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SUMMARY

To identify genes whose loss confers resistance to CHK1 inhibitors, we perform genome-wide 

CRISPR-Cas9 screens in non-small-cell lung cancer (NSCLC) cell lines treated with the CHK1 

inhibitor prexasertib (CHK1i). Five of the top six hits of the screens, MYBL2 (B-MYB), LIN54, 

FOXM1, cyclin A2 (CCNA2), and CDC25B, are cell-cycle-regulated genes that contribute to 

entry into mitosis. Knockout of MMB-FOXM1 complex components LIN54 and FOXM1 reduce 

CHK1i-induced DNA replication stress markers and premature mitosis during Late S phase. 

Activation of a feedback loop between the MMB-FOXM1 complex and CDK1 is required for 
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CHK1i-induced premature mitosis in Late S phase and subsequent replication catastrophe, 

indicating that dysregulation of the S to M transition is necessary for CHK1 inhibitor sensitivity. 

These findings provide mechanistic insights into small molecule inhibitors currently studied in 

clinical trials and provide rationale for combination therapies.

Graphical Abstract

In brief

Branigan et al., by using genome-wide CRISPR screens, identify the MMB-FOXM1 complex as 

being required for CHK1 inhibitor (CHK1i) sensitivity. Their study shows that CHK1i-induced 

premature activation of the G2/M transcriptional program by this complex triggers a breakdown in 

the separation of DNA synthesis and mitosis, leading to replication catastrophe.

INTRODUCTION

Duplication of the eukaryotic cellular genome occurs in an orderly process during the S 

phase of cell division. Replication of the genome must be completed prior to mitosis to 

avoid events that result in genomic instability. DNA replication stress can occur when 

oncogenes, genotoxic agents, or inhibitors of DNA replication cause stalled replication 

forks, leading to activation of DNA damage response (DDR) pathways. Checkpoint Kinase 1 

(CHK1) is activated by Ataxia Telangiectasia and Rad3-related protein (ATR) 

phosphorylation, at SQ sites S317 and S345 (Kim et al., 1999; Zhao and Piwnica-Worms, 
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2001), to resolve incomplete DNA replication structures consisting at least partly of single-

stranded DNA (Lupardus et al., 2002; Saldivar et al., 2017; Zou and Elledge, 2003). 

Replication stress also leads to the phosphorylation of the replication fork component 

RPA32 on S4, S8, and S33 and the regulator of heterochromatin KAP1 (also known as 

TRIM28 or TIF1B) on S824 to remedy this altered DNA replication (Ashley et al., 2014; 

Liu et al., 2012; Olson et al., 2006; Yajima et al., 2009). Unresolved replication stress can 

lead to cell death by replication catastrophe, in which exhaustion of replication factors, such 

as RPA, triggers widespread DNA double-strand breaks (DSBs) marked by γ-H2AX (Furuta 

et al., 2003; Toledo et al., 2013). Understanding how the ATR-CHK1 pathway prevents 

replication catastrophe is critical, as inhibitors of ATR or CHK1 are being considered for 

clinical use.

The ATR-CHK1 pathway limits DNA replication stress during S phase by coordinating 

origin firing with CDK activity. ATR-activated CHK1 antagonizes CDK1 activity by 

activating the CDK1-inhibitory WEE1 kinase and suppressing the CDK1-activating CDC25 

phosphatases (Furnari et al., 1997; O’Connell et al., 1997). Suppression of CDK1 activity 

during S phase by ATR and CHK1 prevents premature activation of the transcription factor 

FOXM1 and expression of mitotic genes (Saldivar et al., 2018). Cyclin A (CCNA2)/CDK1 

activity however is required for late origin firing (Katsuno et al., 2009). Therefore, complete 

suppression of CDK activity would decrease origin firing and subsequent activation of ATR. 

During S phase, the ATR-CHK1 pathway maintains a careful balance of sufficient CDK1 

activity to complete DNA replication but not enough to trigger mitosis.

Transcriptional regulation also plays a key role in managing cell cycle progression. During 

cell cycle entry, an E2F-dependent wave of gene expression during the G1/S transition 

facilitates DNA replication, and the MYBL2/MuvB (MMB)-FOXM1 complex drives a 

second wave of gene expression during G2/M that promotes mitosis. During S phase, the 

MuvB complex, comprised of LIN54, LIN9, LIN37, LIN52, and RBBP4, together with 

MYBL2 binds to cell cycle gene homology region (CHR) DNA motifs, which are LIN54 

binding sites, at promoters of genes whose expression is required for mitosis (Knight et al., 

2009; Litovchick et al., 2007; Müller et al., 2012; Pilkinton et al., 2007; Schmit et al., 2009). 

FOXM1 is subsequently recruited to these promoters in an MMB-dependent fashion. This 

recruitment coincides with an increase in the levels of several hundred G2/M cell cycle 

genes, including CCNA2, CCNB1, PLK1, and CDC25B (Chen et al., 2013; Down et al., 

2012; Fischer et al., 2016; Sadasivam et al., 2012).

Due to oncogene-driven acceleration of cell division, cancer cells may become hyper-

dependent on the ATR-CHK1 pathway to manage replication stress and maintain sufficient 

genomic integrity for continued survival. Inhibitors of ATR and CHK1 have been developed 

as anti-cancer agents to exploit this vulnerability. Monotherapy with the CHK1 inhibitor 

(CHK1i) prexasertib has shown safety and tolerability (Hong et al., 2016, 2018). Prexasertib 

and CHK1 depletion have little to no effect on non-transformed cells such as RPE-1, 

whereas CHK1i mono-therapy exhibits activity in multiple cancer cell lines (Blosser et al., 

2020; Cole et al., 2011; King et al., 2015; Koppenhafer et al., 2018). However, intrinsic or 

acquired resistance to CHK1i may limit clinical efficacy. Given the myriad roles of CHK1, 

such resistance could potentially emerge by a wide range of possible mechanisms. CRISPR-
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Cas9 pooled whole-genome single guide RNA (sgRNA) knockout (KO) screens have 

emerged as particularly useful tools for unbiased discovery of gene losses that confer a 

phenotype of interest (Hanna and Doench, 2020). Prior CRISPR screens with ATR inhibitors 

(ATRis) have implicated both the cell cycle and DDR regulatory roles of the ATR-CHK1 

pathway in modulating inhibitor sensitivity. Loss of CDC25 family members conferred 

resistance to ATR inhibition, and the loss of RNaseH2 increased sensitivity (Ruiz et al., 

2016; Wang et al., 2019). Mechanistic efforts to understand how different roles of the ATR-

CHK1 pathway mediate drug sensitivity can increase understanding of the underlying 

biology of these inhibitors, identify potential markers, and improve strategies to overcome 

drug resistance.

RESULTS

MMB-FOXM1 complex components are required for CHK1i sensitivity in NSCLC cells

To identify genes whose monogenic loss confers resistance to the CHK1i prexasertib, 

genome-wide CRISPR-Cas9 KO screens were performed in two non-small-cell lung cancer 

(NSCLC) cell lines, namely, A549 and NCI-H460. Both lines showed comparable CHK1i 

sensitivity, with half maximal inhibitory concentration (IC50) values in the 50- to 100-nM 

range (Figure S1A). When treated at these concentrations, cells showed increases in markers 

of replication stress including phosphorylation of RPA32 on S4/S8 and S33 and KAP1 on 

S824 (pKAP1) (Figure 1A). There was also a concomitant increase in the DNA DSB marker 

γ-H2AX. CHK1 phosphorylation reached maximum levels near the CHK1i IC50 dose, and 

the overall levels of CHK1 decreased at higher doses (Figure 1A). The decrease in total 

CHK1 is consistent with the induction of ubiquitin-proteasome-dependent degradation in 

response to genotoxic stress (Zhang et al., 2005). The decreased viability and induction of 

replication stress and γ-H2AX indicate that CHK1 inhibition in NSCLC cells leads to 

replication-stress-induced catastrophe.

Screens to identify genes required for CHK1i sensitivity were performed in A549 and H460 

cells using the Brunello human-genome-wide lentiviral guide RNA (gRNA) pooled library 

(Doench et al., 2016). CCNA2, CDC25B, FOXM1, LIN54, and MYBL2 emerged as the top 

hits in both cell lines (Figures 1B and S1B; Tables S1 and S2). All four of the individual 

sgRNAs targeting each of these genes showed substantial enrichment in both cell lines 

(Figures 1C and 1D). The presence of a CDC25 family member and CCNA2 is consistent 

with previous studies (King et al., 2015; Ruiz et al., 2016; Wang et al., 2019), but having 

multiple MMB-FOXM1 complex components as hits, including LIN52 in A549 cells 

(Figure S1B), stood out, as this finding implicated mitotic gene expression in CHK1i 

sensitivity.

To validate these hits, KO lines targeting each gene were generated using sgRNAs as well as 

an empty vector (EV) control. The KO lines were highly resistant to CHK1i compared to the 

EV cells (Figures 1E and S1C). To determine how the loss of mitosis-promoting genes 

would confer CHK1i resistance, clonal A549 cell lines with two independent sgRNAs 

targeting FOXM1 and LIN54 were generated (Figure 1F). There were no apparent 

differences in the growth rate of the LIN54 and FOXM1 KO versus EV cells over 10 days 
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(Figure 1G). LIN54 and FOXM1 KO cells showed increased viability in the presence of 

CHK1i and two different ATRi (Figures 1H, S1D, and S1E).

Perturbation of LIN54 and FOXM1 reduces replication stress markers during Late S phase

To determine if LIN54 and FOXM1 were required for replication stress induced by CHK1i, 

LIN54 and FOXM1 KO cells were treated with CHK1i for up to 24 h (Figure 2A). 

Phosphorylated CHK1 (pS317 and pS345) appeared within 2 h of treatment in EV as well as 

in LIN54 and FOXM1 KO cells. In EV cells, phosphorylated RPA (pS4/S8) appeared within 

2 h of treatment (Figure 2A, lanes 2 and 17), followed by pKAP1 at 4 and 8 h (Figure 2A, 

lanes 3, 4, 18, and 19). Eventually, γ-H2AX accumulated after 8 and 24 h of treatment 

(Figure 2A, lanes 4, 5, 19, and 20). In contrast, LIN54 and FOXM1 KO cells showed greatly 

reduced levels and delayed appearance of the replication stress markers in response to 

CHK1i. Detectable levels of pS4/S8-RPA were delayed until 8 and 24 h after CHK1i and 

were diminished in both LIN54 and FOXM1 KO cells compared to EV (Figure 2A, lanes 9, 

10, 14, 15, 24, 25, 29, and 30). Levels of pKAP1 and γ-H2AX were also decreased in 

LIN54 and FOXM1 KO cells (Figure 2A, lanes 10, 15, 25, and 30). These results indicate 

that, although the LIN54 and FOXM1 KO cells respond in a similar manner as EV cells to 

CHK1i as indicated by phosphorylation of CHK1 at ATR target sites, they showed greatly 

reduced DNA replication stress and DNA damage responses.

To determine if CHK1i-induced replication stress was a cell-cycle-dependent event, pKAP1 

levels were assessed in four NSCLC cell lines by flow cytometry. Of note, both A549 and 

NCI-H460 harbor KRAS mutations and are p53 wild-type, whereas NCI-H23 contains both 

KRAS and p53 mutations, and NCI-H1299 has wild-type KRAS and is p53 null. CHK1i 

treatment of the NSCLC cell lines did not lead to substantial changes in cell cycle 

distribution regardless of KRAS or p53 status except for a slight but significant decrease in 

the G2/M phase of H460 cells (Figures S2A and S2B). pKAP1 was induced by CHK1i 

during Late S phase and, to a lesser extent, Early S phase, but not during G1 or G2/M in 

NSCLC cells regardless of their KRAS or p53 status (Figures 2B and 2C), indicating that 

CHK1i-induced replication stress peaks during late DNA synthesis.

Next, pKAP1 levels and cell cycle distribution were assessed in LIN54 and FOXM1 KO 

cells or cells depleted for CCNA2, MYBL2, or LIN54 to determine if perturbation of these 

genes prevented the induction of pKAP1 in Late S phase. MYBL2 and cyclin A have been 

previously implicated in DNA synthesis (García and Frampton, 2006; Katsuno et al., 2009), 

raising the possibility that altered S phase progression could explain why perturbation of 

these loci conferred CHK1i resistance. CHK1 inhibition did not consistently alter the cell 

cycle distribution of the LIN54 or FOXM1 KO cells except for increased G2/M populations 

(Figure S2C). Similarly, depletion of LIN54, CCNA2, or MYBL2 led to diverging changes 

in S phase populations but increased G2/M populations, consistent with impaired G2/M 

progression (Figures S2D and S2E).

Loss of either LIN54 or FOXM1 significantly reduced the induction of pKAP1 in Late S 

phase as well as small but significant populations of pKAP1-positive cells in Early S phase 

(Figure 2D). pKAP1 levels in G2/M were similar in CHK1i compared to vehicle-treated 

cells, but the overall levels of pKAP1 in G2/M were lower in the LIN54 and FOXM1 KO 
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cells than those in EV cells. Depletion of LIN54 reduced the appearance of pKAP1 in Late S 

phase similar to the LIN54 KO cells, whereas perturbation of CCNA2 resulted in increased 

pKAP1 levels that were insensitive to CHK1i (Figure S2F). In contrast, pKAP1 was 

significantly induced by CHK1i in siMYBL2 samples in both Early and Late S phase. These 

results suggest that induction of replication stress may not be sufficient for CHK1i 

sensitivity.

Induction of pKAP1 by CHK1i during Late S phase is ATR dependent

To understand the role of replication stress in CHK1i sensitivity, the requirements for 

pKAP1 induction were assessed. Ataxia Telangiectasia Mutated (ATM), ATR, and DNA-

dependent Protein Kinase (DNA-PK) activities have been linked to KAP1 phosphorylation 

at S824 (White et al., 2006). Subsequent studies predominantly focused on ATM-dependent 

KAP1 phosphorylation in response to DNA DSBs (White et al., 2012; Ziv et al., 2006) or 

more recently DNA-PK-dependent KAP1 phosphorylation in response to ATR inhibition 

(Buisson et al., 2015; Dunlop et al., 2020). To assess the contribution of ATM and DNA-PK 

activity to KAP1 phosphorylation after treatment with CHK1i or agents that induce DNA 

damage, i.e., hydroxyurea (HU) or doxorubicin (DOXO), ATM and DNA-PK 

autophosphorylation was assessed in relation to pKAP1 levels by immunoblot and by flow 

cytometry in the case of ATM. pDNA-PK was induced to a similar extent by all three 

treatments, whereas pATM was preferentially induced by DOXO (Figures 3A and S3C). HU 

led to reduced DNA synthesis, whereas CHK1i or DOXO did not alter DNA synthesis 

appreciably (Figure S3A). pKAP1-positive cells were induced modestly after CHK1i or HU 

and to a greater extent after DOXO treatment (Figures 3A and S3B). Similarly, pATM levels 

in pKAP1-positive cells were elevated to a lesser extent in CHK1i- or HU-treated cells than 

DOXO-treated cells (Figures 3B and 3C), raising the possibility that another kinase led to 

CHK1i-induced activation of pKAP1 during Late S phase.

Given that increased pCHK1 after CHK1i treatment is a marker of ATR activity, it was 

possible that ATR could be phosphorylating KAP1 instead of ATM. To determine the 

relative contribution of ATM, ATR, and DNA-PK to KAP1 phosphorylation, cells were 

treated with an ATR, ATM, or DNA-PK inhibitor alone or in combination with CHK1i. 

Similar to CHK1i, ATRi treatment led to a modest decrease in the G2/M population, 

whereas ATMi or DNA-PKi treatment did not significantly perturb cell cycle distribution 

(Figure S3D). However, ATRi did not increase levels of pKAP1 during S phase, indicating 

that this increase was specific to CHK1i (Figures 3D and 3E). ATRi but not ATMi or DNA-

PKi, when combined with CHK1i, led to a significant reduction in pKAP1-positive cells 

during Late S phase. The requirement of ATR activity for CHK1i-induced KAP1 

phosphorylation during Late S phase suggests that DNA replication was deregulated.

CHK1i increases DNA replication regardless of loss of LIN54 or FOXM1

CHK1 inhibition can lead to increased origin firing in a CDK-dependent manner (Petermann 

et al., 2010). To assess the levels of DNA synthesis after CHK1 inhibition, 5-ethynyl-2′-
deoxyuridine (EdU) incorporation was quantified in EV, LIN54 KO, and FOXM1 KO cells 

(Figure 4A). The levels of DNA synthesis in both Early and Late S phase increased 

significantly in response to CHK1i compared to those in response to DMSO in EV, LIN54 
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KO, and FOXM1 KO cells. Although the increased levels of DNA synthesis after CHK1i 

treatment were similar in EV, LIN54 KO, and FOXM1 KO cells during Early S phase, DNA 

synthesis during Late S phase was significantly reduced in the CHK1i-treated LIN54 KO 

and FOXM1 KO cells compared to those in EV cells.

To understand the impact of CHK1 inhibition on DNA replication, levels of chromatin-

bound CDC45 and Proliferating Cell Nuclear Antigen (PCNA) were assessed by chromatin 

flow cytometry. CDC45 loading on DNA can provide a measure of origin firing (Köhler et 

al., 2016), and PCNA bound to chromatin can be used to assess active DNA replication 

(Janke et al., 2018; Sirbu et al., 2013). Chromatin-bound CDC45 and PCNA increased 

significantly in response to CHK1i in EV cells as well as LIN54 and FOXM1 KO cells 

during Early S phase, and in EV and FOXM1 KO cells during Late S phase (Figures 4B–

4E), consistent with increased origin firing throughout S phase. Because CHK1i-induced 

increases in DNA replication and origin firing were not blunted by the loss of LIN54 or 

FOXM1, particularly in Early S phase, another function of the MMB-FOXM1 complex was 

required for CHK1i sensitivity.

Activation of G2/M genes after CHK1i is MMB-FOXM1 dependent

Phosphorylation of the MMB-FOXM1 components MYBL2 and FOXM1 by cyclin-CDK 

complexes promotes their transcriptional activity in an ATR-CHK1-dependent manner 

(Laoukili et al., 2008; Saldivar et al., 2018; Ziebold et al., 1997). The induction of FOXM1 

phosphorylation on T600 (pFOXM1) after CHK1 inhibition was assessed in synchronized 

(Figure S4A) and asynchronously replicating A549 cells by flow cytometry (Figure 5A). 

pFOXM1 appeared within 2 h post-release from a thymidine block after 1 h of CHK1i 

treatment compared to 9 h post-release in untreated cells (Figure S4A). pFOXM1 was 

induced by CHK1i in Late S phase in all four NSCLC cell lines tested (Figures 5B and 5C), 

consistent with perturbation of the ATR-CHK1 pathway leading to early MMB-FOXM1 

activity.

To determine if disruption of the MMB-FOXM1 complex alters gene expression in response 

to CHK1 inhibition, RNA sequencing (RNA-seq) profiling was performed in EV, LIN54 

KO, and FOXM1 KO cells synchronized in S phase and treated with CHK1i for 2 h. Gene 

set enrichment analysis (GSEA) revealed that DNA repair genes were not significantly 

perturbed by CHK1 inhibition (Figure S4B). In contrast, G1/S genes, comprised of genes 

involved in DNA replication, were significantly decreased (Figure S4C), whereas G2/M 

genes, containing mitotic regulator genes, were significantly increased following CHK1 

inhibition (Figure S4D). G1/S and G2/M genes were well represented in the top 350 most 

differentially expressed genes in the EV cells after CHK1 inhibition (Figure 5D). G1/S 

genes comprised the downregulated genes (Figure S4E), whereas G2/M genes were among 

the upregulated genes (Figure S4F), consistent with the GSEA. Compared to EV cells, a loss 

of LIN54 restored the expression of downregulated genes to a greater extent than the loss of 

FOXM1 (Figure S4G). The induction of upregulated genes, however, was impaired to a 

similar extent in both LIN54 and FOXM1 KO cells (Figure S4H). The induction of MMB-

FOXM1 target genes by CHK1i was significantly reduced in both the LIN54 and FOXM1 

KO cells (Figures 5E–5G). Of note, CCNA2, a top screen hit, and CCNB1, a significant hit 
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in H460 cells (Figure S1B), were both present in a group of highly expressed MMB-FOXM1 

target genes not induced by CHK1i in either LIN54 or FOXM1 KO cells. Levels of these 

genes, as well as the top hit CDC25B, were significantly increased in S phase by CHK1 

inhibition in EV but not in LIN54 and FOXM1 KO cells (Figures 5H, 5I, and S4I–S4K). 

Cyclin B1 protein levels were reduced and not induced by CHK1i in S-phase LIN54 KO 

cells (Figure S4L). Thus, perturbing the MMB-FOXM1 complex impairs the induction of 

CDK1 activators during S phase after CHK1 inhibition.

The decrease in CDK1 activators with MMB-FOXM1 complex perturbation suggests a 

positive feedback loop between the MMB-FOXM1 complex and cyclin/CDK1 complexes. 

Consistent with this, CCNA2 small interfering RNA (siRNA) knockdown substantially 

decreased the percentages of high pFOXM1 cells in Late S and G2/M (Figures S4M and 

S4N). The fraction of G2/M cells with high levels of pFOXM1 was not significantly affected 

by CHK1i but was significantly decreased in LIN54 KO and si-MYBL2 cells (Figures 5K 

and S4N) Perturbation of LIN54 or MYBL2 also prevented the induction of pFOXM1 in 

Late S phase by CHK1i (Figures 5J, S4L, and S4M), indicating that an intact MMB complex 

is required. Taken together, these results indicate that an MMB-FOXM1-CDK1 feedback 

loop drives the CHK1i-dependent induction of the G2/M transcription program during S 

phase.

MMB-FOXM1 complex components are required for CHK1i-induced premature mitosis in 
Late S phase

The premature activation of the mitotic program in response to CHK1i raised the possibility 

that essential S phase and mitotic processes were occurring simultaneously. Increased or 

premature histone H3 S10 phosphorylation (pH3), a mitotic marker, has been previously 

observed following perturbation of the ATR-CHK1 pathway (Ruiz et al., 2016; Zuazua-

Villar et al., 2014). A limitation of these studies is that the cell cycle phase was assessed by 

DNA content, leaving it unclear whether pH3 induced by these inhibitors coincided with 

active DNA synthesis. Simultaneous pH3 and BrdU staining, however, was observed in 

CHK1 haploinsufficient mice (Lam et al., 2004). If DNA synthesis and mitosis were 

occurring simultaneously, mitotic events could sufficiently disrupt DNA synthesis and 

trigger replication catastrophe.

To determine if ATR or CHK1 inhibition led to a breakdown in the separation of DNA 

synthesis from mitosis, levels of pH3 were assessed by flow cytometry during each cell 

cycle phase in four NSCLC cell lines (Figure 6A). Levels of pH3 were increased particularly 

in kate S phase in all four lines (Figures 6B and 6C). An increase in pH3-positive cells was 

observed during Late S phase following inhibition of ATR or CHK1 but not ATM (Figure 

6D). Similarly, ATR and CHK1 but not ATM inhibition led to some increase in pH3 in 

G2/M cells (Figure 6E). Dual inhibition of ATR and CHK1 led to a significant increase, 

relative to either alone, in pH3-positive cells during Late S phase but not in G2/M (Figures 

6D and 6E). These results indicate that inhibition of the ATR-CHK1 pathway leads to DNA 

replication and mitotic events occurring simultaneously particularly during Late S phase.

Next, we assessed the role of the MMB-FOXM1 complex in regulating CHK1i-induced pH3 

during S phase (Figure 6F). CHK1 inhibition led to increased levels of pH3 during Late S 
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phase in EV cells, whereas the loss of LIN54 or FOXM1 abolished this effect (Figures 6F 

and 6G). LIN54 and FOXM1 KO cells also showed a significantly smaller fraction of G2/M 

cells positive for pH3 independent of CHK1i treatment (Figure 6H). This was similarly 

observed following siRNA knockdown of LIN54, CCNA2, or MYBL2 (Figures 6I and 6J). 

This result indicates that a functional MMB-FOXM1 complex is required for CHK1i-

induced breakdown in the separation between DNA replication and mitosis.

Activation of an MMB-FOXM1 complex CDK1-positive feedback loop is required for CHK1i-
induced replication catastrophe

CDK1 activity has been previously implicated in ATR-CHK1i sensitivity (Aarts et al., 2012; 

Ruiz et al., 2016). CDK1 activity was restricted in CHK1i-resistant FAM122A KO cells by 

WEE1 stabilization (Li et al., 2020), suggesting that CDK1 activities during the S/G2 

transition influence CHK1i sensitivity. Which activities of CDK1 are required for replication 

catastrophe, however, remained unclear. To identify the levels of CDK1 activity necessary to 

trigger an MMB-FOXM1-CDK1 feedback loop and premature mitosis in S phase, A549 

cells were treated with CHK1i and increasing concentrations of the CDK1 inhibitor RO3306 

(CDK1i). As levels of CDK1i were increased, the fraction of G2/M cells increased 

independently of CHK1 inhibition (Figure S5D) and the fraction of G1 and Early S phase 

cells decreased correspondingly (Figures S5A and S5B), whereas the levels of Late S phase 

cells did not change (Figure S5C). Increased DNA synthesis in response to CHK1i was not 

diminished by less than 5 μM CDK1i (Figures 7A and 7B).

In contrast to DNA replication, significant induction of pFOXM1-High cells by CHK1i in 

Late S phase was prevented by 2.5 μM CDK1i (Figure 7C). Although lower concentrations 

of CDK1i also significantly reduced the fraction of pFOXM1-High cells in Late S phase 

after CHK1i in a dose-dependent manner, pFOXM1-High cells were still significantly 

induced at these concentrations by CHK1i. A small but significant increase in pFOXM1 

after CHK1i treatment was observed at 2.5 μM CDK1i (Figure 7D), suggesting that, 

although FOXM1 can still be phosphorylated, the level of CDK1 activity blocked by 2.5 μM 

CDK1i was necessary for significant accumulation of pFOXM1. Increasing doses of CDK1i 

did not affect the fraction of pFOXM1-High cells in G2/M but led to a decrease in pT600 

FOXM1 levels in a dose-dependent manner, with a significant drop as the concentration of 

CDK1i increased from 1 μM to 2.5 μM (Figures S5E and S5F). A total of 2.5 μM CDK1i 

reduced the accumulation of pFOXM1 in S-phase-synchronized A549 and H460 cells 

(Figure S5G). CDK1 inhibition did not alter pMYBL2 levels but caused a shift in the gel 

migration of the pMYBL2 band, suggesting that other MYBL2 phosphorylation sites may be 

CDK1 dependent. The degradation of cyclin E in S phase is dependent on CDK2 activity 

(Clurman et al., 1996). Doses up to 10 μM of RO-3306 did not affect cyclin E degradation 

after CHK1 inhibition in either A549 or H460 cells, suggesting that CDK2 activity was not 

impaired by these levels of CDK1i.

To determine if 2.5 μM CDK1i also blocked the induction of G2/M genes by CHK1i, the 

expression of MMB-FOXM1 target genes was assessed by qRT-PCR in S phase A549 and 

H460 cells. A total of 2.5 μM CDK1i blocked the induction of CCNB1 but not CDC25B or 

CCNA2 in A549 cells (Figure 7E) and significantly reduced the induction of CCNB1 and 
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CCNA2 but not CDC25B in the more sensitive H460 cells (Figure S5H). The differential 

effect of CDK1i on these MMB-FOXM1 target genes could reflect the differing number of 

CHR motifs in the gene promoters (Fischer et al., 2016) or the recently identified regulation 

of epigenetic factors by CDK1 (Michowski et al., 2020). The consistent result is that CDK1 

activity remaining after 2.5 μM CDK1i was sufficient to block CHK1i-induced MMB-

FOXM1 activity and increased expression of CCNB1, the mitotic activator of CDK1, during 

S phase.

Similarly, 2.5 μM and higher doses of CDK1i reduced the appearance of the mitotic marker 

pH3 in response to CHK1i during Late S phase and, in general, during G2/M (Figures 7F 

and S5I). Both the fraction of pKAP1-positive G2/M cells as well as CHK1i-induced 

pKAP1-positive S phase cells was dependent on CDK1 activity (Figures 7G, S5J, and S5K). 

Increasing levels of CDK1i reduced the appearance of pKAP1 in Early S, Late S, and G2. A 

total of 2.5 μM CDK1i was sufficient to reduce pKAP1 levels in G2/M and block pKAP1 

induction in Late S phase (Figures 7G, S5J, and S5K). Furthermore, the same concentration 

of CDK1i prevented pH3 induction, suggesting that the breakdown in the separation of DNA 

synthesis and mitosis is a required step for DNA replication stress after CHK1 inhibition.

To establish if activation of the MMB-FOXM1-CDK1 feedback loop is required for CHK1i-

induced replication catastrophe, the amount of CDK1 activity required for apoptosis 24 h 

after CHK1 inhibition was assessed by Annexin V/propidium iodide (PI) staining. CHK1i 

induced an apoptotic population that was dependent on CDK1 activity (Figure 7H). At 2.5 

μM, CDK1i blocked CHK1i-induced apoptosis, whereas 10 μM CDK1i significantly 

induced apoptosis by itself. The induction of replication stress markers was also examined at 

24-h post-CHK1i treatment (Figure S6A). pKAP1, as well as pRPA and pCHK1, were 

induced in the presence of 2.5 μM but not 10 μM CDK1i. A total of 2.5 μM or higher of 

CDK1i reduced CHK1i-induced γ-H2AX, although 10 μM CDK1i induced low levels of γ-

H2AX on its own.

Replication catastrophe occurs when replication factors such as RPA become exhausted, 

leading to unrepairable DNA damage (Toledo et al., 2017). Prolonged CHK1i treatment 

induced a pS4/S8 RPA-positive population that was also γ-H2AX positive (Figures 7I, 7J, 

and S6B), indicating the accumulation of DNA damage in replication stressed cells. A 

pS4/S8 RPA-positive population was observed with 2.5 μM CDK1i, consistent with a 

mitotic arrest where RPA is hyperphosphorylated (Liu et al., 2012; Oakley et al., 2003). 

Treatment with CHK1i and 2.5 μM or higher CDK1i reduced levels of pS4/S8 RPA-positive/

γ-H2AX-High cells, but only 10 μM CDK1i completely blocked the induction of pS4/S8 

RPA in response to CHK1i. This finding indicated that blocking sufficient CDK1 activity to 

induce mitosis during DNA replication prevented the accumulation of DNA damage but not 

replication stress. Chromatin-bound RPA and γ-H2AX were also examined to determine if 

this DNA damage was due to RPA exhaustion. CHK1i induced an RPA-High population that 

was γ-H2AX-High (Figures 7K, S6C, and S6D), consistent with replication catastrophe. An 

RPA-positive/γ-H2AX-High population was also induced, suggesting a low RPA exhaustion 

threshold or exhaustion of an alternative replication factor. Similar to pS4/S8 RPA, 2.5 μM 

CDK1i blocked the induction of the RPA-High, γ-H2AX-High population, indicating that 
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premature activation of the mitotic program is required for the accumulation of DNA 

damage in RPA exhausted cells.

The requirement for mitotic levels of CDK1 activity in CHK1i-induced replication 

catastrophe raised the possibility that replication catastrophe could be induced in LIN54 or 

FOXM1 KO cells by aberrantly activating CDK activity by targeting an alternate negative 

regulator. Levels of WEE1, which phosphorylates an inhibitory site on CDK1 (McGowan 

and Russell, 1993), were induced by CHK1 inhibition during S phase in EV, LIN54 KO, and 

FOXM1 KO cells (Figure S7A). An inhibitor of WEE1, adavosertib (WEE1i), has shown 

synergy in combination with CHK1 is in vivo (Carrassa et al., 2012; Chilà et al., 2015; 

Russell et al., 2013). Treatment of EV and LIN54 KO cells with WEE1i resulted in the 

appearance of a slower migrating FOXM1 species consistent with phosphorylation resulting 

from increased CDK activity (Figure S7B). The ATR-CHK1 pathway was activated after 

WEE1i treatment in EV, LIN54 KO, and FOXM1 KO cells, as denoted by induction of 

pCHK1 in the WEE1i-treated samples. Thus, WEE1 and the ATR-CHK1 pathway work to 

oppose CDK activation when the other is inhibited. γ-H2AX was induced in IN54 or 

FOXM1 KO cells after WEE1i but not CHK1i treatment (Figure S7B), suggesting that cells 

that become resistant to CHK1i by perturbation of the MMB-FOXM1 pathway may still be 

sensitive to WEE1i. Consistent with this observation, EV cells and three out of four LIN54 

or FOXM1 KO cell lines had similar sensitivities to WEE1i (Figure S7C). Viability in 

LIN54 KO and FOXM1 KO cells was not further reduced by the addition of CHK1i to 

WEE1i (Figure S7D), in keeping with the dependency on MMB-FOXM1 complex-induced 

premature mitosis for CHK1i sensitivity.

DISCUSSION

The results in this study describea positive feedback loop between the MMB-FOXM1 

complex, the G2/M mitotic transcriptional program, and CDK1 activity that is restrained 

during S phase by CHK1 (Figure S7E). The ATR-CHK1 pathway has previously been 

observed to regulate FOXM1 by CDK1 activity (Saldivar et al., 2018), whereas cyclin A or 

B complexes, typically expressed as part of the mitotic transcription program, also promote 

MMB-FOXM1 activity (Fu et al., 2008; Lane et al., 1997; Laoukili et al., 2008; Ziebold et 

al., 1997). In addition, a loss of cyclin F, a negative regulator of CDK phosphorylation of 

MYBL2, sensitizes cells to inhibitors of the ATR-CHK1 pathway (Burdova et al., 2019; 

Klein et al., 2015; Mavrommati et al., 2018), underscoring that interplay between 

cyclin/CDK and MMB-FOXM1 activities in ATR/CHK1i sensitivity. This study builds on 

these prior observations by demonstrating the interdependent nature of increased MMB-

FOXM1 complex activity, G2/M gene expression, and CDK1-dependent phosphorylation 

required for CHK1i sensitivity.

The CHK1i-induced phosphorylation of KAP1 at S824 is an ATR-and CDK1-dependent 

event that reflects dysregulation of the S/G2/M transition. A CHK1i-independent population 

of pS824 KAP1-positive cells was observed basally in G2/M. The presence of this G2/M 

population and its dependency on CDK1 activity indicate that KAP1 S824 phosphorylation 

is a cell-cycle-dependent event. KAP1 phosphorylation promotes chromatin relaxation to 

facilitate DNA damage repair and coincides with the loss of HP1 foci on chromatin (White 
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et al., 2012; Ziv et al., 2006). HP1 chromatin dynamics are altered during mitosis to 

facilitate chromosome segregation (Abe et al., 2016; Chu et al., 2014), so the observed 

pKAP1 in G2/M could result from the regulation of heterochromatin during G2/M. 

Surprisingly, the induction of pKAP1 in Late S by CHK1i was ATR dependent but not ATM 

or DNA-PK dependent. Increased pKAP1 after CHK1 inhibition could reflect altered 

heterochromatin dynamics, given that pKAP1 promotes chromatin relaxation, as the cell 

attempts to complete DNA replication prior to mitosis. Further study of KAP1 

phosphorylation will be needed to understand the function of KAP1 phosphorylation in the 

S/G2 transition and in response to CHK1 inhibition.

Premature mitosis during DNA replication is necessary for replication catastrophe and stress 

after CHK1 inhibition. Loss of MMB-FOXM1 components reduced the induction of the 

mitotic marker pH3 during Late S phase after CHK1 inhibition. CDK1 inhibition restored 

the separation of DNA replication and mitosis with 2.5 μM of CDK1i, blocking the 

induction of a pH3-positive population in Late S phase. The induction of pKAP1, RPA-

High/γ-H2AX-High cells, and apoptosis by CHK1i treatment was also blocked by 2.5 μM 

of CDK1i, demonstrating that premature mitosis was necessary for DNA replication stress 

and subsequent replication catastrophe. A total of 2.5 μM CDK1i was previously shown to 

partially rescue cell death after depletion of ATR by an inducible degron (Eykelenboom et 

al., 2013), suggesting that this threshold of CDK1 activity also may be relevant for ATR 

inhibition as well. The MMB-FOXM1 target gene CCNB1 appears to be a key gene for 

CHK1i resistance, as it was identified as a significant hit in H460 cells and depletion of 

CCNB1 reduced CHK1i sensitivity in recently published work in ovarian cancer cells (Nair 

et al., 2020). Cyclin B1 levels however were not predictive of CHK1i sensitivity in a panel 

of head and neck squamous cell lines (van Harten et al., 2019), indicating that other 

components of the mitotic program may be involved in CHK1i sensitivity. Further 

investigation will be needed to identify the key components of the mitotic program that 

promote CHK1i-induced replication catastrophe.

Taken together, the results of this study add to the understanding of the factors that play a 

role in the S/G2/M checkpoint, which delays entry into mitosis until after DNA synthesis is 

complete, and was first described in fission yeast (Enoch and Nurse, 1990). Subsequently, 

vertebrate cells including DT40 B-lymphoma cells lacking Chk1 were shown to enter 

mitosis with incompletely replicated DNA when DNA synthesis is blocked (Zachos et al., 

2005). Like this study, these prior studies highlighted the crucial role of regulation of CDK1 

activity. Here, we demonstrated the impact of differences in CDK1 activity regulated by an 

MMB-FOXM1-dependent feedback loop in triggering replication catastrophe after CHK1 

inhibition. LIN54 and FOXM1 were separately shown to modulate CHK1i sensitivity in 

ovarian and pancreatic cancer, respectively (Blosser et al., 2020; Chung et al., 2019). This 

result suggests that the insights about the S/G2/M transition derived from this study could 

inform the use of CHK1is in additional cancer types.

Synergism of CHK1 or ATR inhibition with WEE1 inhibition has been observed in several 

preclinical studies (Bukhari et al., 2019; Busch et al., 2017; Carrassa et al., 2012; Chaudhuri 

et al., 2014; Chilà et al., 2015; Chung et al., 2019; Davies et al., 2011; Ghelli Luserna Di 

Rorà et al., 2019; Hauge et al., 2017; Magnussen et al., 2015; Mak et al., 2015; Russell et 
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al., 2013), albeit with incomplete understanding as to why. Aberrant activation of CDK1 and 

CDK2, by inhibition of WEE1, may bypass the attenuation of CDK1 activation due to the 

loss of the MMB-FOXM1 complex. The addition of CHK1i to WEE1i may not be beneficial 

in cells that become resistant to CHK1i due to this mechanism, but other approaches, such as 

the addition of a DNA damaging agent such as gemcitabine, may be more effective (Chung 

et al., 2019; Kausar et al., 2015).

Several CHK1 and ATRis as well as WEE1 inhibitors have been the subject of ongoing and 

completed clinical trials. In at least one trial (NCT02873975), patients were selected based 

on replication stress markers, which stems from the idea that tumors prone to replication 

stress due to genetic abnormalities would be overwhelmed by additional DNA replication 

stress induced by CHK1 inhibition. Rather, it appears that premature activation of the 

mitotic program, which requires an intact MMB-FOXM1-CDK1 axis, triggers cell death by 

replication catastrophe. Our work suggests novel biomarkers that may inform our 

understanding of patients with responding tumors versus those with intrinsic resistance.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, James A. DeCaprio 

(james_decaprio@dfci.harvard.edu).

Materials availability—Cell lines generated in this study are available upon request.

Data and code availability—RNA-seq data have been deposited in the NCI Gene 

Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo/) and are accessible 

through GEO: GSE154545, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE154545.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human NSCLC cell lines A549 and NCI-H460 cells stably transfected with pXPR_311 for 

constitutive expression of the Cas9 endonuclease (A549-Cas9 and NCI-H460-Cas9) were 

obtained from the Genetic Perturbation Platform at the Broad Institute, Cambridge, MA 

(Broad GPP). Human NSCLC cell lines A549, NCI-H460, NCI-H23, and NCI-H1299 were 

obtained from ATCC, Manassas, VA.

METHOD DETAILS

Cell Culture—Human NSCLC cells were propagated in RPMI 1640 medium (Life 

Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum (Sigma-

Aldrich, St. Louis, MO) and 1% Pen/Strep (GIBCO) or 100 μg/ml Normocin (InvivoGen, 

San Diego, CA) at 37°C in 5% CO2. Sequences of sgRNA used for further studies listed in 

Table S3. KO populations of sgLIN54 and sgFOXM1 cell lines were generated by serial 

dilution and confirmed by immunoblot.
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For single thymidine blocks, 500,000 (60 mm plate) or 1,200,000 (100 mm plate) cells were 

plated into 2 mM thymidine-containing RPMI media for 16 h. To release cells, cells were 

washed twice with prewarmed PBS and grown in prewarmed RPMI media to which 

inhibitors were added at the times denoted. For siRNA experiments, siRNA were reverse 

transfected at a final concentration of 20 nM into ~106 A549 cells using Lipofectamine 

RNAiMAX in 100 mm dish. The next day cells were plate into 2 100 mm dishes for drug 

treatment the following day.

CRISPR positive selection screens for drug resistance—A549-Cas9 and NCI-

H460-Cas9 cells were infected with the Brunello human genome-wide lentiviral gRNA 

pooled library (Broad Institute, Cambridge, MA). The library consists of 76,441 sgRNAs 

targeting 19,114 different genes (Doench et al., 2016). A minimum of 135 million cells of 

each cell line was cultured in 12-well tissue culture plates containing 3 million cells per well 

to ensure adequate representation of each sgRNA, e.g., an average of 500 cells per sgRNA, 

when infected at a multiplicity of infection of 0.3 in media supplemented with 8 μg/ml 

polybrene. Plates were centrifuged at 2000 rpm at 37°C for 2 h, and then the media was 

replaced with fresh media without polybrene for incubation overnight. The cells were then 

transferred to 15 cm tissue culture dishes and infected cells were selected with 2 μg/mL 

puromycin for 4 days. After selection, 40 million cells were cultured for each of three 

replicates in 15 cm dishes containing 5 million cells per dish. An additional 40 million cells 

per replicate were harvested and frozen for subsequent genomic DNA extraction. Cultured 

cells were then treated with either 100 nM (A549) or 50 nM (NCI-H460) prexasertib for 19 

days. These concentrations were selected to achieve roughly no net increase or decrease in 

the total number of cells during the 19 days. Cells were re-plated every 3–4 days and 

maintained in prexasertib-containing media, each time plating a minimum of 40 million cells 

per replicate. At the end of the screen, the cells were harvested and frozen from genomic 

DNA extraction.

Genomic DNA isolation, sgRNA sequencing and identification of top hits—
Genomic DNA was isolated using QIAamp DNA blood midi and maxi kits (QIAGEN, 

Hilden, Germany) per manufacturer’s instructions. PCR was performed to attach sequencing 

adaptors and barcodes for multiplexed sgRNA sequencing, as previously described (Doench 

et al., 2016). Samples were sequenced on an Illumina HiSeq2000. Reads per million + 1 

were log2 transformed, and then the log2-fold change of each sgRNA after 19 days of 

prexasertib treatment was determined by comparing its abundance to that in Brunello human 

genome-wide lentiviral sgRNA pooled library plasmid DNA. The average (mean) values of 

three replicates were used for subsequent analyses. The STARS gene-ranking algorithm was 

used to determine the top 10% of genes for which 2 or more sgRNAs became enriched in 

cells treated with prexasertib (Doench et al., 2016). Top gene hits were identified as those 

whose false discovery rates were < 10% in both NSCLC cell lines. Additionally, the 

normalized data were also analyzed with the hypergeometric distribution method (https://

github.com/mhegde/volcano_plots). The volcano plots of these results were created using R 

(https://www.r-project.org).
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Growth Curves—A549 cells were seeded at 30,000 cells in 60 mm dishes and harvested 

and fixed with cold ethanol (70%) every two days for ten days. The media was refreshed on 

days 4, 8, and 10, and cells were re-plated into 150 mm dishes on day 6 to prevent contact 

arrest. Cell count was determined using Countbright Beads (Life Technologies) and flow 

cytometry (BD FACS Canto II).

Clonogenic Assays—500–1000 cells were seeded per well into 6-well plates. After 24 h, 

cells were continuously treated with the indicated compounds for about 2 weeks until 

discrete colonies could be readily counted in control wells. Colonies were fixed with fixation 

solution (5:1 methanol: acetic acid) at room temperature for 20 min and then stained with a 

solution of 0.5% crystal violet in methanol for 2 h.

Viability Assays—1000 cells in 100 μL media were placed in each well of a 96 well plate 

the day before drug treatment. 100 μL of media with 2X drug concentration was added to 

achieve the final concentrations shown. 72 h post-treatment, cells were incubated at room 

temperature for 30 mins before quantification of viability using CellTiter-Glo (Promega) on 

an M200 Infinite plate reader (Tecan).

Immunoblotting—Whole-cell extracts were generated by incubating cell pellets in EBC 

buffer (50 mM Tris pH 8.0, 150 mM NaCl, 0.5 mM EDTA, 10% Glycerol, 0.5% NP-40, 

Protease Cocktail Set I and Phosphatase Cocktail Set I) and cleared by centrifugation. 

Relative protein levels in lysates were normalized by Bradford assay and samples were 

boiled in 6x SDS buffer. Samples were then loaded on 4%–20% TGX gels (Bio-Rad) for 

electrophoresis which were then transferred to a nitrocellulose membrane (Bio-Rad) by wet 

transfer. Membranes were blocked in 5% nonfat milk (Boston Biochem) for 1 h at room 

temperature and incubated in primary antibody overnight at 4C. Primary antibodies were 

diluted as follows: CDK1 and cyclin E were diluted 1:200 in 3% nonfat milk in TBST; 

pS1981 ATM was diluted 1:500 in 3% nonfat milk in TBST; γ-H2AX, pS317 CHK1, 

CHK1, ATM, DNA-PKcs and MYBL2 were diluted 1:1000 in 3% nonfat milk in TBST; 

pS824 KAP1, KAP1, pS4/S8 RPA, pS33 RPA, RPA, cyclin B1, and GAPDH were diluted 

1:2000 in 3% nonfat milk TBST; pT487 MYBL2 was diluted 1:5000 in 3% nonfat milk; 

LIN54 was diluted 1:1000 in 5% nonfat milk in TBST; FOXM1 was diluted 1:2000 in 5% 

nonfat milk TBST; vinculin was diluted 1:30000 in 5% nonfat milk in TBST; pS345 CHK1, 

pT161 CDK1, pY15 CDK1/2 and pS10 histone H3 were diluted 1:1000 in 5% BSA in 

TBST; pS2056 DNA-PKcs was diluted 1:2000 in 5% BSA in TBST. Membranes were 

incubated in secondary antibodies, diluted 1:5000 in 5% nonfat milk, for 1 h at room 

temperature. Bands were visualized using Super Signal West Pico (Thermo Scientific) or 

Immobilon Western Chemiluminescent (Millipore) HRP substrate on the G-box imaging 

system (Syngene).

Flow Cytometry—Trypsinized cells were washed with PBS and fixed in 10% formalin in 

PBS for 15 min at room temperature. Cells were then washed three times with 1% BSA in 

PBS and permeabilized in 70% ethanol at −20°C for 30 min to overnight. After three washes 

with 1% BSA in PBS, incorporated EdU was labeled with a CLICK reaction (2 mM CuSO4, 

100 μM THPTA, 100 mM sodium ascorbate, and 2 μM Alexa 647 Azide or Calfluor 647 
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Azide in PBS) by rotating for 30 min at room temperature. In the case of pATM, instead of 

the CLICK reaction, samples were incubated in 200 ug/ml DNaseI in DPBS for 1 hour at 

37°C. Samples were then washed thrice with 1% BSA in PBS and incubated with the 

primary antibody in 1% BSA in PBS overnight at 4°C. Primary antibodies were diluted as 

follows: 1:250, pT600 FOXM1; 1:500, pS824 KAP1; 1: 500, pS1981 ATM; and 1:50, pS10 

histone H3-Alexa Fluor 488 conjugate. After 3 washes with 1% BSA in PBS, samples were 

incubated with secondary antibodies, which were diluted 1:250 in 1% BSA in PBS, for 1 h 

at room temperature in darkness. pATM 488 was incubated with mouse-Alexa Fluor 488 

conjugate, pT600 FOXM1 was incubated with a rabbit-Alexa Fluor 488 conjugate and 

pS824 KAP1 was incubated with a rabbit-PE conjugate. After three more 1% BSA in PBS 

washes, DNA staining was then conducted by incubating samples in darkness and at room 

temperature for 1 h in a 1 μg/ml DAPI, 100 ng/ml RNase A staining solution. pATM 

samples were incubated with anti-BrdU-APC (1:50 in 1% BSA in PBS) for 1 hour at room 

temperature followed by three washes between secondary and DAPI staining. Samples were 

analyzed on Canto II or Fortessa analyzers (BD Biosciences) and 50,000 total events were 

captured for each sample. A negative control where an EdU pulse and primary antibodies 

were omitted but otherwise normally processed was used to establish negative populations 

and perform background subtraction on MFIs. A rabbit-Alexa 488 isotype control was used 

for the negative control for experiments with pH3-Alexa 488 staining. The Early and Late S 

phase gates were determined by dividing the EdU positive population of the EV or DMSO 

control in half based on DAPI signal.

The chromatin flow cytometry protocol was based upon approaches used in previous studies 

(Hauge et al., 2017; Matson et al., 2017). Briefly, trypsinized cells were incubated on ice in 

750 μL of Buffer A (300 mM sucrose, 100 mM NaCl, 3 mM MgCl2, 10 mM PIPES pH 7.0, 

0.5% Triton x-100, Protease Cocktail Set I, and Phosphatase Cocktail Set I) for 5 min. 250 

μL of Buffer B (300 mM sucrose, 100 mM NaCl, 3 mM MgCl2, 10 mM PIPES pH 7.0, 

0.5% Triton x-100, 10% Formalin, Phosphatase Cocktail Set I, and Phosphatase Cocktail Set 

I) was immediately added, and samples were incubated for an additional 15 min on ice. 

Cells were then pelleted (1000 × g, 5 min, 4°C) and washed with 1% BSA in PBS 3 times 

before proceeding onto EdU staining as with other samples. Primary antibodies for 

chromatin flow cytometry were diluted as follows: CDC45, 1:50; PCNA, 1:500; RPA32, 

1:500; pS4/S8 RPA32, 1:1000; and H2AX, 1:1000. For CDC45 samples, AFDye 546 Azide 

and anti-rabbit Alexa 647 secondary were used. An anti-mouse Alexa 488 secondary 

antibody and Calfluor 647 Azide was used with PCNA samples. For RPA32/pRPA32 and γ-

H2AX samples, anti-rabbit Alexa 647 secondary and anti-mouse Alexa 488 secondary were 

used for RPA32/pRPA32 and γ-H2AX respectively. Otherwise, the CLICK reaction, 

primary and secondary as well as DAPI staining were conducted as described above.

For Annexin V/PI staining, cells were dissociated with StemPro Accutase (GIBCO) and 

stained using the FITC Annexin V Apoptosis Detect Kit II.

RNA Expression—Total RNA was extracted from cell pellets using the RNeasy Plus kit 

(QIAGEN). RNA was checked for quality using TapeStation and Qubit before library 

preparation using Kappa stranded mRNA Hyper Prep and sequencing using Illumina NS500. 

Reads were mapped to Hg19 using STAR alignment (Dobin et al., 2013) and counts were 
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generated using HTseq (Anders et al., 2015). Differential gene expression analysis was 

perform using DESeq2 (Love et al., 2014) and heatmaps were generated using R package 

pheatmap. Mean counts were generated using DESeq2 mean-ratio normalization method. 

Gene set enrichment analysis was conducted using GSEA software (https://

www.broad.mit.edu/gsea/downloads.jsp) (Mootha et al., 2003; Subramanian et al., 2005). 

RNA-seq datasets have been deposited in the GEO database (accession number 

GSE154545). Gene annotations in Figure 5D for G1/S and G2/M genes are from Schade et 

al. (2019). RT-qPCR to validate RNA expression data was done using cDNA generated from 

total RNA isolated by the RNeasy Plus kit and the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems). qPCR was performed on the cDNA using the 

primers listed in Table S3 and Brilliant III Ultra-Fast qPCR Master Mix (Agilent) using a 

MxAria (Agilent)

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry data was analyzed using FlowJo. GraphPad Prism was used to generate 

graphs and conduct statistical analyses for flow cytometry, viability, growth curves and RT-

qPCR. Statistical details of experiments can be found in the figure legends.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The MMB-FOXM1 complex components are required for CHK1i sensitivity

• CHK1i prematurely activates the G2/M transcriptional program by MMB-

FOXM1

• Mitotic pH3 induced by CHK1i during S phase requires the MMB-FOXM1 

complex

• Premature mitosis is required for replication catastrophe after CHK1 

inhibition
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Figure 1. MMB-FOXM1 complex components are required for CHK1i sensitivity in NSCLC cells
(A) Immunoblot of replication stress markers in A549 and NCI-H460 cells after treatment 

with increasing CHK1i concentrations for 24 h.

(B) Table of genes identified by the STARS algorithm as having multiple sgRNAs 

significantly enriched after CHK1i treatment.

(C and D) Volcano plots of sgRNA enrichment in CHK1i-positive selection screen in A549 

(C) and NCI-H460 (D) cells.

(E) Viability curves of A549 cells expressing sgRNAs in the presence of increasing CHK1i 

concentrations for 72 h. n = 3.

(F) Immunoblot of MMB-FOXM1 components in A549 LIN54 KO and FOXM1 KO cells 

lines.

(G) A 10-day growth curve and doubling time of A549 EV, LIN54 KO, and FOXM1 KO 

cells. n = 3.
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(H) Viability curves of A549 EV, LIN54 KO, and FOXM1 KO cells in the presence of 

increasing CHK1i concentrations for 72 h. n = 3.

Mean ± SD.
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Figure 2. Loss of MMB-FOXM1 complex components reduces replication stress markers during 
Late S phase
(A) Immunoblot of replication stress markers in EV, LIN54 KO, and FOXM1 KO A549 cells 

treated with 100 nM CHK1i over a 24-h time course.

(B–D) Flow cytometry to assess pKAP1 levels in different cell cycle phases.

(B) NSCLC cells were treated with DMSO or 100 nM CHK1i for 2 h and pulsed with 10 

μM EdU for the last hour. pKAP1 versus DNA content with cell cycle populations denoted 

by the colors in the legend. Box denotes the gate for pKAP1-positive cells.

(C) Quantification of (B), with replicates. n = 3.

(D) EV, LIN54 KO, and FOXM1 KO cells were treated and labeled as in (B). pKAP1-

positive cells in each cell cycle phase. n = 3.

Mean ± SEM; ANOVA with Tukey correction; *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 3. Induction of pKAP1 by CHK1i during Late S phase is ATR dependent
(A) Immunoblot of replication stress markers in A549 cells treated with 100 nM CHK1i, 2 

mM HU, or 500 nM DOXO for 2 h.

(B and C) Flow cytometry to assess ATM activity and pKAP1 levels in cells treated as in (A) 

and pulsed with 10 μM EdU for the last hour.

(B) Density dot plot of pS1981 ATM levels versus DAPI stain of pKAP1-positive cells. Box 

denotes pS1981 ATM high based on the DOXO-treated sample.

(C) pS1981 ATM mean fluorescence intensity (MFI) in pKAP1-positive cells identified in 

Figure S3B. n = 4.

(D and E) Flow cytometry of pKAP1 levels after treatment as in Figure 2B ± ATRi, ATMi, 

or DNA-PKi. (D) pKAP1 versus DAPI levels with cell cycle phases overlaid in the colors 

denoted in the legend. Box denotes the pKAP1-positive population.

(E) Quantification of (D), with replicates. n = 5. ANOVA-mixed effects analysis with Tukey 

correction.

Mean ± SEM; ANOVA with Tukey correction; *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 4. CHK1i increases DNA replication regardless of the loss of LIN54 or FOXM1
(A) Relative EdU incorporation in Early S and Late S phase in LIN54 or FOXM1 KO cells 

after CHK1 inhibition. MFI of S phase populations per gates in Figure S2A were normalized 

to EV DMSO Early S populations. n = 3.

(B and C) Chromatin flow cytometry for chromatin-bound CDC45.

(B) CDC45 versus DAPI levels with cell cycle phases overlaid in the colors denoted. Box 

denotes >98th percentile of CDC45 in the sgEV-DMSO sample.

(C) MFI of CDC45 in Early and Late S phase. n = 3.

(D and E) Chromatin flow cytometry for chromatin-bound PCNA.

(D) PCNA versus DAPI levels with cell cycle phases overlaid in the colors denoted. Box 

denotes >98th percentile of PCNA in the sgEV-DMSO sample.

(E) MFI of PCNA in Early and Late S phase. n = 3. Mean ± SEM; ANOVA with Tukey 

correction; *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 5. Activation of G2/M genes after CHK1i is MMB-FOXM1 dependent
(A–C) pFOXM1 levels in NSCLC cell lines after CHK1i. Cells were treated as in Figure 2B.

(A) pFOXM1 versus DAPI levels with cell cycle phase overlaid in the colors denoted. Box 

denotes high pT600 FOXM1 levels found in G2/M cells of the DMSO sample.

(B and C) Percentage of pFOXM1-High cells in Early and Late S phase (B) and G2/M (C). n 

= 4.

(D–G) Gene expression during S phase. EV, LIN54 KO, and FOXM1 KO cells were 

synchronized by single thymidine block. Samples were treated with DMSO or 100 nM 

CHK1i at 1 h post-release and samples were collected at 3 h post-release. Total RNA was 

extracted and sequenced.

(D) Heatmap showing the 350 most differentially expressed genes in EV cells between the 

DMSO- and CHK1-treated samples.
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(E) Expression of MMB-FOXM1 target genes in relation to EV cells. Log2 fold change 

calculated using DESeq2.

(F and G) Expression of MMB-FOXM1 target genes upregulated in EV cells after CHK1i by 

≥1.5-fold change (51 genes), depicted as log2 fold change determined in relation to EV 

DMSO-treated cells, with % of genes upregulated above 1.5-fold change in each sample 

reported (F), and as a heatmap (G).

(H and I) qRT-PCR of MMB-FOXM1 target genes CCNA2 (H) and CCNB1 (I) during S 

phase in EV, LIN54 KO, and FOXM1 KO cells after CHK1 inhibition. Samples were 

synchronized, treated, and collected as in (D)–(G). n = 3.

(J and K) pFOXM1 levels in LIN54 KO cells. EV or LIN54 KO cells were treated as in 

Figure 2B. Samples were stained for pFOXM1, EdU, and DAPI. Percentage of pFOXM1-

High cells in Early and Late S phase (J) and G2/M. (K) n = 4.

Mean ± SEM; ANOVA with Tukey correction; *p < 0.05; **p < 0.01; ***p < 0.001; ****p 

< 0.0001.
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Figure 6. MMB-FOXM1 complex components are required for CHK1i-induced premature 
activation of mitosis in Late S phase
(A–C) Flow cytometry analysis of pH3 levels by cell cycle phase in NSCLC cells. Cells 

were treated as in Figure 2B.

(A) Dot plot of pH3 levels versus DAPI levels with cell cycle phases overlaid in the colors 

denoted. Box denotes the pH3+ gate.

(B and C) Percent pH3 positive cells in Early and Late S phase (B) and G2/M (C). n = 3.

(D and E) Flow cytometry analysis of pH3 levels in A549 cells treated as in Figure 2B ± 100 

nM ATRi or 1 μM ATMi.

(F–H) Flow cytometry analysis of pH3 levels by phase of the cell cycle in LIN54 KO or 

FOXM1 KO A549 cells after CHK1i. Samples treated as in Figure 2B.

(F) pH3 levels versus DAPI levels with cell cycle phases overlaid in the colors denoted. Box 

denotes the pH3+ gate.

(G and H) Percent pH3 positive cells in Early and Late S phase (G) and G2/M (H). n = 3.
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(I and J) Flow cytometry analysis of pH3 levels by phase of the cell cycle in A549 cells 

following LIN54, CCNA2, or MYBL2 siRNA knockdown. Percent pH3 positive cells in 

Early and Late S phase (I) and G2/M (J). n = 4.

Mean ± SEM; ANOVA with Tukey correction; *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 7. Activation of an MMB-FOXM1 complex CDK1-positive feedback loop is required for 
CHK1i-induced replication catastrophe
(A and B) Relative EdU levels in Early (A) and late (B) S phase. EdU levels were 

normalized to the 0 μM CDK1i-DMSO sample. n = 5.

(C and D) pFOXM1 levels in Late S phase after dual CHK1 (100 nM) and CDK1 inhibition 

with % pFOXM1-High cells in Late S phase (C) and pFOXM1 MFI (D). n = 4.

(E) qRT-PCR for MMB-FOXM1 target genes CDC25B, CCNA2, and CCNB1 in S phase 

A549 cells. A549 cells treated as in Figure 5D ± 2.5 μM CDK1i. n = 3.

(F) pH3 levels after dual CHK1 and CDK1 inhibition in Late S phase. n = 5.

(G) pKAP1 levels after dual CHK1 and CDK1 inhibition in Late S phase. n = 5; ANOVA 

mixed effects analysis with Tukey correction.

(H) Percent Annexin V+ PI− apoptotic cells treated with CHK1i ± CDK1i for 24 h. n = 3.

(I–K) Chromatin-associated phospho-S4/S8 RPA or RPA compared to γ-H2AX in cells 

treated with CHK1i ± CDKi for 24 h.
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(I) Percentage of pS4/S8 RPA+ cells.

(J) Percentage of pS4/S8 RPA+ and γ-H2AX-High cells.

(K) Density dot plot of γ-H2AX High versus chromatin-associated RPA. n = 3.

Gray boxes denote concentrations of CDK1i that showed a significant increase in pH3 levels 

with CHK1i in (F). Mean ± SEM; ANOVA with Tukey correction. *p < 0.05; **p < 0.01; 

***p < 0.001; ****p < 0.0001.
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KEY RESOURCES TABLE

REAGENT OR RESOURCE SOURCE IDENTIFIER

Antibodies

pS1981 ATM Biolegend Cat# 651201; RRID: AB_10900815

ATM Cell Signaling Technologies Cat# 2873T; RRID: AB_2062659

MYBL2 Millipore Cat# MABE866

pT487 MYBL2 Abcam Cat# Ab76009; RRID: AB_1309969

CDC45 Cell Signaling Technologies Cat# 11881S; RRID: AB_2715569

CDK1 Santa Cruz Biotechnology Cat# sc-54; RRID: AB_627224

pT161 CDK1 Cell Signaling Technologies Cat# 9114S; RRID: AB_2074652

pY15 CDK1/2 Cell Signaling Technologies Cat# 9111S; RRID: AB_331460

CHK1 Santa Cruz Biotechnology Cat# sc-8408; RRID: AB_627257

pS317 CHK1 Cell Signaling Technologies Cat# 2344S; RRID: AB_331488

pS345 CHK1 Cell Signaling Technologies Cat# 2341S; RRID: AB_330023

Cyclin E (CCNE) Santa Cruz Biotechnology Cat# sc-247; RRID: AB_627357

Cyclin B1 Santa Cruz Biotechnology Cat # sc-752; RRID: AB_2072134

pS2056 DNA-PKcs Cell Signaling Technologies Cat# 68716S

DNA-PKcs Cell Signaling Technologies Cat# 38168S; RRID: AB_2799128

FOXM1 Santa Cruz Biotechnology Cat# sc-520;RRID: AB_631523

pT600 FOXM1 Cell Signaling Technologies Cat# 14655S; RRID: AB_2798557

GAPDH Santa Cruz Biotechnology Cat# sc-47724; RRID: AB_627678

γ-H2AX Millipore Cat# 05–636-I; RRID: AB_2755003

pS10 histone H3 Cell Signaling Technologies Cat# 3377T; RRID: AB_1549592

pS10 histone H3 - Alexa 488 conjugate Cell Signaling Technologies Cat# 3465S; RRID: AB_10695860

KAP1 Bethyl Laboratories Cat# A300–274A-M; RRID: AB_185559

pS824 KAP1 Bethyl Laboratories Cat# A300–767A-M; RRID: AB_669740

LIN54 Bethyl Laboratories Cat# A300–799A-M; RRID: AB_11218173

PCNA Cell Signaling Technologies Cat# 2586S; RRID: AB_2160343

RPA32 Bethyl Laboratories Cat# A300–244A-M; RRID: AB_185548

pS4/S8 RPA32 Bethyl Laboratories Cat# A300–245A-M; RRID: AB_210547

pS33 RPA32 Bethyl Laboratories Cat# A300–246A-M; RRID: AB_210547

VINCULIN Sigma-Aldrich Cat# V9264; RRID: AB_10603627

anti-BrdU-APC conjugate Biolegend Cat# 339808; RRID: AB_10895898

anti-mouse IgG - HRP Bethyl Laboratories Cat# A90–116P; RRID: AB_67183

anti-rabbit IgG - HRP Bethyl Laboratories Cat# A120–101P; RRID: AB_67264

anti-mouse IgG - Alexa 488 conjugate Cell Signaling Technologies Cat# 4408S; RRID: AB_10694704

Rabbit IgG isotype control Cell Signaling Technologies Cat# 4340S; RRID: AB_561545

anti-Rabbit IgG - Alexa 488 conjugate Life Technologies Cat# A11008; RRID: AB_143165

anti-Rabbit IgG - PE conjugate Cell Signaling Technologies Cat# 8885S; RRID: AB_2797677

anti-Rabbit IgG - Alexa 647 conjugate Life Technologies Cat# A21245; RRID: AB_141775

Biological samples
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REAGENT OR RESOURCE SOURCE IDENTIFIER

Brunello human genome-wide lentiviral sgRNA pooled 
library Broad Institute (Doench et al., 2016) N/A

Chemicals, peptides, and recombinant proteins

Prexasertib (LY2606368, CHK1i) Eli Lilly & Co. S7178

AZ20 (ATRi-2) Santa Cruz Biotechnology sc-503186

VE-822 (ATRi-1) MedChem Express HY-13902

KU-55933 (ATMi) Selleck S1092

Nedisertib (DNA-PKi) MedChem Express HY-10570

RO-3306 (CDK1i) Santa Cruz Biotechnology sc-358700

Adavosertib (AZD1775, WEE1i) Selleck S1525

Doxorubicin (DOXO) Cell Signaling Technologies 5927S

Countbright Beads Life Technologies C36950

AFDye 546 Azide Click Chemistry Tools 1283

Alexa 647 Azide Life Technologies A10277

CalFluor 647 Azide Click Chemistry Tools 1372

5-ethynyl-2′-deoxyuridine (EdU) Life Technologies A10044

5-bromo-2′-deoxyuridine (BrdU) Sigma-Aldrich B5002

4′,6-diamidino-2-phenylindole (DAPI) Invitrogen D3571

Lipofectamine RNAiMAX Invitrogen 13778030

DNaseI Sigma Aldrich D4513–1VL

Protease Cocktail Set I Millipore 539131

Phosphatase Cocktail Set I Millipore 524624

Critical commercial assays

FITC Annexin V Apoptosis Detection Kit II BD Biosciences 556570

Deposited data

RNA-seq Data This Paper GEO: GSE154545

Experimental models: cell lines

A549 ATCC CCL-185

A549-Cas9 (pXPR_311) Broad Institute N/A

NCI-H460 ATCC HTB-177

NCI-H460-Cas9 (pXPR_311) Broad Institute N/A

NCI-H23 ATCC CRL-5800

NCI-H1299 ATCC CRL-5803

Oligonucleotides: siRNA and other

siCTRL Dharmacon D-001810–10

siLIN54 Dharmacon L-019325–01

siCCNA2 Dharmacon L-003205–00

siMYBL2 Dharmacon L-010444–01

sgRNA and qPCR primers This Paper Table S3
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