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Abstract: The suppressor of cytokine signaling (SOCS) proteins play important roles in cytokine and
growth factor signaling, where they act principally as negative feedback regulators, particularly of
the downstream signal transducer and activator of transcription (STAT) transcription factors. This
critical mode of regulation impacts on both development and homeostasis. However, understanding
of the function of SOCS4 remains limited. To address this, we investigated one of the zebrafish SOCS4
paralogues, socs4a, analyzing its expression and the consequences of its ablation. The socs4a gene
had a dynamic expression profile during zebrafish embryogenesis, with initial ubiquitous expression
becoming restricted to sensory ganglion within the developing nervous system. The knockdown
of zebrafish socs4a revealed novel roles in notochord development, as well as the formation of a
functional sensory system.
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1. Introduction

The suppressor of cytokine signaling (SOCS) family of proteins have been demon-
strated to act as classical negative feedback regulators of cytokine and growth factor
signaling. Central to this is the induction of SOCS genes by downstream signal trans-
ducer and activator of transcription (STAT) proteins, the activity of which is impacted by
SOCS proteins [1]. All SOCS contain a central SH2 domain imparting target specificity, a
C-terminal SOCS box involved in the recruitment of an E3 ubiquitin ligase complex, and a
more variable N-terminal domain [2]. SOCS1–3, along with the differently named SOCS
family member cytokine-inducible SH2-containing protein (CISH), function mainly in cy-
tokine receptor signaling, and have been shown to play particularly key roles in regulating
blood and immune cell development and function [3].

Much less is known about SOCS4–7, which have been predominantly implicated
in growth factor receptor signaling [4]. Amongst these, SOCS4 remains one of the least
studied. The gene encoding SOCS4 has been shown to be widely expressed [5,6], and
induced by epidermal growth factor (EGF) [7], while infection can indirectly increase
SOCS4 protein levels [8]. Mice carrying a Socs4 gene mutation are fertile with no overt
phenotype, although they succumbed more rapidly to the influenza virus infection [6],
while another report has suggested a role for SOCS4 in the regulation of primordial follicle
activation in the ovary [9].

This study sought to further our understanding of SOCS4 using zebrafish, which
possess two SOCS4 paralogous, socs4a and socs4b [10]. Specifically, we investigated the
role of socs4a through expression analysis and functional investigation using in vivo gene
knockdown in zebrafish embryos. Collectively, this revealed key roles for socs4a during
embryogenesis, impacting the development of the notochord and sensory system.
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2. Materials and Methods
2.1. Zebrafish Methods

Zebrafish lines were housed in an aquatic habitats aquarium facility at the Deakin Uni-
versity Upper Animal House using standard husbandry methods. The following morpholi-
nos (Genetools) were injected into 1–8 cell stage embryos, as described [11]: socs4a ATG (5′-
AGTTTTTGGTCTTCCTCTCAGACAT) and UTR (5′-ATGTTCTCACAGAAGAGTGGTGAAT),
standard control (Ctl) 5′-CCTCTTACCTCAGTTACAATTTATA and p53 [12] MO, along with
in-vitro-transcribed socs4a mRNA lacking the 5′-UTR. Embryos were raised in Petri dishes
using egg-water containing 0.003% (w/v) 1-phenyl-2-thiourea (PTU) from 9 h post fertilization
(hpf) to inhibit pigment formation. As required, F-actin was visualized by the staining of
fixed embryos with phalloidin, as described [13], and neuromasts using MitoTracker Red
CMX Ros (Invitrogen), as described [14]. To measure touch sensitivity and response, embryos
were subjected to a light touch with a fine stimulus, just posterior to their otic vesicle [15], or
alternatively subjected to light tapping of the Petri dish.

2.2. Reverse Transcription–Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated from zebrafish embryos or adult tissues using TRIzol reagent
(Invitrogen) following the manufacturer’s guidelines, and RT-PCR performed as described [16],
using the following primers: socs4a (5′-GGAAACATTCACCACTCT; 5′-TCCGAGTTTTTGGTC
TTCC) and actb (5′-AACACAACACAGGATCATGGAG; 5′-CATTGCTACACTTGCTTCTTGC).

2.3. In Vitro Transcription and Translation

In vitro transcription and translation of socs4a mRNA in the presence of MOs was
performed as described [17].

2.4. In Situ Hybridization

Digoxygenin (DIG)-labelled RNA probes were used for whole-mount in situ hybridiza-
tion (WISH), as described [11]. Some hybridized embryos were sectioned and subjected
to FastRed counterstaining, as described [18]. DIG-labelled probes were used in combina-
tion with fluorescein (FLU)-labelled probes for double fluorescence in situ hybridization
(dFISH) [19].

2.5. Imaging

Embryos were imaged using an SZX-ILLK200 microscope coupled with a DP90 camera
using DP Controller software (Olympus), using either stage lighting or red fluorescence as
appropriate, or using a Fluorview 1000 scanning confocal microscope and FV1000 Viewer
software (Olympus).

3. Results
3.1. Expression Analysis of Zebrafish socs4a during Embryogenesis

To gain insight into potential roles for socs4a, semi-quantitative RT-PCR was performed
on staged zebrafish embryos. This identified socs4a expression throughout embryogenesis,
but with a dynamic expression profile (Figure 1A). Transcripts of socs4a were evident at
the 1-cell stage, indicating maternal derivation, but these then declined slightly by 12 h
post fertilization (hpf), before increasing again by 16 hpf, before decreasing from 31 hpf;
however, steady expression remained to 6 days post fertilization (dpf). The expression of
socs4a was also observed in all adult tissues tested, with highest transcript levels identified
in the brain (Figure 1B).

To determine the spatio-temporal expression during embryogenesis, whole-mount in
situ hybridization (WISH) with an anti-sense probe against the full-length socs4a coding
region was employed. Ubiquitous expression was seen from the 1-cell stage (Figure 1C),
but by 16 hpf a distinct expression pattern had emerged, with bilateral expression in
presumptive cranial ganglion (CG), the paired precursor dorsal root ganglion (pDRG) in
the trunk, and in neurons within the developing tail (Figure 1D,E). By 24 hpf, the expression
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domain had further expanded, with bilateral expression noted in several sensory cranial
ganglion, including the trigeminal ganglion (TgG), anterior and posterior lateral line
ganglion (ALLG, PLLG), statoacoustic ganglion (SAG), and the fifth (V), sixth (VI) and
seventh (VII) cranial nerves, while expression in the pDRG also persisted (Figure 1G–I).
Expression in the majority of these structures waned from 48 hpf (Figure 1J), with expression
remaining only in the ALLG and PLLG by 7 dpf (Figure 1K). A socs4a sense probe was
used at as a negative control, and failed to produce significant staining (Figure 1F and
Supplementary Figure S1).

The discrete bilateral expression pattern of socs4a was consistent with the expression
in developing neuronal structures. To confirm their identity, double fluorescent in situ
hybridization (dFISH) was employed using both a probe targeting socs4a, and one tar-
geting a neuronal marker. At 24 hpf, clear co-expression was seen between socs4a and
the pan-neuronal marker elavl3 [20] in a subset of the neuronal cells within the PLLG,
with independent expression elsewhere (Figure 1M). Similar analysis with the differentiat-
ing neuronal marker neurod1 [21] showed limited co-expression (Figure 1N). In contrast,
dFISH analysis with the sensory and motor neuronal specific marker isl1a [22] revealed
co-expression in the TgG, ALLG and cranial nerve V within the hindbrain (Figure 1O). In
contrast, the expression of socs4a did not overlap with the isl1a+ sensory motor neurons of
the spinal cord (Figure 1P).

3.2. Targeted Knockdown of Zebrafish socs4a

To examine the function of zebrafish socs4a during embryogenesis, anti-sense mor-
pholino (MO)-mediated gene knockdown [23] was employed, independently targeting the
start codon (ATG MO) and a region of the 5′UTR (UTR MO) (Figure 2A). The efficacy of the
ATG MO was confirmed using in vitro transcription–translation of socs4a performed in the
presence of either the ATG MO or a control (Ctl) MO. A protein product of the appropriate
size for Socs4a (44 kD) was generated with the Ctl MO, which was substantially abrogated
in the presence of the ATG MO (Figure 2B) and absent without the socs4a mRNA template
(Supplementary Figure S2).

Embryos injected with the socs4a ATG MO demonstrated a ventral tail curl from 24 hpf
(Figure 2D,E), which continued with high penetrance (82.4%) to 48 hpf (Figure 2J) and
beyond (data not shown). The UTR MO also produced a ventral tail curl, although at a
reduced penetrance (36.1%) (Figure 2G,J), whereas embryos treated with Ctl MO did not
display any curvature phenotypes (Figure 2C,F,J). To reinforce the specificity of the ventral
curl phenotype, the UTR MO was co-injected with socs4a mRNA lacking the 5′UTR, which
produced a partial rescue (Figure 2H,J). In contrast, co-injection of a p53 MO to abrogate
potential non-specific cell death [12] did not significantly impact the phenotype observed
(Figure 2I,J).

In order to elucidate potential mechanisms underlying the ventral tail curl, light
microscopy revealed the notochord, a rod-shaped structure defining the primitive anterior–
posterior (A-P) axis and essential for providing support, was disrupted in socs4a morphant
embryos, a phenotype which varied in severity. Close examination of the large vacuolated
epithelial cells that fill the notochord revealed no obvious morphological abnormalities,
although cells appeared to be slightly compressed when compared with the control embryos
(Figure 2K,L). Defects in the floor plate, the ventral most component of the neural tube
that runs parallel with the notochord, have been associated with notochord curvature in
zebrafish [24]. However, the floor plate along with the hypochord were clearly present
in morphants (Figure 2K,L). Measurement of morphant embryos at 4 dpf revealed that
those displaying notochord phenotypes were significantly shorter along the A-P axis
than age-matched control embryos, including at 48 hpf (Figure 2M). Light microscopic
examination also revealed that somite boundaries in socs4a morphants were often not linear,
but instead were curved (Figure 2N,O). Muscles fibers of the somites were labeled with
phalloidin to highlight F-actin, which largely confirmed results seen by light microscopy,
with individual muscle fibers structurally normal, but with a disturbed distribution as a
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result of overall ventral curvature (Figure 2P,Q). This is a likely consequence of inadequate
structural support from the notochord [24].
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panel) or from the indicated adult tissues ((B), upper panel), with a no RT control included (−). Levels
of socs4a were quantified using densitometry and standardized to the actb gene with the embryonic
expression profile shown relative to expression at 0 hpf ((A), lower panel) and the adult profile
relative to expression in the gills ((B), lower panel). Whole-mount in situ hybridization analysis
of socs4a on embryos at 0 hpf (C), 16 hpf (D,E), 24 hpf (F–I), 48 hpf (J), and 7 dpf (K) using either
sense (control) or anti-sense (socs4a) probes, as indicated. Expression is demonstrated by the presence
of blue/purple staining. dFISH on 24 hpf embryos with anti-sense probes for socs4a and either
elavl3 (M), neurod1 (N) or isl1a (O,P), with the regions of the embryo imaged displayed in panel L.
Expression is demonstrated by red or green fluorescence for each marker, as indicated, with areas of
co-expression being yellow. The embryo in panel C is upright and imaged laterally. All other embryos
are positioned with their anterior to the left and imaged laterally (E–G,K–N,P), dorsally (D,H,J,O)
or represent a cross-section (I). Scale bars = 0.5 mm (C–L) or 0.1 mm (M–P). Abbreviations: ALLG,
anterior lateral line ganglion; Br, brain; CG, cranial ganglion; Eg, eggs; Ga, gall bladder; Gi, gills;
He, heart; Ki, kidney; Li, liver; MN, motor neuron; Mu, muscle; N, neuron; pDRG, precursor dorsal
root ganglion; PLLG, posterior lateral line ganglion; RBN, Rohan–Beard neuron; SAG, statoacoustic
ganglion; Sp, spleen; TgG, trigeminal ganglion; V, fifth cranial nerve; VI, sixth cranial nerve; VII,
seventh cranial nerve.

3.3. Molecular Analysis of socs4a Knockdown

To more closely examine notochord and floor plate integrity, morphants were sub-
jected to WISH with sonic hedgehog a (shha), a marker of the developing notochord and
floor plate [25]. This revealed severe undulations of the notochord at 24 hpf in socs4a
morphants (Figure 3B,E) and even split posterior notochords in a small number of embryos
(Figure 3C), absent in controls (Figure 3A,D), although floor plates were present and the
level of expression appeared unaffected. Morphants were also examined for expression
of ihhb, present in the chordamesoderm before its differentiation into notochord and prior
to inflation of the vacuoles [26]. This was expressed at normal levels at 24 hpf in socs4a
morphants (Figure 3G), compared with the controls (Figure 3F), but again in an undulating
pattern. Staining with shha at 10 hpf (Figure 3H–J) revealed the undulations and split
notochords were already present at this early time-point.

To further investigate the phenotype observed, the cells of the dorsal midline (the
presumptive cells of the notochord) were examined during the processes of convergence
and extension. The T box transcription factor Ta (tbxta) gene is expressed in the shield and
presumptive notochord cells, and is essential for the development of the notochord and the
convergence process [27]. Expression levels of tbxta in the germ ring and shield of socs4a
morphants were relatively unaltered at 80% epiboly, but the distribution of tbxta+ cells was
altered. Indeed, in a number of socs4a morphants embryos, tbxta+ cells did not completely
converge at the midline and did not fully extend from the vegetal pole together towards
the animal pole (Figure 3K–M). To confirm this potential convergence and extension defect,
the expression of notochord homeobox (noto) (Figure 3N–P), a gene which marks cells fated to
become notochord [24], and snail1a (snai1a) (Figure 3Q–S), a marker for involuting cells of
the germ ring adjacent to the dorsal midline [28], were examined. In both cases, incomplete
convergence of the marked cells was revealed.

To determine whether this phenotype also affected tissues surrounding the notochord,
myogenic differentiation 1 (myod1) was used to stain paraxial mesoderm, which flanks the
developing notochord and neural tube and gives rise to somites, and ultimately muscle [29].
The expression of myod1 in the paraxial mesoderm of socs4a morphants at 9 somites was
again undulated, with the expression in the developing somites reduced (Figure 3T,U). The
distance between the paired paraxial mesoderm tissues was also found to be significantly
greater in morphants at 9 somites (Figure 3T–V), with the distance from anterior to posterior
measured across the yolk, also significantly longer (Figure 3W–Y). These data confirm socs4a
morphants were significantly shorter and wider than the control embryos, consistent with
disrupted convergence/extension.
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Brain Sci. 2022, 12, 241 7 of 12

Sequences targeted by ATG MO (purple) and UTR MO (pink) are indicated (A). Confirmation of
ATG MO efficacy by in vitro transcription and translation of socs4a in the presence of control (Ctl) or
ATG MO with the arrow indicating the position of the Socs4a protein at ~44 kDa and the asterisk a
non-specific protein (B). Analysis of embryos injected with Ctl (C,F,K,N,P), ATG (D,E,L,O,Q) or UTR
(G) MO, or combined UTR MO with MO-resistant socs4a mRNA (UTR/RNA, (H)) or with p53 MO
(UTR/p53, (I)) by either light microscopy (C–I,K,L,N,O) or fluorescence microscopy of phalloidin
(Ph) staining of muscle fibers (P,Q). All embryos are positioned with their anterior to the left and
images are lateral view. Scale bars = 0.5 mm (C–I) or 0.1 mm (K,L,N,Q). The ventral curl phenotype
in Ctl, ATG, UTR, UTR/RNA and UTR/p53 MO was quantified, and shown as mean ± SEM, with
statistical significance versus Ctl (p < 0.05: *; p < 0.01: **) or UTR (p < 0.05: #) shown (J). Embryo length
(anterior–posterior) at 4 dpf is provided for individual embryos, with mean ± SEM and statistical
significance versus Ctl indicated (p < 0.05: *) (M). Abbreviations: fp, floor plate; hc, hypochord; sb,
somite boundary.
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Figure 3. Effect of socs4a knockdown on convergence and extension. Embryos injected with either
Ctl (A,D,F,H,K,N,Q,T,W,Z), UTR (B,C,E,G,I,J,L,M,O,P,R,S,A’) or ATG (U,X) MO were subjected to
WISH at 24 hpf (A–G), 10 hpf (H–J), 80% epiboly (ep) (K–S), 10 somites (s) (T,U,W,X) and 30 hpf
(Z,A’) for shha (A–E,H–J), ihhb (F,G), tbxta (K–M), noto (N–P), snai1a (Q–S), myod1 (T,U,W,X) and ins
(Z,A’). Both mild (B,I,L,O,R) and more severe (C,J,M,P,S) phenotypes are shown. Scale bars = 0.5 mm
(A–C,H–U,W,X,Z,A’) or 0.1 mm (D–G). The distance between parallel paraxial mesoderm structures
(V) and across yolk from anterior to posterior for 10 somite embryos was measured (Y). Results are
shown for individual embryos, along with mean ± SEM, with statistical significance relative to Ctl
indicated (p < 0.05: *). Abbreviations: gr, germ ring; sh, shield.

Notochord signaling also plays a role in zebrafish pancreas patterning, with areas
of shha signaling associated with an absence of the expression of pancreatic markers [30].
Therefore, the expression of insulin (ins), a marker of the endocrine pancreas-specific β-
cells [31] was examined. At 30 hpf, ectopic ins expression was noted in socs4a morphants,
with 43.8% of socs4a ATG morphants displaying at least two distinct populations of ins+
cells (Figure 3Z,A’).
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3.4. Effect of socs4a Knockdown on the Sensory System

Expression of socs4a was identified in several cranial nerves, including both cranial
ganglion and presumptive dorsal root ganglion, which contain cell bodies of afferent sen-
sory nerves from the anterior and trunk, respectively. WISH analysis revealed substantially
reduced isl1a expression in the sensory motor neurons of the hindbrain and anterior portion
of the trunk from 26 hpf in socs4a morphants, compared with the controls (Figure 4A–C’),
while a minor change in the pattern of neurod1 expression was also observed (Figure 4D,E).
Given these observations, the mechanosensory response was investigated. Touch sensi-
tivity was found to be significantly reduced in both socs4a morphants compared with the
controls (Figure 4F). Expression of socs4a was also observed in the anterior and posterior
lateral line ganglion, which innervate the neuromast structures of the lateral line, which is
responsible for the detection of water movement [32]. However, socs4a morphants showed
no difference in the number, distribution, or gross morphology of neuromasts compared
with the controls (Figure 4G,H). The function of the lateral line neuromasts was tested by an
analysis of vibration detection and response at 3 dpf, when the lateral line mechanosensory
system is fully functional. No significant difference in response to water vibration was
observed with socs4a morphants when compared to the controls (Figure 4I).
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Figure 4. Mechanosensory analysis in socs4a knockdown embryos. Embryos injected with Ctl
(A,A’,D,G), ATG (B,B’,E) or UTR (C,C’,H) MO were subjected to WISH with isl1a (A–C’) or neurod1
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(D,E) at 26 hpf, or Mitotracker red (Mito) staining at 3 dpf (G,H) and imaged dorsally (A–E) and
laterally (A’–C’,G,H), with the boxed areas highlighting the equivalent areas in the alternative images
(A–C,A’–C’). Scale bars = 0.5 mm. Alternatively, the responsiveness to touch at 24 hpf (F) and
water movement at 3 dpf (I) was quantified, with results presented for 3 independent experiments
(n > 30 embryos in each group) along with mean ± SEM and statistical significance relative to Ctl
(p < 0.05: *). Abbreviation: NM, neuromast.

4. Discussion

SOCS4 remains one of the least well-characterized members of the SOCS family, with
its expression yet to be fully described, and only limited functional studies. Utilizing the
zebrafish as a powerful alternative developmental model, this study aimed to elucidate the
embryonic expression profile and in vivo function of the zebrafish socs4a paralogue.

Zebrafish socs4a was found to be expressed throughout embryonic development, with
the highest transcript levels identified from 16–48 hpf, a critical period in neuronal devel-
opment [33]. WISH analysis identified a dynamic and complex spatio-temporal expression
pattern during embryogenesis. Transcripts were observed in 1-cell embryos, confirming
maternal derivation, as zygotic expression does not begin until at least 6 hpf [34], which
remained broad during gastrulation and epiboly. However, by 16 hpf, socs4a expression had
become restricted to developing cranial ganglion and peripheral neurons, and by 24 hpf
expression had expanded to include several more cranial ganglion and neurons, associated
with touch sensation, and the anterior and posterior lateral line ganglion, associated with
the innervation of the neuromasts in the lateral line. The largely neuronal embryonic
expression pattern was consistent with analysis of adult zebrafish tissue, with the highest
socs4a expression seen in the brain. A study of adult zebrafish habenular neuronal cell
types has also documented socs4a expression in dorsal habenular, especially with a cbln2b+
cluster associated with sensory response [35]. With the exception of the olfactory bulb,
mammalian Socs4 expression has not been described in neuronal tissues but rather thymus
and intestine [5,6].

To investigate socs4a function, a morpholino-mediated knockdown strategy was em-
ployed. Analysis with noto and tbxta, genes essential for convergence/extension and
notochord development, indicated the reduced convergence of cells medially, and the re-
duced extension of cells towards the animal pole in socs4a morphants. This was confirmed
with snai1a, a marker for cells located outside the shield, as well as a general disorgani-
zation of cells at these sites. Correct convergence extension is essential for the normal
development of the embryonic notochord. Analysis with shha revealed that the notochord
was disrupted from its normal rod-like appearance. In some rare cases, a “split” notochord
phenotype was observed, likely due to the incomplete convergence of cells fated to develop
the notochord. However, analysis using both light microscopy and WISH analysis with shha
and ihhb revealed that the notochord, floor plate and hypochord were all present. These
data, taken together with the convergence extension defects observed, suggest that failure
of the notochord to converge medially and elongate fully is not an intrinsic notochord
defect per se, but instead a secondary effect. The notochord provides structural support,
as well as secreting signaling molecules influencing surrounding tissues [24]. Analysis
of myod1 expression revealed the paraxial mesoderm and developing somites, which lie
adjacent to the notochord, also had an undulating pattern in socs4a morphants, as well
as reduced myod1 expression. Light microscopy and phalloidin staining of muscle fibers
revealed undulating and curved somite boundaries in morphants, while also revealing
individual muscle fibers were less extended horizontally than those seen in control em-
bryos, concomitant with a decrease in overall body length. Perturbations to somite and
muscle development are likely an indirect consequence of abnormal convergence extension
and/or incomplete notochord elongation. Signaling by shha from the notochord also plays
a role in the expression of ins in the β-cells of the endocrine pancreas [36]. In contrast to
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the single population of ins+ cells, located medially, a large portion of socs4a morphants
had multiple distinct ins+ cell populations, suggesting that the abnormal notochord may
indirectly affect patterning. Alternatively, convergence of the two endocrine precursor
populations medially may have been incomplete in morphants as part of the convergent
extension defect, resulting in additional ins+ cell populations.

Analysis with the isl1a marker, expressed in many cranial ganglion and sensory
neurons, revealed a significant reduction of isl1a+ cells in the hindbrain and anterior trunk
at 22 hpf. It is hypothesized that these cells were likely presumptive dorsal root ganglion or
Rohon–Beard neurons, both of which are involved in mediating mechanosensory sensation.
Reduced isl1a+ cells were confirmed at 26 hpf, which suggests that these sensory cells failed
to develop in socs4a morphants, rather than simply being delayed in development. The
socs4a morphants were also found to be less responsive to touch. It is yet to be confirmed
whether the decrease in isl1a expression or reduction in size/function of these sensory
neurons is directly linked to the touch response defect identified in socs4a morphants.
However, a similar correlation between reduced isl1a+ motor neuron in the hindbrain
and perturbed touch response was observed in exosc8 morphants [37]. The mechanism
behind this loss of isl1a expression is yet to be fully investigated. Finally, the strong
expression of socs4a in the anterior and posterior lateral line ganglion were examined
further. Neuromasts of the lateral line, the sensory organs responsible for detection of water
movement, are innervated by the lateral line ganglion [38]. However, close examination of
neuromasts by Mitotraker Red staining did not reveal any structural abnormalities in socs4a
morphants, and there was no detectable difference in water vibration response between
socs4a morphants and controls.

Zebrafish possess two socs4 paralogues [10]. Analysis of other gene paralogues have
shown that such genes may retain an overlapping function to their mammalian orthologues,
or may have divided the functional roles of the original orthologue, or one or both of the
genes may have taken on a novel function [39]. The encoded socs4a protein is more
divergent from human SOCS4 than the socs4b protein [10], especially in the SH2 domain
that mediates target specificity [3]. In addition, there was no conservation of the let-7
microRNA binding site found in the 3′UTR of mammalian SOCS4 genes in zebrafish
socs4a (data not shown), indicating that this mode of regulation is not conserved for socs4a.
Moreover, the strong neuronal expression of socs4a differs from that observed with the
SOCS4 gene. Collectively, this suggests socs4a may have diverged in function compared
with mammalian SOCS4. The generation and characterization of germline socs4a mutants
would provide confirmation of this during embryogenesis, and enable further studies
into adulthood.

LIF activation through the JAK1/STAT3 pathway has been shown to induce SOCS4
expression during ovarian follicular development [9], consistent with the strong levels of
maternally derived socs4a transcripts observed. Moreover, the expression of zebrafish stat3
overlaps strongly with that of socs4a during embryogenesis, including in a variety of sensory
neural structures, such as the ALLG, PLLG, TG and SAG [40,41]. Interestingly, zebrafish
stat3 has been implicated in convergence/extension [40], with stat3 mutants displaying
reduced A-P extension [42], as observed in socs4a morphants. However, mammalian
SOCS4 has been shown to inhibit STAT3 activation [43]. Indeed, in vivo studies have
suggested that this may represent a tumor suppressor role, with RUNX1 able to directly
repress Socs4 expression leading to increased STAT3 activity, which contributes to tumor
development [44]. So, whether SOCS4 functions as an inducible negative feedback regulator
of STAT3, similar to CISH and STAT5 [17], or instead lies downstream of STAT3, remains
entirely speculative.

SOCS4 expression is also modulated by infection [8], and has also been shown to
increase virus clearance and protect against severe cytokine storm during influenza infec-
tion [6]. It will be of interest to pursue infection studies in socs4a morphants to understand
whether this function is conserved. In addition, the functional analysis of zebrafish socs4b
will undoubtedly produce further insights into SOCS4 function.



Brain Sci. 2022, 12, 241 11 of 12

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci12020241/s1, Figure S1: Expression analysis of socs4a;
Figure S2: Confirmation of efficacy of socs4a ATG morpholino.

Author Contributions: Conceptualization, A.C.W.; methodology, M.T. and C.L.; formal analysis,
A.C.W., M.T. and R.W.; investigation, M.T. and R.W.; resources, A.C.W.; data curation, M.T. and R.W.;
writing—original draft preparation, M.T.and R.W.; writing—review and editing, C.L. and A.C.W.;
visualization, M.T. and R.W.; supervision, A.C.W. and C.L.; project administration, A.C.W.; funding
acquisition, A.C.W. All authors have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge project support from Deakin University to A.C.W. and Post-
graduate Research Scholarship from Deakin and Top-up Scholarship from Belberry Foundation
to M.T.

Institutional Review Board Statement: All research performed on zebrafish was approved by the
Deakin University Animal Welfare Committee.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article (and its supplementary information files).

Acknowledgments: The authors thank the Deakin University Zebrafish Facility staff for their on-
going assistance with zebrafish husbandry.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yoshimura, A.; Nishinakamura, H.; Matsumura, Y.; Hanada, T. Negative regulation of cytokine signaling and immune responses

by SOCS proteins. Arthritis Res. Ther. 2005, 7, 100–110. [CrossRef] [PubMed]
2. Alexander, W.S.; Starr, R.; Metcalf, N.; Nicholson, S.E.; Farley, A.; Elefanty, A.G.; Brysha, M.; Kile, B.T.; Richardson, R.;

Baca, M.; et al. Suppressors of cytokine signaling (SOCS): Negative regulators of signal transduction. J. Leukoc. Biol. 1999, 66,
588–592. [CrossRef] [PubMed]

3. Sobah, M.L.; Liongue, C.; Ward, A.C. SOCS proteins in immunity, inflammatory diseases and immune-related cancer. Front. Med.
2021, 8, 727987. [CrossRef] [PubMed]

4. Trengove, M.C.; Ward, A.C. SOCS proteins in development and disease. Am. J. Clin. Exp. Immunol. 2013, 2, 1–29.
5. Delgado-Ortega, M.; Melo, S.; Meurens, F. Expression of SOCS1-7 and CIS mRNA in porcine tissues. Vet. Immunol. Immunopathol.

2011, 144, 493–498. [CrossRef]
6. Kedzierski, L.; Linossi, E.M.; Kolesnik, T.B.; Day, E.B.; Bird, N.L.; Kile, B.T.; Belz, G.T.; Metcalf, D.; Nicola, N.A.;

Kedzierska, K.; et al. Suppressor of cytokine signaling 4 (SOCS4) protects against severe cytokine storm and enhances
viral clearance during influenza infection. PLoS Pathog. 2014, 10, e1004134. [CrossRef]

7. Kario, E.; Marmor, M.D.; Adamsky, K.; Citri, A.; Amit, I.; Amariglio, N.; Rechavi, G.; Yarden, Y. Suppressors of cytokine signaling
4 and 5 regulate epidermal growth factor receptor signaling. J. Biol. Chem. 2005, 280, 7038–7048. [CrossRef]

8. Hu, G.; Zhou, R.; Liu, J.; Gong, A.Y.; Chen, X.M. MicroRNA-98 and let-7 regulate expression of suppressor of cytokine signaling 4
in biliary epithelial cells in response to Cryptosporidium parvum infection. J. Infect. Dis. 2010, 202, 125–135. [CrossRef]

9. Sutherland, J.; Keightley, R.; Nixon, B.; Roman, S.; Robker, R.; Russell, D.; McLaughlin, E. Suppressor of cytokine signaling 4
(SOCS4): Moderator of ovarian primordial follicle activation. J. Cell. Physiol. 2011, 227, 1188–1198. [CrossRef]

10. Liongue, C.; O’Sullivan, L.A.; Trengove, M.C.; Ward, A.C. Evolution of JAK-STAT pathway components: Mechanisms and role in
immune system development. PLoS ONE 2012, 7, e32777. [CrossRef]

11. O’Sullivan, L.A.; Noor, S.M.; Trengove, M.C.; Lewis, R.S.; Liongue, C.; Sprigg, N.S.; Nicholson, S.E.; Ward, A.C. Suppressor of
cytokine signaling 1 regulates embryonic myelopoiesis independently of its effects on T cell development. J. Immunol. 2011, 186,
4751–4761. [CrossRef] [PubMed]

12. Robu, M.E.; Larson, J.D.; Nasevicius, A.; Beiraghi, S.; Brenner, C.; Farber, S.A.; Ekker, S.C. p53 activation by knockdown
technologies. PLoS Genet. 2007, 3, e78. [CrossRef] [PubMed]

13. Goody, M.; Henry, C. Phalloidin staining and immunohistochemistry of zebrafish embryos. Bio-Protocol 2013, 3, e786. [CrossRef]
14. Fraher, D.; Ellis, M.K.; Morrison, S.; McGee, S.L.; Ward, A.; Walder, K.; Gibert, Y. Lipid abundance in zebrafish embryos is

regulated by complementary actions of the endocannabinoid system and retinoic acid pathway. Endocrinology 2015, 156, 3596–3609.
[CrossRef]

15. Granato, M.; Van Eeden, F.J.; Schach, U.; Trowe, T.; Brand, M.; Furutani-Seiki, M.; Haffter, P.; Hammerschmidt, M.;
Heisenberg, C.P.; Jiang, Y.J.; et al. Genes controlling and mediating locomotion behavior of the zebrafish embryo and larva.
Development 1996, 123, 399–413. [CrossRef]

https://www.mdpi.com/article/10.3390/brainsci12020241/s1
https://www.mdpi.com/article/10.3390/brainsci12020241/s1
http://doi.org/10.1186/ar1741
http://www.ncbi.nlm.nih.gov/pubmed/15899058
http://doi.org/10.1002/jlb.66.4.588
http://www.ncbi.nlm.nih.gov/pubmed/10534114
http://doi.org/10.3389/fmed.2021.727987
http://www.ncbi.nlm.nih.gov/pubmed/34604264
http://doi.org/10.1016/j.vetimm.2011.08.002
http://doi.org/10.1371/journal.ppat.1004134
http://doi.org/10.1074/jbc.M408575200
http://doi.org/10.1086/653212
http://doi.org/10.1002/jcp.22837
http://doi.org/10.1371/journal.pone.0032777
http://doi.org/10.4049/jimmunol.1000343
http://www.ncbi.nlm.nih.gov/pubmed/21421851
http://doi.org/10.1371/journal.pgen.0030078
http://www.ncbi.nlm.nih.gov/pubmed/17530925
http://doi.org/10.21769/BioProtoc.786
http://doi.org/10.1210/EN.2015-1315
http://doi.org/10.1242/dev.123.1.399


Brain Sci. 2022, 12, 241 12 of 12

16. Ma, A.C.H.; Ward, A.C.; Liang, R.; Leung, A.Y.H. The role of jak2a in zebrafish hematopoiesis. Blood 2007, 110, 1824–1830.
[CrossRef]

17. Lewis, R.S.; Noor, S.M.; Fraser, F.W.; Sertori, R.; Liongue, C.; Ward, A.C. Regulation of embryonic hematopoiesis by a cytokine-
inducible SH2 domain homolog in zebrafish. J. Immunol. 2014, 192, 5739–5748. [CrossRef]

18. Yoong, S.; O’Connell, B.; Soanes, A.; Crowhurst, M.O.; Lieschke, G.J.; Ward, A.C. Characterization of the zebrafish matrix
metalloproteinase 9 gene and its developmental expression pattern. Patterns 2007, 7, 39–46. [CrossRef]

19. Lauter, G.; Söll, I.; Hauptmann, G. Sensitive whole-mount fluorescent in situ hybridization in zebrafish using enhanced tyramide
signal amplification. In Brain Development; Humana Press: Totowa, NJ, USA, 2014; pp. 175–185.

20. Kim, C.H.; Ueshima, E.; Muraoka, O.; Tanaka, H.; Yeo, S.Y.; Huh, T.L.; Miki, N. Zebrafish elav/HuC homologue as a very early
neuronal marker. Neurosci. Lett. 1996, 216, 109–112. [CrossRef]

21. Mueller, T.; Wullimann, M.F. Expression domains of neuroD (nrd) in the early postembryonic zebrafish brain. Brain Res. Bull.
2002, 57, 377–379. [CrossRef]

22. Inoue, A.; Takahashi, M.; Hatta, K.; Hotta, Y.; Okamoto, H. Developmental regulation of Islet-1 mRNA expression during neuronal
differentiation in embryonic zebrafish. Dev. Dyn. 1994, 199, 1–11. [CrossRef] [PubMed]

23. Nasevicius, A.; Ekker, S.C. Effective targeted gene ‘knockdown’ in zebrafish. Nat. Genet. 2000, 26, 216–220. [CrossRef] [PubMed]
24. Stemple, D.L. Structure and function of the notochord: An essential organ for chordate development. Development 2005, 132,

2503–2512. [CrossRef] [PubMed]
25. Stemple, D.L.; Solnica-Krezel, L.; Zwartkruis, F.; Neuhauss, S.C.; Schier, A.F.; Malicki, J.; Driever, W. Mutations affecting

development of the notochord in zebrafish. Development 1996, 123, 117–128. [CrossRef] [PubMed]
26. Chung, A.-Y.; Kim, S.; Kim, E.; Kim, H.; Jeong, I.; Cha, Y.R.; Bae, Y.-K.; Park, S.W.; Lee, J.; Park, H.-C. Indian hedgehog b function is

required for the specification of oligodendrocyte progenitor cells in the zebrafish CNS. J. Neurosci. 2013, 33, 1728–1733. [CrossRef]
27. Schulte-Merker, S.; Van Eeden, F.J.; Halpern, M.E.; Kimmel, C.B.; Nüsslein-Volhard, C. No tail (ntl) is the zebrafish homologue of

the mouse T (Brachyury) gene. Development 1994, 120, 1009–1015. [CrossRef]
28. Hammerschmidt, M.; Nüsslein-Volhard, C. The expression of a zebrafish gene homologous to Drosophila snail suggests a

conserved function in invertebrate and vertebrate gastrulation. Development 1993, 119, 1107–1118. [CrossRef]
29. Weinberg, E.; Allende, M.; Kelly, C.; Abdelhamid, A.; Murakami, T.; Andermann, P.; Doerre, O.; Grunwald, D.; Riggleman, B.

Developmental regulation of zebrafish MyoD in wild-type, no tail and spadetail embryos. Development 1996, 122, 271–280.
[CrossRef]

30. Cleaver, O.; Krieg, P.A. Notochord patterning of the endoderm. Dev. Biol. 2001, 234, 1–12. [CrossRef]
31. Papasani, M.R.; Robison, B.D.; Hardy, R.W.; Hill, R.A. Early developmental expression of two insulins in zebrafish (Danio rerio).

Physiol. Genom. 2006, 27, 79–85. [CrossRef]
32. Dijkgraaf, S. The functioning and significance of the lateral-line organs. Biol. Rev. 1963, 38, 51–105. [CrossRef] [PubMed]
33. Schmidt, R.; Strähle, U.; Scholpp, S. Neurogenesis in zebrafish—From embryo to adult. Neural Dev. 2013, 8, 3. [CrossRef]

[PubMed]
34. Isogai, S.; Horiguchi, M.; Weinstein, B.M. The vascular anatomy of the developing zebrafish: An atlas of embryonic and early

larval development. Dev. Biol. 2001, 230, 278–301. [CrossRef] [PubMed]
35. Pandey, S.; Shekhar, K.; Regev, A.; Schier, A.F. Comprehensive identification and spatial mapping of habenular neuronal types

using single-cell RNA-Seq. Curr. Biol. 2018, 28, 1052–1065.e7. [CrossRef]
36. Hebrok, M. Hedgehog signaling in pancreas development. Mech. Dev. 2002, 120, 45–57. [CrossRef]
37. Boczonadi, V.; Müller, J.S.; Pyle, A.; Munkley, J.; Dor, T.; Quartararo, J.; Ferrero, I.; Karcagi, V.; Giunta, M.; Polvikoski, T.; et al.

EXOSC8 mutations alter mRNA metabolism and cause hypomyelination with spinal muscular atrophy and cerebellar hypoplasia.
Nat. Commun. 2014, 5, 4287. [CrossRef]

38. Thomas, E.; Cruz, I.A.; Hailey, D.W.; Raible, D.W. There and back again: Development and regeneration of the zebrafish lateral
line system. Wiley Interdiscip. Rev. Dev. Biol. 2015, 4, 160. [CrossRef]

39. Ohno, S. Gene duplication and the uniqueness of vertebrate genomes circa 1970–1999. Semin. Cell Dev. Biol. 1999, 10, 517–522.
[CrossRef]

40. Yamashita, S.; Miyagi, C.; Carmany-Rampey, A.; Shimizu, T.; Fujii, R.; Schier, A.F.; Hirano, T. Stat3 controls cell movements
during zebrafish gastrulation. Dev. Cell 2002, 2, 363–375. [CrossRef]

41. Oates, A.C.; Wollberg, P.; Pratt, S.J.; Paw, B.; Johnson, S.L.; Ho, R.K.; Postlethwait, J.H.; Zon, L.I.; Wilks, A.F. Zebrafish stat3 is
expressed in restricted tissues during embryogenesis and stat1 rescues cytokine signaling in a STAT1-deficient human cell line.
Dev. Dyn. 1999, 215, 352–370. [CrossRef]

42. Liu, Y.; Sepich, D.S.; Solnica-Krezel, L. Stat3/Cdc25a-dependent cell proliferation promotes embryonic axis extension during
zebrafish gastrulation. PLoS Genet. 2017, 13, e1006564. [CrossRef] [PubMed]

43. Bullock, A.N.; Rodriguez, M.C.; Debreczeni, J.; Songyang, Z.; Knapp, S. Structure of the SOCS4-elonginB/C complex reveals
a distinct SOCS box interface and the molecular basis for SOCS-dependent EGFR degradation. Structure 2007, 15, 1493–1504.
[CrossRef] [PubMed]

44. Scheitz, C.J.F.; Lee, T.S.; McDermitt, D.J.; Tumbar, T. Defining a tissue stem cell-driven Runx1/Stat3 signalling axis in epithelial
cancer. EMBO J. 2012, 31, 4124–4139. [CrossRef] [PubMed]

http://doi.org/10.1182/blood-2007-03-078287
http://doi.org/10.4049/jimmunol.1301376
http://doi.org/10.1016/j.modgep.2006.05.005
http://doi.org/10.1016/0304-3940(96)13021-4
http://doi.org/10.1016/S0361-9230(01)00694-3
http://doi.org/10.1002/aja.1001990102
http://www.ncbi.nlm.nih.gov/pubmed/8167375
http://doi.org/10.1038/79951
http://www.ncbi.nlm.nih.gov/pubmed/11017081
http://doi.org/10.1242/dev.01812
http://www.ncbi.nlm.nih.gov/pubmed/15890825
http://doi.org/10.1242/dev.123.1.117
http://www.ncbi.nlm.nih.gov/pubmed/9007234
http://doi.org/10.1523/JNEUROSCI.3369-12.2013
http://doi.org/10.1242/dev.120.4.1009
http://doi.org/10.1242/dev.119.4.1107
http://doi.org/10.1242/dev.122.1.271
http://doi.org/10.1006/dbio.2001.0214
http://doi.org/10.1152/physiolgenomics.00012.2006
http://doi.org/10.1111/j.1469-185X.1963.tb00654.x
http://www.ncbi.nlm.nih.gov/pubmed/14027866
http://doi.org/10.1186/1749-8104-8-3
http://www.ncbi.nlm.nih.gov/pubmed/23433260
http://doi.org/10.1006/dbio.2000.9995
http://www.ncbi.nlm.nih.gov/pubmed/11161578
http://doi.org/10.1016/j.cub.2018.02.040
http://doi.org/10.1016/S0925-4773(02)00331-3
http://doi.org/10.1038/ncomms5287
http://doi.org/10.1002/wdev.160
http://doi.org/10.1006/scdb.1999.0332
http://doi.org/10.1016/S1534-5807(02)00126-0
http://doi.org/10.1002/(SICI)1097-0177(199908)215:4&lt;352::AID-AJA7&gt;3.0.CO;2-J
http://doi.org/10.1371/journal.pgen.1006564
http://www.ncbi.nlm.nih.gov/pubmed/28222105
http://doi.org/10.1016/j.str.2007.09.016
http://www.ncbi.nlm.nih.gov/pubmed/17997974
http://doi.org/10.1038/emboj.2012.270
http://www.ncbi.nlm.nih.gov/pubmed/23034403

	Introduction 
	Materials and Methods 
	Zebrafish Methods 
	Reverse Transcription–Polymerase Chain Reaction (RT-PCR) 
	In Vitro Transcription and Translation 
	In Situ Hybridization 
	Imaging 

	Results 
	Expression Analysis of Zebrafish socs4a during Embryogenesis 
	Targeted Knockdown of Zebrafish socs4a 
	Molecular Analysis of socs4a Knockdown 
	Effect of socs4a Knockdown on the Sensory System 

	Discussion 
	References

