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ABSTRACT

During organogenesis cellular homeostasis plays a crucial role in patterning and
growth. The role of promoter proximal pausing of RNA polymerase Il, which
regulates transcription of several developmental genes by GAGA factor or Motif
1 Binding Protein (M1BP), has not been fully understood in cellular homeostasis.
Earlier, we reported that M1BP, a functional homolog of ZKSCAN3, regulates
wingless (wg) and caspase-dependent cell death (apoptosis) in the Drosophila
eye. Further, blocking apoptosis does not fully rescue the M1BP*NA' phenotype
of reduced eye. Therefore, we looked for other possible mechanism(s). In
a forward genetic screen, members of the Jun-amino-terminal-(NH2)-Kinase
(JNK) pathway were identified. Downregulation of M1BP ectopically induces
JNK, a pro-death pathway, known to activate both apoptosis and caspase-
independent (autophagy) cell death. Activation of JNK pathway components
can enhance M1BP"*" phenotype and vice-versa. Downregulation of M1BP
ectopically induced JNK signaling, which leads to apoptosis and autophagy.
Apoptosis and autophagy are regulated independently by their genetic circui-
try. Here, we found that blocking either apoptosis or autophagy alone rescues
the reduced eye phenotype of M1BP downregulation; whereas, blocking both
apoptosis and autophagy together significantly rescues the M1BP reduced eye
phenotype to near wild-type in nearly 85% progeny. This data suggests that the
cellular homeostasis response demonstrated by two independent cell death
mechanisms, apoptosis and autophagy, can be regulated by a common tran-
scriptional pausing mechanism orchestrated by M1BP. Since these fundamental
processes are conserved in higher organisms, this novel functional link between
M1BP and regulation of both apoptosis and autophagy can be extrapolated to
humans.

CONTACT Amit Singh € asingh1@udayton.edu
@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/27694127.2023.
2252307.

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits unrestricted non-commercial use, distribution, and
reproduction in any medium, provided the original work is properly cited. The terms on which this article has been
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0002-8499-7404
http://orcid.org/0000-0003-2447-6997
http://orcid.org/0000-0002-2962-2255
https://doi.org/10.1080/27694127.2023.2252307
https://doi.org/10.1080/27694127.2023.2252307
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/27694127.2023.2252307&domain=pdf&date_stamp=2023-09-05

2 (&) A.V.CHIMATAETAL.

Abbreviations: hid: head involution defective; rpr: reaper; DIAP: Drosophila
inhibitor of apoptosis proteins; RD genes: Retinal Determination genes; MF:
Morphogenetic Furrow; PCD: Programmed cell death; ER: Endoplasmic reticu-
lum; Wg: Wingless; JNK - c: Jun amino-terminal (NH2) Kinase; MAPKs — Mitogen:
activated protein kinases; TNF: Tumor necrosis factor; Egr: Eiger; Wgn: Wengen;
Tak 1: TGFB activating kinase 1; JNKKK: JNK kinase kinase; Hep: Hemipterous;
JNKK: JNK kinase; Bsk: Basket; Puc - Puckered; Pol Il - RNA polymerase II; DNA:
Deoxyribonucleic acid; TSS: Transcription start site; ESCs: Embryonic stem cells;
Hop: Hopscotch; Dpp: Decapentaplegic; GAF: GAGA factor; M1BP: Motif 1
Binding Protein; ZAD: Zinc-associated domain; ZKSCAN3 - Zinc finger with
a SCAN and a KRAB domain 3 (ZKSCAN3); UAS: Upstream activation sequence;
ELAV: Embryonic lethal abnormal vision; RT gPCR: Real time quantitative poly-
merase chain reaction; LOF: Loss of function; GOF: Gain of function; GFP: Green
fluorescent protein; WT: Wild-type; PBS: Phosphate buffered saline; PFA:
Paraformaldehyde; PBST: Phosphate Buffered Saline with Triton X-100; B-GAL:
Beta-galactosidase; DSHB: Developmental Studies Hybridoma Bank; CST: Cell
Signaling Technologies; Dlg: Discs large; 1gG: Immunoglobulin G; FITC:
Fluorescein isothiocyanate; RNA: Ribonucleic acid; cDNA: Complementary
DNA; Ct: cycle threshold; GAPDH: glyceraldehyde-3-phosphate dehydrogenase;
SAPK: Stress-activated protein kinases; HRP: Horse Radish Peroxidase; ROI:
Region Of Interest; SEM: Standard Error of the Mean; Cl: Confidence Intervals
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Introduction

During organogenesis cellular processes like cell division, cell differentia-
tion, and cell death are tightly regulated by the spatio-temporal expression
of various genes that include transcription factors and signaling molecules
!, Transcriptional regulation of gene expression is critical for patterning
and cellular homeostasis 2~*. Disruption of homeostatic processes by
intrinsic or extrinsic signals ultimately disrupts the transcriptional process:
either by directly affecting the transcription of target genes or by indirectly
modifying the stability, abundance and activity of transcription factors °.
A key response to homeostatic stress is activation of mechanisms that
either lead to restoration of homeostasis by transcriptional mechanisms
or elimination of sub-optimal or less fit stressed cells by cell death
mechanisms “~°. There are several types of cell death utilized by organisms
to restore homeostatic balance '°. Generally, cell death can occur by
accident or by design. Accidental cell death like necrosis is often triggered
by excessive and unexpected stress and is not directly controlled by
specific genetic machinery. Alternatively, regulated cell death including
apoptosis, autophagy, pyroptosis, entosis, parthanatos, etc. are controlled
by specific genetic machinery and triggered by specific signals '®"".
Among these, apoptosis and autophagy may occur more frequently during



AUTOPHAGY REPORTS (&) 3

development. Although these two processes occur independently,
research shows that blocking apoptosis can induce increased autophagy
in a compensatory fashion to trigger cell death '*'3, Although associations
between aberrant cellular homeostasis to several diseases (for example,
neurodegenerative diseases, cancers) have been made, mediators of the
cellular response to homeostatic stress are not well understood.

Recently, transcriptional pausing mechanism(s) during transcription elon-
gation have been implicated as another rate-limiting step alongside down-
stream events in transcription initiation '*'>. Therefore, these mechanism(s)
serve as key regulators of gene expression during development as well as in
response to homeostatic stress '®'’. During organogenesis, transcription
factors facilitate RNA polymerase Il (Pol ) recruitment to DNA resulting in
dynamic spatio-temporal gene expression patterns '®'°, These transcription
factors bind to enhancers, proximal promoters, or core promoters within
genes to initiate Pol ll-mediated transcription 2°. During transcription, Pol ||
usually gets recruited before the transcription start site (TSS) to promote
transcription '*. Promoter proximal pausing is conserved from flies to mam-
mals 2'?2, and is known to regulate several developmentally controlled genes
during Drosophila embryogenesis **. Sequence-specific transcription factors
like GAGA factor (GAF) and Motif 1-Binding Protein (M1BP) regulate Pol I
mediated transcriptional pausing **. M1BP is highly conserved across species
and encodes a 55kDa protein containing a zinc-associated domain (ZAD)
towards the N-terminus and five C,H, zinc-finger domains towards the
C-terminus. Drosophila M1BP is functionally homologous to vertebrate zinc-
finger with SCAN and KRAB domain 3 (ZKSCAN3) transcription factors 2526,
M1BP functions by binding to Motif1 sequences on target genes to regulate
or pause their transcription and has been reported to block several genes
during development ?*. Such transcriptional pausing mechanisms may be
responsible for creating unique genetic signatures and regulating cellular
processes >4,

We showed that M1BP mediated transcriptional pausing can regulate evo-
lutionarily conserved WNT/Wingless (Wg) signaling during Drosophila eye
development %’. In the Drosophila eye, M1BP regulates expression of Wg,
a ligand for the WNT/Wg signaling pathway. Ectopic Wg signaling is known
to suppress eye fate by activation of caspase-dependent cell death 2%2°,
Caspases mediate a majority of programmed cell death, or apoptosis, via
formation of the apoptosome *°. The initiator caspase, Dronc is activated by
upstream pro-apoptotic genes like reaper (rpr), head involution defective (hid),
and grim aka RHG *'73, RHG also negatively regulates Inhibitor of apoptosis
proteins (IAPs) ***°, Caspase-dependent cell death is triggered by activation of
Dronc that further activates the executioner caspase Drice, and leads to apop-
tosis characterized by cell shrinkage, nuclear fragmentation, chromatin con-
densation and DNA fragmentation °.
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Loss of M1BP is linked to reduced chromatin accessibility, impaired cellular
proliferation, and death **2”3% Autophagy is a distinct form of cell death
responsible for the elimination of damaged or excess cytoplasmic content by
a catabolic lysosome mediated degradation system 3°. Autophagy is marked
by phagophore formation, autophagosome formation, and autophagolyso-
somal degradation that are genetically controlled by evolutionarily conserved
genes first identified in yeast *>*'. There are twenty highly conserved autop-
hagy related genes (Atg) characterized in Drosophila **. Among them, the
Atg8 gene family (Atg8a and Atg8b) is most widely studied, and its members
serve as an excellent biomarker for autophagy **. Atg8a is the fly ortholog of
human LC-3, an important component of autophagy machinery, is involved in
phagophore formation, autophagosome formation and autophagolysosome
formation, and serves as a reporter for autophagy *°. During eye develop-
ment various specialized cells-types are generated to form an organ. These
specialized cell types are required for vision. During eye development, autop-
hagy plays an important role in formation of organelle free zone (OFZ) cells to
form the transparent lens. Autophagy also protects the retinal cells from
external stressors such as aggregated proteins, damaged cell organelles etc.
Autophagy is also required for recycling light sensitive pigments in the retina.
Thus autophagy is critically involved in development and in function of
retinal neurons **. Recent studies have linked autophagy to maintaining
cellular homeostasis and development. Therefore, investigating how M1BP
regulates gene expression and its targets in the developing eye may generate
new insights on mediators of the cellular response to homeostatic stress
during organogenesis.

In this context, we conducted a genetic modifier screen to identify inter-
actors of M1BP. We tested transgenes expressing members of evolutionarily
conserved signaling pathways in a M1BP loss-of-function background (Fig.1).
Depletion of M1BP results in a reduced eye phenotype. In this screen, we
identified the JNK pathway as a key mediator of M1BP function in maintaining
cellular homeostasis. JNK, a member of the conserved MAP kinase super-
family, is involved in cell proliferation and cell survival and is activated
through a phosphorylation cascade via MAP kinases *>*%. In Drosophila,
JNK signaling is activated by binding of the Tumor necrosis factor (TNF)
Eiger (Egr) to its receptors Wengen (Wgn) and Grindelwald (Grnd), and
through a conserved signaling cascade of kinases, which include Tak 1
(TGFB activating kinase 1, a JNK kinase kinase JNKKK), hemipterous (hep)
(JNK kinase), basket (bsk) (Jun kinase) and the effector jun. Activation of the
JNK pathway results in triggering its transcriptional target puckered (puc)
expression. Puc, a dual phosphatase, participates in a negative feedback
loop to downregulate JNK activity */*%, Current literature suggests that the
JNK pathway acts as a hub for activating multiple modes of cell death
including necroptosis, ferroptosis, pyroptosis, and autophagy “°.
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Here we demonstrate that M1BP suppresses the JNK signaling pathway in
Drosophila eye. Downregulation of M1BP results in a reduced eye to a “no-
eye” phenotype. This phenotype is excerbated upon activation of JNK signal-
ing in this background that dramatically increases the frequency of the “no-
eye” phenotype in progeny. Furthermore, modulation of JNK when M1BP
levels are downregulated using M1BP®"*' results in modulation of wg, induc-
tion of cell death, and autophagy. In addition, both JNK- and Wg- signaling
are in a feedback loop to trigger cell death and autophagy when M1BP levels
are reduced. Thus, M1BP suppresses both Wg and JNK signaling pathways.
Our results demonstrate that during development, M1BP mediated transcrip-
tional pausing mechanism regulates cellular response to homeostatic stress
by regulating multiple cell death mechanisms like apoptosis and autophagy.

Results
Search for genetic modifiers of M1BP’s reduced eye phenotype

The Drosophila adult eye is composed of 600-800 highly organized ommati-
dia or unit eyes arranged in a hexagonal lattice °°. These develop from the
larval eye-antennal imaginal disc >'. In this study, the ey-Gal4 driver was used
for targeted misexpression of our genes of interest in the developing eye as
shown by UAS-GFP (ey>GFP, green) reporter expression (Fig. 1B). Targeted
misexpression of the UAS-M1BPF™' transgene using ey-Gal4 driver
(ey>M1BP™N) shows a strong eye suppression phenotype of reduced-eye
(Fig. 1A). This reduced eye phenotype is evident from pan-neuronal marker
Elav staining that marks the nuclei of the retinal neuron. We employed
a forward genetic screen to look for genetic modifiers of ey>M1BP N
reduced eye phenotype to identify targets of M1BP mediated transcriptional
regulation (Fig. TA). Prior to initiating the screen, we addressed the issue, if ey-
Gal4 driver has a diluting effect when we increased the number of UAS-
constructs. We compared ey-Gal4>UAS-M1BPN, with ey-Gal4>UAS-M1BPRNA
+ UAS-GFP and ey-Gal4>UAS-M1BP™A" LUAS-GFP (2 copies). We found that
ey>/\/IIBPRNA’ along with one or two more copies of UAS-GFP constructs
exhibit same frequency of reduced eye phenotype (Supplementary Fig. 1).
Using a candidate gene approach, we individually misexpressed various
inducible transgenes (UAS-X) of evolutionarily conserved signaling path-
ways in the ey>M1BP™*' background. We screened for candidates whose
misexpression resulted in either worsening (enhancers) or rescue (suppres-
sors) of the ey>MIBPRNA’ reduced eye phenotype (Fig. 1A). We identified
hemipterous (hep) and basket (bsk), members of the evolutionarily con-
served JNK signaling pathways, as modifiers of ey>M1BP*™"' eye pheno-
type. Quantification of the adult eye surface area reveals significant
reduction to a “no-eye” phenotype along with reduced head phenotype
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Screen for modifiers

m ey>M1BP*i+hepiet
RNAI = i
ey promoter . Gal4 M1BP' Enhancer [ 2%

ey>M1BPRNA

Adult eye area (umz)
°

ey>M1BP-Vi+Bsko

Figure 1. Forward genetic screen to identify modifiers of M1BP mediated eye
suppression. (A) Schematics of forward genetic screen for identifying genetic modifiers
of M1BP mediated eye suppression phenotype where various UAS-X/transgene lines
were individually misexpressed using the ey-Gal4 driver along with downregulation of
M1BP. Modifiers were classified into enhancers and suppressors based on whether they
enhance or suppress the ey>M1BP™ reduced eye phenotype. Quantification of adult
eye surface area (um?) using Fiji/lmage) software (NIH) to assay differences in eye
phenotype. (B) ey>GFP where the GFP transgene reporter marks the ey-Gal4 driver
expression domain in the developing third instar eye antennal disc. Note that the eye
antennal imaginal disc is stained with pan-neuronal marker Elav (red) that marks the
nuclei of retinal neurons. (C, D, E, F) Eye antennal imaginal discs stained for Wg (green)
and pan-neuronal marker Elav (red). (D) Downregulation of M1BP in the entire eye
(ey>M1BP™) results in suppression of eye fate and increased Wg expression compared
to (C) ey-Gal4 control. Eye discs showing (E) enhancement (ey>M1BP*™'+hep”“) and (F)
suppression (ey>M1BP™+bsk®M) of the ey>M1BP™* phenotype. The orientation of all
imaginal discs is identical with posterior to the left and dorsal up. The magnification of
all eye-antennal imaginal discs is 20X and adult eyes are 10X unless specified.

in ey>MIBPRNA'+hepACt (n=627/916, ~69%) whereas in ey>M7BPRNA’+bskDN
(n= 746/1092, ~68%) there is a significant rescue to near wild-type eye
(Fig. TA). In the developing larval eye disc, Wg is expressed in an antero-
lateral fashion (Fig. 1C). Furthermore, downregulation of M1BP
(ey>M1BP*"*) also results in a reduced eye field in the developing eye
imaginal disc along with ectopic induction of Wg (Fig 1D). However, this
eye field is significantly reduced or completely eliminated along with
robust Wg induction in ey>M1BP*"+hep® background (Fig 1E).
Conversely, the eye field was significantly restored along with downregu-
lation of Wg expression in ey>M1BP™N1pskPN background (Fig. 1F). These
results suggest that hep and bsk are genetic modifiers of M1BP mediated
reduced eye phenotype.
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Downregulation of M1BP results in JNK activation in the developing
eye

We tested if the JNK signaling pathway is affected by M1BP levels in
developing eye. Activation of JNK signaling triggers a signaling cascade
by phosphorylating Tak1, hep (JNK kinase kinase), bsk (Jun kinase) and Jun

ey-Gal4 ey>M1BP

B PINK e s—
i ssssessissas i snsssssasiss] ik MRNA Tubulin S —
HT T T . Jnk mE = i
e 1 Ph p,. __ 80 .
S P P R
|# 2w et % 3 ‘,7 Sn =,
’ﬁ’ E K] —— 3 ==
L = g x = 60 *
PP Djun (Jun), g = o = e
N 2 i peseanes 2 so }
] 3 [ ‘| & |—T|
A i B ey M1BP™ C eyGlaM ey>M1YBPRN"' D eyéal4 ey>M1‘BPRNA’

puc-LacZ G’ puc-LacZ H

Figure 2. Downregulation of M1BP activates JNK signaling in the developing eye.
(A) Schematic representation of c-Jun NH (2)-terminal kinase (JNK) signaling pathway.
(B) Relative expression of jnk at the transcriptional level using quantitative real time PCR
(qRT-PCR) in ey>M1BP™ and ey-Gal4 control eye-antennal imaginal discs. (C) Levels of
phospho-JNK (pJNK) in a semi-quantitative Western Blot shows higher levels of JNK
signaling in ey>M1BP®™" compared to ey-Gal4 control. The tubulin bands serve as
control for normalization. The quantification of p-JNK band intensity reveals
a significantly higher levels in ey>M1BP™™" background as compared to the control
ey-Gal4. (D) Quantification of pJNK intensity was performed using standard 100 x 100
pixel ROl marked by yellow dotted line and using Fiji/lmageJ software (NIH). (E-H) Eye
antennal imaginal disc of third instar larvae stained for pan-neuronal marker Elav (red)
and (E, F) pJNK (green) and (G, H) puc-lacZ (green). Eye antennal imaginal disc showing
split channel for (E', F') pJNK staining, (G, H') lacZ staining for (E, E', G, G') ey-Gal4 and (F,
F', H, H) ey>M1BP*™A_Graphs were plotted with mean +/- SEM. Statistical significance in
each graph is shown by p-value: ****p<0.0001, ***p<0.001; **p<0.01; *p<0.05. The
orientation of all imaginal discs is identical with posterior to the left and dorsal up. The
magpnification of all eye-antennal imaginal disc is 20X unless specified.
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(Fig. 2A). Activation of Jun upon phosphorylation triggers puc expression,
which participates in a negative feedback loop with Bsk to regulate the
INK pathway **%, Since M1BP is a transcription pausing factor, we first
employed a real-time gqPCR approach to quantify transcript levels of bsk
(JNK) gene and found a near 7-fold increase in bsk mRNA levels in
ey>M1BP*" discs compared to ey-Gal4 controls (Fig. 2B). We validated
our results by comparing p-JNK levels in ey>M1BP*"*" and ey-Gal4 control
eye imaginal discs using a p-JNK antibody. Since JNK is expressed ubiqui-
tously and ey>M1BP*" exhibits a highly reduced eye field (Fig. 2F, F)
compared to the ey-Gal4 control (Fig. 2E, E'), we calculated p-JNK
protein’s band signal intensity. We found a significant increase in p-JNK
signal intensity in ey>M1BP™*" background (Fig. 2C) compared to controls.
We also tested JNK pathway activation using the western blot analysis. We
found a 2.5-fold increase in p-JNK signal in the ey>M1BP*™ compared to
ey-Gal4 controls (Fig. 1D) using the Empiria Studio® Software. Tubulin,
a housekeeping gene, served as an internal control. To further validate
our results, we tested the levels of puc-lacZ reporter, which serves as the
functional read-out for JNK pathway activation %, In wild-type eye disc,
puc is expressed in differentiated photoreceptor neurons of eye disc
(Fig. 2G, G') whereas in ey>/\/IIBPRNAi background, ectopic induction of
puc-lacZ reporter was seen in the eye disc (Fig. 2H, H’), suggesting that
JNK signaling is activated in the ey>M1BP™* background.

Modulation of JNK signaling levels affects M1BP mediated eye
suppression

To test if the reduced eye (n=45/669, ~7%) or a “no-eye” phenotype (n=624/
669, ~93%) in ey>/VI7BPRNA" discs are due to activation of JNK signaling, the
levels of JNK signaling pathway members (Fig. 2A) were modulated using
genetic approaches. JNK signaling status was determined by p-JNK staining in
the third-instar eye imaginal discs. Downregulation of M1BP (ey>M1B8P"*)
results in a near complete loss of photoreceptors in the eye disc (Fig. 3C, C')
and almost “no-eye” phenotype(s) in adults (n=624/669, ~93%) (Fig. 3D). This
phenotype is also accompanied with a significant increase in p-JNK levels
(Fig. 3C, C', U, Supplementary Fig. 6) compared to the ey-Gal4 control (Fig. 3A,
A’, U, Supplementary Fig. 6). Blocking JNK signaling in the developing eye by
targeted misexpression of a dominant negative bsk, bsk™", (ey>bsk™", Fig. 3E,
E', F) and puc (ey>puc, Fig. 31, I, J) alone served as controls and were similar to
the ey-Gal4 control (wild-type) as seen in the eye imaginal discs and adult
eyes (Fig. 3A, A, B). Downregulation of M1BP along with JNK signaling by
using bsk® (ey>M1BP*M1bskPN (n=746/1092, ~68%, Fig. 3G, G, U,
Supplementary Fig. 5) and puc (ey>M1BP*+puc (n=307/384, ~80%, Fig. 3
K, K', V, Supplementary Fig. 5), rescued M1BP mediated reduced eye or “no-
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oy>M1BP

Figure 3. Modulation of JNK signaling affects eye suppression phenotype of M1BP
downregulation. (A, C, E, G, |, K, M, O, Q, S) Eye antennal imaginal disc of third instar
larvae stained for pJNK (green) and pan-neuronal marker Elav (red). (A, A’) ey-Gal4
control discs showing pJNK expression. (A’, C', E', G, I, K, M’, O, Q’, S') Eye antennal
imaginal disc showing split channel for pJNK staining. Quantification was performed
using standard 100X100 pixel ROI. ROl is shown as yellow dashed boxes. Adult eye
images of control ( ) ey-Gal4, downregulatlon of M1BP (D) ey>M1BP™™, downregulat-
ing JNK pathway: (F) ey>bsk™", (H) ey>M1BP™N+bskP", ()) ey>puc, (L) ey>M1BP™M +puc,
upregulating JNK pathway: (N ) ey>hep™®, (P) ey>M1BP™irhep”?, (R) ey>jun®""’, (T)
ey>M1BP™jun®P"”_ Eye-antennal imaginal discs of control (A, A") ey-Gal4, down-
regulation of M1BP (C, C') ey>M1BP*™ downregulating JNK pathway (E, E') ey>bskDN
(G. G') ey>M1BPRA1bskPN, (I, 1) ey>puc, (K, K') ey>M1BP+puc, upregulating JNK
pathway: (M, M’) ey>hepA“ (0, 0) ey>M1BP*M1hep™, (Q, Q) ey>jun®™”*’, (S, S)
ey>M1BPMjun®7 Note that (H, L) downregulation of JNK signaling showed sig-
nificant rescues in adult eye phenotypes; whereas (P, T) activation of JNK signaling
enhanced the eye suppression phenotype of (D) ey>MIBPRNA'. (U) Quantification of pJNK
intensity using Fiji/lmageJ software (NIH). The genotypes depicted in the graph are 1:
ey-Gald, 2: ey>MIBP®A, 3. ey>M1BP™N1bskPN, 4. ey>M1BPF4puc, 5:
ey>M1BP™Mrhep and 6: ey>M1BP*"A+jun®P"’. (V) Graphical representation of adult
eye phenotype frequency. The genotypes depicted in the graph are 1: ey-Gal4, 2:
ey>M1BP™N 3. ey>M1BP™MA 4 bskPN, 4: ey>M1BP™ 4+ puc, 5: ey>M1BP™+hept and
6: ey>M1BP™M1jun"""” For adult eye frequency, statistical significance with eyGal4 and
ey>M1BP™* are depicted using # and * respectively. Graphs were plotted with mean
+/- SEM. For quantification, statistical significance in each graph is shown by p-value:
***¥p<0.0001, ***p<0.001; **p<0.01; *p<0.05. The orientation of all imaginal discs is
identical with posterior to the left and dorsal up. The magnification of all eye-antennal
imaginal discs is 20X and adult eyes are 10X unless specified.
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eye” phenotype as evident from Elav staining in the eye imaginal discs
(Fig. 3G, K, U) and adult eyes (Fig. 3H, L, V, Supplementary Fig. 5). However,
activation of JNK signaling and downregulation of M1BP using an activated
hep, hep”?, in ey>M1BP™M+ hep”“t (n=627/916, ~69%, Fig. 3 O, O’, P) and
activated jun in ey>M1BPf"1jun®P*” (n=207/353, ~59%, Fig. 3S, S, T,
Supplementary Fig. 5) increased the severity of “no-eye” phenotype in the
eye imaginal discs (Fig. 30, S, U) and adult eyes (Fig. 3P, T, V, Supplementary
Fig. 5). Furthermore, there were also pharate undeveloped pupae that were
observed when JNK signaling was activated (Fig. 3V).This observation was
supported by a significant increase in p-JNK levels in the eye imaginal discs
(Fig. 30, S, U, Supplementary Fig. 6) when compared to levels observed in
ey>M1BP"™M (Fig. 3C). The controls used for activation of JNK signaling path-
way were jun®P*” (ey>jun®P"’, (Fig. 3M), M’, N) and hep”“ (ey>hep””, Fig. 3Q,
Q’, R), which resulted in an eye suppression phenotype as compared to the
wild-type ey-Gal4 control (Fig. 3A, A’, B). These results suggest that M1BP is
involved in regulating JNK signaling pathway levels to promote cell survival
during eye development. Since M1BP also regulates Wg levels, it is important
to understand the role of Wg and JNK signaling in of M1BP’s reduced eye
phenotype.

Modulation of JNK pathway affects wingless in M1BP loss-of-function
background

During eye development, Wg serves as a negative regulator of eye fate and
blocks progression of morphogenetic furrow (MF) *27°°, To understand what
happens to wg, a putative target of M1BP %, when levels of the JNK pathway
are modulated, we analyzed wg levels in the eye disc at the transcriptional
level using a lacZ reporter and translational level using an antibody against
W(g protein. Both wg-lacZ reporter and Wg protein are expressed in an antero-
lateral fashion in the developing third instar eye disc of ey-Gal4 control
(Fig. 4A, B). Downregulation of M1BP (ey>M1BP™*) results in the ectopic
induction of wg-lacZ as well as Wg protein (Fig. 4C, D) %’. Downregulation of
the JNK pathway using bskPN (ey>bskDN, Fig. 4E, F) and puc (ey>puc, Fig. 4l, J)
alone in the developing eye disc exhibits the wg-lacZ reporter- and Wg
protein- expression similar to the ey-Gal4 control (Fig. 4A, B). When JNK
signaling and M1BP levels are downregulated together in the
ey>M1BP™N 1 bskPN (Fig. 4G, H) and ey>M1BP™™ 1 puc (Fig. 4 K, L) background,
it exhibits a rescue of the “no-eye” phenotype and shows a dramatic reduc-
tion in wg-lacZ and Wg proteins levels compared to the ey>M1BP™ discs
(Fig. 4C, D). Activation of JNK signaling in the entire eye by using jun®?"’
(ey>jun®"’, (Fig. 4Q), S), and hep”“" alone (ey>hep””, Fig. 4M, N) results in eye
suppression along with induction of wg as compared to ey-Gal4 control
(Fig. 4A, B). Note, that Wg level are not significantly affected in jun®P"’
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Figure 4. Modulation of JNK pathway in M1BP LOF background affects wingless
levels. Eye-antennal imaginal discs from third instar larvae of (A) ey-Gal4, downregula-
tion of M1BP (C) ey>M1BP®™* downrequlating JNK pathway: (E) ey>bsk™, (G)
ey>M1BP™MrbskPN, (1) ey>puc, (K) ey>M1BP™4puc, upregulating JNK pathway: (M)
ey>hep””, (0) ey>M1BP*NArhep™, (Q) ey>jun®F", (T) ey>M1BP*N4jun™"” were
assessed for changes in wg-lacZ expression shown in grayscale. (B, D, F, H, J, L, N, P,
R, S, U) Eye-antennal imaginal discs from third instar larvae of (B) ey-Gal4, downregula-
tion of M1BP (D) ey>M1BP®¥ downregulating JNK pathway: (F) ey>bsk®™, (H)
ey>M1BP™MrbskPN, ()) ey>puc, (L) ey>M1BP* 4 puc, upregulating JNK pathway: (N)
ey>hep™, (P) ey>M1BP*™Mhep”, (R) ey>jun®F*’, (S) ey>M1BP*N 1jun®P"’” were
assessed for changes in Wg expression shown in grayscale. (A, B) ey-Gal4 control discs
showing expression in the anterolateral margins of the eye disc. (C, D) Loss of M1BP in
the entire developing eye (ey>M1BP®™4 results in ectopic induction of wg expression.
Downregulation of JNK pathway in the background of loss of M1BP in the entire eye (G,
H) ey>M1BPRA1bskP" and (K, L) ey>M1BP*™+puc. Activation of JNK pathway in the
background of loss of M1BP (O, P) ey>M1BP™'+hep™** and (T, U) ey>M1BP*" 4 jun®P"’.
Yellow solid arrows indicate the induction or suppression of Wg. The orientation of all
imaginal discs is identical with posterior to the left and dorsal up. The magnification of
all eye-antennal imaginal discs is 20X unless specified.

alone compared to ey-Gal4 controls due to weakness of the transgene.
Activation of JNK signaling along with downregulation of M1BP
(ey>M1BP™Ajun®™P"7 (Fig. 4T, U) and ey>M1BP*™*'+hep”“" (Fig. 40, P) shows
an increase in wg at the transcriptional as well as translational level when
compared to ey>M1BP*"* alone (Fig. 4C, D). These results clearly suggest that
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Figure 5. Downregulation of M1BP triggers cell death. Eye-antennal imaginal discs
stained for pan-neuronal marker Elav (red), DIg (blue), a membrane specific marker, to
mark outline of the tissue and (A-D) hid5’F-WT-GFP (green). Eye antennal imaginal disc
showing split channel for (A’-D’) hid5’F-WT-GFP for (A, A, B, B') ey-Gal4 and (C, C', D, D")
ey>M1BP™in (A, A’, C, C') 20X and (B, B', D, D’) 40X. (E) Quantification of hid5’F-WT-GFP
intensity using Fiji/lImageJ software (NIH) using standard 100X100 pixel ROI. ROI is
shown as yellow dashed boxes. Caspase-dependent cell death was blocked in the entire
eye (F, K, K, 0, O") ey>hid™, (H, M, M’, Q, Q) ey>hid*""®. Blocking hid mediated
apoptotic cell death in ey>M1BP™" background (G, L, L', P, P") ey>M1BP*1hid™* (i,
N, N, R, R) ey>M1BP™M+hid*N™* shows rescue when compared to ey>M1BPVA. ()
Graphical representation of adult eye phenotype frequency. The genotypes depicted in
the graph are 1: ey-Gal4, 2: ey>MI1BP™™ 3. ey>M1BPMthid™ and 4:
ey>M1BPNALhigd®N'?. Statistical significance with eyGal4 and ey>M1BP™*' are depicted
using # and * respectively. Eye antennal imaginal discs of indicated genotypes stained
for (K-N) Wg (green), (O-R) pJNK (green) and pan-neuronal marker Elav (red). Eye-
antennal imaginal discs showing split channel for (K'-N') Wg and (O'-R’) pJNK staining.
(S) pINK intensity quantification using Fiji/Imagel) software (NIH). The genotypes
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modulation of the JNK pathway in the developing eye modulates wg levels.
This observation supports the presence of a feedback loop during eye devel-
opment *’. Previous studies have shown that ectopic Wg or JNK are capable
of inducing cell death during eye development 2’~%°, Therefore, it is impor-
tant to test if reduced eye phenotype in M1BP downregulation is due to
activation of Wg and JNK signaling mediated cell death.

Downregulation of M1BP induces hid expression and apoptotic cell
death

We tested if M1BP downregulation (ey>M1BP®"*) can trigger apoptotic cell
death by using hid5’F-WT-GFP, a transcriptional reporter for the hid gene 5. hid
is expressed in cells undergoing apoptosis and is generally seen in a few cells in
control third instar eye-antennal imaginal disc *®. To quantify the signal, we
measured the GFP fluorescence intensity in uniform areas of 100X100 pixel
boxes in the ey-Gal4 expression domain using a region of interest (ROI)
approach *°. A basal level of GFP (green) signal was observed in the eye region
of ey-Gal4 control discs (Fig. 5A, A', B, B', E); whereas downregulation of M1BP in
the developing eye resulted in dramatic induction of hid-GFP (green) in the eye
disc (Fig. 5C, C', D, D', E). To test if the reduced eye phenotype in ey>MIBPRNA'
background is due to induction of caspase-dependent cell death, we down-
regulated hid levels using hid™* and hid*""?, a N-terminal deletion construct, in
the ey>M1BP™™ background. When compared to downregulation of M1BP
alone (ey>M1BP™™* Fig. 3C, D), downregulation of both hid and M1BP
(ey>M1BPRN 1 hid™A n=81/317, ~25%, Fig. 5G and ey>M1BP™*+hig*N™?,
n=100/343, ~29%, (Fig. 51) showed rescue of the reduced eye or “no-eye”
phenotype of ey>M1BP™ alone as seen in the eye disc and the adult eye.
Furthermore, we also tested levels of Wg and JNK signaling in this background
to study their role. Downregulation of M1BP levels along with blocking of cell
death by using hid™™ (ey>M1BP*M +hid™*, Fig. 5L, L) and hid*N'*
(ey>M 1BPRNAL R4 (Fig. 5N), N) exhibits mild restoration of Wg expression
compared to the ectopic induction of Wg in ey>M1BP™ alone (Fig. 4D). Also,
the controls ey> hid *™ (Fig. 5K, K’) and ey> hid “""* (Fig. 5N, N’) show near wild-
type expression of Wg. Additionally, we wanted to see pJNK levels, a read out of

depicted in the graph are 1: ey-Gal4, 2: ey>M1BP*A 3: ey>M1BPFVA1hid™* and 4:
ey>M1BP™M +hig*N™. Quantification was performed using standard 100X100pixels ROL.
ROl is shown as yellow dashed boxes. Graphs were plotted with mean +/- SEM.
Statistical significance in each graph is shown by p-value: ****p<0.0001, ***p<0.001;
**p<0.01; *p<0.05. The orientation of all imaginal discs is identical with posterior to the
left and dorsal up. The magnification of all eye-antennal imaginal discs is 20X and adult
eyes are 10X unless specified.
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JNK signaling, which is known to activate caspase -dependent and -indepen-
dent cell death. We observed that downregulation of M1BP levels along with
hid by using hid™*" (ey>M1BP*N1+hid™* Fig. 5P, P, S) and hid*N'*
(ey>M1BP™ALhid®N'™* (Fig. 5R, R’, S) resulted in a significant reduction in
pINK levels compared to M1BP (ey>M1BP™"*) alone (Fig. 2C, 55). Although
pJINK levels were slightly higher in ey>M1BP*"* than ey-Gal4 control (Fig. 2C, 55,
Supplementary Fig. 6). Other controls like ey> hid """ (Fig. 5P, P’) and ey>hid
ANT4 (Fig. 5Q, Q) show near wild-type expression of pJNK. Thus, blocking cell
death alone is not sufficient for rescuing M1BP mediated eye suppression
phenotypes (Fig. 5J, Supplementary Fig. 5). Therefore, we wanted to assay
other mechanisms of death.

Downregulation of M1BP triggers autophagy

To test if autophagy is responsible for the reduced eye phenotype of
ey>/\/IIBPRNA’, we first assessed the levels of Atg8a-mCherry, a reporter for
autophagic cell death, in the third instar eye discs. Atg8a is an important
component of autophagy machinery and is involved during all stages of the
process like in phagophore formation, autophagosome formation and autop-
hagolysosome formation. Therefore, Atg8a is a widely used as a marker to
assay autophagy **°%°'. We assayed Atg8a as an indicator of the entire
process of autophagy and also downregulated Atg8a to block autophagy.
Downregulation of M1BP (Fig. 6C, C') in the entire eye results in a nearly
a two-fold increase in Atg8a-mCherry levels as compared to ey-Gal4 control
discs (Fig. 6B, B’, D). These observations suggest that M1BP may also be
involved in suppressing autophagy during eye development. Therefore, we
further validated these results using real-time quantitative PCR and semi-
quantitative western blot. Downregulation of M1BP (ey>MIBPRNAi) resulted in
a significant upregulation of Atg8a transcripts when compared to the ey-Gal4
control discs (Fig. 6E). Furthermore, western blot revealed a significantly
higher Atg8a protein levels in ey>M1BP™™' when compared to ey-Gal4
(Fig. 6F). We tested if blocking autophagy is sufficient to rescue M1BP
mediated eye suppression. In Atg8a’ mutant’s heterozygous background,
eye development is near wild-type as observed in the adult eye (Fig. 6A, G)
and eye imaginal disc (Fig. 6H). However, in the ey>MlBPRNA' background
(ey>M1BP™NA L Atg8a" ", n=126/470, ~27%, Fig. 6J) a significant rescue of the
“no-eye” or reduced eye phenotype of ey>M1BP*™ alone to near wild-type
eye is seen in nearly 27% of the flies (Fig. 6J, K). Heterozygous Atg8a'~"*
mutants show normal Wg expression in the antero-lateral margins (Fig. 6F, F').
Reducing M1BP levels in Atg8a’ mutant’s heterozygous background
(ey>M1BP™A't Atg8a’~"", Fig. 6K, K') reveals restoration of Wg expression to
normal levels in the eye discs when compared to ey>M1BP™* alone. pJNK
levels were studied in these eye discs and signal intensity was quantified.
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Figure 6. Downregulation of M1BP triggers autophagy. (A) ey-Gal4 adult eye. (B, B',
C, C') Eye-antennal imaginal discs stained with pan neuronal marker Elav (red) and
assessed for changes in expression of Atg8a-mCherry (green) reporter. (B’, C') Eye
antennal imaginal disc showing split channel for Atg8a-mCherry expression. (B, B') ey-
Gal4 control discs. (C, C') Downregulation of M1BP in the entire developing eye
(ey>M1BP®™). (D) Quantification of Atg8a-mCherry intensity conducted using Fiji/
ImageJ software (NIH) using standard 100X100 pixel ROI. ROl is shown as yellow dashed
boxes. (E) Relative expression of Atg8a at the transcriptional level using quantitative real
time PCR (qRT-PCR) in ey>M1BP™**" and ey-Gal4 control eye-antennal imaginal discs. (F)
Levels of Atg8a in a semi-quantitative Western Blot shows higher levels of autophagy
activation in ey>M1BP™ compared to ey-Gal4 control. The tubulin bands serve as
internal loading control for normalization. The quantification of Atg8a band intensity
reveals a significantly higher level in ey>M1BP*A when compared to ey-Gal4. (G, H, H', I,
I’ Blocking autophagy in the entire eye using Atg8a mutant (ey>Atg8a™") results in
a near wild-type eye. Blocking autophagy using Atg8a mutant in ey>M1BP™™ back-
ground (H, 1, I', J, J) ey>M1BP™+Atg8a™" can rescue the eye suppression phenotype.
Eye antennal imaginal discs of indicated genotypes stained for (H, K) Wg (green), (I, L)
pJNK (green) and pan-neuronal marker Elav (red). Eye-antennal imaginal discs showing
split channel for (H’, K') Wg and (I, L") pJNK staining. (M) Graphical representation of
adult eye phenotype frequency. The genotypes depicted in the graph are 1: ey-Gal4, 2:
ey>M1BP™ 3: ey>M1BP™N 1 Atg8a™". Statistical significance with eyGal4 and
ey>M1BP™ are depicted using # and * respectively. (N) pJNK intensity quantification
using Fiji/lmage) software (NIH). The genotypes depicted in the graph are 1: ey-Gal4, 2:
ey>M1BP™M 3. ey>M1BP™ '+ Atg8a™". Quantification was performed using standard
100X100pixels ROI. ROI is shown as yellow dashed boxes. Graphs were plotted with
mean +/- SEM. Statistical significance in each graph is shown by p-value: ****p<0.0001,
***p<0.001; **p<0.01; *p<0.05. The orientation of all imaginal discs is identical with
posterior to the left and dorsal up. The magnification of all eye-antennal imaginal discs
is 20X and adult eyes are 10X unless specified.
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Interestingly, downregulation of M1BP in Atg8a’ mutant’s heterozygous
background (ey>MTBPRNA'+ Atg8a”/+, Fig. 6L, L, N, Supplementary Fig. 6)
shows pJNK levels similar to that of ey>M1BP*™™ These results suggest that
JNK signaling is upstream of Atg8a and regulates autophagy.

Downregulation of M1BP exhibits JNK signaling mediated activation of
autophagy

JNK signaling is emerging as a node for multiple modes of cell death *°.
We tested if activation of autophagy is mediated through JNK signaling.
To do this, we assayed the levels of an autophagy marker while

Atgsa-mCh

Figure 7. Activation of JNK signaling in the background of M1BP downregulation
promotes autophagy. (A-)) Eye-antennal imaginal discs of (A, A’) ey-Gal4 control, (B, B')
ey>M1BP™M (C, C') ey>bsk®™, (D, D) ey>M1BP"M4bsk®N, (E, E') ey>puc, (F, F)
ey>M1BP™rpuc, (G, G') ey>hep™, (H, H) ey>M1BP™M 1hep?, (I, I') ey>jun®P"7, (J, J')
ey>M1BP N jun were assessed for changes in Atg8a-mCherry (green) and pan
neuronal marker Elav (red) expression. (A’-J') Eye antennal imaginal disc showing split
channel for Atg8a-mCherry expression. (C-F) JNK pathway was downregulated using
bskPV (C, C') ey>bsk®" and puc (E, E') ey>puc. (G-J) INK pathway was activated using
hep™® (G, G') ey>hep™ and jun®”*” (1, I') ey>jun®?*’. (K) Quantification of Atg8a-mCherry
intensity using Fiji/imageJ software (NIH). Quantification was performed using standard
100X100 pixels ROI. ROl is shown as yellow dashed boxes. Graph was plotted with mean
+/- SEM. The genotypes depicted in the graph are 1: ey-Gal4, 2: ey>M1BP™ 3:
ey>MI1BPPM L bskPN 4. ey>M1BP™Mitpuc, 5: ey>M1BP™Mthep®™ and 6:
ey>M1BP™N 1 jun®P"7_ Statistical significance in each graph is shown by p-value:
***¥p<0.0001, ***p<0.001; **p<0.01; *p<0.05. The orientation of all imaginal discs is
identical with posterior to the left and dorsal up. The magnification of all eye-antennal
imaginal discs is 40X.
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modulating the JNK pathway in a background where M1BP was down-
regulated. Downregulation of M1BP in entire eye disc (ey>MIBPRNAi,
Fig. 7B, B’, K) ectopically enhances Atg8a-mCherry expression in the eye
disc when compared to ey-Gal4 control (Fig. 7A, A’, K). In the developing
eye disc, downregulation of both M1BP and JNK signaling together by
using bsk®N (ey>M1BPFN1bskPN, Fig. 7D, D', K) and puc (ey>M1BPRNA
+puc, Fig. 7 F, F', K), result in a significant rescue in the number of Elav
positive cells; however, the Atg8a levels are reduced compared to
ey>M7BPRNA' (Fig. 7A, A’, K). The modulation of controls like bskPN
(ey>bskPN, Fig. 7C, C') and puc (ey>puc, Fig. 7E, E') alone in the entire
developing eye show minimal or highly reduced Atg8a-mCherry expres-
sion compared to ey-Gal4 control (Fig. 7A, A’). Activation of JNK signaling
in the entire eye disc by using jun®”"” (ey>jun®f*’, (Fig. 71), I') or hep™”
(ey>hepA“, Fig. 7G, G, K) showed increased Atg8a-mCherry expression
compared to ey-Gal4 control (Fig. 7A, A’, K). When we activated JNK
signaling along with downregulating M1BP in ey>M1BPNALhep
(Fig. 7H, H’, K) and (ey>M1BP*"*'1jun?r*” (Fig. 7J), J, K), we see
a significant increase in Atg8a-mCherry expression in the eye discs com-
pared to ey>M1BP™* alone (Fig. 7B, B, K). Thus, during eye development
M1BP is required to suppress JNK signaling and in turn suppresses
autophagy. Interestingly, blocking caspase-dependent (apoptosis) alone
or caspase-independent (autophagy) alone rescued the “no-eye” pheno-
type to near wild-type eyes in nearly 25% of the flies but not all flies.
Therefore, we tested if blocking both cell death and autophagy along
with M1BP downregulation can exhibit a stronger rescue.

M1BP blocks both caspase-dependent and caspase-independent cell
death

To test this hypothesis, we genetically misexpressed P35 and reduced Atg8a
levels to half using a heterozygous combination along with downregulation of
M1BP function using M1BP* (Atg8'~"*; ey> M1BP™A' + P35) in the same fly. As
expected, we observed a very strong rescue to near wild-type adult eye (Fig. 8C)
compared to the “no-eye” phenotype of ey>M1BP™™ (Fig. 8B) alone flies.
Furthermore, this rescue was observed in ~ 85% (n=308/363) of the flies
(Fig. 8D). We wanted to see how JNK signaling may play a role in this rescue.
We stained for pJNK and quantified its intensity. Our results clearly showed an
increase in pJNK expression when M1BP is downregulated (Fig. 8I, I', K).
Additionally, our results showed that blocking apoptosis and autophagy
alone in ey>M1BP®™* background did not rescue JNK pathway activation
(Fig. 8K). Interestingly, upon blocking both apoptosis and autophagy, we did
not see a decrease in JNK signaling levels to that of wild-type (Fig. 8J, J', K). We
also checked the expression of Wg, a negative regulator of eye development
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Figure 8. M1BP is required to block both caspase-dependent and caspase-indepen-
dent cell death during development. Adult eye of (A) ey-Gal4 showing normal arrange-
ment of photoreceptors and (B) ey>M1BP™™ showing reduced eye phenotype. (C)
Blocking caspase -dependent and -independent (autophagy) cell death in the background
of M1BP downregulation ey>M1BP™+p35+Atg8a™" eye shows significant rescue. (D)
Graphical representation of adult eye phenotype frequency. Graphs were plotted with
mean +/- SEM. The genotypes depicted in the graph are 1: ey-Gal4, 2: ey>M1BP™M, 3:
ey>M1BP™ 1 Atg8a™", 4: ey>M1BP™M 4 p35, 5: ey>M1BP™*+p35+Atg8a™". Statistical sig-
nificance with eyGal4 and ey>M1BP*™™ are depicted using # and * respectively. Eye-
antennal imaginal discs of the indicated genotypes were stained for (E-G) Wg (green), (H-))
pINK (green) and pan-neuronal marker Elav (red). Eye-antennal imaginal discs showing
split channel for (E'-G") Wg and (H’-J) pJNK staining. (K) pJNK intensity quantification using
Fiji/imageJ software (NIH). Quantification was performed using standard 100X100pixels
ROL. ROl is shown as yellow dashed boxes. The genotypes depicted in the graph are 1: ey-
Gal4, 2: ey>M1BP™ 3: ey>M1BP™ '+ Atg8a™", 4: ey>M1BP™*'+p35, 5: ey>M 18P+ p35
+Atg8a™". (L) Model for M1BP mediated regulation of cellular homeostasis. M1BP sup-
presses JNK-mediated apoptosis and autophagy to promote cell survival in the developing
eye. Statistical significance in each graph is shown by p-value: ****p<0.0001, ***p<0.001;
**p<0.01; *p<0.05. The orientation of all imaginal discs is identical with posterior to the
left and dorsal up. The magnification of all eye-antennal imaginal discs is 20X and adult
eyes are 10X unless specified.
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that is normally expressed in the antero-lateral margins shown in ey-Gal4
control (Fig. 8E, E'). We see a significant restoration of Wg expression levels
when both caspase -dependent (apoptosis) and -independent (autophagy) are
blocked in ey>M1BP™*" background (Fig. 8G, G'). This data suggests that
transcriptional pausing mechanism mediated through M1BP regulates both
apoptosis and autophagy during development (Fig. 8L).

Discussion

During organogenesis, cell death occurs at basal levels to maintain cellular
homeostasis. Multicellular organisms typically produce excess cells that are
eliminated to maintain terminally differentiated cells and organ size during
morphogenesis. This strictly regulated cell death is referred to as
“Programmed Cell Death” (PCD) '°, and requires appropriate signals due to
activation of molecular programs. Generally, dying cell(s) are replaced by new
cell-type(s) whereas in other cases they are replaced by brand new cell(s) of
the same type.

In the developing Drosophila eye, cellular homeostasis plays an important
role in organogenesis. Most cell death utilizes caspase-dependent cell death,
also called as apoptosis. Autophagy, a lysosome mediated self-degradation
process observed in eukaryotic cells, is contextual and eliminates unfit cells to
ensure macromolecule turnover and maintains cellular homeostasis. It can
function as a pro-death or pro-survival process depending on context depen-
dent manner. Autophagy delivers cytoplasmic materials to the lysosome for
degradation ''. The genetic machinery involved in autophagy is highly con-
served. In Drosophila, a recent study has demonstrated that several autop-
hagy genes are active in the developing eye®®. Loss of just one autophagy
gene does not induce a severe phenotype while loss of multiple genes shows
a spectrum of reduced eye phenotypes ®°. Interestingly, autophagy (cellular
“self-eating”) often accompanies apoptosis '>. Therefore, both apoptosis and
autophagy are required to remove excess cells to regulate the cell number of
terminally differentiated cells and form the highly organized adult compound
eye 2% These cellular processes are also crucial for organ sculpting and
morphogenesis during development ", There are also genetic evidences for
autophagy-dependent cell death in mammalian cells that are unable to
undergo apoptosis'. This suggests that autophagy, which often accompa-
nies apoptosis, can compensate for apoptosis when apoptosis is blocked or
inhibited. During embryonic development, removal of interdigital web cells is
delayed in apoptosis-deficient Bax/Bak KO mice, which gets further delayed
in Atg5/ Bax/ Bak triple KO mouse '2. Thus, a compensatory backup mechan-
ism involving apoptosis and autophagy ensures that unwanted cells get
deleted by non-apoptotic (autophagy) means.
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Aberrant activation of several signaling pathways and extrinsic stress
signals are known to regulate these processes by triggering developmental
cell death 2829415667 Gince these two processes often accompany each other
but are regulated by their distinct genetic machinery, it is important to
understand how these two processes are regulated during development.

We found that Pol Il pausing, which dynamically regulates gene expression
of 10-40% of all genes in Drosophila >*°®, plays an important role in regulating
apoptosis and autophagy. Thus, the promoter-proximal stalling of develop-
mentally important genes plays a crucial function in development *°. M1BP is
expressed ubiquitously in all cells. It binds to Motif1 sequences on target genes
and subsequently recruits other factors that regulate transcription negatively.
This negative regulation is facilitated by association with negative elongation
factor (NELF) and potentially by the presence of 1+ nucleosomes downstream
of target genes . In gene ontology, M1BP regulated genes for basic biological
processes such as cell cycle, metabolism, cell viability and the cytoskeleton are
overrepresented '>?%, Previously, we have demonstrated that M1BP down-
regulates wg by a transcriptional pausing mechanism that blocks apoptosis
in the developing Drosophila eye *’. However, the underlying molecular
genetic mechanism by which M1BP regulates cellular homeostasis during
development is not clear. We therefore studied how this transcriptional paus-
ing factor can contribute at a molecular level to regulate cellular homeostasis.
The premise is based on our observation that blocking caspase-dependent cell
death (apoptosis) did not fully rescue M1BP’s downregulation phenotype of
“no-eye” or reduced eye. To further dissect the M1BP mediated eye suppres-
sion function, we performed a forward genetic screen to look for genetic
modifiers of M1BP downregulation phenotype of “no-eye” or reduced eye.
We identified hemipterous (hep) and basket (bsk), the two members of JNK
signaling pathway in the screen (Fig. 1). To validate the activation of JNK
pathway in M1BP loss-of-function background, we investigated three func-
tional readouts of the JNK pathway - (i) the transcriptional status of jnk using
qRT PCR, (ii) puc-lacZ reporter expression, and (iii) pJNK protein levels using an
immunohistochemical approach (Fig. 2). Our gPCR data showed a 7-fold
increase in jnk mRNA levels. Additionally, puc-lacZ reporter expression and
pJNK protein levels were significantly upregulated when M1BP is downregu-
lated in the developing eye (Fig. 2). Puc, a dual phosphatase, is the effector of
INK signaling and reflects activation status of the pathway *®¢77°,
Downregulation of M1BP clearly activates JNK signaling as seen via evidences
mentioned above. These results clearly suggest that a transcriptional pausing
mechanism can regulate JNK signaling pathway. Furthermore, we performed
MEME analysis®®”"”2, a bioinformatics approach to screen for potential M1BP
binding sites (YGGTCACACTR) in JNK pathway members. There are five binding
sites on puc indicating that M1BP can bind at these sites to suppress puc
expression by transcriptional pausing (Supplementary Fig. 2).
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We found that M1BP can repress JNK signaling in the developing eye
(Fig. 2). Additionally, modulation of JNK signaling levels can affect M1BP
loss-of-function phenotype. Thus, the transcriptional pausing function of
M1BP suppresses JNK signaling to promote eye development (Fig. 3).
Recently, wg has been reported as a putative target of M1BP with Motif1
sequences before the transcription start site (TSS) of wg ?”. We used wg-lacZ
reporter expression and Wg protein expression patterns that respectively
corresponds to the transcriptional status and translational levels. We found
that wg responds to the modulation of JNK signaling in the developing
Drosophila eye (Fig. 4, 8). Furthermore, alteration of JNK signaling in M1BP
loss-of-function background affects wg expression, which is suggestive of the
existence of feedback loop during eye development >’.

The evolutionarily conserved JNK signaling cascade, which can be trig-
gered by various signals ’°, is a key regulator of many cellular processes
including proliferation, differentiation, and cell death 49 Several studies
have shown that JNK is a hub for activating multiple modes of cell death
including apoptosis as well as autophagy during development. Modulation of
JNK signaling has been linked to organ size control of the wing, leg and
antenna in Drosophila ”3. Furthermore, our data reveals that JNK signaling is
ectopically induced when M1BP is downregulated (Fig. 2) and modulation of
JNK result in modulation of the eye phenotype (Fig. 3). Thus, we assayed two
important cell death pathways such as apoptosis and autophagy that are
activated by the JNK pathway. While, the role of JNK is widely studied and
known in activation of apoptosis and autophagy, here, we wanted to focus on
its potential role in transcriptional pausing mechanism in regulating these
two processes during development. The rationale was that M1BP can regu-
late JNK signaling. We found that M1BP’s downregulation phenotype of
reduced eye or “no-eye” is due to induction of cell death as evident from
the ectopic induction of apoptotic marker hid-GFP (Fig. 5). Surprisingly, not
only caspase-dependent apoptosis alone but also caspase-independent
autophagy is involved as evident from ectopic induction of autophagic
marker Atg8a-mCherry (Fig. 6). We also validated the activation of autophagy
in ey>M1BP*™MA" background by detecting autophagosome-lysosome flux
using tandem mCherry-GFP-Atg8a reporter. mCherry- and GFP marks the
presence of autophagosomes, and GFP is used to monitor flux as it will get
quenched in the acidic environment of the lysosome. Whereas mCherry,
unaffected by the acid remains active until the protein is degraded.
Downregulation of M1BP resulted in reduced GFP in acidic environment
indicating autophagolysosome activation (Supplementary Fig. 3). We found
that blocking either apoptosis (Fig. 5) or autophagy (Fig. 6) alone in
ey>M1BP™* background rescued the “no-eye” phenotype in nearly 30%
and 20% flies respectively. However, no complete rescue was observed in
either scenario and frequency remained low. This led us to hypothesize that
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during development M1BP mediated transcriptional pausing of JNK regulates
both caspase-dependent cell death and autophagy. To validate this hypoth-
esis, we checked the levels of JNK pathway readout using pJNK levels. We
observed pJNK levels similar to that of ey>M1BP*" when we downregulated
either the levels of autophagy (ey>M1BP*"+Atg8a™") or apoptosis
(ey>M1BPFNLhid™AT or ey>M1BPRV+hid*N'*). Since JNK signaling levels
were not affected by modulation of either apoptosis or autophagy in
ey>M1BP™* background suggests that JNK is upstream of both apoptosis
as well as autophagy. Based on these results, we propose a model showing
that M1BP regulates cell survival by suppressing JNK pathway levels which in
turn triggers apoptosis and autophagy (Fig. 8L). Therefore, the two distinct
and independent cell homeostasis mechanisms are being commonly regu-
lated by JNK signaling and can explain the compensatory relation between
apoptosis and autophagy during development.

We also wanted to understand if these two cell death processes could be
controlled simultaneously. Therefore, we blocked both caspase-dependent
apoptosis and caspase-independent autophagy in a background where M1BP
levels have been downregulated and found a significant rescue to near wild-
type adult eye phenotypes in ~ 85% of flies (Fig. 8B, C, D). Therefore, it is
possible that a transcriptional pausing mechanism mediated through M1BP is
required to suppress both apoptosis and autophagy by regulating the expres-
sion of both wg and JNK signaling in the developing Drosophila eye. There are
several studies that demonstrate how apoptosis and autophagy are indepen-
dently regulated'®''*°. In this study, we show for the first time how
a common transcription pausing mechanism is regulating signaling compo-
nents that can in turn regulate cellular homeostasis to suppress both autop-
hagy and apoptosis. Also, we have provided multiple evidences for the
activation of autophagy when M1BP is downregulated (Fig. 6). We have
also shown the link of M1BP downregulation with JNK modulation (Fig. 7).

In order to understand if M1BP mediated regulation of cellular homeostasis
through regulation of apoptosis and autophagy is seen in other tissues, we
assayed the markers for cell death, autophagy, and JNK signaling in M1BP loss-
of-function background in fly eye- and wing imaginal disc (Supplementary
Fig. 4). Downregulation of M1BP in bi-Gal4 expression domain, which marks
the pouch region of wing (bi>M1BP™"), results in ectopic pJNK, Dcp1, and
Atg8a-mCherry expression in the pouch region of the wing imaginal disc. This
finding suggests that the transcription pausing function of M1BP may have
similar target(s) in the eye and wing imaginal discs.

In conclusion, here we describe the regulation of cellular homeostasis by
a transcription pausing factor M1BP during development. Furthermore, the
evidence for wg and JNK as targets of M1BP mediated regulation of cellular
homeostasis is clear from our results, however, there are still flies that show
the M1BP loss-of-function phenotype of reduced eye when both these
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processes are suppressed. It is based on the fact that both the extent of
rescue as well as frequency of rescue phenotypes among the flies where both
autophagy and apoptosis are blocked in ey>M1BP™* background, was sig-
nificantly higher than when autophagy or apoptosis was blocked indepen-
dently. However, the rescue was not complete. Therefore, it is possible that
M1BP might be playing a role in modulating other mechanism(s) of cellular
homeostasis. It is known that there are many other types of cellular home-
ostasis mechanisms. Since the current study has restricted only to the two
common mechanisms, this warrants further research to explore the regula-
tion achieved by transcriptional pausing mechanisms during development.

Several studies suggest that the regulatory mechanism in Pol Il pausing
during fly development are also conserved in higher organisms. Regulation
of transcriptional elongation by positive or negative factors have been
shown to have a role in maintaining cellular homeostasis ’*. Since
Drosophila genes are highly conserved in humans, results from this study
can be extrapolated to the maintenance of cellular homeostasis in higher
organisms. Additionally, JNK signaling and wg are known to play an impor-
tant role in apoptosis and autophagy during development. While there are
several signaling nodes that can trigger these cell death pathways, here we
show that M1BP regulates both these processes in a JNK-dependent manner
during development. Therefore, it is crucial to add to the existing research
about how M1BP, a ubiquitously expressed transcriptional pausing factor,
can regulate other signaling pathways to achieve optimum cellular home-
ostasis by suppressing autophagy. During normal eye development, autop-
hagy is required to drive tissue heterogeneity and determine their structure.
For example, in mammals, autophagy is required to produce the organelle
free zone (OFZ) cells to form the transparent lens. Dysregulated autophagy
has been associated with several ocular diseases like cataracts, corneal
dystrophy, Glaucoma, diabetic retinopathy, age-related macular degenera-
tion etc. **”°, Therefore, regulation of different types of cell death seems to
be a conserved mechanism used by organisms.

Materials and methods
Fly stocks

Fly stocks used in this study are described in Flybase (http://flybase.bio.
indiana.edu). We used Canton-S as wild-type, ey-Gal4 ’¢, and UAS-
M1BPRNAT (BL41937) 2*?7. Other stocks used include UAS-jun®?*” 77, an
activated form of Drosophila jun, UAS-hep”“* 78, an activated form of hep,
UAS-bskPN, a dominant negative form of bsk ’°, UAS-puc *® a negative
regulator of bsk, wg-lacZ 76, puc®®® *8, UAS-wg"NA' (BL31249, BL33902) &°,
UAS-P35 8", hid 5'F-WT GFP *%, UAS-hid™™*' (hid®P"®”3) (VDRC v8269) °?,
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UAS-hid*N' 8 a N-terminal deletion construct lacks the sequences encod-
ing the N-terminal DIAP1 binding domain that is required for proper hid
function 237, Other stocks used were UAS-mCherry-Atg8a, and Atg8a’
mutant %°. Fly stocks were maintained at 25°C on regular cornmeal,
yeast, molasses food medium.

Genetic crosses

The Gal4/UAS system was used to misexpress the gene of interest in
a spatiotemporal manner . All crosses were maintained at 18°C and 25°C,
unless specified, to check different induction levels ®. We have used the ey-
Gal4 driver in this study to target misexpression of transgene(s) in the entire
developing eye domain of larval eye-antennal imaginal disc.

Immunohistochemistry

Eye-antennal discs of wandering third instar larvae were dissected in 1X
phosphate buffered saline (PBS), fixed in 4% paraformaldehyde in PBS
(fixative) for 20 minutes and washed in PBST (three times). The tissues
were stained using a combination of antibodies following the standard
protocol 3¥°°, Primary antibodies used were mouse anti-B-GAL (1:100;
Developmental Studies Hybridoma Bank, DSHB); rabbit anti-pJNK (1:250;
Cell Signaling Technologies, CST), rat anti-Elav (1:100), mouse anti-Wg
(1:100; DSHB), mouse anti-Dlg (1:100, DSHB). Discs were washed in PBST
thrice for 10 minutes each. Secondary antibodies used were donkey anti-
rat IgG conjugated to Cy5 (1:250), donkey anti-rabbit IgG conjugated to
Cy3 (1:300) or goat anti-mouse IgG conjugated to FITC (1:200) (Jackson
Laboratories). Discs were mounted in Vectashield and photo-documented
on a Fluoview 3000 Laser Scanning Confocal Microscope *”°'. We took the
images at 20X and 40X magnification unless stated otherwise. We analyzed
and prepared the final figures using Adobe Photoshop CS6 software.

Quantification of intensity using Fiji/ ImageJ software

Fiji/ ImageJ software was used for quantification of intensity from images
3992 The split channel function was used to select the appropriate channel for
analysis. ROI tool was used to select regions of a uniform area 100X100pixels
boxes in the eye disc and measurements were obtained. Graphs were plotted
using the mean intensity per unit area (um?). The values were analyzed and
plotted as mean +/- Standard Error of the Mean (SEM) using GraphPad Prism.
For each genotype, 5 images were used to perform quantification.
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Adult eye imaging

For capturing adult eye images, flies were first frozen at -20°C for ~4 hours.
The flies were then mounted onto needles after removing the wings and legs
and imaged at 10X magnification. The needle with the fly was embedded in
a clay putty on a glass slide to stably position it to get the lateral view of the
fly eye/head. Images were taken on a MrC5 color camera mounted on an
Axioimager.Z1 Zeiss Apotome using a Z-sectioning function of Axiovision
software 4.6.3 27°%%37% The final images were prepared using Adobe
Photoshop CS6 software.

Frequency of eye phenotype

Three independent sets of two hundred flies were screened (200 X 3= 600)
and the frequency of eye phenotype(s) were calculated for each genetic cross.
The eye phenotypes were categorized as no-eye, reduced-eye, or normal eye.
Analyses were performed and graphs were plotted in GraphPad Prism.

Quantitative analyses of area of the eye

Image J software was used to quantify the area (um?). The region of interest
(ROI) was drawn along the perimeter of the adult eye and the surface area of
the eye was measured and the graph was plotted in GraphPad Prism.

Real time quantitative PCR

60-80 eye-antennal imaginal discs were used for RNA isolation *°’. Tissue was
collected and homogenized in TRIzol reagent (Invitrogen, Cat# 15596026).
Total RNA in the aqueous phase was transferred to RNA Clean &
Concentrator-5 (Zymo research, Cat# R1013) columns and eluted in about 15-
20 yL DNase/RNase-free water. Quality and quantity of RNA was determined by
Nanodrop 2000 spectrophotometer (Thermo Scientific). The cDNA was synthe-
sized from 250 ng of total mRNA through Reverse Transcription reaction using
first-strand cDNA synthesis kit (GE healthcare, Cat# 27926101). Real Time-gPCR
was performed using BioRad iQ SYBR Green Supermix (Bio-Rad, Cat# 1708860)
according to the standard protocol ***’. Fold change was calculated using
comparative CT method (2722" method). The primers used were:

GAPDHFw5'-GGCGGATAAAGTAAATGTGTGC-3’

GAPDHRev5'-AGCTCCTCGTAGACGAACAT-3’

JnkFw5'-CCAACCGTCCGAAACTATGT-3'

JnkRev5'-CCGGCGGCTATTCTGATTATTA-3’

Atg8aFw5'- GGTCAGTTCTACTTCCTCATTCGC-3’ ©2

Atg8aRev5'- ATAGTCCTCGTGATGTTCCTG-3' ®2
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Western blotting

Entire adult fly heads were used for sample preparation from ey-Gal4 and
ey>M1BP*M flies. Protein was extracted in 2X lamellae buffer in the pre-
sence of phosphatase band protease inhibitor using a standardized proto-
col "8 The protein samples were resolved in a 10% gel and transferred
onto a nitrocellulose membrane. The membrane was washed with 1X
TBST, blocked in 5% w/v BSA in 1X TBST and incubated overnight at 4°C
with primary antibody rabbit Phospho-SAPK/JNK (1:1000) (Cell Signaling
Thr183/Tyr185) (81E11) antibody, rabbit anti-Atg8a (1:10000) (Millipore
Sigma, Cat. # ABC974) and mouse anti-a-Tubulin antibody (1:12000)
(SIGMA, Cat. # T5168) diluted in 5% w/v BSA in 1X TBST. After three washes
with 1X PBST, the blot was incubated for Thour in secondary antibody:
horseradish peroxidase conjugated goat anti-rabbit IgG-HRP (1:5000) and
goat anti-mouse IgG-HRP (1:5000) (Santa Cruz Biotechnology, Cat. # Sc-
2005). Signal was detected using Horse Radish Peroxidase (HRP) conju-
gated goat anti-rabbit IgG using chemiluminescence substrate (LICOR).
Images were captured using the LICOR Odyssey XF Imaging System.
Empiria Studio software was used to quantify and normalize the signal.
Relative pJNK levels were then statistically quantified and normalized by
using LI-COR Image Studio lite 5.2 software and graph was plotted in
GraphPad Prism.

Statistics

Statistical analysis was performed using GraphPad Prism. For all eye fre-
quency data, multiple genotypes with subgroups were compared with each
other using 2-way ANOVA. Statistical comparisons with eyGal4 and
ey>M1BP™ were depicted using # and * respectively. For mean integrated
intensity quantification data, we have used one-way ANOVA to compare >2
groups. Comparison between two groups was performed using Mann-
Whitney test. Graphs were plotted as mean +/- SEM with the individual
values. The error bars represent Standard error from mean (SEM). Statistical
significance is set at 95% Cl and is shown by p-value: **** P<0.0001; ***
P<0.001; ** P<0.01; * P<0.05.
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