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Abstract: Single nucleotide polymorphisms (SNPs) impacting the alternative splicing (AS) process
(sQTLs) or isoform expression (iso-eQTL) are implicated as important cancer regulatory elements. To
find the sQTL and iso-eQTL, we retrieved prostate cancer (PrCa) tissue RNA-seq and genotype data
originating from 385 PrCa European patients from The Cancer Genome Atlas. We conducted RNA-
seq analysis with isoform-based and splice event-based approaches. The MatrixEQTL was used to
identify PrCa-associated sQTLs and iso-eQTLs. The overlap between sQTL and iso-eQTL with GWAS
loci and those that are differentially expressed between cancer and normal tissue were identified. The
cis-acting associations (FDR < 0.05) for PrCa-risk SNPs identified 42, 123, and 90 PrCa-associated
cassette exons, intron retention, and mRNA isoforms belonging to 25, 95, and 83 genes, respectively;
while assessment of trans-acting association (FDR < 0.05) yielded 59, 65, and 196 PrCa-associated
cassette exons, intron retention and mRNA isoforms belonging to 35, 55, and 181 genes, respectively.
The results suggest that functional PrCa-associated SNPs can play a role in PrCa genesis by making
an important contribution to the dysregulation of AS and, consequently, impacting the expression of
the mRNA isoforms.

Keywords: alternative spicing; prostate cancer; Iso-eQTL; sQTL

1. Introduction

Alternative splicing (AS) is a conserved biological process that allows the generation
of several different mRNA isoforms from one gene locus [1–3]. This process occurs in
close relation to transcription in eukaryotes [4]. AS is subject to tissue-, cell type-, or
condition-specific regulation [5]. Abnormal splicing patterns have been detected in cancers,
and these patterns are involved in carcinogenesis and metastasis [6,7]. Researchers have
discovered several cancer-specific mRNA isoforms [8]. One well-known example is the
androgen receptor (AR) isoforms in prostate cancer (PrCa) [9]. Alternative splicing events
in the AR locus yield different types of mRNA isoforms, including those harbouring cryptic
exons downstream of the coding sequence [9], lacking exons due to exon skipping [10], and
changes in the open reading frame (ORF), causing the translation of shorter proteins that
are not androgen dependent [11–13]. Furthermore, the trimming of a C-terminal ligand-
binding domain in some AR variants can make them resistant to traditional androgen
deprivation therapies [14,15].

Most of the trait-associated genetic variants such as single nucleotide polymorphisms
(SNPs) have uncharacterised functions [16]. A fraction of genetic variations may function
as a regulator of gene-splicing events. The chromosomal loci harbouring these SNPs are

Int. J. Mol. Sci. 2022, 23, 12406. https://doi.org/10.3390/ijms232012406 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms232012406
https://doi.org/10.3390/ijms232012406
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-9862-6794
https://orcid.org/0000-0002-1723-3113
https://orcid.org/0000-0002-7735-665X
https://doi.org/10.3390/ijms232012406
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms232012406?type=check_update&version=3


Int. J. Mol. Sci. 2022, 23, 12406 2 of 11

also known as splicing quantitative trait loci (sQTLs) [17]. Moreover, the chromosomal loci
harbouring SNPs that impact mRNA isoform expression are known as isoform-expression
quantitative trait loci (iso-eQTLs) [18]. Detection of sQTL and iso-eQTLs, particularly in
cancerous cells, can be used in the service of genomic medicine [19,20]. For example, the
fine mapping of GWAS associations to isoform loci can lead to the identification of isoforms
that correspond to a GWAS disease. Another usage of iso-eQTL study is highlighting likely
causal isoforms among differentially expressed isoforms [21].

In this study, we aim to investigate mRNA isoforms that are associated with PrCa.
In the first step, after RNA-seq analysis (ensemble), we performed iso-eQTL analysis and
integrated its results into the GWAS catalogue for prioritising the causal mRNA isoforms
that correspond to PrCa. Then, we found those associated isoforms that are differentially
expressed between cancer and normal tissue to find causal ones in PrCa, on the assumption
that only the co-expressed isoforms that also harbour a disease association are causally
involved [21]. In the second step, we first conducted sQTL analysis for exon skipping
and intron retention; and then, we found prostate-associated splicing using GWAS loci.
Next, considering the position of exon and intron, we predicted the structure of new PrCa-
associated mRNA isoforms. These outcomes have the highest probability of highlighting
the isoforms most likely to contribute to PrCa progression.

2. Results
2.1. Identifying Iso-eQTLs and sQTL

The generation and processing of the genotype and RNA-seq data are detailed in the
method section and Figure 1. We included genotyped SNPs in 385 unrelated individuals of
European ancestry [22]. To identify the sQTL and iso-eQTL, cis- analysis was performed for
all types of cassette exon events, retention events, and isoform expression. Considering an
FDR 0.05 cut-off, we identified 446,793 and 167,294 significant cis-sQTL for intron retention
and cassette exon, respectively.
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Regarding iso-eQTL, we identified 245,636 cis-iso-eQTLs. Detailed tables of this
analysis are represented in Supplementary Table S1. By analysing cis-acting associations
and focusing on PrCa-risk SNPs, we discovered 42, 123, and 90 PrCa-associated cassette
exons, intron retention, and mRNA isoforms belonging to 25, 95, and 83 genes, respectively
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(Supplementary Table S2). Many variants affect splicing patterns by altering the sequence
of splice sites and many more modify the binding sites of RNA-binding proteins.

Considering FDR < 0.05, we identified 86,010 and 72,853 significant trans-sQTLs for
intron retention and cassette exon, respectively. We identified significant 239,497 trans-iso-
eQTLs, considering FDR < 0.05 (Supplementary Table S3); we identified 59, 65, and 196
PrCa-associated cassette exons, intron retention, and mRNA isoforms belonging to 35, 55,
and 181 genes, respectively (Supplementary Table S4). Then, we scanned the sQTL and
iso-QTL list and extracted the list of isoforms and splicing that are differentially expressed
between PrCa cancer and normal tissue (Supplementary Tables S5–S10). Every sQTL
and iso-eQTL table displays the SNP ID of the sQTL and iso-eQTL analysis, SNP alleles,
SNP genomic position (hg19), minor allele frequency (MAF) of SNP, event ID (or isoform
ensemble ID), β-value (effect size estimate), state (test statistic (t-statistic of T-test)), p-value,
FDR (False discovery rate estimated with the Benjamini–Hochberg procedure), minor allele
frequency (MAF) of the SNP identified in sQTL and iso-eQTL, average call of the SNPs,
and the Rsq of the imputation.

The list of prostates iso-eQTL SNPs and sQTL SNPs can be used to identify candidate
variants causally associated with PrCa. The top five most significant cis-cassette-exons-
sQTL are EX76463, EX260111, EX291121, EX561966, and EX273766, which are in cingulin like
1 (CGNL1), zinc finger protein 506 (ZNF506), X-ray radiation resistance associated 1 (XRRA1),
ENSG00000262879, and protein kinase C delta (PRKCD) genes, respectively. The CGNL1
promotes angiogenesis via Rac1 activation, which leads to stabilisation and further elon-
gation of newly formed vascular tubules [23]. The low ZNF506 mRNA levels in breast
and lung cancers correlated with lower survival probability and worse prognosis [24].
The X-ray radiation resistance associated 1 (XRRA1) has been suggested to regulate the re-
sponse of human tumour and normal cells to X-radiation (XR) [25]. Protein kinase C-delta
inactivation inhibits the proliferation and survival of cancer stem cells in culture and
in vivo [26]. The top five significant cis-intron-retention-sQTL are INT123326, INT98520,
INT145829, INT79370, and INT144093 located in the adenosine A2b receptor (ADORA2B);
cytochrome c oxidase assembly factor 1 (COA1); protein phosphatase 1 regulatory inhibitor sub-
unit 11 (PPP1R11); dynein 2 intermediate chain 1 (DYNC2I1); and immunoglobulin mu DNA
binding protein 2 (IGHMBP2). Adenosine receptor 2B activity promotes autonomous growth,
migration, as well as vascularization of head and neck squamous cell carcinoma cells [27].
Cytochrome C oxidase assembly factor 1 Homolog predicts poor prognosis and promotes cell
proliferation in colorectal cancer by regulating PI3K/AKT signalling [28]. IGHMBP2 pro-
motes cell migration and invasion in esophageal squamous carcinoma by downregulating
E-cadherin [29]. The top five significant cis-iso-eQTL are ENST00000460851.6 (EIF2A-203),
ENST00000437043.8 (ERAP2-202), ENST00000620995.5 (TYW1B-203), ENST00000495526.5
(PPIE-214), and ENST00000397119.8 (DYNC1l2-202). Between them, ENST00000495526.5
was also discovered in normal prostate tissue sQTL [5]. The list of sQTL and iso-eQTL
SNPs among cancer-associated loci shows that some of these SNPs could contribute to
the risk of cancer by affecting alternative splicing and isoform expression. The lists of
GWAS-sQTL and GWAS-iso-eQTL are available in Supplementary Tables S2 and S4.

The association p-values of multiple SNPs on autosomal chromosomes for all cis
analyses are shown in Manhattan plots (Figures 2a, 3a and 4a). A volcano plot depicts the
differentially expressed isoform and splicing in cis analysis (Figures 2b, 3b and 4b). We showed
the position of SNPs in cis analysis (FDR 0.05) via the density plots (Figures 2c, 3c and 4c).
Distribution plots show the number of associated SNPs based on distance from the isoform
and splicing events. Interestingly, the associated SNPs with isoform expression and splicing
are mostly located within 200 Kb and by going further, the number of associated SNPs
decreases significantly. The association p-values of multiple SNPs for all trans analysis are
shown in Manhattan plots (Figures 2e, 3e and 4e). A volcano plot (Figures 2f, 3f, and 4f)
depicts the differentially expressed isoform and splicing of trans analysis.
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Figure 2. (a) Manhattan plots of cis-cassette-exons-sQTL; the most significant event is labelled.
(b) Manhattan plots of trans-cassette-exons-sQTL. (c) The density plot shows the position of all
cis-cassette-exons-sQTL (FDR 0.05) in the genome. (d) Distribution plots of the distance between the
position of the SNP and the position of the splicing events in the cis-cassette-exons-sQTL. (e) Volcano
plot of differentially expressed cassette-exons that are in the cis-sQTL list; FC > 1.5 is shown in red.
(f) Volcano plot of cassette-exons in the trans-sQTL list; FC > 1.5 is highlighted in red.
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Figure 3. (a) Manhattan plot of cis-intron-retention-sQTL; the most significant event is labelled.
(b) Manhattan plot of trans-intron-retention-sQTL. (c) The density plot shows the position of all
cis-intron-retention-sQTL (FDR 0.05) in the genome. (d) Distribution plots of the distance between
the position of the SNP and the position of the splicing events in the cis-intron-retention-sQTL.
(e) Volcano plot of intron-retention in the trans-sQTL list; FC > 1.5 is highlighted in red. (f) A volcano
plot of differentially expressed intron-retention in the cis-sQTL list, with FC > 1.5 highlighted in red.
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Figure 4. (a) Manhattan plot of iso-eQTL; the most significant event is labelled. (b) Manhattan plot of
trans-iso-eQTL. (c) The density plot shows the position of all cis-iso-eQTL (FDR 0.05) in the genome.
(d) Distance distribution plots between SNP and isoform positions in cis-iso-eQTL. (e) Volcano plot of
differentially expressed isoforms that are in the cis-iso-eQTL list. FC > 1.5 is shown in red. (f) Volcano
plot of isoform expression that is in the trans-eQTL list; FC > 1.5 is shown in red.

2.2. Isoform-Structure Prediction

An isoform structure matrix is a binary matrix, wherein 1 indicates the inclusion of
a meta feature in the given mRNA isoform and 0 indicates its exclusion. We predicted
mRNA isoform structure for 25 events. We found mRNA isoforms from differentially
expressed cassette exon and differentially expressed intron retention. For example, three
mRNA isoforms related to the Lemur tyrosine kinase 2 (LMTK2) gene were found. The
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first and second isoforms are differentially expressed in tumor and normal tissue. The only
difference between these two isoforms is an intron retained region (INT133250) between exon
7 and 8 in rs9649213, which is in the PrCa-associated GWAS loci (Supplementary File S1).

3. Discussion

AS can occur in many ways; i.e., exons can be extended or skipped, or introns can be
retained [30]. AS can be determined either by differential mRNA isoform expression or by
using meta-feature level expression. Isoform-based methods estimate mRNA isoform struc-
ture and rely on known mRNA isoform annotations. Meta-feature methods can estimate
the position of splicing events [31]. Some SNPs can modulate diseases in human individ-
uals through their impact on AS [32–34]. This study identifies casual mRNA isoforms in
PrCa by integrating sQTL, iso-eQTL, GWAS SNPs, and differentially expressed mRNA
isoforms in tumour and normal tissues. The findings in this study suggest that many of
the PrCa-associated germline variants can impact AS and change the expression of mRNA
isoforms and, consequently, might be functionally impacted in PrCa pathogenesis. For
example, kallikrein-related peptidases (KLKs), serine peptidases, are critical regulators of
the tumor microenvironment. KLK expression can be regulated by alternative splicing [35].
One important outcome of this study is the discovery of genetic variation that can regulate
AS in KLK3 that is used as a biomarker to indicate the presence of PrCa in patients; we
found that the expression of ENST00000360617.7 (KLK3-202), ENST00000593997.5 (KLK-
204), ENST00000596333.1 (KLK3-209), and ENST00000598145.1 (KLK3-212) KLK3 mRNA
isoforms are regulated by SNPs in chromosome 19 loci in a cis manner. Between them, the
expression of KLK3-202, KLK-204, and KLK3-209 is driven by PrCa risk-associated SNPs
(GWAS catalog). These SNPs might be one example of a causal SNP that could indirectly
promote cancer progression by altering KLK3 isoform expression, which can impact the
tumor microenvironment. Another example is the LMTK2 gene, which is a modulator of
androgen receptor activity. We predicted the structures of new isoforms in this locus that
are differentially expressed in tumor and normal tissue.

Further exploration of the mechanisms of the action of the identified iso-eQTL and
sQTLs could lead us to discover a mechanism of dysregulated AS in PrCa (37). Our
results provide a new insight into the genetic architecture of PrCa that can be functional
through splicing. Integrating the PrCa risk loci and sQTL information prioritises likely
causal variants in PrCa that impact AS (51–53). In particular, incorporating the sQTL
and iso-eQTLs as functional germline variants into the clinic may enhance the speed of
translational research. Furthermore, some of these sQTL and iso-eQTL SNPs have the
potential to contribute to cancer risks. Some of these mRNA isoforms that are differentially
expressed may serve as biomarkers. In conclusion, two different pipelines were applied to
discover casual mRNA isoforms in PrCa. Further studies are required to investigate and
confirm the role of those mRNA isoforms in PrCa progression.

4. Materials and Methods
4.1. Data Collection, Genotype Data pre-Processing and Imputation

Genotype data (Affymetrix 6.0 arrays) and RNA-seq (bam format) originated from
normal tissue and PrCa tumour tissues were downloaded from The Cancer Genome Atlas
(TCGA) (https://tcga-data.nci.nih.gov/tcga/ (accessed on 20 Febuary 2020)). The SNP
quality control was performed using genotype data. Individuals with more than 2% missing
genotypes were removed. SNPs with a call rate of less than 98% and those not in Hardy–
Weinberg equilibrium (HWE) (threshold p-value < 10−8) were excluded. SNPs with a minor
allele frequency (MAF) of less than 5% were excluded from further analysis. Since a high
level of heterozygosity shows low sample quality, whereas low levels of heterozygosity
may be due to inbreeding [36], we filtered out the samples with high heterozygosity (mean
heterozygosity ±3 standard deviation (s.d.)) using PLINK 1.9 and R [36]. All the samples
were checked for gender discrepancies between their recorded sex in the dataset and their
genetically determined sex. Genetic studies with individuals of admixed ancestries can

https://tcga-data.nci.nih.gov/tcga/
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confound genetic association studies. The principal component analysis (PC) is performed,
and individuals who are outliers of the European population were removed (PC1 and
2 ± 6 s.d. from the average). Prior to the imputation, indels or non-biallelic variants, in
addition to the ambiguous SNPs that did not match the reference panel or were duplicates,
were excluded using quality control offered by the Michigan server [37]. The genotype
data were imputed using the 1000 Genomes Project phase 3 reference panel. Genotypes
were imputed using the Minimac3 software (v1.0.5) provided by the Michigan Imputation
Server. Analyses were limited to the SNPs with MAF > 0.5% and a squared correlation
coefficient between imputed allele dosages and masked genotypes r2 > 0.5 [37].

4.2. Isoform Expression Analysis

RNA-seq Bam files were sorted and converted to Fastq format using samtools and
bcftools, respectively. For RNA-Seq Analysis, Snakemake Workflow (RASflow) was
used [38]. For this analysis, HISAT2 was selected for alignment to the transcriptome,
feature-count for quantification, and DEseq2 for normalisation, batch effect removal, as
well as differential expression analysis.

4.3. Splicing Event Data

We used FASE (https://github.com/harshsharma-cb/FASE (accessed on 1 January
2021)) where ExonPointer and IntronPointer algorithms are inbuilt [39]. Both methods
utilised information from meta features (flanking junctions and skipping junctions), along
with the event in question (exon/intron). For example, the ExonPointer algorithm is based
on the principle that if an exon is expressed in one condition, its flanking junction (s) should
be expressed, and its skipping junction (s) should not be expressed; and vice-versa in
another condition. Similarly, the IntronPointer algorithm detects intron-retention events. If
an intron is expressed, its skipping junction (s) should not be expressed and vice-versa [39].
Both methods detect differential alternative splicing events using summarised meta-feature
counts normalised with the help of the TMM method inbuilt in the edgeR software pack-
age (version: 3.15) that finds associations and ranks outputs using summarised scores
equivalent to p-values.

4.4. Iso-eQTL and sQTL Analysis

The MatrixEQTL software (R package; version: 2.3) that uses a linear regression model
was utilised for miR-eQTL analysis. Then, PC1 to PC10 were used as variables to adjust for
the population stratification. The cis and trans associations were calculated for the PrCa
primary tissue sample. In cis- analysis, SNPs in proximity to the target splicing event (or
mRNA isoform) on the same chromosome were chosen, while for trans- analysis, SNPs
on different chromosomes or the same chromosome further than 1 MB from their target
splicing event (or mRNA isoforms) were selected. MatrixEQTL performs multiple testing
corrections using the Benjamini–Hochberg method [22] to estimate FDR.

4.5. GWAS Related Iso-eQTL and sQTL

The list of GWAS SNPs for the available data on 16 cancers—i.e., bladder, breast,
cervical, colon, endometrial, gastric, head and neck, kidney, lung, oral, ovarian, pancreatic,
prostate, skin, stomach, and thyroid—were downloaded from the NHGRI website [40].
GWAS linkage disequilibrium (LD) regions (up to 1 MB distance) were calculated with
plink 1.9 [41] using the 1000 Genomes phase 3 reference panel. By using this list of SNPs
within 1 MB regions around GWAS SNPs, we extracted iso-eQTL and sQTL SNPs that are
in LD with a cancer-associated SNP identified in the GWAS catalogue at r2 > 0.5.

4.6. Isoform-Structure Prediction

To perform isoform structure prediction, the meta features that were expressed in at
least one mRNA isoform were included. The FASE pipeline was used for isoform prediction
(https://github.com/harshsharma-cb/FASE (accessed on 20 April 2022)) using differential

https://github.com/harshsharma-cb/FASE
https://github.com/harshsharma-cb/FASE
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alternative splicing events obtained through the ExonPointer and IntronPointer algorithms.
It predicts unique mRNA isoforms based on differential alternative splicing events (cassette
exon and intron retention) using RNA-Seq data. It finds meta features (exons, introns,
flanking junctions, and skipping junctions) associated with the event and applies graph
theory to find the corresponding mRNA isoform structures. We predicted mRNA isoform
structures for 25 events.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232012406/s1.

Author Contributions: A.M., R.A.B. and J.B.; methodology, A.M., H.S. and R.D.S.; investigation,
A.M. and R.A.B.; data curation, A.M. and R.D.S.; writing—original draft preparation, J.B., A.M. and
H.S.; writing—review and editing, A.M. and A.F.; visualization, A.M. and A.F.; supervision, J.B. and
R.A.B.; project administration, J.B.; funding acquisition, J.B. All authors have read and agreed to the
published version of the manuscript.

Funding: A.M. and A.F.: Queensland University of Technology Postgraduate Research Award. J.B.
was funded by the Advance Queensland Industry Senior Research Fellowship.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The results of this study are in whole based upon data generated by
the TCGA Research Network: https://www.cancer.gov/tcga (accessed on 20 February 2020).

Acknowledgments: We acknowledge the QUT eResearch team for their support and access to
on-prem compute infrastructure and analytical tools.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Xue, L.L.; Wang, F.; Xiong, L.L.; Du, R.L.; Zhou, H.L.; Zou, Y.; Wu, M.X.; Yang, M.A.; Dai, J.; He, M.X.; et al. A single-nucleotide

polymorphism induced alternative splicing in Tacr3 involves in hypoxic-ischemic brain damage. Brain. Res. Bull. 2020, 154,
106–115. [CrossRef] [PubMed]

2. Monlong, J.; Calvo, M.; Ferreira, P.G.; Guigo, R. Identification of genetic variants associated with alternative splicing using
sQTLseekeR. Nat. Commun. 2014, 5, 4698. [CrossRef] [PubMed]

3. Fernando, A.; Liyanage, C.; Moradi, A.; Janaththani, P.; Batra, J. Identification and Characterization of Alternatively Spliced
Transcript Isoforms of IRX4 in Prostate Cancer. Genes 2021, 12, 615. [CrossRef] [PubMed]

4. Herzel, L.; Ottoz, D.S.M.; Alpert, T.; Neugebauer, K.M. Splicing and transcription touch base: Co-transcriptional spliceosome
assembly and function. Nat. Rev. Mol. Cell. Biol. 2017, 18, 637–650. [CrossRef] [PubMed]

5. Garrido-Martin, D.; Borsari, B.; Calvo, M.; Reverter, F.; Guigo, R. Identification and analysis of splicing quantitative trait loci
across multiple tissues in the human genome. Nat. Commun. 2021, 12, 727. [CrossRef]

6. Ellegren, H. Microsatellites: Simple sequences with complex evolution. Nat. Rev. Genet. 2004, 5, 435–445. [CrossRef]
7. Brouwer, J.R.; Huguet, A.; Nicole, A.; Munnich, A.; Gourdon, G. Transcriptionally Repressive Chromatin Remodelling and CpG

Methylation in the Presence of Expanded CTG-Repeats at the DM1 Locus. J. Nucleic Acids 2013, 2013, 567435. [CrossRef]
8. Moradi, A.; Srinivasan, S.; Clements, J.; Batra, J. Beyond the biomarker role: Prostate-specific antigen (PSA) in the prostate cancer

microenvironment. Cancer Metastasis Rev. 2019, 38, 333–346. [CrossRef] [PubMed]
9. Hu, R.; Dunn, T.A.; Wei, S.; Isharwal, S.; Veltri, R.W.; Humphreys, E.; Han, M.; Partin, A.W.; Vessella, R.L.; Isaacs, W.B.; et al.

Ligand-independent androgen receptor variants derived from splicing of cryptic exons signify hormone-refractory prostate
cancer. Cancer Res. 2009, 69, 16–22. [CrossRef]

10. Hu, R.; Isaacs, W.B.; Luo, J. A snapshot of the expression signature of androgen receptor splicing variants and their distinctive
transcriptional activities. Prostate 2011, 71, 1656–1667. [CrossRef]

11. Yuan, X.; Cai, C.; Chen, S.; Chen, S.; Yu, Z.; Balk, S.P. Androgen receptor functions in castration-resistant prostate cancer and
mechanisms of resistance to new agents targeting the androgen axis. Oncogene 2014, 33, 2815–2825. [CrossRef]

12. Mashhadi, R.; Pourmand, G.; Kosari, F.; Mehrsai, A.; Salem, S.; Pourmand, M.R.; Alatab, S.; Khonsari, M.; Heydari, F.; Beladi, L.;
et al. Role of steroid hormone receptors in formation and progression of bladder carcinoma: A case-control study. Urol. J. 2014,
11, 1968–1973.

13. Tuygun, C.; Kankaya, D.; Imamoglu, A.; Sertcelik, A.; Zengin, K.; Oktay, M.; Sertcelik, N. Sex-specific hormone receptors
in urothelial carcinomas of the human urinary bladder: A comparative analysis of clinicopathological features and survival
outcomes according to receptor expression. Urol. Oncol. 2011, 29, 43–51. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms232012406/s1
https://www.mdpi.com/article/10.3390/ijms232012406/s1
https://www.cancer.gov/tcga
http://doi.org/10.1016/j.brainresbull.2019.11.001
http://www.ncbi.nlm.nih.gov/pubmed/31722250
http://doi.org/10.1038/ncomms5698
http://www.ncbi.nlm.nih.gov/pubmed/25140736
http://doi.org/10.3390/genes12050615
http://www.ncbi.nlm.nih.gov/pubmed/33919200
http://doi.org/10.1038/nrm.2017.63
http://www.ncbi.nlm.nih.gov/pubmed/28792005
http://doi.org/10.1038/s41467-020-20578-2
http://doi.org/10.1038/nrg1348
http://doi.org/10.1155/2013/567435
http://doi.org/10.1007/s10555-019-09815-3
http://www.ncbi.nlm.nih.gov/pubmed/31659564
http://doi.org/10.1158/0008-5472.CAN-08-2764
http://doi.org/10.1002/pros.21382
http://doi.org/10.1038/onc.2013.235
http://doi.org/10.1016/j.urolonc.2009.01.033
http://www.ncbi.nlm.nih.gov/pubmed/19372057


Int. J. Mol. Sci. 2022, 23, 12406 10 of 11

14. Lu, J.; Van der Steen, T.; Tindall, D.J. Are androgen receptor variants a substitute for the full-length receptor? Nat. Rev. Urol. 2015,
12, 137–144. [CrossRef] [PubMed]

15. Antonarakis, E.S.; Lu, C.; Wang, H.; Luber, B.; Nakazawa, M.; Roeser, J.C.; Chen, Y.; Mohammad, T.A.; Chen, Y.; Fedor, H.L.; et al.
AR-V7 and resistance to enzalutamide and abiraterone in prostate cancer. N. Engl. J. Med. 2014, 371, 1028–1038. [CrossRef]

16. Farashi, S.; Kryza, T.; Clements, J.; Batra, J. Post-GWAS in prostate cancer: From genetic association to biological contribution.
Nat. Rev. Cancer 2019, 19, 46–59. [CrossRef]

17. Tian, J.; Wang, Z.; Mei, S.; Yang, N.; Yang, Y.; Ke, J.; Zhu, Y.; Gong, Y.; Zou, D.; Peng, X.; et al. CancerSplicingQTL: A database for
genome-wide identification of splicing QTLs in human cancer. Nucleic Acids Res. 2019, 47, D909–D916. [CrossRef]

18. Noble, J.D.; Balmant, K.M.; Dervinis, C.; de Los Campos, G.; Resende, M.F.R., Jr.; Kirst, M.; Barbazuk, W.B. The Genetic Regulation
of Alternative Splicing in Populus deltoides. Front. Plant Sci. 2020, 11, 590. [CrossRef] [PubMed]

19. Yang, Q.; Hu, Y.; Li, J.; Zhang, X. ulfasQTL: An ultra-fast method of composite splicing QTL analysis. BMC Genom. 2017, 18, 963.
[CrossRef]

20. Saferali, A.; Yun, J.H.; Parker, M.M.; Sakornsakolpat, P.; Chase, R.P.; Lamb, A.; Hobbs, B.D.; Boezen, M.H.; Dai, X.; de Jong, K.;
et al. Analysis of genetically driven alternative splicing identifies FBXO38 as a novel COPD susceptibility gene. PLoS Genet. 2019,
15, e1008229. [CrossRef]

21. Gibson, G.; Powell, J.E.; Marigorta, U.M. Expression quantitative trait locus analysis for translational medicine. Genome Med.
2015, 7, 60. [CrossRef] [PubMed]

22. Shabalin, A.A. Matrix eQTL: Ultra fast eQTL analysis via large matrix operations. Bioinformatics 2012, 28, 1353–1358. [CrossRef]
[PubMed]

23. Chrifi, I.; Hermkens, D.; Brandt, M.M.; van Dijk, C.G.M.; Burgisser, P.E.; Haasdijk, R.; Pei, J.; van de Kamp, E.H.M.; Zhu, C.;
Blonden, L.; et al. Cgnl1, an endothelial junction complex protein, regulates GTPase mediated angiogenesis. Cardiovasc. Res. 2017,
113, 1776–1788. [CrossRef]

24. Nowsheen, S.; Aziz, K.; Luo, K.; Deng, M.; Qin, B.; Yuan, J.; Jeganathan, K.B.; Yu, J.; Zhang, H.; Ding, W.; et al. ZNF506-dependent
positive feedback loop regulates H2AX signaling after DNA damage. Nat. Commun. 2018, 9, 2736. [CrossRef] [PubMed]

25. Wang, W.; Guo, M.; Xia, X.; Zhang, C.; Zeng, Y.; Wu, S. XRRA1 Targets ATM/CHK1/2-Mediated DNA Repair in Colorectal
Cancer. Biomed. Res. Int. 2017, 2017, 5718968, Erratum in Biomed. Res. Int. 2021, 2021, 3030267. [CrossRef] [PubMed]

26. Chen, Z.; Forman, L.W.; Williams, R.M.; Faller, D.V. Protein kinase C-delta inactivation inhibits the proliferation and survival of
cancer stem cells in culture and in vivo. BMC Cancer 2014, 14, 90. [CrossRef] [PubMed]

27. Wilkat, M.; Bast, H.; Drees, R.; Dunser, J.; Mahr, A.; Azoitei, N.; Marienfeld, R.; Frank, F.; Brhel, M.; Ushmorov, A.; et al.
Adenosine receptor 2B activity promotes autonomous growth, migration as well as vascularization of head and neck squamous
cell carcinoma cells. Int. J. Cancer 2020, 147, 202–217. [CrossRef]

28. Xue, Y.; Li, P.D.; Tang, X.M.; Yan, Z.H.; Xia, S.S.; Tian, H.P.; Liu, Z.L.; Zhou, T.; Tang, X.G.; Zhang, G.J. Cytochrome C Oxidase
Assembly Factor 1 Homolog Predicts Poor Prognosis and Promotes Cell Proliferation in Colorectal Cancer by Regulating
PI3K/AKT Signaling. Onco. Targets Ther. 2020, 13, 11505–11516. [CrossRef]

29. Chunli, W.; Jiajie, H.; Lifei, W.; Beiqing, P.; Xin, X.; Yan, C.; Mingrong, W.; Xuemei, J. IGHMBP2 overexpression promotes cell
migration and invasion in esophageal squamous carcinoma. Yi Chuan 2015, 37, 360–366. [CrossRef]

30. Pan, Q.; Shai, O.; Lee, L.J.; Frey, B.J.; Blencowe, B.J. Deep surveying of alternative splicing complexity in the human transcriptome
by high-throughput sequencing. Nat. Genet. 2008, 40, 1413–1415. [CrossRef]

31. Trapnell, C.; Roberts, A.; Goff, L.; Pertea, G.; Kim, D.; Kelley, D.R.; Pimentel, H.; Salzberg, S.L.; Rinn, J.L.; Pachter, L. Differential
gene and transcript expression analysis of RNA-seq experiments with TopHat and Cufflinks. Nat. Protoc. 2012, 7, 562–578.
[CrossRef]

32. Wang, G.S.; Cooper, T.A. Splicing in disease: Disruption of the splicing code and the decoding machinery. Nat. Rev. Genet. 2007, 8,
749–761. [CrossRef] [PubMed]

33. Caceres, J.F.; Kornblihtt, A.R. Alternative splicing: Multiple control mechanisms and involvement in human disease. Trends Genet.
2002, 18, 186–193. [CrossRef]

34. Pickrell, J.K.; Marioni, J.C.; Pai, A.A.; Degner, J.F.; Engelhardt, B.E.; Nkadori, E.; Veyrieras, J.B.; Stephens, M.; Gilad, Y.; Pritchard,
J.K. Understanding mechanisms underlying human gene expression variation with RNA sequencing. Nature 2010, 464, 768–772.
[CrossRef] [PubMed]

35. Adamopoulos, P.G.; Kontos, C.K.; Scorilas, A. Discovery of novel transcripts of the human tissue kallikrein (KLK1) and kallikrein-
related peptidase 2 (KLK2) in human cancer cells, exploiting Next-Generation Sequencing technology. Genomics 2019, 111,
642–652. [CrossRef] [PubMed]

36. Marees, A.T.; de Kluiver, H.; Stringer, S.; Vorspan, F.; Curis, E.; Marie-Claire, C.; Derks, E.M. A tutorial on conducting genome-wide
association studies: Quality control and statistical analysis. Int. J. Methods Psychiatr. Res. 2018, 27, e1608. [CrossRef]

37. Das, S.; Forer, L.; Schonherr, S.; Sidore, C.; Locke, A.E.; Kwong, A.; Vrieze, S.I.; Chew, E.Y.; Levy, S.; McGue, M.; et al. Next-
generation genotype imputation service and methods. Nat. Genet. 2016, 48, 1284–1287. [CrossRef]

38. Zhang, X.; Jonassen, I. RASflow: An RNA-Seq analysis workflow with Snakemake. BMC Bioinform. 2020, 21, 110. [CrossRef]
39. Tabrez, S.S.; Sharma, R.D.; Jain, V.; Siddiqui, A.A.; Mukhopadhyay, A. Differential alternative splicing coupled to nonsense-

mediated decay of mRNA ensures dietary restriction-induced longevity. Nat. Commun. 2017, 8, 306. [CrossRef]

http://doi.org/10.1038/nrurol.2015.13
http://www.ncbi.nlm.nih.gov/pubmed/25666893
http://doi.org/10.1056/NEJMoa1315815
http://doi.org/10.1038/s41568-018-0087-3
http://doi.org/10.1093/nar/gky954
http://doi.org/10.3389/fpls.2020.00590
http://www.ncbi.nlm.nih.gov/pubmed/32582229
http://doi.org/10.1186/s12864-016-3258-1
http://doi.org/10.1371/journal.pgen.1008229
http://doi.org/10.1186/s13073-015-0186-7
http://www.ncbi.nlm.nih.gov/pubmed/26110023
http://doi.org/10.1093/bioinformatics/bts163
http://www.ncbi.nlm.nih.gov/pubmed/22492648
http://doi.org/10.1093/cvr/cvx175
http://doi.org/10.1038/s41467-018-05161-0
http://www.ncbi.nlm.nih.gov/pubmed/30013081
http://doi.org/10.1155/2021/3030267
http://www.ncbi.nlm.nih.gov/pubmed/33728327
http://doi.org/10.1186/1471-2407-14-90
http://www.ncbi.nlm.nih.gov/pubmed/24528676
http://doi.org/10.1002/ijc.32835
http://doi.org/10.2147/OTT.S279024
http://doi.org/10.16288/j.yczz.14-371
http://doi.org/10.1038/ng.259
http://doi.org/10.1038/nprot.2012.016
http://doi.org/10.1038/nrg2164
http://www.ncbi.nlm.nih.gov/pubmed/17726481
http://doi.org/10.1016/S0168-9525(01)02626-9
http://doi.org/10.1038/nature08872
http://www.ncbi.nlm.nih.gov/pubmed/20220758
http://doi.org/10.1016/j.ygeno.2018.03.022
http://www.ncbi.nlm.nih.gov/pubmed/29614347
http://doi.org/10.1002/mpr.1608
http://doi.org/10.1038/ng.3656
http://doi.org/10.1186/s12859-020-3433-x
http://doi.org/10.1038/s41467-017-00370-5


Int. J. Mol. Sci. 2022, 23, 12406 11 of 11

40. Buniello, A.; MacArthur, J.A.L.; Cerezo, M.; Harris, L.W.; Hayhurst, J.; Malangone, C.; McMahon, A.; Morales, J.; Mountjoy, E.;
Sollis, E.; et al. The NHGRI-EBI GWAS Catalog of published genome-wide association studies, targeted arrays and summary
statistics 2019. Nucleic Acids Res. 2019, 47, D1005–D1012. [CrossRef]

41. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P.I.; Daly, M.J.; et al.
PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 2007, 81, 559–575.
[CrossRef] [PubMed]

http://doi.org/10.1093/nar/gky1120
http://doi.org/10.1086/519795
http://www.ncbi.nlm.nih.gov/pubmed/17701901

	Introduction 
	Results 
	Identifying Iso-eQTLs and sQTL 
	Isoform-Structure Prediction 

	Discussion 
	Materials and Methods 
	Data Collection, Genotype Data pre-Processing and Imputation 
	Isoform Expression Analysis 
	Splicing Event Data 
	Iso-eQTL and sQTL Analysis 
	GWAS Related Iso-eQTL and sQTL 
	Isoform-Structure Prediction 

	References

