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Abstract

Notch signaling and epigenetic factors are known to play critical
roles in regulating tissue homeostasis in most multicellular organ-
isms, but how Notch signaling coordinates with epigenetic modu-
lators to control differentiation remains poorly understood. Here,
we identify heterochromatin protein 1c (HP1c) as an essential
epigenetic regulator of gut homeostasis in Drosophila. Specifically,
we observe that HP1c loss-of-function phenotypes resemble those
observed after Notch signaling perturbation and that HP1c inter-
acts genetically with components of the Notch pathway. HP1c
represses the transcription of Notch target genes by directly inter-
acting with Suppressor of Hairless (Su(H)), the key transcription
factor of Notch signaling. Moreover, phenotypes caused by deple-
tion of HP1c in Drosophila can be rescued by expressing human
HP1c, suggesting that HP1c functions similar to HP1c in Droso-
phila. Taken together, our findings reveal an essential role of HP1c
in normal development and gut homeostasis by suppressing Notch
signaling.
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Introduction

In addition to the primary functions of digestion and absorption,

intestinal epithelium plays an important role in resistance to tissue

injury, inflammation, and other adverse conditions. Disruption of

intestinal homeostasis can lead to diseases such as gastrointestinal

tumors. In Drosophila, intestinal stem cells (ISCs) reside along the

midgut to maintain tissue homeostasis (Micchelli & Perrimon, 2006;

Ohlstein & Spradling, 2006). An ISC divides asymmetrically, giving

rise to one ISC (for self-renewal) and one committed progenitor

enteroblast (EB), which further differentiates into either an absorp-

tive enterocyte (EC) or a secretory enteroendocrine cell (ee cell)

(Lemaitre & Miguel-Aliaga, 2013).

A variety of signaling pathways, including Notch, JAK/STAT,

Wnt, EGFR/Ras, Hippo, Hedgehog, and BMP, are involved in regu-

lating the self-renewal and differentiation of ISCs under either

normal homeostasis or stress conditions (Biteau et al, 2011; Jiang &

Edgar, 2011; Pasco et al, 2015). Of these signaling pathways, the

highly conserved Notch is critical in maintaining intestinal home-

ostasis (Ohlstein & Spradling, 2007; Fre et al, 2011). Accordingly,

dysregulation of Notch signaling causes abnormal intestinal cell

lineage development and uncontrolled intestinal cell growth. Specif-

ically, reduced Notch signaling in ISCs disrupts stem cell differentia-

tion, resulting in fewer ECs and more ee cells, as well as the

aggregation of ISCs and the formation of gut tumors (Micchelli &

Perrimon, 2006; Ohlstein & Spradling, 2006; Perdigoto et al, 2011).

Conversely, hyperactive Notch signaling forces ISCs to differentiate
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into ECs, leading to the loss of ISCs and ee cells (Ohlstein & Sprad-

ling, 2007; Goulas et al, 2012).

The Notch signaling pathway is initiated by a ligand–receptor

interaction between two adjacent cells. The receptor Notch then

goes through two steps of a proteolytic cleavage process, resulting

in the release of the intracellular domain of the Notch protein

(NICD), which translocates into the nucleus. Subsequently, NICD

binds to the CSL-type DNA-binding transcription factor and

recruits transcription coactivators to regulate the expression of

Notch target genes. In Drosophila, the CSL-type DNA-binding

protein Su(H) (Suppressor of Hairless) orchestrates transcription

cofactors such as Hairless, CtBP, and Groucho to control the tran-

scription of Notch target genes (Mummery-Widmer et al, 2009; Saj

et al, 2010; Guarani et al, 2011; Mulligan et al, 2011; Maier et al,

2013; Contreras-Cornejo et al, 2016; Han et al, 2016; Nagel et al,

2016). However, due to many interconnections with other signal-

ing pathways and complicated outcomes, the mechanisms by

which these transcription cofactors, particularly epigenetic factors,

regulate the expression of Notch target genes in the nucleus

remain unclear.

The heterochromatin protein 1 (HP1) family is highly conserved

epigenetic proteins in eukaryotes, and their functional diversity is

further achieved through multiple variants (Canzio et al, 2014).

There are five HP1 variants in Drosophila, HP1a-e, with HP1a being

extensively studied as a silencing epigenetic factor (Vermaak &

Malik, 2009; Canzio et al, 2014), and HP1c as a euchromatic protein

(Kwon & Workman, 2011). Previous results showed that HP1c inter-

acts with zinc finger-containing DNA-binding proteins WOC (with-

out children) and ROW (relative of WOC) to form a complex (Font-

Burgada et al, 2008; Abel et al, 2009), which may be involved in

RNA polymerase II pausing (Kwon et al, 2010; Kessler et al, 2015).

Therefore, HP1c has been generally recognized as a promising

epigenetic regulator of gene transcription (Kwon & Workman,

2011). However, the role of HP1c in development and gene expres-

sion regulation remains poorly understood.

Here, we report our analyses of the key role of HP1c in regulating

development and intestinal homeostasis through Notch signaling in

Drosophila. Our results indicate that HP1c physically interacts with

Su(H) to suppress the transcription of Notch target genes.

Results

HP1c-specific phenotypes resemble Notch perturbations

To elucidate functional genomic abnormalities underlying human

gut tumorigenesis, we conducted genomic disorder analyses includ-

ing disease-related gene prediction and differential gene expression

analyses. We identified 178 highly conserved high-risk genes in both

human colorectal and gastric cancers by using CIPHER (average top

5% in the rank list) (Fig 1A and B, Dataset EV1), a state-of-the-art

network-based prediction for prioritizing disease genes in a genome-

wide scale (Wu et al, 2008). To validate the functions and conserved

roles of these genes in gut homeostasis in vivo, we chose to use

Drosophila as a model organism. Drosophila gut is an ideal system

to study the molecular mechanisms of tumorigenesis because of its

relative simplicity in comparison with mammalian systems, the

availability of sophisticated genetic tools, and the functional

conservation of genes and signaling pathways. Notch signaling

plays a critical role in driving ISCs to replenish the loss of absorptive

and secretory cells in both Drosophila and mammals, and dysregu-

lated Notch signaling is closely associated with gut homeostasis

(Koch & Radtke, 2007; Geissler & Zach, 2012; Nowell & Radtke,

2017). Therefore, to determine whether any of these 178 high-risk

genes are involved in regulating Notch signaling, we generated

Drosophila transgenic RNAi lines against their human homologs.

Given that the development of Drosophila notum bristles is

sensitive to Notch signaling, we performed a phenotypic screen to

test whether depleting the fly homologs of these high-risk genes

affects the development of the mechanosensory bristles on the

notum using pnr-Gal4, which is specifically expressed in the

central region of the notum (Fig 1A and B, and Dataset EV1).

Compared to the control carrying one anterior scutellar (aSC)

bristle (see dotted square in Fig 1C), gain of Notch signaling with

CRISPR/dCas9-based transcriptional activation system (Jia et al,

2018), or loss of Notch signaling repressor dSir2 (Mulligan et al,

2011), caused additional aSC bristles (double-bristles) in the same

region (Figs 1D and E, and EV1A). Thirty-five genes show the gain

of bristles, loss of bristles, or hair cell duplication phenotypes;

however, most of them are involved in DNA replication, protein

synthesis, or signaling pathways such as Ras, Wnt. One of the

remaining genes, HP1c, which is homologous to human HP1c
(i.e., Chromobox 3, CBX3), is known as transcriptional regulators,

but the developmental role is unclear. Interestingly, from this

genetic screen we observed that depleting HP1c, which is homolo-

gous to human HP1c (i.e., Chromobox 3, CBX3), resulted in

ectopic aSC bristles in the flies (Figs 1F and EV1A, Dataset EV1).

This effect resembles the phenotypes caused by Notch activation

and dSir2 mutation. To further validate the effects of HP1c on aSC

bristles, we generated an HP1c null mutant fly using the CRISPR/

Cas9 system (Ren et al, 2013; Ren et al, 2014; Ren et al, 2017).

Consistent with HP1c depletion, 70% of HP1c null mutant flies

also displayed extra aSC bristles (Figs 1G and EV1A). To exclude

potential off-target effects, we performed rescue experiments and

found that the expression of wild-type HP1c can completely rescue

the ectopic aSC bristle phenotype caused by either depletion or

loss of HP1c (Fig EV1B–D). These observations revealed a novel

function of HP1c in regulating aSC bristle development, indicating

the possibility that HP1c might interact with Notch signaling to

control aSC bristle development similarly to dSir2.

Given that Notch signaling and dSir2 also regulate wing

morphogenesis in Drosophila (Mulligan et al, 2011), we wondered

whether this was the case for HP1c. Using the MS1096-Gal4 line,

which is expressed in the entire wing imaginal disk, we observed

that gain of Notch signaling caused ectopic veins from the distal

fourth and fifth longitudinal veins and disrupted posterior cross

veins (PCV) (Fig 1H and I). Similar phenotypes were observed in

approximately 80% of the wings from dSir2 mutants (Fig 1K and

L), which is consistent with the previous report (Mulligan et al,

2011). Interestingly, almost all of the flies with either the HP1c

depletion or HP1c mutation displayed ectopic veins from the distal

of the fourth and fifth longitudinal veins and broken PCV (Fig 1J

and M). These phenotypes also resemble the effects of gain of

Notch signaling or loss of dSir2, implying a similar function for

HP1c and dSir2 in negatively modulating Notch signaling during

notum bristle and wing development.
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HP1c, as well as Notch signaling, regulates Drosophila
gut homeostasis

Considering that HP1c is identified as a potential high-risk gene in

human colorectal and gastric cancers (Fig 1 and Dataset EV1) and

that Notch signaling plays a critical role in gut homeostasis

(Ohlstein & Spradling, 2007; Fre et al, 2011), we asked whether

HP1c, the Drosophila homolog of HP1c, plays any role in regulating

gut homeostasis. To avoid potential effects on the early develop-

mental stage, we depleted HP1c in a temporal and spatial manner
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Figure 1. HP1c is involved in Notch-dependent Drosophila notum bristle and wing development.

A Workflow of the network-based analysis in silico and functional screen in vivo.
B The number of high-risk genes (DIOPT score ≥ 5) in colorectal cancer and gastric cancer from genome-wide prediction (total: 17,903 genes).
C–G Resembling the phenotype caused by Notch overexpression (D) or dSir2 mutation (E), HP1c knockdown (F), and mutant (G) flies also exhibits supernumerary

anterior scutellar (aSC) bristles on the notum, as indicated by the enlarged views in the left bottom panes. Scale bars, 100 lm.
H–M Compared with control flies (H and K), HP1c knockdown (J) and mutant (M) flies exhibit an ectopic vein at the distal of L4 and L5 (arrows) and a broken posterior

cross vein (arrowhead), which is similar to the phenotype caused by Notch overexpression (I) and dSir2 mutant (L). Scale bars, 500 lm.
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using the temperature-sensitive esg-Gal4, UAS-GFP; tub-Gal80ts

system (hereafter referred to as esgts) in gut progenitor cells (Mic-

chelli & Perrimon, 2006), which allowed us to deplete HP1c in both

ISCs and EBs and label them by GFP. To further distinguish ISCs,

EBs, and ee cells, Su(H)Gbe-lacZ reporter was chosen to mark EBs

by lacZ antibody, and anti-Prospero labeled ee cells in red.

Compared to control (Fig 2A), we observed that depletion of

HP1c in midgut significantly reduced the number of ISCs that were

only marked by GFP (Fig 2B and EV2A). To detect whether the loss

of stem cells because of hypoproliferation or apoptosis, we

performed immunostaining using the specific antibodies against

mitotic marker-H3S10p and apoptotic marker caspase 3, and the

results show no obvious difference between the wild-type flies and

HP1c KD or mutant flies (Fig EV2B–E), suggesting apoptosis and

proliferation do not play an essential role to reduce the number of

stem cells. Closer examination revealed that, in the wild-type, most
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Figure 2. HP1c, as well as Notch signaling, regulates Drosophila gut homeostasis.

A–D The posterior midguts of 10-day-old control (A), HP1c knockdown (B), HP1c null mutant (C), and HP1c overexpression flies (D). Arrows mark ISCs; arrowheads mark
ee cells; and circles mark ISC-EB, EB-EB, or ISC-ISC nests. ISCs were visualized with esg-GFP alone, EBs were stained with both esg-GFP and Su(H)-lacZ, while ee
cells were labeled by Pros and DNA was marked by DAPI. Scale bars, 30 lm.

E–I Confocal images of the posterior midgut clones of the indicated genotypes, marked by GFP (dotted lines). Arrows mark ISCs/EBs; arrowheads mark ee cells; and
asterisks mark ECs. DNA was visualized with DAPI and ee cells were stained with Pros. Scale bars, 10 lm.
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if not all ISC-EB nests (pairwise ISC-EB) contain one ISC and one EB

(labeled by solid circle in Fig 2A) as expected. However, in the

HP1c-depleted progenitor cells, the expected ISC-EB nests often

carry two EBs (EB nest; Figs 2A and B, and EV2A), suggesting that

HP1c depletion triggers ISC differentiation, thus reducing the

number of ISCs. In addition, the number of ee cells, marked by Pros-

pero expression, is also significantly reduced (Figs 2A and B, and

Fig EV2A), suggesting that HP1c depletion promotes ISCs to dif-

ferentiate into ECs, but not ee cells. Similar to HP1c depletion using

RNAi, midgut in HP1c mutant also contains significantly reduced

numbers of ISCs and ee cells, with an increased number of EB nests

(Figs 2A and C, and EV2A). These observations show that reduction

or loss of HP1c promotes the differentiation of ISCs into EC cells.

To further validate the role of HP1c in gut homeostasis, we over-

expressed HP1c in midgut using esgts and observed that higher

levels of HP1c increased the numbers of both ISCs and ee cells

(Figs 2D and EV2A). Interestingly, unlike the ISC-EB nests found in

control, or the EB nests observed in reduction or loss of HP1c

(Fig 2B), most nests in HP1c overexpression contain two ISCs

(Fig 2D), which we designated as the ISC nest. This observation

suggests that HP1c negatively regulates the differentiation of ISCs.

Taken together, these results reveal a novel and important role of

HP1c in regulating ISC differentiation, which may explain why its

human homologous gene HP1c is identified as one of the top high-

risk genes in both colorectal and gastric cancers.

Similar to the phenotypes caused by HP1c overexpression,

depletion of Notch in midgut using esgts also increased the numbers

of both ISCs and ee cells (Figs 2D and EV2F and G), whereas gain

of Notch signaling caused a phenotype resembling HP1c depletion

(Figs 2B and C, and EV2F and H). Together with the phenotypes

analyzed in the development of aSC bristles and wing veins,

these genetic and cell biological analyses imply a role for HP1c in

Notch signaling.

To precisely determine the similarity between HP1c and Notch

signaling in regulating ISC differentiation, we tracked the changing

of clone cells by generating GFP-marked RNAi/OE clones using the

FLP-out system in the midgut (Sun et al, 2015). Compared to the

control, which carried large-nuclear ECs and small-nuclear progeni-

tors and ee cells within each clone, we found that most of the GFP+

clone cells were only ECs in both HP1c depletion and Notch activa-

tion flies and grew by fewer than two cells in number (Figs 2E–G

and EV2I and J). Conversely, clones of either overexpression of

HP1c or depletion of Notch increased the numbers of small-nuclear

progenitor cells and ee cells (Figs 2E and H, I, and EV2I and J).

These results further demonstrate the same roles of HP1c and Notch

signaling in regulating ISC differentiation.

HP1c genetically suppresses Notch signaling

Activation of the transmembrane Notch receptor by its ligands from

the neighboring cells triggers a proteolytic event resulting in the

release of NICD, which then enters into the nucleus and binds to the

transcription factor Su(H), thereby turning on the transcription of

Notch target genes (Mummery-Widmer et al, 2009; Saj et al, 2010;

Contreras-Cornejo et al, 2016). Given that HP1c is best known to

function as an epigenetic factor in the nucleus, the afore-described

similarities between HP1c and Notch signaling in the genetic and

cell biological analyses prompted us to test whether HP1c modulates

Notch signaling in the nucleus. We therefore asked whether overex-

pression of HP1c could rescue the phenotypes generated by Notch

activation in midgut. Notch activation in Drosophila gut triggered by

esgts reduces the number of both ISCs and ee cells, often showing

EB nests (Figs 3A and B, and EV3A), while overexpression of HP1c

increases the number of ISCs and ee cells (Figs 3A and C, and

EV3A), suggesting the antagonistic relationship between HP1c and

Notch signaling in the differentiation of ISCs. Interestingly, a simul-

taneous increase in Notch and HP1c significantly rescued the defects

in ISC differentiation (Figs 3D and EV3A), suggesting that HP1c

suppresses Notch signaling in regulating ISCs.

To further validate the role of HP1c in suppressing Notch signal-

ing, we performed a phenotypic analysis using the Drosophila wing.

Notch heterozygous mutant flies exhibited notched wings (arrow-

heads) and thickening of the L5 vein (arrow) (Fig 3E and F), and

Delta heterozygous mutant flies showed a knotted L5 vein (arrow,

Fig 3G), whereas the wings from HP1c heterozygous mutant flies

were all the same as wild type (Fig 3H). To examine whether HP1c

can modify the vein phenotypes caused by Notch signaling in the

Drosophila wing, we partially reduced HP1c by recombination of a

HP1c heterozygous mutant with either Notch or Delta heterozygous

mutant flies. Interestingly, this strongly suppressed the wing defects

of both Notch (Fig 3H and I) and Delta (Fig 3J) heterozygous

mutant flies. Moreover, we also tested whether HP1c overexpres-

sion can rescue the vein phenotypes and the abnormal gene tran-

scription caused by Notch activation; again, we observed that the

defect of wings and gene transcription were all back to normal when

overexpressing HP1c in the Notch OE background (Fig EV3B–E).

This suppression of phenotypes caused by Notch perturbation

further supports the genetic role of HP1c in negatively regulating

Notch signaling.

HP1c associates with and represses Notch target genes

Since HP1c was reported to be involved in the regulation of gene

transcription (Kwon et al, 2010; Kwon & Workman, 2011), we

decided to investigate whether HP1c binds to the promoter regions

of Notch target genes. For this, we performed the chromatin

immunoprecipitation coupled with quantitative PCR (ChIP-qPCR)

assay using cultured Drosophila S2 cells. As a positive control, we

observed a significant enrichment of HP1c on the promoter of pgm

gene (Fig 4A), which is a well-known HP1c target gene (Kessler

et al, 2015). We also observed strong enrichment of HP1c on the

promoters of several well-characterized Notch target genes, includ-

ing E(spl)m2, E(spl)mb and Hairy (Fig 4A). These results suggest

that HP1c associates with Notch target genes.

In parallel, we performed an in vivo chromatin profiling assay,

known as the DamID (DNA adenine methyltransferase identifi-

cation) method (Marshall et al, 2016). Specifically, we created Dam-

HP1c by fusing Dam to the C terminus of HP1c and used sole Dam

as the control. Compared to the Dam control, the signal intensity is

significantly increased from Dam-HP1c in genes including pgm, E

(spl)m2, and Hairy (Fig EV3F). These results further confirm the

association of HP1c with Notch target genes.

Next, we asked whether depletion of HP1c affects the transcription

of Notch target genes. We performed reverse transcription-quantita-

tive PCR (RT-qPCR) using wing disks when HP1c was depleted by

MS1096-Gal4 driver. As shown in Fig 4B, the expression of Notch

ª 2021 The Authors EMBO reports 22: e51298 | 2021 5 of 16

Jin Sun et al EMBO reports



target genes such as E(spl)m2, HLHm5 and Hairy is significantly

increased in HP1c-depleted wing disks compared to the control. Simi-

larly, the transcription of these Notch target genes in wing disks from

the HP1c null mutants is also significantly increased (Fig 4B), indicat-

ing the repressive role of HP1c with regard to Notch target genes.

Moreover, to directly visualize the role of HP1c in suppressing the

expression of Notch target genes, we generated a GFP reporter and

analyzed the effects of HP1c on the expression of GFP under the

control of a Notch response element (NRE, containing four Su(H)

binding sites). Specifically, we depleted HP1c in the posterior

compartment of the wing disk (marked with RFP in Fig 4C) using the

engrailed-Gal4 (en-Gal4) driver. Compared with white control knock-

down, depleting HP1c resulted in a dramatic upregulation of GFP flu-

orescence intensity (arrow, Fig 4C and D) and expansion of the GFP

signal (arrowhead, Fig 4D), further supporting the negative role of

HP1c in regulating Notch signaling in vivo.
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Figure 3. HP1c genetically represses the Notch signaling pathway.

A–D Compared with the control (A) flies, posterior midguts of Notch OE flies exhibit decreased ISCs and ee cells (B), while HP1c OE flies show increased ISCs and ee cells
(C), and the phenotype of Notch OE can be rescued by HP1c OE (D). Arrows mark ISCs; arrowheads mark ee cells; and circles mark ISC-ISC, ISC-EB, or EB-EB nests.
ISCs were visualized with esg-GFP alone; EBs were stained with both esg-GFP and Su(H)-lacZ, while ee cells were labeled by Pros and DNA was marked by DAPI.
Scale bars, 30 lm.

E–J Images of wings from flies with the indicated genotypes. Arrows mark the ectopic veins at L5, and arrowheads mark the classical notched wing. Scale bars, 500 lm.
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To validate the effects of HP1c on the expression of Notch target

genes in vitro, we analyzed the expression of NRE-GFP in cultured

Drosophila S2 cells. Overexpression of NICD or depletion of Hair-

less, a major repressor of Notch signaling, significantly increased

the expression of NRE-GFP, whereas depleting the transcription

factor Su(H) significantly reduced the expression of the NRE-GFP

reporter (Fig 4E and F). These observations are consistent with the

role of NICD, Hairless, and Su(H) in regulating Notch signaling as

previously described (Fre et al, 2011; Aster et al, 2017) and also

proved the efficiency and sensitivity of our reporter. Interestingly,

depleting either HP1c or dSir2 increases the expression of NRE-GFP

by about twofold (Fig 4E and F), which is consistent with our

phenotypic analyses. In addition, we generated an NRE-luciferase

reporter and similar observations were obtained (Fig EV3G). Most

interestingly, depleting HP1c further activated Notch signaling

caused by overexpression of NICD on the NRE-luciferase reporter,

while overexpression of HP1c had the opposite effect (Fig EV3H),

which further supports the notion that HP1c functions as a repressor

of the Notch signaling pathway in vitro. Taken together, these

results show that HP1c directly associates with Notch target genes

and represses the transcription of them in vitro and in vivo.

HP1c interacts with Su(H), the core transcription factor of
Notch signaling

To define the molecular mechanism of how HP1c suppresses the

expression of Notch target genes, we decided to test whether HP1c

physically interacts with the core components of the Notch signaling

pathway, including Notch, NICD, Mam (Mastermind), Hairless, and

Su(H). For this, we performed the yeast two-hybrid assay and used

HP1c as the bait and the other proteins as the prey. Strikingly, HP1c

interacts with Su(H), but not other components of the Notch signal-

ing pathway (Fig 5A). This observation was further validated by

using full-length Su(H) as bait and HP1c as the prey (Fig 5A). These

results suggest a direct interaction between HP1c and Su(H).

Next, we mapped the specific domains mediating the interactions

between HP1c and Su(H). Like other HP1 family members, HP1c is

characterized by two prominent domains: the chromodomain (CD)

that normally binds to H3K9me and the chromoshadow-domain

(CSD) that mediates protein–protein interactions through homod-

imerization (Fig 5B; Eissenberg & Elgin, 2000). Su(H) possesses three

domains involved in mediating protein–DNA or protein–protein

interactions: LAG1, BTD, and CTD (Fig 5B; Contreras-Cornejo et al,

2016). We have observed that full-length HP1c (as bait) specifically

interacts with the BTD domain of Su(H), while full-length Su(H) (as

bait) interacts with the CSD domain but not the CD domain of HP1c

(Fig 5C). Furthermore, the CSD domain of HP1c interacts with the

BTD domain of Su(H) (Fig 5C). These data further support the direct

interaction between the HP1c CSD and Su(H) BTD domains.
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Figure 4. HP1c represses Notch target genes at the transcriptional level.

A ChIP-qPCR results show the association of HP1c with Notch target genes
compared to RFP control. The amount of immunoprecipitated DNA in
each sample is represented as signal relative to the total amount of input
chromatin (equivalent to 1). Error bars indicate SEM. n = 3 technical
replicates. Data are evaluated with two-tailed Student’s t-test (*P < 0.05,
**P < 0.01, ***P < 0.001).

B RT-qPCR analysis determined the expression of Notch target genes when
HP1c was depleted (n = 3 technical replicates, mean � s.d.). Data are
evaluated with two-tailed Student’s t-test (*P < 0.05, ***P < 0.001).

C Immunostaining result of Drosophila wing disk when control or HP1c was
KD by en-Gal4, which knocked down target gene in RFP marked region,
and HP1c KD caused upregulation (arrow) and expansion (arrowhead) of
GFP signal under the control of a Notch response element (NRE) that the
GFP fluorescence intensity represents the activity of Notch signaling.
Scale bars, 20 lm.

D Quantification of results in © showing that the relative GFP intensity in
HP1c KD wing disks is about threefold higher than that in control (n = 5
biological replicates, mean � s.d.). Data are evaluated with Student’s
t-test (**P < 0.01).

E, F NRE-GFP signals of S2 cells carrying NICD OE, Hairless KD, Su(H) KD, dSir2
KD and HP1c KD (E), and the statistical results (F) (n = 4 biological
replicates, mean � s.d.). Data are evaluated with two-tailed Student’s
t-test (*P < 0.05, **P < 0.01, ***P < 0.001). Scale bars, 200 lm.
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Figure 5. HP1c interacts with Su(H), the core transcription factor of Notch signaling.

A Yeast two-hybrid analysis identified that Su(H) is the only Notch signaling key component that interacts with HP1c, while lamin mated with T-antigen was used as
negative control and p53 mated with T-antigen as positive control. The interactions between HP1c and Su(H) were confirmed in both orientations. (BD: binding
domain, AD: activation domain, QDO/X/A: quadruple dropout medium: SD/–Ade/–His/–Leu/–Trp supplemented with X-a-Gal and Aureobasidin A).

B The main functional domains of HP1c and Su(H).
C The CSD domain of HP1c and the BTD domain of Su(H) are responsible for the interaction by yeast two-hybrid analysis.
D, E The interaction between HP1c and Su(H) is further confirmed through co-immunoprecipitation (Co-IP). Plasmids expressing HP1c-eGFP and Su(H)-flag were

transfected into S2 cells. Immunoprecipitation and Western blotting were performed with the indicated antibodies.
F Plasmids expressing HP1c CSD domain and Su(H) BTD domain were transfected into S2 cells. Immunoprecipitation and Western blotting were performed with the

indicated antibodies.
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To test whether HP1c interacts with Su(H) in vivo, we performed

co-immunoprecipitation (co-IP) experiments using eGFP-tagged

HP1c co-transfected with Flag-tagged Su(H) in cultured S2 cells. As

shown in Fig 5D, eGFP-tagged HP1c can indeed co-immunoprecipi-

tate (co-IP) with Flag-tagged Su(H). Conversely, Flag-tagged Su(H)

can co-IP with eGFP-tagged HP1c (Fig 5E). Remarkably, this

approach also shows that the eGFP-tagged BTD domain of Su(H) can

efficiently co-IP with the Flag-tagged CSD domain of HP1c protein

(Fig 5F). Moreover, we performed another co-IP using S2 cells trans-

fected with Flag-tagged Su(H) since we did not have a good Su(H)

antibody available. As shown in Fig EV3I, the endogenous protein

HP1c can be efficiently co-immunoprecipitated with Flag-tagged Su

(H). All these data are consistent with the results from the yeast two-

hybrid analyses, supporting that HP1c directly interacts with Su(H).

HP1c associates with Notch target genes in a
Su(H)-dependent manner

To further determine the relationship between HP1c and Su(H)

in vivo, we performed immunostaining of the polytene chromosome

from the larval salivary glands. HP1c is widely distributed along the

polytene chromatin, except in the heterochromatic region densely

stained by DAPI (Fig 6A). Interestingly, Su(H) showed a similar

pattern and largely co-localized with HP1c (Fig 6A). In summary,

the association of HP1c with Notch target genes seen in the ChIP

and DamID assays, the interaction with Su(H) based on both yeast

two-hybrid and co-IP experiments, as well as the co-localization

cytological experiment demonstrate that HP1c physically interacts

with Su(H) in vivo, to repress Notch target genes.

Since Su(H) has a DNA-binding domain, the association of HP1c

with Notch target genes might require Su(H). To test this, we

performed ChIP-qPCR analysis to determine whether there was a

change in HP1c on Notch target genes after Su(H) depletion. As

expected, depleting Su(H) strongly reduced the enrichment of HP1c

(Fig 6B), indicating that the association of HP1c with Notch target

genes depends on the physical interaction with Su(H). To further

explore the performance of HP1c when Notch signaling was acti-

vated, we performed ChIP-qPCR assay to detect the changing of

HP1c on Notch target genes after overexpressing NICD. Surprisingly,

more HP1c accumulates on Notch target genes than controls

(Fig. 6C), suggesting a model that with the increasing Su(H) on

Notch target genes when Notch signaling is activated (Gomez-

Lamarca et al, 2018), more HP1c are simultaneously recruited to

Notch target genes by Su(H) to form a feedback loop, thus to

prevent the hyper-activation of Notch signaling.

Based on the previous report, the chromodomain has the highest

affinity for the H3K9me, and the association is essential for gene

silencing (Lachner et al, 2001; Bannister et al, 2001). To examine

whether H3K9me can recruit HP1c on notch targeting genes through

chromodomain, we conducted ChIP-qPCR experiment. Specifically,

HP1c and HP1c mutant where the chromodomain was deleted were

all tagged with flag and expressed in S2 cells; we collected the cells

and performed ChIP-qPCR assay. Interestingly, the enrichment of

HP1c mutant is slightly increased on notch target genes rather than

reduction (Fig 6D–E), suggesting without chromodomain, the asso-

ciation on Notch target genes from HP1c mutant is more accessible

than intact HP1c, and further supporting our conclusion that the

binding of HP1c on notch target genes requires the interaction

between the chromo shadow domain and Su(H), while it is indepen-

dent of the chromodomain that mediates the interaction between

HP1c and H3K9me.

Human HP1c has conserved roles in regulating Notch signaling

There are five HP1 variants (HP1a-e) encoded by different genes in

Drosophila. HP1a, HP1b, and HP1c are ubiquitously expressed,

while HP1d and HP1e are mainly expressed in the reproductive

system, in a tissue-specific manner. Since HP1c negatively regulates

Notch signaling through interaction with Su(H) based on genetics

and biochemical assay, we wonder whether this function is specific

among the HP1 family. From the expression level, protein structure,

and even the cellular localization, HP1b is as very similar as HP1c;

however, in contrast to the HP1c KD, HP1b KD did not affect the

number of ISCs/EBs in the midgut (Fig EV4A–D), and HP1b null

mutant also showed normal wing (Fig 7A and B), suggesting the

distinct function of HP1b from HP1c. In addition, the HP1b and

HP1c double mutant flies (genotype: HP1b�/�; ; HP1c�/�) were

viable and fertile, and the phenotypes resembled that of HP1c

mutant flies (Fig 7C and D), indicating no redundancy between

them. Furthermore, HP1b mutant also failed to rescue the

vein phenotype caused by Notch mutant (Fig 7E and F). These

observations indicate that HP1b is not involved in modulating

Notch signaling, and support the specific role of HP1c in the Notch

signaling pathway.

Since human HP1c is the HP1c homolog and is identified as a

high-risk gene in both human colorectal and gastric cancers (Fig 1A

and B, Dataset EV1), we want to know whether HP1c plays a

conserved role in regulating Notch signaling in Drosophila. First, we

performed a genetic complementary assay in the development of

Drosophila notum bristles. Consistent with previous experiments,

HP1c KD in the notum resulted in ectopic aSC bristles, while simul-

taneous overexpression of HP1c fully rescued this phenotype

(Fig 7G–I), suggesting that HP1c functions as similar as HP1c in

Drosophila. To further verify the similar role of human HP1c as

Drosophila HP1c in Notch pathway regulation, we next analyzed the

phenotypes in the Drosophila midgut. As we expected, the reduction

of both ISCs and ee cells caused by HP1c depletion was also fully

rescued by the overexpression of HP1c (Fig 7J–M), further support-

ing the conserved role of HP1c from Drosophila to human. Alto-

gether, HP1c specifically suppresses Notch signaling and this role is

conserved in human HP1c.

Discussion

Notch signaling plays critical roles in regulating cell differentiation

and proliferation during normal development of multicellular organ-

isms, and dysregulated Notch signaling causes abnormal develop-

ment and a wide variety of human diseases including cancers (Koch

& Radtke, 2007; Geissler & Zach, 2012; Nowell & Radtke, 2017).

Despite decades of extensive studies, the mechanisms of how Notch

target genes are controlled in the nucleus by different transcription

cofactors, particularly epigenetic factors, remain not fully under-

stood. In this study, we identified the epigenetic regulator HP1c in

Drosophila, the human homolog being HP1c, as a negative regulator

of Su(H)-dependent transcription of Notch target genes. Based on
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our data, we proposed a model to explain how HP1c suppresses the

transcription of Notch target genes (Fig EV5). In the absence of

NICD, both HP1c and other repressors interact with different

domains of Su(H) to coordinately repress the transcription of Notch

target genes. Loss of HP1c affects the balance of this transcriptional

repression, resulting in the mild activation of Notch signaling

(Fig EV5). When NICD is present, it interacts with Su(H) to compete

with and replace other transcription repressors, the loss of repres-

sors in Su(H) complex will trigger the transcription of Notch target

genes, and then require more Su(H) accumulate on Notch target

genes(Gomez-Lamarca et al, 2018), where the increasing of HP1c to

prevent the hyper-activation of Notch signaling. If we reduce HP1c

in this circumstance, it can further active the transcription of Notch

target genes to hyper-transcription status (Fig EV5).
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Figure 6. HP1c associates with Notch target genes in a Su(H)-dependent manner.

A Confocal images of the polytene chromatin show strong co-localization of HP1c and Su(H), with enlarged images are also shown. Arrowheads in (A’’’) indicate HP1c
(red) and Su(H) (green) signals, while yellow arrowheads indicate co-localizations. Scale bars, 20 lm.

B The relative binding of HP1c with Notch target genes when Su(H) KD using ChIP-qPCR analysis (n = 3 technical replicates, mean � s.d.). Data are evaluated with
two-tailed Student’s t-test (*P < 0.05, **P < 0.01).

C The relative binding of HP1c on Notch target genes when NICD OE using ChIP-qPCR analysis (n = 3 technical replicates, mean � s.d.). Data are evaluated with
two-tailed Student’s t-test (***P < 0.001).

D, E ChIP-qPCR results show the association of Flag-tagged HP1c and chromodomain depleted HP1c mutant (HP1c MCD) with Notch target genes. The amount of
immunoprecipitated DNA in each sample is represented as signal relative to the total amount of input chromatin (equivalent to 1). HA antibody is used as a
control. Error bars indicate SEM. n = 3 technical replicates. Data are evaluated with two-tailed Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001).
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It has been reported previously that HP1c can positively regulate

gene expression by recruiting the FACT histone chaperone complex

and the absence of HP1c reduces the transcription of heat-shock

genes (Kwon et al, 2010). However, we found that HP1c functions

as a transcriptional repressor to regulate Notch target genes in vivo

for the following reasons. First, the reduction or loss of HP1c results

in defects in Drosophila development and intestinal homeostasis

that resemble the phenotypes caused by activation of Notch signal-

ing and the transcriptional repressor dSir2 mutant. Second, increas-

ing HP1c phenocopies the effects caused by loss of Notch signaling.

Third, our ChIP and RT-qPCR analyses have revealed that HP1c

directly inhibits the expression of Notch target genes. Fourth,

in vitro and in vivo assays using the NRE-GFP or NRE-luciferase

reporter show that HP1c negatively regulates the transcription of

Notch target genes in a manner similar to known transcriptional

repressors such as Hairless and dSir2. Mechanistically, we have

found that the effects of HP1c on the expression of Notch target

genes are dependent on Su(H), the key transcription factor of Notch

signaling. Furthermore, our biochemical analyses show that the

CSD domain of HP1c directly interacts with the BTD domain of Su

(H). Taken together, our genetic, biochemical, and cytological anal-

yses suggest that HP1c functions as a transcriptional repressor that

directly suppresses the transcription of Notch target genes in vivo,

thereby revealing multifaceted and context-specific functions of

HP1c during development.

On the other hand, we also detected whether another number of

HP1 family, HP1b, plays the similar role with HP1c. However,

although both HP1b and HP1c have CD and CSD domains, and both

mainly bind to euchromatin regions (Ryu et al, 2014), they function

distinctively, only HP1c specifically modulates Notch signaling,

while HP1b not, both from analysis of HP1b RNAi and null mutant.

To address whether HP1c specifically regulates Notch signaling, not

EGFR, we performed the rescue experiment. As shown in Fig EV4E–

H, the reduction of HP1c did not change the vein phenotype caused

by EGFR knockdown, supporting the specific role of HP1c in Notch

pathway regulation.

In addition, our analyses of the human HP1c suggest that in

Drosophila, same as HP1c, HP1c negatively regulates Notch signal-

ing. Considering that HP1c is a high-risk gene for gastrointestinal

inflammation and tumorigenesis and downregulated Notch signal-

ing highly associates with tumor in many tissues (Reedijk et al,

2005; Koch & Radtke, 2007; Geissler & Zach, 2012; Bedogni, 2014;

Nowell & Radtke, 2017), the detailed molecular mechanisms and

potential mechanistic conservation in mammals need to be further

studied in the future.

Materials and Methods

Drosophila strains and transgenic information

All flies were raised on standard cornmeal food at 25°C with 60%

humidity unless otherwise specified. All stocks were preserved or

newly constructed by the Tsinghua Fly Center unless otherwise

specified. The following stocks were used in our study: Su(H)Gbe-

lacZ; esg-Gal4, UAS-GFP, tub-Gal80ts (i.e., esgts, a gift from Dr.

Zhouhua Li); pnr-Gal4/TM3,Sb; UAS-GFP-shRNA (TH00871.N,

Sense Oligo: CCCGAAGGTTATGTACAGGAA); a transgenic RNAi
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Figure 7. Human HP1c plays conserved roles in intestine homeostasis
and development.

A–F HP1b null mutant did not show ectopic vein in the wing and
failed to genetically interact with HP1c and Notch. Scale bars,
500 lm.

G–I The notum bristle phenotype caused by HP1c depletion can be rescued
by human homolog HP1c OE, as indicated by the enlarged views in the
left bottom panes. Scale bars, 100 lm.

J–L The ISC differentiation defect produced by HP1c KD can be rescued by
human homolog HP1c OE. Scale bars, 30 lm.

M Statistical results of the number of ISCs and ee cells per unit area
(200 lm × 200 lm) in (D–F). More than twenty-five midguts were
examined for each group. Error bars indicate SEM. Data are
evaluated with two-tailed Student’s t-test (*P < 0.05,
**P < 0.01).
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collection for bristle screen; UAS-HP1c-shRNA (TH11826.S, Sense

Oligo: TCCGCAAATGCTGATTGACTA); UAS-Notch-shRNA (HMS0001,

Sense Oligo: GCGGCGGTTAACAATACCGAA); UAS-HP1c-CDS

(TH11574.S); UAS-HP1c-CDS (TH11792.S); flySAM-Notch (Notch

activation, TH11183.N); yw, hs-FLP; Actin < STOP<GAL4, UAS-

GFP/CyO (from Tsinghua Fly Center); yw;;HP1c�/� (HP1c null

mutant, from Tsinghua Fly Center); yv;;HP1b�/� (HP1b null

mutant, from Tsinghua Fly Center); FRT19A-N55e11/FM7; Sco/CyO

(Notch mutant, a gift from Dr. Zhouhua Li); Delta mutant (Bloom-

ington #6300); engrailed-Gal4, UAS-mRFP, NRE-eGFP (BL30729, a

gift from Dr. Jian Zhu).

Construction of HP1c overexpression transgenic flies (TH11574.S):

full length of HP1c cDNA was amplified using forward primer:

5’-CGGCTAGCATGGTTAAAAACGAGCCCAACTTCG-3’ and reverse

primer: 5’-GAAGATCTTTATTGATTTTCCGCCATGGGC-3’. The PCR

product was digested with NheI/BglII and then cloned into the pNP

vector (Qiao et al, 2018). A transgenic fly line was produced by inject-

ing this construct into y, sc, v, nanos integrase;;attP2 stock and was

then screened following standard procedure.

Construction of Notch activation transgenic flies (TH11183.N):

sgRNA targeting Notch was amplified using forward primer: 5’-

TTCGGGGGAAACTACTCATGCAAG-3’ and reverse primer: 5’-

AAACCTTGCATGAGTAGTTTCCCC-3’. After annealing, the sgRNA

was cloned into flySAM vector (Jia et al, 2018). Then, the constructed

vector was injected into y, sc, v, nanos integrase; attP40 stock and the

transgenic line was screened following standard procedure.

Genetics

Pnr-Gal4 virgin females were mated with the corresponding trans-

genic RNAi males from the high-risk genes’ collection, and the

phenotypes of bristles were observed and catalogued according to a

previous report (Mummery-Widmer et al, 2009). For the gut home-

ostasis study, we crossed Su(H)Gbe-lacZ; esg-Gal4, UAS-GFP, tub-

Gal80ts virgin females with the corresponding transgenic RNAi males

at 18°C, then transferred the female progeny to 29°C when they

hatched, and dissected, immunostained, and observed the midguts

from 10-day adult flies. When inducing the RNAi clones in midgut,

yw, hs-FLP; actin < STOP<GAL4, UAS-GFP/CyO virgin females were

crossed with the corresponding males, and the clones were induced

by 45-min heat shock at 37°C 3 days after the female progeny

hatched. Then, the flies were transferred to 29°C, and the guts were

dissected and inmmunostained after 10 days. As for the genetic

interaction experiments, Notch mutant or Delta mutant virgin

females were, respectively, mated with HP1c null mutant males, and

the wings of the offspring males were photographed.

Immunostaining

Immunostaining of Drosophila midguts was performed as in previ-

ously described protocols (Lin et al, 2008). In brief, midguts were

dissected in cold PBS, fixed in a mixture (1:1 v/v) of 4% formalde-

hyde and n-heptane for 20 min, and then washed with methanol

twice, followed by washing with PBT (PBS with 0.1% Triton X-100)

five times for 15 min each. The samples were first incubated in PBT

with 1% goat serum for 1 h at room temperature and then incu-

bated with the appropriate primary antibodies diluted in PBS at 4°C

overnight. The samples were washed with PBT five times for

15 min each, incubated with the appropriate secondary antibodies

at room temperature for 2 h, followed by incubation with 0.5mg/ml

DAPI for 10 min at room temperature. Finally, we washed the

samples with PBT five times for 15 min each and mounted them in

fluoromount mounting media (Sigma, F4680).

As for the immunostaining of the Notch signaling reporter, NRE-

GFP, imaginal wing disks from third-instar larvae were dissected

and fixed in 4% paraformaldehyde for 20 min, followed by washing

with PBT five times for 15 min each. The samples were then

processed by the same method as for midgut. Immunostaining of S2

cells was performed following standard procedure (Peng et al,

2016). Immunostaining of polytene chromosomes was performed

according to previous procedure (Stephens et al, 2004).

The following primary antibodies were used: rabbit polyclonal anti-

GFP (Abcam ab290, 1:1,000), mouse monoclonal anti-GFP (Roche

1814460, 1:50), rabbit anti-beta-galactosidase (Cappel 55976, 1:1,000),

mouse monoclonal anti-Prospero (Abcam ab196361, 1:200), mouse

monoclonal anti-HA (Abmart 26D11, 1:500), rabbit polyclonal anti-

cleaved caspase-3 (Cell Signaling 9661, 1:200). Various secondary anti-

bodies (Jackson ImmunoResearch Laboratories) conjugated with FITC

or TRITC were used at 1:200.

Image acquisition and analysis

Immunostaining images were obtained using an inverted Zeiss

LSM780 or Zeiss LSM880 confocal microscope fitted with a UV laser

and processed (measured and analyzed) using the Zeiss program

(Zeiss Company, version 2012). Other images were captured with a

Leica MZ16 FA microscope and processed with ImageJ or Photo-

shop Microsoft.

Cell quantity and clonal composition were analyzed by taking

stacks from ROIs of posterior midguts. Number of progenitor cells

was determined by esg-GFP. Number of EBs was determined by Su

(H)Gbe-lacZ marker. Number of ISCs was calculated by removing

number of EBs from number of esg-GFP+ cells. Number of ee cells

was determined by Prospero marker.

Yeast two-hybrid analysis

We used the Matchmaker� Gold Yeast Two-Hybrid System of Clon-

tech. Full-length HP1c cDNA was cloned into pGBKT7 vector and

transformed into Y2HGold yeast to serve as bait. Then, we sepa-

rately cloned the key components of the Notch signaling pathway,

including Notch, Notch intracellular domain (NICD), Su(H), Hair-

less, and Mastermind (Mam), into pGADT7 vector and transformed

them into Y187 yeast to use as prey. Next, we separately mated the

prey-containing Y187 with HP1c-containing Y2HGold and observed

the growth conditions of resulting diploid cells expressing both

proteins on the quadruple dropout medium (QDO), i.e., SD/-Leu/-

Trp/-His/-Ade, as well as on the QDO supplied with AbA and X-a-
Gal, to screen their interactions with HP1c. pGBKT7-53 (encodes

Gal4 DNA-BD fused with murine p53) mated with pGADT7-T (en-

codes Gal4 AD fused with SV40 large T-antigen) was used as posi-

tive control. pGBKT7-Lam (encodes Gal4 BD fused with lamin)

mated with pGADT7-T was used as negative control. Further valida-

tion of the interaction between HP1c and Su(H) on the contrary

orientation, and the interactions between the domains on both

orientations, were carried out by the same procedure.
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ChIP-qPCR

S2 cells (transfected with the corresponding vectors, which were the

same as in the DamID or NRE reporter experiments) were harvested

48 h after seeding (transfection). Then, the samples were processed

as in a previous report (Kessler et al, 2015) to get the immunopre-

cipitated chromatin for further qPCR analysis. Triplicated dishes of

cells were used as repeated trials, and control samples were always

used for normalization.

To perform the ChIP, the following antibodies were used: rabbit

polyclonal anti-HP1c (novus 53070002, 1:500), rabbit polyclonal

anti-RFP (MBL PM005, 1:1,000), anti-Flag (Abmart M20008, 1:100),

anti-HA (Abmart 26D11, 1:100). Primers used in ChIP-qPCR are

shown as below.

Pgm: 5’-GGGACAATAGTAGATAACTGG-3’

5’-CAATTTCCACCGTTAGCGAC-3’

GAPDH: 5’-TTGGCGCCACAACTGCTCAC-3’

5’-ACTTTGGAGCGTTGCATCCC-3’

Rp49: 5’-TACAGGCCCAAGATCGTGAAG-3’

5’-GACGCACTCTGTTGTCGATACC-3’

E(spl)m2: 5’-TCCAGCGGGCTCACCTCTC-3’

5’-GCTGCGCCGGCGTCGCTCAT-3’

E(spl)mb: 5’-GCTCGCACTCACTGTCCAGT-3’
5’-CTCGCGTAATCCACAGTCGC-3’

Hairy: 5’-GTTAGCAGAGCCCAGCAGAG-3’

5’-CCACACGACCGCACCAATAC-3’

DamID

DamID in S2 cells was performed based on previous targeted DamID,

named TaDa (Marshall et al, 2016), to detect the binding of HP1c at

target gene sites. The primers whose PCR products contained CTAG

Dam methylation site(s) were used for PCR analysis (same primers

are used as ChIP-qPCR assay). To construct the Dam vector, mCherry

was amplified (forward primer: 5’-TCTGTTCGAATTTAAAGCTTGC

CACCATGGTGAGCAAG-3’; reverse primer: 5’-TTCTTCATGTTAT

TACTTGTACAGCTCGTCCATG-3’) from our laboratory’s stock

vector, and Dam was amplified (forward primer: 5’-AAGTAATAACA

TGAAGAAAAATCGCGCTTTTTTGAAG-3’; reverse primer: 5’-CGAA

CCGCGGGCCCTCTAGTTATCTAGATGCGCCGGCTTTTTTCGCGGGT

GAAACGAC-3’) from genome DNA of E. coli (Escherichia coli). Then,

the PCR products were cloned into pIB vector using the Hieff Clone

One-Step Cloning Kit (Yeasen, 10911-A), to form the pIB-Dam mock

vector. Afterward, HP1c was amplified (forward primer: 5’-AAA

AAGCCGGCGCATCTAGAGTTAAAAACGAGCCCAACTTC-3’; reverse

primer: 5’-GGGCCCTCTAGTTATCTAGATTACTTATCGTCGTCATCC

TTGT-3’) from wild-type Drosophila cDNA and then cloned into

XbaI-digested pIB-Dam using the Hieff Clone One-Step Cloning Kit

(Yeasen, 10911-A), to form the pIB-Dam-HP1c vector.

Next, pIB-Dam and pIB-Dam-HP1c were transfected into S2 cells

together with other plasmids required for experiments (such as pAc-

GFP, pAc-NICD, etc.), the cells were harvested and the genome was

extracted after 24 h. Subsequently, 1ug genomic DNA was taken out

and digested with DpnII (37°C, overnight) to cut off the unmethylated

GATC site. Finally, qPCR primers flanking GATC site(s) and near the

transcription initiation site (TSS) of target genes were designed and

applied in a qPCR reaction. pAc-GFP and pAc-NICD were constructed

by amplifying GFP or NICD CDS from the corresponding cDNA and

then cloning them into pAc5.1A vector (a gift from Professor Renjie

Jiao). Specifically, as for the pAc-GFP vector, GFP was amplified (for-

ward primer: 5’-CGGAATTCACCATGGTGAGCAAGGGCGAGGAG-3’;

reverse primer: 5’-GCTCTAGATCATTACTTGTACAGCTCGTCCATG-

3’) from our laboratory’s stock vector and then cloned into EcoRI/

XbaI-digested pAc5.1A. As for the pAc-NICD vector, NICD was

amplified (forward primer: 5’-CGGAATTCACCATGGTCTTGAGTACG

CAAAG-3’; reverse primer: 5’-GCTCTAGATCAGGCGGAAATGACCGT

CGGC-3’) from wild-type Drosophila cDNA and then cloned into

EcoRI/XbaI-digested pAc5.1A.

Notch reporter assays in S2 cells

To get an efficient, observable, and sensitive Notch signaling-speci-

fic reporter system, we combined Notch responsive element (NRE,

i.e., Su(H)Gbe, containing four Su(H) binding sites) with either

eGFP or luciferase, to develop two Notch reporters that work well in

S2 cells. First, NRE was annealed from forward primer 5’-GAT

CCGTGGCGTGGGAACCGAGCTGAAAGTAAGTTTCTCACACAATAC

TAGTCTCGCATAACCGGTTTCCAAGA-3’ and reverse primer 5’-CT

AGTCTTGGAAACCGGTTATGCGAGACTAGTATTGTGTGAGAAACT

TACTTTCAGCTCGGTTCCCACGCCACG-3’ and then cloned into the

SpeI/BamHI-digested (to remove the U6b: sgRNA elements)

sgRNA2.0 luciferase reporter vector (Jia et al, 2018) to form the

NRE-luciferase vector. Next, this vector was digested with XhoI/

KpnI (to remove firefly luciferase) and further introduced to an

eGFP (forward primer: 5’-AAGATCCTCTAGCTGGTACCTTACTTGT

ACAGCTCGTCCATG-3’; reverse primer: 5’-AATAGGGAATTGGCTC

GAGACCATGGTGAGCAAGGGC-3’) that was amplified from our

laboratory’s stock vector, to fulfill the NRE-GFP vector. When using

this assay, S2 cells were transfected with NRE-GFP/NRE-luciferase

vector, while other vectors including either mock pAc5.1A or pAc-

gene shRNA were respectively co-transfected, to measure Notch

signaling activity.

The pAc-gene shRNA vectors were constructed as follows. First,

shRNAs were annealed from forward and reverse primers and

cloned into pNP vector following previous procedure(Qiao et al,

2018). Then, PCR products amplified (forward primer: 5’-AGACC

CCGGATCGGGGTACCTAGAAAACATCCCATAAAACATCC-3’; reverse

primer: 5’-ATCTTATCATGTCTGGATCCATATGTCCACTCTAGTAAT

TCAGT-3’) from pNP vectors were cloned into BamHI/KpnI-digested

pAc5.1A using the Hieff Clone One-Step Cloning Kit (Yeasen, 10911-A).

The sense oligos of the shRNAs targeting the genes were as

follows:

Hairless: 5’-ATGTTTCATACTAGTAGTCTA-3’

Su(H): 5’-CAGCAACAACAACAACAACAA-3’

dSir2: 5’-AAGAGGAAAGATCACACAATA-3’

HP1c: 5’-TCCGCAAATGCTGATTGACTA-3’

pAc-NICD was the same vector as used in the DamID experiments.

RT-qPCR

Twenty pairs of imaginal wing disks from third-instar larvae of

control, HP1c KD, and HP1c mutant flies were dissected. Then,

total RNAs were extracted using AxyPrepTM Multisource Total

RNA Miniprep Kit (Axygen AP-MN-MS-RNA-250) following the
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manufacturer’s instructions. RNA was retro-transcribed using the

GoldScript cDNA Synthesis Kit (Invitrogen c81401190) following

the manufacturer’s instructions. Real-time PCR was performed

using SYBR� Premix Ex TaqTM (Takara RR420A). Normalization

was performed against the control gene rp49, and then, fold

changes of RNA levels were represented relative to that of

control. Primers used are shown as below.

Rp49: 5’-TACAGGCCCAAGATCGTGAAG-3’

5’-GACGCACTCTGTTGTCGATACC-3’

HP1c: 5’-GGACAAGCGCATTACCAGC-3’

5’-ACTCCTCGAATTTCTGGATGAGA-3’

E(spl)m2: 5’-CTGGATACGAAAAACCTGACAGC-3’

5’-CGCCGTGTTGACTTTGAGT-3’

HLHm5: 5’-TTGGACACCTTGAAGACCTTGG-3’

5’-CTGCTGCTTGACGACCTGTTTG-3’

Hairy: 5’-GACTCTGATTCTGGATGCCAC-3’

5’-CTAACCTCGTTCACACAGTCG-3’

Co-immunoprecipitation

Drosophila S2 cells were cultured at 25°C in Schneider’s Droso-

phila medium (Invitrogen 21720024) containing 10% FBS (PAA

A005N). Cells cultured in 6-well dishes were transfected with

appropriate expression constructs using X-tremeGENE HP

DNA Transfection Reagent (Roche 06366236001). Cells were

harvested after 48 h and total protein extract was prepared

using lysis buffer (NP-40). Then, lysates were incubated in

mixture containing 3 ll rabbit anti-GFP (Abcam ab290) or

mouse anti-Flag (Abmart M20008) antibody and Protein A + G

Agarose beads (Beyotime P2012) overnight at 4°C. After wash-

ing in lysis buffer for five times, immunoprecipitates were

boiled in 5× SDS loading buffer to dissociate proteins from

beads. The following antibodies were used for Western blots to

detect co-immunoprecipitated proteins: mouse monoclonal anti-

GFP (Abmart M20004, 1:5,000), mouse monoclonal anti-Flag

(Abmart M20008, 1:2,000), rabbit anti-HP1c (novus 53070002,

1:5,000).

Integrative network and omics analysis

In silico prediction, high-risk genes for gastrointestinal cancer were

predicted by our network-based algorithm CIPHER, a genome-wide

gene–phenotype association predictor according to network correla-

tions between disease phenotypes and corresponding genes from

OMIM database (https://omim.org/; Wu et al, 2008). It is regarded

as a representative method for disease gene prediction (Wu et al,

2008; Barabasi et al, 2011). Firstly, we inputted the gastrointestinal

inflammation and cancer terms (MIM 114500 and MIM 613659) into

CIPHER algorithm. Next, top 5% predicted disease genes of

connected in the molecular network are selected. Taking advantage

of the prediction results, we analyzed the tumor-related functions

of high-risk genes. Furthermore, we explore the molecular role of

these genes in tumorigenesis by screening in Drosophila notum bris-

tle. TCGA transcriptome datasets and clinical information (colon

adenocarcinoma (COAD) and stomach adenocarcinoma (STAD))

were obtained from the UCSC Cancer Genomics (https://genome-ca

ncer.ucsc.edu/proj/site/hgHeatmap/). The analysis pipeline of

differential gene expression referred to the literature (Tang et al,

2017).

Statistics and reproducibility

GraphPad Prism and Excel were used to calculate the mean, the

SEM, or the s.d. for all the column diagram data, as well as the

statistical analysis. The n of each test and detailed statistical analy-

sis method is shown in the figure legends.

Data availability

The data that support the findings of this study are available from

the corresponding author upon reasonable request. No large

primary datasets have been generated or deposited.

Expanded View for this article is available online.
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