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ABSTRACT

Endoreplication, known as endocycle, is a variant of
the cell cycle that differs from mitosis and occurs
in specific tissues of different organisms. Endorepli-
cating cells generally undergo multiple rounds of
genome replication without chromosome segrega-
tion. Previous studies demonstrated that Drosophila
fizzy-related protein (Fzr) and its mammalian ho-
molog Cdh1 function as key regulators of en-
doreplication entrance by activating the anaphase-
promoting complex/cyclosome to initiate the ubiq-
uitination and subsequent degradation of cell cycle
factors such as Cyclin B (CycB). However, the molec-
ular mechanism underlying Fzr-mediated endorepli-
cation is not completely understood. In this study,
we demonstrated that the transcription factor Myc
acts downstream of Fzr during endoreplication in
Drosophila salivary gland. Mechanistically, Fzr inter-
acts with chromatin-associated histone H2B to en-
hance H2B ubiquitination in the Myc promoter and
promotes Myc transcription. In addition to negatively
regulating CycB transcription, the Fzr-ubiquitinated
H2B (H2Bub)-Myc signaling cascade also positively
regulates the transcription of the MMICM6 gene that
is involved in DNA replication by directly binding
to specific motifs within their promoters. We further
found that the Fzr-H2Bub-Myc signaling cascade reg-
ulating endoreplication progression is conserved be-
tween insects and mammalian cells. Altogether, our
work uncovers a nhovel transcriptional cascade that
is involved in Fzr-mediated endoreplication.

INTRODUCTION

Endoreplication, also called endocycle, is a unique variant
of the cell cycle in which cells undergo multiple rounds of
genome replication and lacks mitosis and chromosome seg-
regation, resulting in polyploidy (1-3). Endoreplication fre-
quently occurs in specific tissues or cells of animals and
plants, such as Drosophila salivary gland and follicular ep-
ithelium, silkworm silk gland, and mammalian trophoblast
giant cell. Salivary gland and silk gland are developmen-
tally formed by the cell division cycle called mitosis at the
late stage of embryogenesis and grow into large organs via
approximately 10 and 17-19 rounds of endocycles, respec-
tively, in each cell during the larval period (4,5). The DNA
content subsequently increases to 1350 copies (C) in a sin-
gle cell of the salivary gland and is increased by ~400 000
times in the silk gland (4-6). Mammalian trophoblast gi-
ant cells endoreplicate and produce polytene chromosomes
with DNA contents of up to 512 C (7). Generally, endorepli-
cation is essential for tissue-specific functions or adaptation
to environmental stress (3).

The progression of endoreplication involves three key
events: the mitotic-to-endocycle transition, oscillation of
DNA re-replication, and progression of DNA replication
(2). Increasing evidence has demonstrated that fizzy-related
protein (Fzr; also known as Cdh1 in mammals), which con-
tains seven WD40 domains, is essential for the mitotic-
to-endocycle transition and the oscillation of DNA re-
replication in both Drosophila and mammals (2,3,8-10). In
Drosophila, Fzr transcription is upregulated in epidermal
cells after mitosis 16 during embryogenesis when cells exit
from the mitotic cycle, accompanied by a significant elimi-
nation of mitotic cyclins (8,11,12). Disruption of Fzr expres-
sion results in a failure of the mitotic-to-endocycle transi-
tion in both the larval salivary gland and follicle cells of the
adult ovary (8,9,13).
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Fzr has been previously shown to activate the anaphase-
promoting complex/cyclosome (APC/C), which has E3
ubiquitin ligase activity; APC/C activation in turn pro-
motes ubiquitin-mediated cyclic degradation of cell cycle
factors, including Cyclin B (CycB) at telophase and Gl
phase in mitotic cells as well as Geminin during G1-like
phase in endoreplicating cells (2,3,14-16). Data from endo-
cycling Drosophila salivary gland indicates that the oscilla-
tion of APC/CY# activity is regulated by periodic Cyclin
E/Cyclin-dependent kinase 2 (CycE/Cdk2) activity and is
essential for DNA re-replication in endocycle progression
(2,3). Low CycE/Cdk2 activity during early G1-like phase
activates APC/CF” and subsequent Geminin degradation
triggers the assembly of prereplication complexes (preRCs)
at DNA replication origins, whereas high CycE/Cdk2 activ-
ity during late G1-like phase inactivates APC/CF" to initi-
ate S phase entry and DNA re-replication in the presence of
Geminin (3,17-20). Importantly, CycB is required for mito-
sis entry in mitotic cells (21-23). Previous studies have re-
ported that not only CycB protein is absent in endorepli-
cating cells of both Drosophila salivary gland and silkworm
silk gland (8,24-26), but also CycB mRNA cannot be de-
tected in endoreplicating cells (26,27), indicating that tran-
scriptional repression of the CycB gene is likely essential for
endoreplication. Given that Fzr functions as a key regulator
of mitotic-to-endocycle transition and endoreplication con-
trol, we therefore hypothesized that the loss of CycB in en-
doreplicating cells may be due to potential transcriptional
repression by the Fzr-mediated pathway.

DNA replication is a common process in both endocy-
cling and mitotic cells, and its control is conserved. Gen-
erally, DNA replication is initiated at origins of replica-
tion by binding with the origin recognition complex (ORC)
along the chromosomes, and subsequently, several key fac-
tors are recruited before S phase to form preRCs, which per-
mit the initiation of DNA replication (3,28,29). Notably,
mini-chromosome maintenance proteins 2-7 (MCM2-7)
are identified as preRC components and interact with each
other to form a stable heterohexamer, which functions as a
DNA helicase to melt the DNA double helix (30-32). Up-
regulating the expression of MCM4 and MCM?7 promotes
DNA replication and is essential for polyploidy in endocy-
cling cells, while knockdown of these MCM genes blocks
DNA replication and causes reduced ploidy (33). DNA
replication depends on CycE/Cdk2 activity, and an inac-
tive kinase complex is required for preRC assembly (20,34).
Given the regulatory roles of MCMs and Fzr in preRC
assembly during DNA synthesis, we sought to determine
whether Fzr is also involved in modulating MCM functions.

In this study, we identified a novel transcriptional cascade
involved in Fzr-mediated regulation of endoreplication in
Drosophila salivary gland. Salivary gland-specific knock-
down of Fzr expression blocked DNA replication during en-
doreplication and resulted in both the appearance of CycB
mRNA expression and the absence of MCM6 mRNA ex-
pression. Mechanistically, we showed that Fzr interacts with
chromatin-associated histone 2B (H2B) and enhances the
level of ubiquitinated H2B (H2Bub) in the promoter region
of the Myc gene to promote its transcription. Myc in turn
negatively and positively regulates the transcription of CycB
and MCMG6, respectively, by directly binding to their pro-
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moters. Finally, we confirmed that the Fzr-H2Bub-Myc sig-
naling axis is conserved in insects and mammalian cells. Al-
together, our findings provide novel insights into the mecha-
nism underlying Fzr regulation of endoreplication progres-
sion.

MATERIALS AND METHODS
Drosophila stocks

All Drosophila stocks were reared at 25°C under standard
feeding conditions, and the living environment was main-
tained at 65% humidity with a cycle of 12-h light:12-h
dark, as previously described (35). The following RNAIi
lines were obtained from the Vienna Drosophila Resources
Center (VDRC): UAS-Fzr RNAI (#25550) (36), UAS-Myc
RNAi (#2947) (37) and the VDRC control (#60000).
The stocks from TsingHua Fly Center include: UAS-Fzr
RNAIi (#TH201500745.S), UAS-Myc RNAi (#THUS5827)
(37), UAS-Apcl RNAi (#TH201500835.S), UAS-Apc2
RNAi (#THU3480), UAS-Apc3 RNAi (#THU3449),
UAS-Apc6 RNAI (#TH201500101.S), UAS-Apcl0 RNAI
(#THU3532) and the related control (#TB00072) (38).
Nubbin-Gald (#42699), UAS-Myc (#9674) (39) and
UAS-MCM6 RNAi (#41842) were obtained from the
Bloomington Drosophila Stock Center (BDSC). The UAS-
Fzr (#F000893) line was obtained from FlyORF (40). The
UAS-CycB RNAI (#3510R-1) line was obtained from Fly
Stocks of National Institute of Genetics (NIG-FLY) (41).
Sg-Gal4 that is used to specifically drive gene expression
in Drosophila salivary glands (42), hsFlp; act>CD2> Gal4,
UAS-nlsGFP/Cyo (43), and w!''!® as wild type were gen-
erously gifted from Prof. Norbert Perrimon. The RNAIi
of the MCM6 gene was conducted at 29°C for enhancing
knockdown efficiency and other genetic manipulation
experiments were conducted at 25°C. For developmental
timing in Drosophila, six to eight fertilized female flies were
allowed to lay eggs at 25°C for 6 h in a vial containing
standard food and were then moved. These eggs of the
control generally develop to pupariation at ~120 h after
egg laying (AEL).

RNA extraction and quantitative real-time RT-PCR (RT-
qPCR)

Total RNA samples were prepared from Drosophila salivary
gland or cultured Drosophila S2 cells using Trizol reagent
(Invitrogen). According to the manufacturer’s protocol of
the M-MLV Reverse Transcriptase Kit (Promega), 2 g of
total RNA was used for cDNA synthesis. RT-qPCR was
performed with a SYBR Premix ExTaq Kit (Takara) and
a qTower 2.2 Real-time PCR Detection System (Jena). The
a-tubulin at 84B gene («-tub84B; NM_057424) was used
as the internal control. All experiments were independently
performed with three biological replicates, and the relative
mRNA expression levels were calculated using the 2722€T
method. All primers used for RT-qPCR are listed in Sup-
plementary Table S1.

RNA sequencing (RNA-seq) and data analysis

The open reading frame (ORF) sequence of the Drosophila
Fzr gene was subcloned into pMT-V5-HisA vector for gene
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overexpression in Drosophila S2 cells. At 48 h after vector
transfection into S2 cells following an induction of 500 uM
CuSOy, total RNA samples were separately prepared from
Fzr-overexpressed S2 cells and the control. Three biologi-
cal replicates were performed. Each of total RNA samples
was then sequenced on a HiSeq 2500 platform (Novogene).
All raw sequence reads were mapped to the Drosophila
genome assembly BDGP6 by using the Hisat2 software.
Gene expression levels were evaluated by using the FPKM
(fragments per kilobase of transcript sequence per millions
base pairs sequenced) values. Differential expression analy-
sis was performed by using the DESeq?2 package (44). The
resulting P-values were adjusted by using the Benjamini
and Hochberg’s approach for controlling the false discovery
rate. Differentially expressed genes were determined with
the threshold criterion of an adjusted P value of <0.05.
All raw data in this study have been uploaded to the Se-
quence Read Archive of the National Center for Biotech-
nology Information (NCBI) database (accession number:
PRINAS509304).

DNA quantification

The C-value of the genome in Drosophila salivary gland
cells was quantified based on DAPI fluorescence intensity
(20). In summary, the salivary glands used in different ex-
periments were dissected at the indicated time and stained
with DAPI (1:1000; Thermo Fisher Scientific). The sali-
vary glands of the wild-type strain were used as the in-
ternal control. Z-stack images of fluorescence signals for
each sample were acquired at 60x with confocal micro-
scope (Olympus Fv1000) under the same laser intensity. The
integrated DAPI fluorescence intensity was subtracted for
C-value measurement. The C-value of the control salivary
gland cell is set as 1350 C (4). For DNA content quantifi-
cation, 50 salivary glands from wandering Drosophila lar-
vae were dissected for genome DNA subtraction. The DNA
content was quantified spectrophotometrically using an Ag-
ilent 2100 Bioanalyzer System (Agilent).

EdU and BrdU staining

EdU staining was performed by using a commercial Cell
Light EAU Apollo 567 in vitro Kit (Ribobio) according to
the previously described procedure (35). For EAU labeling,
the salivary glands dissected from Drosophila larvae at 96
h AEL were cultured with 100 wg/ml EAU in vitro for 2
h at room temperature. The cultured samples were fixed
with PBS containing 4% paraformaldehyde for 30 min and
then incubated with Apollo dye for 30 min. Subsequently,
the tissues were stained with DAPI and mounted in Vec-
tashield buffer. For BrdU staining, the salivary glands were
cultured with 100 wg/ml BrdU for 2 h at room temperature.
Following fixation, the samples were treated with 2 N HCI
for 30 min. The tissues were subsequently incubated with
mouse anti-BrdU antibody (1:50; Roche) and with anti-
mouse-IgG-Cy3 (1:1000; Roche) as the secondary antibody
for the detection of incorporated BrdU. Fluorescence sig-
nals were captured by confocal microscopy (Zeiss LSM 880
and Olympus Fv1000).

Immunostaining

Immunostaining assay was performed in the salivary glands
and cultured cells as previously described (35,45). Briefly,
fixed cells or tissues were washed three times with PBST
buffer (1x PBS including 0.3% Triton-X 100) and then
stained at 4°C overnight with primary antibodies at the
following dilutions: goat anti-Drosophila Fzr (1:50; Santa
Cruz), rabbit anti-Drosophila Myc (1:50; Santa Cruz), goat
anti-human Fzr (1:50; Santa Cruz), mouse anti-human Myc
(1:50; Santa Cruz), mouse anti-CycB (1:200; DSHB), rab-
bit anti-MCMG6 (1:200; Zoonbio Biotechnology) and mouse
anti-Myc tag (1:200; Sigma). After washing three times
with PBST buffer, the samples were incubated with the
corresponding Alexa Fluor-conjugated secondary antibod-
ies (Life Technologies). DAPI (1:1000; Thermo Fisher Sci-
entific) was used for nuclear labeling, while Alexa Fluor-
conjugated phalloidin (1:1000; Life Technologies) was used
for Actin staining. Finally, after washing with PBS three
times, the cells or tissues were mounted in Vectashield
mounting buffer and the fluorescence signals were cap-
tured by confocal microscope (Zeiss LSM 880 and Olympus
Fv1000).

Fluorescence in situ hybridization

Digoxygenin (DIG)-labeled DmCycB probes were synthe-
sized for fluorescence in situ hybridization. According to
a previously described procedure (35), the isolated sali-
vary glands were fixed with 4% paraformaldehyde and then
permeabilized in PBST buffer for 30 min. Following the
prehybridization process in hybridization buffer (5x SSC
and 50% deionized formamide), samples were incubated
with DIG-labeled probes for 12 h at 56°C. After a series
of washes to significantly decrease background, the sali-
vary glands were incubated with rabbit anti-DIG antibody
(1:1000; Invitrogen) for 2 h and then with an anti-rabbit
Alexa Fluor 594-conjugated antibody (1:1000; Life Tech-
nologies). DAPI (1:1000; Thermo Fisher Scientific) was
used for nuclear labeling. The signals were captured by con-
focal microscope (Olympus Fv1000). The primers used to
prepare the DIG probes are listed in Supplementary Table
S1.

Western blotting

Total proteins were isolated from Drosophila tissues and
the cultured cells with different treatments, and the protein
concentration in the lysates was quantified using Bio-Rad
protein assay reagent. Equal amounts of total protein were
subjected to western blotting. The antibodies and dilutions
used in the study were as follows: goat anti-Drosophila Fzr
(1:1000; Santa Cruz), rabbit anti-Drosophila Myc (1:1000;
Santa Cruz), goat anti-human Fzr (1:1000; Santa Cruz),
mouse anti-human Myc (1:1000; Santa Cruz), mouse anti-
Drosophila CycB (1:5000; DSHB), rabbit anti-human CycB
(1:5000; Cell Signaling), mouse anti-H2B (1:10 000; Bey-
otime), rabbit anti-H2Bub (1:20 000; Cell Signaling), mouse
anti-V5 (1:5000; Abcam), rabbit anti-Flag (1:5000; Sigma),
mouse anti-Myc tag (1:5000; Sigma), rabbit anti-MCM6
(1:5000; Zoonbio Biotechnology), and mouse anti-tubulin
(1:10 000; Beyotime). The following secondary antibodies



were used, including HR P-conjugated goat anti-rabbit (1:10
000; Beyotime), goat anti-mouse (1:10 000; Beyotime), and
donkey anti-goat (1:10 000; Beyotime).

Co-immunoprecipitation (Co-IP) experiment and liquid
chromatography—tandem mass spectrometry (LC-MS/MS)
analysis

For Co-IP analysis with total proteins, the cells co-
overexpressing Drosophila Fzr and H2 B were lysed in NP-40
lysis buffer (Beyotime) containing 1 mM Protease Inhibitor
Cocktail (Sigma) on ice for 10 min. After centrifugation at
low temperature, the supernatants were collected. For Co-
IP analysis with nucleoproteins, the nuclei of Drosophila S2
cells co-overexpressing Fzr and other molecules were ex-
tracted by NE-PER nuclear and cytoplasmic extraction kit
(Thermo Scientific Pierce) and were subsequently digested
by micrococcal nuclease (Cell Signaling) into short frag-
ment or even into mononucleosome. Next, according to a
previously described procure (45), the nuclear extracts were
incubated with specific antibodies crosslinked with protein
A/G magnetic Dynabeads (Invitrogen) containing 1 mM
Protease Inhibitor Cocktail (Sigma) under gentle rotation
at 4°C for 6 h. Beads were washed for three times with NP-
40 lysis buffer containing 1 mM Protease Inhibitor Cocktail
and then eluted with SDT buffer containing 4% (w/v) SDS
and 100 mM Tris/HCI (pH 7.4) to capture target proteins.
The eluted samples were detected by western blotting. In ad-
dition, to identify potential partners interacting with Fzr,
human HEK293-FT cells overexpressing human Fzr were
lysed in NP-40 lysis buffer containing 1 mM Protease In-
hibitor Cocktail (Sigma) on ice, and the supernatants were
collected for Co-IP with an antibody against human Fzr.
The eluted samples were subjected to LC-MS/MS analysis
by Shanghai Applied Protein Technology.

Translating ribosome affinity purification (TRAP) analysis

According to the principle of the TRAP approach (46,47),
the salivary glands of Fzr knockdown animals and the re-
lated control were isolated at 84 h AEL, 96 h AEL and 120
h AEL, respectively. A set of salivary glands was used to
isolate total RNA and 1 wg RNA was reversed for input
sample. Another set of salivary glands was cultured in cy-
cloheximide (Sigma) for 2 h and then lysed in NP-40 lysis
buffer containing RNase inhibitor RNasin (Promega); The
ribosome-mRNA complexes were subsequently affinity pu-
rified with a Co-IP assay using specific antibody (Beyotime)
against RPS20, a component of the 40S ribosomal subunit,
and the mRNAs in the IP products were then isolated with
MicroElute Total RNA kit (Omega) for further RT-qPCR
assays. The input samples were used as the internal control.
The primers are listed in Supplementary Table S1.

GST pull-down assay

The full-length ORF of Drosophila Fzr and H2B were sub-
cloned into the pGEX and pCold-SUMO vectors to express
GST-tagged Fzr and SUMO-His-tagged H2B, respectively.
Following a standard prokaryotic expression and protein
purification, the purified GST-Fzr and SUMO-His-H2B
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were used for further GST pull-down assay. Briefly, Glu-
tathione agarose beads coated with either GST or GST-
Fzr recombinant protein were mixed with SUMO-His or
SUMO-His-H2B. After an incubation under shaking for 6
h at 4°C, the beads were collected and then eluted with SDT
buffer containing 4% (w/v) SDS and 100 mM Tris/HCI (pH
7.4) to capture target proteins. The products were subjected
to western blot assays to evaluate the interaction between
Fzr and H2B. The primers are listed in Supplementary Ta-
ble S1.

In vivo ubiquitination assay

To verify Fzr-mediated H2B ubiquitination, we performed
in vivo ubiquitination experiments as previously described
(48). Briefly, HA-tagged ubiquitin or HA-tagged ubiquitin-
KO (all lysines are mutated to arginines and it only me-
diates mono-ubiquitination), Myc-tagged H2B, and Flag-
tagged Fzr overexpression plasmids were co-transfected
into Drosophila S2 cells. At 48 h after transfection, the cells
were treated with proteasome inhibitor MG132 (50 pM;
Selleck) for 6 h and the nuclear extracts were harvested by
NE-PER nuclear and cytoplasmic extraction kit (Thermo
Scientific Pierce) according to the instruction. Following
Co-IP with the indicated antibodies, the products were sub-
jected to western blot assays to detect the H2B ubiquitina-
tion patterns.

Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation experiment following
quantitative PCR (ChIP-qPCR) or basic PCR (ChIP-
PCR) assay was performed to evaluate the level of H2Bub
in the Drosophila Myc promoter and the direct binding
of Myc within the promoters of either CycB or MCMG6.
According to the manufacturer’s instructions for the
EZ-ChIP Immunoprecipitation Kit (Millipore) and a
previous study (45), the cells overexpressing Drosophila
Fzr or Myc were fixed with 37% formaldehyde to crosslink
chromatin and the binding proteins, and then quenched
in 125 mM glycine. After washing for two times, the cells
were lysed in NP-40 lysis buffer (Beyotime) containing
1 mM Protease Inhibitor Cocktail (Sigma) on ice for 10
min. Subsequently, the samples were sonicated to shear
the DNA into fragments of 200-1000 bp in length. The
chromatin-protein complexes were separately immuno-
precipitated with specific antibodies. The purified DNA
fragments enriched in the eluted immunoprecipitants were
evaluated by quantitative PCR or basic PCR reaction
with primer pairs covering potential promoter regions of
the selected gene. The primers used for ChIP-qPCR or
ChIP-PCR are listed in Supplementary Table S1.

Dual luciferase reporter assay

By wusing the Matlnspector program (http://www.
genomatix.de/), we predicted the E-box sequences for
Myc binding within potential promoter regions and coding
sequence regions of the CycB and M CM6 genes. According
to our prediction and Drosophila Myc ChIP-seq data
in previous report (49), we carried out a dual luciferase
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reporter assay to further determine Myc regulation on the
transcriptions of CycB and MCM6. The ORF sequence of
the Myc gene was subcloned into the pMT-V5-HisA vector
for gene overexpression, while truncated fragments of the
promoters with or without E-box sequences were sub-
cloned into the pGL3-Basic vector to drive the expression
of the firefly luciferase gene. These two types of plasmids
were co-transfected into Drosophila S2 cells. At 48 h after
transient transfection following an induction of 500 pM
CuSO0y, the cells were collected, and a dual luciferase assay
was performed as described previously (45). The RL-TK
vector containing the Renilla luciferase gene was used as
the internal control. The primers used in the dual luciferase
assay are listed in Supplementary Table S1.

Electrophoretic mobility shift assay (EMSA)

According to the predicted E-box for Myc binding within
the promoters of the CycB and MCM6 genes, DNA
probes targeting the predicted E-box motifs were labeled
with biotin at the 5 end. Following the instructions of
the EMSA/Gel-Shift Kit (Beyotime), 10 pL of bind-
ing reaction systems containing 100 nM probes and dif-
ferent amounts of extracted nucleoproteins from Myc-
overexpressing Drosophila S2 cells (1, 3, 5 and 7 pg) were
prepared. For the competition assay, 7 pg of extracted nu-
cleoproteins were first incubated with a 1-fold, 5-fold, 25-
fold and 50-fold molar excess of the unlabeled probes be-
fore the biotin-labeled probes were added. For the antibody-
dependent EMSA, 7 pg of extracted nucleoproteins were
first incubated with 2 wg of a specific anti-Myc antibody. All
reaction systems were electrophoresed on 5% (w/v) poly-
acrylamide gels in TBE buffer (45 mM Tris borate and 1
mM EDTA, pH 8.3). The primers used for EMSA are listed
in Supplementary Table S1.

Statistical analysis

Data are presented as the mean £ SE of three independent
biological replicates. Statistical significance (P-value) was
analyzed by an unpaired, two-tailed Student’s t-test. Sta-
tistical significance is denoted as follows: *P < 0.05, **P <
0.01 and ***P < 0.001.

RESULTS

Changes of Fzr expression disrupt endoreplication progres-
sion in Drosophila salivary gland and alter CycB transcrip-
tion

To better understand the regulatory mechanism underly-
ing Fzr regulation of endoreplication in Drosophila salivary
gland, we first performed RNAi-mediated knockdown of
the Fzr gene in the salivary gland by using the Sg-Gal4
driver, which is specifically active in the salivary gland (42).
Salivary gland-specific knockdown of the Fzr gene medi-
ated by two RNAI lines targeting distinct sequences of the
Fzr gene significantly reduced the gland size (Figure 1A and
Supplementary Figure SIA) and DNA content (Figure 1B-
C and Supplementary Figure S1B-C). Conversely, Fzr over-
expression driven by Nubbin-Gal4 in wing disc cells with mi-
totic cycle resulted in an increase in both the nuclear size

and DNA content as well as the formation of abnormally
widened posterior compartments (Supplementary Figure
S1D-E). Similarly, Fzr overexpression in Drosophila S2 cells
enlarged the size of both the nuclei and the cells (Supple-
mentary Figure S1F). Moreover, ongoing DNA synthesis
was detected in the salivary gland by using EAU or BrdU
staining (Figure 1D and Supplementary Figure S1G), but
Fzr knockdown (based on the Fzr-i*! line, hereafter the
same) abrogated DNA synthesis (Figure 1E and Supple-
mentary Figure S1G). Taken together, conditional loss- and
gain-of-function analyses further indicate that Fzr is essen-
tial for the mitotic-to-endocycle transition and DNA repli-
cation in salivary gland cells.

The cyclin protein CycB is essential for M phase en-
try during mitotic cell cycles, and its ubiquitin-dependent
degradation driven by Fzr-activated APC/C is necessary
for the G1/S transition (21-23). The CycB protein is ab-
sent in endoreplicating Drosophila salivary glands and silk-
worm silk glands (8,26), indicating that the absence of
CycB is likely required for endocycle progression. To un-
cover the mechanism underlying the absence of CycB in the
Drosophila salivary glands, we investigated the effects of Fzr
expression changes on CycB expression at the protein and
mRNA levels. Strikingly, the CycB protein could not be de-
tected in the salivary glands as control (Figure 1F), but sali-
vary gland-specific Fzr knockdown caused an accumulation
of the CycB protein (Figure 1G). Similarly, no CycB tran-
script was detected in the salivary glands as control (Figure
1H), whereas Fzr knockdown in the salivary glands obvi-
ously elevated CycB transcription (Figure 11 and J). More-
over, Fzr overexpression in Drosophila S2 cells inhibited
CycB mRNA transcription and protein expression (Figure
1K and Supplementary Figure SIH). These data indicate
that Fzr is likely involved in inhibiting CycB expression in
endoreplicating salivary glands at the transcriptional level.

Given that Fzr-mediated signaling can degrade CycB
(24,25), we further determined whether or not the increased
CycB proteins following Fzr knockdown in the salivary
glands were driven by the increased CycB mRNA. First,
TRAP analysis following RT-qPCR analysis showed that
the increased CycB mRNA was highly translated at 84 h
AEL in the salivary glands with Fzr knockdown and exhib-
ited a moderate translation at 96 h AEL and 120 h AEL
(Supplementary Figure S2A). In addition, western blotting
revealed that the CycB proteins were also accumulated from
84 h AEL to 96 h AEL, and maintained a relative constant
level at 120 h AEL (Supplementary Figure S2B). Further-
more, we observed that the accumulation of both the CycB
mRNA and the CycB protein in the salivary glands with
Fzr knockdown was abrogated by CycB silencing (Supple-
mentary Figure S2C and D-F). Taken together, these data
indicate that the accumulation of the CycB mRNA in the
salivary glands following Fzr knockdown is a main driving
force behind the increased CycB proteins.

Myc functions as a downstream effector of Fzr signaling in
endoreplication progression and inhibits CycB transcription

Fzr contains seven WD40 domains that mediate protein-
protein interactions and is excluded from the family of
transcription factors (22,24,25). To identify transcription
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Figure 1. Specific knockdown of Fzr expression in Drosophila salivary gland blocks endoreplication and results in the initiation of CycB transcription.
(A) RNAi-mediated Fzr knockdown driven by salivary gland-specific Sg-Gal4 resulted in a significant reduction in the gland size. At 120 h AEL, salivary
glands from control and Fzr knockdown Drosophila were dissected and stained with DAPI. Two Fzr RNAI lines targeting different sequences were used
in this experiment. Fzr-i*!: UAS-Fzr RNAI line from VDRC (#V25550); Fzr-i*2: UAS-Fzr RNAi line from TsingHua Fly Center (#TH2015000745.S).
Scale bar, 180 pm. (B) C-value was quantified by DAPI fluorescence. The salivary glands from wandering Drosophila larvae at 120 h AEL were fixed and
stained with DAPI. The integrated DAPI intensity was used to measure the DNA content. (C) Quantification of the DNA content in the salivary glands
of Drosophila larvae at 120 h AEL. DNA was extracted from the indicated salivary gland cells and quantified via absorbance analysis. (D, E) EAU staining
of DNA replication. In the salivary glands of larvae at 96 h AEL, the nuclei of most endocycling cells in the salivary glands as control could be strongly
stained with EAU, indicating that DNA synthesis is ongoing. However, no replication signals were detected in salivary gland cells with Fzr knockdown.
Scale bar, 30 pm. (F-J) Fzr knockdown in the salivary glands causes an accumulation of the CycB protein (F, G) and an appearance of the CycB mRNA
(H-J) at 96 h AEL. The mRNA level was measured by fluorescence in situ hybridization (H, I) and RT-qPCR(J). Scale bar, 30 wm. (K) Fzr overexpression
in Drosophila S2 cells significantly downregulated the transcription of the CycB gene. Data are presented as mean + SE (error bars). For the significance
test: *** P < 0.001 versus control. OE, overexpression. AEL, after egg laying.

factors that are involved in regulating the transcription
of the CycB gene as downstream effector of Fzr signal-
ing, we conducted RNA-seq-based transcriptome analy-
sis of Drosophila S2 cells with Fzr overexpression. The re-
sults revealed that compared to the control, a total of 38
and 39 genes were upregulated and downregulated in Fzr-
overexpressing S2 cells, respectively (Supplementary Fig-
ure S3A and Supplementary Table S2), and the transcrip-
tion factor gene Myc was highly upregulated following Fzr
overexpression (Figure 2A). Further RT-qPCR and western
blotting confirmed that Fzr overexpression enhanced Myc
expression in either Drosophila S2 cells or wing disc (Figure
2B and Supplementary Figure S3B). In contrast, Fzr knock-
down in the salivary glands reduced Myc expression (Figure
2C and Supplementary Figure S3C-D’).

We further performed salivary gland-specific loss- and
gain-of-function analyses of Drosophila Myc and found
that Myc phenocopied the effects of Fzr on endoreplica-
tion. First, Myc knockdown in the salivary glands dramat-
ically reduced gland size, the size of the cell and nucleus,
and DNA content (Supplementary Figure S4A-E). EdU or
BrdU staining revealed no DNA replication following ei-
ther Myc knockdown (Supplementary Figure S4F and G)
or clonal Myc silencing (Supplementary Figure S4H and
I). Second, we carried out salivary gland-specific Myc over-
expression and observed that at 120 h AEL (the beginning
of the prepupal stage), DNA replication was terminated in
salivary gland cells as control and these cells could not be
stained with EdU, whereas salivary gland cells with Myc
overexpression could still be labeled with EdU (Supplemen-
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Drosophila salivary gland. (A) Transcriptome analysis of expression changes of several transcription factor genes following Fzr overexpression in Drosophila
S2 cells. Normalized FPKM value was used for measuring relative expression level. Myc was upregulated following Fzr overexpression. Data are presented
asmean + SE (error bars). For the significance test: *P < 0.05, **P < 0.01, ***P < 0.001 versus control. (B) Fzr overexpression in S2 cells promoted mRNA
transcription and protein expression of the Myc gene. (C) Fzr knockdown in the salivary glands reduced mRNA transcription and protein expression of
the Myc gene at 96 h AEL. (D-H) Myc knockdown in the salivary glands causes an accumulation of the CycB mRNA (D, E and H) and the CycB protein
(F, G) at 96 h AEL. (I) Myc overexpression in Drosophila S2 cells significantly downregulated the transcription of the CycB gene. Data are presented as
mean + SE (error bars). For the significance test: *P < 0.05, **P < 0.01, ***P < 0.001 versus control. OE, overexpression. AEL, after egg laying. Scale
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tary Figure S4J-M), confirming that Myc overexpression
enhances DNA replication. Third, similar to the effects of
Fzr on CycB expression, Myc knockdown in the salivary
glands also induced the accumulation of both CycBmRNA
and CycB protein (Figure 2D-H). However, Myc overex-
pression in Drosophila S2 cells inhibited the transcription
and protein expression of CycB (Figure 21 and Supplemen-
tary Figure S4N).

We next evaluated the epistatic relationship between
Fzr and Myc in the regulation of endoreplication in the
salivary glands. Our results showed that the reduced nu-
clear size caused by salivary gland-specific Fzr knock-
down was partially rescued by Myc overexpression in sali-
vary gland cells (Figure 3A-C). In addition, compared
to Fzr knockdown alone in salivary gland cells, Myc

overexpression in salivary gland cells with Fzr knock-
down caused a two-fold increase in DNA content (Fig-
ure 3D and E); reinitiation of DNA replication, as evi-
denced by EdU staining (Figure 3F-H); and abrogation
of CycB protein accumulation (Figure 31-K). These data,
combined with our finding about the positive regulation
of Fzr on Myc transcription, indicate that Myc func-
tions as a downstream effector of Fzr. Taken together, it
is noteworthy that Myc overexpression only partially re-
stores the Fzr knockdown-induced changes in the nuclear
and cell size as well as the DNA content in endorepli-
cating salivary gland cells (Figure 3A—E), suggesting that
key transcriptional regulators downstream of Fzr signal-
ing may be more than Myc in the control of salivary gland
endoreplication.



Sg>Fzr-i | C

Sg>Fzr-i

Sg>Fzri | K

Nucleic Acids Research, 2020, Vol. 48, No. 8 4221

w]
*
*
*
*
*

Sg>Fzr-i; Myc®®

C-value (log?)
o © ]

w
.

Sg>Fzr-i; Myc°F

0
Sg>+ Sg>Fzr-i Sg>Fzr-i;
Myc®E
E
1.5, *kk
=)
c
g 12
Sg>Fzr-i; MycO® S
8 S S 09;
8 % *kk
22 06
5%
: l_-_l
£
0-

Sg>+ Sg>Fzr-i Sg>Fzr-i;
MycoE
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versus control. OE, overexpression. AEL, after egg laying. Scale bar, 30 pm.

Fzr mediates histone H2B ubiquitination within the promoter
of the Myc gene

Given that Fzr/Cdh protein contains seven conserved
WD40 domains that are involved in protein—protein inter-
action but has no domain that is responsible for transcrip-
tional regulation (9,50-52), we further aimed to character-
ize novel factors that can interact with Fzr to modulate Myc
transcription. A Co-IP experiment following LC-MS/MS
analysis in human HEK293-FT cells identified that Fzr
could potentially interact with a total of 641 proteins (Sup-
plementary Table S3). Interestingly, histone H2B is included
in this collection of potential Fzr-interacting partners. H2B
is a fundamental structural component of chromatin and
H2B ubiquitination is essential for gene transcription acti-
vation or silencing by affecting chromatin architecture (53—
55). We also observed that Fzr knockdown in Drosophila
salivary glands also caused irregular chromatin condensa-
tion and this phenotype could not be rescued by Myc over-
expression (Supplementary Figure SSA-C), further indicat-
ing a potential interaction between Fzr and chromatin com-
ponents. Moreover, a canonical Co-IP experiment by using
total proteins from in Drosophila S2 cells co-overexpressing
both Drosophila Fzr and V5-tagged H2B demonstrated that
H2B could be co-immunoprecipitated with Fzr (Figure 4A).
Additional Co-IP experiment based on the nucleoproteins
isolated from S2 cells with Fzr overexpression further con-
firmed that compared to the control, overexpressed Fzr in-

teracted with more chromatin-associated H2B (Figure 4B).
Furthermore, in vitro GST-pull down assay showed a direct
interaction between Fzr and H2B (Figure 4C). Taken to-
gether, these observations indicate that Fzr can interact with
H2B and affect chromatin structure.

Ubiquitinated H2B (H2Bub) is preferentially located in
transcriptionally active chromatin (53,54). We next asked
whether the interaction between Fzr and H2B in Drosophila
mediates H2B ubiquitination. Strikingly, Fzr overexpres-
sion in Drosophila S2 cells promoted H2B ubiquitination
(Figure 4D) while Fzr knockdown in Drosophila salivary
glands decreased the H2Bub level (Figure 4E). Further-
more, we performed in vivo ubiquitination assays in S2 cells
by overexpressing either intact ubiquitin (Ub) or mutated
Ub-KO (only mediates mono-ubiquitination) and found
that compared to the control without Fzr overexpression,
following Fzr overexpression, a single stronger signal band
of H2Bub was detected in the nucleoproteins with the over-
expression of either Ub or Ub-KO0 (Figure 4F and Sup-
plementary Figure S7A), revealing that Fzr promotes H2B
mono-ubiquitination.

To examine the relationship between H2B ubiquitina-
tion and the transcription of Myc as a downstream effec-
tor of Fzr, we conducted ChIP-qPCR analysis in S2 cells
and observed that Fzr overexpression enhanced the accu-
mulation of both H2Bub and Fzr within different regions of
the potential promoter of only Myc gene, but not other se-
lected genes as control, including CycB, HSP90 and Actin5c



4222 Nucleic Acids Research, 2020, Vol. 48, No. 8

A B Ctrl Fzre c GST-Fzr - - + +
IP IgG V5 1P IgG  Fazr IgG  Fzr Sumo-His-H2B - + - +
GST + + - -
T e I e
0 H2B 0 Sumo-His + - + -
e
Cytoplasmic — L
Ctrl  Fzr®S/H2BCE ypr't))tein Nucleoprotein His 34KD
Fzr - Ctrl  Fzro® Ctrl - 25KD
V5-H2B - 2 HZB| - — | 5
£ 2
TubulinEl Tubulin}  — p— ‘ = GST| e “r - ‘
D Ct I32 cel;-'s rOE E Ssall>\1a S'—I: :d - F Flag-Fzr - + - +
r z g ogerar HA-Ub + + - -
H2Bub| o se— H2Bub | Gy === HA-Ub-KO - - + +
2z j—| S o+ *  * ¢
IP: Myc
e R
HA — —
G S2 cells H S2 cells Myc oy e
o 10 - o 0008
] « [ g Input ——
I T -
2038 8 - |-72¢D
.GE, .g 0.006 1
] ®
T 0.6 1 s HA L |-25KD
[ T 0.0041
) 5 — 15KD
» 0.4 1 »
o o
-CE) 5 0.002
2021 5 Myc
'_Fn‘ w
o~ Flag
I
0 0- Tubulin
Myc-R1 Myc-R2 Myc-R1 Myc-R2
W Ctrl M Fzr°® W Ctrl M Fzr°®

Figure 4. Fzr enhances H2B ubiquitination within the promoter of the Myc gene. (A) Co-IP analysis revealed that Fzr interacts with H2B. (B) Following
nucleus isolation, micrococcal nuclease digestion, and nucleoprotein extraction, Co-IP experiments with nucleoproteins were performed and then confirmed
the interaction between Fzr and chromatin-associated H2B. (C) GST-pull down assay showed a direct interaction between Fzr and H2B. (D, E) Fzr
promotes H2B ubiquitination. The level of ubiquitinated H2B (H2Bub) was increased following Fzr overexpression in Drosophila S2 cells (D) and was
decreased after Fzr knockdown in the salivary glands at 96 h AEL (E). (F) An in vivo ubiquitination assay in S2 cells confirmed that Fzr promotes H2B
mono-ubiquitination. Ub-KO is a mutated ubiquitin that all lysines are mutated to arginines and only mediates mono-ubiquitination. The nucleoproteins
were extracted from S2 cells co-overexpressing several designed molecules and were then used for Co-IP analysis with anti-Myc tag antibody. (G, H) ChIP-
qPCR assays in Fzr-overexpressing S2 cells by using anti-H2Bub antibody (G) and anti-Fzr antibody (H) revealed that the amounts of ubiquitinated H2B
and Fzr that binds to the promoter region of the Myc gene were elevated after Fzr overexpression. Data are presented as mean =+ SE (error bars). For the
significance test: *P < 0.05, **P < 0.01 versus control. OE, overexpression. AEL, after egg laying.

(Figure 4G, H and Supplementary Figure S6A-C). In ad-
dition, given that Fzr can activate the E3 ubiquitin ligase
activity of APC/C complex to mediate the degradation of
their substrates (2,3), we further performed salivary gland-
specific knockdown of different subunits of APC/C com-
plex and found that 4PC3 knockdown phenocopied the
defects caused by Fzr knockdown (Supplementary Figure
S7B-G), and decreased the H2Bub level (Supplementary
Figure S7H), indicating that Fzr promotes H2B ubiquiti-
nation through, at least partially, APC3. Taken together,
these data demonstrate that Fzr directly interacts with the
chromatin-associated H2B to mediate mono-ubiquitination
of H2B within the promoter of the Myc gene, which is likely
involved in orchestrating Myc transcription.

Myc positively regulates the transcription of MCMG6 involv-
ing in DNA replication

Considering that the expression of the transcription factor
Myc in the salivary gland promotes DNA replication in en-
docycling cells, we further investigated whether Myc regu-
lates the transcription of the six members of the MCM com-
plex that function as components of the preRCs to initi-
ate DNA replication during endocycling progression. RT-
gPCR analysis showed that the transcriptions of MCM3
and MCM6 were significantly decreased to almost unde-
tectable levels following Myc knockdown in the salivary
gland (Figure 5A). But, only MCM6 transcription, not
MCMS3 transcription, was significantly promoted by Myc
overexpression in the salivary glands (Figure 5B), indicat-
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bar, 30 pm.
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ing that Myc is involved in the regulation of MCMG6 tran-
scription.

We further assessed the regulatory effect of Myc on
MCMG6 expression by immunostaining with an antibody
against Drosophila MCM6. As shown in Figure 5C and D,
MCMB6 expression was strongly downregulated at the pro-
tein level in salivary glands with Myc knockdown. Con-
versely, MCMG6 protein expression was increased in the sali-
vary glands after Myc overexpression (Figure SE and F).
Epistatic analysis revealed that Fzr knockdown-induced re-
duction of MCMG6 expression in the salivary gland was di-
minished by simultaneous Myc overexpression (Figure 5G—
I). In addition, salivary gland-specific knockdown of the
MCMG6 gene abrogated DNA replication (Supplementary
Figure S8A and B), and Myc overexpression-induced in-
crease in DNA content as well as enhancement in DNA
replication was impaired by MCM6 knockdown in the sali-
vary glands at 120 h AEL (Figure 5J-L and Supplementary
Figure S8C and D). These data suggest that Myc promotes
DNA replication in the endocycling salivary gland cells by
positively regulating M CM6 expression.

Myec directly binds to specific motifs within the promoters of
the CycB and M CMG6 genes

Myc belongs to the bHLH-Zip transcription factor fam-
ily and regulates the transcription of its downstream tar-
gets by specifically binding to conserved cis-regulatory el-
ements such as E-box or E-box-like motifs (49,56,57). We
therefore characterized the probability of Myc binding to
the promoters of the Drosophila CycBand M CM6 genes. By
analysing the Drosophila Myc ChIP-Seq data from previous
study (49), we found one binding peak within the promoter
regions of both CycB and MCM6 (Figure 6A). MatInspec-
tor program-based bioinformatics analysis predicted one
potential E-box motif for Myc binding within these binding
peaks (Figure 6A). Subsequent ChIP-PCR examination in
the salivary glands revealed that the DNA regions covering
E-box motif within the Myc binding peaks were detectable
in the products precipitated with anti-Myc antibody by us-
ing specific primers covering E-box motifs (Figure 6B-B’).
Similarly, ChIP-qPCR experiment in Drosophila S2 cells
also confirmed that comparing to the control, the amounts
of Myc binding within the peaks were increased follow-
ing Myc overexpression (Figure 6C—C’). Furthermore, we
designed biotinylated probes targeting the predicted E-box
motifs for Myc binding within the promoters of the CycB
and MCM6 gene and performed EMSA experiments. The
results showed that the nucleoproteins from S2 cells over-
expressing Myc could bind to the biotinylated probes in a
dose-dependent manner, and this binding was competitively
attenuated not only by the unlabeled cold probes (Supple-
mentary Figure SOA and B), but also by specific anti-Myc
antibody (Figure 6D-D’). Our results together suggest that
Myec directly binds to specific E-box motifs within the pro-
moter regions of both CycB and MCM6.

We further performed luciferase reporter assay in
Drosophila S2 cells to examine the effects of Myc on the ac-
tivity of the promoters of the Drosophila CycB and MCM6
genes. We observed that compared to the control, Myc over-
expression decreased and increased the activities of CycB

promoter and MCMG6 promoter, which (P1) contain E-
box motifs for Myc binding, respectively (Figure 6E-E’).
However, Myc overexpression has no effect on the activi-
ties of the truncated promoters (P2) that contain no poten-
tial E-box motifs (Figure 6E-E’). Taken together, we pro-
posed that Myc regulates the transcription of the CycB and
MCMG6 genes by directly binding to specific E-box motifs
within their promoters.

The Fzr-H2Bub-Myc signaling cascade is conserved between
insect and mammalian cells

We sought to evaluate whether the Fzr-H2Bub-Myc signal-
ing cascade involved in endoreplication is conserved in in-
sects and mammals. Intriguingly, overexpression of the hu-
man homolog (HsFzr) of Drosophila Fzr (DmFzr) in hu-
man embryonic kidney-derived HEK293-FT cells pheno-
copied the effects of DmFzr overexpression on increasing
DNA content and cell size (Figure 7A-B’). Notably, we also
found that in HEK293-FT cells, overexpression of either
HsFzr or HsMyc dramatically reduced HsCycB expression
(Figure 7C and D). In addition, HsFzr overexpression in-
creased HsMyc expression and the level of H2Bub (Figure
7C). These data suggest that the Fzr-H2Bub-Myc signaling
cascade also participates in DNA replication in mammalian
cells.

We further performed a cross-species analysis to exam-
ine the functional conservation of the Fzr-H2Bub-Myc sig-
naling cascade. Our data revealed that, similar to DmFzr
overexpression in Drosophila S2 cells (Supplementary Fig-
ure 1F), overexpression of either HsFzr or BmFzr from
the lepidopteran insect Bombyx mori in Drosophila S2 cells
also enlarged the nuclei, implying cross-species conserva-
tion of Fzr function in endoreplication (Figure 7E-F’ and
Supplementary Figure S10A). Consistent with this result,
DmCycB expression was significantly reduced, while both
DmMCMG6 expression and the level of H2Bub were en-
hanced following overexpression of either HsFzr or Bm-
Fzr (Figure 7G and Supplementary Figure S10B). Further-
more, HsMyc and BmMyc overexpression in S2 cells de-
creased DmCycB expression and increased DmMCMG6 ex-
pression (Figure 7H and Supplementary Figure S10C). Fi-
nally, Co-IP assays showed that both HsFzr and BmFzr in-
teract with Drosophila H2B (Supplementary Figure S10D-
E). These results suggest that the involvement of the Fzr-
H2Bub-Myc signaling cascade in endoreplication progres-
sion is conserved between insect and mammalian cells.

DISCUSSION

Fzr/Cdhl, a WD40 domain-containing protein, has been
demonstrated to control the transition from the mitotic cy-
cle to the endocycle and is required for endoreplication in
Drosophila and mammals (2,3). Here, we outlined a new
mechanism of Fzr-mediated regulation of endoreplication
progression in Drosophila salivary gland in which Fzr inter-
acts with histone H2B to mediate H2B ubiquitination and
stimulates Myc transcription. The Fzr-H2Bub-Myc signal-
ing cascade is conserved between insect and mammalian
cells and is involved in regulating the transcription of cell
cycle regulators, CycB and M CMG6, in different manners.
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Figure 6. Myc regulates the transcription of the CycB and MCM6 genes by directly binding to specific motif within their promoters. (A) Schematic diagram
of the Myc binding peaks and potential E-box motifs for Myc binding within the promoters of the CycB and M CM6 genes. One binding peak is located
in the region from -921 to -461 within the promoter upstream of the translational start site of the CycB gene and one potential E-box for Myc binding is
located within this region from -838 to -833. One binding peak exists within the region from —359 to +221 around the translational start site of the M CM6
gene and there is one potential E-box within this region from —83 to —78. (B—C") ChIP-PCR and ChIP-qPCR assays verified the direct binding of Myc to
the promoters of the CycB and MCM6 genes in Drosophila salivary glands (B, B’) and S2 cells with Myc overexpression (C, C’). (D, D’) Electrophoretic
mobility shift assay (EMSA) confirmed that Myc can directly bind to specific E-box motifs for Myc binding within the promoters of the CycB (D) and
MCM6 genes (D). Anti-Myc antibody competitively impaired the binding of Myc to the probes targeting E-box motifs. (E, E’) Luciferase reporter analyses
revealed that Myc inhibited and promoted activities of the CycB promoter (E) and the M CM6 promoter (E’), respectively. P1, complete promoters of the
CycB and MCMG6 genes containing potential E-box. P2, truncated promoters of the CycB and M CM6 genes without E-box. Data are presented as mean
=+ SE (error bars). For the significance test: **P < 0.01 versus control. OE, overexpression.
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Figure 7. The Fzr-H2Bub-Myc signaling cascade is conserved between insect and mammalian cells. (A—C) Effects of the overexpression of the human
Fzr (HsFzr) gene in human HEK293-FT cells. HsFzr overexpression not only increased the size of the cell and nucleus (A-B’), but also inhibited HsCycB
expression and promoted both HsMyc expression and H2B ubiquitination (C), which is similar to the effects of the overexpression of the Drosophila Fzr
(DmFzr) gene in Drosophila S2 cells. (D) Overexpression of the human Myc (HsMyc) gene in HEK293-FT cells inhibited HsCycB expression. (E-F”)
Ectopic overexpression of the HsFzr gene in Drosophila S2 cells also increased the size of the cell and nucleus. (G) Ectopic overexpression of human HsFzr
in Drosophila S2 cells inhibited DmCycB expression, promoted DmMCMG6 expression, and enhanced both DmMyc expression and H2B ubiquitination.
(H) Ectopic overexpression of human HsMyc in S2 cells inhibited DmCycB expression and promoted DmMCMG6 expression. OE, overexpression. Hs,

Homo sapiens; Dm, Drosophila melanogaster. Scale bar, 5 pm.

Fzr is linked with Myc function during endoreplication

Previous studies in Drosophila showed that tissue-specific
inhibition of Fzr expression via RNAI in either follicle cells
of the adult ovary or cells of the larval prothoracic gland
blocks endocycle progression (9,13,58) and that Fzr muta-
tion inhibits endoreplication in the salivary gland (8). More-
over, Myc, which is defined as both a transcription factor
and an oncogene, has long been implicated in regulating
various cellular processes, including growth, proliferation,
differentiation, and oncogenesis (57,59). Myc mutation in
Drosophila leads to the arrest of growth and endoreplica-
tion in ovarian follicle cells and salivary gland cells, which
undergo endoreplication (60,61). However, whether Fzr can
link with Myc to mediate endoreplication in endorepli-
cating cells remains unclear. Our data revealed that sali-
vary gland-specific knockdown of either Fzr or Myc re-
sults in similar defects, including inhibition of endoreplica-
tion; decrease of gland size; activation of CycB transcrip-
tion, which is absent in endocycling cells; and downregu-
lation of M CMG6 transcription, which is involved in DNA
replication. We also found that Fzr knockdown in the sali-
vary glands decreases the transcription of the Myc gene, and

the defects resulting from Fzr knockdown can be partially
ameliorated by Myc overexpression. Therefore, we conclude
that Fzr is linked with Myc to regulate the progression of
endoreplication in the Drosophila salivary gland.

Fzr promotes H2B ubiquitination to regulate Myc transcrip-
tion

A striking finding of our study is that Fzr interacts with
chromatin-associated histone H2B to promote H2B ubiqui-
tination, which in turn directly regulates Myc transcription.
Previous studies reported that Fzr activates the APC/C
complex, which has E3 ubiquitin ligase activity, and that
high APC/CF# activity induces the ubiquitination and sub-
sequent degradation of direct substrates, such as Gemi-
nin, ORC proteins, CycB, and Nek2 kinase, in endocycling
Drosophila cells (14,15,24,25). Upregulation of Fzr expres-
sion in follicle cells of the adult ovary, which are under-
going mitotic cycling, causes precocious endocycling and
reduces the levels of CycB and CycA (13). Additional ev-
idence revealed that Fzr directly interacts with APC/CH~
substrates and subsequently ubiquitylates them (36,62). In-
triguingly, by combining a Co-IP experiment and an in vivo



ubiquitination assay in Drosophila salivary gland and S2
cells, we found that Fzr can directly interact with chromatin-
associated H2B and promote H2B ubiquitination, and the
downregulation of the APC3 subunit of the APC/C com-
plex not only phenocopies the effects of Fzr knockdown
on salivary gland endoreplication but also decreases the
H2Bub level. Previous studies also reported that H2B can
be ubiquitinated by the E3 ubiquitin ligase Brel in yeast
or its homologous RNF20/RNF40 complex in mammals
(53,55,63), and Brel mutation in Drosophila reduces H2B
ubiquitination-dependent H3K4 methylation (64). There-
fore, further investigations are needed to address the de-
tailed mechanisms underlying Fzr regulation of H2B ubiq-
uitination during endoreplication.

H2B ubiquitination is generally involved in activating
gene transcription by regulating chromatin organization
and subsequently mediating transcription initiation and
elongation (55,65,66). Increasing evidence indicates that
H2Bub is preferentially enriched in the promoters of ac-
tively transcribed genes (66-69). Notably, we found that Fzr
overexpression enhanced H2Bub accumulation in the re-
gion upstream of the translation start site of the Myc gene,
a downstream effector of Fzr. Taken together, our findings
suggest that Fzr-mediated H2B ubiquitination likely stim-
ulates Myc transcription and that the Fzr-H2Bub-Myc sig-
naling cascade is involved in endoreplication in Drosophila
salivary gland.

The Fzr-H2Bub-Myec signaling cascade regulates the tran-
scription of cell cycle regulators

Endoreplication mainly involves three biological events,
namely, the mitotic-to-endocycle transition, oscillation of
DNA re-replication, and progression of DNA replication
(2). The Fzr-H2Bub-Myc signaling cascade has been found
here to be involved in regulating the transcription of two
cell cycle regulators involved in endoreplication in the
Drosophila salivary gland—CycB, absent during mitotic-
to-endocycle transition, and MCMG6, associated with DNA
replication. CycB is required for the G2/M transition dur-
ing mitosis (21-23,70), and activation of CycB/CDK 1 may
paticipate in the inhibition of endoreplicaiton progression
(8). Together with findings from a previous report indicat-
ing that the CycB protein is not expressed in the Drosophila
salivary gland and that CycB mRNA is not expressed in the
Bombyx silk gland (8,26), our observation that the expres-
sion of both CycB mRNA and CycB protein was induced
following the downregulation of either Fzr or Myc suggests
that the Fzr-H2Bub-Myc signaling cascade transcription-
ally inhibits CycB expression during endoreplication.

The MCM complex, comprising the structurally related
MCM2-7 subunits, is loaded on replication origins dur-
ing G1 phase to initiate DNA synthesis and elongate the
DNA strands in eukaryotic cells (30,71). Downregulation
of MCM4 and MCM?7 expression blocks endocycle pro-
gression in endocycling fat body cells in migratory locusts
by inhibiting DNA replication (33). The interaction be-
tween MCMO6 and the DNA replication factor Cdtl dur-
ing G1 phase serves as a platform for the formation of pre-
RCs in the nucleoplasm and the loading of the complex
on replication origins (72,73); abolishing this interaction
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prevents the formation of MCM heterohexamers and sub-
sequently inhibits DNA synthesis (73-75). We found that
the Fzr-H2Bub-Myc signaling cascade positively regulates
transcription of the MCM®6 gene in the Drosophila salivary
gland. Given that Fzr controls endoreplication entry and
MCM function in DNA replication, our results indicate a
link between endoreplication entry and DNA replication in
endocycling cells.

The transcription factor Myc regulates the transcrip-
tion of downstream targets by specifically binding to con-
served E-box sequences in both mammals and Drosophila
(49,56). Our results show that Myc directly binds to spe-
cific motifs within the promoters of the Drosophila CycB
and M CM6 genes, which then negatively and positively reg-
ulates the transcription of CycB and M CMG6, respectively.
In fact, some transcription factors can positively and neg-
atively regulate the transcription of downstream targets by
binding to cis-regulatory elements within the promoters of
the targeting genes, like Kr-hl in insect (76) and Dmrtl
in fish (77,78). Mechanistically, transcription factors gen-
erally need to recruit and interact with some co-activators
and/or co-repressors to mediate transcriptional regulation
(79). Thus, it will be of interest to identify co-activators and
co-repressors involving in Myc regulation on the transcrip-
tion of the CycB and M CMG6 genes during endoreplication.

DATA AVAILABILITY

All raw data of transcriptome change following Fzr over-
expression have been deposited with the Sequence Read
Archive of the National Center for Biotechnology In-
formation (NCBI) database under accession number PR-
JNAS509304.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We would like to thank Prof. Norbert Perrimon (Howard
Hughes Medical Institute, Harvard Medical School) for
gifting fly lines. We also thank TsingHua Fly Center, Vienna
Drosophila Resources Center, Bloomington Drosophila
Stock Center and Fly Stocks of National Institute of Ge-
netics for providing fly lines.

FUNDING

National Natural Science Foundation of China [31772679,
31572464 to D.C., 31530071 to Q.X.]; Natural Science
Foundation of Chongqing [cstc2019jcyj-msxmX0446 to
W.Q.]. Funding for open access charge: National Natural
Science Foundation of China.

Conflict of interest statement. None declared.

REFERENCES

1. Edgar,B.A. and Orr-Weaver, T.L. (2001) Endoreplication cell cycles:
more for less. Cell, 105, 297-306.

2. Edgar,B.A., Zielke,N. and Gutierrez,C. (2014) Endocycles: a
recurrent evolutionary innovation for post-mitotic cell growth. Nat.
Rev. Mol. Cell Biol., 15, 197-210.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaa158#supplementary-data

4228 Nucleic Acids Research, 2020, Vol. 48, No. 8

20.

21

22.

23.

24.

25.

. Zielke,N., Edgar,B.A. and DePamphilis,M.L. (2013)

Endoreplication. Cold Spring Harb. Perspect. Biol., 5, a012948.

. Hammond,M.P. and Laird,C.D. (1985) Control of DNA replication

and spatial distribution of defined DNA sequences in salivary gland
cells of Drosophila melanogaster. Chromosoma, 91, 279-286.

. Perdrixgillot,S. (1979) DNA-synthesis and endomitoses in the giant

nuclei of the silkgland of Bombyx mori. Biochimie, 61, 171-204.

. Gage,L.P. (1974) Polyploidization of the silk gland of Bombyx mori.

J. Mol. Biol., 86, 97-108.

. Varmuza,S., Prideaux, V., Kothary,R. and Rossant,J. (1988) Polytene

chromosomes in mouse trophoblast giant cells. Development, 102,
127-134.

. Sigrist,S.J. and Lehner,C.F. (1997) Drosophila fizzy-related

down-regulates mitotic cyclins and is required for cell proliferation
arrest and entry into endocycles. Cell, 90, 671-681.

. Schaeffer,V., Althauser,C., Shcherbata,H.R., Deng, W.M. and

Ruohola-Baker,H. (2004) Notch-dependent
Fizzy-related/Hecl/Cdhl expression is required for the
mitotic-to-endocycle transition in Drosophila follicle cells. Curr. Biol.,
14, 630-636.

. Garcia-Higuera,I., Manchado,E., Dubus,P., Canamero,M.,

Mendez,J., Moreno,S. and Malumbres,M. (2008) Genomic stability
and tumour suppression by the APC/C cofactor Cdhl. Nat. Cell
Biol., 10, 802-811.

. Sauer,K., Knoblich,J.A., Richardson,H. and Lehner,C.FE. (1995)

Distinct modes of cyclin E/cdc2c kinase regulation and S-phase
control in mitotic and endoreduplication cycles of Drosophila
embryogenesis. Genes Dev., 9, 1327-1339.

. Smith,A.V. and Orr-Weaver, T.L. (1991) The regulation of the cell

cycle during Drosophila embryogenesis: the transition to polyteny.
Development, 112, 997-1008.

. Shcherbata,H.R., Althauser,C., Findley,S.D. and Ruohola-Baker,H.

(2004) The mitotic-to-endocycle switch in Drosophila follicle cells is
executed by Notch-dependent regulation of G1/S, G2/M and M/G1
cell-cycle transitions. Development, 131, 3169-3181.

. Zielke,N., Querings,S., Rottig,C., Lehner,C. and Sprenger,F. (2008)

The anaphase-promoting complex/cyclosome (APC/C) is required
for rereplication control in endoreplication cycles. Genes Dev., 22,
1690-1703.

. Narbonne-Reveau,K., Senger,S., Pal, M., Herr,A., Richardson,H.E.,

Asano,M., Deak,P. and Lilly,M.A. (2008) APC/CFzr/Cdhl
promotes cell cycle progression during the Drosophila endocycle.
Development, 135, 1451-1461.

. Pesin,J.A. and Orr-Weaver, T.L. (2008) Regulation of APC/C

activators in mitosis and meiosis. Annu. Rev. Cell Dev. Biol., 24,
475-499.

. Peters,J.M. (2002) The anaphase-promoting complex: proteolysis in

mitosis and beyond. Mol. Cell, 9, 931-943.

. Vodermaier,H.C. (2001) Cell cycle: waiters serving the destruction

machinery. Curr. Biol., 11, R834-837.

. Pines,J. (2011) Cubism and the cell cycle: the many faces of the

APC/C. Nat. Rev. Mol. Cell Biol., 12, 427-438.

Zielke,N., Kim,K.J., Tran,V., Shibutani,S.T., Bravo,M.J.,
Nagarajan,S., van Straaten,M., Woods,B., von Dassow,G., Rottig,C.
et al. (2011) Control of Drosophila endocycles by E2F and
CRL4(CDT?2). Nature, 480, 123-127.

. Lammer,C., Wagerer,S., Saffrich,R., Mertens,D., Ansorge,W. and

Hoffmann,l. (1998) The cdc25B phosphatase is essential for the
G2/M phase transition in human cells. J. Cell Sci., 111, 2445-2453.
Linder,M.I., Kohler,M., Boersema,P., Weberruss,M., Wandke,C.,
Marino,J., Ashiono,C., Picotti,P., Antonin,W. and Kutay,U. (2017)
Mitotic disassembly of nuclear pore complexes involves CDK 1- and
PLK I-mediated phosphorylation of key interconnecting
nucleoporins. Dev. Cell, 43, 141-156.

Parry,D.H., Hickson,G.R. and O’Farrell,P.H. (2003) Cyclin B
destruction triggers changes in kinetochore behavior essential for
successful anaphase. Curr. Biol., 13, 647-653.

Raff,J.W.,, Jeffers,K. and Huang,J.Y. (2002) The roles of Fzy/Cdc20
and Fzr/Cdhl in regulating the destruction of cyclin B in space and
time. J. Cell Biol., 157, 1139-1149.

Zur,A. and Brandeis,M. (2002) Timing of APC/C substrate
degradation is determined by fzy/fzr specificity of destruction boxes.
EMBO J., 21, 4500-4510.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43

44.

45.

46.

Dhawan,S. and Gopinathan,K.P. (2003) Cell cycle events during the
development of the silk glands in the mulberry silkworm Bombyx
mori. Dev. Genes Evol., 213, 435-444.

Sudhakar,B. and Gopinathan,K.P. (2000) Expression of cyclin E in
endomitotic silk-gland cells from mulberry silkworm. Gene, 257,
77-85.

Maiorano,D., Lutzmann,M. and Mechali,M. (2006) MCM proteins
and DNA replication. Curr. Opin. Cell Biol., 18, 130-136.
Froelich,C.A., Nourse,A. and Enemark,E.J. (2015) MCM ring
hexamerization is a prerequisite for DNA-binding. Nucleic Acids
Res., 43, 9553-9563.

Tye,B.K. (1999) MCM proteins in DNA replication. Annu. Rev.
Biochem., 68, 649—686.

Wu,Z., Guo,W.,, Xie,Y. and Zhou,S. (2016) Juvenile hormone
activates the transcription of cell-division-cycle 6 (Cdc6) for
polyploidy-dependent insect vitellogenesis and oogenesis. J. Biol.
Chem., 291, 5418-5427.

Evrin,C., Fernandez-Cid,A., Riera,A., Zech,J., Clarke,P,,
Herrera,M.C., Tognetti,S., Lurz,R. and Speck,C. (2014) The
ORC/Cdc6/MCM2-7 complex facilitates MCM2-7 dimerization
during prereplicative complex formation. Nucleic Acids Res., 42,
2257-2269.

Guo,W., Wu,Z., Song,J., Jiang,F., Wang,Z., Deng,S., Walker,V.K.
and Zhou,S. (2014) Juvenile hormone-receptor complex acts on
mcm4 and mem?7 to promote polyploidy and vitellogenesis in the
migratory locust. PLoS Genet., 10, ¢1004702.

Weiss,A., Herzig,A., Jacobs,H. and Lehner,C.F. (1998) Continuous
Cyclin E expression inhibits progression through endoreduplication
cycles in Drosophila. Curr. Biol., 8, 239-242.

Zhang,T., Song,W., Li,Z., Qian,W., Wei,L., Yang,Y., Wang,W.,
Zhou,X., Meng,M., Peng.J. et al. (2018) Kruppel homolog 1 represses
insect ecdysone biosynthesis by directly inhibiting the transcription of
steroidogenic enzymes. Proc. Natl. Acad. Sci. U.S.A., 115, 3960-3965.
Meghini,F., Martins, T., Tait,X., Fujimitsu,K., Yamano,H.,
Glover,D.M. and Kimata,Y. (2016) Targeting of Fzr/Cdhl1 for timely
activation of the APC/C at the centrosome during mitotic exit. Nat.
Commun., 7, 12607.

Ren,F, Shi,Q., Chen,Y., Jiang,A., Ip,Y.T., Jiang,H. and Jiang,J.
(2013) Drosophila Myc integrates multiple signaling pathways to
regulate intestinal stem cell proliferation during midgut regeneration.
Cell Res., 23, 1133-1146.

Ni,J.Q., Liu,L.P., Binari,R., Hardy,R., Shim,H.S., Cavallaro,A.,
Booker,M., Pfeiffer,B.D., Markstein,M., Wang,H. et al. (2009) A
Drosophila resource of transgenic RNAI lines for neurogenetics.
Genetics, 182, 1089-1100.

Von Stetina,J.R., Frawley,L.E., Unhavaithaya,Y. and
Orr-Weaver, T.L. (2018) Variant cell cycles regulated by Notch
signaling control cell size and ensure a functional blood-brain barrier.
Development, 145, dev157115.

Bischof,J., Bjorklund,M., Furger,E., Schertel,C., Taipale,J. and
Basler,K. (2013) A versatile platform for creating a comprehensive
UAS-ORFeome library in Drosophila. Development, 140, 2434-2442.
Ohhara,Y., Nakamura,A., Kato,Y. and Yamakawa-Kobayashi,K.
(2019) Chaperonin TRiC/CCT supports mitotic exit and entry into
endocycle in Drosophila. PLos Genet., 15, e1008121.
Costantino,B.F., Bricker,D.K., Alexandre, K., Shen, K.,
Merriam,J.R., Antoniewski,C., Callender,J.L., Henrich,V.C.,
Presente,A. and Andres,A.J. (2008) A novel ecdysone receptor
mediates steroid-regulated developmental events during the mid-third
instar of Drosophila. PLoS Genet., 4, ¢1000102.

. Karpowicz,P.,, Perez,J. and Perrimon,N. (2010) The Hippo tumor

suppressor pathway regulates intestinal stem cell regeneration.
Development, 137, 4135-4145.

Love,M.1., Huber,W. and Anders,S. (2014) Moderated estimation of
fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol., 15, 550.

Qian,W., Gang,X., Zhang,T., Wei,L., Yang,X., Li,Z., Yang,Y.,
Song,L., Wang,P., Peng,J. et al. (2017) Protein kinase A-mediated
phosphorylation of the broad-complex transcription factor in
silkworm suppresses its transcriptional activity. J. Biol. Chem., 292,
12460-12470.

Nectow,A.R., Moya,M.V., Ekstrand,M.I., Mousa,A., McGuire,K.L.,
Sferrazza,C.E., Field,B.C., Rabinowitz,G.S., Sawicka,K., Liang,Y.



47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

et al. (2017) Rapid molecular profiling of defined cell types using viral
TRAP. Cell Rep., 19, 655-667.

Miettinen, T.P. and Bjorklund,M. (2015) Modified ribosome profiling
reveals high abundance of ribosome protected mRNA fragments
derived from 3’ untranslated regions. Nucleic Acids Res., 43,
1019-1034.

Ji,S., Li,C.,, Hu,L., Liu,K., Mei,J., Luo,Y., Tao,Y., Xia,Z., Sun,Q. and
Chen,D. (2017) Bam-dependent deubiquitinase complex can disrupt
germ-line stem cell maintenance by targeting cyclin A. Proc. Natl.
Acad. Sci. U.S.A., 114, 6316-6321.

Yang.J., Sung,E., Donlin-Asp,P.G. and Corces,V.G. (2013) A subset
of Drosophila Myc sites remain associated with mitotic chromosomes
colocalized with insulator proteins. Nat. Commun., 4, 1464.
Mathieu-Rivet,E., Gevaudant,F., Cheniclet,C., Hernould,M. and
Chevalier,C. (2010) The anaphase promoting complex activator
CCS52A, a key factor for fruit growth and endoreduplication in
Tomato. Plant Signal. Behav., 5, 985-987.

Wang,Y., Hu,X.J., Zou,X.D., Wu,X.H., Ye,Z.Q. and Wu,Y.D. (2015)
WDSPdb: a database for WD40-repeat proteins. Nucleic Acids Res.,
43, D339-D344.

Cheng,D., Qian,W., Wang,Y., Meng,M., Wei,L., Li,Z., Kang,L.,
Peng,J. and Xia,Q. (2014) Nuclear import of transcription factor
BR-C is mediated by its interaction with RACKI1. PLoS One, 9,
el09111.

Chandrasekharan,M.B., Huang,F. and Sun,Z.W. (2010) Histone H2B
ubiquitination and beyond: regulation of nucleosome stability,
chromatin dynamics and the trans-histone H3 methylation.
Epigenetics, 5, 460-468.

Nickel,B.E., Allis,C.D. and Davie,J.R. (1989) Ubiquitinated histone
H2B is preferentially located in transcriptionally active chromatin.
Biochemistry, 28, 958-963.

Weake,V.M. and Workman,J.L. (2008) Histone ubiquitination:
triggering gene activity. Mol. Cell, 29, 653-663.

Blackwell,T.K., Huang,J., Ma,A., Kretzner,L., Alt, EW.,
Eisenman,R.N. and Weintraub,H. (1993) Binding of myc proteins to
canonical and noncanonical DNA sequences. Mol. Cell Biol., 13,
5216-5224.

Gallant,P. (2013) Myc function in Drosophila. Cold Spring Harb.
Perspect. Med., 3,a014324.

Ohhara,Y., Kobayashi,S. and Yamanaka,N. (2017)
Nutrient-dependent endocycling in steroidogenic tissue dictates
timing of metamorphosis in Drosophila melanogaster. PLoS Genet.,
13, ¢1006583.

Bellosta,P. and Gallant,P. (2010) Myc function in Drosophila. Genes
Cancer, 1, 542-546.

Maines,J.Z., Stevens,L.M., Tong,X. and Stein,D. (2004) Drosophila
dMyc is required for ovary cell growth and endoreplication.
Development, 131, 775-786.

Pierce,S.B., Yost,C., Britton,J.S., Loo,L.W., Flynn,E.M., Edgar,B.A.
and Eisenman,R.N. (2004) dMyc is required for larval growth and
endoreplication in Drosophila. Development, 131, 2317-2327.
Sorensen,C.S., Lukas,C., Kramer,E.R., Peters,J.M., Bartek,J. and
Lukas,J. (2001) A conserved cyclin-binding domain determines
functional interplay between anaphase-promoting complex-Cdhl and
cyclin A-Cdk2 during cell cycle progression. Mol. Cell Biol., 21,
3692-3703.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

Nucleic Acids Research, 2020, Vol. 48, No. 8 4229

Wang,L., Cao,C., Wang,F., Zhao,J. and Li,W. (2017) H2B
ubiquitination: conserved molecular mechanism, diverse physiologic
functions of the E3 ligase during meiosis. Nucleus, 8, 461-468.
Bray,S., Musisi,H. and Bienz,M. (2005) Brel is required for Notch
signaling and histone modification. Dev. Cell, 8, 279-286.

Fuchs,G. and Oren,M. (2014) Writing and reading H2B
monoubiquitylation. Biochim. Biophys. Acta, 1839, 694-701.
Zhang,Y. (2003) Transcriptional regulation by histone ubiquitination
and deubiquitination. Genes Dev., 17, 2733-2740.

Jung,I., Kim,S.K., Kim,M., Han,Y.M., Kim,Y.S., Kim,D. and Lee,D.
(2012) H2B monoubiquitylation is a 5'-enriched active transcription
mark and correlates with exon-intron structure in human cells.
Genome Res., 22, 1026-1035.

Batta,K., Zhang,Z., Yen,K., Goffman,D.B. and Pugh,B.F. (2011)
Genome-wide function of H2B ubiquitylation in promoter and genic
regions. Genes Dev., 25, 2254-2265.

Minsky,N., Shema,E., Field,Y., Schuster,M., Segal.E. and Oren,M.
(2008) Monoubiquitinated H2B is associated with the transcribed
region of highly expressed genes in human cells. Nat. Cell Biol., 10,
483-488.

Santos,S.D., Wollman,R., Meyer,T. and Ferrell,J.E. Jr (2012) Spatial
positive feedback at the onset of mitosis. Cell, 149, 1500-1513.
Bochman,M.L. and Schwacha,A. (2009) The Mcm complex:
unwinding the mechanism of a replicative helicase. Microbiol. Mol.
Biol. Rev., 73, 652-683.

Frigola,J., He,J., Kinkelin,K., Pye,V.E., Renault,L., Douglas,M.E.,
Remus,D., Cherepanov,P., Costa,A. and Diffley,J.EX. (2017) Cdtl
stabilizes an open MCM ring for helicase loading. Nat. Commun., 8,
15720.

Fernandez-Cid,A., Riera,A., Tognetti,S., Herrera,M.C., Samel,S.,
Evrin,C., Winkler,C., Gardenal,.E., Uhle,S. and Speck,C. (2013) An
ORC/Cdc6/MCM2-7 complex is formed in a multistep reaction to
serve as a platform for MCM double-hexamer assembly. Mol. Cell,
50, 577-588.

Wu,R., Wang,J. and Liang,C. (2012) Cdtlp, through its interaction
with Mcm6p, is required for the formation, nuclear accumulation and
chromatin loading of the MCM complex. J. Cell Sci., 125, 209-219.
Liu,C., Wu,R., Zhou,B., Wang,J., Wei,Z., Tye,B.K., Liang,C. and
Zhu,G. (2012) Structural insights into the Cdtl-mediated MCM2-7
chromatin loading. Nucleic Acids Res., 40, 3208-3217.

Ojani,R., Fu,X., Ahmed,T., Liu,P. and Zhu,J. (2018) Kruppel
homologue 1 acts as a repressor and an activator in the
transcriptional response to juvenile hormone in adult mosquitoes.
Insect Mol. Biol., 27, 268-278.

Wang,D.S., Zhou,L.Y., Kobayashi,T., Matsuda,M., Shibata,Y.,
Sakai,F. and Nagahama,Y. (2010) Doublesex- and Mab-3-related
transcription factor-1 repression of aromatase transcription, a
possible mechanism favoring the male pathway in tilapia.
Endocrinology, 151, 1331-1340.

Wei,L., Li,X., Li,M., Tang,Y., Wei,J. and Wang,D. (2019) Dmrtl
directly regulates the transcription of the testis-biased Sox9b gene in
Nile tilapia (Oreochromis niloticus). Gene, 687, 109-115.

Torchia,J., Glass,C. and Rosenfeld,M.G. (1998) Co-activators and
co-repressors in the integration of transcriptional responses. Curr.
Opin. Cell Biol., 10, 373-383.



