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ABSTRACT

SARS-CoV-2, the virus responsible for the coronavirus disease of 2019 (COVID-19), gains cellular entry via
interaction with the angiotensin-converting enzyme 2 (ACE2) receptor of host cells. Although SARS-CoV-2
mainly targets the respiratory system, the neuromuscular system also appears to be affected in a large per-
centage of patients with acute or chronic COVID-19. The cause of the well-described neuromuscular manifes-
tations resulting from SARS-CoV-2 infection remains unresolved. These may result from the neuromuscular-
invasive capacity of the virus leading to direct injury. Alternatively, they may be the consequence of ACE2
inactivation either due to viral infection, ACE2 autoantibodies or both. Here, we made use of the Drosophila
model to investigate whether ACE2 downregulation is sufficient to induce neuromuscular phenotypes. We show
that moderate gene silencing of ACE2 orthologues Ance or Ance3 diminished survival on exposure to thermal
stress only upon induction of neuromuscular fatigue driven by increased physical activity. A strong knockdown
of Ance or Ance3 directed to muscle reduced or abolished adult viability and caused obvious motoric deficits
including reduced locomotion and impaired flight capacity. Selective knockdown of Ance and Ance3 in neurons
caused wing defects and an age-dependent decline in motor behaviour, respectively, in adult flies. Interestingly,
RNA sequencing allowed us to discover several differentially spliced genes that are required for synaptic function
downstream of Ance or Ance3 depletion. Our findings are therefore supportive of the notion that loss of a RAS-
independent function for ACE2 contributes to the neuromuscular manifestations associated with SARS-CoV-2
infection.

1. Introduction

to symptoms of autonomic dysfunction, have been reported in long
COVID patients [6]. Viral infections can involve the neuromuscular

The respiratory system is the major target of the severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2), responsible for the
coronavirus infectious disease of 2019 (COVID-19) pandemic [1].
However, based on numerous reports, the neuromuscular system ap-
pears to be affected in a large percentage of patients with an acute
infection where common presentations include anosmia, dysgeusia,
headache, dizziness, myalgia and myelitis [2-5]. Neuromuscular com-
plications are more common in patients with chronic post-COVID syn-
drome, popularly known as ‘long COVID’. Brain fog, muscle weakness
and fatigue, exercise intolerance, and sensory disturbances, in addition

system by differing mechanisms [7]. Viruses can be the direct cause of
neuromuscular deficits as exemplified by Bell's palsy, a lower motor
neuron-type unilateral facial weakness caused by reactivated herpesvi-
ruses including herpes simplex virus-1 or 2 and varicella zoster virus [8].
Alternatively, autoimmunity triggered by viral infection can give rise to
neuromuscular disease as has recently been implicated for Epstein-Barr
virus and Multiple Sclerosis, a demyelinating disease of the central
nervous system [9,10]. Furthermore, viral exposures form part of the
multifactorial aetiology of several chronic neuromuscular degenerative
disorders including amyotrophic lateral sclerosis (ALS), a progressive
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motor neuron degenerative disease of mid-age [11].

SARS-CoV-2 gains cellular entry via interaction of the Spike (S)
glycoprotein on its envelope with the angiotensin-converting enzyme 2
(ACE2) receptor of host cells [12]. ACE2 is expressed in both neurons
and skeletal muscles [13-15], which supports infection susceptibility
and direct injury by SARS-CoV-2 in both cell types. Virus-like particles,
SARS-CoV-2 viral proteins and/or RNA in skeletal muscles and neurons
were therefore detected in COVID-19 patients following post-mortem
analysis [16-18]. SARS-CoV-2 infection also downregulates ACE2
expression [19] and this can potentially disrupt the operation of the
renin-angiotensin system (RAS) or other, as yet unknown, functions of
ACE2 in the neuromuscular system. Dysregulated RAS has been linked to
deleterious consequences including skeletal muscle atrophy and neu-
rodegeneration [20,21]. As an alternative or potentially overlapping
mechanism, the activity of ACE2 can also be dampened by autoanti-
bodies, which have been detected in patients with a history of SARS-
CoV-2 infection [22]. ACE2 has been highly conserved throughout
evolution, hence homologues or orthologues exist in several mamma-
lian, invertebrate and bacterial species [23]. Model organisms therefore
offer opportunities to investigate the probable cause of the neuromus-
cular complications in COVID-19. Particularly, the utility of Drosophila
as a powerful model system to study virus-host interactions and patho-
genicity of SARS-CoV-2 in addition to treatment identification against
COVID-19 has been well demonstrated [24-27]. Furthermore,
Drosophila has an advantage over other model systems considering that
RAS substrates are not conserved [27], and this therefore allows the
investigation of RAS-independent functions for ACE2 homologues in
neurons and muscle in addition to determining whether their disruption
can lead to phenotypes similar to those experienced by COVID-19
patients.

Drosophila is often the perfect choice of model organism for neuro-
muscular disease modelling based on several reasons including a short
lifespan, a rich genetic toolbox, and a significant degree of molecular
pathway conservation [28,29]. Flies can respond rapidly to stimulation
as well as performing complex motoric behaviours because they have a
sophisticated neuromuscular system that, though simpler relative to
humans, has the basic sensory-motor circuitry, glia and multinucleate
muscle fibres [30]. Flies have therefore been particularly successful in
modelling motor neuron disease including ALS and in gaining insights
on the function of several ALS genes in the motor system [31]. Here we
make use of Drosophila to investigate the function of the ACE2 ortho-
logues Ance and Ance3 particularly asking whether they play a crucial
role in the motor system in vivo.

Making use of gene-specific silencing, we show that RNAi transgenes
that induce a strong knockdown of either Ance or Ance3 throughout the
whole organism led to lethality prior to flies reaching the adult stage
indicating that both genes have essential functions during development.
Moderate Ance or Ance3 deficiency had a minimal impact or no effect on
baseline motoric activity but adult flies with increased neuromuscular
fatigue, due to a history of higher physical activity, showed significantly
reduced survival when exposed to thermal stress. Reduced levels of Ance
or Ance3 specifically in muscle abolished or reduced adult viability in
addition to inducing obvious motoric deficits. Selective knockdown of
Ance and Ance3 in neurons caused wing defects and an age-dependent
decline in motor behaviour, respectively, in adult flies. Finally, RNA
sequencing of flies with a global reduction of Ance or Ance3 revealed a
significant degree of overlap in altered gene expression. Transcriptome
analysis nonetheless allowed us to identify unique pathways that were
differentially dysregulated downstream of a depletion in either protein.
Intriguingly, several genes that are required for synaptic function were
found differentially spliced in response to either Ance or Ance3 knock-
down. Our findings therefore support the notion that loss of a RAS-
independent function for ACE2 contributes to the neuromuscular man-
ifestations associated with SARS-CoV-2 infection. Additionally, our
study underscores the utility of Drosophila as an in vivo model for
discovering novel ACE2 functions and the implications of their
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disruption in COVID-19 patients.
2. Methods and materials
2.1. Fly culture and stocks

Flies were cultured on food consisting of sugar, corn meal, yeast and
agar in plastic tubes at an incubation temperature of 25C under 12 h
day/night cycles unless otherwise stated. The RNAi transgenic con-
structs Ance-IRA¢* (ID: 41219), Ance3-IRA®> (ID: 100891) and Ance3-
IRACO (ID: 101665) were obtained from the Vienna Drosophila Resource
Centre, Austria [32]. The RNAI transgenic construct Ance-IRA¢12 (ID:
8827R-1) was obtained from the Drosophila Genetic Resource Centre at
the Kyoto Institute of Technology, Kyoto, Japan. The Dcr-2 transgene
(ID: 24651) and several GAL4 drivers including Act5C-GAL4 (ID: 4414),
elav-GAL4 (ID: 458), OK6-GAL4 (ID: 64199), Repo-GAL4 (ID: 7415),
how-GAL4 (ID: 1767) and Mef2-GAL4 (ID: 27390) were obtained from
the Bloomington Drosophila Stock Centre (NIH P400D018537) at Indi-
ana University, USA. Drivers G14-GAL4 (Brian McCabe at Ecole Poly-
technique Fédérale de Lausanne, Lausanne, Switzerland), G7-GAL4
(Aaron DiAntonio at Washington University School of Medicine, St.
Louis, Missouri, USA), MHC-GAL4 (Frank Schnorrer at Developmental
Biology Institute of Marseille, Aix-Marseille Université, Marseille,
France) and btl-GAL4 (Sofia J. Aradjo at University of Barcelona, Bar-
celona, Spain) were generous gifts. The combination of the various ge-
netic tools was performed according to standard genetic crossing
schemes.

2.2. Protein alignment

To determine % amino acid similarity and identity between human
ACE2 (NP_068576.1) and its Drosophila orthologues Ance
(NP_001285915.1) and Ance3 (NP_001033904.1), we utilised the DRSC
Integrative Ortholog Prediction Tool (DIOPT, https://www.flyrnai.
org/diopt). Alignment of the Drosophila proteins with their human
counterpart was performed by Clustal Omega (EMBL-EBI).

2.3. Drosophila activity monitoring

Automated monitoring of Drosophila activity has been described in
detail previously [33]. In brief, male flies were transferred to glass tubes
containing 2 % grape agar at one end and a cotton plug at the other end.
The tubes were then placed in a Drosophila activity monitor or DAM
(TriKinetics Inc., Waltham, Massachusetts, USA) which was incubated at
a temperature of 25C and a 12 h day/night cycle. Activity of flies was
automatically recorded every 5 min for a duration of 24 h. Infrared
detectors within the DAM registered activity as a count each time a fly
crossed a beam.

2.4. Resilience to heat stress

Individual male flies were transferred to cotton-plugged tubes con-
taining 2 % grape agar. The tubes were then incubated at a temperature
of 33C and monitored over an 80 h period. Death was recorded every
hour until all flies had died. Both experimental and control genotypes
were of the same age and were incubated simultaneously.

2.5. Treatment to unforced physical activity

On eclosion ~20 male flies were transferred to plastic tubes with fly
food having a standard height of 6 cm from the food base till the plug's
end. This setup provided normal levels of physical activity since
Drosophila exhibits negative geotaxis behaviour, hence climbing the wall
of the tube to reach the plug's end and returning back to the bottom to
feed. To increase levels of daily physical activity in as gentle a manner as
possible, on eclosion, flies were housed in plastic tubes with fly food
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having an increased height of 14 cm from the food base till the plug's
end.

2.6. Adult viability

Adult viability was calculated as the percentage of the number of
adult flies with the appropriate genotype divided by the expected
number for the cross. When indicated, a temperature of 29 °C was uti-
lised to amplify GAL4 activity.

2.7. Larval locomotor behaviour

Locomotor behaviour in third instar (L3) larvae was assessed at 72 h
(L3a) and 96 h (L3b) after egg laying. Briefly, larvae of the appropriate
genotype were first placed on a 0.7 % agar plate and allowed to accli-
matise for 5 min. The number of forward body wall contractions
exhibited by the organism in 30 s was subsequently counted. Each larva
was assessed three times before an average was taken. A minimum of 15
larvae per genotype was assayed.

2.8. Climbing performance

Two empty polystyrene tubes were vertically joined by tape facing
each other. Flies (15-20) were then transferred to the lower tube and
allowed to acclimatise. To stimulate climbing, flies were gently tapped
down to the bottom of the tube. The number of flies per group that
climbed above the 8 cm mark in 10 s were then counted to determine the
percentage climbing success rate. Four trials were performed for each
group of flies and a minimum of four replicates were assayed per
genotype.

2.9. Flight capacity

The Droso-Drome apparatus, consisting of a 1 L glass bottle divided
into 4 sectors of 5 cm each, spanning a total height of 20 cm, was utilised
for assessment of flight performance as described previously [34]. An
alcohol-based sticky fluid was used to coat the Droso-Drome walls
allowing flies to stick at different sectors on drop-off. Flies first under-
went a ‘warm-up’ by inducing negative geotaxis in an empty tube for 3
times. Organisms were then gently dropped into the Droso-Drome to
induce flight. The number of flies distributed in each sector was next
counted, divided by the total number of flies dropped and multiplied by
100 to generate the % number of flies per sector. Fight ability correlates
with the sector in which flies are distributed on landing, hence, fly
percentages that are skewed towards the lower sectors of the Droso-
Drome are indicative of reduced flight capacity. A minimum of four
replicates were assayed per genotype.

2.10. RNA extraction

RNA was extracted from 12 to 15 L3b larvae of the desired genotype
using the Qiagen RNeasy Plus Mini Kit (Qiagen, Hilden, Germany)
following manufacturer's instructions. In brief, whole larvae were ho-
mogenized and lysed. Tissue lysates were then spun through genomic
DNA eliminator spin columns to remove genomic DNA and RNeasy Mini
spin columns were subsequently used to purify total RNA.

2.11. Quantitative RT-PCR

Quantification of Ance and Ance3 expression levels was achieved by
amplifying the corresponding ¢cDNA using the SOLIScript 1-step Solis-
Green kit (Solis Biodyne, Tartu, Estonia) following manufacturer's in-
structions. The primers were obtained from Integrated DNA
Technologies (Leuven, Belgium) and were specific for Ance (forward: 5' —
TGGGCTATGCTGCTCTACCT - 3; reverse: 5 — GCTGGTAAAGCGGAC-
GAATA - 3, Ance3 (forward: 5 — CGGTATAAAGCCCCCAGTTT - 3}
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reverse: 5' — CGATAAATGTCGCATTGGTG - 3") and housekeeping gene
Gem3 (forward: 5 - GGCACCTGGACAGGTTAAGA - 3; reverse: 5 —
CCCGGTGTACCGATAATGAC - 3'). The transcriptional levels were
calculated by the 2-AACt (Ct, cycle of threshold) method. AACt = ACt
of experimental group — mean ACt of control groups. ACt = Ct (gene of
interest) — Ct (housekeeping).

2.12. RNA-seq and data analysis

RNA-seq libraries from RNA samples derived from female L3 larvae
(3 biological replicates) were prepared and sequenced at the Beijing
Genomics Institute, Denmark. Briefly, poly(A) mRNA was enriched
using poly(T) oligo-attached magnetic beads. This was followed by
fragmentation and subsequent first strand cDNA synthesis using random
hexamer N6 primers and reverse transcriptase. Following end repair and
adaptor ligation, cDNA fragments were PCR amplified and purified to
generate single-stranded DNA circles in a final library. DNA nanoballs
were finally generated by rolling circle replication, which underwent
paired end sequencing (100 bp) on the BGI DNBseq platform.

Raw reads were filtered using SOAPnuke [35] and clean reads were
mapped to the reference Drosophila genome using HISAT2 [36]. Tran-
script quantification was obtained using RSEM and normalized as frag-
ments per kilobase of transcript per million mapped reads (FPKM) [37].
Differentially expressed genes (DEGs) were identified by the DESeq2
algorithm with p-values adjusted for multiple comparisons by the Ben-
jamini and Hochberg procedure, and differential expression of the genes
determined using a false discovery rate (FDR) cut off of <0.05 [38].
DEGs with a >2 fold change (1o0g2FC > +1) were selected. Differentially
spliced genes (DSGs) were detected using rMATS [39] and five types of
alternative splicing events including skipped exon (SE), alternative 5’
splicing site (A5SS), alternative 3’ splicing site (A3SS), mutually exclu-
sive exons (MXE) and retained intron (RI) were defined. Gene Ontology
(GO) biological pathway and cell component analysis on DSGs and
upregulated or downregulated DEGs was carried out using ShinyGO
[40].

2.13. Statistical analysis

Values are presented as means + SEM unless otherwise indicated.
The unpaired t-test was used to compare measures between 2 groups
whereas two-way ANOVA, followed by Bonferroni's post hoc test, was
used for multiple comparisons with control (GraphPad Prism v9.4.1).
For adult viability analysis, the one sample t-test was used to determine
whether the percentage mean was different from 100 %. Differences in
survival between two groups was determined by the log-rank test. Dif-
ferences were deemed statistically significant if p < 0.05.

3. Results
3.1. Knockdown of Drosophila ACE2 orthologues Ance and Ance3

Ance and Ance3 are two predicted orthologues of ACE2 in
Drosophila. Compared to their human counterpart, Ance has an amino
acid similarity and identity of 56 % and 36 %, respectively (71 %
coverage) (Supplementary materials Fig. 1A). Comparably, Ance3 has
51 % similar and 32 % identical amino acid sequences (65 % coverage)
to ACE2 (Supplementary materials Fig. 1B). We employed the UAS/
GAL4 system to express RNAi transgenes targeting either Ance and
Ance3 predicted mRNA transcripts. Ance-directed transgenes Ance-IRA*
and Ance-IR*“!2 target similar sequences in the 5' coding region of the
mRNA transcript (Fig. 1A). RNAi constructs designed to silence Ance3
target either the exon 5 sequence (Ance3-IR*%) or the last exon and a
part of the 3' untranslated region of the Ance3 transcript (Ance3-IRA%%)
(Fig. 1B). To assess gene knockdown efficiency and specificity we then
performed quantitative RT-PCR (qRT-PCR) on RNA extracted from L3
larvae with constitutive expression of each transgenic construct. We
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Fig. 1. Regions targeted by Ance or Ance3 RNAi transgenes and residual expression on their activation. (A) Predicted Ance mRNA transcripts in Drosophila and
regions targeted by RNAi constructs. Both Ance-IR*“* and Ance-IR*“*? target similar sequences in the first exon of the Ance mRNA transcript. (B) Predicted Ance3

mRNA transcripts and regions targeted by RNAi constructs. Ance3-IR*" targets exon 5 whereas Ance3-I

€12 targets the last exon and a portion of the 3' untranslated

sequence of the Ance3 mRNA transcript. (C) Expression of Ance relative to that of the housekeeping Gem3 gene in L3b larvae in which the indicated RNAi transgene
was constitutively expressed as determined by qRT-PCR. (D) Ance3 expression levels relative to housekeeping Gem3 gene in L3b larvae in which the indicated RNAi
transgene was activated in the whole organism as determined by qRT-PCR. For C and D, each bar represents the mean &+ SEM of at least three biological replicates

with the respective data points superimposed on the bars.

show that activation of the Ance-IRA“* construct induced a strong
reduction in Ance transcript expression (22 %). A stronger knockdown of
Ance was however achieved on constitutive activation of the Ance-IRA¢1?
transgene (4 %) (Fig. 1C). Turning to Ance3, we observed a robust
knockdown for both Ance3-IR*® and Ance3-IR*°6 with the former
leading to a stronger reduction in expression (6 %) compared to the
latter (9 %) (Fig. 1D). Overall, these findings demonstrate that we have
at hand RNAI constructs that target Ance and Ance3 with specificity and
differential efficiency, hence, allowing us to probe into the consequences
of reduced protein levels in vivo.

3.2. Impact of Ance or Ance3 knockdown on baseline activity and stress
resilience upon induction of neuromuscular fatigue

We discovered that, whereas constitutive Ance-IR*1? expression
induced lethality prior to adult development (puparial stage), flies in
which Ance-IR*“* was activated throughout the whole organism were
adult viable. This difference in viability outcomes, which is likely related
to the residual Ance expression levels in flies, gave us the opportunity to
investigate the impact of moderate Ance knockdown on the baseline
motoric ability of flies. To this end, we used a Drosophila Activity
Monitor (DAM) to automatically track locomotion of individual flies
during both day and night. A 24-hour activity profile shows that
knockdown of Ance throughout the body in flies aged to day 15 post-
eclosion caused an obvious decline in locomotor activity during day-
time (Fig. 2A). On quantification, we noted a slight yet statistically
significant drop in activity of flies with reduced levels of Ance compared
to control flies during the day but not at night (Fig. 2B).

To uncover a covert motoric function that only becomes apparent
upon induction of neuromuscular fatigue, we developed a protocol in

which flies were treated to high levels of unforced physical activity post-
eclosion and, then, tested the endurance of flies to a stressful condition.
When 15 day-old flies with a history of normal physical activity were
exposed to a temperature of 33C, we observed that flies with depleted
levels of Ance had a similar survival decline as control flies (Fig. 2C). It is
however noteworthy that gene silencing of Ance rendered flies that
experienced high levels of physical activity remarkably less resilient to
heat stress compared to control flies (p = 0.0002) (Fig. 2C). Hence, the
median survival was reduced from 50 h in control flies to 46 h in flies
having depletion of Ance, a substantial reduction of 4 h.

Turning to Ance3, we found that global activation of Ance3-IR*” led
to pupal lethality where flies died as pharate adults that were not able to
eclose from their pupal case. However, constitutive activation of the
Ance3-IRA% transgene had no effect on adult fly viability, again, most
probably the result of differences in knockdown efficiency. Reduced
levels of Ance3 had no notable effect on baseline locomotor activity
when monitoring flies for a 24 h period (Fig. 2D), hence, fly activity was
not different from that of the control during both daytime and night-
time (Fig. 2E). Nonetheless, similar to what we observed for Ance,
knockdown of Ance3 did not induce a significant decline in survival
upon thermal exposure of flies with a history of normal physical activity.
(Fig. 2F). However, a significant effect on survival was uncovered in flies
that were exposed to higher levels of physical activity (p = 0.0348).
Median survival was thus decreased by 11 h, from 35 h in the control to
46 h upon knockdown (Fig. 2F). In sum, these findings demonstrate that
gene silencing of either Ance or Ance3 had minimal or no impact on
resting locomotor activity. However, in fatigued flies, reduced levels of
either protein diminished resilience upon exposure to thermal stress
with this hinting at a probable neuromuscular function for both Ance
and Ance3.
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Fig. 2. Effect of constitutive knockdown of Ance or Ance3 on baseline motoric activity and resilience to stress upon induction of neuromuscular fatigue driven by
physical activity. (A) 24-hour activity profile of flies at day 15 post-eclosion. A decline in activity was obvious during daytime in flies with reduced levels of Ance. (B)
24-hour total activity chart of day 15 old flies confirmed that Ance knockdown induced a slight but significant drop in locomotor activity during the day but not at
night. (C) A shift of temperature, from 25C to 33C, induced a decline in survival in 15 day old Ance knockdown flies that was not significantly different to that
observed in control flies. A negative effect on survival upon exposure to thermal stress was however apparent in day 15 old flies cultured in conditions that favoured
unforced physical activity (PA). (D) 24-hour activity profile of flies with Ance3 knockdown at day 15 post-eclosion showed no obvious differences in locomotor
ability. (E) 24-hour total activity chart of day 15 old flies confirmed that Ance3 knockdown had no significant negative consequences on motoric ability. (F) Exposure
to hyperthermia led to a decrease in survival in day 15 old flies with Ance3 knockdown compared to control, only upon PA treatment. In A and D, white and black
rectangles on the x-axis represent light and dark periods, respectively. Plotted data is the average of activity summed in 5 min bins. In B and E, each bar represents the
mean + SEM of several independent experiments superimposed on the bars. Significance was tested by two-way ANOVA with Bonferroni's post hoc test (*p = 0.03). In
C and F, significance was tested by the log-rank test (*p = 0.0348, and ***p = 0.0002). For all data, n = 35-45/genotype.

3.3. Tissue-specific effect of Ance or Ance3 knockdown on adult viability

To confirm whether Ance or Ance3 have an essential function in the
motor system, we explored their compartment-specific requirements. To
this end, we made use of various GAL4 drivers to induce tissue-specific
activation of the strong RNAi transgenes Ance-IR*“'? and Ance3-IR*®.
In humans, ACE2 expression in the upper respiratory tract correlates
with the viral tropism of SARS-CoV-2 [41], and remarkably, we first
show that lethality attributed to constitutive knockdown of Ance could
be replicated when knockdown was restricted to tracheae, the fly
equivalent of the respiratory tract (Fig. 3A). Importantly, restricting
knockdown to muscle tissue starting from early development via the
how-GAL4, MHC-GAL4 or Mef2-GAL4 drivers also caused a significant
decline in adult viability when flies were cultured at 25C. Similar results
were obtained following specific RNAi activation in glia (Repo-GAL4).
Making use of these drivers, lethality or a further reduction in adult
viability was apparent when efficiency of knockdown was intensified by
increasing Dicer-2 (Dcr-2) levels and/or culturing flies at 29C, a tem-
perature known to induce maximal GAL4 activity (Fig. 3A). No signifi-
cant impact on adult viability was observed when Ance levels were
selectively depleted in neurons (elav-GAL4) or, more specifically, motor
neurons (OK6-GAL4).

Turning to Ance3, we observed that muscle-restricted knockdown
starting from early development via the Mef2-GAL4 driver could also
recapitulate the lethality observed on global gene silencing (Fig. 3B). A
similar effect could be noted when expression of Ance3-IR*¢> was driven

by the how-GAL4 driver at a temperature associated with higher GAL4
levels. Interestingly, selective knockdown of Ance3 in neurons (elav-
GAL4) boosted by extra levels of Dcr-2 further resulted in a significant
drop in adult viability when flies were cultured at 29C (Fig. 3B).
Nonetheless, we saw no negative effect on survival to adulthood upon
specific silencing of Ance3 in motor neurons, glia or trachea. In sum,
these findings show that Ance and Ance3 have an essential role in the
motor system starting from early development. However, they appear to
have differential requirements with regards to cell types that comprise
the motor system.

3.4. Motor impairment in flies with muscle selective loss of Ance or Ance3
function

Given that both Ance or Ance3 are required in muscle tissue for adult
viability, we next asked whether loss of function of either protein would
lead to an observable impairment in motoric ability, which is a true
indicator of muscle weakness. We first induced knockdown of either
Ance or Ance3, specifically directed to muscle tissue (Mef2-GAL4).
Focusing on L3 larvae, we determined that flies with muscle-restricted
downregulation of Ance, but not Ance3, experienced a significant drop
in the body wall contraction rate. This was apparent at both the early
L3a (72 h after egg laying) and the late L3b (96 h after egg laying)
wandering stage (Fig. 4A). We did not observe a further decline in lo-
comotor ability at either stage upon Dcr-2-enhanced knockdown of Ance
(Fig. 4B). Next, we questioned whether defects in motoric ability were
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obvious in adult flies with muscle-restricted Ance knockdown that
escaped lethality. Indeed, when assessed at day 3 post-eclosion, we
noticed that escapees had severe motoric deficits. Flight capacity was
profoundly disrupted as observed by a significant percentage of flies that
were distributed to the lowermost sector (sector 1) of the Droso-Drome
apparatus (Fig. 4C). Flies with muscle-specific Ance deficiency also had
severe mobility defects. Therefore, their climbing ability was also
drastically reduced (Fig. 4D). Flies never lived beyond day 5 post-
eclosion. These results prompted us to investigate whether similar
phenotypes could be uncovered in adult flies with a muscle-restricted
depletion in Ance3 levels. Interestingly, we also discovered severe
flight impairments in flies in which the strong Ance3 RNAI transgene
Ance3-IR*® was driven by the muscle-selective MHC-GAL4 driver
(Fig. 4E). Relative to controls, flies also experienced significant deficits
in climbing ability (Fig. 4F). Such behavioural alterations were
observable in flies as early as day 5 post-eclosion. In summary, these
findings support an important role for Ance or Ance3 in normal neuro-
muscular behaviour, specifically required in the muscle compartment of
the motor system.

3.5. Neuron-selective downregulation of Ance3 affects motoric ability

Given the impact of muscle-restricted Ance or Ance3 deficiency on
motoric behaviour, we wished to determine whether similar phenotypes
can be observed for flies in which knockdown of Ance or Ance3 is se-
lective to neurons. First, we observed that, although a reduction of Ance
in neurons had no effect on adult fly viability, all eclosing flies showed
an immature phenotype characterized by a failure to expand wings,
cuticle defects including reduced sclerotization and melanisation, and
disorganization of the scutellar bristles (Fig. 5A). This phenotype, which
is a common encounter on disruption of several motor neuron disease

linked genes [42-45], was however absent in flies with neuron-selective
reduction in Ance3 levels. Nonetheless, we noticed that such flies
developed climbing defects starting at day 15 post-eclosion (Fig. 5B).
Furthermore, on assessment of flight performance we observed that a
significant number of flies had flight defects as early as day 5 post-
eclosion, which were found to subsequently worsen with age
(Fig. 5C). Therefore, in addition to muscle, these findings also support a
role for Ance or Ance3 in the neuronal compartment of the neuromus-
cular system.

3.6. Unique and overlapping transcriptional alterations in response to loss
of Ance or Ance3

Finally, to identify the molecular changes responsible for the
neuromuscular deficits we observed downstream of Ance or Ance3 loss
of function, in addition to identifying overlapping alterations, we car-
ried out RNA-sequencing (RNA-seq) in larvae with constitutive activa-
tion of the strong RNA transgenes Ance-IR**2 or Ance3-IR*%°. We found
167 differentially expressed genes (DEGs) between Ance knockdown
flies and control, of which 92 were downregulated and 75 were upre-
gulated (Fig. 6A, Supplementary Materials Dataset S1). Only 3 down-
regulated transcripts were annotated as novel. When comparing Ance3
knockdown flies and control, we found 149 DEGs of which 88 were
downregulated and 61 were upregulated (Fig. 6B, Supplementary Ma-
terials Dataset S2). In the Ance3 dataset, 6 upregulated and 5 down-
regulated transcripts were annotated as novel.

It is interesting to note that several overlapping DEGs could be
identified in the Ance and Ance3 knockdown datasets, with changes in
transcript levels mostly occurring in the same direction (Fig. 6C).
Amongst the shared genes whose expression was increased upon either
Ance or Ance3 knockdown, half were ranked amongst the top 20
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upregulated DEGs in both datasets and included Cyp6a2, Cyp4di4,
CG30059, Cyp12d1-d, CG32214 and CG42832 (Fig. 6A,B — genes anno-
tated in red). However, only 15 % of the shared downregulated DEGs
featured amongst the top 20 and included CG10183, Ets21C, CG16775,
CG8087, and CG32198 (Fig. 6A,B — genes annotated in blue). Intrigu-
ingly, we found the highest degree of overlap amongst the differentially
spliced genes (DSGs) in response to knockdown of either Ance or Ance3

(Fig. 6C). The overlaps in both DEGs and, particularly, DSGs were well
above the overlap expected by random chance, with an estimated p
value close to zero (upregulated DEGs, p = 4.3 x 107 1%, downregulated
DEGs, p = 6.0 x 107*%;, DSGs, p = 1.9 x 107>%) according to the hy-
pergeometric function for multi-set intersection analysis.
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3.7. Pathway alterations in response to deficiency of Ance or Ance3

We next employed Gene Ontology (GO) enrichment analysis to
identify dysregulated mechanisms downstream of Ance or Ance3 defi-
ciency. GO biological pathway enrichment analysis on downregulated
DEGs in response to knockdown of Ance revealed a significant inacti-
vation of processes associated with immune defence and DNA repair
(Fig. 7A). Applied to upregulated DEGs, GO biological pathway
enrichment analysis identified a highly significant activation of pro-
cesses associated with chromatin remodelling, in view of an increase in
the expression of several histone genes (Fig. 7A). GO cellular component
enrichment identified the nucleosome, particularly the protein-DNA
packaging complex, as the cell structure mostly associated with upre-
gulated DEGs (Fig. 7B). When applying GO biological pathway

I e/av-GAL4>Dcr-2
- elav-GAL4>Dcr-2 + Ance3-IRAC12

Day 5

BBA - Molecular Basis of Disease 1869 (2023) 166818

Fig. 5. Wing and motor deficits upon
neuron-selective reduction of Ance or
Ance3. (A) Representative images of a con-
trol fly (upper panel) and a fly with a
neuronal reduction in Ance levels showing
defects in cuticle hardening, tanning in
addition to wing inflation (lower panel). (B)
&4 Bar chart showing that climbing ability is
significantly impaired starting at day 15
post-eclosion in flies with brain-selective
downregulation of Ance3 (n > 60/geno-
type). (C) Bar charts showing percentage
number of organisms per sector for flies with
neuron-selective Ance3 ablation assessed at
two different timepoints throughout adult-
hood and compared to age-matched con-
trols. Flight defects were apparent on day 5
post-eclosion and significantly worsened at
day 15 post-eclosion (n > 60/genotype). In
B-C, each bar represents the mean + SEM of
several independent experiments (super-

*kokk

imposed on the bars in B). Significance was
tested by two-way ANOVA with Bonferroni's
post hoc test and for all data, *p < 0.05, ***p
< 0.001, and ****p < 0.0001.

Day 15

0

50 100 150
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enrichment analysis on DEGs downstream of Ance3 knockdown, we
identified a downregulation of amino sugar breakdown (Fig. 7C).
Metabolic processes that respond to toxin or insecticide uptake in
addition to chaperone-mediated protein folding were however found to
be upregulated (Fig. 7C). Construction of network plots shows a close
association between the identified dysregulated biological pathways in
response to Ance or Ance3 ablation (Supplementary materials Fig. 2)
RNA-seq also revealed 97 differentially spliced genes (DSGs) upon
Ance gene silencing, of which 20 had an alternative 3’ splice site (A3SS),
25 had an alternative 5' splice site (A5SS), 11 had a mutually exclusive
exon (MXE), 44 had a retained intron (RI) and 20 had a skipped exon
(SE) (Supplementary materials Dataset S3). Several transcripts were
subjected to more than one mode of alternative splicing (Supplementary
materials Fig. 3A). Interestingly, although GO enrichment analysis on
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Fig. 6. Transcriptional alterations in response to constitutive Ance or Ance3 gene silencing. (A) Volcano plot showing differentially expressed genes (DEGs) in L3b
larvae with constitutive Ance knockdown compared to the driver-only control. Topmost significant DEGs have been annotated including those overlapping the Ance3
RNA-seq dataset (downregulated, blue; upregulated, red). (B) Volcano plot showing DEGs in L3b larvae with constitutive Ance3 knockdown compared to the driver-
only control. Topmost significant DEGs have been annotated including those overlapping the Ance RNA-seq dataset (downregulated, blue; upregulated, red). (C)
Venn diagrams showing number of unique and overlapping DEGs or DSGs in the Ance and Ance3 RNA-seq datasets.

DSGs revealed that cell-cell junction assembly and organisation was one
of the top-most significantly enriched biological pathway terms, the
process involving protein localization to the synapse was also found
dysregulated (Fig. 8A). Corroborating these results, in addition to
plasma membrane and cell junction, the synapse was amongst the
topmost significantly enriched GO cell component terms (Fig. 8B). To
this end, several proteins with a known function in synapse assembly,
growth and/or function were all found to be subjected to several modes
of alternative splicing (Table 1).

In flies with Ance3 knockdown, RNA-seq uncovered 130 differen-
tially spliced genes (DSGs) with 21, 41, 23, 42 and 35 genes placed in the
A3SS, A5SS, MXE, RI and SE alternative splicing category, respectively
(Supplementary materials Dataset S4). Several transcripts were also
subjected to more than one mode of alternative splicing (Supplementary
materials Fig. 3B). DSG GO enrichment analysis showed that pathways
involving actin filament organisation were amongst the top-most
significantly enriched GO biological pathway terms. It is however
noteworthy that synaptic signalling was also a significantly enriched GO
term (Fig. 8C). Therefore, similar to what we observed for Ance, one of
the topmost significantly enriched cell component terms downstream of
Ance3 depletion was the synapse (Fig. 8D). Hence, several synaptic
proteins, mostly different from those altered on Ance knockdown, were
found alternatively spliced in response to Ance3 loss (Table 2). Overall,
RNA-seq data revealed several transcriptome alterations that can
explain the motor dysfunction resulting from loss of either Ance or
Ance3 function.

4. Discussion

ACE2 is the indispensable entry receptor for multiple coronaviruses
including SARS-CoV-2, responsible for a pandemic of unprecedented
scale. Indeed, the COVID-19 pandemic has to date resulted in >675
million cases and 6.8 million deaths worldwide (Johns Hopkins Uni-
versity, 2023). The extraordinary intensive global effort to tackle SARS-
CoV-2 has been translated into the most rapid development of vaccines
and therapeutics, hence elevating ACE2 as one of the most researched
proteins in such a short timeframe [41]. The cause of the extra-
pulmonary manifestations resulting from SARS-CoV-2 infection, spe-
cifically those involving the neuromuscular system, remains unresolved.
It is unclear whether the well-recorded neuromuscular symptoms
observed in individuals with acute or chronic COVID-19 are the conse-
quence of viral tropism, hence the targeting of extra-respiratory tissues,
or else the result of autoimmunity-driven ACE2 inactivation. This
prompted us to investigate whether ACE2 downregulation is sufficient to
induce neuromuscular phenotypes. Making use of RNAi-mediated gene

silencing in the Drosophila model system, we show that ACE2 ortho-
logues Ance or Ance3 have a specific requirement in the motor system.
Indeed, loss of their function increased neuromuscular fatigue inducing
diminished survival upon stress exposure, and, importantly, it was
enough to impair motoric ability. Amongst the identified transcriptional
changes downstream of both Ance and Ance3 depletion, the greatest
overlap was observed for genes that were differentially spliced with
genes having a function in the synapse found to be particularly
vulnerable to splicing alterations. Our findings are therefore supportive
of a role for ACE2 downregulation as one of the triggers for the neuro-
muscular disturbances experienced by COVID-19 patients in addition to
providing a plausible mechanism how this occurs.

We found that both Ance and Ance3 are essential genes and, there-
fore, a severe global reduction in their transcript levels was found to
induce lethality before the adult stage. This is a new discovery for Ance3,
which has been relatively uncharacterised prior to our work. However,
for Ance, our results are in contrast to those reported in the literature.
Hence, although homozygous Ance mutations generated through
chemical mutagenesis were found to experience a reduction in survival
to adulthood [46], a recent study reported that Ance deletion resulted in
flies that were completely adult viable [47]. This discrepancy could be
due to the different techniques utilised or else the result of diverse ge-
netic backgrounds, which can contain modifiers that allow survival to
adulthood. The latter possibility has been observed for mouse Ace2
knockout models [48]. Thus, in contrast to others but similar to our
work, prenatal lethality was observed for Ace2™/~ homozygous mutants
as part of a systematic phenotypic mouse knockout project [49]. Studies
like this including ours, therefore, question the redundancy of ACE2, its
homologues or orthologues. RNA-seq data from the FlyAtlas 2 project
show very high expression levels for Ance in the larval trachea, and high
expression in the larval brain and muscles [50]. In line with this, our
results show the highest disruption on survival to adulthood when Ance
knockdown was restricted to trachea, glia, and muscle. This shows a
good correlation between Ance's anatomical expression levels and its
tissue-specific critical functions during development. For Ance3,
FlyAtlas 2 data shows extremely low expression in the larval brain, and
low expression in muscles [50]. In contrast, we report that muscle and,
to a lesser extent, neurons, were the cell types that were mostly sus-
ceptible to reduced adult viability downstream of Ance3 depletion.
These findings allow us to speculate that, for Ance3, expression levels
are not a true indicator of its essential function in neuromuscular tissues
during developmental progression.

We report that the downregulation of ACE2 orthologues in
Drosophila, either within muscle or neurons, was enough to trigger
motor dysfunction phenotypes similar to those observed in various fly
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Fig. 7. Dysregulated pathways in response to Ance or Ance3 knockdown discovered through GO enrichment analysis of DEGs. (A) Lollipop plot presenting significant
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lecular pathway terms enriched in DEGs that were downregulated (upper panel) or upregulated (lower panel) in response to Ance3 knockdown. In A-C, GO terms are
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significant) and the size of the dots representing the number of genes that comprise the term. GO terms tagged with a colour-coded star indicate pathway overlap.

models of neuromuscular disease [28,30,31,34,51,52]. Our results are
therefore supportive of the possibility that a dampened ACE2 function
contributes to the neuromuscular manifestations of COVID-19. Dimin-
ished ACE2 function in COVID-19 patients could be the consequence of
ACE2 autoantibodies [22]. ACE2 receptors expressed on muscle or
neurons can also be saturated with viral particles and this could also
potentially interfere with their function. The likelihood that COVID-19
neuromuscular disturbances are the direct result of injury caused by
viral invasion still remains and is supported by several studies
[16-18,53-56]. However, in other reports, SARS-CoV-2 viral proteins
and/or RNA could not be detected in the cerebrospinal fluid, brain or
skeletal muscle tissues of COVID-19 patients [57-61]. Studies that are
supportive of a direct viral infection also suffer from criticisms including
the probability that viral RNA is derived from blood vessels within
samples or is the result of viral contamination [16,53]. Furthermore,

10

when detected, the reported viral RNA levels were much lower than
those observed in the nasal cavity [53]. Nonetheless, even if one still
entertains the possibility of a direct viral invasion of the neuromuscular
system, it is well known that SARS-CoV-2 can itself diminish ACE2
expression [19]. Considering the lack of conservation of RAS substrates
in flies, our results point to loss of a RAS-independent function as the
cause of the neuromuscular deficits, at least in the Drosophila model.
Transcriptome profiling revealed a significant degree of overlap in
genes that are upregulated and downregulated in response to either
Ance or Ance3 ablation. GO term gene enrichment analysis nonetheless
pointed to different pathways that are disrupted downstream of a
reduction in either protein. Hence, whereas immune defence, DNA
repair and chromatin remodelling were the top dysregulated pathways
following knockdown of Ance, gene silencing of Ance3 was found to
perturb metabolic processes and chaperone-mediated protein folding.
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Fig. 8. GO enrichment analysis of DSGs identified dysregulated pathways downstream of Ance or Ance3 knockdown. (A) Lollipop plot showing the most significant
GO molecular pathways terms enriched in DSGs identified in flies with Ance knockdown. (B) Lollipop plot showing the most significant GO cell component terms
enriched in DSGs downstream of Ance knockdown. (C) Lollipop plot showing the most significant GO molecular pathway terms enriched in DSGs identified in flies
with Ance3 knockdown. (D) Lollipop plot showing the most significant GO cell component terms enriched in DSGs downstream of Ance3 knockdown. In A-D, GO
terms are sorted by FDR (<0.05) with the colour of the lollipops representing the values of the enrichment analysis relative to the other displayed terms (brighter red
is more significant) and the size of the dots representing the number of genes that comprise the term.

However, it is notable that several genes involved in synapse function
were found to be alternatively spliced, and this can help explain the
motor behaviour deficits observed on loss of function of either of the two
ACE2 Drosophila orthologues. It is still unclear how reduced levels of
Ance or Ance3 leads to such consequential changes. Similar to ACE2,
their human counterpart, Ance and Ance3 are predicted to act as met-
allopeptidases and, for Ance, this was experimentally confirmed
[62,63]. Previous studies have shown a requirement for Ance during
metamorphosis where it may process a developmental peptide hormone
or, in concert with other peptidases, it may be involved in the recycling
of larval protein amino acids for use in the synthesis of adult proteins
[64]. The substrates catalysed by Ance or Ance3 remain unknown [27],
therefore it is plausible that their incorrect processing is the trigger for
the transcriptional alterations we observed in Ance and Ance3 knock-
down flies.

The utility of Drosophila for understanding SARS-CoV-2 infection and
the resulting disease manifestations has been solidified by various
studies spurred by the global health emergency of the COVID-19
pandemic [25-27]. Drosophila has thus been exploited to investigate
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virus-host interactions and pathogenicity with studies demonstrating
toxicity of various SARS-CoV-2 proteins [24,65]. Furthermore, a recent
study which reported on the differential expression of Drosophila ACE2
orthologues in obesity, diabetes and aging models highlighted the use of
the fly model in understanding the reasons why certain categories of
individuals are more susceptible to COVID-19 severity [66]. The iden-
tification of chemicals that mitigate phenotypes linked to SARS-CoV-2
protein expression also shows the potential of flies as a powerful in
vivo drug discovery platform [24,65]. Here, we add to these studies by
showing that Drosophila can also be utilised to model the neuromuscular
manifestations observed in COVID-19 patients. Importantly, our find-
ings favour the possibility that these can partly arise from a down-
regulation of ACE2. We also provide a mechanism by identifying several
transcriptomic alterations expected to disrupt neuromuscular synaptic
transmission upon loss of the ACE2 orthologues in Drosophila. Our study
underscores Drosophila as a valuable in vivo model for understanding
COVID-19 and cements its utility as a powerful tool in our arsenal in
preparation for future coronavirus outbreaks.
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Table 1
Genes with a synaptic function that are alternatively spliced downstream of Ance
loss of function.

Table 2

BBA - Molecular Basis of Disease 1869 (2023) 166818

Genes with a synaptic function that are alternatively spliced downstream of
Ance3 loss of function.

Gene Protein Alternative Function Gene Protein Alternative Function
Splicing Splicing
Events Events
Atpalpha  Na pump o subunit SE An integral membrane cation Acsl Acyl-CoA A5SS A protein with palmitoyl-
antiporter protein that synthetase long- CoA ligase activity that
shuttles Na* and K" across chain regulates axonal transport
the plasma membrane to of synaptic vesicles and is
maintain ion homeostasis and required for synaptic
is required for synaptic development and
assembly and transmission transmission
Cirl Calcium- A5SS G-protein coupled receptor Ank2 Ankyrin 2 SE A cytoskeletal binding
independent required for adult locomotory protein required for NMJ
receptor for behaviour development and synaptic
o-latrotoxin transmission
cv-c crossveinless ¢ MXE, A5SS,RI A RhoGTPase activating CaMKII Calcium/ A3SS, MXE, A key regulator of
protein that regulates calmodulin- SE plasticity in synaptic
synaptic homeostasis at the dependent protein physiology and behaviour
NMJ kinase II
1(2)gl lethal (2) giant SE A tumour suppressor protein CDase Ceramidase A5SS A protein that regulates
larvae that regulates NMJ synapse synaptic vesicle exocytosis
morphology and function and trafficking by
Mical Molecule MXE, R], SE A redox enzyme that controlling presynaptic
interacting with regulates myofilament terminal sphingolipid
CasL organisation and NMJ composition
structure CG1909 NA A5SS, RI A protein predicted to be
nSyb neuronal A3SS A SNARE involved in synaptic involved in cholinergic
Synaptobrevin vesicle fusion and therefore synaptic transmission and
required for synaptic positive regulation of
signalling neuromuscular synaptic
Pak p21-activated A5SS A serine/threonine effector transmission
kinase kinase that coordinates elF4E1 eukaryotic SE A protein essential for cap-
structural and functional translation dependent translation of
synapse development at the initiation factor mRNA that plays a critical
NMJ 4E1 role in retrograde synaptic
Sap47 Synapse-associated RI Protein that associates with homeostasis at the NMJ
protein 47kD synaptic vesicles and is Gli Gliotactin A5SS A transmembrane protein
required for intact synaptic involved in synaptic target
and behavioural plasticity recognition
scrib scribble A5SS A scaffolding protein that homer Homer A3SS An adaptor protein that
regulates synaptic plasticity binds to group I
and synaptic vesicle metabotropic glutamate
dynamics receptors, localizing to the
Sdc Syndecan A5SS, SE A transmembrane heparan synapse
sulphate proteoglycan that 1(2)gl lethal (2) giant SE A tumour suppressor
promotes synapse growth at larvae protein that regulates NMJ
the larval NMJ synapse morphology and
588 shaggy RI A glycogen synthase kinase function
required for synaptic lap like-AP180 MXE A protein involved in
assembly at the NMJ clathrin-mediated
sif still life A3SS A guanine nucleotide endocytosis at the NMJ
exchange factor that localizes Mical Molecule MXE, SE A redox enzyme that
to presynaptic terminals and interacting with regulates myofilament
regulates synaptic growth of CasL organisation and NMJ
NMJs structure
unc-13 unc-13 SE, RI A protein involved in nAChRalpha5  nicotinic A5SS A subunit of the nicotinic
synaptic vesicle exocytosis Acetylcholine acetylcholine receptor
. K k . K ) B . Receptor a5 involved in synaptic
Abbreviations: A3SS = alternative 3’ splice site; A5SS = alternative 5 splice transmission
site; MXE = mutually exclusive exon; NMJ = neuromuscular junction; RI = Pak p2l-activated A5SS A serine/threonine
retained intron; SE = skipped exon. kinase effector kinase that
coordinates structural and
CRediT authorship contribution statement functional synapse
development at the NMJ
PpHCI-1 pH-sensitive MXE A channel protein
Paul Herrera: Investigation, Methodology, Formal analysis, Data chloride channel 1 involved in chloride
curation, Visualization, Writing — review & editing. Ruben J. Cauchi: transmembrane transport
Conceptualization, Methodology, Investigation, Formal analysis, Data predicted to be involved in
. s .. epe . eps . . synaptic transmission
curation, Writing — original draft, Writing — review & editing, Visuali- Spn Spinophilin SE A scaffold protein that
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Abbreviations: A3SS = alternative 3' splice site; A5SS = alternative 5’ splice
site; MXE = mutually exclusive exon; NMJ = neuromuscular junction; RI =
retained intron; SE = skipped exon.
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