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Alzheimer’s disease (AD, OMIM: 104300) is an age-related disorder that affects
millions of people. One of the underlying causes of AD is generation of hydrophobic
amyloid-beta 42 (Ap42) peptides that accumulate to form amyloid plaques. These
plagues induce oxidative stress and aberrant signaling, which result in the death
of neurons and other pathologies linked to neurodegeneration. We have developed
a Drosophila eye model of AD by targeted misexpression of human Ap42 in
the differentiating retinal neurons, where an accumulation of Ap42 triggers a
characteristic neurodegenerative phenotype. In a forward deficiency screen to look
for genetic modifiers, we identified a molecularly defined deficiency, which suppresses
AB42-mediated neurodegeneration. This deficiency uncovers hippo (hpo) gene, a
member of evolutionarily conserved Hippo signaling pathway that regulates growth.
Activation of Hippo signaling causes cell death, whereas downregulation of Hippo
signaling triggers cell proliferation. We found that Hippo signaling is activated
in Ap42-mediated neurodegeneration. Downregulation of Hippo signaling rescues
the AB42-mediated neurodegeneration, whereas upregulation of Hippo signaling
enhances the Ap42-mediated neurodegeneration phenotypes. It is known that
c-Jun-amino-terminal kinase (UNK) signaling pathway is upregulated in AD. We found that
activation of JNK signaling enhances the Ag42-mediated neurodegeneration, whereas
downregulation of JNK' signaling rescues the AP42-mediated neurodegeneration.
We tested the nature of interactions between Hippo signaling and JNK signaling
in AB42-mediated neurodegeneration using genetic epistasis approach. Our data
suggest that Hippo signaling and JNK signaling, two independent signaling
pathways, act synergistically upon accumulation of AB42 plaques to trigger cell
death. Our studies demonstrate a novel role of Hippo signaling pathway in
AB42-mediated neurodegeneration.

Keywords: neurodegeneration, Alzheimer’s disease, cell death, amyloid-beta 42, Hippo signaling, growth
regulation, c-Jun-amino-terminal kinase (JNK) signaling, Drosophila eye
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder that affects the aging population and is predicted
to continually increase in prevalence and incidence in the
United States (Barnes and Yaffe, 2011). The hallmark of AD and
other neurodegenerative diseases is loss of cognitive function
due to neuronal death (Hardy, 2009; Hirth, 2010; O’Brien and
Wong, 2010; Selkoe and Hardy, 2016). AD is characterized by
accumulation of two types of protein aggregates in AD brains,
viz., extracellular plaques of amyloid-beta (AB) peptides and
intracellular tangles of hyper-phosphorylated and cleaved forms
of tau, the microtubule-associated protein (MAP). Abnormal
cleavage of the amyloid precursor protein (APP) results in 42
amino acid long polypeptides hereafter referred to as Ap42
peptides (Crews and Masliah, 2010; O’Brien and Wong, 2010;
Selkoe and Hardy, 2016). As per the amyloid hypothesis, the
accumulation of the AP42 peptides into plaques initiates a
pathological cascade eventually leading to neurodegeneration
(Tare et al,, 2011; Selkoe and Hardy, 2016; Yeates et al., 2019).
Since this hypothesis was postulated, several signaling pathways
and genetic modifiers have been implicated in AB42-mediated
neurodegeneration (Moran et al., 2013; Steffensmeier et al., 2013;
Cutler et al., 2015; Yeates et al., 2019).

Since the genetic machinery is highly conserved, many
AD animal models including mouse, rodents, flies, fish, dogs,
and non-human primates have been developed to discern
mechanisms of neurodegeneration (lijima-Ando and Iijima,
2010; Pandey and Nichols, 2011; Tare et al., 2011; Sabbagh
et al, 2013). These animal models also allow testing for
therapeutic targets (Pandey and Nichols, 2011; Sabbagh et al,,
2013; Sarkar et al., 2016, 2018b; Deshpande et al, 2019).
Drosophila melanogaster, the fruit fly, has served as a versatile
model to study neurodegenerative diseases (Hirth, 2010; Prussing
et al., 2013). The adult Drosophila eye arises from a monolayer
epithelium, which is housed inside the larva and is referred to
as the eye-antennal imaginal disc (Kumar, 2011; Singh et al.,
2012; Tare et al., 2013). The adult eye is comprised of nearly 800
unit eyes or ommatidia (Ready et al., 1976; Kumar, 2011; Singh
et al., 2012). After retinal differentiation, few undifferentiated
cells undergo programmed cell death (PCD) during pupal
development (Brachmann and Cagan, 2003). It is notable that
PCD does not normally occur during early eye development;
however, cell death may occur due to abnormal signaling
(Mehlen et al., 2005; Singh et al., 2006; Tare et al., 2016). We have
developed a Drosophila AD model by misexpressing high levels
of human AB42 polypeptide in the differentiating photoreceptor
neurons of the developing Drosophila eye. Misexpression of Ap42
in the developing Drosophila eye results in progressive loss of

Abbreviations: AD, Alzheimer’s disease; AP42, amyloid-beta 42; Hpo/MST1/2,
Hippo; Yki/YAP, Yorkie; Wts/LATS1, Warts; Sav/SAV1/WW45, Salvador;
Mobs/hMobl, Mob-as-tumor-suppressor; Sd/TEAD], Scalloped; DIAP1/BIRCS,
Drosophila inhibitor of apoptosis; rpr, reaper; hid, head involution defective; NK, c-
Jun-amino-terminal kinase; MAPK, mitogen-activated protein kinase; Egr/TNFa,
Eiger; Hep/JNKK, hemipterous; Bsk/INK, basket; dJun/c-Jun, Jun-related antigen;
puc, puckered; GMR, glass multiple repeat; PBS, phosphate buffered saline; ELAV,
embryonic lethal abnormal vision; Dlg, discs large.

photoreceptor neurons and aberrant morphology that mimics
the neuropathology of atrophy and loss of neurons linked to AD
(Tare et al., 2011; Sarkar et al., 2016).

Activation of the c¢-Jun-amino-terminal kinase (JNK)
signaling  pathway is implicated in  AP42-mediated
neurodegeneration (Tare et al, 2011; Sarkar et al., 2016).
JNK signaling, which belongs to the mitogen-activated protein
kinase (MAPK) superfamily, is a stress-activated protein kinase
that triggers apoptosis upon activation (Adachi-Yamada and
O’connor, 2004; Stronach, 2005; Dhanasekaran and Reddy,
2008). The JNK cascade is initiated by the binding of the ligand
Eiger (Egr), the Drosophila homolog of the human tumor
necrosis factor (TNF) to TNF receptors, named Wengen and
Grindelwald in flies (Igaki et al., 2002; Kanda et al., 2002; Moreno
et al., 2002). Upon receptor activation, the signal is transmitted
by hemipterous (hep), the Drosophila JNKK that phosphorylates
basket (bsk), the Drosophila JNK (Glise et al., 1995; Sluss et al.,
1996; Holland et al.,, 1997). Bsk phosphorylates and activates
Drosophila Jun-related antigen (Jra or dJun). The transcription
factor Jun translocates to the nucleus to induce target genes of
the JNK pathway (Sluss et al., 1996; Kockel et al., 2001). A key
transcriptional target of JNK signaling is puckered (puc), which
is a dual-specificity phosphatase that negatively regulates bsk
and thereby forms a negative feedback loop (Martin-Blanco
et al., 1998; Adachi-Yamada, 2002; Stronach, 2005). When
activated, JNK signaling triggers cell death by phosphorylation
of reaper (rpr) and head involution defective (hid), as well as
caspase-independent mechanisms (Martin-Blanco et al., 1998;
Stronach, 2005; Singh et al., 2006; Igaki, 2009).

Interestingly, a key interactor of the JNK is the Hippo
pathway, which is a conserved signaling pathway primarily
involved in the regulation of organ size (Kango-Singh and
Singh, 2009; Pan, 2010; Halder and Johnson, 2011; Staley
and Irvine, 2012). The Hippo and JNK pathways interact in
several contexts, for example, in the regulation of growth, cell
survival, and regeneration (Grusche et al., 2011; Sun and Irvine,
2011). The Hippo pathway is comprised of several upstream
regulators that relay the signal through a core kinase cascade
that ultimately controls the activation of Yorkie (Yki), the
effector of the Hippo pathway (Huang et al, 2005). Yki acts
as a transcriptional coactivator and requires Scalloped (Sd), a
TEAD/TEF family transcription factor to induce the expression
of Hippo pathway target genes (Wu et al., 2008; Zhang et al,,
2008; Ren et al.,, 2010). The core kinase cassette is comprised
of Hippo (Hpo) and Warts (Wts), two serine-threonine protein
kinases of the mammalian Ste-20 and nuclear Dbf-2-related
(NDR) kinase family, respectively. Hpo phosphorylates and
complexes with the WW-domain containing adaptor protein
Salvador (Sav). The Hpo-Sav complex interacts with the
downstream kinase Wts and its binding partner Mob-as-tumor-
suppressor (Mats). Following Hpo-mediated phosphorylation,
Wts undergoes autophosphorylation and in turn phosphorylates
Yki (Justice et al., 1995; Kango-Singh et al., 2002; Tapon et al,,
2002; Harvey et al.,, 2003; Jia et al., 2003; Pantalacci et al., 2003;
Udan et al., 2003; Wu et al., 2003; Huang et al., 2005; Lai et al.,
2005; Wei et al., 2007; Kango-Singh and Singh, 2009). Overall,
activation of the Hippo pathway sequesters Yki in the cytoplasm
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and results in induction of cell death and decreased organ size
(Harvey et al., 2003; Pantalacci et al., 2003; Udan et al., 2003; Wu
et al., 2003; Wei et al., 2007; Verghese et al., 2012). In contrast,
inactivation or downregulation of Hippo pathway allows Yki to
translocate to the nucleus, bind Sd, and regulate expression of
target genes. These target genes include Myc and bantam, the
two promoters of growth, and Diapl, a Drosophila inhibitor of
apoptosis protein 1 (Nolo et al., 2006; Thompson and Cohen,
2006; Wu et al., 2008; Zhang et al., 2008; Peng et al., 2009; Neto-
Silva et al., 2010; Oh and Irvine, 2011). Other phosphorylation-
independent mechanisms of Yki regulation are also known that
mainly involve physical association of Yki with Hippo signaling
components, which prevents its nuclear localization (Oh and
Irvine, 2008, 2009, 2010; Zhang et al., 2008). While Hippo
signaling plays a role in several diseases like cancer, polycystic
kidney disease, and heart disease, its role in neurodegenerative
diseases such as AD remains poorly understood.

In a genetic modifier screen, we identified a deficiency,
Df(2R)BSC782/+, which  rescued the AP42-mediated
neurodegeneration phenotype. This deficiency uncovers 10
genes including the hpo gene. Further testing with the candidate
genes uncovered by Df(2R)BSC782 revealed hpo as the causal
genetic modifier of the neurodegeneration phenotype of Ap42
overexpression. This suggested that hpo and other components
of the Hippo signaling pathway may impact the AB42-mediated
neurodegeneration phenotype. Here we report that the Hippo
pathway affects AB42-mediated neurodegeneration phenotypes
as hyperactivation of Hippo signaling leads to enhancement of
AB42 toxicity, whereas downregulation of Hippo signaling
rescues  AP42-mediated = neurodegeneration  phenotype.
Previously, we had reported that AP42 induced neuronal
apoptosis via activation of a J]NK-caspase-dependent pathway.
Recently, JNK and Hippo pathway were shown to interact in
several contexts, which prompted us to study if ]NK-Hippo
interactions affected the AP42-mediated neurodegeneration
phenotype. Here we report that misexpression of AB42 induces
JNK signaling, which in turn, induces Hippo signaling by
blocking Yki activation. Activation of Hippo signaling in Ap42-
mediated neurodegeneration activates puc-lacZ, a reporter of
JNK signaling. Here we present evidences to support a role
for a positive feedback loop between JNK and Hippo signaling
pathways that promotes AB42-mediated neurodegeneration in
the Drosophila eye.

MATERIALS AND METHODS

Fly Stocks

All fly stocks used in this study are listed at FlyBase (http://
flybase.bio.indiana.edu). Fly stocks used in this study were:
GMR-Gal4 (Moses and Rubin, 1991), UAS-AP42 (Tare et al,
2011; Sarkar et al., 2018b), UAS-hpo (Udan et al., 2003), UAS-
hpoRNAi (Pantalacci et al., 2003), UAS-wts!3F (Kwon et al,
2015), UAS-wtsRNA (Trip Line), UAS-yki (Oh and Irvine,
2009), UAS-ykifNAINFC) (Zhang et al., 2008), diapl-4.3-green
fluorescent protein (GFP) (Ren et al., 2010), hid 5'-GFP (Tanaka-
Matakatsu et al., 2009), ex®®7-lacZ (Boedigheimer et al., 1997),
UAS-puc, pucf® (Martin-Blanco et al., 1998), UAS-jun®P"’

(Treier et al., 1995), UAS-hepA<t (Glise et al., 1995), UAS-bskPN
(Adachi-Yamada et al., 1999). For the genetic screen, we used
molecularly defined deficiencies. We identified Df(2R)BSC782/+,
a deficiency, which is located on the right arm of the second
chromosome, and uncovers BTub56D, par-1, CG16926, CG7744,
CG15120, mei-W68, oseg6, TBCB, rep, and hpo genes (listed in
Flybase). For wild-type control, we used the Canton-S stock of
D. melanogaster in this study. Fly stocks were maintained at 25°C
on the regular cornmeal, yeast, molasses food medium.

Genetic Crosses

We employed a Gal4/UAS system for targeted misexpression
studies (Brand and Perrimon, 1993). All Gal4/UAS crosses
were maintained at 18, 25, and 29°C, unless specified, to
sample different induction levels (Singh and Choi, 2003;
Singh et al, 2005). The GMR-Gal4 driver used in this
study targets misexpression of transgenes in the differentiating
retinal precursor cells of the developing eye imaginal disc
and pupal retina (Moses and Rubin, 1991). Misexpression of
AB42 in the differentiating retina (GMR-Gal4 > UAS-AP42,
referred to as GMR> AP42 throughout the text) exhibits a
stronger neurodegenerative phenotype at 29°C (Tare et al,
2011; Sarkar et al., 2018b). For all other genetic interaction
studies involving the JNK and Hippo pathway, UAS lines that
upregulate or downregulate pathway components were tested
using appropriate transgenes by crossing to the GMR> AB42 flies
though appropriate genetic crosses.

Immunohistochemistry

Eye-antennal imaginal discs were dissected from the wandering
third-instar larvae in 1X phosphate buffered saline (PBS), fixed
in 4% paraformaldehyde in PBS for 20 min, and washed in
PBS. We stained the tissue with a combination of antibodies
following a previously published protocol (Singh et al., 2002;
Sarkar et al, 2018a). The primary antibodies used were
rat anti-Embryonic Lethal Abnormal Vision (ELAV) (1:50;
Developmental Studies Hybridoma Bank, DSHB), mouse anti-
discs large (Dlg) (1:100; DSHB), rabbit anti-Dlg (1:200; a gift
from Dr. K. Cho), mouse anti-6E10 (1:100), rabbit anti-B-
galactosidase (1:200; Cappel), mouse anti-22C10 (1:100; DSHB),
and mouse anti-Chaoptin (MAb24B10) (1:100; DSHB) (Zipursky
et al., 1984). Secondary antibodies (Jackson Laboratory) used
were goat anti-rat IgG conjugated with Cy5 (1:250), donkey anti-
rabbit IgG conjugated with fluorescein isothiocyanate (FITC)
(1:200), donkey anti-mouse IgG conjugated with FITC (1:200),
and donkey anti-mouse IgG conjugated with Cy3 (1:250). We
mounted the tissues in Vectashield (Vector Laboratories). The
immunofluorescent images were captured by laser scanning
confocal microscopy (Singh and Gopinathan, 1998). We took
the images at 20x magnification unless stated otherwise. We
analyzed and prepared the final figures with images using Adobe
Photoshop CS6 software.

Detection of Cell Death

We performed terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assays using a cell death detection kit from
Roche Diagnostics. TUNEL assays allow identification of the cells
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undergoing cell death where the cleavage of double- and single-
stranded DNA is labeled by a fluorescent tag (TMR Red) (White
etal., 1994; Mccall and Peterson, 2004). The fluorescently labeled
nucleotides are added to 3’ OH ends in a template-independent
manner by terminal deoxynucleotidyl transferase (TdT). The
fluorescent-tagged fragmented DNA within a dying cell can be
detected by fluorescence microscopy. After secondary antibody
staining, eye antennal discs were blocked in 10% normal donkey
serum in PBS with 0.2% Triton X-100 (PBT) and processed
for TUNEL labeling (Singh et al., 2006). For each genotype, we
counted TUNEL-positive nuclei from five sets of eye imaginal
discs to determine dying cell population. We used these cell
counts for statistical analysis using Microsoft Excel 2013. We
calculated the p-values using Student two-tailed t-test, and the
error bars represent standard deviation from mean.

Adult Eye Imaging

We prepared the adult flies for imaging by freezing at —20°C
for ~2h followed by mounting the fly on a dissection needle.
The needle was secured with mounting putty to suspend the fly
horizontally over a glass slide. We took adult eye images on the
Axiomager.Z1 Zeiss Apotome and obtained the Z-stacks (Oros
et al., 2010; Wittkorn et al., 2015; Singh et al., 2019). Final images
are projections of Z-stacks using the extended depth of focus
function of the Axiovision software 4.6.3.

Western Blot

Protein samples were prepared from (n = ~50) adult eyes
from Canton-S (wild-type), GMR> AB42, GMR> AP42+hpo
following standardized protocols (Gogia et al, 2017). The
samples were loaded in the following sequence: Lane 1-Molecular
weight marker (BIORAD Precision Plus Protein Kaleidoscope
Prestained Catalog Number #1610375), Lane 2-Wild-type
(Canton-S), Lane 3-GMR> AB42, Lane 4-GMR> AB42-+hpo
(gain-of-function), Lane 5-GMR> AB42-+hpoRNAi  (loss-of-
function). We incubated the blots with the Phospho SAPK/JNK
(81E11) (1:3,000, Cell Signaling) and after appropriate washes
incubated with horseradish peroxidase conjugated goat anti-
rabbit IgG (1:5,000) secondary antibody. Signal was detected
using super signal chemiluminescence substrate (Pierce). We
captured the images using the BioSpectrum® 500 Imaging
System and analyzed the blot images and band intensity. We
used Microsoft Excel 2017 software for statistical analysis. We
calculated the p-values using the Student two-tailed ¢-test. The
error bars represent standard deviation from means.

RESULTS

Genetic Modifier of Amyloid-Beta

42-Mediated Neurodegeneration

The wild-type eye imaginal disc (Figure 1A) develops into the
adult compound eye (Figure 1B). The eye-antennal imaginal
discs were stained with a membrane-specific marker Dlg (green)
and pan neural marker ELAV (red), which marks the nuclei of
the photoreceptor neurons (Figure 1A). Targeted misexpression
of human AB42 in the differentiating photoreceptor neuron
of the developing eye imaginal disc using GMR-Gal4 driver

(GMR> AB42) results in the loss of photoreceptor neurons on
the posterior margin of the eye imaginal disc (Figure 1C). The
neurodegeneration phenotype worsens with time, which results
in a highly reduced adult eye with glazed appearance [n = 112,
all of them (112/112, 100%) showed highly reduced adult eye
phenotype, Figure 1D] (Tare et al., 2011).

We performed a forward genetic screen using molecularly
defined deficiencies to find genetic modifiers of AB42
neurodegeneration phenotype. In this screen, we identified
a deficiency, Df(2R)BSC782, which in transheterozygous
combination (Df(2R)BSC782/+) rescues the GMR> AP42-
mediated neurodegeneration phenotype both in the eye imaginal
disc (Figure 1F) and the adult eye (n = 117, 89/117, 76% of the
adult eye showed rescue phenotype; Figure 1G). Interestingly,
Df(2R)BSC782 deficiency is located on the right arm of the
second chromosome and uncovers 10 genes including hippo
(hpo), a member of highly conserved Hippo growth regulatory
pathway (Figure 1E). We individually tested genes uncovered
by Df(2R)BSC782 (Figure 1K) using gain-of-function and
loss-of-function approaches to identify which gene(s) functions
as the genetic modifier(s) of AP42 (GMR> AP42)-mediated
neurodegeneration in the Drosophila eye. Misexpression of
hpo (GMR>hpo) results in the loss of photoreceptor neurons
on the posterior margin of the eye imaginal disc (Figure 1H),
resulting in a highly reduced or “No-eye” phenotype in
the adult fly (n = 119, 108/119, 91% showed reduced or
“No-eye” phenotype; Figure 1I). As compared to GMR>
AB42 (Figures 1C,D), misexpression of hpo along with AB42
(GMR> AB42+ hpo) enhances neuronal loss and results in
a stronger neurodegeneration phenotype in the eye imaginal
disc (Figure 1J) and the adult eye (n = 136, 136/136, 100%
showed strong neurodegenerative phenotype; Figure 1K).
The GMR> AB42+ hpo adults, which showed strong pupal
lethality, were dissected out from their pupal cases as they failed
to close. To further validate the role of Hippo signaling, we
downregulated hpo gene function by misexpressing hpoRNAl
(GMR> hpoRNAl) that results in mild overgrowth both in the
eye disc (Figure 1L) and in the adult flies (n = 98, 61/98,
62%; Figure IM). Coexpression of hpo®™NAl with AB42 (GMR>
AB42+ hpoRNAT) shows a strong rescue of AP42-mediated
neurodegeneration both in the eye imaginal disc (Figure 1N)
and the adult eye (n = 107, 71/107, 66%; Figure 10). The adults
of GMR> AB42+ hpo®™Ai show a dramatic rescue to near wild-
type adult eye and significantly reduced the pupal lethality as
compared to GMR> AB42 or GMR> AP42+ hpo. These results
validate our findings from deficiency screen that hpo is a genetic
modifier of AB42-mediated neurodegeneration in the Drosophila
eye. In order to understand the mechanism of AB42-mediated
neurodegeneration, it is important to understand the impact of
Hippo signaling on the AB42 and its downstream effects.

Modulation of Hippo Activity Does Not
Affect Amyloid-Beta 42 Plaque

Accumulation
Since loss-of-function of hpo can rescue AP42-mediated
neurodegeneration, we therefore tested the effects of
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FIGURE 1 | hippo is a genetic modifier of amyloid-beta 42 (AB42)-mediated neurodegeneration in the Drosophila eye. Panels show images of eye imaginal discs
stained for the proneural marker embryonic lethal abnormal vision (ELAV; red) and a membrane-specific marker discs large (Dlg; green), and the resulting eye
phenotype in the adult from (A,B) wild-type and (C,D) glass multiple repeat (GMR)> Ap42. (D) Note that the GMR> AB42 adult eyes are highly reduced and have
glazed morphology with black necrotic spots. (E) A map showing the deficiency BSC782 identified in the forward genetic screen and position of hpo and other genes
within this deficiency is depicted. (F-0) Panels show the eye disc stained with Dig (green) and ELAV (red) and accompanying adult eye phenotypes from (F,G) GMR>
AB42 + Df(2R)BSC782/+, (H,l) GMR> hpo, (J,K) GMR> AB42 + hpo, (L,M) GMR> hpo™ A, and (N,0) GMR> AB42 + hpo™A', Note that downregulation of Hippo
signaling (N,0) GMR> AB42 + hpo™A significantly rescues the GMR> AB42 neurodegenerative phenotype, whereas activation of Hippo signaling (J,K) GMR> Ap42
+ hpo enhances the GMR> AB42 neurodegenerative phenotype. The orientation of all imaginal discs is identical with posterior to the left and dorsal up. Magnification

modulation of Hippo signaling on AB42 accumulation. We
used the 6E10 antibody that specifically detects the Ap42
polypeptide. We observed robust AB42 accumulation in

the eye imaginal discs from GMR> AB42 (Figures2A,A’),
GMR> AP42+ hpo (Figures2B,B’), or GMR> Ap42+
hpo®™™4i (Figures 2C,C’), suggesting that upregulation or
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GMR>AB42 GMR>AB42+hpo

FIGURE 2 | hpo does not affect the amyloid-beta 42 (AB42) accumulation. Panels show eye imaginal discs and pupal retinae stained with the proneural marker
embryonic lethal abnormal vision (ELAV; shown in red); 6E10, an anti-AB42 antibody (green or gray), and the membrane-specific marker discs large (Dlg; blue). (A-C)
shows confocal images of eye discs for all markers (DIg, 6E10, ELAV), whereas the 6E10 expression alone (gray) is shown in panels (A’-C’). Eye discs (A-C) and
pupal retinae (D-F) of the following genotypes were compared: (A,A’,D,D’) glass multiple repeat (GMR)> Ag42, (B,B’,E,E’) GMR> AB42 + hpo, and (C,C’,F,F’)
GMR> Ap42 + hpo™ A, Note that activation (GMR> AB42 + hpo) or downregulation (GMR> AB42 + hpoPNA) of Hippo signaling in GMR> Ap42 background does
not affect the accumulation of AB42 plaques.
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downregulation of Hpo does not directly affect the levels of
AB42 in the eye disc. It is noteworthy that changes in Hpo levels
have a significant effect on GMR> AB42 (Figures2A,A’)
phenotypes where GMR> AB424+ hpo (Figures2B,B’)
enhances neurodegeneration, and GMR> AP42+ hpoRNAi
(Figures 2C, C’) show a significant rescue of the AB42-mediated
neurodegenerative phenotype.

GMR enhancer drives expression in the differentiating retinal
neurons, which initiates in early third instar of eye development,
and continues in pupal retina. Since accumulation of AP42
exhibits a progressive neurodegenerative phenotype, we analyzed
the effect of modulation of hpo levels at a later time window
of pupal development. Interestingly, AB42 accumulation is not
affected in the pupal retina of GMR> Af42 (Figures 2D,D’),
GMR> AB42+ hpo (Figures 2E,E’), or GMR> AB42+ hpoRNAi
(Figures 2EF’). This suggests that changes in the hpo activity
do not affect AB42 expression or levels during larval or
pupal stages. Thus, hpo may affect the AB42 phenotypes by
acting downstream of AB42 accumulation likely by modifying
downstream signals.

Hippo Signaling Is Activated in
Amyloid-Beta 42-Mediated
Neurodegeneration

One possibility is that AP42 accumulation may cause
neurodegeneration by affecting Hippo pathway activity.
Therefore, we investigated if expression of Hippo pathway
reporters is affected in GMR> AB42 background (Figure 3).
diapl- 4.3-GFP and ex-lacZ serve as functional readouts
of the Hippo signaling pathway (Hamaratoglu et al, 2006;
Kango-Singh and Singh, 2009; Ren et al., 2010). diapl-4.3-
GFP is a Hippo response element mapped to the regulatory
regions of diapl gene, which reports diap 1 endogenous
gene activity in response to Hippo signaling by changes in
the expression of a GFP reporter (Ren et al., 2010). In the
wild type, diapl is expressed uniformly in the eye region
of the imaginal disc (Figures3A,A’) and ubiquitously in
the pupal retina (Figures 3C,C’). Loss-of-function of hpo
results in cell proliferation along with upregulation of diapl
reporter in the eye disc (Ren et al, 2010). Misexpression
of AB42 (GMR> AP42+diapl-4.3-GFP) results in a strong
suppression of the diap1-4.3-GFP reporter expression in the
GMR> AB42 eye imaginal disc (Figures 3B,B’) and pupal retina
(Figures 3D,D’). Downregulation of diapl-4.3-GFP reporter
suggests that Hippo signaling is activated in the GMR>AP42
background. Similarly, another reporter of Hippo signaling
activity, ex-lacZ, is expressed ubiquitously in the wild-type
eye imaginal disc (Figures 3E,E’) and in the pupal retina
(Figures 3G,G’). However, ex-lacZ expression is downregulated
in GMR> Af42 background both in the eye imaginal disc
(Figures 3EF’) and in the pupal retina (Figures3H,H’).
Activation of Hippo pathway is known to upregulate hid
expression (Udan et al., 2003). Therefore, we tested the hid5'-
GFP reporter. In comparison to the wild-type eye imaginal
disc (Figures 3L,Y"), hid5'-GFP is robustly induced in GMR>
AP42 eye imaginal disc (Figures 3J,)’). Similarly, hid5'-GFP

was strongly upregulated in the pupal retina of GMR>
APB42 (Figures3L,L’) as compared to the wild-type pupal
retina (Figures 3K,K’). Thus, misexpression of AB42 (GMR>
APB42) activates Hippo signaling that results in induction of
cell death.

Hippo Signaling Levels Affect
Amyloid-Beta 42-Mediated Neuronal Cell
Death

We tested if activation of Hippo signaling is responsible for
triggering cell death of neurons in GMR> AP42 background.
So we tested if other components of the pathway that act
downstream of Hpo affect AB42-mediated neurodegeneration.
We employed TUNEL staining that labels the fragmented DNA
and thereby mark the nuclei of the dying neurons (White et al.,
1994; Cutler et al., 2015). Misexpression of AP42 results in
induction of cell death as evident from TUNEL-positive nuclei in
the eye imaginal disc and the adult eye (Figure 4A). Activation of
Hippo signaling by misexpressing hpo along with AB42 (GMR>
AB42+ hpo) results in 2-fold increase in cell death (Figure 4A)
as evident from the number of TUNEL-positive nuclei in
eye imaginal disc (Figure4B) and pupal retina (Figure 4C).
The adult fly of GMR> AB42+hpo genotype failed to hatch
out and exhibits a “no-eye” phenotype (Figure4D). Similar
effects were observed when the Hippo pathway was activated by
overexpression of wts (GMR> AP42+wts'3F; Figures 4A,H-]) or
downregulation of yki (GMR> AB42-+yki®NAi; Figures 4A,N-P).
In contrast, downregulation of Hippo signaling by hpo®NAl
(GMR> AB42+hpoRNAi; Figures 4A,E-G) and wisENAL (GMR>
AB42+wtsRNAL Figures 4A,K-M) or overexpression of yki
(GMR> AP42-+yki; Figures 4A,Q-S) results in the converse
phenotype of a significant rescue as evident from the highly
reduced cell death (Figure4A) in the eye imaginal disc
(Figures 4A,E,K,Q), pupal retina (Figures 4EL,R), and in the
adult eye (Figures 4G,M,S), respectively. These data suggest
that other pathway components, specially the effector YKki,
also modify the effects of AP42-mediated neurodegeneration.
Genetic interactions also suggest that the Hippo pathway
acts downstream of AP42 accumulation. AP42-mediated
neurodegeneration is dependent on the JNK signaling
pathway activity (Tare et al., 2011). Therefore, we explored
the JNK pathway as we have previously shown a similar
downstream role of JNK signaling in AB42-mediated cell death
(Tare et al., 2011).

JNK Activity Is Modulated by Hippo
Pathway Levels in Amyloid-Beta

42-Mediated Neurodegeneration

Hippo signaling can activate JNK signaling (Ma et al., 2015,
2017). We first tested if changes in Hippo signaling activity
affect JNK signaling activity in the GMR> AB42 background.
puc-lacZ serves as a reporter for the JNK signaling activity
(Martin-Blanco et al., 1998). Earlier we reported that puc-lacZ is
robustly induced in AB42 (GMR> AB42) background, suggesting
increased JNK activity (Figures 5A,A’; Tare et al, 2011). As
compared to GMR> AP42, gain-of-function of hpo (GMR>
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diap1-4.3-GFP

GMR>AB42+ hid 5’'GFF

FIGURE 3 | Accumulation of amyloid-beta 42 (AB42) activates Hippo signaling. Expression levels of Hippo pathway reporters were tested in eye discs and pupal
retinae. Expression of diap7 4.3-green fluorescent protein (GFP) (green, gray) is shown for eye discs and pupal retinae from (A,A’,C,C’) wild-type, (B,B’,D,D’) glass
multiple repeat (GMR)> AB42, respectively. diap1-4.3-GFP expression is shown in a split channel in gray in (C’,D’) panels. Changes in ex-lacZ (green, gray) levels is
shown in eye discs and pupal retinae from (E,E’,F,F’) wild type, (G,G’,H,H’) GMR> AB42, respectively. ex-lacZ expression is shown in a split channel in gray in
(E’-H’). (I-L) shows the expression of hid-5’ GFP (green), a reporter for cell death in wild-type (I,I’) eye imaginal disc and (K,K’) pupal retina and GMR> AB42 (J,J’)
eye imaginal disc and the (L,L’) pupal retina. Gray panels (P-L’) show hid-5" GFP expression in indicated genotypes. In (I-L), nuclei are marked by the nuclear dye

TOPRO (red).

AB42+ hpo, puc-lacZ) results in a strong upregulation of puc-lacZ
reporter expression (Figures 5B,B’), whereas downregulation of
hpo by misexpression of hpoRNAT (GMR> AB42+ hpo™Ai, puc-
lacZ) results in downregulation of puc-lacZ reporter expression
(Figures 5C,C"). puc-lacZ expression coincides with the area
of highest neuronal loss. To study the effects of downstream
pathway components, we checked effects of upregulation or
downregulation of Yki. Blocking Hippo signaling by yki
misexpression (GMR> AP42+ yki, puc-lacZ) shows robust
induction of puc-lacZ reporter in GMR expression domain

(Figures 5 E,E’). Consistent with this, downregulation of Yki
(GMR> AB42+ ykifNAi| puc-lacZ) did not induce high levels
of puc-lacZ (Figures 5 D,D’). Our data suggest that activation
of Hippo signaling in GMR> AP42 background results in
enhancement of neurodegeneration, which is accompanied by
induction of JNK signaling pathway.

We further verified our immunohistochemistry results with a
semiquantitative Western blot to assess levels of phospho-JNK,
the activated form of JNK (Mehan et al., 2011). pJNK levels were
compared in protein extracts made from eye discs from wild type,
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FIGURE 4 | Hippo activation triggers cell death in glass multiple repeat
(GMR)> amyloid-beta 42 (AB42) background. For each genotype, we counted
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive
nuclei from five (n = 5) eye imaginal discs to determine dying cell

(Continued)

FIGURE 4 | population. (A) Quantification of TUNEL-positive nuclei in
indicated genotypes is shown (n = 5, p < 0.05). The p-values obtained from
Student’s t-test between wild-type and GMR> AB42 was significant (o <
0.001; **), GMR> Ap42 and GMR>AB42-+hpo (gain-of-function) was
significant (o < 0.001; ***), and between GMR> AB42 and
GMR>AB42+hpo™ (loss-of-function) was significant (o < 0.001; ***). The
p-value obtained from Student’s t-test between GMR>AB42 and GMR>
AB42+wts was significant (o < 0.05; *), between GMR> AB42 and GMR>
AB42++wis"NA was significant (o < 0.001; ***), between GMR> AB42 and
GMR> AB42+yki was significant (o < 0.001; ***), and between GMR> Ag42
and GMR> AB42+yki"NA was significant (o < 0.001; ***). (B-S) shows the
extent of cell death based on TUNEL assays (red, gray) in indicated genotypes
in imaginal discs, pupal retinae, and adult eyes. The eye discs (B,E,H,K,N,Q)
were assessed for dying cells using TUNEL assay (red) and stained with Dig
(green) and embryonic lethal abnormal vision (ELAV; blue). The pupal retinae
(C,F,L,0,R) assessed for dying cells using TUNEL assays (gray). Adult eye
phenotypes are shown in panels (D,G,J,M,P,S). Panels show the extent of cell
death in (B-D) GMR> AB42+hpo, (E-G) GMR> AB42+hpo RNAI, (H-J)
GMR> AB42 +wts, (K-M) GMR> AB42 +wtstNA| (N-P) GMR> AB42 +
ykifNA - and (Q=S) GMR> AB42 + yki. The orientation of all imaginal discs is
identical with posterior to the left and dorsal up. Magnification of all eye
imaginal discs is 20x.

GMR> AB42, GMR> AB42+ hpo, and GMR> AB42+ hpotNAL,
In comparison to the wild type, p-JNK levels were upregulated
in GMR> AP42, GMR> AP42+ hpo background, whereas it
was reduced in GMR> AB42+ hpo™ Al background. The alpha-
tubulin served as the loading control. The quantification of
PINK levels shows that compared to GMR> AB42, pJNK levels
are higher when Hippo pathway is activated (GMR> AB42+
hpo; Figures 5EF’). Taken together, these data present evidence
for activation of both Hippo and JNK pathways during AP42-
mediated neurodegeneration. Genetic interaction and Western
blot analysis shows that Hippo pathway can activate JNK
signaling in the GMR> AB42. However, given the complex
context-dependent nature of interactions between the Hippo and
JNK pathways, it is important to test whether JNK signaling
pathway can also affect Hippo signaling pathway.

Activation of Hippo Signaling in
Amyloid-Beta 42 Background Is Dependent
on c-Jun-Amino-Terminal Kinase Signaling

Pathway

To further explore the relationship between Hippo and JNK
signaling pathways in AP42-mediated neurodegeneration, we
tested Hippo signaling activity when levels of JNK signaling
pathway are modulated in GMR> AP42 background. diapl-
4.3-GFP serves as a functional readout of the Hippo signaling
pathway (Ren et al, 2010). In comparison to diapl-4.3-
GFP expression in the control eye disc (Figures 6A,A’), the
diap-1-4.3-GFP reporter is downregulated in GMR> AB42
background (Figures 6C,C’). The GMR> AP42 adults exhibit
strong neurodegeneration phenotype in the eye (Figure 6D) as
compared to the wild-type adult eye (Figure 6B). Upregulation
of JNK signaling activity by misexpressing activated Jun
in the GMR> AP42 background (GMR> AB42+ jun®PY/;
Figures 6E,E') or by expression of activated Hep (GMR>
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FIGURE 5 | Activation of Hippo signaling upon amyloid-beta 42 (AB42) accumulation also activates c-Jun-amino-terminal kinase (JNK) signaling. (A-E) shows the
expression of embryonic lethal abnormal vision (ELAV; red), JNK signaling pathway reporter puc-lacZ (green, gray), and discs large (DIg; blue) in eye discs from (A,A’)
glass multiple repeat (GMR)> AB42, (B,B’) GMR> AB42 4+ hpo, (C,C’) GMR> AB42 + hpo™A (D,D’) GMR> AB42 + ykifNAT and (E,E’) GMR> AB42 4 yki. For
comparison between genotypes, (A’-E’) shows puc-lacZ (Gray) levels. (F) A semiquantitative Western blot is presented to show phospho-JNK (p-JNK) levels in the
wild-type, GMR> A42, GMR> AB42 4 hpo, and GMR> AB42 + hpo™A background. The samples were loaded in the following sequence: Lane 1-Molecular weight
marker, Lane 2-Wild-type (Canton-S), Lane 3-GMR> AB42, Lane 4-GMR> AB42+hpo (gain-of-function), Lane 5-GMR> AB42+hpo™4 (loss-of-function).
Alpha-tubulin is used as a loading control, and (F’) graph shows the quantification of p-JNK levels, which were calculated from a set of three (n = 3) in wild-type and
other indicated genotypes from the Western blot (F). The p-values for estimation of p-JNK levels in all combination in a semiquantitative Western blot was calculated
in a set of three (n = 3) using Student’s t-test in Microsoft Excel software. The p-value between wild-type and GMR> AB42 was significant (p < 0.001; ***), wild-type
and GMR> AB42-+hpo was significant (o < 0.001; ***), and between wild-type (Canton-S) and GMR> AB42+hpo™A4' (loss-of-function) was significant

(p < 0.001; **). The p-value between GMR> AB42 and GMR> Ap42+hpo was significant (o < 0.001; ***) and between GMR> AB42 and GMR> A42-+hpo™ 4 was

significant (o < 0.01; ™).

AB42-+ hep”*t; Figures 6G,G’) exhibits downregulation of diap1-
4.3-GFP reporter activity. However, when JNK signaling is
downregulated by misexpression of dominant-negative Bsk in
GMR> AB42 background (GMR> AB42+ bskPN; Figures 61,1")
or Puc (GMR> AB42+ puc; Figures5K,K'), it results in
a strong upregulation of diapl-4.3-GFP reporter expression
in the GMR domain. This correlates with the adult eye
phenotypes where activating JNK signaling by misexpressing
activated Jun (GMR> AP42+ junasPW; Figure 5F) and Hep
(GMR> AB42+ hep”'; Figure 6H) enhances the AB42-mediated
neurodegeneration, whereas downregulating JNK signaling by
misexpressing dominant negative Bsk (GMR> AB42+ bskPN;
Figure 6]) and puc (GMR> APB42+ puc; Figure 6L) rescues
the AP42-mediated neurodegeneration in adult eye. Thus,
modulating JNK signaling can (i) modulate neurodegeneration
phenotype of GMR> AP42 and (ii) also regulate Hippo signaling
as evident from the changes in diap1-4.3-GFP reporter expression

in the eye. Our data suggest that both Hippo and JNK can affect
each other in AB42-mediated neurodegeneration.

Hippo and c-Jun-Amino-Terminal Kinase
Signaling May Interact in Amyloid-Beta

42-Mediated Neurodegeneration

To explore the relationship between Hippo and JNK pathways
further, we used genetic epistasis. We sampled the effects at
two developmental stages of third instar eye-antennal imaginal
disc and the adult eye. In an AP42 background (GMR>
AB42), we activated JNK signaling and blocked Hpo signaling
at the same time by misexpression of activated hep and
yki (GMR> AB42+hep™ +yki). This resulted in stronger
neurodegeneration in the eye imaginal disc (Figure 7A) and
the adult eye (Figure 7B) as compared to GMR> AB42 alone.
These flies failed to hatch out of the pupal case and exhibited a
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neurodegenerative phenotype of (D) GMR> AB42.

T

FIGURE 6 | Activation of c-Jun-amino-terminal kinase (JNK) signaling pathway in amyloid-beta 42 (A42) background activates Hippo pathway. Eye imaginal discs
from larvae of indicated genotypes assessed for changes in expression of diap7-4.3-green fluorescent protein (GFP; green), a reporter for Hippo pathway, are shown.
All discs show expression of discs large (DIg; red), diap7-4.3-GFP (green), and embryonic lethal abnormal vision (ELAV; blue). (A,A’) show wild-type control glass
multiple repeat (GMR)> diap1-4.3-GFP eyes discs and (B) wild-type adult eye phenotypes; and (C,C’) GMR> AB42 eye discs and (D) adult eye phenotype. (E-K)
shows effects of modulating JNK activity on Hippo pathway reporter digp1-4.3-GFP in eye-antennal imaginal disc of (E,E’) GMR> AB42 + jun®®', (G,G’) GMR>
AB42 + hep™®!, (1)) GMR> AB42 + bskPN, (K,K’) GMR> AB42 + puc backgrounds. Note that (E,E’,G,G’) diap7-4.3-GFP exhibits robust induction when JNK
signaling is activated, whereas (1,I’,K,K’) diap7-4.3-GFP levels are significantly reduced when JNK signaling is downregulated in GMR> AB42 background. The adult
eye phenotypes associated with (D) GMR> AB42, (F) GMR> AB42+ jun®P7 | (H) GMR> AB424 hep”®, (J) GMR> Ap42+ bskPN, and (L) GMR> AB42+ puc. Note
that (J,L) downregulation of JNK signaling showed significant rescues in the adult eye phenotypes, whereas (F,H) activation of JNK signaling enhanced the

GMR>Ap42;diap7-4.3-GFP _ GMR>AB42;diap1 4.3 GFP_ GMR>AB42;diap14.3:GEP GMR>AB42;diap1
+ junteY +hepAs
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+bsk PN

GMR>Ap42;diap1 4.3 GFP
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strong neurodegenerative phenotype. We also tested the effects
of activation of Hippo signaling and downregulation of JNK
signaling in the GMR> AP42 background by misexpressing
hpo and dominant negative bsk (GMR> APB42+hpo-+bskPN).
This also resulted in strong neurodegeneration both in the eye
imaginal disc (Figure 7C) as well as the adult eye (Figure 7D).
These flies also failed to hatch out of the pupal case and were
dissected out from their pupal case. These data suggest that
increasing levels of either Hippo or JNK signaling pathways do
not compensate for the downregulation of the other. Therefore,
both pathways may act in a feed forward/feedback loop. We
further tested this hypothesis by blocking both Hippo and
JNK signaling pathways by misexpressing yki and bskPY, which
resulted in a rescue in the eye imaginal disc (Figure 7E) as well
as the adult eye (Figure 7F). These adults hatch out from the
pupal case, although they showed some black necrotic spots.
Our data suggest that the Hippo and JNK pathways interact
synergistically in a positive feedback loop during AB42-mediated
neurodegeneration (Figure 7G).

DISCUSSION

AD, an age-related progressive neurodegenerative disorder,
manifests by progressive neuronal loss, brain atrophy, and

cognitive impairments (Barnes and Yaffe, 2011). However, the
mechanism of neurodegeneration observed in AD and related
dementia (ADRD) has not been fully understood (Sarkar et al.,
2016; Deshpande et al., 2019). Accumulation of AB42 plaques
over a period of time triggers neuronal death due to the
induction of aberrant signaling in neurons (Hardy, 2009; Tare
et al, 2011). In addition, the causal genetic defects in AD are
not due to a single gene mutation but are thought to involve
genetic alterations that cause impairment of several signaling
pathways (Sarkar et al, 2016). Currently, identification and
characterization of downstream target(s) of aberrant signaling
induced by abnormally high levels of AP42 are a growing area
of research.

Several animal AD models have shown promise; however, our
Drosophila model allows us to test other signaling pathways using
genetic epistasis approaches (Pandey and Nichols, 2011; Lenz
et al., 2013; Sabbagh et al., 2013; Sarkar et al., 2016; Deshpande
et al., 2019). We previously reported the neuroprotective effects
of the apical basal polarity gene crumbs (crb) (Moran et al,
2013; Steffensmeier et al., 2013) and the homeotic gene teashirt
(tsh) (Moran et al., 2013) in AB42-mediated neurodegeneration.
Interestingly, these genetic modifiers are members of the Hippo
signaling pathway. In the present study, we employed our
Drosophila eye model of AD to identify genetic modifiers
in a forward genetic screen using the molecularly defined

Frontiers in Cell and Developmental Biology | www.frontiersin.org

11

March 2020 | Volume 8 | Article 117


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Irwin et al. Role of Hippo Signaling in Alzheimer’s Disease

GMR>AB42+hep”*t; yki  GMR>AB42+hpo; bsk®™ GMR>AB42+yki; bsk®N

Amyloid-Precurssor Protein (APP)

% Miscleavage
Amyloid-beta 42 (AB42) |

*

» £l
Activation of JINK$4 Activation of Hpot4
Hep/JNKK Hippo/MST1/2

\;
| BsktJNK Wa rts-/L LATS1

\/
Jun{JRA Yki/ YAP
Puc .‘
Diap-1
‘4 »
G Neurodegeneration (Neuron Death)

FIGURE 7 | Hippo and c-Jun-amino-terminal kinase (JNK) signaling act synergistically to induce amyloid-beta 42 (AB42)-mediated neurodegeneration. Panels show
eye discs stained with discs large (DIg; green) and embryonic lethal abnormal vision (ELAV; red) and the resulting adult eye phenotypes when JNK or Hippo pathway is
blocked. (A,B) Activation of JNK signaling along with inactivation of Hippo signaling in the glass multiple repeat (GMR)> AB42 background (GMR> AB42-+hep”°!4-yki)
does not rescue the neurodegenerative phenotype. (C,D) Activation of Hippo signaling along with inactivation of JNK signaling in the GMR> AB42 background
(GMR> AB42+hpo+BskPN) does not rescue the neurodegenerative phenotype. (E,F) Inactivation of both JNK signaling and Hippo signaling (GMR> AB42+ yki +
BskPN) together in the GMR> AB42 background exhibits significant rescue of the neurodegenerative phenotype. (G) A model that reconciles the data from this study,
which shows that Hippo signaling and JNK signaling act synergistically via a positive feedback loop to induce Ap42-mediated neurodegeneration.
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deficiencies set. We identified a deficiency Df(2R)BSC782/+,
which can rescue AP42-mediated neurodegeneration. This
deficiency uncovers hpo and other genes (Figure 1), and we
confirmed that hpo was the specific genetic modifier of Ap42
phenotypes. These data strongly support a role of Hippo signaling
in AB42-mediated neurodegeneration.

Hippo Acts Downstream of Amyloid-Beta
42 Plaque

We analyzed accumulation of AB42 protein in differentiating
retinal neurons of eye imaginal disc from various genetic
backgrounds of GMR> AB42 alone as well as where Hippo levels
have been modulated. The rescue of the neurodegeneration
phenotype due to downregulation of Hippo signaling occurs by
a mechanism downstream of AB42 accumulation (Figure 2). We
tested the levels of diap1-4.3-GFP (Ren et al., 2010) and ex-lacZ
(Boedigheimer et al., 1993; Hamaratoglu et al., 2006), which serve
as the reporter for Hippo signaling, in GMR> AB42 background
(Figure 3). When Hippo signaling is activated, it triggers cell
death (Verghese et al., 2012), and diap1-4.3-GFP and ex-lacZ
levels are downregulated. We found that diapl-4.3-GFP and
ex-lacZ levels were downregulated in GMR> AB42 background,
which suggests that Hippo signaling is activated (Figure 3).
Furthermore, we found that cell death levels were increased in
GMR> AB42 background when Hippo levels were upregulated
and vice versa (Figure 4). Thus, our study suggests that Ap42
plaques induce Hippo signaling to trigger neurodegeneration
(Figure 7G).

Activation of c-Jun-Amino-Terminal Kinase
Signaling

Previously, we and others have shown that JNK signaling
is activated in GMR> AP42 background. (Tare et al., 2011;
Sarkar et al, 2016). It is known that Hippo can regulate
JNK signaling (Ma et al, 2015, 2017). To understand if the
two pathways work independently or together in triggering
AB42-mediated neurodegeneration, we tested the reporters like
puc-lacZ, a reporter for JNK activity in our study (Martin-
Blanco et al., 1998). We found that JNK signaling is activated
during AB42-mediated neurodegeneration. Furthermore, when
we activate Hippo signaling in GMR> AP42 background, we
found that the reporters for JNK signaling were robustly activated
(Figure 5). We also tested the levels of p-JNK and found
that when Hippo pathway is downregulated, JNK signaling
is also reduced. Thus, it is possible that activation of Hippo
signaling can trigger activation of JNK signaling in GMR>
AB42 background.

Furthermore, we explored the converse relation. We tested
if JNK signaling can activate Hippo signaling in GMR> Ap42
background (Figure 6). Interestingly, we found that activation
of JNK signaling in GMR> AP42 background further enhances
the neurodegenerative phenotype of GMR> AB42. Interestingly,
the reporter of Hippo signaling pathway, diapl-GFP, showed
robust activation where we activated JNK signaling in GMR>
AB42 background (Figure 6). This suggests that activation of
JNK signaling can further enhance the effects of Hippo activation

and vice versa. Also, it suggests that these two pathways can
in turn activate each other (Figures5, 6). We then explored
the roles of Hippo and JNK signaling in AB42-mediated
neurodegeneration to understand if these key pathways interact
or act independently.

Positive Feedback Loop of Hippo and
c-Jun-Amino-Terminal Kinase Signaling

Regulate Neuroprotective Function

We previously reported the neuroprotective effects of the
apical basal polarity gene crumbs (crb) (Moran et al,, 2013;
Steffensmeier et al., 2013) and the homeotic gene teashirt
(tsh) (Moran et al., 2013), both members of the Hippo
signaling pathway. However, the neuroprotective function of
Hippo or JNK signaling interactions together has not been
fully understood. We tested if neuronal death observed in
AB42-mediated neurodegeneration uses both JNK and Hippo
signaling independently or in epistatic interactions to trigger
neurodegeneration. We employed classical genetic approaches
to determine this relation between two signaling pathways. We
found that if we activate JNK signaling and downregulate Hippo
signaling at the same time in GMR> AP42 background or vice
versa, it does not rescue neurodegenerative phenotypes both
in the third instar eye-antennal imaginal disc and the adult
eye (Figures 7A-D). This observation fits with our prior results
(Figures 5, 6) that activation of one pathway can activate the
other. Finally, we found that blocking both Hippo signaling
and the JNK signaling at the same time exhibits a significant
rescue of the GMR> AP42-mediated neurodegeneration during
both developmental stages (Figures 7E,F). Based on our results,
we propose a model that accumulation of AP42 triggers
Hippo and JNK signaling (Figure 7G). There is ample evidence
for the involvement of JNK signaling in AD (Yarza et al,
2015). We report a role for Hippo signaling in AP42-
mediated neurodegeneration. Furthermore, based on our genetic
interaction studies, we found that JNK and Hippo signaling
are involved in a positive feedback loop in AP42-mediated
neurodegeneration, and inactivation of both cascades rescues
the phenotype (Figure 7G). Both of these pathways are crucial
for normal development and in disease pathology. It will
be interesting to explore the therapeutic value of pathway
components in the future.

Novel Role of Hippo in Neuroprotection

A growing body of epidemiological evidence and molecular
investigations has shown some interesting links between cancer
and AD (Battaglia et al, 2019; Nudelman et al, 2019). For
example, several studies have shown that autophagy, ubiquitin
proteasome system, and cell death are common biological
hallmarks shared by AD and cancer (Nudelman et al., 2019).
Hippo signaling has been shown to regulate organ size growth,
cell proliferation, and cell death (Justice et al., 1995; Xu et al.,
1995; Tapon et al., 2002; Harvey et al.,, 2003; Jia et al., 2003;
Pantalacci et al., 2003; Wu et al., 2003; Lai et al., 2005; Kango-
Singh and Singh, 2009; Halder and Camargo, 2013; Snigdha
et al,, 2019) and neural development (Wittkorn et al., 2015).
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Recently, Hippo signaling was implicated in many disease models
where it plays a role in apoptosis, autophagy, regeneration, and
cell survival (Pfleger, 2017; Ma et al., 2019; Sahu and Mondal,
2019). Thus, it is interesting to find a role for Hippo pathway
in Ap42-mediated neurodegeneration. Since several components
of the Hippo pathway are ubiquitously expressed in flies, it is
possible that Hippo signaling downregulation not only promotes
cell proliferation but also may be providing neuroprotection.
In case of neurons, which are postmitotic cells, the cell
survival or neuroprotective function is utilized. Activation of
MST1/2 has been associated with the progression of AD, where
amyloid precursor protein (APP) promotes the interaction of
transcription factor FOXO3a with MST1, triggering Bim (a
proapoptotic member of te Bcl-2 family)-mediated neuronal
death (Sanphui and Biswas, 2013). Recently, it has been shown
that the amyloid B precursor proteins (APPPs) like APLP1
and APLP2 can use YAP/TAZ, the mammalian orthologs of
Yki, as signal transducers (Orcholski et al., 2011). Improper
cleavage of amyloid precursor proteins (APP) by beta- and
gamma secretase produces amyloid-beta polypeptide(s), which
are prone to aggregation and are involved in AD. Dysfunction
of PP2ACu, a key member of the protein phosphatase family
that negatively regulates Hippo pathway, also results in AD-like
conditions (Liu et al., 2018). Hippo pathway is also implicated
in other neurodegenerative disorders, for example, MST1/2, the
mammalian orthologs of Hpo, play a key role in amyotrophic
lateral sclerosis (ALS). Loss of MST1 (e.g., in MST1 knockout
mice) shows increased motor neuron viability, delayed symptom
onset, and extended survival (Lee et al., 2013). Other examples
include Huntington disease (Mueller et al., 2018) and retinal
degeneration (Murakami et al., 2014). Thus, our findings on the
Hippo and JNK pathways open new avenues of research in the
AD field and may help find better targets for devising therapeutic
interventions in the future.

REFERENCES

Adachi-Yamada, T. (2002). Puckered-GAL4 driving in JNK-active cells. Genesis 34,
19-22. doi: 10.1002/gene.10110

Adachi-Yamada, T., Fujimura-Kamada, K., Nishida, Y., and Matsumoto, K. (1999).
Distortion of proximodistal information causes JNK-dependent apoptosis in
Drosophila wing. Nature 400, 166-169. doi: 10.1038/22112

Adachi-Yamada, T., and O’connor, M. B. (2004). Mechanisms for removal
of developmentally abnormal cells: cell competition and morphogenetic
apoptosis. J. Biochem. 136, 13-17. doi: 10.1093/jb/mvh099

Barnes, D. E., and Yaffe, K. (2011). Accuracy of summary risk score for prediction
of Alzheimer disease: better than demographics alone? Arch. Neurol. 68,
268-270. doi: 10.1001/archneurol.2011.4

Battaglia, C., Venturin, M., Sojic, A., Jesuthasan, N., Orro, A., Spinelli, R,
et al. (2019). Candidate genes and MiRNAs linked to the inverse relationship
between cancer and Alzheimer’s disease: insights from data mining and
enrichment analysis. Front. Genet. 10:846. doi: 10.3389/fgene.2019.00846

Boedigheimer, M., Bryant, P., and Laughon, A. (1993). Expanded, a negative
regulator of cell proliferation in Drosophila, shows homology to the NF2 tumor
suppressor. Mech. Dev. 44, 83-84. doi: 10.1016/0925-4773(93)90058-6

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/supplementary material.

AUTHOR CONTRIBUTIONS

MI and MT performed the experiments and data analysis.
AdS, OP, NG, MR, and PD performed the experiments. MK-S
performed data analysis and manuscript writing. AS developed
the concept, performed data analysis and manuscript writing.

FUNDING

Confocal microscopy was supported by the core facility at
the University of Dayton. MI and MR are supported by
the Honors program of the University of Dayton. MT, OP,
NG, and PD are supported by the University of Dayton
graduate program. This work was supported by start-
up research funds from the University of Dayton, and a
subaward from NIH grant ROICA183991 (PI Nakano) to
MK-S. This work is supported by NIHIR15GM124654-
01 from NIH, Schuellein Chair Endowment Fund, and
STEM Catalyst Grant from the University of Dayton
to AmS.

ACKNOWLEDGMENTS

We thank Bloomington Drosophila Stock Center (BDSC) for
Drosophila strains and the Developmental Studies Hybridoma
Bank (DSHB) for antibodies. We also thank Justin Kumar, Y.
Henry Sun, and Kyung Ok Cho for gifts of fly strains and
antibodies and members of Singh and Kango-Singh lab for
critical comments on the manuscript.

Brachmann, C. B., and Cagan, R. L. (2003). Patterning the fly eye: the role of
apoptosis. Trends Genet. 19, 91-96. doi: 10.1016/S0168-9525(02)00041-0

Brand, A. H., and Perrimon, N. (1993). Targeted gene expression as a means
of altering cell fates and generating dominant phenotypes. Development
118, 401-415.

Crews, L., and Masliah, E. (2010). Molecular mechanisms of neurodegeneration in
Alzheimer’s disease. Hum. Mol. Genet. 19, R12-R20. doi: 10.1093/hmg/ddq160

Cutler, T., Sarkar, A.,, Moran, M., Steffensmeier, A., Puli, O. R., Mancini,
G., et al. (2015). Drosophila eye model to study neuroprotective role of
CREB binding protein (CBP) in Alzheimer’s disease. PLoS ONE 10:e0137691.
doi: 10.1371/journal.pone.0137691

Deshpande, P., Gogia, N., and Singh, A. (2019). Exploring the efficacy of natural
products in alleviating Alzheimer’s disease. Neural Regen. Res. 14, 1321-1329.
doi: 10.4103/1673-5374.253509

Dhanasekaran, D. N., and Reddy, E. P. (2008). JNK signaling in apoptosis.
Oncogene 27, 6245-6251. doi: 10.1038/0nc.2008.301

Glise, B., Bourbon, H., and Noselli, S. (1995). hemipterous encodes a novel
Drosophila MAP kinase kinase, required for epithelial cell sheet movement. Cell
83, 451-461. doi: 10.1016/0092-8674(95)90123-X

Gogia, N., Sarkar, A., and Singh, A. (2017). An undergraduate cell Biology lab:

Boedigheimer, M. ], Nguyen, K. P, and Bryant, P. J. (1997). Western Blotting to detect proteins from Drosophila eye. Drosophila Inform.
Expanded functions in the apical cell domain to regulate Service 100, 218-225.
the growth rate of imaginal discs. Dev. Genet. 20, 103-110. Grusche, F. A, Degoutin, J. L., Richardson, H. E., and Harvey, K. F.
doi: 10.1002/(SICI)1520-6408(1997)20:2<103::AID-DVG3>3.0.CO;2-B (2011). The Salvador/Warts/Hippo pathway controls regenerative
Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 March 2020 | Volume 8 | Article 117


https://doi.org/10.1002/gene.10110
https://doi.org/10.1038/22112
https://doi.org/10.1093/jb/mvh099
https://doi.org/10.1001/archneurol.2011.4
https://doi.org/10.3389/fgene.2019.00846
https://doi.org/10.1016/0925-4773(93)90058-6
https://doi.org/10.1002/(SICI)1520-6408(1997)20:2<103::AID-DVG3>3.0.CO;2-B
https://doi.org/10.1016/S0168-9525(02)00041-0
https://doi.org/10.1093/hmg/ddq160
https://doi.org/10.1371/journal.pone.0137691
https://doi.org/10.4103/1673-5374.253509
https://doi.org/10.1038/onc.2008.301
https://doi.org/10.1016/0092-8674(95)90123-X
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Irwin et al.

Role of Hippo Signaling in Alzheimer’s Disease

tissue growth in Drosophila melanogaster. Dev. Biol. 350, 255-266.
doi: 10.1016/j.ydbio.2010.11.020

Halder, G., and Camargo, F. D. (2013). The hippo tumor suppressor network:
from organ size control to stem cells and cancer. Cancer Res. 73, 6389-6392.
doi: 10.1158/0008-5472.CAN-13-2392

Halder, G., and Johnson, R. L. (2011). Hippo signaling: growth control and beyond.
Development 138, 9-22. doi: 10.1242/dev.045500

Hamaratoglu, F., Willecke, M., Kango-Singh, M., Nolo, R., Hyun, E., Tao, C., et al.
(2006). The tumour-suppressor genes NF2/Merlin and Expanded act through
Hippo signalling to regulate cell proliferation and apoptosis. Nat. Cell Biol. 8,
27-36. doi: 10.1038/ncb1339

Hardy, J. (2009). The amyloid
disease: a critical reappraisal. J.
doi: 10.1111/.1471-4159.2009.06181.x

Harvey, K. F., Pfleger, C. M., and Hariharan, I. K. (2003). The Drosophila Mst
ortholog, hippo, restricts growth and cell proliferation and promotes apoptosis.
Cell 114, 457-467. doi: 10.1016/S0092-8674(03)00557-9

Hirth, F. (2010). Drosophila melanogaster the
neurodegeneration. CNS Neurol. Disord. Drug Targets
doi: 10.2174/187152710791556104

Holland, P. M., Suzanne, M., Campbell, J. S., Noselli, S., and Cooper, J.
A. (1997). MKK7 is a stress-activated mitogen-activated protein kinase
kinase functionally related to hemipterous. J. Biol. Chem. 272, 24994-24998.
doi: 10.1074/jbc.272.40.24994

Huang, J., Wu, S., Barrera, J., Matthews, K., and Pan, D. (2005). The Hippo
signaling pathway coordinately regulates cell proliferation and apoptosis by
inactivating Yorkie, the Drosophila Homolog of YAP. Cell 122, 421-434.
doi: 10.1016/j.cell.2005.06.007

Igaki, T. (2009). Correcting developmental
lessons from Drosophila JNK signaling. Apoptosis
doi: 10.1007/s10495-009-0361-7

Igaki, T., Kanda, H., Yamamoto-Goto, Y., Kanuka, H., Kuranaga, E., Aigaki, T.,
et al. (2002). Eiger, a TNF superfamily ligand that triggers the Drosophila JNK
pathway. EMBO J. 21, 3009-3018. doi: 10.1093/emboj/cdf306

lijima-Ando, K., and Iijima, K. (2010). Transgenic Drosophila models of
Alzheimer’s disease and tauopathies. Brain Struct. Funct. 214, 245-262.
doi: 10.1007/s00429-009-0234-4

Jia, J., Zhang, W., Wang, B., Trinko, R., and Jiang, J. (2003). The Drosophila
Ste20 family kinase dMST functions as a tumor suppressor by restricting
cell proliferation and promoting apoptosis. Genes Dev. 17, 2514-2519.
doi: 10.1101/gad.1134003

Justice, R. W., Zilian, O., Woods, D. F., Noll, M., and Bryant, P. J. (1995).
The Drosophila tumor suppressor gene warts encodes a homolog of human
myotonic dystrophy kinase and is required for the control of cell shape and
proliferation. Genes Dev. 9, 534-546. doi: 10.1101/gad.9.5.534

Kanda, H., Igaki, T., Kanuka, H., Yagi, T., and Miura, M. (2002). Wengen,
a member of the Drosophila tumor necrosis factor receptor superfamily,

Chem. 277, 28372-28375.

Alzheimer’s
1129-1134.

for
110,

hypothesis
Neurochem.

in study of human

9, 504-523.

errors apoptosis:

1021-1028.

by
14,

is required for Eiger signaling. J. Biol.
doi: 10.1074/jbc.C200324200

Kango-Singh, M., Nolo, R,, Tao, C., Verstreken, P., Hiesinger, P. R., Bellen, H. J.,
et al. (2002). Shar-pei mediates cell proliferation arrest during imaginal disc
growth in Drosophila. Development 129, 5719-5730. doi: 10.1242/dev.00168

Kango-Singh, M., and Singh, A. (2009). Regulation of organ size: insights
from the Drosophila Hippo signaling pathway. Dev. Dyn. 238, 1627-1637.
doi: 10.1002/dvdy.21996

Kockel, L., Homsy, J. G., and Bohmann, D. (2001). Drosophila AP-1: lessons from
an invertebrate. Oncogene 20, 2347-2364. doi: 10.1038/sj.onc.1204300

Kumar, J. P. (2011). My what big eyes you have: how the Drosophila retina grows.
Dev. Neurobiol. 71, 1133-1152. doi: 10.1002/dneu.20921

Kwon, H. J., Waghmare, L, Verghese, S., Singh, A., Singh, A., and Kango-Singh,
M. (2015). Drosophila C-terminal Src kinase regulates growth via the Hippo
signaling pathway. Dev. Biol. 397, 67-76. doi: 10.1016/j.ydbio.2014.10.010

Lai, Z. C., Wei, X., Shimizu, T., Ramos, E., Rohrbaugh, M., Nikolaidis, N., et al.
(2005). Control of cell proliferation and apoptosis by mob as tumor suppressor,
mats. Cell 120, 675-685. doi: 10.1016/j.cell.2004.12.036

Lee, J. K, Shin, J. H., Hwang, S. G., Gwag, B. J., Mckee, A. C, Lee, ],
et al. (2013). MST1 functions as a key modulator of neurodegeneration in

a mouse model of ALS. Proc. Natl. Acad. Sci. U. S. A. 110, 12066-12071.
doi: 10.1073/pnas.1300894110

Lenz, S., Karsten, P., Schulz, J. B., and Voigt, A. (2013). Drosophila as a screening
tool to study human neurodegenerative diseases. J. Neurochem. 127, 453-460.
doi: 10.1111/jnc.12446

Liu, B., Sun, L. H., Huang, Y. F,, Guo, L. ], and Luo, L. S. (2018). Protein
phosphatase 2ACalpha gene knock-out results in cortical atrophy through
activating hippo cascade in neuronal progenitor cells. Int. J. Biochem. Cell Biol.
95, 53-62. doi: 10.1016/j.biocel.2017.12.015

Ma, S., Meng, Z., Chen, R, and Guan, K. L. (2019). The Hippo pathway:
biology and pathophysiology. Annu. Rev. 88, 577-604.
doi: 10.1146/annurev-biochem-013118-111829

Ma, X., Chen, Y., Xu, W., Wu, N,, Li, M,, Cao, Y., et al. (2015). Impaired Hippo
signaling promotes Rhol-JNK-dependent growth. Proc. Natl. Acad. Sci. U. S.
A. 112:1065. doi: 10.1073/pnas.1415020112

Ma, X., Wang, H,, Ji, J., Xu, W,, Sun, Y., Li, W,, et al. (2017). Hippo signaling
promotes JNK-dependent cell migration. Proc. Natl. Acad. Sci. U. S. A. 114,
1934-1939. doi: 10.1073/pnas.1621359114

Martin-Blanco, E., Gampel, A., Ring, J., Virdee, K., Kirov, N., Tolkovsky, A. M.,
et al. (1998). puckered encodes a phosphatase that mediates a feedback loop
regulating JNK activity during dorsal closure in Drosophila. Genes Dev. 12,
557-570. doi: 10.1101/gad.12.4.557

Mccall, K., and Peterson, J. S. (2004). Detection of apoptosis in Drosophila.
Methods Mol. Biol. 282, 191-205. doi: 10.1385/1-59259-812-9:191

Mehan, S., Meena, H., Sharma, D., and Sankhla, R. (2011). JNK: a stress-
activated protein kinase therapeutic strategies and involvement in Alzheimer’s
and various neurodegenerative abnormalities. J. Mol. Neurosci. 43, 376-390.
doi: 10.1007/s12031-010-9454-6

Mehlen, P., Mille, F., and Thibert, C. (2005). Morphogens and cell survival during
development. J. Neurobiol. 64, 357-366. doi: 10.1002/neu.20167

Moran, M. T., Tare, M., Kango-Singh, M., and Singh, A. (2013). Homeotic Gene
teashirt (tsh) has a neuroprotective function in amyloid-beta 42 mediated
neurodegeneration. PLoS ONE 8:€80829. doi: 10.1371/journal.pone.0080829

Moreno, E., Yan, M., and Basler, K. (2002). Evolution of TNF signaling
mechanisms:  JNK-dependent  apoptosis  triggered by Eiger, the
Drosophila homolog of the TNF superfamily. Curr. Biol. 12, 1263-1268.
doi: 10.1016/S0960-9822(02)00954-5

Moses, K., and Rubin, G. M. (1991). Glass encodes a site-specific DNA-binding
protein that is regulated in response to positional signals in the developing
Drosophila eye. Genes Dev. 5, 583-593. doi: 10.1101/gad.5.4.583

Mueller, K. A., Glajch, K. E., Huizenga, M. N., Wilson, R. A., Granucci, E.
J., Dios, A. M., et al. (2018). Hippo signaling pathway dysregulation in
human Huntington’s disease brain and neuronal stem cells. Sci. Rep. 8:11355.
doi: 10.1038/s41598-018-29319-4

Murakami, Y., Matsumoto, H., Roh, M., Giani, A., Kataoka, K., Morizane, Y., et al.
(2014). Programmed necrosis, not apoptosis, is a key mediator of cell loss and
DAMP-mediated inflammation in dsRNA-induced retinal degeneration. Cell
Death Differ. 21, 270-277. doi: 10.1038/cdd.2013.109

Neto-Silva, R. M., De Beco, S., and Johnston, L. A. (2010). Evidence
for a growth-stabilizing regulatory feedback mechanism between Myc
and Yorkie, the Drosophila homolog of Yap. Dev. Cell 19, 507-520.
doi: 10.1016/j.devcel.2010.09.009

Nolo, R., Morrison, C. M., Tao, C., Zhang, X., and Halder, G. (2006). The bantam
microRNA is a target of the hippo tumor-suppressor pathway. Curr. Biol. 16,
1895-1904. doi: 10.1016/j.cub.2006.08.057

Nudelman, K. N. H., Mcdonald, B. C., Lahiri, D. K., and Saykin, A. J. (2019).
Biological Hallmarks of Cancer in Alzheimer’s Disease. Mol. Neurobiol. 56,
7173-7187. doi: 10.1007/s12035-019-1591-5

O’Brien, R. J, and Wong, P. C. (2010). Amyloid precursor protein
processing and Alzheimers disease. Annu. Rev. Neurosci. 34, 185-204.
doi: 10.1146/annurev-neuro-061010-113613

Oh, H,, and Irvine, K. D. (2008). In vivo regulation of Yorkie phosphorylation and
localization. Development 135, 1081-1088. doi: 10.1242/dev.015255

Oh, H., and Irvine, K. D. (2009). In vivo analysis of Yorkie phosphorylation sites.
Oncogene 28, 1916-1927. doi: 10.1038/0nc.2009.43

Oh, H., and Irvine, K. D. (2010). Yorkie: the final destination of Hippo signaling.
Trends Cell Biol. 20, 410-417. doi: 10.1016/j.tcb.2010.04.005

Biochem.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

15

March 2020 | Volume 8 | Article 117


https://doi.org/10.1016/j.ydbio.2010.11.020
https://doi.org/10.1158/0008-5472.CAN-13-2392
https://doi.org/10.1242/dev.045500
https://doi.org/10.1038/ncb1339
https://doi.org/10.1111/j.1471-4159.2009.06181.x
https://doi.org/10.1016/S0092-8674(03)00557-9
https://doi.org/10.2174/187152710791556104
https://doi.org/10.1074/jbc.272.40.24994
https://doi.org/10.1016/j.cell.2005.06.007
https://doi.org/10.1007/s10495-009-0361-7
https://doi.org/10.1093/emboj/cdf306
https://doi.org/10.1007/s00429-009-0234-4
https://doi.org/10.1101/gad.1134003
https://doi.org/10.1101/gad.9.5.534
https://doi.org/10.1074/jbc.C200324200
https://doi.org/10.1242/dev.00168
https://doi.org/10.1002/dvdy.21996
https://doi.org/10.1038/sj.onc.1204300
https://doi.org/10.1002/dneu.20921
https://doi.org/10.1016/j.ydbio.2014.10.010
https://doi.org/10.1016/j.cell.2004.12.036
https://doi.org/10.1073/pnas.1300894110
https://doi.org/10.1111/jnc.12446
https://doi.org/10.1016/j.biocel.2017.12.015
https://doi.org/10.1146/annurev-biochem-013118-111829
https://doi.org/10.1073/pnas.1415020112
https://doi.org/10.1073/pnas.1621359114
https://doi.org/10.1101/gad.12.4.557
https://doi.org/10.1385/1-59259-812-9:191
https://doi.org/10.1007/s12031-010-9454-6
https://doi.org/10.1002/neu.20167
https://doi.org/10.1371/journal.pone.0080829
https://doi.org/10.1016/S0960-9822(02)00954-5
https://doi.org/10.1101/gad.5.4.583
https://doi.org/10.1038/s41598-018-29319-4
https://doi.org/10.1038/cdd.2013.109
https://doi.org/10.1016/j.devcel.2010.09.009
https://doi.org/10.1016/j.cub.2006.08.057
https://doi.org/10.1007/s12035-019-1591-5
https://doi.org/10.1146/annurev-neuro-061010-113613
https://doi.org/10.1242/dev.015255
https://doi.org/10.1038/onc.2009.43
https://doi.org/10.1016/j.tcb.2010.04.005
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Irwin et al.

Role of Hippo Signaling in Alzheimer’s Disease

Oh, H,, and Irvine, K. D. (2011). Cooperative regulation of growth by Yorkie and
Mad through bantam. Dev. Cell 20, 109-122. doi: 10.1016/j.devcel.2010.12.002

Orcholski, M. E., Zhang, Q., and Bredesen, D. E. (2011). Signaling via amyloid
precursor-like proteins APLP1 and APLP2. J. Alzheimers Dis. 23, 689-699.
doi: 10.3233/JAD-2010-101470

Oros, S. M., Tare, M., Kango-Singh, M., and Singh, A. (2010). Dorsal eye selector
pannier (pnr) suppresses the eye fate to define dorsal margin of the Drosophila
eye. Dev. Biol. 346, 258-271. doi: 10.1016/j.ydbio.2010.07.030

Pan, D. (2010). The hippo signaling pathway in development and cancer. Dev. Cell
19, 491-505. doi: 10.1016/j.devcel.2010.09.011

Pandey, U. B., and Nichols, C. D. (2011). Human disease models in Drosophila
melanogaster and the role of the fly in therapeutic drug discovery. Pharmacol.
Rev. 63, 411-436. doi: 10.1124/pr.110.003293

Pantalacci, S., Tapon, N., and Leopold, P. (2003). The Salvador partner Hippo
promotes apoptosis and cell-cycle exit in Drosophila. Nat. Cell Biol. 5,921-927.
doi: 10.1038/ncb1051

Peng, H. W, Slattery, M., and Mann, R. S. (2009). Transcription factor choice in the
Hippo signaling pathway: homothorax and yorkie regulation of the microRNA
bantam in the progenitor domain of the Drosophila eye imaginal disc. Genes
Dev. 23, 2307-2319. doi: 10.1101/gad.1820009

Pfleger, C. M. (2017). The Hippo pathway: a master regulatory network important
in development and dysregulated in disease. Curr. Top. Dev. Biol. 123, 181-228.
doi: 10.1016/bs.ctdb.2016.12.001

Prussing, K., Voigt, A., and Schulz, J. B. (2013). Drosophila melanogaster
as a model organism for Alzheimers disease. Mol. Neurodegener. 8:35.
doi: 10.1186/1750-1326-8-35

Ready, D. F., Hanson, T. E., and Benzer, S. (1976). Development of
the Drosophila retina, a neurocrystalline lattice. Dev. Biol. 53, 217-240.
doi: 10.1016/0012-1606(76)90225-6

Ren, F., Zhang, L., and Jiang, J. (2010). Hippo signaling regulates Yorkie
nuclear localization and activity through 14-3-3 dependent and independent
mechanisms. Dev. Biol. 337, 303-312. doi: 10.1016/j.ydbio.2009.10.046

Sabbagh, J. J., Kinney, J. W. and Cummings, J. L. (2013). Animal
systems in the development of treatments for Alzheimer’s disease:
challenges, methods, and implications. Neurobiol. Aging 34, 169-183.
doi: 10.1016/j.neurobiolaging.2012.02.027

Sahu, M. R., and Mondal, A. C. (2019). The emerging role of Hippo signaling in
neurodegeneration. J. Neurosci. Res. doi: 10.1002/jnr.24551

Sanphui, P., and Biswas, S. C. (2013). FoxO3a is activated and executes
neuron death via Bim in response to beta-amyloid. Cell Death Dis. 4:¢625.
doi: 10.1038/cddis.2013.148

Sarkar, A., Gogia, N., Farley, K., Payton, L., and Singh, A. (2018a). Characterization
of a morphogenetic furrow specific Gal4 driver in the developing Drosophila
eye. PLoS ONE 13:0196365. doi: 10.1371/journal.pone.0196365

Sarkar, A., Gogia, N., Glenn, N., Singh, A., Jones, G., Powers, N., et al.
(2018b). A soy protein Lunasin can ameliorate amyloid-beta 42
mediated neurodegeneration in Drosophila eye. Sci. Rep. 8:13545.
doi: 10.1038/s41598-018-31787-7

Sarkar, A., Irwin, M., Singh, A., Riccetti, M., and Singh, A. (2016). Alzheimer’s
disease: the silver tsunami of the 21(st) century. Neural. Regen. Res. 11,693-697.
doi: 10.4103/1673-5374.182680

Selkoe, D. J., and Hardy, J. (2016). The amyloid hypothesis of Alzheimer’s
disease at 25 years. EMBO Mol. Med. 8, 595-608. doi: 10.15252/emmm.
201606210

Singh, A., Chan, J., Chern, J. J., and Choi, K. W. (2005). Genetic interaction of Lobe
with its modifiers in dorsoventral patterning and growth of the Drosophila eye.
Genetics 171, 169-183. doi: 10.1534/genetics.105.044180

Singh, A., and Choi, K. W. (2003). Initial state of the Drosophila eye
before dorsoventral specification is equivalent to ventral. Development 130,
6351-6360. doi: 10.1242/dev.00864

Singh, A., Gogia, N., Chang, C. Y., and Sun, Y. H. (2019). Proximal fate marker
homothorax marks the lateral extension of stalk-eyed fly Cyrtodopsis whitei.
Genesis 57:€23309. doi: 10.1002/dvg.23309

Singh, A., and Gopinathan, K. P. (1998). Confocal microscopy: a powerful
technique for biological research. Curr. Sci. 74, 841-851.

Singh, A., Kango-Singh, M., and Sun, Y. H. (2002). Eye suppression, a novel
function of teashirt, requires Wingless signaling. Development 129, 4271-4280.

Singh, A., Shi, X,, and Choi, K. W. (2006). Lobe and Serrate are required for
cell survival during early eye development in Drosophila. Development 133,
4771-4781. doi: 10.1242/dev.02686

Singh, A., Tare, M., Puli, O. R, and Kango-Singh, M. (2012). A glimpse
into dorso-ventral patterning of the Drosophila eye. Dev. Dyn. 241, 69-84.
doi: 10.1002/dvdy.22764

Sluss, H. K., Han, Z., Barrett, T., Goberdhan, D. C., Wilson, C., Davis,
R. J., et al. (1996). A JNK signal transduction pathway that mediates
morphogenesis and an immune response in Drosophila. Genes Dev. 10,
2745-2758. doi: 10.1101/gad.10.21.2745

Snigdha, K., Gangwani, K. S., Lapalikar, G. V., Singh, A., and Kango-Singh, M.
(2019). Hippo signaling in cancer: lessons from Drosophila models. Front. Cell
Dev. Biol. 7:85. doi: 10.3389/fcell.2019.00085

Staley, B. K., and Irvine, K. D. (2012). Hippo signaling in Drosophila: recent
advances and insights. Dev. Dyn. 241, 3-15. doi: 10.1002/dvdy.22723

Steffensmeier, A. M., Tare, M., Puli, O. R., Modi, R., Nainaparampil, J., Kango-
Singh, M., et al. (2013). Novel neuroprotective function of apical-basal polarity
gene crumbs in amyloid beta 42 (abeta42) mediated neurodegeneration. PLoS
ONE 8:€78717. doi: 10.1371/journal.pone.0078717

Stronach, B. (2005). Dissecting JNK signaling, one KKKinase at a time. Dev. Dyn.
232, 575-584. doi: 10.1002/dvdy.20283

Sun, G., and Irvine, K. D. (2011). Regulation of Hippo signaling by Jun kinase
signaling during compensatory cell proliferation and regeneration, and in
neoplastic tumors. Dev. Biol. 350, 139-151. doi: 10.1016/j.ydbio.2010.11.036

Tanaka-Matakatsu, M., Xu, J., Cheng, L., and Du, W. (2009). Regulation of
apoptosis of rbf mutant cells during Drosophila development. Dev. Biol. 326,
347-356. doi: 10.1016/j.ydbio.2008.11.035

Tapon, N., Harvey, K., Bell, D., Wahrer, D., Schiripo, T., Haber, D,
et al. (2002). Salvador promotes both cell cycle exit and apoptosis in
Drosophila and is mutated in human cancer cell lines. Cell 110:467.
doi: 10.1016/50092-8674(02)00824-3

Tare, M., Modi, R. M., Nainaparampil, J. J., Puli, O. R,, Bedi, S., Fernandez-Funez,
P., et al. (2011). Activation of JNK signaling mediates amyloid-ss-dependent
cell death. PLoS ONE 6:e24361. doi: 10.1371/journal.pone.0024361

Tare, M., Puli, O. R, And, and Singh, A. (2013). “Molecular genetic
mechanisms of axial patterning: mechanistic insights into generation of
axes in the developing eye] in Molecular Genetics of Axial Patterning,
Growth and Disease in the Drosophila Eye, eds. A. Singh, and M. Kango-
Singh. (Springer NewYork Heidelberg Dordrecht London: Springer), 37-75.
doi: 10.1007/978-1-4614-8232-1_2

Tare, M., Sarkar, A., Bedi, S., Kango-Singh, M., and Singh, A. (2016). Cullin-4
regulates Wingless and JNK signaling-mediated cell death in the Drosophila
eye. Cell Death Dis. 7:¢2566. doi: 10.1038/cddis.2016.338

Thompson, B. J., and Cohen, S. M. (2006). The Hippo pathway regulates the
bantam microRNA to control cell proliferation and apoptosis in Drosophila.
Cell 126, 767-774. doi: 10.1016/j.cell.2006.07.013

Treier, M., Bohmann, D., and Mlodzik, M. (1995). JUN cooperates with the ETS
domain protein pointed to induce photoreceptor R7 fate in the Drosophila eye.
Cell 83, 753-760. doi: 10.1016/0092-8674(95)90188-4

Udan, R. S., Kango-Singh, M., Nolo, R., Tao, C., and Halder, G. (2003). Hippo
promotes proliferation arrest and apoptosis in the Salvador/Warts pathway.
Nat. Cell Biol. doi: 10.1038/ncb1050

Verghese, S., Bedi, S., and Kango-Singh, M. (2012). Hippo signalling controls
Dronc activity to regulate organ size in Drosophila. Cell Death Differ. 19,
1664-1676. doi: 10.1038/cdd.2012.48

Wei, X., Shimizu, T., and Lai, Z. C. (2007). Mob as tumor suppressor is activated
by Hippo kinase for growth inhibition in Drosophila. EMBO J. 26, 1772-1781.
doi: 10.1038/sj.emboj.7601630

White, K., Grether, M. E., Abrams, J. M., Young, L., Farrell, K., and Steller, H.
(1994). Genetic control of programmed cell death in Drosophila. Science 264,
677-683. doi: 10.1126/science.8171319

Wittkorn, E., Sarkar, A., Garcia, K., Kango-Singh, M., and Singh, A. (2015).
The Hippo pathway effector Yki downregulates Wg signaling to promote
retinal differentiation in the Drosophila eye. Development 142, 2002-2013.
doi: 10.1242/dev.117358

Wu, S., Huang, J., Dong, J., and Pan, D. (2003). hippo encodes a Ste-
20 family protein kinase that restricts cell proliferation and promotes

Frontiers in Cell and Developmental Biology | www.frontiersin.org

16

March 2020 | Volume 8 | Article 117


https://doi.org/10.1016/j.devcel.2010.12.002
https://doi.org/10.3233/JAD-2010-101470
https://doi.org/10.1016/j.ydbio.2010.07.030
https://doi.org/10.1016/j.devcel.2010.09.011
https://doi.org/10.1124/pr.110.003293
https://doi.org/10.1038/ncb1051
https://doi.org/10.1101/gad.1820009
https://doi.org/10.1016/bs.ctdb.2016.12.001
https://doi.org/10.1186/1750-1326-8-35
https://doi.org/10.1016/0012-1606(76)90225-6
https://doi.org/10.1016/j.ydbio.2009.10.046
https://doi.org/10.1016/j.neurobiolaging.2012.02.027
https://doi.org/10.1002/jnr.24551
https://doi.org/10.1038/cddis.2013.148
https://doi.org/10.1371/journal.pone.0196365
https://doi.org/10.1038/s41598-018-31787-7
https://doi.org/10.4103/1673-5374.182680
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.1534/genetics.105.044180
https://doi.org/10.1242/dev.00864
https://doi.org/10.1002/dvg.23309
https://doi.org/10.1242/dev.02686
https://doi.org/10.1002/dvdy.22764
https://doi.org/10.1101/gad.10.21.2745
https://doi.org/10.3389/fcell.2019.00085
https://doi.org/10.1002/dvdy.22723
https://doi.org/10.1371/journal.pone.0078717
https://doi.org/10.1002/dvdy.20283
https://doi.org/10.1016/j.ydbio.2010.11.036
https://doi.org/10.1016/j.ydbio.2008.11.035
https://doi.org/10.1016/S0092-8674(02)00824-3
https://doi.org/10.1371/journal.pone.0024361
https://doi.org/10.1007/978-1-4614-8232-1_2
https://doi.org/10.1038/cddis.2016.338
https://doi.org/10.1016/j.cell.2006.07.013
https://doi.org/10.1016/0092-8674(95)90188-4
https://doi.org/10.1038/ncb1050
https://doi.org/10.1038/cdd.2012.48
https://doi.org/10.1038/sj.emboj.7601630
https://doi.org/10.1126/science.8171319
https://doi.org/10.1242/dev.117358
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Irwin et al.

Role of Hippo Signaling in Alzheimer’s Disease

apoptosis in conjunction with salvador and warts. Cell 114, 445-456.
doi: 10.1016/S0092-8674(03)00549-X

Wu, S., Liu, Y., Zheng, Y., Dong, J., and Pan, D. (2008). The TEAD/TEF
family protein Scalloped mediates transcriptional output of the Hippo growth-
regulatory pathway. Dev. Cell 14, 388-398. doi: 10.1016/j.devcel.2008.01.007

Xu, T., Wang, W., Zhang, S., Stewart, R. A., and Yu, W. (1995). Identifying tumour
suppressors in genetic mosaics: the Drosophila lats gene encodes a putative
protein kinase. Development 121, 1053-1063.

Yarza, R., Vela, S., Solas, M., and Ramirez, M. J. (2015). c-Jun N-terminal
Kinase (JNK) Signaling as a therapeutic target for Alzheimer’s disease. Front.
Pharmacol. 6:321. doi: 10.3389/fphar.2015.00321

Yeates, C. J., Sarkar, A., Kango-Singh, M., and Singh, A. (2019). “Unravelling
Alzheimer’s disease using Drosophila,” in Insights into Human
Neurodegeneration: Lessons Learnt from Drosophila, eds M. Mutsuddi and A.
Mukherjee (Singapore: Springer), 251-277. doi: 10.1007/978-981-13-2218-1_9

Zhang, L., Ren, F., Zhang, Q., Chen, Y., Wang, B., and Jiang, J. (2008). The
TEAD/TEF family of transcription factor Scalloped mediates Hippo signaling

in organ size control. Dev. Cell 14, 377-387. doi: 10.1016/j.devcel.2008.
01.006

Zipursky, S. L., Venkatesh, T. R, Teplow, D. B., and Benzer, S. (1984). Neuronal
development in the Drosophila retina: monoclonal antibodies as molecular
probes. Cell 36, 15-26. doi: 10.1016/0092-8674(84)90069-2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Irwin, Tare, Singh, Puli, Gogia, Riccetti, Deshpande, Kango-Singh
and Singh. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

17

March 2020 | Volume 8 | Article 117


https://doi.org/10.1016/S0092-8674(03)00549-X
https://doi.org/10.1016/j.devcel.2008.01.007
https://doi.org/10.3389/fphar.2015.00321
https://doi.org/10.1007/978-981-13-2218-1_9
https://doi.org/10.1016/j.devcel.2008.01.006
https://doi.org/10.1016/0092-8674(84)90069-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

	A Positive Feedback Loop of Hippo- and c-Jun-Amino-Terminal Kinase Signaling Pathways Regulates Amyloid-Beta-Mediated Neurodegeneration
	Introduction
	Materials and Methods
	Fly Stocks
	Genetic Crosses
	Immunohistochemistry
	Detection of Cell Death
	Adult Eye Imaging
	Western Blot

	Results
	Genetic Modifier of Amyloid-Beta 42-Mediated Neurodegeneration
	Modulation of Hippo Activity Does Not Affect Amyloid-Beta 42 Plaque Accumulation
	Hippo Signaling Is Activated in Amyloid-Beta 42-Mediated Neurodegeneration
	Hippo Signaling Levels Affect Amyloid-Beta 42-Mediated Neuronal Cell Death
	JNK Activity Is Modulated by Hippo Pathway Levels in Amyloid-Beta 42-Mediated Neurodegeneration
	Activation of Hippo Signaling in Amyloid-Beta 42 Background Is Dependent on c-Jun-Amino-Terminal Kinase Signaling Pathway
	Hippo and c-Jun-Amino-Terminal Kinase Signaling May Interact in Amyloid-Beta 42-Mediated Neurodegeneration

	Discussion
	Hippo Acts Downstream of Amyloid-Beta 42 Plaque
	Activation of c-Jun-Amino-Terminal Kinase Signaling
	Positive Feedback Loop of Hippo and c-Jun-Amino-Terminal Kinase Signaling Regulate Neuroprotective Function
	Novel Role of Hippo in Neuroprotection

	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


