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Abstract

Eukaryotic translation initiation factor elF3, that plays a central role in translation initiation,
consists of five core subunits that are present in both the budding yeast and higher eukaryotes.
However, higher eukaryotic elF3 contains additional (non-core) subunits that are absent in the
budding yeast. We investigated the role of one such non-core elF3 subunit elF3h, encoded by two
distinct genes — eif3ha and eif3hb, as a regulator of embryonic development in zebrafish. Both
eif3h genes are expressed during early embryogenesis, and display overlapping yet distinct and
highly dynamic spatial expression patterns. Loss of function analysis using specific morpholino
oligomers indicates that each isoform has specific as well as redundant functions during early
development. The morphant phenotypes correlate with their spatial expression patterns, indicating
that eif3h regulates development of the brain, heart, vasculature, and lateral line. These results
indicate that the non-core subunits of elF3 regulate specific developmental programs during
vertebrate embryogenesis.
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INTRODUCTION

Initiation of translation in eukaryaotic cells requires the essential participation of a dozen
protein factors, collectively called eukaryotic translation initiation factors (elFs) that
promote the initial binding of the initiator methionyl-tRNA (Met-tRNAI) to the 40S
ribosomal subunit, and subsequent positioning of the resulting 43S preinitiation complex
(40S.Met-tRNAI) at the AUG start codon of an mRNA, to form the 48S initiation complex
(mRNA.40S.Met-tRNAI). Subsequently, a 60S ribosomal subunit joins the 48S initiation
complex to form the 80S ribosomal initiation complex (MRNA.80S.Met-tRNAI) that is
competent to undergo peptide bond formation. This overall process involves formation of
multiple non-covalent intermediate biochemical complexes in a series of distinct steps that
are highly conserved between the unicellular budding yeast Saccharomyces cerevisiae and
the higher eukaryotes including plants and mammals. Not only is the function of each
initiation factor in the translation initiation pathway conserved but there is also a clear
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structural homology between the budding yeast and mammalian initiation factors (for
review, see Kapp and Lorsch, 2004; Kozak, 1999; Pestova et al., 2007).

Among the translation initiation factors, eukaryotic initiation factor elF3 is a large
heteromeric protein complex that plays a central role in the initiation process (Hinnebusch,
2006; Kapp and Lorsch, 2004; Pestova et al., 2007). The initial binding of elF3 to free 40S
subunits is necessary for the subsequent binding of the initiator Met-tRNAI to generate the
stable 43S preinitiation complex. Subsequent recruitment of mMRNA to the 43S pre-initiation
complex is also mediated by the binding of elF3 with the initiation factor elF4G, which in
turn interacts with the cap binding initiation factor elF4E at the 5’ cap structure of the
mRNA. Finally, elF3 has also been shown to play an important role during the scanning of
the 43S pre-initiation complex along the mMRNA leading to the selection of the AUG start
codon. Consistent with this multitude of functions, the subunits of elF3 are reported to
interact with other elFs that are involved in the initiation process, suggesting that elF3
functions as a central “hub” (Kapp and Lorsch, 2004) or a “scaffold” (Hinnebusch, 2006) in
the assembly of translation initiation complexes.

In view of the well accepted conserved central role of elF3 in translation initiation, it was
somewhat surprising that elF3 isolated from the budding yeast contains only five distinct
subunits, designated elF3a, elF3b, elF3c, elF3g and elF3i, whereas the multi-cellular higher
eukaryotic elF3 contains, in addition to the homologs of these five subunits, an additional 6-
8 subunits (Hinnebusch, 2006; Kapp and Lorsch, 2004; Pestova et al., 2007). In fact, the
genes encoding these additional subunits are absent in the genome of the budding yeast. It
has been hypothesized (Hinnebusch, 2006; Kapp and Lorsch, 2004; Pestova et al., 2007) that
the five subunits of elF3 that are common to both the unicellular budding yeast and the
higher eukaryotes comprise the “core” subunits that are essential for global translation
initiation of all eukaryotic mRNAs. The additional subunits that are only present in elF3 of
higher eukaryotes may either serve as regulators of translation initiation by controlling the
translation of specific MRNAs and/or be directly involved in other biological processes.
These subunits are designated as the “non-core” subunits and are named elF3d, elF3e, elF3f,
elF3h, elF3j, elF3k, elF3l and elF3m (Hinnebusch, 2006).

To investigate whether the non-core elF3 subunits play a regulatory role in translation
initiation and/or other biological processes, we chose to study early embryogenesis in a
vertebrate. There is now compelling evidence, primarily from studies in Drosophila, C.
elegans and Xenopus (Curtis et al., 1995; Groisman et al., 2001; Thompson et al., 2007), that
translational control plays an important role in regulating the patterns of protein synthesis
and thus the entire process of early embryonic development. In known cases of translational
control during development, a regulatory repressor protein binds to a cis-acting sequence at
the 3° UTR of the mRNA. This interacts with the cap-binding initiation factor elF4E,
preventing its interaction with elFAG. This effectively prevents the elF4E.elF4G.elF3
interaction that is necessary for the binding of the 43S preinitiation complex to the 5’ cap
structure of the mRNA (Gebauer and Hentze, 2004; Gray and Wickens, 1998; Hentze et al.,
2007; Richter and Sonenberg, 2005; Thompson et al., 2007). The question naturally arises
whether this elFAE.elF4G.elF3 interaction, which is critical for the assembly of the
translation initiation complex on the mRNA leading to AUG start codon selection, has a
regulatory role in translation initiation that is mediated by one or more of the elF3 non-core
subunits during early embryonic development. To test this hypothesis, we used the zebrafish
(Danio rerio) as a model, because it provides several distinct experimental advantages (Lele
and Krone, 1996.). Here we report our initial studies using zebrafish to evaluate the role of
the non-core elF3 subunit elF3h during embryonic development. BLAST search analysis in
the UCSC genome browser showed that the gene encoding zebrafish elF3h is duplicated on
two distinct chromosomes. We show that two zebrafish eif3h mRNAs are differentially
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expressed during embryonic development. Loss-of-function experiments demonstrate that
these two genes have distinct embryonic requirements, although they also have some
common and redundant functions. Overall our studies support the hypothesis that elF3 non-
core subunits have regulatory functions that impact embryonic development.

elF3h is encoded by two distinct genes in zebrafish

A genome-wide BLAST search revealed that zebrafish elF3h is encoded by two distinct
genes, one located on chromosome 16 and the other on chromosome 19. We have
designated these genes as eif3ha and eif3hb, respectively, corresponding to the proteins
Eif3ha and Eif3hb, based on the accepted nomenclature system for duplicated genes and
proteins in zebrafish. The two predicted proteins (the orthologs of elF3h) are ~ 87%
identical, and each shows ~84% identity with the human protein (Fig. 1A). Each ortholog
contains a well-conserved MPN domain (Sanches et al., 2007) near the N-terminus (Fig. 1B)
that is characteristic of other multi-subunit protein complexes including the proteasome and
the CSN signalosome (Scheel and Hofmann, 2005; von Arnim and Schwechheimer. 2006).
The presence of duplicated genes in zebrafish is not unusual (Bahary et al., 2007; Force et
al., 1999; Shimeld, 1999). This feature can prove useful for revealing gene functions, since
the possibility exists that multiple distinct functions or expression domains for a single
human gene may be segregated onto two distinct zebrafish orthologs. Alternatively, the two
genes may have redundant functions. Before proceeding to evaluate this further, we first
sought to determine if both genes are expressed.

Both eif3h genes are expressed at distinct levels and in dynamic patterns during
embryogenesis

Using two sets of PCR primers, each pair being specific for either the eif3ha or eif3hb
transcript, RT-PCR amplification of total zebrafish RNA is expected to yield 432-bp and
365-bp products for eif3ha and eif3hb, respectively. Analysis of total RNA isolated from
embryos at 24 hpf showed the presence of both transcripts (Fig. 2A). The conditions used
for the RT-PCR reactions were semi-quantitative since the amount of each product
generated was directly proportional to the amount of input RNA. The results suggest that the
relative level of expression of eif3ha mMRNA at 24 hpf is significantly higher than that of
eif3hb mRNA. Further confirmation for this observation was obtained using a new single set
of forward and reverse primers matching highly conserved sequences of the two genes. In
this case, the cDNA derived from the transcript of either gene should be amplified with
equivalent efficiency. The PCR product derived from each transcript was distinguished by
restriction digestion with either Stul (unique for eif3ha) or Kpnl (unique for eif3hb). Using
this differential restriction digestion assay, we determined the relative levels of MRNA
derived from each gene at various time points during development, as well as in specific
adult zebrafish tissues. As shown in Fig. 2B and 2C, eif3ha mRNA is expressed at a
significantly higher level than eif3hb throughout embryogenesis. It should be noted that
significant levels of eif3hb mRNA, although still much lower compared to eif3ha, start to
appear only ~1-2 days post fertilization (dpf). We also evaluated RNA isolated from
different organs of adult zebrafish (Fig. 2D and 2E). In contrast to early embryos, both
eif3ha and eif3hb transcripts were observed in nearly equivalent amounts in heart, eye, and
brain. In other tissues examined, e.g. intestine, swim bladder, and kidney, eif3ha transcripts
were observed at a higher level than eif3hb although the relative expression levels vary
somewhat depending on the tissues examined. Taken together, these results show that both
eif3h genes are expressed, and their relative expression levels vary depending on the
embryonic stage or tissue of the adult fish.
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The spatial expression pattern of each eif3h mMRNA was investigated by carrying out in situ
hybridization experiments using antisense RNA probes labeled with digoxigenin. To
minimize potential cross-hybridization between the two transcripts, we designed probes
specific for each gene product by subcloning specific regions of each cDNA as described
under Materials and Methods. Hybridization of staged embryos with purified probes under
stringent conditions showed that with embryos younger than 24 hpf (Fig. 3a), both eif3h
transcripts are expressed quite ubiquitously although the eif3ha transcripts appear much
more abundant compared to the eif3hb transcript (Fig. 3a, compare panels A—F with panels
G-L), as expected based on the RT-PCR data (Fig. 2). However, in embryos staged between
1-4 dpf, spatially restricted and dynamic expression patterns were observed for both eif3h
genes (Fig. 3b). At 24 hpf, the eif3ha transcript was found predominantly in brain, eye, and
somites (Fig. 3b, panels A and F). In contrast, at this stage, the eif3hb transcripts were
restricted much more to the anterior portions of the body as well as to the tissues associated
with the developing heart (Fig. 3b, panels K and P). By 30 hpf, the level of eif3ha transcripts
decreased and became associated with specific developing organs, e.g. regions of the brain,
eye and somites (Fig. 3b, panels B and G). Between 2-3 dpf, eif3ha was expressed
specifically in the eye, midbrain-hindbrain boundary, ear, fin bud, and specific regions of the
gut tube including the liver (Fig. 3b, panels C, H, D and I). Interestingly, the expression of
eif3ha in somites, which was prominent at 24-30 hpf, was not seen by 2 dpf. At 4 dpf,
eif3ha transcripts were observed primarily in specific regions of the alimentary canal,
including the esophagus and intestinal bulb (Fig. 3b, panels E and J). By 3 dpf, eif3hb
transcripts were concentrated more in the brain region (Fig. 3b, panels N and S) showing a
marked change in the expression pattern while at 4 dpf, low levels of these transcripts were
detected in the esophagus (Fig. 3b, panel O). As a control, we used a sense RNA probe,
which failed to generate signal, as expected (Fig. 3a, panels M-O and Fig. 3b, panels U-Y).

The two eif3h genes have different requirements for embryonic development

We next investigated the effect of blocking the synthesis of each eif3h isoform during early
zebrafish embryogenesis. For this purpose, we designed 25-mer antisense morpholino
oligomers that would specifically bind to the 5’-UTR region immediately upstream of the
AUG start codon of each mature eif3h mRNA, thereby preventing initiation of translation.
Distinct morpholino oligomers were also designed to bind to the intron-exon boundary of
each of the eif3h pre-mRNAs, thereby blocking the formation of the spliced mature mRNAs.
In either case, cellular synthesis of the encoded elF3h protein isoform should be inhibited,
and if both the translational blocker (TB) and the splice blocker (SB) morpholino generate
similar phenotypes, this serves to validate the specificity of the eif3h knockdown (Eisen and
Smith, 2008). Each of the morpholinos used for this study were also blast-screened
(http://genome.ucsc.edu/cgi-bin/hgBlat) genome-wide against other zebrafish mMRNAs to
exclude mistarget effects. The ability of morpholinos to inhibit the targeted gene activity
typically persists for 4 to 6 days, throughout key early stages of zebrafish development.

We first confirmed the specificity and activity of each TB morpholino using an in vitro
coupled transcription-translation assay system. Addition of the eif3ha-specific morpholino
caused a marked inhibition of Eif3ha protein formation in vitro. The specificity of this
morpholino was demonstrated by showing that the morpholinos targeted to either the eif3ha
pre-mRNA splice site or to the translational start site of eif3hb mMRNA failed to inhibit in
vitro Eif3ha protein formation (Fig. 4A, the first four lanes). Likewise, in vitro translation of
eif3hb mRNA was significantly inhibited by the presence of eif3hb-specific TB morpholino.
In this case, neither the eif3ha-specific TB morpholino nor the SB morpholino directed
against the eif3hb pre-mRNA inhibits translation of the eih3hb mature mRNA (Fig. 4A, last
four lanes). Similarly, the specificity and efficiency of each SB morpholino was verified
after injecting fertilized eggs with the corresponding morpholino by isolating total RNA
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from embryos at 24 hpf (for eif3ha) or 2 dpf (for eif3hb). Subsequent RT-PCR assays
showed a clear reduction in the formation of both the mature eif3ha and eif3hb transcripts,
using only the corresponding SB morpholino, compared to the control uninjected wild-type
embryos, with no cross-targeting (Fig. 4B). Having documented the specificity of
morpholino action, we next used these reagents to knockdown gene activity and evaluate
developmental phenoptypes. A summary of the morpholinos used in this study and the
phenotypes caused by eif3h loss of function, as described below, is provided in Table 1.

(i) Effects of loss-of-function of eif3ha—Injection of the eif3ha-specific TB
morpholino (10 ng/injection) into one-cell staged embryos caused severe defects in the
formation of normal brain structures. A representative result of multiple independent sets of
morphant embryos (n> 30 — 40 embryos per set) is shown in Fig 5 (compare Fig 5B with Fig
5A). The severity of the phenotype was proportional to the amount of injected morpholino in
the 4 — 10 ng range (data not shown). Furthermore, the phenotype obtained is consistent with
the expression pattern shown above for eif3ha mRNA (Fig 3b, panels A and F). It should be
noted that besides the brain disruption that was consistently seen in these morphant
embryos, the morphology of the morphants appeared otherwise grossly normal and the
morphants survived for ~ 5 days.

The specificity of the phenotype observed with the TB morpholino was confirmed by
injecting the SB morpholino specifically directed against the exon2-intron2 boundary of the
eif3ha pre-mRNA. In multiple independent sets of injections (n > 40 per set; 4 ng/injection),
this morpholino severely compromised formation of proper brain and eye structures at the
24 hpf stage, similar to the results observed with the TB morpholino (compare Fig 5C with
Fig 5A and also with Fig 5B). We also injected a control morpholino, which should not
target any zebrafish mRNA, at the same amount (4ng/injection) and this mrpholino, as
expected, did not show any phenotype, similar to the uninjected embryos (Fig S1, Panels A
— F). Some morpholinos have been shown to cause brain defects due to off-target effects that
stimulate p53-induced apoptosis (Robu et al., 2007). This is not the case for the eif3ha
morpholinos, since co-injection of a p53-specific morpholino along with eif3ha morpholino
failed to rescue the brain defect (Fig. S2, panels a and b).

(if) Loss-of-function of eif3hb—Using the eif3hb-specific TB morpholino, we carried
out knock-down experiments of eif3hb by injecting sets of 1-cell staged embryos (4 — 10 ng/
injection; n > 30 — 40 per set). In contrast to the wild-type embryos, morphant embryos (4 —
6 ng/injection) at 2 dpf showed significant pericardial edema (Fig 5E). Additionally, the
morphant embryos appeared to have endoderm or gut defects as indicated by regression of
the yolk stalk extension (Fig 5E). It should be noted that the embryos injected with the
control morpholino at the same amount (6 ng/injection) did not show any phenotype (Fig S1,
Panel G — O). However, a similar phenotype was observed by injecting a specific SB
morpholino (~ 3 ng/injection) designed against the intron2-exon2 boundary of the eif3hb
pre-mRNA (compare Fig 5F with Fig 5D). Furthermore, while only the pericardial edema
phenotype was evident at this dose (3 ng/injection), at a higher dose (4 — 5 ng), the eif3hb-
specific SB morpholino caused a consistent brain degeneration phenotype similar to
blocking eif3ha (data not shown). This brain degeneration phenotype observed by injecting
higher dose of eif3hb-specific morpholino is not due to its targeting of eif3ha mRNA, since
there is no reduction of the mature eif3ha mRNA under these conditions (Fig S3).

The two eif3h orthologs have functional redundancy during embryonic development

Results presented above show that the morphant phenotypes for the two eif3h orthologs are
different, consistent with their distinct expression patterns during zebrafish development.
However, the patterns of expression for both genes also appear to overlap, particularly in a
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common expression domain associated with the developing brain. We therefore tested the
effect of blocking the function of both gene products simultaneously. Injection of either 3 ng
of eif3ha-SB morpholino or 2 ng of eif3hb-SB morpholino alone failed to generate an
obvious phenotype. However, when these two morpholinos were injected together at the
same doses, a prominent deterioration of brain structures was observed in morphant embryos
at 24 hpf (Fig 6). This result indicates that the reduction of products from one zebrafish eif3h
gene can be functionally compensated by the other gene. However, this functional
compensation is lost by depletion of both eif3h isoforms below a certain threshold level.

eif3ha displays a striking and dynamic expression pattern in developing somites

The in situ hybridization experiments presented in Fig 3b showed that at 24-30 hpf the
expression pattern of eif3ha transcripts is restricted to a sub-domain of each somite. To
evaluate more precisely the specific sub-domain (and therefore progenitor cell types)
represented by this pattern, we carried out two-color whole-mount double in situ
hybridization experiments using ~26 hpf embryos, and compared the pattern of expression
of eif3ha with that of a well-characterized somite marker — myod. Just after somite
formation, myod transcripts are known to be restricted to the posterior zone of the somite,
generating a clear striped pattern (van Eeden et al., 1996 and see Fig. 7, panel A). This
pattern shifts as the somite matures (Weinberg et al., 1996). Older and more developed
rostral somites in the trunk region have the highest levels of myod transcripts in the central
region along the anterior-posterior axis (Weinberg et al., 1996). We confirmed that the most
caudal nascent somites express myod in the expected pattern. However, there was a lack of
visible eif3ha transcripts in this domain (Fig. 7, panel D). Rather, expression of eif3ha is
initiated in more central developing somites, specifically in the posterior cells of the somites,
demonstrated by the complete overlap of the pattern with myod in this region (Fig 7, panel
D). In somewhat more rostral somites, the eif3ha expression pattern extended to the anterior
cells of each somite where myod transcripts were not observed (Fig 7, panel D). Therefore,
in this set of somites eif3ha and myod transcripts are co-expressed in the posterior cells,
while eif3ha alone is detected in the anterior half (Fig 7, panel D). Finally, at this stage of
development, in the most rostral trunk somites, eif3ha is co-expressed with myod in the
somite central domain (Fig 7, panel C). Taken together, these results indicate that eif3ha is
expressed in the developing somites in a pattern that depends on the maturation stage of the
somite.

eif3ha morphants have defects in lateral line and vascular patterning

While the trunk of the eif3ha morphants appeared grossly normal (see Fig. 5), the specific
and dynamic expression pattern of eif3ha mRNA in the somites (Fig. 7) prompted us to
investigate more subtle phenotypes that might occur if normal somite development and/or
somite-derived signaling pathways were disturbed. For this purpose, we first investigated the
zebrafish lateral line, which is a mechano-sensory system present in fish and amphibians
related to the human auditory system (Dambly-Chaudiere et al., 2003). The zebrafish lateral
line is composed of two sub-domains: the anterior lateral line (ALL) and the posterior lateral
line (PLL) that are formed by the head neuromasts and the body/tail neuromasts,
respectively. The PLL neuromast progenitors are deposited by an ectodermal placode-
derived primordium that migrates toward the tail, starting around 20-22 hpf, from a region
just caudal to the otic capsule. Each neuromast forms a hair cell structure surrounded by
support cells and is innervated by both the afferent and the efferent neurons from the
hindbrain, controlling the sensitivity of the lateral line system to detect touch and water
flow. By 2-3 dpf, the deposition of 5-6 neuromasts occurs in a sterotypic fashion in which
the neuromasts are arranged in pairs on each side of the body trunk at regular intervals. In
addition, the primary PLL also contains 3—4 terminal neuromasts at the tip of the tail
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(Dambly-Chaudiere et al., 2003). It has been postulated that the regulated deposition of PLL
neuromasts is controlled by specific somite-derived signaling cues (David et al., 2002).

The effect of loss of eif3ha on neuromast formation was investigated in eif3ha morphant
embryos (Fig 8). The neuromast pattern is readily observed by staining with the fluorescent
vital dye 4-Di-2-ASP (Collazo and Mabee, 1994), which is specifically taken up by the
active hair cells (Fig. 8A). We observed that injection of embryos with a low dose (~3 ng/
injection) of the eif3ha-specific morpholino (SB MO) generated morphants (approximately
90 - 95%, n ~ 100) at 3 dpf that failed to develop most of the PLL neuromasts in the mid-
trunk. Neuromasts at the posterior trunk or the tail tip region appeared to form normally
compared to control wild-type embryos (compare Fig 8B with Fig 8A). Neuromast
deposition defects could be secondary to brain degeneration, if this disturbed primordium
development. However, under these conditions, these deposition-defective eif3ha morphants
did not show any brain phenotypes. Similar neuromast defects were also observed in
morphant embryos obtained by injecting higher dosage of eif3ha-specific morpholino,
although this also led to brain degeneration. In contrast, using low dosage of eif3hb-specific
TB MO (2 - 4 ng/injection), 70% of the eif3hb morphants showed apparently normal
neuromast deposition, even though pericardial edema started to develop by this stage (Fig.
8C). However, ~ 30% of the eif3hb morphant embryos showed neuromast deposition defects
which varied from loss of only PLL (Posterior Laterior Lateral Line) neuromasts to the loss
of all PLL and ALL (Anterior Lateral Line) neuromasts. This observation could perhaps be
explained by low-level expression of eif3hb in the embryonic somites (See Fig 3b, Panels K,
L, P and Q). Alternatively, it could be a secondary effect as a result of the brain
degeneration that these morphant embryos tend to acquire as the dose of eif3hb-specific
morpholino increases.

Finally, we analyzed the development of the trunk vasculature, which is known to develop
in close association with the somite boundaries. In wild-type embryos at 1.5 dpf, the
developing intersegmental arteries and veins sprout and elongate dorsally from the dorsal
aorta or posterior cardinal vein, respectively, and link to the dorsal longitudinal anastomotic
vessel (Isogai et al., 2001; Lawson and Weinstein, 2002). Thus, the intersegmental vessels
form a regular metameric structure around the somites in the developing zebrafish trunk.
During formation of the intersegmental vessels, mesoderm-derived endothelial progenitors
migrate to the dorsal aorta and by subsequently migrating between the somites, reach
destination positions in the intersegmental and dorsal longitudinal anastomotic vessels.
Individual angioblasts destined to become segmental vessels always leave the dorsal aorta
specifically between the ventral regions of the two adjacent somites (Childs et al., 2002).
Clearly, establishing this highly regulated pattern requires active participation of somites,
both at the level of cellular interactions as well as in the generation of different signaling
cues to control angioblast fate.

We investigated the effect of loss of function of eif3ha on vasculature development by
injecting eif3ha-specific morpholino in low dosage (SB MO, ~ 3ng / injection) into one-cell
stage embryos derived from transgenic fli:gfp reporter fish in which endothelial cells are
labeled with GFP. We observed that at 2.5 — 3 dpf, a high proportion of the eif3ha morphant
embryos (approximately 70 — 75%, n ~ 100) were highly defective in the normal metameric
pattern of segmental vessels in the body trunk. The defect appeared often at the posterior
trunk region [Fig 9(a) and (b), Panel C]. In contrast, eif3hb morphants did not show any
similar defects [compare panel B with panel A in both Fig. 9(a) and 9(b)]. These results
suggest that the well-maintained distance between the intersegmental arteries and vessels
seen in the wild-type embryos is defective in the eif3ha morphants, indicating perturbation
of the coordinated migration of intersegmental vessel angioblasts. It should be noted that
under these conditions the morphant embryos showed no apparent brain phenotypes.
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DISCUSSION

Analysis of elF3 in metazoans has been challenging due to its structural complexity.
Because the non-core elF3 subunits that are absent in budding yeast are integral components
of the higher eukaryotic elF3 protein complex, the structure and function of mammalian
elF3 is likely to be considerably different compared to the complex in unicellular budding
yeast. A significant step towards understanding the function of the non-core elF3 subunits
came from the observation that in contrast to S. cerevisiae (Hinnebusch, 2006), the genome
of the genetically tractable fission yeast Schizzosaccharomyces pombe contains structural
homologs of four mammalian non-core elF3 subunits — elF3d, elF3e, elF3f, and elF3h
(Akiyoshi et I., 2001; Bandyopadhyay et al., 2002; Bandyopadhyay et al., 2000; Crane et al.,
2000; Yen et al., 2000; Zhou et al., 2005) and these subunits have been shown to be integral
components of the purified elF3 protein complex (Ray et al., 2008). However, each of the
genes encoding elF3d, elF3e, and elF3h was found to be dispensable for growth and
viability of the cells (Akiyoshi et I., 2001; Bandyopadhyay et al., 2002; Bandyopadhyay et
al., 2000; Crane et al., 2000; Ray et al., 2008 Yen et al., 2000). Additionally, in all three
deleted strains the polysome profiles were similar to that observed for the wild-type cells
indicating that the global translation process was not affected (Bandyopadhyay et al., 2002;
Bandyopadhyay et al., 2000; Ray et al., 2008). However, these deleted strains showed some
specific phenotypic properties including severe defects in meiosis/sporulation following
conjugation of two haplotype deleted strains (Bandyopadhyay et al., 2002; Bandyopadhyay
et al., 2000; Ray et al., 2008). The defect is most severe for deletion of elF3h (Ray et al.,
2008) suggesting the possibility that in fission yeast, these non-essential elF3 subunits may
each be required for efficient translation of a subset of MRNAs, perhaps those encoding
proteins required for specific cellular functions. These observations prompted us to examine
whether non-core elF3 subunits function as regulators of gene expression in a vertebrate
organism. Since translational control is known to play a key role in regulating gene
expression in early embryonic development (for a review see Thompson et al., 2007), and
the role of non-core elF3 subunits is essentially untested in higher animals including
vertebrates, we have used zebrafish as a model to study the role of a non-core elF3 subunit
during vertebrate development. The general feasibility of this approach has been
investigated in this study for the elF3h subunit, which in zebrafish is encoded by two
distinct genes — eif3ha and eif3hb located on two distinct chromosomes.

Our study shows that these two eif3h genes, both of which are expressed during early
embryogenesis, have overlapping yet distinct spatial expression patterns in developing
zebrafish embryos and these are highly dynamic. Interestingly, knockdown analysis of each
of the two proteins clearly indicated that both elF3h isoforms have specific as well as
overlapping roles during early development of zebrafish. Their knockdown phenotypes
correlated with their spatial expression patterns. In addition they share some common
expression domains, and above a certain threshold, they can compensate for each other. The
eif3ha gene is specifically expressed in embryonic somites in a strikingly dynamic manner,
associated with the maturation stage of the developing somite. The partial depletion of
eif3ha using a low dosage of morpholino leads to pleiotropic developmental defects related
to somite associated signaling cues, such as defective neuromast deposition and irregular
angiogenesis in the body trunk region (see Fig. 8 and Fig. 9). During early embryogenesis,
tissues associated with heart showed strong expression specifically for eif3hb (Fig. 3b).
Furthermore, knockdown of this isoform leads to pericardial edema. Since the cardiac
(eif3hb) and vascular/neuromast (eif3ha) phenotypes are not shared by the two sets of
morphants, the loss-of-function studies indicate that some specific functions are partitioned
between the two orthologs. This could be based on biochemical functions, or simply
reflecting different expression pattern or levels of each isoform. However, not all functions
are segregated, since the neural degeneration phenotype caused by the double knockdown
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appears similar to that caused by a high dose of either individual morpholino. The embryo
appears to be more sensitive in this case to loss of eif3ha, which probably reflects the higher
expression levels of this gene. This illustrates a particularly attractive feature of the
zebrafish model, in that some (but not all) specific functions are partitioned between the two
orthologs and for the first time we have the possibility to infer about the functional evolution
of a bona-fide translation initiation factor during the early development of vertebrates.

Our results support the hypothesis that the non-core elF3 subunit elF3h (and perhaps other
non-core subunits of elF3) are involved in specific functions during zebrafish embryonic
development. In support of this hypothesis, it should be noted that the gene of a core elF3
subunit - elF3c, in contrast to the eif3h genes, is expressed quite ubiquitously (data not
shown, but in agreement with the results reported in the ZFIN database — www.zfin.org).
Furthermore, when the production of elF3c was blocked by injecting an eif3c-specific SB
morpholino into one cell staged embryos, the morphant embryos, instead of showing any
specific defect, appeared to be generally disrupted in overall embryonic development (Fig.
S4, see also Table 1) and do not survive beyond approximately 2 dpf. This result is
consistent with the requirement of the elF3 core subunits in global translation of all
eukaryotic mMRNAs.

The question naturally arises how each of these zebrafish elF3h orthologs might be involved
in regional-specific functions during early embryogenesis. Although none of the zebrafish
translation factors including elF3 has been isolated and characterized, elF3 has been isolated
from a wide variety of eukaryotic sources (mammalian, plant, tumor cells, as well as the
unicellular fission yeast S. pombe) and has been shown to be a highly conserved protein
complex consisting of 11 — 13 subunits (five core and 6 — 8 non-core subunits) (for a review
see refs Hinnebusch, 2006; Kapp and Lorsch, 2004; Ray et. al, 2008). In all cases, the non-
core subunit elF3h was found to be an integral component of the elF3 protein complex and
was never observed to exist in free form in cell free extracts. Translation initiation factor
elF3 is known to be a central component of the 43S ribosomal pre-initiation complex and its
presence is essential not only for the pre-initiation complex to bind to the 5’-capped end of
the MRNA, but also for its ability to scan through the 5> UTR of mRNAs leading to AUG
selection (Hinnebusch, 2006, Kapp and Lorsch, 2004). It is also well accepted that the
structure of the 5° UTR is a critical component that determines the relative efficiency of
scanning (Kozak, 1999.). One attractive hypothesis is that the presence of a particular non-
core subunit, e.g. elF3h, in the elF3 protein complex may in turn govern the efficiency with
which the 43S pre-initiation complex is able to scan through the 5° UTR of a particular set
of mRNAs. Thus the possibility exists that either one or both of these orthologs might be
required for tissue-specific translation of a subset of mMRNAs. In support of this hypothesis,
it was observed (Kim et al., 2007) that in the plant Arabidopsis thaliana, the h subunit of
elF3 increases the efficiency of translation initiation of mMRNAS harboring upstream open
reading frames (UORFs) in their 5° UTRs, as well as mRNAs with long 5° UTRs or coding
sequences. These observations were made by microarray comparisons of polysome-
associated translating mRNAs isolated from wild-type and eif3h mutant seedlings.
Furthermore, it was shown that inactivation of eif3h in this plant, although not lethal, causes
pleiotropic developmental defects (Kim et al., 2004). These results justify analogous
investigation of zebrafish elF3h, providing a unique opportunity to define such roles in a
vertebrate model.

Notwithstanding the above hypothesis, the possibility remains that elF3h may also have
functions in early development unrelated to direct regulation of translation initiation of
specific subsets of mMRNAs. For example, it was observed that another non-core subunit of
elF3 - elF3e in S. pombe, associates with a proteasomal lid subunit (Yen et al., 2003) that
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regulates the degradation of specific proteins, which is required for mitosis. Future studies
will focus on defining the mechanism of action for elF3h during embryonic development.

In the work presented here, identification of two zebrafish isoforms has also created a new
angle to the functional segregation of this non-core subunit. There may exist two distinct
populations of zebrafish elF3 protein complexes depending on the presence of either eif3ha
or eif3hb and each elF3 protein complex might be differentially competent to translate
specific subsets of MRNAs. In fact, the presence of distinct forms of elF3 in fission yeast
that differ in their composition of the non-core subunits has been reported (Zhou et al., 2005,
Ray et al., 2008). Furthermore, the possibility exists that with a particular elF3 protein
complex containing any one of the zebrafish elF3h orthologs, the relative efficiency of
translation of a distinct set of MRNAs may be dependent on the available concentration of a
particular form of elF3. This may explain our observations (Fig. 8 and Fig. 9) that the
appearance of distinct phenotypes is dependent on the extent of knockdown of each elF3h
ortholog. Alternatively, the two isoforms may be biochemically equivalent, and segregated
by evolution of cis-regulatory elements that differentially direct expression. These issues
may eventually be resolved by rescue experiments that replace one or the other isoform.

Finally, it will be of interest to investigate in the context of zebrafish embryogenesis the
function of other elF3 non-core subunits that are absent in the budding yeast S. cerevisiae.
There is evidence that both in fission yeast and in mammalian cells, each non-core subunit
performs different biological functions (Guo and Sen, 2000, Holz et al., 2005; Shi et al.,
2006; Yen et al,. 2003). In fact, the non-core subunit elF3e, an integral component of
mammalian elF3, was originally isolated from mouse as an INT6 oncogene (Asano et al.,
1997; Marchetti et al., 1995). This elF3 subunit has also been implicated as a tissue-specific
modulator of MEK-ERK signaling in zebrafish embryos (Grzmil et al., 2007). Clearly, each
non-core subunit may regulate divergent biological processes in zebrafish, and such
characterization may provide insight into their functional evolution.

MATERIALS AND METHODS

Zebrafish strains, fish husbandry and imaging

Zebrafish embryos were maintained at 28.5°C and staged as described (Kimmel et al.,
1995). The wild-type (WT) strain was a hybrid of the AB and TU lines. Fish strains AB, TU
and transgenic fli:gfp (Lawson and Weinstein, 2002) were obtained from the Zebrafish
International Research Center (Eugene, OR). Images were captured under either brightfield
or fluorescence light, using a Nikon SMZ1500 fluorescence microscope with an Insight
Firewire 2 digital camera and SPOT advanced software.

Plasmids for generating RNA and in situ hybridization probes

The cDNA IMAGE clones for both genes encoding zebrafish elF3h, designated eif3ha
(PDNR-LIB-eif3ha, IMAGE ID: 7154352) and eif3hb (pME18S-FL3-eif3hb, IMAGE ID:
7278934) were obtained from Open Biosystems. The template for whole mount in situ
hybridization probe was prepared by PCR amplifying a 410-bp fragment of eif3ha cDNA
clone (nt 563 — 973) and ligating into pCRII-TOPO vector (Invitrogen). The forward and
reverse PCR primers used were 5’-CTGAGGGGCTGAAGAAGG and 5’-
CTGCGATGAGGAGCGTGTC, respectively. The template for eif3hb was a unique 393-bp
DNA fragment isolated from pME18S-FL3-eif3hb by Pstl/Xbal restriction enzyme digestion
(nt 724 — 1117) and subcloned into the pBluescriptll SK(+) vector. For preparing full length
eif3ha and eif3hb RNA transcripts, the corresponding cDNAs from pBluescriptll SK(+)-
eif3ha and pME18S-FL 3-eif3hb, respectively were subcloned into the T7 and T3 RNA
polymerase - pCS2+ vector using Clal/Xbal and Xhol digestion, respectively.
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Morpholinos and microinjections

Two morpholino oligomers were designed for each eif3h gene and purchased from Gene
Tools (Philomath, OR). For each gene, one morpholino oligomer targeted the 5° UTR
immediately preceding the start codon, in order to block mRNA translation (translation
blocker, designated TB), while the second oligomer targeted the exon2-intron2 boundary of
each gene to inhibit proper splicing of the corresponding pre-mRNA to form mature MRNAs
(splicing blockers, designated SB). The TB morpholino sequences used were: 5°-
ATGGATAGGAATCGGAACCAAGCAC for eif3ha and 5’-
TTATTATTATCTTGATGAGCGCCGG for eif3hb, while the SB morpholino sequences
used were: 5’-GGAGATTGCCGTGCGCCTCACCTTC for eif3ha and 5’-
TTAGTCGTTTCAGTCTCCTACCTTC for eif3hb. Blast searches
(http://genome.ucsc.edu/cgi-bin/hgBlat) predicted the specificity of each morpholino. Each
morpholino was titrated by injection into fertilized eggs to determine a minimal dose that
consistently generated the maximal phenotype. All microinjections were performed using a
PLI-100 Pico-Injector (Harvard Apparatus).

Reverse Transcription-PCR (RT-PCR)

Staged wild-type and SB morpholino-injected embryos (morphants) were homogenized with
Tri-Reagent (Molecular Research Center, OH) and total RNA was isolated. For expression
analysis, total RNA (0.25, 0.5 or 1 pg) isolated from 24 hour post fertilization (hpf) embryos
was used to generate the corresponding cDNA using Moloney murine leukemia virus (M-
MLYV) reverse transcriptase and random hexamers (Invitrogen). Primers specific for either
eif3ha or eif3hb were used in subsequent PCR reactions for 27 cycles: 5’-
TCTCTCCGGAATAACTTTCTAACACG (forward); 5’-CGTGCTGGTAGCTGAACTG
(reverse) for eif3ha, and 5’-ATCCCGTAAAGAAACCCCGAA (forward); 5’-
CGTGCTGGTAGCTGAACTG (reverse) for eif3hb. The effectiveness of knock down of
endogenous mRNAs for either eif3ha or eif3hb morphants was evaluated by RT-PCR. For
eif3hb morphants, 0.5 pg of total RNA was amplified for 28 cycles using the above primers,
while for eif3ha morphants, 0.25 pg of total RNA was amplified for 25 cycles using 5’-
TGCTTCCCT/GTTCCCTCA (forward, a 50% mixture of either T or G represented in bold)
and 5’-ATGCCTGTCAGCCAGC-3’ as forward and reverse primers, respectively. In all
experiments, B-actin RNA was amplified using 5’-AAGCAGGAGTACGATGAGTCTG
(forward) and 5’-GGTAAACGCTTCTTCTGGAATGAC (reverse) as an internal control.

Semi-quantitative RT-PCR

A single set of forward and reverse primers was designed from sequences that are conserved
in both eif3ha and eif3hb genes, 5’-TGCTTCCCT/GTTCCCTCA (forward, a 50% mixture
of either T or G represented in bold), 5’-ATGAGATGAGAGTTCTTGATGA (reverse).
This ensures that the transcripts expressed from either gene were amplified with equivalent
efficiencies yielding a single PCR product of 393-bp. Gene-specific transcripts were
distinguished by the presence of unique restriction enzyme sites that are specific for each
cDNA : Stul for eif3ha, and Kpnl for eif3hb. Assays were performed under conditions for
semi-quantitative RT-PCR, whereby the amount of PCR product generated was proportional
to the input RNA (data not shown). For adult fish, cDNA from 1 pg of total RNA was PCR-
amplified for 26 cycles while for staged embryonic samples, 0.5 pg of total RNA was used
and cDNA amplified for 27 cycles. The PCR products obtained in each case were digested
with Stul or Kpnl in separate restriction enzyme reactions, and products quantified after
agarose gel electrophoresis.
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Whole mount in situ hybridization

Specific probe sequences were designed to avoid cross-hybridization between eif3ha and
eif3hb mRNAs, comprised of sequences 724 — 1117 of eif3hb cDNA and 563 — 973 of
eif3ha cDNA. Each construct was linearized by digestion with HindlIl and anti-sense RNA
was transcribed in vitro (Promega) in the presence of digoxigenin-conjugated UTP using
RNA polymerase either from bacteriophage T7 (for eif3ha) or T3 (for eif3hb). A control
sense RNA probe was also generated for eif3hb after digestion with Notl, followed by
transcription with T7 RNA polymerase. The fluorescein-labeled myod probe was generated
from a 1.6-kb cDNA present in pBluescript SK vector, linearized by BamHI, using T7 RNA
polymerase in the presence of fluorescein-labeled UTP. Whole mount in situ hybridization
was carried out essentially as described (Alexander et al., 1998). Essentially, embryos older
than 24 hpf were treated with phenylthiourea to prevent pigmentation, permeabilized using
proteinase K (10 pg/ml) for 10-30 min. Hybridization was carried out overnight at 70°C in a
buffer containing 65% formamide. Signals were detected using alkaline phosphatase-
conjugated anti-digoxigenin Fab antibody and NBT/BCIP staining substrate. Embryos were
cleared in 2:1 BB:BA solution before being imaged. For two-color in situ hybridization,
digoxigenin-labeled eif3ha and fluorescein-labeled myod anti-sense RNA probes were used.
The embryos were treated with alkaline phosphatase-conjugated anti-fluorescein Fab
antibody fragments and the signal for myod was developed by initially using INT
(indonitrotetrazolium chloride)/BCIP phosphatase substrate. Polyvinyl alchohol was used to
concentrate the red precipitate. After detecting myod, embryos were washed with a low pH
solution (0.1 M glycine-HCI, pH 2.2) for 10 min and subsequently incubated with alkaline
phosphatase-conjugated anti-digoxigenin Fab antibody fragments followed by treatment
with NBT/BCIP to detect expression of eif3ha.

In vitro transcription and translation

Reactions were carried out using the Ty T-Coupled Rabbit Reticulocyte System (Promega).
Each reaction contained 0.5 pg of the expression plasmid (pCS2+-eif3ha or pCS2+-eif3hb)
with or without 0.5 pg of specific morpholino oligomers. Following incubation for 1.5 hrs at
30°C, 5 pl of each reaction was electrophoresed in a 10% Nu-PAGE-SDS gel (Invitrogen),
and the dried gels were subjected to autoradiography to detect 3°S -labeled proteins.

Labeling of neuromasts (Di-ASP staining)
Wild-type and morphant embryos were incubated in 200 uM 4-(4-(diethylamino)styryl)-N-
methylpyridiniumiodide (4-Di-2-ASP) solution (Dambly-Chaudiere et al., 2003) at room
temperature for 5 min and then imaged under fluorescence using a GFP filter.
Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. The zebrafish genome encodes two eif3h genes that are highly conserved with the human

homolog

(A) Percentage identity and similarity in the overall protein structures (white background)
and in the single MPN domain (grey background) among the four elF3h orthologs from
zebrafish (represented by Eif3ha and Eif3hb encoded by chromosome 16 and 19,

respectively); human (helF3h), and Schizosaccharomyces

pombe (SpelF3h). For each box,

the number represents the identity, while the corresponding similarity is given in the

parentheses. (B) Schematic representation of the relative position of the MPN domains of
Eif3ha, Eif3hb, helF3h and SpelF3h. The lines designate complete protein sequences and
the grey boxes represent the MPN domains therein. The numbers indicate the amino acid

positions.
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FIG. 2. Both zebrafish genes are expressed, with eif3ha transcript levels being predominant
during early embryogenesis

(A) Semi-quantitative RT-PCR analysis of total RNA isolated from 24 hpf embryos using
two different pairs of primers that are specific for each ortholog. RT-PCR was performed
using 0.25, 0.5 or 1.0 ug of total RNA as substrate. (B—-E) Semi-quantitative RT-PCR using
a single set of forward and reverse primers that amplify both eif3ha and eif3hb mMRNAs
followed by diagnostic digestion with either Stul (S) cleaving eif3ha cDNA or Kpnl (K)
cleaving eif3hb cDNA. (B) Samples were derived from embryos at different developmental
stages as indicated; zygote (maternal, mat), 3 hpf, 50% epiboly (50%), 20 somite (20S), 24
hpf, 2, 3 or 4 days post fertilization (dpf). (D) Samples from different adult organs: intestine
(Int), Swim-bladder (SB), kidney (Kid), heart (Hrt), eye or brain (Brn). (C) and (E) show the
graphical quantification of the gel electrophoresis results shown in (B) and (D), respectively.
It should be noted that experiments in panels B and D and the corresponding quantification
in panels C and E are representative of several independent experiments.
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FIG. 3. During early embryogenesis, the two eif3h genes are expressed ubiquitously while by 24
hpf the genes are expressed in distinct and restricted patterns

Panel a, early embryogenesis (<24 hpf). Panels A-F show representative in situ
hybridization patterns for eif3ha while Panels G — L are those for eif3hb. For eif3ha, panels
A, C, and E represent the lateral view while B, D, and F show the dorsal view. For eif3hb,
panels G, K, and | represent the lateral view while H, J, and L show the dorsal view. Panels
M — O show the control embryos treated with an eif3ha sense probe. For each of the above
panels, the hybridization patterns were determined at 3 hpf, 8 hpf or 10 somites, as
indicated. Panel b, in situ hybridization patterns for later stages of embryogenesis (=24
hpf). Panels A-J for eif3ha: (A — E show lateral views and F — J show dorsal views; panels
K —T for eif3hb: (K — O represent lateral views and P — T represent dorsal views). Panels U
— Y show control embryos hybridized with an eif3ha sense probe. The specific
developmental stages examined are indicated. The red arrows in panels A, B, F, and G
highlight the specific expression pattern of eif3ha in the developing somites while the green
arrows in panels K, L, and P indicate distinct expression of eif3hb in the cardiac-associated
regions. Blue open arrowheads in C and D indicate expression of eif3ha at the midbrain-
hindbrain boundary. Blue block arrowheads and blue block arrows show eif3ha expression
in otic capsules and fin-buds, respectively, while the blue stars indicate transcripts in the gut
tube and liver. Green stars in panels N and S mark the condensed expression of eif3hb at 3
dpf in the brain. At 4 dpf, eif3ha and eif3hb transcripts are present in specific areas of the
alimentary canal: eif3ha transcripts in the intestinal bulb (E and J, blue open arrows) and
esophagus (E, red open arrowhead) while eif3hb in the esophagus with a relatively weak
signal (O, green open arrowhead).
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FIG. 4. The morpholinos targeting the eif3ha or eif3hb transcripts demonstrate specificity

(A) In vitro transcription-translation assays were performed in the presence of specific
morpholinos as follows: translational blocking morpholino for eif3ha and eif3hb are
represented as 3ha-TB and 3hb-TB, respectively while the splice blocking morpholino for
each transcript is represented as 3ha-SB or 3hb-SB, respectively. The nonspecific
morpholinos (TB morpholino for the other eif3h gene) were also used as indicated. A control
reaction without any morpholino (No MO) was also included. The specific DNA constructs
used were as indicated. (B) Semi-quantitative RT-PCR assays were carried out using total
RNA isolated from splice morphants for eif3ha or eif3hb, as shown. In each case, RT-PCR
results for the other eif3h gene was also included to exclude the possibility of cross-targeting
by the morpholinos. It should be noted that compared to eif3ha, a very low level of eif3hb
transcripts is observed at 24 hpf, in accordance with the in situ hybridization data and RT-
PCR analyses shown in Fig. 3 and Fig. 2, respectively. Embryos were injected with the
indicated amounts of SB MOs specific for either eif3ha or eif3hb. A wild-type control (WT)
was also included. p-actin (Ac) was used as an internal control.
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FIG. 5. Each of the eif3h morphants show distinct embryonic phenotypes

Shown are representative morphant phenotypes obtained by injecting either TB or SB
morpholino (MO) for eif3ha (3ha-TB or 3ha-SB) at 1 dpf (B and C) and for eif3hb (3hb-TB
or 3hb-SB) at 2 dpf (E and F). In each case, an uninjected wild-type (WT) control (panels A
and D) is also included. In panel A, different regions of the normal brain in a WT embryo at
24 hpf are shown: eye (E), forebrain (FB), midbrain (MB), midbrain-hindbrain boundary
(MHB), and hindbrain (HB) as indicated by different colored arrows. For the eif3ha
morphants (~100%, n ~ 200), following injection of either TB MO (panel B) or SB MO
(panel C), gross disruption of all the brain regions are shown using brackets. For the eif3hb
morphants (90 — 95%, n ~ 200) at 2 dpf obtained with either TB MO (panel E) or SB MO
(panel F), specific defects in the form of edema seen around the heart region (H) and
regression of yolk stalk (YS) are indicated with the red and green arrows, respectively.
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FIG. 6. The two elF3h orthologs have at least some functional redundancy

Shown are representative embryos, obtained by injecting at the one cell stage specific SB
morpolinos for eif3ha or eif3hb, either separately or in combination, as indicated. A,
uninjected wild-type (WT) control; B, 3ng of eif3ha MO (MO 3ha); C, 2ng eif3hb MO (MO
3hb), and D, 3ng MO 3ha + 2ng MO 3hb together (~ 100%, n > 50 — 80). Arrows highlight
the relative development of the brain region.
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FIG. 7. The distinct expression pattern of eif3ha in developing somites overlaps with the well-

characterized marker myod

Panels A and B show the expression for myod and eif3ha transcripts, respectively. Panel C
represents the double in situ hybridization using both the probes together. A representative
embryo is shown indicating the expression of digoxigenin-labeled eif3ha probe only in the
anterior portion, fluorescein-labeled myod probe only in the tail tip and expression of both
the transcripts over-lapping in the body trunk region. The magenta block arrows indicate
expression of both the transcripts at somite centers. Panel (D) is a closer view of the trunk
region including the tail. The regions of expression of only myod or eif3ha are shown using
the orange and magenta arrows, respectively. The individual somites are represented using
parentheses. Within a somite, the magenta arrow shows the expression of both the mRNAs
in the posterior region, while the violet arrow indicates the specific expression of eif3ha
mMRNA alone in the anterior segment.
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FIG. 8. Development of trunk neuromast sensory organs fails in the eif3ha morphants

Shown are representative embryos following staining with Di-Asp at 3 dpf to identify
neuormasts. The representative embryo in panel A demonstrates the normal distribution of
neuromasts (bright yellow spots) in an uninjected wild-type (WT) embryo. This is compared
with one of the representative embryos injected with either 3 ng of eif3ha SB morpholino
(MO-3ha) as shown in panel B or 2 — 4 ng of eif3hb TB morpholino (MO-3hb) as shown in
panel C. Note that at this dose, the severe brain defect did not occur using MO-3ha, although
most of the trunk neuromasts are absent in the eif3ha morphants (90 — 95 %, n ~ 100). In
contrast, for the eif3hb morphants, neuromast formation appears normal even though the
cardiac phenotype for this morphant begins to appear (indicated by the white arrow).
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FIG. 9. eif3ha morphants also display defects in segmental vessel formation

Panel a. Shown are representative embryos at 3 dpf derived from transgenic fli:gfp parents,
allowing visualization of the developing vasculature. Panels A and B show the uninjected
wild-type (WT) and eif3hb morphant (MO) embryos (6ng/injection), respectively, with
normal vasculature pattern, while panel C represents eif3ha morphant embryos with clear
defects in segmental vessel formation (70 — 75 %, n ~ 100). Note that the eif3hb morphants
received a relatively low dose of morpholino with no apparent brain degeneration
phenotype. The caudal vein (CV), posterior cardinal vein (PCV), dorsal aorta (DA), dorsal
longitudinal anastomotic vessel (DLAV) are indicated.
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Panel b. Shown are higher magnification views of the mid-trunk region where irregular
segmental vessel formation (Se) is most severe in the eif3ha morphants (Panels C) compared
to uninjected and eif3hb morpholino injected embryos (Panels A and B, respectively). This
region in the eif3ha morphants is indicated with a white line in both panel a and panel b.
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