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Abstract 

The lysine rich coiled-coil 1 (KRCC1) protein is overexpressed in multiple malignancies including 

ovarian cancer and overexpression correlates with poor overall survival. Despite a potential role 

in cancer progression, the biology of KRCC1 remains elusive. Here we characterize the biology 

of KRCC1 and define its role in the DNA damage response and in cell cycle progression. We 

demonstrate that KRCC1 associates with the checkpoint kinase 1 (CHK1) upon DNA damage and 

regulates the CHK1-mediated checkpoint. KRCC1 facilitates RAD51 recombinase (RAD51) foci 

formation and augments homologous recombination repair. Furthermore, KRCC1 is required for 

proper S-phase progression and subsequent mitotic entry. Our findings uncover a novel component 

of the DNA damage response and a potential link between cell cycle, associated damage response, 

and DNA repair. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Introduction  

Genomic instability is an underlying hallmark of cancer and can arise via multiple mechanisms1. 

One of the main mechanisms threatening genomic integrity is DNA damage that is caused by cell 

intrinsic or extrinsic factors2. Therefore, cells have developed a series of mechanisms to alleviate 

damage that help preserve genomic integrity known as the DNA damage response (DDR)3-5. A 

critical component of DDR is the presence of checkpoints throughout the cell cycle, that ensure 

that transition from one phase to the next phase occurs under the most optimal conditions6. The 

Ataxia telangiectasia and Rad-related–Checkpoint kinase 1 (ATR-CHK1) axis regulates the intra-

S checkpoint which responds to extrinsic sources of DNA damage as well as those arising from 

replication associated stress6,7. Typically, activation of this checkpoint delays firing replication 

origins and eventually blocks mitotic entry to allow time for efficient DNA repair5,8. Due to 

deficiencies in tumor protein 53 (TP53) and/or retinoblastoma protein 1 (RB1), deregulation of the 

G1-S transition is observed in many cancers leading to an increased reliance on the remaining 

intact DDR pathways, particularly, the ATR-CHK1 axis9,10. Activation of the CHK1-mediated 

checkpoint is a complex multi-step process and begins with ATR-dependent phosphorylation of 

CHK1 at S317 and S345 following replication stress and associated DNA damage. These initial 

phosphorylation events trigger autophosphorylation at S296 which facilitates kinase activation6,11. 

After CHK1 is activated, it phosphorylates Cell Division Cycle 25A (CDC25A) and targets it for 

degradation6,11,12. Although the CHK1 activation, checkpoint maintenance and overall potential as 

a therapeutic strategy have been investigated, the precise mechanism of CHK1 activation and its 

impact on cell cycle dynamics remain unclear. Therefore, a better understanding of checkpoint 

signaling and how it is intertwined with DNA repair and the cell cycle is important from a future 

cancer therapy perspective. 

 

Little is known about the precise roles of those DDR proteins that link cell cycle, checkpoint 

activation, and DNA repair. We recently introduced the lysine rich coiled-coil 1 (KRCC1), a 

protein with unknown biology, as a chromatin enriched nuclear protein that is frequently 

overexpressed in ovarian cancer and in other malignancies13. Targeting KRCC1 increased 

apoptosis and decreased clonal growth and tumor growth in vivo. At the molecular level, while 



CHK2 phosphorylation was unchanged, depleting KRCC1 increased CHK1 phosphorylation 

(pCHK1-S345) and gamma H2AX (H2AX) suggestive of enhanced DNA damage. Additionally, 

phosphorylation of histone 3 at serine 10 (pH3-S10), a mitotic marker was significantly 

increased13. Interestingly, these findings suggested that depleting KRCC1 induced DNA damage 

and at the same time augmented mitotic progression. It is widely known that the presence of DNA 

damage activates checkpoint and halts cell cycle. Therefore, we reasoned that the intriguing 

dichotomy observed after depleting KRCC1 was perhaps due to checkpoint inadequacy. 

 

Here we aimed to elucidate the biology of KRCC1 and investigate if it plays a role in the 

checkpoint maintenance. We report that KRCC1 regulates the CHK1-mediated DNA damage 

response. Furthermore, KRCC1 inhibition suppresses homologous recombination repair and 

delays S-phase progression resulting in premature mitotic entry. Our findings introduce a novel 

genome maintenance factor that may be important in the replication stress response, and in DNA 

repair.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

KRCC1 regulates the CHK1-mediated checkpoint 

We previously demonstrated13 that silencing KRCC1 increased DNA damage while 

simultaneously increasing pH3-S10, suggesting augmented mitotic progression. Broadly, cell 

intrinsic DNA damage could be a consequence of replication stress or decreased DNA repair14. To 

evaluate replication stress, we measured Replication Protein A2 (RPA2) foci formation by 

immunofluorescence and determined the levels of S33 phosphorylation of RPA2 by 

immunoblotting. RPA2 coats stretches of single-stranded DNA (ssDNA) generated during 

replication stress14. Silencing KRCC1 in the OV90 ovarian cancer cells and in the U2OS 

osteosarcoma cells significantly increased RPA2 foci formation by ~6 and 8-fold respectively 

compared to the control cells (Fig 1A-B). In U2OS and OV90 cells, phosphorylation of RPA2 at 

S33 also significantly increased (Fig 1C), together suggesting enhanced replication stress. ATR is 

primarily responsible for RPA2 S33 phosphorylation, so these data are consistent with our 

previous observation13 that ATR is activated upon KRCC1 inactivation.  

 

Typically, replication stress potentiates an intra-S phase checkpoint halting cell cycle. However, 

increased pH3-S10 observed in KRCC1 silenced cells prompted us to evaluate the DNA damage 

response markers indicative of the integrity of the intra-S checkpoint. To this end, we performed 

immunoblotting for the DNA damage response markers. We observed that in the KRCC1 silenced 

cells, H2AX, CHK1-S345 and pH3-S10 levels were elevated (Fig 1C). Interestingly however, 

although silencing KRCC1 increased DNA damage, CHK1 phosphorylation at S296 decreased 

and induced stabilization of CDC25A, indicative of a defective checkpoint (Fig 1C). Specificity 

of the CHK1 phosphorylation antibodies was confirmed by immunoblotting of ATR inhibitor, 

AZD6738 (ATRi) treated cells for CHK1-S345 and CHK1-S296 respectively (Fig S1A). Using an 

independent shRNA in OV90 cells, we further confirmed that silencing KRCC1 increased 

phosphorylation of CHK1-S345 while it decreased phosphorylation of CHK1-S296 and stabilized 

CDC25A (Fig S1B).  

 

To evaluate the impact of KRCC1 on the extrinsic damage induced checkpoint, we treated control 

or KRCC1 silenced cells with camptothecin (CPT).  Immunoblotting revealed that damage by CPT 



activated CHK1 and degraded CDC25A to induce checkpoint in control cells (Fig 1D). However, 

in KRCC1 silenced cells, addition of CPT failed to degrade CDC25A and CHK1 S296 

phosphorylation was reduced despite elevated levels of ATR-dependent CHK1 S345 

phosphorylation (Fig 1D). In KRCC1 silenced cells, forced expression of wildtype KRCC1 (HA-

KRCC1) or exogenous expression of constitutively active CHK1 (CA-MycCHK1) but not 

wildtype CHK1 (WT CHK1) led to decreased CDC25A suggesting rescue of the checkpoint defect 

(Fig S1C-D).  

 

To investigate an immediate role for KRCC1 in the CHK1-mediated DNA damage response, we 

determined if KRCC1 associated with CHK1 by immunoprecipitation. We expressed empty vector 

(EV) or HA-KRCC1 in OV90 cells and treated with or without CPT. In the presence of DNA 

damage, we observed association of KRCC1 with CHK1 and with 14-3-3 (Fig 1E). Interestingly 

it has been reported that certain isoforms of 14-3-3 associate with CHK1 and with CDC25A in a 

DNA damage dependent manner and may be required for phosphorylation and subsequent 

degradation of CDC25A12,15,16. To determine if the association of KRCC1 was CHK1 

phosphorylation dependent, we expressed Halo-tagged KRCC1 and immunoprecipitated 

endogenous CHK1 in the presence of CPT and ATRi. Compared to CPT treatment only, the 

association of KRCC1 with CHK1 decreased upon dual treatment with CPT and ATRi suggesting 

that ATR-mediated phosphorylation of CHK1 is important for the association with KRCC1 (Fig 

1F). Altogether, these results suggest that KRCC1 facilitates CHK1 activation and checkpoint 

potentiation (Fig 1G). 

 

KRCC1 impacts homologous recombination repair 

Checkpoint activation is closely linked to DNA repair. CHK1 specifically has been implicated in 

the homologous recombination repair (HRR)17,18. To investigate whether KRCC1 silencing 

impacts HRR, we utilized the well-characterized GFP-reporter system DR-GFP in U2OS cells19. 

This reporter contains an upstream GFP gene with insertion of an I-SceI recognition site and a 

downstream internal GFP repeat (iGFP). Introduction of the I-SceI endonuclease induces a DSB 

in the upstream GFP. Repair by HRR using the downstream GFP repeat as the template restores 

the functional GFP expression and the GFP-positive cells can be quantitated (Fig 2A). We 

measured GFP positive cells by live-cell microscopy. There was a ~58% decrease in GFP-positive 



cells after silencing KRCC1, suggestive of a decrease in HRR (Fig 2B-C). To probe the reason for 

decreased HRR, we performed immunofluorescence in control and KRCC1 silenced cells for 

RAD51 foci formation, an important step in the HRR pathway18. RAD51 is a recombinase that 

directly interacts with the breast cancer-associated tumor suppressor BRCA2 and this interaction 

is critical for normal recombination proficiency18,20. Strikingly, there was a ~60% decrease in 

RAD51 foci positive cells after depleting KRCC1 (Fig 2D-E). We then asked whether the decrease 

in RAD51 foci reflects delayed or impaired foci formation in KRCC1 silenced cells. To investigate 

this, we silenced KRCC1 first, then treated with CPT for 1 hr and allowed the cells to recover for 

up to 8 hrs and determined H2AX and RAD51 foci formation (Fig 2F). Consistent with 

immunoblotting results, silencing KRCC1 increased percentage of cells with H2AX foci in 

absence of CPT (Fig 2G). In the presence of CPT, percentage of cells with H2AX foci increased 

to ~34 in control and to ~45 in KRCC1 knockdown at 8 hrs indicating robust DNA damage (Fig 

2G). After CPT treatment, the percentage of RAD51 foci positive cells continued to increase up to 

6 hrs and a ~10% decrease was observed at 8 hrs in control cells (Fig 2H). Although this trend was 

similar in KRCC1 silenced cells, at all time-points the percentage of RAD51 foci positive cells 

was significantly lower than the controls supporting decreased HRR (Fig 2H, Fig S2A). In a similar 

experiment we extended the duration of recovery from CPT treatment up to 24 hrs, to arrive at a 

phase at which the control cells repaired the damage and resolved H2AX. As expected, in the 

control cells 12 and 24 hrs after CPT treatment the percentage of H2AX foci positive cells 

continuously decreased whereas it remained significantly elevated in the KRCC1 silenced cells 

(Fig S2B). Together these results suggest that KRCC1 facilitates efficient recombination and HRR.   

 

KRCC1 impacts optimal S-phase progression 

CHK1 plays important roles in the DDR as well as in S-phase progression7,21, therefore we 

assessed if KRCC1 plays a role in the cell cycle progression. In U2OS, OV90 and HeLa cells, we 

used a 5-ethynyl-2´-deoxyuridine and propidium iodide (EdU/PI) flow cytometry assay to surveil 

cell cycle. We observed that in KRCC1 silenced cells, there was a ~1.5 to 2-fold increase in total 

EdU positive cells compared to control (Fig 3A). However, relative mean fluorescence intensity 

of EdU was consistently reduced after silencing KRCC1 (Fig S3A-B), suggestive of sub-optimal 

replication22,23. Interestingly, the percentage of EdU positive cells at the late S-G2 boundary 



increased in KRCC1 silenced cells compared to the control (Fig 3A-B, Fig S3C) which could be 

recovered by re-expressing KRCC1 (Fig S3D). We reasoned that these changes in the cell cycle 

dynamics could be a result of impaired CHK1 activity. To test this, we treated HeLa cells with a 

CHK1 inhibitor, AZD7762 (CHK1i). Like KRCC1 inhibition, the total EdU positive cells 

increased, however, the late S-phase accumulation was not observed by CHK1 inhibition (Fig 3C). 

Previous reports demonstrated that inhibition of the serine/threonine kinase Cell Division Cycle 7 

(CDC7), using a chemical inhibitor TAK-931, leads to stalling at the late S-G2 phases24; a 

phenotype similar to what we observed in KRCC1 silenced cells. We then treated HeLa cells with 

the CDC7 inhibitor, TAK-931. Interestingly, both the total and the percentage of EdU positive 

cells at the S-G2 boundary increased phenocopying KRCC1 silencing effects (Fig 3C). To monitor 

the dynamics of S phase progression, we performed a double thymidine block time course 

experiment by flow cytometry. We observed that 3 hrs after release from the thymidine block, the 

control cells entered S-phase and progressed through S phase by 9 hrs, reaching the next G1 in 12 

hrs (Fig 3D). In contrast, by 3 hrs although the KRCC1 silenced and the TAK-931 treated cells 

entered the S phase, however, progression through S phase was delayed with a significant 

percentage of cells remaining in the S and G2 phases even after 12 hrs of release suggesting that 

effects of KRCC1 on the cell cycle may be via modulation of CDC7 activity (Fig 3D). 

We next asked whether silencing KRCC1 impairs CDC7 activity. Since CDC7 specifically 

phosphorylates the minichromosome maintenance 2 protein (MCM2) on Serine 40 (pMCM2-

S40)24,25, we performed immunoblotting for pMCM2-S40, and related factors involved in 

replication. Although TAK-931 treatment significantly inhibited pMCM2-S40 phosphorylation 

and CHK1i treatment significantly increased pMCM2-S40, silencing KRCC1 had no significant 

impact on pMCM2-S40 phosphorylation status (Fig 3E). While CDC25A was stabilized in 

KRCC1 silenced and CHK1i treated cells, TAK-931 treated cells showed no change, consistent 

with our observation that KRCC1 silencing impairs CHK1 activity. We then evaluated CDK1 

activity by immunoblotting for pCyclinB1-S126. Cyclin dependent kinase 1 (CDK1) has 

prominent roles in checkpoint maintenance and in DNA replication26. Interestingly, silencing 

KRCC1 increased pCyclinB1-S126 indicating enhanced CDK1 activity. While it is possible that 

increased activity of CDK1 in KRCC1 depleted cells is a result of CDC25A stabilization, TAK-

931 treated cells showed a similar increase in CDK1 activity despite no change in CDC25A status. 

This suggests that in KRCC1 silenced cells, increased CDK1 activity may not be a CHK1 



inhibition effect, in fact, CHK1i treated cells show only a moderate increase in pCyclinB1-S126 

(Fig 3E). Additionally, protein levels of the Acidic Nucleoplasmic DNA-Binding Protein 1 

(AND1), that is required for recruitment of DNA polymerase alpha27, increased upon silencing 

KRCC1 and upon inhibition of CDC7 or CHK1 respectively. PSF3 (GINS complex subunit 3), a 

component of the replicative helicase28, and CDC7 increased after CHK1i treatment, TAK-931 

treatment, and with silencing KRCC1, while DBF4 Zing Finger (DBF4) remained unchanged (Fig 

3E). Altogether, these results corroborate a role for KRCC1 in mediating checkpoint and suggest 

a distinct potential for a role in DNA replication during unperturbed cell cycle. 

 

KRCC1 facilitates efficient mitotic entry 

We considered that an impaired checkpoint and delayed S phase progression coupled with an 

increase in pH3-S10 may indicate premature mitotic entry, that is, cells that have not fully 

replicated their genome (EdU+) would also be positive for the mitotic marker, pH3-S10. To probe 

this phenomenon, we pulse labeled control and KRCC1 silenced cells with EdU after which cells 

were fixed and processed for immunofluorescence (Fig 4A-B). Supporting immunoblotting 

results, there was a significant increase in the percentage of pH3-S10 positive cells after silencing 

KRCC1 in HeLa or U2OS cells (Fig 4C). Strikingly, ~10-15% of the KRCC1 silenced cells were 

dual positive for EdU and pH3-S10 which was not observed in control cells (Fig 4A-B, D). 

Similarly, it has been reported that dual inhibition of the ATR/CHK1 axis and CDC7 results in 

unscheduled mitotic progression with partially replicated DNA29. Taken together, these results 

highlight an importance of KRCC1 in cell cycle progression and mitotic entry.  

 

Discussion 

In an effort to elucidate the biology of KRCC1, we uncovered a key modulatory component of the 

DNA damage response. We suggest that the KRCC1-CDC7 axis may support restart after the 

replication fork encounters obstacles30, disruption of which results in replication stress. Extrinsic 

DNA damage or replication stress is expected to activate the CHK1-mediated checkpoint which is 

compromised upon silencing KRCC1. Thus, KRCC1 is an important component of the CHK1-

mediated DNA damage response pathway which regulates the cellular intra-S and G2/M 

checkpoints. Finally, failure to fully activate CHK1 may result in reduced HRR. Altogether, 



replication defects and checkpoint inadequacy lead to premature mitotic entry and also apoptosis 

as we previously reported13 (Fig 5). 

 

Activation of CHK1 requires initial phosphorylation on ATR sites (Ser-345 and Ser-317) followed 

by autophosphorylation at Ser-2966. This is an important step in the overall activation of 

checkpoint because it favors interaction with 14-3-3and allows phosphorylation of CDC25A 

leading to its degradation12,15. Although CHK1 phosphorylation at Ser-345 is sustained in KRCC1 

silenced cells, autophosphorylation at Ser-296 is decreased leading to stabilization of CDC25A, 

ultimately impairing checkpoint activation. Consistent with previous reports we also observed 

stabilization of CDC25A with CHK1i treatment17,31. Reportedly, CHK1 directly interacts with and 

phosphorylates RAD51 on Thr-309 which is required for efficient recombination and repair18. 

Therefore, in KRCC1 silenced cells, decreased HRR may be due to reduced RAD51 

phosphorylation and foci formation, a consequence of impaired CHK1 activity.  

 

Intriguingly, silencing KRCC1 caused replication stress and delayed S phase progression that led 

to accumulation of cells at the late S phase. However, while inhibition of CHK1 did not, inhibition 

of CDC7 delayed S phase progression and accumulated cells at the late S phase. During the G1 

phase, MCM2-7 heterohexamers are recruited onto potential origins by the Cell Division Cycle 6 

(CDC6) and Chromatin Licensing and DNA Replication Factor 1(CDT1)32. CDC7, a 

serine/threonine kinase is then activated during the late G1/early S phase after binding to its 

regulatory protein, DBF4. CDC7 then phosphorylates MCM2 on Ser-40 to initiate DNA synthesis. 

CDC7 also plays important roles in the DNA replication fork maintenance by coordinating 

MRE11-dependent processes on stalled forks, independently of its role in origin firing30 as well as 

auxiliary roles in DDR32. Interestingly, in CDC7 inhibited cells, phosphorylation of MCM2 and 

origin firing decreases resulting in fewer active forks available to complete DNA synthesis. This 

increases fork pausing time when obstacles are encountered thereby extending the length of the S 

phase29. ATR/CHK1 inhibition on the other hand increases phosphorylation of MCM2 and origin 

firing33,34. However, inhibition of ATR/CHK1 following CDC7 inhibition results in a burst of 

origin firing in a CDK1- and CDC7- dependent manner29. The changes in MCM2 phosphorylation 

following ATR/CHK1 or CDC7 inhibition alone is normalized to near control levels upon dual 

inhibition34. Interestingly, while silencing KRCC1 did not impact MCM2 phosphorylation 



significantly, CDK1 activity was increased, evidenced by increased pCyclinB1-S126. Consistent 

with literature that dual inhibition of CDC7 and ATR/CHK1 drives cells into a premature and 

defective mitosis29,  KRCC1 silenced cells exhibit premature mitotic entry. This is likely due to 

the accumulation of under-replicated DNA and impaired checkpoints29,33. We conclude that 

KRCC1 may support replication fork integrity to ensure efficient DNA replication during 

unperturbed cell cycle and facilitate optimal checkpoint activation upon replication stress and 

DNA damage. 

Future studies will focus on understanding how KRCC1 impacts the replication fork restart and 

overall integrity of DNA replication. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Methods 

Cell Culture  

OV90, U2OS, and HeLa cell lines were purchased from ATCC. DR-GFP U2OS cell line was a 

kind gift from Dr. Jeremy Stark. OV90 cells were routinely cultured in RPMI + 10% FBS; U2OS 

cells were cultured in McCoy 5A + 10% FBS; HeLa and DR-GFP U2OS cells were cultured in 

DMEM High Glucose + 10% FBS. All the cells were cultured with 1× penicillin-streptomycin 

(Gibco, Grand Island, NY) in a 5% CO2 humidified atmosphere and tested for mycoplasma 

contamination prior to any experiment.  

Transfection  

Gene silencing was performed in 60 mm culture dish containing 5X105 cells in suspension using 

Lipofectamine RNAiMAX (Thermo Scientific) and 10 picomoles siRNA (scrambled control, 

sigma) siKRCC1 (SASI-HS01-00181201 and SASI-HS01-00181202 sigma) in OPTIMEM 

(Invitrogen). Overexpression was performed using Lipofectamine 3000 (Thermo Scientific) and 

indicated plasmids in OPTIMEM. WT-CHK1 and CA-CHK1 plasmids were kind gifts from Dr. 

You-Wei Zhang. 

Cell Lysis and Western Blotting  

Total Cell Lysate was prepared in RIPA (Boston Bioproducts) containing protease and 

phosphatase inhibitor cocktail (Thermo). The cell lysate was quantified, and proteins separated on 

an SDS-PAGE gel and transferred to a PVDF membrane (BioRad). Membranes were blocked in 

5% nonfat milk in TBS with 0.1% Tween-20 (TBST) for 1 h at room temperature followed by 

incubation with primary antibodies in TBST with 1% BSA overnight. The following primary 

antibodies were used –  

pCHK1-S345 (2348), pCHK1-S296 (2349), γH2AX (2577), CHK1 (2360), HA-tag (3724), 

pH3S10 (3377), and pan 14-3-3 (8312) from Cell Signaling Technology (Danvers, MA, USA); 

KRCC1 (16916-1-AP) from Proteintech, Rosemont, IL, USA; CDC25A (sc-7389) and CDC7 (sc-

56275) from Santa Cruz Biotechnology (Dallas, TX, USA); pRPA-S33 (A300-246A), AND-1 

(A301-141A), PSF3 (A304-124A), CHK1 (A300-298A), pMCM2-S40/41 (A300-788A) from 

Bethyl Laboratories Montgomery, TX, USA; DBF4 (ab124707) and pCyclinB1-S126 (ab55184) 

from Abcam; anti-Halotag (G921A) from Promega; RPA32 (MABE285) from EMD Millipore; 

RAD51 (NB100-148) from Novus Biological; α tubulin and β actin from Sigma-Aldrich. 

Secondary antibodies conjugated with horseradish peroxidase IgG Rabbit (A6154) and Mouse 



(A4416) from Sigma–Aldrich. Primary antibodies were used in dilutions recommended by the 

manufacturer. Secondary antibodies were used at a concentration of 1:10,000. Equal loading was 

verified by immunoblotting with Tubulin/ β Actin.  

Immunofluorescence 

OV90 and U2OS growing on coverslips were transfected with scrambled (siCTL) or KRCC1 

siRNA (siKRCC1). For replication stress evaluation, the cells were fixed followed by 

immunofluorescence of RPA2 foci formation (Bethyl, 1:500). For RAD51 foci formation 

evaluation, the cells were treated with CPT (1uM) for 1hr, washed with fresh warm media and 

collected after 2 hrs for the immunofluorescence of RAD51 foci formation (Novus, 1:200). Results 

were quantified as the percentage of the cells with >10 foci in each treatment. Statistical analysis 

was performed using Student’s t test (n = 3). Differences were considered significant at P < 0.05. 

For RAD51 foci dynamics, OV90 cells were allowed to recover for up to 8 or 24 hrs and collected 

at indicated time points for the immunofluorescence of H2AX (Cell Signaling Technology, 

1:300) and RAD51 foci formation, which was quantified as the percentage of the cells with >10 

H2AX and RAD51 foci in each treatment. Statistical analysis was performed using two-way 

ANOVA (n = 3). Differences were considered significant at P < 0.05. 

Premature mitotic entry evaluation 

HeLa cells growing on coverslips were transfected with scrambled (siCTL) or KRCC1 siRNA 

(siKRCC1). Cells were pulse labeled with EdU for 15mins, fixed and followed by 

immunofluorescence of pH3S10 (Cell Signaling Technology, 1:300) and click reaction for EdU. 

Statistical analysis was performed using Student’s t test (n = 3). Differences were considered 

significant at P < 0.05. 

Cell cycle  

For cell cycle synchronization in the G1-S phase, a dT block was perfomed 24 hrs after siRNA 

transfections. Cells were treated with 2 mM thymidine (Sigma-Aldrich, St. Louis, MO) as 

illustrated in Fig 4D and collected at the indicated time points. Cells were fixed with 70% ethanol. 

After washing, the cells were incubated in propidium iodide (PI) (F10797; Thermo Fischer 

Scientific). Ten thousand cells were analyzed using the FACSCalibur flow cytometer (Becton 

Dickinson, Franklin Lakes, NJ). For EdU/PI cell cycle analysis, asynchronously growing cells 

were pulse labeled with EdU (20M) for 15mins. Cells were fixed and permeabilized followed by 

detection of EdU by Click-iT (C10424; Thermo Fischer Scientific) and PI for DNA content. Ten 



thousand cells were analyzed using the FACSCelesta flow cytometer (Becton Dickinson, Franklin 

Lakes, NJ) and analysis in FlowJo version 10.8.1. 

Statistics 

Statistical analyses of single comparisons were performed using a two-tailed paired Student's t-

test. Statistical analyses of multiple comparisons were performed using a two-way ANOVA with 

Dunnett correction. Data are reported as mean ± SD using GraphPad Prism version 9.0.0 

(GraphPad Software). The analyzed number of samples is indicated in the figure legends. Asterisks 

indicate significance values as follows: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 and ****P < 0.0001. 

 

Author’s Contribution 

F. Neizer-Ashun, R. Bhattacharya, and P. Mukherjee designed research; F. Neizer-Ashun and R. 

Bhattacharya conceived, analyzed and wrote the manuscript; F. Neizer-Ashun, S. K. D. Dwivedi, 

A. Dey, and E. Thavathiru acquired, analyzed, and interpreted data; W. L. Berry generated KRCC1 

constructs; S. P. Lees-Miller analyzed and discussed results; P. Mukherjee and R. Bhattacharya 

provided administrative, technical, material support and supervised the study. All authors edited 

the manuscript. 

 

Acknowledgements 

We thank members of the Cortez Lab at Vanderbilt University especially Dr. David Cortez and 

Dr. Kavi Mehta for useful discussions and feedback on the manuscript. This work was supported 

by the Oklahoma Center for Adult Stem Cell Research - a program of TSET and Department of 

Defense grant (W81XWH1810054) to RB. PM acknowledges support from CA136494. 

 

 

 

 

 

 

 

 

 



References 

 

1 Negrini, S., Gorgoulis, V. G. & Halazonetis, T. D. Genomic instability--an evolving 

hallmark of cancer. Nat Rev Mol Cell Biol 11, 220-228, doi:10.1038/nrm2858 (2010). 

2 Jackson, S. P. & Bartek, J. The DNA-damage response in human biology and disease. 

Nature 461, 1071-1078, doi:10.1038/nature08467 (2009). 

3 Harper, J. W. & Elledge, S. J. The DNA damage response: ten years after. Mol Cell 28, 

739-745, doi:10.1016/j.molcel.2007.11.015 (2007). 

4 Harrison, J. C. & Haber, J. E. Surviving the breakup: the DNA damage checkpoint. Annu 

Rev Genet 40, 209-235, doi:10.1146/annurev.genet.40.051206.105231 (2006). 

5 Rouse, J. & Jackson, S. P. Interfaces between the detection, signaling, and repair of DNA 

damage. Science 297, 547-551, doi:10.1126/science.1074740 (2002). 

6 Neizer-Ashun, F. & Bhattacharya, R. Reality CHEK: Understanding the biology and 

clinical potential of CHK1. Cancer Lett 497, 202-211, doi:10.1016/j.canlet.2020.09.016 

(2021). 

7 Dai, Y. & Grant, S. New insights into checkpoint kinase 1 in the DNA damage response 

signaling network. Clin Cancer Res 16, 376-383, doi:10.1158/1078-0432.CCR-09-1029 

(2010). 

8 Liu, Y. et al. The intra-S phase checkpoint directly regulates replication elongation to 

preserve the integrity of stalled replisomes. Proc Natl Acad Sci U S A 118, 

doi:10.1073/pnas.2019183118 (2021). 

9 Gaillard, H., Garcia-Muse, T. & Aguilera, A. Replication stress and cancer. Nat Rev 

Cancer 15, 276-289, doi:10.1038/nrc3916 (2015). 

10 Reinhardt, H. C., Aslanian, A. S., Lees, J. A. & Yaffe, M. B. p53-deficient cells rely on 

ATM- and ATR-mediated checkpoint signaling through the p38MAPK/MK2 pathway for 

survival after DNA damage. Cancer Cell 11, 175-189, doi:10.1016/j.ccr.2006.11.024 

(2007). 

11 Parsels, L. A. et al. Assessment of chk1 phosphorylation as a pharmacodynamic biomarker 

of chk1 inhibition. Clin Cancer Res 17, 3706-3715, doi:10.1158/1078-0432.CCR-10-3082 

(2011). 

12 Kasahara, K. et al. 14-3-3gamma mediates Cdc25A proteolysis to block premature mitotic 

entry after DNA damage. EMBO J 29, 2802-2812, doi:10.1038/emboj.2010.157 (2010). 

13 Dwivedi, S. K. D. et al. KRCC1: A potential therapeutic target in ovarian cancer. FASEB 

J 34, 2287-2300, doi:10.1096/fj.201902259R (2020). 

14 Zeman, M. K. & Cimprich, K. A. Causes and consequences of replication stress. Nat Cell 

Biol 16, 2-9, doi:10.1038/ncb2897 (2014). 

15 Chen, M. S., Ryan, C. E. & Piwnica-Worms, H. Chk1 kinase negatively regulates mitotic 

function of Cdc25A phosphatase through 14-3-3 binding. Mol Cell Biol 23, 7488-7497, 

doi:10.1128/MCB.23.21.7488-7497.2003 (2003). 

16 Uto, K., Inoue, D., Shimuta, K., Nakajo, N. & Sagata, N. Chk1, but not Chk2, inhibits 

Cdc25 phosphatases by a novel common mechanism. EMBO J 23, 3386-3396, 

doi:10.1038/sj.emboj.7600328 (2004). 

17 Morgan, M. A. et al. Mechanism of radiosensitization by the Chk1/2 inhibitor AZD7762 

involves abrogation of the G2 checkpoint and inhibition of homologous recombinational 

DNA repair. Cancer Res 70, 4972-4981, doi:10.1158/0008-5472.CAN-09-3573 (2010). 



18 Sorensen, C. S. et al. The cell-cycle checkpoint kinase Chk1 is required for mammalian 

homologous recombination repair. Nat Cell Biol 7, 195-201, doi:10.1038/ncb1212 (2005). 

19 Gunn, A. & Stark, J. M. I-SceI-based assays to examine distinct repair outcomes of 

mammalian chromosomal double strand breaks. Methods Mol Biol 920, 379-391, 

doi:10.1007/978-1-61779-998-3_27 (2012). 

20 Sullivan, M. R. & Bernstein, K. A. RAD-ical New Insights into RAD51 Regulation. Genes 

(Basel) 9, doi:10.3390/genes9120629 (2018). 

21 Robinson, H. M. et al. Chk1-dependent slowing of S-phase progression protects DT40 B-

lymphoma cells against killing by the nucleoside analogue 5-fluorouracil. Oncogene 25, 

5359-5369, doi:10.1038/sj.onc.1209532 (2006). 

22 Fu, S. et al. gamma-H2AX kinetics as a novel approach to high content screening for small 

molecule radiosensitizers. PLoS One 7, e38465, doi:10.1371/journal.pone.0038465 

(2012). 

23 Sansam, C. G., Goins, D., Siefert, J. C., Clowdus, E. A. & Sansam, C. L. Cyclin-dependent 

kinase regulates the length of S phase through TICRR/TRESLIN phosphorylation. Genes 

Dev 29, 555-566, doi:10.1101/gad.246827.114 (2015). 

24 Iwai, K. et al. Molecular mechanism and potential target indication of TAK-931, a novel 

CDC7-selective inhibitor. Sci Adv 5, eaav3660, doi:10.1126/sciadv.aav3660 (2019). 

25 Tsuji, T., Ficarro, S. B. & Jiang, W. Essential role of phosphorylation of MCM2 by 

Cdc7/Dbf4 in the initiation of DNA replication in mammalian cells. Mol Biol Cell 17, 

4459-4472, doi:10.1091/mbc.e06-03-0241 (2006). 

26 Liao, H., Ji, F. & Ying, S. CDK1: beyond cell cycle regulation. Aging (Albany NY) 9, 2465-

2466, doi:10.18632/aging.101348 (2017). 

27 Zhu, W. et al. Mcm10 and And-1/CTF4 recruit DNA polymerase alpha to chromatin for 

initiation of DNA replication. Genes Dev 21, 2288-2299, doi:10.1101/gad.1585607 (2007). 

28 Bruck, I. & Kaplan, D. L. Conserved mechanism for coordinating replication fork helicase 

assembly with phosphorylation of the helicase. Proc Natl Acad Sci U S A 112, 11223-

11228, doi:10.1073/pnas.1509608112 (2015). 

29 Rainey, M. D. et al. ATR Restrains DNA Synthesis and Mitotic Catastrophe in Response 

to CDC7 Inhibition. Cell Rep 32, 108096, doi:10.1016/j.celrep.2020.108096 (2020). 

30 Rainey, M. D. et al. CDC7 kinase promotes MRE11 fork processing, modulating fork 

speed and chromosomal breakage. EMBO Rep 21, e48920, doi:10.15252/embr.201948920 

(2020). 

31 Zabludoff, S. D. et al. AZD7762, a novel checkpoint kinase inhibitor, drives checkpoint 

abrogation and potentiates DNA-targeted therapies. Mol Cancer Ther 7, 2955-2966, 

doi:10.1158/1535-7163.MCT-08-0492 (2008). 

32 Montagnoli, A., Moll, J. & Colotta, F. Targeting cell division cycle 7 kinase: a new 

approach for cancer therapy. Clin Cancer Res 16, 4503-4508, doi:10.1158/1078-

0432.CCR-10-0185 (2010). 

33 Eykelenboom, J. K. et al. ATR activates the S-M checkpoint during unperturbed growth to 

ensure sufficient replication prior to mitotic onset. Cell Rep 5, 1095-1107, 

doi:10.1016/j.celrep.2013.10.027 (2013). 

34 Moiseeva, T. et al. ATR kinase inhibition induces unscheduled origin firing through a 

Cdc7-dependent association between GINS and And-1. Nat Commun 8, 1392, 

doi:10.1038/s41467-017-01401-x (2017). 

 



Figure Legends 

Figure 1 KRCC1 promotes CHK1 activation and efficient checkpoint. 

A, B. OV90 and U2OS cells were transfected with control siRNA (siCTL) or siRNA targeting 

KRCC1 (siKRCC1) for 72hrs. Cells were stained with DAPI and anti-RPA2 antibody and 

visualized by fluorescence microscopy (scale bar, 20 μm). Percentage of cells with >10 foci are 
quantitated. The data are from manual scoring of ~200 cells per condition and from 3 experiments 

± SDs. 

C. Lysates from above transfected siCTL and siKRCC1 OV90 and U2OS cells were analyzed by 

immunoblotting for CHK1-mediated DDR markers. 

D. Immunoblotting for markers of CHK1 mediated DDR markers after 72hrs KRCC1 silencing in 

the presence or absence of camptothecin (CPT, 1M for 1hr). 

E. KRCC1 interaction with CHK1 and 14-3-3 was evaluated using co-immunoprecipitation in 

empty vector (EV) or HA-tagged KRCC1 (HA-KRCC1) overexpressed cells treated with or 

without CPT (3M, 2hrs). 

F. CHK1 interaction with KRCC1 was evaluated using co-immunoprecipitation in empty vector 

(EV) or Halo-tagged KRCC1 (Halo-KRCC1) overexpressed cells treated with CPT in the presence 

or absence of ATRi (2M, 16hrs). Marker (M) and IgG lanes are shown. 

G. Proposed Model of CHK1 activation. After ATR-dependent phosphorylation of CHK1, CHK1 

associates with KRCC1 and 14-3-3 to facilitate autophosphorylation at S296 to activate the kinase. 

 

Figure 2 KRCC1 inhibition suppresses homologous recombination repair. 

A. Schematic of functional HRR assay 

B. Live cell images of DR-GFP U2OS cells were transfected with I-SceI endonuclease in the 

presence or absence of KRCC1 siRNA. 

C. Quantitation of GFP positive cells from live imaging. The data are from manual scoring of ~300 

cells per condition and from 3 experiments ± SDs. 

D, E. OV90 and U2OS cells transfected with control siRNA (siCTL) or siRNA targeting KRCC1 

(siKRCC1) were treated with CPT (1M for 1hr) and released for 2hrs. Cells were stained with 

DAPI and anti-RAD51 antibody and visualized by fluorescence microscopy. Percentage of cells 

with >10 foci are quantitated. The data are from manual scoring of ~200 cells per condition and 

from 3 experiments ± SDs. 

F. Experimental design of G, H. OV90 cells transfected with control or KRCC1 siRNA and treated 

with CPT (1M for 1hr) were released for 8hrs and collected at 2hr intervals. Quantitation of 

H2AX and RAD51. Cells with >10 foci were scored as positive. The data are from manual scoring 

of ~200 cells per condition and from 3 experiments ± SDs. 

 

Figure 3 Silencing KRCC1 results in delayed S-phase progression and accumulation of cells 

at the late S phase. 



Asynchronous HeLa and U2OS cells transfected with control or KRCC1 siRNA and labeled with 

20M EdU for 15min. DNA synthesis, DNA content, and cell cycle distribution were assessed by 

flow cytometry.  

A. Experimental images of the EdU/PI distribution of control and KRCC1 silenced cells.  

B. Percentage of cells at the late S-G2 boundary was calculated as a fraction of % EdU+ cells in 

the small gate over % total EdU+ cells. 

C. HeLa cells transfected with control or KRCC1 siRNA or treated with CHK1 inhibitor (CHK1i, 

AZD7762) or CDC7 inhibitor (TAK-931) were labeled with EdU and subjected to flow cytometry. 

D. HeLa cells were transfected with control or KRCC1 siRNA or or treated with CDC7 inhibitor 

(TAK-931) were G1-S synchronized by double thymidine block and released for 12hrs. The cells 

were collected at the indicated time points and analyzed by flow cytometry. 

E. Immunoblotting of indicated proteins in control, KRCC1 depleted. CHK1 inhibited, or CDC7 

inhibited cells. Short exposure (SE) and long exposure (LE) blots for pMCM2-S40/41 are shown. 

 

Figure 4 KRCC1 depletion results in premature mitotic entry 

A, B. HeLa and U2OS cells transfected with control or KRCC1 siRNA and labeled with 20M 

EdU for 15 min. Cells were stained with DAPI following immunofluorescence was performed for 

EdU and pH3S10. 

C. Percentage of pH3S10 positive cells. 

D. Percentage of EdU and pH3S10 dual positive cells. The data shown are from 3 independent 

experiments ± SDs. 

 

Figure 5 Model of the role of KRCC1 in genome maintenance. 

To initiate replication, CDC7 phosphorylates MCM2 to induce origin firing. We speculate that 

when the replication fork encounters an obstacle, the KRCC1-CDC7 axis promotes MRE11-

dependent degradation of reversed forks and subsequent restart. Depletion of KRCC1 may disrupt 

fork processing and restart resulting in replication stress. Replication stress and associated DNA 

damage should activate the CHK1-mediated checkpoint, however, absence of KRCC1 impairs 

CHK1 activation and CDC25A degradation. Additionally, inactive CHK1 may also compromise 

HRR. Overall, replication defects and failure to fully activate checkpoint may result in premature 

mitotic entry and subsequent apoptosis. 

 

Supplemental Figure S1 KRCC1 regulates the CHK1-mediated checkpoint. 

A. OV90 cells treated with or without CPT and ATR inhibitor (ATRi) were immunoblotted for 

pCHK1-S345 and pCHK1-S296. 

B. Stable OV90 cell lines expressing sh-RNA targeting KRCC1 (shKRCC1) or non-target shRNA 

(shCTL) were immunoblotted for markers of CHK1-mediated DDR. 

C. OV90 cells were transfected with 0.5g, 0.75g, or 1.5g of HAKRCC1 following control or 

KRCC1 depletion by siRNA. 



D. OV90 cells were transfected with control siRNA (siCTL) and treated with or without CPT 

(1M for 1hr) or transfected with WT-CHK1, CA-CHK1, or 1.5g of HAKRCC1 following 

KRCC1 depletion by siRNA. Overexpressed (Exo) and endogenous (Endo) proteins shown; 

indicates KRCC1. 

 

Supplemental Figure S2 Silencing KRCC1 inhibits RAD51 foci formation resulting in 

unrepaired DNA damage. 

A. Immunofluorescence images of OV90 cells transfected with control or KRCC1 siRNA and 

treated with CPT (1M for 1hr) were released for 8hrs and collected at 2hr intervals. 

B. Quantitation of H2AX from immunofluorescence of OV90 cells transfected with control or 

KRCC1 siRNA and treated with CPT (1M for 1hr) were released for 24hrs and collected at 

indicated timepoints. Cells with >10 foci were scored as positive. 

 

Supplemental Figure S3 KRCC1 promotes optimal S-phase progression.  

A, B. Relative EdU intensities of HeLa, U2OS, and OV90 cells transfected with control or KRCC1 

siRNA and labeled with EdU for 15min and assessed by flow cytometry. 

C. Percentage of OV90 cells at the late S-G2 boundary in control and KRCC1 siRNA transfected 

conditions. 

D. Aysnchronous HeLa cells transfected with control or KRCC1 siRNA or with HAKRCC1 

following KRCC1 depletion were labeled with EdU for 15min and assessed by flow cytometry for 

cell cycle distribution. 

 



Figures

Figure 1

KRCC1 promotes CHK1 activation and e�cient checkpoint.



A, B. OV90 and U2OS cells were transfected with control siRNA (siCTL) or siRNA targeting KRCC1
(siKRCC1) for 72hrs. Cells were stained with DAPI and anti-RPA2 antibody and visualized by �uorescence
microscopy (scale bar, 20 μm). Percentage of cells with >10 foci are quantitated. The data are from
manual scoring of ~200 cells per condition and from 3 experiments ± SDs.

C. Lysates from above transfected siCTL and siKRCC1 OV90 and U2OS cells were analyzed by
immunoblotting for CHK1-mediated DDR markers.

D. Immunoblotting for markers of CHK1 mediated DDR markers after 72hrs KRCC1 silencing in the
presence or absence of camptothecin (CPT, 1μM for 1hr).

E. KRCC1 interaction with CHK1 and 14-3-3 was evaluated using co-immunoprecipitation in empty vector
(EV) or HA-tagged KRCC1 (HA-KRCC1) overexpressed cells treated with or without CPT (3μM, 2hrs).

F. CHK1 interaction with KRCC1 was evaluated using co-immunoprecipitation in empty vector (EV) or
Halo-tagged KRCC1 (Halo-KRCC1) overexpressed cells treated with CPT in the presence or absence of
ATRi (2μM, 16hrs). Marker (M) and IgG lanes are shown.

G. Proposed Model of CHK1 activation. After ATR-dependent phosphorylation of CHK1, CHK1 associates
with KRCC1 and 14-3-3 to facilitate autophosphorylation at S296 to activate the kinase.



Figure 2

KRCC1 inhibition suppresses homologous recombination repair.

A. Schematic of functional HRR assay



B. Live cell images of DR-GFP U2OS cells were transfected with I-SceI endonuclease in the presence or
absence of KRCC1 siRNA.

C. Quantitation of GFP positive cells from live imaging. The data are from manual scoring of ~300 cells
per condition and from 3 experiments ± SDs.

D, E. OV90 and U2OS cells transfected with control siRNA (siCTL) or siRNA targeting KRCC1 (siKRCC1)
were treated with CPT (1μM for 1hr) and released for 2hrs. Cells were stained with DAPI and anti-RAD51
antibody and visualized by �uorescence microscopy. Percentage of cells with >10 foci are quantitated.
The data are from manual scoring of ~200 cells per condition and from 3 experiments ± SDs.

F. Experimental design of G, H. OV90 cells transfected with control or KRCC1 siRNA and treated with CPT
(1μM for 1hr) were released for 8hrs and collected at 2hr intervals. Quantitation of γH2AX and RAD51.
Cells with >10 foci were scored as positive. The data are from manual scoring of ~200 cells per condition
and from 3 experiments ± SDs.



Figure 3

Silencing KRCC1 results in delayed S-phase progression and accumulation of cells at the late S phase.

Asynchronous HeLa and U2OS cells transfected with control or KRCC1 siRNA and labeled with 20µM EdU
for 15min. DNA synthesis, DNA content, and cell cycle distribution were assessed by �ow cytometry.



A. Experimental images of the EdU/PI distribution of control and KRCC1 silenced cells.

B. Percentage of cells at the late S-G2 boundary was calculated as a fraction of % EdU+ cells in the small
gate over % total EdU+ cells.

C. HeLa cells transfected with control or KRCC1 siRNA or treated with CHK1 inhibitor (CHK1i, AZD7762) or
CDC7 inhibitor (TAK-931) were labeled with EdU and subjected to �ow cytometry.

D. HeLa cells were transfected with control or KRCC1 siRNA or or treated with CDC7 inhibitor (TAK-931)
were G1-S synchronized by double thymidine block and released for 12hrs. The cells were collected at the
indicated time points and analyzed by �ow cytometry.

E. Immunoblotting of indicated proteins in control, KRCC1 depleted. CHK1 inhibited, or CDC7 inhibited
cells. Short exposure (SE) and long exposure (LE) blots for pMCM2-S40/41 are shown.



Figure 4

KRCC1 depletion results in premature mitotic entry

A, B. HeLa and U2OS cells transfected with control or KRCC1 siRNA and labeled with 20µM EdU for 15
min. Cells were stained with DAPI following immuno�uorescence was performed for EdU and pH3S10.



C. Percentage of pH3S10 positive cells.

D. Percentage of EdU and pH3S10 dual positive cells. The data shown are from 3 independent
experiments ± SDs.

Figure 5



Model of the role of KRCC1 in genome maintenance.

To initiate replication, CDC7 phosphorylates MCM2 to induce origin �ring. We speculate that when the
replication fork encounters an obstacle, the KRCC1-CDC7 axis promotes MRE11-dependent degradation
of reversed forks and subsequent restart. Depletion of KRCC1 may disrupt fork processing and restart
resulting in replication stress. Replication stress and associated DNA damage should activate the CHK1-
mediated checkpoint, however, absence of KRCC1 impairs CHK1 activation and CDC25A degradation.
Additionally, inactive CHK1 may also compromise HRR. Overall, replication defects and failure to fully
activate checkpoint may result in premature mitotic entry and subsequent apoptosis.
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