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Abstract: Background: This computational analysis investigated sequence complementarities be-
tween the TRIM33 gene and human noncoding (nc)RNAs and characterized their interactions in the
context of paraneoplastic dermatomyositis. Methods: TRIM33 FASTA sequence (NCBI Reference
Sequence: NC_000001.11) was used for BLASTN analysis against Human GRCh38 in the Ensembl.org
database. Retrieved ncRNAs showing hits to TRIM33 were searched in the GeneCards.org database
and further analyzed through RNAInter, OmRLFS-finder, Spliceator, and NcPath enrichment analysis.
Results: A total of 100 hits were found, involving the IncRNAs NNT-AS1, MKLN1-AS, LINC01206,
and PAXBP1-AS1, whose dysregulation has been reported in either cancer or dermatomyositis. Addi-
tionally, the IncRNAs NNT-AS1 and PAXBP1-AS1 may interact with microRNA-142-3p, reducing its
expression and increasing that of TRIM33. Sequence complementarity affected only TRIM33 intron
1, possibly resulting in alternatively spliced isoforms of TIF1y with increased immunogenicity. The
results also revealed nucleotide alignment between TRIM33 and the gene regulatory elements of
28 ncRNA genes involved in immune pathways. Conclusions: This pivotal study demonstrates
sequence complementarity between TRIM33 and human ncRNAs dysregulated in cancer and der-
matomyositis. This scenario may lead to the overproduction of more immunogenic TIF1y variants in
tumors and the stimulation of autoimmunity. Further experimental analyses using targeted methods
such as Western blot or Chip-Seq are required to confirm these data.
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1. Introduction

Idiopathic inflammatory myopathies (IIMs) consist of a heterogeneous spectrum of
rare diseases that affect skeletal muscle and result in chronic inflammation and destruction
of muscle fibers. IIMs include juvenile and adult dermatomyositis (DM), polymyositis
(PM), immune-mediated necrotizing myositis IMNM), inclusion body myositis (IBM),
antisynthetase syndrome (ASyS), and myositides that overlap with other diagnoses such as
systemic lupus erythematosus or mixed connective tissue disease [1,2]. Dermatomyositis
(DM) is an IIM characterized by the simultaneous involvement of skeletal muscle and
skin. As a result of the deposition of immune complexes on the endothelium of skeletal
muscle, patients diagnosed with DM usually develop perifascial atrophy, which is clinically
reflected by symmetric proximal muscle weakness [3,4]. In addition, the precipitation
of immune complexes in dermal vessels and complement-mediated cell lysis along the
dermo-epidermal interface are responsible for cutaneous manifestations such as photo-
sensitive erythema on the neck, back, and shoulders, heliotrope rash, Gottron’s papules,
and telangiectasia [5]. Furthermore, DM patients may develop pulmonary, gastrointestinal,
and cardiac manifestations, including interstitial pneumonitis, cardiac arrhythmias, and
esophageal dysmotility [6].

DM is the major IIM phenotype for which a clear association with cancer has been
documented. The reported incidence of cancer in adult DM patients is estimated to be
approximately 9% to 32% [7]. A cancer diagnosis may occur after or before the onset of DM,
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but usually the interval between the two conditions is no more than three years [2,7]. Given
the close temporal relationship, DM may be considered a paraneoplastic phenomenon.
Interestingly, more than 80% of adult patients with cancer-associated DM are characterized
by serum positivity of autoantibodies that recognize a 155 kDa nuclear protein known as
transcription intermediary factor 1 gamma (TIF1y) [8]. Moreover, anti-TIF1y-seropositive
DM patients have a higher risk of severe disease, flagellar erythema, V-neck sign, and over-
all lower survival [3], while interstitial lung disease, Raynaud’s phenomenon, calcinosis,
and joint involvement are less common in anti-TIF1y-positive patients [9,10].

TIF1y belongs to the triple motif (TRIM) superfamily and is encoded by the gene
TRIM33 located on the short arm of the chromosome 1 [11]. The protein appears to
participate in cell mitosis and differentiation, DNA repair, transcriptional control, and
translational modifications [10]. Its dual role as a tumor suppressor or inducer has been
described in numerous cancer studies [10,12,13] and somatic mutations of the TRIM33 gene
have been reported in patients with paraneoplastic DM [14,15].

It is likely that the dysregulated expression of TIF1y in the tumor microenvironment
may contribute to the loss of immune tolerance and the formation of cross-reactive autoan-
tibodies with the subsequent development of DM [11]. The latter event could be triggered
by the immunological effects of this mediator on innate and acquired immune cells [12,16].
This hypothesis is supported by the observation that the fluctuation of anti-TIF1y antibody
titers may follow the progression of underlying malignancy or DM disease activity [17].

Research shows that cancer cells undergo transcriptomic changes that can lead to up-
or down-regulation of genes involved in cell growth and differentiation [18]. This phe-
nomenon can also generate neoepitopes that can be presented via major histocompatibility
complex (MHC) class I or II [19]. Transcriptional activity is a highly dynamic process and is
regulated by several mechanisms, including alternative splicing or polyadenylation and the
expression of noncoding RNAs (ncRNAs). Indeed, several studies have shown imbalanced
ncRNA transcription in cells from humans with tumors or DM [20-22]. However, it is
not known whether TIF1ly expression can be affected by the dysregulated production of
ncRNAs, which can occur in both cancer and DM patients. Altered cross-talk between
ncRNAs and coding genes, such as TRIM33, may take place as an early event in malignant
cells and lead to the activation of an immunological cascade resulting in the appearance
of DM. Therefore, the aim of this work was to investigate possible interactions between
the TRIM33 gene and human ncRNAs based on sequence complementarities and RNA
interactome analysis in silico and to correlate these results with the panorama of existing
data on ncRNA profiling in cancer and DM.

2. Materials and Methods
2.1. Identification of Human ncRNAs Aligning to TRIM33 Gene Sequence

To investigate any nucleotide alignment between TRIM33 and human ncRNAs, the
FASTA sequence of the TRIM33 gene, available at https:/ /www.ncbi.nlm.nih.gov/nuccore/
NC_000001.11?report=fasta&from=114392790&to=114511203&strand=true, accessed on
3 February 2023 (NCBI Reference Sequence: NC_000001.11), was used for BLASTN analysis
against Human GRCh38 by consulting the Ensembl.org database (Ensembl ncRNA genes;
https:/ /www.ensembl.org/index.html accessed on 3 February 2023) [23]. Specifically, the
input sequence consisted of the reverse complementary strand of the TRIM33 gene with a
length of 118414 base pairs (from 114392790 to 114511203), excluding the flanking 5" and 3’
untranslated regions (UTRs).

For the analysis of the Ensembl.org database, the preconfigured normal sensitivity
setting was chosen, which allows the exclusion of short sequences and distant homologies
and does not limit the search to closer matches only. The default options (general options,
scoring options, filtering and masking options) were the following: maximum number of
hits to be reported: 100; maximum E-value for reported alignments: 10; maximum HSPs
per hit: 100; match/mismatch score: 1,-3; opening and extension gap penalties: 2; low
complexity region filter and query sequences with RepeatMasker filter: applied.


https://www.ncbi.nlm.nih.gov/nuccore/NC_000001.11?report=fasta&from=114392790&to=114511203&strand=true
https://www.ncbi.nlm.nih.gov/nuccore/NC_000001.11?report=fasta&from=114392790&to=114511203&strand=true
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2.2. In Silico Characterization of Human ncRNAs Aligning to TRIM33 Gene Sequence

The detected ncRNAs that had hits for TRIM33 were searched in the GeneCards.org
database (https://www.genecards.org accessed on 16 February 2023) [24] and Genome Ag-
gregation Database (gnomAD; https:/ /gnomad.broadinstitute.org accessed on 16 February
2023) [25] to characterize their nature, tissue expression, subcellular localization, and known
associated diseases. Furthermore, the exact genomic location showing hits for TRIM33 was
searched by consulting the Ensembl.org database [23], and the interaction with DNA and other
ncRNAs was analyzed by using the tools RNAInter [26] and Quantitative Model of R-loop
Forming Sequence (RLFS) finder (QmRLFS-finder) [27]. Specifically, RNAInter analysis was
carried out by using the following parameters: keyword: “TRIM33’; interaction-type: ‘RR’;
species: "homo sapiens’; method: ‘“all’; category: ‘mRNA’; score: ‘0-1".

In addition, Spliceator was used to predict TRIM33 splice sites in intronic regions
aligning with ncRNAs [28].

Finally, NcPath enrichment analysis (http:/ /ncpath.pianlab.cn/#/Home accessed on
18 March 2023) was carried out to characterize the biological pathways associated with
ncRNAs of interest.

3. Results
3.1. Human ncRNAs Aligning with the TRIM33 Gene

By consulting the Ensembl.org database, a total of 100 hits between human ncR-
NAs and the TRIM33 gene sequence were found (Table S1). In detail, the TRIM33
gene aligned with 97 transcripts of long noncoding (Inc)RNA genes, 2 transcripts
of uncategorized genes (ENSG00000286456 and ENSG00000269842) and 1 pseudo-
gene (MFSD14CP) with overall mean =+ standard deviation (SD) nucleotide length of
352.3 4+ 110.0, mean =+ SD score of 548.2 & 129.8, and mean =+ SD percentage of identity
(%ID) of 95.1 £ 2.6%. Complementary sequences to TRIM33 gene were predicted in 2 or
more transcripts of the same genes in the following cases: ENSG00000286679 (13 hits);
PAXBP1-AS1 (8 hits); XACT (6 hits); ENSG00000287277 and LINC01551 (4 hits); AQP4-
AS1 and HELLPAR (3 hits); ENSG00000273448, ENSG00000284294, ENSG00000286535,
ENSG00000286797, LINC00824, LINC01116, and MKLN1-AS (2 hits). Importantly, none
of the hits matched the nucleotide sequence of TRIM33 gene exons, as they were all
located at intronic sites (Table S1).

When available, tissue expression was ubiquitous for most of the ncRNAs found, but
in many cases the expression in the nervous system, intestine, and testis predominated.
Most ncRNAs were not characterized for their subcellular localization; those for which this
information was available were reported to localize in the nucleus (n°12), the nucleolus
(n°6), the cytosol (n°3), and the extracellular compartment (n°7).

3.2. Human Diseases Associated with ncRNAs Aligning with the TRIM33 Gene

According to GeneCards.org database, ten ncRNA genes aligning with TRIM33
nucleotide sequence have known associations with human disease, including cancer
(Table 1). NcRNA genes whose polymorphic variants have been associated with cancer
risk included NNT-AS1, LINC01116, and SILC1, which matched the TRIM33 gene with a
score of 903 (%ID 91.8%), 577 (%ID 98.7%), and 466 (%ID 97%), respectively.

In detail, the matches on the TRIM33 gene involved 3 different sites of intron 1 that
could bind more than one ncRNA simultaneously according to the Ensembl.org analysis
(Figure 1). Importantly, according to the GnomAD database, the hits did not involve
nucleotides harboring phenotype-associated variants.


https://www.genecards.org
https://gnomad.broadinstitute.org
http://ncpath.pianlab.cn/#/Home
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Table 1. Noncoding RNA genes aligning with TRIM33 nucleotide sequence having known associations with human disease according to the GeneCards database. If

the matched transcripts are more than 1, length and % ID are given as mean + standard deviation.

. . Subcellular . . No. of Matched Alignment o Hit on a Phenotype-
Gene Type Tissue Expression Localization Associated Disease Transcripts Length (bp) %eID Associated Variant
nucleus, cytoskeleton, cervical cancer, ovarian
NNT-AS1 IncRNA  almost ubiquitous mitochondria, cancer, osteogenic sarcoma, 1 676 91.8 no
extracellular, plasma hepatocellular cancer,
membrane colorectal cancer
HELLPAR IncRNA skeletal muscle nucleus HELLP syndrome 3 403 + 170.6 93.9 + 0.5 no
tissue, liver
leukoencephalopathy with
GTF3C2-AS2 IncRNA almost ubiquitous / vanishing white matter; 1 671 92.1 no
retinitis pigmentosa
LINC01551 IncRNA overexpressed in / hypertropia 4 308.5 + 0.5 96.7 +3.3 no
the brain
almost ubiquitous nucleus. cvtoskeleton breast cancer, glioblastoma,
LINCO01116 IncRNA (overexpressed in <Y * glioma, lung cancer, ovarian 2 3105+ 2.1 95.8 £4.1 no
. extracellular .
the kidney) squamous cell carcinoma
overexpressed in
LINC00824 IncRNA whole blood, / primary spontaneous 2 297 £ 0 98.9 £ 0 no
intestine and pneumothorax
spleen
PCBP1-AS1 IncRNA almost ubiquitous  nucleus, extracellular retinitis pigmentosa 1 279 96.7 no
MIRLET7BHG IncRNA almost ubiquitous  nucleus, extracellular brachydactyly type b2 1 304 94.7 no
LINC01285 IncRNA almost ubiquitous / monkeypox virus infection 1 305 94.7 no
SILC1 IncRNA overexpressed in nucleus gastric cancer 1 267 97 no

the brain

Abbreviations: bp: base pairs; HELLP: hemolysis, elevated liver function tests, and low platelets; IncRNA: long noncodingRNA; % ID: percentage of identity.
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Figure 1. Aligned sequence location on the TRIM33 gene of the 10 ncRNAs associated with cancer
and other human diseases.

3.3. Regulatory Function of ncRNAs Aligning with the TRIM33 Gene

In 28 cases, sequence similarity between the TRIM33 gene and ncRNAs was found in
ncRNA gene regulatory elements. Specifically, the hits involved 12 IncRNA gene enhancers,
1 IncRNA gene enhancer + CCCTC-binding factor (CTCEF), 1 IncRNA gene transcription
factor binding site, 13 IncRNA gene promoters and 1 IncRNA gene CTCF (Table 2).

It follows that such sequence complementarity could potentially lead to an interaction
between TRIM33 transcripts and these ncRNA gene regulatory regions in the nucleus,
disrupting the organization of chromatin architecture and preventing the binding of tran-
scription factors and other key mediators that are critically involved in enhancer-promoter
communication [29]. All of these events can prevent the recruitment of RNA polymerase II
to the promoter site of ncRNA genes and thus impair their expression.

To determine which pathways may be potentially disrupted by TRIM33 sequence
alignment, KEGG analysis was run by using NcPath for the detected IncRNAs harbor-
ing hits on their gene regulatory regions. The pathways involved regarded antigen
processing and presentation (p value = 6.89419105768181e-14), human immunode-
ficiency virus 1 infection (p value = 2.0404015074785747e-08), herpes simplex virus
1 infection (p value = 9.94404432054867e-07), and human cytomegalovirus infection
(p value = 2.7087345449239465e-06) (Figure 2).

Count

. - Human cytomegalovirus
infection
Herpes simplex virus 1
. infection p.adjust
66 ® 5013
2.8e-13
. Human immunodeficiency

virus 1 infection

p.value Antigen processing and
B coec1s presentation
6.9e-14
0.00000050.0000010.00000150.0000020.0000025 0 20 40 60 80

Figure 2. Enrichment analysis pathways associated with IncRNAs being complementary to TRIM33
in a gene regulatory region. The figure was created with NcPath.
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Table 2. Noncoding RNA genes aligning with TRIM33 nucleotide sequence in a gene regulatory region according to the Ensembl.org database.

Gene Transcript Type Tissue Expression Localization Type of Regulatory Region R-Loops
ZNF584-DT ENST00000593393.1 IncRNA testis, endometrium / enhancer, CTCF 0
MKLN1-AS ENST00000416220.7 IncRNA almost ubiquitous nucleus enhancer 0

ENSG00000254258 ENST00000522373.1 IncRNA almost ubiquitous / enhancer 0
ARHGEF35-AS1 ENST00000650250.1 IncRNA almost ubiquitous / enhancer 0
ENSG00000284294 ENST00000638287.1 IncRNA sural nerve, colonic epithelium, bone marrow cell / enhancer 0
ENSG00000284294 ENST00000640084.1 IncRNA sural nerve, colonic epithelium, bone marrow cell / enhancer 0
ENSG00000287839 ENST00000668003.2 IncRNA whole blood, intestine / enhancer 0
ENSG00000285658  ENST00000648317.1 IncRNA bone marrow cell, Zﬁﬁgﬁme tissue, colonic / TFB 0
OR2A1-AS1 ENST00000468575.1 IncRNA almost ubiquitous / enhancer 0
MRPL20-DT ENST00000607307.1 IncRNA almost ubiquitous / promoter 0
ANXA2R-OT1 ENST00000702244.1 IncRNA almost ubiquitous cytosol enhancer 0
ENSG00000215014 ENST00000366221.3 IncRNA overexpressed in testis / promoter 0
XACT ENST00000674361.1 IncRNA testis, colon, nervous system nucleolus CTCF 0
ENSG00000267353 ENST00000588717.1 IncRNA myometrium, endometrium / promoter 0
LINC00501 ENST00000425388.1 IncRNA almost ubiquitous extracellular promoter 0
ARIH20S ENST00000647812.1 IncRNA testis, ovary nucleus, plasma promoter 0
membrane, extracellular
ENSG00000287277 ENST00000664549.1 IncRNA colonic epithelium, bone marrow cell, sural nerve / enhancer 0
ENSG00000287277 ENST00000669799.1 IncRNA colonic epithelium, bone marrow cell, sural nerve / enhancer 0
ENSG00000287277 ENST00000666057.1 IncRNA colonic epithelium, bone marrow cell, sural nerve / enhancer 0
ENSG00000287277 ENST00000665216.1 IncRNA colonic epithelium, bone marrow cell, sural nerve / enhancer 0
PAXBP1-AS1 ENST00000691027.1 IncRNA almost ubiquitous / promoter 0
PAXBP1-AS1 ENST00000653345.1 IncRNA almost ubiquitous / promoter 0
PAXBP1-AS1 ENST00000660366.1 IncRNA almost ubiquitous / promoter 0
PAXBP1-AS1 ENST00000440052.5 IncRNA almost ubiquitous / promoter 0
PAXBP1-AS1 ENST00000458479.1 IncRNA almost ubiquitous / promoter 0
PAXBP1-AS1 ENST00000665654.1 IncRNA almost ubiquitous / promoter 0
PAXBP1-AS1 ENST00000662524.1 IncRNA almost ubiquitous / promoter 0
PAXBP1-AS1 ENST00000665120.1 IncRNA almost ubiquitous / promoter 0

Abbreviations: CTCF: CCCTC-binding factor; IncRNA: long noncoding RNA; TFB: transcription factor binding site.
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3.4. QmRLFS-Finder Analysis

QmRLFS-finder is a free web program that calculates the prediction of R-loop for-
mation in a nucleic acid sequence of interest [27]. R-loops are transient three-stranded
RNA-DNA hybrids that form during DNA replication, transcription and repair and are
involved in genome stability and the control of gene transcription [30]. Due to their im-
portance in processes such as transcription-coupled and RNA template-based DNA break
repair, the imbalance in R-loop formation has been studied in cancer, neurodegenerative
diseases and autoimmune diseases. Both too many and too few R-loops can destabilize
chromatin integrity and thus increase the risk of tumorigenesis [31]. R-loops usually form
near transcription initiation sites (promoters), but also at transcription termination sites,
telomeric and centromeric regions and in mitochondrial DNA [31].

To determine whether the TRIM33 nucleotide sequence could match an ncRNA nu-
cleotide sequence predicted to form R-loops, QmRLFS finder analysis was performed,
selectively focusing on matches in regulatory sequences of ncRNA genes. It is noteworthy
that the results did not identify an R-loop-forming site in the query sequence (Table 2),
which does not support a role for TRIM33 transcripts in disrupting this mechanism.

3.5. Spliceator Analysis

To test whether the alignment of the ncRNA nucleotide sequences to different sites of
intron 1 of the TRIM33 gene could interfere with splicing, Spliceator analysis was performed.

Spliceator is a freely available computational tool that allows the prediction of 5" donor
splice sites and 3’ acceptor splice sites in a sequence of interest [28]. This system uses a
convolutional neural network with an estimated accuracy of 89-92%. Briefly, the nucleotide
sequences of TRIM33 genes that matched ncRNAs from the Ensembl.org database were
identified. As mentioned above, all of them were located in intron 1 and spanned the regions
from 9987 to 10,297 bp, from 23,274 to 23,253 bp and from 30,709 to 31,395 bp. For each of
the 3 nucleotide sequences, a separate analysis was performed with Spliceator, selecting the
following parameters: reliability donor 98 %; acceptor 98 %; model: 200; splice site: both.

Interestingly, 9 acceptor splice sites were predicted on intron 1 of the TRIM33 gene
with a score between 0.982 and 0.992 (Figure S1). Therefore, binding of ncRNAs at such
sites could potentially disrupt the mechanism of splicing and lead to intron retention or
generate alternatively spliced isoforms.

3.6. MiR-142-3p as a Multiple Interactor with TRIM33 Gene and TRIM33 Gene-Aligned
IncRNAs Dysrequlated in Dermatomyositis

LncRNAs and other smaller RNAs, which include microRNAs (miRNAs), can be
involved in a network of competition for shared nucleotide sequences according to the
competitive endogenous RNA (ceRNA) hypothesis. Briefly, miRNAs mainly act as post-
transcriptional regulators of gene expression by binding to specific miRNA responsive
elements (MRESs) located in the 3’-UTR regions of mRNA [32]. MicroRNAs can in turn be
siphoned off by other ncRNAs, including transcribed pseudogenes and IncRNAs that share
identical MREs. An imbalance in this network can lead to altered mRNA translation and
has been linked to carcinogenesis and autoimmunity [33].

To determine whether altered expression of TRIM33 could contribute to the aberrant
transcriptomic profile found in experiments on DM, RNAlInter analysis was performed
to detect RNA-RNA interactions. The TRIM33 mRNA transcript and the TRIM33 gene-
targeting IncRNAs, which are also dysregulated in DM according to a recent bioinformatic
study [34], were used as inputs. By searching for RNAs interacting with TRIM33 mRNA, a
total of 735 interactions were found (Table S2).

These results were then compared with those from previously published experimental
studies on plasma or muscle samples from patients with DM or other IIMs [22,35-39]. As
shown in Table 3, a total of 28 correlations were found.
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Table 3. miRNAs predicted to interact with TRIM33 in RNAlnter analysis and shown to be dysregu-

lated in IIMs in previous experimental studies. The results are sorted by RNAlInter score.

miRNA RNAIlnter Score Results from Other Studies Methods Reference
. downregulated in plasma exosomes of
hsa-miR-142-3p 04564 patients with IIMs compared to controls NGS (351
. downregulated in plasma exosomes of
hsa-miR-3613-5p 0.4528 patients with IIMs compared to controls NGS [35]
downregulated in PM muscle biopsy
hsa-miR-196a-5p 0.4457 samples but upregulated in HSkMM after miRNAome analysis [22]
exposure to 20% PM serum
hsa-miR-21-5p 04212 uPregulated in DM and ASyS muscle NanoString nCounter [38]
biopsy samples compared to controls system
hsa-miR-30e-5p 0.4139 upregulateviiltr}‘l Ijosfl\lfl\l\g Saefiir;“m“la“o“ miRNAome analysis [22]
o an upregulated in plasma exosomes of
hsa-miR-32-5p 04086 patients with IIMs compared to controls NGS (331
hsa-miR-491-5p 0.4086 upregulatevc\l,if;l 12{05051\1/3111\\/[/1 :gzl;rsltlmulatlon miRNAome analysis [22]
upregulated in plasma exosomes of CAM
hsa-let-7f-5p 0.4017 patients compared to non-CAM IIM NGS [35]
patients
hsa-let-7a-5 0.4017 downregulated in plasma exosomes of NGS [35]
P ' patients with IIMs compared to controls o
upregulated and downregulated in IIM NanoString nCounter
hsa-miR-133b 0.3649 muscle biopsy samples compared to system;miRNA [38,39]
controls according to two different studies ~ microarray and qPCR
downregulated in PM muscle biopsy
hsa-miR-30d-5p 0.3649 samples but upregulated in HSkMM after =~ miRNAome analysis [22]
exposure to 20% PM serum
downregulated in PM muscle biopsy
hsa-miR-30a-5p 0.3649 samples but upregulated in HSkMM after =~ miRNAome analysis [22]
exposure to 20% PM serum
. downregulated in IIM muscle biopsy miRNA microarray and
hsa-miR-133a-3p 0-3649 samples comparedto controls qPCR 3]
downregulated in muscle biopsy samples .
hsa-miR-30e-3p 0.3579 from DM patients and correlated with the NanoSt;u;%errfounter [38]
IFN-I signature y
downregulated in muscle biopsy samples .
hsa-miR-30a-3p 0.3579 from DM patients and correlated with the NanoSt;u;%errfounter [38]
IFN-I signature y
upregulated in plasma samples from . .
hsa-miR-498-5p 0.3097 PM/DM patients after mikNA Iri‘;flﬁ%‘};raya“d [37]
immunosuppressive treatment 4
o 0E. upregulated in IBM muscle biopsy NanoString nCounter
hsa-miR-495-3p 02986 samples compared to DMand controls system (381
hsa-miR-130a-3p 0.2129 upregulatevc\i,iir}ll I;()Sozl\lfl\l\//[[ Saef;irnsltlmulatlon miRNAome analysis [22]
o upregulated in IBM muscle biopsy NanoString nCounter
hsa-miR-543 02129 samples compared to DMand controls system [38]
downregulated in plasma exosomes of
hsa-miR-143-3p 0.2129 CAM patients compared NGS [35]

to non-CAM patients
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Table 3. Cont.
miRNA RNAInter Score Results from Other Studies Methods Reference
. downregulated in muscle biopsy samples ~ NanoString nCounter
hsa-miR-302d-3p 0.2129 from IIM patients compared to controls system [38]
hsa-miR-382-5 0.2129 upregulated in IIM muscle biopsy NanoString nCounter [38]
P ' samples compared to controls system
o a1l upregulated in IBM muscle biopsy NanoString nCounter
hsa-miR-411-5p 02129 samples compared to DMand controls system [38]
downregulated in plasma exosomes of
hsa-miR-27a-3p 0.1862 DM patients compared to PM/ASyS NGS [35]
patients
oo upregulated in HSkMM after stimulation . .
hsa-miR-26a-5p 0.1862 with 20% PM serum miRNAome analysis [22]
hsa-miR-320e 01619 uregulated in DM muscle biopsy samples ~ NanoString nCounter [38]
compared to controls system
upregulated in DM muscle biopsy .
hsa-miR-361-3p 1E-10 samples and associated with IFN-I NanoSt;lr;%errfounter [38]
signature Y
upregulated in HSkMM after stimulation
with 20% PM serum; differentially miRNAome analysis
hsa-miR-221-3p 1E-10 expressed in muscle biopsy samples of NanoString nCounter [22,38]

IIM patients compared to controls (mainly

system

upregulated)

Abbreviations: ASyS: antisynthetase syndrome; CAM: cancer-associated myositis; DM: dermatomyositis; HSkMM:
human skeletal muscle myoblasts; IBM: inclusion body myositis; IFN I: type I interferon; IIMs: idiopathic inflam-
matory myopathies; miR: microRNA; NGS: Next Generation Sequencing; PM: polymyositis; qPCR: quantitative
polymerase chain reaction; qRT-PCR: quantitative real-time polymerase chain reaction.

Interestingly, the genes TRIM33, NNT-AS1 and PAXBP1-AS1 were all predicted to
interact with the miR-142-3p, while the IncRNA gene MKLN1-AS was predicted to interact
with metazoan signal recognition particle (SRP) RNA. The SRP is a well-known antigen
in immune-mediated necrotizing myopathy and anti-SRP antibodies can be detected in a
minority of IIM patients with cardiac involvement and no cancer association [40].

4. Discussion

The results of this pivotal in silico study indicate that the expression of TIF1y in DM
patients may depend on a complex network of DNA-RNA and RNA-RNA interactions.
This scenario could occur early in cells prone to malignant transformation and trigger a
primitive antitumor response. Indeed, TIF1y appears to act as a tumor suppressor by an-
tagonizing the transforming growth factor (TGF)-f3/Smad pathway and the Wingless-INT
(Wnt)/ B-catenin pathway [10,12]. Specifically, TIF1y can monoubiquitinate Smad4 and
prevent the formation of the Smad2/3/4 complex in the nucleus, thereby antagonizing the
action of TGF-f3 [11,12]. Moreover, TIF1y can contribute to -catenin proteasome degra-
dation and turn off Wnt signaling in cancer cells. Consistent with its tumor suppressive
function, TIF1y expression is significantly reduced in most tumors, including lung cancer,
pancreatic cancer, liver cancer, and glioblastoma, while it is increased in other tumors
such as colorectal cancer and breast cancer [10,12]. In addition, some studies suggest that
dysregulation of TIF1y may be an early event in tumorigenesis that contributes significantly
to cancer progression [41—43]. These results can be explained by the dual role of TIFly
in tumor growth and immune surveillance. TIF1y regulates the proliferation and differ-
entiation of hematopoietic cells and can be considered as a promoter of B-lymphoblastic
leukemia [13]. In the presence of interleukin-6 (IL-6), TIF1y can redirect T lymphocyte
differentiation toward T helper 17 (Th17) subtypes by antagonizing TGF-f3 signaling to
the Smad2/3/4 complex, which is critical for T regulatory (Treg) differentiation [16]. The
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imbalance of Th17/Treg subsets may eventually trigger the development of autoimmunity.
Moreover, TIF1y may control the activation of macrophages and invariant natural killer T
cells (iNKT), which are involved in immune surveillance against tumors and in the develop-
ment of autoimmune diseases [12]. Thus, TIF1y overproduction may be an attempt to curb
tumor development by impeding crucial anabolic pathways in cancer cells and triggering
a robust immune response. In a proportion of cancer patients, tolerance to TIF1ly may be
disrupted, with the subsequent appearance of anti-TIF1y antibodies in serum, which may
cross-react with TIF1y synthesized in skin or skeletal muscle [44]. Anti-TIF1ly antibodies
can be detected in up to 35% of adult DM patients who are frequently diagnosed with
lung, uterine, colon, breast, ovarian, and lymphoma cancers within three years [2,10,45].
Exposure to ultraviolet light or other cellular stressors together with a favorable genetic
and immunological background and an attempt at myofiber differentiation and regener-
ation may increase the production of the protein in skin and skeletal muscle [44,46—48].
However, evidence for the tissue expression of TIF1y in cancer-associated DM is limited
and conflicting. Although the results of an immunohistochemical study did not reveal a
significant correlation between muscular expression of TIF1y and cancer risk in DM [44],
other data suggested an association between somatic mutations of the TRIM33 gene and
paraneoplastic DM [14,15].

In this analysis, the TRIM33 gene appears to have sequence complementarity with
human ncRNA genes, mainly IncRNAs, some of which play a critical role in tumor de-
velopment and progression. LncRNAs consist of a class of RNA transcripts longer than
200 nucleotides that are generally not translated into proteins. Given their diverse roles in
processes related to cell development and differentiation, IncRNAs have been extensively
studied in cancer. Indeed, IncRNAs can hybridize with miRNAs, mRNAs, DNA and
proteins and function as regulators of gene expression, mRNA stability, alternative splicing
and translation, as well as protein scaffolds or decoys [33]. In cancer studies, deregulation
of IncRNAs has been reported to be related to cell transformation and the acquisition of a
stem cell phenotype [49].

On the other hand, IncRNA alterations have been documented in autoimmune diseases
such as rheumatoid arthritis, systemic lupus erythematosus, psoriasis and type 1 diabetes
mellitus [50]. In this context, IncRNAs may play a pathogenic role by controlling the
expression of immune-related genes, such as those encoding cytokines, in response to
stimulation by Toll-like receptors (TLRs) and consequently regulating the differentiation
and activation of immune cells.

A few studies have examined the transcriptomic changes that occur in DM [21,22,34,51].
In a recent paper, Huang et al. reported the possible dysregulation of 3835 IncRNAs and
52 miRNAs in DM according to the ceRNA theory [34]. Interestingly, four of the IncRNAs
reported by the authors were also associated with the TRIM33 gene after this analysis. These
included the IncRNA NNT-AS1, which is upregulated in several cancers and associated with
poor overall survival [52], the IncRNA MKLN1-AS, which is overexpressed in hepatocellular
carcinoma with poor prognosis [53], the IncRNA LINC01206, whose expression is increased in
samples of squamous cell carcinoma of the lung [54], and PAXBP1-AS1, whose dysregulation
has been observed in triple-negative breast cancer [55]. Thus, the increase in key genes in DM
may be related to IncRNAs, some of which are complementary to the nucleotide sequence
of TRIM33. The major limitation in this study is the lack of characterization of the ncRNA
profile of patients with paraneoplastic DM. Conversely, no matches can be found between
TRIM33-aligning IncRNAs and IncRNAs dysregulated with an absolute fold-change > 5
according to a microarray analysis of DM muscle samples by Peng et al. [21]. It is plausible
that the overexpression of TRIM33 could be an attempt to curb the production of IncRNAs
associated with tumor progression. Interestingly, this analysis shows that TRIM33 may align
to the IncRNA genes MKLN1-AS and PAXBP1-AS1 in the enhancer and promoter regions,
respectively, which could prevent further expression of these genes in malignant cells.

On the other hand, the complementation of IncRNAs with TRIM33 mRNA tran-
scripts could prevent their translation and further accelerate carcinogenesis. Indeed, the
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Cancer Genome Atlas (TCGA) dataset (https:/ /www.cancer.gov/ccg/research/genome-
sequencing/tcga accessed on 6 June 2024) shows reduced expression of TRIM33 in various
tumor types due to the loss of expression variants. These data are consistent with the
loss of heterozygosity (LOH) in the TRIM33 gene reported by Pinal-Fernandez et al. in
patients with cancer-associated myositis [15]. These events could reduce the expression
of the mutant isoforms of TIF1y—and thus reduce the immunogenicity of the malignant
cell—and upregulate the Wnt/ 3-catenin TGF-f3/Smad signaling pathways that promote
cancer cell survival.

This analysis also shows that nucleotide alignment between TRIM33 and ncRNA genes
occurs exclusively at intronic sites and may involve nine acceptor splice sites. Although this
result can be explained based on the selected FASTA sequence of the TRIM33 gene, which
was restricted to the coding portion, complementation of multiple IncRNAs at TRIM33
intron 1 may reflect interference with canonical and alternative splicing, perhaps reducing
the expression of functional mRNAs or generating alternatively spliced isoforms of TIF1y
that would promote autoimmunity. This hypothesis is consistent with data from other
next-generation sequencing and whole-exome sequencing experiments in cancer patients,
which show that the formation of TIFly neoantigens due to somatic mutations of the
TRIM33 gene could trigger the production of anti-TIF1y antibodies and form the basis for
DM [14,15]. Specifically, the paper by Cordel et al. reports the occurrence of two variants
at the donor and acceptor sites of TRIM33 intron 18 in two solid cancer samples, which
may impair canonical splicing and generate new protein isoforms with immunogenic
epitopes [14]. However, the intronic sites of the TRIM33 gene predicted to bind to ncRNAs
by this computational analysis do not include intron 18. Indeed, some IncRNAs have been
observed to act as natural antisense transcripts and interact with cis-acting elements in
precursor mRNAs (pre-mRNAs) through base pair complementation, thus affecting the
recruitment of splicing factors or the selection of the splice sites [56]. Additionally, there is
evidence that pre-mRNAs of autoantigens often undergo alternative splicing phenomena
and that such modifications may enhance the immunogenicity of self-proteins and influence
antigen recognition and binding by dendritic cells [57].

To date, there are no clear associations between the expression of a specific splice variant
of the TRIM33 gene and the risk of cancer or DM. The Ensembl.org database reports six
alternative spliced variants of the TRIM33 gene (https:/ /www.ensembl.org/Homo_sapiens/
Gene/Summary?db=core;g=ENSG00000197323,r=1:114392790-114511203;t=ENST000003584
65 accessed on 19 May 2024), of which only transcripts ENST00000358465, ENST00000369543
and ENST00000448034 encode a protein of 1127aa, 1110aa and 888aa, respectively, while the
other transcripts have an undefined protein coding sequence. Consultation of the Biociphers
tool provided by the UCSB Genome Browser reveals that transcripts ENST00000448034,
ENST00000476908, ENST00000478032 and ENST00000492227 originate from exon 4 upwards
and thus skip exon 1 and 2, which could be affected by defective splicing on intron 1
(Figure S2).

Binding of ncRNAs to TRIM33 intron 1 could indeed trigger intron retention,
which has been described in the context of cancer and other diseases because it alters
transcriptome plasticity and the expression of oncosuppressor genes [58]. However,
evidence for the mechanism of intron retention of the TRIM33 gene as pathogenic in
cancer and DM is lacking.

TRIM33 transcripts could complement with gene regulatory regions of IncRNA genes
that, according to NcPath analysis, preside over signaling pathways involved in antigen
presentation and antiviral response. DM is known to be associated with a type I interferon
signature, which in turn is related to the overactivity of plasmacytoid dendritic cells (pDCs)
in skeletal muscle or skin [59]. In addition to producing type I interferons, pDCs can also
function as antigen-presenting cells and activators of T effector or regulatory cells and
therefore play a central role in autoimmunity and cancer [60].

Finally, this study revealed that 28 miRNAs dysregulated in plasma or muscle biopsy
samples from patients with IIMs [22,35,37-39] are predicted to bind to TRIM33. Among


https://www.cancer.gov/ccg/research/genome-sequencing/tcga
https://www.cancer.gov/ccg/research/genome-sequencing/tcga
https://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000197323;r=1:114392790-114511203;t=ENST00000358465
https://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000197323;r=1:114392790-114511203;t=ENST00000358465
https://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000197323;r=1:114392790-114511203;t=ENST00000358465

J. Pers. Med. 2024, 14, 628

12 of 18

them, miRNA-142-3p was found hypoexpressed in plasma exosomes from IIM patients
compared to healthy donors [35]. According to RNAInter analysis, miR-142-3p could
complement with either TRIM33 mRNA or the IncRNAs NNT-AS1 and PAXBP1-AS1, which
appear to be overexpressed in malignant cells and DM [34,52,55]. The overproduction of
these IncRNAs, which compete with miRNA-142-3p, could eventually lead to increased
TIF1ly translation and activation of autoimmune pathways.

MiR-142 is an important regulator of the cell cycle and is also involved in hematopoietic
cell function. Specifically, miR-142-3p interferes with myeloid differentiation, neutrophil
and mast cell functions, and T and B cell homeostasis. In the tumor microenvironment,
miR-142-3p may antagonize the function of tumor-associated macrophages (TAMs) by
suppressing the TGF- axis, thereby impairing the tumor-supportive role of these cells,
whereas the miR-142-5p isoform appears to have antagonistic effects [61,62]. On the other
hand, a study in transgenic mice with severe myositis reported the increased expression
of miR-142-3p, which was associated with the upregulation of nuclear factor-kB (NF-«B)-
regulated genes and the downregulation of dystrophin [63].

Both ncRNAs and protein products can be transported between cancer cells, immune
cells, and other tissues, such as skeletal muscle, via exosomes [61]. Recently, researchers
have attempted to characterize the profile of exosomal RNA in the plasma of patients
with DM, some of whom were positive for anti-TIF1y antibodies [35,36,64]. Indeed, the
results of these studies showed the altered expression of IncRNAs and miRNAs. Of note,
two dysregulated miRNAs characterized in the plasma exosomes of cancer-associated
myositis (hsa-let-7f-5p and hsa-miR-143-3p) were also among the predicted interactors of
TRIM33 mRNA according to this analysis. Conversely, the top differentially expressed
IncRNAs reported by these studies were not found among the TRIM33-aligning IncRNAs.
It is unclear whether the selected population (DM patients without cancer) may have
contributed to the conflicting results.

To resume, this research paves the way for a new hypothesis that may explain the
occurrence of DM as a paraneoplastic phenomenon (Figures 3 and 4).

Cancer cells in the very early phase of malignant transformation may express a variety
of IncRNA transcripts, some of which overlap with the nucleotide sequence of TRIM33.
In the nucleus, this event may initially repress the transcription of the gene, which has a
tumor-suppressive effect, by direct base pair complementation and can accelerate cancer
development. Binding of TRIM33 to intronic sites could disrupt the alternative splicing
mechanism and contribute to the generation of dysfunctional isoforms of TIF1y, which may
also behave as neoantigens. Once dysregulated IncRNA transcripts enter the cytosol, they
may sequester miRNAs that normally bind TRIM33 mRNA and increase its expression.
However, it may also be possible that sequence complementarity between IncRNAs and
TRIM33 transcripts prevents the latter from being translated into final proteins by a compet-
ing mechanism. Such transcriptomic alterations may be exchanged between malignant cells
and immune cells via exosomes. After endocytosis of cancer-related exosomes containing
abnormally expressed IncRNA and miRNA transcripts, immune cells surrounding the
tumor may be phenotypically altered to become autoreactive.

However, the present analysis has several limitations. The first arises from the in silico
nature of the study, the results of which should be confirmed by in vitro or ex vivo experi-
ments such as Western blot or Chip-Seq analyses. In addition, the study primarily aimed to
investigate direct DNA-RNA and RNA-RNA base pair complementation. Possible interac-
tions with RNA-binding proteins or other intermediates that might come into contact with
specific RNA conformational domains [65] were not investigated. Furthermore, the detec-
tion of anti-TIF1y antibodies in adult but not adolescent patients with cancer-associated DM
is unclear, and the underlying mechanisms should be better elucidated. Another limitation
is the lack of characterization of the contribution of the gene TRIM24 encoding TIF1«,
which can also induce dual immunoreactivity [11]. Finally, the analysis was restricted to
the coding FASTA sequence of the TRIM33 gene and the complementation of ncRNAs on
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flanking 3'UTRs and 5'UTRs known for regulatory activity was not examined. All these
points represent important issues that need to be considered in the future research agenda.
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Figure 3. Interactome network potentially leading to cancer progression and concomitant au-
toimmune phenomena in paraneoplastic DM. In the early phase of carcinogenesis, malignant
cells may exhibit an altered transcriptome characterized by the overexpression of a number of
IncRNAs. Some of these IncRNAs may have nucleotide sequence complementarity with the
TRIM33 gene and affect its transcription and alternative splicing by binding to TRIM33 intronic
sites. The subsequent reduction in the production of functional isoforms of TIF1y may accelerate
cancer progression by upregulating the transforming growth factor-3 /Smad pathway and the
Wingless-INT/ 3-catenin pathway in tumor cells and generate TIF1y neoepitopes that could
activate cancer-surrounding immune cells. In addition, IncRNA transcripts that migrate into the
cytosol of cancer cells can establish an RNA-RNA network by sequestering miRNAs known to
regulate TIF1y translation. Specifically, the overexpression of IncRNA NNT-AS1 and PAXBP1-AS1
may prevent mi-R-142-3p from sponging TRIM33 transcripts. This event may eventually lead
to the promotion of the translation of alternative TRIM33 splice variants and the production of
TIF1y self-epitopes, which together with the imbalance of T cell subpopulations can trigger a
cross-reactive immune response in skeletal muscle and skin. Abbreviations: C: cytosol; IncRNAs:
long noncoding RNAs; mRNA: messenger RNA; miRNA: micro-RNA; N: nucleus; pre-mRNA:
precursor messenger RNA; TGF-f3: transforming growth factor-f3; TIF1y: transcription intermedi-
ary factor 1 gamma; Th17: T helper 17; TRIM33: tripartite motif containing 33; Wnt: Wingless-INT.
The figure was created with BioRender.com accessed on 8 June 2024.
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Figure 4. Possible mechanism to explain the production of anti-TIF1y antibodies in cancer patients
with DM. The main linchpin of the hypothesis supported by the data of this study lies in the altered
transcriptomic profile of cancer cells, characterized by an unbalanced expression of IncRNAs that
have the potential to target directly the TRIM33 gene or miRNAs involved in its regulation. The
TRIM33 nucleotide sequence could complement with 100 ncRNAs in intronic regions and undergo
defective alternative splicing with the potential generation of neoepitopes. As a result, the expression
of canonical and noncanonical isoforms of TIF1y could eventually be increased. Transcripts and
produced proteins, including TIF1y, can be transported between cancer cells and immune cells in
exosomes and influence the phenotype of these cells. Specifically, T lymphocytes can be induced
to differentiate into Th17 cells to the detriment of Treg cells, which helps plasma cells produce
autoantibodies. This disruption of immune tolerance along with the overexpression of TIFly in
skeletal muscle and skin after exposure to stressors may be the basis for cross-reactivity phenomena
and the appearance of DM. Abbreviations: IncRNA: long noncoding RNA; miRNA: micro-RNA; Th17:
T helper 17; Treg: T regulatory; TIF1y: transcription intermediary factor 1 gamma; UV: ultraviolet.
The figure was created with BioRender.com accessed on 8 June 2024.

5. Conclusions

In conclusion, the results of this in silico analysis show sequence complementarity
and predict interactions between the TRIM33 gene and human ncRNAs dysregulated in
cancer and DM. These data suggest a very complex “nucleic acid battle” in which TRIM33
transcripts may complement with and prevent transcription of several IncRNA genes
overexpressed in cancer, which in turn may restrict TRIM33 expression directly or by
sequestering TRIM33 mRNA-binding microRNAs, or lead to TRIM33-defective splicing
mechanisms. The sum of these events can lead to the emergence of TRIM33 isoforms, to
an imbalance in the T cell subpopulation and to the acceleration of cancer development or
the occurrence of autoimmune phenomena. Indeed, such an altered transcriptome profile
could be due to a primitive attempt to counteract tumor development and eventually lead
to the formation of autoreactive immune cells that cross-react against skeletal muscle and
skin autoantigens.

Thus, the overproduction of anti-TIF1y antibodies in cancer patients who develop DM
may be explained by dysregulated cross-talk between malignant and immune cells. In this
context, the search for transcripts in circulating exosomes could provide scientists with
potential biomarkers to monitor or even predict disease progression. In addition, the results
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of this study may give some clues to the therapeutic potential of exosomes, which could be
used as vectors for desired coding or noncoding transcripts to normalize epigenetic and
biomolecular pathways in cancer-associated DM.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jpm14060628/s1, Table S1: List and main features of human
ncRNAs aligning to TRIM33 nucleotide sequence; Table S2: List of RNA interactors with TRIM33
mRNA transcript according to RN Alnter analysis and interaction network (top 100 interactions) of
TRIM33 mRNA and miR-142-3p. Figure S1: Splice sites on TRIM33 nucleotide sequences matching
ncRNAs identified by Spliceator analysis. Figure S2: Splice graph of TRIM33 transcripts according to
Biociphers analysis.
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