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SUMMARY

To understand the progression of Alzheimer’s disease, studies often rely on
ectopic expression of amyloid-beta 42 (Ab42) throughout an entire tissue. Uni-
form ectopic expression of Ab42 may obscure cell-cell interactions that
contribute to the progression of the disease. We developed a two-clone system
to study the signaling cross talk between GFP-labeled clones of Ab42-expressing
neurons and wild-type neurons simultaneously generated from the same progen-
itor cell by a single recombination event. Surprisingly, wild-type clones are
reduced in size as compared with Ab42-producing clones. We found that wild-
type cells are eliminated by the induction of cell death. Furthermore, aberrant
activation of c-Jun-N-terminal kinase (JNK) signaling in Ab42-expressing neurons
sensitizes neighboring wild-type cells to undergo progressive neurodegenera-
tion. Blocking JNK signaling in Ab42-producing clones restores the size of wild-
type clones.

INTRODUCTION

Alzheimer’s disease (AD) is a debilitating neurodegenerative disorder that is marked by widespread cell

death throughout the brain and progressive impairments to memory and cognitive function (McKhann

et al., 1984). One of the hallmarks of AD is the accumulation of amyloid beta (Ab) peptides in extracellular

plaques (Bonini and Fortini, 2003; Cline et al., 2018; Glenner and Wong, 1984; Hardy, 2009; Tare et al.,

2011). These extracellular plaques are accompanied by the aggregation of intracellular neurofibrillary tan-

gles (NFTs) made up of hyperphosphorylated tau protein (Grundke-Iqbal et al., 1986; Kosik et al., 1986;

Wood et al., 1986). The neuropathology of AD results in accumulation of Ab42 plaques and NFTs, which

triggers progressive neurodegeneration across brain regions (Braak and Braak, 1991; Palmqvist et al.,

2017). It is not well understood how cellular changes contribute to the progression from an initial asymp-

tomatic period into a phase of stark cognitive decline (Sperling et al., 2014).

The etiology of AD includes a complicated interplay between the accumulation of Ab42 and hyperphos-

phorylated tau and other pathological changes including alteration of calcium regulation, dysfunction of

mitochondria, and dysregulation of glia (Cline et al., 2018; Hansen et al., 2018). The brain is not uniformly

affected by the disease, and it is not well understood how interactions between neurons affected by dis-

ease pathology and healthy neurons might contribute to the progression of AD over time (Goldman

et al., 2018; Yeates et al., 2019). One possible point of failure in translation could be the difficulty in accu-

rately modeling the local cellular context of the disease.

Transgenic models that express Ab42 uniformly throughout entire tissues—such as the brain or retinal neu-

rons—do not necessarily recapitulate the spread of AD pathology throughout the human brain (Fernandez-

Funez et al., 2013; Jankowsky and Zheng, 2017; Sarkar et al., 2016). Changes to cell-cell signaling down-

stream of Ab42 accumulation can result in aberrant activation of cell death pathways (Casas-Tinto et al.,

2011; Gogia et al., 2021; Tare et al., 2011; Yarza et al., 2015; Yeates et al., 2019).The evidence for substantial

dysregulation of cell death pathways in AD suggests that there is much more to be learned about local

cellular changes that precede cell death as well as what predisposes certain cell populations to die. How-

ever, the signaling interactions between cells producing Ab42 and neighboring cells are difficult to model

in transgenic animals that ectopically express human Ab42 uniformly using neuronal promoters (Drum-

mond and Wisniewski, 2017).
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Drosophila melanogaster is a versatile model organism and shares substantial conservation of basic ge-

netic machinery and disease-related genes with humans (Bier, 2005). Its short life cycle and array of genetic

tools make it a good organism for studying neurodegenerative disease (Deshpande et al., 2019; Gogia

et al., 2020b, 2021; Iijima-Ando and Iijima, 2010; McGurk et al., 2015; Sarkar et al., 2016; Singh, 2012; Singh

and Irvine, 2012). Adult flies possess a compound eye comprising around 800 individual units called omma-

tidia, which include retinal neurons and accessory cells (Gogia et al., 2020a; Ready et al., 1976; Singh et al.,

2005, 2012; Tare et al., 2013a; Treisman, 2013). The eye develops from the eye-antennal imaginal disc in the

larva, a monolayer epithelium that contains the differentiating retinal neurons (Kango-Singh et al., 2003; Raj

et al., 2020; Ready et al., 1976; Singh and Choi, 2003; Singh et al., 2002, 2005).

Fly models of AD can successfully recapitulate elements of disease pathology such as amyloid plaque aggrega-

tion, cell death, and defects in learning andmemory. Since the eye is not required for viability or fertility, severe

neurodegenerative phenotypes can be studied. Human Ab42 polypeptides can be misexpressed in the devel-

oping retinal neurons of transgenic fruit flies using the Gal4-UAS target system (Cao et al., 2008; Cutler et al.,

2015; Moran et al., 2013; Steffensmeier et al., 2013; Tare et al., 2011). The enhancer for Glass Multiple Repeat

(GMR) has been used to drive expression in the developing retina of Drosophila larvae (Brand and Perrimon,

1993; Moses and Rubin, 1991). GMR-Gal4 can be used to drive expression of human Ab42 tagged with a signal

peptide to trigger its extracellular transport in the differentiating retinal neurons of the developing retina. These

flies develop extracellular Ab42plaques andprogressive neurodegeneration through the larval, pupal, and adult

stages. When Ab42 is expressed in the entire eye field of third-instar larvae, their eye-antennal imaginal discs

show disorganization and gaps in the spacing of retinal neurons (Tare et al., 2011). These neurodegenerative

phenotypes are accompanied by an increase in cell death markers and in reporters that show upregulation of

c-Jun N-terminal kinase (JNK) signaling (Sarkar et al., 2018; Singh et al., 2006; Tare et al., 2011).

In humans and AD models, Ab42 accumulation is linked to increases in activation of the JNK pathway (Ir-

win et al., 2020; Ray et al., 2017; Sarkar et al., 2018; Tare et al., 2011; Wang et al., 2014; Yarza et al., 2015).

The JNK signaling pathway, part of the mitogen-activated protein kinase (MAPK) superfamily, is highly

conserved and transcriptionally activates apoptosis. Initiation of the pathway begins with Eiger, the fly ho-

molog of the tumor necrosis factor (TNF), binding to Wengen and Grindelwald, the TNF receptors (Igaki

et al., 2002; Kanda et al., 2002; Moreno et al., 2002). Activation of the TNF receptors allows the signal to

be transmitted by hemipterous (hep), the Drosophila homolog of the Jun kinase kinase (JNKK) and a core

component of this pathway (Glise et al., 1995; Sluss et al., 1996; Tournier et al., 1997). Basket (bsk), the fly

JNK, is activated by phosphorylation, and in turn, it phosphorylates and activates the transcription factor

Drosophila Jun related antigen (Jra or dJun) (Sluss et al., 1996). Puckered, a dual specificity phosphatase,

is a transcriptional target of JNK signaling and regulates JNK signaling through a negative feedback loop

(Adachi-Yamada et al., 1999; Adachi-Yamada and O’Connor, 2002; Martı́n-Blanco et al., 1998). JNK

signaling triggers cell death both through activation of caspases reaper (rpr) and head involution defec-

tive (hid) and through caspase-independent mechanisms (Martı́n-Blanco et al., 1998; Singh et al., 2006).

Research in both flies and humans has implicated activation of the JNK signaling pathway in AD and other

neurodegenerative disorders (Gogia et al., 2020b; Irwin et al., 2020; Tare et al., 2011; Wang et al., 2014;

Yarza et al., 2015). JNK signaling has also been connected to a conserved process known as cell competi-

tion, which is involved in maintaining tissue homeostasis. Cell-cell signaling can occur both through secre-

tion of signals and through expression of cell surface markers. Differential expression of cell surface pro-

teins determines a cell’s fitness relative to its neighboring cells, and less fit cells may be targeted for cell

death in order to maintain tissue integrity (Coelho and Moreno, 2019). Previous research has tied cell

competition to AD and further implicated the JNK pathway in the apoptotic cell death that can occur dur-

ing cell competition (Casas-Tintó et al., 2015; Coelho et al., 2018; Ryoo et al., 2004).

In order to understand how changes in cell-cell signaling downstream of Ab42 accumulation contribute to

the progressive neurodegeneration seen in AD, we have developed a two-clone approach. Here we pre-

sent a genetically tractable system to uncover new insights into interactions between labeled (GFP-posi-

tive) clones of Ab42-expressing neurons and GFP-negative wild-type (WT) sister clones in the same tissue.

In this system, we can model the onset of AD pathology and assess early neurodegeneration by triggering

Ab42 expression in the retina. The eye is not required for viability (Tare et al., 2013b), and this clonal analysis

allows us to express Ab42 in only a random subset of retinal cells. We can then assess neurodegeneration

and changes to cell-cell signaling in these clones.
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RESULTS

Expression of Ab42 in Neuronal Clones Leads to a Reduction in the Size of WT Sister Clones

We have employed a genetic mosaic approach in which labeled clones of neurons are produced in the

developing retina of Drosophila melanogaster larvae. We have used the FLP/FRT system in combination

with the Gal4/UAS/Gal80 system. The FLP/FRT system triggers mitotic recombination mediated by Flip-

pase (FLP) at Flippase Recognition Target (FRT) sites while the Gal4/UAS/Gal80 tissue-specific expression

system can be used to introduce targeted misexpression of genes of interest, such as human Ab42 (Fig-

ure 1A) (Lee and Luo, 1999; Xu and Rubin, 1993). Heterozygous larvae possess one copy of ubi-GFP

(GFP under a ubiquitin promoter) and one copy of the Gal4 repressor, TubGal80 (Gal80 under a tubulin pro-

moter), which can suppress the transgene expression. Application of a heat shock triggers mitotic recom-

bination in heterozygous cells at the FRT sites, leading to the generation of two identifiable clones (Fig-

ure 1A). This results in one clone with two copies of ubi-GFP (GFP-positive) and another with two copies

Figure 1. Presence of Ab42-Expressing Clones Leads to a Preferential Decrease in Size of WT Sister Clones

(A) Diagram of the crossing scheme and mitotic recombination generating Ab42-expressing clones and WT sister clones. Parental lines were crossed to

generate progeny of the genotype y w hsflp; GMR > Ab42/+; FRT82BTubGal80/FRT82Bubi-GFP. A heat shock was applied to trigger mitotic recombination

at the FRT sites, resulting in two clones of cells.

(B) In a control background,GFP-positive (ubi-GFP/ubi-GFP; hereafter Control GFP+/+) andGFP-negative (TubGal80/TubGal80; hereafter Control GFP�/�) sister

clones were generated. Both populations comprise WT cells. Eyes of adult flies with WT clones are normal in size and appearance.

(C) As diagrammed in (A), mitotic recombination results in eye discs with two populations: one clone is GFP positive and expresses Ab42 (ubi-GFP/ubi-GFP;

hereafter GMR > Ab42 GFP+/+) and the sister clone is GFP negative and WT, owing to the presence of two copies of the repressor TubGal80/TubGal80

(hereafter WT GFP�/�). In animals with Ab42-expressing clones, eyes of adults are normal sized but show areas of roughness and irregular structure

indicative of neurodegeneration. Scale bars in (B) and (C), 100 mm.

(D) Control eye-antennal imaginal disc with GFP-positive and GFP-negative WT sister clones. Elav (red) marks the developing retinal neurons. Scale bars for

203 images, 50 mm. The following panels correspond to the same eye disc imaged at 403, clones outlined. Elav staining shows that the retinal neurons of

controls are regularly spaced and arranged. GFP-positive WT and GFP-negative WT clones are similar in size.

(E) GFP-positive clones express Ab42, and GFP-negative clones are WT. Elav staining shows gaps in spacing and disorganization indicative of the loss of

retinal neurons. The WT clone is substantially reduced in size compared with the Ab42-expressing clone. Scale bars for 403 images, 10 mm.

(F) Clone sizes were quantified and compared. Statistical analysis was done using one-way ANOVA with Tukey’s post hoc to compare these four groups.

Data are presented as meanG SEM. Control GFP-positive WT and GFP-negative sister clones were not significantly different (N = 30, p = 0.63), whereas WT

clones adjacent to Ab42-expressing sister clones were significantly smaller (N = 33, **p < 0.01). See also Table S1.
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of TubGal80 (GFP-negative). Both clones are easily identifiable against the background, which weakly ex-

presses GFP in heterozygous cells (Figures 1B–1E).

We dissected eye-antennal imaginal discs from animals producing control clones without Ab42 expression

and examined their retinal neurons. The two sister clones produced in a control genetic background

comprised GFP-positive and GFP-negative neuronal populations (Figure 1D). For the purposes of compar-

ison, we will consider clones that do not produce Ab42 in this context to be wild-type (WT). Clone sizes were

quantified in ImageJ by drawing a region of interest around each clone and measuring the area of that re-

gion. In controls, we found no significant difference between GFP-positive WT and GFP-negative WT

clones (Figure 1F, p = 0.63). The retinal neurons of these eye discs were normally arranged, as evident

from Elav staining to mark the nuclei of retinal neurons (Robinow and White, 1991) (Figure 1D). The adult

eyes were normal in appearance (Figure 1B).

To study the interactions between Ab42-expressing and WT neurons, we generated GFP-positive clones

that express human-Ab42 under the retinal neuron driver GMR (Glass Multiple Repeat)-Gal4, whereas

GFP-negative clones comprise WT neurons owing to the presence of two copies of the Gal4 repressor,

TubGal80 (Figure 1C). GMR-Gal4 drives expression in the differentiating retinal neurons and not in the

neuronal precursor cells, allowing us to model AD pathology early in the disease progression. Ab42 expres-

sion in this system triggers formation of extracellular plaques, as previously described (Tare et al., 2011)

(Figure S1). Because both clones originate from a single recombination event from one progenitor cell,

we expected them to be equivalent in size. Instead, we found that the WT clones are significantly reduced

in size compared with Ab42-expressing sister clones (Figure 1F, **p < 0.01). Additionally, we observed

spacing defects indicating the loss of retinal neurons from both Ab42-expressing clones and WT sister

clones (Figure 1E).

Ab42-Expressing Clones and Controls Show Similar Levels of Cell Proliferation

A difference in the size of clones could be due to either excessive proliferation or cell death in clonal cell

populations. We stained with an antibody against phospho-histone H3 (PH3), a sensitive and reliable

marker of mitosis (Hendzel et al., 1997) (Figure 2A). The number of PH3-positive puncta was found to be

comparable among all four groups, GFP-positive and GFP-negative sister clone controls, and GFP-positive

Ab42-expressing and GFP-negative WT sister clones (Figure 2B, see Table S2 for raw values). These results

suggested that the difference in size between Ab42-expressing clones and their WT sister clones could be

due to cell death rather than changes in proliferation.

Expression of Ab42 in Clones Triggers Cell Death in Nearby WT Cells

To quantify cell death, we stained eye imaginal discs with an antibody against activated caspase, Dcp-1

(Song et al., 1997). In the control eye discs, GFP-positive and GFP-negative WT clones showed a low level

of cell death, averaging only ~1.5 puncta per clone (Figures 3A and 3C). However, a higher level of cell

death was observed in WT sister clones of Ab42-expressing clones (Figure 3B). To understand the relation-

ship between clone size and cell death, we calculated the ratio of the clone area of WT to Ab42-expressing

clone and the ratio of cell death inWT to Ab42-expressing clone (Figure 3D). The rationale was thatWT cells

start dying as soon as clones are generated and Ab42 expression begins, and as a result, they are smaller in

size when eye discs are stained. Of these WT clones, a subset was comparable in size with their Ab42-ex-

pressing sister clones (WT/Ab42 clone area >0.8). These WT sister clones showed a substantial level of cell

death (see Table S2 for raw values). By contrast, thoseWT clones that were highly reduced in size compared

with Ab42-expressing sister clones showed low levels of cell death.

We reasoned that the difference between these two groups may reflect the progression of the pathology

along the developmental time window in this model. We compared the cell death data for these two

groups (Figure 3E). Our results suggest that initially, WT and Ab42-expressing clones grow at equivalent

rates after arising from one single progenitor cell until the presence of Ab42-expressing cells begins to

trigger cell death in the WT clones. WT cells die, leading to a decrease in the size of WT clones. This sug-

gests that changes in cell signaling, downstream of Ab42 accumulation, could result in the sensitization of

WT cells to pathological signals emanating from nearby Ab42-expressing cells, resulting in decreased

fitness and death of WT cells.
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Modulation of the JNK Signaling Pathway in Ab42-Expressing Clones Causes Cell Death in

WT Cells

Previous research in flies and humans has implicated activation of the highly conserved JNK signaling

pathway in AD (Irwin et al., 2020; Sarkar et al., 2018; Tare et al., 2011; Wang et al., 2014; Yarza et al.,

2015). Phosphorylation of JNK transcriptionally activates apoptosis, and increased levels of pJNK have

been reported in patients with AD (Wang et al., 2014). We stained with an antibody specific to activated,

phosphorylated JNK (pJNK). pJNK produces a regular pattern of staining across eye discs (Figure 4A).

In control animals, the pattern of pJNK expression remained consistent across GFP-positive WT clones

and GFP-negative WT clones (Figure 4A). Ab42-expressing clones showed subtle increases in pJNK signal,

comprising a haze seen over the regular pattern of staining in controls (Figure 4B). Furthermore, we

observed local regions of increased pJNK within Ab42-expressing clones, which appeared to extend

into the area of WT clones (Figure 4B). Quantification showed a modest but significant increase in pJNK

levels in Ab42-expressing clones compared with WT clones (Figure 4C).

We then introduced genetic manipulations of the core JNK pathway components in Ab42-expressing

clones. We expressed a constitutively active form of JNK kinase homolog hemipterous, hepAct (Glise

et al., 1995; Tournier et al., 1997), resulting in a significant reduction in the size of WT sister clones (Figures

4D, 4E; **p < 0.01). Staining with pJNK revealed an increase in pJNK signal over the Ab42 and hepAct ex-

pressing clone (Figure 4D). Since JNK is ubiquitously expressed, we could see changes in levels of JNK sig-

nals. Interestingly, when we examined adult flies with hepAct expression in Ab42-expressing clones, we saw

a strong reduction in the size of the entire eye (Figure 4D). These results provide additional evidence that

Ab42-expressing cells signal to surrounding tissue, resulting in the loss of WT cells, and that the resultant

cell death is mediated at least in part by the JNK pathway. Finally, we decreased JNK activity by expressing

Figure 2. Cell Proliferation Is Similar Among Ab42-Expressing Clones and Controls

(A) Phosphohistone H3 (PH3) staining marks proliferating cells. Scale bars, 10 mm.

(B) PH3 puncta were quantified for GFP-positive and GFP-negative WT control clones (N = 10) and Ab42-expressing and

WT clones (N = 11).

Data are presented as mean G SEM. Statistical analysis was done using one-way ANOVA with Tukey’s post hoc to

compare these four groups. No significant differences were observed. See also Table S2.
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a dominant negative form of Drosophila JNK homolog, basket (bsk) (Sluss et al., 1996) (Figure 4F). Interest-

ingly, expressing bskDN in Ab42-expressing clones restored the size of the WT sister clones (Figure 4F). We

saw no significant difference in size between GFP-positive and GFP-negative clones (Figure 4G; p = 0.58).

We further verified the presence of Ab42 plaques in clones expressing both Ab42 and bskDN by staining

(Figure S1). We found robust induction of Ab42 expression in the background where bskDN levels are

also upregulated. Despite the robust accumulation of Ab42, there is a significant rescue in the size of

WT sister clones when bskDN is expressed. Overall, these results demonstrate that activation of the JNK

pathway in Ab42-expressing clones triggers cell death in WT sister clones (Figure 5).

DISCUSSION

It has been debated for a long time about which cellular population is killed to exhibit progressive neuro-

degenerative phenotypes in transgenic gain-of-function models of Ab42 expression, since in these

Figure 3. Ab42-Expressing Clones Trigger Cell Death in Surrounding WT Cells

(A) Control eye discs were stained with Dcp-1 to mark cell death. Scale bars, 10 mm.

(B) Eye discs with Ab42-expressing and WT clones stained with Dcp-1. Scale bars, 10 mm.

(C) Cell death was compared in control clones. Data are presented as mean G SEM. Statistical analysis was done using

two-way unpaired Student’s t test (N = 20, p = 0.88).

(D) For each pair of WT and Ab42-expressing clones, a ratio of WT/Ab42 clone area and WT/Ab42 Dcp-1 puncta number

was calculated and plotted.

(E) WT and Ab42-expressing clones were divided into subgroup based on the ratio of WT/Ab42-expressing clone area.

Data are presented as meanG SEM. In clone pairs in which WT clone size is substantially decreased, WT clones show less

cell death (N = 13, **p < 0.01, two-way unpaired Student’s t test). WT clones comparable in size with Ab42-expressing

sister clones show similar levels of cell death to Ab42-expressing clones (N = 10, p = 0.75, two-way unpaired Student’s

t test). See also Table S2.
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Figure 4. Modulation of the JNK Signaling Pathway in Ab42-Expressing Clones Dictates the Survival or

Elimination of WT Cells

(A) Control clones show a regular pattern of pJNK staining throughout the eye disc. This pattern is consistent across WT

GFP-positive and WT GFP-negative clones. Scale bars, 50 mm.

(B) Eye disc with GFP-positive clones expressing Ab42. pJNK levels are increased in Ab42-expressing clones.

Magnification shows increased pJNK signal overlapping with the Ab42-expressing clone. The upregulation of pJNK

expression in Ab42-expressing clones extends into WT sister clones. Scale bars, 50 mm.
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experimental models all the cells within a field are expressing high levels of Ab42. Therefore, the experi-

mental models using uniform ectopic expression of Ab42 recapitulate the cell death dynamics of AD at

a local level. In order to generate insights into the mechanism we developed a two-clone system. This

two-clone approach takes advantage of genetic tools in Drosophila to uncover new insights into the inter-

actions between Ab42-expressing and WT neurons to model aspects of AD pathology. The utility of this

system is that we can generate two labeled populations of clones from the same progenitor cell and ex-

press Ab42 in one population of differentiating retinal neurons, which facilitates the study of pathways

implicated in AD pathology. We show evidence that Ab42-expressing cells produce aberrant signals

that instead sensitize their WT neighbors to cell death (Figure 1).

Previous research has established that transgenic expression of Ab42 throughout the brain or retina in

Drosophila results in increased cell death and neurodegeneration (Cao et al., 2008; Moran et al., 2013; Sar-

kar et al., 2018; Tare et al., 2011). We see here that there is a more complicated cross talk that preferentially

impacts WT cells before Ab42-expressing cells. A widespread cell death is not a feature of normal, healthy

aging, and previous research has suggested that aberrant changes to cell signaling downstream of Ab42

accumulation lead to progressive neurodegeneration (Deshpande et al., 2019; Gogia et al., 2021; Sarkar

et al., 2016; Yeates et al., 2019). Here we show evidence that Ab42-expression triggers an increase in

JNK activation that ultimately leads to the death of neighboring WT cells in the sister clone (Figure 5).

The JNK pathway regulates cell death through transcriptional activation of pro-apoptotic factors. The subtle in-

crease in pJNK signal weobservedwas consistent with previous research showing an increase in pJNK in the eye

discs of flies expressing Ab42 (Sarkar et al., 2018; Tare et al., 2011). Importantly, our geneticmanipulations of the

JNK pathway then supported the idea that JNK signals may be emanating from Ab42-expressing cells. Expres-

sion of hepAct in Ab42-expressing clones resulted in a substantial decrease in WT clone size. Previous research

has shown that hepAct expression alone activates the JNK pathway, resulting in cell death. Expression of both

hepAct and Ab42 together worsens neurodegeneration (Sarkar et al., 2018; Tare et al., 2011). Finally, expression

of bskDN in Ab42-expressing clones restored the size of the WT sister clones to normal. Expression of bskDN in

Ab42-expressing clones appears to rescue WT clone size without impacting Ab42 plaque production. Expres-

sion ofbskDN andAb42 in the entireGMRdomain yields robust Ab42 plaque formation, shown by staining. Simi-

larly, clones expressing bskDN andAb42 show plaque formation (Figure S1), providing evidence against the pos-

sibility that bskDN expression is rescuingWT clone size simply by reducing the amount of Ab42 overall. Blocking

JNK signaling in Ab42-expressing neurons restored the size of WT clones, strongly indicating that the JNK

pathway plays a critical role in the cell death of WT cells in AD.

What remains unknown is the mechanism by which JNK activation in Ab42-expressing clones could be im-

pacting the survival of WT clones. One possibility could be signaling interactions mediated through

Figure 4. Continued

(C) pJNK levels were compared for control sister clones and Ab42-expressing and WT sister clones. No significant

difference was observed between control clones (N = 17, p = 0.72, two-way unpaired Student’s t test). Data are presented

asmeanG SEM.We observed an increase in pJNKmean gray value in Ab42-expressing clones (N = 17, *p< 0.05, two-way

unpaired Student’s t test). Because pJNK staining results in strong signal in the optic stalk, for pJNK mean gray value

calculation, we selected for analysis the region of the z stack that did not substantially overlap with the optic stalk staining.

(D) To test the effects of upregulating JNK signaling, we expressed hepAct in Ab42-expressing cells. Expression of hepAct

in clones led to a non-autonomous increase in cell death throughout the entire eye, resulting in highly reduced eyes.

Expression of hepAct in all retinal neurons using GMR-Gal4 (GMR > hepAct) triggers neurodegeneration. WT sister clones

are highly reduced in size compared with clones expressing Ab42 and hepAct. Staining for pJNK revealed a region of

increased pJNK levels overlapping with the area of the GFP-positive clone.

(E) GFP-positive clones expressing Ab42 and hepAct and GFP-negative WT clone sizes were quantified. WT sister clones

are significantly reduced in size compared with clones expressing Ab42 and hepAct (N = 19, **p < 0.01, two-tailed

unpaired Student’s t test). Data are presented as mean G SEM.

(F) To test the effects of downregulating JNK activity, we expressed bskDN in Ab42-expressing neurons. Adult flies

expressing bskDN in Ab42-expressing neuronal clones show approximately WT eye size. Expression of bskDN in all retinal

neurons using GMR-Gal4 (GMR > bskDN) results in eyes that are normal in appearance (ywhsflp/bskDN; Ab42/+;

FRT82BTubGal80/FRT82ubi-GFP). Expression of bskDN in Ab42-expressing cells rescues the size of WT clones. Staining

retinal neurons with Elav shows irregular spacing in the Ab42-expressing clone but normal spacing in the WT clone.

(G) Areas of GFP-positive clones expressing Ab42 and bskDN were compared with GFP-negative WT sister clones,

showing no significant difference in size (N = 13, p = 0.58, two-tailed unpaired Student’s t test).

Data are presented as mean G SEM. See also Figures S1 and S2 and Table S1.
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vesicular transport. Because the death of WT cells suggested a signal coming from Ab42-expressing cells,

we introduced mutations impairing cellular transport in Ab42-expressing clones by expressing dominant

negative Rab5DN (Wucherpfennig et al., 2003) or Drosophila dynamin ortholog ShibireDN (Moline et al.,

1999) (Figure S2). However, by blocking all cellular transport, including potentially both cues for cell survival

as well as cell death, these manipulations failed to rescueWT clone size (Figure S2). Further research will be

needed to understand what aspects of cell-cell communication are altered between Ab42-expressing and

WT cells. One possibility is that cell competition could play a role in this process. Isoforms of the cell mem-

brane protein Flower encode cell fitness relative to neighboring cells, with less fit cells being targeted for

apoptosis (Coelho and Moreno, 2019; Coelho et al., 2018).

The principles of the two-clone system can also be applied to study the interactions between tau-express-

ing and WT sister clones, as well as clones expressing both Ab42 and tau. This will be important to

explore especially as JNK has been implicated in tau hyperphosphorylation (Ferrer et al., 2001; Ma

et al., 2009; Ploia et al., 2011). This system provides a useful blueprint to study cross talk between cell

populations in neurodegenerative disease and potentially identify new biomarkers differentially regulated

between Ab42-expressing and WT neurons. Better understanding of the local context of cell death in pro-

gressive neurodegenerative disease is a vital next step in developing new interventions to slow or halt

disease progression.

Limitations of the Study

Ab42 accumulation is one component of AD, and further research in this system is necessary to examine the

role of tau as well as the combination of Ab42 and tau in clones. Furthermore, the GMR-Gal4 driver drives

expression in the developing retina, including retinal neurons and other cell types of the retina.

Resource Availability

Lead Contact

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

the Lead Contact, Amit Singh (asingh1@udayton.edu).

Materials Availability

All fly lines generated in this study are available from the Lead Contact upon reasonable request.

Data and Code Availability

We include the raw data used to generate the figures in Tables S1 and S2. Any other original source data for

figures in the paper are available upon request to the Lead Contact.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101823.

Figure 5. Signaling Cross Talk Between Ab42-Expressing and WT Cells Results in Death of WT Cells

Activation of JNK in Ab42-expressing clones triggers preferential cell death in WT clones, leading to a decrease in overall

WT clone size over time. Although cell death occurs in Ab42-expressing clones, WT clones are affected first. Ab42-

expressing clones with few or no remaining WT cells could also be observed.
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Condition Mean Area (pixels) SD SEM N 

Figure 1 

Control GFP+/+ 17951 11401 2082 30 

Control GFP-/- 14547 9430 1722 30 

GMR>Aβ42 GFP+/+ 22259 13665 2379 33 

WT GFP-/- 12140 8885 1547 33 

Figure 4 

GMR>Aβ42+hepAct GFP+/+ 23378 23505 5392 19 

WT GFP-/- 6793 6976 1600 19 
 

GMR>Aβ42+bskDN 

GFP+/+ 
19708 21781 6041 13 

WT GFP-/- 15639 14762 4094 13 

Figure S1 

GMR>Aβ42+Rab5DN 

GFP+/+ 
16053 12464 2787 20 

WT GFP-/- 9928 5325 1191 20 
 

GMR>Aβ42+shiDN 

GFP+/+ 
20849 11820 2712 19 

WT GFP-/- 7860 5995 1375 19 

Table S1. Clone area raw data. Related to Figures 1, 4, and S1.  
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Condition Mean PH3 Puncta SD SEM N 

Figure 2 

Control GFP+/+ 4.5 5.7 1.8 10 

Control GFP-/- 5.1 4.2 1.3 10 

GMR>Aβ42 GFP+/+ 5.9 5.8 1.8 11 

WT GFP-/- 4.5 4.3 1.3 11 

Condition Mean Dcp-1 Puncta SD SEM N 

Figure 3 

Control GFP+/+ 1.5 2.4 0.5 20 

Control GFP-/- 1.4 1.8 0.4 20 

GMR>Aβ42 GFP+/+ Total 10.6 10.1 2.1 23 

WT GFP-/- Total 5.6 7.8 1.6 23 

GMR>Aβ42 GFP+/+ 
WT/Aβ42 ratio <0.8 

12.9 11.3 3.1 13 

WT GFP-/- 
WT/Aβ42 ratio <0.8 

3.1 4.0 1.1 13 

GMR>Aβ42 GFP+/+ 
WT/Aβ42 ratio >0.8 

7.6 7.7 2.4 10 

WT GFP-/- 
WT/Aβ42 ratio >0.8 

8.9 10.4 3.3 10 

 Table S2. Raw data of PH3 and Dcp-1 puncta. Related to Figures 2 and 3.  
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Figure S1. Aβ42 plaque accumulation occurs in the presence of bskDN.  Related to Figure 4. 

(A), Eye discs were stained with 6E10 to mark Aβ42. GMR-Gal4 driver controls as well as (B) eye discs 
expressing bskDN throughout the GMR domain show normally arranged retinal neurons (Elav staining) 
and no Aβ42, as expected. Scale bars for 20x images of entire eye discs, 50µm. Scale bars for higher 
magnification view, 50µm. (C), Expression of Aβ42 in the entire eye using GMR-Gal4 results in plaque 
accumulation and strong 6E10 staining. Scale bars as in (A) and (B). (D), Expression of Aβ42+bskDN 

results in Aβ42 plaque accumulation. Scale bars as in (A) and (B). (E), Expression of Aβ42 using the two-
clone system results in 6E10 signal in the GFP-positive clone. Scale bars for 20x images of entire eye 
discs, 50µm. Scale bars for higher magnification view, 50µm. (F), Expression of Aβ42+bskDN similarly 
results in a 6E10 signal in the GFP-positive clones. Expression of bskDN does not appear to interfere with 
the accumulation of Aβ42 plaques. This suggests that the rescue of WT sister clones in this condition 
occurs even in the presence of robust Aβ42 plaque accumulation in Aβ42+bskDN clones. Scale bars as in 
(E). 
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Figure S2. Expression of Rab5DN or shiDN in Aβ42-expressing clones failed to rescue WT clone 
size. Related to Figure 4. 

(A), Expression of Rab5DN in Aβ42-expressing clones results in a partial rescue of clone size. Scale bar 
for 20x image of clones, 50µm. Adult flies of this genotype show slight roughness and necrotic spots. 
When Rab5DN is expressed in all retinal neurons using GMR-Gal4 (GMR>Rab5DN), the eye is grossly 
normal with a slight malformation of eye shape on the posterior side. Scale bar, 100µm. In animals 
expressing Rab5DN in Aβ42-expressing clones, sizes of WT clones show an intermediate phenotype. 
6E10 staining marks the Aβ42 plaques. Rab5DN expression led to a block in cell transport as seen by 
Aβ42 remaining trapped inside cells rather than being exported out. Scale bars for 40x images, 10µm. 
(B), Graph showing quantification of clone size comparing Aβ42+Rab5DN expressing clones to WT sister 
clones (two-tailed, unpaired Student’s t test, N = 20; p = 0.05.). (C), Eye disc with shiDN expressed in 
Aβ42-expressing clones. Scale bar for 20x image of clones, 50µm. Adult flies expressing shiDN in clones 
show overall reduction in eye size as well as dark spots along the anterior margin. shiDN expression in all 
retinal neurons by GMR-Gal4 (GMR>shiDN) results in mild aberrations. Scale bars, 100µm. shiDN 
expression in Aβ42-expressing clones failed to rescue the size of WT clones. Scale bars for 40x images, 
10µm. (D), Sizes of GFP-positive clones expressing Aβ42 and shiDN and GFP-negative WT sister clones 
were compared using Student’s t test (N = 19). WT sister clones are significantly reduced in size (***p < 
0.001).  
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Transparent Methods 

Experimental Model and Subject Details 

Fly stocks used in this study are described on FlyBase (https://flybase.org). The Gal4/UAS system was 
used for targeted misexpression studies (Brand and Perrimon, 1993). The Glass Multiple Repeat driver 
line (GMR-Gal4) was used to drive expression of Aβ42 in the developing retina (Moses and Rubin, 1991). 
A UAS-Aβ42 line with two tandem copies of human Aβ42 fused to a signal peptide was used (Casas-
Tinto et al., 2011). This line was recombined with the retinal neuron driver, GMR-Gal4 (GMR-Gal4>UAS-
Aβ42, abbreviated simply as Aβ42) (Tare et al., 2011). Other stocks used in this study include UAS-bskDN 

(Adachi-Yamada et al., 1999), UAS-hepAct (Weber et al., 2000), and UAS-Rab5DN (Zhang et al., 2007).  

Clonal Analysis 

The FLP/FRT system was used to generate clones through mitotic recombination. A Flippase (FLP) 
mediates recombination at Flippase Recognition Targets (FRT). We used transgenic lines in which FRT 
sites were inserted ahead of the sequence driving expression of either Gal80 under a tubulin promoter 
(FRT82BTubGal80) or GFP under a ubiquitin promoter (FRT82Bubi-GFP) on the third chromosome. We 
generated heterozygous progeny of the genotype y w hsflp; GMR-Gal4>UAS-Aβ42/+; 
FRT82BTubGal80/FRT82Bubi-GFP.  

Parental lines of the cross producing these larvae were allowed to lay eggs for 8 hours at 25°C. We 
applied a heat shock 24 hours from the midpoint of the egg lay period to trigger mitotic recombination at 
the first instar larval stage. The 60-minute heat shock at 38°C was applied by placing vials in a water 
bath. Heat shocked vials were then transferred to 29°C until the animals reached the wandering third 
instar larval stage, at which point eye-antennal imaginal discs were dissected. The heat shock triggers 
mitotic recombination at the FRT points, resulting in two populations of cells: sister clones with either ubi-
GFP/ubi-GFP or TubGal80/TubGal80. In TubGal80/TubGal80 clones, the Gal4 repressor Gal80 is 
constitutively produced under a Tubulin promotor, blocking expression of Aβ42. GFP under a ubiquitin 
promoter marks tissue expressing Aβ42 in this background. These clones and those WT clones without 
Aβ42 transgene expression can be readily distinguished from each other and the background, which 
shows weak GFP expression.  

Quantification of clone size 

Analysis was done using the FIJI package of ImageJ. GFP-positive and GFP-negative clones were 
analyzed by defining regions of interest in ImageJ using the freehand selection tool and a Wacom pen 
tablet.  

Statistical analysis 

Statistical analysis was conducted in Graphpad Prism 8. Unpaired, two-tailed Student’s t-tests were used 
to compare one experimental data set with one control data set, while one-way ANOVA with Tukey’s post 
hoc test was used to compare multiple data sets. p-values are noted as follows: *p < 0.05; **p < 0.01; and 
***p < 0.001, ns; not significant. 

Immunohistochemistry 

Eye-antennal imaginal discs were dissected from wandering third instar larvae and fixed for 20 minutes in 
4% paraformaldehyde (Oros et al., 2010; Singh et al., 2004; Singh et al., 2011). Fixation was followed by 
three ten-minute washes in 1x PBST, after which the tissue was stained overnight at 4°C in primary 
antibody. The following primary antibodies were used: rat anti-Elav (proneural marker which stains the 
nuclei of retinal neurons; 1:100, DSHB) (Robinow and White, 1991), mouse anti-6E10 (1:100, Covance), 
rabbit anti-pJNK (1:250, Cell Signaling), mouse anti-PH3 (1:250, Cell Signaling), and rabbit anti-Dcp-1 
Asp216 (1:150, Cell Signaling) (Song et al., 1997). Eye-antennal imaginal discs were washed three times 
in 1x PBST and incubated in secondary antibody in the dark at room temperature for two hours. 
Secondary antibodies (Jackson Laboratories) used were goat anti-rat IgG conjugated with Cy5 (1:250), 
donkey anti-mouse IgG conjugated with Cy3 (1:300), anti-Mouse IgG conjugated with Cy5 (1:300), and 
donkey anti-rabbit IgG conjugated with Cy3 (1:250). After a final set of three washes in 1x PBST, discs 
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were mounted in Vectashield (Vector Laboratories). Eye discs were imaged using an Olympus Fluoview 
3000 Confocal Microscope. Final images and figures were prepared using Adobe Photoshop Creative 
Cloud.  

Adult eye imaging 

Adult flies were frozen at -20°C for 2-4 hours. After the removal of its wings and legs, each fly was 
mounted on a needle in a horizontal orientation. Images were taken using a Zeiss ApoTome with 
AxioCam MRc5 and AxioVision software. Z-stacks were taken and merged to form the final image (Sarkar 
et al., 2018; Singh et al., 2019; Wittkorn et al., 2015). Images were then prepared using Adobe Photoshop 
Creative Cloud. 
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