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Identification and Developmental Expression of the 
Zebrafish zgc:154061 Gene

Brandon S. Carpenter1,2, Brantley Graham1,3, and Ted Zerucha1,*

Astract - We identified a previously undescribed gene in Danio rerio (Zebrafish), 
zgc:154061, located directly downstream of the meis2a gene. We also identified putative 
orthologs of this gene in all animal genomes that we could examine.  The ortholog of this 
gene in Homo sapiens (L)(Human), C15ORF41, has recently been shown to play a role in 
erythropoiesis and has been suggested to be a member of the PD-(D/E)XK superfamily of 
nuclease proteins.  The zgc:154061 gene and its orthologs were organized in a convergently 
transcribed manner with respect to the Meis2 gene (meis2a in Zebrafish) in the 6 vertebrate 
species we examined.  During zebrafish development, transcripts of zgc:154061 were ob-
served in every cell of the embryo from the earliest stage through the shield stage indicat-
ing that this gene is a maternal transcript since it was present prior to the activation of the 
zygotic genome at the midblastula transition.  Transcripts of zgc:154061 mRNA gradually 
decreased from their peak value at 0 hpf until 8 hpf, and then gene expression was observed 
again at 12 hpf throughout the neural tube before becoming restricted to the brain, retina 
and developing olfactory region by 2 days of development.

Introduction

 The congenital dyserythropoietic anemias (CDAs) make up a group of rare blood 
disorders that affect erythropoiesis in humans (Wickramasinghe, S.N. and W.G. 
Wood 2005).  These disorders are marked by ineffective erythropoiesis and often by 
erythroblasts that feature abnormal morphologies (Wickramasinghe, S.N. and W.G. 
Wood 2005).  The CDAs have been classified into at least 7 types based upon char-
acteristics that include erythroblast morphologies and serological characteristics 
(Heimpel, H. et al. 1968, Wickramasinghe, S.N. 1998, Wickramasinghe, S.N. 2000, 
Wickramasinghe, S.N. et al. 1998).  Congenital dyserythropoietic anemia type I 
(CDA I) is inherited as an autosomal recessive disease that is characterized by mac-
rocytosis and erythroblasts that are megaloblastic, exhibit internuclear chromatin 
bridges and also heterochromatin with a spongy appearance (Wickramasinghe, S.N. 
and W.G. Wood 2005).  Mutations associated with CDA I have been mapped to the 
gene Codanin-1 (CDAN1) (Dgany, O. et al. 2002) as well as to C15ORF41 (Babbs, 
C. et al. 2013).  Interestingly, both of these genes are found on chromosome 15 in 
humans.  The product of CDAN1 is hypothesized to associate with microtubules 
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and, through this association, to be involved in nuclear envelope integrity (Dgany, 
O. et al. 2002).  The C15ORF41 gene has been suggested to code for the produc-
tion of a protein that contains two adjacent winged helix-turn-helix DNA-binding 
domains and to be a member of the PD-(D/E)XK superfamily of nuclease proteins 
(Babbs, C. et al. 2013).  Members of this group of nuclease proteins are known to 
play roles in the repair of DNA damage, as Holliday junction resolvases and in RNA 
processing (Babbs, C. et al. 2013, Laganeckas, M. et al. 2011).  The broad proposed 
functions of CDAN1 and C15ORF41 suggest that both of these genes may have 
other biological relevance in addition to erythropoiesis.
 We identified a novel, conserved gene in Danio rerio (Hamilton) (Zebrafish) that 
we propose to be an ortholog of C15ORF41, zgc:154061. We studied its location 
within the zebrafish genome and its orientation relative to the homeobox containing 
the meis2a gene.  We also looked for homologs of this gene in every animal genome 
that we could examine and studied their position and orientation. Here we report 
the first spatial and temporal expression pattern for any ortholog of C15ORF41 / 
zgc:154061, in zebrafish

Methods

Zebrafish care and maintenance
 Zebrafish embryos were obtained by pair-wise breeding of adult AB* fish 
housed in an enclosed Z-Mod system (Aquatic Habitats) and maintained according 
to standard conditions (Westerfield, M. 2000).  Embryos were staged according to 
Kimmel et al. (Kimmel, C.B. et al. 1995).  All experimental procedures involving 
Zebrafish were carried out according to the National Institutes of Health (NIH) 
Office of Laboratory Animal Welfare Guide for the Care and Use of Laboratory 
Animals and approved by the Appalachian State University Institutional Animal 
Care and Use Committee (Permit Number: 15-05).

Sequence analysis
 Amino acid sequences for zgc:154061 orthologs from commonly used model 
systems and species representing major chordate lineages were obtained from 
publicly available genome sequences through the NCBI database (accession 
numbers:  Homo sapiens (L.) (Human) - NP_001277162;  Mus musculus (L.) 
(House Mouse) - XP_001480310.1;  Gallus gallus domesticus (L.) (Domestic 
Chicken) - NP_001026371.1;  Xenopus laevis (Daudin) (African Clawed Frog) - 
NP_001090210.1;  Danio rerio (Hamilton) (Zebrafish) - NP_001070190.1;  Ciona 
intestinalis (L.) (Vase tunicate) - XP_002128870.1;  Branchiostoma floridae (Hubbs) 
(Florida lancelet) - XP_002221176.1;  Strongylocentrotus purpuratus (Stimpson) 
(Purple sea urchin) - XP_780639.1;  Drosophila melanogaster (Meigen) (Common 
fruit fly) - NP_648806.1; except that of Takifugu rubripes (Temminck and Schlegel) 
(Japanese puffer fish) which was obtained from the IMCB Fugu Genome Project 
database (gene:SINFRUG00000137928 transcript:SINFRUT00000146276).  Ami-
no acid alignments were generated using Vector NTI Advance Version 11.0 Align 
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X (Invitrogen, ThermoFisher Scientific) with the following pairwise settings: K-
tuple size-1, number of best diagonals-5, gap penalty-3 and multiple alignment set-
tings: gap opening penalty-10, gap extension penalty-0.05, Gap separation penalty 
range-40, % identity for alignment delay-40.  The phylogenetic tree of zgc:154061 
orthologous amino acid sequences was constructed using Phylogeny.fr (http://
www.phylogeny.fr/) using MUSCLE 3.7 for multiple sequence alignment, GBlocks 
0.91b for alignment refinement, PhyML 3.0 aLRT for phylogeny, and TreeDyn 
198.3 for tree rendering (Dereeper, A. et al. 2008).

In situ hybridization
 The full length 1914-bp cDNA clone of zgc:154061 was isolated by the Ze-
brafish Gene Collection (ZGC), an NIH initiative, in conjunction with the NIH 
Mammalian Gene Collection (MGC) project (Strausberg, R.L. et al. 2002) and 
made available through Open Biosystems (AL) (Clone Id:  8334609, Accession:  
BC124527) from whom we obtained it. To utilize a smaller probe size for our in 
situ hybridizations, we isolated by PCR, a partial 393-bp fragment of the zebraf-
ish zgc:154061 gene (Fig. 1B) corresponding to positions 608-1000 of the full 
length cDNA clone using the primer sequences GGTCTGGAACATGAAGAC and 
CCTCATGCCATCAGAAAC (Fig. 1B).  We performed PCR amplification with 
Phusion High-Fidelity DNA Polymerase (New England BioLabs, MA), subcloned 
the product into the pGEM-T Vector System (Promega, Madison WI) and confirmed 
by sequencing.  We synthesized an antisense DIG-labelled riboprobe directly from 
this subclone using T7 RNA Polymerase after linearizing the plasmid with NotI.  
For a negative control, we synthesized a sense DIG-labelled riboprobe from the 
same construct using SP6 RNA Polymerase after linearizing the plasmid with SacII.  
We performed whole mount in situ hybridization as described by Thisse and Thisse 
(Thisse, C. and B. Thisse 2008).  Embryos were photographed using a Leica MZ6 
dissecting microscope, Leica DFC320 digital camera and the Leica Application 
Suite Version 3.3.1. For sectioning, we positioned 48 hpf embryos 1.5% agarose 
melted in 5% sucrose in PBS following in situ hybridization.  We incubated agarose 
blocks in 30% sucrose in PBS at 4°C overnight.  Agar blocks were frozen in optical 
cutting temperature (OCT) media, and 20μm sections were cut using a Leica CM 
1100 cryostat.  We captured images of sections using an Olympus IX81 inverted 
microscope and processed them with MicroSuite Biological Suite software (Soft 
Imaging System GmbH).  

RNA extraction and quantitative real-time PCR
 Total RNA was extracted from 30–100 staged embryos by homogenizing them 
with RNase-free, DNase-free, pyrogen-free disposable pestles (Kontes, NJ) in 
TRIzol (Invitrogen) following the protocol described by Chomczynski and Mackey 
(Chomczynski, P. and K. Mackey 1995).  We determined RNA quality and quantity 
by NanoDrop (DE) and denaturing gel electrophoresis.  Reverse transcription of 
RNA samples into cDNA were performed using the Applied Biosystems (Thermo-
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Fisher Scientific) High Capacity RNA-to-cDNA Master Mix following the manu-
facturer’s instructions.
 We performed relative quantitative real-time PCR to analyze tempo-
ral expression of zgc:154061 during zebrafish development using the Ap-
plied Biosystems 7300 real-time PCR System.  For each stage examined, 
we used 200 ng of cDNA as a template together with TaqMan Univer-
sal PCR Master Mix (Applied Biosystems) and gene specific primers and 
probe: zgc:154061  forward 5’-GCAGACGCACTTCACACATCTC-3’; 
zgc:154061 reverse 5’–TGCGCTTCATTCTCTTCTGGTA-3’; Zgc:154061 
probe 5’-FAM-CGCGTCCACTCTGCTGAGCATCTTC-TAMRA-3’ (Fig. 1B).  
We used the zebrafish ß-actin gene as an internal control with gene specific 
primers and probe: ß-actin forward 5’–GCTGTTTTCCCCTCCATTGTTG-3’; 
ß-actin reverse 5’–TTTCTGTCCCATGCCAACCAT-3’; ß-actin probe 
5’-FAM-CCCAGACATCAGGGAGTG-TAMRA-3’.  Primers and probes were 
designed using Primer Express (Applied Biosystems) and purchased from Eurofins 
MWG Operon (LOCATION).  We used the following amplification protocol:  50°C 
for 2 min; 95°C for 10 min; 95°C for 15 s, 60°C for 1 min repeated for 40 cycles.  
We performed all reactions in triplicate, repeated this and also examined two sepa-
rate RNA extractions from each stage of development.  We expressed results as 
level of relative expression calibrated to expression in an adult Zebrafish using the 
2-ΔΔCt method (Livak, K.J. and T.D. Schmittgen 2001).

Results

Identification of zgc:154061 and orthologs
 In Zebrafish, the zgc:154061 gene was found directly downstream of the meis2a 
gene on chromosome 17 (Fig. 1A) with the two genes separated by approximately 
10.9 Kb.  The zgc:154061 gene codes for the production of a transcript 1914-nt in 
length (Fig. 1B) that is convergently transcribed with respect to meis2a and is pre-
dicted to be encoded by 10 exons using the NCBI Model Maker (http://www.ncbi.
nlm.nih.gov) tool for genomic sequence analysis.  The sequence of the cDNA clone 

Figure 1. Genomic organization and sequence of zgc:154061.  (A)  Position of zgc:154061 
with respect to meis2a in zebrafish.  Vertical lines/boxes represent exons.  Arrows indicate 
the direction of transcription.  The predicted exons of the zgc:154061 gene and its location 
with respect to meis2a were identified using the publicly available genome sequence and 
the Model Maker tool in the NCBI Database.  

A

(Contd.)
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B

Figure 1 (contd.). (B)  Nucleotide and translated sequence of the zgc:154061 gene.  The 
sequence used as a probe for in situ hybridization is underlined and the primer sites used to 
amplify this sequence are double underlined.  The primer sites used for quantitative real-
time PCR are indicated by red double underlines and the site of the probe by a red single 
underline.  Amino acid sequence is shown above each codon.  Start and stop codons are 
indicated by boxes.
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(Fig. 1B) confirmed the predicted splicing pattern.  Based on BLAST analysis (http://
www.ncbi.nlm.nih.gov) against the available zebrafish genome, there is not a second, 
predicted paralog of zgc:154061 associated with the second zebrafish Meis2 homo-
log, meis2b, or elsewhere in the zebrafish genome.  The zgc:154061 gene encoded an 
open reading frame that would be predicted to produce a protein 300 amino acids in 
length (Fig. 1B).  This protein has been previously reported as hypothetical protein 
LOC767755 as part of a large-scale gene identification effort (Strausberg, R.L. et al. 
2002).  We obtained a cDNA clone of the gene from Open Biosystems.
 We identified predicted orthologs of zgc:154061 in all vertebrates with pub-
licly available genome data that we could obtain. These vertebrate orthologs were 
present in the same convergently transcribed orientation, directly adjacent to that 
species’ Meis2 ortholog, although the spatial separation of the two genes varied 
among species (data not shown). The zebrafish zgc:154061 was most similar to 
the Takifugu rubripes ortholog, and the predicted zebrafish protein represented the 
longest protein from the representative orthologs examined (Fig. 2A, B).  Further-
more, the zgc:154061 orthologs displayed variability within their amino-termini, 
some of which contained different translation start points (Fig. 2A).  The zebrafish 
protein included a 23-aa amino-terminal amino acids not found in tetrapods (Fig. 
2A).  In addition, the chicken protein appeared to have an 11-aa deletion compared 
to the other species examined (Fig. 2A).  The most well conserved region within the 
amino-terminal portion of the predicted zebrafish protein lay between amino acids 
23 and 125 (Fig. 2A).  The carboxyl-terminal regions of the C15ORF41 protein 
were also very well-conserved across all species examined (Figure 2A).
 We identified putative homologs of zgc:154061 in the urochordate Ciona intes-
tinalis, the cephalochordate Branchiostoma floridae and the echinoderm Strongylo-
centrotus purpuratus (Fig. 2B).  In C. intestinalis, based on the available genome 
data, the zgc:154061 ortholog and the Meis ortholog were on different chromosomes.  
However, in the B. floridae genome, the zgc:154061 and Meis orthologs were found 
adjacently on scaffold 120.  Furthermore, in S. purpuratus, the two genes were found 
adjacent to one another, but they appeared to be transcribed from the same strand of 
DNA as opposed to the convergently transcribed orientation observed in vertebrates.  
Based on sequence similarities, we also identified putative homologs of zgc:15406 
in a number of invertebrate species, including Drosophila melanogaster (Table 1 and 
Figure 2B).  It appeared that all non-vertebrate, putative orthologs of the product of 
zgc:154061 shared several short conserved domains in the carboxyl-terminal region 
that are all within the proposed nuclease domain of C15ORF41 (Babbs, C. et al. 
2013) ( Figure 2A). However, none of the protostome orthologs appeared to be adja-
cent to the invertebrate Meis ortholog in any of these species.

Spatial and temporal expression of zgc:154061 and orthologs
 Our examination of the spatial and temporal expression of zgc:154061 using 
whole mount in situ hybridization (Figs. 3 and 4) and quantitative real-time PCR 
(Fig. 5) between the zygote and early larva periods indicated that transcripts of 
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Figure 2. Amino acid sequence comparisons of zgc:154061 orthologs.  (A) Amino acid se-
quence alignment of zgc:154061 in: Human (Hs, Homo sapiens – C15orf41), House Mouse 
(Mm, Mus musculus - hypothetical protein LOC399568), Domestic chicken (Gg, Gallus 
gallus domesticus- hypothetical protein LOC423293), African Clawed Frog (Xl, Xenopus 
laevis - hypothetical protein LOC779112), Japanese pufferfish (Tr, Takifugu rubripes – 
translation of SINFRUT00000146276 ), and Zebrafish (Dr, Danio rerio – zgc: 154061). 
Yellow shaded regions represent complete identity amongst all six species, blue shading in-
dicates identity between four to five of the six species shown and red shading indicates iden-
tity between three of the species shown.  Predicted locations of amino acids that make up 
the α-helices that contribute to the two DNA-binding winged helix-turn-turn helix domains 
(Babbs, C. et al. 2013) are indicated with an “*”.  Underlined regions indicate domains that 
are also found in putative invertebrate orthologs of zgc:154061 and that also represent the 
proposed nuclease domain (Babbs, C. et al. 2013).  

A

(Contd.)
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Figure 2 (contd.). (B) The phylogenetic tree of zgc:154061 orthologous amino acid sequences.  
Numbers on branches represent the percentage of how many times clades grouped following 
500 replications.  Representative species examined are: Human (Homo sapien), House Mouse 
(Mus musculus), Domestic chicken (Gallus gallus domesticus), African Clawed Frog (Xeno-
pus laevis), Zebrafish (Danio rerio), Japanese pufferfish (Takifugu rubripes), Vase tunicate 
(Ciona intestinalis), Florida lancelet (Branchiostoma floridae), Purple sea urchin (Strongylo-
centrotus purpuratus), Common fruit fly (Drosophila melanogaster).  

Table 1. Amino acid sequence identity percentages of zgc:154061 homologs.  Amino acid sequence 
identity percentages based on pairwise comparisons between putative, representative homologs of 
zgc:154061 that we have been able to identify based on searches of that organisms’s corresponding 
publicly available genome data.  Species examined are:  human (Homo sapiens - Hs);  house mouse 
(Mus musculus - Mm);  chicken (Gallus gallus domesticus- Gg);  African clawed frog (Xenopus laevis 
- Xl);  zebrafish (Danio rerio - Dr);  Japanese pufferfish (Takifugu rubripes - Tr);  vase tunicate (Ciona 
intestinalis - Ci);  Florida lancelet (Branchiostoma floridae - Bf);  purple sea urchin (Strongylocentro-
tus purpuratus – Sp);  common fruit fly (Drosophila melanogaster - Dm). 

Hs Mm Gg Xl Dr Tr Ci Bf Sp Dm
Hs 100 94 82 76 70 77 42 52 51 38
Mm 100 82 72 61 77 34 44 50 27
Gg 100 68 59 74 32 42 58 24
Xl 100 64 70 38 44 52 31
Dr 100 76 34 41 50 26
Tr 100 42 49 50 38
Ci 100 36 41 28
Bf 100 54 33
Sp 100 36
Dm 100
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Figure 3. Early zebrafish zgc:154061 expression.  Whole-mount in situ hybridization 
analysis of early zebrafish zgc:154061 expression.  Embryos are shown as whole mounts 
with the anterior to the left. (A)  16-cell (1.5 hpf),  (B)  4 hpf,  (C)  6 hpf,  (D)  9 hpf (90% 
epiboly),  (E)  14 hpf,  (F)  20 hpf,  and (G)  20 hpf dorsal view with yolk removed. e, eye. 
Scale bars, 250 µm

zgc:154061 occurred at the one cell stage and in all progenitor cells.  Transcripts 
were observed ubiquitously in every cell beyond the onset of transcription of the 
zygotic genome, at the midblastula transition to the shield stage which corresponds 
to 6 hpf and 50% epiboly during gastrulation (Fig. 3A-C).  By 9 hpf, expression of 
zgc:154061 was observed to be very low and almost undetectable by whole mount 
in situ hybridization (Fig. 3D).  These observations were supported by quantitative 
real-time PCR where we saw the quantity of transcripts of zgc:154061 steadily 
decrease from their maximum level at the earliest stage of development to barely 
detectable levels at 8 hpf (Fig. 4).
 Following epiboly, low expression of zgc:154061 was again observed during the 
segmentation period, and this later expression peaked at 12 hpf based on quantita-
tive real-time PCR (Fig. 5).  Whole mount in situ hybridization of zgc:154061 re-
vealed that its expression was largely restricted anteriorly to the developing neural 
tube at 24 h, with no obvious expression observed in the ICM during this time frame 
(Fig. 3E-G and Fig. 4C, D).  We observed expression of zgc:154061 throughout 
the neural tube and eye until 24 hpf (Fig. 3E-G and Fig. 4C, D), becoming more 
anteriorly restricted by 48 h of development where faint expression was observed 
throughout the forebrain, the retina, the olfactory region and the tectum of the mid-
brain (Fig. 4G-K).  After 48 hpf, expression gradually decreased in these areas to 
below observable levels for the remainder of development (data not shown).
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Figure 4. Late zebrafish zgc:154061 and meis2a expression.  Whole-mount in situ hybrid-
ization analysis of late zebrafish zgc:154061 and meis2a expression.  Embryos are shown 
as whole mounts the anterior to the left.  (A)  24 hpf meis2a,  (B)  24 hpf  meis2a dorsal 
view with yolk removed,  (C)  24 hpf zgc:154061,  (D)  24 hpf zgc:154061 dorsal view with 
yolk removed,  (E)  48 hpf meis2a,  (F)  48 hpf meis2a dorsal view with yolk removed,  (G)  
48 hpf zgc:154061,  (H)  48 hpf zgc:154061 dorsal view with yolk removed,  (I)  48 hpf 
zgc:154061 sense RNA probe negative control.  (J) and (K) represent 48 hpf zgc:154061 
transverse sections through the brain and retina following in situ hybridization.  e, eye;  fb, 
forebrain;  o, olfactory region;  r, retina;  teo, tectum opticum. Scale bars, 250 µm
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Discussion

 We identified a novel, conserved gene in Zebrafish, zgc:154061, that was located 
directly downstream of the homeobox containing meis2a gene with the two genes 
organized in an inverted, convergently transcribed orientation in the genome. We also 
identified predicted orthologs of zgc:154061 in all animals with publicly available 
genome data that we could obtain.  In vertebrates, zgc:154061 orthologs were pres-
ent in the same convergently transcribed orientation directly adjacent to that species’ 
Meis2 ortholog.  In nonvertebrate chordates, this genomic organization was less well 
conserved.  In the Florida lancelet and Purple sea urchin genomes, the zgc:154061 
and Meis2 orthologs were found adjacent to one another in their genomes. However, 
in Purple sea urchin, the two genes appeared to be transcribed from the same strand of 
DNA as opposed to the convergently transcribed orientation observed in vertebrates.  
In Vase tunicate, the zgc:154061 ortholog and the Meis ortholog were on different 
chromosomes, and this was also the case for invertebrates such as Common fruit fly.  
Together this suggests that the genomic organization and linkage of Meis2 and ortho-
logs of zgc:154061 is ancient and arose early in the deuterostome lineage, although 
this organization seems to have been lost in urochordates.
 When comparing the orthologs of the predicted zgc:154061 protein, the most 
well conserved region corresponded to that from amino acids 23 to 125 of the 
zebrafish protein (Fig. 2A).  This region is proposed to contain the DNA-binding 

Figure 5. Quantitative real-time PCR analysis of zgc:154061 expression.  Total zebrafish 
mRNA was isolated from 30-100, 0 hpf to 120 hpf embryos.  Expression of zgc:154061 
relative to that of the β-actin endogenous control at each developmental stage indicated is 
shown, calibrated to expression in an adult Zebrafish using the 2-ΔΔCt method.  Error bars 
reflect standard error of the mean for each sample.  Each value on the graph is significantly 
different from the neighboring values as determined by t-test (p 0.05).
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domain of C15ORF41.  The human C15ORF41 protein has been proposed to bind 
DNA via two adjacent winged helix-turn-helix domains formed from six α-helices 
(Babbs, C. et al. 2013) that are indicated in Figure 2A.  The regions of the amino-
terminal portion of the predicted zebrafish protein that correspond to helices 3, 
5 and 6 of the human protein were strikingly well conserved between mammals, 
chicken and zebrafish.  This is somewhat expected as helices 4 and 6 have been 
proposed to directly interact with DNA (Babbs, C. et al. 2013).  Thus the similar-
ity of these helices would be important for the conservation across species of the 
specificity of the DNA recognition by this protein.  The carboxyl-terminal region 
of the C15ORF41 protein has been proposed to contain a nuclease domain (Babbs, 
C. et al. 2013) and this region is also well conserved across species.
 Transcripts of zgc:154061 were observed throughout the zebrafish embryo 
at the earliest developmental stages.  The developmental stages of zebrafish can 
be divided into seven broad periods: the zygote period (0-0.75 hpf), the cleav-
age period (0.75-2.25 hpf), the blastula period (2.25-5.25 hpf), the gastrula pe-
riod (5.25-10 hpf), the segmentation period (10-24 hpf), the pharyngula period 
(24-48 hpf), and the hatching / early larval period (48-72 hpf) (Kimmel, C.B. et al. 
1995).  The observation of transcripts of zgc:154061 during the zygote, cleavage 
and early blastula periods indicates that this gene is maternally expressed since the 
zygotic genome does not become active until the midblastula transition at approxi-
mately 2.75 hpf.  Levels of these transcripts steadily decreased until 9 hpf.  The 
steady decrease in quantities of transcripts of a maternally transcribed gene has not 
been described extensively in the zebrafish literature, and we have only been able 
to identify four other genes that exhibit even somewhat similar expression in the 
early zebrafish embryo: the transforming growth factor receptor tgfβr2 (Albertson, 
R.C. et al. 2005), the androgen receptor (ar) (Pikulkaew, S. et al. 2009), bucky 
ball (Bontems, F. et al. 2009), and march8 (Kim, M.H. et al. 2014).  This pattern 
of expression is consistent with that of a maternal transcript that is present in the 
zygote and then gradually disappears over time since it is not being replenished by 
new transcriptional activity.  This expression dynamic is not unexpected, because 
at least the first 3 h of zebrafish development are not accompanied by transcription 
of the embryo’s genome. However, it is interesting that this pattern of expression 
appears to only be observed infrequently.  Transcripts of the zebrafish ß-actin gene, 
used as an endogenous control for the quantitative real-time PCR experiments, have 
been reported to be present at nearly even levels throughout most of development, 
although with an inexplicable, slight increase in expression observed prior to the 
onset of embryonic transcription (Mccurley, A.T. and G.V. Callard 2008).  The 
decrease in expression of zgc:154061 relative to the steady expression of ß-actin 
prior to activation of transcription of the embryo’s genome suggests varying half-
lives of these two transcripts, or perhaps the existence of a mechanism by which 
zgc:154061 is actively reduced.
 We were surprised that the expression of zgc:154061 observed later in develop-
ment, following epiboly and peaking at 12 hpf was largely restricted to the develop-
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ing neural tube, becoming more anteriorly restricted to the forebrain, the retina, the 
olfactory region and the tectum of the midbrain as development proceeded.  The 
time period following the two-somite stage (~10.7 hpf) is when transcription fac-
tors required for hematopoiesis are first expressed as reviewed in Kulkeaw and Sug-
iyama (Kulkeaw, K. and D. Sugiyama 2012).  In addition, between 12 and 24 hpf 
is when the anterior intermediate cell mass (ICM) develops anteriorly into myeloid 
cells and posteriorly into erythroid and some myeloid cells.  We had expected to ob-
serve zgc:154061 expression in the ICM based on the role that the human ortholog 
of this gene has been shown to play in erythropoiesis (Babbs, C. et al. 2013).  The 
expression pattern of zgc:154061 at 24 hpf, however, was remarkably similar to 
that of slc22a5, a gene with a demonstrated role in zebrafish erythropoiesis despite 
having no observable expression in the ICM as determined by the same method of 
in situ (Nilsson, R. et al. 2009).  This lack of observed expression of slc22a5 in the 
ICM has been suggested to be due to it being expressed at relatively low levels that 
are below the threshold detectable by in situ hybridization (Nilsson, R. et al. 2009). 
We cannot rule this out as an explanation for the lack of observable zgc:154061 
expression in presumptive erythropoietic cells of the ICM.
 A reasonable explanation for the conservation of the genomic linkage of Meis2 
and orthologs of zgc:154061 would be that the two genes are sharing cis-regulatory 
elements.  This logic has been used to help explain the clustered organization of 
Hox genes (Gould, A. et al. 1997, Harding, K. et al. 1985, Mann, R.S. 1997, Prince, 
V. 2002, Sharpe, J. et al. 1998) as well as the clustered organization of the Dlx 
gene family, for example, which are also found as convergently transcribed gene 
pairs in vertebrates (Ellies, D.L. et al. 1997, Zerucha, T. et al. 2000).  If Meis2 and 
zgc:154061 orthologs are sharing cis-regulatory elements, one would predict that 
they should exhibit overlapping patterns of expression.  We were particularly excit-
ed to observe expression of zgc:154061 in the retina and olfactory placode, because  
Meis2 has been shown to play a role in eye development (Zhang, X. et al. 2002) as 
well as olfactory neurogenesis (Agoston, Z. et al. 2014).  Comparing the expression 
of zgc:154061 reported here to that of meis2a (Bessa, J. et al. 2008, Thisse, C., And 
Thisse, B. 2005, Waskiewicz, A.J. et al. 2001) (Figure 4A-H), it appears that there 
is also some overlap between these two genes in the anterior neural tube and brain 
at 24 and 48 hpf.
 A number of conserved non-coding elements (CNEs) have recently been report-
ed as being associated with the Meis2 gene (meis2a in Zebrafish).  Three elements 
are of particular interest, because they have been demonstrated to direct expression 
to regions of the hindbrain as well as cranial ganglia in developing Zebrafish in a 
manner consistent with aspects of both zgc:154061 and meis2a expression (Parker, 
H.J. et al. 2011).  These elements are found within introns of the zgc:154061 gene 
(Parker, H.J. et al. 2011), making them excellent candidates as cis-regulatory ele-
ments that are perhaps being shared by Meis2 (meis2a in Zebrafish) and zgc:154061 
and its vertebrate orthologs.  Examples also exist, where tandem genes are thought 
to share cis-regulatory elements, but do not share complete overlapping patterns of 
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expression, likely because of interactions between shared enhancers and gene and 
developmental stage-specific repressors (Irvine, S.Q. et al. 2007).  This latter pos-
sibility could help explain why we do not observe a complete overlap of expression 
of meis2a and zgc:154061. It is also possible that the organization of these genes 
has been preserved, because of the presence of undiscovered cis-regulatory ele-
ments that are shared by both genes.  Such yet to be identified elements may be in 
the intergenic region separating these genes or within introns of one of the genes, 
but directing expression of the other gene, such as that which is seen for the limb-
specific, long range enhancer controlling sonic hedgehog expression that is found 
in an intron of the Lmbr1 locus (Lettice, L.A. et al. 2002).
 It is surprising that the zgc:154061 expression we report here does not include 
areas of the embryo associated with erythropoiesis despite the demonstrated role of 
the human homolog of this gene in erythropoiesis.  As previously mentioned, this may 
simply be due to it being expressed at relatively low levels in presumptive erythropoi-
etic cells, levels below the threshold detectable by in situ hybridization.  The roles of 
the PD-(D/E)XK superfamily of nuclease proteins in repairing recombination errors, 
degrading DNA and processing RNA suggest that zgc:154061 and its homologs may 
be playing a much broader role than being restricted to erythropoiesis.  The relatively 
high expression levels that we observed of this gene during early development prior 
to the initiation of hematopoiesis gives credence to this.  It is possible that the muta-
tions in C15ORF41 that lead to CDA I have a relatively small impact on the protein 
which is manifested as the disease and that other mutations that have a major impact 
on the protein’s function are lethal because of this broader role.  It is also possible 
that the role this gene plays may have diverged at some point after the splitting of the 
teleost and tetrapod lineages.  Preliminary mRNA overexpression studies have been 
inconclusive (data not shown), but it will be interesting to see what insights future 
functional inactivation studies will provide.
 In summary, we have described a novel zebrafish gene zgc:154061 that was 
maternally expressed and also expressed in the developing central nervous sys-
tem.  This gene was well conserved evolutionarily amongst vertebrates in terms of 
sequence identity and linkage to the Meis2 (meis2a in zebrafish) homeobox gene.  
It appears that the genomic organization of the zgc:154061 and Meis2 genes arose 
early in the deuterostome lineage, because it is also observed in cephalochordates 
and echinoderms.  It is possible that the conservation of this genomic organization 
is due to the sharing of regulatory regions as there is some overlap in expression 
of zgc:154061 and Meis2, particularly in the developing eye, olfactory region and 
anterior neural tube.  Previously, it has been proposed that the human homolog of 
zgc:154061 is a PD-(D/E)XK nuclease (Babbs, C. et al. 2013). The amino acid 
alignment of the vertebrate orthologs of zgc:154061 indicates conserved amino-
terminal and carboxyl-terminal regions consistent with the previously proposed 
DNA-binding domains and a nuclease domain respectively (Babbs, C. et al. 2013).  
While the functional role of zgc:154061 and its orthologs remains to be investigated 
more fully, our results provide a critical step towards characterizing this gene.
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