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Abstract

Fanconi anemia (FA) is a genic disease resulting in bone marrow failure, high cancer risks, and
infertility, and developmental anomalies including microphthalmia, microcephaly, hypoplastic
radius and thumb. Here we present cDNA sequences, genetic mapping, and genomic analyses for
the four previously undescribed zebrafish FA genes (fanci, fancj, fancm, and fancn, and show that
they reverted to single copy after the teleost genome duplication. We tested the hypothesis that FA
genes are expressed during embryonic development in tissues that are disrupted in human patients
by investigating fanc gene expression patterns. We found fanc gene maternal message, which can
provide Fanc proteins to repair DNA damage encountered in rapid cleavage divisions. Zygotic
expression was broad but especially strong in eyes, central nervous system and hematopoietic tissues.
In the pectoral fin bud at hatching, fanc genes were expressed specifically in the apical ectodermal
ridge, a signaling center for fin/limb development that may be relevant to the radius/thumb anomaly
of FA patients. Hatching embryos expressed fanc genes strongly in the oral epithelium, a site of
squamous cell carcinomas in FA patients. Larval and adult zebrafish expressed fanc genes in
proliferative regions of the brain, which may be related to microcephaly in FA. Mature ovaries and
testes expressed fanc genes in specific stages of oocyte and spermatocyte development, which may
be related to DNA repair during homologous recombination in meiosis and to infertility in human
patients. The intestine strongly expressed some fanc genes specifically in proliferative zones. Our
results show that zebrafish has a complete complement of fanc genes in single copy and that these
genes are expressed in zebrafish embryos and adults in proliferative tissues that are often affected in
FA patients. These results support the notion that zebrafish offers an attractive experimental system
to help unravel mechanisms relevant not only to FA, but also to breast cancer, given the involvement
of fancj (bripl), fancn (palb2) and fancdl (brca2) in both conditions.
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1. Introduction

Fanconi anemia (FA; MIM# 227650) is a rare autosomal recessive disorder appearing at a
frequency of about 3 per million and affecting approximately two thousand families in the
United States. This devastating disease is characterized by developmental abnormalities in a
number of organ systems and catastrophic bone marrow failure, often by five years of age.
Bone marrow transplantation has become an effective therapy [1-6], but survivors experience
increased susceptibility to squamous cell carcinomas of the head and neck [7,8]. Thirteen FA
complementation groups have been identified and their genes cloned (FANCA, FANCB,
FANCC, FANCD1 (BRCA2), FANCD2, FANCE, FANCF, FANCG (XRCC9), FANCI, FANCJ
(BRIP1), FANCL, FANCM, and FANCN (PALBZ2)) [9-28]. FA proteins interact in a complex
network that facilitates a DNA damage response leading to DNA repair. Cells exposed to DNA
damaging agents or passing through the DNA synthesis phase of a normal cell cycle activate
aNuclear Core Complex consisting of eight FA proteins (FANCA, FANCB, FANCC, FANCE,
FANCF, FANCG, FANCL and FANCM). The Nuclear Core Complex functions as an E3
ligase to trigger the monoubiquitination of the downstream proteins FANCI and FANCD?2 (the
ID complex) [21,29]. Monoubiquitination of the ID complex allows it to translocate to nuclear
DNA repair foci containing BRCAL, histone H2AX, FANCD1 (BRCA2), FANCJ, FANCN
and RAD51[21,25,29,30]. In ways that are not fully understood, these protein complexes target
to sites of DNA damage, which initiates DNA repair mechanisms. Biallelic mutation of any
of the FA genes upstream of the ID complex disrupts ID monoubiquitination leading to the
loss of nuclear foci and resulting genomic instability as reflected by the hypersensitivity of
DNA to interstrand crosslinks (ICLs) caused by genotoxic agents such as Cisplatin, mitomycin
C (MMC) and diepoxybutane (DEB) [31,32].

The sensitivity of FA cells to ICLs reflects defects in DNA repair mechanisms that lead to
aberrant apoptosis, genomic instability, and cancer. Because the FA pathway intersects
pathways for breast and other cancers [29,30], and is involved in the evolution of resistance to
cancer chemotherapies [33,34], a better understanding of the mechanisms that lead to Fanconi
anemia will be broadly applicable to the biology of malignancy. Despite major advances in
our knowledge of the biochemistry of FA proteins, we still know little about the mechanisms
by which loss-of-function mutations in the FA network impact the DNA damage response
pathway and contribute to the heterogeneous clinical features found in FA patients
(developmental defects, progressive onset of aplastic anemia, and increased predisposition to
hematological malignancies and the formation of solid tumors). Furthermore, FA cells have
other defects, including poor resistance to oxidative damage, premature telomere shortening,
abnormal cell cycle kinetics, interaction with inflammation pathways, and hyperactivation of
the MAPK pathway leading to overproduction of TNF-alpha [35-38].

People with mutations in some complementation groups that alter the Nuclear Core Complex
experience greater cancer risks than others, which would not be expected if the only function
of these proteins were to activate the ID complex. For some FA genes, even heterozygotes
suffer an elevated risk of breast cancer (FANCD1 (BRCAZ2), FANCN (PALB2) and FANCJ
(BRIP1). Understanding the network of interactions that unites different complementation
groups into a single disease will benefit from studies that exploit model systems. The zebrafish
model shares cellular, developmental, and genetic features with humans and provides
advantages that facilitate experimentation. Clinically relevant studies designed to understand
the complex web of interactions that unite the different complementation groups into a single
disease could exploit a convenient, small vertebrate model such as zebrafish.

In this paper, we first report the identification and isolation of the four previously unidentified
zebrafish orthologs of human FA genes, and then present gene expression data for all 13
complementation groups to address the mechanisms that cause FA to affect some organs but
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not others and to understand why different complementation groups have different phenotypes.
Finally we evaluate zebrafish as a model for future FA research.

2. Material and methods

2.1. Genomic analysis

The Zv7 version of the zebrafish genome assembly
(http://lwww.ensembl.org/Danio_rerio/index.html) was searched using human Fanconi
proteins sequences. We further investigated sequences satisfying the reciprocal best BLAST
“hit” (RBH) method for orthology [39]. Sequences from the genome assembly were used to
design primers for 5’ and 3’ rapid amplification of cDNA ends (RACE, Advantage cDNA PCR
Kit, Clontech, Inc., Palo Alto) using as template, 5 or 3’ first strand zebrafish cDNA
synthesized from mRNA of pooled embryos at 12, 24, and 48 hours post-fertilization (hpf).
Some genes were too large for full-coverage by RACE, and so we performed standard
amplification with forward and reverse gene-specific primers, using as template second strand
cDNA from 60 hpf embryos. Amplified gene fragments were cloned using the TOPO Cloning
Kit for Sequencing (Invitrogen, Carlsbad, CA). FANC proteins were aligned using ClustalW
[40]. Genomic structure was inferred using Genomescan (http://genes.mit.edu/genomescan/).
Zebrafish fanc genes were mapped by single strand conformation analysis (SSCP) on the heat
shock doubled haploid mapping panel [41]. For comparative mapping, putative orthologs were
defined by RBH [39](Hirsh and Fraser, 2001). The human map locations of putative orthologs
were obtained from Map Viewer (http://www.ncbi.nlm.nih.gov/mapview/map_search.cgi).
Nomenclature rules specify human, mouse, and zebrafish genes as FANCA, Fanca, and
fanca, respectively and human, mouse, and zebrafish proteins as FANCA, FANCA, and Fanca,
respectively (http://zfin.org/zf_info/nomen.html). When indicating a vertebrate protein
without respect to species, we use the nomenclature Fanca.

2.2. Expression analysis

For reverse transcriptase (RT) PCR, total RNA was extracted following instructions in the TRI
REAGENT kit (Molecular Research Center Inc., TR-118) using pools of 40 to 50 embryos for
each developmental stage. First strand of cDNA was generated from 2 pg of total RNA, using
Superscript 111 Rnase H-reverse transcriptase (Invitrogen, #18080-044) and oligo(dT) primer.
After deactivation of the reverse transcriptase by incubating the sample at 70°C for 15 minutes,
RNA was degraded with RNase H (Biolabs, M0297S). A dilution 1:10 or 1:20 of the first strand
cDNA (1:200 for actin) was then used to assay for gene expression by PCR. Gene specific
oligonucleotide primers were: fanca, GCAGACCCGGAACAGCCCACAC/
CAGCGCTGAATAATCCCGCAGACA; fanch, CGGCCCGTCTGCGGTGAAGA/
GCCGCTGGAGAACTGAAGCCACAC; fancc, TGGAGGGGGCAGCAGTGAGC/
TTGGTGGGGTGGTGGAAGAACG; fancdl, GGGCCAGAAAACACAGCAACTCAAA/
GCACAGGCCCAGATAGCACTCG; fancd2, GCAGCGGGCGATCCACAAAGTC/
GGCCATCCTCACTCGCTCCTTCAA, fance, CGGCCTCTCGCTGTTTGGTGAC/
GCGGCCTGCAGTGATTTCTTGAG,; fancf, CTGCTGCAGCGGAGCGTCTG/
ATTTCACTGACACAATTTATTACTAAG,; fancg,
GCGCACTTTTGGCTGCTCTGTGTA/ACCACCGAGCAGCATAGCAGGAGA, fancj,
CCAGAGCATCCAAACCACCTACAG/GTTGTTCCCCCGTGTCTTGTTCTC; fancl,
GACGGCTTCATCACAGTGCTGGAAAA/GCCTTCAGCTGGAGTGTGCGAAACT;
fancm, GAGCCCCGAGGACCAGGAG/GTGGGCGCCATGAAGACGA,; actin,
GAGAAGATCTGGCATCACACCTTC/GGTCTGTGGATACCGCAAGATTC.

In situ hybridization to mMRNA was used to detect fanc gene expression in whole-mounted

embryos. For RNA probes, we in vitro transcribed clones linearized with TOPO/Not-1 and
labeled them with digoxigenin-UTP using T3 RNA polymerase. Wild-type embryos (AB
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strain) were fixed in 4% paraformaldehyde at 41C for at least 2 days before dechorionating by
hand using a dissecting microscope. In situ hybridizations were performed as described [42]
with several individuals for each developmental stage [43]. The University of Oregon IACUC
approved experiments for this study. Probes were: fanca: nucleotides 1-1529 of
NM_001040635, including 94 nt of 5’UTR and exons 1-10; fanch: nucleotides 399-1127 on
NM_001040636, exons 1-3; fancc: nucleotides 240-822 on NM_001040637, exons 1-7,
excluding exon 4 (probe constructed from spice variant without exon 4); fancdl: nucleotides
681-1012 of NM_001110394, exons 7-10; fancd2: nucleotides 1928-2445 of NM_201341,
exons 20-25; fance: nucleotides 643-1012 on NM_001040634, exons 2-10 plus 64 nt of
3’UTR; fancf: nucleotides 45-1128 of NM_001045234, including 20 nt of the 5’UTR, the
entire single exon, and 41 nt of the 3’UTR; fancg: nucleotides 678-1064 of NM_205639, exons
5-7; fanci : nucleotides 3364-3910 of XM_001921104, exons 37-42; fancj: nucleotides 2048—
2931 of NM_001110296, exons 12-18; fancl: nucleotides 90-809 of NM_212982, 54 nt of
5’UTR and exons 1-8; fancm: nucleotides 423- 2346 of NM_001113660, including exons 1-
10 and additional exons not yet annotated because of incomplete genomic sequence; fancn:
nucleotides 225-975 of XM_001919731, exons 2-8.

3.1. Does zebrafish contain an intact FA network?

To exploit zebrafish for FA research, we must identify similarities and differences between the
FA networks of zebrafish and human. The first evidence that zebrafish possesses an FA network
functionally similar to human was the isolation and sequencing of fancd2 cDNA [44], followed
by the identification of fancg with its multiple TPR motifs conserved with human [45]. These
results suggested that zebrafish may possess a functional FA network.

Evidence that zebrafish has a full FA genetic system came with the isolation and
characterization of cDNAs and/or genomic BAC clones for zebrafish orthologs for the
remaining human FA genes known at the time (FANCA, FANCB, FANCC, FANCD1,
FANCD2, FANCE, FANCF, FANCG, and FANCL) [46]. The sequence of coding regions
showed that zebrafish FA proteins often share low levels of overall identity with the human
genes -- for example, Fancdl, Fanch, Fancf, and Fance proteins have only 21-28% amino acid
identities between the zebrafish and human proteins, but some regions within these proteins
were more highly conserved, suggesting regions of functional significance. Proof that the
zebrafish genes are in fact orthologs of the human genes comes from three independent data
sets. First, the intron/exon organization of the zebrafish/human ortholog pairs is nearly
identical. Second, amino acid hydrophobicity plots are extensively correlated, showing overall
conservation of protein shape. Third, comparative synteny analysis showed that the neighbors
of zebrafish fanc genes are generally orthologs of human FANC gene neighbors. This shows
that chromosome regions containing fanc/FANC genes have been evolutionarily conserved for
the 450 million years that separate zebrafish and human from their last common ancestor
[47].

Four human FA genes have been discovered since the original genomic work on zebrafish
(FANCI [20,22], FANCJ [23,24], FANCM [13]) and FANCN [26,48,49]. We report here the
isolation and characterization of the zebrafish orthologs of these remaining FA genes.

3.1.1. FANCI—A tBLASTNn search of the zebrafish genome with the human FANCI protein
sequence showed evidence for fanci on Danio rerio linkage group 25 (Dre25,
NW_001878626), with significant hits for 28 human exons. A Fanci protein model
(XP_001921139) derived by automated identification contains 1,367 amino acids, slightly
longer than human FANCI isoform-1 (NP_001106849) with 1,328 amino acids. Alignment of
the zebrafish protein model to human FANCI isoform-1 revealed 56% overall amino acid
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identity, making this the most highly conserved FA protein sequence in zebrafish/human
comparisons [46]. Exons 1-35 of zebrafish Fanci and human FANCI are similar in size (Fig.
1A). A plot of the length of each zebrafish exon vs. the length of its human orthologous exon
(insert Fig. 1A) has a correlation coefficient r of 0.97. Our search of zebrafish ESTs, however,
suggested at least two splice variants for the carboxy-terminal end. The common variant (e.g.
EST EB929584) contains two additional exons, for a total of 37, the same as in human. Other
ESTs (e.g. AL922844), however, contain a long carboxy-terminal sequence that translates to
101 amino acids. (Figure 1A). Using primers designed from Zv7, we cloned and sequenced an
802bp fragment of fanci from embryonic cDNA (submitted to GenBank as accession
FJ032296). The zebrafish Fanci protein predicted from our cDNA is identical to human FANCI
for the LVLRK motif (human residues 519-523), which contains lysine K523, the site of
monoubiquitination [22]. At the site of four human FANCI missense mutations
(http://chromium.liacs.nl/LOVD2/FANC/home.php?select_db=FANCI), the wild-type
residues are identical in zebrafish at two sites (G422G and R1285R), similar at one site (L289F)
and non-conserved with respect to the wild-type human protein only at one site (C750N).

To test for conservation of the fanci/FANCI genomic region, we investigated conserved
syntenies. Immediately adjacent to fanci in zebrafish linkage group 25 (Dre25) lies plog, and
rhcg (Fig. 1B1) and the orthologs of these three genes on human chromosome 15 (Hsa15g26.1)
are also neighbors in the same order with the addition of a single unverified predicted sequence
(Fig. 1B2, B4). This conserved synteny data shows that the chromosome segment containing
fanci/FANCI has remained intact for at least the last 450 million years.

After the divergence of the ray fin fish lineage (which includes zebrafish and other teleosts)
and the lobe fin fish lineage (which includes coelacanths and humans) a genome duplication
event occurred in the ray fin fish lineage before the explosive diversification of teleosts about
300 million years ago [50-53]. Within a few tens of millions of years after the duplication
event, most duplicates reverted to singleton status, but today’s teleosts retain duplicates of
about 30% of human genes. Due to this genome duplication, zebrafish has two copies of the
FANCI-containing region of Hsal5, one on Dre25 (Fig. 1B1) and the other on Dre7 (Fig. 1B3).
These two duplicate chromosome segments have copies of RHCG (shown in the figure) as well
as FURIN, ABHD2, and RLBP1, which are separated from the segments shown in the figure
by inversions. In human, RLBP1, FANCI, POLG, and LOC100131654 are adjacent; in
comparison, on zebrafish chromosome Dre7, the positions of the flanking genes rlbpll and
loc566739 were maintained but the position of fanci and polg was taken by other genes
(furina and slc39al) due to chromosome rearrangements.

3.1.2. FANCJ—Using human FANC]J as a query in a tBLASTn search of the zebrafish
genome, we identified matches for 14 of the 19 human exons on zebrafish chromosome 15
(Fig. 2A). We confirmed the location of fancj on chromosome 15 (Fig. 2B) by genetic mapping
on the heat shock double haploid meiotic mapping panel [41]. We used data from the zebrafish
genome project to design primer sets for standard PCR and RACE using zebrafish embryonic
cDNA as template. Cloning and sequencing of overlapping fragments yielded a full length
coding sequence for zebrafish fancj (GenBank submission EF088194). We compared our
cDNA sequence by BLASTN to publicly available zebrafish EST sequences and found perfect
matches between the 5 and 3’ ends (CO360039 and BQ132722, respectively), thus
corroborating our cDNA sequencing and gene model. The predicted fancj translation product
contains 1,218 amino acid residues with 47% overall identity to human. The fancj coding
sequence is distributed on 19 genomic exons, the same number, size, and approximate length
as human FANCJ exons (Figure 2A). A plot of the length of each zebrafish exon vs. the length
of its human orthologous exon (insert Fig. 2A) has a correlation coefficient r of 0.99. Zebrafish
Fancj contains the helicase superfamily C-terminal domain, which is 79% identical to the
corresponding domain in human FANCJ. Six missense mutations found in human FANCJ
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patients are listed in the Fanconi anemia database
(http://chromium.liacs.nl/LOVD2/FANC/home.php?select_db=FANCJ). Zebrafish has the
same amino acid as human at five of these sites (R251, Q255, H396, W647, and R707) and
one (A349) is biochemically similar (S) in zebrafish.

Not only is fancj similar to FANCJ in sequence and exon structure, but also the chromosomal
neighborhood is highly conserved. Four of the five genes to the right of FANCJ on Hsal7 are
conserved adjacent to fancj in zebrafish chromosome Drel5 in the same order (Fig. 2B1 and
2). These results show continuity of chromosomal synteny in this region since the divergence
of teleost and mammalian genomes. Two genes flanking fancj (lhx1a and thx2b) are both
duplicated on Dre5 (Fig. 2B3), a legacy of the teleost genome duplication event. The relative
position of fancj on Dre5 is occupied by the orthologs of two genes adjacent to LHX1, the
human ortholog of zebrafish Ihx1a (Fig. 2B4). Thus, after the genome duplication, the fancj
gene was retained on Drel5 but lost from Dre5, while some flanking genes were retained in
duplicate on both chromosomes.

3.1.3. FANCM—A tBLASTN search using human FANCM as query produced significant
hits to just four exons on unassembled contig Zv7_NA1567. Because sequencing of this region
in the zebrafish genome project is currently incomplete, we queried another sequenced teleost
genome, the pufferfish Fugu rubripes (http://fugu.biology.gmul.ac.uk/blast/). Using the human
FANCM sequence, we found significant matches to 21 exons on Fugu scaffold NO00010. We
then used the translated Fugu exons to query the zebrafish genome and EST databases for other
fancm sequences. These searches identified matches to the Fugu sequences on several zebrafish
sequences, including contig NA465, the computational prediction XM_689089, and EST
CK703773. Using these additional sequences together with sequences from the original
NA1567, we designed overlapping primer sets for 3> RACE and standard PCR amplifications,
from which we cloned and sequenced the entire zebrafish fancm cDNA (GenBank submission
EF088195). Our cDNA sequence is 97 to 100% identical to sequences on four zebrafish
unassembled contigs (nucleotides (nt) 1-862 on NA1567, nt 874-1313 on NA2384, nt 1693—
4207 on NA2905, and nt 4202-4601 on NA1217). Finally, the 3’ end of the transcript (nt 5194—
5504) appears on assembled chromosome Drel7 in Zv7. The predicted fancm translation
product is 1,761 amino acids with 36% overall identity to human (Fig. 3A). Zebrafish Fancm
contains the characteristic N-terminal helicase domain [13], which is 62% identical to human
FANCM. No FANCM missense mutations have been reported.

A portion of our cDNA sequence for fancm hits Scaffold Zv7_NA2905, which contains
zebrafish orthologs of human FANCM exons 11, 12, 13, and 19. Because this scaffold has not
yet been integrated into the zebrafish genome, we used the heat shock doubled haploid meiotic
mapping panel [41] to locate fancm on the upper end of LG17 (Fig. 3A1). Ina BLASTX search
of the human genome, scaffold Zv7_NA2905 returned FANCM and three other genes:
KIAAQ0423, which resides three genes from FANCM in Hsal4g21), and SLC25A29 and
C140rf68, which lie near each other in Hsal4q32 (Fig. 3A2, 4). We conclude that the
KIAAQ423/FANCM conserved synteny was in place before the divergence of the zebrafish and
human lineages; this independent evidence from genomic neighborhood analysis is as predicted
from the hypothesis that fancm and FANCM are orthologs. Orthologs of FANCM’s three
immediate neighbors (FKBP3, PRPF39, C140rf106,Fig. 3A2) were not on contig NA2905, so
we searched for their orthologs in the zebrafish genome. Results showed that an ortholog of
C140rf106 resides on Drel7 (sequence si:busm1-142b24.1 beginning at location 33,249,930)
quite a distance from fancm (not diagramed) and orthologs of the other two genes (FKBP3 and
PRPF39) are adjacent on chromosome Dre20, although fkbp3 (at location Dre20:55564447-
55588365) is not annotated in Zv7 (Fig. 3A3). Large portions of Drel7 and Dre20 are known
to be duplicated portions of Hsal4 [52,54,55]; thus, the missing duplicate of fancm would
likely have originally resided on Dre20 but has since been lost.
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3.1.4. FANCN—A search of the zebrafish genome by tBLASTn using the human FANCN
sequence returned many hits with low levels of identity between 20 and 25%. Two of the
marginally best hits were on Linkage Group 1 (NW_001878018) and corresponded to exons
3 and 13 in human FANCN. These two short zebrafish genomic sequences were used in
reciprocal BLASTX queries to human refseq proteins and recovered FANCN. We used
Genomescan (http://genes.mit.edu/genomescan.html) to construct a translational model for
zebrafish Fancn by comparing the human FANCN protein (NP_078951) to the zebrafish
genomic contig (NW_001878018). Although the coding sequence for our protein model had
13 exons, the same as human [25,26], the sequence contained 1,381 amino acids, substantially
longer than its human counterpart with 1,186 amino acids. A BLASTXx search of our
translational model against zebrafish ESTs confirmed approximately 50% of the coding
sequence by EST hits. Large gaps in some EST/protein local alignments, however, indicated
inaccuracies in the model. Using primers designed from our gene model, we cloned and
sequenced a portion of fancn from zebrafish embryonic cDNA and deposited the sequence in
Genbank (accession FJ032295).

Given the low level of sequence identity between human FANCN and the zebrafish predicted
Fancn protein (31% in our cloned cDNA fragment but much less in the rest of the predicted
sequence), independent evidence of orthology is essential. Conserved synteny analysis showed
that zebrafish fancn is embedded in the middle of seven genes, six of which are orthologous
with six of eight genes immediately surrounding human FANCN (Fig. 3B1 and 2). Human
chromosome Hsal6p12 conserves the order of four of five genes in a row, including fancn/
FANCN (Fig. 3B4), and the next two genes are inverted and separated from the group of four
by a single gene (Fig. 3B1 and 2). Despite the low percent identity between the zebrafish and
human Fancn proteins, the location of the zebrafish gene in an extensive region of conserved
synteny leave no doubt that this is the location of the zebrafish ortholog of FANCN. Cloning
the rest of the zebrafish fancn cDNA is necessary to fully understand the structure of this gene.

To look for the duplicated FANCN chromosome segment, we investigated genes that flank
FANCN in human, and found that the two immediate neighbors (NDUFAB1 and DCTN5) are
duplicated in zebrafish, one copy on Drel as described above and a duplicate copy on Dre3
(Fig. 3B3). This duplicated segment has a sequence called zgc:153465 instead of a FANCN
ortholog located between ndufaglb and dctn5b (Fig. 3B3). This Dre3 sequence zgc:153465 is
an ortholog of RPUSD1 located in Hsal6p13.3 immediately adjacent to CHTF18 and
GNG13, which are orthologs of the Drel sequences zgc:136472 and loc100007330,
respectively, the neighbors of rpusd1(zgc:153465)(Fig. 3B4). Note that, judging from the order
of transcription of the NDUFAB1 and DCTN5 orthologs in human and zebrafish, an inversion
must have occurred between these two genes in Dre3 after the genome duplication event that
moved the Hsal6p13.3 ortholog zgc:153465 to a location between ndufablb and dctn5b; this
inversion may have simultaneously destroyed the duplicate fancn gene, or it may have decayed
before or after the translocation. BLAST searches revealed no trace of fancn between
ndufablb and dctn5b on Dre3. We conclude that fancn is present on Drel in a well-conserved
chromosome region and that the region is duplicated on Dre3 except for the loss of the second
fancn copy.

In partial summary, the isolation of the last four zebrafish orthologs of human FANC genes
supports the conclusion that zebrafish has a complete FA system. Furthermore, this work shows
that all of the 13 zebrafish fanc genes were reduced from two copies to one copy after the
teleost genome duplication. The genomic stage is set to exploit this knowledge to further
understand the mechanisms of FA disease.

Mutat Res. Author manuscript; available in PMC 2010 July 31.


http://genes.mit.edu/genomescan.html

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 8

3.2. When and where are zebrafish FA genes expressed during development?

Abnormal blood cell development, either bone marrow failure or leukemia, is the main cause
of morbidity and mortality in FA [56,57]. But FA is often accompanied by characteristic
congenital abnormalities including slow growth, short stature, microcephaly, and
microphthalmia [58]. The most common congenital anomaly in FA is an abnormal or missing
thumb and radius, but kidney and reproductive organs are also frequently affected [59]. A gap
in our knowledge is the mechanism by which FA leads to developmental anomalies in skeleton,
blood, eyes, and other organs. One hypothesis is that FA genes are expressed preferentially in
tissues that appear frequently in clinical manifestations of FA. Furthermore, the hypothesis
that fanc genes consistently function as a unit in a single DNA-repair pathway predicts that
FANC genes should have identical expression patterns during development. To test these
hypotheses, we investigated the expression patterns of all thirteen FA genes in zebrafish
embryonic development.

3.2.1. Expression of fanc genes during embryonic development: RT-PCR—As an
initial assay for the expression of fanc genes during development, we used RT-PCR to amplify
11 fanc genes at 14 different developmental stages from shortly after oviposition to 5 dpf larvae
(Fig. 4). PCR conditions were designed to give a qualitative rather than quantitative view of
fanc gene expression, and actin served as a loading control. Transcripts were detected from all
developmental stages examined for nine of the 11 fanc genes tested (fanca, fancb, fancdl,
fancd2, fance, fancf, fancg, fancj, and fancl) (Fig. 4). For this group of genes, bands were
generally strong in early cleavage, decreased somewhat in intensity through epiboly as the
embryo encompsses the yolk, and then increased during segmentation stages, remaining strong
until at least 5 dpf, which is two or three days after hatching. Like most fanc genes, fancc
showed maternal transcripts during early cleavage stages that diminished during epiboly. This
was followed by reappearance of zygotic transcript during early somitogenesis to 1 dpf, which
is the developmental phase during which primitive erythropoiesis occurs [60-63]. In contrast
to most fanc genes, however, fancc showed decreasing band strength in 2 to 5 dpf embryos
(Fig. 4). The fancm gene showed the most distinctive expression pattern: fancm appeared to
have little maternal transcript followed by increasing band intensity as the number of zygotic
cells increased, and then showed decreasing band intensity after the end of epiboly (Fig. 4).
We conclude that transcripts of most fanc genes are maternally loaded into oocytes during
oogenesis; that maternal transcripts gradually disappear during cleavage, and that zygotic
transcription begins early. The distinctive expression of some fanc genes, however, may signal
some specialized functions.

3.2.2. In situ hybridization in embryo whole mounts—To understand tissue-specific
gene expression patterns, we performed in situ hybridization experiments on embryo whole
mounts. Consider first fanca, the zebrafish ortholog of the most frequently mutated gene in FA
patients [64]. As expected from the RT-PCR results (Fig. 4), fanca transcript was already
present in cleavage stage embryos at less than 2 hpf (Fig. 5A1 (column A, row 1)). At 10 hpf,
as zebrafish embryos completed gastrulation and entered the segmentation stage (somite
formation), fanca was expressed broadly throughout the embryo and most strongly in the rostral
midline (Fig. 5B1). By 16 hpf, fanca expression appeared predominantly in the eye and in
specific regions of the forebrain, midbrain, and hindbrain of the central nervous system (CNS)
(Fig. 5.C.1). In the next few hours (Fig. 5.D.1), zebrafish embryos down-regulated the
expression of fanca in the eye and refined expression to specific regions of the CNS. At 48 hpf
(long pectoral fin) and 72 hpf (early larva), the strongest remaining expression domain was in
the posterior midbrain (the tectum), with decreased intensity in the eye and branchial arches
(Fig. 5E1 and 5F1). At 72 hpf, expression in the CNS was confined to a distinctive pattern in
the ventricular zone of the forebrain and midbrain and the posterior of the tectum, sites of rapid
neuroblast divisions (Fig. 6A). At this stage, expression of fanca was especially strong in the
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developing intestinal tract (Fig. 6B). In the pectoral fin bud, the homolog of the mammalian
forelimb, fanca was expressed in the endochondral disc, which is fated to form the fin skeleton
(Fig. 5E1). Although staining in the lens of the eye was strong, many genes are expressed in
this domain and so it is unlikely that this indicates a special role for fanca in the lens.

Expression patterns of the zebrafish orthologs of other FA genes were largely similar to that
for fanca, with some notable exceptions. Expression of fancb at 16 hpf (15 somite stage)(Fig.
5C2) extended more strongly into the intermediate cell mass (ICM), the site of primitive
hematopoiesis, which begins to occur at about this time [60]. The 24 hpf pharyngula stage
retained heavy fanch expression in the CNS but expression in the ICM diminished and was
subsequently down-regulated in a manner similar to fanca. Like fanca, fancc maternal message
was abundant (Fig. 5A3 and Fig. 6A). Embryos showed accumulation of fancc transcript at
low levels in the CNS from 16 hpf onward (Fig. 5B,C,D). At 24 hpf, fancc expression was
prominent in the eye, forebrain, midbrain-hindbrain border, and spinal cord (Fig. 5D, H). In
addition, like fanch, fancc was expressed in the ICM at 16 through 24 hpf in the ICM.

fancdl was expressed like fanca, but a bit stronger in the ICM and CNS at 16 hpf and more
strongly in the heart at 48 hpf (Fig. 5C4,D4,E4). Like fanca, fancdl was expressed at 72 hpf
in the neural retina, brain ventricular zone, and tectum (Fig. 5E4). The expression pattern of
fancd2 was similar to fanca in density and location, as would be expected if a major role of
Fanca were to activate Fancd2 protein. fance expression was strong in the ventral CNS at 24
hpf (Fig. 5D6), while fancf, unique among fanc genes tested, was expressed dorsally in the
CNS at 24 hpf (Fig. 5D7) and remained strong in the eye at least until 48 hpf. Expression of
fancg was similar to fanca, except that fancg was expressed strongly in the branchial arches,
heart, pectoral fin bud, and yolk blood islands at 48 hpf (Fig. 5E8). At 72 hpf, fancg was
expressed strongly and specifically in the oral epithelium (Fig. 5F8), the site of squamous cell
carcinomas in FA patients [65]. Like fancg, fanci was expressed at 48 hpf in the branchial
arches, heart, and yolk blood islands, and oral epithelium (Fig. 5F), but in addition, was
expressed strongly in the midbrain (Fig. 5E). At 48 hpf, fanci was expressed in the
endochondral disc, but expression in this domain had faded by 72 hpf and was replaced by
distinctively strong staining in a thin row of cells at the distal margin of the pectoral fin bud
called the apical ectodermal ridge (AER) (Fig. 5F), a signaling center for outgrowth of fish fin
buds and tetrapod limb buds [66,67]. The fanch, fancj, and fancn genes also showed strong
expression in the AER. Like fancg, fanci transcript accumulated in the oral epithelium (Fig.
6D). In zebrafish embryos, fancj was expressed like fanca but generally weaker, except for
maternal message (Fig. 5A10) and the oral epithelium (Fig. 6F). Zebrafish fancl exhibited the
same CNS and ICM expression domains as fanca at 16 hpf, but lost CNS expression by 24
hpf. The heart expressed fancl at 72hpf. The fancm and fancn genes were expressed generally
like fanca, except that fancn expression was detected more strongly in the apical ectodermal
ridge of the pectoral fin bud (Fig. 5F13 and Fig. 6C).

3.2.3. Gene-specific fanc expression domains in adult zebrafish—To learn whether
expression patterns detected in embryos extended into the adult phase of the life cycle, we
performed in situ hybridization experiments on histological sections of adult zebrafish using
probe to fanca and fancg, the orthologs of the most frequently mutated genes in human FA
patients. In hatching stage embryos, fanca and other fanc genes are expressed in the ventricular
zones of the developing brain where cells are proliferating. Likewise, in the adult brain,
fanca -- and to a lesser degree fancg -- are expressed in the periventricular gray zone (Fig.7A,
B), a site of active proliferation in the adult zebrafish brain [68]. In the valvula cerebelli,
however, fanca is expressed strongly in the granular layer, but the zone of most active
proliferation is in the molecular layer [68]. In the corpus cerebelli, the most actively
proliferating zone is the molecular layer [68], which does not express fanca (Fig. 7C). The
granular zone of the corpus cerebelli expresses fanca most strongly while these cells are
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proliferating, but expression is reduced compared to cells in the molecular layer. Fig. 7D shows
that fancg is expressed strongly in specific brain stem nuclei.

Infertility is a common feature of the FA phenotype in human patients and in mutant mice
[69-71]. We found that the gonads of adult zebrafish strongly express fanc genes. Both
fanca and fancg are expressed in immature oocytes, most strongly in the earliest stages (Stage
IA and IB), and the message was maintained through more mature stages (Il and I11) (Fig. 7E,
F). This maternal message was still detected in cleavage stage embryos (Fig. 5). Testis
expressed fanca and fancg strongly only at specific stages, and fanca was expressed more
strongly than fancg (Fig. 7D, I).

In the intestine, fanca, but not fancg, is expressed at the base of intestinal folds in the stratum
compactum (Fig. 71, J). This is a region of rapid proliferation [72] that is marked by sox9b
expression (Fig. 7K).

4. Discussion

4.1. Zebrafish has a complete complement of Fanc proteins

The data we report here complete the identification of zebrafish orthologs of human FA genes
and reveal the dynamic expression patterns of these genes in embryonic and adult life stages.
The isolation of zebrafish orthologs of all 13 human FANC genes is significant for several
reasons. First, it shows that the full complement of FA genes had a more ancient origin than
had originally been assumed. The presence of 13 FA genes in zebrafish shows that the genomic
system had evolved before the divergence of ray fin and lobe fin fishes about 450 million years
ago.

Second, knowing that zebrafish has all 13 FA genes supports the notion that zebrafish will be
a suitable model for the investigation of FA. Other non-mammalian forward-genetic models,
including the fruitfly Drosophila melanogaster and the nematode worm Caenorhabditis
elegans, have parts of the FA system, but do not have the upstream, regulatory components of
the core complex [73-78]. In addition to the FA network, zebrafish also shares with mouse
and human a common organization of organs, organ systems, and physiology that validate
connectivities among the systems.

Third, our finding that many zebrafish FA components show quite low levels of sequence
conservation with the human Fanc proteins presents advantages for analysis. The 450 million
years of phylogenetic divergence separating zebrafish and humans ensures that non-essential
genome sequences exhibit considerable divergence. This situation allows functionally
constrained sequences, including regulatory elements in genomes and functional motifs in
proteins, to identify themselves by evolutionary conservation [79]. Thus, retained
evolutionarily conserved domains highlight protein motifs and amino acid positions that
provide a focus for targeted mutagenesis studies designed to link protein structure to function.

Finally, the demonstration that zebrafish has all 13 FA genes suggests that other teleost fishes
probably also have a complete FA system. In teleosts such as stickleback and killifish, some
populations of which inhabit waters polluted with DNA-damaging contaminants [80], may
have evolved genetic modifiers of the FA system that allow them to repair DNA more
efficiently. (It has been shown that these fish can evolve surprisingly rapidly over several
decades to adapt to changing environments [80-84].) Work should be directed towards the
identification of evolved genetic changes and physiological adaptations in vertebrates that
enhance survival in the presence of DNA damaging agents. Such knowledge might help in the
design of innovative therapies for human FA patients to survive in the presence of greater than
normal DNA damage.
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Curiously, we find no evidence that any of the fanc genes currently exist as duplicate copies
in the zebrafish genome. Because about 30% of zebrafish genes remain duplicated from the
teleost genome duplication event [51], it is unlikely that for 13 randomly chosen genes, none
would be present in duplicate copy (1.6 x 10~7). Thus, the finding that all 13 fanc genes are
present as singletons suggests that the evolutionary pressures on this gene set differ in some
way from the selective forces acting on most genes in the genome. The conclusion that Fanc
genes do not appear to tolerate duplication extends to other genome duplication events besides
the pre-teleost genome duplication. Two rounds of genome duplication (called R1 and R2)
preceded the explosion of vertebrate lineages after vertebrates diverged from their non-
vertebrate chordate ancestors, the urochordates and cephalochordates [85,86]. In some cases,
all gene duplicates from the R1 and R2 events were retained, providing four paralogs of many
genes, such as Hoxa4, Hoxb4, Hoxc4, and Hoxd4 in the four Hox clusters. But most families
reverted to two or three copies of the preduplication ancestral gene. In contrast, we conclude
that all 13 Fanc genes reverted to single copy after R1 and R2 because none currently have
paralogs within mammalian genomes. The only FA genes that appear as paralogs in mammalian
genomes are Fanci and Fancd2 [20,22]. The gene duplication event that produced Fanci and
Fancd2 occurred well before the R1 and R2 genome duplications because the genome of
Drosophila, whose lineage diverged from chordates long before R1 and R2, contains orthologs
of both Fanci and Fancd2 [20]. The overwhelming conclusion is that in three separate rounds
of genome duplication, none of 13 Fanc genes were retained in duplicate copy. What is special
about Fanc genes that makes natural selection drive them to single copy after genome
duplication events?

One hypothesis to explain this finding relates to the mechanisms that preserve gene duplicates.
According to the Duplication, Degeneration, Complementation model for the resolution of
gene duplicates, the complementary partitioning of gene subfunctions between two gene
duplicates initially preserves most duplicates (subfunctions are independently mutable gene
functions, such as tissue or time specific regulatory elements or protein domains) [87,88].
Theory predicts that the greater the number of gene subfunctions, the greater the likelihood
that both duplicates would be preserved [87]. Consistent with this idea, many developmental
gene regulators have complicated gene expression patterns and both duplicates remain
preserved. An example is the Ihx1a/lhx1b and thx2a/tbx2b duplicates in Fig. 2 for the teleost
genome duplication (R3) and the human paralogs LHX1 and LHX5 [89]and TBX2 and TBX3
[90]for R1 and R2. In contrast to the complicated, dynamic, and highly cell-specific expression
patterns of genes of the HOX, LHX, TBX and many other families, we observed rather
widespread expression of Fanconi anemia genes, suggesting fewer subfunctions regulating
transcript quantity. With fewer transcriptional subfunctions, FA genes would have been less
likely to experience subfunction partitioning and hence less likely to be preserved as duplicate
copies following genome duplication. An alternate hypothesis to explain the retention of
Fanc genes in single copy would be that Fanc proteins might be required in precise
stoichiometric amounts to perform the FA network’s function. The retention of multiple gene
copies after genome duplication might cause problems in the protein interactions needed in the
nuclear core complex or other protein-protein interactions.

4.2. Zebrafish fanc genes are expressed in tissues of clinical relevance to FA

To learn about the complexity of fanc gene expression during development, we examined in
situ hybridization patterns in embryos at several stages and in adults. We found transcripts for
most fanc genes already present in early cleavage stage embryos. Our RT-PCR experiments
ruled out the possibility that the broad expression detected by whole-mount in situ hybridization
during early cleavage was due to non-specific background staining. Because embryos at this
stage have not yet passed the mid-blastula transition, the time at which zygotic genes commence
expression [91], early cleavage transcripts represent maternal message molecules produced
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during oogenesis and stored in oocytes. Examination of adult ovaries confirmed this conclusion
--fanca, fancc, and other fanc transcripts accumulated in developing oocytes during oogenesis.
Maternal fanc message is thus available for translation into Fanc protein before zygotic genes
begin to be expressed at the mid-blastula transition (the tenth cleavage division at 3 hpf). These
Fanc protein molecules translated from maternal message would be available for DNA repair
during the rapid replications that occur in swiftly dividing cleavage stage embryos. (In zebrafish
embryos, from the second to the tenth cleavage division, each cell cycle lasts just 15 minutes
at 28.5C [43]. During cleavage divisions, each cell replicates the entire zebrafish genome,
which is more than half the size of the human genome [92]. In contrast, in human and mouse
embryos, cleavage cell cycles last an average of about 20 hours (80 times longer than zebrafish)
at 37C [93,94].) Given the requirement of the FA network for the efficient resolution of
interstrand cross link-induced S-phase arrest of the cell cycle [95], it is not surprising that
fanc transcripts are loaded into eggs and stored as maternal message, which is thus available
to help resolve DNA damage associated with the normal, but rapid, cleavage cell divisions.

Observations of adult ovaries confirmed the accumulation of fanc transcripts in developing
oocytes, which is the source of the maternal message that we observed in freshly oviposited
oocytes. Transcripts from both fanca and fancg accumulated in greatest concentration in stage
| oocytes, the stage during which meiotic recombination occurs [96]. Expression of fanc genes
in germ cells is expected under the hypothesis that these genes are employed in homologous
recombination during meiosis [16,97]. In humans, FANCD?2 protein accumulates in fetal
oocytes, which are still undergoing meiosis, consistent with a role in meiotic recombination
[97]. In addition, Fanca, Fancdl, or Fancd2 knockout mice show a defect in homologous
pairing and aberrant meioses [70,98,99].

Fetal human oocytes accumulate FANCD?2 protein, but adult human oocytes do not [97]. This
contrasts with adult zebrafish oocytes, which accumulate transcripts for fanc genes that are
maintained in mature oocytes and early cleavage embryos. This difference between zebrafish
and mammals in the quantity of maternal fanc message may relate to differences in the biology
of cleavage stage embryos. In mammalian embryos, activation of zygotic genes begins by the
two-cell stage (first cleavage division), as evidenced by the synthesis of paternally-derived
protein variants and of new mRNAs [100-102]. Thus, in mammalian embryos, machinery for
the transcription of Fanc genes is already available after the first cleavage division. In contrast,
zebrafish embryos begin to transcribe zygotic genes only after the tenth cleavage division
[91]. Therefore, if zebrafish embryos are to have protective Fanc proteins available during
cleavage, they must rely on maternal components.

Bone marrow failure and high risks of acute myelogenous leukemia are serious threats to FA
patients. In zebrafish as in mammals, hematopoiesis occurs in two major phases, primitive and
definitive [63,103,104]. In primitive hematopoiesis, primitive macrophages develop from the
cephalic mesoderm (rostral blood islands) and move onto the yolk before migrating throughout
the embryo [62] and primitive erythrocytes differentiate in the intermediate cell mass (ICM)
before entering the circulation at about 24 hours post fertilization [60,61]. In the definitive
phase of hematopoiesis, definitive hematopoietic progenitors arise between 28 and 48 hpf. This
is when erythromyeloid progenitors develop in the posterior blood island (the posterior ICM)
before 36hpf and form the definitive myeloid and erythroid cells [105,106]. Multipotent
hematopoietic stem cells arise between axial blood vessels in the zebrafish equivalent of the
mammalian aorta, gonad and mesonephros region (AGM), and colonize the thymus and kidney
marrow, the major definitive hematopoietic organs in zebrafish [107,108]. Our expression
analysis showed that at 16hpf (15 somites), nearly all fanc genes were expressed in the ICM.
Functional analyses knocking down the activity of fanc genes are necessary to explore the
functions of fanc genes in this domain. Expression in hematopoietic domains would be
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predicted under the hypothesis that fanc genes play similar roles during hematopoiesis in both
zebrafish and humans.

Microcephaly and microphthalmia are typical symptoms of FA for several complementation
groups. In zebrafish embryos, the brain and eyes increase rapidly in cell number during
somitogenesis stages and are major domains of fanc gene expression. At about the time of
hatching, expression of many fanc genes, especially fanca, fancb, fancdl, fancf, fanci, and
fancn, becomes localized to the ventricular zone of the CNS. In general, cells that strongly
express fanc genes in the CNS also express PCNA (proliferating cell nuclear antigen) [109,
110], a marker of rapidly proliferating cells, and ascl1 (Mash1 in mouse), which controls the
transition of cortical progenitor cells from proliferation to neurogenesis [111,112]. We
conclude that fanc genes tend to be expressed in rapidly proliferating cells of the embryonic
CNS. The strong expression of fanc genes in proliferating neural cells presumably repairs DNA
damage associated with rapid cell divisions. This surmise is supported by the finding that
xrcc6, a component of the nonhomologous end-joining (NHEJ) pathway of DNA repair, is also
strongly expressed in the ventricular zone of the brain in hatching stage zebrafish embryos
[113]. In the absence of Fanc protein action, the growth of eyes and brain is apparently slowed,
leading to the observed phenotypic effects in FA patients.

The most common skeletal anomaly among FA patients is a hypoplastic thumb and radius of
the pectoral appendage [56]. The homolog of the human arm in teleost fishes is the pectoral
fin, but the fish fin does not have a homolog of a radius, a thumb, or other fingers [114,115].
We found strong expression of several fanc genes initially in the mesenchymal component of
the fin bud, which gives rise to the skeleton, followed by strong and specific expression in the
apical ectodermal ridge, a regulatory center that uses FGF (fibroblast growth factor) signaling
to promote continued outgrowth and elongation of the limb bud in tetrapods and the fin bud
of teleost fish [66,67,116]. Expression of FA genes in pectoral appendage buds in the patterns
we observed would be predicted if Fanc proteins are important for normal appendage
development in fish and humans. The specific essential role that fanc genes play in pectoral
appendage development is unknown for any species, and the mechanisms that make these genes
especially important for thumb and radius development remain a mystery.

After leukemias, the most frequent tumors in FA patients are oropharyngeal squamous cell
carcinomas [117]. This tumor spectrum in FA patients may be related to the strong
accumulation of transcripts from some fanc genes in the zebrafish mouth, assuming this
expression domain is conserved with human embryos. The second most common non-
hematopoietic tumors in FA patients are in the gastrointestinal tract [117]. Correlated with this
observation is the specific expression of fanc genes in the rapidly proliferating intestinal stem
cell domain of zebrafish larvae and adults, a domain also observed in mouse FANCD2 [97].
This expression domain would be predicted if Fanc proteins are necessary for DNA repair
during the rapid cell divisions that maintain gastrointestinal integrity.

4.3. Zebrafish as a model for FA research

The use of model organisms for human disease research depends upon evolutionary constraints
that result in genetic, developmental, and functional similarities between humans and other
organisms. Close phylogenetic relationships among mammals, including mouse, rat, dog, and
human, have made these models tremendously attractive and beneficial for the study of human
disease. Phylogenetically more distant organisms, however, like Drosophila and C. elegans
have also yielded important insights into the understanding and treatment of human disease.
Teleost fish like zebrafish, provide especially convenient genomic, developmental, and
physiological models for human health and disease because of their unique evolutionary
distance from humans [118-124]. Zebrafish, as vertebrates, are close enough to humans to
share important fundamental features of organ structure, physiological function, and
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developmental genetic regulatory mechanisms. Similarities involve organ systems important
for FA, including the hematopoietic system, immune system, oral epithelia, endocrine system,
central nervous system, and skeletal and muscular systems. Other useful models, like flies and
worms, do not share vertebrate-specific features. On the other hand, zebrafish is sufficiently
distant from humans that genetic sequences that are unconstrained by selective forces have had
substantial opportunities to diverge; in contrast, sequence identity among mammals may
merely reflect sites that have had insufficient evolutionary time for genetic drift to change
sequence.

Zebrafish is highly tractable for disease-related studies because of their small size and rapid
growth and the ability to culture large numbers of animals inexpensively. Zebrafish embryos
are optically clear and develop outside the mother unencumbered by the uterus. This
arrangement provides experimental access to zebrafish cells and organs for cell and tissue
transplants or for the introduction of various substances, including mRNAs, proteins, gene
constructs, or antisense oligonucleotides. Moreover, embryos can be exposed to environmental
toxicants or libraries of drug-like molecules for chemical screens [125-130]. Importantly,
zebrafish are amenable to forward and reverse genetic screens by induced mutagenesis [131-
134]. Phenotypic screens for mutations have provided many models for human disease,
including hematopoietic failure and carcinogenesis [123,135,136].

Tools are available to make zebrafish models for FA. Morpholino antisense oligonucleotides
(MOs) inhibit splicing or translation of target genes [137,138], and have been used to
effectively knockdown the expression of fancd2 [44]. The sequence information in this and
other papers [46]; [139]; [44] provides data for the design of MOs targeted to any zebrafish
fanc gene. MOs are commercially available for any sequenced gene, but because MOs are
typically injected into early cleavage stage embryos and their concentration per cell decreases
as the number of cells increases during development. RNase protection assays showed that
splice-inhibiting MOs are effective only until about day five (e.g., see [42]). In some cases MO
phenotypes include nonspecific toxic effects, some of which mimic expected FA phenotypes,
so well designed controls are essential (see [140]). Mutations provide an alternative method to
reduce the activity of zebrafish genes. Mutations can be identified in sequenced zebrafish genes
either by resequencing the target gene from mutagenized chromosomes or by using TILLING
[141-143]. Mutations in specific genes are more difficult to obtain than MO knockdown
phenotypes, but have the advantage that an individual carries the mutation throughout its
lifetime. Therefore, the phenotypic outcome of fanc gene abrogation can be studied across all
ontogenetic stages rather than the first few days afforded by MOs.

Zebrafish provides an exceptional opportunity to screen for therapeutic compounds to help FA
patients. For the first week of life, zebrafish can be cultured in 96 well microtiter plates. Animals
hatch by 3dpf and fry possess organ systems that function like those of a human. People and
zebrafish larvae have epithelia, through which substances must pass to enter the body, a liver,
which can metabolize small molecules to more active or less active or toxic compounds, a
nephric system that can rapidly excrete drugs, and a central nervous system sensitive to
neurotoxins. Thus, developing zebrafish fry provide a model that is more similar in many ways
to a human patient than is a human tissue culture cell line. Furthermore, because zebrafish are
aquatic, test compounds can be placed directly into the medium, from which animals can absorb
most hydrophilic and lipophilic agents [126-129,144]. The small size of zebrafish fry makes
the testing of expensive compounds more cost effective than similar testing in mammals such
as mouse. A whole animal model for FA disease provides a less biased approach than targeting
a specific protein like FANCD2 already known to be involved in the process because whole
animal tests simultaneously screen all known Fanc proteins as well as proteins that are involved
but are not yet known to investigators. Elucidation of the mode of action of a small molecule
that rescues a zebrafish FA model can help identify undiscovered players in a pathway, can
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facilitate an understanding of epistatic relationships of various players, and can provide lead
compounds for therapeutic molecules to improve outcomes for FA patients.

Exploiting the advantages zebrafish provides for the investigation of FA should improve our
understanding of the basic molecular genetic and developmental mechanisms of the disease
and the screening of small molecules for compounds that ameliorate the symptoms of zebrafish
models of FA should provide lead compounds for the development of therapeutics to help FA
patients.
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Fanci. A.) Comparison of orthologous exons for zebrafish fanci (white) and human FANCI
(black). Striped exon indicates length of zebrafish exon 36 splice variant. Insert: Plot of the
length of each zebrafish exon vs. the length of its human orthologous exon. The diagonal
indicates equality. B. Conserved syntenies for FANCI. B1.) A portion of zebrafish linkage
group Dre25. B2.) A portion of human chromosome 15 (Hsa15). FANCI and POLG are nearest
neighbors in human and their orthologs are nearest neighbors in zebrafish. B3.) A portion of
Dre7, showing the duplicated region of Hsal5 lacking a fanci gene. Duplicated co-orthologs
of RHCG (called rhcg and zgc:162132) lie on Dre25 and Dre7. For three genes, only one
duplicate is shown and the other duplicates are separated from the illustrated genomic segments
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by inversions: FURIN (furina, Dre7_9,888,462bp and furinb, Dre25_5,717,183bp), ABHD2
(ENSDARG00000025797, Dre7_9,734,476bp and zgc:153750, Dre25_9,887,349bp), and
RLBP1 (rlbpl, Dre25_9878310bp and rlbpll, Dre7_9758124bp). B4.) Hsalb showing the
location of FANCI.
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Figure 2.

Fancj. A) Comparison of orthologous exons for zebrafish fancj (white) and human FANCJ

(black). Insert: Plot of the length of each zebrafish exon vs. the length of its human orthologous

exon. The diagonal indicates equality. B1.) A portion of Hsal7 including FANCJ. B2.) A
portion of Drel5 including fancj. The order of five orthologs in a row including FANCJ/

fancj is conserved between human and zebrafish genomes. B3.) A portion of Dre5 containing
duplicates of genes near fancj (Ihx1b/Ihx1a; tbx2a/tbx2b; and zgc:103518/zgc:55836) but not

fancj. B4.) Part of Hsal7 orthologous to a portion of Dre5. B5.) We mapped fancj to Drel5

using primers CCCCTGTAAAGCGTATCCCTCTCA and
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TTGCAATAACAGACAGAATAGATGGACTCA (NW_001877562 nucleotides 1506166—
1506522).

Mutat Res. Author manuscript; available in PMC 2010 July 31.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Titus et al.

Page 27
I ™)
A. 1. 8 % 3 4,
Dre17 3 g 8 5 £ Hsal4
0 fancm s b B < g
< RS - S NA2905 B 14p13
9 bdkrb1 e
—] j 14p11.2
21 ctbp2 4
32 foxal 14912
41 BC062524 14921
2. 14q23
65 zya n 8
73 Ick S = 14931
< )
83 vsx2 < i 14932
< U
97 pax9
110 AI331885
17 bmp4 3 EEE— Dre20
122 psen —
]
2 o I3} o o)
= < Q foa) =
S & ko) ol N
[Te) 9] =3 e O
n © Q n
wn wn
B. |
S - 3 .
S [ee) 0 .
Drel ¢+ R 2R Q9 & ~ 9
Q < O o Y o [} e
o= 8 © S, S N O S - =
¥ g T ST 8 _5 59 S 3 S
R O oo gu XY cyU v X I 16p13.2
1.m53 o 2 °or > a N ER o S ¥s
: [ -— - - | Drel
] N EE— w 16p11.2
y p
16g11.2
16912.2
Hsal6 16921
- I
- [T I
2 3 pmag2cs & & o o 16923
S i< Z k= T V) =z =
8 <L Zzutwm U X (] ]
o« WOSRT A [ < <
N Q a O N
=z
/ [ !
3. — Dre3
— - — =
o0 un e} < — N
—5§ ¢ g 2 8
NHo & = N © -
oLt un 9] ) i o
Mm 5 — © U — <
M Ty o U al
m S 5 N =) ™
N N
Figure 3.

Fancm and Fancn. A.) Fancm. Al.) Part of Drel7 containing fancm. We mapped fancm using
mapping primers TGGCTAGTGAAAATGGCGAGTGG and
TACGGCTGAGTGGAGGAACATTACA (NW_001881046 nucleotides 6059-6298). A2.)
Part of Hsal4 containing FANCM. A3.) Much of Dre20 is a duplicate of Drel7, but it has no
fancm ortholog. A4.) Hsal4 showing the location of FANCM. B. Fancn. B1.) Part of Drel
containing fancn. B2.) Six of eight genes surrounding FANCN have orthologs surrounding
fancn. B3.) The two genes flanking FANCN in Hsal6 have orthologs on Dre3, but there is no
fancn gene between them. NDUFABL is duplicated on Dre3 and Drel (ndufablb and zgc:
92607). B4.) Hsal6 showing the location of FANCN.
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Figure 4.

Expression of fanc genes during development as assayed by reverse transcriptase PCR.
Columns are Marker (size standard), 1-2 cells (1hpf), 64-500 cells (2-3hpf), sphere-dome
(4hpf), 50% epiboly (5hpf), 90% epiboly (9hpf), 3—4 somites (11hpf), 6-7 somites (12hpf), 8-
10 somites (13hpf), 13-14 somites (15hpf), 15-17 somites (16hpf), pharyngula (24hpf), long
pec (long pectoral fin, 48hpf), hatchling (72hpf), early larva (5dpf), Negative ctrl (control).
Rows are fanc genes; actin was amplified as a loading control.
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Figure 5.

Developmental expression of fanc genes assayed by whole mount in situ hybridization.
Columns represent developmental stages: A.) cleavage (<2hpf), B.) early som (early
somitogenesis, 10-12hpf), C.) 15 somites (16hpf), D.) pharyngula (24hpf), E. long pec (long
pectoral fin, 48hpf), F. early larva (72hpf). Rows represent fanc genes. Abbreviations: aer,
apical ectodermal ridge; b, brain; bi, blood island; bl, blastomeres; d, dorsal view; dcns, dorsal
central nervous system; e, eye; h, heart; icm, intermediate cell mass; I, lateral view; mb,
midbrain; pa, pharyngeal arches; pf, pectoral fin bud; s, somites; tb, tailbud; vcns, ventral
central nervous system; y, yolk.
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Figﬁ 6
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Figure 6.

Expression of some fanc genes. A.) fanca is expressed in the ventricular zone of the brain and
B.) in the gut. C.) fanci is expressed in the apical ectodermal ridge of the pectoral fin. D.—F.)
fancg, fanci, and fancj are expressed in the oral epithelium. Abbreviations: aer, apical
ectodermal ridge; ¢, chondrocytes; e, eye; fb, forebrain; g, gut; mb, midbrain; oe, oral
epithelium; pf, pectoral fin; s, somites; sg, shoulder girdle.
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Figure 7.

Adult expression patterns. A, C., E., G., I.) fanca. B., D., F., H., J.), fancg. A.-D.) Brain,
showing that fanca and fancg are expressed in different regions of the adult brain. E., F.) Ovary,
showing that both fanc genes are expressed in stage | oocytes. G., H.) Testis, showing
expression of fanca and fancg in young spermatocytes. 1.—K.) Intestine, showing expression
in the generative layer, co-expressed with sox9b, a marker of proliferative cells in the intestine.
Abbreviations: |A, IB, Il, I11, stages of oocyte development; bs, brain stem nuclei; cce, corpus
cerebelli; pv, periventricular gray zone; rv, rhombencephalic ventricle; sc, stratum compactum;
tev, tectal ventricle; tl, torus longitudinalis; vce, valvula cerebelli.
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