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Abstract—Inversion polymorphisms is a mechanism that involves a change in the orientation of a DNA segment within a
chromosome, but there is still a lack of their association with disease. However, recently developed computational methods
have enabled to discover new human inversion polymorphisms and their association with complex diseases. To overcome
this lack of knowledge, we aimed to investigate the effect of four well characterized inversions (8p23, 15q24.2, 16p11.2 and
17q23.31) on miRNA expression in cancer samples. We perform an association analysis between inversion and miRNA
expression and Gene Ontology enrichment analysis using different R packages. Our preliminary findings show that there
are an association between miRNA expression and cancer, and that it affects important pathways related to cancer.

Index Terms—Bioinformatics, cancer, polymorphic inversions, miRNA

I. INTRODUCTION

NVERSION polymorphisms is a mechanism that

involves a change in the orientation of a DNA segment
within a chromosome. These types of variants have long
been playing an important role in chromosomal evolution [1]
and also been extensively studied in model organisms like
Drosophila [2-6]. More recently, many polymorphic
inversions have also been described in humans. However,
there is still a lack of a complete understanding of how many
inversions exist in the human genome and their association
with changes in gene expression, adaptation and disease.

Inversions are often generated by non-allelic homologous
recombination (NAHR) [7] between inverted sequence
repeats, but they can also be originated by double-strand
break repair mechanisms, as in non-homologous end joining
(NHEJ) [8]; or by errors in replication, such as fork stalling
and template switching (FoSTeS) [9] (for detailed
explanation of each mechanism see the review by Escaramis
et. al. [10]).

Human chromosomes 1, 2, 3, 5, 9, 10 and 16 present
several pericentric inversions (i.e. inverted sequences
including the centromere). However, up to the present, no
related phenotypic effect of clinical significance has been
described [11]. Nevertheless, not all inversions are harmless
and several diseases have been described to be occasionally
caused by inversions, mostly by direct disruption of one gene
[12,13] or by alteration on its gene expression [14,15]. To

date, associations between inversion alleles and gene
expression have been described only for a few of the most
studied human inversions (8p23, 15q24.2, 16pl11-2 and
17923.31) [16-20]. Differences in gene expression could be
caused either by inversion breakpoint separating coding
regions from regulatory elements, or by functional SNPs
fixed in one of the divergent haplotypes maintained by the
inversion [16—18]. Moreover, a recent study has found a
strong association between hypomethylation and genomic
instability, describing that DNA methylation deserts are
highly enriched for structural rearrangements [21].

In addition, the recently developed computational
methods for predicting inversions based in nucleotide
variation data have enabled to discover new human inversion
polymorphisms [22]. These methods have also made
possible to discover few inversions associated with complex
diseases (Table I). Inversions can also disrupt coding regions
[23] or cancer onset and their study can contribute to a more
accurate prognosis of the patient.

MicroRNAs (miRNAs) are short non-coding RNA
molecules of around 20 — 24 nucleotides [24,25] that play
essential roles in gene expression regulation at post-
transcriptional levels [26]. Accordingly, several studies have
demonstrated the importance of miRNAs in cancer biology
by controlling expression of their target mRNAs facilitating



TABLEI
Human inversions associated with diseases

Cytogenetic  Inversion

band length Disorder Reference
8p23 4.5 Mb Brain problems and neuroticism [16,20]
15q24.2 1.2 Mb Autism and cognitive impairment [19]
16p11.2 0.45 Mb Asthma and obesity [17]
17g21.31 900 Kb Neurodegenerative diseases and [18,20]
neuroticism

the appearance of fusion genes [27,28] that can be directly
related to the tumor growth, invasion, angiogenesis, and
immune evasion mechanisms [24,26,29]. Although there is
no proved evidence of a relationship between miRNA
expression and inversion polymorphism, it would not be
surprising their direct contribution to such mechanism.
Polymorphic inversions are a promising source of genetic
variability poorly studied. In particular, its role in miRNA
machinery is still unknown. To contribute to this knowledge,
in this work we aimed to investigate the effect of four well
characterized inversions (8p23, 15q24.2, 16pl11.2 and
17923.31) on miRNA expression in cancer samples.

II. MATERIALS AND METHODS
A. TCGA Datasets

The Cancer Genome Atlas represents a comprehensive
and coordinated effort to accelerate our understanding of the
molecular basis of cancer through the application of genome
analysis [30]. The data used in this study were downloaded
using the R package TCGAbiolinks [31], comprised by
miRNA expression data collected of TCGA for 15 different
types of cancer (see Table II). Sequencing was obtained at an
[llumina HiSeq 2000 miRNA platform. Data processing
followed the procedures as described in TCGA. Briefly, the
raw reads were subjected to the [llumina pipeline filter, and
then dataset was further processed to remove adapter dimers,
junk, low complexity and repeats. Subsequently, any
processed read under 15 base pairs (bp) is discarded, the
remaining data is sent to alignment. 15 bp is chosen as a
threshold value, because it is the shortest length of a mature
miRNA in miRBase [32]. Currently, only perfect alignments
with no mismatches are used. After alignment miRNASeq
read sequence to target sequences, the expression level of
each miRNA was measured as the number of clean reads
mapped to its sequence. Mapped clean read number alone is
not sufficient to compare expression levels among samples,
as these values are affected by factors such as transcript
length, total number of reads, and sequencing biases. For this
reason, mapped clean read was normalized to RPM (reads
per million mapped reads). For detailed information of
miRNASeq see the DESCRIPTION.txt of one of the TCGA
files in GDC Data Portal [33]. miRNAs having less than 80%
of samples with more than 0.5 counts per million reads were
removed from the analyses. This filtering was performed
using tweeDEseq R package [34].

B. Inversion Classification and Detection

SNP data of TCGA samples were downloaded from dbGAP
(phs000178.v9.p8). Data were processed using two different
algorithms that allow us to get inversion genotypes for each
of the 4 inversions analyzed: inveRsion and invClust.

The first algorithm, inveRsion [22], is based on detecting
differences in linkage disequilibrium (LD) between SNP
blocks across inversion breakpoints [22]. Scanning the
genome with predefined window sizes allow the search for
inversion signals without previous knowledge of the
breakpoints. A positive signal between two is given by the
difference of Bayes Information Criterion (BIC), which, if
greater than zero, indicates that the chromosomes of some
individuals considering the breakpoints tested are more
likely to be inverted [22].

The second algorithm, invClust [6], detects extended
haplotype-genotypes that satisfy the Hardy-Weinberg
Equilibrium. It is based on the multivariate analysis of the
SNPs within the interrogated region. The algorithm clusters
individuals into inversion homozygotes (I/I), standard
homozygotes (NI/NI) and heterozygotes (I/NI) using the first
two component of a multidimensional scaling (MDS)
analysis of SNPs in regions with positive signals given by
inveRsion. For clarity, N (noninverted) refers to the
orientation represented in the human genome reference
(hgl9) and I, to the inverted state. As well as, algorithm
clusters a few inversions into six inverted states show to
correspond to three haplotypes supported by the inversion.

C. miRNA Annotation

We used miRDB (v5.0) [35] to predict miRNAs from
sequenced small RNAs. This database is useful for miRNA
target prediction and functional annotation. All targets in
miRDB was obtained by a bioinformatics tool, mirTarget,
which was developed by analyzing thousands of miRNA-
target interactions from throughput sequencing, and using
miRBase as miRNA source [35].

To obtain the related information about the target gene, as
chromosome, start and end position, etc, we used biomaRt
[36,37].

D. Association Analysis

Association analyses between miRNA expression and
inversion genotypes were performed by using the DESeq?2
package [38]. Each inversion was properly coded using
functions in SNPassoc package [39] to model association
between miRNAs and inversion under three different genetic
models (dominant, recessive and additive). The inversion
15924.2 has three haplotypes, and hence, 6 different
genotypes are obtained. In that case, we compare haplotype
1, 3 and 6 with the remaining ones as performed in [19].
miRNA quantification may be affected by hidden and
unwanted variation. In order to overcome this issue, we used
a statistical method based on surrogate variables analyses
that is implemented in the sva package [40].



An easy way to represent this p-values obtained with
DESeq?2 package [38] is a Quantile-Quantile (QQ) plot. This
plot represents the deviation of the observed p-values from
the null hypothesis: the observed p-values for each miRNA
are sorted from largest to smallest and plotted against
expected values from a theoretical distribution. The middle
red line between the x-axis and the y-axis represents the null
hypothesis. Moreover, those miRNAs with an adjusted p-
value lower than 0.05 are color-filled in QQ plot.

E. Gene Ontology Annotation and Enrichment Analysis

The annotation of the Gene Ontology (GO) pathways that are
related with targets genes were performed by using biomaRt
package [36,37]. Pathway enrichment analysis identifies
significantly enriched metabolic pathways or signal
transduction pathways using the corrected P-value < 0.05 as
a threshold to find significantly enriched Gene Ontology
(GO) terms in the input list of significant miRNA between
different inversions, comparing them to whole genome
background. This kind of analysis is implemented in
miRNApath package [41].

In this work, we used hg19 build as the reference, as it was
the most common annotation over all datasets. In all the
analyses, false discovery rate (FDR) correction was applied
to account for the analysis of several miRNAs. An additional
factor of correction of 2.2 was applied to account for the use
of 3 different genetic models [42] and another factor of 4 was
used to correct for the use of four different inversions. A
FDR < 0.05 was considered to indicate a statistically
significant association between miRNA expression or
pathway and a given inversion.

III. RESULTS

Association studies

To perform the association studies we first analyzed
expression data of the fifteen different tumors from the
TCGA for each specific inversion and inheritance model.
The obtained p-values with DESeq? package were
represented in a QQ plot for each tumor, inversion and
genetic model (Supplementary Information Figs. 1 —15). We
observed 167 significant associations between miRNA
expression and inversions in 136 different miRNAs
(Supplementary Information Tables 1 — 31). There are
tumors showing more associations than others
(Supplementary Information Figs. 1 — 15 and Tables 1 —31).
For example, it was noticed that BLCA and UCEC tumors
present at least one significant miRNA in the four studied
inversions. On the other hand, the remain tumors have at
least one significant miRNA in one of the inversions. Only
PRAD tumor did not show any association between miRNA
expression and inversions. We also realized that these
significant associations were also dependent on the genetic
model. Figure 1 depicts differences in miRNA expression for
different features and inversions. The figure also illustrates
how the association between polymorphic inversions and
miRNA quantification is different with regard to inversion

TABLEII
List of tumors

Tumor Abbreviation
BLCA Bladder Urothelial Carcinoma
BRCA Breast Invasive Carcinoma
COAD Colon Adenocarcinoma

KICH Kidney Chromophobe

KIRC Kidney Renal Papillary Cell Carcinoma
KIRP Kidney Renal Clear Cell Carcinoma
LGG Brain Lower Grade Glioma
LIHC Liver Hepatocellular Carcinoma
LUAD Lung Adenocarcinoma
PRAD Prostate Adenocarcinoma
READ Rectum Adenocarcinoma
SKCM Skin Cutaneous Melanoma
STAD Stomach Adenocarcinoma
THCA Thyroid Carcinoma

UCEC Uterine Corpus Endometrial Carcinoma

genotypes. For instance, inversion 8p23 is associated with
hsa-miR-205 under dominant model indicating that
individuals having the inverted allele (I) show less miRNA
expression (Fig. 1B).

As can be observed in Figure 1, miRNA expression varied
depending on the type of cancer, genotype and inversion. For
example, in the case of inversion 8p23 (Figs. 1A — B), in
Figure 1A (P-value Dominant: 0.374; P-value Recessive:
4.680 x 107 and P-value Additive: 3.179 x 10™) only one
inversion allele produced an increase of miRNA expression.
In fact, there was an increase in miRNA expression in
homozygote patients, but with higher effect in NI/NI
genotype (Fig. 1B; P-value Dominant: 1.000; P-value
Recessive: 1.540 x 10 and P-value Additive: 5.963 x 107).
On the other hand, for the inversion 15q24.3 (Figs. 1C — D)
with six genotypes, a relation between genotype 1 and 6, was
observed: when one of them increases, the other genotype
decreases its expression, and vice-versa. In inversion
16p11.2 there was a positive tendency, which suggested that
expression increased with the number of I alleles (Fig. 1F; P-
value Dominant: 0.343; P-value Recessive: 0.012 and P-
value Additive: 0.025). However, in the case of hsa-miR-337
(Fig. 1E; P-value Dominant: 1.000; P-value Recessive: 1.072
x 107 and P-value Additive: 0.107), we observed the same
pattern as in hsa-miR-205 (Fig. 1B). Finally, in inversion
17921.31 (Figs. 1G — H), there was either an increase (Fig.
1G) or adecrease (Fig. 1H) in miRNAs respect to I/I patients.

Following, we evaluated the effects between every
inversion and miRNAs (Fig. 2) dividing those significant
miRNAs in two main groups: cis and trans. miRNAs in cis
are those which have at least one target in the cytogenetic
band of the inversion, while the remaining miRNAs are
considered trans. We can observe that depending on the
inversion there are more miRNASs in cis than in trans, i.e. in
inversion 17q21.31 more miRNAs were found in cis than in
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Figure 1. Association between inversion genotypes and miRNA expression of cancer samples. Boxplots for miRNA expression with respect to
inversions in different tumor samples, interquartile (box) and median (line). Genotype names are coded as: N (noninverted) refers to the orientation
represented in the human genome reference (hg19) and I, to the inverted state, and six inverted haplotypes.

the other inversion types. Also this inversion was the one
with higher miRNA expression differences between
genotypes. Generally, there are more miRNAs close to or far
from the cytogenetic band of the inversion than in the
inversion region.

To check if there were significant miRNAs in common
between different tumors, we performed Venn Diagrams
with the top 5 tumors showing more significant miRNAs
(Fig. 3). Interestingly, for inversion 16p11.2 and 17q21.31,
all tumors had their unique miRNA. However, in inversion
8p23 there were two miRNAs (hsa-miR-9-1 and hsa-miR-9-
2) present in both KIRC and LUAD cancers, and hsa-miR-
215 between BLCA and LUAD tumors. In the other
inversion, 17q21.31, miRNAs hsa-miR-1269 and hsa-miR-
514-3 were in common between BLCA-UCEC and STAD-

UCEC, respectively.
Enrichment Analysis

In order to define globally the miRNA transcriptomic effects
of the four studied inversions, gene ontology (GO)
enrichment analysis was performed including all significant
miRNA in all data sets with respect to the inversion (p-value
< 0.05). When we evaluated the miRNApath function, it did
not work for all tumors and inversions. This problem could
be related either to the sample size or to the p-values. For this
reason, we performed only enrichment analysis with BRCA
cancer and inversion 8p23, and compared the results
obtained in each case.
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Figure 3. Venn Diagrams representing significant miRNAs. Venn Diagrams illustrating, for each polymorphic inversion, the number of
common miRNAs between the top five tumor samples (e.g those having more miRNAs significantly associated at 5 % FDR level).



Considering the enriched GO pathways with significant

miRNA, a concept-network was obtained (Fig. 4A and Table A) BRCA: Analysis with Significant miRNA
III) showing a remarkable enrichment of terms related to coooostoz|
DNA damage detection, regulation of region RNA binding, cooooesss| [T
changes in cellular activity and several changes in regulation Gooooss7el [
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Regulation of region RNA binding includes transcription, Go0oosese| [N =“"""‘Ve
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DNA replication and DNA repair. The analysis of the top 50 22‘1’:2::2; = B ocossve
miRNA with respect to the inversion 8p23 (Fig. 4B and 602001193 ]
Table 1V) also revealed a remarkable enrichment of terms GO:0045919] [
related to regulation and activation of immune response, Gooosso77{ [
mostly presenting a relation with Major histocompatibility Goooszasa) [
Goootose4| [
complex (MHC) and T cells. )
o Lo Go:o007506{ [
In addition, generally GO terms are significant for the Gooo0se74] [
Additive model instead of the other two inheritance models, Go-0001069{ [
but there are some GO terms that are in common in the three 0 5_|og 10(p-value) 10 15
models (i.e. GO: 0006334 — cellular iron ion homeostasis).
B) BRCA - Analysis with Top 50 miRNA
Transcription factors regulate miRNA transcription in GO:0032845 _
cancer, and there are several miRNAs that can be regulating GO:0030109 _
other miRNAs [43,44]. In addition, several miRNAs have cooccoro7| [,
the function of enhancing the tumor-suppressor function, GO:0045919 _
while others result in increased miRNA expression and 600042167 _ Inherited models
consequent oncogenic activity [43]. Inversions also have an cooosrss] [ = poame
effect at. transcrlptlf)nal leve.I, mostly caused by inversion 600004392 _ 1 ecessive
breakpoint separating coding regions from regulatory 6010060023 _
elements [16-18] or cancer onset. This transcriptional '
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dysregulation is an important mechanism for altered miRNA
expression in cancer [43].
In this work, we hypothesize that there is an association cozo0rree) - [
between inversions and miRNA expression that can be due (G0:2000669 _
to the localization of a considerable number of miRNA G0:0002309 _
0 10 0 30

sequences at fragile sites or genomic regions that are deleted,
amplified or translocated, most of them related to the onset
of cancer [43].

After performing association analysis between miRNA
expression and inversions, we obtained several miRNAs
with a significant change in their expression. From those
significant miRNAs that we found, there are several ones
well studied that play an important role in cancer. For
example, expression of the hsa-miR-200 family is frequently
suppressed in human tumors. These miRNAs are known to
directly target the mRNAs encoding the zinc-finger E-box-
binding homeobox (ZEB) transcription factors, which
suppress the expression of epithelial genes to promote the
epithelial-mesenchymal transition (EMT) [45]. Interestingly,
ZEB directly binds to a regulatory element at the miR-200
promoter to repress transcription of miR-200 as part of a
negative regulatory feedback loop that promotes EMT [46].
In agreement with our data, hsa-miR-200c is significant in
LIHC tumor and presents high expression in patients with

2
—log10(p-value)

Figure 4. Functional correlations of the 8p23 inversion in
BRCA samples. Barplot showing the top twenty-five obtained
with (A) significant miRNAs and (B) top fifty miRNAs GO terms
both at FDR < 0.05.

homozygote I genotype for inversion 17q21.31.

The oncogenic transcription factor Myc binds to the
promoter region of many miRNAs, and generally acts as a
negative regulator of miRNA expression. It also has indirect
effects on miRNA activity through the activation of
secondary factors that, downregulate antiproliferative,
tumor-supressive and proapoptotic activities of hsa-let7 and
hsa-miR-34c [47,48], two significant miRNAs in our data.
Nowadays, these two miRNAs are being used as a
therapeutic approach in lung cancer and pancreatic cancer
[49,50].



TABLE 111

Top 25 significant (FDR < 0.05) enriched GO terms obtained by using those miRNAs that were significantly associated between inversion 8p23

and BRCA at 5% FDR level.

GO ID GO Name Inherited Model ~ Adjusted P-values
GO:0006879 cellular iron ion homeostasis Additive 3.288¢-06
G0:0030139 endocytic vesicle Dominant 1.192¢-05
G0:0030139 endocytic vesicle Recessive 1.192¢-05
G0:0005102 receptor binding Additive 1.192¢-05
GO:0006334 nucleosome assembly Additive 1.321e-05
GO0:0005802 trans-Golgi network Additive 3.292¢-05
G0:0002020 protease binding Dominant 3.292¢-05
G0:0002020 protease binding Recessive 3.292¢-05
GO0:0070937 CRD-mediated mRNA stability complex Additive 3.801e-05
G0:0032689 negative regulation of interferon-gamma production Additive 3.801e-05
GO:0006879 cellular iron ion homeostasis Dominant 3.801e-05
GO:0006879 cellular iron ion homeostasis Recessive 3.801e-05
GO0:0002020 protease binding Additive 5.396¢-05
GO:0006977  DNA damage response, signal transduction by p53 class mediator resulting in cell cycle arrest Additive 5.905e-05
GO:0008656 cysteine-type endopeptidase activator activity involved in apoptotic process Additive 1.056¢-04
GO:0007567 parturition Additive 1.056e-04
G0:1901386 negative regulation of voltage-gated calcium channel activity Additive 1.927¢-04
G0:0045919 positive regulation of cytolysis Additive 3.037¢-04
GO:0001069 regulatory region RNA binding Additive 3.037e-04
G0:0032393 MHC class I receptor activity Additive 3.037¢-04
GO:0045077 negative regulation of interferon-gamma biosynthetic process Additive 3.037e-04
GO:0005874 microtubule Additive 3.037¢-04
G0:0010494 cytoplasmic stress granule Additive 3.037e-04
GO:0007596 blood coagulation Additive 3.037e-04
G0:2001193 positive regulation of gamma-delta T cell activation involved in immune response Additive 3.037¢-04

TABLE IV

Top 25 significant (FDR < 0.05) enriched GO terms obtained by using the top-50 miRNAs that were significantly associated between

inversion 8p23 and BRCA

GO ID GO Name Inherited Model ~ Adjusted P-values
G0:2001193  positive regulation of gamma-delta T cell activation involved in immune response Additive 5.847e-17
G0:0030107 HLA-A specific inhibitory MHC class I receptor activity Additive 5.847e-17
G0:0030109 HLA-B specific inhibitory MHC class I receptor activity Additive 5.847¢-17
G0:0035548 negative regulation of interferon-beta secretion Additive 5.847e-17
G0:0032945 negative regulation of mononuclear cell proliferation Additive 5.847e-17
G0:0042167 heme catabolic process Recessive 5.847e-17
GO:0006788 heme oxidation Recessive 5.847e-17
G0:0004392 heme oxygenase (decyclizing) activity Recessive 5.847¢-17
G0:0045919 positive regulation of cytolysis Additive 5.986e-17
G0:2001189 negative regulation of T cell activation via T cell receptor Additive 5.446¢-16
GO:2001193  positive regulation of gamma-delta T cell activation involved in immune response Dominant 5.784¢-16
G0:0030107 HLA-A specific inhibitory MHC class I receptor activity Dominant 5.784e-16
G0:0030109 HLA-B specific inhibitory MHC class I receptor activity Dominant 5.784¢-16
GO0:0035548 negative regulation of interferon-beta secretion Dominant 5.784e-16
G0:0032945 negative regulation of mononuclear cell proliferation Dominant 5.784¢-16
G0:0045919 positive regulation of cytolysis Dominant 1.087¢-15
G0:0060023 soft palate development Dominant 1.151e-15
G0:0042167 heme catabolic process Additive 1.617¢-15
GO:0006788 heme oxidation Additive 1.617e-15
G0:0004392 heme oxygenase (decyclizing) activity Additive 1.617¢-15
G0:0045953 negative regulation of natural killer cell mediated cytotoxicity Additive 2.302¢-15
G0:0014063 negative regulation of serotonin secretion Additive 2.302¢-15
G0:2001189 negative regulation of T cell activation via T cell receptor Dominant 5.448¢-15
G0:0002309 T cell proliferation involved in immune response Additive 1.330e-14
G0:2000669 negative regulation of dendritic cell apoptotic process Additive 1.330e-14

Briefly, there are also several miRNAs that inhibits cell
invasion and migration, as hsa-miR-345 [51], has-miR-372
[52], hsa-miR-196b [53], hsa-miR-493 [54], etc. There are
others that promote metastasis (i.e. hsa-miR-1269 [55]),
suppress metastasis (hsa-miR-206 [56], hsa-miR-382 [57]).
Here we present, for the first time, sixty novel miRNAs
(Table V) that their effects are not known in cancer.
Interestingly, these miRNAs can be used as biomarkers to

cancer diagnosis. As some of them are unique for each type
of cancer, if we realized the same study with different
populations we could determine which ones are the common
significant miRNAs and create a new approach to detect and
determine the type of cancer.

We observed a strong correlation of inversion genotypes
with miRNA expression effects. These expression effects
could be because cis-miRNAs are disrupting directly coding



TABLE V
Novel miRNAs associated with inversions

hsa-miR-518e hsa-miR-3200
hsa-miR-520f hsa-miR-129-2
hsa-miR-527 hsa-miR-521-1
hsa-miR-518a-1 hsa-miR-1180
hsa-miR-3074 hsa-miR-224
hsa-miR-548f-1 hsa-miR-509-3
hsa-miR-512-2 hsa-miR-509-2
hsa-miR-520c¢ hsa-miR-514-1
hsa-miR-512-1 hsa-miR-514-2
hsa-miR-517b hsa-miR-133a-1
hsa-miR-520a hsa-miR-133b
hsa-miR-520f hsa-miR-219-1
hsa-miR-624 hsa-miR-193b
hsa-miR-517¢ hsa-miR-891b
hsa-miR-518¢ hsa-miR-889
hsa-miR-3691 hsa-miR-329-2
hsa-miR-129-1 hsa-miR-376¢
hsa-miR-518b hsa-miR-370
hsa-miR-1323 hsa-miR-654
hsa-miR-518a-1 hsa-miR-539
hsa-miR-520d hsa-miR-541
hsa-miR-520g hsa-miR-514-3
hsa-miR-615 hsa-miR-598
hsa-miR-451 hsa-miR-138-1
hsa-miR-498 hsa-miR-196a-1
hsa-miR-515-2 hsa-miR-323b
hsa-miR-518f hsa-miR-374a
hsa-miR-520b hsa-miR-138-2
hsa-miR-181d hsa-miR-551b
hsa-miR-194-1 hsa-miR-194-2

regions or one gene, creating fusion genes or epigenetic
effect, with a direct transcriptomic effect. As well as, to have
a miRNAs expression effect it is not necessary that miRNAs
targets are in the cytogenetic band of the inversion. The
influence of inversion is probably mediated by its strong
effect on the expression of several neighboring genes with
regulatory functions.

The analysis of all miRNA differentially expressed and the
top-50 with respect to the inversion 8p23 in BRCA cancer
also revealed a remarkable enrichment of terms related to
DNA damage detection, regulation of RNA binding,
regulation and activation of immune response and changes in
cellular components and molecular functions. This pattern
is consistent with a disturbance of regulatory elements and
changes in cellular components, and further supports the
observation that miRNA deregulated by the inversion
polymorphism or associated genotypes may be responsible
for the association with cancer.

V. CONCLUSION AND FUTURE WORK

In this study, we evaluated the association and gene ontology
enrichment analysis between miRNA expression and
inversions in fifteen cancer types. Based on our statistical
results, an association was observed in fourteen cancer types,
and also a dependence on the patient genotype. Even though,
there are already several significant miRNAs described in the

literature, we here present for the first time sixty novel
miRNAs that are inversion-related. From these miRNAs,
fifty-three of them are uniquely related with a single cancer
type. This observed specificity may represent a highly
potential biomarker-based technique for cancer diagnosis.
The gene ontology enrichment analysis also revealed a
remarkable enrichment of terms related to cancer. These
results will be validated with a Genome-wide association
study (GWAS) of dbGAP.

In the near future, all this information will be correlated
with gene expression data in order to check whether those
significant miRNAs for inversions have some effect in the
transcriptome or, on the contrary, inversions in the
transcriptome modify miRNA expression.

SUPPLEMENTARY INFORMATION

Supplementary Information includes forty-six figures, and
thirty-one tables providing the same information as the one
described in this manuscript for all tumors and polymorphic
inversions.
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1. Association Analysis

1.1. Q-Q Plots
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Figure 1. Quantile-Quantile (QQ) plot of observed vs. expected P-values of BLCA samples.
The QQ plot of observed P-values shows whether they follow the expected null distribution (red line) apart
from significant miRNA with an Adjusted P-value lower than 0.05 (colored points).



1.1.2. BRCA
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Figure 2. Quantile-Quantile (QQ) plot of observed vs. expected P-values of BRCA samples.
The QQ plot of observed P-values shows whether they follow the expected null distribution (red line) apart
from significant miRNA with an Adjusted P-value lower than 0.05 (colored points).



1.1.3. COAD
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Figure 3. Quantile-Quantile (QQ) plot of observed vs. expected P-values of COAD samples.
The QQ plot of observed P-values shows whether they follow the expected null distribution (red line) apart
from significant miRNA with an Adjusted P-value lower than 0.05 (colored points).



1.1.4. KICH
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Figure 4. Quantile-Quantile (QQ) plot of observed vs. expected P-values of KICH samples.
The QQ plot of observed P-values shows whether they follow the expected null distribution (red line) apart
from significant miRNA with an Adjusted P-value lower than 0.05 (colored points).



1.1.5. KIRC

(A) Inversion 8p23

Dominant Recessive Additive
= = a
E < =
g g o g
I I I
E R g "
2 g 2
I} T T T T T g ° T T T g ° T T T T T
00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25
Expected —logio(p) Expected —logio(p) Expected —logso(p)
(B) Inversion 15q24.2
Three vs. All Three vs. All Three vs. All
= = =
] *l = =
g - ) g g
I ~ I I
B B T
c A S c
[} Q ()
4 o 8 &
o) T T T T T o) T T T T T o) T T T T T
00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25
Expected -logio(p) Expected —logio(p) Expected -logso(p)
(C) Inversion 16p11.2
Dominant Recessive Additive
= o o~ =
3 - 3 © E
D (o2} (=] <
o o o o
T TF T
° o °© ° o~
g 3 o
% o % ?
5 °© T T g ° T g ° T T
00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25
Expected —logio(p) Expected —logio(p) Expected —logso(p)
(D) Inversion 17g21.31
Dominant Recessive Additive
= = =
= = =
— — —
g g g
I I I
° ° o
(5] (4] [
c e 2
[} [ ]
172 172 [%2]
I} T T T T T I} T T T T T I} T T T T T
00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25
Expected —logio(p) Expected —logio(p) Expected -logso(p)

Figure 5. Quantile-Quantile (QQ) plot of observed vs. expected P-values of KIRC samples.
The QQ plot of observed P-values shows whether they follow the expected null distribution (red line) apart
from significant miRNA with an Adjusted P-value lower than 0.05 (colored points).



1.1.6. KIRP
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Figure 6. Quantile-Quantile (QQ) plot of observed vs. expected P-values of KIRP samples.
The QQ plot of observed P-values shows whether they follow the expected null distribution (red line) apart
from significant miRNA with an Adjusted P-value lower than 0.05 (colored points).



1.1.7. LGG
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Figure 7. Quantile-Quantile (QQ) plot of observed vs. expected
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P-values of LGG samples.

The QQ plot of observed P-values shows whether they follow the expected null distribution (red line) apart
from significant miRNA with an Adjusted P-value lower than 0.05 (colored points).



1.1.8. LIHC
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Figure 8. Quantile-Quantile (QQ) plot of observed vs. expected P-values of LIHC samples.
The QQ plot of observed P-values shows whether they follow the expected null distribution (red line) apart
from significant miRNA with an Adjusted P-value lower than 0.05 (colored points).
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1.1.9. LUAD
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Figure 9. Quantile-Quantile (QQ) plot of observed vs. expected P-values of LUAD samples.
The QQ plot of observed P-values shows whether they follow the expected null distribution (red line) apart
from significant miRNA with an Adjusted P-value lower than 0.05 (colored points).
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1.1.10. PRAD
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Figure 10. Quantile-Quantile (QQ) plot of observed vs. expected P-values of PRAD samples.
The QQ plot of observed P-values shows whether they follow the expected null distribution (red line) apart
from significant miRNA with an Adjusted P-value lower than 0.05 (colored points).
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1.1.11. READ
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Figure 11. Quantile-Quantile (QQ) plot of observed vs. expected P-values of READ samples.
The QQ plot of observed P-values shows whether they follow the expected null distribution (red line) apart
from significant miRNA with an Adjusted P-value lower than 0.05 (colored points).
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1.1.12. SKCM
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Figure 12. Quantile-Quantile (QQ) plot of observed vs. expected P-values of SKCM samples.
The QQ plot of observed P-values shows whether they follow the expected null distribution (red line) apart
from significant miRNA with an Adjusted P-value lower than 0.05 (colored points).

14



1.1.13. STAD
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Figure 13. Quantile-Quantile (QQ) plot of observed vs. expected P-values of STAD samples.
The QQ plot of observed P-values shows whether they follow the expected null distribution (red line) apart
from significant miRNA with an Adjusted P-value lower than 0.05 (colored points).
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1.1.14. THCA
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Figure 14. Quantile-Quantile (QQ) plot of observed vs. expected P-values of THCA samples.
The QQ plot of observed P-values shows whether they follow the expected null distribution (red line) apart
from significant miRNA with an Adjusted P-value lower than 0.05 (colored points).
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1.1.15. UCEC
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Figure 15. Quantile-Quantile (QQ) plot of observed vs. expected P-values of UCEC samples.
The QQ plot of observed P-values shows whether they follow the expected null distribution (red line) apart
from significant miRNA with an Adjusted P-value lower than 0.05 (colored points).
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1.2. Significative miRNA (Tables)

1.2.1. BLCA

Table 1: Significant miRNA in BLCA cancer in chromosomal inversion 15q24.2

Cis  Adj. P-value One vs. all ~ Adj. P-value Three vs. all ~ Adj. P-value Six vs. all

hsa-miR-1269 Yes 3.693e-05 1 1

Table 2: Significant miRNA in BLCA cancer in chromosomal inversion 16p11.2

Cis  Adj. P-value Dominant  Adj. P-value Recessive ~ Adj. P-value Additive

hsa-miR-1226  Yes 2.687e-06 0.001071 2.578e-06
hsa-miR-1269 No 3.530e-04 1.000000 1.542e-03
hsa-miR-652 No 3.721e-04 1.000000 4.313e-02
hsa-miR-324 Yes 1.679e-02 1.000000 4.313e-02
hsa-miR-483 No 3.753e-02 1.000000 4.313e-02
hsa-miR-3620  Yes 9.331e-02 1.000000 1.041e-01

Table 3: Significant miRNA in BLCA cancer in chromosomal inversion 17¢q21.31

Cis  Adj. P-value Dominant  Adj. P-value Recessive  Adj. P-value Additive

hsa-miR-522 No 0.5029307257505 0.0005329 1
hsa-miR-518e Yes 0.715733533704758 0.0005893 1
hsa-miR-520f Yes 0.870038998771372 0.0005893 1
hsa-miR-527 No 1 0.0005893 1
hsa-miR-518a-1 No 1 0.0043315 1
hsa-miR-3074 Yes 1 0.0304626 1
hsa-miR-345 Yes - 0.0440697 1
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Table 4: Significant miRNA in BLCA cancer in chromosomal inversion 8p23

Cis  Adj. P-value Dominant  Adj. P-value Recessive  Adj. P-value Additive
hsa-miR-548f-1 No 0.3742 4.680e-05 3.179e-08
hsa-miR-512-2 No 1.0000 8.235e-05 4.012e-03

hsa-miR-873 Yes 1.0000 1.635e-04 1.141e-02
hsa-miR-372 Yes 1.0000 1.635e-04 2.042e-02
hsa-miR-520c Yes 1.0000 2.060e-04 2.261e-02
hsa-miR-512-1 No 1.0000 2.060e-04 2.261e-02
hsa-miR-517a No 1.0000 2.166e-04 2.766e-02
hsa-miR-517b No 1.0000 3.089¢-04 2.766e-02
hsa-miR-520a Yes 1.0000 9.221e-04 2.766e-02
hsa-miR-520f No 1.0000 1.197e-03 2.826e-02
hsa-miR-624 Yes 1.0000 1.197e-03 8.851e-02
hsa-miR-517c¢ No 1.0000 1.359¢-03 1.067e-01
hsa-miR-518c¢ No 1.0000 1.808e-03 1.087e-01
hsa-miR-3691 Yes 1.0000 2.515e-03 1.249e-01
hsa-miR-129-1 No 1.0000 2.950e-03 1.337e-01
hsa-miR-345 No 1.0000 3.185e-03 1.365e-01
hsa-miR-526b Yes 1.0000 3.185e-03 1.423e-01
hsa-miR-525 No 1.0000 3.185e-03 1.425e-01
hsa-miR-518b No 1.0000 3.724e-03 1.549e-01
hsa-miR-1323 Yes 1.0000 3.724e-03 1.549e-01
hsa-miR-1274b No 1.0000 3.724e-03 1.558e-01
hsa-miR-1301 No 1.0000 4.593e-03 1.586e-01
hsa-miR-3676 No 1.0000 4.689¢-03 1.811e-01
hsa-miR-518a-1 No 1.0000 7.375e-03 1.811e-01
hsa-miR-519¢ Yes 1.0000 7.993e-03 1.877e-01
hsa-miR-519d Yes 1.0000 7.993e-03 1.905e-01
hsa-miR-520d Yes 1.0000 7.993e-03 1.946¢-01
hsa-miR-520g No 1.0000 8.153e-03 1.946¢-01
hsa-miR-615 Yes 1.0000 8.153e-03 1.946e-01
hsa-miR-196a-1 No 1.0000 8.153e-03 1.946e-01
hsa-miR-451 No 1.0000 8.153e-03 1.970e-01
hsa-miR-498 No 1.0000 8.153e-03 2.628e-01
hsa-miR-515-2 No 1.0000 8.153e-03 2.628e-01
hsa-miR-518f No 1.0000 1.031e-02 2.628e-01
hsa-miR-520b Yes 1.0000 1.079e-02 4.799¢-01
hsa-miR-3200 Yes 1.0000 1.118e-02 8.266e-01
hsa-miR-522 No 1.0000 1.297e-02 1.000e+-00
hsa-miR-223 No 1.0000 1.297e-02 1.000e+00
hsa-miR-363 Yes 1.0000 1.297e-02 1.000e+00
hsa-miR-518e No 1.0000 2.104e-02 1.000e+00
hsa-miR-449a Yes 1.0000 2.284e-02 1.000e+00
hsa-miR-215 Yes 1.0000 3.885e-02 1.000e+-00
hsa-let-7f-1 Yes 1.0000 4.261e-02 1.000e+-00
hsa-miR-129-2 No 1.0000 4.329¢-02 1.000e+-00
hsa-miR-521-1 No 1.0000 4.426e-02 1.000e+-00
hsa-miR-1180 Yes 1.0000 4.649¢-02 1.000e+-00
hsa-miR-375 No 1.0000 4.784e-02 1.000e+-00

19



1.2.2. BRCA

Table 5: Significant miRNA in BRCA cancer in chromosomal inversion 8p23

Cis  Adj. P-value Dominant  Adj. P-value Recessive  Adj. P-value Additive

hsa-miR-577 Yes 0.002012 1.773e-05 0.0002454
hsa-miR-885 Yes 0.002012 3.609e-03 0.0002454
hsa-miR-224 Yes 0.013639 3.872e-03 0.0041067
hsa-miR-509-3 No 0.027756 1.595e-02 0.0041067
hsa-miR-519a-1 No 0.027756 2.690e-02 0.0120450
hsa-miR-508 No 0.032450 3.569e-02 0.0779833
hsa-miR-509-2 No 0.034757 6.050e-02 0.6854359
hsa-miR-514-1 No 0.195039 7.100e-02 1.0000000
hsa-miR-514-2 No 0.215575 3.057e-01 1.0000000
hsa-miR-184 No 1.000000 6.276e-01 1.0000000
hsa-miR-495 No 1.000000 6.304e-01 1.0000000
hsa-miR-487b Yes 1.000000 1.000e+00 1.0000000
1.2.3. COAD

Table 6: Significant miRNA in COAD cancer in chromosomal inversion 15q24.2

Cis  Adj. P-value One vs. all ~ Adj. P-value Three vs. all  Adj. P-value Six vs. all

hsa-miR-133a-1 No 0.3988 4.871e-05 0.009833
hsa-miR-133b No 0.7058 1.000e+00 0.028664

Table 7: Significant miRNA in COAD cancer in chromosomal inversion 16p11.2

Cis  Adj. P-value Dominant  Adj. P-value Recessive  Adj. P-value Additive
hsa-miR-150  Yes 0.3427 0.01213 0.02452

Table 8: Significant miRNA in COAD cancer in chromosomal inversion 17¢q21.31

Cis  Adj. P-value Dominant  Adj. P-value Recessive  Adj. P-value Additive

hsa-miR-151 No 0.03465 1 0.01897232
hsa-miR-219-1 No 0.03465 1 0.01897232
hsa-miR-874 Yes 0.04288 1 0.03656698
hsa-miR-193b Yes 0.04787 1 0.03656698
hsa-miR-501 Yes 0.04787 1 0.04136907
hsa-miR-106b Yes 0.05805 1 0.04693777
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1.2.4. KICH

Table 9: Significant miRNA in KICH cancer in chromosomal inversion 15q24.2

Cis  Adj. P-value One vs. all

hsa-miR-9-1 No 1.187e-17
hsa-miR-9-2 No 1.187e-17

1.2.5. KIRC
Table 10: Significant miRNA in KIRC cancer in chromosomal inversion 8p23
Cis  Adj. P-value Dominant  Adj. P-value Recessive ~ Adj. P-value Additive
hsa-miR-9-1 No 1 3.937e-08 0.0414
hsa-miR-9-2 No 1 3.937e-08 0.0414

Table 11: Significant miRNA in KIRC cancer in chromosomal inversion 16p11.2

Cis  Adj. P-value Dominant  Adj. P-value Recessive  Adj. P-value Additive

hsa-miR-9-1 No 1 0.002944 0.02127
hsa-miR-9-2 No 1 0.002944 0.02127

1.2.6. KIRP

Table 12: Significant miRNA in KIRP cancer in chromosomal inversion 8p23

Cis  Adj. P-value Dominant  Adj. P-value Recessive  Adj. P-value Additive

hsa-miR-187 No 1 3.591e-06 8.975e-05
hsa-miR-205 Yes 1 1.540e-02 5.963e-03

Table 13: Significant miRNA in KIRP cancer in chromosomal inversion 15q24.2

Cis  Adj. P-value One vs. all  Adj. P-value Three vs. all  Adj. P-value Six vs. all

hsa-miR-508 Yes 1 1 8.647e-06
hsa-miR-509-1 No 1 1 9.202e-05
hsa-miR-509-2 No 1 1 1.556e-03
hsa-miR-509-3 Yes 1 1 3.043e-03
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Table 14: Significant miRNA in KIRP cancer in chromosomal inversion 17q21.31

Cis  Adj. P-value Dominant  Adj. P-value Recessive  Adj. P-value Additive

hsa-miR-592 Yes 1 0.01646 1
hsa-miR-215 No 1 0.01646 1
1.2.7. LGG

Table 15: Significant miRNA in LGG cancer in chromosomal inversion 8p23

Cis  Adj. P-value Dominant  Adj. P-value Recessive  Adj. P-value Additive
hsa-miR-34c  Yes 1 0.004252 0.4167

Table 16: Significant miRNA in LGG cancer in chromosomal inversion 15q24.2

Cis  Adj. P-value One vs. all ~ Adj. P-value Three vs. all ~ Adj. P-value Six vs. all

hsa-miR-184 No 1 0.002462 1
hsa-miR-196b No 1 0.044362 1

Table 17: Significant miRNA in LGG cancer in chromosomal inversion 16p11.2

Cis  Adj. P-value Dominant  Adj. P-value Recessive  Adj. P-value Additive
hsa-miR-891b No 1 0.018 1

1.2.8. LIHC

Table 18: Significant miRNA in LTHC cancer in chromosomal inversion 17q21.31

Cis  Adj. P-value Dominant  Adj. P-value Recessive  Adj. P-value Additive

hsa-miR-200c Yes 6.400e-08 0.4432 4.544e-08
hsa-miR-141 Yes 6.002e-07 1.0000 2.132e-06
hsa-miR-891a  Yes 1.754e-04 1.0000 2.469e-04
hsa-miR-431 No 8.316e-03 1.0000 1.830e-02
hsa-miR-432 Yes 3.144e-02 1.0000 3.675e-02
hsa-miR-889 Yes 3.446e-02 1.0000 6.240e-02
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Table 19: Significant miRNA in LIHC cancer in chromosomal inversion 16p11.2

Cis  Adj. P-value Dominant  Adj. P-value Recessive  Adj. P-value Additive
hsa-miR-493 Yes 1 5.756e-05 0.006122
hsa-miR-432 Yes 1 9.801e-04 0.019140
hsa-miR-329-2 No 1 9.801e-04 0.106617
hsa-miR-337 No 1 1.072e-03 0.106617
hsa-miR-376¢ No 1 1.382e-03 0.106617
hsa-miR-411 No 1 1.505e-03 0.106617
hsa-miR-494 Yes 1 1.505e-03 0.124006
hsa-miR-758 No 1 1.944e-03 0.139268
hsa-miR-127 No 1 2.740e-03 0.139268
hsa-miR-431 No 1 3.219e-03 0.139268
hsa-miR-370 Yes 1 3.666e-03 0.151483
hsa-miR-654 Yes 1 4.789e-03 0.184287
hsa-miR-539 Yes 1 5.482e-03 0.184287
hsa-miR-380 Yes 1 6.082e-03 0.202144
hsa-miR-487b No 1 7.201e-03 0.297911
hsa-miR-379 No 1 7.949e-03 0.297911
hsa-miR-382 Yes 1 1.056e-02 0.297911
hsa-miR-655 Yes 1 1.349e-02 0.352365
hsa-miR-410 No 1 1.807e-02 0.361442
hsa-miR-541 Yes 1 1.823e-02 0.485960
hsa-miR-381 No 1 3.834e-02 0.485960
hsa-miR-134 Yes 1 3.834e-02 0.691793
hsa-miR-495 Yes 1 7.625e-02 0.775808
1.2.9. LUAD

Table 20: Significant miRNA in LUAD cancer in chromosomal inversion 8p23

Cis  Adj. P-value Dominant  Adj. P-value Recessive = Adj. P-value Additive
hsa-miR-9-1 No 0.06028 6.013e-05 0.007241
hsa-miR-9-2 No 0.06028 3.118e-03 0.007241
hsa-miR-582  Yes 1.00000 6.100e-03 0.022644
hsa-miR-215  Yes 1.00000 8.727e-03 0.022644
hsa-miR-149  Yes 1.00000 4.943e-02 0.997545

Table 21: Significant miRNA in LUAD cancer in chromosomal inversion 15q24.2

Cis  Adj. P-value One vs. all  Adj. P-value Three vs. all  Adj. P-value Six vs. all
hsa-miR-216a  Yes 8.045e-09 0.6691 1
hsa-miR-217 No 7.339¢-03 1.0000 1
hsa-miR-483 No 2.041e-02 1.0000 1
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1.2.10. READ

Table 22: Significant miRNA in READ cancer in chromosomal inversion 15q24.2

Cis  Adj. P-value One vs. all  Adj. P-value Three vs. all ~ Adj. P-value Six vs. all

hsa-miR-134 No 0.01536 1 1
hsa-miR-379 Yes 0.01824 1 1

1.2.11. SKCM

Table 23: Significant miRNA in SKCM cancer in chromosomal inversion 15¢q24.2

Cis  Adj. P-value One vs. all ~ Adj. P-value Three vs. all ~ Adj. P-value Six vs. all

hsa-miR-206 No 2.379e-05 1 1

Table 24: Significant miRNA in SKCM cancer in chromosomal inversion 17q21.31

Cis  Adj. P-value Dominant  Adj. P-value Recessive  Adj. P-value Additive
hsa-miR-1247 Yes 0.00606 1 0.004354

1.2.12. STAD

Table 25: Significant miRNA in STAD cancer in chromosomal inversion 16p11.2

Cis  Adj. P-value Dominant  Adj. P-value Recessive ~ Adj. P-value Additive

hsa-miR-514-3 No 1 0.04161 1
hsa-miR-598 No 1 0.04161 1
hsa-miR-135a-1 No 1 0.04161 1

1.2.13. THCA

Table 26: Significant miRNA in THCA cancer in chromosomal inversion 15q24.2

Cis  Adj. P-value One vs. all ~ Adj. P-value Three vs. all  Adj. P-value Six vs. all

hsa-miR-34c No 0.001532 1 1
hsa-miR-34b No 0.001979 1 1
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Table 27: Significant miRNA in THCA cancer in chromosomal inversion 17q21.31

Cis

Adj. P-value Dominant

Adj. P-value Recessive

Adj. P-value Additive

hsa-miR-210

Yes

1

0.003085

1

1.2.14. UCEC

Table 28: Significant miRNA in UCEC cancer in chromosomal inversion 8p23

Cis

Adj. P-value Dominant

Adj. P-value Recessive

Adj. P-value Additive

hsa-miR-138-1

No

0.004515

1

0.02287

Table 29: Significant miRNA in UCEC cancer in chromosomal inversion 15q24.2

Cis  Adj. P-value One vs. all  Adj. P-value Three vs. all ~ Adj. P-value Six vs. all
hsa-miR~433 Yes 1 0.004708 0.03833
hsa-miR-370 Yes 1 0.004708 0.04139
hsa-miR-320b-2 No 1 0.007480 1.00000

Table 30: Significant miRNA in UCEC cancer in chromosomal inversion 16p11.2

Cis  Adj. P-value Dominant  Adj. P-value Recessive  Adj. P-value Additive

hsa-miR-1269 No 0.0001691 0.005049 0.0004866
hsa-miR-196a-2  No 0.0001759 0.167449 0.0008687
hsa-miR-196a-1  No 0.0024704 0.213976 0.0009550
hsa-miR-323b Yes 0.0024704 0.213976 0.0019969
hsa-miR-374a No 0.0045957 0.544131 0.0030150
hsa-miR-514-1 No 0.0150616 0.835820 0.0063276
hsa-miR-514-2 No 0.0631131 1.000000 0.0085138
hsa-miR-514-3 No 0.0631131 1.000000 0.0400296
hsa-miR-582 No 0.0700082 1.000000 0.0400296

Table 31: Significant miRNA in UCEC cancer in chromosomal inversion 17¢21.31

Cis  Adj. P-value Dominant  Adj. P-value Recessive  Adj. P-value Additive
hsa-miR-138-2 Yes 1 0.02959 1
hsa-miR-181d  Yes 1 0.03203 1
hsa-miR-194-1 No 1 0.03203 1
hsa-miR-551b No 1 0.03203 1
hsa-miR-194-2 No 1 0.04515 1
hsa-miR-192 Yes 1 0.04738 1
hsa-miR-324 Yes 1 0.04879 1




1.3. Boxplots
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Figure 16. Association between inversion 8p23 genotypes and miRNA expression in BLCA
samples. Boxplots for miRNA expression with respect to inversion 8p23, interquartile (box) and median
(line). Genotype names are coded as: N (noninverted) refers to the orientation represented in the human
genome reference (hgl9) and I, to the inverted state.
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Figure 17. Association between inversion 16p11.2 genotypes and miRNA expression in BLCA
samples. Boxplots for miRNA expression with respect to inversion 16p11.2, interquartile (box) and median
(line). Genotype names are coded as: N (noninverted) refers to the orientation represented in the human
genome reference (hgl9) and I, to the inverted state.
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Figure 18. Association between inversion 17p21.31 genotypes and miRNA expression in
BLCA samples. Boxplots for miRNA expression with respect to inversion 17p21.31, interquartile (box)
and median (line). Genotype names are coded as: N (noninverted) refers to the orientation represented in

the human genome reference (hgl9) and I, to the inverted state.
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Figure 19. Association between inversion 15q24.2 genotypes and miRNA expression in BLCA
samples. Boxplots for miRNA expression with respect to inversion 15q24.2, interquartile (box) and median

(line). Genotype names are coded by six inverted haplotypes.
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1.3.2. BRCA
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Figure 20. Association between inversion 8p23 genotypes and miRNA expression in BRCA
samples. Boxplots for miRNA expression with respect to inversion 8p23, interquartile (box) and median
(line). Genotype names are coded as: N (noninverted) refers to the orientation represented in the human
genome reference (hgl9) and I, to the inverted state.

1.3.3. COAD
A) hsa-miR-133a-1 B) hsa—-miR-133b
300 . . 50
[ ]
° ® ° [ ]
401
° [ ]
2001
[ )
2 ’ 23] .
c c
3 3 .
O R O 201 °
100 R
10
01 0 I
1 2 3 4 5 6 1 2 3 4 5 6

Inversion 15q24.2 Inversion 15q24.2

Figure 21. Association between inversion 15q24.2 genotypes and miRNA expression in COAD
samples. Boxplots for miRNA expression with respect to inversion 15q24.2, interquartile (box) and median
(line). Genotype names are coded by six inverted haplotypes.
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Figure 22. Association between inversion 16p11.2 genotypes and miRNA expression in COAD
samples. Boxplots for miRNA expression with respect to inversion 16p11.2, interquartile (box) and median
(line). Genotype names are coded as: N (noninverted) refers to the orientation represented in the human
genome reference (hgl9) and I, to the inverted state.
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Figure 23. Association between inversion 17p21.31 genotypes and miRNA expression in
COAD samples. Boxplots for miRNA expression with respect to inversion 17p21.31, interquartile (box)
and median (line). Genotype names are coded as: N (noninverted) refers to the orientation represented in
the human genome reference (hgl9) and I, to the inverted state.
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1.3.4. KICH
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Figure 24. Association between inversion 15q24.2 genotypes and miRNA expression in KICH
samples. Boxplots for miRNA expression with respect to inversion 15q24.2, interquartile (box) and median
(line). Genotype names are coded by six inverted haplotypes.
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Figure 25. Association between inversion 8p23 genotypes and miRNA expression in KIRC
samples. Boxplots for miRNA expression with respect to inversion 8p23, interquartile (box) and median
(line). Genotype names are coded as: N (noninverted) refers to the orientation represented in the human

genome reference (hgl9) and I, to the inverted state.
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Figure 26. Association between inversion 16p11.2 genotypes and miRNA expression in KIRC
samples. Boxplots for miRNA expression with respect to inversion 16p11.2, interquartile (box) and median
(line). Genotype names are coded as: N (noninverted) refers to the orientation represented in the human

genome reference (hgl9) and I, to the inverted state.
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Figure 27. Association between inversion 8p23 genotypes and miRNA expression in KIRP
samples. Boxplots for miRNA expression with respect to inversion 8p23, interquartile (box) and median
(line). Genotype names are coded as: N (noninverted) refers to the orientation represented in the human

genome reference (hgl9) and I, to the inverted state.
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Figure 28. Association between inversion 17p21.31 genotypes and miRNA expression in
KIRP samples. Boxplots for miRNA expression with respect to inversion 17p21.31, interquartile (box) and
median (line). Genotype names are coded as: N (noninverted) refers to the orientation represented in the

human genome reference (hgl9) and I, to the inverted state.
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Figure 29. Association between inversion 15q24.2 genotypes and miRNA expression in KIRP
samples. Boxplots for miRNA expression with respect to inversion 15q24.2, interquartile (box) and median
(line). Genotype names are coded by six inverted haplotypes.
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1.3.7. LGG
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Figure 30. Association between inversion 8p23 genotypes and miRNA expression in LGG
samples. Boxplots for miRNA expression with respect to inversion 8p23, interquartile (box) and median
(line). Genotype names are coded as: N (noninverted) refers to the orientation represented in the human
genome reference (hgl9) and I, to the inverted state.
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Figure 31. Association between inversion 15q24.2 genotypes and miRNA expression in LGG
samples. Boxplots for miRNA expression with respect to inversion 15q24.2, interquartile (box) and median
(line). Genotype names are coded by six inverted haplotypes.
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Figure 32. Association between inversion 16pl11.2 genotypes and miRNA expression in LGG
samples. Boxplots for miRNA expression with respect to inversion 16p11.2, interquartile (box) and median
(line). Genotype names are coded as: N (noninverted) refers to the orientation represented in the human
genome reference (hgl9) and I, to the inverted state.
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Figure 33. Association between inversion 16p11.2 genotypes and miRNA expression in LIHC
samples. Boxplots for miRNA expression with respect to inversion 16p11.2, interquartile (box) and median
(line). Genotype names are coded as: N (noninverted) refers to the orientation represented in the human
genome reference (hgl9) and I, to the inverted state.
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Figure 34. Association between inversion 17p21.31 genotypes and miRNA expression in LIHC
samples. Boxplots for miRNA expression with respect to inversion 17p21.31, interquartile (box) and median
(line). Genotype names are coded as: N (noninverted) refers to the orientation represented in the human
genome reference (hgl9) and I, to the inverted state.
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Figure 35. Association between inversion 8p23 genotypes and miRNA expression in LUAD
samples. Boxplots for miRNA expression with respect to inversion 8p23, interquartile (box) and median
(line). Genotype names are coded as: N (noninverted) refers to the orientation represented in the human
genome reference (hgl9) and I, to the inverted state.
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Figure 36. Association between inversion 15q24.2 genotypes and miRNA expression in LUAD
samples. Boxplots for miRNA expression with respect to inversion 15q24.2, interquartile (box) and median
(line). Genotype names are coded by six inverted haplotypes.
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Figure 37. Association between inversion 15q24.2 genotypes and miRNA expression in READ
samples. Boxplots for miRNA expression with respect to inversion 15q24.2, interquartile (box) and median
(line). Genotype names are coded by six inverted haplotypes.
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Figure 38. Association between inversion 17p21.31 genotypes and miRNA expression in

READ samples. Boxplots for miRNA expression with respect to inversion 17p21.31, interquartile (box)
and median (line). Genotype names are coded as: N (noninverted) refers to the orientation represented in

the human genome reference (hgl9) and I, to the inverted state.
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Figure 39. Association between inversion 15q24.2 genotypes and miRNA expression in READ
samples. Boxplots for miRNA expression with respect to inversion 15q24.2, interquartile (box) and median

(line). Genotype names are coded by six inverted haplotypes.
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1.3.12. STAD
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Figure 40. Association between inversion 16p11.2 genotypes and miRNA expression in STAD
samples. Boxplots for miRNA expression with respect to inversion 16p11.2, interquartile (box) and median
(line). Genotype names are coded as: N (noninverted) refers to the orientation represented in the human

genome reference (hgl9) and I, to the inverted state.
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Figure 41. Association between inversion 15q24.2 genotypes and miRNA expression in THCA
samples. Boxplots for miRNA expression with respect to inversion 15q24.2, interquartile (box) and median
(line). Genotype names are coded by six inverted haplotypes.
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Figure 42. Association between inversion 17p21.31 genotypes and miRNA expression in
THCA samples. Boxplots for miRNA expression with respect to inversion 17p21.31, interquartile (box)
and median (line). Genotype names are coded as: N (noninverted) refers to the orientation represented in
the human genome reference (hgl9) and I, to the inverted state.
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Figure 43. Association between inversion 8p23 genotypes and miRNA expression in UCEC
samples. Boxplots for miRNA expression with respect to inversion 8p23, interquartile (box) and median
(line). Genotype names are coded as: N (noninverted) refers to the orientation represented in the human

genome reference (hgl9) and I, to the inverted state.
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Figure 44. Association between inversion 17p21.31 genotypes and miRNA expression in
UCEC samples. Boxplots for miRNA expression with respect to inversion 17p21.31, interquartile (box)
and median (line). Genotype names are coded as: N (noninverted) refers to the orientation represented in
the human genome reference (hgl9) and I, to the inverted state.
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Figure 45. Association between inversion 15q24.2 genotypes and miRNA expression in UCEC
samples. Boxplots for miRNA expression with respect to inversion 15q24.2, interquartile (box) and median
(line). Genotype names are coded by six inverted haplotypes.
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Figure 46. Association between inversion 16p11.2 genotypes and miRNA expression in UCEC
samples. Boxplots for miRNA expression with respect to inversion 16p11.2, interquartile (box) and median
(line). Genotype names are coded as: N (noninverted) refers to the orientation represented in the human
genome reference (hgl9) and I, to the inverted state.
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