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ABSTRACT

MARCKS and MARCKS-like 1, each encoded by a different gene, comprise a very small family of
actin modulating proteins with essential roles in mammalian neural development. We show here
that four genes (two marcks and two marckslI) are present in teleosts including zebrafish, while
ancient actinopterigians, sarcopterigian fishes and chondrichtyans only have two. No marcks genes
were found in agnaths or invertebrates. All four zebrafish genes are expressed during development,
and we show here how their early knockdown causes defects in neural development, with some
phenotypical differences. Knockdown of marcksa generated embryos with smaller brain and eyes,
while marcksb caused different morphogenetic defects, such as larger hindbrain ventricle and
folded retina. marckslla and marcksl1b morpholinos also caused smaller eyes and brain, although
marckslla alone generated larger brain ventricles. At 24 hpf, marcksb caused a wider angle of the
hindbrain walls, while marckslla showed a “T-shaped” neural tube and alterations in
neuroepithelium organization. The double knockdown surprisingly produced new features, that
included an increased neuroepithelial disorganization and partial neural tube duplications evident at
48 hpf, suggesting defects in convergent extension. This disorganization was also evident in the
retina, although retinal ganglion cells were still able to differentiate. marcks/1b morphants presented
a unique retinal phenotype characterized by the occurrence of sporadic ectopic neuronal
differentiation. Although only marcks/la morphant had a clear “ciliary phenotype”, all presented
significantly shorter cilia. Altogether, our data show that all marcks genes have functions in
zebrafish neural development, with some differences that suggest the onset of protein

diversification.
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.’2L INTRODUCTION

3

4

5

? Gene duplication is a major mechanism for the generation of novel genes in evolution (Reams and
g Roth, 2015). During the evolution of vertebrates, two consecutive genome duplications are thought
12 to have occurred before the separation of teleost fishes from tetrapods, followed by a third whole
ig genome duplication, usually known as 3R or FSGD (fish-specific genome duplication), just in the
E lineage of actinopterigians around 350 mya (Glasauer and Neuhauss, 2014). Despite a common

ig characteristic of most gene duplication events being that one of the two duplicates eventually

:zlg degenerates as a pseudogene and functionally disappears, it has been found that in zebrafish most
g; duplicated genes have been maintained (Taylor et al., 2003), greatly increasing the genomic

gz complexity of this species. It has been a matter of debate whether this further genome duplication
g? might be responsible for the great evolutionary success of ray-finned fishes with their broad species
gg diversity (Glasauer and Neuhauss, 2014). However, it is clear that the maintenance of several copies
32 of a gene greatly increases the probability that new functions arise in the encoded proteins, and that
gé the magnitude of this probability would depend on the peculiarities of the individual set of proteins.
gg MARCKS is a family of proteins with only two members in tetrapods, MARCKS (Myristoylated
g; Alanin-Rich C-Kinase Substrate) and MARCKS-like 1 (MARCKSL1, also known as MARCKS-
Zg Related Protein/MRP or MARCKS-Like Protein/MLP). Both are ubiquitously expressed although
j; massively enriched in neural tissues (Ouimet et al., 1990), and have been reported to be essential for
%2 a plethora of processes related to neural development as has been nicely shown by loss-of-function
jg experiments (Stumpo et al., 1995; Chen et al., 1996). Their genes have been studied, and their

jg mechanisms of regulation at the transcriptional level have been characterized to some extent;

22 humans, as well as mice have very large mature marcks transcripts encoding small proteins, thus
gg having a high percentage of non-coding sequences, with a remarkable >1kb segment at the 3'-

gg untranslated region generally assumed to be related to gene expression regulatory sites (see for

g; example Stumpo et al., 1998). The protein sequence, with around 250-300 residues, presents only
59

60
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three relatively well-conserved domains (Li and Aderem, 1992; Blackshear, 1993): a short N-
terminal myristoylation-site domain; a 20-25-residues ‘MARCKS homology 2’ domain (MH2),
coincident with the mRNA region surrounding the only splicing site; and another 25-residues
‘effector domain’ (ED), with three serines phosphorylatable by PKC and able to interact with the
plasma membrane, F-Actin and calcium-Calmodulin. Of these, the MH2 domain appears as the
most puzzling, as no function could yet be ascribed to it. Our group has demonstrated that it
contains an extremely conserved serine residue, S25, which in the chick embryo is phosphorylated
by CdkS5 in neuroblasts, some neurons and some migrating neural crest cells, and that this
phosphorylation depends on the integrity of the actin cytoskeleton and on cell-to-cell adhesion
(Zolessi and Arruti, 2001a; Zolessi et al., 2004; Toledo and Arruti, 2009; Ruiz-Perera et al., 2013;
Toledo et al., 2013).

However, probably one of the most remarkable peculiarities of these proteins is that they are, along
nearly all their polypeptide extension, naturally unfolded (see for example Tapp et al., 2005). Their
protein sequences are rather unique reflecting this feature: not only they show a relatively
uncommon mixture of charged residues, being extremely hydrophilic and with a pl of around 4.0,
but they are also enriched in some aminoacids such as alanine, glutamic acid and proline, and lack
some other ones such as tyrosine, tryptophan, cysteine and methionine (the initial one being post-
translationally removed in cells) (Li and Aderem, 1992; Blackshear, 1993). As it is usually seen in
naturally unfolded polypeptides, MARCKS proteins sequence is poorly conserved across species
(Tinoco et al., 2014).

In addition to the two previously described MARCKS encoding genes (Ott et al., 2011), we have
found two MARCKSL 1-encoding genes in the zebrafish and performed a comparative
characterization of their genomic, mRNA and predicted protein primary structures, in addition to
functionally testing them by using specific morpholino antisense oligomers. Our phenotypic
analyses of morphant embryos show that even if they have similarities, like the previously

described smaller head and eyes and curved body, there are essential differences in neurulation,
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brain and eye morphogenesis and neuronal differentiation. Interestingly, some marcks genes seem
to interact in different developmental processes. These observations suggest that MARCKS proteins
sequence peculiarities have allowed them to distribute their functions in neural development among
the four members of the family, representing what could be the onset of protein diversification and

eventual acquisition of novel functions.

MATERIALS AND METHODS

Sequence analysis

MARCKS and MARCKSL1 protein and genomic sequences from several different vertebrates,
including zebrafish, were obtained either through name search or by BLAST/BLAT (Altschul et al.,
1990; Kent, 2002) using as a bait whole or partial protein sequences from previously well-
characterized marcks genes (such as human or chick) against different databases in NCBI
(http://www.ncbi.nlm.nih.gov) or Ensembl (http://www.ensembl.org). Genomic sequences were
obtained by BLAST/BLAT alignment against genomic assembly. For generating figures, sequences
were aligned with a global algorithm using ClustalW2 (Larkin et al., 2007) or Clustal Omega
(Sievers et al., 2011) and further processed using BioEdit
(http://www.mbio.ncsu.edu/bioedit/bioedit.html). Phylogeny reconstruction was made using the
tools available at Phylogeny.fr (http://www.phylogeny.fr/; Dereeper et al., 2008), such as MUSCLE
(Edgar, 2004) for multiple sequence alignment, PhyML (Guindon et al., 2010) for maximum-
likelihood phylogeny and TreeDyn (Chevenet et al., 2006) for tree visualization and export. Trees
were further processed using MEGA 6 (Tamura et al., 2013), bootstrapping with 1000 iterations
using Tamura-Nei algorithm (Tamura and Nei, 1993); branches with statistical support lower than
0.5 were collapsed. Relative time tree analyses were conducted in MEGA7 (Kumar et al., 2016),

using the Tamura-Nei model and the RelTime method to infer time trees when needed (Tamura et

John Wiley & Sons
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al., 2012). CpG islands prediction was performed within the -1kb genomic region with the software
EMBOSS Cpgplot (Larsen et al., 1992; McWilliam et al., 2013) within a 200 bp window, reporting
putative islands when larger than 50 bp. Myristoylation probability was analyzed using NMT — The
MYR Predictor (Maurer-Stroh et al., 2002). GC content analysis was performed in R/Bioconductor

using the package seqinr (Gentleman et al., 2004; Lawrence et al., 2013).

RT-PCR and gRT-PCR

RNA was extracted from a pool of whole embryos at different stages with TriZol, and first strand
cDNA was synthesized from 200 ng total RNA with MMLV-RT (Fermentas-Thermo Scientific,
Waltham, USA) using an oligo dT)s.50 primer. Hot start PCR reactions were carried out with
primers detailed in Table S1. Real-time qRT-PCR reactions were performed using Kapa SYBR Fast
qPCR kit (Kapa Biosystems, Wilmington, USA) following the protocol suggested by the
manufacturer, using a Corbett 6000 (Qiagen, Venlo, Netherlands) thermal cycler. Two reference
genes were used: rpll3a and efla, as suggested for developmental processes (Tang et al., 2007).
Data processing of triplicate experiments were analyzed with the software REST 2009 (Qiagen,
Venlo, Netherlands), normalizing primer pair efficiency (Pfaffl, 2004). Oocyte cDNA was

established as the control group. Primers used are detailed in Table S1.

Zebrafish embryos and morpholino oligomere treatments

Zebrafish lines were kept under controlled conditions, in an automated ZebTec (Tecniplast, Milan,
Italy) stand-alone system at 28 °C, 500 pS/cm? conductivity and a pH of 7.5, and fed with dry and
live food (Artemia salina) three times a day, following accepted protocols and under the approval of
the local and national ethical committees (CEUA at Institut Pasteur de Montevideo, CHEA-UdelaR

and CNEA). SAT wild-type line used for most experiments was obtained from ZIRC (Eugene,

John Wiley & Sons
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USA). The transgenic line Atoh7:Gap43-EGFP (Atoh7:GFP in the text), in which cells leading to
the retinal ganglion cells lineage are labeled (Zolessi et al., 2006), was obtained from Bill Harris’
lab, University of Cambridge, UK. Embryos obtained from natural crossings were cultured at 28.5
°C in E3 medium (5 mM NaCl; 0.17 mM KCI; 0.33 mM CacCl,; 0.33 mM MgSQO,) supplemented
with 0.1 mM phosphate buffer and methylene blue (1 ppm) as a fungostatic. 1-phenyl-2-thiourea
(0.003%) was added to E3 medium to inhibit melanogenesis in embryos destined to microscopy

imaging.

Translation-blocking morpholino antisense oligomers (MOs; Gene Tools, Philomath, USA, or Open
Biosystems - now GE Healthcare Dharmacon, Lafayette, USA) were designed against 5'
untranslated region (5'-UTR) of marcksa, marcksb, marckslla and marckslib, and a splice-blocking
MO was designed against the donor sequence of the only marcks/1a intron (for sequences see Table
S1). Standard control MOs (Gene Tools, Philomath, USA) were used as appropriate. To prevent
unspecific cell death that could hinder the specific phenotypes, and particularly in double MO
injections, we co-injected a double amount per embryo of the standard anti-p53 MO (Robu et al.,
2007). MOs were injected in the yolk at 1 to 8 cells stage, and embryos were cultured as described
above until the desired stage. Specific function-recovery controls were performed by co-injecting
the corresponding synthetic mRNAs lacking the morpholino recognition site, produced from PCR
templates with Ambion mMESSAGE mMACHINE (Thermo-Fisher, Waltham, USA). Primers used

are described in Table S1.

Histology and morphological observations

Alcian Blue staining: 5 dpf embryos were fixed with 4% PFA for 24h, washed 5 times in PTw
(PBS/ 0.1% Tween-20) and stained overnight with Alcian blue (0.1% Alcian blue in 70% ethanol/

1% hydrochloric acid). Embryos were rinsed 4 times in acid alcohol (70% ethanol/ 5% hydrochloric

John Wiley & Sons
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acid) and then incubated for 20 min in acid alcohol at room temperature. Rehydration was
performed in gradually decreasing solutions of acid alcohol/water (3:1, 1:1, 1:3) and finally rinsed
in water. Embryos were then clarified and stored in 50% glycerol/ 0.5% KOH as previously

described (Solomon et al., 2003).

Semithin sectioning and methylene blue staining: 48 hpf zebrafish embryos were fixed in 2.5%
glutaraldehyde. After 10 min, heads were dissected and then fixed for 48 h at 4° C. Fixative was
removed and embryos postfixed with OsO4, and then dehydrated and embedded in araldite
(Durcupan; Fluka-Sigma-Aldrich, St. Louis, USA). Semithin sections (0.5 um thick) were obtained
in an ultramicrotome RMC MT-X (Boeckeler Instruments, Tucson, USA), dried over the flame and

stained with 1% methylene blue.

Immunostaining and fluorescence microscopy

Dechorionated 24, 48, 72 hpf and 5 dpf embryos treated with PTU were fixed with 4% PFA,
permeabilized with 5 washes of 30 min each with PBS-T (PBS/0.2% Triton X-100) and trypsinized
on ice for 15 - 30 min. After washing with PBS-T on ice, embryos were incubated in blocking
solution (10% normal goat serum, 1% BSA, 10% glycine, 0.2% NaN3 in PBS-T). Primary antibody
was incubated in blocking solution overnight at 4 °C, with gentle agitation. Then, five washes with
PBS-T for 30 min at 4 °C with gentle agitation were performed, and the corresponding secondary
antibody was incubated overnight with gentle agitation, adding when necessary 2 pg/mL methyl
green as a DNA-specific nuclear stain (Prieto et al., 2014) or 1 pg/mL TRITC-phalloidin (Sigma,
St. Louis, USA) to label F-Actin. After washing, embryos were mounted in glycerol solution (75%
glycerol/20 mM Tris pH=8). Zn-5 antibody against Neurolin-a/DM-GRASP (a retinal ganglion cell
-RGC- marker; Trevarrow et al., 1990; Schmitt and Dowling, 1994) and Zpr-1 antibody against

Arrestin 3a, a double cone (DC) marker (both mouse monoclonals from ZIRC, Eugene, USA) were

John Wiley & Sons
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used as hybridoma supernatant at 1:100 dilution. Anti-aPKC rabbit polyclonal antibody was
obtained from Santa Cruz (Dallas, USA), and used in a 1:200 dilution. Anti-Gamma Tubulin and
anti-acetylated Tubulin monoclonal antibodies (IgG1 and IgG2b, respectively) were from Sigma

(St. Louis, USA) and, when necessary, detected simultaneously using isotype-specific Alexa

©CoO~NOUTA,WNPE

11 fluorescently-labelled secondary antibodies from Molecular Probes-Life Technologies (Carlsbad,
13 USA). Image acquisition was made in a Leica TCS-SP5 laser scanning confocal microscope using
15 LASAF v. 2 software (Leica Microsystems, Wetzlar, Germany). Further image analysis, including
quantification, and processing for figures and videos were made using Fiji (http://fiji.sc/)

(Schindelin et al., 2012).

26 RESULTS

31 Four marcks family genes in zebrafish

35 Two marcks genes (marcksa and marcksb) have been previously identified in the zebrafish by
sequence comparison to the human marcks cDNA sequence (Ott et al., 2011). The analysis of the
40 respective genome sequences showed us that while marcksb gene contains only one intron at the

42 position described for other species (Blackshear, 1993), marcksa gene has two introns: the first one
44 localized at the usual position coincident with the MH2 domain, and the second one at the 3° UTR
46 (Fig. 1A and Table 1). Furthermore, there is a 12-nucleotide shift in the 5' donor site of the first
splicing site of marcksa, resulting in the addition of four residues to the protein sequence in a region
51 (the MH2 domain) that is highly conserved in all vertebrates (Fig. S1 and S2). In an attempt to

53 characterize the whole marcks family in the zebrafish, we further searched for other sequences by
55 performing a BLAST (“tblastn”) search on the NCBI Nucleotide collection (nr/nt) using as a bait

o7 the amino-terminal half including the ED (residues 1-135) of zebrafish MARCKSA protein

John Wiley & Sons
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sequence (accession code AAH95101.1). In addition to the already described marcksb gene, we
found two putative marcksll sequences, namely marckslla and marcksl1b (GenBank transcript
accession numbers NM 213223 and NM 213133 respectively). These sequences have more
recently been annotated in an exactly opposite way, although several features of the predicted
protein sequences makes us propose that the gene currently annotated as marcksl1b (NM_213223)
is the one which should be named marcksl/ia, and viceversa. The main reason for this proposal is
overall sequence homology: the marckslia transcript (NM_213223) is around 44-48% identical to
that of other vertebrates, while marckslib transcript (NM_213133) identity is around 38-40%
(Table S2). In addition, in the one we call marcks/ia, some key protein regions are more conserved
when compared to other marcksll proteins, such as the myristoylatable amino-terminus sequence
“GSQ” (against “GAQ” for marckslib) (Fig. S1 and S2). marckslla maps to chromosome 19 and
marcksl1b to chromosome 13, and their genes are interrupted by only one intron of 1150 and 1340
bp respectively (Fig. 1A and Table 1). The same analysis performed with marcksa and marcksb
sequences showed us that while marcksb gene contains only one intron at the position described for
other species (Blackshear, 1993), marcksa gene has two introns: the first one localized at the usual
position coincident with the MH2 domain, and the second one at the 3 UTR (Fig. 1A and Table 1).
Furthermore, there is a 12-nucleotide shift in the 5' donor site of the first splicing site of marcksa,
resulting in the addition of four residues to the protein sequence (Fig. S1 and S2). At the protein
level, the zebrafish marcksll sequences encode typical MARCKS family proteins abundant in
alanine, lysine and glutamic acid residues, while lacking arginine, methionine, cysteine, tryptophan
or tyrosine residues. Both present a myristoylatable glycine residue in a consensus sequence at the
amino terminus. They also present identifiable MH2 and effector (ED) domains, and several
potentially phosphorylatable serine and threonine residues which scored a high probability of
phosphorylation when analyzed within their context (Fig. S1 and Table S3).

Aiming at establishing the evolutionary relationships of the marcks family genes identified in the

zebrafish, we collected the predicted protein sequences available in public protein and genomic

John Wiley & Sons
10



Page 11 of 55

©CoO~NOUTA,WNPE

JEZ Part B: Molecular and Developmental Evolution

databases, such as NCBI and Ensembl, for several other species of vertebrates, using either
keyword (“marcks”) or homology searches (using MARCKS proteins conserved regions as a bait
against translated genomic or transcript databases). In addition to some previously published
sequences such as those from human (Harlan et al., 1991; Stumpo et al., 1998), mouse (Seykora et
al., 1991; Umekage and Kato, 1991), and chick (Graff et al., 1989), we found genes encoding
MARCKS family proteins from several other species, ranging from cartilaginous fishes to
mammals (Table S4). Even if there are relatively complete genome or transcriptome sequences for
several invertebrates, protochordates and even agnaths, we failed to find any homologs in these
species. We found that there are only two marcks family genes (marcks and marcksll) not only in
tetrapods, but also in the sarcopterigian fish coelacanth (Latimeria chalumnae), in the cartilaginous
fish elephant shark (Callorhinchus milii) and in the ancient actinopterigian spotted gar (Lepisosteus
oculatus). Conversely, all teleosts for which we could find complete or reliable sequences (either
from genome or cDNA) have at least four marcks family genes, like the zebrafish. Only Tetraodon
nigroviridis appears to have five marcks genes in total, with a duplicated marcksb gene (Fig. 1B and
Table S4). Using the predicted protein sequences for these genes, we have reconstructed a
phylogenetic tree based on sequence alignment (Fig. 1B). Zebrafish MARCKS sequences grouped
as expected with the corresponding predicted proteins in other species, with the apparent exception
of the zebrafish MARCKSA, wich together with the medaka sequence, remained in the clade of all
other MARCKS and MARCKSA sequences. To rule out whether their positioning in this complex
phylogenetic tree was due to differences in zebrafish or medaka sequence change rates, or just an
alignment artifact, we compared the genomic marcks or marcksa coding sequences from
chondrychtian, actinopterigian and sarcopterigian fishes, using the human sequence as an outgroup
(Table S5), and performed phylogeny reconstruction and time trees (Fig. S3). In both cases, these
marcksa sequences grouped as expected, indicating similar substitution rates, which was further

supported by maximum likelihood estimation of substitution rate at each site (not shown).

John Wiley & Sons
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Comparison of marcks family genes expression in zebrafish

We have further explored the genomic sequences of all four marcks family genes aiming at
identifying regulatory elements in the upstream regions up to 1kb. All four marcks family genomic
and transcript sequences show a GC content higher than the zebrafish genome average of 36.5%
(Table 1). Both marcksa and marcksb genomic sequences show CpG dimer enrichment in their 1 kb
upstream sequences. While marcksa upstream region shows only one 124 bp GC-enriched region
spanning positions -77 to -200 with 49% GC, marcksb upstream sequence shows two regions: one
from position -58 to -135 with 54% GC content and the other one from position -276 to -355 with
59%. marckslla upstream region displays a similar enrichment from position -136 to -361 with
52% GC, whereas marcksl1b showed no detectable GC enrichment within the 1 kb upstream region
(Fig. 2A). We observed that the presence of at least one GC-enriched region within the 1 kb
upstream region is conserved among species for the marcks genes (Fig. 2A). Furthermore, the
localization of this region between positions -50 to -200 also seems to be evolutionarily conserved.
In teleost fishes there are one or two identifiable GC-enriched regions, and mammals display these
regions in addition to at least one more region at the distal end (-650 to -800), which may have been
secondarily acquired. A third distal GC enrichment was also found in the upstream sequence of the
amphibian Xenopus tropicalis, although its position is more distal than those of mammals (Fig. 2A).
Semi-quantitative RT-PCR showed us that all four genes were expressed in adult tissues (Fig. 2B).
To better characterize the relative expression of each of these four genes along development, we
performed real-time RT-PCR experiments, comparing them with two different house-keeping genes
(efla and rpli3a) and using oocyte RNA levels as a reference. We confirmed that as described
before (Ott et al., 2011) transcripts are present at all embryonic and larval stages. In the case of

marcksl genes, they are also expressed at detectable levels between 24 and 72 hpf (Fig. 2C). Only

John Wiley & Sons
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marcksa mRNA expression appeared to vary significantly within this interval, showing an
apparently higher copy number by 24 hpf and a sustained decrease at 48 and 72 hpf. Meanwhile,

neither marcksb nor marckslla or marcksl1b showed any evident variation within this

©CoO~NOUTA,WNPE

developmental time period (Fig. 2C).

15 Morpholino knockdown of marcks family genes: effects on general embryo morphology

20 Two new translation-blocking MOs were designed against the zebrafish marcks mRNAs and

22 injected in the yolk of embryos at stages 1-4 cells, at amounts between 0.3 and 0.6 pmol/embryo.
24 marcksa MO injected embryos displayed gross anatomical defects similar to those previously

26 described by Ott et al. for both genes using different MOs (Ott et al., 2011), like a shorter, curved
body and smaller head and eyes (Fig. S4). However, the marcksb MO injected embryos showed
31 some peculiarities not previously described, including severe optic cup malformation and

33 enlargement of the hindbrain (fourth) ventricle, particularly noticeable at 48 hpf (Fig. S4A). These
35 features were markedly reduced upon co-injection of a synthetic marcksb mRNA lacking the MO
recognition site (Fig. S4C).

40 We also designed translation-blocking MOs to the two marcksll genes and a splice-blocking MO to
42 marckslla. As the translation MO to marckslla did not have any visible effect on development,
44 probably due to genetic polymorphisms, we only show here results for the splice-blocking

46 marckslla MO (Fig. S5). As this MO is directed to the donor site of the only intron in the
marckslla transcript, it would only allow for the eventual expression of a truncated protein

51 containing the first 28 residues, thus causing a null phenotype (Panizzi et al., 2007; Eisen and

53 Smith, 2008). Similar to what was observed for marcks genes, knockdown of both marcksl1 genes
35 caused very visible defects in the central nervous system. Again, however, there are some evident

differences between marckslla and marcks!1b morphants (Fig. 3A). Knockdown of marckslla at

John Wiley & Sons
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relatively low doses of MO (0.2-0.4 pmol/embryo) provoked a strong phenotype characterized by
smaller head and eyes, ventrally curved body and enlarged brain ventricles, that could be rescued by
the concomitant injection of the marckslla synthetic mRNA (Fig. 3A and SS5). marcksl1b MO, on
the other hand, caused smaller head and eyes and curved body, but did not cause enlargement of
ventricles (Fig. 3A).

As all four marcks morphants had apparent cephalic malformations, we wondered whether head
cartilages were affected, and performed Alcian blue staining of embryos at 7 dpf (Fig. 3B). marcksa
morphants showed impaired midline convergence of the ventrally-hanging Meckel cartilage,
shortening of the palatoquadrate cartilages and rudimentary basihyal cartilages. marcksb morphants
in turn showed anteriorly bent Meckel and palatoquadrate cartilages (Fig. 3B). Both depicted
reduced ceratobranchial arches, a feature also observed in marcks!la morphants. Major alterations
in craniofacial cartilage development were not observed in marcksl1b morphants. The double
marckslla+marcksl1b morphant elicited a phenotype with shortened palatoquadrate cartilages and
reduced ceratobranchial arches resembling those of marcklsla morphants. All single morphants, as
well as the double marckslla+marcksli1b morphant showed some extent of ceratohyal cartilage

alteration (Fig. 3B-C).

Effect of marcksb and marckslla knockdown on the morphogenesis of the neural tube

As it has been shown that knockout of both marcks and marcksil causes defects in cephalic neural
tube closure in mice (Stumpo et al., 1995; Chen et al., 1996), and teleosts display a completely
different mechanism for neurulation, we decided to compare the possible roles of the marcks family
genes during zebrafish neurulation by morpholino knockdown. We performed single and double
knockdown experiments, by injecting 0.4 pmol (total) of MO against the individual marcks family

genes or a combination of marcksb+marckslla MOs (as these presented the strongest cephalic

John Wiley & Sons
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morphology phenotypes), plus 0.8 pmol of p53 MO per embryo. Embryos were then fixed, stained
for F-actin and nuclei, and optically sectioned using a confocal microscope, to observe the
transverse structure of the brain walls and ventricles at three areas: midbrain, anterior hindbrain (at
the level of the first rhombomere) and posterior hindbrain (at the level of the inner ear) (Fig. 4A-E).
We quantified these observations on hindbrain structure at 24 hpf by measuring the angle of the
lateral walls around the floor plate, where a bending similar to the medial hinge-point of amniotes is
evident in zebrafish embryos. Only when blocking the expression of marcksb alone there was a
significantly larger angle (Fig. 4A-B). Conversely, a significantly smaller angle was observed for
marcksl1b morphants (Fig. 4A), although this phenotype was also characterized by a pronounced
delay in general development that might explain this observation. In marcksl/la morphants, even if
there was not a significant change in the overall angle of the hindbrain walls, in many cases (9/17
embryos) there was a partial opening of the dorsal half, resulting in a “T-shaped” caudal neural
plate (Fig. 4C and Video S1). In some regions along the hindbrain axis, the appearance of small
groups of ectopic, supra-apical, cells was also evident in these embryos (Fig. 4C). At the level of
the midbrain, only marcks/la MO appeared to generate some deformation of the brain walls (Fig.
4C and Video S1).

These results indicating a major role for marcksb and marckslla in neural tube morphogenesis
(when compared with the other two genes), prompted us to further compare their roles, by searching
for possible complementation or interaction at the gene level. The simultaneous injection of both
marcksb and marckslla morpholinos (at half dose each: 0.2 pmol/embryo), had a very strong effect
on the general morphology of the embryos and on the brain, particularly evident on the midbrain
section in Figure 4C. In these double marcksb+marckslla knockdown embryos, the overall
morphology of the hindbrain regarding the angle of the lateral walls and the size/shape of the
ventricle was similar to that of controls (Fig. 4A), indicating that they do not genetically interact to
regulate ventromedial hingepoint angle in the hindbrain. However, new features appeared that were

not evident in single morpholino injections. At early stages (24 hpf), the most evident one was a
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visible disorganization of the neuroepithelium, marked by the ectopic accumulation of F-actin away
from the apical surface (Fig. 4C and Video S1).

At 48 hpf the phenotype was maintained, albeit milder, in the marcksb morphants, while marckisla
morphants presented a more severe neuroepithelial disorganization, characterized by ectopic F-
Actin accumulations (Fig. 4D and Video S2). The double morphant, on the other hand, showed an
unexpected phenotype: the appearance of partial duplications of the neural tube from the hindbrain
to the initial portion of the spinal cord (Fig. 4D and Video S2). A phenotype like this was never
evident in marcksb morphants, but in a few extreme examples of marcks!la-alone morphants at 24
hpf there was also evidence of a similar disorganization, although without a clear duplication of the
neural tube (Fig. 4F and Video S3). In these marcks/la morphant embryos, aPKC immunostaining
revealed the ectopic localization of sub-apical protein complexes along with actin filaments that in
some areas suggested early stages of partial neural tube duplication (Fig. 4F and Video S3) and
indicated that the phenotype of the double morphants was most probably caused by marckslia,
albeit facilitated by marcksb knockdown. More affected marcksl1b morphants also presented a
similar phenotype, suggesting shared roles of the two zebrafish MARCKSL1 proteins during neural

rod cavitation (Fig. 4F).

Morpholino knockdown of marcks family genes: effects on retinal development

marcks mutation in mice caused severe defects in retinal lamination (Stumpo et al., 1995), and a
prominent general size reduction of the neural retina with a complete loss of the retinal layers was
already reported for marcks knockdown in the zebrafish at 72 hpf (Ott et al., 2011). We hence
decided to study the effect of marcks/l MOs in retinal morphology at different developmental
stages. When looking at retinal structure, we found that both marckslla and marcksl1b MOs caused

a severe delay in cell differentiation, as retinas had a very immature appearance even at 60 hpf,
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when retinal layers were already evident in control embryos (Fig. 5). At 35 hpf RGCs (labeled by
the monoclonal antibody zn-5), the first-born cell type in the retina, were just starting to
differentiate in the control retinas, but were not detected in marckslla or marcksl1b morphants (Fig.
5A). At 60 hpf, when most retinal cell types are already born in normal development, the only cells
that had evidently started differentiation in morphant embryos were RGCs, and they were much
fewer than in control retinas (Fig. 5B). Interestingly, in the marcksl1b morphants, some degree of
RGC layer disruption was always evident, with groups of differentiating neurons appearing
displaced towards the apical (outer) retina. In embryos with an apparently more severe phenotype
some RGCs, either isolated or in groups, appeared mislocalized towards the apical side of the
retinal neuroepithelium (Fig. 5C). In the case of double marcks!la+marckls b morphants, the
phenotype was similar, albeit more severe regarding the size of the retina and the number of
differentiating neurons, both at 35 and 60 hpf (Fig. 5SA-B).

As described by Ott and collaborators (Ott et al., 2011), we found that both marcksa and marcksb
MOs also caused an apparent delay in neuronal differentiation and smaller eyes in hypomorphs
generated by injecting 0.3 pmol of MO per embryo (Fig. S6, see also Fig. S4). A significant
difference was found, however at higher doses of each MO (>0.4 pmol). While for marcksa only an
accentuation of the delayed differentiation phenotype was observed (not shown), important
malformations, characterized by a complete loss of retinal layers and pronounced folding of the
retinal wall, were seen in the case of marcksb (Fig. 6A and B, see also Fig. S4). By injecting
Atoh7:Gap43-EGFP (“Atoh7”) transgenic embryos with marcksb MO, later stained for F-Actin and
nuclei, an ingression of ectopic F-Actin accumulations into the retinal wall was evident, causing an
alteration in the distribution of differentiating RGCs and their progenitors (Fig. 6B and B’). In
particular, the cell bodies appeared to avoid these actin-enriched structures, while some elongated
progenitors or neuroblasts were connected to them by their apical processes, indicating the apical
neuroepithelial border identity of these actin accumulations (Fig. 6B and B’). Given that coinjection

of marcksb and marcksl/la MOs caused severe disorganization in the hindbrain and spinal cord, we
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decided to analyze the phenotype of these double morphants in the retina. Here, again a striking
morphogenesis defect was evident, as double morphant retinas appeared more severely folded than
in the marcksb-alone morphant, to the point that the retinal structure was completely disrupted and
an optic cup-shape was no longer evident (Fig. 6B). In most cases, no or very few Atoh7-positive
cells were seen at 48 hpf, and when present they appeared disorganized albeit still apparently able

to differentiate, as some growing axons could be observed (Fig. 6B”’).

marcks genes knockdown and cilia length

Some of the morphological features observed in marcks!/la morphant embryos (like reduced eye
size, enlarged brain ventricles and a ventrally-curved body) are typically seen when cilia integrity is
affected (Sun et al., 2004; Tsujikawa and Malicki, 2004). In addition, we found that in many
(26/71) marckslla morphant embryos, three otoliths were visible instead of two, another
morphological hallmark of cilia malfunction (Fig. 7A). Although cilia were not evidently reduced in
the inner ear (not shown), acetylated-tubulin-positive cilia were much fewer and shorter in the
olfactory placode of marcks!la morphant embryos than in controls (Fig. 7B). To further explore the
possibility that marckslia, or other marcks genes, were involved in regulating cilia formation or
maintenance, we measured the length of cilia in the Kupffer’s vesicle, an organ specialized in the
determination of left-right asymmetry and enriched in easy-to-see primary cilia that have been
extensively used to study cilia physiology in the zebrafish (Zhao and Malicki, 2007). Remarkably,
we found that all four marcks MOs, injected individually, caused a significant reduction in cilia

length, in the Kupffer’s vesicle of 8-10 somites embryos (Fig. 7C-D).
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DISCUSSION

Four marcks genes in teleosts, and hints on their evolutionary process

In most species in which marcks genes have been described, there are two different members of the
family, each encoding only one protein (Aderem, 1992): MARCKS and MARCKSLI1. Here, we
report the existence of two apparently functional genes for MARCKSL1, which added to the
previously described genes encoding MARCKS (Ott et al., 2011), results in a total of four different
marcks family genes being expressed in the zebrafish. The current availability of many complete
genome sequences allowed us to perform a relatively broad search for marcks family members
across different species, leading to some interesting observations. In the first place, we have been
able to find recognizable marcks genes only in gnathostomes, suggesting a relatively recent
appearance of these genes in evolution. Secondly, all teleosts, and only teleosts, appear to have four
marcks family members, while sarcopterigians and ancient fish just present one marcks and one
marcksll genes. Even if there is an evident degree of divergence among all MARCKS protein
sequences, we observed that most of the suspected orthologs grouped very well after phylogenetic
analysis, following the accepted evolutionary pathway in most of the cases. As previously shown
for a smaller phylogeny (Ott et al., 2011), zebrafish (and the other teleosts) MARCKSA sequence
groups with MARCKS protein sequences from other species, while all the teleosts MARCKSB
proteins form an independent group. All MARCKSLI1 protein sequences analyzed appeared as
highly derived and with greater degrees of divergence among them when comparing different
vertebrate classes. Although the comparison at the protein level resulted in a positioning of
zebrafish and medaka MARCKSA apart from the rest of the teleost corresponding sequences in the
phylogeny, the phylogenetic analysis of the genomic coding sequences as well as the analysis of
relative evolution times showed that they both group with the expected orthologs in teleosts, apart

from ancient actinopterigians and chondrichtyans.
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All these observations strongly support the idea that marcks genes were completely duplicated, and
maintained, after the third whole genome duplication (“3R”) in vertebrates, which only affected
teleosts (Glasauer and Neuhauss, 2014). Interestingly, the observation of only four (instead of eight)
genes in teleosts, and two (instead of four) in ancient fish and sarcopterigians, suggests that either
these genes were not duplicated in (or lost shortly after) one of the two first genome duplications
(1R/2R), or that the original ancestor marcks gene appeared between them. The fact that we failed
to find marcks genes in the available agnaths genomes supports the hypothesis of an origin after 1R,
as this group may have diverged from the gnathostomes before these duplications (Putnam et al.,
2008; Mehta et al., 2013), and situates the possible origin of the ancient marcks gene at a period
between 477 and 450 mya (Ravi and Venkatesh, 2008). The completion of more genomic sequences
from basal vertebrates will eventually allow for the confirmation of this supposition. When protein
sequences and their alignments are analyzed in more detail, we can see that, as it has been described
for higher vertebrates alone (Li and Aderem, 1992; Blackshear, 1993), the three MARCKS
conserved domains can still be recognized. Regarding the MH2, it is interesting that all non-teleost
MARCKS and all teleost MARCKSA sequences share the presence of a serine phosphorylatable by
Cdk5, homolog to chick S25, whose phosphorylation was previously shown to correlate to neuronal
differentiation in chick and mouse embryos (Zolessi et al., 2004; Toledo et al., 2013; Contreras-
Vallejos et al., 2014). This serine is not present in any of the identified teleosts MARCKSB protein
sequences, or in most MARCKSL1. It is tempting to speculate then, that the presence of an S25-like
phosphorylatable residue is an ancient feature that has been lost during evolution in most but
marcks and marcksa genes.

Finally, in spite of these relatively conserved regions, multiple sequence alignment of MARCKS
family of proteins among different species clearly show a high degree of divergence in the other
areas, particularly the carboxy-terminus half. It has been demonstrated that disordered regions in
proteins tend to have a much higher rate of aminoacid exchange than ordered regions in the same

proteins (Denning and Rexach, 2007; Brown et al., 2011). It is interesting, however, that most
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experimental and theoretical evidence indicates that MARCKS is largely disordered, with probably
only very short stretches comprising a few aminoacids containing some secondary structure
(Arbuzova et al., 2002; Yamauchi et al., 2003; Tapp et al., 2005; Tinoco et al., 2014). Hence, even
the conserved regions in MARCKS might be disordered in the native protein. It has been shown
that conserved disordered protein sequences also occur in many other proteins, and that they usually
have essential functions such as mediating interactions with other macromolecules (Chen et al.,

2006).

Functional diversification of the zebrafish marcks genes

That four genes have been maintained, and in addition diverged after genome duplication, suggests
they may have acquired different functions during teleost evolution. For the zebrafish marcks genes
for which there are in situ hybridization data (marcksa: Thisse and Thisse, 2004; marcksb: Wang et
al., 2013; marckslla: Thisse et al., 2001), a widespread distribution from early to late embryonic
stages has been shown, with a usually higher expression in the central nervous system. Our
quantitative RT-PCR analysis also showed that all four marcks genes are expressed along the first
three days of development. Only marcksa showed some dynamics within this period, with a higher
amount of mRNA at 24 hpf, suggesting more important roles during early developmental stages.
Previous RNA-seq data from an earlier developmental period (Vesterlund et al., 2011) also revealed
higher expression levels of marcksa at early stages, reaching a maximum at around 11 hpf. By
knocking down zebrafish marcks genes, we found that even if all MOs caused phenotypes
suggesting a function in neural development, there are very interesting differences between them.
Contrary to what was previously reported (Ott et al., 2011), we found that marcksb, and not
marcksa, caused severe morphogenetic defects in both the hindbrain and retina. Similarly,

marckslla MO showed a marked phenotype in brain morphogenesis which was different to that of
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marcksb, while marcksl1b MO showed a unique phenotype in the retina. Interestingly, some
relative differences were evident in the semiquantitative RT-PCR analysis from different adult
tissues, which are consistent with some of the functional knockdown data. For example, marckslla
mRNA is more abundant in the central nervous system (particularly the eye) than in skeletal
muscle, while marcksb has a higher expression in muscle. Malformation of skeletal muscle fibers
was described for both marcksa and marcksb morphants in the zebrafish (Ott et al., 2011), an
observation we observed only for marcksb (results not shown), and the modulation of MARCKS
phosphorylation state has been shown to be essential during skeletal myoblasts spreading, migration
and fusion in culture (see for example Kim et al., 2000; Louis et al., 2008).

Defects in cephalic neural tube closure are amongst the major defects that were observed in mice
mutant for marcks and marcksll (Stumpo et al., 1995; Chen et al., 1996). In those experiments,
marcksll had a much higher penetrance in its phenotype, indicating slight differences on the
functions of these two genes in neurulation. Although the process of neural tube formation, at the
morphological level, is remarkably different in teleosts when compared to tetrapods, many pieces of
evidence suggest that the essential mechanisms are very similar, both at the cellular and molecular
level. Even some morphogenetic steps, such as the formation of hingepoints, appear to be conserved
in fish (Nyholm et al., 2009). Interestingly, in the zebrafish we observed that marcksb caused a
major defect only in the hindbrain, which had a larger ventricle and presented wider wall angles
respect to the floorplate, while in marckslla morphants all ventricles appeared enlarged, and there
was a different sort of abnormality in the angle of the hindbrain walls: a “T-shaped” neural plate.
Interestingly, a similar shape was described for N-Cadherin mutants (Hong and Brewster, 2006),
while a larger hindbrain ventricle like that seen in marcksb morphants was observed for Pard3
(Hong et al., 2010). Both N-Cadherin and Pard3 are essential in maintaining the subapical adhesion
complexes and regulating neuroepithelial polarity, which is in accordance with the apical
localization of MARCKS in the chick neural plate, previously reported by us (Zolessi and Arruti,

2001b). Surprisingly, we observed the appearance of new phenotypical features in double
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marcksb+marckslla morphants, indicating that both genes interact and are necessary for the correct
formation of the neural tube in the zebrafish. The most striking observation was that, in many
embryos, parts of the neural tube (particularly from hindbrain to spinal cord) were duplicated. A
similar phenotype was previously demonstrated in planar cell polarity (PCP) pathway zebrafish
mutants, such as trilobite (vangl2 mutant) (Tawk et al., 2007), as well as in embryos with impaired
mesoderm differentiation (Araya et al., 2014). Hence, these two MARCKS proteins (MARCKSB
and MARCKSLI1A) appear to be modulating both apico-basal and planar cell polarity in zebrafish
neurulation. This is not surprising if we take into account the major role of MARCKS proteins in
modulating the actin cytoskeleton. The sub-apical actin meshwork is directly connected to the
protein complexes modulating apical-basal cell polarity, particularly through its interaction with
Cadherin-mediated cell adhesion (Miyamoto et al., 2015). On the other hand, the PCP pathway
exerts part of its functions through the modulation of the actin cytoskeleton (Devenport, 2016).
Interestingly, MARCKSB was recently shown to be necessary for zebrafish gastrulation (Wang et
al., 2013), while MARCKS was indicated as an essential intermediate between cortical actin and the
PCP pathway during frog gastrulation, where its knockdown using MOs showed severe defects in
convergent extension (lioka et al., 2004).

In the case of another region of the central nervous system, the retina, major morphogenetic
phenotypes were observed only for the knockdown of marcksbh and marcks!1b. marcksb morphants
showed deformations of the retinal wall reminiscent to the folding observed in some mice mutant
for the marcks gene (Scarlett and Blackshear, 2003), a phenotype that was extensively exacerbated
by the transgenic complementation of this mutation with a form of the protein unable to attach to
the plasma membrane (Kim et al., 1998). marcksl1b morphants, on the other hand, presented milder
distortions affecting the organization of RGCs, some of which eventually appeared apically
mislocalized. These retinal malformations could all be related to MARCKS family proteins function
in modulating the actin cytoskeleton, an essential structure for the maintenance of neuroepithelial

integrity and retinal morphogenesis (Chauhan et al., 2015). Similar, albeit more severe retinal
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phenotypes have been described in epithelial polarity zebrafish mutants in which apical complex
proteins are affected, such as nok (Pals-1), has (aPKCAL) or ome (Crb2a) (Malicki et al., 1996;
Zolessi et al., 2006). Defects in progenitor cells (radial glia) localization, accompanied by a loss in
apical proteins localization, were also observed in the differentiating cerebral cortex of mouse
marcks mutants (Weimer et al., 2009). It is remarkable that the co-injection of marckslla MO
(which seems not to have an effect on its own in the retina) with marcksb MO, caused an extremely
severe phenotype indicating a collaboration of marckslia, and that marcksb is necessary but not
sufficient for regulating the process of retinal morphogenesis. A role for marcks/1 in promoting
retinal progenitors proliferation has been previously reported in mice (Zhao et al., 2007), which is
consistent with the observation of reduced cell number and delayed differentiation in all zebrafish
marcks morphants. Finally, the observed phenotypes in head cartilage formation point to a role of
zebrafish MARCKS proteins in neural crest migration and/or differentiation, as was also suggested
by the observation that MARCKS is phosphorylated at S25 during neural crest migration in the
chick embryo (Ruiz-Perera et al., 2013).

Surprisingly, one feature common to all zebrafish marcks genes was their effect on cilia length at
the Kupffer’s vesicle. Although especially evident in the marckslla morphant, all of them presented
similarities with the well characterized morphologies of zebrafish ciliogenesis mutants like ift88,
ift20 or elipsa (see for example Tsujikawa and Malicki, 2004). Although no function for MARCKS
or MARCKSLI1 has been previously demonstrated in relation to cilia formation or maintenance, a
centrosomal localization of ED-phosphorylated MARCKS has been reported in mouse eggs
(Michaut et al., 2005). Anyhow, an indirect effect of marcks-family knockdown could also be
responsible for this phenotype. For example, a close functional relationship has been shown
between the integrity of Actin filaments and cilia maintenance (Antoniades et al., 2014), suggesting
that it might be possible that F-Actin modulation by MARCKS underlies the observed effect. In
zebrafish nervous system morphogenesis, a role has been demonstrated for cilia affecting planar cell

polarity (Borovina et al., 2010), and interestingly, we found that at least three of the zebrafish
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marcks genes (marcksb, marckslla and marcksl1b) appear to affect convergent extension during
neurulation. Regarding the retina, it was recently shown that experimental cilia impairment causes
different defects in the development of this organ, including a preferential delay in RGCs
generation and differentiation (Lepanto et al., 2016). Therefore, it would be possible to speculate
that most of the nervous system development defects discussed above are actually caused by cilia
disfunction. However, the existence of some relevant differences between morphants still argue in

favor of an important degree of functional specialization.

Conclusions

In summary, the marcks family of genes, with its peculiar characteristics like being very small and
highly divergent, appears to be more complex in the zebrafish (and probably in all teleosts) than in
mammals, where only two different genes exist. This complexity is reflected in both similarities and
differences between phenotypes in development, which indicate some degree of interaction or
shared functions, while at the same time, some clearly different activities emerge (see Table S6 for
a summary). The MARCKS family could hence become a paradigm for understanding gene
functional diversification along evolution, with a special emphasis in developmental processes.
Largely unfolded proteins like these do not present the structural constraints that prevent sequence
modifications in most other proteins, and may act then as powerful sources for the generation of

novel functions.
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FIGURE LEGENDS

FIGURE 1. The marcks family of genes in zebrafish and in vertebrates. (A) Intron-exon structure of
the four zebrafish marcks family members. (B) Phylogenetic relationships among MARCKS family
protein sequences in vertebrates. Maximum-likelihood tree showing bootstrap support (percentage)
constructed using full-length protein sequences translated from gene and transcript databases (see
Table S4 for details). Branches with less than 50% support were collapsed. The Xernopus tropicalis
MARCKSL1 sequence was used arbitrarily as an external group based on its higher divergence with
other MARCKS. Divisions numbered 1-4 depict proteins that we considered to be encoded by

ortholog genes (1: marcks/marcksa; 2: marcksb; 3: marcksll/marckslia; 4: marcksl1b).

FIGURE 2. Upstream genomic features and expression of marcks family genes in the zebrafish. (A)
Upstream CpG-enriched regions in marcks family genes in the zebrafish and other vertebrates.
Distribution of CpG enrichment regions within the 1 kb upstream region of marcks (top) and
marcksll (bottom) genes is shown. (B) All four genes are expressed in adult brain, skeletal muscle
and whole eye tissues as shown by RT-PCR. DNA ladder references are indicated (base-pairs). (C)
Expression levels of marcks family genes in the zebrafish, as measured by qRT-PCR. marcksa
mRNA abundance decays during developmental stages from pharyngula (24 hpf) to larva (72 hpf).
marcksb levels remain unchanged and lower than those of the oocyte. marcksila and marckslib
mRNA levels are stable and 5-8 fold higher than in the oocyte during this period. Sequences for all

primers used are detailed in Table S1. ntc, non-template control.

FIGURE 3. External phenotype of marcks/l MO-injected embryos and defects in head cartilage
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development in all marcks family morphants. (A) Gross anatomical features of marckslla and
marcksllb single-morphants (0.4 pmol/embryo), and marckslla+marcks!1b double-morphant
(0.2+0.2 pmol/embryo), at two different developmental stages. All treatments included 0.8
pmol/embryo p53 MO, and controls were 0.4 pmol/embryo standard control MO + p53 MO. To
better evidence general structure, all embryos were treated with PTU to prevent melanin formation.
Arrowheads, dilated fourth ventricle in marcksb morphant (B) Alcian blue cartilage staining of
marcks family single-morphants and marcks/la-+marcksl1b double-morphant, indicating their
ceratohyal cartilage angle respect to midline. (C) Quantification of ceratohyal angle respect to
midline (mean+SEM; n=6 embryos for each treatment) of embryos treated like in (B). (D)
Schematic representation of the main head cartilages analyzed. bh, basihyal cartilage; ch, ceratohyal
cartilage (red in online color version); hs, hyosymplectic cartilage; M, Meckel’s cartilage; pq,

palatoquadrate cartilage. Scale bars: A, 350 pm; B, 200 pm.

FIGURE 4. Different but synergistic functions of marcksb and marcklsla in neural tube
morphogenesis. (A) Box-plot representing the angles of the hindbrain walls at the medial hingepoint
(MHP) for all marcks single morphants and double marcksb+marckslla morphants, at the same MO
doses as in Figure 3. Asterisks: angles significantly different to control with p<0.05 (Student’s ¢
test). Numbers of embryos measured: control, 40; marcksa MO, 8; marcksb MO, 15; marckslla
MO, 17; marckslib MO, 5; marcksb+marckslla MO, 13. (B) Relative frequency distribution of
angles at the hindbrain MHP, comparing marcksb knockdown and control situation. (C) Transverse
optical sections generated by reslicing confocal stacks originally imaged from dorsal to ventral, of
zebrafish embryos at 24 hpf treated with MOs to marcksb and marckslla as indicated. F-actin was
labeled with TRITC-phalloidin to highlight tissue organization (in the online color version, a
nuclear labeling with methyl green is also shown). Dashed lines, examples of angles measured to
obtain graphs in A and B; arrowheads, ectopic actin accumulations inside the neuroepithelium in

marcksb+marckslla double morphant; arrow, cells ectopically accumulated in marcks/la morphant.
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(D) Resliced optical sections generated and labeled like in C, of 48 hpf embryos treated with
marcksb and marckslla MOs. Drawings on the right represent the neural tube section in each
confocal image, where the black outer line represents the basal side of the neuroepithelium and the
red inner lines represent apical borders, or apical-like F-Actin accumulations (dark gray in the print
version). Arrowheads, ectopic F-Actin accumulations inside the neuroepithelium; asterisks, neural
tube lumen, completely duplicated in marcksb+marckslla double morphant. (E) Schematic drawing
of the head of a 24 hpf embryo, where straight lines indicate the approximate position of the optical
sections shown in the figure. mb, midbrain; ahb, anterior hindbrain; phb, posterior hindbrain. (F)
Resliced optical sections through the hindbrain at 24 hpf, of marckslila and marcksl1b MO-injected
embryos. These embryos were labeled with an anti-aPKC antibody and TRITC-phalloidin, to
highlight apical structures (arrowheads). Drawings on the right represent the neural tube section in
each confocal image, where the black outer line represents the basal side of the neuroepithelium and
the red inner lines represent apical borders, or apical-like F-Actin accumulations (dark gray in the

print version). Scale bars: C and D, 50 pm; F, 30 pm.

FIGURE 5. Effect of marcksll genes knockdown on retinal differentiation and morphogenesis. (A)
Confocal sections through the retina of representative 35 hpf marckslia and marcks!1b morphants
as indicated. Arrowheads, examples of nuclei with abnormal angles respect to the neuroepithelium
in morphants. (B) Confocal sections through the retina of representative 60 hpf marckslia and
marcksl1b morphants as indicated. Asterisk, GCL expanded apically in marcks!/1b morphant. (C)
Confocal section through the retina of a different 60 hpf marcks!1b morphant at higher
magnification to show an ectopic RGC (arrow). Doses of MO are like in Figure 3. RGCs labeled
with zn-5 antibody (green in the online color version); F-Actin labeled with TRITC-phalloidin
(magenta in the online color version); DNA with methyl green (cyan in the online color version).
Ap, apical; Ba, basal; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform

layer; L, lens; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bars: A and B, 30 pm;
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C, 10 pum.

FIGURE 6. Effect of the combined marcksb and marckslla knockdown on retinal differentiation
and morphogenesis. (A) Semi-thin sections of 48 hpf control and marcksb MO-injected embryos,
stained with methylene blue. (B) Confocal sections through the eye of 48 hpf marcksb and
marckslla morphants as indicated. Squared areas correspond to magnified images in B’ and B”’.
The neural retina extension is marked by a dashed line in the lower right panel (double morphant).
(B’) Higher magnification of the marcksb morphant retina section squared in B, showing retinal
ganglion cells (RGC) organization. Arrowheads, RGC neuroblasts or progenitors apical processes
contacting the apical-like F-Actin ectopic accumulation; asterisk, area of the neural retina below the
F-Actin ectopic accumulation, devoid of Atoh7-positive cells. (B’’) Maximum intensity projection
of the whole confocal stack of the retina from marcksb+marckslla double morphants (at the area
squared in B), showing RGCs organization. Arrows, growing RGC axons. Retinal ganglion cells
and progenitors transgenically labeled with Atoh7:Gap43-EGFP (Atoh7); F-Actin labeled with
TRITC-phalloidin; DNA labeled with methyl green. Doses of MO are like in Figure 3. Ap, apical
retinal neuroepithelium; Ba, basal retinal neuroepithelium; GCL, ganglion cell layer; INL, inner
nuclear layer; IPL, inner plexiform layer; L, lens; NR, neural retina; ONL, outer nuclear layer. Scale

bars: A, 30 pm; B, 40 um; B’ and B’’, 20 pm.

FIGURE 7. Effect of marcks genes knockdown on cilia length. (A) Bright-field images of the inner
ear of control and marcks!/la-MO injected embryos at 48 hpf, showing the otoliths (arrows). (B)
Confocal sections through the olfactory pit of control and marckslla-MO injected embryos at 60
hpf, showing cilia (arrowheads). Cilia labeled with an anti-acetylated tubulin (Ac. Tub.) antibody;
F-Actin labeled with TRITC-phalloidin; DNA labeled with methyl green. OE, olfactory epithelium;
NR, neural retina. (C) Box-plot showing the effect of marcks-family genes knockdown on

Kupffer’s vesicle cilia length. All morphant embryos have cilia significantly shorter than control at
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p<0.0001 (Student’s ¢ test). Numbers of cilia measured: control, 1575 (52 embryos); marcksa MO,
304 (11 embryos); marcksb MO, 289 (11 embryos); marckslia MO, 1405 (34 embryos); marcksl1b
MO, 1485 (29 embryos). (D) Example confocal sections through Kupffer’s vesicle (dashed line)
from 10-somite embryos, showing the effect of marcks-family genes knockdown on cilia. Cilia
labeled with an anti-acetylated tubulin (AcTub) antibody; and, in the online color version,
centrosomes labeled with an anti-gamma tubulin (yTub) antibody. Doses of MO are like in Figure

3. Scale bars: A, 25 um; B, 15 pm; D, 25 pm.

TABLES

TABLE 1. Structure of zebrafish marcks gene family.

LEGENDS FOR SUPPLEMENTARY DATA

FIGURE S1. Multiple sequence alignment of MARCKS family proteins from zebrafish. Known
functional conserved domains -myristoylation site domain (Myr), MARCKS Homology 2 Domain
(MH2) and Effector Domain (ED)- and Clustal consensus are indicated. The serine potentially
phosphorylatable by CdkS5, corresponding to chicken MARCKS S25, is highlighted in yellow and

only present in zebrafish MARCKSA in position S24 (after excluding the initial M).

FIGURE S2. Multiple sequence alignment of MARCKSLI1 proteins from selected species of
vertebrates. Known functional conserved domains -myristoylation site domain (Myr), MARCKS
Homology 2 Domain (MH2) and Effector Domain (ED)- are indicated. Only the human and

coelacanth protein sequences (in addition to the elephant shark sequence, not shown here; see Table

John Wiley & Sons
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S4), present a serine in a consensus sequence phosphorylatable by Cdk5 (S/T-P-X-K, serine

highlighted in yellow), homologous to chicken MARCKS S25.

FIGURE S3. Phylogenetic analysis of marcks/marcksa genes. (A) Molecular Phylogenetic analysis
of marcks and marcksa genomic coding sequences from fish taxa. The evolutionary history was
inferred by using the Maximum Likelihood method based on the Tamura-Nei model. The tree with
the highest log likelihood (-2370.7604) is shown. The percentage of trees in which the associated
taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search were
obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise
distances estimated using the Maximum Composite Likelihood (MCL) approach, and then selecting
the topology with superior log likelihood value. A discrete Gamma distribution was used to model
evolutionary rate differences among sites (5 categories [+G, parameter = 0.5649]). (B) Time tree
analysis of marcks and marcksa. A time tree was inferred using the RelTime method and the
Tamura-Nei model. The estimated log likelihood value is -2365.8949. A discrete Gamma
distribution was used to model evolutionary rate differences among sites (5 categories [+G,
parameter = 0.4573]). In Both (A) and (B), the analysis involved 11 nucleotide sequences, where
the human marcks gene was used as outgroup. Codon positions included were
Ist+2nd+3rd+Noncoding. All positions containing gaps and missing data were eliminated. There

were a total of 331 positions in the final dataset.

FIGURE S4. Differences in external phenotype of zebrafish embryos treated with MOs against
marcksa and marcksb. (A) 48 hpf embryos injected with control (0.6 pmol), marcksa (0.3 pmol)
and marcksb (0.6 pmol) MOs. Cephalic region of the marcksb MO injected embryo shows fourth
ventricle oedema (arrowheads) and optic cup malformations. Inset: more evident eye malformations
in marcksb morphant at 35 hpf. (B) 72 hpf embryos injected with the same MO doses as in A. (C)

48 hpf embryos injected with marcksb MO (0.6 pmol, left panel), and coinjected with synthetic
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marcksb mRNA (11 fmol). Scale bars: A and inset, 50 um; B, 150 um; C, 300 um.

FIGURE S5. marckslla mRNA down-regulation by the splice-blocking MO. (A) Microinjection of
marckslla splicing MO elicits phenotypes with different degrees of severity at low (0.16
pmol/embryo; marckslla MO +) and high (0.32 pmol/embryo; marckslla MO ++) doses at 48 hpf,
while no visible phenotype is present in uninjected controls (Control) or embryos injected with
control+p53 MOs at the same doses (p53 MO). (B) RT-PCR amplification of marcksllia mRNA
from uninjected embryos (-) and embryos injected with different amounts of marckslia MO (0.2
pmol/embryo, +; 0.4 pmol/embryo, ++). Elongation Factor 1a mRNA (efla) amplification was used
as a PCR control. Details of primer sequences can be found in Table S1. (C) Coinjection of
marckslla mRNA along with marckslla MO (0.2 pmol) rescues the morphant phenotype in 48 hpf

embryos. Scale bars: 300 um.

FIGURE S6. Confocal sections through the retina of 72 hpf control, marcksa or marcksb-MO
injected embryos, in hypomorphic conditions (0.3 pmol/embryo). (A) Effect on the differentiation
of retinal ganglion cells (RGC). (B) Effect on the differentiation of double cone photoreceptors
(DC). RGCs labeled with zn-5 antibody; DCs labeled with zpr-1 antibody; F-Actin labeled with
TRITC-phalloidin. GCL, ganglion cell layer; INL, inner nuclear layer; I[PL, inner plexiform layer;

L, lens; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar: 30 um.

TABLE S1. Oligonucleotides and morpholino oligomers used in this work.

TABLE S2. Sequence conservation of marcks-family genes.

TABLE S3. Phosphorylation probability of zebrafish MARCKS and MARCKSLI proteins.
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TABLE S4. Accession numbers and details of the sequences used for phylogenetic analysis of

MARCKS family proteins.

TABLE S5. Genomic sequences of marcks/marcksa genes used for phylogenetic analysis.

TABLE S6. Summary of morphant phenotypes and predicted gene and protein features for

zebrafish marcks family.

VIDEO S1. Animation of resliced confocal stacks from 24 hpf zebrafish embryos injected with
MOs to marcks genes as indicated. Reconstructed transverse sections span the embryo central
nervous system from caudal midbrain to caudal hindbrain. Magenta, TRITC-phalloidin to label F-

Actin; green, methyl green to label DNA. Also see Figure 5C.

VIDEO S2. Animation of resliced confocal stacks from 48 hpf zebrafish embryos injected with
MOs to marcks genes as indicated. Reconstructed transverse sections span the embryo central
nervous system from caudal midbrain to caudal hindbrain. Magenta, TRITC-phalloidin to label F-

Actin; green, methyl green to label DNA. Also see Figure 5D.

VIDEO S3. Animation of resliced confocal stacks from a 24 hpf zebrafish embryo injected with
marckslla MO. Reconstructed transverse sections span the embryo central nervous system from
caudal midbrain to caudal hindbrain. Magenta, TRITC-phalloidin to label F-Actin; green, anti-

aPKC antibody; blue, methyl green to label DNA. Also see Figure SF.
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FIGURE 1. The marcks family of genes in zebrafish and in vertebrates. (A) Intron-exon structure of the four
zebrafish marcks family members. (B) Phylogenetic relationships among MARCKS family protein sequences
in vertebrates. Maximum-likelihood tree showing bootstrap support (percentage) constructed using full-
length protein sequences translated from gene and transcript databases (see Table S4 for details). Branches
with less than 50% support were collapsed. The Xenopus tropicalis MARCKSL1 sequence was used arbitrarily
as an external group based on its higher divergence with other MARCKS. Divisions numbered 1-4 depict
proteins that we considered to be encoded by ortholog genes (1: marcks/marcksa; 2: marcksb; 3:
marcksll/marckslia; 4: marckslib).
271x367mm (300 x 300 DPI)
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FIGURE 2. Upstream genomic features and expression of marcks family genes in the zebrafish. (A)
Upstream CpG-enriched regions in marcks family genes in the zebrafish and other vertebrates. Distribution
of CpG enrichment regions within the 1 kb upstream region of marcks (top) and marcksll (bottom) genes is
shown. (B) All four genes are expressed in adult brain, skeletal muscle and whole eye tissues as shown by
RT-PCR. DNA ladder references are indicated (base-pairs). (C) Expression levels of marcks family genes in

the zebrafish, as measured by qRT-PCR. marcksa mRNA abundance decays during developmental stages
from pharyngula (24 hpf) to larva (72 hpf). marcksb levels remain unchanged and lower than those of the
oocyte. marckslla and marcksllb mRNA levels are stable and 5-8 fold higher than in the oocyte during this
period. Sequences for all primers used are detailed in Table S1. ntc, non-template control.
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FIGURE 3 PRINT VERSION
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FIGURE 3. External phenotype of marcksll MO-injected embryos and defects in head cartilage development
in all marcks family morphants. (A) Gross anatomical features of marckslla and marcksllb single-morphants
(0.4 pmol/embryo), and marckslla+marcksllib double-morphant (0.2+0.2 pmol/embryo), at two different
developmental stages. All treatments included 0.8 pmol/embryo p53 MO, and controls were 0.4
pmol/embryo standard control MO + p53 MO. To better evidence general structure, all embryos were
treated with PTU to prevent melanin formation. Arrowheads, dilated fourth ventricle in marcksb morphant
(B) Alcian blue cartilage staining of marcks family single-morphants and marckslia+marcksllb double-
morphant, indicating their ceratohyal cartilage angle respect to midline. (C) Quantification of ceratohyal
angle respect to midline (mean+SEM; n=6 embryos for each treatment) of embryos treated like in (B). (D)
Schematic representation of the main head cartilages analyzed. bh, basihyal cartilage; ch, ceratohyal
cartilage (red in online color version); hs, hyosymplectic cartilage; M, Meckel’s cartilage; pq, palatoquadrate
cartilage. Scale bars: A, 350 um; B, 200 um.
282x519mm (300 x 300 DPI)
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FIGURE 3 ONLINE VERSION
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FIGURE 3. External phenotype of marcksll MO-injected embryos and defects in head cartilage development
in all marcks family morphants. (A) Gross anatomical features of marckslla and marcksllb single-morphants
(0.4 pmol/embryo), and marckslla+marcksllib double-morphant (0.2+0.2 pmol/embryo), at two different
developmental stages. All treatments included 0.8 pmol/embryo p53 MO, and controls were 0.4
pmol/embryo standard control MO + p53 MO. To better evidence general structure, all embryos were
treated with PTU to prevent melanin formation. Arrowheads, dilated fourth ventricle in marcksb morphant
(B) Alcian blue cartilage staining of marcks family single-morphants and marckslia+marcksllb double-
morphant, indicating their ceratohyal cartilage angle respect to midline. (C) Quantification of ceratohyal
angle respect to midline (mean+SEM; n=6 embryos for each treatment) of embryos treated like in (B). (D)
Schematic representation of the main head cartilages analyzed. bh, basihyal cartilage; ch, ceratohyal
cartilage (red in online color version); hs, hyosymplectic cartilage; M, Meckel’s cartilage; pq, palatoquadrate
cartilage. Scale bars: A, 350 um; B, 200 um.
284x525mm (300 x 300 DPI)
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FIGURE 4 - PRINT VERSION
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FIGURE 4. Different but synergistic functions of marcksb and marcklisia in neural tube morphogenesis. (A)
Box-plot representing the angles of the hindbrain walls at the medial hingepoint (MHP) for all marcks single
morphants and double marcksb+marckslia morphants, at the same MO doses as in Figure 3. Asterisks:
angles significantly different to control with p<0.05 (Student’s t test). Numbers of embryos measured:
control, 40; marcksa MO, 8; marcksb MO, 15; marckslia MO, 17; marcksllb MO, 5; marcksb+marckslla
MO, 13. (B) Relative frequency distribution of angles at the hindbrain MHP, comparing marcksb knockdown
and control situation. (C) Transverse optical sections generated by reslicing confocal stacks originally
imaged from dorsal to ventral, of zebrafish embryos at 24 hpf treated with MOs to marcksb and marckslla
as indicated. F-actin was labeled with TRITC-phalloidin to highlight tissue organization (in the online color
version, a nuclear labeling with methyl green is also shown). Dashed lines, examples of angles measured to
obtain graphs in A and B; arrowheads, ectopic actin accumulations inside the neuroepithelium in
marcksb+marckslla double morphant; arrow, cells ectopically accumulated in marckslla morphant. (D)
Resliced optical sections generated and labeled like in C, of 48 hpf embryos treated with marcksb and
marckslla MOs. Drawings on the right represent the neural tube section in each confocal image, where the
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black outer line represents the basal side of the neuroepithelium and the red inner lines represent apical
borders, or apical-like F-Actin accumulations (dark gray in the print version). Arrowheads, ectopic F-Actin
accumulations inside the neuroepithelium; asterisks, neural tube lumen, completely duplicated in
marcksb+marckslla double morphant. (E) Schematic drawing of the head of a 24 hpf embryo, where
straight lines indicate the approximate position of the optical sections shown in the figure. mb, midbrain;
ahb, anterior hindbrain; phb, posterior hindbrain. (F) Resliced optical sections through the hindbrain at 24
hpf, of marckslia and marckslib MO-injected embryos. These embryos were labeled with an anti-aPKC
antibody and TRITC-phalloidin, to highlight apical structures (arrowheads). Drawings on the right represent
the neural tube section in each confocal image, where the black outer line represents the basal side of the
11 neuroepithelium and the red inner lines represent apical borders, or apical-like F-Actin accumulations (dark
12 gray in the print version). Scale bars: C and D, 50 um; F, 30 um.
13 353x414mm (300 x 300 DPI)
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FIGURE 4 - ONLINE VERSION
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FIGURE 4. Different but synergistic functions of marcksb and marcklsla in neural tube morphogenesis. (A)
Box-plot representing the angles of the hindbrain walls at the medial hingepoint (MHP) for all marcks single
morphants and double marcksb+marckslla morphants, at the same MO doses as in Figure 3. Asterisks:
angles significantly different to control with p<0.05 (Student’s t test). Numbers of embryos measured:
control, 40; marcksa MO, 8; marcksb MO, 15; marckslia MO, 17; marcksllb MO, 5; marcksb+marckslla
MO, 13. (B) Relative frequency distribution of angles at the hindbrain MHP, comparing marcksb knockdown
and control situation. (C) Transverse optical sections generated by reslicing confocal stacks originally
imaged from dorsal to ventral, of zebrafish embryos at 24 hpf treated with MOs to marcksb and marckslla
as indicated. F-actin was labeled with TRITC-phalloidin to highlight tissue organization (in the online color
version, a nuclear labeling with methyl green is also shown). Dashed lines, examples of angles measured to
obtain graphs in A and B; arrowheads, ectopic actin accumulations inside the neuroepithelium in
marcksb+marckslla double morphant; arrow, cells ectopically accumulated in marckslia morphant. (D)
Resliced optical sections generated and labeled like in C, of 48 hpf embryos treated with marcksb and
marckslla MOs. Drawings on the right represent the neural tube section in each confocal image, where the
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black outer line represents the basal side of the neuroepithelium and the red inner lines represent apical
borders, or apical-like F-Actin accumulations (dark gray in the print version). Arrowheads, ectopic F-Actin
accumulations inside the neuroepithelium; asterisks, neural tube lumen, completely duplicated in
marcksb+marckslla double morphant. (E) Schematic drawing of the head of a 24 hpf embryo, where
straight lines indicate the approximate position of the optical sections shown in the figure. mb, midbrain;
ahb, anterior hindbrain; phb, posterior hindbrain. (F) Resliced optical sections through the hindbrain at 24
hpf, of marckslia and marckslib MO-injected embryos. These embryos were labeled with an anti-aPKC
antibody and TRITC-phalloidin, to highlight apical structures (arrowheads). Drawings on the right represent
the neural tube section in each confocal image, where the black outer line represents the basal side of the
11 neuroepithelium and the red inner lines represent apical borders, or apical-like F-Actin accumulations (dark
12 gray in the print version). Scale bars: C and D, 50 um; F, 30 um.
13 353x416mm (300 x 300 DPI)
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FIGURE 5 PRINT VERSION
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FIGURE 5. Effect of marcksll genes knockdown on retinal differentiation and morphogenesis. (A) Confocal
sections through the retina of representative 35 hpf marckslla and marcksllb morphants as indicated.
Arrowheads, examples of nuclei with abnormal angles respect to the neuroepithelium in morphants. (B)

Confocal sections through the retina of representative 60 hpf marckslla and marcksllb morphants as
indicated. Asterisk, GCL expanded apically in marcksllb morphant. (C) Confocal section through the retina
of a different 60 hpf marcksllb morphant at higher magnification to show an ectopic RGC (arrow). Doses of

MO are like in Figure 3. RGCs labeled with zn-5 antibody (green in the online color version); F-Actin labeled

with TRITC-phalloidin (magenta in the online color version); DNA with methyl green (cyan in the online color
version). Ap, apical; Ba, basal; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer;
L, lens; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bars: A and B, 30 um; C, 10 um.
199x369mm (300 x 300 DPI)
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FIGURE 5 ONLINE VERSION
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47 FIGURE 5. Effect of marcksll genes knockdown on retinal differentiation and morphogenesis. (A) Confocal
sections through the retina of representative 35 hpf marckslla and marcksllb morphants as indicated.
Arrowheads, examples of nuclei with abnormal angles respect to the neuroepithelium in morphants. (B)
Confocal sections through the retina of representative 60 hpf marckslla and marcksllb morphants as
50 indicated. Asterisk, GCL expanded apically in marcksllb morphant. (C) Confocal section through the retina
51 of a different 60 hpf marcksllb morphant at higher magnification to show an ectopic RGC (arrow). Doses of
52 MO are like in Figure 3. RGCs labeled with zn-5 antibody (green in the online color version); F-Actin labeled
53 with TRITC-phalloidin (magenta in the online color version); DNA with methyl green (cyan in the online color
54 version). Ap, apical; Ba, basal; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer;
55 L, lens; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bars: A and B, 30 um; C, 10 um.
199x289mm (300 x 300 DPI)

John Wiley & Sons



©CoO~NOUTA,WNPE

e
[Ny

B A DMDEDDEDDMOWOWWWWWWWWWNDNNNNNNNNNRERRERRPERPERRER
OO BPAWNRPFPOOONOODURARWNRPOOONOOURWNPRPOOO~NOOORAWDN

marcksb +
marckslia MO marcksl1a MO

JEZ Part B: Molecular and Developmental Evolution Page 56 of 55

F-Actin
Atoh7 48 hpf
DNA

B’

Control

marcksb MO

RGC

marcksb MO

marcksb +
marcksl1a MO

oo abhbhDh
~NO OGS WNEOWOOW-N

FIGURE 6. Effect of the combined marcksb and marckslla knockdown on retinal differentiation and
morphogenesis. (A) Semi-thin sections of 48 hpf control and marcksb MO-injected embryos, stained with
methylene blue. (B) Confocal sections through the eye of 48 hpf marcksb and marckslla morphants as
indicated. Squared areas correspond to magnified images in B’ and B”. The neural retina extension is
marked by a dashed line in the lower right panel (double morphant). (B’) Higher magnification of the
marcksb morphant retina section squared in B, showing retinal ganglion cells (RGC) organization.
Arrowheads, RGC neuroblasts or progenitors apical processes contacting the apical-like F-Actin ectopic
accumulation; asterisk, area of the neural retina below the F-Actin ectopic accumulation, devoid of Atoh7-
positive cells. (B”) Maximum intensity projection of the whole confocal stack of the retina from
marcksb+marckslla double morphants (at the area squared in B), showing RGCs organization. Arrows,
growing RGC axons. Retinal ganglion cells and progenitors transgenically labeled with Atoh7:Gap43-EGFP
(Atoh7); F-Actin labeled with TRITC-phalloidin; DNA labeled with methyl green. mab, marcksb; mlia,
marckslla. Doses of MO are like in Figure 3. Ap, apical retinal neuroepithelium; Ba, basal retinal
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neuroepithelium; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; L, lens; NR,
neural retina; ONL, outer nuclear layer. Scale bars: A, 30 um; B, 40 um; B’ and B”, 20 um.
249x346mm (300 x 300 DPI)
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FIGURE 7 PRINT VERSION
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FIGURE 7. Effect of marcks genes knockdown on cilia length. (A) Bright-field images of the inner ear of
control and marckslla-MO injected embryos at 48 hpf, showing the otoliths (arrows). (B) Confocal sections
through the olfactory pit of control and marcksli1a-MO injected embryos at 60 hpf, showing cilia
(arrowheads). Cilia labeled with an anti-acetylated tubulin (Ac. Tub.) antibody; F-Actin labeled with TRITC-
phalloidin; DNA labeled with methyl green. OE, olfactory epithelium; NR, neural retina. (C) Box-plot showing
the effect of marcks-family genes knockdown on Kupffer’s vesicle cilia length. All morphant embryos have
cilia significantly shorter than control at p<0.0001 (Student’s t test). Numbers of cilia measured: control,
1575 (52 embryos); marcksa MO, 304 (11 embryos); marcksb MO, 289 (11 embryos); marckslia MO, 1405
(34 embryos); marckslib MO, 1485 (29 embryos). (D) Example confocal sections through Kupffer’s vesicle
(dashed line) from 10-somite embryos, showing the effect of marcks-family genes knockdown on cilia. Cilia
labeled with an anti-acetylated tubulin (AcTub) antibody; and, in the online color version, centrosomes
labeled with an anti-gamma tubulin (yTub) antibody. Doses of MO are like in Figure 3. Scale bars: A, 25 um;
B, 15 um; D, 25 pm.
340x306mm (300 x 300 DPI)
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FIGURE 7 ONLINE VERSION
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31 FIGURE 7. Effect of marcks genes knockdown on cilia length. (A) Bright-field images of the inner ear of
32 control and marckslla-MO injected embryos at 48 hpf, showing the otoliths (arrows). (B) Confocal sections
33 through the olfactory pit of control and marcksli1a-MO injected embryos at 60 hpf, showing cilia
(arrowheads). Cilia labeled with an anti-acetylated tubulin (Ac. Tub.) antibody; F-Actin labeled with TRITC-
phalloidin; DNA labeled with methyl green. OE, olfactory epithelium; NR, neural retina. (C) Box-plot showing
35 the effect of marcks-family genes knockdown on Kupffer’s vesicle cilia length. All morphant embryos have
36 cilia significantly shorter than control at p<0.0001 (Student’s t test). Numbers of cilia measured: control,
37 1575 (52 embryos); marcksa MO, 304 (11 embryos); marcksb MO, 289 (11 embryos); marckslia MO, 1405
38 (34 embryos); marckslib MO, 1485 (29 embryos). (D) Example confocal sections through Kupffer’s vesicle
39 (dashed line) from 10-somite embryos, showing the effect of marcks-family genes knockdown on cilia. Cilia
40 labeled with an anti-acetylated tubulin (AcTub) antibody; and, in the online color version, centrosomes
labeled with an anti-gamma tubulin (yTub) antibody. Doses of MO are like in Figure 3. Scale bars: A, 25 uym;
B, 15 um; D, 25 pm.
42 267x188mm (300 x 300 DPI)
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Table 1. Structure of zebrafish marcks gene family
Gene Chromosome <ONS Location Location Length (bp) Introns  Location Length  Genomic GC Transcript GC
mapping (gene) (mMRNA) 9 P (bp) content (%) content (%)

6937-7218 1-282 282

marcksa 20 3 3860-4781 283-1203 921 2 6936-4782 2156 41.97 51.77
434-886 1204-1657 454
1543-1824 1-282 282

marcksb 17 2 1 1825-2643 820 42.99 43.78
2644-4217 283-1857 1575
3171-3432 1-262 262

marckslla 19 2 1 2022-3170 1150 42.19 39.27
726-2021 263-1558 1296
3261-3519 1-259 259

marcksl1lb 13 1 1922-3260 1340 39.19 43.37
515-1921 260-1664 1405

John Wiley & Sons

Page 60 of 55



