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The entry of mammalian cells into the DNA synthesis phase (S phase) represents a key
eventin cell division'. According to current models of the cell cycle, the kinase CDC7
constitutes an essential and rate-limiting trigger of DNA replication, acting together

with the cyclin-dependent kinase CDK2. Here we show that CDC7 is dispensable for
cell division of many different cell types, as determined using chemical genetic
systems that enable acute shutdown of CDC7 in cultured cells and in live mice. We
demonstrate that another cell cycle kinase, CDK1, is also active during G1/S transition
bothin cycling cells and in cells exiting quiescence. We show that CDC7 and CDK1
perform functionally redundant roles during G1/S transition, and at least one of these
kinases must be present to allow S-phase entry. These observations revise our
understanding of cell cycle progression by demonstrating that CDK1 physiologically
regulates two distinct transitions during cell division cycle, whereas CDC7 has a
redundant functionin DNA replication.

The progression of cells through G1 phase and their entry into DNA
synthesis (S phase) is one of the most tightly regulated steps of cell divi-
sion.Mechanisms governing G1/Stransitionare frequently deregulated
inhumancancers, and they represent targets of cell-cycle-focused anti-
cancer therapies'. During the G1 phase, several proteins assemble on
DNA replication origins and form pre-replication complexes that wait
forasignal to trigger origin firing. This signalis thought to be provided
by thekinase CDC7, which acts in concert with cyclin E-CDK2 (refs. >?).
The major function of CDC7 is to phosphorylate MCM proteins within
pre-replication complexes*, This, together with the action of cyclin
E-CDK2, promotes binding of CDC45 and GINS to MCM2-7, which
results in the formation of the CDC45-MCM-GINS (CMG) complex
and activation of DNA helicase. These events cause unwinding of
double-stranded DNA, recruitment of DNA polymerase and initia-
tion of DNA synthesis’.

CDC7isahighly conserved serine-threonine kinase activated through
interaction with its regulatory subunit DBF4 (refs. *®). According to
current models of the cell cycle, CDC7 represents an essential compo-
nentofthe cell cyclemachinery thatisindispensable for S-phase entry
inall organisms studied™.

We decided to revisit this notion using two independent chemical
genetic approaches: the analogue-sensitive inhibition approach and
the generation of cells and mice that allow highly specific and acute
targeted degradation of CDC7 protein in vitro and in vivo.

Cell proliferation without CDC7

To re-assess the requirement for CDC7 in cell proliferation, we first
generated an analogue-sensitive (as) version of CDC7 by mutating
the bulky gatekeeper residue in the ATP-binding pocket of CDC7 from
Met128 to glycine. This substitution creates an enlarged ATP-binding
pocket not found in wild-type kinases. While the analogue-sensitive
substitution does not alter kinase specificity", the substituted
kinase can be selectively inhibited by bulky chemical compounds
such as INM-PP1 or 3MB-PP1 that occupy the enlarged ATP-binding
pocket® (Extended Data Fig. 1a). Importantly, as inhibitors do not
inhibit wild-type kinases. We knocked-in the asCDC7 mutation into
the endogenous Cdc7 locus in mouse embryonic stem (ES) cells and
generated homozygous CDC7*4S cells (Extended Data Fig.1b). Unex-
pectedly, acute inhibition of CDC7 in CDC74% cells with INM-PP1did
not arrest proliferation, although cell growth was retarded (Fig. 1a).
By contrast, similar inhibition of CDK1, an essential kinase for cell pro-
liferation®®, using CDKI**SES cells'?, completely arrested cell growth
(Extended DataFig. 1c, d).

To test the requirement for the CDC7 kinase in another cell type,
we injected CDC7*AS ES cells into mouse blastocysts and generated
CDC7%5S embryos, from which we derived mouse embryonic fibro-
blasts (MEFs). Again, CDC7*%S MEFs continued to proliferate despite
acute CDC7 inhibition with INM-PP1 (Fig. 1b).
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Fig.1|Shut down of CDC7in cultured cells. a, b, Growth curves of CDC7*AS
ES cells (a) and MEFs (b) cultured with INM-PP1 (to inhibit CDC7) or with vehicle
(control). AU, arbitrary units. ¢, Western blot analysis of CDC7 protein levelsin
CDC7APAIPES cells treated with auxin (IAA). d, Flow cytometry of CDC74'/AP/
TIR1ES cellstreated with1AA for12 h (acute) or 48 h (long-term). PI, propidium
iodide. e, Growth curves of CDC7*'A®/TIR1ES cells. Starting at day 1, cells were
treated withIAA or vehicle.f, g, DNA fibre analysis, with the mean fraction of
new replication origins (f) and fork speed (g) in CDC7*"™A°/TIR1ES cells treated
withIAAfortheindicated times. h, Westernblot analysis of phospho-MCM2
residuesin CDC7""™'"®/TIR1ES cells treated with IAA for 2 days. i, j, Western blot
analysis of CDC7 protein levels in CDC7*'"™A'®/TIR1MEFs treated with IAA (i) or

To extend these findings, we generated a system to acutely remove
CDC?7 protein. We adopted the auxin-inducible degradation (AID)
approach™. This plant-derived system can be transplanted into mam-
malian cells by inserting the AID domain into the protein of interest,
together with simultaneous expression of the plant F-box protein Tirl
(ref.™) (Extended Data Fig. 1e). Administration of auxin (indole acetic
acid (IAA)) to cellsengineered in this fashion triggers an acute degrada-
tion of the AID-tagged protein. This system has been used to degrade
proteins in cultured cells, but not to target endogenous proteins in
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after IAAremoval (j). k, Immunofluorescence analysis of CDC7*"™A"®/TIR1 MEFs
treated for 4 or26 hwithIAA or vehicle (dimethyl sulfoxide (DMSO)) and
stained for Flag-CDC?7.1, Flow cytometry of CDC7*'™A®/TIR1MEFs treated with
IAA or vehicle for 2 days. m, Growth curves of CDC7*'"™A®/TIR1MEFs culturedin
the presence of IAA or vehicle n, Growth curves of CDC7*"A°/TIR1MEFs
immortalized by dominant-negative p53, cultured with IAA or with vehicle. For
a,b,e, f,g, mandn, meanvalues are shown, witherror bars representing the
s.d.Pvalueswere determined by two-sided t-test.Fora,b,e,mandn,n=3
independentreplicates; f,n=2;g,n>500cells; c,d, h-k, representative results
(out of 2) are shown.

aliving animal. We knocked-in the AID domain into the endogenous
Cdc7locus in ES cells and generated CDC7A™AP cells (Extended Data
Fig.1f,g).Inaddition, we knocked-in the TirI gene into the ubiquitously
expressed Rosa26 locus (Extended Data Figs. 1h-k and 2a, b).
Treatment of in vitro cultured CDC7*™A®/TIR1 ES cells with IAA
led to arapid loss of CDC7 protein (Fig. 1c). Degradation of CDC7 was
accompanied by strong decrease in levels of the CDC7 regulatory
subunit, DBF4, which suggests that DBF4 is unstable in the absence
of'its catalytic partner (Supplementary Table 1). Acute shutdown of



CDC7resultedinamodestdelayin cell cycle progression, which lasted
approximately 24 h, after which cells resumed essentially normal prolif-
eration (Fig.1d, eand Extended Data Fig. 2¢; also see below). DNA fibre
analysis revealed a decrease in the number of new replication origins
(Fig.1f), whichwas compensated by anincreased speed of existing forks
(Fig.1g). By 48 h, however, the number of new origins partially recov-
ered, despite continued depletion of CDC7 (Fig. 1f, gand Extended Data
Fig.2d). Analysis of MCM2 phosphorylation revealed strongly reduced
phosphorylation of CDC7-dependent residues, which persisted as
long as IAA was present (Fig. 1h). We cultured cells in the presence of
IAA for up to 7 weeks and observed that they proliferated normally
and maintained efficient depletion of CDC7 (Extended Data Fig. 2d).

To extend these observations to another cell type, we injected
CDC74PAD/TIR1ES cells into blastocysts and derived CDC7A"™A®/T[R1
MEFs. Treatment of MEFs with IAA resulted in efficient degradation of
CDC7within2 h (Fig.1i, kand Extended DataFig. 2e), and this effect was
reversible following removal of IAA (Fig. 1j). Acute shutdown of CDC7
resulted intransient and mild impairment of cell proliferation, followed
by the return of normal proliferation rates (Fig. 11, m).

Inactivation of p53is thought to render cells particularly vulnerable
to CDC7 inhibition™, To test this, we immortalized CDC7*'"™A®/TIR1
MEFs using dominant-negative p53 and then degraded CDC7. Again,
these cells continued to proliferate despite CDC7 shutdown (Fig. 1n).

To better delineate the impact of CDC7 inhibition on the first and
successive cell cycles, we performed live-cellimaging of CDC74™A"/TIR1
MEFsacutely treated with IAA and human mammary epithelial MCF10A
cellstreated withaCDC7 inhibitor. We observed lengthening of S phase
and modest prolongation of G1and G2 phases during thefirst cell cycle,
which resulted in anincreased duration of the first cell division. These
parameters returned to nearly normallengthin the second or third cell
cycles (Fig.2a-c and Extended Data Fig. 3a—f). Consistent with live-cell
imaging, pulse-chase analyses of ES cells and MEFs treated with IAA, as
wellas human cells treated witha CDC7 inhibitor, revealed lengthening
of cell cycle phases at 12-24 h after CDC7 degradation or inhibition,
whichresultedinincreased cell division time. These parametersreturned
to nearly normal length after 48-72 h of continuous CDC7 inhibition
(Fig. 2d-g and Extended Data Fig. 3g-j). We did not observe increased
celldeath after CDC7 degradation or inhibition (Fig. 2h, iand Extended
Data Fig. 3k-n). The numbers of YH2AX foci were slightly increased in
ES cells, but not in MEFs, shortly after CDC7 depletion (Extended Data
Fig. 30, p,1),and ES cells cultured in the presence of IAA for 7 weeks did
notdisplayincreased numbers of yYH2AX foci (Extended DataFig. 3q). We
concluded that acute CDC7 inhibition results in transient lengthening
of the cell cycle but no substantial DNA damage or cell death.

It was possible that the vanishingly small amounts of CDC7 activity
left after IAA treatment (or after inhibition of analogue-sensitive CDC7)
were sufficient to allow cell proliferation. To test this, we used CRISPR-
Cas9 to knockout CDC7 in different mouse and human cell types.
We also generated Cdc77°* murine ES cells by gene targeting
(Extended Data Fig. 11), and acutely shutdown CDC7 in these cells by
expression of Cre-recombinase. Inall the cell types tested, we observed
continued cell cycle progression despite knocking out CDC7 (Extended
Data Fig. 4). We also observed that proliferating primary mouse car-
diomyocytes do not express detectable CDC7 protein (Extended Data
Fig. 5a, b). Last, we used CRISPR-Cas9 to knockout the activator of
CDC7, Dbf4, inimmortalized mouse fibroblasts. Dbf4-null cells con-
tinued to proliferate, albeit atamodestly reduced rate (Extended Data
Fig.5c-g). Collectively, these observations reveal that CDC7 is dispen-
sable for proliferation in several cell types.

To extend these studies in vivo, we generated CDC7*"™"®/TIR1 mice
using standard methods. Probing of a panel of mouse organs with an
anti-Flag antibody (which detects endogenous Flag-tagged CDC74'°)
revealed that CDC7 is expressed at very low levels in most organs,
including no detectable CDC7 protein in proliferative bone marrow
(Extended Data Fig. 5h-j). Administration of IAA to adult CDC7A"P/A1P/

TIR1 mice led to efficient depletion of CDC7 in their internal organs
starting at 3-6 h (Extended Data Fig. 5k-1), and this effect persisted
throughout the entire length of the study (Extended Data Fig. 5m).
Prolonged shutdown of CDC7 did not resultin any visible phenotypes
and did notimpede proliferation of mitotically active compartments
(Extended Data Fig. 5n, 0). We concluded that CDC7 is largely dispen-
sablein cultured cells and in live mice.

Synergy between CDC7 and CDK1

We wanted to understand the molecular basis of cell proliferation in
the absence of CDC7. Since CDK2 has been postulated to play a role
with CDC7 in the firing of DNA replication origins>*, we considered
the possibility that in the absence of CDC7, CDK2 alone can drive the
entry of cells into S phase. Cdk2-null mice are viable, which indicates
that CDK2is not essential for DNA synthesis'”'8, We used CRISPR-Cas9
togenerate Cdk2knockout CDC7*"™A®/TIR1ES cells or CDK2knockout
human mammary epithelial HMEC and MCF10A cells. We also engi-
neered human cells to express analogue-sensitive CDK2 in place of the
endogenous CDK2. Combined ablation of CDK2 (or acute inhibition
of CDK2 kinase) plus degradation or inhibition of CDC7 did not block
asynchronous cell proliferation and had little effect on S-phase entryin
cellsreturning from quiescence (Fig.3a-cand Extended DataFig. 6). We
concluded that another kinase may act at G1/S to drive S-phase entry.

To identify this kinase, we acutely degraded CDC7 in CDC7A"/A1b/
TIR1 cells and used quantitative mass spectrometry to gauge the
phosphorylation status of MCM proteins, which are well-established
targets of CDC7 (refs. *8). Phosphorylation of known CDC7-specific
sites and sites sharing the CDC7 consensus sequence (acidic amino
acid directed) within MCM proteins was strongly decreased following
CDC7 depletion (Fig. 3d and Supplementary Table 2). By contrast, sev-
eral other MCM sites remained phosphorylatedin CDC7-depleted cells
(Supplementary Table 2). Normal phosphorylation of Ser27 of MCM2
in CDC7-depleted cells and in CDC7-depleted/Cdk2-knockout cells
was confirmed by immunoblotting with a phosphospecific antibody
(Fig.3e).Several of these CDC7-independent sites represent predicted
substrates for proline-directed kinases. Therefore, we hypothesized
thatanother proline-dependent kinase might be responsible for their
phosphorylation.

Further analyses of the CDC7-depleted phosphoproteome (Supple-
mentary Table 2) revealed changes indicative ofincreased CDK1kinase
activity (increased phosphorylation of activating Thr161and decreased
phosphorylation of inhibitory Thri5 sites of CDK1 (Extended Data
Fig.7a)).Immunoprecipitation of CDK1followed by kinase assays con-
firmed mildly increased CDK1activity in CDC7-deficient cells (Extended
Data Fig. 4p and Extended Data Fig. 7b). These observations led us to
hypothesize that CDK1 might be responsible for phosphorylating MCM
proteinsinvivo, as suggested by previous studies® 2. Consistent with
this, we found that CDK1, but not CDC7, can phosphorylate Ser27 of
MCM2 (Extended Data Fig. 7c).

To test whether CDK1 phosphorylates MCM proteins in cells under
physiological conditions, we utilized CDK1*A knock-in ES cells that
express analogue-sensitive CDK1 (ref. ). Analogue-sensitive kinases
canuse N°-substituted bulky ATP analogues, whereas wild-type kinases
cannot use them owing to steric hindrance. Hence, by providing cells
that express analogue-sensitive kinase with bulky ATP analogues in
whichgamma-phosphate has been replaced with thiophosphate, one
can label direct substrates of this kinase with a thiophosphate tag'.
We cultured CDKI1**S cellsin the presence of abulky ATPyS analogue,
which resulted in the labelling of CDK1 substrates. We then immuno-
precipitated endogenous MCM2 and probed immunoblots with an
anti-thiophosphate ester antibody. These analyses confirmed that CDK1
directly phosphorylates MCM2 in cells (Fig. 3f). Moreover, inhibition
of CDK1 kinase in CDK1*5 cells with 3MB-PP1 decreased the phos-
phorylation of endogenous MCM2 on Ser27 (Extended Data Fig. 7d).
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Fig.2|Analyses of cells following CDC7 degradation. a-c, Long-term live-cell
imaging. Immortalized CDC7*'"”A"®/TIR1 MEFs expressing Gem""'”-mCherry
and Cdt141°9%O-mVenus FUCCI(CA) cell cycle reporters were cultured and
imaged for atotal of 77 h. Seven hours afterimaging start, cells were treated
with auxin (IAA) or vehicle (control) andimaged for an additional 70 h. Shown
are parameters for the first two cell cycles (generations1and 2) after addition
of IAA (selecting cells that received IAA 0-4 h before mitosis). a, Total cell
cyclelength (time between mitoses). b, Gllength (time between mitosis

and Cdt11°990, _~thatis, start of S phase). ¢, /G2 length (time from
Cdt17990 to subsequent mitosis). Dots show values for individual cells;
horizonallines, median values; dotted lines, the inter-quartile range; and the
long horizonalline, the median value from control cells in generation1.

Accordingto current models of the cell cycle, CDK1kinase operates
during mitosisandinlate S phase'. However, CDK1 has not been impli-
cated in normal G1/S transition. To test whether CDK1 is physiologi-
cally active during S-phase entry, we synchronized wild-type mouse
ES cellsin M phase with nocodazole, released the cells and followed
their synchronous exit from mitosis and progression through Gl and
Sphases (Extended Data Fig. 7e). We then immunoprecipitated CDK1
atdifferent time points and quantified its kinase activity. Notably, we
detectedinduction of CDK1kinase in cells entering S phase (Fig. 3g).
We also synchronized CDK1*¥*S cells as described above, and pro-
vided cells entering S phase with a bulky ATPyS analogue to label
CDKI1 substrates. This approach confirmed that CDK1 is active and
it directly phosphorylates MCM2 at this cell cycle stage (Extended
Data Fig. 7f).

We alsorendered mouse and human cells quiescent by serum depri-
vation, and then stimulated them to re-enter the cell cycle (Extended
DataFig. 7g). Again, we detected upregulation of CDK1kinase activity
ascellsentered S phase (Fig. 3h). Collectively, these observations indi-
cated that CDK1 might play a physiological role during G1/S transition.

To test whether CDK1 kinase activity is required during S-phase
entry, we arrested CDC7*"™®/TIR1 ES cells in M phase with noco-
dazole, released the cells and monitored cell cycle progression
(Fig. 3i, top). When cells reached G1 phase, we degraded CDC7 with
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d, e, Lengthof cell cycle phases determined by pulse-chase in CDC7*'™A"*/TIR1
ES cells (d) and MEFs (e) treated for the indicated times with IAA. The control
represents thelength of cell cycle phasesinuntreated cells. f, g, Doubling times
of CDC7APA®/TIR1ES cells (f) and MEFs (g) treated for the indicated times with
IAA, determined by pulse-chase. The control represents the doubling time of
untreated cells. h, i, Percentages of viable (annexin V'PI"), early apoptotic
(annexin V'PI"), late apoptotic (annexin V'PI*) and necrotic (annexin V'PI*)
CCD7*PA%/TIR1ES cells (h) and MEFs (i) treated with IAA for the indicated
times. The control represents untreated cells. For d-i, bars denote mean
values, witherrorbarsrepresenting the s.d. P values were determined by
two-sided t-test.n=3 independent replicates.

IAA and/or inhibited CDK1 (using the CDK1 inhibitor, Ro-3306) and
continued cell culture in the presence of the compound(s). Consist-
ent with the results described above, CDC7-degraded cells entered
and progressed through S phase, although at areduced pace (Fig 3i,
third panel). Cells that underwent CDK1 inhibition also progressed
through S phase (Fig. 3i, second panel). Notably, combined inhibition
of CDC7 and CDK1 essentially blocked the entry of cellsinto S phase
(Fig. 3i, bottom), and similar results were seen in Cdk2 knockout ES
cells (Extended Data Fig. 7h). Consistent with these findings, treat-
ment of asynchronously growing ES cells with IAA plus a CDK1inhibi-
torimpeded the firing of DNA replication origins, as revealed by DNA
combing (Fig. 3j).

Essentially identical results were obtained using CDKI*S*S ES
cells, which allow highly specific CDK1 inhibition with inhibitors of
analogue-sensitive kinases. Again, the combined inhibition of CDK1
(with 3MB-PP1) and CDC7 (with the CDC7 inhibitor XL-413) in G1 phase
strongly inhibited S-phase entry (Extended Data Fig. 7i, bottom) and
impeded origin firing (Extended Data Fig. 7j), whereas single treat-
ments had modest effects (Extended DataFig. 7i,j). We also detected a
similar requirement for CDC7 and CDK1 at the G1/S transitionin human
glioblastoma T98G cells (Extended Data Fig. 7k, 1). Importantly, we
verified that inhibition of CDK1 or CDC7, or both, did not impede the
activity of endogenous CDK2 (Extended Data Fig. 8).
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Fig.3|Analyses of CDK1in S-phase entry. a, Inmunoblotting of Cdk2"* (WT)
and Cdk2knockout (Cdk2”") CDC7M™A'®/TIR1ES cells treated with auxin (IAA).
b, Flow cytometry of Cdk2knockout/CDC7*™A®/TIR1ES cells treated with IAA
or vehicle (control). ¢, Growth curves of Cdk2knockout/CDC7">A%/TIR1ES
cellstreated withIAA or vehicle. d, Quantification of MCM2 phosphorylation at
known and predicted CDC7 phosphorylation sites in CDC7*"A'®/TIR1ES cells
treated withIAA for 5,24 and 48 h, using quantitative mass spectrometry. Black
dotsindicate phosphorylation levels at time 0. e, Immunoblots of Cdk2"* (WT)
and Cdk27-CDC7*"™A®/TIR1 (AID) ES cells for CDC7-dependent (S40) and
CDC7-independent (S27) MCM2 phosphoresidues. Cells were treated with
1AAfor 24 h.f, In-cell phosphorylation of MCM2 by CDK1. 1gG, control
immunoprecipitation from CDK1*%4S cells. ThioP, thiophosphate. g, h, ES cells
were released from mitosis (g), whereas MEFs, glioblastoma T98G and BJ
foreskin fibroblasts were released from GO (h). CDK1wasimmunoprecipitated
attheindicated time points and used for kinase reactions with histone Hlas the

We extended these findings using four types of human
non-transformed cells and T98G cells that were arrested in GO phase
and thenstimulated to re-enter the cell cycle. Again, inhibition of CDC7
or CDK1 alone had only modest effects on G1/S progression, whereas
combined inhibitionblocked entryinto S phase (Fig. 3k and Extended
Data Fig. 7m-0). We concluded that CDC7 and CDK1 play function-
ally redundant roles in triggering S-phase entry in different human
and mouse cell types, bothin cycling cells and in cells re-entering the
cell cycle from quiescence, and at least one of these kinases must be
present to allow DNA synthesis.

substrate. AS, asynchronous cells; M, mitosis-arrested cells. IgG, control
immunoprecipitation. i, Asynchronously growing CDC7*"™A®/TIR1ES cells
(Asynchr.) were synchronized in mitosis by nocodazole (+Noco.; M phase) and
released (-Noco). Following release, CDC7 degradation wasinduced through
the addition of IAA to account for degradation time. Two hours later, when cells
reached G1, they were treated with the CDK1inhibitor Ro-3306. Cells were
culturedinthe presence of inhibitor(s), collected after12 h (S/G2), stained with
Pland analysed by flow cytometry.j, Fraction of new replication origins in
CDC7*PA%/TIR1ES cells treated with IAA for 48 hand/or Ro-3306 for the last 1 h,
orwith vehicle.k, T98G and B cellswere arrested in GO and released in the
presence of the CDC7 inhibitor XL-413 and/or Ro-3306 or vehicle. Cells were
pulsed with BrdU after 19 hand analysed by flow cytometry.Forc,d,jand

k, mean valuesare shown, with error barsrepresenting thes.d. Pvalues were
determined by two-sided t-test.Forc,d,jand k, n=3 independent replicates;
a,b,e-i,representative results (out of two) are shown.

Live-cellimaging

To verify these findings at single-cell resolution, we performed com-
bined live-cell and fixed-cell imaging of CDC7"AP/TIR1 MEFs, human
mammary epithelial MCF10A cells and primary human dermal fibro-
blasts. We live-imaged asynchronously growing cellsin the presence of
IAA or CDC7 inhibitors (human cells) or vehicle. Cells were also acutely
treated with the CDK1 inhibitor Ro-3306, and we analysed cells that
received CDK1inhibitor in G1 phase (starting within the first 2 h after
completion of mitosis). CDC7-inhibited or CDK1-inhibited cells entered
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Fig.4|Live-cellimaging of Cdc7-depleted cells. a-c, Asynchronously growing  inhibitor TAK-931(CDC7i),Ro-3306 or withbothinhibitors. Cells treated with

immortalized CDC7*"™*®/TIR1 MEFs expressing FUCCI(CA) reporters were drug(s) starting at 0-2 h after mitotic exit were selected for analysis.d, EdU
live-imaged in the presence of auxin (IAA) or vehicle for 4 h, and then the CDK1 intensity attheindicated times after S phase start (Cdt1* %0, yin cells
inhibitor Ro-3306 was added. Cells treated with Ro-3306 starting at 0-2 h after treated asindicated. e, Intensity of EdU incorporation at theindicated times
mitoticexit (in G1 phase) were selected for analysis. a, EdU intensity at the after completion of mitosis. f, Hoechst intensity (DNA content) in cells treated

indicated times after S-phase entry (recorded as Cdt1*°¥%0, ) incellstreated  asabove,10-12 hafter mitotic exit. Dashed horizontallines (a, d), cut-off values
asindicated.b, ¢, EdU (b) and Hoechst intensity (DNA content) (c)incells16-18 h  for EdU-positive signal. Dashed verticallines: b, e, cut-off values for

after mitosis, treated asindicated. d-f, MCF10A cells expressing FUCCI(CA) EdU-positive signal; c, f, signal corresponding to >2N DNA significantly above
reporterswere live-imaged asina-c. Cells were treated with vehicle, the CDC7 2N noise.

and progressed through S phase (as determined by EdU incorporation  reflectscommitmenttoS-phase entry, and the start of DNAreplication
and Hoechst staining for DNA content), albeit at reduced speed. By  (Cdt1*°9%®)-mVenus reporter).
contrast, combined inhibition of CDC7 and CDK1in G1 phase essentially We live-imaged asynchronously growing CDC7A"™A®/TIR1 MEFs in
abrogated S-phase entry (almost no EdU incorporation) and arrested  the presence of IAA or vehicle, and acutely treated cells with the CDK1
cellswith 2N content, which indicated acomplete G1/Sblock following  inhibitor Ro-3306. We analysed cells that received the CDK1 inhibitor
CDC7 and CDKl1 inhibition (Fig. 4 and Extended Data Fig. 9a-c). within the first 2 h after completion of mitosis (that is, in G1). In con-
Wealso used live-cellimaging to further dissect eventsat G1/Stransi-  trol cells, Gem®™© .. (corresponding to APC/Cinactivation) occurred
tion. We engineered CDC7*™A®/TIR1 MEFs and human cellstoexpress ~ approximately 7.5 h after mitosis (Extended Data Fig. 9e). Gem“ 1%,
FUCCI(CA) cell cycle reporters® (Extended Data Fig. 9d). This dual ~ was followed immediately by Cdt1"'°9%, _(indicative of the start of
fluorescentreporter system detects twoimportant eventsatthe G1/S  DNA replication) (Extended Data Fig. 9f, g), which was accompanied by
boundary: APC/C inactivation (Gem"™?-mCherry reporter), which  the onset of EdUincorporation (Fig.4a, d). Inhibition of CDC7 or CDK1
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Fig.5|Analyses of CDK1-cyclin BatG1/S.a, ES cellsweresynchronizedin
M phase with nocodazole; MEFs, T98G and BJ cells were arrested in GO. Cells
werereleased and collected at theindicated time points for cyclin Bl
immunoprecipitation (IP) followed by kinase reactions with [y*?P]-ATP and
histone H1as substrate. AS, asynchronous cells; M, M phase cells; IgG, control
immunoprecipitation. b, Example of the gating strategy for flow sorting. B)
foreskin fibroblasts were stained with CytoPhase Violet (CPV) and sorted using
gatesindicated atthetop. ¢, Cyclin Blwasimmunoprecipitated from
flow-sorted cells and subjected to kinase reactions asina.d, MCF10A cells
expressing Cdt171°9%O-mCherry reporter were stained with anti-cyclin B1
antibody. For antibody control, cells were transfected with anti-cyclin B1 (siB1)
or control siRNA (siCtrl) 24 hbefore fixation. Shown s intensity of nuclear

alone or combined did not affect the timing of Gem®™® . (APC/C inac-
tivation) (Extended Data Fig. 9e), which is consistent with the notion
that CDC7 and CDK1 activity isnot necessary for APC/Cinactivation at
GL/S. Cells treated with a CDC7 or CDKl1inhibitor alone exhibited only
aminor delay in Cdt1* 990 (indicating S-phase entry; Extended
Data Fig. 9h). By contrast, combined inhibition of CDC7 and CDK1
strongly delayed Cdt1* %990 (S-phase entry) relative to Gem®* ™,
(APC/Cinactivation), withalarge fraction of cells failing to enter S phase
(Extended Data Fig. 9f, g). Notably, nearly all CDC7- and CDK1-inhibited
cells (including those with Cdt1¢ 9% ) failed to incorporate EdU
and did notincrease their DNA content beyond 2N (Fig.4), indicatinga
complete G1/S block following CDC7 and CDK1 inhibition.
Werecapitulated these observations using asynchronously grow-
ing human cells (Extended Data Fig. 9i, j) and human cells that were
rendered quiescent and then stimulated to re-enter the cell cycle
(Extended Data Fig. 9k). In these cells, combined inhibition of CDC7
and CDK1 almost completely abrogated Cdt1* 0990, (S-phase
entry), whereas there was essentially no effect on Gem®™% .. (APC/C
inactivation) (Extended Data Fig. 9i-k). Treatment with either
CDC7 or CDK1 inhibitor alone had little effect on these parameters.

CDCTi
+ B-CDK1

6 8 10 0

2
(S phase entry) (h)

drop

CDC7
+ E-CDK2

CDCTi
+ E-CDK1

CDCTi
+ A-CDK1
cyclin Blatthe indicated time points after Cdt1*°9%®, _(S-phase entry).

Red lines, median values within bins every two time-points (24 min, 12 min
interval); blue dashed lines, mean nuclear cyclin Blsignalin cells treated with
siB1(background level). Right, medianintensity of nuclear cyclin Bl at
indicated time points after S-phase entry in different treatment groups.

CDC7i, cellstreated with the CDC7 inhibitor TAK-931. e, Quantification of
DNA-replication assays in Xenopus egg extracts (from Extended Data Fig. 12i).
Extracts were treated with PHA-767491 (CDC7i) or DMSO (control), cyclin-CDK
complexes were added and nascent strand DNA synthesis assessed atindicated
time points. Bars, meanvalues, error bars, s.d., n=3 independent replicates.
Fora, b, c, representative results (out of two) are shown.

Collectively, these findings demonstrate that combined inhibition
of CDC7 and CDK1 prevents the onset of DNA synthesis in mouse
and human cells.

CyclinB-CDK1at G1/S

Our results indicated that in addition to its well-established role in
mitosis, CDK1 has an important function in triggering S-phase entry.
Thisroleis performedin afunctionally redundant fashion with CDC7;
hence inhibition of CDC7 renders CDK1rate-limiting for S-phase entry.

During mitosis, CDKlis activated by cyclin B, whereas CDK1 partners
with cyclin A during late S phase’. CDK1 can also bind cyclin E in Cdk2
knockout cells?®. To determine which cyclin mediates the function
of CDK1 during S-phase entry, we examined the association of CDK1
with cyclin A, cyclin B and cyclin E during G1/S phase progression in
wild-type ES cells synchronized by mitotic block and release, and during
cellcyclere-entry of wild-type MEFs and human cells. CDK1 was associ-
ated with cyclin B, but not with detectable cyclin E or cyclin A during
G1/S progression both in cells exiting mitosis and in cells returning
from quiescence (Extended Data Figs. 7e, g and 10a-d).

Nature | www.nature.com | 7



Article

These findings prompted us to analyse cyclin B-associated kinase
activity during G1/S progressionin ES cells (Fig. 5a, top, and Extended
Data Fig. 7e), and during cell cycle re-entry of MEFs and human cells
(Fig. 5a, middle and lower panels, and Extended Data Fig. 7g). We
observed that CDK1-cyclin B kinase becomes activated as cells enter
S phase, both in cycling cells and during cell cycle re-entry (Fig. 5a).

To evaluate the presence and activity of CDK1-cyclin Bin cellsunder
unperturbed conditions, we stained asynchronously growing MEFs and
human BJ foreskin fibroblasts and MCF10A cells with cell-permeant
DNA-binding dyes CytoPhase Violet or Hoechst-33342. We then
flow-sorted cells from G1, early S, late Sand G2/M fractions on the basis
of DNA content (Fig. 5b), immunoprecipitated cyclin Band performed
kinase and co-immunoprecipitation assays. CDK1-cyclin Bcomplexes
and cyclin B-associated kinase activity were observedinearly S phasein
allthe three cell types analysed (Fig. 5c and Extended Data Fig.10e-g).

Cyclin Bislocalized to the cytoplasm duringinterphase and it translo-
catestothe nucleus when cells enter M phase. We asked whether lower
levels of cyclin Bmight be presentin the nuclei at the onset of S phase
totake partin DNA replication. Combined live-cellimaging and immu-
nofluorescence staining revealed clear upregulation of nuclear cyc-
lin Bllevels in asynchronously growing cells entering S phase (Fig. 5d
and Extended DataFig.10h, i). Notably, inhibition of CDC7 resulted in
increased levels of cyclin Bat the start of S phase, whichindicated that
this physiological mechanismis upregulated in the absence of CDC7
activity (Fig. 5d and Extended Data Fig. 10h, i). Moreover, combined
live-cellimaging and immunofluorescence analysis revealed that CDK1
is present in cell nuclei across the cell cycle, including G1 and early
S phase cells (Extended Data Figs. 11 and 12a-h).

Last, we used Xenopus egg extracts to test the ability of different
cyclin-CDK combinations to drive S-phase entry in the absence of
CDC7 activity. Consistent with previous results®, treatment with the
CDC7 inhibitor PHA-767491 greatly inhibited DNA replication in this
cell-free system (Fig. 5e and Extended Data Fig. 12i). The addition of
recombinant CDK1-cyclin B1, but not CDK1-cyclin A2, CDK1-cyclin E1
or CDK2-cyclin E1, restored DNA replication following CDC7 inhibition
(Fig.5e and Extended Data Fig.12i). These results provide further sup-
port for our findings that CDK1-cyclin B can promote DNA replication
initiationin the absence of CDC7 activity.

Discussion

We developed a new system that enables rapid, global and reversible
degradation of a protein in vivo. This system represents a powerful
tool to study essentially any protein in normal physiology and in any
pathological condition. In the current work, we applied this technol-
ogy to CDC7 kinase.

According to established models, CDC7 represents an essential
kinase that is required for origin firing'®">**-33, However, some previ-
ous observations have hinted that the requirement for CDC7 may not
be absolute. In Saccharomyces cerevisiae, arecessive mutationin mcms5
(also known as cdc46) bypassed the requirement for Cdc7 in cell divi-
sion®*%¢, In fission yeast, proliferation of Hsk1(Cdc7)-null cells could
be restored by the deletion of Mrcl (a component of DNA replication
forks) or Rifl (refs. *2®). In Xenopus and in human cells, depletion of
RIF1—-aproteinthat recruits PP1 phosphatase to replication origins to
dephosphorylate MCM proteins—rendered the phosphorylation of
MCM proteins relatively insensitive to CDC7 inhibition®. A very early
embryoniclethality of Cdc7’~ mice could be overcome by knockout of
p53, whereby Cdc7/"pS53” animals survived until embryonic day 8, a
stage at which several major organs have been developed™.

Inthe current study, we observed that acute shutdown of CDC7 did
notarrest the proliferation of cells grownin vitro and in tissues of live
mice, and that some mouse cell types physiologically proliferated
without detectable CDC7. We conclude that CDC?7 is not uniformly
required for mammalian cell proliferation.

8 | Nature | www.nature.com

Phosphorylation of MCM proteins is thought to represent the essen-
tial function of CDC7 (refs. *8). Our analyses revealed that shutdown
of CDC7 strongly decreased the phosphorylation of some, but notall,
MCM phosphoresidues. We also found that CDK1 can phosphorylate
MCM proteins on CDC7-independent sites. These observations sug-
gest that CDC7 and CDK1 collaborate and independently contribute
to G1/Stransition by phosphorylating distinct MCM residues, and that
phosphorylation of asubset of MCM sites (either by CDC7 or CDK1) is
sufficient to drive S-phase entry. By contrast, CDK2 does not seem to
be essential in this process.

Notably, we found that during S-phase entry, CDK1 associates with
cyclin B, and these CDK1-cyclin B complexes are catalytically active.
Theseresultsareinline withsome previously published observations.In
Xenopus egg extracts, Cdkl-cyclin Bcan promote DNAreplication when
directed to the nucleus and activated*. Also, in nucleus-free Xenopus
egg extracts, Cdkl-cyclin B efficiently supported DNA replication®.
Cdkil-cyclin Bwas shown to phosphorylate Mcm2 and Mcm4 in vitro,
and this augmented subsequent phosphorylation by Cdc7 (ref. ).
Although cyclin B translocates to the nucleus at the onset of mitosis,
nuclear expression of cyclin Bl during G1 phase was documented in
cancer cell lines***, in agreement with our findings.

Arecentstudy usinghumanimmortalized retinal pigment epithelial
cells expressing analogue-sensitive CDC7 revealed that inhibition of
CDC7blocked cell proliferation**. Importantly, in that study, CDC7 was
notrequired for firing of early replication origins. Firing of late origins
was blocked owing to stalled replication forks and ATR-dependent
S phase checkpoint*. It is likely that under suboptimal conditions
that cause replicative stress and stalling of DNA forks, CDC7 becomes
rate-limiting in overcoming the stalled forks. Also, inactivation of
CDC7inmurine ES cellswasreported to cause stalled replication forks,
induction of p53, activation of G2/M checkpoint, inhibition of CDK1
kinase and ultimately p53-dependent cell death®. It is probable that
this phenotype reflects a stress response of cells acutely transduced
with Cre-encoding adenoviruses. Moreover, several other studies have
implicated CDC7 function under replicative stress® . Hence, CDC7
may have mechanistically atleast two distinct functions: anon-essential
role in DNA replication and another major function in counteracting
replicative stress.

Cancer cellsdisplay higher level of replicative stress and hence may
be particularly sensitive to CDC7 inhibition. CDC7 is upregulatedin can-
cer cells, and overexpression of CDC7 correlates with poor clinical prog-
nosis'®’, Depletion of CDC7 or inhibition of CDC7 kinase was shown
to trigger apoptosis, or senescence, predominantly in p53-mutant
cancer cells'®31%?248 These results—together with our findings that
CDC7is largely dispensable in vivo—raise the possibility that CDC7
inhibition might represent an attractive therapeutic strategy, in par-
ticular against p53-mutant tumours.
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