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Abstract

Cell cycle checkpoints are the regulatory mechanisms that secure the strict order of cellular events for cell division that ensure genome integrity.
It has been proposed that mitosis initiation depends on the completion of DNA replication, which must be tightly controlled to guarantee
genome duplication. Contrary to these conventional hypotheses, we showed here that cells were able to enter mitosis without completion of
DNA replication. Although DNA replication was not completed in cells upon depletion of MCM2, CDC45 or GINS4, these under-replicated cells
progressed into mitosis, which led to cell death. These unexpected results challenge current model and suggest the absence of a cell cycle

checkpoint that monitors the completion of DNA replication.

Graphical abstract

Current dogma of replication completion checkpoint to monitor S/G2 or S/M transition
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Introduction

To ensure that genetic information is precisely passed to
daughter cells during cell division, cells must complete genome
duplication in S phase before the initiation of mitosis (1,2).
It is generally believed and well-accepted that mitosis initi-
ation depends on the completion of DNA replication. No-
tably, some intriguing observations have been reported in

yeast smcS5-smc6 mutants (3) and cdc6 mutant (4), as well
as zebrafish ticrr mutant (5). While these mutants fail to du-
plicate genome, these under-replicated cells still enter mitosis,
leading to mitotic catastrophe and cell death. The key ques-
tion is whether there is a checkpoint that ensures the com-
pletion of DNA replication before allowing cells to progress
from S phase to G2 or M phase. This checkpoint was loosely
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defined as S/G2 or S/M checkpoint. We rename it here as
replication completion checkpoint to clarify the nature of
this checkpoint. If DNA replication completion checkpoint
exists, how does it operate in cells with incomplete genome
duplication?

To address this fundamental question in cell cycle regula-
tion, we took advantage of the degradation tag (dTAG) system
(6,7), which allows precise and well-controlled degradation of
proteins of interest within 1 or 2 h and therefore enables de-
tailed analysis of cell cycle progression in the absence of pro-
teins that are essential for DNA replication. We showed that,
as anticipated, cells could not complete DNA replication in
the absence of MCM2, CDC45 or GINS4. Moreover, these
cells exhibited robust activation of ATR/CHK1 and other
DNA damage responsive (DDR) pathways, which is likely as-
sociated with DNA breaks induced by MCM2-, CDC45- or
GINS4-depletion. However, the activation of ATR/CHK1 and
other DDR pathways was transient. These cells with incom-
plete DNA replication eventually entered mitosis, which led to
cell lethality. Taken together, these data indicate the absence
of a replication completion checkpoint, which is supposed to
monitor the completion of DNA replication before allowing
cells transition to mitosis.

Materials and methods

Cell lines

HEK293A and HEK293T cells were purchased from the
ATCC and cultured in Dulbecco’s modified Eagle’s medium
(Corning) with 10% fetal bovine serum (Sigma). To gener-
ate HEK293A-MCM2/CDC45/GINS4-CKI-dTAG cell lines,
HEK293A cells were co-transfected with sgRNA targeting the
C-terminus of MCM2, CDC45 or GINS4 and donor vec-
tor. The donor vector contains dTAG that includes a linker,
FKBPF3¢V-2HA, a P2A self-cleavage site and blasticidin resis-
tance gene flanked by homology arms in a PUC19 backbone as
reported previously (8). Forty-eight hours after transfection,
cells were selected with 10 pg/ml blasticidin S (Gibco) for 5
days. The survived cells were diluted and seeded in 96-well
plates for single cell cloning. Positive clones of dTAG knock-
in were screened using genomic PCR and further validated by
Western blotting.

To generate wild-type (WT) HEK293A and HEK293A-
MCM2 (or -CDC45 or -GINS4)-CKI-dTAG cell lines with
stable expression of tFucci (CA)S, super PiggyBac trans-
posase expression vector (PB210PA-1; System Biosciences)
and tFucci (CA)S (Addgene, cat. n0.153521) (9) were co-
transfected into cells using PEI (polyethylenimine). Fucci
(CA)-expressing single cells were selected by fluorescence-
activated cell sorting (FACS) with both green and red chan-
nels and further diluted in 96-well plates for cloning (10).
To generate WT HEK293A and HEK293A-MCM2 (or -
CDC45 or -GINS4)-CKI-dTAG cell lines stably expressing
GFP-H2B, pRRIsinPGK_H2BGFP_WPRE (Addgene, cat. no.
91788; a gift from Beverly Torok-Storb) was co-transfected
with the packaging plasmid psPAX2 and the envelope vec-
tor pMD2.G using the X-tremeGENE HP DNA transfection
reagent (Sigma-Aldrich, cat. no. 6366546001) for high-titer
virus production in HEK293T cells. The viral supernatants
were then used to infect cells, which were diluted and seeded
in 96-well plates for cloning.
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Constructs and cloning

CDC45 sgRNA (TGTCCTAGGGTGAGTTACAG), MCM2
sgRNA (GAGGCCCTATGCCAT CCATA) and GINS4
sgRNA (TGTCCAGCTAATTTAAAACT) were cloned into
pX330 (Addgene, cat. no. 42230) (11) for knock-in of
C-terminal dTAG tag at the endogenous CDC45, MCM2
and GINS4 locus respectively. The DNA fragments’ dTAG
for CKI was amplified via PCR from pCRIS-PITChv2-
dTAG-blasticidin (Addgene, cat. no. 91795). A donor vector
for CDC45/MCM2/GINS4 knock-in was generated us-
ing Gibson assembly of the 5’ homolog arm, dTAG and 3’
homolog arm into a PUC19 vector. ETAA1-sgRNA1 (TCTAT-
GCTGGACATGTGG AT), ETAA1-sgRNA2 (TTAAGCCAA-
GAACTGCCAG), TOPBP1-sgRNA1 (TCAAAGACAACGC-
CACTAAA) and TOPBP1-sgRNA2 (TATATCTGTGAC-
CCTTTTAG) were cloned into lentiCRIPSRv2 (Addgene,
cat. no. 52961) for respectively knockdown of ETAA1 or
TOPBP1.

Antibodies and inhibitors

Antibodies against pKAP1 (S824; cat. no. 4127S), pATM
(S1981; cat. no. 4526L), pChk2 (T68; cat. no. 2661S), MCM2
(cat. no. 4007S), CDC4S5 (cat. no. 3673S), HA (cat. no.
2999S), pChk1 (S345; cat. no. 2348S), pCDK1/2(Y15; cat.
no. 9111S), pH3 (S10; cat. no. 9701S) and TOPBP1 (cat.
no. 14 342) were purchased from Cell Signaling Technol-
ogy. Antibodies against pRPA2 (S4/S8; cat. no. A300-245A)
and pRPA2 (S33; cat. no. A300-246A) were purchased from
Bethyl Laboratories. An antibody against vinculin (cat. no.
V9264) was purchased from Sigma. An antibody against
YH2AX was purchased from BioLegend (cat. no. 613402).
An antibody against cyclin B1 was purchased from Santa
Cruz Biotechnology (cat. no. sc-245). An antibody against
GINS4/SLDS5 was purchased from Novus Biologicals (cat. no.
NBP2-16659). These antibodies were used for Western blot
analysis. Antibodies against pH3(S10; cat. no. 06-570) and
YH2AX (cat. no. 05-636) purchased from Millipore were used
for immunofluorescent staining. Alexa Fluor 488 azide was
purchased from Thermo Fisher Scientific (cat. no. A10266).
Alexa Fluor 555-conjugated goat anti-rabbit IgG (H + L; cat.
no. A-21428) was purchased from Thermo Scientific.

The CDK1 inhibitor RO-3306 (cat. no. S7747) was pur-
chased from Selleck Chemicals. dTAG'-1-NEG (NEG; cat.
no. 6915) and dTAG"-1 (cat. no. 6914) were purchased from
Tocris Bioscience.

Western blot analysis

HEK293A-MCM2/CDC45/GINS4cki-dTAG ~ cells  were
seeded in six-well plates overnight, followed by treatment
with NEG or dTAG"-1 for the time as indicated. For
cell synchronization at early S phase, HEK293A-MCM2/
CDC45/GINS4-dTAG cells were first treated with 2 mM
thymidine for 18 h, followed by washing twice and cultured
in thymidine-free media for 9 h, then again with second
thymidine treatment for 16 h. The synchronized cells (at
G1/S or early S) were released for 2 h before treatment
with NEG or dTAG"-1 for the indicated time periods. Both
adhesive and floated cells were collected and lysed using
sodium dodecyl sulfate gel-loading buffer. Samples were
boiled and saved for further analysis. Samples were then
separated using sodium dodecyl sulfate-polyacrylamide gel
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electrophoresis and analyzed by immunoblotting with the
indicated antibodies.

Immunofluorescent staining

HEK293A-MCM2-dTAG cells were seeded on cover glasses
overnight. Cells were then treated with NEG or dTAG"-1 for
different time points and pulse-labelled with 10 uM EdU for
30 min immediately before fixation with 3% paraformalde-
hyde. After fixation, cells were permeabilized with 0.5% Tri-
ton X-100 [in phosphate-buffered saline (PBS)] for 15 min
and blocked with 3% bovine serum albumin in PBS for 30
min. Cells were further incubated with the antibody against
pH3S10 overnight and then incubated with a secondary anti-
body the next day, followed by incubation with Click-iT cell
reaction buffer (Invitrogen) for 30 min. Cells were later coun-
terstained with DAPI, and images were acquired with a Nikon
microscope.

Flow cytometry

HEK293A-MCM2/CDC45/GINS4-dTAG cells were treated
with 1 uM NEG or dTAG"-1 for the indicated number of days.
Both floated and adhesive cells were collected and fixed with
pre-cold 70% ethanol. Cells were then permeabilized with
0.5% Triton X-100 (in PBS) for 15 min. The samples were
washed with PBS and stained with FxCycle (Thermo Fisher
Scientific) for 30 min, followed by flow cytometry analysis.

CellTiter-Glo cell viability assay

For short-term cell survival assays, HEK293A and HEK293A-
MCM2/CDC45/GINS4-dTAG cells were seeded in 96-well
plates with 1 pM NEG or dTAG"-1 in sextuplicate. Cell vi-
ability was evaluated via CellTiter-Glo luminescence assay
(Promega) at the indicated days.

Colony formation assay

For the assay performed with asynchronized cells, HEK293A-
MCM2/CDC45/GINS4-dTAG cells were seeded with 1 uM
NEG or dTAG'-1 in six-well plates. For the assay per-
formed with synchronized cells, HEK293A and HEK293A-
MCM2/CDC45/GINS4-dTAG cells were seeded in six-well
plates overnight, the cells first were incubated with 2 mM
thymidine for 18 h, followed by washing twice and further
cultured in thymidine-free media for 9 h. Cells were again in-
cubated with 2 mM thymidine for 16 h, released by wash-
ing twice and cultured in thymidine-free media. Two hours
after release from thymidine, cells were treated with 1 uM
NEG or dTAG"-1. Cells were stained with crystal violet so-
lution (Sigma-Aldrich) at the indicated days. The intensity of
cell confluency was measured by ColonyArea Image] plugin
(12).

Long-term live-cell imaging

Cells were grown in optically clear 96-well microplates
(PhenoPlate, PerkinElmer, cat. no. 6055300) in DMEM con-
taining 10% FBS. Time-lapse live-cell imaging was per-
formed using a Yokogawa CV8000 spinning disk con-
focal microscope. Images were taken every 30 min un-
til 48 h with cell cultivation environment (37°C and 5%
CO,). Fluorescent and bright-field images were taken with
20x/0.75NA objectives using the following laser/filter com-
binations: 488 nm/525 nm (Ex/Em) and 561 nm/600 nm

(Ex/Em). Laser power and exposure times were set to min-
imize photobleaching and kept constant throughout each
imaging session. Image processing and export were per-
formed using CellPathfinder software (Yokogawa). HEK293A
and HEK293A-MCM2/CDC45/GINS4-dTAG cells trans-
duced with either Fucci (CA) or GFP-H2B were used in Fig-
ures 4 and 5; Supplementary Videos S1-S16.

Metaphase spread

HEK293A-MCM2-dTAG cells were treated with 1 uM NEG
or dTAG"-1 for 48 h, then the samples were prepared as de-
scribed previously (8). Briefly, NEG- or dTAG"-1-treated cells
were synchronized with 100 ng/ml Nocodazole for 16 hand
harvested. The harvested cells were subject to hypotoniza-
tion with 0.075 M KCl for 15 min at 37°C. After centrifu-
gation, cells were fixed with fresh and pre-chilled methanol:
glacial acetic acid (3:1) solution. Then cells were resuspended
with 0.5 ml methanol: glacial acetic acid (3:1) solution. A sin-
gle drop of fixed cells was released vertically onto the slide
from ~20 cm height. Slides were mounted with DAPI af-
ter air dry. Images were captured by a Nikon microscope at
x 60 magnification.

Neutral comet assay

The neutral comet assay was conducted with CometAssay
kit (4250-050-K; R&D systems) following the instructions
as described previously (8). Briefly, HEK293A-MCM2-dTAG
cells were treated with 1 pM NEG or dTAG"-1 for indicated
hours. Before collecting the samples, the comet LMAgarose
was heated at 95°C for 5 min to melt and kept in 37°C
for at least 20 min to cool. Cells were collected at the same
time, washed with PBS once, and then diluted to the concen-
tration of 4 x 10° cells/ml in PBS. The diluted cells (20 ul
cells) were resuspended in 200 ul of pre-warmed LMAgarose
and immediately spread 50 pl mixture onto CometSlide, fol-
lowed by placing slides flat at 4°C for 30 min. Samples were
lysed by immersing slides in lysis solution overnight at 4°C.
Then slides were washed and immersed in 1x neutral elec-
trophoresis buffer (50 nM Tris base and 150 mM sodium ac-
etate) for 30 min, followed by subject to electrophoresis at
21 V for 45 min in 1x neutral electrophoresis buffer. Then
slides were washed with water followed by 70% ethanol and
dried overnight. Finally, slides were stained with SYBR-gold
for 30 min, washed with water and dried for imaging. Images
were obtained using a Nikon microscope at x 10 magnifica-
tion. Collected images were analyzed using OpenComet (13),
and the olive tails are shown and measured.

Results

Cells with MCM2 depletion transiently activate
DNA damage responses

The cell cycle depicts a series of highly ordered critical events,
such as DNA replication and chromosome segregation, which
lead to the generation of daughter cells. According to the con-
ventional hypothesis, there must be a S/G2 or S/M checkpoint
that ensures the completion of DNA replication before mito-
sis. To determine what would happen if cells cannot complete
DNA replication, we employed dTAG system, which allows
inducible and rapid degradation of protein of interest within
one or a few hours. Since MCM (2-7) is the helicase com-
plex unwinding double-strand DNA and is essential for DNA
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replication, we generated homozygous C-terminal knock-in
of dTAG at the MCM2 locus in HEK293A cells and vali-
dated the clones by PCR (Figure 1A). Our data show that the
MCM2-dTAG protein rapidly decreased to strikingly low lev-
els in the presence of dTAG'-1 after only 1 h compared to
that of the same cells treated with dTAG-NEG (NEG) control
(Figure 1B). Moreover, HEK293A-MCM2-dTAG cells treated
with § nM or more dTAG"-1 exhibited dramatically deficient
growth compared to that in NEG-treated cells (Figure 1C).
Consistent with the dTAG"-1-induced significant degradation
of MCM2 protein (Figure 1B), pulse-labeling of the dTAG-
1-treated MCM2-dTAG cells with EdU indicates that DNA
replication declined to very low level after only 1 h of treat-
ment and was almost undetectable after 2 h, compared to
those in NEG-treated cells (Figure 1D). These results suggest
that cells treated with dTAG"-1 for only 1 h would result in
marked disruption of DNA replication. Thus, as expected,
these data indicate that MCM2 is essential for DNA repli-
cation and cell proliferation. Moreover, MCM2-dTAG cells
serve as a powerful tool to determine the cell fate of under-
replicated cells.

According to the principle of ordered cell cycle
progression—which restricts DNA replication and chro-
mosome segregation, respectively, to S and M phases—cells
with incomplete DNA replication should be arrested and
stopped at S phase (or S/G2 or S/M boundary) due to
the activation of cell cycle checkpoints. We thus examined
well-known DDR signaling pathways including ATR/CHK1,
which are known to be activated in response to DNA breaks
and/or replication stress in S phase cells. Indeed, we observed
the activation of DDR signaling when MCM2-dTAG cells
were treated with dTAG"-1 for 0.5-8 or more hours. Since
TOPBP1 and ETAA1 are the major activators for ATR, we
further examined whether ATR/CHKT1 activation induced by
MCM2 depletion would depend on TOPBP1 or ETAAT. The
results showed that depletion of ETAA1 in MCM2-depleted
cells mildly reduced pCHK1-S345 level when compared to
that in MCM2-depleted cells (Supplementary Figure S1A). On
the other hand, knockdown TOPBP1 in MCM2-depleted cells
significantly decreased pCHK1-S345 level when compared
to that in MCM2-depleted cells (Supplementary Figure S1B).
Furthermore, the influence of TOPBP1 on pCHK1-S345 level
in MCM2-depleted cells correlated with the knockdown of
TOPBP1 protein levels (Supplementary Figure S1B). These
results suggest that MCM2 depletion leads to ATR/CHK1
activation, which depends on TOPBP1, but relies minimally
on ETAAT.

Intriguingly, DDR signaling diminished and followed by in-
creased cyclin B1 and pH3S10 levels after 24 h (Figure 1E).
We were wondering the possible reasons for the activation
and termination of ATR/CHK1 and other DDR pathways
in MCM2-depleted cells. We speculate that MCM2 deple-
tion may cause DNA breaks at replication forks, which leads
to the activation of ATR/CHK1 and other DDR pathways.
These breaks may be repaired within several hours, which re-
sults in the termination of ATR/CHK1 and other DDR path-
ways. Therefore, we examined DNA breaks in MCM2-dTAG
cells treated with dTAG"-1 at indicated hours. As shown in
Supplementary Figure S1C, the neural comet tails increased
in cells treated with dTAG"-1 for 1, 4 or 8 h, suggesting that
DNA breaks induced by the rapid depletion of MCM2 are
responsible for the activation of DDR signaling. Moreover,
cells treated with dTAG"-1 for 24 or 48 h exhibited decreased
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comet tails, indicating that these breaks are being repaired,
which may explain the termination of DDR signaling. No-
tably, there were tiny dots in samples treated with dTAG"-1
for 24 or 48 h (shown by arrow), which are likely dead cells
with fragmented genome (Supplementary Figure S1C). Fur-
thermore, we also employed YH2AX staining to document the
induction and repair of DNA breaks in MCM2-depleted cells.
Consistent with the results of neutral comet assay, cells treated
with dTAG"-1 for 1, 4 or 8 h exhibited significantly increased
YH2AX staining (in both percentage of cells and intensity),
while its level rapidly decreased to much lower levels in cells
treated with dTAGY-1 for 24 or 48 h (Supplementary Figure
S1D), which correlated with the pattern of DDR signaling.
Notably, partial yH2AX staining in cells treated with dTAG"-
1 for 24 or 48 h were observed (Supplementary Figure S1D).
These YH2AX staining appears to be associated with frag-
mented DNA and/or abnormal mitotic cells shown by bright
DAPI staining (Supplementary Figure S1D), which probably
due to abnormal chromosome segregation leading to chromo-
somal fragmentation and DNA breaks, therefore resulting in
H2AX phosphorylation. Taken together, these results suggest
that the activation and termination of ATR/CHK1 and other
DDR pathways observed in MCM2-depleted cells is likely due
to the induction and repair of DNA breaks caused by MCM2-
depletion.

As mentioned above, the conventional hypothesis suggests
that there should be a DNA replication completion check-
point, which prevents S/G2 or S/M transition when DNA is
not fully replicated (Figure 1F). The disappearance of DDR
signaling in MCM2-depleted cells at 24 h could suggest that
cells may somehow complete DNA replication even with very
efficient MCM2 depletion. We thus examined DNA content
by flow cytometry in MCM2-dTAG cells treated with dTAG"-
1 for 1 to 3 days. As shown in Figure 1G, MCM2-dTAG
cells treated with dTAGY¥-1 for 1 or 2 days did not complete
DNA replication (<4N). Moreover, we observed abnormal
pH3S510 signaling and chromosome alignment in cells treated
with dTAG"-1 for 48 h compared to that in NEG-treated cells
(Figure 1H). Furthermore, we observed abnormal metaphase
spreads in MCM2-dTAG cells treated with dTAG'-1 for 48
h (Supplementary Figure S2A). These data suggest that under-
replicated cells still progress to mitosis. Together, our results
imply that although ongoing S phase progression may be mon-
itored by ATR/CHK1 and other DDR pathways, cells do not
appear to monitor the completion of DNA replication, since
these under-replicated cells eventually enter mitosis with in-
tact ATR/CHK1 and other DDR pathways (Figure 11I).

Cells with MCM2 depletion do not complete DNA
replication but enter mitosis
As an essential replication helicase, MCM2 is critical for initi-
ation as well as ongoing DNA replication. To focus on ongo-
ing replication or replication progression in S phase cells, we
synchronized MCM2-dTAG cells by double thymidine block
and further released cells from thymidine for 2 h, which re-
sulted in most cells in S phase (Figure 2A). We then treated
these cells with 1 uM NEG or dTAG"-1 (Figure 2A). Under
this situation, MCM2 was depleted only in cells that were al-
ready in S phase with active ongoing DNA synthesis.
Consistent with the data obtained in asynchronized cells
(Figure 1), DDR was activated transiently but declined to
baseline levels followed by the increased levels of cyclin B1
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PCR validation of HEK293A-MCM2cki-dTAG clones (right). (B) Western blot validation of MCM2cki-dTAG cell line in the presence of 1 UM NEG or 1 uM
dTAG-1. (C) Clonogenic survival of MCM2-dTAG cells were determined in the presence of NEG or different concentrations of dTAGY-1. (D)
Immunofluorescent staining of EdU-positive cells in MCM2-dTAG cells. Cells were treated 1 uM NEG or dTAG"-1 for the time indicated (hours), then
pulse-labelled with 10 uM EdU for 30 min immediately before fixation. Representative images of EAU immunostaining are shown (scale bar 100 px). (E)
Immunoblots of the indicated proteins prepared from MCM2-dTAG cells treated with NEG or dTAGY-1 for the indicated hours. Both floated and adhesive
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Nucleic Acids Research, 2025, Vol. 53, No. 1

Wash-off ~ Treatment D
A TO! —— Asy-NEG
Synchronization by ‘ Release Treatment with 9 2507 &~ Syn:NEG i
e = - Syn-dTAGv-1
double thymidine v for2h NEG or dTAGv-1 = 200
> » > he]
GUS  Sphase @ 150
(Early S) £ 100
2
Thymidine Thymidine & SR
release/h NEG/h releaserh dTAGv-1/h 8 0 0' 5‘0
12 4 8 12 182430 12 4 8 12 182430 hour
MCM2-GTAG & 0 2 3 4 610 14202632 2 0 2 3 4 6 10 14 202632 E
IB: MCM2 [ —— m — >~ g,
c ————— - payo ()
1B VINGUIN s e e e o e e e e e o D o o o o o o e | ;
IB: pATM -—-——-—--————--..-.;I_.__/....--)I__| 7’_|%G dTT'\‘Gv-1
IB: yH2AX i DMSO .( j
IB: pRPA2-S33 - R | — . - N
IB: pKAP1 Ty —— Wi
Bponki[L e o | e | or
e = e i | ——————— 3 days
B cyclin /A [ S e e s s e e e o e o ]
IB: pH3S10 [ - - -
IB: CDK1/2-DY 15 [ s i s e o o s e | S o s o o o o s |
B G e 87
DNA content £
EdU+ 23.5% Edu+ 0.2% =
Asy : £
NEG_1h 3 4.
A Double thymidine block and 3 8
|\ |Release Oh ; 1 < 5
phn T ©
Release 2 h Asy NEG_1h Asy dTAGv-1_1h &
‘L | 0
1 NEG + + + +
+NEG f l +dTAGv-1 dTAGV-1 + ” ” "
. EdU+ 0.001% e e O e
| A [NEG4h | A |dTAGw-14h ’ DM0; & pM T2pl A0
= y - ; Double thymidine block
Y. =% and Release 0 h RO3308
NEG 24 h L& dTAGv-1 24 h
;
2N 4N 2N 4N - - l
+NEG l '|+dTAGv-1
F
EdU+ 55.4% EdU+ 0.035%
Cells progress o)
into G2/M and :
die in mitosis? NEGAD oo ity a4 4
7] \ Defect in — e
' XS completing EdU+ 37.2% EdU+ 0.06%
CDK1 DNA replication
activation I 4
Tant ’ NEG 24 h dTAGv-1_24 h
tivati
cyclin B1 agf“'nggn
accumulation e :

Figure 2. Cells with MCM2 depletion enter mitosis with incomplete DNA replication. (A) Immunoblots of the indicated proteins prepared from
double-thymidine synchronized MCM2-dTAG cells. The synchronized cells were released for 2 h before treatment with NEG or dTAGY-1 for the indicated
time periods (hours). The red box shows the transient activation of DDR signaling, while the yellow box displays the increased levels of pH3S10 and
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and pH3S10, when MCM2-dTAG cells were treated with
dTAG"-1 for 24 h or longer (Figure 2A). In agreement with the
increased level of cyclin B1 in MCM2-depleted cells, we also
observed the decreased CDK1/2-pY15 at later time points, es-
pecially in cells treated with dTAG'-1 for 24 or 30 h (Figure
2A). These data indicate that the activity of CDK1 increases
after the disappearance of DDR signaling.

Additionally, we examined pH3S10 level and DNA con-
tent by FACS in these synchronized cells (Supplementary
Figure S2B). As expected, we observed normal mitotic cells
(M) with much higher levels of pH3510 and 4N DNA content
in NEG-treated MCM2-dTAG cells (Supplementary Figure
S2B). Moreover, we noted that the dTAG"-1-treated cells had
<4N DNA content and increasing amount of sub-G1 (<2N)
cells were observed over time. However, we observed that
only some of these cells with <4N DNA content showed
slightly increased intensity of pH3S10 staining, but we did
not observe a distinct population of pH3S10 positive cells
(Supplementary Figure S2B). These results suggest that the
under-replicated cells do not accumulate very high levels of
pH3S510 as that of normal mitotic cells.

Furthermore, we monitored DNA content as well as the
percentage of cells that were able to replicate DNA (i.e. EdU
positive cells; EdU+) in these asynchronized and synchronized
populations treated with NEG or dTAG"-1 (Figure 2B and C).
As expected, we observed cells with 2N or 4N or between
2N and 4N DNA content in asynchronized cells treated with
NEG for 1 h, which we also observed in NEG-treated synchro-
nized cells (Figure 2B). However, cells treated with dTAG'-
1 had <4N DNA content (Figure 2B), suggesting these cells
could not complete DNA replication. Consistent with the im-
munostaining results of EAU incorporation (Figure 1D), the
percentage of EdU + cells (0.2%) in dTAG"-1-treated asyn-
chronized MCM2-dTAG cells was much lower than that in
NEG-treated cells (23.5%) determined by FACS analysis (Fig-
ure 2C). Similarly, there were almost no EdU + cells in syn-
chronized MCM2-dTAG cells treated with dTAG-1 for 4 or
24 h, while as expected the EAU + cells were the major pop-
ulation in NEG-treated cells (Figure 2C). These results re-
vealed that these synchronized MCM2-depleted cells were not
replicating and therefore had <4N DNA content (Figure 2B
and C). Thus, as expected, cells could not complete DNA repli-
cation in the absence of MCM2. Notably, the synchronized
MCM2-depleted cells showed significant cell death compared
to that of the NEG-treated cells (Figure 2D).

We hypothesize that although MCM2-depleted cells cannot
complete DNA replication, they yet enter mitosis and likely
die due to failed mitosis caused by incomplete genome dupli-
cation. Thus, we wondered whether inhibiting CDK1 activity
with RO-3306 could prevent cell lethality in these cells. As ex-
pected, when NEG-treated cells were treated with RO3306,
the confluency of these cells was much lower than that of
cells treated with DMSO, but still slightly higher than that of
cells at Day 0 (Figure 2E). These results suggest that RO3306
inhibitor could efficiently arrest cells at G2/M phase. More-
over, the confluency of cells treated with dTAG"-1 + RO3306
was higher than that of cells treated with dTAGY-1 + DMSO
(Figure 2E), suggesting that dTAG"-1 treatment induced cell
death, but this phenotype could be rescued by RO3306 treat-
ment. At Day 3, the density of cells treated with dTAG"-
1 + RO3306 was slightly lower than that of cells treated with
NEG + RO3306, but probably similar to those at Day 0 (Fig-
ure 2E), indicating that the dTAG"-1 + RO3306 treated cells

may not die but they fail to proliferate. These results suggest
that treatment with RO-3306 can rescue cell lethality, at least
partially, in MCM2-depleted cells (Figure 2E). In addition, the
partial, but not full, rescue of cell death was probably due to
the fact that RO-3306 treatment can also induce cell lethality
after cells were treated with RO-3306 for >24 h as previously
reported (14). Taken together, our data indicate that cells with
incomplete DNA replication only transiently activate DDR.
These cells eventually progress to M phase and probably die
in mitosis (Figure 2F).

Both CDC45 and GINS4 depletion recapitulate the
phenotypes of MCM2 ablation

Our data demonstrate that under-replicated cells triggered by
MCM2 depletion transiently activate DDR signaling. How-
ever, these cells are not arrested but instead enter and even-
tually die in mitosis. These surprising findings raise the ques-
tion whether these phenotypes are unique in cells with MCM2
depletion. To address this question, we respectively gener-
ated cell lines with C-terminal dTAG knock-in of CDC45
and GINS4, which are also essential for DNA replication.
The CDC45-dTAG cells showed marked protein degradation
as well as cell proliferation defect following dTAG"-1 treat-
ment compared to those treated with NEG (Figure 3A and B).
Similar to the phenomena observed in MCM2-dTAG cells,
CDC45-dTAG cells treated with dTAG"-1 displayed transient
activation of DDR signaling followed by increased levels of
cyclin B1 and pH3S10 (Figure 3C). GINS4-dTAG cells treated
with dTAG"-1 also exhibited significant protein degradation
and cell proliferation defect (Figure 3D and E). Moreover,
these GINS4-dTAG cells also underwent transient DDR acti-
vation followed by increased levels of cyclin B1 and pH3S10
(Figure 3F).

Again, we measured DNA content in either CDC45- or
GINS4-depleted cells to examine whether DNA replication
has been completed or not. Notably, CDC45- or GINS4-dTAG
cells treated with dTAG"-1 for 2 or 3 days never reached 4N
DNA content (Figure 3G), suggesting that CDC45- or GINS4-
depleted cells are unable to fully replicate DNA within a cell
cycle. Moreover, we observed 0-2N DNA content when cells
were treated with dTAG"-1 for 2 or 3 days (Figure 3G), im-
plying that DNA fragmentation occurs after cells enter mi-
tosis, and such fragmentation is likely the product of abnor-
mal or forced chromosome segregation of cells with incom-
plete DNA replication. We further examined the survival of
MCM2-, CDC45- or GINS4-depleted cells. We showed that
these cells began to die after 1 day (Figure 3H). Additionally,
these cells following double-thymidine synchronization also
displayed striking cell proliferation defect when treated with
dTAG"-1 (Figure 1I). Again, these data suggest that cells with
incomplete DNA replication enter mitosis and die likely due
to abnormal chromosome segregation (Figure 3]). We did not
observe cell cycle arrest due to incomplete DNA replication,
which argues against the existence of a robust checkpoint that
ensures the completion of DNA replication.

Cells with MCM2, CDC45 or GINS4 depletion enter
and die in mitosis

To confirm our hypothesis that under-replicated cells with
MCM2, CDC45 or GINS4 depletion die in mitosis, we trans-
duced WT and MCM2-, CDC45- or GINS4-dTAG HEK293A
cells with the cell cycle biosensor, Fucci (CA), i.e. fluorescent
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1. (B) Clonogenic survival of CDC45-dTAG cells in the presence of NEG or different concentrations of
1. (C) Immunoblots of the indicated proteins prepared from CDC45-dTAG cells with treatment of NEG or dTAGY-1 for the indicated time periods

(hours). Both floated and adhesive cells were collected for analyses. The red box shows the transient activation of DDR signaling, while the yellow box
displays the increased levels of pH3S10 and cyclin B1 reflecting cells entering mitosis. (D) Western blot validation of HEK293A-GINS4cki-dTAG cell lines
in the presence of 1 WM NEG or 1 uM dTAG"-1. The asterisk indicates the non-specific band. (E) Clonogenic survival of GINS4-dTAG cells in the

presence of NEG or different concentrations of

dTAGY-1.

(F) Immunoblots of the indicated proteins prepared from GINS4-dTAG cells with treatment of

NEG or dTAGY-1 for the indicated time periods (hours). Both floated and adhesive cells were collected for analyses. The asterisk indicates the
non-specific band. The red box shows the transient activation of DDR signaling, while the yellow box displays the increased levels of pH3S10 and cyclin
B1 reflecting cells entering mitosis. (G) Flow cytometry analyses of DNA content of CDC45- or GINS4-dTAG cells treated with NEG or dTAGY-1 for days
as indicated. More than 10 000 cells were collected for analyses. (H) CellTiter-Glo luminescence assay as well as clonogenic assay were conducted to
examine cell proliferation in HEK293A and HEK293A-MCM2/CDC45/ GINS4-dTAG cells. (I) Clonogenic assay for assessing cell proliferation in
double-thymidine synchronized HEK293A and HEK293A-MCM2/CDC45/GINS4-dTAG cells. (J) Schematic illustration of similarities between MCM2
ablation and CDC45 or GINS4 depletion. The image was created with BioRender.
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ubiquitination-based cell-cycle indicator, which can be used
to reveal whether cells indeed exit S phase and enter G2 or
M phase. We first performed cell cycle analysis of WT and
MCM2-, CDC45- or GINS4-dTAG HEK293A cells stably ex-
pressing tFucci (CA)S by flow cytometry after these cells were
treated with NEG or dTAG"-1 for 24 h. The percentages of
cells at G1, S and G2/M in NEG-treated WT and MCM2-,
CDC45- or GINS4-dTAG cells were similar (Figure 4A and B).
However, the percentage of cells at G2/M phases in dTAG'-
1-treated MCM2-, CDC45- or GINS4-dTAG HEK293A cells
showed a striking increase when compared to that in the
NEG-treated cells (Figure 4A and B). These data are consis-
tent with Western blotting data showing the increased level
of cyclin B1 coupled with CDK1 activation, which probably
drives these cells into G2/M. To clarify the fate of S phase cells
that could not complete DNA replication, HEK293A-Fucci
(CA) and HEK293A-MCM2-, CDC45- or GINS4-dTAG-
Fucci (CA) cells were synchronized with double thymidine
block and then released for 2 h to allow most cells to enter S
phase. We then treated these cells with NEG or dTAG"-1. The
NEG- and dTAG"-1-treated WT cells as well as NEG-treated
MCM2-, CDC45-, or GINS4-dTAG cells divided repeatedly.
However, the dTAGY-1-treated MCM2-, CDCA45-, or GINS4-
dTAG cells entered G2/M phase, and eventually died in mid-
dle or late mitosis (Figure 4C; Supplementary Videos S1-S8).

To further determine the fate of the majority of these under-
replicated cells, i.e. whether they die in G2 or mitosis, we intro-
duced GFP-H2B in our cell lines, which allows us to identify
mitotic cells. Again, WT and HEK293A-MCM2-, CDC45- or
GINS4-dTAG cells stably expressing GFP-H2B were synchro-
nized in S phase, followed by releasing for 2 h and then treated
with NEG or dTAG"-1. The NEG-treated MCM2-, CDC45-
or GINS4-dTAG and NEG-/dTAG"-1-treated WT cells en-
tered and exited mitosis (Figure 5A; Supplementary Videos
S9-§16). However, in dTAG"-1-treated MCM2-, CDC45- or
GINS4-dTAG cells, we observed chromosome condensation
(as reflected by condensed GFP-H2B that exhibited high inten-
sity) in most of the cells (Figure SA; Supplementary Videos S9—
S16), suggesting that these cells enter mitosis. Moreover, we
observed abnormal chromosome alignment, failed cytokine-
sis and cell fusion in MCM2-, CDC45- or GINS4-depleted
cells (Figure 5A; Supplementary Videos S9-S16), suggesting
that these cells enter mitosis but cannot properly exit mi-
tosis. Furthermore, some cells completed abnormal cytoki-
nesis and generated fragmented chromosomes (Figure 5B;
Supplementary Videos S9-516), which we also observed when
we measured DNA content (0-2N) in these cells. Taken to-
gether, these results indicate that MCM2-, CDC45- or GINS4-
depleted cells with incomplete DNA replication transiently ac-
tivate DDR signaling pathways, but these cells progress into
G2/M and eventually die in mitosis (Figure 5C).

Discussion

In this study, we employed efficient dTAG system and high-
throughput live-cell imaging to investigate the fate of under-
replicated cells. As anticipated, we found that MCM2-,
CDC45- or GINS4-depleted cells were not able to complete
DNA replication. Unexpectedly, these cells still progressed
into mitosis, which is contradictory to the conventional hy-
pothesis that these cells should activate a checkpoint, which
we called here as DNA replication completion checkpoint, and
thus be arrested in S phase or at S/G2 or at S/M bound-

ary. Notably, similar observations have been discovered in
yeast smcS-smc6 mutants (3) and cdc6 mutant (4), as well
as zebrafish ticrr mutant (5). These cells also progress into
mitosis with severely defective genome duplication. Specif-
ically, yeast smc5-smc6 mutants can lead to the activation
of DNA damage/replication stress checkpoint response, but
still enter mitosis with unfinished replication (3). These pre-
vious data agree with our observations and suggest that
there is no checkpoint that ensures the completion of DNA
replication.

Cell cycle checkpoints have been investigated by many
groups. The general terms such as S/G2 or S/M checkpoints
fail to capture the precise nature of these checkpoints. Specif-
ically, do these checkpoints monitor ongoing DNA replica-
tion or the completion of DNA replication? Here we would
like to distinguish these two conceptually distinct checkpoints.
The checkpoint that monitors ongoing DNA replication is
the intra-S phase checkpoint, which is likely controlled by
ATR/CHKI1 and other DDR pathways to ensure the fidelity
of DNA replication. However, the question we want to ad-
dress in this study is whether there is a checkpoint, which we
dub as DNA replication completion checkpoint, that ensures
genome duplication before cells exiting S phase and entering
G2 or M phase. Our data and previous studies cited above ar-
gue against the existence of this DNA replication completion
checkpoint.

In mammalian cells, mitotic DNA synthesis (MiDAS) oc-
curs in cells with few incomplete replicated regions (15-17),
which usually occur at common fragile sites (CFSs) especially
upon mild replication stress (18,19). Since the very low level
of stalled replication forks cannot lead to robust activation of
ATR/CHK1 as well as other DDR pathways and thus may not
be detected by any checkpoint, these cells progress into mitosis
and continue DNA synthesis/repair in mitosis to minimize the
under-replicated genome. In these scenarios, it is generally be-
lieved that cells with very few under-replicated regions are not
detected by S/G2 or S/M checkpoint, i.e. replication comple-
tion checkpoint, since they fail below the detection threshold.
Thus, these early studies do not directly challenge the exis-
tence or the concept of a replication completion checkpoint. In
this study, we intentionally examined but failed to detect this
checkpoint in cells with intact ATR/CHK1 and other DDR
pathways.

In our study, MCM2-, CDC45- or GINS4-depleted mam-
malian cells, which contain largely under-replicated genome,
progress and die in mitosis. Moreover, these largely under-
replicated cells indeed activate the intra-S phase checkpoint,
i.e. ATR/CHK1 and other DDR pathways, presumably for the
timely repair of stalled replication forks. Since the activation
of DDR pathways including ATR/CHK1 was observed after
disruption of ongoing DNA replication by depleting MCM2,
CDC45 or GINS4, we confirmed that these DDR pathways
are likely activated due to DNA breaks induced by MCM2-,
CDCA45- or GINS4-depletion. Once DNA breaks are repaired,
DDR signaling pathways are turned off and cells therefore
progress into G2 or M. These data agree with the hypothe-
sis that the ATR/CHK1 pathway mainly functions in S phase
cells, probably by monitoring both the initiation and ongoing
DNA replication (20,21). However, these DDR pathways are
not employed to monitor the completion of DNA replication,
since we showed that these pathways were only transiently
activated and then turned off, although DNA replication was
not completed during the same time period.
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collected for analyses. (B) Flow cytometry analyses of asynchronized HEK293A-Fucci (CA) and HEK293A-MCM2/CDC45/GINS4-dTAG-Fucci (CA) cells
using the same or similar samples in (A). HEK293A-Fucci (CA) and HEK293A-MCM2/CDC45/GINS4-dTAG-Fucci (CA) cells were treated with NEG- or
dTAGv-1 for 24 h, followed by FACS analyses. More than 10 000 cells were collected for analyses. Bars represent the mean + SEM (n = 3). (C) Live-cell
imaging of HEK293A-Fucci (CA) and HEK293A-GINS4-dTAG-Fucci (CA) cells. Cells were synchronized with double thymidine block and then released for
2 h for most cells entering S phase, followed by treatment with NEG or dTAGY-1. Eight independent field of cell population for every sample was imaged,
and images were taken every 30 min until 48 h. Representative images at indicated hours are shown (scale bar 100 px).
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Figure 5. MCM2-, CDC45- or GINS4-depleted cells enter and die in mitosis with incomplete DNA replication reflected by live cell imaging with
GFP-H2B. (A) Live-cell imaging of HEK293A-GFP-H2B and HEK293A-MCM2/CDC45/GINS4-dTAG-GFP-H2B cells. Cells were synchronized in S phase
and then released for 2 h followed by treatment with NEG or dTAGY-1, which was similar to that described in (B). Eight independent field of cell
population for every sample was imaged, and images were taken every 30 min until 48 h. Representative images at indicated hours are shown (scale
bar 100 px). (B) Live-cell imaging of dTAGY-1-treated HEK293A-MCM2-dTAG-GFP-H2B cells. These cells were the same cells shown by circle in Figure 4C
and the zoomed in images were used for better representation. Representative images of abnormal nuclear condensation and chromosome segregation
are shown. (C) Schematic representation of our current working hypothesis. Cells with MCM2, CDC45 or GINS4 depletion are not able to complete DNA
replication. These cells transiently activate DNA damage responses for several hours. Although these cells never complete DNA replication, DNA
damage responses in these cells diminish afterwards. Cells progress into G2/M phase and eventually die in mitosis, likely due to abnormal nuclear
condensation and chromosome alignment as well as failed cytokinesis resulting from incomplete genome duplication. The image was created with
BioRender.
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Notably, our data mentioned above agree that intra S phase
checkpoint controlled by ATR/CHK1 pathway plays an im-
portant role in cell cycle progression. As a matter of fact, cells
with MCM2-, CDC45- or GIN4-depletion transiently activate
ATR/CHKI1 and other DNA damage checkpoint pathways,
which therefore enter mitosis much later than that of control
cells. These observations agree with an early report suggesting
that ATR/CHK1 pathway monitors ongoing DNA replication
fork in S phase, which represses FOXM1-dependent expres-
sion of mitotic gene products until S/G2 transition to regu-
late mitotic entry (22). Moreover, a recent study showed that
TRESLIN-MTBP monitors origin firing to manage S-phase
progression for the timely progression to G2 phase (23). How-
ever, these intra-S phase checkpoints do not monitor and en-
sure the completion of DNA replication before allowing cells
to enter G2 or M phase.

In summary, our results show that initiation of mitosis is
not dependent on the completion of DNA replication. Our
data favor a probability hypothesis to explain cell cycle pro-
gression. We envision that although cyclin B and other mi-
totic proteins start to accumulate in S phase, they are unlikely
to reach levels sufficient for entering mitosis before the com-
pletion of DNA replication. Therefore, cells progress orderly
from S to G2 and to M. In the presence of DNA damage or
replication stress, DDR pathways, including the ATR/CHK1
pathway, are activated, which slow down cell cycle progres-
sion in part by inhibiting CDC25s and cyclin/CDKs (24,25).
These DDR pathways not only deal with ongoing replica-
tion and replication-associated DNA damage, but also keep
DNA replication progression in sync with the increase of
cyclin/CDK activities. However, these pathways are not em-
ployed to ensure the completion of DNA replication. If cells
cannot complete DNA replication, these cells will eventually
accumulate enough proteins required for mitotic transition
and enter mitosis. Of course, these under-replicated cells will
die in mitosis, as we showed in this study. On the other hand,
cells with minimal under-replicated regions cannot activate
intra-S phase checkpoint as well as prevent cyclin/CDKs ac-
cumulation. Therefore, these cells enter mitosis and attempt
to complete/continue DNA replication in mitosis, i.e. MiDAS
and CFSs, which may still allow these cells to complete chro-
mosome segregation and survive. Thus, our working hypoth-
esis unifies our and those early observations and allow us to
understand what is monitored and more importantly what is
not monitored during cell cycle progression.

Indeed, several recent studies suggest that we should recon-
sider our hypothesis of cell cycle regulation and/or cell cycle
checkpoints. For example, a recent study found that the de-
cision to proliferate is actually reversible at various cell cycle
phases in the absence of mitogens (26), which is contrary to
the current model that this decision is irreversibly made at
the restriction point of the cell cycle. Another study reported
that the time it takes for cells to transit from G2 to G1 varies
widely, suggesting that some or all of the feedback loops in-
volved in the switch-like activation of APC/C at metaphase
to anaphase transition may not be fully operational during a
normal cell cycle (27). Moreover, another recent study con-
cludes that S-CDK (S-phase related) and M-CDK (mitosis-
related) regulate cell cycle progression by increasing the over-
all CDK activity, instead of functioning specifically for con-
trolling different and unique substrates (28). All these findings
imply buffering and/or relatively flexible regulation, but not
the conventional view of precise and irreversible regulation,
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of the cell cycle, which encourages us to rethink whether cells
employ any irreversible and/or stringent checkpoints to con-
trol cell cycle progression.

We would like to point out that the current study has some
limitations. We generated independent cell lines to deplete re-
spectively three essential components of replication machinery
to prevent completion of DNA replication to test our hypothe-
sis. However, these dTAG cells were generated using the same
cellular background, i.e. HEK293A. Future experiments are
warranted to further test our hypothesis in multiple cellular
backgrounds. Additionally, we have tested all the well-known
DDR signaling molecules that may be involved in monitoring
ongoing and completion of DNA replication. DDR signaling
could only be activated transiently, but do not appear to pre-
vent these under-replicated cells from entering mitosis. Inter-
estingly, YH2AX signaling appears to be relatively high over
the course of our experiments, which may due to abnormal
chromosome segregation, leading to chromosomal fragmen-
tation and DNA breaks that result in another wave of H2AX
phosphorylation. However, we could not definitively rule out
the possibility that some kind of DDR checkpoint slippage,
signified by YH2AX, may lead to the escape of some of these
cells to mitosis. Moreover, the replication completion check-
point may still exist, which could act somehow by monitor-
ing the removal of CDC45:MCM2-7:GINS (CMG) complex
from chromatin. If this was the case, we may have missed this
checkpoint due to our experimental setting. Future studies are
needed by depleting other essential replication proteins to test
whether CMG removal is a part of this enigmatic replication
completion checkpoint.

Data availability

The data that support the findings of this study are available
from the corresponding author upon request.
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Supplementary Data are available at NAR Online.
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