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ABSTRACT

Polyamines are ubiquitous cations that are involved
in regulating fundamental cellular processes such as
cell growth and proliferation; hence, their intracellu-
lar concentration is tightly regulated. Antizyme and
antizyme inhibitor have a central role in maintain-
ing cellular polyamine levels. Antizyme is unique in
that it is expressed via a novel programmed riboso-
mal frameshifting mechanism. Conventional compu-
tational tools are unable to predict a programmed
frameshift, resulting in misannotation of antizyme
transcripts and proteins on transcript and genomic
sequences. Correct annotation of a programmed
frameshifting event requires manual evaluation. Our
goal was to provide an accurately curated and an-
notated Reference Sequence (RefSeq) data set of
antizyme transcript and protein records across a
broad taxonomic scope that would serve as stan-
dards for accurate representation of these gene prod-
ucts. As antizyme and antizyme inhibitor proteins are
functionally connected, we also curated antizyme in-
hibitor genes to more fully represent the elegant biol-
ogy of polyamine regulation. Manual review of genes
for three members of the antizyme family and two
members of the antizyme inhibitor family in 91 ver-
tebrate organisms resulted in a total of 461 curated
RefSeq records.

INTRODUCTION

The Reference Sequence (RefSeq) database at the National
Center for Biotechnology Information (NCBI) is a collec-
tion of annotated genomic, transcript and protein sequence
records for genomes across a wide taxonomic spectrum
(1). The RefSeq transcript and protein records for higher
eukaryotes, including vertebrates, are generated by auto-
matic and manual processing of sequence data submitted
to the International Nucleotide Sequence Database Con-
sortium (INSDC, (2)), which includes GenBank at NCBI,

the European Nucleotide Archive (ENA) and the DNA
Databank of Japan (DDBJ). The subset of RefSeqs sub-
ject to curation, referred to as ‘known’, have an acces-
sion prefix starting with ‘N’ and can be distinguished from
the ‘model’ RefSeqs generated by the NCBI’s eukaryotic
genome annotation pipeline (http://www.ncbi.nlm.nih.gov/
books/NBK169439/), which have accession prefix starting
with ‘X’. The known RefSeqs may be subjected to differ-
ent levels of manual curation, as guided by our in-house
QA analyses (3), review requests from public users and col-
laborators, and targeted curation of gene and protein fami-
lies. RefSeqs with a ‘validated’ or ‘reviewed’ status are con-
sidered curated. Particular emphasis is given to curation
of records from human, mouse, and other vertebrates due
to their importance for biomedical research. A reviewed
record has undergone our highest level of manual curation,
which includes: nomenclature and literature review, provid-
ing a brief RefSeq summary of a gene, adding biologically
relevant attributes (4) and feature annotations, in addition
to full sequence review that may involve creating additional
RefSeq records for supported transcript variants. The Ref-
Seq data set is pivotal for additional resources and pro-
cesses at NCBI, including Gene, Genomes, HomoloGene
and Map Viewer, and the known RefSeq subset is an impor-
tant reagent for NCBI’s evidence-based eukaryotic genome
annotation pipeline. This data set is also considered a gold
standard by many in the scientific community and is exten-
sively used for basic and biomedical research, as well as for
large scale genome annotation and analyses.

Polyamines are ubiquitous, organic cations that are in-
volved in many diverse processes, including cell growth
and proliferation; and high polyamine levels are associ-
ated with transformation and tumorigenesis (5). Because
of the wide-ranging effects of polyamines, their intracellu-
lar concentration is tightly regulated. The two major play-
ers involved in maintaining polyamine homeostasis within
the cell are ornithine decarboxylase antizyme (OAZ, an-
tizyme for short) and antizyme inhibitor (AZIN) (Figure
1). High polyamine levels induce +1 ribosomal frameshift-
ing (detailed below), which results in increased antizyme
production. Antizyme in turn decreases polyamine lev-
els via three mechanisms: inhibiting ornithine decarboxy-
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Figure 1. Schematic showing autoregulation of intracellular polyamine
levels by antizyme and antizyme inhibitor. Key: ODC, ornithine de-
carboxylase; OAZ, antizyme; AZIN, antizyme inhibitor; FS, frameshift;
uORF, upstream ORF; pORF, primary ORF; red lines indicate
inhibition/repression.

lase (ODC), the key enzyme catalyzing the first and rate-
limiting step in polyamine biosynthesis, by disrupting the
active ODC homodimers; targeting ODC monomers for
ubiquitin-independent degradation by the 26S proteasome;
and inhibiting polyamine transporter-mediated polyamine
uptake into cells. In contrast, antizyme inhibitor func-
tions as a positive regulator of polyamine levels by bind-
ing to antizyme and suppressing its ODC-inhibitory ef-
fects. Antizyme inhibitor expression in turn is repressed by
polyamines via a novel mechanism involving an upstream
open reading frame (uORF, (6)). Thus, both antizyme and
antizyme inhibitor are part of opposing autoregulatory
circuits designed to maintain optimal levels of polyamine
within a cell.

The antizyme gene in rat was the first cellular gene in
eukaryotes shown to employ +1 programmed ribosomal
frameshifting for recoding its mRNA for protein expres-
sion (7). This mechanism for expression of antizyme has
since been found to be conserved from yeast to mammals
(8). All vertebrate antizymes are encoded by two partially
overlapping open reading frames (ORFs) (Figure 2): a short
ORF1 with a translation initiation codon and an in-frame
stop codon at the frameshift site; and a longer ORF2,
which lacks a start codon, that is in +1 frame with re-
spect to ORF1, and encodes a larger portion of the an-
tizyme protein. Therefore, the synthesis of full-length, func-
tional antizyme requires translation initiation at the ORF1
start codon, followed by +1 ribosomal frameshift just be-
fore the ORF1 stop codon, and translation termination at
the ORF2 stop codon. The +1 ribosomal frameshifting is
stimulated by polyamines via a mechanism that is not com-
pletely understood; however, signals embedded within the

Figure 2. Schematic representing +1 ribosomal frameshifting in antizymes.
The antizyme mRNA is shown as an open black bar. The overlapping 0
and +1 translational reading frames, corresponding to ORF1 and ORF2,
respectively, and the +1 frameshifted ORF combining ORF1 and ORF2
are indicated. The AUG initiation codon of ORF1, as well as the stop
codons of ORF1 (in bold and underlined as part of the frameshift site,
UCCUGAU) and ORF2 (UAA) are shown. The figure is drawn approxi-
mately to scale.

mRNA (which include the ORF1 stop codon, an element
5′ and a pseudoknot 3′ of the frameshift site) are essen-
tial for polyamine sensing and stimulating the level of +1
frameshifting (7,9,10).

Multiple antizyme paralogs exist in vertebrates, with
mammals having three well-characterized paralogs: an-
tizyme 1 (OAZ1), 2 (OAZ2) and 3 (OAZ3). OAZ1, the first
member discovered in rat, is the prototype of the antizyme
family. The OAZ1-3 genes are structurally similar and all
three antizymes inhibit ODC activity and polyamine up-
take. However, there are differences (summarized in Ta-
ble 1); the most notable is that while OAZ1 and OAZ2
are ubiquitously expressed in somatic tissues, OAZ3 is ex-
pressed in a tissue and cell-specific manner, predominantly
in the haploid germ cells in testis (11,12). The restricted ex-
pression pattern, together with studies showing infertility in
transgenic male mice overexpressing ODC (13) and in ho-
mozygous Oaz3 gene-disrupted male mice (14), suggest a
distinct role for OAZ3 in regulating ODC during spermato-
genesis.

Antizyme inhibitors are homologs of ODC that have lost
the ability to decarboxylate ornithine, but retain the abil-
ity to bind to antizymes. Antizyme inhibitors, in fact, have
a higher affinity for antizymes than the antizymes have for
ODC; hence, they prevent binding of antizymes to ODC.
Several paralogs of antizyme inhibitor have been reported
(15): the two best characterized in vertebrates are antizyme
inhibitor 1 (AZIN1) and 2 (AZIN2). The AZIN1-2 genes
are structurally similar and both antizyme inhibitors bind
to and inhibit all three members of the antizyme family
(16,17). AZIN1 is ubiquitously expressed and localized in
the cytoplasm and nucleus, while AZIN2 is expressed pre-
dominantly in the brain and testis and localized in the en-
doplasmic reticulum-golgi intermediate compartment, sug-
gesting distinct roles for the two antizyme inhibitors.

Canonical decoding of the genetic code requires trans-
lating ribosomes to linearly convert nucleotide (nt) triplets
(codons) into amino acid (aa) sequence. The +1 ribosomal
frameshifting needed for antizyme biosynthesis complicates
automatic detection and annotation of its full-length cod-
ing sequence (CDS) on transcripts and genomic sequences
by standard sequence analysis tools, as they lack the abil-
ity to predict sites of programmed ribosomal frameshift-
ing. While manual curation and annotation is a time-
consuming process, it is essential for accurate representa-
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Table 1. Comparison of members of the mammalian antizyme gene family

Gene Frameshift site in mRNA Recoding signalsa Expression ODC degradationb

OAZ1 UCCUGAU yes ubiquitous in vivo and in vitro
OAZ2 UCCUGAU yes ubiquitous in vivo only
OAZ3 UCCUGAG no testis-specific no

aThe presence or absence of mRNA-embedded 5′ and 3′ cis-acting signals flanking the frameshift site (10).
bDemonstration of antizyme-targeted ODC degradation by the 26S proteasome (5).

tion of antizyme encoding genes. Our goal, therefore, was
to provide an accurately curated and annotated set of an-
tizyme transcript and protein records across a wide taxo-
nomic scope that can serve as reagents for accurate anno-
tation of antizyme gene products on vertebrate genomes by
NCBI’s eukaryotic genome annotation pipeline. Antizyme
inhibitor genes are expressed via standard translation; how-
ever, given the complementary role of antizyme inhibitors
in polyamine regulation, we also curated antizyme inhibitor
genes to more fully represent the biology of polyamine reg-
ulation.

MATERIALS AND METHODS

Identification of antizyme and antizyme inhibitor genes in ver-
tebrates

Several different approaches were used to identify antizyme
and antizyme inhibitor homologs in vertebrates:

� Targeted literature search with a gene symbol (e.g. oaz*)
or protein name (e.g. antizyme*) as query. This yielded
limited results, as published reports of antizyme genes are
available for only a few well-studied organisms; however,
it was useful for finding paralogs and novel homologs in
zebrafish.

� Review of annotation on provisional RefSeq records,
which are created by automatic processing based on pri-
mary sequence data from INSDC. This allowed identi-
fication and curation of genes in organisms for which
annotated primary data were available (such as human,
mouse, rat, chicken). Curated RefSeq records from these
organisms facilitated identification and curation of ho-
mologs in other organisms based on similarity.

� BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) search
of publicly available databases at NCBI with related
sequences. Several different BLAST programs, such as
BLASTN and TBLASTN, were used with default pa-
rameters to search a suite of nucleotide databases (e.g.
Nucleotide collection (nr/nt), Expressed sequence tags
(EST), Transcriptome Shotgun Assembly (TSA) and
NCBI Genomes (chromosome)) to find homologs. Blast
of the organism-specific genomes (using discontiguous
megablast for more dissimilar sequences) was most help-
ful because it enabled the genomic context of a BLAST
search to be displayed in Map Viewer (http://www.ncbi.
nlm.nih.gov/mapview/), which allowed determination of
synteny and assessment of problems (if any) in the ge-
nomic region.

� Review of orthologous models predicted by the NCBI’s
eukaryotic genome annotation pipeline. The models
are predicted based on alignments of known Ref-

Seq transcripts and proteins, INSDC transcripts and
UniProtKB/Swiss-Prot proteins, and RNA-seq data;
and orthologs are identified based on protein homology
and local synteny. This approach proved to be most use-
ful for identifying and curating orthologs in organisms
that have little or no species-specific transcript support,
which is the case for the majority of less-well-studied
genomes (http://www.ncbi.nlm.nih.gov/genome/).

Analysis, assembly and annotation of RefSeq

NCBI’s Genome Workbench application (Gbench; http://
www.ncbi.nlm.nih.gov/tools/gbench/), customized for Ref-
Seq curation was used to analyze, create and edit RefSeq
records. The in-house version of Gbench is integrated with
a custom tool named RADAR (RefSeq analysis display and
recommendation) that displays stored transcript alignments
of publically available sequences (such as transcripts, ESTs,
known and model RefSeqs) to the genomic region of inter-
est, and is used by the curators to analyze the alignments
and create or update RefSeq records using transcript and/or
genomic sequences. New and updated RefSeqs generated in
the RADAR tool are uploaded to internal databases, where
they are subjected to a suite of QA tests (3) and to fur-
ther curation of the metadata associated with each reviewed
gene (e.g. nomenclature, RefSeq summary text, attributes,
publications, etc.). Additional feature annotation on the se-
quence record is added using Sequin (http://www.ncbi.nlm.
nih.gov/Sequin/).

RESULTS

Challenges to curation and annotation of antizyme genes

Use of primary sequences from INSDC for RefSeq cre-
ation was often problematic, as shown for bovine OAZ1
gene (Figure 3A and B). AY911315.1 is annotated with the
ORF1 CDS encoding a truncated protein of 68 aa, which
renders it a candidate for nonsense-mediated mRNA de-
cay (NMD, (18)). This misannotation was propagated to the
provisional RefSeq transcript (NM 001025323.1) that was
based on AY911315.1, and had not yet undergone manual
review. Subsequent manual curation led to the suppression
of the erroneous record and creation of NM 001127243.2
with an accurately annotated CDS encoding the full-length
antizyme 1 protein of 227 aa (NP 001120715.1). Also il-
lustrated here are challenges to accurate antizyme rep-
resentation by automated genome annotation pipelines.
XM 001790610.1, a model transcript predicted by the
NCBI’s genome annotation pipeline and structurally sup-
ported by transcript and RNA-seq data, was computation-
ally modified to remove the ‘T’ of the ORF1 stop codon

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ncbi.nlm.nih.gov/mapview/
http://www.ncbi.nlm.nih.gov/genome/
http://www.ncbi.nlm.nih.gov/tools/gbench/
http://www.ncbi.nlm.nih.gov/Sequin/


Nucleic Acids Research, 2015, Vol. 43, No. 15 7273

Figure 3. Manual curation and annotation of antizyme gene products. (A) Gbench display showing alignment of a select set of transcripts to the bovine
genome at the location of OAZ1 gene. The annotated CDS is highlighted in purple, and the site of deletion in XM 001790610.1 and ENSBTAT00000024656
is indicated by a triangle. The histogram in blue and the bracketed regions beneath show exon coverage and interpreted intron features, respectively, based
on RNA-seq data. (B) Expansion of the region around the triangle to the sequence level shows the frameshift site (TCCTGAT, boxed in red), which includes
the ORF1 stop codon, TGA (highlighted in red in the 0 frame of the 3-frame translation track). (C) GenBank format display of manually added join CDS
and ribosomal slippage feature annotation (red arrows) on the public RefSeq record NM 001127243.2. (D) Gbench display showing alignment of a select
set of transcripts to the marmoset genome at the location of OAZ1 gene. The site and extent of the two deletions in the genomic sequence (NC 013917.1);
one in intron 1 and another downstream of exon 3, are shown by pink highlighted regions with a triangle. The unaligned region at the 3′ ends of indicated
transcripts is shown in gray. (E) Gbench display showing alignment of a select set of transcripts to the cat genome at the location of OAZ1 gene. The site
and extent of a deletion in the genomic sequence (NC 018724.1) between exons 1 and 3 is shown by the pink highlighted region with a triangle.

at the frameshift site. This ‘correction’ enables translation
of a full-length model protein (XP 001790662.1) of the ex-
pected length, but does not accurately represent the an-
tizyme transcript and biology. The Ensembl pipeline pro-
duced a transcript (ENSBTAT00000024656) that lacks 4 nt
around the frameshift site, which allows connection of the
0 and +1 frames without a frameshift and translation of a
read-through protein of 226 aa (ENSBTAP00000024656).
These examples emphasize that standard computational
annotations fail to correctly represent antizyme transcript
and CDS. To ensure accurate annotation of the CDS fea-
ture of the antizyme genes on the RefSeq records, we man-
ually add the split CDS range and a flag indicating riboso-
mal slippage using feature annotation details approved by
INSDC (Figure 3C). This is the most accurate way of rep-
resenting the antizyme CDS.

The orthologous model RefSeqs were a useful start-
ing source for curated records for many organisms. How-
ever, model prediction in part depends on the quality
of the genome. For organisms with high quality genome
assemblies, full-length models of the type shown for
bovine OAZ1 gene in Figure 3 were predicted, which
allowed creation of curated RefSeqs using genomic se-
quence components (in the absence of species-specific tran-

scripts) and manually setting the CDS feature (e.g. gib-
bon OAZ1, GeneID: 100580887). It was also possible to
provide curated RefSeqs for organisms with lesser qual-
ity genomes if species-specific transcripts were available to
fill-in for sequence missing in the genomic region of in-
terest. For example, the marmoset genome (assembly ac-
cession GCF 000004665.1) has two gaps: a ∼460 basepair
(bp) gap in the first intron and a ∼100 bp gap down-
stream of exon 3 of the OAZ1 gene (Figure 3D); the lat-
ter prevented alignment of the 3′ ends of orthologous tran-
scripts (e.g. human NM 004152.3) and prediction of this
region in models. Thus, the NCBI’s (XM 002807780.1)
and Ensembl’s (ENSCJAT00000025682) models encode C-
terminally truncated proteins of 155 aa and 153 aa, re-
spectively. The availability of marmoset TSA sequences
(e.g. GAMP01011958.1) containing the 3′ exonic sequence
made it possible to create NM 001289597.1 encoding a
full-length protein of 227 aa (NP 001276526.1). The OAZ1
gene is currently incompletely annotated on the marmoset
genome; however, the availability of the RefSeq transcript
and protein records will enable accurate annotation of the
OAZ1 gene in the future when an improved genome as-
sembly becomes available. There were instances when no
species-specific transcript sequence was available to com-
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Figure 4. Comparison of amino acid sequence of the N-terminal half
of antizyme 1 from phylogenetically distant organisms. The sequences
used are as follows: human, NP 004143.1; chimp, NP 001120840.1;
cow, NP 001120715.1; dog, NP 001120706.1; opossum, NP 001278356.1;
mouse, NP 032779.2; rat, NP 620781.1; chicken, NP 990247.1; zebra
finch, NP 001166235.1; frog, NP 001080045.1; zebrafish, NP 919240.2.
The positions of the two in-frame translation initiation sites (M) are high-
lighted in yellow, and the location of the frameshift site is indicated by the
red arrow. The multiple protein sequence alignment was performed using
Clustal Omega, version 1.2.1 (http://www.ebi.ac.uk/Tools/msa/clustalo/)
using default settings. An ‘*’ indicates identical residues, and ‘:’ and ‘.’ in-
dicate conserved and weakly conserved amino acid substitutions, respec-
tively.

pensate for the problematic genomic region; hence, it was
not possible to create full-length RefSeqs, as illustrated
for the cat OAZ1 gene (Figure 3E). A gap of ∼850 bp in
the cat genome (assembly accession GCF 000181335.1) be-
tween exons 1 and 3 of the OAZ1 gene prevented align-
ment of the exon 2 transcribed region (containing the
frameshift site) of orthologous transcripts from human
(NM 004152.3) and dog (NM 001127234.1). The predicted
model (XM 006928230.1) encodes a truncated protein of
179 aa containing the expected N- and C- termini, but miss-
ing an internal exon-2 encoded 49 aa protein segment. In the
absence of any cat-specific transcript sequence containing
the missing region, it was not possible to create a RefSeq for
the cat OAZ1 gene (GeneID: 101080766). In a few extreme
cases, for example, the OAZ1 gene in horse, it was not even
possible to define an OAZ1 locus because of a large gap in
the syntenic region on chromosome 7 (assembly accession
GCF 000002305.2); hence horse lacks both a GeneID and
a RefSeq for OAZ1 gene.

Curation of antizyme (OAZ) gene family

OAZ1 is found in all vertebrate species. While the OAZ1
orthologs are not conserved throughout the length of the
protein, there are regions of high conservation (Figure 4);
such as the 20 aa of ORF1 at the N-terminus, the sequence
surrounding the frameshift site, and the ODC-binding do-
main in the C-terminal half (not shown), which is impor-
tant for antizyme function (10). OAZ1 is unique amongst
the antizyme family members in that its mRNA contains
two potential in-frame AUG translation initiation codons,
the positioning of which is very similar in OAZ1 orthologs
(aa 1 and 34 in mammals). Studies in rat showed that alter-

native use of the two translation initiation sites resulted in
N-terminally distinct protein isoforms with different subcel-
lular localization (7,19). The N-terminus of the longer iso-
form resulting from the use of the first AUG contains a mi-
tochondrial localization signal, which targets this isoform
to the mitochondria. The shorter isoform derived from the
use of the second AUG lacks the mitochondrial localiza-
tion signal, and is localized in the cytoplasm. Based on
the published evidence, separate RefSeq transcript records
were created to represent the two isoforms: NM 139081.2
(encoding the long isoform of 227 aa; NP 620781.1) and
NM 001297557.1 (encoding the short isoform of 194 aa;
NP 001284486.1). Attributes (Figure 5A) and miscella-
neous feature (misc feature) annotations (Figure 5B) were
also manually added to the RefSeq records to highlight the
biologically relevant features of the OAZ1 gene.

The OAZ2 mRNA (e.g. NM 002537.3) has only one
AUG translation initiation codon and encodes a relatively
shorter protein (189 aa, lacking a mitochondrial localiza-
tion signal; NP 002528.1) compared to antizyme 1. The
OAZ2 ORF1 is shorter, accounting for the shorter pro-
tein length, which is similar in size to the shorter iso-
form of OAZ1 (NP 001284486.1, 194 aa). Antizyme 2
(NP 002528.1) is only 56% identical and 70% similar to
antizyme 1 (NP 004143.1) in human. It is expressed at
lower levels than OAZ1 (20), but is more conserved, as
seen by the higher 99% identity between human and mouse
(NP 035082.1) OAZ2 orthologs, compared to 84% iden-
tity between human and mouse (NP 032779.2) OAZ1 or-
thologs.

OAZ3 is more divergent from the other two paralogs.
Antizyme 3 (NP 057262.2) is only 36% and 38% iden-
tical, and 53% and 56% similar to antizyme 1 and an-
tizyme 2, respectively, in human. Another distinguish-
ing feature is that OAZ3 mRNA contains a highly con-
served non-AUG (CUG) codon, in-frame and upstream
of an AUG codon (8), use of which would extend the N-
terminus of the human antizyme 3 by 48 aa. Evidence for
the use of CUG as the start codon in rat OAZ3 mRNA
(DQ431008.1) was shown by N-terminal protein sequenc-
ing (21), which is corroborated by mass spectrometry data
in ‘The Human Proteome Map’ database that identifies
the N-terminus of human antizyme 3 (NP 057262.2) as
MPCKRCRPSVYSLSYIK (22). Non-AUG start codons
are not identified by conventional tools; hence, pri-
mary transcript sequences for human (AF175296.1) and
mouse (AF175297.1, AB016275.1) OAZ3 genes deposited
in INSDC were annotated with AUG as the start codon,
and these annotations were propagated to un-reviewed ver-
sions of human (NM 016178.1) and mouse (NM 016901.1)
OAZ3 RefSeq transcript records. Based on the described
evidence, the RefSeq transcript for OAZ3 gene was an-
notated with CUG as the start codon, and the location
of the downstream AUG indicated as a misc feature (e.g.
NM 016178.2).

A putative fourth member of the antizyme fam-
ily was originally isolated from a human brain library
(AF293339.1) and tentatively named antizyme 4 (10), but
it was not further characterized. In another study, a re-
lated EST (AI124747.1; 97% identical to AF293339.1) was
used to show that the encoded protein interacted with both

http://www.ebi.ac.uk/Tools/msa/clustalo/
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Figure 5. Reporting biological attributes and feature annotations on RefSeq record. (A) A portion of the COMMENT section of the rat Oaz1 RefSeq
record (NM 139081.2) is displayed showing two attributes with supporting publications, relevant to the biology of Oaz1 gene. (B) NM 139081.2 is shown
using the Graphics display setting on the nucleotide record. The display was configured to show 3-frame translation on the sense strand, and to add four
markers highlighting the annotated translation initiation codon (AUG1, nt 80–82), the second in-frame AUG codon located 33 aa downstream (AUG2,
nt 179–181), the conserved frameshift site (FS, nt 281–287) and the RNA pseudoknot (pseudoknot, nt 290–342).

AZIN and ODC, and that binding to the latter inhibited
its enzymatic activity, similar to other members of the an-
tizyme family (16). Our blast analyses are consistent with a
previous observation (8) that AF293339.1 (and AI124747.1,
apparently originating from the same library) represents the
Oryctolagus cuniculus (rabbit) OAZ1 gene, and was likely a
contaminant in the human brain library; therefore, OAZ4
was not pursued further in our antizyme gene review.

To date, we have reviewed each of the three antizyme
genes in 91 vertebrate organisms. This review included two
antizyme 1 paralogs (oaz1a/azs and oaz1b/azl) in fish (23)
and the novel, retina-specific antizyme (oaz2b/azr) in ze-
brafish (24). The GeneID and RefSeq identifiers and other
related information for the genes reviewed in different or-
ganisms are provided in Supplemental Table S1, and gen-
eral statistics of the data reviewed are summarized in Table
2. Supplemental Table S2 indicates the presence or absence
(or undetermined status) for each of the reviewed genes in
all 91 organisms, and also provides the genome assembly
and annotation release information for each organism. This
study revealed a few interesting details:

� While the OAZ1 and OAZ2 genes were uniformly repre-
sented in all the major groups of organisms, the OAZ3
gene (outside of the placental mammals) was found only
in the reptilian species (lizard, alligator and turtle) in the
vertebrate group, but not in other lineages, such as birds,
fish and amphibians, suggesting that the latter may have
only two paralogs of antizyme.

� Coelacanth is thought to be more closely related to lung-
fish and tetrapods than to the common ray-finned fishes
(25). Consistent with this phylogenetic analysis, coela-
canth (Latimeria chalumnae) was found to have only one
paralog each of the antizyme 1 (OAZ1) and antizyme

2 (OAZ2) genes with greater similarity to land verte-
brates, especially birds (78% and 74% identity, respec-
tively), than to ray-finned fishes (64% and 55% identity,
respectively) at the protein level. Coelacanth, like birds,
also appears to lack the OAZ3 gene.

� All the ray-finned fishes included in this report have two
paralogs of antizyme 1 (oaz1a and oaz1b) and a single
paralog of antizyme 2 (oaz2), except zebrafish, which has
an additional novel antizyme gene, named azr, (24)) that
shares highest similarity with fish and other vertebrate
antizyme 2 (43–47% identity), and officially named oaz2b
by the zebrafish nomenclature authority (ZFIN, (26)).
The oaz2b gene was not identified in other fishes. As pre-
viously reported, the oaz2b/azr ortholog appears to be
restricted to zebrafish and close related species (24). This
could represent either a lineage specific duplication, or
loss of the gene in other lineages shortly after the whole
genome duplication event early in the evolution of teleost
fish. Sequencing and analysis of more fish genomes will
be needed to resolve these possibilities.

This review resulted in a total of 243 curated RefSeq
records (including transcript variants) for 204 antizyme
genes (including paralogs). It was not possible to provide
curated RefSeqs for about 21% of the antizyme genes be-
cause of genome sequence or assembly problems and un-
availability of species-specific transcripts.

Curation of antizyme inhibitor (AZIN) gene family

The AZIN1gene contains 13 exons and encodes a pro-
tein of 448 aa (NP 056962.2) in human. The expression of
AZIN1 is regulated at multiple levels. A study in mouse
showed that an uORF with a putative, rarely used non-
AUG (AUU) start codon in the 5′ leader sequence of mouse
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Table 2. Summary of curated RefSeqs for antizyme and antizyme inhibitor genes in the 91 vertebrate taxa reviewed

Gene Number of genes with curated RefSeq
Genes without
curated RefSeq

Number of curated
RefSeq

Mammals Primates Rodents Vertebrates Total Total Totald

Birds Fisha Other

OAZ1 20 11 12 10 9 4 66 29 72
OAZ2 30 11 12 7 6 5 71 21 83
OAZ3 39 11 11 0 0 6 67 24b 88
AZIN1 39 12 11 12 8 9 91 4 142
AZIN2 34 9 11 8 0 7 69 22c 76

aThe fish count includes paralogs.
bThe total number without curated RefSeq for OAZ3 gene includes 19 taxa (12 birds, 2 amphibians and 5 fish) in which the OAZ3 gene could not be
identified.
cThe total number without curated RefSeq for AZIN2 gene includes 5 fish species in which the AZIN2 gene could not be identified.
dThe total number of curated RefSeqs includes transcript variants

Azin1 mRNA (NM 018745.5) mediates polyamine-induced
translation repression of the downstream primary ORF
(pORF) encoding antizyme inhibitor 1 (6). This uORF
(named uORF-M) encodes a ∼50 aa peptide that is highly
conserved in vertebrate AZIN1 orthologs (Figure 6A), espe-
cially at the N- and C- termini; the AUU codon and the C-
terminal 10 aa were shown to be important for polyamine-
induced pORF repression. We have recently started to re-
port the presence of ‘regulatory uORF’ with supporting evi-
dence, such as uORF-M, as a structured biological attribute
(Figure 6B) and misc feature annotation on RefSeq records
(Figure 6C). AZIN1 mRNA in human and mouse was also
shown to undergo post-transcriptional RNA editing, most
predominantly in the liver tissue (27). The A>I RNA edit-
ing results in a serine-to-glycine (AGC>GGC) substitu-
tion at aa 367. The RNA-edited form induced greater cell
proliferation, was abundantly found in tumor tissues, and
was associated with pathogenesis of hepatocellular carci-
noma. We also report RNA editing as an attribute (Fig-
ure 6B) and misc feature annotation (not shown) on RefSeq
records. Alternatively spliced transcript variants of AZIN1
gene with roles in disease and polyamine regulation have
also been described. A transcript variant (named AZIN1
SV2; NM 001301668.1), alternatively spliced in the 3’ cod-
ing region and encoding a shorter isoform with a distinct C-
terminus (NP 001288597.1), was reported to play a role in
reducing fibrogenicity of hepatic stellate cells (28). A novel
transcript variant that is subject to NMD (named Azin1-
X; represented as a non-coding variant, NR 125913.1) was
described in mouse (29). This study showed that the ra-
tio of Azin1-X to the full-length Azin1 mRNA was regu-
lated by polyamines at the level of transcription and splice
pattern selection, with lower polyamine levels stimulating
Azin1 mRNA synthesis, and higher polyamine levels favor-
ing Azin1-X synthesis.

AZIN2 was first identified in human brain and testis as an
ODC paralog and named ODCp or ODC-like (30). A sub-
sequent study established that ODCp was devoid of ODC
activity; instead it functioned as an antizyme inhibitor,
and proposed the name AZIN2 (31). The AZIN2 gene en-
codes a protein of 460 aa (NP 443724.1), which shares
45% identity and 67% similarity with antizyme inhibitor
1 in human. There has been confusion in literature and

databases over the nomenclature of AZIN2 gene stemming
from an earlier report that a human cDNA clone (identi-
cal to ODCp) had arginine decarboxylase (ADC) activity
(32); however, this was subsequently proved to be incor-
rect (31,33). As a consequence, many ODCp-representing
primary sequences deposited in the INSDC databases (e.g.
BC010449.1, AK122697.1) were variously annotated with
the ADC symbol, arginine decarboxylase description, and
the related Enzyme Commission number (EC 4.1.1.19).
These misannotations were automatically propagated to
the provisional RefSeq records and to other orthologous
records by the NCBI genome annotation pipeline. As part
of this curation project, the ADC nomenclature was re-
placed by AZIN2 as the preferred nomenclature, and the
E.C. number 4.1.1.19 (when found) was removed from
curated RefSeq records. We coordinated with the official
nomenclature authorities for human, mouse, rat, chicken
and frog (34–37), as well as UniProt (38), to assure con-
sistent data representation by all of NCBI’s collaborating
partners.

To date, we have reviewed each of the two antizyme in-
hibitor genes in the same set of 91 vertebrate organisms as
used for the antizyme genes. This review included two an-
tizyme inhibitor 1 paralogs, azin1a and azin1b (39), in fish.
The curation details for AZIN1 and AZIN2 genes in differ-
ent taxa are provided in Supplemental Tables S1 and S2, and
general statistics of the reviewed data are summarized in Ta-
ble 2. The AZIN1 and AZIN2 genes were uniformly repre-
sented in all major groups; however, the AZIN2 gene was
not detected in any of the fishes reviewed (including coela-
canth), suggesting that fish may lack this gene. This review
resulted in a total of 218 curated RefSeq records (includ-
ing transcript variants) for 160 antizyme inhibitor genes (in-
cluding paralogs). It was not possible to provide curated
RefSeqs for about 11.6% of the antizyme inhibitor genes (es-
pecially AZIN2) because of genome sequence or assembly
problems and unavailability of species-specific transcripts.

DISCUSSION AND FUTURE PROSPECTS

Antizymes by their exceptional nature of protein expres-
sion offer challenges to accurate representation of their gene
products. Conventional computational tools are unable to
predict the +1 frameshifting event required for synthesis of
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Figure 6. Regulatory uORF in antizyme inhibitor 1 mRNA. (A) Amino acid sequence comparison of the uORF-encoded peptide in the 5′ leader sequence
of antizyme inhibitor 1 mRNA from five divergent species: human, nt 341–496 of NM 148174.3; mouse, nt 305–460 of NM 018745.5; chicken, nt 238–393
of NM 001008729.2; frog, nt 178–333 of NM 001094115.1; zebrafish, nt 94–255 of NM 001007159.2. The alignment was performed using Clustal Omega
using default settings (see legend to Figure 4 for details). (B) A portion of the COMMENT section of the mouse Azin1 RefSeq record (NM 018745.5) is
displayed, showing two attributes, including regulatory uORF, with supporting evidence. (C) A portion of the FEATURES section of NM 018745.5 is
displayed showing annotation of regulatory uORF as a misc feature with accompanying experimental evidence and comment. The sequence of the uORF
(nt 305–460) encoding the 52 aa peptide is highlighted in brown.

antizymes; hence, are not suitable for automatic detection
of full-length CDS in antizyme mRNAs. While tools such
as OAF (ODC antizyme finder) have been developed (40),
their use for genome annotation is not widespread. Our
data set of manually curated and annotated full-length an-
tizyme transcript and protein products can serve as valu-
able reagents for individual research projects, large scale
computational analyses, and genome annotation. It greatly
expands on the vertebrate antizyme data set tracked by
other repositories of translational recoding events, such
as Recode-2 (41) and FSDB (Frameshift Signal Database,
(42)).

The data set described here is unique for its large taxo-
nomic scope, expanded functional annotation, and repre-
sentation of additional products resulting from alternative
splicing and use of alternative translation initiation sites.
The large taxonomic scope enabled comparison of antizyme
orthologs across many divergent vertebrate species, which
revealed that the OAZ3 and AZIN2 genes may be missing

from some vertebrate lineages. The functional annotation
provided on the RefSeq records in the form of attributes
and/or misc features highlight novel properties of a gene, its
mRNA or protein, and allow visualization of the annotated
features in the context of the whole sequence. The many
tiered regulation of AZIN1 gene, captured here through an-
notation and transcript variants, illustrates the central role
of this gene in maintaining optimal intracellular polyamine
levels. Usage of non-AUG and downstream in-frame AUG
start codons are largely underrepresented in databases be-
cause standard computational tools cannot distinguish be-
tween the dual functionality of a non-AUG codon (e.g.
CUG, which normally codes for leucine), and usually assign
just the first in-frame AUG as the start codon. Our repre-
sentation of alternate translation initiation sites are based
on published experimental evidence, as shown for OAZ1
and OAZ3 genes. The example of OAZ1 also demonstrates
the importance of representing alternate protein isoforms
as they can serve different functions.
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Manual curation was essential for correcting errors in the
representation of antizyme transcript, CDS and protein. Er-
rors resulted from misannotated primary transcripts or in-
correctly predicted models––in the latter, errors reflected
the difficulty of correctly annotating a frameshift site, as
well as problems related to the quality of genome assem-
blies. Genome assembly problems, especially seen with draft
assemblies, also affect prediction of models for genes that
use standard translation (e.g. AZIN2); hence, it is impor-
tant to realize the limitations of automated genome an-
notation overall. Manual curation also included cleanup
of incorrect nomenclature, as exemplified for AZIN2 gene,
to assure propagation of correct nomenclature to RefSeq
transcript, protein and genomic records. Manually curated
data therefore are an important complement to computa-
tional genome annotation of structural, as well as associ-
ated metadata, by the NCBI’s genome annotation pipeline.
High quality annotation of a genome is extremely valuable
to aid its interpretation, as the value of a genome is only as
good as its annotation!

Since the curation of the data set presented here, 74 more
vertebrate genome annotations have been released by the
NCBI genome annotation pipeline. Our future goal is to
continue to offer manually curated RefSeq records for the
antizyme and antizyme inhibitor family members in these
and other vertebrate species as their genomes become avail-
able, as well as to make adjustments in NCBI’s annota-
tion pipeline to better represent this complex biology in
an automated fashion. We also currently have 392 manu-
ally curated selenoprotein genes (another example of a re-
coded gene) from 28 vertebrate organisms represented in
the RefSeq collection, and plan to provide curated RefSeqs
for complete selenoproteomes of well-studied model organ-
isms in the future. Another future goal is to look into rep-
resentation in RefSeq of other recoding events, such as stop
codon readthrough, evidence for which was recently found
in several mammalian genes (43). These efforts exemplify
the ongoing value of manual curation to provide high qual-
ity annotations of important gene sets to serve as reference
sequences for future research.

AVAILABILITY

The RefSeq data presented here are publicly available from
several resources at NCBI (http://www.ncbi.nlm.nih.gov).
Information about the antizyme and antizyme inhibitor
genes, transcripts and proteins can be accessed from the
Gene, Nucleotide and Protein databases, respectively, by
query, and from reciprocal links on the Gene and RefSeq
records. These data are also included in the bi-monthly
comprehensive FTP release from: ftp://ftp.ncbi.nlm.nih.
gov/refseq/release/. Examples of web queries relevant to this
data set, and useful for retrieving subsets of related records
are:

� Query the Gene database with a gene symbol, such as
‘oaz1[sym]’, to retrieve the oaz1 ortholog set. The or-
thologs are displayed in a tabular format, and individual
Gene records in the set can be retrieved via the link on
the Name/GeneID column.

� Query the Nucleotide or Protein database to retrieve
all vertebrate antizyme RefSeq records annotated with
the attribute ‘ribosomal slippage’: vertebrates[orgn] ref-
seq[filter] ribosomal slippage[prop] antizyme[title].
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