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ABSTRACT: Pseudogenes have been classified as functionless and their annotation is an ongoing problem. The Adh6-ps1—a mouse pseudo-
gene belonging to the alcohol dehydrogenase gene complex (Adh) was analyzed to review the conservation, homology, expression, and inter-
actions and identify any role it plays in disease phenotypes using bioinformatics databases. Results showed that Adh6-ps1 have 2 transcripts
(processed and unprocessed) which may have emerged from a transposition and duplication event, respectively, and that induced inversions
(Uox gene, In(3)11Rk) involving gene complexes associated with Adh6-ps1 have been implicated in a diverse range of diseases. Adh6-ps1 is
highly conserved in vertebrates particularly rodents and expressed in the liver. The top 5 MirRNA targets were Mir455, Mir511, Mir1903, Mir361,
and Mir669o markers. While much is unknown about Mir1903 and Mir6690, the silencing of Mir455 and Mir511 is linked with hepatocellular car-
cinoma (HCC), and Mir361 is implicated in endometrial cancers. Given the identified MirRNA interactions with Adh6-ps1 and its expression in
HCC and reproductive systems, it may well have a role in tumorigenesis and disease phenotypes. Nonetheless, further studies are required to

establish these facts to add to the growing efforts to understand pseudogenes and their potential involvement in disease conditions.
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Background

The alcohol dehydrogenase genes have been identified in
human and mouse, and are located on chromosome 3 and 4,
respectively. This group of genes has been reported to encode
for 5 different classes of enzymes in identical transcriptional
orientation, and these enzymes can reverse the oxidation of a
handful of primary and secondary alcohols to their related
ketones and aldehydes, thereby playing essential roles in alcohol
metabolism, homeostasis, and retinoid signaling.? The mouse
Adh1 gene and human ADH1A, ADH1B, and ADH1C genes
encode class I enzymes responsible for ethanol metabolism;
class III enzymes are encoded by Adh5 (mouse) and ADHS5
(human) genes which are both involved in S-nitrosoglutathione
metabolism.!? Genes encoding class I and IIT as well as class IV
(mouse Adh7, human ADH?7) are all involved in retinoid
signaling.?

The mapping of Adh gene complex cDNAs to restriction
endonuclease digestion of overlapping bacterial artificial clones
(BAC) hybridized and isolated to ADH1 cDNA have helped
in characterizing and determining its transcriptional direction
as Adh7-Adh1-Adh4-Adh5.! In deer mouse, blast analysis of
Adhl and Adh4, which were the region of hybridization of
ADH2 cDNA, identified class V enzymes namely: Adh6a and
Adh6b as well as alcohol dehydrogenase 6 pseudogene 1
(Adh6-ps1), which is not processed into a functional mRNA.!
Some of the Adh genes have been reported to be expressed in
the liver (Adh4, Adh6b) and can be detected in the testes and
small intestine (Adh6b).? While much is unknown about pseu-
dogene Adh6-ps1, a phylogenetic tree analysis of the transcrip-
tional orientation suggests that Adh gene complex resulted
from a duplication event, and that the gene complex in human

and mouse have at least a gene for each of the 5 ADH classes.’
Adh6-ps1 possibly belongs to ADH class V and is rather asso-
ciated with the mouse gene cluster. It belongs to chromosome
3 with coordinates 311508-325678.

The annotation of genes that do not encode functional pro-
teins have been described as an ongoing problem because these
copies of genes are disabled by premature stop codons, sequence
disablements, and protein domain truncations.® These genes
are commonly referred to as pseudogenes and are of 3 types,
namely: processed pseudogenes, duplicated/unprocessed pseu-
dogenes, and unitary/disabled pseudogenes.* The processed
genes arise from retrotransposition, which is an mRNA
reverse-transcription and genomic DNA reintegration process;
they have poly-A tail at the 3" end, extensions such as flanking
direct repeats but lack introns and promoters.* The unpro-
cessed genes arise from gene duplication event and have intron-
exon structures inherited from their parent gene, while the
unitary pseudogenes are like the unprocessed pseudogenes but
differ in not being duplicated before disablements.** It is bio-
logically important that these genes are well annotated for
proper discrimination from those that have protein coding
ability, and to provide clues to organismal evolution and his-
tory, and show patterns that demonstrate loss of coding ability,
transcription, codon, or splice sites.?

Special consideration for studying pseudogenes include
their ability to interfere with polymerase chain reaction (PCR)
amplification, de novo gene prediction, and other gene-centric
studies as well as learning about their mutational tendencies
and age.® It is important to understand the function of pseudo-
genes after a disrupted translation and transcription process as
they have been reported to have diverse disablements ranging
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from lack of transcription to the presence of frame shifts,
repetitive elements, and stop codons.® While many pseudo-
genes have been evidenced to be actively transcribed, they are
not translated due to disablements.

The objective of this study is to review what is known about
Adh6-psl for possible biological insights, better annotation
and profiling, as some pseudogenes have been suggested to play
arole in gene regulation by being capable of low coding expres-
sion in a state of relaxed selection® and to also produce func-
tional RNAs. This study aims to review the conservation,
homology, expression, interactions, and identify any role
Adh6-ps1 plays in disease phenotypes.

Methods

Bioinformatics databases were queried and searched between
February 5 and March 5,2021. The characteristics of Adh6-ps1
were obtained using data from GenBank, Mouse Genome
informatics (IMGI), Ensemble, and National Centre for
Biotechnology Information (NCBI) databases.”? The phylo-
genetic tree information, homology, and evolutionary constrain
were identified using UCSC Mouse Genome Browser, NCBI
BLAST searches, and MGI database®'}; while possible inter-
actions, expression, and role of Adh6-ps1 were analyzed using
Genevestigator and Alliance of Genome Resources.’®13 Data
from all database searched were used to interpret any likely
functions and relevance of Adh6-psl in cancer and other
diseases.

Results
Characteristics of Adh6-Ps1

Adh6-psl gene identity on Genbank is 639769. Adh6-ps1 is
highly associated with Mus musculus and has 2 splice variants:
(a) processed transcript with 4 non-protein coding exons hav-
inganucleotidelengthof2789bps(ENSMUST00000171054.6)
and (b) a transcribed unprocessed transcript with nucleotide
length of 754bp (ENSMUST00000196293.2) having 6 non-
protein coding exons. The transcribed unprocessed pseudogene
(Adh6-ps1-202) has no protein coding potential, while the
transcribed or processed transcript (Adh6psi-201) consists of
non-protein coding exon variants. This suggests that the pro-
cessed pseudogene is likely to have emerged from transposi-
tion, while the unprocessed transcript possibly arose from a
duplication event.*

Adh6-ps1 is also known as AdhS5ps, Gm7277, predicted gene
7277, predicted gene 639769, RIKEN ¢cDNA 1300002P07, and
1300002P07Rik.13 The sequence locus for Adh6-psl is
Chr3:138374121-138388291 (GRCm38) and the genetic map is
Chr3 64.22cM cytoband H2.Itis also identified as MGI:3779711
(MGI:  http://www.informatics.jax.org/marker/MGI1:1918999)
and on Ensembl as ENSMUGO00000090306. It has been
sequenced in C57BL, C57BL/6, C57BL/6J, C57BL/6NJ,
CAROLVEjj, SPRET/E{], and CAST/Ei] mouse strains with

varying sequence length and types.® The majority of information

provided on Adh6-psl in this study was with respect to the
C57BL, C57BL/6,and C57BL/6] strains.

Identification of homology and evolutionary
constrain

A nucleotide BLAST (BLASTn) was implemented against
the “Nucleotide collection” database and optimized for highly
similar sequence (megablast) using the accession number
NR_033581. The BLAST algorithm identified M musculus,
Mus caroli, Grammomys surdaster, and Rattus norvegicus as
organisms with the closest identity. Homo sapiens were, how-
ever, not listed. Implementing a reverse BLAST with the top
hit accession number of R norvegicus (XR_0055000307.1)
showed that it is an ortholog of NR_033581 with 89.43%
identity. Repeating this process with Adh2 (AJ245750.1)
which was part of the initial hit did not output Adh6-ps1 as
the reciprocal best hit suggesting a paralogous relationship.

Multiple alignments across 35 vertebrates on Mouse Genome
Browser using phyloP, and phastCons—a Hidden Markov Model
(HMM), showed high levels of conservation within mouse gene
sequences and that Adh6-ps1 is very well conserved in rats. Other
vertebrates where it was shown to be conserved include guinea pig,
squirrel, rabbit, pika, Human, Rhesus, Chinese pangolin, dog, and
sheep. Analyzing Adh6-ps1 via neighbor joining on BLAST tree
view also showed high conservation among vertebrates, especially
rodents. The result confirms that Adh6-ps1(NR_033581.1) has 2
transcripts and has a paralogous relationship with M musculus
clones AC079845.31 and AC079832.18,and Adh2 clone product
(AKO004863.1) as seen in Figure 1. Investigating AC079845.31
and AC079832.18 showed they seemed to be a more closely
related sequence; however, running a BLASTn search for
AC079845.31—a M musculus complete sequence clone rp23-
461al2—yielded no significant similarity result. Furthermore,
long interspersed nuclear elements (LINE)—a non-long terminal
repeat retrotransposon, were the most common interspersed
repeats (Lx5b, Lx5, Lx8) according to the RepeatMaster informa-
tion strategy implemented on UCSC Genome browser.

Tissue expression and role of ADH6-PS1

The mouse ENCODE transcriptome data' on NCBI Gene
database shows that Adh6-psl is largely expressed in mouse
adult male liver with mean RPKIM of 0.97 and to a lesser degree
expressed in adult subcutaneous fat pad (0.041 RPKM) and
adult genital pads (0.018 RPKM). In early mouse development,
Adh6-ps1 has been shown to be expressed in connective tissue,
liver, and biliary system, and in the reproductive system (Figure
2). These are regions of general endogenous wild-type gene
expression of Adh6-ps1 during developments. However, com-
parison with vertebrate and invertebrate ortholog genes on
Alliance of Genome Resource reveals that it is unlikely to have
imaginal precursor, therefore, suggesting less likelihood of being
involved in the developmental process of invertebrates,
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Figure 1. BLAST Tree View. Adh6-ps1 in rodents.
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Figure 2. MGI. Tissue expression of Adh6-ps1 during development.

especially drosophila. It is expected that the processed transcript
(ENSMUST00000171054.6) constitutes the vast majority of
Adh-ps1 transcript expressed in associated tissues and have
more genetic interactions because processed pseudogenes are
found to be more expressed in genomes of mammals than in
genomes of other vertebrates and to occur in poor GC regions.®

Relevance to cancer and other diseases

A survey of Adh6-psl expression across 124 cell lines in
Genevestigator showed moderate expression level in ES-R1—a
pluripotent mouse embryonic stem cell line. In cancer,

Adh6-ps1 was found to be moderately expressed in liver hepa-
tocellular carcinoma (HCC) when compared with 17 other
cancer types where it showed low expression. In addition,
Adh6-psl was found to be relatively highly expressed in
C57BL/6]J/AKR] strain when tested across 2667 perturba-
tions. This could be due to the popular use of the strain,
although the strain have been reported to maximally express
most mutations. The expression of Adh6-psl across cancers,
cell lines, tissues, and perturbations can be seen in Figure 3.
Furthermore, cesium irradiation-induced paracentric inver-
sion of Uox gene located at Chr3, 72.09cM has an inversion
that spans 80% of Chr3 involving many genes including
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Figure 3. GENEVESTIGATOR. Expression of Adh6-ps1 across: (A) 17 cancers, (B) 124 cell lines, (C) 507 tissues, and (D) 2666 perturbations.

Adh6-ps1. This induced inversion is implicated in hyperurice-
mia, kidney disease, and phenotypes associated with homeosta-
sis and metabolism, aging, immune and urinary systems.®'
Apart from Uox gene, In(3)11Rk—a chemically induced inver-
sion which produces phenotype that affects the reproductive
system—also involves Adh6-ps1.81¢ The 2 studies suggest that
mutations involving Adh6-ps1 and several other genes within
the same chromosomal locus have implications for disease phe-
notypes; it is however unclear what specific role Adh6-psl
plays in the disease state and if single mutations to Adh6-psl
have adverse biological consequences.

While structural and functional gene curation are imple-
mented to identify chromosomal location of elements controlling
gene transcription, respectively,!” this is limited in pseudogene
annotation because there are not enough guidance on structural
and functional annotation as Adh6-ps1 is non-protein coding.

Interactions of Adh6-ps1
Analysis of Adh6-ps1 on BioGrid revealed no available protein

interaction. There was also no gene ontology (GO) process,
function, or component listed even after further search on
Alliance of Genome Resources.!> However, MGI database
searches showed that it has several interactions with 245
MirRNA markers. MirRNAs are RNA genes associated with
miRNA class; the miRNAs are evolutionarily conserved small
RNA molecules lacking coding potential, but play a role in
post-transcriptional modification and in regulating cell differ-
entiation, proliferation, and oxidative stress.'®2 The top 5
MirRNA targets are displayed in Figure 4.

Mir455
Mir6690

O Mir511
dh6-ps1

Mir1903 Mir361

Figure 4. MGI. Top MirRNA interactions with Adh6-ps1.

Out of the 5 MirRNA targets, GO biological process clas-
sifies Mir455 and Mir511 to be largely expressed in the ali-
mentary system and to play a role in response to stimulus. As
previously stated, Adh6-ps1 is highly expressed in the liver and
moderately associated with HCC. It is important to know the
role Adh6-ps1 interactions with MirRNAs play in gene regu-
lation because MirRNAs are vital in investigating genes for
possible involvement in tumorigenesis, apoptosis, pathogenesis,
and disease resistance.2!

Mir455 and Mir511 were reported to be downregulated in
diethylnitrosamine chemically induced hepatocellular carci-
noma (DEN-HCC) in rat model.22 The DEN-induced HCC
rat model also reported the activation of the notch signaling
pathway which plays a role in liver development, lipid metabo-
lism, and lipogenesis.?® In brief, the interactions between
Adh6-ps1, Mir455, and Mir511 may add to the understanding
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of HCC because Adh6-psl is moderately expressed in HCC,
and silencing of Mir455 and Mir511 is linked with HCC.

Using data of 9 solid tumor types from The Cancer Genome
Atlas (TCGA) and HCC data from Columbia University
Medical Centre, Shen et al?* found that Mir455 was down-
regulated with HCC tumor type specificity. In cell lines and
tumor tissues of HCC patients, miR-455-5p an alias of Mir455
(https://www.genecards.org/cgi-bin/carddisp.
plrgene=MIR455) was reported to be significantly suppressed,
but when overexpressed in cell lines it was linked with decreased
tumor functions and proliferation, and the suppression of insu-
lin growth factor receptor (IGF-1R).1® This led to suggestions
by Hu et al'® that mIR-455-5p is a potential target for thera-
peutic interventions in cancer because glycolysis is needed for
tumor proliferation, and the suppression of IGF-1R disrupts
AKT phosphorylation—a signaling pathway which promotes
cell survival and growth, leading to glycolytic enzymes and glu-
cose transporter (GLUT) downregulation.'® mIR-455-5p
decreased expression have also been linked with gastric cancer
(GC) and colorectal cancer (CRC) and have been found to
regulate RAB18 and RAF1 genes which are among its direct
targets.?%?> The overexpression of miR-455-5p leads to sup-
pression of RAB18 and RAF1 genes and vice versa, and further
investigation of their relationship have been suggested as a pro-
cess that could lead to potential therapeutic intervention strat-
egies for gastric and colorectal cancer treatment.?%%

Meanwhile, it is left to be seen what phenotypical change
MirRNAs associations with Adh6-ps1 could lead to as not
much is known about the specific role Adh6-ps1 plays in HCC,
GC, CRC, and other cancers. Howbeit, there are limited infor-
mation on the role played by Mir1903 and Mir6690, but some
studies have identified Mir361 as a tumor suppressor impli-
cated in endometrial cancers when downregulated.?6 This sug-
gests some role for Adh6-psl in tumors of the reproductive
systems because endometrial cancers are associated with repro-
ductive systems. Unlike HCC, a possible link between
Adh6-ps1, Mir361, and diseases of the reproductive systems is
even to a lesser extent given that Adh6-ps1 is slightly expressed
in reproductive systems.

Taken together, Mir361 is implicated in endometrial can-
cers and the silencing of Mir455 and Mir511 is linked with
HCC, with Mir455 being HCC tumor type specific as well as
being associated with GC and CRC. This implies that interac-
tions of MirRNAs with Adh6-ps1 may have a role in tumori-

genesis and disease phenotypes.

Conclusions

It has been shown that Adh6-ps1 is highly conserved in verte-
brates, particularly rodents. Adh6-psl has a processed and
unprocessed transcript; the former arose via mRNA reverse
transcription and genomic DNA reintegration process, while
the later emerged via a duplication event. It is unclear what
ancestral functional gene both arose from. Also, the protein
structure, functional insights from co-expression, and protein

interactions could not be investigated as Adh6-ps1 was a non-
coding protein.

Although pseudogenes are known to be functionless, some
have been suggested to play a role in gene regulation.?’
Mir455, Mir511, and Mir361 respective expressions in HCC,
GC, CRC, and endometrial cancers, and their associations
with Adh6-ps1 suggest that Adh6-ps1 may well have a sec-
ondary role in tumorigenesis and disease phenotypes.
Nonetheless, more experimental studies are required to
unpack the specific role Adh6-psl plays, and if this is con-
firmed, it will add to the growing knowledge of pseudogenes
and their potential involvement in disease conditions.
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