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Abstract

Spinal muscular atrophy (SMA) is an autosomal recessive disease linked to survival motor neuron (SMN) protein deficiency.
While SMN protein is expressed ubiquitously, its deficiency triggers tissue-specific hallmarks, including motor neuron death
and muscle atrophy, leading to impaired motor functions and premature death. Here, using stable miR-mediated knockdown
technology in zebrafish, we developed the first vertebrate system allowing transgenic spatio-temporal control of the smn1 gene.
Using this new model it is now possible to investigate normal and pathogenic SMN function(s) in specific cell types,
independently or in synergy with other cell populations. We took advantage of this new system to first test the effect of motor
neuron or muscle-specific smn1 silencing. Anti-smnl miRNA expression in motor neurons, but not in muscles, reproduced SMA
hallmarks, including abnormal motor neuron development, poor motor function and premature death. Interestingly, smn1
knockdown in motor neurons also induced severe late-onset phenotypes including scoliosis-like body deformities, weight loss,
muscle atrophy and, seen for the first time in zebrafish, reduction in the number of motor neurons, indicating motor neuron
degeneration. Taken together, we have developed a new transgenic system allowing spatio-temporal control of smn1 expression
in zebrafish, and using this model, we have demonstrated that smn1 silencing in motor neurons alone is sufficient to reproduce
SMA hallmarks in zebrafish. It is noteworthy that this research is going beyond SMA as this versatile gene-silencing transgenic
system can be used to knockdown any genes of interest, filling the gap in the zebrafish genetic toolbox and opening new avenues
to study gene functions in this organism.

absence) of survival motor neuron (SMN) protein, a ubiquitously

Introduction o : . o
expressed protein involved in multiple cellular mechanisms in-

Spinal muscular atrophy (SMA) is an autosomal recessive human
disease characterized by progressive muscle weakness, motor
neuron loss and premature death (1). SMA is a leading genetic
cause of infant death. SMA is caused by low levels (not complete

cluding RNA splicing and metabolism (2,3). The SMN protein is
encoded by a gene highly conserved across different species,
and complete loss-of-function is lethal in all organisms tested
so far. In humans, there are two nearly identical genes encoding
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the SMN protein, SMN1 and SMN2 (1,3,4). SMN2 contains a muta-
tion that leads to its inefficient splicing and to an unstable trun-
cated protein (for review see 3,4). Additionally, SMN2 is present in
multiple copies, with variable numbers between individuals. All
SMA patients present full SMN1 loss-of-function that is partially
rescued by SMN2 activity and copy numbers. Four types of SMA
have been described, from severe to mild, which are directly corre-
lated to the amount of residual functional SMN protein present.

SMA is poorly understood to date. One important question that
remains unsolved is why ubiquitous low levels of SMN affects spe-
cifically the neuromuscular system despite its function being crit-
ical for the viability of all cells? It is also unclear if increasing SMN
levels in motor neurons alone would be sufficient to improve the
condition of SMA patients, or if high levels of this protein are
also required in muscles and/or other cell types (5). This informa-
tion is important for the development of future treatments aiming
to compensate for the loss of SMN function. Several studies, con-
ducted on different organisms, have tried to tackle these difficult
questions, but as presented later, the findings are varied. Both
muscle and neuronal knockout of smn1 are lethal in mice and in
all organisms tested so far (6,7). While Nicole et al. have shown
that partial restoration of SMN levels in muscle satellite cells
markedly improves phenotypes in SMA mice, a later study by Gav-
rilina et al. found that muscle-specific expression of SMN has no
phenotypic effect (6,8). It has also been demonstrated that pan-
neuronal expression of SMN ameliorates phenotypes and im-
proves the survival of different SMA mouse models, but is not suf-
ficient to restore wild-type conditions (8,9). Studies conducted in
Drosophila indicate an important role of muscular expression of
SMN in the progression of the disease (10,11), while others suggest
a prominent role of neuronal SMN (12-14). In zebrafish, it has been
shown that transient ubiquitous smn1 knockdown, using morpho-
lino, leads to developmental defects, including motor neuron ab-
normalities (15). A complete loss-of-function mutant line has
further been described, and expression of human SMN specifically
in motor neurons only slightly improves neuromuscular defects
and survival of these knockout fish (16,17). While this modest ef-
fect suggests that motor neurons are not the only cells involved
in the progression of the disease, caution has to be taken as the
beneficial role of motor neuron-expressed SMN may have been un-
derestimated. Indeed, the smnl-mutant zebrafish have a complete
absence of SMN in all other tissues, rather than just the partial
loss-of-function found in SMA patients. Taken together, these
findings show that SMN is a critical protein, and more evidence
is required to conclude on its tissue-specific toxicity and function.

Using a newly developed heritable gene-silencing approach (i.e.
miRNA-mediated knockdown), we recently recapitulated for the
first time in zebrafish the different forms of SMA (18). In practice,
a transgene that ubiquitously expresses a fluorescent marker [dis-
cosoma red fluorescent protein (dsRED)] and a synthetic miRNA di-
rected against the smnl gene were integrated into the zebrafish
genome, resulting in ubiquitous and stable down-regulation of
smnl gene expression. Transgenic animals developed motor neu-
ron malformations, abnormal motor functions, scoliosis-like body
deformities and premature death, with severity and age of onset
directly correlated to the level of smnl gene inhibition, thus mim-
icking hallmarks observed in patients. These models are of high
value to interrogate the disease. For example, the line mimicking
the severe form of SMA allows the generation of larvae that present
poor motor functions starting from 4 dpf (days-post-fertilization),
thereby offering the unique opportunity to set up simple screening
assays for both chemical and genetic experiments (19-21). Alterna-
tively, mild models of the disease allow investigation of late-onset/
adult phenotypes.

Here, we used this transgenic gene-silencing approach to es-
tablish in zebrafish the first inducible system allowing tissue-
specific control of smnl gene expression. This system offers the
ability to inhibit SMN function in any cell type of the zebrafish, in-
dependently or in combination. We first focused on analysing the
effect of low-level expression of SMN in motor neurons and in
muscle cells. We found that expression of anti-smnl miRNAs in
motor neurons reproduced most hallmarks observed previously
in the ubiquitous knockdown model (18). In contrast, expression
of anti-smn1 miRNAs in muscle did not induce strong defects. We
also found that smn1 knockdown in zebrafish motor neurons is
sufficient to induce late-onset phenotype such as muscle atro-
phy, scoliosis-like body deformities and, seen for the first time
in zebrafish, reduction in the number of motor neurons, indicat-
ing motor neuron degeneration.

Results

Design of an inducible system to control smn1l expression
spatio-temporally

In order to generate a zebrafish system allowing spatio-temporal
control of smnl gene expression, we designed a genetic system
based on smnl gene-silencing under the control of inducible
Gal4/upstream activator sequence (UAS) technology (22) (Fig. 1).
We first generated driver constructs expressing Gal4 specifically
in motor neurons (HB9:Gal4) (23) or in muscles (503UNC:Gal4)
(24) that we integrated independently into a transgenic marker
line expressing green fluorescent protein (GFP) in motor neurons
(MN:GFP), previously named (hsa-miR218-2:GFP) (25) (Fig. 1A).
To select fish with integrated constructs (founders), FO adults
were outcrossed with a marker line carrying a stable copy of
the UAS:mCherry construct. The best founders for each driver
construct were selected on the basis of brightness of mCherry-
fluorescence. These founders were then outcrossed with MN:
GFP to generate stable F1 HB9:Gal4;MN:GFP and 503UNC:Gal4;
MN:GFP lines.

For the responder construct, we took advantage of our
previous work in which we demonstrated the efficiency of two
synthetic anti-smnl miRNAs to trigger smnl knockdown; these
synthetic miRNAs were named miRsmnl-1 and miRsmn1-4
(Fig. 1B and C) (18). Independently, both of these synthetic miR-
NAs were able to trigger stable and potent smnl gene-silencing
and recapitulate SMA hallmarks in zebrafish (18). In order to
increase the potency of this smnl gene-silencing system, we
concatenated four anti-smnl miRNAs with two copies of both
miRsmnl-1 and miRsmn1-4 (Fig. 1B). These sequences were
fused to dsRED and cloned under the control of the UAS pro-
moter. This gene-silencing responder construct was integrated
into the MN:GFP zebrafish line. FO fish were outcrossed with pre-
viously selected F1 503UNC:Gal4;MN:GFP in order to identify
founders (dsRED expression in muscles is easy to detect). Several
founders were identified, and one (UAS:miRsmn1-4141#100)
was selected for its strong and homogeneous dsRED expression.
We outcrossed this UAS:miRsmn1-4141#100 founder with
both 503UNC:Gal4;MN:GFP and HB9:Gal4;MN:GFP to produce
HB9:Gal4;UAS:miRsmn1-4141#100;MN:GFP (henceforth called
HB9:Gal4;UAS:miRsmnl) and 503UNC:Gal4;UAS:miRsmn1l-
4141#100;MN:GFP (called 503UNC:Gal4;UAS:miRsmn1) fish.
Thirty positive F1 embryos presenting homogeneous dsRED ex-
pression in muscle or in motor neurons were selected and raised
to adult stage. It is noteworthy that it was difficult to obtain
large numbers of HB9:Gal4;UAS:miRsmn1 adults due to a high
death rate (see later), suggesting that zebrafish are particularly
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Figure 1. Inducible smn1 miRNA-mediated knockdown system. In order to down-regulate smn1 tissue specifically, we established an inducible transgenic system based on
Gal4/UAS technology. (A) Driver constructs expressing Gal4 in muscle cells (503UNC promoter) or in motor neurons (HB9 promoter). (B) Responder construct that, in the
presence of Gal4, expresses a transcript containing mCherry sequence followed by four artificial pri-miRs. (C) The pri-miRs were designed to release anti-smnl miRNAs that

bind to two confirmed target sites of dre-smn1.

sensitive to smnl silencing in motor neurons. Additionally, we
found it difficult to generate a line expressing high levels of
dsRED:miRsmn1 in motor neurons. HB9:Gal4;UAS:miRsmnl, pre-
sented here, which is the brightest of all motoneuron smn1 knock-
down lines generated, presents weak dsRED fluorescence intensity
(reflecting synthetic anti-smn1 miRNA expression) compared with
control or 503UNC:Gal4;UAS:miRsmn1 (Supplementary Material,
Fig. S1). The difficulty in obtaining a high-expression line when
the HB9 driver was used supports the hypothesis that smn1 silen-
cing is particularly toxic in motor neurons.

As a control, we introduced a construct containing 4x control-
miRs fused to dsRED under the control of an ubiquitous promoter
into MN:GFP embryos, as described earlier.

Motor neuron but not muscle smnl knockdown
recapitulates SMA hallmarks

We showed previously that ubiquitous smnl knockdown led to a
strong larval phenotype, including abnormalities in motor neu-
ron development, shorter body size, premature death and abnor-
mal swimming behaviour (18). In order to test whether such
phenotypes could be reproduced by inhibiting smn1 tissue specif-
ically, F1 controls, HB9:Gal4;UAS:miRsmn1 and 503UNC:Gal4;
UAS:miRsmn1 were incrossed to generate F2 embryos. Twenty
embryos per condition were selected on the basis of homoge-
neous dsRED expression and used for further analysis. We first
took advantage of GFP expression induced by the MN:GFP trans-
gene in order to evaluate primary motor neuron development
in vivo (Fig. 2A). There are four types of primary motor neurons,

including Caudal Primary (CaP) motor neurons that project long
axons ventrally (26). We focused on the CaP motor neurons and
quantified projection abnormalities at 30 and 52 hpf (hour-post-
fertilization). Motoneuronal smnl inhibition reproduced similar
abnormalities to those observed previously following ubiquitous
gene-silencing, including short axons, abnormal branching and
pathfinding errors (Figs. 2A and 3). At 52 hpf, F2 HB9:Gal4;UAS:
miRsmn1 fish presented 1.6(+0.3) abnormal CaP motor neuron
projections per side compared with 0.3(+0.1) in control. It is note-
worthy that the extent of these defects was relatively modest
compared with defects observed previously with ubiquitous
smnl knockdown, wherein approximately three abnormal CaP
projections were observed per side of fish at 52 hpf (18). Fish ex-
pressing anti-smnl miRNAs in muscles did have slightly higher
numbers of abnormal motor neuron projections than controls
at 30 hpf, but this difference was no longer detectable at 52 hpf
(Fig. 2A). Similar results were obtained by analysing larvae immu-
nostained for GFP or synaptic vesicle-2, confirming the in vivo
observations (Fig. 3).

In contrast, neither motor neuron knockdown nor mus-
cle knockdown reproduced the significant reduction of body
length observed in the ubiquitous smnl knockdown model
(Fig. 2B) (18).

We then analysed larval swimming behaviour and found that
motor neuron knockdown, but not muscle knockdown, reduced
motor function of zebrafish (Fig. 2C). This difference was detect-
able from 5 dpf with increased impairment developing with age,
similar to results obtained previously with ubiquitous smnl gene
inhibition (18).
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Figure 2. Phenotypes induced by muscle- and motor neuron-specific smnl knockdown. (A) Number of ventral motoneuron (CaP) abnormalities (short axons, abnormal
branching, pathfinding errors and/or absence of cell body) observed per side of control animals and larvae expressing anti-smnl miRs in muscle (503UNC:Gal4;UAS:
miRsmn1) or in motor neurons (HB9:Gal4;UAS:miRsmn1), at 30 and 52 hpf. (B) Animal size comparison between control animals and larvae expressing anti-smnl miRs
specifically in muscle or motor neurons. (C) Average distance (arbitrary unit) swum by 5 dpf larvae over 16 min. (D) Survival assay comparing control and tissue-
specific smn1 knockdown animals (F2 lines, 20 larvae per group). (A and B) Means of 20 larvae + standard error of the mean. (C) Mean of 12 larvae + standard error of

the mean. Different from control at *P < 0.04, **0.02, and ***0.001.
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Figure 3. Representative images of 52 hpf zebrafish larvae expressing GFP in
motoneurons + tissue-specific smnl knockdown (anti-GFP immunostaining).
Lateral views of (A) control and (B-E) transgenic zebrafish larvae expressing
artificial miRs (targeting smn1 3'UTR) specifically in muscle cells (B) or in motor
neurons (C-E). Compared with control and 503UNC:Gal4;UAS:miRsmn1 animals,
larvae expressing anti-smnl miRs in motor neurons HB9:Gal4;UAS:miRsmn1
showed abnormal motor neuron development including abnormal branching,
short axons and pathfinding errors (white arrowheads).

Finally, we found that both motor neuron and muscle gene in-
hibition induced premature zebrafish death, but with dramatic ef-
fects for motor neuron knockdown (Fig. 2D). In the first 11 days of
life, 95% of F2 HB9:Gal4;UAS:miRsmn1 animals died, and no fish
survived until adulthood (as observed previously) (18). Considering
the absence of motoneuronal and motor phenotype in F2 503UNC:
Gal4;UAS:miRsmnl, it was, however, surprising to see that 60% of
those larvae died in the first 13 days. In contrast to motoneuronal
knockdown, all fish that survived this critical period did reach
adulthood. They did not present any sort of detectable phenotype
at adult stages. After a closer investigation of the developing
503UNC:Gal4;UAS:miRsmn1 larvae, we found that all the fish
that died in the 13 dpf period were not able to inflate their swim
bladder. No other phenotype was observed in these larvae.

Human SMN1 mRNA rescues motor neuron smnl
knockdown phenotypes

To validate the specificity of smnl knockdown in the experiments
presented earlier, we injected human SMN1 mRNA into F2 em-
bryos. We showed previously that 200-400 pg of human SMN1
mRNA was enough to partially rescue motor neuron phenotype
induced by ubiquitous smnl knockdown (18). Here, injection of
human SMN1 RNA (250 pg) did not lead to any obvious defect in
F2 control or F2 503UNC:Gal4;UAS:miRsmn1 larvae, but signifi-
cantly reduced motor neuron abnormalities present in F2 HB9:
Gal4;UAS:miRsmn1l animals at 52 hpf (Fig. 4). However, hsa-
SMN1 RNA did not delay premature death observed in either
motor neuron- or muscle-specific smn1 knockdown.

Motor neuron smnil knockdown induces late adult
phenotypes

As described earlier, F2 HB9:Gal4;UAS:miRsmn1l developed
severe early defects leading to impaired motor function and de-
creased survival. Additionally, we observed late-onset abnormal-
ities in the F1 fish. First, compared with control and F1 503UNC:
Gal4;UAS:miRsmn1, fish expressing anti-smnl miRNAs in motor
neurons presented a high death ratio (Supplementary Material,
Fig. S2). Only 7/30 HB9:Gal4;UAS:miRsmn1 fish reached adulthood,
while 24/30 and 21/30 survived in control and muscle knockdown
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Figure 4. SMN1 mRNA rescues CaP projection abnormalities observed in larvae
presenting motor neuron-specific smnl knockdown. Injection of 250 pg of hsa-
SMN1 RNA reduces motor neuron phenotypes observed in 52 hpf (HB9:Gal4;
UAS:miRsmn1) larvae. Means of 20 larvae+standard error of the mean.
Significant difference at *P <0.02, *0.01, and ***0.00001.
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groups, respectively. While these seven fish had only slightly
shorter body lengths compared with the other groups, they pre-
sented with strong weight loss at adult stages (96 dpf) (Fig. 5A-C).
All seven HB9:Gal4;UAS:miRsmn1 fish presented with an obviously
thin trunk, suggesting muscle atrophy (Fig. 5D). They also pre-
sented with severe body deformities (scoliosis-like phenotype)
and abnormal swimming behaviour/coordination, phenotypes
that were developing progressively (Fig. SD-F; Supplementary Ma-
terial, Video S1). Scoliosis is a typical hallmark of mild forms of
SMA and progresses with age, as observed in our model (27,28).
These deformities were correlated to muscle atrophy and poor
strength/structural balance in SMA patients. Prior to sacrificing
these animals to ascertain muscle atrophy, we analysed their
motor function. While no difference was detected between control
and muscle knockdown, motor neuron smnl knockdown signifi-
cantly reduced overall distance swum and swimming speed, sug-
gesting poor muscle strength (Fig. 6A-E). These fish presented not
only with severely impaired motor function but also with loss of
coordination, suggesting muscular imbalance and/or abnormal
muscular control (Supplementary Material, Video S1).

To check the specificity of the results presented earlier, we
crossed a previously generated and validated transgenic line expres-
sing ubiquitously human SMN1 (18) with F1 HB9:Gal4;UAS:miRsmn1
and F1 control fish. No obvious defects were detected in the result-
ant F2 fish, confirming the specificity of the results presented earlier.

Motor neuron smnl knockdown induced muscle atrophy
and motor neuron cell death

We sacrificed and fixed adult F1 fish (4 months old) to examine
their morphology. It is noteworthy that at the time of these
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Figure 5. Motor neuron smnl knockdown induces adult phenotypes. Motor neuron smnl knockdown induces adult phenotypes including a slightly shorter body length
(A and B), marked body weight loss (C), abnormal swimming behaviour and coordination (D and E) and marked trunk deformities (scoliosis-like) (D and F). Figure shows
96 dpf animals, with n=15 [8 females (F)/7 males (M)] for control, n=15 (9F/6M) for 503unc:Gal4;UAS:miRsmn1 and n =7 (3F/4M) for HB9:Gal4;UAS:miRsmn1. B and C
present means + standard error of the mean. Different from control at *P < 0.05 and **0.001.
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Figure 6. Analysis of spontaneous swimming behaviour of adult (96 dpf) zebrafish. (A) Images representing swimming tracks of adult fish during a 5 min swimming
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CTR (control), 15 animals for F1 503UNC (503UNC:Gal4;UAS:miRsmn1) and 7 animals for F1 HB9 (HB9:Gal4;UAS:miRsmn1), +standard deviation (SD). Different from CTR

and 503UNC at *P <0.00001.

histological analysis, only four fish remained alive in the HB9:
Gal4;UAS:miRsmn1 group (Supplementary Material, Fig. S2).
We cut transverse sections of the whole zebrafish body in two
parallel series. One series was cover-slipped immediately to
allow microscopic examination of muscle cells, and the other
series was mounted onto slides for cresyl violet staining. To re-
move variability due to regional differences in body size and
motor neuron numbers, we focused on the tail region of the
fish. We first measured tail width as well as muscle cells size
and number by examining the non-stained series (Fig. 7). F1
503UNC:Gal4;UAS:miRsmn1 fish, presenting muscle anti-smn1l
expression, had similar tail widths to control fish, with
4.6+0.18 and 4.4 + 0.18 mm, respectively, (Fig. 7G). However, F1
HB9:Gal4;UAS:miRsmn1, presenting obviously thinner trunks
(Fig. 5; Supplementary Material, Video S1), had significantly
smaller tail widths, 3.0 +0.2 versus 4.4 + 0.18 mm for the control
(Fig. 7G). Analysis of muscle cell sizes confirmed that HB9:Gal4;
UAS:miRsmn1 fish had atrophic muscle fibres compared with
controls (770 + 139 versus 1315 + 111 um?, respectively) (Fig. 7H).
HB9:Gal4;UAS:miRsmn1 presented also with fewer muscle cells
than control, with an average of 99.2 + 56 versus 219.4 + 26 cells
per section, respectively, (Fig. 7). The average size and number
of muscle cells in 503UNC:Gal4;UAS:miRsmn1 fish were not sig-
nificantly different from controls; 1326 + 108 versus 1315 + 107
um?, respectively, for muscle fibre sizes, with 203+32 and
219 + 32 cells per section (Fig. 7H and I).

Finally, we investigated whether motor neuron death was oc-
curring in these fish as demonstrated in SMA patients. We per-
formed manual blinded counting of large motor neurons in the
cresyl-violet-stained sections (Fig. 7]-M). We did not observe
any significant differences in the number of motor neurons be-
tween 503UNC:Gal4;UAS:miRsmn1l and control fish, with an
average of 22.2 £ 2.7 and 23.4 + 3.7 motor neurons per region, re-
spectively (Fig. 7J). However, HB9:Gal4;UAS:miRsmn1 fish pre-
sented significantly fewer motor neurons than controls, with

an average of 11.0 + 3.3 versus 23.4 + 3.7 motor neurons in the
control group (Fig. 7]). This result strongly suggests that motor
neuron degeneration takes place in zebrafish following silencing
of the smn1 gene, and that specific motoneuronal silencing is en-
ough to induce this degenerative phenotype. It is noteworthy
that these results might be under-evaluated as the four adult
HB9:Gal4;UAS:miRsmn1 fish euthanized for the histological pro-
cessing were the only fish that survived to 4 months of age, and
likely the least affected fish in the group (Supplementary Mater-
ial, Fig. S2).

Discussion

We have developed, and validated in zebrafish, a new transgenic
system based on miRNA-mediated knockdown allowing ma-
nipulation of SMN protein function spatio-temporally in an indu-
cible manner. This new system will complement existing models
in order to study SMN protein function. It offers the opportunity
to investigate the role of diverse cell types, independently or in
synergy, in SMA phenotypes and progression. This system also
offers the possibility to control SMN function temporally, thus
helping to respond to questions related to the timing of SMN res-
toration in regards to potential therapeutic treatments. In this
study, we first used this transgenic system to test independently
the effect of a low level of SMN protein in motor neurons and in
muscles in regards to SMA phenotypes and progression.

We found that motor neurons are particularly sensitive to
smn1 knockdown. Expression of anti-smnl miRNAs in motor neu-
rons alone reproduced most hallmarks observed in our previous
SMA model based on ubiquitous smnl knockdown (18). Indeed,
reduction of SMN function in motor neurons was enough to re-
produce defects in motor neuron development, poor motor
function and premature death of zebrafish embryos and larvae,
suggesting that low levels of SMN protein in motor neurons
are sufficient to trigger SMA in zebrafish. Additionally, motor
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Figure 7. Motor neuron smn1 knockdown leads to motor neuron degeneration and muscle atrophy. (A-C) Transverse sections through whole adult (4-month-old) zebrafish
bodies revealed that control (A) and 503UNC-Gal4;UAS:miRsmn1 (B) fish have larger body widths than HB9-Gal4;UAS:miRsmn1 (C) zebrafish. (D-F) Higher magnification of
the indicated area (dashed box) provides a view of the number and size of muscle cells of Control (D), 503UNC-Gal4;UAS:miRsmn1 (E) and HB9-Gal4;UAS:miRsmn1 (F) fish.
Quantification of the average tail width (G) for each fish revealed that HB9-Gal4;UAS-miRsmn1 have far narrower tails than control (CTR) and 503UNC-Gal4;UAS:miRsmn1.
HB9-Gal4;UAS:miRsmn1 also had smaller muscle cell size (H) and muscle cell count (I). (J-M) Cresyl violet staining of transverse sectioned whole zebrafish allowed
visualization of motor neurons within the zebrafish spinal cord. Blinded counting of motor neurons was performed on sections from control (K), 503UNC-Gal4;UAS:
miRsmn1 (L) and HB9-Gal4;UAS:miRsmn1 (M) zebrafish. Examples of large motor neurons are indicated with an arrow. (J) Comparison of the total number of motor
neurons within a tail region (eight sections) revealed that HB9-Gal4;UAS:miRsmn1 fish have fewer motor neurons than controls. All scale bars indicate 200 pm.
Graphed values indicate mean + standard error mean. Significantly different from control at *P < 0.05 and **0.003.

neuron-specific smnl knockdown reproduced late-onset defects,
including weight loss, muscle atrophy, abnormal motor func-
tion and scoliosis similar to that observed in our previous zebra-
fish model and in patients (18,27). Microscopic anatomical
analysis also revealed that HB9:Gal4;UAS:miRsmnl animals
had a reduced number of motor neurons, indicating motor

neuron degeneration. We hypothesize that this motor neuron
loss is the cause of muscle atrophy and, subsequently, of progres-
sive body deformities and abnormal motor function in the motor
neuron smnl knockdown fish. Use of our model would be useful
to confirm and investigate the timing of such events in the future.
It would also be interesting to analyse the timing and progression
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of such phenotypes, and see if restoration of SMN later in life is
sufficient to restore normal muscle mass and/or overall normal
behaviour and lifespan.

It is noteworthy that, while motor neuron smnl knockdown
reproduced most hallmarks of SMA in zebrafish, we observed
that motor neuron projection defects at 30 and 52 hpf were rela-
tively modest when compared with defects observed in the pre-
viously described ubiquitous knockdown model (Fig. 2A) (18).
Several hypotheses could explain this difference. First, the HB9
promoter used to drive expression of the anti-smnl miRNAs initi-
ates expression in differentiated motor neurons, whereas the
previously used ubiquitous Ubiquitin promoter initiates expres-
sion at an earlier stage. This means that in the present study,
motor neurons would contain SMN protein at the beginning of
their life while the motor neurons of fish with ubiquitous knock-
down were already loaded with synthetic miRNAs, and thereby
already depleted of SMN protein. Second, additional cells, other
than motor neurons, may play a role in this developmental
phenotype. Results from a recent study support this hypothesis,
suggesting that neuronal networks upstream of motor neurons
are most likely involved in SMA hallmarks (12). Considering the
versatility of our new knockdown approach, it would be interest-
ing to test the role of SMN in these upstream circuits, in synergy
with or independently of motor neurons, in regards to this early
motor neuron phenotype.

Additionally, our study suggests that muscles are relatively
resistant to smnl knockdown from embryonic to adult stages.
However, and for a reason that we cannot conceptualize, reduc-
tion of SMN protein in muscles seems to strongly affect swim
bladder function in zebrafish, subsequently leading to premature
death. No other abnormalities were detected in zebrafish with
muscle-specific expression of anti-smnl miRNAs.

The transgenic system presented here opens new avenues to
manipulate SMN in zebrafish, and thus to study SMA. However,
it has some limitations. First, it is difficult to reproduce with ac-
curacy the same level of knockdown in the different tissues of
the fish. For instance, by considering dsRED fluorescence inten-
sity, reflecting anti-smnl miRNAs expression and thereby
knockdown potency, it is likely that HB9:Gal4;UAS:miRsmn1
presents a much lower level of smn1 silencing than 503UNC:
Gal4;UAS:miRsmn1. Unfortunately, while we showed previous-
ly that the observed fluorescence intensity can be used to quali-
tatively evaluate knockdown level (18), it is difficult to quantify
this inhibition efficiently in such restricted tissues. We tried to
isolate motor neurons and muscle cells in order to quantify
the level of smn1 inhibition in our line, but we were unable to de-
velop a method robust enough to get reliable results. The use of
a cell sorter might allow accurate quantification of the level of
smnl knockdown. This would allow us to evaluate the threshold
concentration of SMN protein that is required in zebrafish motor
neurons to either trigger SMA hallmarks or maintain normal
functions. Another important limitation of our model is the
Gal4/UAS system per se. The UAS sequence contains CpGislands
that attract methylation, which makes it prone to silencing
(29). Such events occur randomly and are difficult to control.
Luckily, fluorescent expression can be used to manually collect
the appropriate embryos to raise and study. However, this
approach requires practice, is time consuming and is not
compatible with large-scale experiments. An option would
be to use the CRE/Lox system (30) instead of Gal4/UAS. The
knockdown cassette would be kept silent and activated (by se-
quence deletion or inversion) in the desired cells. This would
in theory improve homogeneity and ease of the experiments.
Nevertheless, the current model is useful for studying the

pathogenic mechanisms of SMA and performing low-through-
put studies.

Taken together, we have developed the first zebrafish model
of SMA that allows investigation of the spatio-temporal effects
of SMN protein level on SMA development. We have also used
this model to study the role of specific cell types in the develop-
ment and progression of SMA. Knockdown of smn1 in motor neu-
rons alone was sufficient to produce not only early phenotypes of
SMA such as motor neuron abnormalities, larval motor dysfunc-
tion and decreased survival, but also late-stage hallmarks such
as muscle atrophy, scoliosis-like body deformities, motor dys-
function and reduction of motor neuron number. Further studies,
harnessing the ability of this model to produce spatio-temporal
control of smnl gene expression would provide further insight
into normal and pathogenic SMN function(s). Last but not least,
while we focused on smnl, the transgenic gene-silencing system
presented here goes beyond SMN function(s) and SMA as this
knockdown technology is applicable to any gene of interest,
opening a new avenue to study gene function(s) and mimicking
human diseases in zebrafish.

Materials and Methods

Zebrafish maintenance and transgenic lines

Adult zebrafish and embryos were maintained and studied using
protocols approved by the University of Sydney and the Univer-
sity of Queensland Animal Ethics Committees.

Generation of HB9:Gal4 and 503UNC:Gal4 plasmids

To generate the driver construct expressing Gal4 in motor neu-
rons, HB9:Gal4, we first produced an intermediate p5E-HB9 tol2
kit-compatible clone. The HB9 promoter (3.3 kb) was extracted
by digestion (EcoRI and BamHI) from a plasmid kindly provided
by Dirk Meyer (23) and cloned into p5E-MCS(228). PSE-HB9 was
then combined with pME-Gal4VP16(387) and p3E-polyA(302) in
the destination clone pDestTol2pA2(394) to generate the final
HB9:Gal4 plasmid used in this study.

To construct the driver construct expressing Gal4 in muscles,
we started with p5SE-503UNC, previously published (24), and com-
bined it in the same way described for HB9:Gal4 generation. The
final plasmid was named 503UNC:Gal4.

Generation of anti-smn1 miRNAs

The anti-smnl miRNA, miRsmn1-1 and miRsmn1-4, were de-
signed, cloned and validated previously (18). Both synthetic miR-
NAs were cloned into pME-RNAi652 that contains dsRED and that
is compatible with the tol2kit (31).

Generation of UAS:dsRED:smn1-4141 plasmid
and control

In order to construct a UAS:dsRED:smn1-4141 presenting
4x repeat of anti-smnl synthetic miRNA, with two copies of
miRsmnl-1 and of miRsmnl-4, we first generated a pME-
dsRED:smn1-4141 vector. We digested dsRED-containing pME-
RNAi652-miRsmn1-1 with BamHI and Xhol and extracted by gel
purification the cassette containing miRsmn1-1 (Supplementary
Material, Fig. S3). MiRsmn1-1 was then fused in 3’ of miRsmn1-4
in purified pME-RNAi652-miRsmn1-4 digested by Bglll and
Xhol. The resulting plasmid contains a 2x repeat of synthetic
miRNA and was named pME-RNAi652-miRsmn1-41. The same
procedure was repeated to extract the miRsmn1-41 sequence
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and to fuse it into pME-RNAi652-miRsmn1-41, thus generating
PME-RNAi652-miRsmn1-4141. pME-RNAi652-miRsmn1-4141 was
combined with pSE-UAS(327) into a homemade mini tol2-R4R2
(1494) destination clone. The resulting plasmid was named
UAS:dsRED:smn1-4141.

To generate the control construct, we first generated pME-
RNAi652-4xCTR that contains a 4x repeat of a control miRNA.
The control miRNA (AAGCACAACGCGACATGGTTA) was gener-
ated in a previous study. It was originally designed to target
an artificial 3'UTR in order to validate our RNAI tools (18). This
control miRNA does not recognize any mRNA in zebrafish. Con-
trol-miRs (4x) were cloned together using the same procedure
as described earlier and shown in Supplementary Material,
Figure S3. A final plasmid was then generated using pSE-pactin
(ubiquitous promoter) and minitol2-R4R2(1494) destination
clone. The resulting plasmid was named pactin:dsRED:4xCTR
(abbreviated to CTR in figures).

DNA injection and transgenic line selection

To integrate DNA constructs into the zebrafish genome, 1 nl of
a mix containing 30 ng/pl of DNA of interest plus 25 ng/pl of
transposase mRNA and phenol red were injected at one-cell
stage into MN:GFP zebrafish embryos; a transgenic line that
specifically expresses GFP in motor neurons. Note that MN:GFP
was previously named hsa-miR218-2:GFP in our laboratory and
communications (25).

Immunohistochemistry

Whole mount immunostaining was performed to label motor
axons, as described previously (32) using anti-GFP (1:1000, AMS
Biotechnology cat # TP401) and anti-rabbit Alexa Fluor® 488
(A-11034) secondary antibody (33). We also performed additional
immunostaining using anti-acetylated-tubulin (1:250, T7451
SIGMA) and presynaptic anti-synaptic vescicle-2 (SV2, 1:250,
Developmental Studies Hybridoma Bank) with secondary anti-
bodies anti-rabbit Alexa Fluor® 488 (A-11034, Life Technologies)
and anti-mouse Alexa Fluor® 594 (A-21201, Life Technologies),
respectively.

Generation of human SMN1 plasmids and RNA synthesis

Using human cDNA as template, the open reading frame and a
small 3'UTR part of human SMN1 were amplified with forward
primer (63-hsa-smn-atg, aattgaattcATGGCGATGAGCAGCG) and
reverse primer (65-hsa-smn-reverse, ctcgagCGCTTCACATTCCA
GATCTGT). The 976 bp PCR product was digested with EcoRI and
Xhol and ligated in EcoRI/Xhol digested and gel purified pCS2+
vector. The corresponding plasmid was named pCS2 + hsaSMN1.

To synthetize human SMN1 RNA, pCS2 + hsaSMN1 was line-
arized with Notl. Sense hsa-SMN1 RNA transcription was per-
formed using the mMESSAGE mMACHINE SP6 transcription kit
(Ambion), following the manufacturer’s protocol. RNA was puri-
fied using a MEGA clear kit (Ambion) following the manufac-
turer’s protocol, aliquoted and stored at —80°C. hsa-SMN1 RNA
(250 pg) was injected into the yolk of one- to four-cell-stage em-
bryos. After injection, the remaining RNA was loaded on a gel to
check for RNA degradation.

In order to generate a tol2 kit-compatible pME vector contain-
ing hsa-SMN1, pCS2 + hsaSMN1 was digested by EcoRI/BglIl and
the hsa-SMN1-cassette was gel purified. This cassette was cloned
into an EcoRI/BamHI opened and gel purified pME-MCS(237)
plasmid, and the final construct was named pME-hsaSMN1.
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PME-hsaSMN1 was then combined with pSE-Ubiquitin and p3E-
polyA (302) in a pDestTol2CG2(395) destination vector carrying
cmlc2:GFP. The plasmid was named UBI:hsaSMN1 and used to
generate transgenic lines for the rescue experiments.

Imaging

Prior to analysis, animals were embedded in 1% low-melting
agarose as previously described (34). Images presented in this
study were acquired using a Zeiss LSM710 confocal microscope
coupled with ZEN software. Images were processed using
Image ] when required. For fluorescence intensity measure-
ments, one embryo of each group was quickly scanned to define
appropriate parameters, allowing signal acquisition without
pixel saturation. All embryos were scanned using the same para-
meters. Integrated fluorescence density was evaluated on
1.05 pm stacks in Image J. The same ROI area was used for all
samples. It was defined using a ‘Specify ROI’ plugin and consisted
of an oval ROI of 19 pm?.

Motor neuron phenotype quantification

In order to quantify motor neuron abnormalities, all animals
were anaesthetized in tricaine and observed laterally under a
fluorescent microscope, unless otherwise stated. Only CaP-
axon projection abnormalities were scored. One point was tabu-
lated for every motor axon that showed defects (abnormal
branching, obvious abnormal length or absence of any projec-
tions). Scores were compared using t-tests. To validate the
in vivo observations, immunostaining (using anti-GFP, anti-SV2
and anti-tubulin antibodies) was performed on paraformalde-
hyde-fixed larvae as described earlier. The same scoring system
was used.

Survival assays

Adult zebrafish were pooled at the same time and mated for 1 hin
order to generate synchronized embryos. Embryos were collected
in E3 medium. For every condition, the 20 brightest embryos (red
fluorescence) were sorted at 2 dpf and used for the survival assay.
Embryos/larvae were then counted twice a day in order to record
death ratio over a period of 20 days. From day O to day 5, animals
were stored in Petri dishes, after which they were transferred into
beakers containing small amounts of paramecia until day 20.

Behavioural assay (larvae)

Behaviour analyses were performed using the Zebrabox (View-
point) following manufacturer’s instructions (http:/www.
viewpoint.fr/en/p/equipment/zebrabox). Zebrafish larvae were
distributed in 24-well plates filled with E3 medium (one larvae
per well). Plates were incubated at 28°C in darkness for 1 h prior
to analysis. The assay involved recording larval behaviour during
a 16 min protocol consisting of two repeated cycles of 4 min of
light and 4 min of darkness (light-to-dark event promotes larva
activity). At the end of the experiment, each larva was checked
in order to exclude potential dead animals from the data. Data
were exported and processed using Excel. Speed and distance
swum were recorded as arbitrary units. All measurements were
compared via t-tests.

Behavioural assay (adult)

The motor behaviour of 3-month-old (adult) zebrafish was exam-
ined using a ZebraTower (Viewpoint) recording device wherein
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eight fish were recorded simultaneously in separate open tanks
(10 cm x 12.5 cm x 6 cm deep). The test period was 5 min in ambi-
ent fluorescent light. Tracks of the swimming trajectories of
the fish were recorded, and the distance swum at slow speed
(1-3 cm/s) and high speed (>3 cm/s) were extracted. The total dis-
tance swum and average swimming speed were also calculated
in excel. All measurements were compared via t-tests. The pro-
portion of fish presenting with abnormal swimming behaviour
and trunk abnormalities was compared using a y? test.

Histological analysis

Adult (4-month-old) F1 zebrafish were sacrificed, fixed in 4% par-
aformaldehyde and incubated in 20% sucrose cryo-protectant so-
lution. The whole zebrafish was mounted in OCT mounting
media and snap frozen in supercooled isopentane solution
prior to transverse sectioning (20 pm) on a cryostat (—20°C). The
sections from each fish were collected in two parallel series,
each mounted onto separate Superfrost Plus Glass slides. One
series was cover-slipped immediately to allow microscopic
examination of muscle cells, and the other series was air-dried
for cresyl violet histological staining. We imaged both sets of
slides using a Leica DFC 500 upright microscope. A researcher
blinded for experimental group used ImageJ to measure the
width of each section (tail width) and performed particle analysis
to detect muscle cell size and number. The cresyl violet series
was also imaged, and a researcher blinded for experimental
group performed manual counting of motor neurons in each sec-
tion and calculated the total number of large motor neurons in
the tail region (eight sections per animal). The average body
width, muscle cell size, muscle cell count and motor neuron
count were calculated for each fish, and t-tests were used to iden-
tify statistical differences between groups.

Supplementary Material

Supplementary Material is available at HMG online.
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