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Summary

A hallmark of neurodegenerative disease is focal onset of pathological protein aggregation, 

followed by progressive spread of pathology to connected brain regions. In amyotrophic lateral 

sclerosis (ALS) and frontotemporal dementia (FTD), pathology is often associated with 

aggregation of TAR DNA Binding protein 43 (TDP-43). Although aggregated TDP-43 protein 

moves between cells, it is not clear whether and how this movement propagates the degeneration. 

Here we have established a Drosophila model of human TDP-43 in which we initiated toxic 

expression of human TDP-43 focally within small groups of glial cells. We found that this focal 

onset kills adjacent neurons. Surprisingly, we show that this spreading death is caused by an 

endogenous retrovirus within the glia, which leads to DNA damage and death in adjacent neurons. 

These findings suggest a possible mechanism by which human retroviruses such as HERV-K 

might contribute to TDP-43 mediated propagation of neurodegeneration.

In Brief

Chang and Dubnau show that initiation of toxic levels of TDP-43 within small groups of glial cells 

causes death of adjacent neurons. This propagating neuronal death is triggered by RTE/ERV 

activated within the glia. Silencing of the ERV in glia is sufficient to rescue nearby neurons, 

suggesting that the ERV contributes to propagation of toxicity.
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Introduction

One feature that is shared across a diversity of neurodegenerative diseases (NDs) is that 

onset typically involves localized accumulation of pathological protein aggregation followed 

by progressive spread, of both the protein aggregation pathology and the cellular 

degenerative effects [1–4]. For example, cytoplasmic aggregation of TDP-43, a normally 

nuclear RNA and DNA binding protein, is a central pathological hallmark in a suite of 

disorders, including ALS and FTD [5–7]. TDP-43, and many other aggregation prone RNA 

binding proteins, contain low complexity domains (LCDs) that undergo phase transitions to 

form liquid droplets under conditions of cellular stress. Over time, residence in this state is 

thought to drive fibrilization [7]. For many LCD proteins, including TDP-43, the tendency to 

undergo such phase separation can be increased by disease causing amino acid substitutions, 

but also can occur spontaneously in wild type protein when the concentration is increased 

[8–16]. Importantly, such conditions may occur in diseased tissue because nuclear TDP-43 

protein normally exerts a feedback inhibition that keeps TDP-43 levels in check. Thus, the 

initiation of cytoplasmic inclusions causes clearance from the nuclear compartment, thereby 

disrupting feedback inhibition of TDP-43 expression [17].

Most animal models of NDs rely on transgenic expression to mimic this effect [18]. 

Although over-expression based approaches do not fully recapitulate the conditions seen in 

sporadic ALS (sALS), such expression can drive aggregation of TDP-43 protein in 

cytoplasmic inclusions, leading also to loss of nuclear localization. TDP-43 pathology in 

animal models is now understood to cause global alterations in mRNA stability and splicing, 

biogenesis of some microRNAs (miRNAs), de-repression of retrotransposons (RTEs) and 

endogenous retroviruses (ERVs), defects in nucleo-cytoplasmic transport, and activation of 

DNA damage response pathways [5, 7, 14, 15, 19–22]. Most of these phenomena are 

observed not only in animal models, but also in post mortem tissues from human subjects 

[21, 23–27].
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The cellular toxicity that results from TDP-43 aggregation pathology is thought to initiate a 

cascade of downstream toxic effects that not only occur within the initiating cell, but also 

can be spread between vulnerable cell types and to other regions of the nervous system [1–4, 

28, 29]. This transmission through the tissue may involve prion-like properties of TDP-43, in 

which pathologically misfolded protein templates the propagation of aggregation pathology 

[1, 2, 30, 31]. A series of studies also support the idea that TDP-43 proteinopathy causes 

glial cells to become toxic to neurons. This is seen in a rat transgenic model in which 

TDP-43 expression is restricted to astrocytes [28] and also is seen in primary astrocyte-

motor neuron co-culture experiments from sALS [29]. But there are as yet no in vivo models 

to investigate the mechanisms mediating cell-to-cell spread of toxicity, or even to establish 

whether focal onset of pathological TDP-43 can cause propagation of toxic effects to 

adjacent cells leading to their demise. We previously demonstrated that in Drosophila, either 

pan-glial or pan-neuronal human TDP-43 (hTDP-43) over expression disrupts endogenous 

genome surveillance systems that normally stifle expression of RTEs and ERVs [32]. The 

resulting expression of the gypsy ERV contributes causally to the toxicity of glial expression 

of hTDP-43 because blocking gypsy expression was sufficient to extend lifespan of the 

animals expressing transgenic hTDP-43 in glia [32]. These data are parsimonious with the 

observation that HERV-K in particular [24, 33] and RTEs/ERVs in general are expressed in 

post mortem brain tissues from ALS patients [23, 25, 26]. HERV-K also is demonstrated to 

be neurotoxic in culture and leads to MND like phenotypes in a rodent model [24]. More 

generally, a growing body of evidence has implicated RTEs/ERVs as potentially important 

actors in neurons and glia [19, 34, 35].

Here, we used a Drosophila model to initiate toxic expression of hTDP-43 either within all 

glia or focally within small groups of different glial subtypes in the adult brain. Such focal 

expression in several glial sub-types, including astrocyte-like glia, is sufficient to cause both 

cell autonomous toxicity leading to glial cell death, and non-autonomous toxicity that kills 

adjacent neurons. We further demonstrate that both autonomous and non-autonomous effects 

involve a cascade of events that include reactivation of gypsy RTE/ERV, DNA damage and 

cell death. Expression of gypsy RTE/ERV and DNA damage signaling within glia are 

required to produce the secreted toxic factor(s) that ultimately causes DNA damage and 

death in adjacent neurons. Our data therefore provides a mechanism linking the TDP-43 

proteinopathy to propagation of NDs.

Results

Glial Expression of hTDP-43 Leads to Gypsy ERV Replication, DNA Damage and Apoptosis

We have previously demonstrated elevated levels of a panel of RTEs/ERVs, including gypsy, 

in response to TDP-43 proteinopathy [32]. To investigate the mechanisms by which gypsy 

ERV contributes to TDP-43 toxicity in glia, we first monitored the replication of a transgenic 

copy of this ERV in response to pan-glial expression in the Drosophila model. To 

accomplish this, we developed Cellular Labeling of Endogenous Retrovirus Replication of 

gypsy (gypsy-CLEVR in Figure 1A; see also [36]), a novel approach to mark cells in which 

the gypsy ERV has replicated through an RNA intermediate to cDNA and been integrated 

back into host’s genome. The gypsy-CLEVR construct commandeers the gypsy ERV’s own 
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replication machinery to fuse a Gal4 responsive UAS enhancer element to a dual fluorescent 

reporter, Watermelon (WM, a membrane myr-GFP and nuclear H2B-mCherry fusion gene 

with P2A self-cleaving peptide). While the replication of gypsy-CLEVR is independent of 

Gal4, the expression of the reporter only occurs in the presence of the Gal4 protein.

We compared the number of glial cells expressing the of gypsy-CLEVR replication reporter 

expression in glial cells in the presence of either hTDP-43 [32, 37] or a nls-LacZ control 

transgene. Glia in nls-LacZ control (repo>nls-LacZ+gypsy-CLEVR) animals exhibited a 

modest age-dependent increase in the numbers of glia showing gypsy ERV replication, with 

a relatively small fraction of glia in the central brain labeled with the H2B-mCherry nuclear 

reporter at 2 or 5–7 days post eclosion (Figure S1, see also [36]). In the presence of pan-glial 

hTDP43 expression (repo>hTDP-43+gypsy-CLEVR), by contrast, we observed a striking 

increase in the number of H2B-mCherry labeled glia either at 2 or 5–7 days post eclosion 

(Figure S1). This gypsy-CLEVR reporter expression was reduced in glia when we used an 

RNAi transgene (gypsy-IR) targeting gypsy transcripts to disrupt gypsy ERV expression [32, 

36, 38], consistent with the conclusion that the appearance of the H2B-mCherry label was 

dependent upon prior gypsy expression (Figure S1, see also [36]). A small decrease in total 

number of glia was detected in these panglial hTDP-43 expressing animals (repo>hTDP-43) 

at day 2, consistent with the possibility that constitutive expression of hTDP-43 throughout 

development might impact glial differentiation or survival (Figure S4B). To prevent glial 

loss during development from impacting results, we repeated the experiments using a 

temporal and regional gene expressing targeting (TARGET) inducible system that relies on a 

temperature sensitive Gal80 repressor (tub-Gal80ts) [39].

When incubated at the permissive temperature (21°C) during development, the Gal80ts 

transgene blocks the Gal4-mediated expression of hTDP-43 within glial cells by silencing 

repo-Gal4 activity (here after repo-Gal4 combined with tub-Gal80ts is abbreviated as repots 

in the text and figures). By shifting the animals to the non-permissive temperature after 

development is complete (Figure 1B, see also [39]), the hTDP-43 transgene becomes 

expressed in target cells within adult animals. We used this approach to keep the nls-LacZ 

control or hTDP-43 transgenes off during development, and then switched the transgenes on 

after eclosion (Figure 1B). When the hTDP-43 transgene (repots>hTDP-43+CPV) was 

induced post development in glial cells using repots, it resulted in robust toxicity associated 

with dramatically shortened lifespan compared to the nls-LacZ control (repots>nls-LacZ
+CPV) group (Figure 1C). Importantly, this TARGET inducible system provides the 

potential to examine the kinetics of downstream molecular effects and cellular events in a 

population of glial cells that are at the same ‘stage’ in their response to pathological 

accumulation of hTDP-43.

To explore the mechanisms of hTDP-43 toxicity in glia, we examined the molecular events 

occurring at defined time windows after hTDP-43 induction and before the animals began to 

die. We first used this strategy to examine the kinetics of gypsy ERV replication using the 

gypsy-CLEVR reporter in response to glial induction of either hTDP-43 or nls-LacZ as a 

control. In parallel, the glial nuclear marker Repo was used to monitor changes in glial cell 

number. Consistent with the observations from constitutive nls-LacZ expression described 

above (Figure S1), there is a gradual age-dependent increase (from Day 2–5 post induction) 
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in numbers of gypsy-CLEVR labeled glia with post-development induction of nls-LacZ 

(repots>nls-LacZ+gypsy-CLEVR) (Figure 1D, 1E and S2A). The age dependent increase of 

gypsy ERV expression and replication is also consistent with our prior reports for neural 

tissue [32, 36, 40] and similar studies of other tissues [41–44]. In contrast with this gradual 

and modest increase in number of gypsy-CLEVR labeled glia with induced expression of 

nls-LacZ, we detected a dramatic increase in numbers of glia labeled with this same reporter 

in response to induction of hTDP-43 (Figure 1D, 1E and S2A). By 2–3 days after induction 

of hTDP43 in glia, the majority of Repo+ glial cell nuclei also were labeled by the H2B-

mCherry signal from the gypsy-CLEVR reporter. We noted, however, that this increase in 

number of H2B-mCherry labeled glia over time after induction of hTDP-43 was correlated 

with a loss in the total number of glial nuclei labeled with the nuclear marker, Repo (Day 4–

5) (Figure 1D, 1F and S2A). This dramatic reduction in the number of glial cells was not 

observed in control flies that expressed nls-LacZ (Figure 1D, 1F and S2A). Together, the 

above findings demonstrate that the toxicity of hTDP-43 expression in glia unleashes 

replication of the gypsy ERV and leads to loss of glial cells.

Expression of RTEs and ERVs have myriad negative effects on cell homeostasis, including 

from toxicity of the RTE/ERV encoded proteins, RNAs, and extrachromosomal cDNAs, 

from activation of inflammatory responses, and from the impact of DNA damage caused by 

attempts at re-insertion of replicated copies [20, 34, 45–47]. Loss of nuclear TDP-43 protein 

and accumulation of pathological inclusions in cytoplasm also has been associated with 

DNA damage signaling [21, 32, 48]. We investigated whether hTDP-43 toxicity in fly glia 

caused DNA damage, and whether this correlated with gypsy ERV replication on a cell-by-

cell level. To visualize DNA double strand break (DSB), we used the γH2AV (mammalian 

yH2AX equivalent) antibody, which detects a histone variant that is recruited to sites of 

DNA damage [49]. In order to determine if any DNA damage foci were present within glia 

after hTDP-43 induction, we made use of repots TARGET inducible system to inducibly 

drive hTDP-43. We also monitored gypsy replication via the nuclear H2B-mCherry readout 

of the gypsy-CLEVR reporter. The glial nuclear protein, Repo and γH2AV DNA damage 

markers also were independently labeled in order to detect glial cells with DNA damage. In 

brains of control (repots>nls-LacZ+gypsy-CLEVR) animals, we did not observe any γH2AV 

labeling during a time-course of 5 days after nls-LacZ induction, and only a small number of 

H2B-mCherry labeled (gypsy-CLEVR) glia were observed (Figure 1G–H and S2B). In 

contrast, we observed a progressive increase in γH2AV signal between Day 3 and 5 after 

induction of the hTDP-43 transgene (repots>hTDP-43+gypsy-CLEVR) (Figure 1G–H and 

S2B). Remarkably, these γH2AV positive glia were almost always labeled with nuclear 

H2B-mCherry from the gypsy-CLEVR reporter (yellow arrow in Figure 1G). We also noted 

that between 4 and 5 days post induction of hTDP-43, some of gypsy-CLEVR positive glial 

nuclei exhibited morphological changes that were reminiscent of late stages of apoptotic cell 

death (Day4 and Day5 in Figure S2C). Activation of Caspase-3, a key executive Caspase in 

the apoptotic program, was also detected within these gypsy-CLEVR positive apoptotic cells 

using an antibody against the cleaved (activated) form of Caspase-3 (Figure S2C). Taken 

together, the above findings demonstrate that expression of hTDP-43 within glia leads to 

expression and replication of the gypsy ERV (Figure 1, S1 and S2, see also [32]), which is 
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correlated at a cell-by-cell level with accumulation of DNA damage, activation of Caspase-3, 

and loss of glial marker detection.

The accumulation of cleaved Caspase-3 is consistent with an active apoptotic signaling 

cascade. To confirm this finding and to test whether Caspase-3 is functionally active, we 

next used a Gal4-driven genetic reporter, UAS-CD8::PARP::Venus (UAS-CPV), of 

Caspase-3 functional activity [50]. This Caspase-3 reporter makes use of CD8 to tether a 

Venus fluorescent protein to the membrane. A Caspase-3 cleavage target from PARP is 

positioned between the CD8 membrane tether and the Venus reporter. This CPV reporter 

reveals functional Caspase-3 activity in two ways (Figure S3A). First, Caspase-3-mediated 

cleavage uncovers an epitope in the PARP motif that can be detected with a cleaved PARP 

(cPARP) antibody. Second, the Caspase-3 mediated cleavage of the CPV reporter releases 

the C-terminal Venus fluorescent protein from the membrane into the cytosol (Figure S3A). 

We used the repots TARGET system to express the CPV transgene so that we could monitor 

Caspase-3 activity, along with expression of either hTDP-43 or nls-LacZ as a control. To 

independently mark nuclei from glia and neurons, we co-labeled with antibodies against the 

Repo and Elav nuclear proteins that mark glia and neurons respectively. In order to facilitate 

quantification, we analyzed signals in a defined region of the dorsal protocerebrum across all 

brains (yellow rectangle in Figure 2A, see also STAR METHODS). In the control 

(repots>nls-LacZ+CPV) animals, we observed very limited signal from either of the two 

outputs of the CPV reporter over a time-course between Days 2–5 after induction of nls-

LacZ (Figure 2A–D). We also quantified the total number of glia and neurons, by counting 

the numbers of Repo and Elav labeled nuclei, and found no significant change in total glial 

or neuronal numbers over this time period in brains from the control animals (Figure 2A–B 

and 2E–F). We next examined the effects on the CPV reporter of induction of hTDP-43 

(repots>hTDP-43+CPV) and found a sharp increase in Caspase-3 functional activation 

between days 2 and 3 after induction (Figure 2A–D). Notably, there was no detectable signal 

for either of the CPV reporter outputs (PARP antibody and cytosolic Venus) at 2 days post 

induction of hTDP-43 (Figure 2A–D), and no change in total glial and neuronal cell counts 

were detected at this time point (Figure 2A–B and 2E–F). This result highlights the 

effectiveness of the repots TARGET approach to efficiently prohibit glial loss during 

development. In contrast, by 3 days after hTDP-43 induction, both the cPARP and Venus 

reporters of Caspase-3 activity dramatically increased (Figure 2A–D). This increase in the 

Caspase-3 functional reporter in glia was followed by a marked loss of glial number at day 4 

to day 5 (Figure 2A–B and 2E). It is worth noting that although the hTDP-43 transgene was 

exclusively expressed in glia, there was a significant reduction in total neuron number 

beginning at Day 4, which is after the wave of Caspase-3 activity observed in glia at Day 3 

(Figure 2A–B and 2F). Such neuronal loss was typically seen within large vacuole-like areas 

with no labeled nuclei, but with faint residual Venus signal (Figure 2B). Importantly, this 

non-cell autonomous neuronal loss was seen throughout the adult brain (Figure S3B) and 

was not restricted to the specific region where cell number was quantified (Figure 2). Given 

the widespread glial death, the observed neuronal loss could derive either from deficit in 

homeostatic roles of the glia and/or from release of toxic factors from the glia (see below). 

Taken together, the above findings demonstrate that pan glial expression of hTDP-43 leads 

to replication of the gypsy ERV within a subset of glial cells. Accumulation of DNA damage 
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is also is seen within many glia that express hTDP-43. And finally, such glial hTDP-43 

toxicity results in widespread apoptotic signaling in glia, and a concomitant loss of 

neighboring neurons. Importantly, these molecular and cellular events initiate prior to 

decline in the animals survival curve (Figure 1C) and prior to decrement in locomotor 

activity [32].

Glial hTDP-43 Pathology Triggers Gypsy-ERV Replication and Leads to DNA Damage and 
Apoptotic Cell Death in Nearby Neurons

In the above experiments, the CPV reporter of Caspase-3 activity only provided the means to 

assign Caspase-3 signaling to the glial cells in which the reporter and hTDP-43 were 

expressed. In order to assay the Caspase-3 signaling with cell-by-cell resolution in both 

neurons and glia, we used a well-established active Caspase-3 antibody, which probes 

activation of endogenous Caspase-3. This nuclear accumulation of cleaved Caspase-3 also 

allowed for meaningful colabeling with the nuclear H2B-mCherry protein in the gypsy-

CLEVR replication reporter and with glial (Repo) and neuronal (Elav) markers.

We first used the activated Caspase-3 antibody with the gypsy-CLEVR reporter to label 

brains of nls-LacZ control (repots>nls-LacZ+gypsy-CLEVR) flies versus those expressing 

hTDP-43 (repots>hTDP-43+gypsy-CLEVR). In addition to the H2B-mCherry reporter of 

gypsy replication and the activated Caspase-3 antibody, we also used antisera against the 

Repo and Elav proteins that marked glial and neuronal nuclei. Consistent with findings 

reported above (Figure 1, S1 and S2) there were very few H2B-mCherry labeled glial nuclei 

in control brains (Figure 3). Labeling with the activated Caspase-3 antibody was similarly 

extremely sparse in adult brains from these control animals (Figure 3A–C and S3C–D). In 

contrast, activated Caspase-3 was detected within many nuclei in brains expressing hTDP-43 

in glia (repots>hTDP-43+gypsy-CLVER) starting at day 3 (red arrow in Figure 3D). 

Strikingly, the active Caspase-3 was almost always detected within the same subset of glial 

nuclei that exhibited positive signal for the gypsy-CLEVR replication reporter (Figure 3D). 

Thus, as with DNA damage, the Caspase-3 label co-occurred in the same subset of glia in 

which our ERV reporter cassette was replicating. We also noted that some neurons also 

exhibited activated Caspase-3 label, and these labeled neurons were almost always adjacent 

to Caspase-3 marked glia that also expressed the reporter of gypsy-CLEVR (blue arrow in 

Figure 3D). By days 4–5 post induction of hTDP-43, there were a greater number of neurons 

labeled with active Caspase-3 antibody (blue arrow in Figure 3E–F and S3C). The above 

findings indicate that after induction of hTDP-43 in glia, progressively larger numbers of 

neurons appear to have activated apoptotic signaling, and such neurons are closely 

associated with glial cells which themselves exhibit evidence of gypsy ERV replication. And 

when the highly stable Venus reporter from CPV was used in glia, the areas with large 

numbers of lost neurons typically were nearby to residual Venus from apoptotic glia (red star 

in Figure S3D). These remaining neurons within the Venus vacuoles were almost invariably 

labeled with active Caspase-3 (Figure S3D). Here too, this phenomenon was not observed in 

(repots>nls-LacZ+CPV) control brains, although rare sporadic Caspase-3 labeled cells were 

seen (Figure S3D). A similar phenomenon in which pan-glial hTDP-43 caused apoptotic 

signaling in neighboring neurons was also observed when hTDP-43 was continuingly 
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expressed in glia throughout developmental rather than induced post development (Figure 

S4A–D).

Thus, glial hTDP-43 toxicity results in gypsy ERV replication in a subset of glia (Figure 1, 3 

and S1–3), and these gypsy ERV active glia are associated with markers of DNA damage 

(Figure 1G and S2B) and of apoptotic signaling (Figure 2, 3D–F and S2C). Because 

Caspase-3 signaling also is initiated within neurons nearby to gypsy ERV active glia, we 

wondered whether these nearby neurons also would exhibit DNA damage. To address this, 

γH2AV antibody was used to detect DSB while simultaneously labeling with the nuclear 

H2B-mCherry reporter from the gypsy-CLEVR in order to reveal which glial cells exhibited 

gypsy ERV replication. In brains from control (repots>nls-LacZ+gypsy-CLEVR) animals, 

no γH2AV positive signal was detected in either glia or neurons during the time course of 

observation (Day 3–5) (Figure 3G–I). In contrast, in brains where hTDP-43 was induced in 

glia (repots>hTDP-43+gypsy-CLEVR), we observed progressive increases in γH2AV signal 

over a several day period (days 3–5) after induction (Figure 3J–L). When DNA damage foci 

were detected in glial nuclei, they were almost always co-localized with the H2B-mCherry 

marker of gypsy-CLEVR reporter (red arrow in Figure 3J). Glia in which gypsy ERV 

replication was undetected almost never exhibited evidence of DNA damage (green arrow in 

Figure 3J). Remarkably, we also detected DNA damage foci, labeled with γH2AV (blue 

arrow in Figure 3K–L), in some neurons that were adjacent to glial cells in which the gypsy 

ERV had replicated (red arrow in Figure 3K–L). Taken together, these findings demonstrate 

that glial hTDP-43 induces DNA damage to the subset of glia in which the gypsy ERV is 

induced to replicate, but also causes DNA damage to neurons that are nearby to the subset of 

glia in which gypsy ERV replicates.

Glial hTDP-43 Toxicity to Neurons Is Mediated by the Gypsy ERV and by DNA Damage 
Signaling

We have previously shown that expression of the gypsy ERV contributes causally to the 

toxicity of hTDP-43 at the organismal level [32]. Given the potential of viral elements to 

cause DNA damage and to spread from cell-to-cell, we wondered whether the gypsy ERV 

activation in glia might contribute causally to the observed apoptotic cell death both within 

glial cells and their neighboring neurons. To address this question, we used a dsRNA 

transgene (UAS-gypsy-IR), which is sufficient to knock down gypsy expression by 

approximately 50% [32, 38]. As a control, we used a dsRNA transgene targeting GFP (UAS-

GFP-IR). When hTDP-43 was co-expressed in glia along with the control GFP-IR 

(repots>hTDP-43+GFP-IR), active Caspase-3 was detected in glia and neighboring neurons 

at Day 3 (Figure 4A and 4I–J; see also Figure 3D–F and S3D). And by Day 4, many glia and 

neurons were lost (Figure 4D and 4G–H). When the gypsy-IR was used to knock down 

gypsy levels within hTDP-43 expressing glia (repots>hTDP-43+gypsy-IR), we saw 

significantly fewer Caspase-3 labeled glia and also fewer Caspase-3 labeled neurons at Day 

3 after hTDP-43 induction (Figure 4B and 4I–J). Notably, the loss of neurons and glial cells 

by Day 4 also was reduced in the presence of the gypsy-IR transgene (Figure 4E and 4G–H). 

This supports the conclusion that the expression of the gypsy-ERV in glia contributes to both 

the cell autonomous toxicity of hTDP-43 in glia and to the non-cell autonomous effects of 

glial hTDP-43 proteinopathy on neuronal survival.

Chang and Dubnau Page 8

Curr Biol. Author manuscript; available in PMC 2020 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



As shown above, we observe physical co-localization of gypsy ERV replication and DNA 

damage within the same glial nuclei (Figure 1 and 3). DNA damage signaling and RTE/ERV 

replication in fact share an intimate relationship, with the potential for DNA damage to 

induce RTE/ERV replication and with RTEs/ERV replication having the potential to 

generate DNA breaks to complete their integration [34, 45, 47, 51]. One of the most striking 

observations is that knock down of loki, the Drosophila ortholog of checkpoint kinase 2 
(chk2), is sufficient to greatly reduce the toxicity caused by RTEs in germline tissue [52]. In 

the absence of Chk2/loki, DSBs repair is left intact, but signaling to the machinery for DNA 

damage mediated apoptosis is disrupted.

We recently demonstrated that loki/chk2 knock down in fly brain is also sufficient to 

dramatically reduce the impact on lifespan of the animals when hTDP-43 is expressed in 

either neurons or glial cells [32]. We used the same approach to knock down loki/chk2 in 

glial cells in which hTDP-43 also was expressed, and assayed the impact on Caspase-3 

activation in neurons and glia. We found that knocking down loki/chk2 within glial cells was 

sufficient to reduce the number of glial cells labeled with Caspase-3 at both 3 and 4 days 

post induction of hTDP-43 (repots>hTDP-43+loki-IR), and also reduced the number of 

neighboring neurons that were labeled with Caspase-3 (Figure 4C, 4F and 4I–J). Notably, 

loki/chk2 knock down also prevented the loss of the glial cell marker, Repo, consistent with 

the conclusion that apoptotic cell death was blocked (Figure 4C and 4F–G). Thus when 

hTDP-43 is expressed in glia, DNA damage is detected within a subset of glial cells in 

which the gypsy-ERV replicates, and in nearby neurons. And blocking either the expression 

of the gypsy ERV or of DNA damage mediated signaling to apoptosis are each sufficient to 

reduce the number of Caspase-3 labeled glial cells and the number of Caspase-3 labeled 

neurons nearby. Similar rescue effects were also observed when silencing gypsy ERV 

expression or DNA damage signaling in glia expressing hTDP-43 through development 

(Figure S4E–H).

Focal Expression of hTDP-43 in Small Subsets of Glia Kills nearby Neurons via the Gypsy-
ERV

The non-cell autonomous effects on neurons from pan-glial induction of TDP-43 protein 

could result either from release of a toxic factor or from loss of important homeostatic 

functions that glia normally provide for neuronal survival [53, 54]. To distinguish between 

these possibilities, we used two different strategies to create conditions in which hTDP-43 

pathology was initiated focally in just a small group of glial cells. We then assayed the 

impacts on activation of Caspase-3 in those glial cells and in adjacent neurons.

The first strategy, mosaic clone analysis [55], was accomplished using FLP-specific 

recombinase to delete a Gal80 cassette flanked by FRT recombination sites, resulting in 

activation of Gal4-mediated expression of hTDP-43 in those glial cells along with a dual 

fluorescent reporter (UAS-WM, see also [36]) to label the nuclei (H2B-mCherry) and the 

membranes (myr-GFP) of the individual glia in which recombination took place (Figure 5A, 

see STAR METHODS). By inducing the recombinase briefly and late in development, we 

were able to generate only a few small mosaic “clones” per brain. We were able to detect 

single clones with focal hTDP-43 expression that belonged to each of the known major glial 
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subtypes in adult Drosophila central brain [53, 56], which we identified based on 

morphology and location (Figure 5B–D). Perineurial glia (PNG) and subperineurial glia 

(SPG) form a contiguous structure that together wraps the surface of the adult central brain. 

These glial cells are thought to play a role similar to the mammalian blood-brain barrier 

(BBB) [53, 56]. Cortex glia (CG) have their cell bodies interspersed with those of most of 

the neurons within the superficial layer under the BBB. The CG have honey-comb like 

membranous structures that contact with most of the neuronal cell bodies. Astrocyte-like 

glia (ALG) exhibit a morphology and marker gene expression reminiscent of that of 

mammalian astrocytes, and they are located in neuropil regions nearby to synaptic 

connections. And finally, ensheathing glia (EG) form a barrier between neuropil regions [53, 

56].

All together, we analyzed Caspase-3 signal surrounding 95 clones of glia expressing 

hTDP-43 (Figure 5B and 5E). In these experiments, all neuronal nuclei were also labeled 

with Elav marker. In the majority of cases where hTDP-43 was expressed in small clusters 

of PNG, SPG or ALG, there were surrounding neurons displaying activated Caspase-3. Thus 

TDP-43 pathology in these three glial cell types appeared capable of inducing apoptotic 

signaling in adjacent neurons (Figure 5B and 5E). This effect was seen for 11/11 PNG 

clones, for 15/28 SPG clones, for 24/24 cases where SPG and PNG could not be 

unambiguously distinguished, and for 9/18 ALG clones. In contrast, we did not detect 

Caspase-3 label in neighboring neurons for the cases where hTDP-43 was expressed in CG 

or EG (Figure 5B and 5E), although the number of CG clones that we were able to generate 

was quite small (N=3). These results strongly support the conclusion that the induction of 

focal hTDP-43 toxicity in PNG, SPG or ALG can trigger nonautonomous effects on nearby 

neurons, leading to activation of apoptotic signaling. Because the induction of hTDP-43 was 

in most cases restricted to just a single or a few glial cells, this finding also strongly argues 

against the possibility that the effects on neurons are an indirect result of loss of homeostatic 

support functions of glia. To further rule this possibility out, we also generated clones of glia 

in which the pro-apoptotic head involution defective (hid) cDNA was expressed instead of 

hTDP-43 via the same mosaic clonal analysis approach. Expression of hid is sufficient to 

cause apoptotic cell death. Although we were not able to generate surviving hid expressing 

ALG clones, we were able to analyze 10 cases where hid expression had been induced in 

PNG or SPG glia (Figure S5A). In these cases, we were able to detect Caspase-3 within the 

(H2B-mCherry labeled) nuclei of the glial clones, and membrane architectures of such glia 

were often disrupted indicating that the hid expression was sufficient to induce apoptosis as 

expected. But we saw no cases where Caspase-3 activation could be detected in surrounding 

neurons (Figure S5A). Thus, the effects on surrounding neurons observed with focal 

induction of hTDP-43 are not seen when glial apoptotic death is induced by another means.

In the context of pan-glial hTDP-43 induction, effects on surrounding neurons could be 

ameliorated by knock down of gypsy ERV expression levels within the glia, or by 

knockdown of the loki/chk2 DNA damage signaling molecule. To test whether this also was 

the case in the context of focal onset of hTDP-43 toxicity, we generated glial clones by 

mosaic analysis in which focal expression of hTDP-43 was co-induced with the gypsy-IR or 

the chk2/loki-IR transgenes. Here too, we found that the impact of glial hTDP-43 on 

apoptotic signaling in nearby neurons was dependent on expression within the glial cells of 
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gypsy ERV and on DNA damage response signaling to the apoptotic machinery. With 

gypsy-IR and with chk2/loki-IR, the percentage of PNG, SPG and ALG clones with 

detectable Caspase-3 activation in adjacent neurons was significantly reduced or eliminated 

(Figure 5C–E). These findings highlight the role of the gypsy ERV and of DNA damage 

signaling within glia in transmitting a toxic effect from hTDP-43 expressing glia to 

surrounding neurons.

As a second strategy to test the idea that gypsy-ERV expression and DNA damage in glia 

contribute to spreading death, we used the SPG specific moody-Gal4 driver [57] in 

combination with tub-Gal8ts (here after moody-Gal4+tub-Gal80ts is abbreviated as moodyts 

in text and figures) to induce hTDP-43 expression only in this glial subtype, after 

development was complete. The SPG glia form a surface structure that surrounds the cortical 

layer in which most of the neuronal cell bodies reside, and therefor provide an easily 

visualized spatial relationship to neuronal cell bodies that lie just under the surface or to 

ones that lie deeper and therefore farther from the SPG glia. Such post-development 

induction of hTDP-43 by the TARGET method in just the SPG glial subtype had a 

significant impact on the lifespan of the animals (Figure S5B), which is consistent with the 

observed impact on cell death signaling seen in the clonal analysis above. Perhaps not 

surprisingly, the effect on lifespan with just SPG expression of hTDP-43 is not as dramatic 

as that observed with pan-glia induction (Figure S5B).

To test the effects of focal expression of hTDP-43 in SPG, we co-expressed the dual UAS-

WM reporter in order to reveal the location of SPG nuclei and the morphology of their 

membranes. Co-expression of nls-LacZ was used as a control for effects of hTDP-43, and 

active Caspase-3 antibody was used as a readout of apoptotic signaling. In brains from 

control animals that express nls-LacZ in SPG (moodyts>nls-LacZ+WM), we did not observe 

activated Caspase-3 in the glia or in neurons (Figure 5F). In contrast, when we induced focal 

hTDP-43 within SPG (moodyts>hTDP-43+WM), we detected activated Caspase-3 in many 

neuronal nuclei (Figure 5F), including neurons that were a few cell diameters from the 

labeled glia. We also observed activated Caspase-3 in some of the overlying PNG glia close 

to the hTDP-43 expressing SPGs (white arrow in Figure 5F), indicating that glial-to-glial 

spread may also be at play. The WM dual reporter permitted us to label both the nuclei and 

membranes of the hTDP-43 expressing SPG, which revealed an apparently normal 

morphology that was indistinguishable from SPG expressing nls-LacZ as a control (Figure 

5F and S5C). Thus as with the clonal analysis described above, the focal induction of 

hTDP-43 pathology in this subset of glia is sufficient to drive apoptotic signaling within the 

glial cells, but also in nearby neurons and in other glia. Here too, we tested whether direct 

induction of apoptosis in these glia without hTDP-43 expression could cause the same 

effects, and it could not (Figure 5F). We used the same moodyts TARGET approach to 

induce expression of the pro-apoptotic gene, reaper (rpr), in SPG. As with induction of hid 

in the context of clonal analysis above, induction of rpr in SPG (moodyts>rpr+WM) did not 

yield detectable active Caspase-3 within neighboring neurons (Figure 5F). These convergent 

findings, from induction of hTDP-43 pathology in all glia, in just the SPG subset, or with 

focal onset of hTDP-43 pathology within recombinant clones, all support the hypothesis that 

glial cells become actively toxic to neighboring neurons. This glial toxicity involves 
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activation of the loki/chk2 DNA damage sensing pathway in glia, and is mediated at least in 

part by expression and/or replication of the gypsy-ERV.

With Pathological Expression of hTDP-43, Glia Become Actively Toxic to nearby Neurons 
in vivo

Above, we demonstrated that in PNG, SPG and ALG, hTDP-43 protein pathology results in 

three observed cellular phenomena: expression and replication of the gypsy ERV, 

accumulation of DNA damage and activation of Caspase-3 signaling. In addition, toxic over-

expression of hTDP-43 in glia initiates production of non-cell autonomous factor(s) that 

impact neurons. This non-cell autonomous effect requires DNA damage signaling and gypsy 

expression within the glia. To test whether the apoptotic signaling pathway itself might also 

contribute to this toxic spread, we used expression of the anti-apoptotic proteins, p35 and 

DIAP-1, which directly bind to and inhibit Caspase-3 [58]. Two main possibilities occurred 

to us, and could be distinguished by this series of experiments. First, if the glial apoptotic 

process itself produced some toxic factor(s) that acted on nearby neurons, we would expect 

inhibitors of apoptosis in glia to rescue the glial loss and provide a concomitant rescue of 

neuronal death. We viewed this possibility as unlikely given that we do not observe non-cell 

autonomous neuronal death when we induce apoptosis directly, without hTDP-43 

expression, either by rpr or hid expression in small groups of glia. The alternative possibility, 

however, is that an impact of hTDP-43 pathology in glia is to cause production of a toxic 

factor from glia independent of glial apoptosis. In this case the glial death might actually be 

neuroprotective by removing a source of toxic factor(s). This would predict that blocking 

apoptotic activity in TDP-43 expressing glia would exacerbate the fallout in neurons from 

glial hTDP-43 pathology.

We first tested the effects of inhibiting Caspase-3 on glial hTDP-43 overexpression by 

examining the organismal effects on lifespan. We used the repots TARGET approach to 

induce hTDP-43 (or nls-LacZ as a control) in glia after development, and tested the impact 

of co-expressing either p35 or DIAP-1 to block Caspase-3 activity. In the context of control 

flies that express nls-LacZ (repots>2xnls-LacZ), inhibition of Caspase-3 by co-expression of 

p35 (repots>nls-LacZ+p35) or DIAP-1 (repots>nls-LacZ+DIAP-1) prolonged the lifespan of 

these otherwise wild-type flies (Figure S6A). This in itself may be interesting in that it 

suggests that glial cell death may contribute to the normal constraints on lifespan. More 

striking, however, was the finding that inhibiting apoptotic cell death signaling 

(repots>hTDP-43+p35 and repots>hTDP-43+DIAP-1) actually exacerbated the effects of 

glial hTDP-43 (repots>hTDP-43+nls-LacZ) on lifespan (Figure S6A). Under conditions in 

which the repots temperature switch is fully “induced” (30°C), the relatively high levels of 

hTDP-43 are toxic enough that the impact of expressing Caspase-3 inhibitors is significant, 

but subtle due to a floor effect on lifespan. However, by using intermediate the temperatures, 

we were able to titrate the levels of hTDP-43 (and p35 or DIAP-1) expression. With lower 

levels of hTDP-43, the survival curves are shifted to the right, allowing a larger window to 

observe impacts from p35 and DIAP-1 in either direction. Under these conditions, we were 

able to reveal a more dramatic impact (30°C vs 29°C vs 27°C in Figure S6A). In each of 

these conditions, blocking apoptosis by expression of either of two inhibitors was sufficient 

to significantly exacerbate the toxic effects of hTDP-43 on lifespan. We next examined the 

Chang and Dubnau Page 12

Curr Biol. Author manuscript; available in PMC 2020 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



impact on cell death in glia and adjacent neurons using immunofluorescence to detect 

activated Caspase-3.

In brains from animals that co-express hTDP-43 in glia along with nls-LacZ as a control 

(repots>hTDP-43+nls-LacZ), most of the glia were still detectable with the glial Repo 

marker at Day 3 post induction, but many of them were Caspase-3 positive (Figure 6A and 

6I). At the same time, neighboring neurons were labeled with active Caspase-3 (Figure 6A 

and 6J). By Day 4 post induction, the total number of glia had declined (Figure 6D and 6G, 

see also Figure 1–2), and the remaining glia were Caspase-3 positive (Figure 6D and 6I). 

Importantly, the number of Caspase-3 labeled neurons increased between Day 3 and Day 4 

(Figure 6A, 6D and 6J), even while the total number of neurons had decreased (Figure 6H). 

When we over-expressed either the p35 (repots>hTDP-43+p35) or DIAP-1 

(repots>hTDP-43+DIAP-1) inhibitors of Caspase-3 function, it was sufficient to protect the 

glia from dying. Glial numbers in these animals were stable between Day 3 and 4 (Figure 

6G), even while Caspase-3 was still detectable as expected (Figure 6B–C, 6E–F and 6I). 

Thus inhibiting Caspase-3 function could rescue the glia. On the other hand, the numbers of 

nearby neurons that were labeled with Caspase-3 actually was higher with either p35 or 

DIAP-1 co-expression (Figure 6A–F and 6J), and the total numbers of surviving neurons 

also was actually lower at Day 4 (Figure 6H). Thus, co-expression in glia of inhibitors of 

Caspase-3 was sufficient to protect those glia from hTDP-43, but the effects on nearby 

neurons was more severe.

Given the protective effect from knocking down chk2, it is tempting to propose a model in 

which hTDP-43 proteinopathy leads to RTE/ERV expression, that in turn generates DNA 

damage, activation of chk2, leading to apoptosis. But this idea is at odds with the finding 

that blocking Caspase-3 function in glia exacerbates the spreading toxicity, i.e. the opposite 

to what we observe with knockdown of chk2. An examination of the impacts on gypsy-ERV 

expression levels adds some clarity. We used a monoclonal antibody against the Env 

glycoprotein encoded by the gypsy [32, 40, 59] to quantify the Env immunofluorescence 

within brain region (Figure S6C, see STAR METHODS). As reported previously [32], Env 

expression is increased in response to glial expression of hTDP-43 (repots>hTDP-43+nls-
LacZ) (Figure S6B–C). When we inhibited Caspase-3 function, either by p35 

(repots>hTDP-43+p35) or DIAP-1 (repots>hTDP-43+DIAP-1) co-expression, Env levels 

were significantly increased (Figure S6B–C), consistent with the fact that glia are prevented 

from undergoing apoptosis and therefor survive longer in the tissue, thereby producing more 

gypsy-ERV encoded protein. By contrast, when we knock down loki/chk2 

(repots>hTDP-43+loki-IR), thereby reducing DNA-damage mediated signaling to apoptotic 

machinery, the levels of expression is lower. This is seen both via RT-qPCR mediated 

detection at the RNA level for gypsy ORF2 and ORF3 (Figure S7A), and at the protein level 

in situ using a monoclonal antibody against the gypsy ORF3 encoded protein, Env (Figure 

S7B–C). These findings are consistent with a model in which DNA damage is caused by 

TDP-43 protein mislocalization [21, 48] and acts as an inducer of gypsy-ERV expression via 

the loki/chk2 pathway (Figure 7).
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Discussion

Focal onset followed by propagation through neural tissue is a fundamental feature of most 

NDs. This likely involves both neuron-to-neuron and glial-to-neuron effects [1, 2, 5]. But 

little is known about cellular mechanisms by which local onset of ND pathology in one 

neuron or glial cell causes the demise of neurons in distal but connected regions of tissue. A 

key insight into non-cell autonomous spread of ND stems from the observation that many of 

the implicated proteins exhibit prion like properties misfolding properties and the ability to 

spread intracellularly [30, 31, 60–64]. Although the transfer of misfolded seeds of TDP-43 

between cells has not been shown to underlie propagation of cellular toxicity itself, the 

finding that TDP-43 seeding activity can move between cells is compelling.

We established an in vivo system in Drosophila to initiate focal onset of hTDP-43 

overexpression in glial cells and used this system to investigate mechanisms of non-cell 

autonomous spread of toxic cellular outcomes into surrounding wild-type neurons (Figure 

7). In our in vivo system also observed cell-lethal propagation from TDP-43 over-expressing 

glia to wild type neurons, and we determined that this effect is mediated by DNA damage 

signaling and by expression of gypsy, a Drosophila ERV, within the glial cells.

Glial TDP-43 Pathology Induces DNA Damage and Apoptosis in Glia and in Adjacent 
Neurons

Although research related to TDP-43 function has focused on the role of its RNA binding 

properties, TDP-43 also has DNA binding properties [24, 65] and is normally recruited to 

DNA DSB as a component of the DNA repair machinery in motor neurons [21]. Loss of 

nuclear TDP-43, which is seen both in patient tissue and with over-expression, has been 

shown to induce DSB accumulation [21, 48]. We have shown previously that 

neurodegenerative impact of hTDP-43 transgenic expression in Drosophila glia and neurons 

each involves DNA damage signaling through chk2/loki [32]. We demonstrate here that 

DNA damage plays a key role in the propagation of TDP-43 mediated cell death from glia to 

neurons.

We found that glial hTDP-43 toxicity results in accumulation of DNA damage foci both in 

the glial cells and in adjacent neurons. And blocking chk2/loki signaling within the glia is 

sufficient to prevent DNA damage in neurons and to rescue the nearby neurons from cell 

death. This suggests for the first time that DNA damage signaling is a component of the non-

cell autonomous propagation in vivo. Our observations with the gypsy-ERV suggest the idea 

that one means by which DNA damage in glia impacts propagation to neurons is via induced 

expression and replication of ERVs.

TDP-43 Pathology Induces RTEs/ERVs

A growing body of literature supports the conclusion that TDP-43 proteinopathy and/or loss 

of nuclear function interferes with the normal systems that silence RTEs and ERVs, leading 

to their expression [23, 24, 26, 27, 32, 33, 66]. Indeed, expression of the HERV-K Env gene 

is toxic to neurons in culture, and causes motor neuron degeneration in transgenic mice, 

suggestive of a causal impact [24]. We have previously demonstrated in a Drosophila 
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transgenic model, that the effect of hTDP-43 pathology on mobile elements and includes not 

only ERVs, but also a panel of LINE-like elements and non-autonomous RTEs as well [32]. 

A similarly broad suite of RTE/ERV expression may be at play in C9orf72 ALS [25], which 

also involves TDP-43 proteinopathy. More recently, we confirmed that broad RTE/ERV 

activation is consistently observed in motor cortex from approximately 20% of samples from 

among a large cohort of 77 ALS subjects [26]. The subjects with high levels of RTE/ERV 

levels also exhibited the greatest alterations in expression of confirmed TDP-43 target genes, 

and the highest levels of phospho-TDP-43 in paraffin sections. It also is worth note that 

RTE/ERV induction has been reported in Drosophila tau ND models as well as in 

Alzheimer’s disease patient tissue [67, 68].

RTE/ERV expression is canonically seen as highly detrimental. Expression of these selfish 

genetic elements can cause insertional mutations, activation of inflammatory responses to 

both the RNAs and cDNAs that they produce, and genomic stress from DNA damage [19, 

20, 45, 46]. In this study, we used our novel CLEVR reporter [36] to provide a cell-by-cell 

readout of gypsy-ERV replication in response to induced pan-glial expression of hTDP-43. 

Remarkably, we see that the ERV replication co-localizes cell-by-cell with the appearance of 

DNA damage foci and activation of death Caspase signaling. In addition, neurons that are 

adjacent to these ERV active glia also exhibit DNA damage and activation of the Caspase-3 

cell death marker. Importantly, we observe this spreading death phenomenon both in the 

context of pan-glial hTDP-43 expression and with focal onset of hTDP-43 in small clusters 

of several types of glia, including astrocyte like glia. In the case of pan-glial hTDP-43 

expression, we see stochastic activation of gypsy-ERV replication, and a tight correlation of 

this with DNA damage and death signaling within those glia and in nearby neurons. And 

knocking down either the gypsy-ERV or chk2/loki signaling within the glia blocks the non-

cell autonomous effects.

Several findings support the hypothesis that DNA damage lies upstream of ERV activation. 

First, UV and X-irradiation are established drivers of RTE/ERV activation in mammalian 

and Drosophila cells [69–71]. Second, TDP-43 nuclear loss has been shown to induce DNA 

damage, and TDP-43 is normally recruited to sites of DNA damage [21, 48]. Finally, we find 

that knocking down chk2/loki signaling significantly reduces the expression of the gypsy-

ERV, indicating that DNA damage signaling activates or sustains gypsy-ERV levels. Because 

RTEs/ERVs also create DNA damage as part of their replication cycle, this suggests the 

possibility of a positive feedback loop in which loss of TDP-43 nuclear function induces 

DNA damage and activates RTEs/ERVs, and RTEs/ERVs in turn generate more DNA 

damage.

TDP-43 – DNA damage – ERV -- Feedback Model of Non-Cell Autonomous Spread

We have discovered a cellular mechanism by which focal onset of TDP-43 pathology can 

impact surrounding cells via a feedback amplification involving DNA damage and ERV 

expression and replication (Figure 7). TDP-43 protein pathology likely activates RTEs and 

ERVs in two ways. First, loss of nuclear localization that accompanies the formation of 

cytoplasmic inclusions causes DNA damage [21, 32, 48], leading to activation of chk2/loki 

signaling. Chk2/loki activation in turn drives ERV expression (Figure S7). Second, TDP-43 
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dysfunction also disrupts small RNA silencing systems that normally help to stifle RTE/ERV 

expression [32, 66]. Together, these forces act to induce a lethal wave of ERV activation. 

RTE/ERV replication, or even abortive attempts at replication, may generate additional 

chromosomal DNA damage, acting as a feed back amplification loop. Such accumulating 

DNA damage within the glia would almost certainly drive cell death via activation of death 

Caspases. But this feedback cycle between TDP-43 toxicity, DNA damage, and ERV 

activation also contributes to the destruction of nearby neurons via release of a toxic factor 

or factors.

Although we cannot rule out the possibility that loss of glial support functions contribute to 

neuronal death, a convergence of three lines of evidence argue that an actively toxic effect of 

glia also is at play. First, induction of TDP-43 toxicity even in a few glial cells is associated 

with spreading death to nearby neurons (Figure 5). Second, direct activation of apoptotic 

signaling in equivalent sized clones of glia does not cause death of surrounding neurons 

(Figure 5F and S5A). And third, blocking cell death via expression of inhibitors of apoptosis 

can rescue death of the hTDP-43 expressing glial cells, but actually increases their toxicity 

to nearby neurons (Figure 6). Our findings support the conclusion that DNA-damage 

signaling and gypsy-ERV expression in glia mediate the spreading toxicity of those glia to 

nearby neurons. It is not clear whether chk2 and ERV expression contribute to TDP-43 

protein movement and/or produce an additional toxic factor. But because the levels of gypsy-

ERV are dependent on chk2/loki signaling, it seems likely that the effects of chk2 on 

spreading death are mediated by the gypsy-ERV. Although we do not know how chk2 

signaling impacts ERV expression, there is some reason to suspect that this could be 

mediated by effects of p53, a target of chk2 [72, 73].

There are several ways in which RTE/ERV expression may contribute to non-cell 

autonomous toxicity. First, these genotoxic factors can cause apoptotic cell death, which in 

some contexts is known to produce a spreading death phenomenon known as apoptosis-

induced-apoptosis [74]. But we do not observe spreading death when we directly induce 

canonical apoptosis in clusters of glia. A second potential non-cell autonomous impact of 

RTEs/ERVs is via activation of inflammatory signaling. An intriguing possibility is that 

RTE/ERV activation drives the senescence associated secretory pathway (SASP) [75], 

leading to release of inflammatory cytokines. Finally, we cannot rule out the possibility that 

the spread of toxicity between cells may involve the movement of viral-like particles that 

can be produced by ERVs such as gypsy and HERV-K [76–79]. Given the literature 

demonstrating that a similar phenomenology of RTE/ERV activation is at play in affected 

brain tissue from ALS subjects [23–27, 33], it will be important to investigate whether 

HERV-K or other human RTEs/ERVs may also contribute to the propagation of TDP-43 

pathology during disease progression.

STAR METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Josh Dubnau (ioshua.dubnau@stonybrook.edu). All plasmids 

and Drosophila strains will be made readily available upon request to the lead contact.

Chang and Dubnau Page 16

Curr Biol. Author manuscript; available in PMC 2020 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly Stocks and Culturing Conditions—All Drosophila transgenic lines used in this 

study are listed in Key Sources Table. To prevent influence of genetic background, all 

transgenic flies used in this study were backcrossed to our laboratory wild-type strain, 

Canton-S derivative w1118 (isoCJ1), for at least five generations. Male flies were chosen as 

the experimental subjects throughout the study, other than the assay of single glial subtype 

effect (Figures 5A–D and S5A) where only female could fully satisfy the specific genetic 

combination required in these experiments. In these cases, female flies were kept in the same 

culture condition as males.

In general, flies for TARGET temperature-shift experiments (repo-Gal4 or moody-Gal4 
combined with tub-Gal80ts) were raised in a 21°C incubator from embryonic stage until 

eclosion. TARGET flies were immediately shifted to desired permissive temperature (27, 29 

or 30°C) incubators after eclosion for induction of transgenes in specific target cells. These 

TARGET flies then were either dissected at different time points for each experimental assay 

or incubated in the same temperature for lifespan analysis. For constitutive expression of 

genes in glial cells, all flies were kept in a 25°C incubator throughout their lifespans. For 

single glial subtype Flip-clonal analysis, the desired flies were maintained and raised in a 

25°C incubator until late pupal sta ges. In order to obtain as fewer glial clones within each 

brain, flies were given a short 30 second heat shock in a 37°C water bath and then returned 

to the 25° C incubator. After eclosion the next day, flies with desired genetic combination 

were collected and maintained in a new vial in a 25°C incubator until the time point for 

analysis. The genotypes for Flip-mediated clonal analysis were hsp70-FLP/αTub84B>FRT-
Gal80>FRT; UAS-WM/+; repo-Gal4/UAS-hTDP-43 (Figure 5B), hsp70-FLP/
αTub84B>FRT-Gal80>FRT; UAS-WM/UAS-gypsy-IR; repo-Gal4/UAS-hTDP-43 (Figure 

5C), hsp70-FLP/αTub84B>FRT-Gal80>FRT; UAS-WM/UAS-loki-IR; repo-Gal4/UAS-
hTDP-43 (Figure 5D), and hsp70-FLP/αTub84B>FRT-Gal80>FRT; UAS-WM/UAS-hid; 
repo-Gal4/+ (Figure S5A).

METHODS DETAILS

Immunofluorescent Staining of Fly Brains—Adult brains were dissected at specific 

time points and immunofluorescent staining was performed as previously described [32, 36] 

with minor modifications to optimize the signal-to-noise for a given antibody. In brief, adult 

fly brains were dissected in ice-cold phosphate-buffered-saline (PBS) and then transferred 

into 4% paraformaldehyde (Electron Microscopy Sciences) PBS solution (1XPBS with 4% 

paraformaldehyde and 0.2% Triton-X-100 (SIGMA-ALDRICH)) and incubated for 30 

minutes with vacuum 2X to remove air from trachea. After fixation, dissected brains were 

washed three times 10 minutes with 1XPBST wash solution (1XPBS with 1% Triton-

X-100). Brain sample were then incubated in blocking solution (1XPBST with 10% normal 

horse serum) overnight at 4°C on a nutator. After blocking, dissected brains were transferred 

into primary antibodies with the following dilutions: Repo (1:10, Developmental Studies 

Hybridoma Bank 8D12), Elav (1:10, Developmental Studies Hybridoma Bank 7E8A10 or 

9F8A9), cleaved Caspase-3 (1:100, Cell Signaling Technology 9661), cleaved PARP1 

(1:100, abcam ab2317), γH2AV (1:150, Rockland Immunochemicals 600–401-914), Env 

(1:100) in 1XPBST washing solution with 10% normal horse serum. Primary antibody 
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incubation was overnight at 4°C. Brains were then washed four times 15 minutes each with 

1XPBST washing solution. Fly brains were incubated within secondary antibody solution 

(1XPBST washing solution with 10% normal horse serum) at 4°C overnight. Brains were 

washed 4X 15 minutes with 1XPBST washing solution and then mounted in FocusClear 

(CelExplorer). In the experiments with gypsy-CLEVR, modifications were made in order to 

optimize signal from the WM reporter. In these cases, fixed brains were blocked, washed 

and incubated with primary and secondary antibodies in 1XPBST-20 washing solution 

(1XPBS with 0.1% of Tween-20 (BIO-RAD)) with same 10% normal horse serum. The 

dilution of each antibody were the same as above. Brain samples were imaged using a Zeiss 

LSM 800 with Airyscan mode and acquired images were processed by Zeiss Zen software 

package.

Quantification of Molecular Markers in Brain Images—To compare the change of 

different molecular markers, a defined 7688pm2 (124pm x 62pm) area (yellow dash 

rectangle in Figure 2A) of each brain was chosen to calculate the total number of cells with 

specific markers detected. To standardize brain region between brain samples, the rectangle 

was placed at the connection point between central brain and optic lobe at the same section 

number along the imaging axis.

Survival Curve Assay—Male flies were collected immediately after eclosion for survival 

analysis at desired temperatures as in previous studies [32, 40]. 10 flies of a given genotype 

were housed within one vial and more than 70 flies in total of each genotype within the same 

experimental group used. Flies in each vial were flipped into fresh vials with fresh fly food 

every other day, and flies that escaped during the time window were removed from the final 

survival curve analysis. The Log-Rank (Mantel-Cox) test and the Gehan-Breslow-Wilcoxon 

test were used to compare the survival curves.

Single Glial Subtype Analysis by FLP-Mediated Clonal Analysis—Fly central 

brains with desired genotypes were subjected to immunolabeling as above. After images 

were acquired, brains with too many glial clones were excluded from analysis. In order to 

obtain the pure effect from one glial subtype at a time, only those clones with pure single 

glial subtypes within the same imaging regions were selected to further analyze.

Quantification of gypsy ORF3 (Env) Intensity—The Env intensity (shown in Figure 

S6B–C and S7B–C) from each pixel2 of central brains were transformed and plotted based 

on the Env level gained from that particular area by MetaMorph as in a previous report [80]. 

To compare the relative of Env intensities from different groups, the average Env intensity 

from each central brain (yellow dashed circle in Figure S6C) was extracted by MetaMorph 

as the previous report [80]. Ten random 20×20 pixel2 areas (red solid square in Figure S6C) 

without positive Env signaling were selected within each brain and averaged to yield 

background intensity. The final average Env intensity of each brain was obtained by 

subtracting background intensity (value from red solid square) from the average value 

(yellow dashed circle) gained from central brain. Three representative brains from each 

groups were selected and averaged to compare the relative Env intensity change between 

groups (Figure S6C and S7C).
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RNA preparation and RT-qPCR for gypsy Expression—Total RNA was isolated 

from 50–70 fly heads (per biological replicate) as previously described [32, 40]. Fly head 

total RNAs were extracted by using Trizol reagent (Invitrogen), and the total RNA 

extractions were treated with RQ1 DNase (Promega) before performing reverse 

transcription. 0.5μg of total RNA from each sample was used to synthesize cDNA with 

SuperScript IV VILO Master Mix (Invitrogen). qPCR was then performed using TaqMan 

Fast Advanced Master Mix (Applied Biosystems) on an Applied Biosystems StepOnePlus 

Real Time PCR System. All TaqMan assays used FAM Reporters and MGB Quencher with 

assay IDs as following, gypsy ORF2 (AI5106V, probe: 5’-

AAGCATTTGTGTTTGATTTC-3’), gypsy ORF3 (AID1UHW, probe: 5’-

CTCTAGGATAGGCAATTAA-3’) and Act5C (Dm02361909_s1) [32]. To obtain the relative 

fold changes of gypsy ORF2 and gypsy ORF3 (Figure S7A), values from each groups were 

further normalized to the levels in repots>hTDP-43+GFP-IR at Day 3 in order to obtain the 

relative levels.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis—All of statistical analyses were performed with GraphPad Prism 

V6.01. Details of the tests used and results (shown as mean ± SEM) were outlined within 

each figure legend. Two-tailed Unpaired t-test, One-Way ANOVA, Two-way ANOVA, Log-

Rank (Mantel-Cox) test and Gehan-Breslow-Wilcoxon test were used to compare the 

differences between groups depending on the experiment.
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Highlights

• Glial Expression of hTDP-43 Causes Gypsy-ERV Replication, DNA Damage 

and Apoptosis

• Glial hTDP-43 Pathology Triggers DNA Damage and Apoptosis in Nearby 

Neurons

• Glial hTDP-43 Toxicity to Neurons Is Mediated by Gypsy-ERV and DNA 

Damage Signaling

• With Pathological hTDP-43, Glia Become Actively Toxic to nearby Neurons 

in vivo

Chang and Dubnau Page 25

Curr Biol. Author manuscript; available in PMC 2020 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Gypsy ERV Replication and DNA Damage Are Seen in Glia after hTDP-43 Induction
(A) Schematic of the gypsy-CLEVR replication-based reporter. Gypsy-CLEVR carries a 

Gal4-responsive UAS regulatory element with no reporter in the U5 domain of the 5’-LTR 

and the dual-color WM reporter without a promoter in the U3 domain of 3’-LTR. Retrovirus 

replication creates hybrid LTRs after re-integration. This process places the WM dual color 

reporter under the UAS element control within each of the two LTRs. After reintegrating 

into the host genome, the rearranged WM reporter and UAS element within gypsy-CLEVR 

will response to Gal4 activity.
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(B) Temporal control of hTDP-43 induction in specific cell types via temperature-shift to 

disrupt the Gal80ts repressor function. A temperature shift after development releases Gal4 

to induce hTDP-43 under the UAS control.

(C) Post induction of glial hTDP-43 using the repo-Gal4 yields toxicity that shortens 

lifespan. Survival curves are shown for control animals with nls-LacZ and the CPV reporter 

(repots>nls-LacZ+CPV) or hTDP-43 with the CPV reporter (repots>hTDP-43+CPV). All 

animals were shifted to 29°C immediately after eclosion. The median survival post induction 

was 23 days in repots>nls-LacZ+CPV (n=78) and 7 days in repots>hTDP-43+CPV (n=81). 

****p<0.0001 (Log-rank test) and ####p<0.0001 (Gehan-Breslow-Wilcoxon test).

(D) Gypsy-CLEVR replication over a time-course (Day 2 - Day 5) after induction of nls-

LacZ control (repots>nls-LacZ+gypsy-CLEVR) or hTDP-43 (repots>hTDP-43+gypsy-
CLEVR). Glial nuclei were labeled with the Repo antibody (White) and gypsy-CLEVR 

positive nuclei are revealed with the H2B-mCherry (Red) from the WM reporter in the 

gypsy-CLEVR construct. Scale bar=20 μm. See also Figure S1 and S2A.

(E) Total gypsy-CLEVR positive nuclei (mean ± SEM) from (D). The mean numbers of 

CLEVR-labeled nuclei in repots>nls-LacZ+gypsy-CLEVR were 20.4±4.9 (Day 2, n=8), 

58.2±7.7 (Day 3, n=9), 63.0±8.9 (Day 4, n=10) and 102.2±11.1 (Day 5, n=9). Total numbers 

in repots>hTDP-43+gypsy-CLEVR were 170.9±16.9 (Day 2, n=10), 324.8±22.9 (Day 3, 

n=10), 634.3±38.8 (Day 4, n=8) and 801.8±35.2 (Day 5, n=12). *p<0.05, **p<0.01, 

****p<0.0001, n.s., no significant difference (Unpaired t-test). ###p<0.001, ####p<0.0001 

(Two-way ANOVA).

(F) Total glial number from (D) shown for control and hTDP-43 groups (mean ± SEM). The 

mean numbers in repots>nls-LacZ+gypsy-CLEVR were 1154±28.0 (Day 2, n=8), 1198±36.9 

(Day 3, n=9), 1124±28.0 (Day 4, n=10) and 1181±31.3 (Day 5, n=9). Total numbers in 

repots>hTDP-43+gypsy-CLEVR were 1165±30.6 (Day 2, n=10), 1137±29.4 (Day 3, n=10), 

463.5±66.7 (Day 4, n=8) and 25.4±6.5 (Day 5, n=12). ****p<0.0001, n.s., no significant 

difference (Unpaired t-test). ####p<0.0001, no significant difference (Two-way ANOVA).

(G) Increased numbers of DNA damage foci (detected with γH2AV antibody) were seen 

over a time-course (Day 3 - Day 5) after induction of glial hTDP-43 

(repots>hTDP-43+gypsy-CLEVR), which co-localized with gypsy-CLEVR positive glial 

nuclei. Such DNA damage induction was not observed within control (repots>nls-LacZ
+gypsy-CLEVR) brains. Glial cell nuclei were independently labeled with Repo antibody 

(Green), gypsy-CLEVR positive nuclei are revealed by H2B-mCherry (Red) and DNA 

damage was marked with γH2AV antibody (White). Scale bar=10 μm. See also Figure S2B.

(H) Total numbers of γH2AV positive nuclei from (G) comparing control (nls-LacZ) and 

hTDP-43 groups are shown (mean ± SEM). The average numbers in repots>nls-LacZ
+gypsy-CLEVR were 0.3±0.7 (Day 3, n=9), 0.4±0.8 (Day 4, n=8) and 0.8±1.0 (Day 5, 

n=10). Total numbers in repots>hTDP-43+gypsy-CLEVR were 8.7±5.5 (Day 3, n=7), 

70.0±10.9 (Day 4, n=10) and 170.4±28.5 (Day 5, n=12). *p<0.05, ***p<0.001, 

****p<0.0001, n.s., no significant difference (Unpaired t-test). #p<0.05, ####p<0.0001, no 

significant difference (Two-way ANOVA).
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Figure 2. Induction of hTDP-43 in Glia Activates Caspase-3 and Causes Glial and Neuronal Cell 
Loss
(A) CPV reporter was used to trace Caspase-3 activity after induction of nls-LacZ 

(repots>nls-LacZ+CPV) vs hTDP-43 (repots>hTDP-43+CPV) in glia over a time-course post 

induction (Day 2 – Day 5). The glia and neurons were independently labeled with cell type 

specific markers, Repo (Red) and Elav (Blue), and the Venus and cPARP reporters from 

CPV are shown with Green and Cyan. Cells located within the region highlighted with a 

dashed yellow rectangle were quantified. The total numbers of each marker are shown in (C-

F). Scale bar=20 μm. See also Figure S3.
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(B) Higher magnification from (A). Scale bar=10 μm.

(C) Total numbers of cPARP positive cells from repots>nls-LacZ+CPV and 

repots>hTDP-43+CPV were quantified. cPARP positive numbers from each time-point are 

shown (mean ± SEM). Average cPARP numbers in repots>nls-LacZ+CPV were 0.1±0.1 

(Day 2, n=10), 0.9±0.4 (Day 3, n=12), 1.3±0.3 (Day 4, n=13) and 1.3±0.4 (Day 5, n=7). 

cPARP numbers in repots>hTDP-43+CPV were 3.8±0.7 (Day 2, n=12), 24.6±1.3 (Day 3, 

n=11), 7.6±1.1 (Day 4, n=12) and 5.4±0.9 (Day 5, n=7). ****p<0.0001, n.s., no significant 

difference (One-way ANOVA). #p<0.05, ####p<0.0001, n.s., no significant difference (Two-

way ANOVA).

(D) Total numbers of Venus positive cells from repots>nls-LacZ+CPV and 

repots>hTDP-43+CPV. Venus were quantified (mean ± SEM) for each time-point. Average 

numbers of Venus positive cells in repots>nls-LacZ+CPV were 0.1±0.1 (Day 2, n=10), 

0.9±0.4 (Day 3, n=12), 1.3±0.3 (Day 4, n=13) and 1.3±0.4 (Day 5, n=7). Venus numbers in 

repots>hTDP-43+CPV were 3.8±0.7 (Day 2, n=12), 24.6±1.3 (Day 3, n=11), 7.6±1.1 (Day 

4, n=12) and 5.4±0.9 (Day 5, n=7). ****p<0.0001, n.s., no significant difference (One-way 

ANOVA). #p<0.05, ####p<0.0001, n.s., no significant difference (Two-way ANOVA).

(E) Total numbers of glia labeled with the pan-glial marker, Repo are shown from 

repots>nls-LacZ+CPV and repots>hTDP-43+CPV at different time points. Average numbers 

of Repo-labeled glia numbers are shown (mean ± SEM). Glial numbers in repots>nls-LacZ
+CPV were 37.0±1.2 (Day 2, n=10), 39.5±1.3 (Day 3, n=12), 43.3±2.1 (Day 4, n=13) and 

37.9±1.8 (Day 5, n=7). Glial numbers in repots>hTDP-43+CPV were 40.0±1.5 (Day 2, 

n=12), 38.8±2.7 (Day 3, n=11), 9.4±2.8 (Day 4, n=12) and 2.9±1.3 (Day 5, n=7). 

****p<0.0001, n.s., no significant difference (One-way ANOVA). ####p<0.0001, n.s., no 

significant difference (Two-way ANOVA).

(F) Total numbers of neurons (mean ± SEM) labeled with the pan-neuronal marker, Elav, are 

shown from repots>nls-LacZ+CPV and repots>hTDP-43+CPV during over a time-course. 

Total neuronal numbers in repots>nls-LacZ+CPV were 384.8±8.1 (Day 2, n=10), 

413.9±16.5 (Day 3, n=12), 396.1±21.4 (Day 4, n=13) and 359.9±16.6 (Day 5, n=7). 

Neuronal numbers in repots>hTDP-43+CPV were 379.4±8.0 (Day 2, n=12), 389.4±5.7 (Day 

3, n=11), 274.0±12.9 (Day 4, n=12) and 241.6±22.2 (Day 5, n=7). ****p<0.0001, n.s., no 

significant difference (One-way ANOVA). ###p<0.001, ####p<0.0001, n.s., no significant 

difference (Two-way ANOVA).
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Figure 3. Glial Induction of hTDP-43 Causes DNA Damage and Activated Caspase-3 within 
Neurons
(A-C) Gypsy-CLEVR replication and activated Caspase-3 are shown in repots>nls-LacZ
+gypsy-CLEVR during a time course after nls-LacZ induction: (Day 3(A), Day 4 (B) and 

Day 5 (C)). The glia and neurons were independently labeled with their nuclear markers, 

Repo (Green) and Elav (Blue). The nuclear H2B-mCherry (Red) and membrane myr-GFP 

(Green) from gypsy-CLEVR and activated Caspase-3 (White) are also shown. Scale 

bar=5μm.

(D-F) Gypsy-CLEVR replication and activated Caspase-3 are shown in 

repots>hTDP-43+gypsy-CLEVR during a time-course after hTDP-43 induction: Day 3(D), 

Day 4 (E) and Day 5 (F). The glia and neurons were independently labeled with their 

nuclear markers, Repo (Green) and Elav (Blue). The nuclear H2B-mCherry (Red) and 

membrane myr-GFP (Green) from gypsy-CLEVR and activated Caspase-3 (White) are also 

shown. Scale bar=5μm.

(G-I) Gypsy-CLEVR replication and DNA damage marker, γH2AV, are shown in 

repots>nls-LacZ+gypsy-CLEVR during a time course after induction of nls-LacZ: (Day 

3(G), Day 4 (H) and Day 5 (I)). The glia and neurons were independently labeled with their 

nuclear markers, Repo (Green) and Elav (Blue). The nuclear H2B-mCherry (Red) and 

membrane myr-GFP (Green) from gypsy-CLEVR and γH2AV (White) are also shown. 

Scale bar=5μm.

(J-L) Gypsy-CLEVR replication and DNA damage marker, γH2AV, are shown in 

repots>hTDP-43+gypsy-CLEVR during a time-course after induction of hTDP-43: Day 3(J), 

Day 4 (K) and Day 5 (L). The glia and neurons were independently labeled with their 
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nuclear markers, Repo (Green) and Elav (Blue). The nuclear H2B-mCherry (Red) and 

membrane myr-GFP (Green) from gypsy-CLEVR and γH2AV (White) are also shown. 

Scale bar=5μm.

See also Figures S3 and S4.
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Figure 4. Knock-Down of Gypsy-ERV or DNA Damage Signaling in Glia that Express Toxic 
hTDP-43 Rescues both Autonomous Glial and Non-autonomous Neuronal Cell Death
(A-F) Activated Caspase-3 (White) is detected inside glial nuclei (Red) and neuronal nuclei 

(Blue) when toxic levels of hTDP-43 are induced in glia along with a control RNAi, GFP-IR 

(repots>hTDP-43+GFP-IR) (A,D). In contrast, knock down of gypsy-ERV 

(repots>hTDP-43+gypsy-IR) (B,E) or chk2/loki (repots>hTDP-43+loki-IR) (C,F) are 

sufficient to greatly reduce the numbers of glia and neurons exhibiting activated caspase-3 at 

Day 3 (A-C) and Day 4 (D-E) post induction. Scale bar=10μm.
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(G) Quantification of glial numbers from (A-F), mean ± SEM. Average numbers of Repo-

labeled glial cells were 32.1±1.0 (Day 3, n=8) and 8.0±1.1 (Day 4, n=11) in 

repots>hTDP-43+GFP-IR, 37.1±1.0 (Day 3, n=7) and 36.9±1.6 (Day 4, n=9) in 

repots>hTDP-43+gypsy-IR, and 38.4±0.9 (Day 3, n=14) and 37.4±1.1 (Day 4, n=10) in 

repots>hTDP-43+loki-IR. ****p<0.0001, n.s., no significant difference (Unpaired t-test). 

##p<0.01, ####p<0.0001, n.s., no significant difference (Two-way ANOVA).

(H) Total neuronal numbers were from (A-F) (mean ± SEM). Average neuronal numbers 

were 388.5±8.8 (Day 3, n=8) and 292.8±10.0 (Day 4, n=11) in repots>hTDP-43+GFP-IR, 
401.7±8.0 (Day 3, n=7) and 381.3±11.4 (Day 4, n=9) in repots>hTDP-43+gypsy-IR, and 

389.1±6.9 (Day 3, n=14) and 372.3±9.4 (Day 4, n=10) in repots>hTDP-43+loki-IR. 
****p<0.0001, n.s., no significant difference (Unpaired t-test). ####p<0.0001, n.s., no 

significant difference (Two-way ANOVA).

(I) Total number of Repo-labeled glia that also were Caspase-3 positive from (A-F) (mean ± 

SEM). Average numbers were 17.8±1.1 (Day 3, n=8) and 7.1±0.8 (Day 4, n=11) in 

repots>hTDP-43+GFP-IR, 7.9±0.7 (Day 3, n=7) and 7.8±0.9 (Day 4, n=9) in 

repots>hTDP-43+gypsy-IR, and 9.4±1.0 (Day 3, n=14) and 8.4±0.7 (Day 4, n=10) in 

repots>hTDP-43+loki-IR. ****p<0.0001, n.s., no significant difference (Unpaired t-test). 

####p<0.0001, n.s., no significant difference (Two-way ANOVA).

(J) Total number of Elav-labeled neurons that also were Caspase-3 positive from were (A-F) 

and (mean ± SEM). Average numbers were 14.3±1.0 (Day 3, n=8) and 26.9±1.7 (Day 4, 

n=11) in repots>hTDP-43+GFP-IR, 5.9±1.3 (Day 3, n=7) and 7.3±1.5 (Day 4, n=9) in 

repots>hTDP-43+gypsy-IR, and 7.5±1.2 (Day 3, n=14) and 10.1±0.9 (Day 4, n=10) in 

repots>hTDP-43+loki-IR. ****p<0.0001, n.s., no significant difference (Unpaired t-test). 

##p<0.01, ####p<0.0001 (Two-way ANOVA).

See also Figure S4.
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Figure 5. Focal Induction of Toxic Levels of hTDP-43 in Several Glial Sub-types Causes 
Apoptotic Cell Death in Adjacent Neurons
(A) Schematic the dual label WM reporter to simultaneously mark glial nuclei (with H2B-

mCherry) and glial membranes (with myr-GFP). This allowed identification of glial 

subtypes by morphology and location. Blue indicated neurons and grey represented 

unmarked glial cells.

(B) Co-induction of hTDP-43 and the dual WM reporter was stochastically initiated in glial 

cells via a transient induction of the hs-FLP recombinase and a FRT recombination sites 

flanked “FLP-Off-Gal80” cassette. The FLP-Off Gal80 was used in combination with the 
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glial expressing repo-Gal4, along with UAS-driven hTDP-43 and WM. The hTDP-43 

expressing clones were visualized with the nuclear H2B-mCherry (Red) and membrane myr-

GFP (Green) from the WM reporter. The dual WM reporter allowed identification of the 

glial subtype for each clone. Apoptotic cell death signaling was monitored via an activated 

Caspase-3 antibody (White) and each neuronal nucleus was labeled with antibodies against 

the Elav marker (Blue). Perineurial glia (PNG), Subperineurial glia (SPG), Astrocyte-like 

glia (ALG), Cortex glia (CG) and Ensheathing glia (EG) were separately detected by this 

method. Scale bar=10μm. (See also STAR METHODS for detailed genotypes). We detect 

Caspase-3 labeled neurons adjacent to the majority of PNG, SPG and ALG clones 

expressing hTDP-43. This is not seen with clonal induction of pro-apoptotic genes (See 

Figure S5A).

(C) Gypsy-ERV expression levels were knocked down within hTDP-43 expressing glial 

clones via co-expression of the gypsy-IR. The WM dual reporter was used as in (A), to mark 

hTDP-43 expressing glia. All neuronal nuclei were labeled with an antibody against the Elav 

marker (Blue) and cell death signaling is revealed with an antibody against activated 

Caspase-3 (White). Knocking down gypsy-ERV expression significantly reduced the 

numbers of Caspase-3 labeled neurons (E). Perineurial glia (PNG), Subperineurial glia 

(SPG) and Astrocyte-like glia (ALG) were shown. Scale bar=10μm. (See also STAR 

METHODS for detail genotype).

(D) Chk2/Loki expression levels were knocked down within hTDP-43 expressing glial 

clones via co-expression of the Loki-IR. The WM dual reporter was used as in (A), to mark 

hTDP-43 expressing glia. All neuronal nuclei were labeled with an antibody against the Elav 

marker (Blue) and cell death signaling is revealed with an antibody against activated 

Caspase-3 (White). Knocking down Chk2/Loki expression significantly reduced the 

numbers of Caspase-3 labeled neurons (E). Perineurial glia (PNG), Subperineurial glia 

(SPG) and Astrocyte-like glia (ALG) were shown. Scale bar=10μm. (See also STAR 

METHODS for detail genotype).

(E) Quantification of the fraction of glial clones of each glial cell type for which nearby 

neurons are labeled with activated Caspase-3 from (B-D). Cases where we could not 

unambiguously distinguish PNG from SPG were grouped.

(F) Effects of post development induction of hTDP-43 in SPGs was examined on Caspase-3 

signaling in nearby neurons. The hTDP-43 or nls-LacZ (control) were co-induced with WM 

in SPG glia using the moodyts TARGET method. Activated cell death signaling was 

visualized with an antibody against Caspase-3 (White). SPG nuclei were labeled with H2B-

mCherry (Red) and membranes with myr-GFP (Green) from the WM reporter. All neuronal 

nuclei were labeled with an antibody against the Elav marker (Blue). In addition to 

Caspase-3 activation in nearby neurons, we also observed Caspase-3 label in PNG nuclei 

(White arrowhead), which lie just superficial to the SPG. Caspase-3 label was not observed 

in neurons with expression of the nls-LacZ control (moodyts>nls-LacZ+WM). In contrast, 

expression of hTDP-43 (moodyts>hTDP-43+WM) in SPG was associated with induction of 

activated Caspase-3 signaling in adjacent neurons. Direct activation cell death via induction 

of the pro-apoptotic gene rpr (moodyts>rpr+WM) within SPG did not cause cell death 

signaling within adjacent neurons. Scale bar=20μm. See also Figure S5.
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Figure 6. Blocking Cell Death in hTDP-43 Expressing Glia Exacerbates Non-Autonomous 
Neuronal Toxicity
(A-F) Distribution of activated Caspase-3 (White) was monitored after pan-glial but post 

development induction of hTDP-43 at Day 3 (A-C) and Day 4 (D-E) post induction. All glial 

and neuronal nuclei were co-labeled with antibodies against the Repo (Red) and Elav (Blue) 

markers. Effects of hTDP-43 on Caspase-3 were monitored when it was co-induced with 

either nls-LacZ (A, D) control (repots>hTDP-43+nls-LacZ), vs p35 (repots>hTDP-43+p35) 

or DIAP-1 (repots>hTDP-43+DIAP-1), inhibitors of Caspase-3 function (B,E and C,F, 

respectively). Scale bar=10μm.
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(G) Quantification of total glial numbers from a defined brain region (mean ± SEM). Total 

glial numbers were 30.5±2.3 (Day 3, n=8) and 8.8±0.9 (Day 4, n=13) in 

repots>hTDP-43+nls-LacZ, 36.3±1.4 (Day 3, n=16) and 33.5±1.5 (Day 4, n=8) in 

repots>hTDP-43+p35, and 32.8±1.3 (Day 3, n=15) and 25.1±1.8 (Day 4, n=12) in 

repots>hTDP-43+DIAP-1. **p<0.01, ****p<0.0001, n.s., no significant difference 

(Unpaired t-test). ####p<0.0001, n.s., no significant difference (Two-way ANOVA).

(H) Quantification of total neuronal numbers from a defined brain region (mean ± SEM). 

Total neuronal numbers were 374.4±8.9 (Day 3, n=8) and 311.0±7.2 (Day 4, n=13) in 

repots>hTDP-43+nls-LacZ, 361.5±9.4 (Day 3, n=16) and 209.3±17.4 (Day 4, n=8) in 

repots>hTDP-43+p35, and 379.6±6.3 (Day 3, n=15) and 191.6±11.6 (Day 4, n=12) in 

repots>hTDP-43+DIAP-1. ****p<0.0001 (Unpaired t-test). ####p<0.0001, n.s., no 

significant difference (Two-way ANOVA).

(I) Quantification of total numbers of Caspase-3 positive glia from a defined brain region 

(mean ± SEM). Total Caspase-3 positive glial numbers were 17.3±1.0 (Day 3, n=8) and 

4.9±0.7 (Day 4, n=13) in repots>hTDP-43+nls-LacZ, 16.3±1.2 (Day 3, n=16) and 22.0±2.1 

(Day 4, n=8) in repots>hTDP-43+p35, and 15.9±1.2 (Day 3, n=15) and 11.6±1.1 (Day 4, 

n=12) in repots>hTDP-43+DIAP-1. *p<0.05, **p<0.01, ****p<0.0001 (Unpaired t-test). 

##p<0.01, ####p<0.0001, n.s., no significant difference (Two-way ANOVA).

(J) Quantification of total numbers of Caspase-3 positive neuron (mean ± SEM). Total 

Caspase-3 positive neuronal numbers were 9.5±1.5 (Day 3, n=8) and 26.5±1.9 (Day 4, 

n=13) in repots>hTDP-43+nls-LacZ, 18.5±1.3 (Day 3, n=16) and 43.3±3.2 (Day 4, n=8) in 

repots>hTDP-43+p35, and 19.4±1.6 (Day 3, n=15) and 45.5±2.8 (Day 4, n=12) in 

repots>hTDP-43+DIAP-1. ****p<0.0001 (Unpaired t-test). #p<0.05, ####p<0.0001 (Two-

way ANOVA).

See also Figure S6 and S7.
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Figure 7. TDE Feedback Amplification Loop for Non-Cell Autonomous Propagation from Glia to 
Neurons
TDP-43 proteinopathy (T) and loss of nuclear TDP-43 within glia leads activation of RTEs/

ERVs (E), likely through two mechanisms. First, via activation of DNA damage signaling 

(D) and second via disruption to small RNA mediated silencing. RTEs/ERVs may also feed-

back to amplify DNA damage signal. DNA damage signaling and the expression and/or 

replication of ERVs is toxic within glia, but also produces a non-cell autonomous signal that 

causes a recurrent activation of DNA damage signaling and cell death signaling within 

nearby neurons. RTEs/ERVs may contribute to toxicity by initiating inflammatory responses 

that may influence nearby neurons. It also is possible that ERVs contribute to non-cell 

autonomous toxicity via viral spread within the tissue. The relationship with transfer of 

TDP-43 seeding activity is not clear.
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