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Abstract
The aldo-keto reductase superfamily contains 173 proteins which are present in all phyla.
Examination of the human and mouse genomes has identified that in some instances a single AKR
gene can give rise to alternatively spliced mRNA variants which in some cases can give rise to
more than one protein isoform. This is currently well documented in the AKR6A subfamily which
contains the β-subunits of the voltage-gated potassium ion channels. With the emergence of
second generation sequencing it is likely that the occurrence of transcript variants and protein
isoforms from a single AKR gene may become common place. To deal with this issue we
recommend that the Ensembl data-base nomenclature be used to annotate the transcript variants
from a single AKR gene. However, since multiple transcript variants could give rise to either the
same or multiple protein isoforms from the same AKR gene we also propose to expand the
nomenclature of the AKR protein superfamily, so that when a protein isoform is shown to be
expressed and is functional it would be assigned the standard AKR name followed by a “period or
full-stop” and a number for that unique isoform. Numbers will be assigned chronologically and
linked to the respective transcripts annotated in Ensembl e.g. AKR6A5.1 (Kvβ2.1)
(AKR6A5-001, -006 and -201), followed by AKR6A5.2 (Kvβ2.2) (AKR6A5-002,-202). This
nomenclature is expandable and it enables multiple protein isoforms to be assigned to their
respective transcripts when they arise from the same AKR gene or for a single protein isoform to
be assigned to multiple transcripts when the transcripts encode the same AKR protein.
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1. Introduction
The Aldo-Keto Reductase (AKR) protein superfamily contains more than 173 annotated
enzymes and proteins from all kingdoms of life. The universally adopted nomenclature for
these proteins was introduced at the 9-th International Meeting on Molecular Biology and
Enzymology of Carbonyl Metabolism in Deadwood, South Dakota, and is now accepted by
all major databases including NCBI and Ensembl, and by the human and mouse gene
nomenclature committees HUGO (HGNC) and MGI organizations, respectively. In addition,
the list of existing AKR members is maintained separately by the laboratory of Dr. Penning
at the University of Pennsylvania website at http://www.med.upenn.edu/akr/. The official
names of AKR family members include the root AKR followed by the family designation (a
number), a letter indicating the subfamily and an individual number for the protein, such as
AKR1A1 [1, 2]. The corresponding genes are indicated in italics, e.g. AKR1A1. In
compliance with the recommendations of the HGNC and MGI gene nomenclature
committees, human genes are designated with all upper-case letters, whereas rodent genes
are designated with an upper-case first letter followed by lower-case letters. This
nomenclature is expandable and new members are added chronologically. The nomenclature
makes no assumptions about orthologs across species.

Additional diversity of aldo-keto reductases can be generated by alternative splicing, a
phenomenon which allows for several mRNA transcripts and protein polypeptides to be
expressed from a single AKR gene. The primary function of alternative splicing is to
increase the diversity of mRNA expressed from the limited number of genes [3]. DNA
microarray analysis showed that as of 2005, 74% of human genes are alternatively spliced,
and on average, a human gene generates two to three transcripts [4]. Alternative splicing
patterns constantly change under physiological conditions, allowing an organism to respond
to changes in the environment. Additional diversity of the transcriptome may arise from the
use of alternative promoters, which also generate alternative transcript variants, with either
divergent 5’-untranslated regions or coding sequences. We noticed that the present
nomenclature does not include provisions for distinguishing between different protein
products generated by a single gene. As discovery of such phenomena is greatly accelerated
due to the efforts of large-scale sequencing and availability of large datasets to researchers
worldwide, the need for the system to name transcript variants and their corresponding
protein isoforms systematically clearly exists. In this report we review the information
available on the alternative splicing in the AKR superfamily, existing systems for naming
alternatively spliced variants (transcripts and protein isoforms) in other families of proteins,
and propose a nomenclature system for the AKRs.

2. Methods
Ensembl and NCBI Genbank databases were searched for the gene names of existing AKR
members from the University of Pennsylvania AKR database, and information on the known
transcripts was extracted. Following that, a literature search was conducted in PubMed with
the keywords “AKR” and “splicing”, and obtained information was manually curated and
included in this report.

3. Results and Discussion
3.1. Description of known splice variants in human AKRs

First, we examined how widespread the alternative splicing is in the AKR superfamily. Two
types of alternative splicing were found for the AKR genes: 1) events leading to different
protein sequences, and 2) events affecting exclusively untranslated regions of mRNA. Of the

Barski et al. Page 2

Chem Biol Interact. Author manuscript; available in PMC 2014 February 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.med.upenn.edu/akr/


latter, alternative splicing in the 5’-untranslated region (UTR) is much more widespread than
that in the 3’-UTR, where mostly variations in its length are found.

The richest information on splice variants is available for the human genome due to
advances in its annotation. As shown in Table 1, more than one transcript has been
discovered for all human AKR genes with the exception of AKR7A3. In ten of these genes,
the alternatively spliced transcripts contain open reading frames (ORFs) and have the
potential to produce protein isoforms in addition to the classically assigned ones. However,
the existence of many of these proteins has not been conclusively proven. The high fidelity
sequences either described in peer-reviewed literature, or generated by high-throughput
sequencing projects and manually curated at the European Bioinformatics Institute (EBI),
National Center for Biotechnology Information (NCBI), Wellcome Trust Sanger Institute
(WTSI), and University of California, Santa Cruz (UCSC) are assigned a Consensus Coding
Sequence Set (CCDS) ID and represent reliable protein coding sequences. The CCDS set
includes coding regions that are annotated as full-length (with an initiating ATG and valid
stop-codon), can be translated from the genome without frameshifts, and use consensus
splice-sites [5]. To this end, 4 human AKR genes are identified as being potentially
translated into multiple protein isoforms which have been assigned CCDS ID. The most
important belong to the β-subunits of the potassium voltage-gated ion-channel which are
members of the AKR6A subfamily. These include AKR6A5, trivially known as Kvβ2,
which has 4 predicted protein isoforms; and AKR6A3 (Kvβ1) which has three predicted
protein isoforms (which are discussed more fully in section 3.2.). The structure of human
and mouse AKR genes, the predicted transcript variants, CCDS IDs and names for the
potential protein isoforms they encode are shown in Fig. 1.

Interestingly, the consensus coding sequence CCDS47715 assigned to AKR1B15 gene by
the Ensembl and NCBI databases (corresponding to transcript AKR1B15-001) differs at its
5’-end from the sequence published by Salabei et.al [6] which corresponds to the transcript
AKR1B15-201 in the Ensembl database. Consequently, the encoded proteins differ at their
N-termini. These data suggest that two transcript variants exist and that each may give rise
to a different protein isoform.

In the steroid transforming AKRs, AKR1C2 is predicted to have three transcripts and 2
protein isoforms in the CCDS database. Transcripts AKR1C2-001 and AKR1C2-201 encode
what is classically known as a 323 amino acid residue -long AKR1C2 protein (type 3 3α-
hydroysteroid dehydrogenase/bile-acid binding protein). On the other hand, transcript
AKR1C2-203-encodes a protein that utilizes an alternative exon 4 which results in a
significantly shorter protein (139 aa) with a different C-terminus. This protein contains the
conserved catalytic tetrad found in AKRs but its binding of cofactor is likely to be
compromised, and with over half the protein missing it is predicted to be inactive, if
expressed.

The AKR1D1 (steroid 5β-reductase) gene consists of 9 exons which could give rise to three
different transcripts and three protein isoforms. A well characterized 326 amino acid
AKR1D1 enzyme [7, 8] is encoded by an AKR1D1-002 transcript, which includes all 9
exons of the AKR1D1 gene. Transcript AKR1D1-001 does not include exon 5, which is a
symmetrical exon, i.e. contains number of nucleotides divisible by 3, so that its omission
does not cause a frameshift in the protein. This transcript is conceptually translated into a
285 amino acid protein with identical N- and C-termini to that of full length AKR1D1-002.
However, since it is missing some of the residues in the middle of the sequence it is likely
this will compromise the β-barrel structure and the protein will not fold properly. On the
other hand, AKR1D1-006 mRNA omits exon 8, which causes a frameshift and translates
into a 290 amino acid protein with an alternative five C-terminal amino acid residues.
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However, this protein is missing the C-terminal flexible loop which lines the steroid channel
and the last helix in the structure. It is predicted that this isoform may be able to fold
correctly but likely losses activity due to a decrease in affinity for steroid substrates. While
there is evidence that the AKR6A3 and AKR6A5 transcript variants encode for different
protein isoforms that are expressed this is not the case for AKR1C2 and AKR1D1. Only
further work will determine whether these protein isoforms are expressed and functionally
active.

3.2. Human AKR6 Family Transcript Variants and Protein Isoforms
AKR6 family proteins trivially known as β-subunits of voltage-gated potassium ion
channels (Kvβ) are products of a fusion of an AKR domain with a specific N-terminus,
which performs functions related to the channel gating. These proteins may have originated
in the process of evolution where an ancient AKR enzyme was recruited to serve as a
regulator of an ion channel by adding a corresponding N-terminus to the evolutionarily-
tested and structurally robust AKR fold. Examination of the AKR family tree supports the
assertion that the AKR6 family evolved as a group from a common ancestral protein. In
AKR6A3 (Kvβ1) and AKR6A9 (Kvβ3) the N-termini contain a so-called “ball and chain”
domain, which functions to impart inactivation on the channel. The N-terminus of AKR6A5
(Kvβ2) does not contain this domain and its function is less clear. Accordingly, AKR6 genes
consist of 13 invariable 3’-exons coding for an AKR domain, and one to three 5’- exons
coding for a channel-related N-terminal domain. As shown in Fig. 1, in the AKR6A3 gene,
only one out of possible three 5’-exons is included in a particular transcript giving rise to
three protein isoforms, AKR6A3.1 (Kvβ1.1), AKR6A3.2 (Kvβ1.2), and AKR6A3.3
(Kvβ1.3). These protein isoforms display distinct tissue distribution and channel inactivation
properties [9–11], and corresponding mRNA transcripts contain unique 5’-UTRs and are
likely transcribed using their own promoters. Although promoters and the regulation of
expression of these transcripts have not been studied, AKR6A3 (Kvβ1) represents the best
example in the superfamily where alternatively spliced isoforms have been extensively
characterized at the protein level.

The splicing situation is more complex in AKR6A5 (Kvβ2). The previously characterized
protein isoforms Kvβ2.1 (367 aa) and Kvβ2.2 (353 aa) arise from inclusion of either two
(AKR6A5.1) or one (AKR6A5.2) of the most 5’ exons, respectively. These isoforms differ
in their effect on inactivation of Kv1.4 [12]. The additional isoform encoded by transcript,
AKR6A5-203, utilizes an alternative 5’-exon and includes an additional symmetrical exon
inside the AKR domain (Fig. 1). The resultant protein product is predicted to be 415 amino
acids in length, has a distinct N-terminus and includes an additional 15 amino acid residues
in the middle of its AKR domain without causing a frameshift in the rest of the protein. This
insertion is predicted to elongate loop A located between β6 and α4 of the α/β barrel which
in other AKRs contains active site residues important for catalytic activity, such as His110
in AKR1B1 (aldose reductase). This loop is shorter in AKR6A5.1 and AKR6A5.2 than that
in the enzymes of the AKR1 family [13], and therefore insertion into this loop may have a
significant influence on the catalytic activity. Finally, AKR6A5-205 is predicted to encode a
300 amino acid polypeptide with a truncated AKR domain and no N-terminal domain. It is
unknown if the last two protein isoforms are expressed and whether they are functional.

3.3. Description of splice-variants in murine AKRs
The murine genome is more complex than the human genome with respect to the AKR
superfamily and contains 23 known Akr genes (in comparison with the 15 known human
genes). The mouse genome is also predicted to give rise to multiple transcripts and open
reading frames for the majority of its Akr genes (Table 2). The information on the
alternative splicing in mouse genes contained in public databases is not as rich as in the
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human genome, and none of those has more than one CCDS ID, despite the fact that for
some of those genes, several alternative protein isoforms have been described in the peer
reviewed literature. The best example is Akr6a8 (murine Kvβ1), for which, similar to the
human gene, 3 protein isoforms have been characterized and even two knockout mouse
models have been generated [14, 15]. Despite this fact, the sequences of murine Kvβ1.2 and
Kvβ1.3 are found neither in Refseq (NCBI) nor in Ensembl sets. Hence, the relative paucity
of reliable information reflects the delays in annotation rather than the actual lack of
complexity of the mouse transcriptome, which is evident in the examples cited. The
structures of published alternatively spliced transcripts of murine Akr genes extracted from
the literature are shown in Fig. 1B. As we will discuss later we prefer to wait for Ensembl to
annotate these transcripts but propose a separate nomenclature for the encoded protein
isoforms.

3.4. Alternative splicing in the untranslated region
In addition to variations in the coding sequences, differences in the untranslated regions of
multiple transcripts encoding the same protein may reflect differences in mRNA stability,
translation rate and susceptibility to silencing by miRNA [16, 17]. These variations might
result from true splicing events or from the use of different promoters. The use of cell-
specific transcription start sites in combination with alternative splicing in the 5’-
untranslated region has been described for human and murine aldehyde reductase AKR1A1
and 1a4 [18]. In addition, multiple 5’-untranslated exons might be present in the AKR6A5
gene.

Many transcripts in the Ensembl database align with AKR genes, but either do not code for a
protein, or contain a truncated coding sequence not confirmed experimentally. These
sequences may arise from experimental artifacts in cloning, incompletely processed
transcripts, inclusion of introns, etc.; thus, the significance of such transcripts remains
unclear until further experimental evidence is obtained. In this report we list the number of
such transcripts associated with each gene however, interpretation of their biological
significance must await further experimental verification.

3.5. Rules for naming mRNA transcripts and protein isoforms from the same AKR gene
The proven existence of multiple transcripts and protein isoforms from the same AKR gene,
and an expected increase in information related to the expression and function of such
transcripts or isoforms due to advances in sequencing, warrants a nomenclature system for
the systematic naming of alternatively spliced transcripts and their protein isoforms. To this
end, we reviewed such systems used in other gene families or employed by large databases.
NCBI differentiates between mRNA and protein variants by referring to the former as
transcript variants and to the latter as (protein) isoforms. Different gene families employ
various naming systems including giving roman (perilipin and high mobility group familes)
or greek (heat shock protein) letters or a combination of letters and numbers to identify
splice variants. The UDP glucuronosyl transferase gene family, where alternative splicing is
particularly abundant, utilizes gene name (e.g., UGT1) followed by the unique identifier of
the splice variant which corresponds to the name of the 5’-most exon included in the
transcript (e.g., UGT1A1) [19]. This nomenclature system is not applicable to the AKR
superfamily because names like these are already used to identify different genes/ proteins.

To date, the Ensembl database provides the most comprehensive information on the existing
transcript variants in an easy-to-read tabular and graphical format with readily retrievable
sequence information. In the Ensembl system, splice variants are identified by a three digit
number separated from the gene name by a dash (e.g., AKR1C2-001). Due to its
comprehensive coverage and accessibility we recommend adoption of the Ensembl system
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to name and identify transcript variants in the AKR superfamily. An additional advantage is
that when a particular name is used in a publication, readers will be able to obtain desirable
information, such as sequence, included and excluded exons, genome position and
comparison to other transcripts from the Ensembl web site (http://www.ensembl.org) in an
electronic format. The transcript variants characterized-to-date for the human and murine
AKR genes and their systematic names according to the Ensembl nomenclature are shown in
Fig. 1. In the names of the transcripts arising from the AKR6 family genes the systematic
AKR gene name is substituted for the symbol KCNAB (or Kcnab for rodents) which was
introduced before the AKR nomenclature for these genes was adopted and is currently used
by the Ensembl data base. The three digit Ensembl suffix is retained.

The AKR nomenclature is protein-based. We recommend that when transcript variants give
rise to functional protein isoforms they will be assigned the standard AKR name followed
by a “period or full-stop” and a number for that isoform. This rule applies to genetically-
encoded protein isoforms, and does not include post-translational modifications. Numbers
will be assigned chronologically and linked to the respective transcript(s) annotated in
Ensembl, e.g. AKR6A5.1 (AKR6A5-001, -006 and -201) and AKR6A5.2 (AKR6A5-002,
-202). This nomenclature will enable a single protein isoform to be assigned to multiple
transcript(s) when they code for the same protein. The nomenclature system also enables
different protein isoforms to be assigned to their respective transcripts when they arise from
the same AKR gene. In each instance the protein isoform has its own unique name. The new
systematic names for AKR6 family proteins are shown to the right of the respective
transcripts in Fig. 1.

3.6. Rules for submission of new sequences
In the event that a researcher discovers a new transcript that codes for a splice variant not
included into Ensembl database, we suggest that they submit this information to both
Ensembl and the AKR protein superfamily homepage. Ensembl will annotate the transcript
according to their open format as described above. The AKR homepage currently maintains
a list of potential AKR protein members to which the potential encoded protein isoforms can
be added. If the AKR protein isoform has been shown to be expressed as a protein with
known function a formal AKR name would then be assigned as follows: AKR6A3.1 (would
be the first chronologically annotated protein isoform with validated function); followed by
AKR6A3.2, etc, from the AKR6A3 gene. The name for the protein isoform would be linked
to the Ensembl database annotation for the respective transcript to maintain consistency.

4. Conclusion
With the unprecedented flow of information fueled mainly by large-scale sequencing
projects and ongoing research from individual groups, a large number of previously
unknown splice variants of AKR genes are being discovered. An even larger number is
expected in the near future as next generation sequencing and annotation of the human
genome and genomes of model organisms’ progresses. This influx of information warrants a
need for systematic naming of splice variants to provide a common nomenclature for the
transcript variants and protein isoforms that they generate. We propose to adopt the system
used by Ensembl database to name alternative transcripts in the AKR superfamily. It is
important to realize that the AKR nomenclature system is protein-based. Thus, alternative
transcripts that give rise to protein isoforms that are functional will be assigned the standard
AKR name followed by “period or fullstop” and a number for that isoform. Numbers will be
assigned chronologically and linked to the respective transcript annotated in Ensembl e.g.
AKR6A5.1 (AKR6A5-001, -006 and -201, currently KCNAB2-001, -006 and -201). This
will require researchers to verify the sequence they are using with the databases and
annotate the splice variant and protein isoform they are working with accordingly. Using the
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systematic names will provide readers free access worldwide to full information concerning
a particular transcript variant or protein isoform. The procedure proposed is expandable as
new spliced variants are discovered.
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Fig. 1. Alternative splicing of human (A) and murine (B) AKR genes
Genes with multiple CCDS IDs assigned to them, or genes for which multiple protein
isoforms have been reported in the peer-reviewed literature are shown. Constitutive exons
are shown in black, and alternatively spliced exons are in red. Solid boxes indicate coding
regions, and open boxes indicate untranslated regions. The complete gene structures are
shown above the blue lines; below the blue lines are processed transcripts showing only
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exons included in a particular transcript, along with systematic transcript name, CCDS ID,
and the length of the encoded protein. The rational name of the protein isoform encoded by
the corresponding alternatively spliced transcript according to the new nomenclature is
shown to the right of that transcript. The structure of murine Akr6a8 is drawn according to
[15], and that of Akr6a14 is from [20].
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