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TDP-43 prevents retrotransposon activation
in the Drosophila motor system through
regulation of Dicer-2 activity
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Abstract

Background: Mutations in the small RNA-binding protein TDP-43 lead to the formation of insoluble cytoplasmic
aggregates that have been associated with the onset and progression of amyotrophic lateral sclerosis (ALS), a
neurodegenerative disorder affecting homeostasis of the motor system which is also characterized by aberrant
expression of retrotransposable elements (RTEs). Although the TDP-43 function was shown to be required in the
neurons and glia to maintain the organization of neuromuscular synapses and prevent denervation of the skeletal
muscles, the molecular mechanisms involved in physiological dysregulation remain elusive. Here, we address this
issue using a null mutation of the TDP-43 Drosophila homolog, TBPH.

Results: Using genome-wide gene expression profiles, we detected a strong upregulation of RTE expression in
TBPH-null Drosophila heads, while the genetic rescue of the TDP-43 function reverted these modifications.
Furthermore, we found that TBPH modulates the small interfering RNA (siRNA) silencing machinery responsible for
RTE repression. Molecularly, we observed that TBPH regulates the expression levels of Dicer-2 by direct protein-
mRNA interactions in vivo. Accordingly, the genetic or pharmacological recovery of Dicer-2 activity was sufficient to
repress retrotransposon activation and promote motoneuron axonal wrapping and synaptic growth in TBPH-null
Drosophila.

Conclusions: We identified an upregulation of RTE expression in TBPH-null Drosophila heads and demonstrate that
defects in the siRNA pathway lead to RTE upregulation and motoneuron degeneration. Our results describe a novel
physiological role of endogenous TDP-43 in the prevention of RTE-induced neurological alterations through the
modulation of Dicer-2 activity and the siRNA pathway.
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Background
Amyotrophic lateral sclerosis (ALS) is a devastating dis-
ease that affects the homeostasis of the motor system, de-
fined by motoneurons and the associated glia, leading to
muscle denervation, progressive paralysis, and neurode-
generation. Regarding the pathological mechanisms of the
disease, studies performed in brain tissues obtained from

deceased patients revealed the presence of insoluble aggre-
gates of the small ribonuclear protein TDP-43 distributed
along the cytoplasm and outside the cell nucleus [1–3].
These modifications strongly correlate with the symptoms
of the disease and were observed in the great majority of
the sporadic and familial cases of ALS [4]. However, it is
still a matter of debate how histological alterations in
TDP-43 lead to neurodegeneration. In this direction, ex-
periments performed in transgenic animals indicated that
TDP-43 is an aggregation-prone protein that induces neu-
rodegeneration when overexpressed in neuronal tissues

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: fabian.feiguin@icgeb.org
International Centre for Genetic Engineering and Biotechnology, Padriciano
99, 34149 Trieste, Italy

Romano et al. BMC Biology           (2020) 18:82 
https://doi.org/10.1186/s12915-020-00816-1

http://crossmark.crossref.org/dialog/?doi=10.1186/s12915-020-00816-1&domain=pdf
http://orcid.org/0000-0002-8486-7546
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:fabian.feiguin@icgeb.org


[5–10]. Moreover, analogous research lines showed that
TDP-43 variants carrying mutations linked to familial
cases of ALS were more predisposed to form aggregates
and, in addition, more neurotoxic [11–16]. On the other
hand, the formation of insoluble aggregates may also dis-
rupt the physiological function of the endogenous protein
and lead to neurodegeneration through mechanisms re-
lated with the absence of TDP-43 function in the nucleus.
In relationship with these observations, we demonstrated
that the suppression of the TDP-43 homolog protein in
Drosophila (TBPH) faithfully reproduced in flies the main
characteristics of the human disease alike paralysis, moto-
neuron degeneration, and reduced life span [17, 18].
Moreover, we described that TBPH function is perman-
ently required in the neurons and glia to maintain the mo-
lecular organization of the neuromuscular synapses as
well as prevent the denervation of the skeletal muscles
[19, 20], supporting the idea that deficiencies in TBPH
function may conduct to ALS by interfering with the
physiological regulation of critical metabolic pathways in-
side the motor system. In order to identify these mole-
cules, we performed a transcriptome comparison of gene
expression profiles between wild-type and TBPH-null mu-
tant adult head tissues. Intriguingly, we observed that the
absence of TBPH provoked the upregulation of notorious
families of conserved retrotransposons that included the
endogenous retrovirus (ERV) gypsy. In addition, we found
that the genetic recovery of TBPH activity prevented the
activation of these elements, revealing that the endogen-
ous function of TBPH is required for retrotransposon re-
pression. In the present study, we tested the hypotheses
described above and explored the mechanisms regulated
by TBPH in retrotransposons silencing. Moreover, we in-
vestigated the neurological consequences of ERV activa-
tion in TBPH-null flies and examined if similar regulatory
pathways are conserved in human neuroblastoma cells. Fi-
nally, we tested novel pharmacological compounds and
therapeutic strategies to compensate for the defects of
TBPH loss of function in the repression of retrotrans-
poson activation. We hope that our results will provide
novel arguments to understand the disease process and fa-
cilitate the way to novel curative interventions in ALS.

Results
The lack of TBPH induces the expression of
retrotransposons in Drosophila
We have previously indicated that the molecular function
of TBPH is permanently required in Drosophila motoneu-
rons to prevent muscle denervation, locomotive defects,
and early neurodegeneration [19]. In order to identify the
molecules involved in the neurodegenerative process initi-
ated by the absence of TBPH, we utilized Drosophila mel-
anogaster to analyze the differences in the patterns of
gene expression between wild-type and TBPH-minus flies.

For these experiments, the mRNAs expressed in adult
heads of TBPH-null alleles (tbphΔ23 and tbphΔ142) and
wild-type controls were isolated to hybridize GeneChip
Drosophila Genome 2.0 Arrays (Additional file 1 Table 1
“w11118 vrs tbphD23”, Additional file 2 Table 2 “W1118
vrs tbphD142”). Intriguingly, the statistical analysis of
these experiments revealed that 12 out of the 79 transpo-
sons, present in the microarray, appeared dysregulated in
TBPH-minus alleles compared to wild type (Fig. 1a and
Additional file 3 Fig. S1a-b). In this fashion, we observed
that the great majority of the altered transposons belonged
to the long terminal repeat (LTR) family of retrotranspo-
sons. In particular, we found that accord and gypsy were
the LTRs that presented the highest levels of upregulation
in TBPH-mutant heads (Fig. 1a). The modifications de-
scribed in the microarray were independently confirmed
by quantitative RT-PCR (qRT-PCR) using different com-
binations of primers against the RNA sequences tran-
scribed from these elements (Fig. 1b). In addition, we
detected that the glycoprotein env, codified by gypsy [21],
appeared upregulated in TBPH-minus heads compared to
controls confirming through different methodologies that
the activity of the retrotransposons was increased in
TBPH-mutant tissues (Fig. 1c). More importantly, we
found that the genetic expression of the TBPH protein
was able to repress the activation of accord and gypsy in
TBPH-mutant backgrounds demonstrating that the role
of TBPH in the repression of these elements was rather
specific (Fig. 1b, c).

The activation of retrotransposons causes motoneuron
degeneration in TBPH-null flies
The observations related above indicate that the en-
dogenous function of the TBPH might be required to
prevent the activation of retrotransposons in vivo. Fur-
thermore, the data also suggests that the mobilization of
these elements may contribute to the phenotypes pro-
voked by the absence of TBPH function in Drosophila
neurons. To test these possibilities, we treated TBPH-
null flies with different combinations of nucleoside and
non-nucleoside revert transcriptase inhibitors (NRTI
and NNRTI) [22]. As a result, we observed that the oral
administration of the NRTIs: stavudine, azidotimidine,
tenofovir, and abacavir, together with the NNRTI rilpi-
virine was able to revert the locomotive defects de-
scribed in TBPH-minus third instar larvae, indicating
that the activation of RTEs contributed to these pheno-
types (Fig. 2a, b and Additional file 4 Fig. S2a). In this
direction, we decided to analyze more in detail the
neurological consequences of gypsy upregulation in
TBPH-minus Drosophila. This is because gypsy is a very
active retrotransposon in Drosophila, responsible for the
majority of the spontaneous mutations described in flies
[23], and more significantly, the upregulation of this
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Fig. 1 (See legend on next page.)
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retrotransposon was already associated with the neuro-
degenerative phenotypes induced by the overexpression
of human TDP-43 in flies [24]. Additionally, gypsy pre-
sents strong similarities with the viral protein HERV-K,
a human endogenous retrovirus recently detected in pa-
tients with ALS [25–27]. Therefore, to test the role of
gypsy in TBPH-null phenotypes, we decided to silence
the expression of this element in tbphΔ23 homozygous
flies. For these experiments, we utilized transgenic flies
carrying RNAi constructs against the endogenous
mRNA sequence of gypsy (gypsy-IR) cloned in UAS ex-
pression vectors [28]. Consequently, we found that the
neuronal expression of two independent RNAi lines
against gypsy (gypsy-IR3 and IR4) utilizing the pan-
neuronal driver elav-GAL4 or the more restricted moto-
neuronal promoter D42-GAL4 were able to significantly
revert the locomotive phenotypes observed in TBPH-
minus third instar larvae (tbphΔ23/tbphΔ23; elav-GAL4 or
D42-GAL4/gypsy-IR3-IR4) compared to control flies ex-
pressing an RNAi against GFP (tbphΔ23/tbphΔ23; elav-
GAL4 or D42-GAL4/GFP-IR) (Fig. 2c). Surprisingly, we
noticed that the genetic rescue of the locomotive behav-
iors induced by the suppression of gypsy in TBPH-null
backgrounds was correlated with the continuous growth
of the presynaptic terminals (Fig. 2d, e) and the forma-
tion of the glutamate receptor clusters present at the
postsynaptic membranes (Fig. 2f, g), demonstrating that
the abnormal activation of gypsy negatively contributes
to the assemble of the neuromuscular synapses and im-
pairs muscle innervation. Subsequently, we noticed that
the suppression of gypsy in glial cells, using repo-GAL4
(tbphΔ23/tbphΔ23; repo-GAL4/gypsy-RI3), was not able to
rescue the locomotive phenotypes occasioned by the ab-
sence of TBPH (Additional file 4 Fig. S2b), suggesting
that the repression of gypsy in the glia may not be suffi-
cient to revert the neurological defects induced by the
lack of TBPH function in Drosophila brains.

TBPH controls the silencing of retrotransposons by
regulating the expression levels of Dicer-2
The retrotransposons have the capacity to transcribe them-
selves through RNA intermediates [23, 29]. In physiological
conditions, the expression of these elements is maintained
under repression through the synthesis of small interference

RNAs (siRNAs). These molecules present a typical size of
21–23 nucleotides and mediate the post-transcriptional re-
pression of the retrotransposons through the formation of
RNA-induced silencing complexes (RISC) [30]. The conser-
vation of the siRNAs sequences among different species is
very high, as well as their expression patterns that include
different somatic tissues and the brain [31, 32]. Regarding to
that and considering that the expression levels of retrotran-
sposons were upregulated in TBPH-null flies, we decided to
test whether the siRNA silencing machinery was affected in
TBPH-mutant flies compared to wild-type controls. To test
this hypothesis, we took advantage of a previously described
methodology based on the co-expression of a GFP-IR con-
struct together with a GFP reporter in transgenic flies [24,
33]. Along these lines, differences in the expression levels of
the GFP reporter (quantified by western blot) would reflect
the efficiency of the RNA silencing machinery in the differ-
ent genetic backgrounds. Accordingly, we utilized D42-
GAL4 to express the constructs described above and ob-
served that wild-type motoneurons were able to silence the
GFP reporter in a more efficient manner compared to
TBPH-minus flies (Fig. 3a), indicating that the activity of
TBPH is required for the normal functioning of the siRNA
machinery in vivo. In order to identify the molecular mecha-
nisms behind these alterations, we investigated whether the
expression levels of the different components of the siRNA
machinery were affected in TBPH-mutant heads. For these
experiments, we utilized qRT-PCR technics to test the brain
levels of the principal constituents of the RISC complex like
Dicer-2, loquacious, and Argonaute 2. A different group of
genes, previously associated with the silencing of LTR such
as piwi, pasha, and homeless, was similarly analyzed [34].
Interestingly, we found that the RNase Dicer-2 (Dcr-2) was
the only transcript that presented mRNA levels significantly
downregulated in TBPH-null alleles (Fig. 3b and
Additional file 5 Fig. S3). Furthermore, we observed that the
protein levels of Dcr-2 were equally downregulated in mu-
tant fly heads compared to controls (Fig. 3c). More relevant,
we found that the suppression of TDP-43 in human neuro-
blastoma SH-SY5Y cells produced a similar reduction in the
expression levels of the human Dicer protein (Fig. 3d) sug-
gesting that these modifications are, apparently, conserved
among the species [35]. In order to understand how TBPH
may regulate the levels of Dcr-2 expression, we decided to

(See figure on previous page.)
Fig. 1 RTEs are upregulated in TBPH mutants. a Microarray results showing upregulated TEs in TBPH-null mutants: the fold changes are reported
for both tbph mutant alleles (Δ23 and Δ142) and referred to w1118; TE family and class were also indicated. n = 3 (biological replicates). b Real-
time quantitative PCR reveals accord and gypsy transcript levels normalized on Rpl11 (housekeeping) in w1118 - tbphΔ23,elav-GAL4/tbphΔ23; UAS-
GFP/+ and tbphΔ23,elav-GAL4/tbphΔ23,UAS-TBPH. n = 3 (biological replicates, with 3 technical replicates for each), error bars SEM. c Western blot
analysis of Drosophila env levels in Δtb-gypsy-IR (tbphΔ23,elav-GAL4/tbphΔ23; UAS-gypsy-IR/+), ctrl (tbphΔ23,elav-GAL4/+), Δtb-GFP-IR (tbphΔ23,elav-
GAL4/tbphΔ23; UAS-GFP-IR/+), and Δtb-TBPH (tbphΔ23,elav-GAL4/tbphΔ23,UAS-TBPH). Adult brains, 1 day old, were probed with anti-ENV and
alpha-tubulin antibodies. The same membrane was probed with the two antibodies and the bands of interest were cropped. Quantification of
normalized amounts and SD was reported below each lane. n = 2 (biological replicates). *p < 0.05, **p < 0.01, ***p < 0.001 calculated by one-way
ANOVA, error bars SEM. Individual data values are provided in Additional file 6: Individual Data Values.pdf
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explore if these molecules were able to physically interact
in vivo. In support of this idea, we identified the presence of
TBPH putative binding sites in the coding sequence of Dcr-2
mRNA, indicating that these molecules could interact
in vivo. For these experiments, we expressed a FLAG-tagged
isoform of TBPH in Drosophila neurons and performed
pull-down assays from fly head tissues [18, 19]. In this man-
ner, we found that the mRNA of Dcr-2 appeared highly
enriched in TBPH immunoprecipitated samples compared

to similar experiments performed utilizing a modified variant
of this protein that is unable to bind the RNA (TBPH-
RBDmut), [36, 37], confirming that these molecules physically
interact in vivo (Fig. 3e). In addition, we observed that TBPH
was also capable to interact with Dcr-2 at the protein level
demonstrating that these molecules form part of the same
protein complex in Drosophila neurons (Fig. 3f). Altogether,
our results reveal that TBPH may modulate the efficiency of
the siRNA machinery through the regulation of Dcr-2

Fig. 2 Pharmacological and genetic suppression of RTEs revert TBPH mutant phenotypes. a Number of peristaltic waves of Ctrl (w1118) and Δtb
(tbphΔ23/tbphΔ23) fed with NRTI drugs (D) compared to vehicle only (V). n = 20. b Number of peristaltic waves of Ctrl (w1118) and Δtb (tbphΔ23/
tbphΔ23) fed with NNRTI drugs (D) compared to vehicle only (V). n = 20. c Number of peristaltic waves of Ctrl (w1118), Δtb-GFP-IR (tbphΔ23,elav-
GAL4/tbphΔ23; UAS-GFP-IR/+), Δtb-gypsy-IR3 (tbphΔ23,elav-GAL4/tbphΔ23; UAS-gypsy-IR3/+), and Δtb-gypsy-IR4 (tbphΔ23,elav-GAL4/tbphΔ23; UAS-
gypsy-IR4/+). n = 20. d Confocal images of third instar NMJ terminals in muscle 6/7 second segment stained with anti-HRP (in green) in Ctrl, Δtb-
GFP-IR, and Δtb-gypsy-IR3. e Quantification of branch number. n = 15. f Confocal images of third instar NMJ terminals in muscle 6/7 second
segment stained with anti-HRP (in green) and anti-GluRIIA (in magenta) in Ctrl, Δtb-GFP-IR, and Δtb-gypsy-IR3. g Quantification of GluRIIA
intensity. n > 200 boutons. *p < 0.05, **p < 0.01, ***p < 0.001 calculated by one-way ANOVA, error bars SEM. Scale bar 10 μm (d) and 5 μm (f)
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expression levels in Drosophila neurons. Furthermore, TBPH
could also have a role in Dcr-2 activity throughout the for-
mation of RISC complexes by direct protein-protein
interactions.

The re-establishment of Dcr-2 levels in TBPH-minus
motoneurons or glial cells promotes synaptic growth and
muscle innervation
The data described above indicates that the endogenous
TBPH protein is physiologically required to prevent the acti-
vation of retrotransposons by mechanisms related with the
regulation of Dcr-2 levels in Drosophila brains. In order to
test this hypothesis, we decided to recover the expression

Fig. 3 TBPH physically interacts and influences Dcr-2 levels. a Western blot analysis of lane 1 (+/+;D42-GAL4,UAS-EGFP/+), lane 2 (+/+;D42-
GAL4,UAS-EGFP/UAS-GFP-IR), lane 3 (tbphΔ23/tbphΔ23; D42-GAL4,UAS-EGFP/+), and lane 4 (tbphΔ23/tbphΔ23; D42-GAL4,UAS-EGFP/UAS-GFP-IR).
Adult brains, 1 day old, were probed with anti-GFP and alpha-tubulin antibodies. The same membrane was probed with the two antibodies, and
the bands of interest were cropped. Quantification of normalized amounts was reported below each lane. n = 2 (independent biological
replicates). b Real-time PCR of Dcr-2 transcript levels normalized on Rpl11 (housekeeping) in adult heads of w1118 and tbphΔ23/tbphΔ23. n = 3
(independent biological replicates, with 2 technical replicates for each), *p < 0.05, calculated by two-tailed t test, error bars SEM. c Western blot
analysis of w1118 and tbphΔ23/tbphΔ23 adult brains probed with anti-Dicer and anti-actin antibodies. The same membrane was probed with the
two antibodies, and the bands of interest were cropped. Quantification of normalized amounts and SD was reported below each lane. n = 4
(independent biological replicates), *p < 0.05, calculated by two-tailed t test. d Western blot analysis on human neuroblastoma (SH-SY5Y) cell line
probed for anti-Dicer, anti-GAPDH, and anti-TDP-43 in siGFP (GFP ctrl) and siTDP-43 (TDP-43 silenced). The same membrane was probed with the
three antibodies, and the bands of interest were cropped. Quantification of normalized protein amount and SD was reported below each lane.
n = 3 (independent biological replicates), **p < 0.01, calculated by two-tailed t test. e qRT-PCR analysis of mRNAs immunoprecipitated by FLAG-
tagged TBPH (Elav>TBPH) and its mutant variants TBPH-RBDmut (Elav>TBPH-RBDmut). The dicer-2 enrichment folds were referred to as rpl-11
(negative control), and syntaxin has been used as a positive control. n = 2 (biological replicates). f Western blot analysis of TBPH (GMR-GAL4/UAS-
TBPH) and + (GMR-GAL4/+). Input, depleted, and immunoprecipitated (IP) materials were analyzed, probing the membrane with anti-TBPH, anti-
Dicer, and anti-GAPDH. n = 4 (biological replicates). Individual data values are provided in Additional file 6: Individual Data Values.pdf
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levels of Dcr-2 in TBPH-mutant backgrounds. For these ex-
periments, transgenic flies containing the Dcr-2 gene cloned
under UAS regulatory sequences (UAS-Dcr-2) were crossed
against insects carrying the pan-neuronal driver elav-GAL4
or the more constrained motoneurons promoter D42-GAL4.
Strikingly, we observed that the expression of UAS-Dcr-2 in
neurons or motoneurons was sufficient to revert the serious
locomotive problems shown in TBPH-null larvae (tbphΔ23/
tbphΔ23; elav-GAL4 or D42-GAL4/UAS-Dcr-2) compared to
identical flies expressing the unrelated protein GFP (tbphΔ23/
tbphΔ23; elav-GAL4 or D42-GAL4/UAS-GFP) (Fig. 4a).
Moreover, we found that the recovery of the fly locomotion
was complemented by the outgrowth of the motoneuron
synaptic terminals and the innervation of the underlying
muscles (Fig. 4b, c). These modifications were
followed by the reorganization of the glutamate recep-
tor clusters at the postsynaptic membranes (Fig. 4d,
e). Furthermore, we detected that the expression of
UAS-Dcr-2 was able to prevent the augmented ex-
pression of gypsy in TBPH-mutant brains (Fig. 4f),
demonstrating that the alterations in Dcr-2 activity
were responsible for the pathological activation of
gypsy and the neurological phenotypes associated with
the absence of TBPH. In the same direction, we
found that the expression of Dcr-2 in glial cells with
repo-GAL4 (tbphΔ23/tbphΔ23; repo-GAL4/UAS-Dcr-2)
was likewise sufficient to rescue the locomotive defi-
ciencies observed in TBPH-minus flies (Fig. 4a). At
the cellular level, we detected that the expression of
Dcr-2 stimulated the glial wrapping of the motoneu-
rons axons through the enlargement of the cytoplas-
mic area covered by the peripherical glia at the NMJs
(Fig. 4g, h). In addition, the expression of Dcr-2 in
glial tissue was able to induce the non-autonomous
growth of the neuromuscular synapses (Fig. 4j) reveal-
ing the unexpected role of Dcr-2 in these tissues to
sustain synaptic development. Taken together, the re-
sults described above predict that therapeutic inter-
ventions aimed to potentiate Dcr-2 activity, along
with the siRNA machinery, would be beneficial to
prevent the neurological problems triggered by alter-
ations in TBPH function. In support of this idea, we
observed that TBPH-minus larvae treated with enoxa-
cin [38] were able to significantly recover their loco-
motive capacities and motoneuron innervation
patterns (Fig. 4k–m) confirming, through a different
approach, the role of Dcr-2 in TBPH-minus pheno-
types and proposing that similar therapeutic strategies
could be beneficial in patients with ALS.

Discussion
The aberrant activation of retrotransposons (RTEs) was ob-
served in brain tissues obtained from individuals affected by
distinctive neurodegenerative diseases and described in

patients carrying familial or sporadic mutations in TDP-43,
insinuating that this RNA-binding protein might be in-
volved in the mechanisms responsible for RTE repression.
In agreement with this hypothesis, Krug et al. have previ-
ously demonstrated that the overexpression of human
TDP-43 induce neurodegeneration through the activation
of RTEs by mechanisms related with the disruption of the
siRNA machinery in Drosophila [24]. However, these ex-
periments did not elucidate if these phenotypes correspond
to the endogenous function of TDP-43 or rather represent
the dominant interference of this protein with its numerous
mRNA targets and/or protein partners. In that respect, it
remains a matter of debate whether the physiological func-
tion TDP-43 is required to maintain the repressed status of
RTEs and the molecular mechanisms involved. Regarding
that, we performed a genome-wide analysis using DNA mi-
crochips hybridized with head tissues obtained from null al-
leles of TBPH, the TDP-43 homolog protein Drosophila.
As a result, we found a number of RTEs that appeared con-
sistently dysregulated in tbphΔ23- and tbphΔ142-mutant flies,
and these positive hits were further confirmed by quantita-
tive RT-PCR. Furthermore, we observed that one of the
most upregulated RTEs was gypsy and confirmed that the
glycoprotein env, codified for this retrotransposon, was also
upregulated in TBPH-mutant heads. In addition, we
showed that the genetic rescue of the missing copies of
TBPH was able to repress the activation of RTEs and revert
the upregulation of the env protein observed in TBPH-null
backgrounds, demonstrating that these molecular alter-
ations were specific.

The activation of RTEs provokes motoneuron
degeneration in TBPH-null flies
Regarding the biological implications of the results
described above, several lines of investigation have
suggested that the mobilization of the RTEs provokes
neuronal decline and degeneration [24, 39, 40]. On
the contrary, parallel studies have reported that the
activation of the retrotransposons drives genomic het-
erogeneity and promotes neurogenesis [41]. Taking
into consideration these possible scenarios, we found
that the suppression of retrotransposons transcription,
through the administration of revert transcriptase in-
hibitors and/or nucleoside revert transcriptase inhibi-
tors, was able to ameliorate the locomotive problems
described in TBPH-minus flies. More specifically, we
observed that the suppression of gypsy in neurons or
motoneurons was sufficient to revert locomotive defects
and promote motoneuron synaptic growth and muscle in-
nervation in Drosophila TBPH-null mutants. These results
imply that TBPH is physiologically required to prevent the
deleterious activation of these transposable elements in
neurons and, more restrictedly, in motoneurons. The fact
that alterations in the loss and gain of TDP-43/TBPH
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function similarly promote the activation of RTEs corre-
lates very well with the pathological scenario observed in
ALS brains. Accordingly, the vast majority of patients
present defects in the nuclear localization of this protein
with an increased accumulation of TDP-43 forming insol-
uble aggregates in the cytoplasm making the pathological
interpretation of these alterations difficult, if not, how to
distinguish between defects occasioned from the loss of
the nuclear function of TDP-43 and effects due to the
toxic gain of function of this protein in the cytoplasm.
These possibilities are a matter of strong debate in the
ALS field, and in that respect, our studies demonstrate
that alterations in the nuclear role of TBPH are sufficient
to provoke the pathological activation of RTEs and sug-
gest that a tight regulation of TDP-43 activity or `cellular
distribution is required to prevent retrotransposon activa-
tion in the affected brains.

TBPH prevents RTE-mediated neurodegeneration via the
regulation of Dcr-2 levels
At the molecular level, we found that the RNA silencing ac-
tivity of the siRNA machinery was reduced in TBPH-null
neurons. Additionally, we detected that Dcr-2, one of the
principal components of the siRNA pathway, was downregu-
lated in TBPH-mutant heads suggesting that defects in the
activity of this endoribonuclease might be responsible for the
alterations in the repression of RTEs as described above. In
agreement with these hypotheses, we observed that the gen-
etic rescue of Dcr-2 expression levels was able to prevent the
activation of the gypsy and support motoneuron axon ter-
minal growth in TBPH loss of function Drosophila. Regard-
ing that, we found that the expression of Dcr-2 in glial
tissues was similarly able to revert the motility defects speci-
fied in TBPH-minus flies, the glial wrapping of motoneuron
axons, and the non-autonomous formations of new synaptic
branches (Fig. 4a, g–j) suggesting that the activation of the
siRNA machinery positively contributed to the proper func-
tioning of the glia, most probably, via the repression of differ-
ent retrotransposons and/or by playing a role in the

organization of the heterochromatin [42, 43]. Regarding the
molecular mechanisms, besides TBPH-mediated Dcr-2 regu-
lation, we found that TBPH forms molecular complexes with
Dcr-2 through physical interactions with the mRNA and the
protein itself. Despite the meaning of these interactions is
not well known, TBPH might be required for the intracellu-
lar localization and/or transport of the RISC complex inside
or outside the nucleus or contribute to the binding and rec-
ognition of the RNA targets. Nevertheless, the formation of
similar protein complexes, together with Dicer and Drosha,
was described for human TDP-43 suggesting that these
mechanisms might be conserved and present in ALS [35]. In
agreement with this idea, we found that the suppression of
TDP-43 induces the downregulation of Dicer in human
neuroblastoma cell lines signifying that the TDP-43 function
is required to prevent defects in Dicer protein expression or
stability.

Pharmacological treatments aimed to enhance the siRNA
silencing activity were able to rescue motoneuron defects
in TBPH-null flies
Finally, our experiments demonstrated that TBPH phys-
ically interacts with Dcr-2 in protein complexes signify-
ing that TBPH may act as a regulatory component of the
RNA-induced silencing complexes (RISC) in Drosophila
neurons. In consonance with these findings, we uncov-
ered that pharmacological treatments utilizing enoxacin,
a compound capable to activate the siRNA pathway,
were able to restore the locomotive behaviors and the
formation of neuromuscular synapsis in TBPH-deficient
flies. These therapeutic interventions, either alone or in
combination with NRTIs and NNRTIs, may help to con-
trol the activation of RTEs and, hopefully, the progress
of the disease in familial or sporadic ALS.

Conclusions
In this study, we performed a genome-wide analysis of
gene expression profiles and identify a number of RTEs
highly upregulated in TBPH-null Drosophila heads.

(See figure on previous page.)
Fig. 4 Genetic rescue of Dcr-2 expression recovers TBPH mutant pathological phenotypes. a Number of peristaltic waves of Ctrl (w1118), Δtb-
driver>GFP (tbphΔ23/tbphΔ23;driver-GAL4/UAS-GFP), and Δtb-driver>Dcr-2 (UAS-Dcr-2/+;tbphΔ23/tbphΔ23;driver-GAL4/+). elav-GAL4, D42-GAL4,
and repo-GAL4 were used as reported on the figure. n = 20. b Confocal images of third instar NMJ terminals in muscle 6/7 second segment
stained with anti-HRP (in green) in Ctrl, Δtb-driver>GFP, and Δtb-driver>Dcr-2, using elav-GAL4. c Quantification of branch number. n = 15. d
Confocal images of third instar NMJ terminals in muscle 6/7 second segment stained with anti-HRP (in green) and anti-GluRIIA (in magenta) in
Ctrl, Δtb-driver>GFP, and Δtb-driver>Dcr-2, using elav-GAL4. e Quantification of GluRIIA intensity. n > 200 boutons. f Real-time PCR of gypsy
transcript levels normalized on Rpl11 (housekeeping) in Ctrl, Δtb-driver>GFP, and Δtb-driver>Dcr-2, using elav-GAL4. n = 2, error bars SEM. g
Confocal images of third instar NMJ terminals in muscle 6/7 second segment stained with anti-HRP (in magenta) for presynaptic membrane and
anti-GFP (in green) for peripheral glia in Ctrl (+/+;repo-GAL4,UAS-GFP/+), Δtb-GFP (tbphΔ23/tbphΔ23;repo-GAL4,UAS-GFP/+), and Δtb-Dcr-2 (UAS-
Dcr-2/+;tbphΔ23/tbphΔ23;repo-GAL4,UAS-GFP/+). h Quantification of glial area. n = 10 larvae. j Quantification of branch number. n = 10. k Number
of peristaltic waves of GFPi (Dcr-2/+; tbphΔ23,elav-GAL4/+;UAS-GFP-IR/+) and TBi (Dcr-2/+; tbphΔ23,elav-GAL4/+;UAS-TBPH-IR/+) fed with 10 μM
enoxacin (D) compared to vehicle only (V). n = 20. l Confocal images of third instar NMJ terminals in muscle 6/7 second segment stained with
anti-HRP (in green) and anti-GluRIIA (in magenta) in GFPi and TBi. m Quantification of GluRIIA intensity. n > 200 boutons. *p < 0.05, **p < 0.01,
***p < 0.001 calculated by one-way ANOVA, error bars SEM. Scale bar 10 μm (b, g) and 5 μm (d, l)
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Moreover, we demonstrated that the activation of RTEs
provokes motoneuron degeneration in TBPH-minus
flies due to the defects in the Dcr-2 activity and the dis-
ruption of the siRNA silencing machinery. Additionally,
we uncovered that pharmacological treatments aimed
to inhibit transcription of RTEs or activate the siRNA
pathway were able to restore the locomotive behaviors
and the formation of neuromuscular synapsis in TBPH-
mutant flies, suggesting that similar therapeutic inter-
ventions might be beneficial in patients with familial or
sporadic ALS.

Methods
Fly strains and maintenance
All flies were maintained at 25 °C, with a 12:12-h light:
dark cycle, on standard cornmeal food (agar 6.25 g/L,
yeast 62.5 g/L, sugar 41.6 g/L, flour 29 g/L, propionic
acid 4.1 mL/L).
The genotypes of the flies used in this work are indi-

cated as follows:
w1118 - w;tbphΔ23/CyOGFP - w;tbphΔ142/CyOGFP - w;

elav-GAL4/CyOGFP - w;;D42-GAL4 - repo-GAL4/TM3,
Sb - GMR-GAL4/CyO - UAS-Dcr-2 - w;;UAS-EGFP - w;
UAS-TBPH - w;;UAS-TBPH-RBDmut - UAS-gypsy-IR in-
sertion 3 and 4 (gifted by Professor Peng Jin) - UAS-TBPH-
RNAi/TM6b (#ID38377, VDRC) - UAS-mCD8:GFP -
UAS-GFP-IR (#9330 Bloomington). All fly lines used in this
work were backcrossed with w1118 strain in order to
minimize the differences in the genetic background.

Larval movement
Peristaltic waves of third instar larvae were performed as
already described in [17]. Briefly, larvae, after genotype
selection, were rinsed in water and transferred to a 0.7%
agarose dish (94 mm diameter), and peristaltic waves
were counted for a period of 2 min. A minimum of 20
animals were analyzed for each genotype to reach a sta-
tistically representative population.

Drug treatment of larvae
Parental fly crosses were settled on standard cornmeal
added of the below-listed drugs with the reported final
concentration: stavudine 10 μM, azidotimidine 10 μM,
tenofovir 10 μM, abacavir (#SML0089 Sigma) 10 μM, ril-
pivirine (#10410 Sigma) 10 μM, enoxacin (#AB143281
Abcam) 10 μM, and lamivudine (#L1295 Sigma) 10 μM.
For each drug, a vehicle-only control group was ar-
ranged. Parental flies have been maintained 24 h in the
tubes to allow the embryo laying. Synchronized embryos
were grown to obtain third instar larvae to be tested for
mobility or to be analyzed for NMJ morphology.

RNA extraction and microarray analysis
RNA, both from adult dissected brains and adult heads,
was extracted with the RNeasy Microarray tissue kit
(QIAGEN #73304). Gene expression analysis was per-
formed on three independent biological replicates by
GenoSplice company on the Affymetrix platform using
Gene Chip Drosophila Genome 2.0 Array. RNAs ex-
tracted from Drosophila adult heads, 1 day aged and sex-
matched, of both wild-type and TBPH-null alleles
(tbphΔ23 and tbphΔ142) were subjected to quality control
tests before chip hybridization. The min-fold change for
both upregulated and downregulated genes was settled
to 1.5.

Immunohistochemistry, confocal, and acquisition
Third instar larvae bodies were dissected and stained as
previously described [19]. Larvae were dissected in HL-
3, fixed in 4% paraformaldehyde 20 min (5 min in
methanol for anti-GluRIIA), and subsequently blocked
in 5% normal goat serum (Vector laboratories #S-1000)
in PBS and 0.1% Tween 20. Primary antibody incuba-
tions were performed overnight at 4 °C, while secondary
antibodies were incubated at room temperature for 2 h.
Dilutions of the antibodies used are reported as follows:
anti-HRP (Jackson ImmunoResearch 1:150), anti-HRP-
Cy3 (Jackson ImmunoResearch 1:150), anti-GluRIIA
8B4D2c (DSHB 1:15), anti-GFP (Life Technology 1:200),
Alexa-Fluor® 488 (mouse or rabbit 1:500), and Alexa-
Fluor® 555 (mouse or rabbit 1:500).
Stained larvae were mounted with SlowFade Gold

(#S36936 Thermo Fisher Scientific), and images of muscles
6 and 7 of the second abdominal segments were gained on
a Zeiss LSM880 laser scanning microscope (× 63 oil lens).
All acquisitions performed in these experiments were sim-
ultaneously processed using the same microscope settings
and subsequently analyzed by ImageJ (Wayne Rasband,
NIH) and Prism (GraphPad, USA) software.

Quantification of confocal images
Animals analyzed for these experiments were processed
simultaneously and images acquired with the same set-
tings. For the GluRIIA quantification, samples were
double labeled with anti-GluRIIA and anti-HRP: the mean
intensity of both was quantified and a ratio calculated [19,
44]. To label the peripheral glia that covers the presynap-
tic terminals at the NMJ level, a membrane-tethered green
fluorescent protein (UAS—mCD8-GFP) was expressed
using Repo-GAL4 driver. The quantification of glial area
was calculated analyzing the ratio between the area occu-
pied by glial tissue and the area of the presynaptic ter-
minal [20]. All the data were normalized on the control.
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Cell culture and RNA interference
SH-SY5Y neuroblastoma cell line was cultured in
DMEM-GlutaMAX (#31966-021, Thermo Fisher Sci-
entific) supplemented with 10% fetal bovine serum
and 1× antibiotic-antimycotic solution (#A5955;
Sigma). For RNA interference, 2–4 × 105 cells were
seeded in a 60-mm plate in 2 mL of medium contain-
ing 10% fetal serum. Two rounds of silencing, for a
total of 48 h silencing, were carried out. HiPerfect
Transfection Reagent (#301705, Qiagen) and Opti-
MEM I reduced serum medium (#51985-026, Thermo
Fisher Scientific) were used with a 200-nM final con-
centration of siRNA, (TDP43: 5′-gcaaagccaagau-
gagccu-3′ and EGFP control: 5′-
gcaccaucuucuucaagga-3′; Sigma). Silenced cells were
collected by trypsinization, lysed in RIPA buffer, and
immunoblotted.

Immunoblot
Drosophila adult heads or brains were homogenized in
lysis buffer 1× (10 mM Tris, 150 mM NaCl, 5 mM
EDTA, 5 mM EGTA, 10% glycerol, 50 mM NaF, 5 mM
DTT, 4M urea, pH 7.4, plus protease inhibitors and pro-
tein content quantified with Quant-iT Protein Assay Kit
(#Q33211 Thermo Fisher Scientific). SH-SY5Y cells were
homogenized in RIPA buffer (NaCl 150 mM, NP-40 1%,
sodium deoxycholate 0.5%, SDS 0.1%, EDTA 2mM,
Tris 50 mM, pH 8.0) added to protease inhibitors, and
protein lysates were quantified by Pierce™ BCA Pro-
tein Assay Kit (#23225, Thermo Fisher Scientific). Ly-
sates were separated on SDS-PAGE and wet-
transferred to nitrocellulose membranes (#NBA083C,
Whatman). The primary antibody used were anti-Env
(1:100 gifted by Prof. Christophe Terzian), anti-Dcr-2
(1:300 #ab4732, Abcam), anti-h-Dicer (1:3000, #PA5-
78446, Thermo Fisher Scientific), anti-hTDP (1:4000,
#12892-1-AP, ProteinTech), anti-GFP (1:3000,
#A11122, Thermo Fisher Scientific), anti-TBPH (1:
4000, homemade, [17], anti-GAPDH (1:1000 #sc-
25778, Santa Cruz), anti-tubulin (1:2000, #CP06, Cal-
biochem), anti-actin (1:3000, Sigma).

Immunoprecipitation for protein-protein interaction
Approximately one hundred Drosophila heads for each
genotype (GMR-GAL4/UAS-TBPH and GMR-GAL4/+)
were collected by flash freezing and homogenized in im-
munoprecipitation buffer (20 mM Tris pH 7.5, 110 mM
NaCl, 0.5% Triton X-100, and protease inhibitors (Roche
#11836170001)) with a Dounce homogenizer. Lysates
were subjected to 0.4g centrifugation for 5 min to re-
move the largest debris and protein content quanti-
fied by BCA (#23225, Thermo Fisher Scientific).
Equal protein amounts were added to protein G mag-
netic beads (#10003D, Thermo Fisher Scientific)

coated with anti-FLAG-M2 antibody (#F3165, Sigma).
After an overnight incubation on rototor at 4 °C,
beads were subjected to washes and finally heated
70 °C for 10 min in 1× SDS-PAGE loading dye to
elute immunoprecipitated proteins that were subse-
quently immunoblotted with anti-TBPH, anti-Dicer2,
anti-GAPDH, and anti-Actin.

Immunoprecipitation for RNA enrichment
Drosophila heads collected by flash freezing in liquid
nitrogen (elav-GAL4/UAS-TBPH and elav-GAL4/
+;UAS-TBPH-RBDmut/+) were homogenized in immu-
noprecipitation buffer (20 mM HEPES, 150 mM NaCl,
0.5 mM EDTA, 10% glycerol, 0.1% Triton X-100, and 1
mM DTT plus protease inhibitors (Roche
#11836170001)) with a Dounce homogenizer and the
lysate subjected to 0.4g centrifugation for 5 min to re-
move the largest debris. Cleared lysates were added to
protein G magnetic beads (#10003D, Thermo Fisher Sci-
entific) coated with anti-FLAG-M2 antibody (#F3165,
Sigma) and incubated 4 °C for half an hour. After five
washes with immunoprecipitation buffer, beads were
TRIzol (#15596-026, Ambion) treated to extract RNA.

qRT-PCR
RNA was DNAse treated with the TURBO DNA-free™
Kit (#AM1907, Thermo Fisher Scientific) and retrotran-
scribed with Oligo (dT)20 Primer (#18418020, Thermo
Fisher Scientific) and Superscript III Reverse Transcript-
ase (#18080-093, Thermo Fisher Scientific). Real-time
PCR was performed with Platinum SYBR Green qPCR
SuperMIX UDG (#11733-038, Thermo Fisher Scientific)
on a Bio-Rad CFX96 qPCR System. Below are the used
primers:

Target fw-primer rv-primer

RpL11 5′-CCATCGGTATCTATGGTC
TGGA-3′

5′-CATCGTATTTCTGCTGGA
ACCA-3′

Dcr-2 5′-GCTTTTATGTGGGTGAAC
AGGG-3′

5′-GGCTGTGCCAACAAGAAC
TT-3′

Syn 5′-TGTTCACGCAGGGCATCA
TC-3′

5′-GCCGTCTGCACATAGTCC
ATAG-3′

Accord 5′-GGCCTCTTAGGCATGGAT
CT-3′

5′-AGTGGAAGCCTTACCTTG
CT-3′

Blastopia 5′-AGCTGTCTTCAGACGAAC
CG-3′

5′-TCGGGTGTACATCTTGGT
GC-3′

Springer 5′-CATGGCGTGCAACAAAGT
CA-3′

5′-GTTGCCCCTGGTGT
TATGGA-3′

Burdock 5′-CCTTGTTGCGAACCCATG
AC-3′

5′-TTCCCATACTGCCA
ACCTGG-3′

Gypsy 5′-GGCTCCACCGAAATCAAA
CA-3′

5′-GGCCTGTGTTAACAGGTC
CA-3′

Homeless 5′-TGATCGGCACCGAC
TATGTCA-3′

5′-CTTGGCGTAGATGG
ACAAGTT-3′
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qRT-PCR (Continued)

Target fw-primer rv-primer

Ago2 5′-GCTGGGCGATAGGCCATT
TT-3′

5′-GGAGGCGTGTAAAC
CACATTA-3′

Loq 5′-GGCGGATCGGGCTT
ACAAG-3′

5′-CGTTTCGCTGACGAACTT
TAAGG-3′

Piwi 5′-GTGCGCTCAGATCCCAAA
CT-3′

5′-AAGGCTACGGTTCTTGGT
CG-3′

Pasha 5′-TGATGGTGACGGCGAAGA
ATA-3′

5′-ATCCCTCGGGTAGG
ACTTCAA-3′

Statistical analysis
All statistical analysis was performed with Prism
(GraphPad, USA) version 6.0. One-way ANOVA with
Bonferroni correction and two-tailed t test was ap-
plied as a statistical test. In all figures, all the values
were displayed as the mean and the standard error of
the mean (SEM). Statistical significance was displayed
as *p < 0.05, **p < 0.01, and ***p < 0.001.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12915-020-00816-1.

Additional file 1 : Table S1. List of the 1253 Regulated Probesets (Fold-
change ≥ 1,5; P-Value ≤ 0,05).

Additional file 2 : Table S2. List of the 1408 Regulated Probesets (Fold-
change ≥ 1,5; P-Value ≤ 0,05).

Additional file 3 : Fig. S1. a Real time quantitative PCR of blastopia,
burdock and springer transcript levels normalized on Rpl11 (housekeeping)
in w1118 - tbphΔ23,elav-GAL4/tbphΔ23; UAS-GFP/+ and tbphΔ23,elav-GAL4/
tbphΔ23,UAS-TBPH. (2biological replicates, with 3 technical replicates for
each), error bars SEM. b Microarray results of downregulated TEs in TBPH
mutants: the fold change of TEs was reported for both tbph mutant al-
leles (Δ23 and Δ142) referred to w1118; TEs family and class were also
indicated.

Additional file 4 : Fig. S2. a Number of peristaltic waves of Ctrl (w1118)
and Δtb (tbphΔ23/ tbphΔ23) fed with NRTIs drugs (D) compared to
vehicle only (V). n=20. b Number of peristaltic waves of Ctrl (w1118), Δtb-
GFP-IR (tbphΔ23 /tbphΔ23; Repo-GAL4/UAS-GFP-IR) and Δtb-gypsy-IR3
(tbphΔ23/tbphΔ23; Repo-GAL4/UAS-gypsy-IR3). n=20. ns=not significant,
***p<0.001 calculated by one-way ANOVA, error bars SEM.

Additional file 5 : Fig. S3. Real time PCR of Dicer-2 (Dcr-2), Argonaute 2
(Ago2), Pasha, Piwi, Loquacious (Loq) and Homeless transcript levels
normalized on Rpl11 (housekeeping) in adult heads of w1118, tbphΔ23/
tbphΔ23 and tbphΔ142/tbphΔ142. n=2, error bars SEM.

Additional file 6. : Individual data values.

Acknowledgements
We thank Professors Christophe Terzian for the anti-ENV polyclonal antibody,
Peng Jin for the anti-gypsy transgenic flies, Josh Dubnau for his helpful and
thoughtful comments on the manuscript, and the Bloomington Stock Center
and Developmental Studies Hybridoma Bank for the stocks and reagents.

Authors’ contributions
All the authors performed the experiments and discussed the data. FF
supervised the work and wrote the manuscript. All authors read and
approved the final manuscript.

Funding
The present work was supported by ARISLA (CHRONOS) and BENEFICENTIA
Stiftung.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its supplementary information files.

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Received: 20 March 2020 Accepted: 19 June 2020

References
1. Neumann M, Sampathu DM, Kwong LK, Truax AC, Micsenyi MC, Chou TT,

et al. Ubiquitinated TDP-43 in frontotemporal lobar degeneration and
amyotrophic lateral sclerosis. Science. 2006;314:130–3.

2. Arai T, Hasegawa M, Akiyama H, Ikeda K, Nonaka T, Mori H, et al. TDP-43 is a
component of ubiquitin-positive tau-negative inclusions in frontotemporal
lobar degeneration and amyotrophic lateral sclerosis. Biochem Biophys Res
Commun. 2006;351:602–11.

3. Geser F, Martinez-Lage M, Kwong LK, Lee VM-Y, Trojanowski JQ.
Amyotrophic lateral sclerosis, frontotemporal dementia and beyond: the
TDP-43 diseases. J Neurol. 2009;256:1205–14.

4. Sreedharan J, Blair IP, Tripathi VB, Hu X, Vance C, Rogelj B, et al. TDP-43
mutations in familial and sporadic amyotrophic lateral sclerosis. Science.
2008;319:1668–72.

5. Wils H, Kleinberger G, Janssens J, Pereson S, Joris G, Cuijt I, et al. TDP-43
transgenic mice develop spastic paralysis and neuronal inclusions
characteristic of ALS and frontotemporal lobar degeneration. Proc Natl Acad
Sci U S A. 2010;107:3858–63.

6. Tsai K-J, Yang C-H, Fang Y-H, Cho K-H, Chien W-L, Wang W-T, et al. Elevated
expression of TDP-43 in the forebrain of mice is sufficient to cause
neurological and pathological phenotypes mimicking FTLD-U. J Exp Med.
2010;207:1661–73.

7. Shan X, Chiang P-M, Price DL, Wong PC. Altered distributions of Gemini of
coiled bodies and mitochondria in motor neurons of TDP-43 transgenic
mice. Proc Natl Acad Sci U S A. 2010;107:16325–30.

8. Xu Y-F, Gendron TF, Zhang Y-J, Lin W-L, D’Alton S, Sheng H, et al. Wild-type
human TDP-43 expression causes TDP-43 phosphorylation, mitochondrial
aggregation, motor deficits, and early mortality in transgenic mice. J
Neurosci. 2010;30:10851–9.

9. Cannon A, Yang B, Knight J, Farnham IM, Zhang Y, Wuertzer CA, et al.
Neuronal sensitivity to TDP-43 overexpression is dependent on timing of
induction. Acta Neuropathol (Berl). 2012;123:807–23.

10. Igaz LM, Kwong LK, Lee EB, Chen-Plotkin A, Swanson E, Unger T, et al.
Dysregulation of the ALS-associated gene TDP-43 leads to neuronal death
and degeneration in mice. J Clin Invest. 2011;121:726–38.

11. Janssens J, Wils H, Kleinberger G, Joris G, Cuijt I, Ceuterick-de Groote C, et al.
Overexpression of ALS-associated p.M337V human TDP-43 in mice worsens
disease features compared to wild-type human TDP-43 mice. Mol
Neurobiol. 2013;48:22–35.

12. Wegorzewska I, Bell S, Cairns NJ, Miller TM, Baloh RH. TDP-43 mutant
transgenic mice develop features of ALS and frontotemporal lobar
degeneration. Proc Natl Acad Sci U S A. 2009;106:18809–14.

13. Xu Y-F, Zhang Y-J, Lin W-L, Cao X, Stetler C, Dickson DW, et al. Expression of
mutant TDP-43 induces neuronal dysfunction in transgenic mice. Mol
Neurodegener. 2011;6:73.

14. Stallings NR, Puttaparthi K, Luther CM, Burns DK, Elliott JL. Progressive motor
weakness in transgenic mice expressing human TDP-43. Neurobiol Dis.
2010;40:404–14.

15. Swarup V, Phaneuf D, Dupré N, Petri S, Strong M, Kriz J, et al. Deregulation
of TDP-43 in amyotrophic lateral sclerosis triggers nuclear factor κB–
mediated pathogenic pathways. J Exp Med. 2011;208:2429–47.

Romano et al. BMC Biology           (2020) 18:82 Page 12 of 13

https://doi.org/10.1186/s12915-020-00816-1
https://doi.org/10.1186/s12915-020-00816-1


16. Tian T, Huang C, Tong J, Yang M, Zhou H, Xia X-G. TDP-43 potentiates
alpha-synuclein toxicity to dopaminergic neurons in transgenic mice. Int J
Biol Sci. 2011;7:234–43.

17. Feiguin F, Godena VK, Romano G, D’Ambrogio A, Klima R, Baralle FE.
Depletion of TDP-43 affects Drosophila motoneurons terminal synapsis and
locomotive behavior. FEBS Lett. 2009;583:1586–92.

18. Godena VK, Romano G, Romano M, Appocher C, Klima R, Buratti E, et al.
TDP-43 regulates Drosophila neuromuscular junctions growth by
modulating Futsch/MAP 1B levels and synaptic microtubules organization.
PLoS One. 2011;6:e17808.

19. Romano G, Klima R, Buratti E, Verstreken P, Baralle FE, Feiguin F.
Chronological requirements of TDP-43 function in synaptic organization
and locomotive control. Neurobiol Dis. 2014;71:95–109.

20. Romano G, Appocher C, Scorzeto M, Klima R, Baralle FE, Megighian A, et al.
Glial TDP-43 regulates axon wrapping, GluRIIA clustering and fly motility by
autonomous and non-autonomous mechanisms. Hum Mol Genet. 2015;24:
6134–45.

21. Misseri Y, Cerutti M, Devauchelle G, Bucheton A, Terzian C. Analysis of the
Drosophila gypsy endogenous retrovirus envelope glycoprotein. J Gen Virol.
2004;85(Pt 11):3325–31.

22. Usach I, Melis V, Peris J-E. Non-nucleoside reverse transcriptase inhibitors: a
review on pharmacokinetics, pharmacodynamics, safety and tolerability. J
Int AIDS Soc. 2013;16. https://doi.org/10.7448/IAS.16.1.18567.

23. McCullers TJ, Steiniger M. Transposable elements in Drosophila. Mob Genet
Elem. 2017;7:1–18.

24. Krug L, Chatterjee N, Borges-Monroy R, Hearn S, Liao W-W, Morrill K, et al.
Retrotransposon activation contributes to neurodegeneration in a
Drosophila TDP-43 model of ALS. PLoS Genet. 2017;13:e1006635.

25. Li W, Lee M-H, Henderson L, Tyagi R, Bachani M, Steiner J, et al. Human
endogenous retrovirus-K contributes to motor neuron disease. Sci Transl
Med. 2015;7:307ra153.

26. Li W, Jin Y, Prazak L, Hammell M, Dubnau J. Transposable elements in TDP-
43-mediated neurodegenerative disorders. PLoS One. 2012;7:e44099.

27. Douville RN, Nath A. Human endogenous retrovirus-K and TDP-43
expression bridges ALS and HIV neuropathology. Front Microbiol. 2017;8.
https://doi.org/10.3389/fmicb.2017.01986.

28. Tan H, Qurashi A, Poidevin M, Nelson DL, Li H, Jin P. Retrotransposon
activation contributes to fragile X premutation rCGG-mediated
neurodegeneration. Hum Mol Genet. 2012;21:57–65.

29. Ito H, Kakutani T. Control of transposable elements in Arabidopsis thaliana.
Chromosome Res Int J Mol Supramol Evol Asp Chromosome Biol. 2014;22:
217–23.

30. van Rij RP, Berezikov E. Small RNAs and the control of transposons and
viruses in Drosophila. Trends Microbiol. 2009;17:163–71.

31. Carthew RW, Sontheimer EJ. Origins and mechanisms of miRNAs and
siRNAs. Cell. 2009;136:642–55.

32. Tabach Y, Billi AC, Hayes GD, Newman MA, Zuk O, Gabel H, et al.
Identification of small RNA pathway genes using patterns of phylogenetic
conservation and divergence. Nature. 2013;493:694–8.

33. Tang W, Samuels V, Whitley N, Bloom N, DeLaGarza T, Newton RJ. Post-
transcriptional gene silencing induced by short interfering RNAs in cultured
transgenic plant cells. Genomics Proteomics Bioinformatics. 2004;2:97–108.

34. Kavi HH, Fernandez HR, Xie W, Birchler JA. RNA silencing in Drosophila. FEBS
Lett. 2005;579:5940–9.

35. Kawahara Y, Mieda-Sato A. TDP-43 promotes microRNA biogenesis as a
component of the Drosha and Dicer complexes. Proc Natl Acad Sci U S A.
2012;109:3347–52.

36. Ayala YM, Pantano S, D’Ambrogio A, Buratti E, Brindisi A, Marchetti C, et al.
Human, Drosophila, and C. elegans TDP43: nucleic acid binding properties
and splicing regulatory function. J Mol Biol. 2005;348:575–88.

37. Buratti E, Baralle FE. Characterization and functional implications of the RNA
binding properties of nuclear factor TDP-43, a novel splicing regulator of
CFTR exon 9. J Biol Chem. 2001;276:36337–43.

38. Shan G, Li Y, Zhang J, Li W, Szulwach KE, Duan R, et al. A small molecule
enhances RNA interference and promotes microRNA processing. Nat
Biotechnol. 2008;26:933–40.

39. Li W, Prazak L, Chatterjee N, Grüninger S, Krug L, Theodorou D, et al.
Activation of transposable elements during aging and neuronal decline in
Drosophila. Nat Neurosci. 2013;16:529–31.

40. Guo C, Jeong H-H, Hsieh Y-C, Klein H-U, Bennett DA, De Jager PL, et al. Tau
activates transposable elements in Alzheimer’s disease. Cell Rep. 2018;23:
2874–80.

41. Bodea GO, McKelvey EGZ, Faulkner Geoffrey J. Retrotransposon-induced
mosaicism in the neural genome. Open Biol. 2018;8:180074.

42. Peng JC, Karpen GH. H3K9 methylation and RNA interference regulate
nucleolar organization and repeated DNA stability. Nat Cell Biol. 2007;9:
25–35.

43. Chang Y-H, Dubnau J. The gypsy endogenous retrovirus drives non-cell-
autonomous propagation in a Drosophila TDP-43 model of
neurodegeneration. Curr Biol CB. 2019;29:3135–52 e4.

44. Thomas U, Kim E, Kuhlendahl S, Koh YH, Gundelfinger ED, Sheng M,
et al. Synaptic clustering of the cell adhesion molecule fasciclin II by
discs-large and its role in the regulation of presynaptic structure.
Neuron. 1997;19:787–99.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Romano et al. BMC Biology           (2020) 18:82 Page 13 of 13

https://doi.org/10.7448/IAS.16.1.18567
https://doi.org/10.3389/fmicb.2017.01986

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	The lack of TBPH induces the expression of retrotransposons in Drosophila
	The activation of retrotransposons causes motoneuron degeneration in TBPH-null flies
	TBPH controls the silencing of retrotransposons by regulating the expression levels of Dicer-2
	The re-establishment of Dcr-2 levels in TBPH-minus motoneurons or glial cells promotes synaptic growth and muscle innervation

	Discussion
	The activation of RTEs provokes motoneuron degeneration in TBPH-null flies
	TBPH prevents RTE-mediated neurodegeneration via the regulation of Dcr-2 levels
	Pharmacological treatments aimed to enhance the siRNA silencing activity were able to rescue motoneuron defects in TBPH-null flies

	Conclusions
	Methods
	Fly strains and maintenance
	Larval movement
	Drug treatment of larvae
	RNA extraction and microarray analysis
	Immunohistochemistry, confocal, and acquisition
	Quantification of confocal images
	Cell culture and RNA interference
	Immunoblot
	Immunoprecipitation for protein-protein interaction
	Immunoprecipitation for RNA enrichment
	qRT-PCR
	Statistical analysis

	Supplementary information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

