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HP1a-mediated heterochromatin formation inhibits high
dietary sugar-induced tumor progression
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High dietary sugar (HDS) is a modern dietary concern that involves excessive consumption of carbohydrates and added sugars, and
increases the risk of metabolic disorders and associated cancers. However, epigenetic mechanisms by which HDS induces tumor
progression remain unclear. Here, we investigate the role of heterochromatin, an important yet poorly understood part of the
epigenome, in HDS-induced tumor progression of Drosophila Ras/Src and Ras/scrib tumor systems. We found that increased
heterochromatin formation with overexpression of heterochromatin protein 1a (HP1a), specifically in tumor cells, not only
decreases HDS-induced tumor growth/burden but also drastically improves survival of Drosophila with HDS and Ras/Src or Ras/scrib
tumors. Moreover, HDS reduces heterochromatin levels in tumor cells. Mechanistically, we demonstrated that increased
heterochromatin formation decreases wingless (wg) and Hippo (Hpo) signaling, thereby promoting apoptosis, via inhibition of
Yorkie (Yki) nuclear accumulation and upregulation of apoptotic genes, and reduces DNA damage in tumor cells under HDS. Taken
together, our work identified a novel epigenetic mechanism by which HP1a-mediated heterochromatin formation suppresses HDS-
induced tumor progression likely by decreasing wingless and Hippo signaling, increasing apoptosis, and maintaining genome
stability. Our model explains that the molecular, cellular, and organismal aspects of HDS-aggravated tumor progression are
dependent on heterochromatin formation, and highlights heterochromatin as a therapeutic target for cancers associated with HDS-

induced metabolic disorders.
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INTRODUCTION

High dietary sugar (HDS), a modern dietary concern, involves high
intake of total sugars, including added sugars and free sugars. HDS
is associated with an increased risk of metabolic disorders (e.g.,
type 2 diabetes) and associated cancers, which are two leading
causes of death worldwide [1, 2]. HDS increases tumor growth in a
variety of animal models [3]. Cancer cells tend to generate energy
via the “Warburg effect”-increased glucose consumption and
anaerobic glycolysis [4-6]. Cancer cells may alter their growth
signaling and metabolic states under HDS by upregulating the
wingless/Wnt pathway to increase cancer growth [7] and
promoting glycolysis [8, 9], respectively. Moreover, HDS can
induce nucleotide imbalance, DNA damage, and oncogene KRAS
mutation in cancer cells [10]. However, the ways in which HDS-
associated epigenetic mechanisms induce tumor progression
remain poorly understood.

Heterochromatin, a key architectural chromatin structure that is
more compact than euchromatin, is crucial for organizing the
eukaryotic genome supporting important biological functions,
such as gene regulation and genome stability [11]. Histone post-
translational modifications, particularly di/tri-methylation of his-
tone 3 and lysine 9 (H3K9me2/me3), contribute to heterochro-
matin formation and are, therefore, heterochromatin markers.
Heterochromatin protein 1a (HP1a), a key molecule in

heterochromatin formation, is bound to H3K9me2/me3 sites and
assists in formation of condensed heterochromatin structure,
which leads to reduced gene expression by making genes less
accessible to the binding of transcription factors. Heterochromatin
formation also ensures proper chromosome segregation during
cell division and maintains genome stability [12].

Recent evidence has demonstrated that epigenetic lesions, such
as heterochromatin instability, and the dysregulation of chromatin
structure state lead to cancer [13]. Induction of heterochromatin
formation through HP1 protein binding, which suppresses gene
expression, has been identified as a potential key control point in
cancer development [14]. HP1a is downregulated in numerous
human cancers [15]; however, the role of HP1-mediated hetero-
chromatin formation in HDS-induced cancer development is
unclear.

Here, we use Drosophila Ras/Src and Ras/scrib cancer models to
investigate the role of epigenetic regulation in HDS-induced
cancer development. Overexpression or mutation of the onco-
gene rat sarcoma (ras) has been found in 20-30% of all human
cancers [16]. Reliable in vivo cancer models with consistent
overexpression of a constitutively active form of Ras and loss of
either tumor suppressor C-terminal Src kinase (csk) or scribble (scrib)
have been generated in the eye discs of Drosophila larvae [17, 18].
Importantly, the nucleotide and protein sequences of ras, csk and
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scrib are highly conserved from the fly to humans. Moreover, it is
noteworthy that more than 50% of human disease-causing genes,
including oncogenes and tumor suppressor genes, have an
orthologue in D. melanogaster [19]. Thus, these Drosophila cancers
of the imaginal discs are models for the study of human epithelial
cancers, and have provided an excellent, genetically tractable
system through which to dissect the mechanisms of tumor
progression in vivo [20]. In this study, we investigated the role of
HP1a-mediated heterochromatin formation in HDS-induced tumor
progression of Drosophila Ras/Src and Ras/scrib tumor systems. By
building an HDS-induced tumor system in which heterochromatin
levels are manipulated through HP1a overexpression/knockdown/
mutation, we found that HP1a-mediated heterochromatin forma-
tion reduces HDS-induced developmental delay and lethality in
both Ras/Src and Ras/scrib tumor-bearing flies. Furthermore,
HP1a-mediated heterochromatin formation reduces tumor pro-
gression by inhibiting Yki nuclear accumulation and activating the
apoptotic pathway, likely via upregulating Rpr and Wts, two
apoptotic genes. Our study characterizes the molecular and
cellular basis of heterochromatin formation in HDS-induced tumor
progression that occurs likely via regulation of the wingless/dWnt,
Hippo, apoptosis and genome maintenance pathways. Altogether,
this study offers novel epigenetic insights into the intricate
pathology of HDS-induced tumor progression via downregulation
of HP1a-mediated heterochromatin formation.

MATERIALS AND METHODS

Fly strains

The following fly strains were gifts from Dr. Ross Cagan at Icahn School of
Medicine (Mount Sinai Hospital, New York, NY, USA): [1] ey (3.5)-FLP1; act >
y + >gal4, UAS-GFP; FRT82B, tub-gal80; [2] UAS-lacZ; FRT82B and [3] UAS-
ras®'?’; FRT82B, csk?'*%"/TM6b. The following fly strain was a gift from Dr.
José Carlos Pastor-Pareja at Tsinghua University, China: [5] UAS-ras1¢'?";
FRT82B, scrib'/TM6b; and another four strains, including [6] UAS-ras®’?",
HP1a-RNA; FRT82B, csk®'*5*'P, [7] UAS-ras®’?¥, UAS-HPla; FRT82B,
cskQ75651 | [8] UAS-ras®’?", UAS-HP1a; FRT82B, scrib’/TM6b, and [9] UAS-
ras®'?’, UAS-HP1a-RNAi; FRT82B, scrib'/TM6b were constructed by chromo-
some recombination. Virgins of strain ey (3.5)-FLP1; act >y + >gal4, UAS-
GFP; FRT82B, tub-gal80 were crossed with flies of the above strains [2]
through [9] to generate tumor-bearing flies with different heterochromatin
levels. Other strains that were used, including UAS-HP1a, UAS-HP1a-RNAi
(VDRC stock 31995, used extensively in this study unless specified; BDSC
stock 33400 and 36792); w™, Oregon R, and w'’"® were obtained from
Bloomington Drosophila Stock Center (Indiana University, Bloomington, IA,
USA). The tub-geneswitch (GS)-Gal4 strain was a kind gift from Dr. Dirk
Bohmann at the University of Rochester (Rochester, NY, USA). The UAS-
lacZ; eyeless (ey)-Gal4 strain was a kind gift from Dr. Anna C.C. Jang at
National Cheng Kung University.

Fly culture

Flies were cultured at 25 °C unless otherwise noted. Culture was carried out
in Bloomington semi-defined medium, as described by the Bloomington
Stock Center, with modifications. To examine diet-induced effects on
metabolism, flies were fed the control diet (0.15 M sucrose) or high-calorie
food. The high-calorie diet containing high sugar (0.75 M sucrose) was the
experimental condition we used to study HDS-induced tumor progression,
and was modified from Musselman, L. P. et al. [21].

Developmental delay was defined as longer time to pupation for the
50th percentile of flies in the experimental group compared to when the
50th percentile of control flies reached pupation. The survival rate was
defined as the percentage of flies attaining eclosion.

Western blotting
After mating for one day, adult flies were collected and separated by sex.
The heads of 30 flies were dissected out and mixed with beads and RIPA
buffer containing a protease inhibitor cocktail. Protein concentration was
assessed by Bradford assay (Bio-Rad, USA).

Protein lysate was separated on a polyacrylamide gel and then
transferred to Immobilon™ membrane. The blotting membrane was
probed with primary antibodies: HP1a (C1A9; Developmental Studies
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Hybridoma Bank), H3K9me2 (07-212; Upstate Biotechnology), H3 (05-928;
Millipore), or Syntaxin (8C3; Developmental Studies Hybridoma Bank). Blots
were probed with anti-rabbit or anti-mouse secondary antibodies
(Invitrogen, USA) and signal was detected using enhanced ECL chemilu-
minescence. Image J software was used for western blot quantification.

Immunofluorescence

Larval eye discs were dissected out and rinsed in PBS. They were then fixed
for 10 min with 4% paraformaldehyde (PFA) in PBS, washed in PBST (PBS
containing 0.1% Triton X-100) three times, and incubated with primary
antibodies, followed by washing and incubation with secondary anti-
bodies. The tissues were incubated with mouse monoclonal anti-HP1a
(C1A9, 1:200; Developmental Studies Hybridoma Bank) and/or mouse
monoclonal anti-B-galactosidase (JIE7, 1:200; Developmental Studies
Hybridoma Bank), mouse monoclonal anti-wingless (4D4, 1:250; Develop-
mental Studies Hybridoma Bank), and/or rabbit anti-H3K9me2 (07-212,
1:200; Upstate Biotechnology) and/or rabbit anti-phospho-histone 3 (06-
570, 1:250; Millipore) and/or rabbit anti-Yki [22] (1:500, a gift from Dr. Jenn-
Yah Yu at National Yang Ming Chiao Tung University) in PBST with normal
goat serum (NGS). Eye discs then were incubated with goat anti-rabbit/
anti-mouse conjugated to Alexa Fluor-594 (Thermo Fisher Scientific, USA)
or goat anti-rabbit/anti-mouse conjugated to Alexa Fluor-660 (Thermo
Fisher Scientific). Discs were further mounted with a Vectashield dye
(Vector Laboratories, USA) and images were taken with a confocal
microscope (Carl Zeiss LSM780, Instrument Development Center, National
Cheng Kung University, Tainan, Taiwan). All confocal images were
minimally processed by the Zeiss ZEN imaging software, and image
processing was applied equally across the entire image and to controls.

TUNEL assay

Larval eyes were dissected out, rinsed in PBS and then fixed in 4% PFA for
15 min at room temperature. After being washed in PBS four times, they
were incubated with 100 mM sodium citrate/0.1% Triton X-100 at 65 °C for
30min on a shaker at 200 r.p.m. for permeabilization. They were then
washed twice with 3% BSA in PBS and incubated with 1x TdT reaction
buffer at 37 °C for 10 min (Click-iT™ Plus TUNEL Assay for In Situ Apoptosis
Detection, Thermo Fisher Scientific, USA). The previous substrate was
removed, and discs were incubated with the TdT reaction cocktail at 37 °C
for 60 min. The tissues were again washed twice with 3% BSA in PBS and
then incubated with the Click-iT™ Plus TUNEL Supermix at 37 °C for 30 min.
Tissues were mounted with a Vectashield dye (Vector Laboratories) and
images were taken with a confocal microscope (Carl Zeiss LSM780,
Instrument Development Center, National Cheng Kung University, Tainan,
Taiwan).

Geneswitch inducible system

To induce expression of specific genes, adult flies were cultured with food
containing 300 pM RU486 or solvent (EtOH)-only as a control. After 4 days
in culture with the fly food, flies were homogenized, and cells were lysed
for RNA extraction.

Eye pigment extraction

The heads of 10 adult flies were dissected and rinsed in PBS, and then
homogenized in glass beads with 0.1% HCl in methanol. After centrifuga-
tion at 12,000 r.c.f., the supernatant was collected and the emission spectra
were assessed at 480 nm using a spectrophotometer.

Adult eye imaging

To image the external eyes, the heads of 3-day-old female adult flies were
removed and put on agarose gel plates after the flies were anesthetized.
Images were taken with a stereo fluorescence microscope.

Quantitative RT-PCR
RNA was extracted from 10 adult flies or 30 heads of adult flies using TRIzol
Reagent (Thermo Fisher Scientific) according to the kit instructions. cDNA
was converted by MScript RTase (GeneDirex, Taiwan). Quantitative RT-PCR
was carried out using Power SYBR Green PCR Mix (Applied Biosystems) and
analyzed on a StepOnePlus PCR system. rp/32 was used as an internal
control. The following primers were used:

rpl32 Forward: 5-GCTAAGCTGTCGCACAAATG-3/,

rpl32 Reverse: 5-GTTCGATCCGTAACCGATGT-3/;

HP1a Forward: 5-CGCAAGGATGAGGAGAAGTCA-3/,
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HP1a Reverse: 5-TCCTGAAACGGGAATGGTGTC-3;

rpr Forward: 5’-TCCACTGTGACTCCCGCAAG-3/,

rpr Reverse: 5'-GCCAGCAACAAAGAACTAACTCG-3/;
hid Forward: 5-CCAAAACGAAAACGGTCACAAC-3/,
hid Reverse: 5-TCGCTACGACAACTTTACGG-3;

Diap1 Forward: 5'-ATAGACACAATGGACAACTCGCT-3/,
Diap1 Reverse: 5'-CTGAAGTCGAAACTTGACGGC-3/;
wts Forward: 5-ATGACGGCCCTTAATGCCAAA-3/,

wts Reverse: 5'-TCCGCCTGGGTATAGGTTCA-3;

SUV39 Forward: 5-CAAGCGGTCGAAAAATAACATGGG-3/,
SUV39 Reverse: 5'-TGCCTCCAGCTGCTTCTCAAGCT-3;
P53 Forward: 5'-CCAAGCTAGAGAATCACAACATCG-3/,
P53 Reverse: 5-TCGAGTACATCCAAAGAGACTTGG-3’

Statistical analysis

All results analyzed and presented reflected data from at least three
independent experiments, using PRISM 6 (GraphPad, San Diego, CA).
Results were shown as mean + SD. The statistical analysis was performed
by two-way ANOVA or Student’s t-test as specified in the figure legend.
The significant level was set as p values below 0.05.

RESULTS

Heterochromatin formation suppresses HDS-induced
developmental delay and lethality of Ras/Src and Ras/scrib
tumor-bearing flies

HDS (1.0 M sucrose) has been shown to increase Ras/Src tumor
growth/burden in Drosophila eye/antenna discs compared to
normal dietary sugar (NDS, 0.15 M sucrose) [23]. In our study, we
found that HDS at 0.75 M sucrose (hereafter, simply “HDS") also
promotes Ras/Src tumor burden, albeit with reduced lethality
compared to 1.0 M sucrose, which causes 100% lethality (data not
shown). Compared to NDS, HDS not only increased ras 12V esk™/~
tumor cell growth but also caused developmental delay of tumor-
bearing flies by extending the larval period before pupation. The
mortality of Ras/Src tumor-bearing flies fed HDS was dramatically
increased compared to non-tumor-bearing flies fed HDS. Impor-
tantly, increasing heterochromatin formation by HP1a overexpres-
sion, specifically in tumor cells, reversed both developmental
delay and mortality of the Ras/Src tumor-bearing flies fed HDS.
Flies with ras®’?", HP1a; csk~’~ tumors showed a developmental
timeline similar to control non-tumor-bearing flies fed NDS or HDS
(Fig. 1A, B). Under HDS, the time to reach 50% pupation rate
(PR*®), when 50% of the larvae have reached the pupal stage, was
increased in ras®’?Y; csk”/~ tumor-bearing flies compared to
control wild-type flies (Fig. 1B, C). However, HP1a overexpression
in ras®'?Y, HP1a; csk~'~ tumor-bearing flies shortened the timeline
to PR*® to that observed in control non-tumor-bearing flies (Fig.
1B, Q). Interestingly, decreasing heterochromatin formation via
HP1a knockdown by expressing HP1a-RNAI in ras®’?", HP1a-RNAi;
csk™'~ animals also reduced the developmental delay in response
to HDS compared to controls, although to a lesser extent than that
observed in ras®'?Y, HP1a; csk~/"-expressing flies (Fig. 1B, C).
Moreover, we verified that heterochromatin levels, based on
expression of heterochromatin markers HP1a and H3K9me2,
increased by 120% and 23%, respectively, and specifically in
Ras/Src tumor cells overexpressing HP1a, i.e., tumor clones of
ras®’?", HP1a; csk~’~ flies, but not in surrounding non-tumor cells
(Fig. 1D-G). HP1a and H3K9me2 levels were decreased by 65%
and 72%, respectively, by HP1a knockdown in the tumor clones of
ras®'?’, HP1a-RNAi; csk™’~ flies (Fig. 1H-M). Thus, HP1a over-
expression and HP1a knockdown specifically in the tumor clones
effectively increased and decreased heterochromatin levels,
respectively, in the Ras/Src tumor model. Furthermore, the
eclosion/survival rate of female flies with HDS and HP1a
overexpression of ras®™?’, HP1a; csk’~ was increased by 20%
compared to that of ras®’?"; csk~/~ tumor-bearing flies fed HDS.
Both female and male flies with HDS and HP1a knockdown of
ras®'?", HP1a-RNAi; csk™~ also showed improved eclosion/survival
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(Fig. TN-R). These results suggest that increasing heterochromatin
formation by HP1a overexpression in tumor cells suppresses HDS-
induced developmental delay and lethality in Ras/Src tumor-
bearing flies. Interestingly, drastic reduction of heterochromatin in
tumor cells also suppresses HDS-induced tumor phenotypes.

To further characterize HDS involvement in cancer develop-
ment, we assessed whether HDS exacerbated tumor growth in the
more severe Ras/scrib tumor system carrying the ras®'?"; scrib™"~
genetic modifications [24]. We found that HDS enhanced tumor
growth (data not shown), developmental delay, and lethality in
ras®?; scrib~’~ tumor-bearing flies, which showed reduced
pupation and no eclosion (Supplement Fig. 1). More importantly,
HP1a-mediated heterochromatin formation not only diminished
the HDS-induced developmental delay but also increased the
pupation rate of flies with either NDS or HDS (Supplement Fig.
1A-D). Consistent with the results from the Ras/Src tumor system,
HP1a overexpression and HP1a knockdown, specifically in the
tumor clones, effectively increased and decreased heterochroma-
tin levels, respectively, in Ras/scrib tumor-bearing flies models
(Supplement Fig. 1E-L). Furthermore, we examined knockdown
efficiency of multiple HP1a-RNAi lines, and found that the VDRC
31995 line, which was used extensively in this study, but not the
others, effectively reduced the HP1a protein level in Drosophila
eye discs (Supplement Fig. 2). Therefore, our data demonstrate
that heterochromatin formation plays an important role in the
suppression of HDS-induced developmental delay and lethality in
Ras/scrib tumor-bearing flies.

To further investigate the role of HP1a-mediated heterochro-
matin formation in HDS-induced tumorigenesis, we constructed
two more strains of Ras/Src tumor-bearing flies with hs-HP1a, an
HP1a transgene overexpressing HP1a by basal activity of the
hsp70 promoter, with increased HP1a expression by 20% [25], and
HP1°¥F, HPla heterozygotes of a null-mutation allele, with
decreased HPla levels by 50% [26], respectively. Consistently,
increasing heterochromatin formation via hs-HP1a in ras’?", hs-
HP1a; csk~’~ animals also suppressed tumor growth and improved
eclosion/survival of female flies fed HDS (Supplement Fig. 3).
Moreover, decreasing heterochromatin formation via HP1%* with
reducing HP1a levels by half, as in ras®'?’, HP1a™~; csk/~
animals, with HDS, showed no improvement in tumor growth and
eclosion/survival of tumor-bearing flies compared to those of
ras®'?; csk~’~ tumor-bearing flies fed HDS (Supplement Fig. 3).

Taken together, these results suggest that heterochromatin
levels are critical for HDS-induced tumor progression. Increased
heterochromatin formation suppressed HDS-induced tumor phe-
notypes, including developmental delay and lethality, in two
independent in vivo tumor models.

HDS reduces heterochromatin formation

It is unclear whether HDS alters heterochromatin levels in vivo. To
explore this question, we first measured the heterochromatin
levels by western blot in wild-type flies fed NDS or HDS. We found
that HDS led to downregulation of heterochromatin levels in
female, but not male, Drosophila heads, which included the eyes.
Specifically, the levels of H3K9me2 and HP1a proteins, which are
markers of binding sites for heterochromatin formation, were
downregulated by HDS compared to NDS in female flies (Fig.
2A-C). Furthermore, using the position-effect variegation (PEV)
assay, which reveals the levels of heterochromatin in adult
Drosophila eyes, we found that flies fed HDS had reduced
heterochromatin levels compared to those fed NDS, which
appeared as less mosaic eye color and more eye pigmentation
(Fig. 2D, E). These results suggest that HDS reduces heterochro-
matin formation.

Next, to determine whether HDS also reduced heterochromatin
levels in tumor cells, we measured the HP1la levels via
immunostaining in Ras/Src tumor cells from flies fed either NDS
or HDS. Indeed, HP1a was reduced by 50% in Ras/Src tumor cells
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Fig. 1 Increased HP1a-mediated heterochromatin formation decreases HDS-induced developmental delay and lethality of Ras/Src tumor-
bearing flies. A, B Pupation rate of animals fed a 0.15 M sucrose diet (NDS) and a 0.75 M sucrose diet (HDS), respectively, with the following
genotypes: lacZ, and ras®'?; csk’~ and ras®'?Y, HP1a; csk’~ and ras®'?Y, HP1a-RNAi; csk’~. Each genotype contains at least 150 flies. C
Developmental time via 50% Pupation rate (PR50) of animals, fed NDS or HDS, that had the following genotypes: lacZ, and ras®’?"; csk~ and
ras®"?’, HP1a; csk /=, and ras®’?", HP1a-RNAi; csk~’~. Each genotype contains at least 150 flies. D-K Third instar eye discs of ras®’?", HP1a; csk ™/~
(D-G) and ras®’?", HP1a-RNAi; csk’~ (H-K) flies fed NDS with GFP-labeled tumor cells (green), and HP1a (magenta) and H3K9me2 (red)
immunostaining. Scale bar: 10 pm. L, M Immunofluorescence intensity of HP1a and H3K9me2 in tumor cells compared to that of wild-type
cells. All results analyzed and presented reflect data from three independent experiments (n = 15). N-Q Eclosion rate of animals, fed NDS or
HDS, with the following genotypes: N lacZ, O ras®'?’; csk /=, P ras®"", HP1a; csk~/~, Q ras®'?Y, HP1a-RNAi; csk~’~ (red line, female; blue line:
male). R The survival rates of animals, fed NDS or HDS, with the following genotypes: lacZ, and ras®’?"; csk /= and ras®'?", HP1a; csk~, and
ras®"?Y, HP1a-RNAi; csk™'~. All results analyzed and presented reflect data from three independent experiments (n = 450). Results are shown as

mean + SD. Asterisks indicate statistically significant differences (*p < 0.05; **p < 0.01; ***p < 0.001). GFP green fluorescent protein, NS not
significant.

from flies fed HDS compared to those fed NDS (Fig. 2F, G). Thus,
our data indicate that HDS reduces heterochromatin formation in
tumor cells. Results from both wild-type flies and tumor-bearing
flies fed HDS suggest that HDS decreases heterochromatin

induced by HP1a overexpression reduced tumor growth in ras®’#",
HP1a; csk~’~ in both female and male flies that were fed HDS, with
more drastic reduction of tumor size in females, while HP1a

knockdown also reduced tumor growth in ras®’?, HP1a-RNA;;

formation, which may promote tumor progression.

Increased heterochromatin formation in Ras/Src tumor cells
suppresses HDS-induced tumor growth

To further determine the cellular mechanisms by which HP1a-
mediated heterochromatin formation suppresses developmental
delay and lethality of HDS-fed Ras/Src and Ras/scrib tumor-bearing
flies, we asked whether increased heterochromatin formation,
specifically in Ras/Src tumor cells, could suppress HDS-induced
tumor growth. Indeed, increased heterochromatin formation

SPRINGER NATURE

csk™’~ flies (Fig. 3). These data indicate that heterochromatin

formation plays a critical role in suppressing HDS-induced growth
of tumor cells.

Increased heterochromatin formation reduces proliferation of
tumor cells from flies fed NDS

To further investigate the mechanisms by which increased
heterochromatin formation suppresses HDS-induced Ras/Src
tumor growth, we first tested whether heterochromatin formation
decreases HDS-induced tumor cell proliferation using
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90). D Eyes from adult w™* outcrossed wild-type w'’’ flies fed NDS or HDS for assessment via the PEV assay. E Pigmentation data from the
eyes pictured in D, after pigment was extracted and measured at 480 nm. All results analyzed and presented reflect data from three
independent experiments (n = 30). F Third instar eye discs of ras®’?"; csk”~ tumor-bearing flies fed NDS or HDS, with GFP-labeled tumor cells
(green) and HP1a immunostaining (red). Scale bar: 100 pm. G Immunofluorescence intensity of HP1a in tumor cells from flies fed HDS
compared to those of tumor cells from flies fed NDS. Staining intensity was normalized to that of non-tumor cells in each experimental
condition. All results analyzed and presented reflect data from three independent experiments (n = 15). Results are shown as mean + SD.
Asterisk indicates statistically significant difference (*p < 0.05). GFP green fluorescent protein, HDS high dietary sugar, NDS normal dietary
sugar, NS not significant.
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phosphohistone-H3 (PH3) staining, which marks mitotic cells [27].
Ras/Src tumor cells with HP1a overexpression or knockdown from
flies fed NDS showed decreased mitosis (Fig. 4A-C"'). Interestingly,
HP1a overexpression or knockdown showed a non-significant
trend toward reduction of mitosis in tumor cells under HDS at the
late third instar stage (Fig. 4D-F, G). Together, these results
suggest that increased heterochromatin formation suppresses
tumor cell proliferation in flies fed NDS, but less so in those fed
HDS.

Increased heterochromatin formation increases apoptosis by
in tumor cells under HDS

We next investigated whether HP1a-mediated heterochromatin
formation suppressed HDS-induced tumor growth by regulating
apoptosis. Using the terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assay for detecting DNA fragmentation
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by labeling the 3’-hydroxyl termini in double-stranded DNA at the
final stage of programmed cell death, we found that apoptosis
was reduced in tumor cells under HDS (Fig. 5A-A"), which is
consistent with previous findings [23]. Importantly, increasing
heterochromatin formation by HP1a overexpression in tumor-
bearing flies significantly increased apoptosis specifically in the
HDS condition (Supplement Fig. 4A-B’). Moreover, drastic
heterochromatin reduction also led to apoptosis in tumor cells
under HDS (Fig. 5C-C”, D). To further dissect the molecular
mechanism by which HP1a-mediated heterochromatin formation
downregulates apoptosis, we examined whether heterochromatin
regulates apoptosis-related genes using an RU486-inducible HP1a
overexpression or knockdown system in normal adult flies. We
first verified that HP1a mRNA levels were drastically increased or
decreased in flies with inducible HP1a or HP1a-RNAI, respectively,
when treated with RU486. Moreover, Reaper (Rpr) and Warts (Wts),
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two key pro-apoptotic genes, were increased in HP1la-
overexpressing flies, but decreased in HP1a knockdown flies
(Fig. 5E, F), suggesting that HP1a-mediated heterochromatin
formation upregulates apoptotic pathway genes.

Wts is a key regulator that controls the nuclear localization of
transcriptional coactivator Yorkie (Yki) in the Hippo pathway,
which drives tumor growth [28]. Therefore, we next determined
the activity of Hippo signaling by Yki immunohistochemistry in
Ras/Src tumor cells. We found that Yki nuclear localization was
increased in Ras/Src tumor clones from animals fed HDS
compared to those fed NDS (Supplement Fig. 4). Interestingly,
under conditions of NDS, HP1a overexpression or knockdown did
not alter Yki nuclear localization in tumor cells, compared to
control Ras/Src tumor cells. Importantly, in flies fed HDS, Yki
nuclear localization was reduced in Ras/Src tumor clones over-
expressing HP1a or HP1a-RNAi, compared to control Ras/Src
tumor cells (Fig. 5G-1"""). Moreover, under conditions of HDS, HP1a
overexpression reduced more Yki nuclear accumulation than HP1a
knockdown (Fig. 5J), suggesting that HP1a-mediated heterochro-
matin formation suppresses HDS-induced tumor growth by
downregulating Yki nuclear localization in Hippo signaling.

Taken together, these results suggest that increased hetero-
chromatin formation suppresses HDS-induced tumor growth by
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inducing apoptosis through downregulation of Hippo signaling
and upregulation of apoptosis-related genes.

Increased heterochromatin formation reduces HDS-induced
wingless signaling in tumor cells

It has been shown that wingless signaling is important for HDS-
induced tumor growth in Drosophila [23]. To determine whether
HP1a-mediated heterochromatin formation suppresses tumor
growth by regulating wingless, we examined wingless expression
in tumor tissues from flies with increased or decreased HPla-
mediated heterochromatin levels. Consistent with previous findings
[23], wingless was highly upregulated in Ras/Src tumor clones from
animals fed HDS compared to those fed NDS. Importantly, in flies fed
HDS, wingless expression was reduced in Ras/Src tumor clones
overexpressing HP1a, but not in those overexpressing HP1a-RNAi,
compared to control Ras/Src tumor cells. Moreover, tumor clones
with increased or decreased heterochromatin levels, from flies fed
NDS, did not show significant changes in wingless expression (Fig. 6),
indicating that wingless signaling may play an important role in
tumor suppression under conditions of HDS, rather than in the
context of NDS. Overall, these results suggest that increased
heterochromatin formation in tumor cells suppresses HDS-induced
wingless signaling and thereby inhibits tumor progression.
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Increased heterochromatin formation reduces HDS-induced
genome instability in tumor cells

Genome instability plays an important role in promoting
tumorigenesis [29]. We next investigated whether genome
instability is increased in tumor cells under HDS, and whether
heterochromatin formation suppresses tumor progression
through improving genome stability in Ras/Src tumor cells
under HDS. Indeed, the number of foci of y-H2Av, a DNA
damage marker for double-stranded DNA breaks, was increased
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with HDS compared to NDS. Moreover, y-H2Av foci were
dramatically decreased with HP1a overexpression in Ras/Src
tumor cells from flies fed either NDS or HDS. On the other hand,
the number of y-H2Av foci did not change significantly in Ras/
Src tumor cells with HP1a knockdown as compared to control
Ras/Src tumor cells from flies fed either NDS or HDS (Fig. 7).
These results suggest that, under conditions of HDS, hetero-
chromatin formation maintains or restores genome stability and
promotes tumor suppression.
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DISCUSSION

There are over 650 million clinically obese adults worldwide, and
over-consumption of added sugars in the diet plays a major role in
obesity [20]. Moreover, HDS-induced type Il diabetes mellitus
(T2D) and metabolic disorders play critical roles in cancer
development and progression. However, the epigenetic mechan-
isms controlling HDS-induced tumor progression are complex and
not fully understood. Using genetically tractable Drosophila tumor
systems, we found that heterochromatin formation suppresses
HDS-aggravated tumor growth. Increasing HP1a-mediated hetero-
chromatin formation suppresses developmental delay and leth-
ality in HDS-fed Ras/Src and Ras/scrib tumor-bearing flies; this
occurs not only by increasing tumor apoptosis but also by
reducing wingless and Hippo signaling, as well as maintaining
genome stability (Fig. 8). Our research identified epigenetic
regulatory mechanisms involving HP1a-mediated heterochroma-
tin in cancer development. The structure and function of HP1a are
highly conserved from Drosophila to humans, and HP1a possesses
important and evolutionarily conserved functions across species
[30]. HP1a is downregulated in several human cancers, including
breast cancer [31], leukemia [32], and brain cancer [33].
Consistently, we found that HDS reduces heterochromatin
formation to promote tumor progression, and that restored
heterochromatin levels can suppress HDS-induced tumor growth,
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developmental delay, and lethality. However, additional studies
testing more pro-heterochromatin factors such as Su(var)3-9 are
required to confirm the role of heterochromatin formation in HDS-
induced tumor progression.

In this study, we have demonstrated extensively the in vivo
functions of HP1a, the evolutionarily conserved key molecule in
heterochromatin formation, with four different HP1a genetic
manipulation, in mediating HDS-induced tumorigenesis. Indeed,
we found that both increased and decreased heterochromatin
formation, via HP1a overexpression by expressing UAS-HPla
(120% increase)/hs-HP1a (20% increase) and UAS-HP1a-RNAi
knockdown (65% decrease) in tumor cells, respectively, can
suppress HDS-dependent tumorigenesis. However, we think that
different underlying mechanisms exist for the suppression of HDS-
dependent tumorigenesis between HP1a overexpression and
knockdown, and three possible explanations are as follows. Firstly,
HP1a protein levels were decreased by 65% in HP1a knockdown
tumor clones under NDS (Fig. 1), which led to suppression of HDS-
induced tumorigenesis. On the other hand, HP1a protein levels
were reduced by 50% in Ras/Src tumor cells under HDS compared
to NDS (Fig. 2), which resulted in promotion of HDS-induced
tumorigenesis. Consistently, reducing HP1 levels by half (50%
decrease) as in ras®’?", HP1a*'~; csk~’~ also did not suppress HDS-
induced tumor progression (Supplement Fig. 3). Therefore, it is
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likely that such a 15% difference in HP1a levels may contribute to
different outcomes of HDS-dependent tumorigenesis. Additional
studies will be required to determine the switch between
suppressing and promoting HDS-dependent tumorigenesis with
regards to reduced HP1a levels in other cancer model systems and
human cancers. Secondly, knocking down HP1a also led to
significant increase of apoptosis, as did overexpression of HP1a
(Fig. 5). However, the underlying pro-apoptotic mechanism might
be different, as the levels of Rpr and Wts mRNA were increased
following HP1a overexpression, but reduced following HP1a
knockdown, in adult flies (Fig. 5), suggesting that different
mechanisms were at play even through similar outcome, i.e.
increase of apoptosis, was observed. Moreover, we found that
under HDS, increased heterochromatin formation via HP1la
overexpression led to decreased nuclear localization of Yki in
Hippo signaling, but RNAi against HP1a did not have any effect on
the expression level or distribution of Yki (Fig. 5), further
suggesting that HP1a overexpression and knockdown may
employ different apoptotic mechanisms in suppressing HDS-
induced tumorigenesis. Previous research in a breast cancer
model demonstrated that bi-phasic expression of HP1a during
breast cancer progression plays a role in tumorigenesis [34].
Moreover, depletion of HP1a causes apoptosis [11]. This may hold
the explanation as to why the two seemly contradicting
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manipulations, i.e. overexpression vs. knocking down HP1a, led
to similar outcomes in terms of suppressing HDS-dependent
tumorigenesis. In other words, decreasing heterochromatin
formation by HP1a knockdown in tumor cells may increase
apoptosis in tumor cells and decrease the HDS-induced tumor
burden in the Ras/Src tumor system. Thirdly, HP1a overexpression
did reduce more wingless expression and DNA damage than HP1a
knockdown (Figs. 5-7). More studies are needed to further explore
the role of heterochromatin formation in cancers associated with
HDS-induced metabolic disorders.

Interestingly, Ras/Src tumor clones can be observed in the adult
eyes, (Supplement Fig. 5), suggesting that not all of the tumor cells
are completely eliminated by apoptosis. Moreover, previous study
has found that HDS blocks apoptosis in Ras/Src tumor [23]
(Supplement Fig. 6). However, functions of apoptosis on HDS-
induced tumor progression remain unclear. Understanding
heterochromatin-mediated apoptosis on HDS-induced tumor
progression will require more studies. Additional studies will be
required to confirm the effect of HP1 overexpression or down-
regulation on clone size and eclosion rate of tumor-bearing
animals, if tumor cells are prevented from dying, e.g., by
coexpression of p35.

In this study, we showed that increased heterochromatin
formation in Ras/Src tumor cells suppresses HDS-induced tumor
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growth (Fig. 3), reduces proliferation under NDS (Fig. 4), and
increases apoptosis under HDS (Fig. 5). However, tumor clones
with increased heterochromatin do not show autonomous effect
on cell proliferation and apoptotic cell death, as accessed by PH3
and TUNEL staining, respectively (Figs. 4 and 5). Mechanisms
underlying such nonautonomous effect in Ras/Src tumor system
are not clear. Apoptotic cells can produce nonautonomous signals,
including wingless, dpp, and TNF, to induce compensatory
proliferation and apoptosis of the neighboring cells in Drosophila
wing imaginal disc [35-37]. Thus, heterochromatin levels in tumor
cells may also regulate global changes in proliferation or apoptosis
in the tumor containing imaginal eye discs. Interestingly, we found
that wingless signaling is upregulated by HDS, and increased
heterochromatin formation reduces HDS-induced wingless signal-
ing in tumor cells (Fig. 6), suggesting that wingless signaling may
be involved to coordinate global changes of proliferation or
apoptosis in the tumor containing eye discs. Future studies will be
necessary to understand the mechanisms underlying
heterochromatin-mediated nonautonomous proliferation and
apoptosis effects on HDS-induced tumor progression.

Previous study has shown that expression of wg-RNAi or a
dominant-negative form of TCF suppressed HDS-induced Ras/Src
tumor growth, suggesting that canonical wg signaling is required
for HDS-induced tumor growth [23]. Understanding
heterochromatin-mediated wg signaling on HDS-induced tumor
progression will require additional studies. It is necessary to
confirm the effect of heterochromatin formation on HDS-tumor
progression by coexpression of wg-RNAi or dominant-
negative TCF.

HP1a-mediated heterochromatin protects genome stability [38].
Moreover, genome instability is a driver of tumor progression [10].
Consistently, we found that maintenance of genome stability by
heterochromatin formation plays an important role in suppression
of HDS-induced tumor progression.

Diet is an important environmental cue that may impact
epigenomics. Evidence has indicated that transient hyperglycemia
regulates expression of certain genes by altering chromatin states
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[39], and our study showed that HDS decreases heterochromatin
formation in Drosophila. Interestingly, we found that HDS
decreases heterochromatin formation in wild-type animals as well
as in tumor cells under HDS. Together, the results of our studies
and the work of others implicate HDS-induced epigenetic changes
in promotion of tumor progression through upregulation of
oncogenic genes or downregulation of tumor suppressor genes.

Overall, our study highlights heterochromatin formation as an
important tumor suppressor that can inhibit HDS-induced tumor
progression. We revealed that increased heterochromatin levels
suppress tumor progression likely through modulation of wingless
and Hippo signaling, apoptosis, and genomic stability. We also
demonstrated epigenetic mechanisms by which HP1a-mediated
heterochromatin suppresses HDS-induced tumor progression.
Epigenetic cancer therapies, such as DNA methyltransferase
(DNMT) inhibitors, have been approved by the FDA for the
treatment of various cancers. Thus, our studies support the
potential of heterochromatin formation as a promising epigenetic
therapeutic target for the treatment of cancers associated with
HDS-induced metabolic disorders.

DATA AVAILABILITY
All data related to this study are available from the corresponding author upon
request.
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