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Abstract

Vertebrate hematopoiesis is a complex developmental process that is controlled by genes in
diverse pathways. To identify novel genes involved in early hematopoiesis, we conducted an ENU
(N-ethyl-N-nitrosourea) mutagenesis screen in zebrafish. The mummy (mmy) line was investigated
because of its multiple hematopoietic defects. Homozygous mmy embryos lacked circulating blood
cells types and were dead by 30 hours post-fertilization (hpf). The mmy mutants did not express
myeloid markers and had significantly decreased expression of progenitor and erythroid markers
in primitive hematopoiesis. Through positional cloning, we identified a truncation mutation in
dhx8 in the mmy fish. dhx8 is the zebrafish ortholog of the yeast splicing factor prp22, which is a
DEAH-box RNA helicase. Mmy mutants had splicing defects in many genes, including several
hematopoietic genes. Mmy embryos also showed cell division defects as characterized by
disorganized mitotic spindles and formation of multiple spindle poles in mitotic cells. These cell
division defects were confirmed by DHX8 knockdown in HeLa cells. Together, our results
confirm that dhx8 is involved in mRNA splicing and suggest that it is also important for cell
division during mitosis. This is the first vertebrate model for dhx8, whose function is essential for
primitive hematopoiesis in developing embryos.

Introduction

Hematopoiesis is a complicated and dynamic process occurring throughout the life of an
animal. During embryonic development, the initial hematopoietic stem cells (HSCs) are
derived from the mesoderm and share a common progenitor, called the hemangioblast, with
endothelial precursors (Stainier et al., 1995; Vogeli et al., 2006). There are two sequential
waves of embryonic hematopoiesis in vertebrates, primitive and definitive, which produce
different sets of blood cells. In zebrafish, primitive hematopoiesis takes place in two distinct
anatomical regions of the lateral mesoderm. Erythrocyte precursors migrate from the
posterior mesoderm as bilateral stripes and fuse towards the midline to form the intermediate
cell mass (ICM), a structure that is equivalent to the mammalian yolk sac blood islands
(reviewed in (Galloway and Zon, 2003)). The second site of primitive hematopoiesis is the
anterior lateral or cephalic mesoderm. This region gives rise to macrophages and
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granulocytes and can be identified by markers such as I-plastin and pu.1 (Herbomel et al.,
1999; Bennett et al., 2001; Lieschke et al., 2001; Lieschke et al., 2002). Definitive
hematopoiesis in zebrafish is thought to be initiated around 36 hpf along the ventral walls of
the dorsal aorta (VDA) and is marked by expression of runx1 and c-myb. Definitive
hematopoiesis is responsible for establishment of self-renewable HSCs that will persist
throughout the lifespan of the animal (Thompson et al., 1998; Burns et al., 2002; Kalev-
Zylinska et al., 2002). This region is equivalent to mammalian aorta-gonad-mesonephros
(AGM), the site of definitive HSCs (Medvinsky and Dzierzak, 1996; Jaffredo et al., 1998;
North et al., 2002). Studies by Jin and others have shown that cells arising between the
dorsal aorta and caudal vein subsequently colonize the thymus and pronephros, the sites of
adult hematopoiesis in zebrafish (Murayama et al., 2006; Jin et al., 2007). Lymphoid
precursors expressing ragl, rag2 and Ick are found in the thymus as early as 3 days post
fertilization (dpf) (Willett et al., 1999; Langenau et al., 2004).

A number of critical players regulating hematopoiesis have been identified and studied
(Okuda et al., 2001; Krause, 2002; Orkin and Zon, 2008), but the list is far from complete. A
forward genetic screen has the potential for identifying additional genes whose function in
hematopoiesis may have gone undetected.

One important feature of the zebrafish model is that whole genome screen after ENU
mutagenesis can be performed efficiently and effectively. Large-scale mutagenesis screens
conducted so far have uncovered many hematopoietic mutants (Ransom et al., 1996;
Weinstein et al., 1996) (reviewed by (de Jong and Zon, 2005)). However, most of them
contain defects specifically in late stages of erythroid differentiation, resulting from
mutations in genes involved in erythrocyte differentiation, function, or heme synthesis. Two
“bloodless” mutants were found to have defects in early erythroid differentiation: vlad tepes,
mutating gatal, and moonshine, mutating transcriptional intermediary factor 1gamma
(TIF1y) (Lyons et al., 2002; Ransom et al., 2004). Only one “bloodless” mutant, cloche, was
found to affect earlier stages of hematopoiesis (Stainier et al., 1995; Thompson et al., 1998;
Patan, 2008). The production of all hematopoietic lineages is blocked in this mutant. Cloche
mutant also have defects in angiogenesis. Therefore, the cloche mutation is generally
believed to affect the function of hemangioblast, the proposed common progenitors of both
hematopoiesis and angiogenesis (Vogeli et al., 2006). The mutated gene in cloche is yet to
be identified conclusively, even though multiple alleles exist and an acyltransferase gene,
lycat, was proposed as a strong candidate (Xiong et al., 2008).

We conducted an ENU-mutagenesis screen targeting genes involved in early hematopoiesis
and/or myeloid differentiation. We report here the isolation and characterization of one
mutant (mmy) that has multiple defects in embryonic hematopoiesis. We have mapped and
cloned the mutated gene as the zebrafish homologue of human DHX8 and yeast prp22,
which encodes a protein involved in mRNA splicing (Ono et al., 1994; Ohno and Shimura,
1996; Kittler et al., 2004).

The zebrafish mummy mutant is bloodless and has defects in early hematopoiesis

In order to identify novel zebrafish genes involved in early hematopoiesis and myeloid
development, we screened an ENU-mutagenized collection of 24 hour-old haploid embryos
by whole mount in situ hybridization with probes for cbfb and I-plastin, markers for early
hematopoietic progenitors and myeloid cells, respectively (Herbomel et al., 1999; Blake et
al., 2000). This led to the isolation of mutants affecting early hematopoiesis and/or myeloid
differentiation. One line, here after referred to as mummy (mmy), with decreased expression
of both I-pln and cbfb, was characterized more extensively.

Dev Dyn. Author manuscript; available in PMC 2013 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

English et al.

Page 3

Heterozygous mmy embryos and adult fish were phenotypically normal. Homozygous mmy
embryos, however, had no visible circulating blood cells. In addition to decreased
expression of I-pln, mmy embryos showed decreased expression of several other myeloid
specific genes including mpo, lysozyme C (Figure 1A) and c/ebpa (data not shown). To
assess erythroid development, we examined the expression of aE1, aE2 globins, band3 and
gatal, which are well established markers of erythroid differentiation (Lyons et al., 2002;
Belele et al., 2009). Expression of aE1, aE2 globins and band3 was almost completely
absent in mmy mutants while gatal expression was significantly reduced (Figure 1B).
Together, these data suggest that the gene mutated in mmy affects both myeloid and early
erythroid development.

To further define the hematopoietic defects in mmy, we examined the expression pattern of
cbfb and scl, genes expressed very early in hematopoietic differentiation. Figure 1C shows
that the expression of both scl and cbfb in the ICM and posterior blood island (PBI) was
significantly reduced in mmy mutants. Together, these data suggest that the mmy mutation is
upstream of both scl and cbfb and may mark one of the earliest genes affecting both
erythroid and myeloid specification during primitive hematopoiesis.

In addition to the above hematopoietic defects, mmy embryos were visibly deformed,
exhibiting curved tails and showed obvious evidence of cell death. Acridine orange (AQO)
staining showed the presence of extensive cell death throughout the entire embryo,
especially in the head and along the dorsal region. This was detected as early as the 10-
somite stage (Figure 1D). All mmy embryos died by 30 hpf so the effect of mmy mutation on
definitive hematopoiesis could not be determined.

To further characterize the developmental defects in mmy, we examined the expression
pattern of the mesodermal markers flk1, ntl and myoD. No significant differences were seen
between wild-type and mutant embryos for any of these markers (Figure S1A). As the
kidney is the site of definitive hematopoiesis in zebrafish, we also looked at pronephric
mesoderm formation as marked by the expression of paxB (pax2a). Again, no differences
were seen between wild-type and mmy mutants indicating that all tissues required for
hematopoiesis are present (Figure S1A). To determine if there were any defects in
vascularization, mmy mutants were crossed into a flil-GFP transgenic line (Lawson and
Weinstein, 2002). As seen in the other tissue examined, flil-GFP+ vasculature was formed
in mmy mutants (Figure S2). However, since no circulating blood cells were detectable in
the mmy mutant embryos, it was unclear if the vasculature was intact in the mmy mutant
embryos.

As mmy embryos showed increased cell death in the brain and spinal cord (Figure 1D), we
examined the expression pattern of several neuronal markers including zic (spinal cord,
forebrain), krox20 (hindbrain) and paxa (spinal cord). As with the mesodermal markers, no
noticeable differences were seen between wild-type and mutant embryos (Figure S1B).

Together, our in situ data showed that mmy embryos were specifically defective in the
expression of hematopoietic genes and not those necessary for mesoderm or neuronal
development, despite the extensive cell death.

Positional cloning of mmy identifies it as the zebrafish ortholog of mammalian DHX8

Using bulked segregant analysis, the mmy candidate gene was positioned on LG (linkage
group) 12 between markers z4188 (43.3cM) and 210225 (62 cM) on the MGH meiotic map
panel

(http://zfin.org/cgi-bin/webdriver?MIval=aacrossview.apg&OID=ZDB-
REFCROSS-980521-11). For high-resolution mapping, more than 1500 mutant embryos
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were screened with additional markers and a candidate region of approximately 500 kb was
defined by markers CR932037 and AL929103 that contained 4 known genes; meox1, pea3,
dhx8 and ssp411 (Figure 2A). We sequenced the coding exons of all four genes in wild-type
and the mmy embryos and identified a single ENU-induced mutation in dhx8 (Genbank
Accession number XM_681116). The mutation, T2210A, changed a codon for leucine
(TTG) to a stop (TAG) (L737X, Figure 2B). Over 200 wildtype zebrafish from several
different strains were sequenced, none of them contained this mutation.

As the GenBank sequence of dhx8 was derived from in silico prediction, we cloned the full-
length cDNA by RT-PCR from a pool of wild-type embryos at 3 dpf. The open reading
frame of the cDNA encodes a predicted protein of 1210 amino acids with a calculated
molecular weight of about 140 kDa. Amino acid alignment of dhx8 protein to its orthologs
in other species showed that this protein is highly conserved throughout evolution from
yeast to human. The zebrafish protein is 90% identical to human DHX8 (Figure 2C).
Substitution of the corresponding T to A in zebrafish dhx8 produces a protein that is
truncated after the DEAH box thus lacking the helicase domains (Figure 2D).

Injection of dhx8 morpholinos phenocopies the mmy phenotype

To further confirm that dhx8 is the gene responsible for the mmy phenotype, we knocked
down dhx8 in wild-type embryos by morpholino (MO) injections. We designed two splice
donor MOs, one to exon 3 and the other to exon 5. Injection of the exon 3 and 5 MOs at 3
ng/embryo showed a similar phenotype. By 30 hpf, many dhx8 morphants showed few to no
circulating cells. The embryos showed visible signs of extensive cell death and a positive
curvature of the tail was becoming prominent (Figure 3A). For exon 3 spMO, 40 of 105
(38%) of morphants showed the severe phenotype, as shown in Figure 3A, while 56 of 105
(53%) showed a milder phenotype and 9 of 105 (9%) appeared to be normal. For the exon 5
SpMO, 164 of 169 (97%) showed the severe phenotype (Figure 3A) while 3% (5 of 169)
displayed a milder phenotype. By 48 hpf, morphants from both splicing morpholinos
showed increased cell death and displayed a more severe curvature of the tail, (data not
shown). Consistent results were obtained in multiple microinjection experiments. This
phenotype was not seen when a FITC control morpholino was injected at similar doses
(Figure 3A).

To confirm that the phenotype of the dhx8 morphants was specifically a result of the dhx8
knock-down, we performed RT-PCR from individual injected embryos using primers
starting at the ATG and ending in exon 6. Figure 3B showed that 3 ng of dhx8 MOs resulted
in a drastic decrease of dhx8 full-length message and the subsequent generation of
alternatively spliced products. These aberrant products were not seen in embryos injected
with 3 ng of FITC control antisense MO, which targets a human B-globin intron mutation
that causes beta-thalessemia. This oligo has not been reported to have other targets or
generate any phenotypes in any known test system except human beta-thalessemic
hematopoetic cells. (https://store.gene-tools.com/) (Thummel et al., 2008).

As a further test for the specificity of the exon 3 and 5 splicing MOs, we designed an ATG
MO, which was expected to block protein translation from dhx8 mRNA. Injection of the
ATG MO at 0.1 ng/nl, resulted in a pronounced phenotype; none of the injected embryos
survived to gastrulation stage of development (data not shown). This result indicates the
importance of this gene during early embryonic development. The phenotypic difference
between embryos injected with splice donor and ATG MOs suggests the presence of
maternal dhx8 transcript.

Together, these results showed that we specifically targeted dhx8 with our morpholinos and
verified that the phenotype in mmy embryos resulted from dhx8 mutation. Importantly, the
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translational blocking ATG MO also confirms that maternal dhx8 is required for proper
embryonic development.

Expression and sub-cellular localization of dhx8

In order to determine the expression profile of dhx8 during embryogenesis, we conducted
whole-mount in situ hybridization on wild-type embryos at multiple developmental stages.
Consistent with the data from ATG MO injection, dhx8 was maternally expressed at the 1
cell stage and throughout blastula stages (Figure 4A). dhx8 expression was ubiquitous
throughout the embryos until early somitogenesis, when it became restricted towards the
anterior region of the embryos starting from the 18 somite stage. Dhx8 expression was
completely absent from the ICM from 24 hpf onwards. From 24 hpf to 48 hpf, expression
was detected mostly in the eyes and head with a faint, but detectable level in the pronephric
duct. At 5 dpf, the expression was almost undetectable with only faint traces deep within the
midbrain (Figure 4A). Thus, dhx8 expression is broad despite its hematopoietic phenotype.

To determine the subcellular expression pattern of dhx8, HeLa cells were transfected with a
GFP fusion construct expressing either wild-type or mutant dhx8. As shown in Figure 4B,
over-expression of both wild-type and mutant forms of dhx8 resulted in a similarly diffused
nuclear pattern. This observation was also seen with DsRed fusion constructs (data not
shown). However, small nuclear speckles were seen in the wild-type transfectants but not in
the mutants. The source of these speckles is unknown.

mmy embryos have defects in mRNA splicing

The yeast homolog of dhx8 is prp22. Studies in yeast have shown that prp22 facilitates
nuclear export of spliced mRNA by releasing the RNA from the spliceosome complex and is
involved in many aspects of mMRNA processing (Tanaka and Schwer, 2005). We
hypothesized that zebrafish dhx8 functions similarly, while the phenotype in the mmy
embryos can be attributed to defective mRNA splicing and/or altered mMRNA abundance of
important genes.

To determine if dhx8 has any role in splicing, we performed an RT-PCR assay with primers
in adjacent exons (Figure 5A) from selected genes. We chose genes whose expression was
dis-regulated in mmy mutants based on fold changes in a microarray analysis (Table S1) and
also genes that were known to be involved in hematopoiesis (Table S2). In order to achieve
consistent and efficient amplification by PCR, we further chose introns in those genes that
are less than 300 bp in length (Figure 5A). As seen in Figure 5B, introns from many genes
tested were not spliced completely in mmy mutants. These include wasp2, p53, atf3, 5t40ap,
ssh, mmp9, hbbel, cbfb, mpx, gatal, and hbael. However, inefficient splicing was not
detected in all of the genes tested, e.g., introns from B-actin, a-tubulin, hbae3, fabp7a and
gpme6aa were all completely spliced in both wild-type and mutant embryos (Figure 5B).
Notably, almost all hematopoietic genes tested showed splicing deficits and were down-
regulated, suggesting a potential mechanism for the hematopoietic phenotype in the mmy
embryos. Interestingly, mmp9 was up-regulated in mutant embryos and not completely
spliced (Figure 5B). This suggests that mmp9 plays an important role in hematopoiesis.
Indeed, a recent report has shown that mmp9 is expressed in the anterior mesoderm and can
be detected in a population of circulating myeloid cells (Yoong et al., 2007).

mmy embryos have cell division defects

In a large-scale siRNA screen Kittler et al demonstrated that knocking down dhx8 and other
RNA helicases resulted in cell division defects (Kittler et al., 2004). To assess potential cell
division defects in mmy embryos, we performed immunohistochemistry on wild-type and
mmy embryos using an a-tubulin antibody. These experiments showed that mmy embryos

Dev Dyn. Author manuscript; available in PMC 2013 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

English et al.

Page 6

had a greater than six fold increase in the number of cells with dis-organized mitotic
spindles (Figure 6A). In some cases, there appeared to be as many as three spindle poles
present in one cell (Figure 6B). It is unknown whether multipolar cells are caused by a
failure in centrosome duplication or a failure in chromosome condensation. DAPI (DNA)
staining in Figure 6B also showed misaligned chromosomes indicating that the DNA is not
aligning properly at the metaphase plate, a direct result of the spindle pole defect in these
cells. These results suggest that a loss of functional dhx8 can lead to cell division defects in
zebrafish embryos, which will affect cell and embryo viability.

Knocking down of DHX8 causes cell division defects in HeLa cells

To confirm the cell division defects in mmy embryos and to demonstrate that the dhx8
mutation is responsible for these defects, we transfected H2B-GFP-HeL a cells with DHX8
shRNAs and then observed them by confocal microscopy (Figure 7A). Cells transfected
with DHX8 shRNAs showed a significant increase in the number of multi-nucleated cells
compared to cells transfected with empty vector. Of the five DHX8 shRNA constructs
tested, #13, 25 and #26 showed the most significant effects whereas #27 and #28 had a less
significant effect. Occasionally, large cells (>60um) were seen with as many as four intact
nuclei or the nuclei formed rosette structures (Figure 7B). These rosette structures were only
seen in cells transfected with #13 and #25 shRNA constructs. The most effective DHX8
shRNA construct tested (#13) showed 13-25% cells with greater than four nuclei. On the
other hand, only 1-2% of cells transfected with #25 contained greater than 4 nuclei.

One of the most striking observations made under the confocal microscope was the presence
of chromosomal bridges that connected different nuclei. They appeared as thin strings of
DNA that looped in and out of different focal planes connecting different “lobes” of the
nucleus (Figure 7C, Suppl. Movie 1).

To confirm that the cell division defects were in fact due to knock-down of DHX8, we
performed RT-PCR analysis of HeLa cells transfected with the DHX8 shRNAs. Figure 7D
showed that DHX8 shRNA #13 and# 25 resulted in the most significant reduction of DHX8
message of the five ShRNAs tested, consistent with the confocal analysis (Figure 7A, B).

To further define the nature of the cell cycle defects, we performed live-cell imaging of
GFP-H2B Hela cells transfected with DHX8 shRNA #13. Two common scenarios were
observed. In both cases, the DHX8 knock-down cells initiated mitosis but failed to complete
it properly. In the first case, nuclear envelope breakdown and metaphase chromosome
alignment appeared normal, but a thin string of DNA (chromosome bridge) connecting the
two daughter cells was observed (Figure 7C). As the daughter cells moved away from each
other, the chromosome bridge appeared to snap the cells back together. The plasma
membranes fused, resulting in a single cell with 4N DNA and double the volume (Suppl.
Movie 2). In the second scenario, mitosis resulted in an asymmetric chromosomal
distribution in which both sets of chromosomes went to one of the daughter cells (Suppl.
Movie 3). In both cases, the cells eventually died when they underwent another round of
mitosis. These experiments suggest that DHX8 is required for mitotic exit, probably during
anaphase B or telophase.

Cell death and embryonic lethality was not rescued by p53 deficiency

We hypothesize that the widespread cell death in mmy embryos (Fig 1D) was due to mitotic
defects described above. However, p53 was also up-regulated (Figure S3 and Tables S1 and
S2) and not completely spliced (Figure 5B) in the mmy embryos. To determine if the p53-
dependent apoptotic pathway contributed to the cell death seen in mmy embryos, mmy was
crossed into a p53 functional null background (Berghmans et al., 2005). However, incross
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between mmy*/~; p53*/- compound heterozygous did not change the expected ratio of mmy
embryos indicating that loss of p53 (tp53M214K) could not rescue the apoptosis and cell
death seen in mmy embryos (Table S3).

We confirmed this result by injecting mmy heterozygous incross embryos with a p53
translational blocking MO (Langheinrich et al., 2002). The p53 MO failed to rescue the mmy
phenotype with injection of as much as 6 ng of the MO (Table S4). Overall the data suggest
that the p53 apoptosis pathway does not contribute to the wide spread cell death seen in the
mmy embryaos.

Discussion

In this study we isolated the zebrafish mutant mmy as part of a forward genetic screen to
identify novel genes involved in early hematopoiesis. Using polymorphic markers from the
MGH panel (http://zfin.org), we were able to map and positionally clone the mutated gene
as dhx8 and show its involvement in hematopoiesis and embryonic survival.

As mutation in dhx8 led to defects of both red and white blood cells, it is clear that primitive
hematopoiesis are affected in mmy embryos and that dhx8 may be important at the level of
the hematopoietic progenitors. Consistently, cbfb and scl, two markers for HSC, were both
down-regulated in mmy embryos. On the other hand, vasculogenesis appeared to initiate
normally in mmy mutants and markers for mesodermal tissues were equally expressed in
wild-type and mutant embryos. The data therefore suggest that specification of the
mesodermal tissue takes place correctly in the mmy mutants, and that dhx8 is indispensable
for hematopoietic tissue but not for vasculogenesis. It is worth noting that from 24 hrs
onwards, dhx8 was not expressed in the ICM, the site of primitive hematopoiesis (Figure
4A). Thus, we hypothesize that expression of dhx8 is required for the initiation of primitive
hematopoiesis.

Based on sequence homology, dhx8 is the zebrafish ortholog of human DHX8 (Ono et al.,
1994; Ohno and Shimura, 1996) and yeast prp22 (Company et al., 1991). Studies on prp22
show that it belongs to a family of ATPase helicases whose biological function and
enzymatic activities are essential for life. Mutations that disrupt either the ATPase or
helicase activity result in failure of the spliceosome to disassemble and lead to cell death
while mutations that affect the helicase activity without affecting the ATPase activity also
result in cell death (Schwer and Meszaros, 2000; Campodonico and Schwer, 2002;
Schneider et al., 2002; Schneider et al., 2004). Biochemically, prp22, has been linked to
many aspects of MRNA metabolism. Firstly, it promotes the second step of splicing of
introns with 22bp or more between the branch point sequence and the 3' splice site (Schwer
and Gross 1998). Specifically, prp22 promotes the second transesterification reaction
leading to the ligation of adjacent exons and lariat formation. The main function of prp22
during this step is to release the mature MRNA from the U5 snRNP of the post-spliceosomal
complex (Company et al., 1991). Secondly, Mayas et al has shown that prp22 plays an
important role in suppressing splicing errors (Mayas et al., 2006). Lastly, prp22 is required
for the release of MRNAs from spliceosomes. Yeast temperature sensitive prp22 mutants
show an accumulation of both lariat introns and pre-RNA at the nonpermissive temperature
(Company et al., 1991; Aronova et al., 2007; Schwer, 2008). As prp22 is involved in mMRNA
splicing, we sought to determine whether the zebrafish homolog, dhx8, also plays a role in
MRNA splicing. Our RT-PCR data showed that many genes involved in hematopoiesis were
unspliced in mmy mutants, including scl, mmp9, cbfb, and mpx.

Previous studies suggested that prp22/DHX8 is involved in the control of cell divisions
(Kittler et al., 2004). Our results in HeLa cells confirmed the observation that loss of dhx8 in
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the zebrafish led to severe cell division defects. Cells treated with DHX8 shRNA were
unable to complete mitosis correctly, leading to multi-nucleated cells and cell death. It is
possible that DHXS8 is directly required for mitotic exit, thus suggesting a new function for
the gene. More likely, however, DHX8 is required to splice pre-mRNA molecules that
encode proteins directly required for mitotic exit. Such preferential or selective requirement
of dhx8 for the expression of certain genes has been demonstrated recently (Chen et al.,
2011).

In conclusion, we reported the first vertebrate model to study the function of dhx8 in vivo.
Our data show that mutations in dhx8, a ubiquitously expressed RNA helicase required for
proper splicing, can lead to defects in cell division, primitive haematopoiesis and the
regulation of cell death.

Materials and Methods

Fish husbandry and maintenance

Zebrafish were maintained under an approved NHGRI animal use protocol and staged as
described (Kimmel et al., 1995; Westerfield and ZFIN., 2000). ENU mutagenesis was
carried out in the EK Tg(Flil1;GFP) line (Lawson and Weinstein, 2002). The TL (Tubingen
long tail) fish were used for map crosses. Phenylthiourea (PTU; 0.003% w/v; Sigma) was
added to the water by 12 hpf to reduce melanization. EK fish were used as wild-type.

In situ hybridization

Digoxigenin-labeled antisense and sense RNA probes were synthesized as described
(Lawson and Weinstein, 2002; Lyons et al., 2002). Whole-mount in situ hybridization
assays were done either manually as described by Lyons et al (Lyons et al., 2002) or adapted
for the fully automated InsituPro Machine (Intavis AG, Kéln, Germany) with the following
modification. Instead of protenase K treatment, embryos were permeabilized in RIPA buffer
(0.05% SDS, 150 mM NacCl, 1% NP40, 0.5% deoxycholate, ImM EDTA, 50mM Tris-HCL
pH 8.0) for 6 min. L-plastin riboprobe was made from clone BQ169336. Dhx8 riboprobes
were made from CN507970, which contains the 3' end of the gene from exon 16 to the 3'
UTR. Dhx8 in situ (Figure 4) was done as described by Thisse et. al (Thisse and Thisse,
2008). Typically 30-40 hybridized embryos were observed for each probe, with at least 8—
10 mmy embryos among them to determine the expression pattern for each gene under study.

Sequence analysis

Genotyping

Primers for all candidate genes were designed by Primer3 software (Whitehead Institute for
Biomedical Research) such that they were at least 50 bp up-stream and down-stream of the
intron-exon boundaries. Sequencing reactions were carried out with Big Dye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) and resolved on a 3100
Genetic Analyzer (Applied Biosystems, Foster City, CA). DNA sequences were analyzed
using Sequencher software (Gene Codes Cooperation, Ann Arbor, MI).

dhx8+- embryos were genotyped either by using marker Z24244 that is tightly linked to the
mutation or by a PCR-restriction digest-based method. A 52 bp forward primer (5'-
TATGAAGCACCTATTTTTACAATCCCTGGTCGTACATACCCGGTAGAGGCTT-3')
ending just before the mutation was developed. However, the 3" to last base was mutated
from an A to a C. Together with the mutated base (A) in the mmy mutant, and the G
following the mutated base, a Ddel site was created (CTNAG), while this site is not present
in the wild-type allele. A reverse primer (5'-
TCACAAGCCGTGTCAATCTCCTCCTGACCCGTCAGGAAC-3'") was designed 270 bp
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away. Thus, a PCR reaction would amplify from both the wild-type and mutant allele as
they each contain only one bp mis-match. However, only amplification of the mutant allele
will generate the Ddel site, which will result in a 220 bp fragment upon Ddel digestion,
compared to the un-digested wt allele of 270 bp.

Morpholino design and injection

RT-PCR

Anti-sense morpholinos targeting dhx8 ATG (5'-
GCTCGTCTTCTCCGATCTCTGCCAT-3"), exon 3 donor site (5'-
CCCAAAATGCACTTACCTTTACTGG-3"), and exon 5 splice donor site (5'-
GTTAAAGCACAGATATCCTCACCTG-3') were designed and manufactured by Gene
Tools (Philomath, OR). All MOs were tagged with FITC (fluorescein isothiocyanate). These
dhx8 morpholinos were prepared according to the manufacturer's instructions and the
indicated amounts of the morpholinos were injected into the yolk of one-cell stage wild-type
embryos. To confirm that dhx8 was specifically targeted, RT-PCR was performed on
individual embryos using the SuperScript™ One-Step RT-PCR with Platinum® Taq Kit
according to manufacturer's instruction (Invitrogen, Carlsbad, CA), with an ATG forward
primer (5'-ATGGCAGAGATCGGAGAAGAC-3') and an ex-6 reverse primer (5'-
TGCTCCTCCGCTTCTTCCTACTG-3"). RT-PCR with gapdh primers, For (5'-
ACTCCACTCATGGCCGTTAC-3") and Rev (5-TCTTCTGTGTGGCGGTGTAG-3'), was
included as a positive control for loading.

Total RNA was isolated from 24 hpf wild-type and mutant embryos using RNA STAT-60
(TEL-TEST, Inc. Friendswood, Tx) according to manufacturer's directions. One pg of total
RNA was then subjected to RT analysis using Superscript™ 111 (Invitrogen). For PCR
analysis, up to 200 ng of cDNA was then amplified using the appropriate primer set. The
primers used to detect splicing defects in the mmy embryos are listed in Table S5. For
knock-down experiments, hp actin was amplified using primers: For 5-GGA CTT CGA
GCA AGA GAT GG, Rev 5-AGC ACT GTG TTG GCG TAC AG and hDHX8 For 5'-CGT
GCC TAC CGA GAT GAA AT, Rev 5-ATT GGC TCC AGA GGG AAC TC.

DNA isolation and PCR

DNA, either from embryos or from fin clips, was isolated using the DNeasy cell and tissue
kit (Qiagen, Valencia, CA) according to manufacturer's direction except that the DNA was
eluted in 200 pl of EB. 5 pl of this DNA was used for PCR analysis.

Immunofluorescence

The Hela derived cells, H2B-GFP (Dodson et al., 2007), were grown in 6-well dishes on
cover slips and transfected with 2 ug each of DsRed-dhx8 fusion plasmids using
lipofectamine 2000. Forty-eight hours after transfection, cells were washed 2x in 1x PBS
and fixed with 4% PFA for 20 min. After fixation, cells were washed 2x for 5 min and then
mounted with vectashield (Vector Laboratories, Inc., Burlingame, CA) containing DAPI and
subjected to confocal microscopy.

Knockdown experiments

H2B-GFP cells were grown on cover slips in six-well dishes and transfected with 2 pg of
DHX8 shRNA clones (Open Biosystems, Huntsville, AL) using lipofectamine 2000. Thirty-
six to 48 hours after transfection, cells were washed once with PBS then selected in media
containing 2.5 pg/ml of puromycin for 2 days to remove untransfected cells. At that time,
cells were stained with CellTracker™ Orange CMTMR according to manufacturer's
directions (Invitrogen Corporation, Carlsbad, California), fixed with 4% PFA for 20 minutes

Dev Dyn. Author manuscript; available in PMC 2013 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

English et al.

Page 10

then visualized using confocal microscopy. For live cell imaging, cells were transfected in
35 mm glass bottom dishes (MatTek Corporation, Ashland, MA), selected for 48 hrs in
puromycin-containing media and imaged for 2—-3 days using a Personal DeltaVision system
(Applied Precision Inc, Issaquah, WA, USA) mounted on an inverted Olympus 1X71
microscope with an oil immersion PlanApo N 60x/1.42 objective lens at 37°C with 5% CO,.
All images were acquired using a CoolSNAP ES2 camera with a frame rate of 5 minutes per
acquisition, 2x2 binning and a 512 pixels x 512 pixels imaging field. GFP excitation and
RFP (CMTMR) excitation were collected in emission filters 457/50 and 617/40 respectively.
Z-stacks were collected with a Z-interval of 0.200 microns and a total thickness of
approximately 12 microns. Maximum intensity projections were created on Applied
Precision’'s SoftWoRx software package version 4.0.0.

Immunohistochemistry

mmy and wild-type embryos were sectioned, mounted on glass slides and subjected to
immunohistochemistry. The mitotic spindles of normal or mutant embryos (21s) were
visualized by immunohistochemistry using a-tubulin antibody as described previously
(Azuma et al., 2007). The images were taken with a PROVIS AX70 microscope
(OLYMPUS).

Microarray analysis

RNA from pooled 21-26 somite wild-type and mmy mutant embryos were extracted using
STAT-60 (TEL-TEST, Inc. Friendswood, Tx) according to manufacture's directions.

RNA amplification, labeling and hybridization to a 33k In-house oligo microarray chips
were carried out as previously described (Pei et al., 2007; Brown et al., 2008). The
hybridizations were repeated once to make sure the results were reproducible. The
microarray data was analyzed via R using the marray (Gentleman et al., 2004) and limma
packages (Smyth and Speed, 2003).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. mmy mutants have severe defects in primitive hematopoiesis

(A). Whole-mount in situ hybridization of myeloid markers (I-pln, lysc, and mpo) at 24 hpf.
(B). Expression of erythroid markers ael and ae2 globins, band3 and gatal at 21 somite.
(C). Stem cell markers cbfb and scl are also down-regulated in mmy mutants. (D). Acridine
orange staining showing extensive apoptosis in mmy mutants through the entire embryos.
For all probes tested, we typically used 30-40 embryos per hybridization. As such, 25% (8-
10embryos) will be mmy.
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Figure 2. Positional cloning of mmy mutants identifies the mutated gene as the zebrafish homolog
of dhx8

(A). Physical map of the candidate region of ~ 500 kb showing the genes in the candidate
region on LG12 (blue). Scale bar = 100kb. The number of recombinants over total meiosis
observed is presented in red. GenBank accession numbers used to find additional di-
nucleotide markers are in black. (B). DNA sequence chromatogram showing the ENU-
induced mutation found in mmy. Nucleotide 2210 was mutated from a T to an A resulting in
amino acid 737 changing from a leucine to a stop. (C). Phylogenetic alignment of dhx8
proteins from different species (Yeast, NP_010929, Mosquito, XP_308573, Drolophila,
NP_610928, Chicken, XP_418105, Mouse, NP_659080, Human, NP_004932, Dog,
XP_537627, Danio, XP_686208.1, C. Elegans, NP_495019) showing their evolutionary
relations. ClustalW parameters: Open Gap Penalty = 10.0; Extended Gap Penalty = 0.1;
Delay Divergent = 40%; Gap Distance =8; Similarity Matrix = blosum. (D). A schematics of
dhx8 protein showing the different domains and the position of the truncation.
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Figure 3. Knock-down of dhx8 by morpholino injections phenocopies mmy phenotype
(A). Wild-type EK embryos were injected with 3 ng of splicing morpholinos against the
donor sites in exons 3 and 5. A FITC-labeled MO was injected as a control. (B). RT-PCR
analysis for dhx8 from morpholino-injected embryos in (A). Top panel shows that dhx8 is
specifically knocked-down in embryos injected with either exon 3 or 5 MO resulting in
aberrantly spliced products. The forward primer is located in exonl and the reverse primer
in exon 6. Bottom panel shows expression of gapdh as an internal control for RNA loading

(Kohli et al., 2005).
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Figure 4. Maternal and ubiquitous expression of dhx8

(A). Whole-mount in situ hybridization of dhx8 showing that dhx8 is maternally transcribed.
Expression is ubiquitous to about 15 somite stage and then gradually becomes restricted to
the brain as the embryo continues to develop. At 24-48 hpf, expression can be seen in the
pronephric duct, arrow. (B). dhx8 is expressed in the nucleus in a punctuate pattern. HelLa
cells were transfected with GFP-dhx8 fusion constructs and observed by
immunofluorescence 48 hours post transfection.
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Figure 5. mmy mutants have a defect in mRNA splicing

(A). Schematic of the PCR assay used to assess nuclear splicing. Blue arrows indicate the
locations of the forward and reverse primers. (B). RT-PCR analysis from 24 hpf wild-type
and mmy mutant embryos was performed for the indicated genes (Table S5). Zebrafish
genomic DNA (gDNA) was included to show the sizes of the un-spliced products. NTC: no
template control.
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Figure 6. mmy mutant embryos have mitotic defects

(A) Quantification of immunohistochemistry experiment. Ten wild-type and ten mutant
embryos were used to count 180 mitotic events (ME) in wild type and 221 ME in mutant
embryos. The embryos were sectioned into head and trunk sections and the total number of
ME for each embryo counted. Error bars indicate the standard deviation between each
experiment. *: p = 0.000031 (Student's t-Test). (B) Wild-type and mutant embryos were
sectioned (10 each), mounted and subjected to immunohistochemistry using an a-tubulin
antibody (red) and counter stain for DNA with DAPI (blue).
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Figure 7. Knock-down of DHX8 in HelLa cells led to mitotic defects

(A) GFPH2B HeLa cells cultured on cover slip were transfected with 2 ng of DHX8 shRNA
DNA constructs. Forty-eight hours after transfection, cells were selected in puromycin for
forty-eight hours, fixed and subjected to confocal analysis. An average from three
experiments is presented. Error bars indicate the standard deviation between each
experiment. P values were calculated for the % of cells with > 1 nuclei for Plk1 control vs.
the different ShRNA clones (Student's t-Test). *: p =0.00167, **: p =0.0149, ***: p =
0.0185. (B) Transfected cells were stained with CMTMR then subjected to confocal
analysis. (C) After selection, cells were subjected to Z-sectioning. One 0.2-micron slice is
shown in the GFP channel. (D) RT-PCR analysis using human specific primers for ACTIN
and DHX8 after the transfected cells were selected for 2 days.
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