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ABSTRACT

Both Mcm10 and HP1a are known to be required for
DNA replication. However, underlying mechanism is
not clarified yet especially for HP1. Knockdown of
both HP1a and Mcm10 genes inhibited the progres-
sion of S phase in Drosophila eye imaginal discs.
Proximity Ligation Assay (PLA) demonstrated that
HP1a is in close proximity to DNA replication proteins
including Mcm10, RFC140 and DNA polymerase � 255
kDa subunit in S-phase. This was further confirmed
by co-immunoprecipitation assay. The PLA signals
between Mcm10 and HP1a are specifically observed
in the mitotic cycling cells, but not in the endocy-
cling cells. Interestingly, many cells in the poste-
rior regions of eye imaginal discs carrying a dou-
ble knockdown of Mcm10 and HP1a induced ectopic
DNA synthesis and DNA damage without much of
ectopic apoptosis. Therefore, the G1-S checkpoint
may be affected by knockdown of both proteins. This
event was also the case with other HP family proteins
such as HP4 and HP6. In addition, both Mcm10 and
HP1a are required for differentiation of photorecep-
tor cells R1, R6 and R7. Further analyses on several
developmental genes involved in the photoreceptor
cell differentiation suggest that a role of both pro-
teins is mediated by regulation of the lozenge gene.

INTRODUCTION

Chromatin modification is essential for the regulation of
gene expression, and therefore it is also important in cell fate
determination and differentiation. Analysis of the proteins
involved in this process and how they interact with each
other is essential for understanding of development. Het-
erochromatin is important for the maintenance of genome

stability and regulation of gene expression; yet our knowl-
edge of heterochromatin structure and function is incom-
plete. Heterochromatin protein 1a (HP1a) was originally
found in flies as a protein functioning in heterochromatin-
mediated gene silencing. In Drosophila, there are at least
five HP1 family proteins (1). Among of them, HP1a, HP1b
and HP1c (2,3) are well-studied somatic family members. Of
these HP1a has been most intensively studied. It is thought
to affect chromatin structure through its interactions with
other proteins in heterochromatin such as Su(var)3-9, and
H3K9me (4–10). HP1a has diverse roles in the nucleus, in-
cluding the regulation of euchromatic genes. In Drosophila,
HP1a interacts directly with HP3, HP4, HP5 and HP6 to
recruit them to heterochromatic regions where they can
induce heterochromatic gene silencing (11–14). HP1a also
acts as a universal docking platform for many mediator pro-
teins that are essential for heterochromatin function.

Roles of HP1a in DNA replication are reported in the fol-
lowing studies. Suppressor of Under-Replication (SUUR)
protein is responsible for late replication and for under-
replication of intercalary and pericentric heterochromatin
in Drosophila (15). Analyses of interaction between SUUR
and HP1a suggested that the interaction with HP1a is im-
portant for the association of SUUR with chromatin (15).
In mouse cells, it is reported that p150 subunit of chromatin
assembly factor 1 (CAF-1) plays a key role in the replica-
tion of pericentric heterochromatin and S-phase progres-
sion and this function is also linked to its ability to inter-
act with HP1a (16). Genome wide mapping of replication
timing in HP1a-depleted Drosophila cells revealed that in
addition to the repressive role of HP1a for late replication
of centromeric DNA, HP1a is required for early replica-
tion of euchromatic regions with high levels of repeat se-
quences, suggesting that of the HP1a-mediated replication
complex loading on the chromosome is required for proper
activation of these early replication origins (17). However,
it is not known yet which replication factor(s) actually in-
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teracts with HP1a in replication complex loading. In addi-
tion, recent studies have also revealed the possible role of
HP1a protein in the DNA Damage Response (DDR) (18–
20), although the mechanism regulating the association and
dissociation of HP1a with chromatin in response to DNA
damage remains unclear.

Minichromosome maintenance protein 10 (Mcm10) is a
replication factor required for proper assembly of the eu-
karyotic replication fork (21–28). Although a number of
previous studies demonstrated the role of Mcm10 in ini-
tiation of DNA replication, only a few studies have re-
ported the involvement of Mcm10 in regulation of chro-
matin structure. Recent studies in S. cerevisiae implicate
Mcm10 in transcriptional repression of the mating type loci,
linking DNA replication proteins to heterochromatin for-
mation (29–31). The depletion of Mcm10 in Drosophila cul-
tured cells leads to under-condensed metaphase chromo-
somes (32). Additionally, analyses of a hypomorphic mu-
tant of Drosophila Mcm10 demonstrate that the protein has
a role in heterochromatic silencing and chromosome con-
densation, while those with a C-terminal truncation allele
of Mcm10 indicate that the CTD of Mcm10 is important for
DNA replication (33). These in vivo studies with Drosophila
have been performed in limited tissues such as the salivary
glands and wing discs (33). In our previous study, we char-
acterised Mcm10 during compound eye development and
found that Mcm10 is involved in the differentiation of pho-
toreceptor R7 (34). However, the underlying mechanisms
involved are not known yet.

Here, we show that HP1a plays an important role in S-
phase progression of eye imaginal disc cells. Proximity Lig-
ation Assay (PLA) suggested that the function of HP1a in
S-phase is mediated by its interaction with some DNA repli-
cation proteins. Interestingly, many cells in the posterior re-
gions of eye imaginal discs carrying a double knockdown
of Mcm10 and HP1a continue to carry out DNA synthesis
even in the presence of high levels of DNA damage with-
out inducing much ectopic apoptosis. This event was also
the case with other HP family proteins such as HP4 and
HP6. These results suggest that Mcm10 and HP proteins
play roles in genome maintenance and cell cycle checkpoint.
Furthermore, the severely damaged eye phenotypes in these
flies are associated with melanotic dots, likely precursors
for melanotic tumours, implicating a role for the Mcm10
and HP proteins in tumour development. In addition, we
found that HP1a and Mcm10 play roles in photoreceptor
cell differentiation. Further analyses suggested that Mcm10
and HP1a are important for the expression of Lozenge and
Prospero, but not of Scabrous and Rough.

MATERIALS AND METHODS

Fly stocks

Fly strains were maintained at 25◦C on standard food. The
UAS-Mcm10IR, UAS-HP1a73-181IR (targeting the region
of dHP1a from aa73 to aa181), UAS-HP1a119-206IR (tar-
geting the region of dHP1a from aa119 to aa206), UAS-
HP4IR, UAS-HP6IR, UAS-RFC140IR, UAS-dpolε255IR
fly lines was obtained from Vienna Drosophila Re-
source Center. The fly lines HP4 mutant (w; PGSV1-
HP4s-147.1), HP6 mutant (w1118; net1 PGT1-HP6BG01429

dpBG01429/ln(2LR)Gla, wgGla-1 PPO1Bc), and all other
stocks used in this study were obtained from the Bloom-
ington stock centre (Indiana) and Drosophila Genetic Re-
source Center (Kyoto).

Scanning electron microscopy

Adult flies were anesthetized, mounted on stages and ob-
served with a VE-7800 (Keyence Inc.) scanning electron mi-
croscope. In every experiment, at least five adult flies of each
line were chosen for scanning electron microscopy observa-
tion to assess the eye phenotype, and these experiments were
repeated three times. In the experiments, no significant vari-
ation in eye phenotype among the five individuals was ob-
served.

Flip-out experiments

RNAi clones in eye imaginal discs were generated with
a flip-out system. Female flies with hs-flp; Act5C>FRT
y FRT>GAL4, UAS-GFP were crossed with either UAS-
Mcm10IR or UAS-HP1aIR RNAi lines and clones were
identified by the presence of green fluorescent protein
(GFP) expressed under control of the Act5C promoter.
In the control, the female flies with hs-flp; Act5C>FRT y
FRT>GAL4, UAS-GFP were crossed with Canton S. Flip-
out was induced by heat shock (60 min at 37◦C) at 24–48 h
after laying the eggs

Plasmid construction for S30-T7 High-Yield Protein Expres-
sion System

To construct the plasmids pET16b-fullMCM10-His and
pET16b-fullHP1a-His, the full length MCM10 and HP1a
cDNAs were amplified by RT-PCR with total RNAs from
adult flies and the following combinations of primers:

pET16b-XhoI-Mcm10: 5′- CGTCATATGCTCGAGATG
GGTCCTGCTCAGAAAT

pET16b-Mcm10-EcoRI: 5′- CGTCTTCAAGAATTCT
CACTCTTCATCGGGTACCA

pET16b-XhoI-HP1a: 5′- CGTCATATGCTCGAGATG
GGCAAGAAAATCGACAA

pET16b-HP1a-EcoRI: 5′- CGTCTTCAAGAATTCTTA
ATCTTCATTATCAGAGTACCAG

Then, each PCR product was cloned into XhoI- and
EcoRI-digested pET-16b (Novagen) by using In-Fusion
HD Cloning Kit (Clontech) according to the manufac-
turer’s protocol.

Construction of full length and truncated forms of MCM10
and HP1a in Flexi Vector system

To construct the plasmids: pFN18A-MCM10-Halo,
pFN18A-MCM10-N-term-Halo, pFN18A-MCM10-
Linker1-Halo, pFN18A-MCM10-ID-term-Halo,
pFN18A-MCM10-Linker2-Halo, pFN18A-MCM10-
C-term-Halo, pFN18A-HP1a-Halo, pFN18A-HP1a-
Chromo-Halo, pFN18A-HP1a-Shadow-Halo, the full
length MCM10 and HP1a and their truncated forms
were amplified by using PCR with Drosophila cDNAs as
templates and the following combinations of primers:
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pFN18A-MCM10-Halo-F: 5′- GACCGCGATCGCCG
GTCCTGCTCAGAAATCCGGAACA

pFN18A-MCM10-Halo-R: 5′- AAGCGTTTAAACCTCT
TCATCGGGTACCAGCAAGT

pFN18A-MCM10-N-term-Halo-F: 5′- TAAAGCGATC
GCCGGTCCTGCTCAGAAATCCGGAA

pFN18A-MCM10-N-term-Halo-R: 5′- CGAGGTTTAA
ACCTGATCCACCTCCCTCGCCA

pFN18A-MCM10-Linker1-Halo-F: 5′- GATGGCGATC
GCCGAGCTTAAGAAGTCTATCCACGTGGTTAC
ATCC

pFN18A-MCM10-Linker1-Halo-R: 5′- GCGAGTTTAA
ACCAGCGCGCCAGCAATGACCC

pFN18A-MCM10-ID-term-Halo-F: 5′- AGGAGCGATC
GCCGTTTCCAAAAATCCTGTAAAAAACAC

pFN18A-MCM10-ID-term-Halo-R: 5′- TGTCGTTTAA
ACGGCGAAGGGGGAAACATCAT

pFN18A-MCM10-Linker2-Halo-F: 5′- GGCTGCGATC
GCCCATACCGCTAACCACACCTC

pFN18A-MCM10-Linker2-Halo-R: 5′- GTCGGTTTAA
ACTGTGCCTGCTTCAGATTCTT

pFN18A-MCM10-C-term-Halo-F: 5′- GACCGCGATC
GCCCCCGCTGTCAGTATGCCCACTA

pFN18A-MCM10-C-term-Halo-R: 5′- TTCTGTTTAA
ACCTCTTCATCGGGTACCAGCAAGT

pFN18A-HP1a-Halo-F: 5′- GACCGCGATCGCCGGC
AAGAAAATCGACAACCC

pFN18A-HP1a-Halo-R: 5′- GGCAGTTTAAACATCT
TCATTATCAGAGTACCAGGATAG

pFN18A-HP1a-Chromo-Halo-F: 5′- AGCTGCGATCGC
CTACGCCGTGGAAAAGATCAT

pFN18A-HP1a-Chromo-Halo-R: 5′- CGGCGTTTAAAC
CGCCTCGTACTGCTGGATAAG

pFN18A-HP1a-Shadow-Halo-F: 5′- AGGAGCGATCGC
CCGCGGCCTGGAGGCCGAAAA

pFN18A-HP1a-Shadow-Halo-R: 5′-TGTCGTTTAAAC
GGATAGGCGCTCTTCGTAGAAGTGGATTACCA
T

Then, each PCR product was cloned into SgfI- and PmeI-
digested N-terminal pFN18A Flexi Vector (Promega).

Over-expression of recombinant MCM10 and HP1a proteins
in E. coli

The recombinant MCM10 or HP1a full length protein was
over-expressed in E. coli BL21 (DE3) (Promega) transfected
with the plasmids pFN18A-MCM10-Halo, pET16b-
fullMCM10-His, and pET16b-fullHP1a-His. The full
length and truncated forms of MCM10 and HP1a proteins
were over-expressed in E. coli BL21(DE3)pLysS (Promega)
transfected with the plasmids pFN18A-MCM10-N-
term-Halo, pFN18A-MCM10-Linker1-Halo, pFN18A-
MCM10-ID-term-Halo, pFN18A-MCM10-Linker2-Halo,
pFN18A-MCM10-C-term-Halo, pFN18A-HP1a-Halo,
pFN18A-HP1a-Chromo-Halo and pFN18A-HP1a-
Shadow-Halo. The bacteria containing the Halo-fusion
proteins or His-fusion proteins were induced with 1mM
IPTG at either 30◦C or 37◦C for 4 h.

Halotag Pull-down assay

Immobilization of bait proteins (Halo-fusion). Cell lysis:
Cells were harvested from 2 ml of bacterial cultures de-
scribed above. Then the cells were lysed by freeze-thawing
with liquid nitrogen several times prior to the addition of
300 �l Cell Lysis Reagent (Promega) and 6 �l Protease
Inhibitor Cocktail (Promega) and 2 �l RQ1 RNase-Free
DNase (Promega). Cell lysates were prepared by incubat-
ing at 25◦C for 30 min with rotation.

Particle equilibration: 100 �l Halolink Resin Particles
(Promega) were washed four times with 300 �l Wash Buffer
(90 �l NP-40 and 18 ml TBS) and then were re-suspended
in 300 �l Wash Buffer.

Binding: Cell lysates were diluted three times in TBS 1×
with addition of 1% BSA. Then cell lysates were added to
the equilibrated Halolink Resin Particles and incubated for
30 min at 25◦C on a rotating platform.

Washing: The binding particles were washed with 1ml
Wash Buffer five times at 25◦C. The particles were then re-
suspended in 20 �l Wash Buffer.

Synthesis of Prey Proteins (His-fusion). One micro-
gram each of the purified pET16b-fullMCM10-His and
pET16b-fullHP1a-His plasmids was used for in vitro
transcription/translation using the S30 T7 High-Yield Pro-
tein Expression System (Promega) by following the manu-
facture’s instruction.

Capture of Prey Proteins. To one volume aliquot of parti-
cles carrying Halo-fusion protein, four volumes of the S30-
T7 transcription/translation reaction were added, then, the
samples were diluted with Wash Buffer containing 1% BSA.
The samples were then incubated for 1 h at 25◦C. After
washing for five times, the resins were incubated with 50
�l SDS Elution Buffer (Promega) for 30 min at 25◦C. The
eluted proteins were subjected to western blotting analysis.

Co-immunoprecipitation

Preparation of crude extracts. Drosophila S2 DRSC cells
were lysed in NP40 Cell Lysis Buffer (150 mM NaCl, 1%
NP40, 50 mM Tris–HCl pH 8.0, RQ1 RNase Free DNase
(Promega) and Complete Mini-EDTA free Protease In-
hibitors (16)). Cell lysates were prepared by incubating cells
at 25◦C for 30 min with rotation and then were centrifuged
for 5 min at 13 000 g at 4◦C. The supernatant was collected
for immunoprecipitation.

BS3 cross-linking of the antibodies. Mouse anti-HP1a an-
tibody was cross-linked with Dynabeads Protein G (Invitro-
gen) by using BS3 (Thermo Scientific), following the man-
ufactures instruction.

Immunoprecipitation from the crude extracts. The HP1a
antibody beads were incubated with the extracts at 25◦C for
1 h. The bead complex was washed five times with PBS con-
taining 0.1% Tween 20. The immunoprecipitated proteins
were then eluted by using 50 mM glycine pH 2.8 at 25◦C for
30 min. The eluted proteins were used for western blotting
analysis.
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Chromatin immuneprecipitation (ChIP)

ChIP assays were performed using ChIP Assay Kit (Mil-
lipore) following the manufactures’ instructions. Approxi-
mately 1 × 107 S2 DRSC cells were fixed in 1% formalde-
hyde (Thermo Scientific) at 37◦C for 10 min and then
quenched in 125 mM Glycine for 5 min at 25◦C. Cells were
washed twice in PBS containing Complete Mini EDTA-free
(16) and lysed in 1 ml of SDS lysis buffer. Lysates were
sonicated to shear DNA to lengths between 200 and 1000
base pairs and centrifuged at 15 300 g for 10 min at 4◦C.
The sonicated cell supernatants were diluted 10-fold in Chip
Dilution Buffer and precleared with 75 �l Salmon Sperm
DNA/Protein Agarose 50% slurry for 30 min at 4◦C. After
a brief centrifugation, each supernatant was incubated with
1 �g of normal rabbit IgG or anti-Mcm10 IgG antibody
for 16 h at 4◦C. Salmon Sperm DNA/Protein A agarose–
50% slurry was added, followed by incubation for 1 h at
4◦C. After several washings, immunoprecipitated DNA was
eluted with elution buffer containing 1% SDS and 0.1 M
NaHCO3. Then the protein–DNA crosslinks were reversed
by heating at 65◦C for 4 h. After deproteinisation with pro-
teinase K (Nacalaitesque). DNA was recovered by phenol-
chloroform extraction and ethanol precipitation.

Immunoprecipitated DNA fragments were detected by q-
PCR using SYBR Premix ExTag (Takara) and the CFX96
Touch Real-time PCR Detection System (BioRad).

The following primers were used for the Quantitative RT-
PCR of ChIP assays:

ChIPLozenge Forward: 5′-GTGTGTGCCCTCACTGTT
C

ChIPLozengeReverse: 5′-TGTACTGCCTGTGTAGCT
TAA

ChIPProsperoForward: 5′-TATGTTATGAATTTGAAT
CCC

ChIPProsperoReverse: 5′-TTTTTGAACATTTTTCGT
GC

ChIPScabrousForward: 5′-TGTATATTTATGGATGGA
ACA

ChIPScabrousReverse: 5′-CATGGCTCCAAAAAAAAA
T

ChIPRoughForward: 5′-CACGAAAAATGTTCAAAAA
ChIPRoughReverse: 5′-CAATGCAAAAATATTTTGTT

A

Immunostaining

For third instar larval eye imaginal discs were dissected
in PBS and fixed in 4% paraformaldehyde in PBS for 20
min at 25◦C. After washing with PBS containing 3% Tri-
ton X-100 (PBST), samples were blocked with PBS con-
taining 1.5% Triton X-100 and 10% normal goat serum
for 20 min at 25◦C and incubated with diluted primary
antibodies in PBS containing 0.15% Triton X-100 and
10% normal goat serum for 16 h at 4◦C. The follow-
ing antibodies were used as primary antibodies: rabbit
anti-Mcm10 polyclonal (diluted 1:100 (34)), mouse anti-
human Mcm10 polyclonal (Abnova) (1:100), mouse anti-
dpol� polyclonal (1:100 (35)), rabbit anti-dpol�255 poly-
clonal (1:100 (36)), rabbit anti-dRFC140 polyclonal (1:200
(37)), mouse anti-HP1a monoclonal (1:200, DSHB) rab-

bit anti-cleaved Caspase-3 (1:100, BD Biosciences), mouse
anti-Prospero (1:200, DSHB), mouse anti-Lozenge (1:100,
DSHB), mouse anti-Scabrous (1:100, DSHB), rabbit anti-
Ser10 phosphorylated Histone H3 (PH3, 1:200, Cell Sig-
naling Technology), rabbit anti-phospho H2AvD (1:200,
Rockland), mouse anti-cyclin E (8B10) (1:100, kindly sup-
plied from Helena Richardson). After extensive washing
with PBST, samples were incubated with secondary anti-
bodies labeled with either Alexa488 or Alexa594 (1:400, In-
vitrogen) for 3 h at 25◦C. After further washing with PBST,
samples were stained with DAPI and then were mounted
in Vectashield Mounting Medium (Vector laboratories) and
inspected with a confocal laser-scanning microscope (Olym-
pus FLUOVIEW FV10i and FV1000).

For S2 DRSC cells, the cells were placed in BD Falcon
Culture Slides (Fisher Scientific) for 20 min and then fixed
in 4% paraformaldehyde and 0.2 M sucrose in PBS (pH
7.5) for 15 min at 25◦C. After washing with PBS contain-
ing 0.1% Triton X-100 (PBST), samples were blocked with
PBST containing 20% normal goat serum for 20 min at
25◦C and incubated with diluted primary antibodies in PBS
containing 0.1% Triton X-100 and 20% normal goat serum
for 16 h at 4◦C. The washing steps and secondary antibod-
ies incubation were performed as described in the immunos-
taining section for eye imaginal discs.

Proximity ligation assay (PLA)

To demonstrate the close distance (<40 nm) between two
different proteins in Drosophila tissues and cells, PLA was
performed by using Duo-link In Situ-Fluorescence kits
from Sigma (Detection Reagents Green 488 or Detection
Reagents Red 594) according to the manufacturer’s instruc-
tions. The eye imaginal discs or S2 cells were treated in im-
munostaining section until finishing two primary antibod-
ies incubation. The two primary antibodies must have been
raised in different species. Then they were washed inten-
sively with PBST and incubated with mixture containing
PLA probe Minus and PLA probe Plus for 1 h at 37◦C. Af-
ter washing with PBS containing 0.1% Triton X100, sam-
ples were incubated with ligation–ligase solution for 1 h at
37◦C. Then the samples were washed with PBS and contin-
ued with amplification-polymerase solution incubation for
100 min at 37◦C. The samples were finally washed with PBS
and mounted in Duolink In Situ Mounting Medium with
DAPI (Sigma) and observed with a confocal laser-scanning
microscope (Olympus FLUOVIEW FV10i and FV1000).

Western immunoblot analysis

2 × 107 S2 DRSC cells were washed in PBS and lysed
in NP40 Cell Lysis Buffer (150 mM sodium chloride, 1%
NP40, 50 mM Tris pH 8.0, RQ1 RNase Free DNase
(Promega) and Complete Mini-EDTA free Protease In-
hibitors (16)). Cell lysates were centrifuged for 20 min at 12
000 g at 4◦C and supernatant was electrophoretically sepa-
rated on 10% polyacrylamide gel containing 10% SDS and
transferred to Polyvinylidene difluoride (PVDF) membrane
(BIORAD) using Trans-Blot Turbo Transfer System (BIO-
RAD). The blotted membranes were blocked in Tris Buffer
Saline Tween 20 (TBST) pH 7.6 (10 mM Tris–HCl, 150 mM
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NaCl and 0.1% Tween20) containing 5% non-fat milk for 1h
at 25◦C and then incubated with rabbit anti-Mcm10 poly-
clonal (diluted 1:1000 (34)), rabbit anti-dpol�255 polyclonal
(1:5000 (36)), rabbit anti-RFC140 polyclonal (1:1000 (37)),
mouse anti-PCNA monoclonal (1:5000, Abcam), mouse
anti-HP1a monoclonal (1:10 000, DSHB), mouse anti-
Halotag monoclonal (1:5000, Promega), mouse anti-His6
monoclonal (1:1000, Roche) in TBST containing 1% BSA
for 16h at 4◦C. After washing with PBST, the blots were in-
cubated with either Stabilized Peroxidase Conjugated Goat
anti-mouse IgG (H+L) (1:10 000, Thermo Scientific) or Sta-
bilized Peroxidase Conjugated Goat anti-rabbit IgG (H+L)
(1:4000, Thermo Scientific) for 1h at 25◦C. Detection was
performed with ECL Select Western Blotting Detection
Reagent (GE Healthcare) with CS Analyzer version 3.0 and
Image Saver 6 for AE-9300H Ez-Capture MG (38).

5′-Ethynyl-2′-deoxyuridine (EdU) labeling

Detection of cells in S phase was performed using EdU-
labeling kits from Invitrogen (Click-iT EdU Alexa Flour
488 and 594 Imaging Kit). Third instar larvae were dis-
sected in PBS and the imaginal discs were suspended in
Grace’s insect medium in the presence of 10 mM EdU for
60 min at 25◦C. The samples then were fixed with 3.7%
paraformaldehyde in PBS adjusting to pH 7.4 for 20 min
at 25◦C. After fixing, samples were washed with 3% BSA in
PBS and were permeabilised in 0.5% Triton X-100 in PBS
for 20 min at 25◦C. Then, samples were washed with 3%
BSA in PBS and incubated with Click-iT reaction cocktails
for 30 min at 25◦C (following the manufactures’ instruc-
tions). After further washing with 3% BSA in PBS and PBS,
samples were stained with Hoechst 33342 (Invitrogen) for
labeling DNA, and finally samples were mounted and ob-
served as described in immunostaining section.

Quantitative RT-PCR

Sixty eye imaginal discs were dissected and were snap freez-
ing in liquid Nitrogen. Total RNA was isolated from cells
using Trizol Reagent (Invitrogen) and aliquots were reverse
transcribed with an oligo(dT) primer using Prime Script RT
Reagent Kit (Perfect Real Time-Takara). Real-time PCR
was performed with SYBR Premix ExTag (Takara) and
the CFX96 Touch Real-time PCR Detection System (BIO-
RAD). Glucose-6-phosphate dehydrogenase G6PD was
chosen as an endogenous reference gene. To carry out quan-
titative real-time PCR, the following PCR primers were
chemically synthesized:

Lozenge RTPCR Forward: 5′-TGGCAACCTACGCCAA
A

Lozenge RTPCR Reverse: 5′-GGGAAGCCATCGATGT
AGG

Prospero RTPCR Forward: 5′-AGATCCTCGACCGGAA
GTC

Prospero RTPCR Reverse: 5′-CCGGATTCATGCCCTG
TG

HP1a RTPCR Forward: 5′-CACAGCAAGCAAGCGA
AAG

HP1a RTPCR Reverse: 5′-GGTAGATCCTGAAACGGG
AATG

Mcm10 RTPCR Forward: 5′-CAGGTCGTGGTATCAA
TGAACTAA

Mcm10 RTPCR Reverse: 5′-CGATCACGTTCCTTGG
TGATTA

G6PD RTPCR Forward: 5′-GAACAAGAACAAGGCC
AACC

G6PD RTPCR Reverse: 5′-AGGCTTCTCGATAATCAC
GC

Quantification and statistical analysis

EdU signals, phospho-H2AvD signals, Caspase-3 signals,
phospho-Histone H3 signals, the Prospero signals, Lozenge
signals, Rough signals, Scabrous signals, and other im-
munostaining signals in the region posterior to the MF
were counted and their signal intensities were measured
from 10 independent eye imaginal discs using MetaMorph
software (Molecular Devices). The experiments were re-
peated at least three times. Then, statistical analysis was
conducted, as indicated in the figure legends, using Graph-
Pad Prism 6. The grouped data were analysed with 2-way
ANOVA, Turkey’s multiple comparisons test. Significance
is described in the figure legends as *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001.

RESULTS

Both HP1a and Mcm10 are required for the progression of S
phase in eye imaginal disc cells

Drosophila eye imaginal discs have been widely used for the
study of DNA replication due to the highly synchronized
mitotic waves that pass across the disc. In third instar larvae,
the morphogenetic furrow (MF) appears at the posterior
end of the eye imaginal discs and slowly moves to the an-
terior. Cells in front of the MF proliferate asynchronously,
while those on the MF are arrested synchronously in the G1
phase. Cells behind the MF either leave the cell cycle and
differentiate into the photoreceptors of adult ommatidium,
or undergo one more cell division. This cell cycle is a final
synchronous round and produces an S-phase and M-phase
bands (the second mitotic wave-SMW), after which these
cells form a reservoir of cells for subsequent differentiation
events. Therefore, eye imaginal discs are a good system to
investigate role of any genes and proteins in DNA replica-
tion and cell cycle progression.

We firstly examined the roles of Mcm10 and HP1a in S-
phase progression by flip-out experiments, combined with
EdU assays, to determine how the knockdown of these
genes affects on S phase progression. Effective knockdown
of HP1a or Mcm10 in each flip-out experiment was con-
firmed by quantifying signal intensities of immunostain-
ing with anti-HP1a antibody (Supplementary Figure S1A–
H) or anti-Mcm10 antibody (Supplementary Figure S1 I-
P). In the flip-out experiments with the Mcm10 RNAi line,
the EdU signals in the S phase zone were decreased in the
Mcm10 knockdown area (green), confirming that Mcm10
is required for initiation of DNA replication (Figure 1D–
F). These results are consistent with our previous reports
and those by other groups (21–28,39,40). In the control ex-
periments expressing GAL4 alone, no difference in the S-
phase zone between GFP clones and non-GFP clones was
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Figure 1. Mcm10 and HP1a are important for initiation and/or progression of the S-phase in eye imaginal discs. Eye imaginal discs from flip-out experi-
ments with Canton S (A–C), UAS-Mcm10IR (D–F), UAS-HP1a73-181 IR (G–I), UAS-HP1a119-206 IR (J–L) flies were performed with EdU labeling assays
(Red). The cells expressing Mcm10dsRNA, dHP1a73-181dsRNA, and dHP1a119-206dsRNA are marked with GFP (green). In the control (Canton S), EdU
signals in the S phase zone were not changed between GFP and non-GFP clones (A–C). However, we observed the reduction of EdU signals in the GFP
clones of the Mcm10 RNAi line (D–F) and in two independent HP1a RNAi lines (G–I and J–L). These data suggest that both Mcm10 and HP1a play
important roles for DNA replication in S-phase cells. The flies were reared at 28◦C. Scale bars indicate 10, 20 or 30 �m. (a) indicates anterior, (p) indicates
posterior. Blue arrows indicate morphogenetic furrow (MF).
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observed (Figure 1A–C). Similar with Mcm10 knockdown
data, the analyses with HP1a73-181 RNAi line revealed that
in the HP1a knockdown area (green), the number of EdU-
positive cells was significantly reduced in compared to the
non-knockdown area (Figure 1G–I). A few EdU positive
cells were still detected in GFP positive knockdown area
(Figure 1). These cells likely represent ineffectively knocked
down cells, since we observed a few Mcm10 or HP1a posi-
tive cells in GFP positive knockdown area (Supplementary
Figure S1). To further confirm this, we performed again
with another RNAi line HP1a119-206IR and obtained essen-
tially the same results (Figure 1J–L). All together, we con-
clude that HP1a is required for the progression of the S
phase. This is also consistent with the previous report indi-
cating that HP1a plays a positive role in S-phase progression
(17).

HP1a is in close proximity to Mcm10, RFC and DNA poly-
merase � 255 kDa subunit (dpol�255) in eye imaginal disc
cells

Previous study suggested that HP1a-mediated replication
complex loading on the chromosome is required for proper
activation of early replication origins in Drosophila (17). In
the present study, simultaneous analyses with immunostain-
ing and EdU assays showed that Mcm10 and HP1a dis-
tribute ubiquitously in the entire eye imaginal discs includ-
ing the MF to S phase zone (Supplementary Figure S2A–
J). RFC140 and dpol�255 also distribute ubiquitously in
the entire eye imaginal discs with slightly higher expression
in the S phase zone (Supplementary Figure S2K–T) that
merged with EdU signals (Supplementary Figure S2M–O
and R–T). These data on DNA replication proteins are con-
sistent with previous reports (34,36,37). Specificities of the
antibodies were confirmed by Western immunoblot analy-
ses with anti-HP1a, anti-dpol�255, anti-Mcm10 and anti-
PCNA antibodies (Supplementary Figure S3). Based on
these observations, we hypothesized that HP1a might in-
teract with some of these replication proteins. We therefore
performed PLA assays in eye imaginal discs from Canton
S third instar larvae to examine distance between HP1a
and each of these replication proteins. The PLA assays
have been successfully used to demonstrate close proximity
between PCNA and chromatin modifying enzymes at the
replication fork (41).

Firstly, we performed PLA with PCNA and RFC140,
since both proteins have been demonstrated to interact
with each other (42). As expected, strong PLA signals
were detected between these two proteins in eye imaginal
discs and some of them merged with EdU signals (Sup-
plementary Figure S4). The PLA signals in cytoplasms
of non-replicating eye imaginal disc cells may represent a
non-replication cytoplasmic scaffold role of PCNA as sug-
gested with human neutrophil (43–45). Secondly, we de-
tected strong PLA signals representing close proximity be-
tween Mcm10 and DNA polymerase � (dpol�) (Figure
2A–D). This is consistent with previous studies with mam-
malian cells, indicating that Mcm10 binds to the catalytic
subunit of pol� required for chromatin association (46).
We could also detect close proximity between HP1a and
Mcm10 (Figure 2E–H), HP1a and RFC140 (Figure 2I–L),

HP1a and dpol�255 (Figure 2M–P) ubiquitously in the eye
imaginal discs, from the MF to the posterior region, and
throughout G2, S, G1 and M phases. The interactions be-
tween those pairs of proteins are detectable throughout the
eye imaginal discs including the EdU positive S phase zone
(Figure 2C, G, K and O). In contrast, no PLA signal was
detected between Mcm10 and PCNA (Figure 2Q–T). Close
proximity between HP1a and each of Mcm10, RFC140 and
dpol�255 was also confirmed in Drosophila cultured cells by
PLA (Supplementary Figure S5).

Since we unexpectedly observed PLA signals in non-
replicating cells in eye imaginal discs, we examined speci-
ficity of the PLA by flip-out experiments in eye imagi-
nal discs (Figure 3). The PLA signals between HP1a and
Mcm10 (Figure 3A–C), HP1a and RFC140 (Figure 3D–F),
and HP1a and dpol�255 (Figure 3G–I) were significantly re-
duced in the HP1a knockdown areas (GFP-positive clones,
yellow arrows), whereas the PLA signals were mainly de-
tected in the non-HP1a knockdown areas (non-GFP clones,
white arrows) (Figure 3C, F, I and L). In the control exper-
iments, we also observed the same phenomenon where the
PLA signals between RFC140 and PCNA were significantly
reduced in the RFC140 knockdown areas (GFP-positive
clones, yellow arrows) (Figure 3J–L). Therefore, again the
control data strongly supported the validity of our PLA re-
sults in the eye imaginal discs.

In order to determine the domain interaction between
HP1a and Mcm10, we developed the S30-T7 in vitro
transcription/translation system together with Halo-tag
pull down assays in E. coli. The full-length and truncated
forms of Mcm10 and HP1a were expressed in E. coli. Ex-
pression of each form of HP1a-Halo-tag was confirmed by
western blot analysis with anti-Halo-tag monoclonal anti-
body (Figure 4B, red arrows). We detected the bands cor-
responding to the molecular weights estimated from amino
acid sequences of full length HP1a with Halo-tag (58 kDa,
lane 1), Chromo domain with Halo-tag (40 kDa, lane 2)
and Chromo Shadow domain with Halo-tag (41 kDa, lane
3). Expression the full-length HP1a-His tag was confirmed
by Western blot analysis with anti-HP1a antibody (Supple-
mentary Figure S6B). The HP1a-His tag protein was de-
tected at the position corresponding to 35 kDa in the blot
(Supplementary Figure S6B, lane 2). This band was not de-
tectable with E. coli extracts without IPTG induction (Sup-
plementary Figure S6B, lane 1). The same size of HP1a-
His tag protein produced by S30-T7 in vitro transcription/
translation system was also detected in the western blot
with mouse anti-His6 monoclonal antibody (Supplemen-
tary Figure S6C, lane 1, red arrow). This band was not de-
tectable in the mock control with pFN16 (HQ) containing
the Renilla reniformis luciferase gene with humanized codon
usage (hRluc) (Supplementary Figure S6B, lane 2) or nega-
tive control without template plasmid (Supplementary Fig-
ure S6B, lane 3).

Expression of full length and truncated forms of Mcm10-
Halo-tag was confirmed by western blot analysis with anti-
Halo-tag monoclonal antibody (Figure 4C and D, red ar-
rows). The full length Mcm10-Halo-tag band was detected
at the position corresponding to 121 kDa in the blot (Fig-
ure 4D, lane 2). This band was not detectable with E. coli
extracts without IPTG induction (Figure 4D, lane 1). The
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Figure 2. Close proximity of HP1a with Mcm10, RFC140 or dpol�255 in eye imaginal discs. Eye imaginal discs of third instar larvae from Canton S were
labeled with EdU (green) (A, E, I, M and Q) and performed with PLA assays to examine close proximity between two target proteins (B, F, J, N and R).
PLA examines close proximity between dpol� and Mcm10 (C and D), HP1a and Mcm10 (G and H), HP1a and RFC140 (K and L), HP1a and dpol�255
(O and P) in the S-phase cells labeled with EdU and in the posterior regions to MF where photoreceptor cells differentiate. No PLA signal was detected
between PCNA and Mcm10 in eye imaginal discs (Q–T). Enlarged images of the indicated regions (red rectangles) in C, G, K, O and S are shown in D, H,
L, P and T, respectively. Scale bars show 10, 30 or 40 �m. (a) indicates anterior, (p) indicates posterior. Blue arrows indicate morphogenetic furrow (MF).
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Figure 3. Flip-out experiments combined with the PLA assays showing the interactions between HP1a and Mcm10, HP1a and RFC140, HP1a and
dpol�255. Eye imaginal discs from flip-out experiments with UAS-Mcm10IR (A–C), UAS-HP1a73-181IR (D–F), UAS-HP1a119-206IR (G–I), UAS-
RFC140IR (J–L) flies were performed PLA (red). (A–C) PLA between HP1a and Mcm10, (D–F) PLA between HP1a and RFC140, (G–I) PLA assays
between HP1a and dpol�255. The cells expressing Mcm10 dsRNA (B), HP1a73-181 dsRNA (E and H) and RFC140 dsRNA (K) are marked with GFP
(green). The PLA signals were mostly detected in non-GFP clones (yellow arrows), while in GFP clones, the PLA signals were significantly reduced (white
arrows). Scale bars indicate 20 or 30 �m. (a) indicates anterior, (p) indicates posterior.
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Figure 4. Domain interaction between HP1a and Mcm10 in vitro. (A) Diagram describes the domain constructions of HP1a (Chromo domain and Chromo
Shadow domain) and of Mcm10 (N terminus, Linker 1, Internal domain, Linker 2 and C terminus). Numbers of amino acid positions are given in the
diagram. (B) Western blots using mouse anti-Halo-tag monoclonal antibody to detect Halo-tagged full length (58 kDa, lane 1), Chromo domain (40 kDa,
lane 2), and Chromo Shadow domain (41 kDa, lane 3) of Drosophila HP1a produced in E. coli. (C) Western blots using mouse anti-Halo-tag monoclonal
antibody to detect the Halo-tagged N terminal (49 kDa, lane 1), Linker 1 (43 kDa, lane 2), Internal domain (56 kDa, lane 3), Linker 2 (44 kDa, lane 4)
and C terminal (64 kDa, lane 5) fragments of Drosophila Mcm10 produced in E. coli. (D) Western blots using mouse anti-Halotag monoclonal antibody to
detect the Halo-tagged full length Mcm10 produced in E. coli. The Halo-tagged full length Mcm10 protein was detected at the position corresponding to
121 kDa in E. coli extracts induced with IPTG (lane 2), but not detectable without IPTG (lane 1). (E) Western blot in the S30-T7 and Halotag Pull-Down
experiments using mouse anti-His6 monoclonal antibody showed that Mcm10 interacts with HP1a (lane 1) and both two domains: Chromo domain (lane
2) and Chromo Shadow domain (lane 3). (F) Western blot in the S30-T7 and Halo-tag Pull-Down experiments using mouse anti-His6 monoclonal antibody
showed that HP1a only binds to the C-terminus of Mcm10 (lane 5). We could not detect the same binding signal to the N-terminus (lane 1), Linker 1 (lane
2), Internal domain (lane 3), and Linker 2 (lane 4). The samples were loaded into SDS-PAGE containing 10% acrylamide and then were transferred to
the PVDF membranes (B, C, E and F). The samples were loaded into SDS-PAGE containing 6% acrylamide and then were transferred to the PVDF
membranes (D). M indicates protein markers.

bands corresponding to the molecular weights estimated
from amino acid sequences of N-terminus region of Mcm10
with Halo-tag (49 kDa, lane 1), Linker 1 region with Halo-
tag (43 kDa, lane 2), Internal domain region with Halo-tag
(56 kDa, lane 3), Linker 2 region with Halo-tag (44 kDa,
lane 4) and C-terminus region with Halo-tag (64 kDa, lane
5) were also detected in the western blots (Figure 4C). In
addition, the full length Mcm10-His-tag protein was de-
tected at the position corresponding to 110 kDa in the blot
with rabbit anti-Mcm10 antibody (Supplementary Figure
S6A, lanes 2 and 3). This band was not detectable with E.
coli extracts without IPTG induction (Supplementary Fig-
ure S6A, lane 1).

The full length Mcm10-His-tag protein was produced by
S30-T7 in vitro transcription/ translation system and then
incubated with the full length and truncated forms of HP1a
with Halo-tag. The Halo-tag pull down assay showed that
Mcm10 binds to full length HP1a (Figure 4E, lane 1) and
to both Chromo domain (Figure 4E, lane 2) and Chromo
Shadow domain (Figure 4E, lane 3) of HP1a. The results
indicate that Mcm10 binds to both Chromo domain and
Chromo Shadow domain of HP1a. Besides, the full length
HP1a-His-tag protein was also produced by S30-T7 in vitro
transcription/ translation system and then mixed with the
full length and various truncated forms of Mcm10 with
Halo-tag. The pull-down analyses showed that HP1a specif-
ically binds to the C-terminus region of Mcm10 (Figure 4F,
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lane 5). We could not detect the binding signals to other
domains of Mcm10 (Figure 4F, lanes 1–4). These results
are consistent with the previous report by yeast two-hybrid
system indicating that Drosophila HP1a interacts with C-
terminus region of Mcm10 (33). Last but not least, the co-
immunoprecipitation of HP1a protein results in Drosophila
S2 DRSC cells strongly proved that HP1a directly interacts
with Mcm10 (Supplementary Figure S6 D-F).

The close proximity between Mcm10 and HP1a is specifically
observed in the mitotic cycle, but not in the endocycle

In Drosophila, cells in different regions of tissues undergo ei-
ther mitotic cycles or endocycles. It is therefore interesting
to determine whether the interaction between Mcm10 and
HP1a occurs in both types of cycle or not. Salivary gland
cells in Drosophila proliferate by repeated rounds of en-
doreplication, consisting of only S- and G-phase, to form a
giant polytene chromosome. Thus, salivary gland cells pro-
vide a unique model to visualize the specific chromatin lo-
calization patterns of individual proteins. The adult salivary
glands develop from imaginal rings located at the proximal
end of each larval salivary gland. The imaginal ring cells, a
group of diploid cells localizing between the gland and duct,
resume mitosis during molting from second to third instar
larvae. Immunostaining of the salivary glands from Canton
S flies with anti-Mcm10 and anti-HP1a antibodies showed
that both Mcm10 and HP1a mostly localize in the nuclei
in both imaginal rings (Figure 5E–H) and in whole salivary
glands including proximal and distal regions (Figure 5A–
D). The nuclei located relatively close to the proximal re-
gion show strong HP1 signals in heterochromatic chromo-
centers near to the nuclear membrane (Figure 5I–L). How-
ever, in the nuclei located in the distal region, both Mcm10
and HP1 mainly colocalize in nucleoplasm, although some
of them are still on the chromosome (Figure 5M–P). How-
ever, surprisingly, we could only detect PLA signals between
Mcm10 and HP1a in the imaginal rings where cells undergo
mitotic cycle (Figure 5Q–S, white arrows), but no PLA sig-
nal is detected in the polytenizing cells of the salivary glands
(Figure 5Q–S, yellow arrows).

In contrast, we observed the in situ PLA signals between
Mcm10 and dpol� in salivary glands in both imaginal rings
and either parts of salivary glands (Figure 6A–C). In higher
magnification images of the nucleus in Canton S salivary
glands, we more clearly observed that the PLA signals be-
tween Mcm10 and dpol� were excluded from the nucleo-
lus and heterochromatic regions (Figure 6D–F). Further-
more, these PLA signals coincide with EdU signals, sug-
gesting that Mcm10 and dpol� are in close proximity at the
replication forks (Figure 6G–K). The specificity of PLA was
further confirmed by flip-out experiments with the Mcm10
RNAi line (Supplementary Figure S7). We could detect the
PLA signals in both imaginal ring (Supplementary Figure
S7, white arrows) and polytenizing cells in the non-GFP
clone (Supplementary Figure S7, yellow arrows). In con-
trast, no PLA signal was detected in the GFP areas (Sup-
plementary Figure S7, pink arrows).

In addition, the PLA signals between Mcm10 and PCNA
were detected in wild type salivary glands in both imagi-
nal rings and whole salivary glands (Supplementary Fig-

ure S8E–J), but not detectable in eye imaginal discs (Figure
2Q–T and Supplementary Figure S8A–D). In summary, the
data indicate that the close proximity between Mcm10 and
HP1a is only observed in the mitotic cycle, but not in endo-
cycling cells. In contrast, close proximity between Mcm10
and dpol� is observed in both mitotic and endocycling cells.
Close proximity between Mcm10 and PCNA was only de-
tectable in the salivary glands irrespective to mitotic cycle
and endocycle.

Mcm10 and HP1a, HP4, HP6 play a role in genome stability
and cell cycle checkpoint in the Drosophila compound eyes

DNA damage induces several cellular responses, including
checkpoint activation, DNA repair, and the triggering of
apoptotic pathways for irreparable DNA damage. Previous
studies indicated that Mcm10 plays roles not only in DNA
replication but also in genome stability and checkpoints.
The present study with PLA shows the close proximity be-
tween Mcm10 and HP1a. This raises the possibility that
there may be a link for Mcm10 and other HP family proteins
involving in genome maintenance and checkpoint activi-
ties. Therefore, we examined genetic interactions between
Mcm10 and other HP family genes such as HP2, HP3, HP4,
HP5 and HP6. We saw that Mcm10 genetically interacts
with HP4 and HP6, since the Mcm10 knockdown-induced
rough eye phenotype was enhanced by crossing with either
HP4 mutants (Figure 7 J-L) or HP6 mutants (Figure 7 M-
O) in compared to the Mcm10 knockdown alone (Figure
7G–I). In the double knockdown of Mcm10 with HP1a
(Figure 7R–S and V–W), we noticed again an increase of
roughness in the eyes compared to single knockdown flies
(Figure 7G–H, P–Q and T–U). Furthermore, the severely
damaged eye phenotypes in these flies are associated with
melanotic dots, likely precursors for melanotic tumors (47)
(Figure 7J–L and M–O).

We further investigated the functions of Mcm10 together
with HP1a, HP4 and HP6 in genome maintenance in the
eye imaginal discs. In single and double knockdown flies for
these genes and control driver flies, we performed EdU as-
says and immunostaining with anti-phospho-H2AvD, anti-
phospho-Histone H3 (PH3), anti-Caspase-3 antibodies to
detect DNA damage, cell proliferation and cell death. In
single-knockdown experiments with Mcm10, HP1a, HP4
or HP6, we observed an increased numbers of cells posi-
tive for EdU, phospho-H2AvD, phospho-Histone H3 and
Caspase-3 in the posterior regions compared to the control
driver alone (Figure 8). Moreover, a partial rescue of the
rough eye phenotype induced by knockdown of Mcm10,
or HP1a, or HP4, or HP6 was found in flies co-expressing
P35 (Supplementary Figure S11G–H, O–P, C–D and K–
L, respectively) in compared to the single knockdown of
each gene (Supplementary Figure S11A–B, E–F, I–J and
M–N). Co-expression of P35 also suppressed the ectopic in-
duction of apoptosis signals (Supplementary Figure S9A’–
D’). These rescue effects confirm the apoptosis induction
of knockdown Mcm10 or HP1a, HP4 and HP6. Taken to-
gether, these data indicate that Mcm10 and those HP pro-
teins are involved in genome stability. Furthermore, dou-
ble knockdown of Mcm10 with each of HP proteins shows
the significant increase in the cell proliferation marked with
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Figure 5. Close proximity between Mcm10 and HP1a is specifically observed in mitotic cycle, but not in endocycle. (A–P) Salivary glands of Canton S
were immunostained with anti-Mcm10 (A, E, I, M) (Green) and anti-HP1a (B, F, J, N) (Red) antibodies, then with DAPI (Blue) for DNA staining. The
Mcm10 and HP1a distribute in the whole salivary glands from the imaginal rings (E–H) to the polytenizing cells (I–P). (I–L) Polytenizing cells in proximal
region are shown. (M–P) Polytenizing cells in distal region are shown. (Q–S) Salivary glands of Canton S were subjected to PLA assays (red) and then
stained with DAPI (blue). The interactions between Mcm10 and HP1a were only found in the imaginal rings where cells undergo mitotic cycles (Q–S, white
arrows), whereas these interactions cannot be detected in the rest part of the glands (Q–S, yellow arrows). (Q) Merged image between PLA signals (R) and
DAPI signals (S). The flies were reared at 25◦C. Blue arrowheads show chromocenters. Scale bars indicate 10, 20 or 30 �m.
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Figure 6. Visualisation of in situ interaction between Drosophila Mcm10 and DNA polymerase � at replication fork in endocycle in salivary glands of wild
type Canton S. (A–F) Salivary glands of Canton S were subjected to PLA assays (red) (B and E) and then were stained with DAPI (blue) (A and D). (C and
F) Merged images between PLA and DAPI signals. (D–F) Higher magnification images of an indicated single nucleus. The bright red PLA signals represent
the direct interaction between Mcm10 and DNA polymerase � in the nucleus (B and E, white arrows) and these interactions are excluded from the DAPI
dense regions (C and F). Yellow arrowheads indicate heterochromatic chromocenters. (G–K) Salivary glands were labeled with EdU (Red), performed with
PLA assays (green) and stained with DAPI (blue). The PLA signals fully coincide with EdU signals showing that Mcm10 and DNA polymerase � are in
close proximity at the replication forks where DNA replication occurs. The flies were reared at 25◦C.
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Figure 7. Scanning electron micrographs and color photo images of adult compound eyes. Posterior is to the right and dorsal is to the top. The flies
were reared at 28◦C. Panels I, J and M show color photo images and other panels show SEM images. (A and B) w; +; PGSV1-HP4s-147.1, (C and D)
w1118; net1 PGT1-HP6BG01429 dpBG01429/ln(2LR)Gla, wgGla-1PPO1Bc, (E and F) GMR-GAL4/+; +; +, (G–I) GMR-GAL4/+; UAS-Mcm10IR/+; +,
(J–L) GMR-GAL4/+; UAS-Mcm10IR/+; PGSV1-HP4s-147.1/+, (M–O) w1118; PGT1-HP6BG01429/In(2LR)Gla; +, (P and Q) GMR-GAL4/+; UAS-
HP1a119-206IR/+; +, (R and S) GMR-GAL4/+; UAS-HP1a119-206IR/+; +, (T and U) GMR-GAL4/+; +; UAS-HP1a73-181IR/+, (V and W) GMR-
GAL4/+; UAS-Mcm10IR/+; UAS-HP1a73-181IR/+. Panels B, D, F, H, L, O, Q, S, U, W (Scale bars indicate 50�m) are higher magnification images of
Figure A, C, E, G, K, N, P, R, T, V (scale bars indicate 20 �m), respectively.
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Figure 8. Mcm10 and HP1a, HP4, HP6 play roles in genome maintenance in Drosophila eye imaginal discs. Quantification of EdU positive cells in posterior
regions per disc from three independent EdU labeling and signals of immunostaining assays with indicated antibodies. Each assay was tested with 10 eye
imaginal discs (mean SD, ****P < 0.0001, two-way ANOVA and Turkey’s multiple comparisons test). Double knockdown of Mcm10 and HP1a, Mcm10
and HP4, Mcm10 and HP6 show significant increase in EdU, phospho-H2AvD (p-H2AvD), PH3 and activated Caspase-3 (Caspase-3) signals in compared
to single knockdown of Mcm10.

EdU and phospho-H2AvD signals in the posterior regions
(Figure 8 and Supplementary Figure S9 J, P and V) in com-
pared to the single knockdown flies (Figure 8 and Supple-
mentary Figure S9D, G, M, and S). Some of the EdU posi-
tive cells merged with phospho-H2AvD positive cells repre-
senting cells undergoing DNA replication and DNA dam-
age simultaneously (Supplementary Figure S9J, P and V,
blue arrows and Supplementary Figure S10). We also ob-
served a slightly increased number of apoptotic cells in the
posterior regions (Figure 8 and Supplementary Figure S9K,
Q and W), but they were not comparable to the number of
EdU positive cells (Figure 8).

Furthermore, we examined the checkpoint activities in
those double knockdown flies. Knockdown of both Mcm10
and HP1a or HP4 or HP6 results in enhanced signal of
Cycle E in the eye imaginal discs (Figure 9C–C”’, E–E”’
and G–G”’, respectively). However, we did not detect any
effect of Mcm10, HP1a, HP4 or HP6 knockdown alone
on the expression level of Cyclin E (Figure 9A–A”’, B–
B”’, D–D”’ and F–F”’, respectively). In addition, the co-
immunostaining of phospho-H2AvD and Cyclin E showed
that some cells carrying double-strand breaks co-localised
with Cyclin E-positive cells (Figure 9C–C”’, E–E”’ and G–
G”’). Collectively, the results suggest that the Mcm10 coop-
erates with each of HP proteins (HP1a, HP4 and HP6) and
plays important roles both in cell cycle checkpoint activity
and genome maintenance. Double knockdown of Mcm10
and HP1a shows a significant increase of cell proliferation,
which partly does not go into apoptosis. Those cells that fail
to be arrested by checkpoint may therefore contribute to the
formation of tumour precursors in posterior regions of the
eye imaginal discs (Figure 7 J–L and M–O).

Mcm10 and HP1a play a role for the differentiation of pho-
toreceptor cells R1, R6 and R7

Previously we reported that Mcm10 is required for R7 pho-
toreceptor cell differentiation in eye imaginal discs (34).
The present study with PLA shows the close proximity be-
tween Mcm10 and HP1a in the posterior region where pho-
toreceptor cells are undergoing differentiation. This raises
the possibility that not only Mcm10 but also HP1a may
be involved in the differentiation of photoreceptor cells.
The photoreceptors (R cells) are divided into three differ-
ent types depending on their genetic and morphogenetic
function. The outer (R1–R6) lies in a ring surrounding two
central receptors; R7, the distal, or outer, central cells; and
R8, the proximal, or inner, central cells. R cells have been
found to be generated sequentially: R8 is generated first,
with movement posterior from the MF, then cells are added
pair wise (R2 and R5, R3 and R4, and R1 and R6) and R7
is the last photoreceptor to be added to the precluster (48)
(Figure 10A).

Firstly, we performed double immunostaining with the
anti-Prospero antibody (green) and anti-Mcm10 antibody
(red) in the wild type Canton S eye imaginal discs to ob-
serve the distribution of Mcm10 and Prospero. The results
showed that Mcm10 signals not only co-localise with the
Prospero signals in the nuclei of R7 cells but also can be
detected in other photoreceptor cells (Supplementary Fig-
ure S12A–E). We therefore examined the effects of Mcm10
knockdown on other photoreceptors (R1–R6 and R8). We
performed the flip-out experiment in either Mcm10 knock-
down or HP1a knockdown flies and tested with several
markers to follow the fates of individual cells (Figure 11).
One of the markers, Prospero is expressed in the R7 equiv-
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Figure 9. Mcm10 and HP1a, HP4, HP6 play roles in G1-S cell cycle checkpoint. Eye imaginal discs from GMR-GAL4/+; UAS-Mcm10IR/+; + (A–
A”’), GMR-GAL4/+; +; UAS-HP1a73-181IR/+ (B–B”’), GMR-GAL4/+; UAS-Mcm10IR/+; UAS-HP1a73-181IR/+ (C–C”’), GMR-GAL4/+; +; UAS-
HP4IR/+ (D–D”’); GMR-GAL4/+; UAS-Mcm10IR/+; UAS-HP4IR/+ (E–E”’), GMR-GAL4/+; +; UAS-HP6IR/+ (F–F”’), GMR-GAL4/+; UAS-
Mcm10IR/+; UAS-HP6IR/+ (G–G”’) flies were immunostained with anti-Cyclin E (red) and anti-H2AvD (green). All of the discs were stained with
DAPI for DNA staining (blue). (A–A”’) the number of Cyclin E-positive cells was not changed in the eye imaginal discs of Mcm10 RNAi lines. However,
eye imaginal discs from double knockdown of Mcm10 and HP1a (C–C”’), Mcm10 and HP4 (E–E”’), and Mcm10 and HP6 (G-G”’) show significantly
increased both Cyclin E-positive and phospho-H2AvD-positive cells in posterior regions. Furthermore, some of the phospho-H2AvD-positive cells were
merged with Cyclin E-positive cells (C”, E” and G”) likely representing for cells arrested in G1-S checkpoint. In contrast, we could not find the same
phenotypes in the single knockdown of these genes (A”, B”, D” and F”). The flies were reared at 28◦C. Scale bars indicate 20 or 30 �m. (a) Indicates
anterior, (p) indicates posterior.
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Figure 10. (A) A diagram of the differentiation of eight photoreceptor cells in eye imaginal discs and the markers used to mark the relevant photoreceptors
in the experiments. Anti-Scabrous antibody was used to mark R2, R5 and R8, anti-Rough antibody was used to mark R2, R3, R4 and R5, anti-Lozenge
antibody was used to mark R1, R6 and R7, and anti-Prospero antibody was used to mark R7. (B) Binding of Mcm10 to upstream region of the lozenge
gene. Cross-linked chromatin of S2 DRSC cells was immunoprecipitated with anti-Mcm10 IgG, normal rabbit IgG (control IgG) or no IgG. The genomic
regions from nucleotide position −1459 to −1300 of the lozenge gene were amplified by real time PCR and compared with the amplification products
from the immunoprecipitates with the control IgG. No amplification was observed with 5′-flanking regions of prospero, scabrous, and rough genes. The
statistical analysis was conducted using GraphPad Prism 6. ****P < 0.0001. (C) Endogenous mRNA levels of Lozenge and Prospero were reduced in
double knockdown of Mcm10 and HP1 in eye imaginal discs. Sixty eye imaginal discs from Canton S with single knockdown or double knockdown of
Mcm10 and HP1a were dissected and mRNAs were extracted for RT-PCR analysis. The signals were normalized relative to the internal control G6PD
mRNA. The experiments were repeated three times. Averaged values are shown with standard deviations.
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Figure 11. Both HP1a and Mcm10 involve in the differentiation of photoreceptor cells R1, R6 and R7. Eye imaginal discs from flip-out experiments
with UAS-Mcm10IR (A–D), UAS-HP1a73-181IR (E–H), UAS-HP1a119-206IR (I–L) and UAS-dpolε255IR (M–P) flies were immunostained with different
developmental markers for photoreceptor cells (red): Prospero (A, E, I and M), Lozenge (B, F, J and N), Scabrous (C, G, K and O), and Rough (D, H,
L and P). The cells expressing Mcm10 dsRNA, HP1a73-181dsRNA, HP1a119-206dsRNA, dpolε255 dsRNA are marked with GFP (green). In Mcm10IR,
HP1a73-181IR and HP1a119-206IR flies, the expression levels of Lozenge (B, F and J) are significantly reduced in the GFP clones (pink arrows), while
Prospero signals (A, E and I) are slightly reduced in knockdown areas (pink arrows) compared to non-knockdown areas (white arrows). In contrast, the
signals of Scabrous (C, G and K) and Rough (D, H and L) do not change between knockdown (pink arrows) and non-knockdown (white arrows) areas of
these three fly lines. Furthermore, we did not see the difference in the expression pattern of all markers in dpolε255IR flies (M–P). These data indicate that
Mcm10 and HP1a are involved in the differentiation of R1, R6 and R7 cells. Scale bars indicate 10 or 20 �m. (a) Indicates anterior, (p) indicates posterior.
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alence group (the R7 and cone cells) during early stages of
their differentiation (49). The level of Prospero expression
is initially equivalent, but gradually increases in the R7 cell.
The other marker, Lozenge activates Bar gene expression in
the R1/R6 pair; an essential function required for specifi-
cation of the fate of that pair (50). Lozenge is also active in
R7 and cone cells (51). The third marker Rough is initially
expressed in clusters of cells in the morphogenetic furrow
(MF), but at the precluster stage, it is expressed specifically
in R2, R3, R4 and R5 (52). The last marker Scabrous is
initially expressed in clusters of cells in the morphogenetic
furrow representing R2, R5 and becomes subsequently re-
stricted to R8 (53).

We produced flip-out clones in which GFP clones (Fig-
ure 11, pink arrows) mark knockdown of target gene and
non-GFP clones (Figure 11, white arrows) mark the non-
knockdown area. In both Mcm10 knockdown and two
different HP1a knockdown flies, a strong reduction of
Lozenge (R1, R6, R7 marker) signals (Figure 11 B, F and
J) was observed in the GFP clones in the eye imaginal discs.
Although there are a few cells expressing both Lozenge and
Mcm10 (Supplementary Figure S13D), this is likely because
of the inefficient knockdown of Mcm10 even in the GFP
positive Mcm10 knockdown area as shown in the Supple-
mentary Figure S1. In addition, DAPI staining shows these
three cells still exist in the knockdown area, suggesting that
these cells are not lost by apoptosis (Supplementary Fig-
ure S13A–E). Under the same conditions, Prospero (R7
marker) (Figure 11A, E and I) signals were slightly reduced.
In contrast, the expression levels of Scabrous (R2, R5 and
R8 marker) (Figure 11C, G and K) and Rough (R2, R3, R4
and R5 marker) (Figure 11D, H and L) did not change at
all in either GFP clones or non-GFP clones. In the flip-out
experiments with dpolε255IR, we did not detect any change
in the expression levels of any markers (Figure 11M–P), in-
dicating that dpol�255 plays no role in photoreceptor cell
differentiation. In addition, we examined Mcm10 signals
in HP1a knockdown area of the eye imaginal discs, since
it is reported that HP1a can modulate the transcription of
some cell-cycle regulators in Drosophila (54). Mcm10 sig-
nals were not significantly changed in the HP1a knockdown
area in compared to the non-knockdown area, suggesting
that HP1a exerts no apparent effect on Mcm10 expression
(Supplementary Figure S13F–J).

In order to further confirm these observations, we
performed double knockdown experiments on Mcm10 and
HP1a. In the double knockdown flies, the Lozenge signals
were effectively reduced in the posterior regions of the eye
imaginal discs (Supplementary Figure S14A–M). Under
the same conditions, the Prospero signals were slightly
reduced (Supplementary Figure S12 A-M). However, again
neither the Rough (Supplementary Figure S15A–M) nor
the Scabrous (Supplementary Figure S16A–M) signal
changed in compared to the controls. In addition, the
mRNA levels of Lozenge in eye imaginal discs were
consistently decreased in the eye imaginal discs of double
knockdown of Mcm10 and HP1a in compared to the
wild type (Canton S) (Figure 10C). Knockdown of HP1a
alone and Mcm10 alone also decreased the mRNA levels of
Lozenge in eye imaginal discs by 42% and 50%, respectively
(Figure 10C). However, unexpectedly double knockdown

of HP1a and dpol�255 marginally increased the mRNA
levels of Lozenge, albeit the levels of HP1a and Mcm10 are
decreased, suggesting that dpol� may have a negative role
for lozenge expression independently to HP1a and Mcm10.
It should be noted that dpol�255 genetically interacts with
chromatin remodeling factors that could affect expression
of some genes through modulation of chromatin structure
(36). Further analysis is necessary to clarify this point.
In any event, we can here suggest that Mcm10 and HP1a
are both required for the differentiation of R1, R6 and
R7. In addition, in chromatin immunoprecipitates with
an anti-Mcm10 polyclonal antibody, amplification of the
lozenge gene upstream region containing binding sites
for various insulator associated factors such as MDG4,
Su(Hw), CTCF, CP190 and BEAF32 (ModEncode:
http://gbrowse.modencode.org/fgb2/gbrowse/fly/?start =
9180673;end = 9182335;ref = X;label = Genes;label =
White INSULATORS WIG;width = 750#) was 25-fold
higher than with control rabbit IgG (Figure 10B). In con-
trast, no amplification of the upstream regions of prospero,
scabrous or rough gene was observed (Figure 10B). These
data suggest that Mcm10 binds to the genomic region
containing the lozenge gene upstream region. Altogether,
both Mcm10 and HP1a are required for differentiation of
photoreceptor cells R1, R6 and R7 that is likely mediated
by the regulation of lozenge. The mild effect on prospero
may be a secondary effect by down regulation of lozenge
expression by double knockdown of Mcm10 and HP1a.

DISCUSSION

Mcm10 and HP1a are known to be involved in initiation
of DNA replication and genome maintenance in eukaryotic
cells. In the present study, we further investigated these roles
of Mcm10 and HP1a in Drosophila. Proteomics studies of
HP1a-, HP1b- and HP1c-interacting proteins in Drosophila
identified 160–310 proteins as candidate interacting part-
ners (55). Some of them are common to these three HP1
families and others are unique to each of them. These can-
didate proteins can be divided into several groups including
chromosome organization, gene expression, cell death and
cell cycle. Although Mcm10 was not identified as a HP1a-
interacting protein in these analyses, the another group
has reported the physical interaction between HP1a and
Mcm10 by yeast two hybrid system and genetic interac-
tion in Drosophila wing (33). In this study, we confirmed the
physical interaction between these two proteins by co-IP as-
say, S30 T7 in vitro translation/transcription-Halo-tag pull
down for the domain interactions and genetic interaction in
the Drosophila compound eye. Furthermore, by using PLA,
we visualised close proximity between HP1a and Mcm10,
RFC140, and dpol�255 in both Drosophila cultured cells
and living flies. Taken together with the previous report (17),
HP1a might play a role in loading of replication complex to
the chromosomal sites required for DNA replication initia-
tion and/or elongation.

The function of HP1a in replication appears to be spe-
cific to the mitotic cell cycle, since the interaction between
HP1a and Mcm10 was not detected in endocycling salivary
gland cells. In contrast, PLA signals between Mcm10 and
DNA polymerase � are detectable in both mitotic cells in

http://gbrowse.modencode.org/fgb2/gbrowse/fly/?start
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the eye imaginal discs and endoreplicating cells in salivary
glands. These data suggest that the interaction between dif-
ferent proteins, which even have the same partner, is re-
sponsible for different functions. It has been suggested that
the origin recognition complex (Orc) is dispensable for en-
doreplication in salivary gland cells, suggesting differential
requirement of Orc subunits for initiation of DNA replica-
tion in the mitotic cell cycle and the endocycle (56). Further-
more, N-terminal region of dpol�255 is not required for mi-
totic replication but essential for endoreplication (36). The
present results are therefore consistent with the notion that
regulatory mechanism of replication is different between
mitotic cells and endocycling cells.

It is reported that loss of Mcm10 engages checkpoint,
DNA repair and SUMO-dependent rescue pathways that
can counteract replication stress accompanied with chro-
mosome breakage (38,57–66). The present study also sug-
gests that the complex between Mcm10 and HP1a plays an
important role in cell cycle progression and genome mainte-
nance. These findings give further insight how Mcm10 pro-
tects genome integrity during DNA replication. Notably the
single knockdown of Mcm10 did not affect the level of Cy-
clin E in the eye imaginal discs. However, double knock-
down of Mcm10 and HP1a causes increased number of Cy-
clin E-positive cells in the posterior region of the eye imag-
inal disc. Generally, one can predict that Cyclin E-positive
cells with DNA damage subsequently activate the DNA re-
pair or promote apoptosis to remove these cells with severe
DNA damage from the tissues. Surprisingly, however dou-
ble knockdown of Mcm10 and HP1a shows a significant in-
crease of cell proliferation, which at least partly does not go
into apoptosis. Those cells that fail to be arrested by check-
point may therefore contribute to the formation of tumour
precursors in posterior regions of the eye imaginal discs. In
fact, the severely damaged eye phenotypes in these flies are
associated with melanotic dots, likely precursors for melan-
otic tumours (47) (Figure 7 J-L and M-O). We can therefore
speculate that the knockdown of Mcm10 together with HP
proteins could lead to some cancers, while it is only reported
that the increased copy number of Mcm10 was observed in
some cancer patients (67,68). Although further analyses are
necessary, the present study may give a new interpretation
for the role of Mcm10 in future cancer studies.

In the present study, we also demonstrated that Mcm10
plays a role in differentiation of R1, R6 and R7 pho-
toreceptor cells. From the results with ChIP assays in S2
cells and quantitative RT-PCR in Mcm10 knockdown flies,
Mcm10 appears to be involved in transcriptional regulation
of the lozenge gene that is responsible for differentiation
of R1, R6 and R7 cells. Although the precise mechanism
for the regulation is not known yet, Mcm10 may regulate
expression of lozenge by modulating chromatin structure
through cooperation or competition with various insulator-
associated factors such as MDG4, Su(Hw), CTCF, CP190
and BEAF32. It is well known that Lozenge is specifically
expressed in and required for development of the crystal
cells, a megakaryocyte-like lineage that participates in clot-
ting (69). The crystal cells secrete components of the phe-
nol oxidase cascade and are involved in the melanisation of
invading organisms and in wound repair (69,70). Lozenge
interacts and cooperates with another transcription fac-

tor, Serpent, to activate the crystal cell differentiation pro-
gram (71–73). This cooperation is conserved in mammals,
where it controls megakaryopoiesis (74–76) and hematopoi-
etic stem cell development (77). It would be therefore inter-
esting to examine roles of Mcm10 and HP1a in the hemo-
cyte system.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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