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SUMMARY
Cellular feedback systems ensure genomemaintenance during DNA replication. When replication forks stall,
newly replicated DNA is protected by pathways that limit excessive DNA nuclease attacks. Herewe show that
WEE1 activity guards against nascent DNA degradation at stalled forks. Furthermore, we identify WEE1-
dependent suppression of cyclin-dependent kinase 2 (CDK2) as a major activity counteracting fork degrada-
tion. We establish DNA2 as the nuclease responsible for excessive fork degradation in WEE1-inhibited cells.
In addition, WEE1 appears to be unique among CDK activity suppressors in S phase because neither CHK1
nor p21 promote fork protection as WEE1 does. Our results identify a key role of WEE1 in protecting stalled
forks, which is separate from its established role in safeguarding DNA replication initiation. Our findings high-
light how WEE1 inhibition evokes massive genome challenges during DNA replication, and this knowledge
may improve therapeutic strategies to specifically eradicate cancer cells that frequently harbor elevated
DNA replication stress.
INTRODUCTION

Faithful DNA replication is vital for preserving genomic informa-

tion during the cell division cycle. Endogenous and exogenous

challenges can cause replication forks to slow and stall—a situ-

ation called replication stress (RS) (Zeman and Cimprich, 2013).

Upon stalling, forks accumulate stretches of single-stranded

DNA (ssDNA), which are rapidly covered by replication protein

A (RPA) and detected by additional DNA damage response

(DDR) proteins (Saldivar et al., 2017). Molecular sensing of RS

elicits activation of the S phase checkpoint and cell cycle delay

(Berti and Vindigni, 2016; Mazouzi et al., 2014).

Anearly consequenceofRS is increased susceptibility of stalled

forks to undergo nucleolytic attacks (Tye et al., 2020). Cellular pro-

cesses thatprotect stalled forks fromexcessivedegradationmain-

tain genomic integrity (Berti et al., 2020). A major protective

response is the reversal process, where stalled forks are remod-

eled by DNA helicases to form four-way junction structures that

stabilize and provide templates for repair and restart processes

(Neelsen and Lopes, 2015; Thangavel et al., 2015; Zellweger

et al., 2015). Fork protection pathways serve to limit uncontrolled

nascent DNA degradation by nucleases such as MRE11, EXO1,

and DNA2 or unrestricted cleavage by MUS81. Accordingly, inhi-

bition of these nucleases can reducedamage followingRS (Lema-

çonetal., 2017;Pengetal., 2012;Przetockaetal., 2018;Schlacher

et al., 2011; Thangavel et al., 2015).

Failure to properly deal with RS can lead to genomic instability

and, potentially, to tumor development (Ubhi and Brown, 2019;
C
This is an open access article under the CC BY-N
Zarrizi et al., 2020). RS is considered a hallmark of cancer and

is often induced by oncogenic activities (Gaillard et al., 2015;Ma-

cheret and Halazonetis, 2015). Exacerbating the existing RS in

cancer cells can drive cancer-specific cell death and is a thera-

peutic strategy (Dobbelstein and Sørensen, 2015; Forment and

O’Connor, 2018).

Cyclin-dependent kinases (CDKs) control multiple facets of

DNA replication, including spatiotemporal coordination of repli-

cation origin activity by promoting loading and activation of repli-

some components (Reusswig and Pfander, 2019). Excessively

elevated levels of CDK activity during S phase is therefore a

source of RS (Sørensen et al., 2011).

WEE1 and CHK1 are major protectors of genomic integrity

during unperturbed replication, serving as negative regulators

of CDK1 and CDK2 (Beck et al., 2010, 2012; Domı́nguez-Kelly

et al., 2011; Syljuåsen et al., 2005). The modi operandi of

WEE1 and CHK1 are closely related. However, it is evident that

the two kinases also have distinct roles because combined inhi-

bition of WEE1 and CHK1 leads to synthetic lethality, indicating

synergism (Bukhari et al., 2019; Davies et al., 2011; Hauge et al.,

2016). In either case, inhibition of WEE1 or CHK1 exacerbate RS

to intolerable levels, triggering replication catastrophe (RC)

(Toledo et al., 2013). WEE1 directly inhibits CDK subunits

through tyrosine phosphorylation, whereas CHK1 inhibits the

CDK-activating CDC25 phosphatases (Goto et al., 2019). Loss

of WEE1 or CHK1 activity leads to CDK-driven increased initia-

tion of replication and subsequent depletion of replication fac-

tors, fork slowing, and DNA damage (Beck et al., 2012; Syljuåsen
ell Reports 38, 110261, January 18, 2022 ª 2021 The Author(s). 1
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Figure 1. WEE1 suppresses nascent DNA

degradation at stalled replication forks

(A) Experimental design for the DNA fiber assay to

investigate nascent DNA degradation.

(B) Representative images of DNA fibers from cells

treated with HU (4 mM) with or without WEE1 in-

hibitor (1 mM AZD1775) for 4 h. White dashed line

indicates the transition from the CldU tract to the

IdU tract. For fiber analyses throughout the whole

study, 150 forks were evaluated per condition. The

scale bars indicate 5 mm.

(C) Nascent DNA degradation analysis in U2OS

cells, left untreated (left) or treated with HU (4 mM)

with or without WEE1 inhibitor (1 mM AZD1775) for

4 h, shown as bee swarm plots.

(D) Immunoblot analysis of U2OS cells treated as

in (C).

(E) Nascent DNA degradation in HEK293T cells

(left) and MCF10A cells (right) treated with HU

(4 mM) with or without WEE1 inhibitor (1 mM

AZD1775) for 4 h before collection.

(C–E) Experiments are representative of at least

two independent biological replicates. The statis-

tical analyses were performed using a Wilcoxon

rank-sum test. **p % 0.01, ***p % 0.001, ****p %

0.0001. Red lines and numbers signify the median

value of IdU/CldU ratios from one experiment.
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et al., 2005). Notably, WEE1 controls nucleotide pools by limiting

CDK-driven origin firing as well as stabilization of the ribonucle-

otide reductase subunit RRM2 through prevention of its

CDK-SCFCyclinF-mediated degradation (Beck et al., 2012; Dom-

ı́nguez-Kelly et al., 2011; Pfister et al., 2015). Previous studies

have shown that DNA breakage after WEE1 inhibition is medi-

ated by unscheduled activity of the MUS81 nuclease (Beck

et al., 2012; Domı́nguez-Kelly et al., 2011; Duda et al., 2016).

WEE1 inhibition is attracting substantial interest as a target in

cancer therapy, with several ongoing clinical trials using adavo-

sertib as a WEE1 inhibitor (ClinicalTrials.gov: NCT02513563,

NCT04439227, and NCT03668340; Lheureux et al., 2021; Liu

et al., 2021). It has gained attraction to override the cell cycle

checkpoint arrest in G2 phase with WEE1 inhibition; however,

the S phase functions of WEE1 are also highly relevant in cancer

therapy (Fang et al., 2019; Pfister et al., 2015). Here we show that

WEE1 activity guards against nascent DNA2-dependent degra-

dation of stalled replication forks, which is driven by deregulated

CDK2 activity. Finally, we show that WEE1 differs from other

CDK suppressors because neither CHK1 nor p21 display fork-

protective roles similar to WEE1. Our results highlight how

WEE1 inhibition exacerbates RS to evokemassive DNAdamage,

which may help improve cancer therapy strategies.

RESULTS

WEE1 suppresses nascent DNA degradation at
replication forks
Research of WEE1 functions during unperturbed S phase has

mainly focused on replication initiation. WEE1 inhibition leads

to excessive origin firing and massive accumulation of ssDNA

and RS. However, WEE1 might also operate behind stalled forks

by limiting active degradation of nascent DNA strands. To test
2 Cell Reports 38, 110261, January 18, 2022
this, we applied fork protection assays utilizing the single-mole-

cule DNA fiber technique (Quinet et al., 2017). In this assay,

nascent DNA degradation presents as a shortening of the sec-

ond of two labels in replication tracts successively labeled with

5-chloro-20-deoxyuridine (CldU) and 5-iodo-20-deoxyuridine
(IdU). Fork degradation is detected as a decrease in the IdU/

CldU ratio compared with untreated controls (Figures 1A and

1B). Under otherwise unperturbed conditions, inhibition of

WEE1 with AZD1775 (adavosertib) for 4 h elicited a significant

decrease in the IdU/CldU ratio, indicating degradation of

nascent DNA (Figure 1C). Likewise, combined treatment with hy-

droxyurea (HU) and a WEE1 inhibitor for 4 h led to a significant

decrease in the IdU/CldU ratio compared with treatment with

HU alone, reflecting excessive degradation of HU-stalled forks

after WEE1 inhibition (WEE1i) (Figure 1C).

WEE1 activity in S phase guards against massively increased

replication initiation and subsequent RS (Beck et al., 2012).

Because of the inverse interplay between initiation and fork pro-

gression, WEE1i manifests as a rapid decrease in fork progres-

sion during 90-min treatment with the inhibitor (Figure S1A).

Although a decrease in the IdU/CldU ratio after WEE1i indicates

a role in fork protection, it may also reflect a WEE1 role in pro-

moting fork progression. To test this, we labeled cells with

CldU, followed by HU treatment for 30 min or 120 min, concur-

rent with IdU labeling. We measured tract lengths as a readout

of progression. The two HU treatments reduced fork progression

by almost 65% and 90%, respectively, compared with the first

(untreated) label, indicating that some replication persisted

even in the presence of 4 mM HU (Figure S1B; Dungrawala

et al., 2015). Cells co-treated with WEE1i displayed a similar

slowing of progression speed after 30 min of treatment

compared with HU alone (Figure S1B). After 120 min of co-treat-

ment with HU andWEE1i, tract lengths were significantly shorter

http://ClinicalTrials.gov
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than HU-only controls and, crucially, shorter than after 30 min of

WEE1i and HU co-treatment (Figure S1B). These results demon-

strate that slowed progression is not responsible for the

decreased IdU/CldU ratio and, hence, support excessive degra-

dation of HU-stalled forks after WEE1i. For this reason, we used

HU treatments in all following experiments.

WEE1i markedly increased CDK activity, as assessed by

levels of phosphorylated CDK substrates in untreated and HU-

treated samples (Figures 1D and S1C). Inhibition of WEE1 activ-

ity also mediated an elevated phosphorylated RPA (Ser4/8)

signal, a marker of DDR activation after RS (Ashley et al., 2014;

Figure 1D). Subsequently, we found thatWEE1i led to a decrease

in the IdU/CldU ratio after HU treatment in additional cell lines,

such as HEK293T and MCF10A cells (Figure 1E). These findings

support a role of WEE1 in preventing CDK-driven RS and sug-

gest that WEE1 prevents nascent DNA degradation upon fork

stalling.

WEE1 suppresses DNA2-mediated nascent DNA
degradation
The MUS81 nuclease cleaves partially resected forks and cre-

ates DNA double-strand breaks to promote DNA repair and

fork restart (Hanada et al., 2007; Lemaçon et al., 2017; Pepe

andWest, 2014).We depletedMUS81 and tested fork protection

in response to WEE1i compared with control cells. Intriguingly,

we found that knockdown of MUS81 did not restore nascent

DNA protection in cells treated with the WEE1 inhibitor, suggest-

ing that MUS81 has little involvement in fork degradation under

such circumstances (Figure 2A). MUS81 depletion had a moder-

ate effect on fork stability independent of WEE1i (Figure 2A). The

IdU/CldU ratio was unaffected by MUS81 depletion under un-

perturbed conditions (Figure S2A), indicating that loss of

MUS81 has a minor effect on normal replication. We next inves-

tigated additional nucleases potentially responsible for the

WEE1i-driven fork degradation. The nucleases MRE11 and

EXO1 drive excessive degradation at stalled forks in BRCA2-

deficient cells, and the fork-protective function of BRCA2 is

impaired by CDK activity (Lemaçon et al., 2017; Schlacher

et al., 2011). However, small interfering RNA (siRNA)-mediated

knockdown of EXO1 did not restore fork protection in WEE1i-

treated cells (Figure 2B) and neither did co-treating cells with

mirin, an MRE11 inhibitor (Figure 2C). These findings suggest

that MUS81, EXO1, and MRE11 are not the main nucleases

mediating nascent DNA degradation at stalled forks after WEE1i.

Notably, depletion of another nuclease, DNA2, significantly

restored fork protection in cells treated with the WEE1 inhibitor

(Figure 2D), suggesting that WEE1 restrains DNA2 nuclease ac-

tivity at stalled forks. DNA2 knockdown on its own did not signif-

icantly affect IdU/CldU ratios under unperturbed conditions, nor

did it cause an altered cell cycle profile (Figure S2B). We noted

that DNA2 depletion did not significantly rescue HU-induced

nascent DNA degradation (Figure 2D), which was suggested in

an earlier study investigating how DNA2 affects HU-stalled forks

(Thangavel et al., 2015).

WEE1i can lead to the highly stressed state known as RC

(Toledo et al., 2013). We deployed quantitative image-based cy-

tometry (QIBC) to assess whether the observed WEE1i-depen-

dent fork degradation phenotype co-occurred with RC (Figures
S2C and S2D).We developed an unbiased and reproducible ma-

chine learning model to group cells into different populations

based onmeanQIBC intensities of RPA and gH2AX (Figure S2E).

Using this method, cells were categorized as non-damaged

(ND), RS, or RC (Figure S2E). As expected, short co-treatment

with HU and WEE1i rapidly increased RS in replicating cells,

whereas prolonged treatment shifted a high proportion of cells

into RC (Figure S2E). By titrating increasing concentrations of

WEE1i and co-treating with 4 mM HU for varying times, we

observed that, at the highest concentration of WEE1i (1 mM)

and longest treatment (4 h), the percentage of cells shifting to

RC was still increasing (Figure S2F). Based on these findings,

we conclude that fork degradation occurs at the same concen-

tration and time interval as RC in WEE1i-treated cells.

To separate the effects of RC and fork degradation, we tested

whether DNA2 depletion could mitigate RC, as assessed by

QIBC. Importantly, the percentage of cells grouped as RC after

4 h of treatment with WEE1i only or in combination with HU

was not rescued by DNA2 depletion (Figure 2E). This finding

was consistent across different times (0, 30, 60, and 120 min)

of WEE1i in combination with and without 4 mM HU (Figure 2F).

Although DNA2 depletion rescuesWEE1i-dependent fork degra-

dation (Figure 2D), it does not rescueWEE1i-dependent RC (Fig-

ures 2E and 2F). Overall, the data suggest that WEE1 activity

mainly limits DNA2-mediated degradation of nascent DNA at

stalled forks.

DNA2 preferably resects substrates that resemble reversed

forks. This process requires RAD51 because its depletion sup-

presses DNA2-driven processing of reversed forks (Kolinjivadi

et al., 2017; Mijic et al., 2017). We found that depletion of

RAD51 significantly suppressed excessive degradation in

WEE1-inhibited cells, suggesting that WEE1-driven fork stability

is fork reversal dependent (Figure 2G). RAD51 depletion did not

significantly alter IdU/CldU ratios under untreated condition (Fig-

ure S2G). Collectively, these findings are in line with the notion

that WEE1 protects stalled forks from excessive degradation

by DNA2.

WEE1 guards against CDK2-driven nascent DNA
degradation
WEE1 is an established suppressor of CDK activity in the S and

G2 phases of the cell cycle. The best-known targets of WEE1,

CDK1 and CDK2, regulate multiple proteins involved in replica-

tion dynamics (Blethrow et al., 2008; Chi et al., 2008, 2020),

and they become hyperactivated after WEE1i (Figure 1D). We

therefore assessed whether fork degradation in response to

WEE1i could be blocked by chemical inhibition of CDK1 or

CDK2 activity. We first tested the pan-CDK inhibitor roscovitine

in combination with WEE1i, which restored fork stability

compared with inhibition of WEE1 alone in HU-treated cells (Fig-

ure 3A). As expected, roscovitine treatment suppressed exces-

sive CDK activity after inhibition of WEE1 (Figure 3B).

We sought to separate the functions of CDK1 andCDK2 by uti-

lizing inhibitors that display enhanced selectivity toward either ki-

nase over the other (Table S1). Interestingly, we found that fork

stability could not be rescued by co-treatment of WEE1i and

the CDK1 inhibitor RO-3306 (Figure 3C). In contrast, when using

a CDK2 inhibitor (CDK2 inhibitor II), fork stability was rescued,
Cell Reports 38, 110261, January 18, 2022 3
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Figure 2. WEE1 suppresses DNA2-mediated nascent DNA degradation

(A, B, and D) Top: nascent DNA degradation in U2OS cells after MUS81, EXO1, or DNA2 depletion and treatment with HU (4 mM, 4 h) with or without WEE1

inhibitor (1 mM AZD1775, 4 h). Bottom: immunoblot analyses with the indicated antibodies.

(C) Nascent DNA degradation in U2OS cells after treatment with HU (4 mM, 4 h) with or without WEE1 inhibitor (1 mM AZD1775, 4 h) and with or without MRE11

inhibitor (10 mM mirin, 4 h).

(E) Scatterplots of log10 mean values of gH2AX intensity versus log10 mean values of chromatin-bound RPA intensity in cells treated with Universal Negative

Control (UNC) siRNA (left) or siDNA2 (right) and left untreated or treated for 4 h with HU, WEE1 inhibitor, or both. Cells are grouped and colored through

mathematical modeling into non-damaged (ND; gray), replication stress (RS; orange), or replication catastrophe (RC; purple). Data are from one experiment.

(F) Bar plots of the percentages of cells characterized as RS (top panel) or RC (bottom panel) over time in cells transfected with UNC (gray) or DNA2 (blue) and

treated with HU, WEE1i, or both for varying times (0, 30, 60, 120, or 240 min). Data are from one experiment.

(G) Top: nascent DNA degradation in U2OS cells after RAD51 depletion and treatment with HU (4 mM, 4 h) with or without WEE1 inhibitor (1 mM AZD1775, 4 h).

Bottom: immunoblot analyses with the indicated antibodies.

(A–D, G) Experiments are representative of at least two independent biological replicates. The statistical analyses were performed using a Wilcoxon rank-sum

test. ns, not significant; *p % 0.05, ** p % 0.01 ***p % 0.001, ****p %0.0001. Red lines and numbers signify the median value of IdU/CldU ratios from one

experiment.
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indicating that aberrant CDK2 activity promotes nascent DNA

degradation at HU-stalled forks (Figure 3C). Because inhibitors

targeting CDKs generally display suboptimal selectivity for one

CDK over another (Table S1), we further tested this finding by

performing siRNA-mediated knockdown (Figure 3E). CDK2-

depleted cells displayed fork stability even when WEE1 was
4 Cell Reports 38, 110261, January 18, 2022
inhibited (Figure 3E), which supports the notion that WEE1 pro-

tects stalled forks from degradation by limiting CDK2 activity.

We verified that CDK2 depletion under unperturbed circum-

stances did not give rise to an altered IdU/CldU ratio, nor did it

cause a considerably altered cell cycle profile (Figure S3A).

Depletion or inhibition of CDK2 had a modest effect on levels
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Figure 3. WEE1 guards against CDK2-driven nascent DNA degradation

(A) Nascent DNA degradation in U2OS cells after treatment with HU (4 mM) and WEE1 inhibitor (1 mM AZD1775) with or without pan-CDK inhibitor (25 mM ro-

scovitine) for 4 h.

(B) Immunoblot analysis of U2OS cells treated as in (A).

(C) Nascent DNA degradation in U2OS cells after treatment with HU (4 mM) andWEE1 inhibitor (1 mMAZD1775) with or without CDK1 inhibitor (10 mMRO-3306),

with or without CDK2 inhibitor (5 mM CDK2 inhibitor II), or both for 4 h.

(D) Immunoblot analysis of U2OS cells treated as in (C).

(E) U2OS cells were depleted of CDK2 and incubated for 36 h. Nascent DNA degradation was assessed in cells treated with HU (4 mM, 4 h) with or without WEE1

inhibitor (1 mM AZD1775, 4 h).

(F) Immunoblot analysis of U2OS cells treated as in (E).

Experiments are representative of at least two independent biological replicates. The statistical analyses were performed using aWilcoxon rank-sum test. ns, not

significant; ***p %0.001, ****p %0.0001. Red lines and numbers signify the median value of IdU/CldU ratios from one experiment.
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of CDK substrate phosphorylation after WEE1i (Figure 3D and

3F), which is in line with former findings regarding CDK2 defi-

ciency (Bashir and Pagano, 2005; Santamarı́a et al., 2007). Our

data are consistent with earlier studies showing that deregulated

CDK2 activity is the cause of replication-associated damage in

the absence of WEE1-driven phosphorylation (Domı́nguez-Kelly

et al., 2011; Hughes et al., 2013).

A limited role of the CDK regulators CHK1 and p21 in
fork protection
Given the role of the WEE1-CDK2 pathway in protection of

stalled forks, we explored whether additional cellular CDK2 in-

hibitors have similar roles. CHK1 limits CDK1 and CDK2 activity

through inhibition of the CDC25 kinases (Sur and Agrawal, 2016),

and CHK1 shares related functions with WEE1 in controlling

replication during S phase (Beck et al., 2010; Petermann et al.,
2010; Syljuåsen et al., 2005). Thus, we tested whether inhibition

of CHK1 triggered nascent DNA degradation at HU-stalled forks.

Surprisingly, we could not detect a significant decrease in the

IdU/CldU ratio after 4 h of co-treatment with HU and two different

CHK1 inhibitors, UCN-01 and AZD7762 (Figure 4A). CHK1 inhibi-

tion (CHK1i) led to an increase in IdU/CldU ratios in unperturbed

and HU-treated cells (Figure 4A). Efficient inhibition of CHK1was

validated by QIBC analysis of RPA and gH2AX, which showed

marked increases after 4 h of HU and CHK1i (Figure S4A). Akin

to WEE1i, CHK1i led to a pronounced rise in the percentage of

cells characterized as RC (Figure S4A). Immunoblot analysis

confirmed that CHK1i led to increased phosphorylation of

RPA, but it had a limited effect on phosphorylation of CDK sub-

strates (Figure 4B). To further investigate CDK phosphorylation,

we performed affinity precipitation of GFP-CDK2. Subsequent

blotting for the CDK2 phospho-Y15 site revealed that 4 h of
Cell Reports 38, 110261, January 18, 2022 5
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B C Figure 4. A limited role of the CDK regula-

tors CHK1 and p21 in fork protection

(A) Nascent DNA degradation in U2OS cells after

treatment with HU (4 mM, 4 h) with or without

CHK1 inhibitor (300 nM UCN-01 or 500 nM

AZD7762, 4 h).

(B) Immunoblot analysis of U2OS cells treated as

in (A).

(C) Top: nascent DNA degradation in U2OS cells

after p21 depletion and treatment with HU (4 mM,

5 h). Bottom: immunoblot analyses with the indi-

cated antibodies.

(A–C) Experiments are representative of at least

two independent biological replicates. The statis-

tical analyses were performed using a Wilcoxon

rank-sum test. *p%0.05, **p%0.01. Red lines and

numbers signify the median value of IdU/CldU

ratios from one experiment.

(D) WEE1 suppresses nuclease activities in S

phase. In the pathway discovered here, WEE1

specifically inhibits CDK2 to protect HU-stalled

reversed replication forks against DNA2-mediated

degradation (right). Furthermore, WEE1 is known

to control CDK activity in S phase to limit exces-

sive origin firing and to keep nucleases (e.g.,

MUS81) from pulverizing the chromosomes (left).
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treatment with WEE1i completely abrogated phosphorylation of

this residue (Figure S4B). However, CDK2 phospho-Y15 levels

after 4 h of treatment with CHK1i (AZD7762) were more compa-

rable with the control (Figure S4B). Our data support the notion

that CHK1 and WEE1 have distinct but complementing roles in

DNA replication (Hauge et al., 2016).

The CDK inhibitor p21 can directly inhibit cyclin-CDK com-

plexes to regulate cell cycle progression through the G1 and S

phases (Georgakilas et al., 2017). Expression of p21 is induced

in a p53-dependent manner after RS (Bitar and Gali-Muhtasib,

2019; He et al., 2005), and we hypothesized that this could limit

CDK2 activity to protect stalled forks from excessive degrada-

tion. However, p21-depleted cells were proficient in protecting

stalled forks from excessive resection (Figure 4C). Depletion of

p21 led to a small decrease in fork stability that was not statisti-

cally significant and did not significantly affect unperturbed repli-

cation (Figures 4C and S4C). These results highlight the unique

function of WEE1 activity.

DISCUSSION

Our study reports a key role of WEE1 in maintaining genome sta-

bility by supporting replication fork protection. WEE1 was first

identified because of its marked role in controlling mitotic entry

(Nurse and Thuriaux, 1980). In more recent years, S phase func-

tions of WEE1 have emerged and are mainly linked to DNA repli-
6 Cell Reports 38, 110261, January 18, 2022
cation control. Previous work has identi-

fied important roles of WEE1 in securing

orderly origin firing and proper supply of

key components for replication (Beck

et al., 2012). Here we uncover a role of

WEE1 behind the stalled fork because
the majority of our results were obtained under conditions of

fork stalling. Thus, excessive new origin firing cannot account

for our findings, which indicates a role of WEE1 in DNA replica-

tion control by suppressing excessive DNA2 activity.

Additional factors protect the forks against degradation by

DNA2, such as ABRO1, BOD1 L, CtIP, RIF1-PP1, and SETD1A

(Garzón et al., 2019; Higgs et al., 2015, 2018; Mukherjee et al.,

2019; Przetocka et al., 2018; Xu et al., 2017). It is possible that

the WEE1-CDK2 axis regulates DNA2 through one or more of

these fork-protective factors or that regulation could happen

directly at DNA2, as proposed for budding yeast (Chen et al.,

2011). However, human DNA2 only has one potentially used

CDK phosphorylation site. This matches a low-affinity CDK sub-

strate site because it is missing the basic R/K amino acid residue

at position +3. We envision that it will be highly challenging to

pinpoint a single specific factor controlled by the WEE1-CDK2

pathway to ensure fork stability because of multiple CDK phos-

phorylation targets. Accordingly, future phospho-proteomics

analyses of WEE1-controlled phosphorylation targets will be

important to shed light on this important mechanistic aspect.

WEE1i triggers hypophosphorylated (Figure S4B) and hyper-

active CDK2. Expression of a CDK2 allele (CDK2T14A Y15F) that

is non-phosphorylatable at tyrosine 15 (Y15) causes premature

entry into S phase with abnormal DNA replication and genomic

instability (Hughes et al., 2013). Moreover, CDK2-inhibitory

phosphorylation is needed for recovery fromRS, and its absence
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induces DNA damage in S phase, much like inhibition of WEE1

(Hughes et al., 2013). This relationship is further demonstrated

in cancer cells harboring elevated levels of CDK2 activity

because they are sensitive to WEE1i (Sakurikar et al., 2016).

Conversely, decreased CDK activity in theG1 and S phases con-

fers resistance to WEE1i (Heijink et al., 2015).

Interestingly, our findings revealed that inhibition of CHK1 or

depletion of p21 did not have a significant negative effect on

fork stability under our assay conditions (Figure 4A and 4C).

The simplest explanation for this observation is the degree of

CDK2 deregulation and timing of treatments. CHK1i does not

substantially increase CDK activity compared with inhibition

of WEE1 (Figures 1D and 4B), likely because of the more indi-

rect CHK1 mode of achieving CDK2 hypophosphorylation

via phosphatase suppression (Figure S4B). Another factor

potentially contributing to the difference in WEE1i and CHK1i

phenotypes may relate to involvement of pathways beyond

Y15 phosphorylation. Furthermore, under physiological condi-

tions, p21 may be kept at levels that are too low to markedly

inhibit CDK activity during S phase (Hauge et al., 2019; Mansilla

et al., 2016).

Here we identify facets with relevance for the emerging ap-

proaches to target WEE1 for cancer therapy (Fang et al., 2019;

Jin et al., 2018; Lheureux et al., 2021). Fork degradation is linked

to chemosensitivity toward cisplatin or PARP inhibitors (Chaud-

huri et al., 2016), and restoration of fork protection in cancers

harboring BRCA mutations confers chemoresistance, likely by

reducing the need for HR-mediated recovery of aberrant replica-

tion structures (Saada et al., 2018). Inhibiting fork protection in

resistant cancer cells by targeting WEE1 or CDK2 phosphoryla-

tion may re-sensitize cancer cells to S phase chemotherapy

(Aarts et al., 2015; Fang et al., 2019).

Inhibition of WEE1 causes widespread RS, increased fork

degradation, massive DNA damage, override of DNA damage

checkpoints, and premature entry into mitosis (Elbæk et al.,

2020), making it a potent approach to induce cell death. This po-

tency requires careful consideration regarding combination ther-

apies, synthetic lethality, and dosing schedules to ensure can-

cer-cell-specific targeting.

Limitations of the study
In general, there is a need to better understand nuclease regula-

tion in replication fork stability. We did not address the mecha-

nistic aspects of DNA2 control in this study, partially because

of lack of known CDK2-regulatory sites in DNA2. Furthermore,

WEE1 hasmultiple roles in DNA replication and cell cycle control.

We did not quantify the relative importance of the different path-

ways in WEE1 inhibitor sensitivity, but it should be a point of

future research. In this regard, functional and biological research

of the WEE1-CDK pathway is challenging because of its crucial

roles in cell cycle control and genomemaintenance.We relied on

chemical inhibition of WEE1 and CDK1 to avoidmajor secondary

events following their genetic downregulation.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-DNA2 Abcam Cat# ab96488; RRID:AB_10677769

Mouse monoclonal anti-MUS81 Abcam Cat# ab14387; RRID:AB_301167

Rabbit polyclonal anti-Rad51 Abcam Cat# ab63801; RRID:AB_1142428

Rat monoclonal anti-BrdU [BU1/75 (ICR1)] Abcam Cat# ab6326; RRID:AB_305426

Rabbit polyclonal anti-GFP Abcam Cat#: ab290;

RRID: AB_303395

Mouse monoclonal anti-BrdU BD Biosciences Cat# 347580; RRID:AB_400326

Rabbit polyclonal anti-pRPA32 (S4/S8) Bethyl Cat# A300-245A; RRID:AB_210547

Rabbit monoclonal anti-CDK2 Cell Signaling Technology Cat# 2546; RRID:AB_2276129

Rabbit monoclonal mix anti-Phospho-CDK

Substrate Motif [(K/H)pSP]

Cell Signaling Technology Cat# 9477; RRID:AB_2714143

Rabbit polyclonal anti-Phospho-CDC2 (Tyr15) Cell Signaling Technology Cat# 9111; RRID:AB_331460

Rabbit monoclonal anti-phospho-Chk1

(Ser345) (133D3)

Cell Signaling Technology Cat# 2348; RRID:AB_331212

Rabbit polyclonal anti-Phospho-Histone

H2A.X (Ser139) (gH2AX)

Cell Signaling Technology Cat# 2577; RRID:AB_2118010

Mouse polyclonal anti-EXO1 GeneTex Cat# GTX109891;

RRID:AB_11172320

Mouse monoclonal anti-Actin, clone C4 Millipore Cat# MAB1501; RRID:AB_2223041

Rabbit polyclonal anti-p21 (C-19) Santa Cruz Biotechnology Cat# sc-397; RRID:AB_632126

Mouse monoclonal anti-Vinculin Merck Cat# V9131; RRID:AB_477629

Donkey anti-Mouse IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor 488

Thermo Fisher Scientific Cat# A-21202; RRID:AB_141607

Donkey anti-Rat IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor 594

Thermo Fisher Scientific Cat# A-21209; RRID:AB_2535795

Anti-Mouse IgG (H+L), made in horse antibody Vector Laboratories Cat# PI-2000; RRID:AB_2336177

Anti-Rabbit IgG (H+L), made in goat antibody Vector Laboratories Cat# PI-1000; RRID:AB_2336198

Chemicals, peptides, and recombinant proteins

RO-3306 CalBioChem Cat# 217699; CAS:872573-93-8

CDK2 inhibitor II Santa Cruz Cat# sc-221409; CAS:222035-13-4

MK-1775/AZD1775 SelleckChem Cat# S1525; CAS:955365-80-7

AZD7662 SelleckChem Cat# S1532; CAS:860352-01-8

Hydroxyurea Merck Cat# H8627; CAS:127-07-1

Roscovitine Merck Cat# R7772; CAS:186692-46-6

UCN-01 Merck Cat# U6508; CAS:112953-11-4

Mirin Tocris Cat# 3190; CAS:1198097-97-0

Critical commercial assays

GFP-Trap� Chromotek Cat# gta-10

Experimental models: Cell lines

U2OS ATCC N/A

HEK 293T ATCC N/A

MCF10A ATCC N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

DNA2 siRNA, targeting sequence

50-GGAAUGGAUAACCGGUACC-30
Merck N/A

p21 siRNA targeting sequence

50-GAUGGAACUUCGACUUUGU-30
Merck N/A

EXO1 siRNA targeting sequence

50-CAAGCCUAUUCUCGUAUUU-30
Merck N/A

RAD51 siRNA, targeting sequence,

’5-GAGCUUGACAAACUACUUC-30
Merck N/A

MUS81 siRNA, targeting sequence,

’5-GGGUAUACCUGGUGGAAGA-30
Merck N/A

CDK2 siRNA, targeting sequence,

’5-GAUGUAGCUUUCUGACAAAAA-30
Merck N/A

MISSION� siRNA Universal Negative Control #1 Merck Cat# SIC001-1NMOL

CDK2 forward primer: 50-
TCCCGTATACACCGGTaGAGAA

CTTCCAAAAGGTGGAAAAGA-30

TAG Copenhagen N/A

CDK2 reverse primer:

50-GAGGTGGTCTGGATCCTCAGA

GTCGAAGATGGGGTACTG-30

TAG Copenhagen N/A

Recombinant DNA

pLVX-TetOne-Puro-GFP-CDK2 WT This paper N/A

Software and algorithms

Fiji (Fiji Is Just ImageJ) ImageJ Software RRID:SCR_002285

ZEN Digital Imaging for Light Microscopy Zeiss RRID:SCR_013672

Spotfire 11 TIBCO RRID:SCR_008858

RStudio RStudio RRID:SCR_000432

Mcclust (Scrucca et al., 2016) N/A

Tidyverse (Wickham et al., 2019) N/A

ggplot2 (Wickham, 2016) N/A

Ggpubr (Kassambara and Kassambara, 2020) N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Claus Stor-

gaard Sørensen (claus.storgaard@bric.ku.dk).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d The data are available from the corresponding author on request.

d This paper does not report original code.

d Any additional information required to reanalyse the data reported in this work paper is available from the Lead Contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human osteosarcoma cell line U2OS and human embryonic kidney cell line HEK293T were cultured in Dulbecco’s Modified Eagle’s

medium (DMEM; Gibco) supplemented with 10% foetal bovine serum (FBS; Cytiva) and 1% Penicillin-Streptomycin (10,000 U/mL;
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Gibco). Humanmammary gland cell lineMCF10Awas cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM-

F12; Gibco) supplemented with 5% horse serum (Gibco), 1% Penicillin-Streptomycin, 20 ng/mL EGF (PeproTech), 10 mg/mL insulin

(Sigma-Aldrich), 0.5 mg/mL hydrocortisone (Sigma-Aldrich), and 100 ng/mL cholera toxin (Sigma-Aldrich). All cells were cultured in

37�C with 5% CO2 and checked for mycoplasma infection regularly.

METHOD DETAILS

Drug treatment
HU (Sigma) was used at a concentration of 4 mM. WEE1 inhibitor (SelleckChem) was used at a concentration of 1 mM for DNA fiber

assays and at indicated concentrations for QIBC analysis. CDK inhibitor (Sigma) and MRE11 inhibitor (Tocris) were both used at a

concentration of 25 mM. CDK1 inhibitor (CalBioChem) was added at a final concentration of 10 mM. CDK2 inhibitor (Santa Cruz)

was used at 5 mM concentration. CHK1 inhibitor UCN-01 (Sigma) and AZD7762 (SelleckChem) were added to cells for a final con-

centration of 300 nM and 500 nM, respectively.

Construction of CDK2 WT plasmid

Plasmid pLVX-TetOne-Puro-EGFP-CDK2WTwas created by amplifying full-length CDK2 froma cDNAprep fromHEK293T cells and

inserting it into the pLVX-TetOne-EGFP vector by In-Fusion Cloning (Takara Bio). The sequence of the synthetic DNA is available

upon request. The DNA sequence was confirmed for the entire EGFP-CDK2 coding sequences.

siRNA transfection and DNA transfection
For protein knockdown, U2OS cells were transfected with Lipofectamine� RNAiMAX Transfection Reagent (Thermo Fisher) accord-

ing to manufacturer’s instructions with final siRNA concentrations of 50 nM. The day after siRNA transfection cells were re-seeded

and grown for 24 h after transfection and collected for analysis. MISSION siRNA Universal Negative Control (UNC; Sigma-Aldrich)

was used as a negative control (-) in all experiments. Oligonucleotide sequences can be found in the key resources table. For over-

expression of the GFP-CDK2 construct, cells were transiently transfected for 24 h with 12 mg of pLVX-TetOne-Puro-EGFP-CDK2WT

(or empty vector) using X-tremeGENE TMHPDNA Transfection Reagent (Sigma-Aldrich). Cells were concurrently subjected to 0.1 mg/

mL doxycycline (Sigma-Aldrich) to induce expression via the TetOne-system.

DNA fiber assay
Asynchronous exponentially growing cells were pulse labeled with thymidine analogues 5-chloro-20-deoxyuridine (CldU; Sigma-Al-

drich) and 5-iodo-20- deoxyuridine (IdU; Sigma-Aldrich) for indicated times depending on the type of assay. After washing with PBS,

inhibitors were added with fresh media, and cells were incubated for varying time depending on the type of assay before collection.

10 mM thymidine (Sigma-Aldrich) was added to non-HU treated fibers for 4 h after labeling to dilute any leftover IdU. Cells were then

harvested and resuspended in PBS to reach�2.53 105 cells/mL. 2 mL of cell suspension was spotted on amicroscopy slide, air-dried

for 6min, and then incubated for 2min with 7 mL of spreading buffer (200mMTris, 50mMEDTA, 0.5%SDS, pH 7.4). Slides were then

tilted approximately 45�C to allow for DNA spreading as the suspension moves down the slide. Fixation of DNA on the slides was

performed in a 3:1 methanol: acetic acid solution for 10 min. Slides were air-dried and stored at 4�C until staining. The staining pro-

tocol included rehydration of slides in distilled H2O and denaturation of DNA in 2.5 M HCl solution for 80 min. Slides were washed

twice in PBS pH 7.4 and blocked for 1 h in blocking buffer (3% w/v BSA, 0.1% Tween 20, PBS, pH 7.4). After blocking, slides

were incubated with primary antibodies diluted in blocking buffer (1:50 mouse anti-BrdU [for IdU] and 1:2000 rat anti-BrdU [for

CldU]) overnight at 4�C, covered with a coverslip. Second-day staining involved rinsing with PBS, fixation in 4% paraformaldehyde

(PFA; VWR) for 10 min and washing 3x with blocking buffer (5 min each). Slides were then incubated for 2 h at room temperature with

secondary antibodies diluted in blocking buffer (1:150 donkey anti-mouse, Alexa Fluor 488 and 1:225 donkey anti-rat, Alexa Fluor

594). Finally, slides were rinsed with PBS, dried, mounted with 50 mL of fluorescent mounting medium (Agilent, Cat# S302380-2),

and sealed with a coverslip. For visualization, the channels for GFP (AF488) and RFP (AF594) in 63x oil objective in Leica SP5X

confocal microscope and software Zen Pro (Carl Zeiss) were used. At least 150 fibers having both labels were captured and

measured for each sample across all conditions. Experiments in Figures 1C, 2A, 2C, 2D, 3A, and S2A show results from one of three

biological replicates. Experiments in Figures 1E, 2B, 2G, 3C, 3E, 4A, 4C, S1A, S1B, S2B, S2G, and S3A show results from one of two

biological replicates. Fiber lengths were quantified using the plugin-bundled ImageJ distribution Fiji (http://rsb.info.nih.gov/ij/)

software.

Immunostaining and quantitative image-based cytometry (QIBC)

Cells growing on 96-well microplates (Greiner-BIO) were incubated in pre-extraction buffer (25 mM HEPES, pH 7.5, 50 mM NaCl,

1 mM EDTA, 3 mM MgCl2, 300 mM sucrose, and 0.5% Triton X-100) on ice for 2 min and subsequently fixed in formaldehyde 4%

(VWR) for 15 min at the room temperature (RT). Primary antibodies (gH2AX 1:300; Cell Signaling Technology and RPA 1:200;

Sigma-Aldrich) were diluted in filtered DMEM containing 10% FBS and 5% BSA (BSA; Sigma-Aldrich). Incubations with the pri-

mary antibodies were performed at RT for 1 h. Microplates were washed three times with 0.05% PBS-Tween20 and incubated

in DMEM/FBS/BSA containing secondary fluorescently labeled antibodies (Alexa Fluor dyes [1:1000; Thermo Fisher Scientific]

and DAPI 0.5 mg/mL; Sigma-Aldrich) for 1 h at RT. Images were obtained automatically with the ScanR acquisition software con-

trolling amotorized Olympus IX-83 wide-field microscope. Olympus Universal Plan Super Apo 10x Objective was used for all QIBC
e3 Cell Reports 38, 110261, January 18, 2022
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data. Images were processed and quantified using the ScanR image analysis software for total nuclear pixel intensities for DAPI

(Arbitrary units: A.U.) and mean (total pixel intensities divided by nuclear area) nuclear intensities (A.U.) for gH2AX and chromatin-

bound RPA.

Gaussian Mixture Modeling
An unsupervisedmachine learning approach was used on QIBC data to infer the decision boundaries that could be used to divide the

cells into three specific categories: non-damaged (ND), replication stress (RS) and replication catastrophe (RC). The mean RPA and

gH2AX intensities were log transformed and were separately fitted with a Gaussian Mixture Model (GMM) containing two compo-

nents with the use of the ‘‘mcclust’’ R package (Scrucca et al., 2016). Threshold for RPAwas set based on 99%quantile of the second

GMM component with the larger mean, which corresponds to replicating cells. For gH2AX it was based on the 99% quantile of the

complete fit (Figure S2E). Cells for which the mean RPA intensity value exceeded the fit quantile value were classified as RS and cells

that also exceeded the gH2AX quantile as RC.

Affinity-precipitation (AP)
Cells were transfected for 24 h with a pLVX-EGFP-CDK2 WT plasmid and treated with the indicated inhibitors for the last 4 h of

expression before harvest. Cells were lysed in AP-buffer (25mMHEPES pH 7.4, 150 mMKCl, 1 mMEGTA, 2 mMMgCl2, 0.5% Triton

X-100) supplemented with protease (cOmpleteTM, EDTA-free Protease Inhibitor cocktail; Roche) and phosphatase inhibitors (Phos-

stopTM-phosphatase inhibitor tablets; Roche) and DTT (1 mM; VWR). 5% cell lysate was removed for input control. 10 mL of GFP-

Trap� bead slur (Chromotek) per sample was washed in AP-buffer 3 times and separated into new tubes before 800 mL lysate

was added to each. Lysates were left to incubate on beads overnight at 4�C with gentle agitation. Beads were centrifuged at

500 rpm for 1 min and washed 3 times in AP-buffer by inverting the tubes 10 times. After the final wash, the buffer was aspirated

completely, and the samples were eluted by boiling the beads for 5 min in 1.5x Laemmli Sample Buffer (LSB).

SDS-PAGE and immunoblotting
Cells were lysed in EBC buffer (120 mM NaCl, 50 mM Tris-HCl pH 8.0, 0.5% [v/v] NP-40) with protease inhibitors, phosphatase

inhibitors (NaF, 50 mM and Na3VO4, 10 mM) and dithiothreitol (DTT) 1 mM. Cells were then sonicated for 10 cycles of 30s on/

30s off intervals, followed by centrifugation for 15 min at 14,000 rpm at 4�C. Protein concentration was measured using Protein

Assay Dye Reagent Concentrate (Bio-Rad) and samples for SDS-PAGE were diluted in 4x Laemmli Sample Buffer (LSB) and

EBC buffer to adjust protein concentration. Samples were boiled for 5 min at 95�C. Samples were run in pre-cast NuPAGE Bis-

Tris 4–12% Gels (Thermo Fisher) with MES buffer (Thermo Fisher) according to manufacturer’s instructions. Proteins were trans-

ferred to nitrocellulose membranes (GE Lifesciences) and blocked with 5% blocking milk in PBS-T and incubated overnight at 4�C
with primary antibodies. Subsequently, membranes were washed with 0.1% PBS-T and incubated for 1 h at room temperature

with secondary HRP-conjugated antibodies diluted in 5% milk. Membranes were washed 3 3 10 min in PBS-T and finally sub-

jected to Immobilon Classico/Crescendo Western HRP substrate (Merck Millipore) for 5 min before visualizing protein bands

on Amersham Hyperfilm/AGFA Curix Ortho films. For the experiment shown in Figure S4B, samples were boiled 5 min at 70�C,
run and blocked in the same way, but transferred to nitrocellulose membranes from Cytiva, and blocked in 5% blocking milk in

TBS-T. Primary antibody incubation was done overnight at 4�C in 3% BSA in 0.1% TBS-T. Secondary antibody incubations

and washes were carried out in 0.1% TBS-T. Detection was performed with ClarityTM Western ECL Substrate (Bio-Rad) and vi-

sualised on a ChemiDoc Imaging System (Bio-Rad).

Flow cytometry
Cells were fixed in 70% ice-cold ethanol with gentle vortexing and stored at 4�C. DNA was stained with propidium iodide (Thermo

Fisher) containing RNase A (Qiagen) overnight at 4�C. Flow cytometry was executed on a FACS Calibur machine (BD Biosciences)

using CellQuest Pro software (Becton Dickinson), and the data were analyzed in FlowJo, LLC (v10.6.0). At least 20,000 cells were

captured for each sample.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses for DNA fiber assays were all Wilcoxon rank-sum test (Mann-Whitney U test), which is a nonparametric test to

determine whether the distributions of two independent samples are equal. This test does not assume a normal distribution. All plots

were made in R studio using the ‘‘ggplot2’’, ‘‘tidyverse’’, and ‘‘ggpubr’’ packages (Kassambara and Kassambara, 2020; Wickham,

2016; Wickham et al., 2019). Statistical significance is denoted as p-value > 0.05 (ns), %0.05 (*), %0.01 (**), %0.001 (***), and %

0.0001 (****).
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