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Abstract

Cancer cells generally overexpress heat shock proteins (Hsps), the major components of cellular stress response, to overcome
and survive the diverse stresses. However, the specific roles of Hsps in initiation and establishment of cancers remain unclear.
Using loss of Lgl-mediated epithelial tumorigenesis in Drosophila, we induced tumorigenic somatic clones of different
genetic backgrounds to examine the temporal and spatial expression and roles of major heat shock proteins in tumor growth.
The constitutively expressed Hsp83, Hsc70 (heat shock cognate), Hsp60 and Hsp27 show elevated levels in all cells of the
tumorigenic clone since early stages, which persists till their transformation. However, the stress-inducible Hsp70 is expressd
only in a few cells at later stage of established tumorous clones that show high F-actin aggregation. Intriguingly, levels of heat
shock factor (HSF), the master regulator of Hsps, remain unaltered in these tumorous cells and its down-regulation does not
affect tumorigenic growth of /gl™ clones overexpressing Yorkie, although down-regulation of Hsp83 prevents their survival
and growth. Interestingly, overexpression of HSF or Hsp83 in Igl™ cells makes them competitively successful in establishing
tumorous clones. These results show that the major constitutively expressed Hsps, but not the stress-inducible Hsp70, are
involved in early as well as late stages of epithelial tumors and their elevated expression in [g/~ clones co-overexpressing
Yorkie is independent of HSF.
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Introduction

Malignant transformation, which normally remains protected
by multiple tumor-suppressing mechanisms, involves drastic
changes in phenotypes of a differentiated cell (Hanahan and
Weinberg, 2000; 2011). In epithelial carcinomas, the trans-
formed cells proliferate abnormally despite the lack of growth
stimuli, develop resistance to apoptosis and senescence, show
de novo angiogenesis and invade surrounding tissues leading
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to metastasis and colonization of distant tissues (Hanahan and
Weinberg, 2011). Since these properties are forbidden for dif-
ferentiated cells, malignant transformation requires several sets
of changes in regulatory circuits, facilitated by mutations and
reprogramming of cell metabolism (Vogelstein et al., 1988;
Yokota, 2000). Such changes expose the cancer cells to a vari-
ety of stresses like hypoxia, lack of nutrients, DNA damage,
immune responses, etc. (Calderwood and Murshid, 2017;
Calderwood and Gong, 2016; Hanahan and Weinberg, 2011;
Lang et al., 2019). Levels of different heat shock protein (Hsp)
family members and their master regulator, the heat shock tran-
scription factor (HSF), are elevated in a remarkably wide range
of tumor cells, which indicates poor prognosis in most cancer
types (Calderwood and Murshid, 2017; Meng et al., 2010).
However, their specific roles in initiation and establishment of
cancers are still incompletely understood.

The Hsps are a group of molecular chaperones that are
highly induced during proteotoxic and other cell stress condi-
tions in HSF-dependent manner (Richter et al., 2010; Lindquist
and Craig, 1988) and maintain the structural integrity of the
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proteome to promote proteostasis and cell viability (Calder-
wood, 2007; Arya et al., 2007). Most Hsps are constitutively
present in a cell, while a few are completely absent or weakly
expressed in unstressed cells but get turned on at dramatic high
rates following stress (Feder and Hofmann, 1999; Arya et al.,
2007). The significance of elevated Hsps in cancer cells in medi-
ating several hallmarks of cancer is not yet fully understood
(Calderwood and Gong, 2016; Calderwood and Murshid, 2017,
Lang et al., 2019; Zaarur et al., 2006). Therefore, a good under-
standing of the cross talks between heat shock response and
other signaling pathways is necessary for a deeper understanding
of tumorigenesis. In view of the high conservation of pathways
known to be involved in tumorigenesis between mammals and
flies (Ugur et al., 2016; Millburn et al., 2016; Mirzoyan et al.,
2019; Gangwani et al., 2020) and the availability of enormous
genetic resources and versatile toolkits like directed gene expres-
sion, transgenic and gene-knockout strategies, Drosophila offers
convenient model system for modulation of the various signaling
pathways controlling cell growth and invasion.

There has been no report on expression and roles of Hsps
during different stages of tumor growth in Drosophila. There-
fore, we have standardized a fly model for a systematic tem-
poral mapping of expression of different cell stress response
genes during the tumor growth. We primarily utilized tumors
induced in larval wing imaginal discs using the /(2)gl* (Igl”)
null mutant allele, which results in loss of function of the
cell polarity Lgl protein. Loss of Lgl function was accom-
plished by either down-regulating the /gl transcripts through
RNAI using the MS1096 or Act-GAL4 driver or by induc-
ing FLP-FRT-mediated /g/~ mutant somatic clones in lgl*/
Igl™ background using the MARCM technique (Lee and Luo,
1999; 2001; Gangwani et al., 2020). Since the /g/~-mutant
somatic clones by themselves do not grow well due to com-
petitive disadvantage (Agrawal et al., 1995; Menéndez et al.,
2010), tumor co-operators like Yorkie or activated Ras were
co-overexpressed in the induced Igl™ clones. Following the
standardization of the experimental setup, the spatial patterns
of expression of the major Hsps, viz. Hsp83, Hsp70, Hsc70,
Hsp60 and Hsp27, and the HSF, were examined at different
time points after induction of the tumorigenic cells.

Our study showed that cellular levels of the constitutively
expressed Hsps like the Hsp83, Hsp60, Hsp27 and Hsc70 were
elevated since the early stage of tumorous clones, and these
proteins continued to remain high during the entire course of
tumor progression. In contrast, the Hsp70, which is an exclu-
sively stress-inducible chaperone (Velazquez and Lindquist,
1984; Arya et al., 2007), was expressed only at a later stage.
Our model of inducing tumor at a defined time point revealed,
for the first time, that levels of the constitutively expressed
Hsps are elevated since the early stage of development of a
cancer clone. As a proof of principle that the early elevation in
levels of these Hsps is necessary for the progression of tumo-
rigenesis, we also show that reduction in levels of Hsp83 from
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the beginning stage of tumor growth arrested the neoplastic
transformation of Igl~ or Igl™ clones co-overexpressing Yorkie
(Igl™ yki®F) in wing imaginal discs. Strikingly, HSF, the master
regulator of Hsp’s induction during cell stress (Calderwood
and Murshid, 2017; Meng et al., 2010; Arya et al., 2007), nei-
ther showed major alteration in its levels nor its down-regula-
tion significantly affected the tumorous growth of Igl~ yki®F
clones. However, HSF was found to be necessary for the com-
petitive survival of g/~ clones. Given the conservation of fun-
damental developmental and disease mechanisms, this model
will be very useful for analyzing cell processes modulated by
the Hsps during different stages of tumorigenesis triggered
by various mis-regulated pathways and thus will be of wider
relevance in understanding the development of cancer cells
and appropriate therapeutic agents.

Materials and methods
Fly stocks and genetics

All fly stocks and crosses were maintained on standard food,
containing agar-maize powder, yeast and sugar, at 24 + 1 °C.
The following fly stocks were used to set up crosses to obtain
progeny of the desired types: 1. w*; Igl* FRT40A/CyO; Sb/
TM6B (lgl4 is referred to as Igl™); 2. y w* hsFLP; FRT40A
wt y*/CyO-GFP; 3. y w* hsFLP tubGAL4 UAS-GFP; tub-
GALS80 FRT40A/CyO-GFP; +/+; 4. w*; Igl” FRT40A UAS-
yki /CyO-GFP;+/+ (UAS-yki as yki®F); 5. w*; Igl~ FRT40A
UAS-Ras"">/CyO-GFP (UAS-Ras""? referred to as Ras"'?); 6.
MS1096-GALA4; +/+; +/+ (Capdevila and Guerrero, 1994);
7.y s¢”v! sev?!; UAS-Igl-RNAi (BDSC-35773, the UAS-Igl-
RNAi transgene is referred to as [gl*™); 8. w*: +/+ ; UAS-
yki*“' (BDSC-28817, this transgene is referred to as yki'“’);
9. y! w0723 UAS-Hsp83 (BDSC-19826, this transgene is
referred to as Hsp83 OE); 10. w8 4 /4 ; UAS-Hsp83-RNAi
(NIG 1242R-1, this transgene is referred to as Hsp83RNAi);
11. y' v!; UAS-HSF-RNAi/TM3, Sb' (BDSC-27070, this
transgene is referred to as HSFVA%); 12, y! v!; UAS-HSF-
eGFP; this transgene is referred to as HSFYE; and 13. w*;
Act5c GAL4/CyO-GFP; +/+ (Yepiskoposyan et al., 2006)).
The stocks 1-6 above were provided by Prof. Pradip Sinha
(IIT Kanpur; see (Khan et al., 2013)), 12 was shared by Prof.
J. T Lis (USA), while others were either available in our lab-
oratory or were obtained from the Bloomington Drosophila
Stock Centre (BDSC) or the National Institute of Genetics
(NIG-FLY, Japan).

Generation of tumors in wing imaginal discs

With a view to generate epithelial tumors in larval wing
imaginal discs, /g/~ mutation or IgI®¥" was used to disrupt

cell polarity. In addition, transgenes like Ras"'? or yki*“,
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or yki%E, which express conditionally when driven by an
appropriate GAL4 driver, were also used. Two strategies
were used for tumor induction. In the first, MS1096-GAL4
or Act-GALA females were crossed with males of the desired
genotype to drive the expression of the desired UAS car-
rying transgene in the wing pouch region (Capdevila and
Guerrero 1994) or ubiquitously in all cells (Yepiskoposyan
et al., 2006), respectively. Synchronized first-instar prog-
eny larvae were collected during a 2-h larval hatching win-
dow at 24 + 1°C and grown at 24 + 1°C till late third-instar
stage. Samples of tumorous wing discs were collected by
dissecting the desired progeny larvae at different timepoints
(counted as days after egg laying or d AEL with 1 day of
embryonic development added to the number of days as lar-
vae). In the second approach, we used the MARCM (mosaic
analysis with a repressible cell marker) technique, which
allows Flip-recombinase (FLP)-mediated somatic recombi-
nation at the Flip-recombinase target (FRT) sites to generate
lgl~ homozygous cell clones in Igl*/lgl~ genetic background.
Since the somatic recombination event that results in gen-
eration of /g~ homozygous cell also causes loss of the tub-
Gal80 transgene, the tubGal4 driver will induce expression
of any USA-carrying transgene, including the UAS-GFP
in the clones, while the other cells (Igl*/Igl~) remain GFP-
negative (Lee and Luo, 1999; 2001).

MARCM

Using the above-listed stocks, appropriate crosses were
made to finally obtain progenies of the following genotypes.

1. yw hsFLP tubGAL4 UAS-GFP; tubGALSO FRT40A/
lgl~ FRT40A; +/+ (to generate lgl~ clones in Iglt/lgl™
background).

2. yw hsFLP tubGAL4 UAS-GFP; tubGALSO FRT40A/
Igl™ yki%F FRT40A; +/+ (to generate Igl~ yki®" clones
in Igl*/Igl~ background).

3. yw hsFLP tubGAL4 UAS-GFP; tubGALS0 FRT40A/
Igl~ Ras""? FRT40A; +/+ (to generate [gl”Ras"'?
clones in Igl*/lgl~ background).

4. yw hsFLP tubGAL4 UAS-GFP; tubGALSO FRT40A/
Igl~ FRT40A; Hsp83®NAi/4 (to generate Igl™ clones
with down-regulated Hsp83 in lgl*/lgl~ background).

5. yw hsFLP tubGAL4 UAS-GFP; tubGALSO FRT40A/
Igl™ yki%F FRT40A; Hsp83®i/4 (to generate Igl~ yki®®
clones with down-regulated Hsp83 in—Igi*/ Igl~ back-
ground).

6. yw hsFLP tubGAL4 UAS-GFP; tubGALS0 FRT40A/
Igl~ FRT40A; Hsp83°F/+ (to generate Igl~ clones with
up-regulated Hsp83 in Igl*/lgl~ background).

7. yw hsFLP tubGAL4 UAS-GFP; tubGALSO FRT40A/
Igl~ yki%E FRT40A; HSF™Ai/ 4 (to generate [gl~ ykiF

clones with down-regulated HSF in [gl*/Igl~ back-
ground).

8. yw hsFLP tubGAL4 UAS-GFP; tubGALS0 FRT40A/
Igl~ FRT40A; HSFPE/+ (to generate Igl~ clones with
up-regulated HSF in lgl*/lgl” background).

9. yw hsFLP tubGAL4 UAS-GFP; tubGALSO FRT40A/
Igl~ yki%F FRT40A; HSFOE/+ (to generate Igl~ yki®F
clones with up-regulated HSF in lgl*/Igl” background).

10. y w hsFLP tubGAL4 UAS-GFP; tubGALS0 FRT40A/
wt y* FRT40A; +/+ (to generate w* y* clones in y w
background).

The hsFLP transgene in the progeny larvae was acti-
vated to induce FRT-mediated somatic recombination by
heat shocking them at the desired stage of development for
a defined time (see Results and Fig. 1) at 37°C. In order to
maintain uniformity in the heat shock treatment across dif-
ferent samples, 25 progeny first-instar larvae were collected
within six hours of hatching (a longer window of six h was
taken in this case to obtain a larger number of progeny from
which sufficient number of larvae of the desired genotype
could be obtained) and transferred to food vials containing
exactly 2 ml of standard food and allowed to grow to the
desired age (expressed as hours after egg laying (h AEL),
which is the sum of 24 h of embryonic development and
the duration, in hr, of larval development since the collec-
tion of first-instar larvae) when they were heat shocked by
adding 0.2 ml of standard phosphate-buffered saline (PBS),
pre-warmed to 37°C, into each food vial with larvae (Khan
et al., 2013) followed by immediate transfer of the vials to a
water bath maintained at 37°C for the desired duration (see
below). Following heat shock, the food vials with larvae were
transferred back to 24°C and allowed to grow for a defined
period of time (see Results). Pupation of the progeny larvae
in MARCM crosses was delayed up to 24 h. The larvae car-
rying the induced clones were identified by screening under
a 4x objective on a Nikon E800 fluorescence microscope
for absence of GFP expression in the proventriculus region
(indicating absence of the CyO-GFP balancer) and a vari-
able presence of GFP-expressing fluorescent patches; these
patches indicated the presence of somatic recombination-
dependent generation of the GFP-expressing Igl~ clones of
cells (Lee and Luo 1999, 2001). Wing and/or eye-antennal
imaginal discs were dissected at different hours after the heat
shock (hours After Clone Induction or h ACI) to examine the
induced somatic clones.

Immunostaining
Wing or eye imaginal discs were dissected out in Poels’

salt solution (Tapadia and Lakhotia, 1997) from third-
instar larvae of the desired genotypes and age (hr ACI) and
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processed for immunostaining as described earlier (Ray = mouse; 2. anti-Hsp60 (CST-SP60, D307#4870; 1:50 dilu-
et al., 2019). The following primary antibodies were used: tion) raised in rabbit; 3. anti-Hsp70 (7Fb, a kind gift by
1. anti-Hsp27 (Abcam- ab49919; 1:40 dilution) raised in Prof. M. B. Evgen’ev; 1:200 dilution) raised in rat, which
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«Fig. 1 Standardization of developmental stage of larvae and duration
of HS for induction of tumors in imaginal discs. (a) A schematic of
our strategy for generation of clones following HS at different devel-
opmental stages and how it affected the analyzability of tumor pro-
gression and survival of the host. (b-g) Confocal projection images
of wing discs from larvae exposed to 3-min (d and f”) or 15-min (c, e
and g’) HS at 72-h AEL showing combined GFP (green) and F-actin
(white) fluorescence in Igl™ ykiOE clones at different times ACI (noted
on top). h, Histograms of mean percentage (+S.E.) of death/survival
till different developmental stages (Y-axis) when 72-h-old larvae
(AEL) were exposed to different durations of HS (in min, X-axis) to
induce Igl~ yki®F somatic clones. (i-k). Confocal projection images
of wing discs at different times ACI (noted on left upper corner in
each case) following 5-min (i-j) or 35 min (k) HS to 72-h-old lar-
vae (AEL) showing GFP-expressing (green) and F-actin (white) flu-
orescence in Igl~ Ras'"? (i-j) or Igl™ (k) clones. (I) Confocal optical
section of wing disc at 72-h ACI showing GFP-positive (green) Igl™
yki%F clones induced by 3-min HS to 72-h-old larva (AEL) some of
which are MMP1-positive (red). (m-p) Confocal projection images of
Phalloidin-stained (F-Actin, white) wing discs from day 5 (m) or day
6 (n—p) larvae (AEL) of different genotypes noted above each panel.
The scale bars in b, d and 1 indicate 50 um; those in b and d apply to
b and ¢ and to d-p (except 1), respectively

exclusively detects the stress inducible Drosophila Hsp70
(Velazquez and Lindquist, 1984); 4. anti-Hsp/Hsc70 (3.701,
a kind gift by Prof. S. Lindquist; 1:50) raised in rat to detect
both inducible Hsp70 as well as the constitutive Hsc70 pro-
teins (Velazquez and Lindquist, 1984); 5. anti-Hsp83 (a kind
gift by Prof. Robert Tanguay, 3E6; 1:50 dilution) raised in
mouse (Morcillo et al. 1993); 6. anti-cleaved caspase-3 (Cell
Signaling, Asp-216, 1:100 dilution); 7. anti-MMP1 (DSHB-
SH7B11, 1:100); 8. anti-HSF (a kind gift by Prof. J. T. Lis;
1:300); 9. anti-Lamin C (DSHB-LC28.26, 1:50). Appropriate
secondary antibodies conjugated either with Cy3 (1:200 dilu-
tion, Sigma-Aldrich, India) or Alexa Fluor 546 (1:200 dilu-
tion; Molecular Probes, USA) were used to detect the given
primary antibody. F-Actin was labeled using Phalloidin-633
(#A22284, Invitrogen). 4°, 6-Diamidino-2-phenylindole dihy-
drochloride (DAPI, 1 pg/ml) was used to counterstain DNA.
The immunostained tissues were mounted in 1,4-Diazabi-
cyclo [2.2.2] octane (DABCO) antifade mountant for con-
focal microscopy with Zeiss LSM Meta 510 system using
Plan-Apo 20X (0.8 NA), 40X (1.3 NA) or 63X (1.4 NA)
oil immersion objectives. Quantitative estimates of proteins
in different regions of wing disc or eye discs were obtained
using the ZEN (Blue) software. All images were assembled
using the Adobe Photoshop 7.0. Significance testing between
the data for control and experimental genotypes was per-
formed with the Mann—Whitney U-test or Chi-squared test
using GraphPad Prism 8.4.3.

Photomicrography of adult eyes/wings

External morphology of eyes or wings of adult flies of the
desired genotype was examined and photographed using
a Nikon Digital Sight DS-Fi2 camera mounted on Nikon
SMZ800N stereo binocular microscope.

Survival assay

In order to study the effect of tumorous clones on sur-
vival of the host, the larvae were allowed to grow at 24°C
till adults emerged. Numbers of those dying at early pupal
(pseudopupae) or late pupal (pharate) stages and adults that
emerged were counted. Different data sets were compared
with Student’s t-test for statistical significance using Sigma
plot software.

Results

Standardization of heat shock (HS) treatment
and the larval developmental stage for induction
of tumorous clones in imaginal discs

In pilot experiments to define the timeline when a normal
cell begins to develop as tumorous cell, we induced Igl™ or
Igl~ yki% or Igl~ Ras"'? clones in Igl*/Igl~ background
by applying HS for 15 min at 48-h or 72-h or 96-h AEL
(Fig. 1a) and examined them at 48 h or 72 or 96 h ACI. Heat
shock to 48 h old (AEL) larvae produced many clones which
hampered clonal analysis at 72 h or later time ACI. It may be
noted that when 72-h-old (AEL) larvae were heat-shocked
and their discs examined at 24- h ACI, the GFP-expressing
clonal cells in any genotype were nearly completely unde-
tectable (Fig. 1a). Since heat shock at the 72-h AEL larval
age generated discrete clones and permitted examination
of clone-carrying discs at 48 h or 72 h or 96 h ACI, this
stage was selected for induction of somatic clones in all the
MARCM genotypes (Fig. 1). It may be noted that because
of the general delay in pupation of the MARCM cross prog-
eny larvae (see Material and Methods), their imaginal discs
could also be examined at 96-h ACI (or later if the tumor
carrying larvae failed to pupate), when the clones showed
massive F-actin accumulation. The 15-min HS generated too
many and often fused lgl yki®F or Igl Ras"'? clones, espe-
cially at 72-h or 96-h ACI. In parallel, the survival assay
also revealed that there was greater pupal and pharate stage
death when Igl~ yki®F clones were induced at 72h AEL by
15 (N=250) or 30 min (N=180) HS (Fig. 1i). In contrast,
a 5-min HS provided discrete clones in most discs at 48-h
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and 72-h ACI, while at 96-h ACI, the discs were nearly com-
pletely filled with GFP-expressing tumorous gl yki®F or Igl
Ras""? cells (Fig. 1b-h). Further experiments showed that
HS for 2 min or 3 min (Fig. 1b) to 72-h-old larvae induced
fewer but discrete [gl~ yki®F clones, which could be traced
distinctly up to 72- or even 96-h ACI; this also resulted in
reduced mortality of host larvae before or after pupation
(Fig. 11).

These pilot studies indicated that compared with
Igl~ Ras"'? clones (Fig. 1i-j), the Igl~ yki®F clones showed
more aggressive growth during early stages (compare
Fig. 1b and 1i). Because of a better consistency in the num-
ber and sizes of induced clones, a 3-min HS treatment to
72-h-old larvae (AEL) was used in subsequent studies to
generate Igl~ yki®F clones, while a 5-min HS treatment at
72-h AEL was used for generating the [gl~ Ras"’ clones. As
expected, compared to Igl~ yki®F or Igl~ Ras"’? clones, very
few of the Ig/™ clones induced by a 5-min or 15-min HS sur-
vived to be visible at 48 h or later ACI time periods as they
fail to compete with wild-type surrounding cells (Agrawal
et al., 1995; Menéndez et al., 2010). A 35-min HS at 72-h
AEL, however, provided analyzable Igl™ clones at 48-h or
72-h or 96-h ACI (Fig. 1k). Therefore, the 35-min HS was
used in subsequent experiments for induction of g/~ clones.

Since the GFP-expressing clones became distinctly vis-
ible at 48-h ACI, it was considered as early stage, between
initiation and promotion. Many clones showed F-actin accu-
mulation (Fig. 1d, 1) at 72-h ACI with some of them also
showing MMP1 expression (Fig. 11), which indicated that
the tumorous clones acquired neoplastic properties by 72-h
ACI (Miles et al., 2011).

We also used the MS1096-GALA, which expresses only in
the wing pouch region of wing disc (Capdeyvila et al., 1994)
and the ubiquitously expressing Act-GAL4 (Yepiskoposyan
et al., 2006) drivers to conditionally express Igl" or yki-
Act transgenes and examined the wing discs on day 5 or 6
AEL. Act-GAL4 > IgI®™" or MS1096-GAL4 > yki'“' expres-
sion resulted in formation of massively tumorous wing discs
(Fig. 1n-o0), but the MS1096-GAL4 > IgI® A expression
caused only deformed wing discs without causing a tumor-
ous condition (compare discs in Fig. Im and p).

These pilot studies also confirmed the varying propensi-
ties of progression of the /gl™ clones in different regions of
the wing imaginal discs in relation to their genetic back-
ground. As reported earlier (Khan et al., 2013), the surviv-
ing Igl™ clones were predominantly restricted to the notum
area of wing discs. On the other hand, the g/~ yki°” clones
(N=40 wing discs (WD)) were seen all over the WD, but the
Igl~ Ras""? clones appeared more often in the wing pouch
region since in 28% of 32 WD, clones were seen only in the
pouch region, while in the remaining discs, a few clones
were also present in the notum and hinge regions. Inter-
estingly, despite the initially slower growth of Igl~ Ras""?
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clones in comparison with Igl~ yki®E, the larvae carrying
Igl~ Ras""? clones (N=66) showed greater lethality than
seen in [gl~ yki®F clone-carrying larvae (N=78).

Tumorous cells over-express Hsp83

at the early stage but non-tumorous
neighboring cells also exhibit elevated
Hsp83 at later stages of tumor growth

We examined spatial and temporal expression of Hsp83, the
Drosophila homologue of mammalian Hsp90, in different
tumor backgrounds (Fig. 2). Enhanced levels of Hsp83 in
the Igl~ yki®F neoplastic clonal cells were observed as early
as 48 h ACI (Fig. 2a-a’), with markedly enhanced levels
in cells at the periphery of each clone, creating a ring-like
appearance (Fig. 2e-e’). Hsp83 was mostly cytoplasmic and
became uniformly high all through the clonal area at later
stages (Fig. 2b-c”). Interestingly, the Hsp83 levels were also
enhanced in the neighboring non-tumorous cells, especially
at 72-h ACI and later, when the F-actin accumulation in
the clones became increasingly high (Fig. 2b’, e-f"). The
Igl™ Ras"'? neoplastic clones also exhibited a similar pattern
of Hsp83 expression during their progression (expression at
96-h ACI is shown in Fig. 2d-d’). The Hsp83 levels in wing
discs from Act > IgIRNAi or MS1096 > yki®“’ 5- or 6-day-old
larvae, respectively, were also enhanced with high F-actin
accumulation all through the disc (Fig. 2e-f").

Tumor cells over-express HSC70

from the early stage but the stress-inducible
Hsp70 is expressed only in a few cells

of the later stage tumorous Igl~ yki° clones

Proteins belonging to the Hsp70 family have both constitu-
tive and inducible forms, and all of them have been impli-
cated in tumorigenesis in mammals (Zaarur et al., 2006;
Meng et al., 2010). In Drosophila, the inducible form is the
Hsp70, while the several constitutive forms are grouped as
Hsc70 (Velazquez and Lindquist, 1984; Elefant and Palter,
1999). We looked at expression of both classes of this fam-
ily of proteins in clones, using two different antibodies. The
7Fb antibody detects only the stress-inducible Drosophila
Hsp70, while the 3.701 antibody detects both inducible
and constitutive forms, i.e., Hsp70 as well as the various
Hsc70 proteins (Velazquez and Lindquist, 1984). The dif-
ference between the staining with 3.701 and 7Fb can thus
be ascribed to Hsc70 expression. Staining with 3.701 anti-
body at 48-h ACI showed slightly increased levels of Hsc70/
Hsp70 proteins in Igl~ yki®F clones compared to their neigh-
boring areas (Fig. 3a-a’). Surprisingly, however, the 7FB
antibody did not show any Hsp70 staining in or outside the
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Igl yki°E
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Fig.2 Hsp83 is elevated in tumorous and non-tumorous neighbor-
ing cells as the tumor progresses. (a-d”’) Confocal optical sections
of wing discs showing Hsp83 (red) over-expression in g~ yki’F (a-
¢’) or Igl~ Ras"'? (d-d’) clones (white arrows) induced by 3 min (a-
¢’) or 5 min (d-d”) HS to 72-h-old (AEL) larvae at 48 h (a-a’), 72 h
(b-b’) and 96 h (c-d’) ACI. a’-d’ show combined Hsp83 (red), GFP
(green), F-actin (white) and DAPI (blue) fluorescence in discs shown
in a-d, respectively. (e, f) Higher magnification images to show ele-
vated Hsp83 (red) levels in non-GFP-expressing cells (white arrows
in e and f) adjacent to Igl~ yki®F clone (green); f* is an orthogonal

image of the disc in f with Y-Z and X-Z projections shown on top
and right, respectively; e’ and f* show combined Hsp83 (red), GFP
(green), F-actin (white) and DAPI (blue) fluorescence; white arrows
in f-f* indicate a non-GFP-expressing cell with elevated Hsp83. (g,
h) Confocal projection images of Act-GAL4>IgIRNAi (g-g’) or
MS1096-GAL4 > yki*" (h=h’) tumorous wing discs from day 5 (g-g’)
or day 6 (h-h’) larvae (AEL) showing elevated Hsp83 throughout the
disc (red); g’ and h’ show combined Hsp83 (red), F-actin (white) and
DAPI (blue) fluorescence. Scale bar in a denotes 50 um and applies
to a-d’ and g-h’, the scale bars in e—f” denote 10 pm
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48hr ACI

Igl yki°E

72hr ACI

Fig.3 The Igl~ yki®F clonal cells over-express Hsc70 since the early
stages but Hsp70 is expressed only in a few g1~ yki®F cells at later
stages. (a-a’ and c—c”) Confocal images of wing imaginal discs show-
ing over-expression of Hsc70/Hsp70 (red; white arrows) at 48 h (a-
a’) and 72 h (c—¢’) ACI in GFP-positive Igl~ yki®F clones (green)
induced by 3-min HS at 72-h AEL. (b-b’ and d-e’). Wing imaginal
discs immunostained with the Hsp70-specific 7FB antibody (red) at
48 h (b-b’) and 72 h (d-e¢’) ACI; white arrows in d and e indicate

Igl™ yki® clones at 48-h ACI (Fig. 3b-b’), thereby imply-
ing that the increased staining observed with the 3.701
antibody at 48-h ACI reflects enhanced levels of some or
all of the various Hsc70 proteins since the early stage of
clone growth. The 3.701 antibody showed further increase
in abundance across the clone areas at 72-h ACI, more so
at the clone periphery (Fig. 3c-c’). Interestingly, however,
the 7FB antibody staining pattern at 72-h ACI was very dif-
ferent from that of the 3.701 antibody. In a few clones (38
of 106 examined), the entire clone area showed Hsp70 at
a low level with some cells showing a much higher Hsp70
staining (Fig. 3d-d’, marked with yellow arrows). But in the
remaining 68 clones at 72-h ACI, only a few of the [gl~ yki®F
clone cells were distinctly 7FB positive (Fig. 3e-e’, marked
with white arrows) while staining in rest of the clone area
was negligible.

Tumorous clones over-express Hsp60

at early stage and also in non-tumorous
neighboring cells at later stages of tumor
growth

We examined expression of Hsp60 in different tumor back-

grounds (Fig. 4). Enhanced levels of Hsp60 in the lgl~ yki®F
clonal cells were observed as early as 48 h ACI (Fig. 4a-a’),
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the GFP-positive (green) clones seen in d’ and e’, respectively; dotted
lines in b outline the wing (WD), leg (LD) and haltere (HD) discs;
a’-e’ show combined red (Hsc70/Hsp70) and green (GFP) fluores-
cence in the discs shown in a-e, respectively. The confocal images in
a-a’ and c—¢’ are optical sections, while those in b-b’, d-e’ are pro-
jections. Scale bars in a and ¢ denote 50 um and apply to a-b and
c-e’, respectively

with markedly greater enhancement in cells at the periphery
of each clone (Fig. 4e-¢’), as also noted above for Hsp83.
At later stages, again like the Hsp83, the Hsp60 distribu-
tion was uniformly high all through the clonal area (Fig. 4b-
c¢’) with high levels in the neighboring non-tumorous cells
as well (Fig. 4f-f*). The Igl~ Ras"'? neoplastic clones also
exhibited a similar pattern of Hsp60 expression during their
progression (expression at 96-h ACI is shown in Fig. 4d-d’).
The levels of Hsp60 appeared to correlate with the extent
of F-actin accumulation in clones at later hr ACI (Fig. 4).

The tumorous wing discs from Act> [gIRNAi or
MS1096 > yki*“' larvae also showed enhanced levels of
Hsp60 and F-actin all through the disc (Fig. 4e-f”).

Hsp27, a member of the sHsp family,

is also over-expressed by tumor cells
from the beginning till late stages of their
growth

Enhanced levels of cytoplasmic Hsp27 were seen in
Igl~ ykiF neoplastic clonal cells at 48-h ACI (Fig. 5a-a’).
The Hsp27 levels further increased at later stages, becom-
ing more uniform all through the clone areas (Fig. 5b-c’).
The Igl~ Ras""? neoplastic cells exhibited a similar pattern
of Hsp27 expression during their progression (Fig. 5d-d’).
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Fig.4 Hsp60 is over-expressed by tumor cells since the beginning
of their development till late stages. (a-c¢’) Confocal optical sections
showing Hsp60 (red) over-expression in Igl~ yki°® GFP (green)-pos-
itive clones at 48 h (a-a’), 72 h (b-b’) and 96 h (c-¢’) ACI. (d-d’)
lgl™ Ras""? tumors showing enhanced Hsp60 (red) at 96-h ACI. (e-f”)
Confocal optical sections of /gl~ yki°F clones at higher magnification
to show cytoplasmic accumulation of Hsp60 (red); f* is orthogonal
image of the region of the wing disc presented in f to show elevated
Hsp60 in cytoplasm in non-GFP-positive cells (white stars in f-f*)
neighboring a Igl~ yki°F clone; arrowhead in f-f indicates a GFP-ve

cell at the intersection of X-Y axis for the ortho image. a- f show
only Hsp60 (red) while a’-f” show combined Hsp60 (red), GFP
(green), F-actin (white) and DAPI (blue) fluorescence images of a-f,
respectively. White arrows in a-e indicate clonal areas. (g-h’). Con-
focal projection images of Act-GAL4>I[gIRNAi (g-g’) or MS1096-
GALA > yki*" (h-h’) tumorous wing discs showing elevated Hsp60
(red); g’. and h’ show F-actin (white) and DAPI (blue) counterstain-
ing. Scale bar in a denotes 50 pm and applies to a-h’; scale bar in f
denotes 10 um and applies to e—f; scale bar in £’ represents 10 um.
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Fig.5 Neoplastic cells over-express Hsp27 since the beginning of
their development till late stages of progression. (a-d’) Confocal opti-
cal sections showing over-expression of Hsp27 (red) in Igl~ yki%F (a-
¢’) and Igl~ Ras""? (d-d’) clones in wing imaginal discs at different
time points (noted in left upper corner of each column) ACI. Panels

The heat shock treatment used to induce
the clones by itself does not elevate Hsp
levels

Since we found levels of different Hsps in the clones to
be elevated at different time points after heat shock, we
also checked whether the HS treatment applied to younger
larvae could have led to the elevated levels of the Hsps at

Fig.6 Heat shock to induce MARCM clones does not lead to persis-
tence of any induced Hsp at later time points. (a-b’) Wing imaginal
discs immunostained for Hsp83 (red, a-a’) or Hsp60 (red, b-b’) at
72 h after 35 min heat shock to 72 h old (AEL) tub-GFP; Igl /lgl*
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in a- d show Hsp27 (red), while those in a’-d” show combined Hsp27
(red), GFP (green), DAPI (blue) and Phalloidin (white) fluorescence.
White arrows in a-d mark tumorous clonal areas. Insets in a-a’ show
enlarged images of boxed areas in a-a’, respectively. Scale bar in a
represents 50 um and applies to all

later time points. Therefore, as a control we examined the
expression of Hsp83 and Hsp60 in wing discs of lgl~/lgl*
larvae (y w hsFLP tubGAL4 UAS-GFP; Igl- FRT40A/
CyO-GFP; +/+) 72-h after they were exposed to 35-min
HS at 72-h-AEL. These discs showed normal development
with ubiquitous GFP (because of the tub-GFP transgene)
expression. All the imaginal discs examined showed
Hsp83 (N =12) or Hsp60 (N=16) to be present at the
normal low levels (Fig. 6). Thus, the above-noted elevated

GFP
F-actin

larvae. Combined Hsp (red), GFP (green), F-Actin (white) and DAPI
(blue) fluorescence is shown in a’ and b’. Scale bar in a represents
50 um and applies to all
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levels of Hsps seen in the tumors at 48 h or later ACI are
not because of persistence of any Hsps induced by the
brief HS applied to larvae for induction of the clones.

Hsp83 is essential for post-initiation survival
and progression of tumor cells

To understand the functional relevance of the elevated levels
of Hsps in the tumorous clones, we examined growth of
Igl~ yki®F clones when Hsp83 levels were down-regulated
by co-expressing UAS-Hsp83¥VA! transgene in Igl~ yki%F
clones. Interestingly, the Igl~ yki°F Hsp83®NAi clones (N =42
wing discs) showed poor survival at 48 h ACI (Fig. 7a-b’),
with a significant reduction in their mean frequency when
compared with that of Igl~ yki®F clones (N =57 wing discs;
p <0.03 on Mann—Whitney test, Fig. 7¢). In parallel with
the decrease in the frequency of clones/disc in the pouch
area, the % Clonal area/disc (measured as the cumulative
area covered by all clones in the pouch region of a disc as
percent of the total area of the same wing pouch in maxi-
mum intensity projection images) of the surviving lgl~ yki®F
Hsp83®NA clones (N =42 discs) was also significantly
smaller than in the parallel Igl~ yki®F controls (N =57 discs;
p <0.05 on Mann—Whitney test, Fig. 7f). At 72-h ACI also,
Igl~ yki%F Hsp83%MAi clones in wing discs (N=41 discs)
showed further reduction in % Clonal area/disc when com-
pared with the same age Igl~ yki°" clones (N =54 discs,
p<0. 01 on Mann—Whitney test, Fig. 7c-d’, g). The accu-
mulation of F-actin in Igl~ yki®F Hsp83®"NAi clones at 72-h
ACT also appeared to be less evident(Fig. 7d) than in the
same age Igl~ yki®F (Fig. 7c) clones. Immunostaining for
assessing expression of the DCP-1 protein revealed that
a significantly high proportion of the surviving lgl~ yki%F
Hsp83™NAi clones (N =41 discs) were DCP-1 positive than in
discs with Igl~ yki®F clones (N =54 discs; Fig. 7h, P<0.01
on Chi-squared test). In agreement with the poor survival of
Igl™ yki®F Hsp83®NAi clones, the survival of the host larvae
was also better than that of the larvae carrying Igl~ yki%F
clones since in the former case, fewer pseudopupae or dying
pharates were seen (Fig. 7i). Interestingly, an over-expres-
sion of Hsp83 in lgl~ yki®E Hsp83°E clones did not have any
significant effect since their growth and abundance appeared
similar to those of Igl~ yki®F clones at 48 h and later time
points after ACI (data not presented).

Cell competition regulates the transformation of a nor-
mal cell into a neoplastic cell (Baker, 2020). Therefore,
we also examined role of Hsp83 in survival and growth of
lgl™ clones (generated by a 35-min HS at 72-h AEL) in wing
and eye discs by co-expressing either Hsp83*™ or Hsp83°F
transgene. The Igl~ Hsp83%A clones were less frequent than
the Igl™ clones at 48-h (data not shown) and at 72-h ACI in
wing as well as eye discs (Fig. 8). Interestingly, while the

abundance and sizes of Igl~ Hsp83°F clones in wing discs
at 72-h ACI appeared similar to those of the /g™ clones
(Fig. 8a, c), the Igl~ Hsp83°F clones in eye discs appeared
larger (Fig. 8d, f). In agreement, the survival of larvae
carrying lgl~ Hsp83¥NAi clones to adult stage was signifi-
cantly better than those carrying /g/~ clones while that of
larvae carrying Igl~ Hsp83°F clones remained more or less
unchanged (Fig. 8g). A proportion of the flies emerging
from larvae carrying /gl clones showed wing abnormalities
(like blisters, missing vein and/or wing shape changes) and
necrotic patches in and around eyes (Fig. 8i). In agreement
with fewer Igl~ Hsp83%"A clones and better survival of these
larvae to adult stage, the frequencies of wing (Fig. 8j) and
eye (Fig. 8k; N=_85 flies) phenotypes in the surviving flies
were also significantly lower than in flies developing from
larvae with [gl™ clones (N =68 flies). On the other hand,
the frequency of necrotic patches in and around eyes of
adults developing from larvae carrying Igl~ Hsp83°F clones
(N =71 flies) was significantly greater than in the adults
developing from larvae with Igl™ clones (Fig. 8k) although
the wing abnormalities in these two groups of flies remained
similar (Fig. §j).

Altered levels of HSF do not affect Igl~ yki°t
clone growth but HSF over-expression
improves survival and transformation of Igl.”
clones

HSF is known to be master regulator of the stress-induced
heat shock gene expression and to be also associated with
several genes other than Hsps during the development so that
it has a significant role in Drosophila development (Birch-
Machin et al., 2005). HSF has also been reported to play an
important role in transformation of a normal cell to cancer
cell and subsequent tumorigenesis in mammalian cancers
(Alasady and Mendillo, 2020; Dai et al., 2007; Zaarur et al.,
2006; Meng et al., 2010). Therefore, we also checked effects
of down- or up-regulation of HSF in Ig/~ and Igl~ yki%F
clones on their growth.

Over-expression of HSF in Igl™; HSFYE clones resulted
in morphological change of the wing disc due to signifi-
cant increased survival of /gl™ clones (Fig. 9a-b). Compared
to the [gl™ clones, elevated levels of HSF helped the Igl™;
HSFYE clones in escaping the competitive elimination and to
acquire neoplastic properties as observed by F-actin aggre-
gation (N =22) and expression of MMP1 in these clones
(N =16) (compare Fig. 9c-c’ with d-d’).

Since the Igl~ yki®F clones were found to over-express
different Hsps from the early stage of tumor growth, we
examined HSF levels in these clones and effects of down-
or up-regulation of HSF on growth of Igl~ yki®" clones and
development of the host larvae. Surprisingly, the levels of
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Fig.7 Loss of Hsp83 results in increased death and elimination
of g1~ yki®F clones and better survival of the host. (a-d”) Confocal
projection images of wing discs (outlines marked with yellow dotted
lines) carrying Igl~ yki%F (a, a’, ¢, ¢’) or Igl~ yki®F Hsp83FNAi (b, b,
d, d’) GFP-expressing (green) clones showing distribution of Dcp-1
(red) and F-actin (white) at 48-h (a-b’) and 72-h (c-d’) ACI; scale
bar in a’ represents 50 pm and applies to a-d’. (e-g) Scatter plot
graphs with e showing mean numbers (+S.E.M.) of clones per disc
(Y-axis) at 48-h ACI in different genotypes (X-axis), f and g mean

HSF in cells in Igl~ yki%F clones (N'=38) were similar to
those in the surrounding Igl~/Igl* cells (Fig. e-¢’); this was
confirmed by examination of intensity profiles for GFP and
HSF signals, which showed that the general intensity for
HSF was similar in GFP-positive clonal and adjacent GFP-
negative cells (Fig. 9h). Co-staining for Lamin C of wing
discs carrying Igl~ yki®F clones (Fig. 9¢’) further showed
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(+S.E.M.) % Clonal Area/Disc (Y-axis) at 48-h (f) and at 72-h ACI
(g) in different genotypes (X axis). (h) Bar graph histogram depicting
% of wing discs (Y-axis) of different genotypes (X-axis) expressing
negligible DCP-1 (blue shaded region, DCP-1-ve) or high (red shaded
region, DCP-1+ve) in GFP-positive clones at 72 h ACI. (i) Bar histo-
grams show mean (+S.E.) % death/survival at different developmen-
tal stages (Y-axis) of the 72-h-old larvae exposed to 3° HS to induce
Igl™ ykiE or Igl~ yki®F Hsp83™Ai somatic clones (X-axis); * indicates
P <0.05 and ** indicate P<0.01

that the HSF remained similarly enriched in nuclei in the
clonal mutant and the surrounding normal cells.

Down- (Fig.9f-f") or up-regulation (Fig.9g-g’) of HSF
in Igl yki“ HSFRN or 1gl~yki%F HSFEclones, respec-
tively, was confirmed by immunostaining with HSF anti-
body. Although the HSF in HSFE transgene was tagged
with GFP, we used HSF immunostaining to clearly
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GFP

Fig.8 The Igl clones require Hsp83 for survival. (a-f’) Confocal pro-
jection images of wing (a-¢’) and eye-antennal (d-f”) imaginal discs
(outlines in a-f marked with dotted lines) showing GFP-expressing
(green) tumorous clones of different genotypes (noted above each col-
umn) at 72-h ACI by 35-min HS at 72-h AEL; images in a’-f* show
combined GFP (green), DAPI (blue) and F-actin (white) fluores-
cence for discs in a-f, respectively; scale bars in a and d represent
50 pm and apply to a-¢’ and d-f*, respectively. (g-i) Photomicro-
graphs of eyes of adults emerging from larvae carrying Igl™(g) or Igl™;
Hsp83fNAT (h) or Igl~; Hsp83OE clones (i). (j, k) Bar histograms of

demarcate the HSF expression from the GFP fluorescence
seen in MARCM clonal cells. Near-complete absence of
HSF in Igl"yki° HSF®N4 clones affected neither their
frequency, nor size (Fig.9j), and nor survival of the host
larvae (Fig.9k). Unlike in/g/ clones, HSF over-expression
in Igl"yki®“HSFOF clones affected neither the growth of
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mean percent (+S.E.) defects observed in wings (j) and eyes (k) in
adults developing from larvae carrying clones of different genotypes
(noted below each bar); ** in j and k indicate P<0.01 when com-
pared with corresponding values for larvae with g/~ clones. (1) Bar
histograms show Mean % (£ S.E.) survival till different developmen-
tal stages (Y-axis) of the 72-h-old larvae exposed to 35" HS to induce
Igl=, Igl~ Hsp83™Ai or Igl~ Hsp83°Fsomatic clones (X-axis). The *
in (j-1) indicate P<0.05, while ** indicate P<0.01 when compared
with corresponding values for larvae with /g™ clones

clones nor the survival of hosts (data not shown). These
results thus indicate that while over-expression of HSF
provides competitive advantage to /gl clones, it is not
required for survival and establishment of tumorigenic
Igl~yki%Eclones.
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Discussion

The availability of sophisticated targeting techniques like the
GALA4/UAS binary system for conditional expression and
the FLP-FRT-based clonal analysis that permit up- or down-
regulation of the desired gene/s in specific tissues or groups
of cells at defined time of development (Gangwani et al.,
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2020) have made Drosophila a convenient and informative
model for studying the signaling pathways controlling tumor
progression, which are largely conserved between Drosoph-
ila and humans (Ugur et al., 2016; Kanda and Igaki, 2020;
Mirzoyan et al., 2019). The presence of mutant cells jux-
taposed with wild-type cells in the somatic clone carrying
mosaic discs allows knowing the specific time when a cell
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«Fig.9 HSF over-expression improves the survival of I[gl~ clones
but HSF down- or up-regulation has little effect on growth of
Igl~ yki%F clones. (a-b) Confocal projection images of wing imagi-
nal discs showing distribution of GFP-positive (green) and morphol-
ogy of wing discs (DIC) carrying lgl~ (a) or Igl~ HSFOE (b) clones
on day 5 AEL. (c-d’) Confocal projection images showing distribu-
tion of F-Actin (white, ¢ and d) and MMP1 (red, ¢’ and d’) in GFP-
positive (green) Igl~ (c—¢”) or Igl~ HSFF (d-d’) clones at 96-h ACL
(e—g’) Confocal optical sections of wing imaginal discs showing dis-
tribution of immunostained HSF (green), Lamin-C (red, e’) in GFP
(white)-positive /gl ~yki%F clones; (e-€”) or Igl”yki®F HSFFNAT (££7) or
Igl~ yki%E HSFOE (g-g”), with clonal areas outlined with dotted yellow
lines, showing distribution of HSF (immunostained, green) and GFP
(white); e’-g’ also show DAPI (blue) fluorescence. (h) Intensity pro-
file of GFP (white) and HSF (green; Y-axis) fluorescence along the
white diagonal line in e. dotted lines (X-axis). Note that the GFP sig-
nals in b, d and g’ reflect combined GFP fluorescence output of the
UAS-HSFPE=¢CTP and UAS-GFP transgenes. (i) Bar histograms show
mean % (£S.E.) death/survival till different developmental stages
(Y-axis) of the 72-h-old larvae exposed to 35" HS to induce /gl or
Igl~ HSFE somatic clones (X-axis; y* w* larvae were used as
control).(j) Scatter plot graphs showing mean (+S.E.M.) % Clonal
Area/Disc (Y-axis) at 72-h ACI in different genotypes (X axis).
(k) Bar histograms show mean % (+S.E.) death/survival till differ-
ent developmental stages (Y-axis) of the 72-h-old larvae exposed
to 3° HS to induce Igl~ yki®F or Igl~ yki®F HSFRA' somatic clones
(X-axis). * and ** in i indicate P<0.05 and P<0.01, respectively,
between the compared genotypes indicated by horizontal lines on top
of the bars; NS in j and k indicates P>0.05 between the compared
genotypes indicated by horizontal line on top of the data sets. Scale
bar in a’ represents 50 um and applies to a-b, and while scale bars in
¢, e, f represent 20 pm and apply to c-d’, e-e’ and f-g’, respectively

started on its tumorigenic journey and also permits a study
of effects of the host tissue’s microenvironment (Miles et al.,
2011; Ohsawa, 2019; Kanda and Igaki, 2020) that affects the
survival of the potential neoplastic cell.

Elevation in levels of different Hsps has been widely
reported in mammalian tumors (Workman, 2004; Basto
et al., 2007; Aswad and Liu, 2021; Calderwood and Mur-
shid, 2017; Chatterjee and Burns, 2017; Cyran and Zhitko-
vich, 2022). However, their expression and role in relation
to the initial phase of tumor growth have not been examined
earlier. Taking advantage of the unique feature of clonal
analysis in Drosophila, we show for the first time that the
various constitutively expressed Hsps, but not the stress-
inducible Hsp70, become more abundant in growing Lgl loss
and Yorkie gain-associated tumors since their early stages,
even before they begin to be transformed as reflected by the
absence of F-actin accumulation (Khan et al., 2013). The
further elevation in levels of the constitutively expressed
Hsps in aggressively growing tumors agrees with and sup-
plements earlier reports of enhanced levels of different Hsps
in mammalian cancers at advanced stages of tumorigenesis
(Lang et al., 2019; Cyran and Zhitkovich, 2022; Chatterjee
and Burns, 2017).

Cell competition acts as a check point to selectively
eliminate unfit/mutated cells from the growing tissue via
cell—cell interaction and thus ensures tissue or organ fitness

(Nagata and Igaki, 2018). Cell competition, resulting in
elimination of oncogenic cells or selection of fitter/stronger
cells, is influenced by mutations that cause loss of apicobasal
cell polarity and/or affect signaling activity of the Hippo
pathway (Brumby and Richardson, 2003; Tyler et al., 2007;
Nagata and Igaki, 2018). Hsp90 has anti-apoptotic (Arya
et al., 2007) role and also regulates cell-cycle exit in Dros-
ophila so that its elevated levels protect the tumor progenitor
cells from death-inducing signals from surrounding normal
cells. Our study reveals Hsp83 to be an important regulator
of cell-competition since down-regulation of Hsp83 levels
reduced the early survival as well as the later progression
of the surviving Igl~ yki®F while its over-expression con-
verted the normally disadvantaged Igl~ clones (Menéndez
et al., 2010) to be competitively successful and survive in
larger numbers. Drosophila Hsp83, like its mammalian
Hsp90 ortholog, is known to regulate autophagy by mediat-
ing the stability or/and activity of signaling proteins like
Ulkl, Beclinl, Akt and LAMP-2A (Wang et al., 2016) so
that its down-regulation in Igl~ yki°" clones makes them
sensitive to apoptotic death. In a recent study (Choutka
et al., 2017), it has been shown that loss of Hsp83 elevates
levels of the effector caspase DCP-1, which can also acti-
vate compensatory autophagy. Generally, the compensatory
autophagy makes the tumor cells super-competitors by non-
autonomously up-regulating autophagy in surrounding wild-
type cells so that the tumorigenic cells can grow and invade
(Nagata and Igaki, 2018; Katheder et al., 2017). It is tempt-
ing to speculate that within a Igl~ yki®F Hsp83%M clone, a
few cells with high DCP-1 may also induce compensatory
autophagy in neighboring clonal cells so that the combined
effect of apoptosis and compensatory autophagy in different
cells in Igl~ yki®F Hsp83RNi clones together results in a poor
survival of the clone as a whole, as seen in our study.

Elevated levels of Hsp83 also appear to be necessary
for transformation of the tumorigenic clones at later stages
since the F-actin accumulation in the surviving lgl~ yki%E
Hsp83®NAi clones at 72 h ACI was perceptibly lower than
in similar age Igl~ yki®F or Igl~ clones. Unlike the sup-
pressive effects of down-regulation of Hsp83 on survival
and continuance of tumorous clones, its over-expression
in Igl~ yki®t Hsp83°F or Igi~ Hsp83°F clones did not
have noticeable tumor-enhancing affects in wing discs,
but the Igl~ Hsp83°F clones appeared generally larger in
eye discs with the emerging flies showing a higher inci-
dence of necrotic patches in and around eyes. The different
responses of /gl clones in wing and eye-antennal discs to
further elevated expression of Hsp83 reflects differences
in the regulatory networks in these two tissues. It is also
possible that Hsp83°F co-expression in the clones did not
elevate levels of Hsp83 much beyond the already elevated
levels in Igl~ ykiF or Igl~ tumorous clones in wing discs
and thus had little additive effect in this tissue.
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Like Hsp83, Hsp60 and Hsp27 levels were also found to
be elevated in clones and whole disc tumors. Drosophila
melanogaster has four different Hsp60 proteins, named
Hsp60A to Hsp60D (Sarkar and Lakhotia, 2005; Sarkar
et al., 2006). The anti-Hsp60 antibody used in this study
appears to identify all the four Hsp60 members. However,
our other studies (Singh and Lakhotia, in preparation) sug-
gest that the Hsp60D plays an important role in the pro-
gression of Igl~ yki®F clones since down-regulation of the
Hsp60D suppressed the growth of Igl~ yki®F clones.

Expression of the Hsp70 family proteins in tumor clones in
our study was found to follow a unique course since while the
constitutively expressed Hsc70 family proteins exhibited a gen-
eral increase similar to the other constitutively expressed Hsps,
the stress-inducible Hsp70 was found to be expressed only at
a later stage (72 h or more ACI) of Igl~ yki®F clone growth
when most of them already had high F-actin aggregation and
thus may have been in the process of getting transformed.
More interestingly, only a small number of cells within the
tumor exhibited the much higher levels of Hsp70. A compara-
ble pattern of expression of stress-inducible Hsp70 has so far
not been reported in any other study on tumor cells although
some human tumors do not show significantly elevated level
of the inducible Hsp70 (Cyran and Zhitkovich, 2022). A more
detailed account of this intriguing observation will be pre-
sented elsewhere (Singh and Lakhotia, in preparation).

Activation of heat shock genes following cell stress is
majorly regulated by the HSF, which unlike in mammals is
encoded by a single gene in Drosophila. Many studies on
mammalian cancers have suggested the HSF1 to play an
important role in modulation of Hsp levels in tumor cells
and cancer progression (Alasady and Mendillo, 2020; Dai
et al., 2007; Dai and Sampson, 2016; Cyran and Zhitkovich,
2022). In contrast, our results show that while down-regula-
tion of Hsp83 suppressed survival and growth of the Igl™ or
Igl~ yki®F clones and consequently improved survival of the
clone-carrying larvae, down-regulation of HSF in the clones
affected neither their survival and growth nor the host’s sur-
vival. This observation indicates that the elevation of consti-
tutively expressed members of Hsp families in Drosophila
Igl~ yki®F tumors is not dependent upon HSF. This is also
borne by our finding that the HSF levels were not elevated
in these tumorous clones. The developmental expression
patterns of Hsps like Hsp83, Hsp60, sHsps are regulated by
diverse regulatory pathways independent of HSF. For exam-
ple, mammalian Hsp90 is also regulated by NF-kappa B.
nuclear factor interleukin-6 (NF-IL6), and by signal trans-
ducer and activator of transcription-3 (STAT-3) signaling
pathways under different conditions (Stephanou et al., 1998;
Ammirante et al., 2008). Interestingly, Drosophila hsp83
gene also shows binding sites for Relish, the fly homolog
of NF-kappa B (Copley et al., 2007). Apparently, like the
HSF-independent developmental expression of constitutively
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expressed Hsps (Cohen and Meselson, 1985; Hoffman and
Corces, 1986; Hultmark et al., 1986; Xiao and Lis, 1989),
their elevated expression in Drosophila tumorous clones
examined in this study may also be dependent upon signal-
ing pathways other than HSF. This needs further analysis.

The observed better survival and transformation of
Igl™ clones following over-expression of HSF contrasts with
that in [gl~ yki®" clones. In our other study (Singh and Lak-
hotia, under preparation), we found that Igl~ Ras"’? clones
need HSF for Hsp70 expression, and over-expression of
HSF makes them grow more aggressively. Likewise, HSF-
overexpression indicates poor prognosis for many human
cancers (Dai et al., 2007; Cyran and Zhitkovich, 2022;
Meng et al., 2010). Thus, HSF’s role in tumorigenesis may
be context-dependent.

The various Hsps work in close association with their
respective co-chaperones (Altinok et al., 2021; Joshi et al.,
2018). Expression patterns of the diverse co-chaperones
and their roles in survival and progression of the tumorous
clones remain to be examined. Future studies in this direc-
tion using the fly model of clonal analysis of tumor progres-
sion will indeed be very useful.

Different Hsps play fundamental roles in processes of sig-
nal transduction, cell cycle progression and apoptosis, cell
proliferation and survival, all of which contribute to their
involvement, via their client proteins and co-chaperones, in
invasion, metastasis and tumor angiogenesis (Lang et al.,
2019; Joshi et al., 2018). Our experimental strategy has
revealed some results that contradict the generally believed
roles of different Hsps in progression of cancer. We believe
that this experimental model will be very useful in unrav-
elling the roles of different Hsps, their co-chaperones and
HSF during different stages of tumor growth more precisely.
Since the Hsps have gained interest as promising anticancer
drug targets (Calderwood and Murshid, 2017; Chatterjee and
Burns, 2017; Basto et al., 2007; Aswad and Liu, 2021; Lang
et al., 2019), a better understanding of specific roles of dif-
ferent Hsps and HSF in tumor initiation and establishment
will help in better therapeutic applications.
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