads re-
ported for the particular pre-miRNA arm (miRBase), the analyzed
precursors were classified into one of 3 categories: (i) generating
mature miRNA predominantly from the 5p arm (>90% of reads
from the 5p arm); (ii) generating mature miRNA predominantly
from the 3p arm (>90% of reads from the 3p arm); and (iii) bal-
anced (>10% of reads from each arm). As high-confidence miRNA
genes, we considered genes coding for miRNA precursors anno-
tated as “high confidence” in miRBase and/or deposited in MiR-
GeneDB v2.0. The precursors deposited in MiRGeneDB are defined
based on criteria that include careful annotation of the mature ver-
sus passenger miRNA strands and evaluation of evolutionary hier-
archy; therefore, they are much more credible than those in miR-
Base [41,42].

From the vcf.gz files generated by four algorithms (VarScan2,
SomaticSniper, MuSE, and MuTect2) gathered from TCGA reposi-
tory, we extracted somatic mutation calls with PASS annotation
within defined gene regions (Supplementary Table S1). The extrac-
tion was performed with a set of in-house Python scripts (https:
[/github.com/martynaut/pancancer_mirnome), an updated version
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of the scripts used in our earlier study [33]. To avoid duplicat-
ing mutations detected in multiple sequencing experiments in the
same cancer patient (e.g., due to the presence of two cancer sam-
ples sequenced from a single cancer patient), we combined files
summing reads associated with particular mutations. Next, the
lists of mutations detected by different algorithms were merged,
removing multiple calls of the same mutations. To further in-
crease the reliability of the identified mutations, we removed mu-
tations that did not fulfil the following criteria: (i) at least two
mutation-supporting reads in a tumour sample (if no mutation-
supporting read was detected in the corresponding normal sam-
ple); (ii) at least 5 x higher frequency of mutation-supporting
reads in the tumour sample than in the corresponding normal
sample; (iii) somatic score parameter (SSC) >30 (for VarScan2 and
SomaticSniper); and (iv) base quality (BQ) parameter for mutation-
supporting reads in the tumour sample >20 (for MuSE and Mu-
Tect2). We excluded mutations occurring in hypermutated sam-
ples, defined as samples with >10,000 mutations in the exome.
Additionally, we checked if any of the analyzed miRNA genes are
localized within DAC blacklisted regions wgEncodeDacMapability-
ConsensusExcludable.bed.gz from Genome Browser for hg19) and
found 7 miRNA genes at least partially overlapping with the black-
listed region (hsa-mir-12136, hsa-mir-4485, hsa-mir-9901, hsa-mir-
3648-2, hsa-mir-10396a, hsa-mir-4477a-1, hsa-mir-4477b-1). None of
the miRNA genes was considered significant in the performed anal-
yses. Due to the used statistical approach, both ordinary binomial
analysis and functionally-weighted analysis (see below) induced
threshold of a minimal number of mutations assigned to relevant
miRNA genes and only genes with at least 3 mutations (ordinary
binomial) or 4 weighted points (functionally-weighted) were con-
sidered as overmutated. SNP coinciding mutations were not ex-
cluded from the analyses, because of their very low population fre-
quency that does not justify the recurrence of the mutations.

Target prediction was performed with the use of TargetScan
Custom (release 4.2) [43], which allows target prediction for both
wild-type and mutant seed sequences. Secondary structure predic-
tion was performed with the use of mfold software (default param-
eters) [44]. 3D pre-miRNA structures were predicted using RNA-
Composer software with default parameters [45] and visualized
with PyMOL (Schrédinger, LLC, New York, NY, USA). Changes in
motifs within miRNA precursors recognized by RNA-binding pro-
teins were analyzed with a Python script based on miRNAmotif
software [46].

The level of miRNA expression was classified to the follow-
ing categories based on average reads_per_million_miRNA_mapped
(RPM) values calculated for particular cancer types: <1 RPM, not
expressed; 1-20 RPM, low level (low); 21-100 RPM medium level
(medium); >101 RPM high level (high). At Pan-Cancer level miRNA
genes were classified as either expressed (>1 RPM across all can-
cer samples) or not expressed. Expression data was gathered from
FireBrowse (illuminahiseq_mirnaseq-miR_gene_expression).

2.3. OncodriveFML analysis

OncordriveFML was run using CADD score (hg38, version 1.6)
against the mutations in Pan-Cancer and individual cancer types.
The maf file was generated based on Supplementary Table S2. The
signature method was set as a complement with cancer type as
a classifier, the statistical method was set to “amean” and indels
were included using a max method (max_consecutive was set to 7
as default).

2.4. Analysis of mutations in the PCAWG-ICGC cohort

For validation purposes, we took advantage of a publicly
available Pan-Cancer Analysis of Whole Genomes dataset gen-
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erated by International Cancer Genome Consortium (maf fil
version from Nov 25, 2019; PCAWG-ICGC dataset). For extra
tion/analysis of the mutations, we used a pipeline similar to th
described above for the TCGA mutations, with minor modifics
tions resulting from differences in input files (the code is avai
able in the github repository on icgc_hg19 branch https://githu
com/martynaut/pancancer_mirnome/tree/icgc_hg19). As the hgl
genome does not include regions covering 4 genes (i.e., hsa-mi
6859-2, hsa-mir-1234, hsa-mir-4477b, and hsa-mir-4477a) the analy
sis was performed on 1914 miRNA genes.

2.5. Statistics

Unless stated otherwise, all statistical analyses were performe
with statistical functions from the Python module scipy.stats. Pa
ticular statistical tests are indicated in the text, and unless state
otherwise, a p-value <0.05 was considered significant. If necessar]
p-values were corrected for multiple tests with the Benjamin
Hochberg procedure.

Hotspot miRNA genes were identified based on the probabi
ity of occurrence of the observed number of mutations in parti
ular miRNA gene, which was calculated with the use of the 2
tailed binomial distribution, assuming a random occurrence of mt
tations in all analyzed miRNA genes and considering the miRN
gene length (based on the coordinates used in the study), althoug
it should be noted that occurrence of mutations is not complete
random and there are regions with increased and decreased bacl
ground mutation rate [47,48]. The Benjamini-Hochberg procedut
was used for multiple testing. To further evaluate the reliabilit
of the identified hotspot miRNA genes, we recalculated the muts
tion enrichment significance, weighting the mutation occurrencg
by the following factors: 2 x, mutations in seeds (guide stran
only); 1.5 x, mutations in miRNAs (miRNA duplex), mutations a
fecting the functional motifs (identified by miRNAmotif) or +/-
positions of DROSHA/DICER1 cleavage sites; and 1 x, other muts
tions. Weight correction was not used to search for hotspot pos
tions within miRNA genes.

For patient survival analyses, we used a log-rank test (from life
lines library [49]) for specific cancers or a stratified version ofh
test for the Pan-Cancer cohort (survdiff function from statsm@d
els library [50]). To determine the direction of mutation effectgo
survival, we used Cox’s proportional hazard model. Survival @o
were created using KaplanMeierFitter from the lifelines library.g

2.6. Ethics

hin the P

Ethical approval was unnecessary because this work is a m§t<
analysis of previously published data. The use of the data was 5y
proved by TCGA (project ID: 16565).

2.7. Role of the funding source

e per cancer

The funders had no role in the study design, data analysis Sir
terpretation, preparation of the manuscript, and any aspect ofeth
study.

3. Results

3.1. Overview of miRNome mutations in TCGA cancers
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sample sets but not generally for particular types of cancer; in
the latter case, we will use full cancer type names or alterna-
tive abbreviations indicated in the text]. We defined miRNome as
1918 miRNA genes (Supplementary Table S1) encompassing ~100
nt long fragments of genomic DNA coding for all pre-miRNAs
(with 25 nt flanks) defined in miRBase v22.1, including 537 high-
confidence pre-miRNAs annotated by miRBase and 466 knowledge-
based expert-curated pre-miRNAs annotated in MirGeneDB v.2.0.
It should be noted, however, that not all miRNA genes were cov-
ered by TCGA WES. In total, we found 10,588 mutations in miRNA
genes; however, as the number of miRNome mutations in hyper-
mutated samples (samples with >10,000 mutations in the whole
exome) was highly correlated with the general mutation burden
in these samples (Fig. 1a, Supplementary Fig. S1) and therefore is
likely highly enriched in randomly occurring nonfunctional muta-
tions, we decided to remove the hypermutated samples (114, ~1%
samples; 3,478, ~33% mutations) from further analysis. The remain-
ing 7,110 mutations (Supplementary Table S2), including 6,312 sub-
stitutions, 198 insertions, and 600 deletions, were found in 1179
distinct miRNA genes. At the Pan-Cancer level, 3,370/10,255 (33%)
samples had at least one miRNome mutation. This number was the
highest in SKCM (298/460, 65%), DLBC (22/37, 59%), LUSC (285/497,
57%), and ESCA (99/181, 55%) and the lowest in PCPG (14/164,
9%), PRAD (39/497, 8%), and THCA (20/495, 4%) (Fig. 1c and Table
1). It should be noted, however, that the occurrence of mutations
in miRNome is consistent with the general burden of mutations
in particular cancer types (Fig. 1a and b, Supplementary Fig. S1).
Additionally, as shown in Fig. 1d, there is a substantial fraction
of samples with more than one mutation in miRNome. It is also
noteworthy that some cancers, including COAD, STAD, and UCEC,
have substantially heightened numbers of indel mutations (Table
1), which is consistent with known cancerous mechanisms, includ-
ing DNA repair defects, associated with those cancers [51-53].

3.2. Localization of mutations within miRNA genes

For a closer examination of the localization of sequence variants
in subregions of miRNA precursors, we superimposed the identi-
fied variants on the consensus miRNA precursor structure and cat-
egorized them according to localization in the miRNA gene subre-
gions (Fig. 2a). The analysis shows that mutations occur in all re-
gions of the miRNA gene, and in general, there is no strong imbal-
ance in mutation localization within the miRNA precursor (Fig. 2b).
A similar mutation distribution was observed when precursors of
predominantly 5p- and 3p-miRNAs were analyzed separately (Fig.
2b, lower panels) and when the analysis was narrowed only to the
high-confidence miRNA genes defined either by miRBase or miR-
GeneDB (Supplementary Fig. S2) or performed separately for indi-
vidual cancer types (data not shown). We observed only a slightly
decreased mutation rate in the 5p flanking region (Table 2); how-
ever, this effect may result from lower sequencing coverage in the
flanking regions.

3.3. Significantly overmutated miRNA genes

In the next step, we searched for miRNA genes overburdened
with mutations. The most frequently mutated miRNA genes are
presented in Fig. 3a. We examined the numbers of mutations oc-
curring in particular miRNA genes and the overall frequency of
mutations in miRNome with the use of a binomial distribution test
(p < 0.01) and showed that 81 of the recurrently mutated genes
are significantly overmutated in Pan-Cancer (Table 3, Supplemen-
tary Table S3A). As mutations may not be randomly distributed in
the genome and to consider the enrichment of functional variants,
we next performed functionally weighted analysis, increasing the
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value of mutations located in most likely functional sequences in-
cluding seed regions, DROSHA/DICER1 cleavage sites, miRNA du-
plexes, and protein binding motifs (see Materials and Methods sec-
tion). The weighted analysis revealed 108 significantly overmutated
miRNA genes, of which a substantial fraction overlapped with the
genes identified in the ordinary binomial analysis (Table 3, Sup-
plementary Table S3B). Although the advantage of the weighted
analysis cannot be formally tested due to lack of an appropriate
list of credible cancer-related miRNA genes, hsa-miR-142, and hsa-
miR-205, the most convincing examples of overmutated genes, see
below), ranked substantially higher in the weighted vs. ordinary bi-
nomial Pan-Cancer analysis (rank 29th vs. 59th, and 52nd vs. 75th,
respectively). Two main types of overmutated miRNA genes can
be distinguished based on mutation occurrence in various cancer
types: one shows a somewhat sample-number dependent distribu-
tion of mutations across various cancer types (e.g., hsa-miR-1324,
hsa-miR-6891, hsa-miR-3675), and the other shows an overrepre-
sentation of mutations in one or two cancer types (e.g., hsa-miR-
1303 for STAD, hsa-miR-890 for LUAD, hsa-miR-519e for OV).

As some mutations were unevenly distributed across cancer
types, we also performed mutation enrichment analysis for indi-
vidual cancers. This analysis revealed 55 and 80 additional miRNA
genes overmutated in individual cancers in the ordinary binomial
and functionally weighted analyses, respectively (Table 3, Supple-
mentary Table S3). These lists included 8 and 12 cancer-specific
overmutated genes, respectively, i.e., genes enriched in mutations
in one or more cancers but not in Pan-Cancer. Among the most
striking examples of the cancer-specific overmutated genes are (i)
hsa-miR-3613 with 7 mutations in UCEC but also with 1 mutation
in CHOL and 1 in ESCA, (ii) hsa-miR-135a-2 with 8 mutations in
SKCM and 2 in UCEC, and (iii) hsa-miR-664b with 6 mutations in
LUAD and 1 or 2 in UCEC, STAD, SKCM, and CESC. The highest
overlap of overmutated miRNAs was observed between STAD and
UCEC, which shared 4 out of 6 and 11 miRNA genes, respectively,
according to functionally weighted analysis. The highest number
of overmutated miRNA genes per cancer was found for SKCM (20)
and UCEC (11). Some cancer types had no overmutated miRNA
genes. As cancer type groups consisted of very different numbers
of samples, in Fig. 3b and Supplementary Table S4, we visualized
the occurrence of mutations in overmutated genes as a percentage
of patients in the individual cancers and Pan-Cancer. As shown in
Fig. 3b, the highest frequency of mutations belonged to hsa-miR-
142 in DLBC, but other overmutated genes often exceeded a fre-
quency of 2% or even 5% in individual cancers, e.g., hsa-miR-1303
in STAD (6%) and hsa-miR-3132 in CHOL (4,5%). The localization
of mutations in each of the overmutated genes is graphically il-
lustrated in Supplementary Fig. S3. For reasons explained in the
next section, we do not comment here on mutations in hsa-miR-
1324. It should be noted, however, that the overmutation of par-
ticular genes is not a direct indicator of the functionality of mu-
tations. Some overmutations may be accidental, among others re-
sulting from increased background mutation rate or specific nu-
cleotide composition in particular genomic regions [47,48]. Some
indicator of the mutation functionality may be, however, the level
of miRNA gene expression. Although the information on expres-
sion is not available for all tested miRNAs, we have indicated the
level (not expressed/low/medium/high in individual cancers or not
expressed/expressed in Pan-Cancer) of overmutated miRNAs in the
corresponding cancers (Table 3, Supplementary Table S3).

The area of somatic mutations in miRNA genes is scarcely re-
searched; therefore, it is difficult to compare our results directly to
those of other studies. However, among the cancer-specific over-
mutated miRNA genes, we identified hsa-miR-142, in which so-
matic mutations were found before in several studies (for details
see below). We also confirmed the recurrence of mutations in hsa-
miR-21 as previously identified with the Annotative Database of
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Fig. 1. Summary of mutations identified in miRNome in TCGA cancer types. (a) The number of mutations in the exome (x-axis, log10 scale) and miRNome (y-axis, linear
scale) per sample in Pan-Cancer. Each dot represents a single sample. Black dots represent hypermutated (>10k somatic mutations in exome) samples. (b) The average
number of mutations in the exome (x-axis, linear scale) and miRNome per cancer type (y-axis, linear scale). Each dot represents a single cancer type. Hypermutated samples
were excluded prior to the analysis. (c) Percentage of patients with at least one somatic mutation detected in miRNA genes. (d) The number of mutations in miRNA genes
per patient. Each dot represents a single patient. Patients are ranked by the number of mutations in miRNA genes. Scale is linear (values 0-10) and log10 (values 10+).

miRNA Elements (ADmiRe) [54]. Not surprisingly, the current re-
sults overlap almost perfectly with our earlier results obtained for
LUAD and LUSC [33]. Minor discrepancies result from some differ-
ences in the technical approach (see Materials and Methods).

As some miRNA coded in a cluster are not only simultaneously
expressed but also are functionally related, e.g., may target differ-
ent genes in the same pathway, we compared enrichment of the
mutations in 155 clusters of miRNA genes defined as a group of
miRNAs with genomic inter-miRNA distance <10,000 bp [55] (Sup-

plementary Table S5). As shown in Supplementary Table S6, mu-
tations are enriched (at adjusted p < 0.01, binomial distribution
test) in 4 of the miRNA clusters in Pan-Cancer and up to 3 clus-
ters in individual cancer types. Two of the clusters overmutated
in Pan-Cancer and the most frequently overmutated in individual
cancers are cluster 73 and cluster 33 (Supplementary Table S6),
that are two biggest clusters with >40 miRNA genes in each of the
clusters. An interesting example is cluster 148 known as miR-888
Cluster found overmutated in Pan-Cancer and LUAD. It was shown
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Distribution of somatic mutations within miRNA precursors.

miRNA genes  Subregion No. of mutations ~ Mut/Mbp  Fold change  P-value (binomial)
all total 7110 3.24 1.00
5’'flanking 1355 2.76 0.85 4.26E—-12
3’flanking 1746 3.55 1.09 2.12E-05
loop 1187 3.30 1.02 5.01E-01
passenger strand 1179 3.36 1.04 1.85E-01
guide 1607 3.35 1.03 1.25E-01
seed 536 3.45 1.06 1.33E-01
High total 3508 4.66 1.00
Con- 5’flanking 687 4.07 0.87 3.65E-05
fi- 3’flanking 823 4.87 1.04 1.57E-01
dence loop 519 441 0.95 1.78E-01
(miRBase) passenger strand 527 5.02 1.08 6.76E-02
guide 952 4,97 1.06 2.59E-02
seed 325 5.32 1.14 1.46E-02
MirGeneDB total 3594 5.99 1.00
5’'flanking 692 5.08 0.85 6.93E-07
3’flanking 857 6.30 1.05 9.43E-02
loop 497 5.61 0.94 1.26E-01
passenger strand 644 6.60 1.10 7.64E-03
guide 904 6.37 1.06 3.40E-02
seed 277 6.13 1.02 6.58E-01

that this cluster plays a role in prostate cancer [56]. Another exam-
ple can be cluster 131 overmutated in UCEC, comprising hsa-let-7a-
1, hsa-let-7f-1, and hsa-let-7d, members of the let-7 family, whose
role in cancer is well-known.

3.4. Significantly overrepresented recurring point mutations

In the next step, we tested which recurrently mutated nu-
cleotide residues are significant hotspots, i.e., positions mutated
more frequently than expected by chance, taking into account
overall mutation frequency and the number of samples in a par-
ticular cancer or the Pan-Cancer dataset. As such analysis may be
strongly affected by the uneven occurrence of mutations in dif-
ferent genomic regions and different sequence contexts [47,48],
to minimize false-positive results, we set a very stringent thresh-
old of significance, an adjusted p < 0.0001 (binomial distribu-
tion test). The analysis showed 62 hotspots in Pan-Cancer and
69 in individual cancers, including 5 cancer-specific hotspots, 1
for DLBC, 2 for OV, and 2 for SKCM. The list and character-
istics of hotspot mutations along with the expression level of
corresponding miRNAs are shown in Table 4 and Supplemen-
tary Table S7. The two most frequently recurring point mu-
tations were found in hsa-miR-1324 (chr3:75630855T>C[+] and
chr3:375630794C>G[+], Fig. 3c). Other interesting hotspot muta-
tions include hsa-miR-142 (chr17:58331260A>GJ-] in the seed se-
quence of miR-142-3p) found in DLBC (3 mutations) and hsa-
miR-519e (chr19:53679964G>A(T[+] and chr19:53679965G>A[+])
found in Pan-Cancer and OV. Please note that mutation occurring
in a miRNA gene encoded on the minus chromosome strand in the
sequence of a miRNA precursor occurs in reverse/complementary
orientation; therefore, to avoid, confusion, a [+] or [-] sign in-
dicates the orientation of the affected gene. As the recurrence
of some mutations may be artefacts of not efficient filtering of
germline variants, we checked the overlap of hotspot positions
with the positions of SNPs. Although, due to the very large num-
ber of currently annotated SNPs, some of the SNPs coincide with
the detected mutations, the very low population frequency of the
SNPs or their type preclude confusing the SNPs with the recurrent
mutations (Supplementary Table S7).

3.5. Examples of overmutated miRNA genes

3.5.1. Hsa-miR-142

Hsa-miR-142 is, to the best of our knowledge, the only miRNA
gene convincingly shown to be recurrently mutated in several
neoplasms, which include acute myeloid leukaemia (AML) [57,58]
and different types of B-cell lymphoma [59,60], chronic lympho-
cytic leukaemia (CLL) [61] and diffuse large-cell B-cell lymphoma
[62-65]. Additionally, in our sequencing analysis performed within
the framework of other projects, we found also one mutation
in the seed region of hsa-miR-142 (chr17:58331263C>T[-]) in the
Raji Burkitt lymphoma cell line (out of 5 Burkitt’s lymphoma cell
lines tested) (Fig. 4a). The occurrence of hsa-miR-142 mutations
in haematological cancers may be consistent with the high abun-
dance of miR-142-3p in mature hematologic cells [66,67] and with
the observation that loss of the miRNA impairs the development
and function of different hematologic lineages [68-70]. In the
TCGA cohort, hsa-miR-142 is expressed at a high or very high level
in most of the cancer types (~2000 RPM) with the highest level
(>20,000 RPM) in LAML, DLBC, and THYM.

In this study, we found 16 mutations in hsa-miR-142. Consistent
with previous studies, we identified the highest number of muta-
tions in DLBC (10 mutations, including 3 in one sample) and LAML
(2 mutations), but we also found 4 mutations in solid tumours,
i.e., in UCEC, BLCA, GBM, and BRCA, in which the hsa-miR-142 have
not been found before. Five of the mutations in DLBC are located
in the seed sequence of miR-142-3p, three in the 7th nucleotide
(significantly recurring position chr17:58331260A>G[-]) and two
in the 6th nucleotide (chr17:58331261C>G/T[-]) of the seed. Ad-
ditionally, one mutation (chr17:58331264T>C[-]) was detected in
the 3rd seed nucleotide in LAML. To better understand the distri-
bution of mutations in hsa-miR-142, we combined the mutations
detected in our study with the mutations detected previously (Fig.
4a, Supplementary Table S8). The distribution of mutations shows
pronounced clustering of the mutations in the miR-142-3p seed
region, with chr17:58331260A[-] being the most frequently mu-
tated nucleotide, substituted with either G[-] (n=8) or T[-] (n=1).
Nonetheless, a substantial fraction of the mutations is dispersed in
other parts of the gene, including two recurring mutations in two
subsequent positions of the loop. This result may suggest that the
miRNA hairpin precursor is quite a fragile structure, and therefore,
almost any mutation may be deleterious for the gene, either by
disturbing the structure of the precursor or by disruption of the
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Summary of overmutated miRNA genes in Pan-Cancer and individual cancer types.
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* cancer-specific miRNA gene (not overmutated in Pan-Cancer); underline indicates miRNAs expressed in particular cancers, for more information see Supplementary Table S3; bold indicates genes identified in both (ordinary
binomial and functionally weighted) analyses; ! note the comment on mutations in hsa-miR-1324 at the end of the section Examples of overmutated miRNA genes. To simplify the table, we omitted the prefix hsa-miR in the gene
IDs.

Table 4
Summary of hotspot positions found in miRNA genes in Pan-Cancer and individual cancer types.

3675 chr1:16859005 (10); 3690-1 chrX:1294009 (14); 4271 chr3:49274155 (8); 4313 chr15:75762211 (5); 4315-1 chr17:45475446 (11); 4329 chrX:112780749 (14); 454 chr17:59137873 (8); 4668 chr9:111932103 (31); 487b chr14:101046508 (5); 489 chr

* cancer-specific hotspots (not overmutated in Pan-Cancer); underline indicates miRNAs expressed in particular cancers, for more information see Supplementary Table S5; ! note the comment on mutations in hsa-miR-1324 at
the end of the section Examples of overmutated miRNA genes. To simplify the table, we omitted the prefix hsa-miR in the gene IDs.
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Fig. 2. Localization of somatic mutations in miRNA precursors in Pan-Cancer. (a)
An overview of a primary miRNA transcript with the indicated subregions consid-
ered in the study. The miRNA duplex is indicated in blue, and representative se-
quence consensus motifs recognized as enhancers of miRNA biogenesis are repre-
sented by green circles. (b) Localization of all detected mutations in the Pan-Cancer
cohort. miRNA duplex positions are indicated in blue, seed regions in dark blue, and
flanking regions and terminal positions of the apical loop in grey. The numbers in
the lower-right corner represent the number of plotted mutations (upper) and the
number of mutated miRNA genes (lower). If present, sequence variants localized
beyond position 22 in longer mature miRNAs are shown cumulatively at position
22. The plot shows mutations within six positions of the loop (first 3 and last 3 nu-
cleotides). The number of remaining mutations is indicated within the loop. Anal-
yses were also performed in narrowed groups of miRNAs that release the guide
miRNA strand predominantly from the 5p or 3p arm (lower panels).

seed sequence. A recent functional study of two seed mutations,
i.e., chr17:58331264T>([-]| and chr17:58331261C>G|-], showed that
even though the mutations are located in miR-142-3p, they result
in a decrease in both miR-142-3p and miR-142-5p levels and re-
verse the miR-5p:3p ratio (in favour of miR-3p) [27]. The functional
consequences of the mutations are (i) aberration of hematopoietic
differentiation, enhancing the myeloid and suppressing the lym-
phoid potential of hematopoietic progenitors, and (ii) inefficient re-
pression of ASH1L, resulting in increased levels of HOXA9 and A10
(positively regulated by ASH1L) and ultimately leukemic transfor-
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mation [27]. The question remains whether mutations in solid tu-
mours, in which miR-142-3p acts predominantly as a tumour sup-
pressor, among others targeting and downregulating TGFBIR and
HMGBI1 [71,72], may also have functional consequences.

3.5.2. Hsa-miR-205

Among the highly mutated miRNA genes, several encode miR-
NAs with an important and well-documented role in cancer. These
genes include hsa-miR-205, whose miR-205-5p acts predominantly
as a suppressormiR but also, depending on a tumour context
and/or expression profile, as an oncomiR (reviewed in [73]). miR-
205 is a highly conserved and well-validated miRNA. We found
that hsa-miR-205 was overmutated in Pan-Cancer (in total, 15 mu-
tations) with mutations in SKCM (5 mutations), CESC (3), LUSC
(2), BLCA (2), COAD, ESCA, and THYM. The occurrence of muta-
tions coincides with a very high expression of hsa-miR-205 in mu-
tated cancers, exceeding 7,000 RPM in CESC, LUSC, BLCA, ESCA,
and THYM. Five of the mutations are located in a single hotspot
position (chr1:209432167C>T[+]) that is the first position of the
seed sequence of miR-205-5p (guide miRNA). As we have shown
before, the mutation may substantially affect target recognition,
disrupting 250/288 (87%) predicted miR-205-5p targets and creat-
ing 471 new targets [33]. The disrupted targets include many val-
idated miR-205-5p targets, including the oncogenes VEGFA (medi-
ator of angiogenesis) and E2F1 (transcription factor controlling cell
cycle) [74,75]. On the other hand, the recurrence of a specific mu-
tation may suggest its gain-of-function character, such as the cre-
ation of a new seed/miRNA targeting the gene, whose downregula-
tion may be beneficial for cancer. As shown in Supplementary Fig.
S4 levels of some of the new target mRNAs are decreased in sam-
ples with the mutations. The other hsa-miR-205 mutations are dis-
persed alongside the miRNA duplex, hairpin loop, and flanking se-
quences. The mutations may affect the structure of the miRNA pre-
cursor and consequently its processing and effective miRNA bio-
genesis. An example of a mutation seriously affecting the structure
is chr1:209432226G>A[+] transition, which disrupts the structure
in the DROSHA cleavage site (Fig. 4b).

3.5.3. Hsa-let-7d

Another highly mutated miRNA gene playing a role in cancer is
hsa-let-7d, which is located in a let-7a-1/let-7f-1/let-7d cluster and
belonging to the let-7 family, one of the most extensively studied
miRNA families in cancer. The let-7 miRNAs act as suppressormiRs
and were found to be downregulated in many cancers. Hsa-let-
7d is highly expressed in all tested samples. We found that hsa-
let-7d was overmutated in Pan-Cancer (in total 23 mutations) and
UCEC (16 mutations) but was also recurrently mutated in STAD (3)
and COAD (2). All the mutations are indels of the poly-A;q tract
(chr9:94178817[+] delA (20), delAA (1), and insA (2)) located in a
5p flanking sequence of the let-7d precursor (Fig. 4c). Although the
mutation does not directly affect the sequence of mature let-7d,
it may still affect miRNA processing. It should be noted, however,
that indels in the polynucleotide tract, such as those observed in
hsa-let-7d, may result from microsatellite instability (MSI). This is
consistent with the overrepresentation of the hsa-let-7d indels in
cancers such as UCEC, STAD, and COAD, in which MSI is especially
frequent [53].

3.5.4. Hsa-miR-411

Hsa-miR-411 is overmutated in Pan-Cancer (19 mutations) and
GBM (5 mutations) and is also recurrently mutated in SKCM (3)
and ESCA (2). It is expressed in all but one tested cancers at a
low to a high level. All mutations in hsa-miR-411 are substitu-
tions and are generally dispersed over the gene without cluster-
ing in any specific region or hotspot (Fig. 4d), resembling a pat-
tern of loss-of-function mutations, usually characteristic of tumour
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Fig. 3. Most frequently mutated miRNA genes and hotspots in Pan-Cancer. (a) miRNA genes with at least 20 somatic mutations in Pan-Cancer. Each colour represents a
distinct cancer type. (b) Heatmap showing the percentage of mutations in miRNA genes overmutated (according to functionally weighted analysis) in Pan-Cancer and in
specific cancers. Framed squares indicate cancer types in which gene enrichment reached statistical significance (binomial distribution test, adjusted p < 0.01). Specific
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as in panel a). To simplify the figure, we omitted the prefix hsa-miR in the gene IDs; * note the comment on mutations in hsa-miR-1324 at the end of the section Examples
of overmutated miRNA genes.
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Fig. 4. Localization of mutations in the selected overmutated miRNA genes. In each panel, on the left, mutations identified in the study in the TCGA samples (black ar-

rowheads) and ICGC-PCAWG samples (purple arrowheads) are
indicated in light blue and dark blue, respectively. On the right,

shown on mfold-predicted 2D structures of the miRNA precursors. Mature miRNA and seed sequences are
a screenshots from the UCSC genome browser, showing (from the top) a custom track with positions of the

TCGA mutations detected in the study, conservation of the genomic region, and position of short non-coding RNAs, including pre-miRNAs (red bar; according to miRbase) and
snoRNAs (green bar). For selected seed mutations, Venn-diagrams indicate the number of predicted targets for the wild-type (pink circle) and mutated (green circle) seeds.
The effect of the seed mutations on the levels of the selected mutation-specific targets is shown in Supplementary Fig. S4. Genomic positions of the most significant hotspots
are indicated next to mutations symbol. (a) Mutations found in hsa-miR-142. Green arrowheads indicate mutations detected in previous studies [57-61,63-65] (for details
see Supplementary Table S8); red arrowhead indicates the mutation identified by us in the Burkitt's lymphoma (Raji) cell line. * indicates the mutations tested functionally

[27]. (b) Mutations found in hsa-miR-205 (above). Below: (i) th

e corresponding 2D structure of the precursor with the chr1:209432226G>A[+] mutation (drawn in green)

and (ii) superimposed 3D structures of the wild-type (black) and mutant (green) precursors are shown. The position of the mutation and the mutant allele are marked in
pink. (c-h) Mutations found in hsa-let-7d, hsa-miR-411, hsa-miR-519e, hsa-miR-664b, hsa-miR-496, and hsa-miR-1302-3, respectively.
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suppressor genes. This finding may be consistent with a predom-
inantly tumour suppressor role and downregulation of miR-411-
5p and miR-411-3p in different cancers [76-80]. Interestingly, miR-
411-5p is posttranscriptionally modified (substitution A>I (inosine)
in the 5th position of miR-411-5p seed) in both normal brain and
glioblastoma multiforme tissues [80,81].

3.5.5. Hsa-miR-519e

With 33 identified mutations, hsa-miR-519e is overmutated in
Pan-Cancer and two female-specific cancers, OV (16) and BRCA
(6). The majority of the mutations are located in two sub-
sequent hotspot positions, i.e., the 12th and 13th nucleotides
(chr19:53679964G>A/T[+] and chr19:53679965G>A[+]) of the
miR-519e-5p (passenger) strand (Fig. 4e), which are mutated pre-
dominantly in OV. Hsa-miR-519e belongs to the large (>50) miR-
515 family coded in a cluster on 19q13.42. It is not a highly vali-
dated miRNA gene and is not well recognized as a cancer-related
miRNA. In the TCGA cohort, hsa-miR-519e is expressed only in a
few cancers (THYM, BLCA, and TGCT) on a low to medium level.

3.5.6. Hsa-miR-664b

Hsa-miR-664b is significantly overmutated in LUAD, with 6 mu-
tations found in this cancer and 6 in other cancer types, includ-
ing UCEC, STAD, SKCM, and CESC. The mutations were dispersed
throughout the entire gene, with 5 mutations located in the ma-
ture miRNA sequences (Fig. 4f). Hsa-miR-664b is a highly vali-
dated (miRBase) and moderately conserved miRNA gene that sub-
stantially overlaps with the SNORA36A H/ACA box small nuclear
RNA (snoRNA; snoRNABase) playing a role in the pseudouridyla-
tion of rRNAs and snRNAs; therefore, all mutations may also af-
fect the function of snoRNA. miR-664b-5p was recently shown to
act as a cancer suppressor in hepatocellular cancer cell lines [82].
The downregulated miR-664b-5p was associated with lower over-
all survival in cervical cancer [83], the proliferation of cutaneous
malignant melanoma cells [84], and the progression of breast can-
cer [85]. The hsa-miR-664b is expressed in all of the TCGA cancer
types in most of them including LUAD at a medium or high level.

3.5.7. Hsa-miR-496

Hsa-miR-496 was overmutated in the Pan-Cancer cohort with
15 mutations. Additionally, it was overmutated in SKCM with
7 mutations, 3 of which were located at a single position
(chr14:101060649C>T[+]) in the DROSHA cleavage site (Fig. 4g),
which may affect both the efficiency and precision of miRNA ex-
cision. Other mutated cancers include LUSC (2 mutations), HNC
(2 mutations) and OV, UCEC, LUAD, and GBM (with single muta-
tions). Hsa-miR-496 is expressed in most of the tested cancer types
at low-medium levels. It is a conserved miRNA gene located in a
large cluster (~40 miRNA genes) at ch14q31.31. It was shown that
miR-496-3p plays a role in the regulation of the mTOR pathway
[86] and Wnt pathway-mediated tumour metastasis in colorectal
cancer [87].

3.5.8. Hsa-miR-1302-3

Hsa-miR-1302-3 is an example of a cancer-specific overmutated
miRNA gene that is overmutated only in LIHC (5 mutations). Other
mutated cancers include STAD (2 mutations) and ESCA, LUSC, CESC,
and BRCA (with single mutations). Most of the mutations occur
in two positions in the 5 arm of the precursor, one of which is
a hotspot mutation (chr2:113583038A>C][-]) significantly recurrent
in LIHC and PAN-Cancer, localized within the passenger miRNA
strand (Fig. 4h). The mutation replaces a U with G in a U:C
mismatch and thus replaces the mismatch with a Watson-Crick
pair G:C, greatly stabilizing the hairpin structure of the precursor
(ddG=-6 kcal/mol; RNA mfold). miR-1302-3p has not been broadly
researched, but its upregulation is associated with the recurrence
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and metastasis of prostate cancer [88]. The expression of hsa-miR-
1302-3 was not observed in any of the TCGA cancer types, which
argue against the functionality of the mutations, although, we can-
not rule out that, in certain situations, some mutations may acti-
vate the expression or biogenesis of low- or not-expressed miRNAs.

3.5.9. Hsa-miR-1324

Finally, hsa-miR-1324 is the most commonly mutated gene, with
a total of 166 mutations in Pan-Cancer, greatly exceeding the other
highly mutated genes. The vast majority of the mutations (n = 146)
were located in just two positions (i.e., chr3:75630855T>C[+] and
chr3:375630794C>G|+]), which are also the two most highly mu-
tated hotspots (Supplementary Fig. S3). We observed similar high
frequency and a similar pattern of mutations in hsa-miR-1324 in
a relatively small panel of diffuse large B-cell lymphoma and
Hodgkin lymphoma cell lines sequenced in our laboratory with the
conventional Sanger sequencing method (data not shown). How-
ever, the analysis of the genomic location of hsa-miR-1324 revealed
that it is embedded in a large (>10 kb) segmentally duplicated
region highly similar (>>95%) to at least 4 other sequences in
the genome and likely variable in copy number [29,89,90]. The
detailed comparison of the hsa-miR-1324 sequence with its par-
alog counterparts revealed that the substitutions differentiating
paralogs correspond (position and type of substitution) with the
identified mutations. This indicates that the hsa-miR-1324 muta-
tions are most likely artefacts of the sequencing procedures and/or
computational analyses (e.g., mapping). Additionally, miR-1324 is
a low-confidence miRNA with only 48 confirming reads (miRBase,
Mar 17, 2020) and is not annotated in MirGeneDB. It is also not
detectable in any of the TCGA samples. In summary, based on the
above facts, we concluded that the hsa-miR-1324 alterations are not
credible somatic mutations, and therefore, we did not pursue fur-
ther analysis of miR-1324.

3.6. Effect of the mutations on the expression of the affected miRNA
genes

To check whether mutations may affect miRNA expression,
we compared the levels of miRNAs in samples with mutations
vs. samples without mutations in genes either overmutated or
with hotspot mutations in a particular cancer type or Pan-Cancer.
To level the between-cancer expression differences, prior to Pan-
Cancer analysis, we normalized the level of each miRNA to make
its median level (equal to 0) and variation comparable between
cancer types. We took into account only miRNAs whose level was
>0 in at least 70% of the analyzed samples. Notably, not all miR-
NAs were covered in the TCGA miRNA expression data. As a result
of the analysis, we identified 10 miRNA genes whose miRNA levels
were downregulated in mutated samples, including hsa-miR-134,
for which both miR-134-5p and miR-134-3p were downregulated
in Pan-Cancer (Supplementary Table S9, and Fig. 5a and b). Ad-
ditionally, we found 2 miRNAs whose levels were downregulated
by particular hotspot mutations (Fig. 5a). No miRNA was upregu-
lated by the mutations. The striking excess of downregulated miR-
NAs is consistent with the notion that most mutations are loss-of-
function mutations for particular miRNA genes. It should be noted,
however, that due to a low number of mutations, especially in
the hotspots, the analysis is of relatively low statistical power, and
most results are only nominally significant (Mann-Whitney or t-
test, p<0.05; Supplementary Table S9), resulting in a relatively low
number of miRNAs associated with the mutations in their genes.
As some mature miRNAs are generated from more than one pre-
cursor (coded by groups of different miRNA genes), e.g., miR-320b
(MIMAT0005792) is generated from hsa-miR-320b-1 and hsa-miR-
320b-2, we compared the level of such miRNAs with mutations in
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Fig. 5. Association of miRNA gene mutations with miRNA expression, patient survival, and cancer stage. (a) Heatmap shows miRNAs whose levels are significantly changed
in samples mutated in the indicated genes or hotspots. Orange indicates that all miRNAs were downregulated by mutations in their genes. (b) Box plots show representative
examples of miRNAs whose levels were changed in samples with mutations (mut) vs. samples without mutations (no-mut) in the corresponding gene. For Pan-Cancer
analysis, miRNA levels were normalized to allow comparison between cancer types. (c¢) Heatmap shows the miRNA genes or hotspot mutations significantly associated with
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Example survival plots comparing mut and no-mut samples (shown in c). (e) Heatmap shows miRNA genes or hotspot mutations associated with cancer stages. Orange and
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the corresponding groups of miRNA genes. As shown in Supple-
mentary Table S10 only mutations in groups of miRNA genes cod-
ing for miR-509-3p show borderline significant association with a
decrease of the miRNA level. A similar trend for this miRNA is also
visible in LUAD.

3.7. Association of mutations in miRNA genes with patient survival
and cancer aggressiveness

Changes in miRNA expression, processing, and target specificity
may influence various cancer-related processes, including cell pro-
liferation, metastasis, progression, and/or drug resistance. These
changes may result in disease progression and treatment outcomes
affecting patient survival. Multiple metrics associated with patient
survival have been gathered within the TCGA project, including
overall survival (OS), disease-specific survival (DSS), disease-free
interval (DFI), and progression-free interval (PFI), although not all
are optimal for all cancers [39].

According to the recommendations in Liu et al. [39], we used
PFI as a metric because it was permissible and most informa-
tive (had the highest statistical power) for the majority of TCGA
cancer types. As survival metrics, including PFI, differ substan-
tially between cancers, Pan-Cancer comparisons of survival in pa-
tients with mutations vs. patients without mutations may be af-
fected by the fact that mutations are not equally distributed be-
tween cancer types. To overcome this effect, we used a stratified
version of the log-rank test. We found 22 significant associations
between mutations in the overmutated miRNA genes or hotspot
positions and the PFI of cancer patients (either specific cancers
or PAN-Cancer) (Supplementary Table S11). The associations were
linked with mutations in 12 distinct miRNA genes (Fig. 5c¢). In-
teresting examples may be (i) hsa-miR-1244-2, in which hotspot
mutations chr5:118974595C>T[+] are associated with decreased
PFl in both OV and Pan-Cancer and total mutations decrease
PFI in Pan-Cancer; (ii) hsa-miR-519e, in which total mutations
are associated with decreased PFI in OV and hotspot mutations
(chr19:53679964G>A/T[+], chr19:53679965G>A[+]) decrease PFI
in OV and Pan-Cancer; and (iii) hsa-miR-602, in which hotspot mu-
tations (chr9:137838508GC>G[+]) decrease PFI in COAD and total
mutations decrease PFI in Pan-Cancer and UCEC (Fig. 5¢ and d).
Additionally, we observed that mutations in hsa-miR-411 that was
overmutated only in ordinary binomial analysis in GBM were asso-
ciated with a decrease in PFI in GBM (log-rank test, p < 0.001, data
not shown). As shown in the Fig. 5¢, mutations of particular miRNA
genes associated with PFI are also frequently associated with other
measures of survival (DFI, OS, DSS), which were analyzed as ap-
propriate for particular cancers [39]. A profound excess mutations
associated with decreased survival may suggest a predominant tu-
mour suppressor role of miRNAs, which is also consistent with the
global decrease in miRNA levels observed in many cancers.

Next, we compared the occurrence of mutations in miRNA
genes with cancer stages. The analysis showed 25 statistically
significant associations of mutations, predominantly with lower
cancer stages (Cochran-Mantel-Haenszel test for Pan-Cancer and
Fisher exact test for specific cancers, p < 0.05, Supplementary
Table S12, Fig. 5e and f). In two cases, i.e., hsa-miR-320b-2 and
hsa-miR-517b, the association of the mutations with lower cancer
stages corresponded with their positive effect on patient survival.
However, due to the low number of identified mutations in par-
ticular miRNA genes or hotspots, the abovementioned associations
with survival and cancer stages are of very low statistical power
(not corrected for multiple comparisons) and therefore must be
interpreted cautiously and cannot be generalized without further
experimental validation.
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Fig. 6. Functional association of overmutated miRNA genes with KEGG pathways.
The graph shows the top 20 pathways (y-axis) enriched in protein-coding genes
regulated by miRNAs (x-axis) encoded by overmutated miRNA genes. Dot size indi-
cates the number of protein-coding genes; dot colour depicts an adjusted p-value
(Fisher’s combined probability method) of association. The enrichment analysis was
performed with the use of miRPath v3.0 and encompassed the top 100 miRNA
genes enriched in the functionally weighted test. The full list of enriched pathways
is shown in Supplementary Table S13.

3.8. KEGG pathways associated with miRNA gene mutations

Finally, to identify pathways/processes enriched in the genes
regulated by the most frequently mutated miRNA genes, we used
miRPath v3.0 to perform KEGG pathway enrichment analysis. As
shown in Supplementary Table S13 and Fig. 6, the vast major-
ity of the associated (Fisher's combined probability method, ad-
justed p < 0.01) KEGG pathways are related to different cancers
or cancer-related processes, such as the cell cycle, proliferation, or
apoptosis. For example, the top ten most significant associations
(Fisher’s combined probability method, p < 0.000005) include the
following terms: Proteoglycans in cancer, Signaling pathways reg-
ulating pluripotency of stem cells, Renal cell carcinoma, Glioma,
ErbB signaling pathway, Hippo signaling pathway, FoxO signaling
pathway, and Wnt signaling pathway (Supplementary Table S13,
Fig. 6).

3.9. Identification of potential cancer drivers with the use of
OncodriveFML

Although currently there is no software dedicated specifically
to finding cancer driver miRNA genes and none of the currently
available tools for non-coding regions take into account miRNA-
specific characteristics (described above), we used OncodriveFML
that predict potential cancer drivers based on CADD score of mu-
tations deleteriousness that in non-coding regions is generally low.
The results of the OncodriveFML analysis are shown in Supple-
mentary Table S14. As expected, the analysis resulted in a smaller
number of candidate driver genes with 8 miRNA genes identified
in Pan-Cancer (hsa-miR-6891, hsa-miR-3918, hsa-miR-4726, hsa-miR-
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6728, hsa-miR-802, hsa-miR-1247, hsa-miR-623, and hsa-miR-939),
4 in UCEC, 3 in KIRP, 2 in LIHC, 2 in LUSC and 1 in PAAD, OV,
LUAD, KIRC, GBM, DLBC, COAD, and CESC (at recommended Q-
value <0.25, OncodriveFML). Overlapping miRNA genes between
the weighted analysis and OncodriveFML analysis include hsa-miR-
8078 in PAAD, hsa-miR-527 in LUSC, hsa-miR-142 in DLBC, and hsa-
miR-6891 in CESC and PAN-Cancer.

3.10. Analysis of the ICGC-PCAWG cohort

For comparison with the results obtained based on the TCGA
analysis, we analyzed the ICGC-PCAWG dataset that currently cov-
ers 2793 genomes. In total, we extracted 1523 mutations (Supple-
mentary Table S15) in 856 miRNA genes (from 1914 analyzed for
hg19). Although the number of identified mutations was too small
to perform formal mutation-enrichment analysis, especially in indi-
vidual cancers, the identified mutations were significantly enriched
in the miRNA genes identified as overmutated in the TCGA Pan-
Cancer cohort (at least one mutation identified in 66% of over-
mutated miRNA genes vs. 43% of all other tested genes; Fisher
exact test, p < 0.0001). Among the recurrently mutated genes
were hsa-miR-142 with 19 mutations in B-cell non-Hodgkin lym-
phoma (Lymph-BNHL, n = 16) and chronic lymphocytic leukaemia
(Lymph-CLL, n = 3) samples, hsa-miR-205 and hsa-miR-496 (Fig. 3),
as well as 10 other Pan-Cancer overmutated genes with at least 4
mutations.

4. Discussion

Multiple functional somatic mutations with roles in cancer are
known in the coding portion of the genome. In this study, we iden-
tified 7110 mutations in miRNA genes across 33 cancer types based
on data available in the TCGA repository. Most of the mutations
were substitutions (~89%), with indels overrepresented within a
couple of analyzed cancer types (COAD, STAD, and UCEC). Over-
all, approximately 33% of Pan-Cancer samples have at least one
mutation in miRNA genes, with percentages substantially differ-
ing among cancer types, similar to what is observed for mutations
in other genomic regions. The mutations were in general evenly
distributed across miRNA gene functional subregions. This could
be attributed to the fact that the majority of detected sequence
variants are spontaneous mutations randomly accumulating in the
cancer genome.

Among the identified mutations, we found ones located in
miRNA genes playing an important and well-recognized role in
cancer (e.g., hsa-let-7 family, hsa-miR-205, and hsa-miR-142) as
well as miRNAs that were not yet investigated broadly in rela-
tion to cancer. In total, we identified 108 overmutated miRNA
genes within the Pan-Cancer cohort and 80 overmutated miRNA
genes within individual cancer types. In particular, we found multi-
ple mutations in hsa-miR-142, hsa-miR-205, hsa-let-7d, hsa-miR-411,
hsa-miR-519e, hsa-miR-664b, hsa-miR-585, hsa-miR-496, and hsa-
miR-1302-3. Although the frequency of mutations in overmutated
miRNA genes is lower than in commonly mutated drivers such as
TP53, CDKN2A, or KRAS, it is comparable to the cancer-specific fre-
quencies of mutations in many other protein-coding driver genes
that are generally much longer than miRNA genes, e.g., MET (7%),
RB1 (4%), and RIT1 (2%) in LUAD [91], HRAS (4%), PTEN, RB1, NF1
(<1%) in PTC [92] or DRD5 (3%), and BRAF (2%) in GBM [93].

Additionally, we identified 62 hotspot positions in Pan-Cancer
and 69 in individual cancers, including 5 cancer-specific hotspots.
One group of recurring mutations covers primarily insertions and
deletions in short repeats. The mutations were identified pre-
dominantly in STAD and UCEC cancers known to be associated
with MSI. It was previously suggested that simple repeats in hu-
man miRNA genes are relatively rare and preserved from muta-
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tions due to MSI [94]. Only three such mutations were identified
in hsa-miR-1303, hsa-miR-567, and hsa-miR-1273. In our study,
we identified indels associated with MSI in numerous miRNA
genes (e.g., hsa-miR-320c-1, hsa-miR-320b-2, and hsa-miR-1249),
including previously observed ones. Many MSI-associated muta-
tions are recurrently mutated hotspots; for example, hsa-let-7d
(chr9:94178817delAA[+]) in UCEC, COAD, and Pan-Cancer (Fig. 4c),
hsa-miR-1303 (chr5:154685821TTA>T[+]) in STAD, UCEC, and Pan-
Cancer and hsa-miR-567 (chr3:112112876TA/TAAA>T[+]) in UCEC
and Pan-Cancer. This result shows that the idea of the involvement
of MSI in mutations within miRNA genes should be revisited, es-
pecially as those mutations may also be functional [95,96].

As mentioned earlier, depending on localization within the
miRNA gene, mutations can have multiple effects on miRNA func-
tionality, including changes in targets (mutations within seeds) or
processing (mutations that change structure or are located in the
DROSHA/DICERT1 cleavage site), resulting in changed miRNA levels
and/or strand balance. In our study, we detected 536 mutations
and 7 recurrently mutated hotspots in seed sequences of different
miRNAs, including miRNAs with defined roles in cancer. As shown
before, in our previous study, such mutations affect the vast ma-
jority of predicted miRNA targets. An example of a seed hotspot
mutation is chr1:209432167C>T[+] in miR-205-5p, which affects
most of the predicted miRNA targets. Additionally, due to mutation
occurrence in the seed region, mutated miRNAs may gain the abil-
ity to recognize and downregulate new targets (Supplementary Fig.
S4). Consistent with the putative effect of mutations on the effec-
tiveness of miRNA biogenesis, we identified associations of recur-
rently mutated genes with the level of the corresponding miRNA,
predominantly resulting in decreased (e.g., miR-664b-3p, miR-134-
5p) levels of the affected miRNAs. Although probably not all of
the observed miRNA aberrations play any relevant functional role
in cancer, a vast excess of downregulated miRNAs confirms that
mutations in miRNA genes have mostly destructive effects on the
structure or stability of the miRNA precursors, making them less
optimal substrates for the miRNA biogenesis process. Changes in
miRNA levels are a known aspect of cancer characteristics; how-
ever, they are usually attributed to other mechanisms, and the ef-
fect of somatic mutations on miRNA expression has not been sys-
tematically studied before.

Subsequent analyses of available clinical data, including patient
survival and cancer stage, showed that mutations in 12 miRNA
genes were associated with different metrics of patient survival
(predominantly with decreases in survival), and mutations in 18
miRNA genes were associated with cancer stage. This observation
further confirms the potential functionality of the miRNA gene mu-
tations acting directly (e.g., a mutation in seed), by changes in
miRNA levels, or by other secondary effects. Although we tested
only the effects of overmutated miRNA genes, we cannot exclude
the possibility that some of the individual mutations also affect
miRNA biogenesis/function and/or cancer. On the other hand, the
identified associations do not prove the functionality of the partic-
ular mutations or groups of mutations in cancer. To provide such
proof, independent functional analyses are needed, in which the
results presented in our study may serve as a starting point or sup-
port. Such analyses will often have to be performed in the context
of a particular cancer type or condition. On the other hand, glob-
ally, the nonrandom character of the identified mutations was con-
firmed by a strong association of overmutated miRNA genes with
KEGG pathways, of which the vast majority were specific to partic-
ular cancers or cancer-related processes.

Many approaches have been developed to discover and evalu-
ate cancer-driver mutations in protein-coding sequences, e.g., Mut-
Sig2CV, HotSpot 3D, CLUMPS, and PARADIGM-SHIFT [47,97-99],
and numerous cancer-driving mutations and genes have been iden-
tified by taking advantage of these tools. The majority of these
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approaches take into account (i) well-known and easy to predict
consequences of mutations in protein-coding sequences, i.e., distin-
guishing frameshift, nonsense, missense, splicing or synonymous
mutations, (ii) the predicted effects of the mutations on the AA
properties and/or tolerance of AA change in particular protein do-
mains and/or the effect of AA change on protein structure, and
(iii) the conservation of the particular AA residue or particular
protein. These factors allow estimation of the excess of deleteri-
ous functionally relevant mutations over neutral variants, which
is one of the most important components of models identifying
signals of cancer-driven selection. Unfortunately, such tools can-
not be utilized for the identification of drivers in non-coding re-
gions, including sequences encoding “non-coding” RNA. Recogniz-
ing this limitation, several approaches dedicated to the identifica-
tion of drivers in non-coding sequences or with added function-
alities for this purpose have been proposed (e.g., oncodriveFML,
MutSigNC, ncDriver, and LARVA) [60,63,100,101]. It was also rec-
ognized that due to different roles and functionalities, e.g., pro-
moters, 5" and 3’ untranslated regions (5’ and 3’ UTRs), introns,
long non-coding RNAs, and miRNAs, different non-coding elements
have to be analyzed with separate approaches or different assump-
tions [63]. Nonetheless, among the available tools, the functionality
of non-coding mutations is mostly recognized by two factors: im-
pact on protein (e.g., transcription factor) binding properties and
impact on RNA structure. Sometimes, for specific ncRNA regions,
additional factors are taken into account, such as the impact on
miRNA binding sites in 3'UTRs. Although the structure is an impor-
tant factor of miRNA biogenesis/functionality, the impact on RNA
structure (e.g., the RNAsnp score) is inferred based on structures
predicted for standardized tailing RNA fragments not correspond-
ing to the size and coordinates of miRNA precursors. Therefore,
at present, there is no approach/algorithm dedicated to recognize
driving selection signals in miRNA genes. To overcome this limita-
tion, in addition to evaluating the excess of the mutation in par-
ticular genes, we also weighted the mutations based on our pro-
posed functionally related factors, with higher scores for mutations
within the seed sequence, mature miRNAs, DROSHA/DICER1 cleav-
age sites, and disrupting protein binding motifs. Our results, to-
gether with recently published insights on mutations occurring in
non-coding regions [54,60], may provide a basis for the develop-
ment of new tools focused on miRNA cancer drivers based on de-
scribed potentially functional mutations.

Still, it has to be noted that the overmutated miRNA genes iden-
tified in our study cannot be simply interpreted as cancer drivers.
Although in our analysis, we took into account many aforemen-
tioned miRNA-gene specific factors due to the limitations men-
tioned above the analysis did not consider important mutation dis-
tribution parameters such as sample-specific mutation signatures,
sample and cancer type mutation burdens, and differences in back-
ground mutation rates that may affect the results [47,48]. In conse-
quence, some of the identified overmutated genes may result from
the spurious overrepresentation of mutations in particular regions.
This underlines the need for the development of a tool dedicated
to the identification of cancer-driver mutations in miRNA genes.

As there is no list of previously defined miRNA driver genes,
we could not formally validate our approach; however, among the
top-scored overmutated miRNA genes, we identified hsa-miR-142,
which is the only miRNA gene in which mutations were iden-
tified in several hematologic neoplasms in several studies [57-
61,64,65], and their cancer relevance was functionally confirmed
[27]. Our analysis confirmed the recurrence of hsa-miR-142 mu-
tations in hematologic neoplasms, i.e.,, LAML, DLBC, and also the
newly identified mutation in the Burkitt lymphoma Raji cell line,
but also showed mutations in several solid tumours, i.e., UCEC,
BLCA, GBM, and BRCA. Additionally, thanks to the large number
of mutations identified in our study and the cumulative analysis of
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previously detected mutations, we could illustrate for the first time
the distribution of mutations in the gene. This result showed that
mutations may occur in any part of the gene, not only in the seed
sequence, which indicates their loss-of-function character, acting
most likely by destabilizing the precursor structure and impair-
ing miRNA biogenesis. This observation may also have the more
general intriguing implication that miRNA precursors are overall
quite fragile structures that may be affected by almost any muta-
tion within the hairpin-coding sequence. Such hypotheses may be
tested by the functional analysis of a higher number of randomly
selected mutations in different miRNA genes.

There are several limitations of computational analyses such as
the one presented in our study. First, further functional analyses of
the identified recurring mutations are needed to verify their role in
particular cancers. Second, not all known (miRBase) miRNA genes
were covered by TCGA WES experiments. Additionally, due to dif-
ferent versions of WES systems used in different TCGA projects, the
sequencing of some miRNA genes may not be equal in all sam-
ples. Third, even working with over 10,000 samples, the statisti-
cal power of some analyses is not sufficient, and further analyses
with even larger cohorts of particular cancers or groups of can-
cers are awaited. Fourth, some of the TCGA cancer type cohorts
are quite heterogeneous, consisting of samples of different genetic
backgrounds. Finally, the analyses of mutations involved in cancers
would also benefit from a better understanding of the structure
of miRNA genes, including more complete information about the
full sequence of miRNA transcriptional units (full pri-miRNA se-
quences) and their regulatory elements [102] and better functional
validation/annotation of the known miRNA genes, as proposed, e.g.,
in the miRGeneDB database [42].

In summary, we present the first comprehensive Pan-Cancer
study of somatic mutations in miRNA genes in a large cohort of
cancer samples. As a result, we detected thousands of different
mutations located in different functionally relevant parts of miRNA
genes, and many miRNA genes were overmutated either in Pan-
Cancer or in specific cancer types. The frequency of the muta-
tions in some of the overmutated miRNA genes corresponds to
that observed in some validated protein-coding driver genes. Sub-
sequent analyses (miRNA expression, survival analyses, and func-
tional pathway associations) suggest that at least some of the over-
mutated miRNA genes or hotspots in miRNA genes may be driven
by cancer-positive selection and therefore may play a role in can-
cer. Nonetheless, the functionality of particular mutations needs to
be experimentally validated with the use of appropriate functional
tests. Our results are also the first step (form the basis and pro-
vide the resources) for the development of computational and/or
statistical approaches and tools dedicated to the identification of
cancer-driver miRNA genes.
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