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Abstract

The regulation of cell cycle rate is essential for the correct timing of proliferation and
differentiation during development. Changes to cell cycle rate can have profound effects on the
size, shape and cell types of a developing organ. We previously identified a zebrafish mutant
ceylon (cey) that has a severe reduction in T cells and hematopoietic stem/progenitor cells
(HSPCs). Here we find that the cey phenotype is due to absence of the gene transducin (beta)-like
3 (tbl3). The tbl3 homologue in yeast regulates the cell cycle by maintaining rRNA levels and
preventing p53-induced cell death. Zebrafish thl3 is maternally expressed, but later in
development its expression is restricted to specific tissues. Tissues expressing tbl3 are severely
reduced in cey mutants, including HSPCs, the retina, exocrine pancreas, intestine, and jaw
cartilage. Specification of these tissues is normal, suggesting the reduced size is due to a reduced
number of differentiated cells. Tbl3 MO injection into either wild-type or p53-/- mutant embryos
phenocopies cey, indicating that loss of thl3 causes specific defects in cey. Progression of both
hematopoietic and retinal development is delayed beginning at 3 days post fertilization due to a
slowing of the cell cycle. In contrast to yeast, reduction of Tbl3 causes a slowing of the cell cycle
without a corresponding increase in p53 induced cell death. These data suggest that tbl3 plays a
tissue-specific role regulating cell cycle rate during development.
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Introduction

Cell proliferation and differentiation are tightly linked processes. While parts of the
proliferative process such as timing of cell cycle exit, cell cycle rate, and number of cells
generated are specific to individual tissue types, all proliferating cell types need to exit the
cell cycle in order to differentiate. This is particularly important during development. If
proliferation is reduced, too few cells are generated, resulting in smaller tissues, lethality or
diseases such as mircrophthalmia, anemia or immune deficiencies. (Agathocleous and
Harris, 2009; Chasis and Mohandas, 2008; Fibach, 2011; Green et al., 2003; Kondo et al.,
2003; Ng et al., 2009; Rhodes et al., 2008; Seita and Weissman, 2010; Uribe and Gross,
2010). Conversely, if overproliferation occurs and too many cells are generated, larger
tissues or malignancies such as leukemia or retinoblastoma may ensue (Aifantis et al., 2008;
Becker and Jordan, 2011; MacPherson et al., 2004; Mullighan and Downing, 2009; Seita
and Weissman, 2010; Zhang et al., 2004). Moreover, a change in cell cycle speed during
development can generate progenitors in an environment that may not be prepared to
promote differentiation, as in the case of ectopic germ cells that degenerate into teratomas or
testicular tumors (Bolande, 1979). These data reveal the importance of the cell cycle
regulation for proper cellular differentiation and development.

Hematopoiesis requires tight control of the cell cycle to generate the required type and
number of blood cells. During development, hematopoiesis occurs in two general waves that
are subject to tight temporo-spatial regulation in mammals: primitive and definitive
hematopoiesis (Orkin and Zon, 2008). Similarly, detailed analysis revealed the importance
of timing and hematopoietic stem/progenitor cell (HSPC) environment in determining the
blood cell types produced during zebrafish development (Ellett and Lieschke, 2010; Paik
and Zon, 2010). Mutagenesis screens for hematopoietic defects in zebrafish frequently
pinpointed mutants with dysregulated proliferation. For example, a mutation in the RNA
helicase dead-box 18 (ddx18) results in anemia and neutropenia through p53-mediated G1
arrest and cell death (Payne et al., 2011). In addition, zebrafish models of Diamond-
Blackfan anemia have been established demonstrating that loss of specific ribosomal
proteins leads to loss of HSPCs and erythrocytes due to upregulation of p53 and cell cycle
arrest (Danilova et al., 2008, 2011; Taylor and Zon, 2011; Uechi et al., 2008). These data
underscore the importance of cell cycle control during hematopoiesis and suggest that
further investigation into specific roles for genes that govern cell cycle speed and
progression will be important for full understanding of hematopoietic development.

Another tissue where cell cycle control is essential for proper development is the retina
(Agathocleous and Harris, 2009; Bilitou and Ohnuma, 2010; Dyer and Cepko, 2001;
Livesey and Cepko, 2001). Hematopoiesis and retinal development are distinct processes
that occur in very different environments. However, both processes begin with a stem cell
population that generates varied types of tissue-specific differentiated cells. Both require
tight regulation of the cell cycle to generate the differentiated cell type(s) needed at a
particular stage of development. Retinal progenitor cells (RPCs) produce ganglion cells,
amacrine cells, bipolar cells, horizontal cells, cones, rods and Miiller glia. These retinal cell
types are born in a particular order that is influenced by the environment, but is most highly
regulated by intrinsic cues (Livesey and Cepko, 2001). In fact, it seems that environmental
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cues primarily regulate the number of cells generated by an RPC and have little influence
over the types of retinal cells that an RPC can make at a particular time (Austin et al., 1995;
Belliveau and Cepko, 1999; Belliveau et al., 2000; Cepko et al., 1996; Jusuf et al., 2011).
Cell cycle timing is an important component regulating RPCs during development. For
example, in both zebrafish and rat RPCs cycle is short during the early, proliferative phase
of retinal development, but as development proceeds the cell cycle lengthens mostly through
a slowing of S-phase (Alexiades and Cepko, 1996; Li et al., 2000). Mutations in genes that
are regulators of the cell cycle during retinal development have underscored the importance
of the cell cycle for eye formation. For example, mutations that disrupt de novo purine
synthesis result in cell cycle exit defects and microphthalmia (Ng et al., 2009) and members
of the nucleolar GTP-binding protein family are required for correct timing of cell cycle exit
and differentiation (Paridaen et al., 2011). These data demonstrate the importance of cell
cycle rate in regulating the number of retinal cells generated during development.

Here we study the zebrafish mutant ceylon (cey) that was identified in a screen for defective
T cell development (Trede et al., 2008). In addition to the T cell defect, cey mutants have
defects in HSPCs, retina, cartilage, exocrine pancreas, and the intestine. These tissues are
specified properly, but the number of differentiated cells is severely reduced. We find that
the defects in cey are due to absence of the gene transducin (beta)-like 3 (tbl3) whose yeast
homologue, utp13, has previously been implicated in rRNA biogenesis (Dosil and Bustelo,
2004; Dragon et al., 2002; Watkins et al., 2004). Loss of thl3 in zebrafish causes a slowing
of the cell cycle during tissue differentiation that is independent of p53 and cell death. These
are the first data to implicate tbl3 in vertebrate development and suggest that tbl3 is required
tissue specifically to regulate cell cycle rate during tissue growth.

Fish Husbandry

Mapping

Zebrafish were bred and maintained using standard methods. The cey mutant was identified
in a previously characterized early pressure screen (Trede et al., 2008). Fish were
maintained on the WIK background for breeding. Mutants were also generated from a
cey*/~CDA41::eGFP*/* (Lin et al., 2005) cross on the WIK/AB background and a cey*/~
Ick::eGFP*/* (Langenau et al., 2004) cross on the WIK background. Mutants were identified
between 3-5 dpf by their malformed jaw, small eye and/or genotyping. Homozygous
p53!166T mutants (Parant et al., 2010) were incrossed for morpholino injections.

cey linkage to chromosome 3 was described previously (Trede et al., 2008). For fine
mapping cey heterozygotes were mated to wild-type T0 individuals. Resulting cey WIK/TU
hybrid individuals were crossed and resulting mutants and wild-type siblings were used for
mapping as previously described (Trede et al., 2007).

In situ hybridization

Whole mount in situ hybridization was carried out as previously described (Trede et al.,
2008). The tbl3 probe was generated from the MGC clone zgc:101778 (NM_001007402.1).
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The pME18S-FL3 plasmid was PCR amplified with pME_F (5" -
attgatttaggtgacactatagaacttctgctctaaaagetgeg — 3’) and pME_R (5 -
gtaatacgactcactatagggccgacctgcagctcgagcaca — 3’) primers containing Sp6 or T7 sequence
respectively. T7 polymerase was used to generate antisense RNA. Riboprobes were also
generated from the following plasmids: vsx2 (Batista et al., 2008), trypsin (Biemar et al.,
2001), ifabp (Mudumana et al., 2004), c-myb (Thompson et al., 1998), insulin (Milewski et
al., 1998), dIx2a (Akimenko et al., 1994), and nkx2.3 (Lee et al., 1996).

Immunohistochemistry

Alcian blue staining was performed as previously described (Laguerre et al., 2005; Trede et
al., 2008). For antibody stains larvae at all stages were fixed overnight in 4%
paraformaldehyde (PFA) with 1x PBS plus 0.1% tween-20 (PBST) at 4° C. Rabbit anti -p
Histone H3 (Ser 10) from Santa Cruz Biotechnology (#sc-8656-R) was used at 1:500 diluted
in block (1 x PBS, 0.5% triton x-100, and 1 x casein) and incubated overnight at 4°C. After
washes in 1 x PBS + 0.1% tween-20, larvae were incubated overnight at 4°C in goat anti-
rabbit Alexa-488 (#A11008) or Alexa 555 (# A21428) and TO-PRO-3 iodide (#T3605) from
Invitrogen Molecular Probes diluted 1:1000 in block. Embryos were then washed and
imaged using DIC light or fluorescence microscopy when ready. All antibodies were stored
in 50% glycerol at —20°C.

The Roche In Situ Cell Death Detection Kit, TMR red (# 12 156 792 91) was used to label
apoptotic cells with TUNEL. Larvae were fixed for 1 hour at room temperature (RT) in 4%
PFA with 1 x PBS plus 0.1% triton x-100. Larvae were treated with Invitrogen proteinase K
diluted 1:1000 in PBST for either 10 minutes (3 dpf) or 20 minutes (4 and 5 dpf) at RT then
fixed for 10 minutes in 4% PFA +PBST. Larvae were incubated for 1 hour at 37°C in
TUNEL solution then washed 4 times in PBST.

BrdU labeling was completed using10mM of 5-BrdU from Sigma (# B9285) as described
previously (Laguerre et al., 2005) with the following modifications. Larvae were treated
with BrdU for 30 minutes on ice at 72 hpf then recovered either 1, 2, 4 or 6 hours at 28°C in
fish water. All larvae were fixed overnight at 4°C in 4% PFA and 1xPBST. Larvae were
then stored in 100% MeOH until ready to use. Larvae were washed out of 100% MeOH and
permeabilized with proteinase K as described above for TUNEL staining. To remove
pigment larvae were bleached in 0.8% KOH, 0.9% H,05, and 0.0125% tween-20 for 20-30
minutes at RT until the pigment was barely visible. Then larvae were washed four times in
PBST and fixed for 10 minutes in 4% PFA. Larvae were washed two times in dH,0 and
then 1 hour at RT in 2N HCI to break open the nuclei. Larvae were washed out of HCI, and
BrdU incorporation was revealed with mouse anti-BrdU 1gGy i at 1:400 from BD
Biosciences (# 347580) as the primary antibody and goat anti-mouse Alexa 488 at 1:1000
from Invitrogen (#A-11001) as described above for anti-pH3 staining.

Morpholino injections

Morpholinos were designed to the translational start site of tbl3 (thI3 ATG, 5’-
TGAAGAGCAGCGTTTTCCCAGCCAT-3) and to the donor site of exon 5 (tbl3 SB, 5’-
GAATATAATCCAGCCTTCACCTGTA-3'). While injection of either tbl3 ATG or tbl3 SB
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MO phenocopied the cey mutant phenotype at 4 dpf, the ATG phenotype was more
pronounced as early as 2 dpf. 1 nl of either ATG or SB MO was injected into the yolk of 1-
cell stage *AB or p53~/~ embryos at a 2.5 ng/nl concentration. The p53 morpholino was
described previously (Robu et al., 2007). Embryos were raised at 28°C in E3 plus methyl
blue until 4 dpf at which point they were fixed overnight at 4°C in 4% PFA. Embryos were
then stored in 100% MeOH at —20°C until ready to use.

Northern Blot

Imaging

Probes used for Northern blotting were generated according to Azuma et al., 2006. Total
RNA was isolated from 4 dpf zebrafish using an RNeasy mini kit (QIAGEN). Northern
analysis was performed as described previously (DeHart et al., 2005).

A Nikon SMZ1000 stereo microscope with a reflected light illumination source was used to
take live larvae images. A Nikon Eclipse E600 compound microscope with DIC was used to
take all fixed brightfield images. A Spot Insight camera was used on either the dissecting
microscope or compound microscope to take images. Photoshop was used to adjust
brightness and contrast, as well as adjust the colors using variations on brightfield images.
All photoshop maniupulations were done simultaneously for compared samples. An
Olympus FV 1000 or Zeiss LSM 710 confocal was used to image fixed fluorescent tissues.
Larvae were mounted on coverslips in 1% low-melt agarose to hold them in place during
imaging. Confocal images were taken with 512 x 512 pixel resolution, 40 x magnification,
with 2um steps. Photoshop was used to adjust brightness and contrast of the fluorescent
images.

Data quantification

Eye size was measured using dorsal (dorsal/ventral or medial/lateral measurements) or
lateral (anterior/posterior measurements) view confocal z-sections. The center of the lens
was identified by moving 10um medially from the edge of the lens. The ImageJ line tool
was then used to measure the number of pixels on the axis to be measured. The number of
pixels was converted to pm using the conversion factor 100um = 162 pixels. Standard
deviation was calculated to determine variation and standard error of the mean. A student’s
t-test determined the statistical significance of the data.

The average number of nuclei per section of a retina was calculated by counting the number
of TO-PRO 3 stained nuclei in five confocal z — sections per eye. Dorsal view images were
used. The five z - sections began at the dorsal edge of the lens and were analyzed every
10um for 50pm of depth covered. The number of nuclei per section was then averaged and
used as an N of 1. This method was also employed to calculate the number of nuclei per
retinal layer. Standard deviation of the averages was used to determine the variation of the
samples and the standard error of the mean. A student’s t-test determined the significance of
the data. In addition, ANOVA analysis was completed on the entire data set of averages to
further calculate the significance of the data.
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The MO results were quantified by counting three separate clutches injected with thI3SB
MO for each type of analysis. Larvae were analyzed at 4 dpf either live by looking for a
malformed jaw or fixed by looking for a reduction in either c-myb, trypsin, or ifabp staining.
Then the percentage of larvae with wild-type characteristics was calculated.

Anti-pH3 positive cells in the caudal hematopoietic tissue (CHT) region and retina were
counted by z-projecting z-stacks of lateral view tails or dorsal view retinas and then using
the count function in ImageJ to count each anti-pH3 positive cell. We defined the CHT
region as the vascular region ventral to the notochord and 5 somites wide starting at the first
somite boundary posterior of the anus. The anti-pH3 cells were counted in the entire retina,
excluding the lens. Standard deviation was calculated to determine variation and standard
error of the mean. A student’s t-test determined the statistical significance of the sample.

To quantify S-phase cells in mutant and wild-type larvae the number of anti-BrdU positive
cells in 5 sections, 20um apart was counted, starting at the edge of the lens in lateral view 72
hpf retinas with 1 hour recovery post BrdU treatment. The average number of anti-BrdU
positive cells per 5 sections per retina was calculated.

The percentage of anti-pH3 positive cells co-labeled with BrdU was determined by using
ImageJ to count the number of anti-pH3 and co-labeled cells in 10 sections, 10um apart, per
retina. Counting began at the lateral edge of the lens in lateral view retinas. Excel was used
to determine the percentage of anti-pH3 positive cells that were co-labeled with BrdU.
Standard deviation was used to calculate the standard error of the mean and student’s t-test
was used to determine the significance of the data.

The average number of TUNEL positive cells was calculated as described above for the
average number of anti-pH3 positive cells, except lateral view z-stacks of retinas stained
with TUNEL were used.

Differentiated tissues in cey mutants are reduced

The cey mutant was previously identified in an early pressure screen for mutants with a
severe reduction of T cells (Trede et al., 2008), evidenced by absent p56!°K staining at 4 days
post fertilization (dpf; Figure 1A, B, yellow arrows). cey mutants are morphologically
indistinct from wild-type at 2 dpf, but have a malformed jaw, smaller eyes and slight cardiac
edema by 3 dpf which becomes more pronounced by 4 dpf (black and red arrows Figure 1C,
D, data not shown). The defects in cey are recessive, including the lack of swim bladder,
visible by 4 dpf (yellow dotted circle Figure 1C, D), and homozygous mutants die by 7 dpf.
Consistent with the severe reduction of T cells (Figure 1A, B) cey mutants have a severe
reduction in HSPCs labeled with c-myb at 4 dpf (Figure 1E, F). Surprisingly, normal
numbers of HSPCs are seen at 2 dpf, (Supplementary Figure 1A, B), suggesting the loss of T
cells is secondary to a defect in definitive hematopoiesis.

Similar to the hematopoietic defect, other tissues affected in cey have normal specification at
2 dpf but reduced tissue mass at 3 dpf and thereafter. For example, there is severe reduction
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and malformation of jaw cartilage including a loss of all branchial arches in cey mutants at 5
dpf (Figure 1G, H). However, tissues that give rise to the jaw cartilage such as neural crest
and endoderm are specified normally (Supplementary Figure 1C - F). Normal gata6 staining
in cey mutants at 3 dpf indicates that specification of endodermal tissues is also unaffected
(Supplementary Figure 1G, H). Differentiated cells in the intestine labeled with ifabp and
exocrine pancreas labeled with trypsin are reduced at 4 and 5 dpf respectively (Figurell - L).
By contrast, beta cells in the endocrine pancreas labeled by insulin are normal in cey
mutants (Supplementary Figurell, J). Mutant eyes have normal pigmentation and shape but
are smaller than wild-type eyes (Figure 1M, N). Despite the small eye size all retinal layers
are present in cey mutants (Figure 10, P). This suggests that, similar to the other tissue
types, the different retinal cell types are properly specified and reduction of eye size is not
due to loss of a retinal layer. Taken together, tissue specification is intact in cey mutants,
while differentiation into organs is defective.

cey mutants have a telomeric deletion that includes the gene tbI3

We fine-mapped the lesion in cey mutants and identified a deletion at the right arm telomere
of chromosome 3 that includes the gene transducin (beta)-like 3 (tbl3) (Figure 2A - C).
According to the annotation on the zebrafish genome assembly zVV9 sox9b is located
proximal to the deletion (Figure 2A — C) and only four genes other than tbl3 are also
included in the deletion (Figure 2A). Radiation hybrid mapping of the tbl3 gene indicates
that it is located on the very end of the telomere (Figure 2A, data not shown). None of the
five genes known to be present in the deletion (Figure 2A) are well characterized in
zebrafish.

Contrary to the other genes in the cey deletion, thl3’s expression pattern is both dynamic and
specific in all tissues affected in cey mutants suggesting that loss of thl3 could cause the
defects observed in cey (Figure 2D — M). Tbl3 is maternally expressed (Figure 2D) and
continues to be maintained at high levels in most tissues during early embryonic
development (Figure 2E, F). From 35 to 75 hours post fertilization (hpf) thl3 is expressed
strongly in the eye, hindbrain, the location of the neural crest (which gives rise to the jaw
cartilage), and the gut primordium (Figure 2G - M). In particular, thl3 is expressed in the
same region as HSPCs at 48 and 75 hpf, correlating with the defect in definitive
hematopoiesis in cey mutants (Figure 2H inset, H, I). The specific expression in the eye and
brain continues until at least 4 dpf (data not shown).

Sections of the eye show that tbl3 is expressed in the presumptive ciliary marginal zone
(CM2Z) that contains retinal stem cells (asterisks Figure 2J, K), and in tissue surrounding the
lens at 48 and 75 hpf (arrows Figure 2J, K). thl3 is also expressed in the inner nuclear layer
at 75 hpf, coinciding with expression of vsx2, an RPC marker (bracket Figure 2J, K; Figure
5C). These data indicate that temporo-spatial expression of thl3 is initially widespread
before it becomes restricted to defined cell types. The cell types expressing tbl3 give rise to
the structures affected in cey mutants. As expected, tbl3 expression is undetectable in cey
mutants (Figure 2N, O) further in keeping with the presence of thl3 in the deletion.
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Loss of thI3 phenocopies cey mutants

ThI3 is a highly conserved WD-repeat protein whose C terminus contains a domain
homologous to yeast Utp13 (Supplementary Figure 2). Yeast Utp13 has been implicated in
regulation of 18S rRNA biogenesis (Dosil and Bustelo, 2004; Dragon et al., 2002;
Tschochner and Hurt, 2003), suggesting a potential role for Thl3 in nucleolar 18S rRNA
processing. Maternal expression suggests a potential housekeeping function for zebrafish
ThI3 (Figure 2D). However, restricted expression later in development indicates zebrafish
ThI3 may also have more specific functions (Figure 2G-M). To test if absence of thl3 in
mutant embryos explains the cey phenotype, we injected either a translation blocking anti-
sense morpholino (ATG MO) or a splice blocking morpholino (SB MO Figure 3A) into
wild-type embryos to disrupt Thl3 protein expression. Reverse transcriptase PCR confirmed
that thl3 SB MO disrupts splicing (data not shown). Reduction of Tbl3 protein using either
the ATG or the SB MO results in a phenocopy of cey mutants at 4 dpf (Figure 3B, C). ThI3
morphant larvae have small eyes (white arrows), slight heart edema and malformed jaws
(black arrows) similar to cey mutants (Figure 3B, C; Supplementary Figure 3A). T cells,
HSPCs, the exocrine pancreas and intestinal cells are also severely reduced in tbl3
morphants at 4 dpf, matching the cey mutant phenotype (Figure 3D — K; Supplementary
Figure 3B - D). Injection of thI3MO into p53~~ mutants also results in a phenocopy of both
cey mutants and tbl3 morphants (Figure 3L - N; Supplementary Figure 3A - D). These data
indicate that the tbI3MO phenotype is specific and p53 independent. The tbl3 morphant
phenocopy of cey mutants, together with the loss of genomic tbl3 DNA, the specific tbl3
expression pattern, and the loss of thl3 expression in cey mutants, suggests that the defects
seen in cey are due to the loss of thl3. Therefore, according to the current zebrafish
nomenclature guidelines, we assign cey the name Df(Chr03)tbI3°226, but for simplicity we
will continue to refer to the mutant as cey.

Reduction of HSPCs in cey mutants leads to a loss of T cell and red blood cells

The thymus is a specialized hematopoietic tissue and is indispensable for T cell development
(Carpenter and Bosselut, 2010; Yang et al., 2010). Surprisingly, despite the presence of
foxnl labeling the thymus, T cells are severely reduced at 4 dpf in cey mutants (Trede et al.,
2008). This suggests that the loss of HSPCs (Figure 1E, F) that give rise to T cell
progenitors may be responsible for the reduction of T cells in cey mutants (Kissa et al.,
2008). Previous data indicated that CD41::eGFP!®W cells in the caudal hematopoietic tissue
(CHT) are HSPCs (Murayama et al., 2006). Since the first T cells reach the thymus between
2 and 3 dpf (Kissa et al., 2008; Trede et al., 2001; Willett et al., 1999) we quantified
CDA41::eGFP!oW cells in the CHT in control and tbl3 morphants at 2, 3 and 4 dpf to
determine if decreased numbers of T cells correlate with loss of HSPCs (Figure 4A, A’, B,
B’,G; white arrowheads indicate HSPCs). Consistent with normal c-myb expression at 2 dpf
(Supplementary Figure 1A, B), there is no significant difference between the number of
CDA41::eGFP!W HSPCs at 2dpf in thl3 morphants and controls (Figure 4G). However, by 3
dpf there is a marked decrease in the number of HSPCs in tbl3 morphants as compared to
controls (Figure 4G). The difference between control and morphant larvae is even more
severe at 4 dpf (Figure 4A, A’, B, B’, G). These data show that the loss of HSPCs begins
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between 2 and 3 dpf, correlating with the generation of the first T cells in wild-type larvae
(Kissa et al., 2008; Murayama et al., 2006).

The loss of HSPCs led us to hypothesize that other blood cell types should also be reduced
in cey mutants. To our surprise, thrombocytes, identified by high levels of CD41::eGFP, are
normal at 4 dpf in thl3 morphants (Figure 4A, A’, B, B’, white asterisks label representative
thrombocytes — see figure legend for quantification). Neutrophils are also unaffected in cey
mutants showing little change in numbers even by 6 dpf (Figure 4C, D). By contrast, at 6
dpf erythrocytes labeled by SE1-globin expression are severely reduced in cey mutants
(Figure 4E, F). Therefore, despite global reduction in HSPCs some blood cell types, such as
thrombocytes and neutrophils, are less affected than erythrocytes and T cells when Tbl3 is
reduced.

While the number of HSPCs in the CHT of tbl3 morphants is markedly lower than in wild-
type larvae, it continues to increase from 2 to 4 dpf showing that new HSPCs are being
generated during that time, albeit at a lower rate than wild-type (Figure 4G). In addition
while T cells and red blood cells are severely reduced, they are not completely lost, even by
6 dpf (Figure 4F, data not shown). This suggests that the remaining HSPCs are still actively
cycling. To test this possibility, we quantified the number of mitotic cells in the CHT labeled
by the phosphohistone H3 antibody (anti-pH3), a marker for late G2 and M phase of the cell
cycle (Hendzel et al., 1997; Sansam et al., 2006). In contrast to the number of HSPCs, the
number of mitotic cells in tbl3 morphants remains normal until 4 dpf when they markedly
decrease (Figure 4H). To address more directly the possibility that the remaining HSPCs are
actively cycling we counted the number of CD41::eGFP!®%W+/pH3* co-labeled cells. While
only a few co-labeled cells were present in either control or thl3 morphants, there was no
significant change in the number of co-labeled cells in the CHT at 3 or 4 dpf (Figure 41),
suggesting that the remaining HSPCs are indeed still proliferating.

Prolonged maintenance of RPC markers in cey mutants

Similar to the CHT, the retina is another tissue where thl3 is expressed in a stem cell region
and has developmental defects in cey mutants. Corresponding to the reduction of blood cell
numbers, the eye size of cey mutants is smaller than in wild-type siblings (Figure 5A). Both
the lens and the retina are visibly smaller in cey mutants as early as 3 dpf and remain smaller
until they die at 7 dpf (Figure 1M - P; Figure 5A, data not shown). While the mutant eyes
are consistently smaller than wild-type they continue to grow in size in all axes until at least
5 dpf (Figure 5A). The continued growth of the mutant eyes is similar to the continuous
production of HSPCs and blood cells, suggesting slower, but not arrested growth.

Despite the continuous growth of the eye, 5 dpf mutant eyes are still smaller than wild-type
eyes at 3 dpf in both the medial/lateral and anterior/posterior axes (Figure 5A). To determine
whether the reduction in eye size was due to smaller or fewer cells we counted the number
of nuclei in sections of wild-type and mutant eyes to obtain an estimate of the number of
cells in each eye and each retinal layer. We found that cey mutant eyes have fewer cells than
wild-type in all retinal layers (Figure 5B). In addition, despite having a reduced total cell
number, cells continue to be generated between day 4 and 5 dpf in cey mutants, correlating
with the sustained growth of mutant eyes (Figure 5B). These data indicate that the small eye
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phenotype is due to a reduced production of retinal cells in cey mutants and mirror the
reduction of HSPCs and blood cells seen in the CHT of mutant larvae.

Proliferation is high in zebrafish retinas at 3 dpf and then drops precipitously at 4 dpf
(Marcus et al., 1999). In addition, while mitosis occurs in both the peripheral and the central
retina at 2 and 3 dpf (Baye and Link, 2007; Hu and Easter, 1999), by 4 dpf it is primarily
restricted to the peripheral CMZ region. In wild-type zebrafish there is a significant increase
in proliferation and expansion of the retinal progenitor cell (RPC) population in the central
retina at 3 dpf that results in a large increase in eye size. This is resolved by 4 dpf when RPC
markers and proliferation becomes restricted to the peripheral retina (Marcus et al., 1999).
Expression of RPC markers vsx2, notchla, and pax6a in cey mutants is maintained in the
central retina until 4 dpf, longer than in wild-type (black arrowheads; Figure 5C - H, data
not shown). The RPC phenotype is due to loss of tbl3 as injection of tbI3MO into wild-type
and p53~/~ larvae phenocopies the vsx2 expansion in cey mutants at 4 dpf (Figure 51, J;
Supplementary Figure 3E). By 5 dpf the expression of vsx2 and notchla in mutant retinas is
restricted to the peripheral eye, similar to wild-type (data not shown). The prolonged
maintenance of RPC markers in the central retina in cey mutants (Figure 5C — H; data not
shown) suggests that this proliferative phase of retinal development is protracted in mutants
compared to wild-type.

Increased proliferation in retinas with reduced Tbl3

Since the RPC markers are maintained in the central retina of cey mutants at 4 dpf we
predicted a corresponding increase in proliferative markers in the absence of Thl3. To test
this prediction we labeled G2/M cells with anti-pH3 and counted the number of pH3* cells
in each retina (Figure 6A - E). The number of G2/M cells was significantly increased in cey
and tbl3 morphant larvae at 3 dpf (Figure 6A - E; Supplementary Figure 4E). Larvae co-
injected with tbl3 and p53MO had a significant increase in G2/M cells, indicating that the
defect is due to loss of Thl3, independent of p53 (Figure 6A - E). In addition to their
increased number, pH3™ cells were found throughout both the central and peripheral retina
of thl3 morphants and cey mutants at 3 and 4 dpf (white arrowheads; Figure 6A — D;
Supplementary Figure 4A, B). Consistent with the expression of RPC markers, pH3 labeling
became restricted to a more peripheral region by 5 dpf in mutant larvae (Supplementary
Figure 4C, D). The localization of G2/M cells in the central retina correlates with the
prolonged maintenance of stem cell markers in the central retina beyond age-appropriate
stages. Taken together, the increased number and the abnormal localization of G2/M cells in
both cey and tbl3 morphant larvae indicate that ThI3 regulates proliferation during retinal
development.

Cell death is normal in tbl3 morphant zebrafish

Loss of ThiI3 results in smaller eyes despite the prolonged maintenance of the proliferative
phase of retinal development. One potential reason for this observation is an increase in cell
death. To test this possibility we stained tbl3 morphant retinas with TUNEL (Terminal
deoxynucleotidyl transferase dUTP Nick End Labeling) and counted the number of labeled
cells in the retina. We did not observe a change in cell death in thl3 morphants (Table 1).
These data indicate that loss of Thl3 induces small eye size independent of cell death.
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Slowing of the cell cycle in larvae with reduced Thl3

Cell cycle delay is another possible explanation for the reduction of eye size in the face of
increased proliferation in Thl3-deficient individuals. This hypothesis predicts, first, that the
number of S-phase cells is increased. Second, in the absence of Tbl3 the transition from S to
G2/M phase is slowed. To test the first prediction we first counted the number of Brdu*
retinal cells in 3 dpf retinas after a 30-minute exposure to BrdU followed by a one-hour
recovery period (Figure 6F, Supplementary Figure 4F). The number of S-phase cells was
increased in both cey mutants and tbl3 morphants compared to controls, reflecting a general
increase of cells in the cell cycle (Figure 6F, Supplementary Figure 4F). To test the second
prediction, we labeled cells with both BrdU and anti-pH3 and analyzed the dynamic
emergence of double-labeled cells after a 1-, 2-, 4- or 6-hour recovery at 28°C. We reasoned
that if the cell cycle in retinas with reduced Tbl3 was generally delayed compared to
controls the percentage of double-labeled cells in mutants would increase at a lower rate
than wild-type. At 1 hour post-BrdU the percentage of pH3* cells co-labeled with BrdU was
the same in control, tbl3 morphant and tbl3/p53 double morphant larvae (Figure 6G).
However, at 2, 4 and 6 hours post BrdU treatment there were significantly fewer co-labeled
cells in larvae with reduced Thl3 as compared to controls (Figure 6G). This suggests that
there is a p53 independent slowing of the cell cycle when Tbl3 is reduced, resulting in delay
of retinal development and reduced eye size. These data are the first to show a role for TbI3
regulating the cell cycle during retinal development.

DISCUSSION

We present the first data showing that Thl3 regulates cell cycle length in a p53-independent
manner during zebrafish development. Our data illustrates that tbl3 is maternally expressed
and remains abundant in highly proliferative tissues. Absence of thl3 affects the size of
differentiated tissues but not their specification. The small organ size in the absence of Thi3
is due to slowing of the cell cycle. These data lead us to propose that Thl3 is required in
highly proliferative tissues to maintain the correct cell cycle speed in a p53-independent
manner.

Very little is known about the function of Tbl3 in other vertebrates, but there has been some
characterization of the yeast homologue, otherwise known as Utp13. Utp13 was first
identified as a U3 small nucleolar (sno) RNA-associated protein (Dragon et al., 2002;
Watkins et al., 2004). Utp13 is localized to the nucleolus and, along with several other Utp
proteins, is part of the small subunit (SSU) processome required for 18S rRNA biogenesis
(Dosil and Bustelo, 2004; Dragon et al., 2002; Watkins et al., 2004). Mutations in two other
utp genes have been identified in zebrafish: utp10, otherwise known as bap28 (Azuma et al.,
2006) and utp21/wdr36 (Skarie and Link, 2008). Both mutants are characterized by
defectivel8S rRNA biogenesis and increased cell death (Azuma et al., 2006; Skarie and
Link, 2008). However, only wdr36 mutants have a corresponding increase in proliferation
that is similar to cey mutants (Skarie and Link, 2008).

Wdr36 is a WD-repeat protein that is linked to glaucoma (Fan et al., 2006; Hauser et al.,
2006; Monemi et al., 2005; Rao et al., 2011; Ray and Mookherjee, 2009). Similar to cey
mutants, wdr36 mutants have a small eye phenotype and increased anti-pH3 labeling. In
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addition, the small eye phenotype in wdr36 morphants persists in the absence of p53,
suggesting that the phenotype is p53-independent. In contrast to cey, the wdr36 mutants
show evidence of S-phase arrest, rather than slowing of the cell cycle, leading Skarie et al.
to conclude that the wdr36 morphant phenotype is due to defects in cell cycle exit and
subsequent cell death induced by the truncated isoform of p53 - 113p53 (Skarie and Link,
2008). In contrast, cell death is unaffected in thl3 morphants. In addition, the p53 mutant we
used to inject tbI3MO has a premature stop (Parant et al., 2010) that would prevent
formation of both p53 and p53- 113p53 transcripts, suggesting that the thl3 morphant
phenotype is p53 independent.

The similarities of the wdr36 and cey mutant phenotypes, as well as the evidence in yeast
showing homologues of both proteins in the SSU processome, suggest that tbl3 and wdr36
interact during rRNA biogenesis or ribosomal assembly in zebrafish. However, their
differential dependence on p53 suggests that they may also have distinct roles during
development of specific tissues. In fact, we have directly tested the possibility that tbl3 may
be involved in rRNA processing by Northern blot but have found no difference in rRNA
species between cey mutant and wild-type siblings (Supplementary Figure 5). Whether tbl3
may be involved in other steps required for proper ribosome biogenesis is the subject of
future studies.

In contrast to the RPCs, HSPCs are significantly reduced when Thl3 is lost. However, the
remaining HSPCs continue to proliferate and only some differentiated blood cell types are
affected. T cells and erythrocytes are both severely reduced, while neutrophils and
thrombocytes are normal. This is surprising because we would expect a slowing of the
HSPC cell cycle to result in a reduction of all blood cell types. However, based on mRNA
expression, maternal TbI3 protein is presumably present in cey mutants during early
development, providing a possible explanation for the absence of visible defects at 2 dpf.
This idea is supported by the fact that the tbI3 ATG MO, affecting both maternal and zygotic
transcripts, has a more severe and earlier phenotype than either the SB MO or cey
mutants(data not shown). Previous analysis of a mutation in the Medaka wdr55 gene,
encoding a WD repeat protein that regulates 5s rRNA biogenesis, showed that maternal
Wdr55 protein was stable for up to 10 dpf, suggesting it could sustain larval development
significantly past the onset of zygotic transcription (Iwanami et al., 2008). As maternal Tbl3
is progressively depleted, the cell cycle begins to slow, resulting in fewer differentiated
cells. T cells are first visible in the thymus between 2 and 3 dpf (Kissa et al., 2008; Trede et
al., 2001; Willett et al., 1999) suggesting they would be more severely affected by loss of
zygotic TbI3 than blood cell types that are born earlier, like neutrophils and thrombocytes.
Primitive erythrocytes are generated beginning during the first day of life and are the only
circulating erythroid cells until 4 dpf (de Jong and Zon, 2005; Weinstein et al., 1996). They
do not decline significantly until 6 dpf (de Jong and Zon, 2005; Weinstein et al., 1996).
Erythrocytes are generated in much larger quantities than other blood cell types and a
decrease in HSPCs therefore should have a bigger impact on the number of erythrocytes
during times of peak production. This is reflected by the decrease in E1-globin staining in
cey at 6 dpf. Our data correlate with a slowing of the cell cycle in HSPCs and we propose
that all highly proliferative cell types require Thl3 to regulate their cell cycle speed.
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ThI3 function in vertebrates is unclear, but a number of intriguing results suggest that Thl3
may cause disease and act in signaling pathways potentially independent of rRNA
biogenesis or ribosomal assembly. For example, human Tbl3 has been mapped to the
autosomal dominant polycystic kidney disease (ADPKD) locus (Weinstat-Saslow et al.,
1993). While no TbI3 mutation has yet been linked with ADPKD, it raises the possibility
that Tbl3 may play a role in maintaining tissue function beyond early developmental stages.
Human enhanced S-cone syndrome (ESCS), a retinal degeneration disease, is another human
disease with connections to Thl3. Mouse Thl3 associates with the co-repressor Ret-CoR
complex that also binds photoreceptor cell-specific nuclear receptor (PNR) protein. PNR is
spontaneously mutated in ESCS patients and regulates proliferation of S-cone cells in mice
via transcriptional repression (Takezawa et al., 2007). Recent work in the mouse retina
shows that PNR requires the co-repressor Ret-CoR and its associated proteins, including
Thl3, to effectively repress transcription of cell cycle dependent targets, such as cyclinD1
(Takezawa et al., 2007). Ret-CoR protein is differentially expressed during the cell cycle
suggesting that cell cycle regulation is an important part of PNR proliferation regulation
(Takezawa et al., 2007). These data suggest TbI3 could regulate cell cycle rate through
nuclear receptor signaling during zebrafish development, opening intriguing avenues for
future investigations into the mechanism of Thi3 function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Many tissue types are severely reduced in cey mutants
All figures are oriented anterior to the left. p56!°k labels T cells in 4 dpf zebrafish larvae (A,

yellow arrow). Cey mutants have severely reduced p56!° expression at 4 dpf (B, yellow
arrow) suggesting a lack of T cells. In comparison to live wild-type larvae at 4 dpf (C), live
cey mutants (D) have small eyes, heart edema (red arrow), and a deformed jaw (black
arrow). Yellow dotted line designates the swim bladder (C, D). Although the tail is
morphologically normal, there is a severe reduction of HSPCs in cey mutants at 4 dpf as
shown by the severe reduction of c-myb positive cells in cey mutants (F) as compared to
wild-type (E). Alcian blue staining indicates the mandibular and hyoid arches are smaller
and malformed in cey mutants at 5 dpf (H) as compared to wild-type (G). Endodermal
derivatives are severely reduced in cey mutants (I - L). Intestinal tissue labeled with ifabp is
severely reduced in cey mutants at 4 dpf (1, J). In addition, exocrine pancreas labeled by
trypsin is severely reduced in mutants at 5 dpf (K, L). The eyes of cey mutants are smaller
than wild-type eyes at 5 dpf (M, N). Despite the smaller eye size, all cell layers are present
in cey mutant retinas (O, P). Red asterisks label each retinal layer (O, P). Scale bars are 130
pm (A-L) and 95 pum (M-P).
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Figure 2. tbl3 is specifically expressed in wild-type and lost in cey mutants
Mapping the cey lesion revealed a telomeric deletion on chromosome 3 (A, not to scale).

Double dashed lines indicate the approximate location of the deletion. Z-markers are listed
on the left of the chromosome schematic and genes are on the right. The gene sox9b is
excluded from the deletion (B), while tbl3 is included in the deletion (C). Radiation hybrid
mapping indicates that thl3 is located on the very end of the telomere on chromosome 3 and
is closely linked to the noxola (GenBank ID: NM_001077584.1) gene (A). tbl3 is
maternally expressed at the 8-cell stage (D). By 19.5 hpf tbl3 is still widely expressed in
most tissues with high expression in the eye (E). tbl3 is expressed in most tissues between
29-30 hpf (F). At 35 hpf thl3 expression is high in the eye and brain (E) and by 46-48 hpf
(F) expression is present in the intestinal region (green arrowhead) and the HSPCs (inset —
larvae in inset is different than larvae in the panel). Cross sections confirm that tbl3 is
expressed between the dorsal aorta (red asterisk) and the caudal vein (yellow asterisk) at
45-48 hpf where HSPCs are found (I). Cross sections of the retina at 45-48 hpf (J) and 75
hpf (K) show that tbl3 is expressed around the lens (arrow) and in the retinal stem cell
region, also known as the ciliary marginal zone (CMZ; asterisks) at the lateral edge of the
retina adjacent to the lens. At 75 hpf (K) tbl3 is also expressed in the inner nuclear layer
(bracket). tbl3 expression remains high in the eye (black), brain, fin bud (blue), and gut
(green) at 75 hpf (L, M). Consistent with the loss of the thl3 gene in cey, thl3 expression is
absent in cey mutant embryos (N, O). Accession numbers for other genes on the
chromosome in (A) are as follows: foxjla (GenBank ID: NM_001076706.2), zgc:152997
(GenBank ID: NM_001077319.1), sox8 (GenBank ID: NM_001025465.1), and zgc:113100
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(GenBank ID: NM_001031844.1). Scale bars are 60 um (1), 130 um (D - H, J - 0O), and
245um (N, O).
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Figure 3. tbl3MO phenocopies the cey mutant
The tbl3 gene is 2,694 base pairs and 25 exons long (A). Black boxes represent exons and

lines joining boxes are introns. Lines with hash marks indicate introns of unknown length.
Red lines above exons represent the location of the MO sequence used in this study. Blue
lines represent WD repeats. Orange line represents UTP13 domain (A). SB MO is directed
against the splice donor site at the 3’ end of exon 5 (A). Injection of MOs designed against
the tbl3 gene results in a phenocopy of the cey mutant phenotype at 4 dpf. tbl3 morphant 4
dpf larvae have malformed jaws (black arrows), small eyes (white arrows; B, C) and a
reduction of T cells labeled by p56!k (D, E) as compared to uninjected controls. HSPCs
labeled by c-myb (F, 1), intestinal cells labeled by ifabp (G, J), and exocrine pancreas labeled
by trypsin (H, K) are all severely reduced as compared to controls and similar to cey mutants
(Figure 1). Images of larvae labeled with trypsin are pictures of the right side of the embryo
reflected so that anterior is to the right (H, K, N). Injection of the thI3MO into p53~/~
mutants resulted in similar phenotypes (L — N) as compared to injection of thI3MO into
wild-type (I — K). Scale bars are 130um.
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Figure 4. Loss of HSPCs differentially affects hematopoietic lineages _
CD41::eGFP!oW Jabels HSPCs (A, A’ white arrowheads) while CD41::eGFPMIN [abels

thrombocytes (A, A’ white asterisks) in the CHT of 4 dpf larvae. HSPCs (white arrowheads)
are severely reduced in tbl3 morphants at 4 dpf (B, B’) as compared to uninjected wild-type
controls (A, A’). In contrast, thrombocytes in thl3 morphants are unaffected (A, A’, B, B).
There are 24.9*/~ 102 thrombocytes in the CHT in wild-type (N = 28 larvae), and 29*/~11.8
in the CHT of cey (N = 28) which is an insignificant difference (p-value = 0.16). Brightfield
images in (A) and (B) are the same larvae as (A’) and (B”) respectively. Dotted yellow
boxes indicate area in CHT counted in G. Neutrophils labeled by mpx are unaffected in cey
larvae (D) at 6 dpf as compared to wild-type (C), while red blood cells labeled by fE1-
globin at 6 dpf are severely reduced in cey (E, F). The average number of HSPCs in the
CHT of tbl3 morphants is normal at 2 dpf, but significantly reduced at 3 and 4 dpf (G). The
average number of mitotic cells in the CHT of tbl3 morphant larvae is not significantly
affected at 2 or 3 dpf, but is severely reduced at 4 dpf (H). The number of
CDA41::eGFP!oW+/pH3" cells is not significantly changed in the CHT of tbl3 morphant
larvae at 3 or 4 dpf (I). The area of the CHT counted in (G - 1) is labeled by the yellow
dotted lines in (A), (A’), (B) and (B’). The error bars in (G) and (H) represent standard error
of the mean. The error in (1) represents standard deviation. Scale bars are 130um.
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Figure 5. RPC markers are expanded in central retina despite smaller eyes and fewer cells in cey
mutants

The eyes of cey mutants are smaller than wild-type eyes by 3 dpf in the medial/lateral,
anterior/posterior and dorsal/ventral axes (A). This difference is maintained at all time points
(A). In addition, the number of cells in each layer is significantly reduced in cey mutants
(B), resulting in a reduction of eye size. The number of cells in each layer was estimated by
averaging number of TO-PRO-3 stained nuclei in five z-sections 10 pm apart in six different
larvae (see Materials and Methods). Retinal stem cell markers are maintained longer in the
central retina (black arrowheads) of cey mutants than in wild-types (C-H). vsx2 and notchla
are expressed in the peripheral retina of the wild-type 4 dpf retina (C, G), but are expressed
throughout the central (black arrowheads) and peripheral retina in cey (D, H). Cross sections
of 4 dpf retinas expressing vsx2 show that vsx2 is expressed in more cells in the CMZ region
of mutant retinas (asterisks) and throughout the outer nuclear layer (black arrow E, F). The
small eye and expansion of vsx2 expression into the central retina (black arrowheads) is
phenocopied in tbl3 morphants at 4 dpf (1, J). The abbreviations in (B) are as follows:
ganglion cell layer (GCL), inner nuclear cell layer (INL), outer nuclear cell layer (ONL),
photoreceptor layer (PRL). The error bars in (A) and (B) represent the standard error of the
mean. Scale bars are130 m.
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Figure 6. Prolonged proliferative phase in retina results from slowing of the cell cycle
Proliferation is increased in cey mutant retinas. At 3 dpf there are more pH3* (G2/M) cells

in cey mutants in the central retina (white arrowheads; B) as compared to wild-type (A).
Injection of both tbl3 MO and p53 MO also results in an increase in pH3* cells in the central
retina (white arrowheads) at 3 dpf (D) as compared to a p53MO only control (C).
Quantification shows that the increase in pH3™ cells is significant in both larvae injected
with tbI3MO alone or thI3MO co-injected with p53MO at 3 dpf (E). Control larvae were
injected with phenol red. Whole Z-stacks of dorsal view retinas were projected and the
number of pH3* cells were counted and then averaged to determine the average number of
mitotic cells at 3 dpf (E, see methods for more details on quantification). Thl3 morphants
also have an increased number of cells in S-phase as compared to wild-type (F) indicating
there are more proliferating cells at 3 dpf. The average number of BrdU positive cells in five
lateral view sections was calculated for each retina (F, see methods for more details). The
progression of cells from S-phase to G2/M is \Tbl3 morphants than control embryos as is
indicated by the smaller percentage of cells co-labeled with BrdU and anti-pH3 over a 6
hour period of BrdU recovery (G). At 1 hpBrdU N =4, 8, 9, 8 for control, p53MO, thI3MO,
and tb13p53MO respectively. At 2 hpBrdU N =4, 4,5,5. At4 hpBrdUN =7, 4, 4,5. At6
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hpBrdU N =9, 11, 8, 6. Error bars in (E - G) represent standard error of the mean. Scale
Bars are 130um.
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Table 1
Average # of TUNEL positive cells
Control p53MO thI3MO thl3p53MO
3 dpf 1_6+/—1.3 N.S. l.1+/_0'6 N.S. O_2+l—0.15 N.S. 1_5+/—l,0 N.S.
# of larvae 7 14 9 13

N.S. = not significant
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