Gene Expression Patterns 37 (2020) 119126

Contents lists available at ScienceDirect

Gene Expression Patterns

journal homepage: www.elsevier.com/locate/gep

ELSEVIER

Check for

Expression patterns of activating transcription factor 5 (atf5a and atf5b) | e
in zebrafish

Roberto Rodriguez-Morales“, Viveca Vélez-Negron “, Aranza Torrado-Tapias ,
Gaurav Varshney ”, Martine Behra ™"

& Department of Anatomy and Neurobiology, University of Puerto Rico, Medical Sciences Campus (UPR-MSC), San Juan, PR, USA
b Oklahoma Medical Research Foundation (OMRF), Oklahoma City, OK, USA

ARTICLE INFO ABSTRACT

Keywords:

Zebrafish

Activating transcription factor
Lateral line

Olfactory organ
Neuroprogenitors

Inner ear

The Activating Transcription Factor 5 (ATF5) is a basic leucine-zipper (bZIP) transcription factor (TF) with
proposed stress-protective, anti-apoptotic and oncogenic roles which were all established in cell systems. In
whole animals, Atf5 function seems highly context dependent. Atf5 is strongly expressed in the rodent nose and
mice knockout (KO) pups have defective olfactory sensory neurons (OSNs), smaller olfactory bulbs (OB), while
adults are smell deficient. It was therefore proposed that Atf5 plays an important role in maturation and
maintenance of OSNs. Atf5 expression was also described in murine liver and bones where it appears to promote
differentiation of progenitor cells. By contrast in the rodent brain, Atf5 was first described as uniquely expressed
in neuroprogenitors and thus, proposed to drive their proliferation and inhibit their differentiation. However, it
was later also found in mature neurons stressing the need for additional work in whole animals. ATF5 is well
conserved with two paralogs, atf5a and atf5b in zebrafish. Here, we present the expression patterns for both from
6 h (hpf) to 5day post-fertilization (dpf). We found early expression for both genes, and from 1dpf onwards
overlapping expression patterns in the inner ear and the developing liver. In the brain, at 24hpf both atf5a and
atf5b were expressed in the forebrain, midbrain, and hindbrain. However, from 2dpf and onwards we only
detected atf5a expression namely in the olfactory bulbs, the mesencephalon, and the metencephalon. We further
evidenced additional differential expression for atf5a in the sensory neurons of the olfactory organs, and for atf5b
in the neuromasts, that form the superficial sensory organ called the lateral line (LL). Our results establish the
basis for future functional analyses in this lower vertebrate.

1. Introduction

ATF5 was first identified as a novel ATF4-related protein (Nishizawa
and Nagata, 1992) that belongs to the activating transcription factor
(ATF)/cAMP response-element binding protein (CREB) family, which
are basic valine-leucine zipper (bZIP) transcription factors (TFs) (Hai
and Hartman, 2001) that bind DNA in homo and heterodimers (Vinson
et al., 2002). Apoptosis induced by growth factor deprivation (Persen-
giev et al., 2002) (Persengiev and Green, 2003) or heat shock (Wang
et al., 2007) demonstrated a pro-survival activity for ATF5 in some cell
types. The anti-apoptotic role was also described in various tumors (for
review (Sears and Angelastro, 2017)) notably in neural tumors like
gliomas (Greene et al., 2009). However, numerous cell lines when
stressed survive fine without ATF5 and many tumors do not express it,
underlining the importance of the cellular context. Furthermore, the
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stability of the ATF5 gene products seems highly context-dependent (for
review (Sears and Angelastro, 2017)), and the protein can both work as
an activator (Wang et al., 2007) or a repressor of target genes (Al Sarraj
et al., 2005). It was also described as a promiscuous TF which can
dimerize with a plethora of partners (Vinson et al., 2002) which are all
likely to ultimately alter the function. The tissue-specific distribution of
the dimerization partners is still poorly known and the Atf5 expression
data itself which was mostly documented in rodents, is not always
concordant (Hansen et al., 2002; Angelastro et al., 2003; Arias et al.,
2012; Lee et al., 2012; Mason et al., 2005; Torres-Peraza et al., 2013).
Atf5 expression was first described in developing olfactory sensory
neurons (OSNs) in both rodent olfactory organs, namely the olfactory
cavity and the vomeronasal organ (Hansen et al., 2002), the latter being
absent in Fish and vestigial in higher primates (Sato et al., 2005; Saraiva
et al., 2015). Embryonic Atf5-KO mice have poorly differentiated OSNs
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which are apoptotic in both the olfactory (OE) (Wang et al., 2012) and
the vomeronasal epithelia (VNE) (Nakano et al., 2016), arguing that
Atf5 is necessary for maturation and maintenance of differentiated
OSNs. Post-natal homozygote animals also have smaller olfactory bulbs
(OB) with less interneurons even if those cells do not express Atf5. This
was arguably due to defective proliferation of neuroprogenitors in the
sub ventricular zone (SVZ) of the telencephalon, which in adults remains
neurogenic in its ventral part (Umemura et al., 2015). Furthermore,
strong Atf5 expression was found in neuroprogenitors in the ventricular
zone (VZ) of the telencephalic lateral ventricle of prenatal rats, as well as
in the SVZ of postnatal animals (Angelastro et al., 2003, 2005; Mason
et al., 2005), where it was proposed to promote proliferation and inhibit
differentiation. Two lines of evidence reinforce this hypothesis. First, in
the murine prenatal cerebellum, Atf5 protein was found in proliferating
cerebellar granule neuron progenitor cells (CGNPs) located in the
germinal layers (Rhombic lip (RL), external granular layer (EGL) and VZ
of the fourth ventricle), as well as in the EGL of postnatal animals (Lee
et al., 2012). Second, in post-natal and adult mice the Atf5 protein was
found in various brain regions that remain neurogenic, namely in the
ependymal zone (EZ), the SVZ, the corpus callosum (CC) and the hip-
pocampal dentate gyrus subgranular zone (Arias et al., 2012). However,
a more recent systematic expression analysis which was specifically
focusing on developing and adult murine brains showed that Atf5 gene
products were also abundantly expressed in post-mitotic neurons (Tor-
res-Peraza et al., 2013), which is in line with anxiety-like behaviors
described in adult Atf5-KOs (Umemura et al., 2017). Thus, even in the
neural context where it was the best documented, Atf5 exact role re-
mains unresolved.

Atf5 expression is also found in other embryonic and adult tissues. It
is abundantly expressed in the adult mouse liver (Hansen et al., 2002) in
which it was shown to be necessary for hepatocyte differentiation
(Pascual et al., 2008). Fibroblasts (Nakamori et al., 2017), and induced
pluripotent stem cells (Nakamori et al., 2016) that are differentiating
into hepatocytes, strongly up-regulate Atf5 expression. Likewise, in the
mouse limb bud differentiating chondrocytes transiently express Atf5
(Shinomura et al., 2006), and ES cells differentiating into embryoid
bodies increase Atf5 levels (Sampath et al., 2008). Taken together, Atf5
appears to induce differentiation and prevent proliferation of those
various progenitor cells, thus underlining the need for additional work
in the physiological context of whole animals.

We propose to use embryos and larvae of the zebrafish genetic
tractable vertebrate animal model. Because of a whole genome dupli-
cation that occurred in teleost Fish (Glasauer and Neuhauss, 2014), atf5
has two highly identical paralogous genes which were named atf5a and
atf5b, for which the respective expression patterns need to be resolved.

To elucidate the spatiotemporal expression pattern of both genes, we
performed whole-mount in-situ hybridization (WISH) in 6 h post fertil-
ization (hpf) embryos to 5day post fertilization (dpf) larvae. At 6hpf, we
found weak but ubiquitous expression for both genes, which was more
robust for atf5a. At 24hpf, we evidenced overlapping brain expression of
both genes in the tectum of the midbrain, at the midbrain-hindbrain
boundary and in the hindbrain. We saw segregated expression of atf5a
in the olfactory bulbs of the forebrain, and of atf5b in the most rostral
part of the telencephalon. At 2dpf and onwards, we only found atf5a
expression in the brain, which was restricted to the olfactory bulbs, the
mesencephalic tectum and the metencephalic medulla oblongata.
Notably, all of these regions are known neurogenic centers in adult Fish
(Kermen et al., 2013) (Kaslin et al., 2008). Also starting at 24hpf, both
genes were expressed in the developing otic placodes and the liver pri-
mordium, and at later stages strongly expressed in the inner ear cristae
and maculae, as well as in the developing liver. Furthermore, from 2dpf
onwards we found exclusive expression of atf5a in the sensory neurons
(OSNs) of the olfactory organs, and of atf5b in the neuromasts (NMs) of
the fish specific superficial sensory organ which is called the lateral line
(LL). Our work is setting the foundation that will allow dissecting ATF5
tissue specific function in a lower vertebrate animal.
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2. Results
2.1. 1: atf5a and atf5b are highly identical paralogs

Using online resources (Ensembl: http://useast.ensembl.org/Dan
io_rerio/Info/Index; NCBI-Blast: https://blast.ncbi.nlm.nih.gov/Blast.
cgi; genecards: https://www.genecards.org/cgi-bin/carddisp.pl?gene%
20=%20ATF5; OMIM: https://www.omim.org/entry/606398?search
=atf5&highlight=atf5), we gathered some of the available informa-
tion for both paralogs, which were encoded by two separate genes. The
atf5a gene mapped to chromosome 5 (absolute coordinates:
30,414,163-30,418,723 base pairs, bp) and was a relatively small gene
(4560bp), while atf5b mapped to chromosome 15 (absolute coordinates
17,862,207-17,870,090 bp) and was slightly bigger (7883bp). Both
genes comprised four partially translated exons which resulted in a
single transcript (4390 bp long) for atf5a and 3 different transcripts
(6910, 4030 and 579 bp long) for atf5b (predicted from Ensembl
Genome Browser). The predicted translated proteins were for atf5a 511
amino acid (aa) long, and for the longest transcript of atf5b, 435aa long.

To analyze the degree of identity of the two paralogs we first per-
formed a nucleotide alignment (with NCBI Blastn) with the founder gene
of the ATF4 family, atf4, that was also duplicated in the zebrafish
genome (atf4a and atf4b). Although atf4b is still very poorly described,
all 4 genes can be considered paralogs, so we extended the sequence
comparison to all four genes (Fig. 1A). First, we aligned the nucleotide
sequences (left panel) and found poor overall identity (~83% but for
only 2% of the query cover). Next, we aligned the protein sequences
(with NCBI Blastp, right panel) which yielded better overall identity
(~53% for 20% of the query cover) mainly restricted to the Cterm
corresponding to the signature domain of the ATF4 family, the bZIP
domain. Notably, the shorter 111aa long protein encoded by atf5b
lacked the bZIP domain (not shown). When considering only atf5a and
atf5b, the degree of identity (45.86%) was for a much bigger query
coverage (~83%) that yielded an alignment score above 200 for the
entire atf5b sequence, which was only lacking the first ~50aa forming
the Nterm of atf5a. Taken together, this was suggesting that atf4a and
atf4b were more divergent from both atf5a and atf5b, and putatively less
likely to have overlapping functions and thus, we restricted all further
analysis to atf5a and atf5b only. To address interspecies conservation,
we next aligned the amino acid (aa) sequences (with NCBI Blastp) of the
two zebrafish paralogs with mouse Atf5 and human ATF5 (Fig. 1B).
Unsurprisingly, only the Cterm had an alignment score close to 200. The
other notable region of alignment was in the proximal Nterm where the
alignment score was ranging from 40 to 80, suggesting the presence of
an additional functionally important region.

Next, we searched the databases (using (Nishizawa and Nagata,
1992) SWISS-MODEL, https://swissmodel.expasy.org/and (Hai and
Hartman, 2001) PHYRE2, http://www.sbg.bio.ic.ac.uk/phyre2/html/
page.cgi?id=index) for predicted 3D structures in atf5a and atf5b to
find additional signature domains to the Cterm signature bZIP domain
(Fig. 1C). As expected, the central part of the proteins which was poorly
conserved across species corresponded to long stretches of low confor-
mation (~87.5% in atf5a and 85.3% in atf5b). Nevertheless, in the most
N-term region of both paralogs we found a mitochondrial targeting
sequence (MTS) (Fukasawa et al., 2015), which had been previously
described in ATF5 and implicated in the mitochondrial stress response
(Fiorese et al., 2016). We also found in the more distal N-term of both
proteins, a conserved nuclear export sequence (NES) (la Cour et al.,
2004), as well as a nuclear localization signal (NLS) inside the C-term
bZIP domain (Nguyen et al., 2009), suggesting a putative cytoplasmic
role for atf5a and atf5b in addition to the TF function.

2.2. 2: atf5a and atf5b expression in the embryo (6-24hpf)

We synthetized sense and antisense probes against both atf5a and
atf5b longest transcripts to perform wholemount in situ hybridizations
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Fig. 1. Alignment and conservation of atf5a and
atf5b gene products. (A) Alignments of atf5a, atf5b,
atf4a and atf4b zebrafish cDNAs (left panel) and
corresponding encoded proteins (right panel). (B)
Protein alignment of human ATF5, mouseAtf5, and
the two zebrafish paralogs atf5a and atf5b. (C)
Schematic representation of putative 3D structures
and signature domains of atf5a (top) and atf5b (bot-
tom). A mitochondrial targeting sequence (MTS,
purple) is indicated in the proximal Nterm of each
paralog. A nuclear export signal (NES, orange) in the
distal Nterm, a nuclear localization sequence (NSL,
green) inside the highly conserved basic leucine
zipper signature domain (bZIP) domain in the C-term
(magenta) are depicted. Large central regions in both
proteins (87.5% for atf5a and 85.3% of atf5b) were
predicted low conformation.

about % of the yolk sac (lighter beige). We found ubiquitous staining in
the animal pole for atf5a (Fig. 2C) and for atf5b which appeared fainter
(Fig. 2D). At 12hpf, we saw no distinguishable expression patterns for

A Schematic of a6-hpfembryo B Brain schematics in a 24 hpf embryo
in dorsal (left) and lateral (right) views

(lateral view)
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Fig. 2. Embryonic expression of the atf5a and atf5b genes. (A) Schematic lateral view (animal pole dorsal) of a mid-epiboly (~6hpf) zebrafish embryo (dark
brown) engulfing the top half of the yolk sac (beige). (B) Schematics of the developing brain at 24hpf in a dorsal view (left, rostral to the top), and a lateral view
(right, rostral to the left). The early brain subdivisions are distinguishable (Nishizawa and Nagata, 1992): forebrain (presumptive olfactory bulbs (OB) and telen-
cephalon (Tc) in blue, and diencephalon in magenta) (Hai and Hartman, 2001), midbrain (presumptive tectum (Tec) and tegmentum (Tg) in yellow, and (Vinson
et al., 2002) the hindbrain (presumptive cerebellum (Cb) and rhombencephalon (Rb) in green). The midbrain-hindbrain boundary (MHB, dark blue arrow) is also
clearly visible as well as the otic placode (OP, orange), the hepatic bud (HB, pink) is also depicted. (C and D) Lateral views and of 6hpf embryos showing ubiquitous
maternal expression of atf5a (C) and atf5b (D). (E and F) Lateral views of 24hpf embryos showing atf5a (E) and atf5b (F) gene expression in structures/regions
highlighted by colored-coded arrows following the schematics in B. Scale bars: in C = 80 pm and in E = 100 pm.
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either genes (not shown). At 24hpf, transparent embryos had defined
external rostral features like eyes and olfactory placodes as well as
distinguishable internal presumptive organs like the brain and the otic
placodes (Fig. 2B). We found atf5a expression (Fig. 2E) in the developing
brain, namely in the olfactory bulbs (OB, light blue arrows) of the
forebrain, in the tectum (Tec, yellow arrow) of the midbrain, in the
midbrain-hindbrain boundary (MHB, dark blue arrow), and in the
hindbrain (green arrows). The atf5a gene was also expressed in the
ventral part of the otic placode (OP, orange arrow) and in the liver
primordium or hepatic bud (HB, pink arrow). For the atf5b gene
(Fig. 2F), we found mostly the same expression pattern in the premen-
tioned developing structures, for the exception in the forebrain, where it
was absent from the OBs, but present instead in the rostral part of the
telencephalon (light blue arrow). Thus, at this early stage most of atf5a
and atf5b genes expression was overlapping.

2.3. 3: atf5a expression in the larva

Next, we monitored older larvae at 2, 3 and 5dpf with antisense (n =
30/stage) and sense (n = 5/stage) RNA probes against atf5a (Fig. 3).
Most notably in whole larvae (3A) and at all observed stages we found
that atf5a was expressed in the developing liver (black arrows), in the
olfactory organs (B), in the inner ear (C) and in the midbrain and
hindbrain (D). At all stages, both olfactory organs were strongly
expressing atf5a (C, left column). At higher magnification, the olfactory

A Lateral view of a whole larva (5dpf)
(dorsal view

B Head Olfactory C innerEar
Organ
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epithelia (OE) displayed a salt and pepper appearance (B, right column)
suggesting that only a subset of cells were expressing atf5a. In the sen-
sory epithelia (SE) of the inner ear (C and white asterisk in D upper
panel) atf5a gene expression seemed more uniform in all structures.
Specifically, all cells of the maculae (orange asterisks in C: anterior
macula (am) and posterior macula (pm) in top schematic), as well as of
the three cristae (blue asterisks: anterior (ac), medial (mc) and posterior
crista (pc) in top schematic) were expressing atf5a. However, the
expression in SE seemed weaker in 5dpf larvae, suggesting a possible
downregulation of this gene at later stages. Finally, in the brain (D), at
2dpf we noticed weak expression in the telencephalic olfactory bulbs
(OBs) and a more intense expression at the midbrain-hindbrain (MHB)
boundary. At later stages, and especially at 5dpf, the expression was
much stronger in the OBs (pink asterisks), but also in the tectum mes-
encephali (yellow asterisks) and the metencephalic medulla oblongata
(green asterisks). Interestingly all these regions remain neurogenic in
adult Fish (Kaslin et al., 2008), raising the possibility that atf5a has a
role in neuroprogenitors maintenance/proliferation similar to what was
described in rodents.

2.4. 4: atf5b expression in the larva

Next, we monitored older larvae at 2, 3 and 5dpf with antisense (n =
30/stage) and sense (n = 5/stage) RNA probes against atf5b (Fig. 4).
Most notably in whole larvae (A) and at all observed stages we found
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Fig. 3. Larval expression of atf5a. (A) Schematic of a whole larva at 5dpf (top panel) locating the major sensory organs (eyes, olfactory organs and neuromasts
(NMs) of the superficial sensory lateral line organ, LL) as well as the swim bladder and the liver. Whole larvae were hybridized with an antisense RNA probe at 2, 3
and 5dpf (3 top panels) and with a sense probe at 5dpf (lower panel). Black arrows indicate the developing liver. (B) Dorsal views of the rostral part of the larva (left
column) showing strong atf5a expression in the olfactory epithelia (OE) of olfactory organs. OE are shown at higher magnification (right column). (C) Lateral views of
the inner ear (schematized in the top panel highlighting all sensory epithelia with hair cells (HCs, green): anterior (am) and posterior maculae (pm, orange) sitting
underneath otoliths (brown), and anterior (ac), median (mc) and posterior cristae (pc, in blue) sitting at the end of each corresponding semicircular canal. The atf5a
gene is expressed in maculae (orange asterisks) and cristae (blue asterisks) at all stages. (D) Dorsal views of the head showing the different brain regions. Schematic
adapted from Torres-Hernandez et al. (2016) (top panel) depicting telencephalon (blue), diencephalon (magenta), mesencephalon (yellow) and metencephalon
(green). At 2dpf and 3dpf (2nd and third panels) whole larva had visible atf5a expression in the inner ear (white asterisk), the tecta mesencephali (yellow asterisks),
and the metencephalic medulla oblongata (green asterisks). At 5dpf, dissected brains showed strong expression in the sub-mentioned regions and in the olfactory bulbs
(OBs, pink asterisks). Scale bars: in A = 200 pm, in B (left column) = 75 pm, in B (right column) = 25 pm, in C = 50 pm, and in D = 150 pm.
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that atf5b was expressed in the developing liver (black or white arrows),
in the superficial sensory organ called the lateral line (LL), which is
formed by neuromasts (NMs), and in the inner ear (C). Cranial, trunk
and tail NMs forming the anterior LL (aLL) and the posterior (LL) all
displayed strong atf5b expression which we found in nascent and mature
NMs. Furthermore, the expression did not appear restricted to a specific
cell type but seemed present in all peripheral support cells as well as in
central hair cells (HCs). In the inner ear, we detected a strong expression
in all epithelial patches of the inner ear (C), namely in maculae (orange
asterisks) and in cristae (blue asterisks), which also appeared to express
atf5b in all cells of the sensory epithelia (SE), being support cells or HCs.
Thus, atf5b was mostly expressed in the sensory epithelia of the inner ear
and the evolutionary linked LL.

2.5. 5: atf5b expression in the lateral line organ (LL)

The NMs of the LL are evolutionarily linked to the SE of the inner ear
with which they share numerous structural, ultrastructural, and gene
expression similitudes Behra et al., 2012; Chiu et al., 2008; Denans et al.,
2019; Dijkgraaf, 1964; Uribe et al., 2018. The NMs are sensory patches
composed of 3 cell types with centrally located hair cells (HCs) that are
surrounded by support cells comprising the most peripheral mantle
cells. HCs are mechanoreceptors deflected by water currents in the LL
and by sounds waves in the inner ear. In fish, all HCs can regenerate
unlike HCs in postnatal mammals. Because of the experimental ease of
access, the LL is extensively used to study HC regeneration and a sub-
group of support cells are HC progenitors Thomas, 2014; Lush, 2014;
Behra, 2009. To confirm the identity of cells that were expressing atf5b
in NMs, we made use of an online freely available resource that was
constructed from single cell RNA sequencing analyses (scRNA-seq)

2dpf >
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performed on cells purified from NMs of 5dpf larvae (https://piot
rowskilab.shinyapps.io/neuromast_homeostasis_scrnaseq 2018/) (Lush
et al., 2019). This interrogatable database substantially refined the cell
constitution of NMs from the 3/4 originally described cell types to 14
different clusters of cells based on their respective transcriptome
(Fig. 5A). This approach counted the actual number of transcripts/cell
for any given gene, thus providing a quantitative complement to qual-
itative hybridization approaches. For the atf5b transcripts, we found that
they were detected in all 14-cell cluster/types (purple dots in B)
corroborating the atf5b expression patterns. The violin plot further re-
ported how many atf5b transcripts (in an arbitrary unit = expression
fold) were found per cluster (C). The atf5b transcripts seemed most
abundant in cells clustering with peripheral mantle cells (cluster 6),
non-dividing Anterior-Posterior (AP)-Pole support cells (cluster 13), and
central support cells (cluster 7, 8 and 9) which all represent putative HC
progenitors. Interestingly, atf5b transcripts were excluded from young
HCs (cluster 2), poorly expressed in mature HCs (cluster 1) and differ-
entiating HC progenitors (cluster 4). Taken together, this was suggesting
that atf5b was predominantly expressed in HC progenitors and gradually
turned off in HCs, suggesting a role for atf5b in maintenance of HC
progenitors, reminiscent of the role described in neuroprogenitors in
rodent brains (Angelastro et al., 2003, 2005; Lee et al., 2012; Mason
et al., 2005).

3. Discussion

We described the temporal and spatial dynamic of the expression
pattern of atf5a and atf5b paralogous genes during embryonic and larval
development in zebrafish. Both genes were expressed early but it re-
mains unclear what early function they perform or if either gene could

3dpf

5dpf

atf5b sense

Support
Cells

Hair Cells(HCs)

HCsin Cristae and Maculae
Neuromast Inner Ear

Fig. 4. Larval expression of atf5b. (A) Whole larva at 2, 3 and 5dpf hybridized with an antisense RNA probe against the atf5b gene (3 top panels) and a sense probe
(last panel). Black and white arrows indicate the developing liver. (B) High magnification of neuromasts (NMs) in 2, 3 and 5dpf larvae (top panels), which are
schematized (bottom panel) with centrally located hair cells HCs (magenta) surrounded by two type of support cells (white and grey). (C) lateral views of the inner
ear (schematized in bottom panel) of a 2, 3 and 5dpf larva (top panels), showing strong atf5b expression in the sensory patches of the inner ear, namely in the anterior
(ac), median (mc) and posterior (pc) cristae (blue asterisks) as well as the anterior (am) and posterior (pm) maculae (orange asterisks). Scale bars: in A = 200 pm, in

B =40 pm, and in C = 75 pm.
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Fig. 5. scRNA-Seq analyses corroborate expression of atf5b in NMs. (A) Overall representation in a t-distributed Stochastic Neighbor Embedding (t-SNE) plot of 14
cell clusters based on mRNA expression profiles established from 1521 purified cells from NMs of 5dpf larvae. (B) t-SNE plot showing specifically the atf5b expressing
cells (purple). (C) Violin plot showing in the X axis the cluster identity (1-14) to which the atf5b expressing cells belong, and the Y axis the atf5b expression fold (0-2
arbitrary unit, AU). Most atf5b expressing cells cluster in 6 (mantle cells), 7, 8 and 9 (central support cells) and in 13 (AP non-dividing support cells).

compensate for the absence of the other. Double-KOs will answer these
questions. A number of cellular functions have been proposed in cell
systems, like the cellular stress response which is happening mostly at
the translational level, when ATF5 is up-regulated in response to various
stressors (Zhou et al., 2008), including amino acid limitation (Watatani
et al., 2007), arsenide exposure (Watatani et al., 2008), and classical
endoplasmic reticulum (ER) stressors (Hatano et al., 2013). The trans-
lational up-regulation of ATF5 under stress condition is mediated by
phosphorylation of eukaryotic initiation factor 2o (elF2a), (Watatani
et al., 2008). This could be an early defense mechanism present in the
embryo which could be studied in wild type and mutant background,
and if either KOs is adult viable, the respective maternal contribution
could be assessed.

At 24hpf we found strong expression in the brain for both atf5a and
atf5b genes that was mostly overlapping in the midbrain and hindbrain,
but not in the forebrain where each gene was expressed in different
regions, suggesting at least partial non-redundant functions. It will be

interesting to identify the expressing cells and possibly correlate them to
previously documented progenitor pools (Stigloher et al., 2008). Later,
at 3 and at 5dpf, we mostly found only atf5a expression in the olfactory
bulbs, the tectum mesencephali and the medulla oblongata. Interestingly,
all of those regions are documented neurogenic areas in the embryo and
the adult fish ((Kermen et al., 2013) (Kaslin et al., 2008) (Schmidt et al.,
2013)), suggesting that atf5a could have a role in maintenance of neu-
roprogenitors cells paralleling the finding from rodent brains (Ange-
lastro et al., 2003, 2005; Lee et al.,, 2012; Mason et al., 2005).
Alternatively, the atf5a brain expression especially in later larval stages
might correspond to mature neuronal populations, which was also
previously described in developing and adult mouse brains (Torres--
Peraza et al., 2013). They further showed that the basal expression of
Atf5 could be increased by ER stressors and proposed that Atf5 was part
of the neuronal endoplasmic reticulum stress response protecting neu-
rons from apoptosis (Torres-Peraza et al., 2013). This raises the inter-
esting possibility of atf5a acting as a neuroprotector (Sears and
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Angelastro, 2017; Angelastro, 2017; Cates et al., 2016; Chen et al., 2012;
Dluzen et al., 2011; Karpel-Massler et al., 2016; Monaco et al., 2007)
which could be assessed in the context of the whole animal.

The liver primordium was expressing both atf5a and atf5b genes from
24hpf onwards, weakly at first but with the expression becoming
stronger overtime, especially for atf5b. At 2dpf, the liver bud becomes
more prominent extending from the midline to the yolk, lying just
anterior to the presumptive swim bladder and around 3dpf, hepatocyte
differentiation and hepatic outgrowth are rapidly amplifying (Ober
et al., 2003; Field et al., 2003) (Chu and Sadler, 2009). The gradually
stronger expression of atf5b seemed to parallel the development and
maturation of the liver which becomes functional ~5dpf, when the yolk
sack reserves are depleted, and the larva must sustain itself by ingesting
and digesting food. It is tempting to speculate that one or both paralogs
are involved in hepatocyte differentiation and maturation as demon-
strated in cell lines (Nakamori et al., 2016, 2017). Alternatively either or
both paralogs could be implicated in the stress response of mature he-
patocytes which was also previously demonstrated (Pascual et al.,
2008), which again could be assessed in wild type and mutant back-
grounds in the physiological context of whole animals.

From 2dpf onward, both atf5a and atf5b genes were apparently co-
expressed in all cells of the sensory epithelia (SE) in the inner ear,
with atf5b getting stronger and atf5a weaker in later developmental
stages. Atf5 expression in the inner ear has not been reported previously
to our knowledge, and it will be important to probe the respective role of
each paralogs using double-KO animals specifically. It is tempting to
hypothesize an early interchangeable role at least during the develop-
ment of the SE, and a possible later specialization for each paralog, when
the SE is fully formed but regenerate HCs on demand. Interestingly,
when looking at the LL, which is structurally, physiologically, and
evolutionary closely linked to the inner ear (Denans et al., 2019; Uribe
et al., 2018; Behra et al., 2012; Chiu et al., 2008; Dijkgraaf, 1964), we
exclusively found atf5b expression. This was confirmed by using the
available single-cell RNA seq online database (Lush et al., 2019),
showing no expression of atf5a. This tool also allowed to refine the
expression of atf5b and suggested that it was weaker or even absent in
some HCs and significantly stronger in support cells, and mantle cells.
Notably, it was expressed in cell clusters that might represent stem cells
of the NMs due to expression of several stem cells markers (Seleit et al.,
2017; Steiner et al., 2014), suggesting a possible role during HC
regeneration for atf5, which will be interesting to explore.

Finally, we found strong and exclusive atf5a expression in the ol-
factory epithelium (OE) that was paralleling prior findings in rodents,
suggesting that Atf5 was necessary for OSNs maturation and mainte-
nance (Wang et al., 2012) (Nakano et al., 2016). Fish, lack the vomer-
onasal organ (VNO) and epithelium (VNE) that is specialized in
pheromone detection, but instead perform all olfactory functions via one
single OE (Sato et al., 2005) (Saraiva et al., 2015). The ciliated OSNs are
thought to detect the volatile odorants while the microvillous OSNs are
thought to detect pheromones, thus exerting the role of OSNs found in
the VNO (Hansen and Zeiske, 1993) (Hansen and Zielinski, 2005) (Sato
et al., 2005). Immature OSNs express up to 1000 different olfactory
receptors (ORs) and part of the maturation process consist in committing
to a single one for the remaining of the OSN life. A recent and very
elegant study demonstrated that Atf5 was part of the intricate mecha-
nism presiding the choice of a specific OR during OSNs maturation
(Dalton et al., 2013). It remains to be demonstrated if the same exquisite
ATF5-dependent final differentiation is taking place in fish OSNs. Our
work provides an evolutionary insight into the expression pattern of Atf5
during development, as well as a stepping stone for future functional
analyses. Taking advantages of what this vertebrate model has to offer,
the role of Atf5 can be addressed in an organ specific manner in the
physiological context of a whole animal.
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4. Experimental procedures
4.1. Fish husbandry

We performed animal care and husbandry following previously
published protocols (Press.teohe zebr, 2000) and NIH guidelines with
authorization by IACUC protocol #A880110. Adult zebrafish were
maintained in 5 or 10 L tanks in a semi-closed and automated system
(Techniplast). Embryos and larvae from inbred wild type (genetic
background = TAB-5 = Tub x AB) were used for all experiments, while
performing all developmental staging according to Kimmel et al. (1995).

4.2. Whole-mount in-situ hybridization (WISH)

We performed Trizol (Invitrogen) extraction of total RNAs from 5dpf
larvae to synthetize sense and antisense RNA probes. Using the Super-
Script III One-Step retro-transcription kit (Sigma 12574-026) to retro-
transcribe both genes, we designed the following gene specific primers
(GSPs) for atf5a (Forward: CAAACTGGGCAAATGCGACA, and Reverse:
TTCGCTGGGTTCTGTCTTCC) and for atf5b (Forward: TGCA-
TATTTCAACCGCGCAC and Reverse: GGTGGGATTGAGGAACCAGG)
with T7 (atgctaatacgactcactatagggaga) and T3 (atgcattaaccctcac-
taaaggga) promoter sequences attached to the forward and reverse
primers, respectively. The expected amplicon length was 667bp for atf5a
and 665bp for atf5b. Next, we performed WISH as described previously
with minor modifications (Thisse and Thisse, 2014). First, embryos were
dechorionated and rehydrated in methanol/10X PBS gradient solutions
(75% methanol, 50% methanol, 25% methanol) for 5 min and then
rinsed in PBST (1%Tween 20) for 5 min. Animals older than 24hpf were
bleached with 30% H202 (Sigma) for approximately 20 min, followed
by enzymatic digestion of larva older than 2dpf with 2 mg/ml of Pro-
teinase K (Ambion) for 7 min. Fixation was performed at room tem-
perature (RT) (4% paraformaldehyde) for 45 min. After rinsing 5 x 5min
in Blocking Buffer for WISH (1X PBS, 0.1% Tween 20, 0.1% BSA, 1%
DMSO), we pre-hybridized larvae in hybridization mix (HM) (50%
Formamide, 5X SSC, 1 mg/mL Yeast RNA, 50 pm/mL Heparin, 0.1%
Tween 20, 5mM EDTA, 9 mM Citric Acid in DEPC treated water) for 4-6
h. Next, all specimens were hybridized with the pre-heated probe (final
concentration = 1 ng/pl) overnight at 65 °C. We washed larvae in a
series of HM solutions in 2X SSC (75%, 50%, 25%) for 10 min each,
followed by two 30-min washes of 0.2X SSC, all at 65 °C. Next, animals
were rinsed in 0.2X SSC gradient solutions in PBST (75%, 50%, 25%) for
10 min each at RT. We pre-incubated all specimens in Blocking Buffer
for 4-6 h and then incubated in pre-absorbed anti-DIG-AB against fish
powder in blocking buffer (1/3000) overnight (O/N). Finally, we rinsed
all animals in PBST 6 x 15 min followed by two 5-min washes in
Alkaline Phosphatase Buffer (APB) (100 mM Tris pH9.5, 50 mM MgCl2,
100 mM NacCl, 0.1% Tween 20, levamisole), followed by revelation
using BM Purple (100%) in the dark.

4.3. Image acquisition

We acquired Images on an inverted Axiovert (Zeiss) with Axiovision
and post-processed as needed with the Zen Lite 2.6 software. Final fig-
ures were created with Adobe Photoshop and Illustrator.
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