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Abstract 

The phosphorylation of the sensor-checkpoint Rad9A is essential for Chk1 

activation in S-phase and during the G2/M checkpoints. Previous studies have 

demonstrated a late phosphorylation of Rad9A after DNA damage. Rad9A late 

phosphorylation requires the previous phosphorylation of S387, and it is not detected 

when Rad9A is overexpressed. Since Rad9A and TopBP1 interact through a 

phosphorylated S387 for ATR activation, it has been hypothesized that the late, damage-

dependent phosphorylation on Rad9A is part of a positive feedback loop involved in 

checkpoint maintenance. This thesis shows that Rad9A is hyperphosphorylated and 

accumulates in cells exposed to DNA damage, and that this prevents Rad9A 

polyubiquitination and degradation. This work also shows that Rad9A polyubiquitination 

and degradation is observed in cells recovering from DNA damage, and that there are 

active processes regulating Rad9A degradation. This research further shows that Chk1 is 

required for the stabilization and accumulation of Rad9A after DNA damage, and that 

there is a positive feedback loop involving Rad9A and Chk1.  Rad9A acetylation is 

observed in conjunction with polyubiquitination, and Rad9A deacetylation following 

DNA damage prevents Rad9A polyubiquitination and degradation. This work also shows 

evidence of Brca1 and Rad9A association at the time of Rad9A polyubiquitination and 

degradation suggesting a Brca1 involvement in this process. In summary, this thesis 

shows a new positive feedback loop between Rad9A and Chk1 for checkpoint 

maintenance and the stabilization of Rad9A through its deacetylation following DNA 

damage to prevent Rad9A polyubiquitination and degradation.   
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Chapter 1 

General Introduction 

1.1 Overview 

The cell cycle is a complex process regulating cell growth and division. Improper 

cell division or genomic instability may lead to cell death or development of cancer cells 

(1–6). Eukaryotic cells have developed cell cycle checkpoints to ensure proper 

coordination of these processes. Normally, checkpoint activation arrests cells in G1, S, 

G2 or M phase.  Checkpoints can be conceptualized as being composed of sensors, 

adaptors, transducers and effector proteins  (7,8).  The signal transduction process is 

initiated by sensor proteins such as Rad9A, Rad1 and Hus1 that detect the DNA damage 

and activate transducer kinases such as ataxia telangiectasia mutated (ATM), ataxia 

telangiectasia and Rad3 related (ATR), checkpoint kinase 1 (Chk1), and checkpoint 

kinase 2 (Chk2). Transducer proteins regulate effector proteins such as Cell division 

cycle 25 (Cdc25), tumor protein p53 (p53) and cyclin-dependent kinases (Cdks) to halt 

cell-cycle progression. Adaptor (or mediator) proteins such as breast cancer 1, early onset 

(Brca1), topoisomerase IIβ binding protein 1 (TopBp1), and γH2A histone family, 

member X (γH2AX) facilitate the activity of the transducer proteins. p53, ATM, Chk2, 

retinoblastoma protein (pRB), and Brca1 proteins are essential components of checkpoint 

pathways with important tumor suppressor functions (1). Defective checkpoints lead to 

genomic instability, reduced control of cell proliferation, and can cause an increase in a 

cell’s ability to survive damage and stress.  These phenotypes are all commonly observed 
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in cancerous cells, and cell cycle checkpoints are necessary for preventing malignant 

cellular transformation (1–6). 

The Rad9A protein is traditionally considered a sensor protein within this context.  It 

plays a number of roles, including the regulation of cell cycle checkpoint control, DNA 

repair, controlled cell death and the preservation of genomic integrity (9–11). Rad9A 

associates with Hus1 and Rad1 to generate the 9-1-1 complex, a proliferating cell nuclear 

antigen clamp (PCNA) like ring loaded onto DNA after damage (12,13). Rad9A is 

constitutively phosphorylated at multiple sites, including S277, S328, S336, T355 and 

S387 (14,15). In addition to these sites, Rad9A is rapidly phosphorylated at S272 by 

ATM after DNA damage [ATM-Rad9] (15,16). A second damage-dependent 

phosphorylation of Rad9A is detected at later time points when cells have been exposed 

to genotoxic agents (14,15). This late phosphorylation requires prior phosphorylation on 

S387, and it is not observed when Rad9A is overexpressed (15). S387 phosphorylation of 

Rad9A supports its interaction with TopBP1, and activation of downstream checkpoint 

events [ATM-RAD9-TopBP1] (15,17).  These downstream events include the activation 

of the ATR [ATM-Rad9-TopBP1-ATR] and ultimately Chk1 [ATM-Rad9A-TopBp1-

ATR-Chk1] kinase pathways.   

Chk1 is generally considered a transducer protein during checkpoint activation.  

As noted above, Chk1 receives signals from ATM-Rad9A-TopBP1-ATR, and ultimately 

phosphorylates Cdc25A, B and C phosphatases to promote their degradation or 

sequestration. Cdc25 phosphatase inactivation prevents Cdks dephosphorylation to stop 

cell cycle progression (18–21). Chk1 inhibition induces apoptosis in response to 
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catastrophic mitosis (22). Checkpoint maintenance and cell survival require stable Chk1 

activation. The activation of Chk1 to stop cell cycle progression is observed from yeast to 

mammals, and many of the components of this pathway have being maintained through 

the evolutionary process (23–26) (Table 1.1). 

The presence of a late phosphorylation of Rad9A after DNA damage, that is 

dependent on the previous activation of ATM-Rad9A-TopBp1-ATR-Chk1 pathway, 

suggests that one of the kinases of this pathway phosphorylates Rad9A in a late process. 

The early damage induced-phosphorylation of Rad9A on S272 is mediated by ATM, and 

it is also a suitable candidate to be phosphorylated by ATR because its serine-glutamine 

(SQ) sequence is a minimal essential requirement for this kinase (15,16,27). One 

candidate for the kinase mediating this late phosphorylation is Chk1 itself, which could 

phosphorylate Rad9A to augment its function. Rad9A-S237 residue present the SI and 

SXXF consensus motifs that may be phosphorylated by Chk1 leading to Rad9A 

stabilization (28), or it could bind the BRCT domain of  Brca1 to catalyze Rad9A 

ubiquitination leading to its degradation (29–33).  

We hypothesize that Chk1-dependent phosphorylation of Rad9A establishes a 

positive feedback loop in the maintenance of checkpoint signaling (15) (Figure 1.1).  The 

main goal of this thesis is the characterization of this feedback loop.  The secondary goals 

of this work are to characterize post-translational modifications of Rad9A, and protein-

protein interactions between Rad9A and other checkpoint proteins, to determine what 

role(s) they play in this process. 
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Table 1.1 - Homologous proteins found between Schizosaccharomyces pombe and 

mammals in the Chk1 activation pathway for cell cycle arrest (23–26). 

Function Schizosaccharomyces 

pombe 

Vertebrates Type 

Sensor Rad9 RAD9 PCNA-like 

Sensor Rad1 RAD1 PCNA-like 

Sensor Hus1 HUS1 PCNA-like 

Sensor Rad17 RAD17 RFC1-like 

DNA 

synthesis/sensor 

RFC3 RFC2-5 RFC component 

Mediator Rad4/Cut5 TOBP1 BRCT-domain 

Mediator Crb2/Rhp9 BRCA1 BRCT-domain 

Sensor/transducer Tel1 ATM PI3K-like 

kinase 

Sensor/transducer Rad26 ATRIP ATR-binding 

Sensor/transducer Rad3 ATR PI3K-like 

kinase 

Transducer Chk1 Chk1 Kinase 

Effector Cdc25 Cdc25 Phosphatase 

Effector Cdc2 Cdk1 Kinase 
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Figure 1.1 – Activation of ATM-Rad9A-TopBp1-ATR-Chk1 pathway that may lead to Rad9A  late 

phosphorylation after ionizing radiation exposure or DNA replication block with hydroxyurea. A 

late phosphorylation of Rad9A is detected after DNA damage. This phosphorylation requires 

Rad9A phosphorylation on S387, and is not observed in all overexpressed Rad9A, suggesting the 

previous engagement of the ATM-Rad9A-TopBp1-ATR-Chk1 pathway for its presentation. 

Following DNA damage, the mini-chromosome maintenance (MCM) helicase and DNA 

polymerases are uncoupled, increasing DNA unwinding and ssDNA. The replication protein A 

(RPA) then coats ssDNA to induce a DNA damage signal cascade. ATM phosphorylates TopBP1, 

and TopBP1 localizes to sites of DNA damage. ATM, ATR and DNA-PK (DNA‐dependent 

protein kinase) phosphorylate RPA. A hyperphosphorylated RPA independently recruits the 9-1-

1, Rad17-RFC and ATR-ATRIP complexes to sites of DNA damage. Human Rad17-RFC 

complex loads the 9-1-1 complex onto DNA. The Rad9A C-terminus interacts with the TopBP1 

BRCT domains 1 and 2 through its phosphorylations on S341 and S387. Rad9A-TopPB1 

interaction positions the TopBP1 ATR-activation domain (BRCT domains 6 and 7) to activate 

ATR. ATR phosphorylates and activates Chk1 (S317 and S345). Chk1 then phosphorylates and 

inhibits the phosphatases Cdc25A, B or C. Inactivation of Cdc25 phosphatases prevent Cdks 

dephosphorylation at T14 and Y15 keeping Cdks inactive and stopping cell cycle progression.   
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Chapter 2 

Literature Review 

After genotoxic stress the cell elicits a DNA damage response to repair the 

damage or in case of excessive damage to programmed cell death (23,34). Rad9A is a 

sensor checkpoint protein involved in the activation of Chk1 protein after the presentation 

of single-strand breaks (SSBs) produced by DNA replication stress or UV light exposure 

(17,35–38). Rad9A is also involved in different DNA repair pathways (39–43) and p53-

independent apoptosis. The next section will address the different functions of Rad9A in 

the DNA damage response (44–48). 

 

2.1 Rad9A protein  

RAD9A (RAD9 homolog A) gene is the human homolog of Schizosaccharomyces 

pombe rad9+, a checkpoint control gene (49). Rad9A gene is localized on chromosome 

11q13.1-13.2. Rad9A amino acid sequence is 25% identical and 52% similar to the Rad9 

protein from fission yeast. Rad9A protein is 391 amino acids long with a predicted 

molecular weight of 42,520 Da (49).   

Two thirds of Rad9A protein starting from the N-terminal region (∼270 amino 

acids) have a PCNA-like structure and associates with checkpoint proteins Hus1 and 

Rad1 to assembly the 9-1-1 complex (50). The other third starting at the Rad9A C-

terminus (∼120-amino acids) is not involved in 9-1-1 complex conformation (Figure 
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2.1A). Nevertheless, Rad9A C-terminus phosphorylation at multiple sites is essential for 

Rad9A function in S-phase and G2/M checkpoints (14,15,50–52). 

The nuclear protein Rad9A rapidly co-localizes with γ-H2AX at double-strand 

break (DSB) sites after DNA damage (52–54). The Rad9A nuclear localization sequence 

(NLS) is located in its C-terminus between amino acids 356 and 364 (PPPKKFRSL) 

(Figure 2.1A) (50). The 9-1-1 complex requires the Rad9A-NLS for nuclear transport 

from the cytoplasm after exposure to genotoxic agents (50). Rad9A possesses a Bcl-2 

homology 3-like domain (BH3) domain (between amino acids 16 and 30) that is also 

found in the pro-apoptotic Bcl-2-family of proteins. Independently of the 9-1-1 complex, 

Rad9A promotes apoptosis by interacting with anti-apoptotic proteins Bcl-2 and Bcl-xL 

through its BH3-like region (44) (Figure 2.1A). Rad9A is a 3’ to 5’ exonuclease with the 

nuclease active site (ENAS) located between amino acids 51 and 91 (Figure 2.1A). It is 

suggested that Rad9A exonuclease function allows it to process primary DNA lesions 

during the DNA damage checkpoint response (55). 

 

2.1.1 Rad9A post-translational modifications 

2.1.1.1 Rad9A phosphorylations  

Rad9A requires multiple phosphorylations to perform its different roles in cellular 

homeostasis and the DNA damage response. Rad9A is constitutively phosphorylated on 

S277, S328, S336, T355 and S387 in undamaged cells (Figure 2.1B), 

hyperphosphorylated in mitosis on T292 (Figure 2.1B) and hyperphosphorylated after 
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Figure 2.1 – Rad9A domains and phosphorylations. (A) the PCNA-like domain at the N-

terminus is involved in 9-1-1 complex formation (50). The C-terminus is required for 

Rad9A nuclear localization and Rad9A checkpoint functions (14,15,50–52). The N-

terminus has a proapoptotic BH3-domain between 16 and 30 residues (44) and an 

exonuclease active site (ENAS) between 51 and 91 residues (55). The nuclear 

localization site (NLS) is located at the C-terminus between 356 and 364 residues (44). 

(B) Rad9A has five constitutive phosphorylation sites: S227, S328, S336, T355 and 

S387. Rad9A is hyper-phosphorylated after DNA damage: Rad9A is phosphorylated on 

Y28 by c-Abl after damage in case of apoptosis after IR or ara-C exposure (46). Ionizing 

radiation exposure induces rapid Rad9A phosphorylation on S272 by ATM (16). Cdc2 

phosphorylates Rad9A in mitosis on T292 (14,15). Phosphorylations on S341 and S387 

by CK2 mediate the interaction between Rad9A and TopBP1 for ATR activation (17,37). 

Rad9A is also phosphorylated on S375 and 380 (51). 

 

 

Figure 2.2 – Rad9A domains and phosphorylations. (A) the PCNA-like domain at the N-

terminus is involved in 9-1-1 complex formation (50). The C-terminus is required for 

Rad9A nuclear localization and Rad9A checkpoint functions (14,15,50–52). The N-

terminus has a proapoptotic BH3-domain between 16 and 30 residues (44) and an 

exonuclease active site (ENAS) between 51 and 91 residues (55). The nuclear 

localization site (NLS) is located at the C-terminus between 356 and 364 residues (44). 

(B) Rad9A has five constitutive phosphorylation sites: S227, S328, S336, T355 and 

S387. Rad9A is hyper-phosphorylated after DNA damage: Rad9A is phosphorylated on 

Y28 by c-Abl after damage in case of apoptosis after IR or ara-C exposure (46). Ionizing 

radiation exposure induces rapid Rad9A phosphorylation on S272 by ATM (16). Cdc2 

phosphorylates Rad9A in mitosis on T292 (14,15). Phosphorylations on S341 and S387 

by CK2 mediate the interaction between Rad9A and TopBP1 for ATR activation (17,37). 

Rad9A is also phosphorylated on S375 and 380 (51). 

 

 

Figure 2.3 – Rad9A domains and phosphorylations. (A) the PCNA-like domain at the N-
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damage on Y28 and S272 (Figure 2.1B) (14–16,46). Rad9A also exhibits a late 

phosphorylation after genotoxic stress in S or G2 phases (14–16,46), at an undefined site.  

The C-terminus of Rad9A is phosphorylated on S341, S375 and S380 (Figure 2.1B) (51). 

Rad9A phosphorylation of S277, S328, S336 and T355 (S/T or P sites) are mediated by 

Cdc2 in mitosis. Cdc2 also phosphorylates Rad9A on T292 during mitosis, and this 

modification requires prior phosphorylation on S277 (14,15). Tousled-Like Kinase 1 

(TLK1) phosphorylates Rad9A on S328 and T355 (56,57). ATM phosphorylates Rad9A 

on S272 (SQ site) after ionizing radiation (IR) exposure. ATM-deficient cells (AT cells) 

show a delayed phosphorylation of Rad9A on S272 after 8 h of IR exposure (16). 

Checkpoint activation requires Rad9A phosphorylation on S272 after IR exposure (16). 

The late phosphorylation of Rad9A after damage requires Rad9A phosphorylation on 

S387, and Rad9A overexpression eliminates this late phosphorylation (15). Casein kinase 

2 protein (CK2) phosphorylates Rad9A on S387 and S341, and these phosphorylations 

mediate the interaction between Rad9A and TopBP1 (17,37). The tyrosine kinase c-Abl 

protein, which is involved in the apoptotic response after DNA damage, phosphorylates 

Rad9A on Y28 (BH3 domain) in cells exposed to genotoxic stress. Rad9A 

phosphorylation on Y28 mediates Rad9A interaction with the anti-apoptotic Bcl-xL 

protein to promote apoptosis (Figure 2.1B) (46). It is reported that Rad9A 

phosphorylation on S328 by cyclin A-Cdk2 during apoptosis (etoposide treatment) 

induces Rad9A translocation to mitochondria and increases Rad9A interaction with Bcl-

xL protein (45). 
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2.1.1.2 Rad9A methylation  

Rad9A is methylated on R172, R174 and R175 in vitro and in vivo (RGRR 

consensus sequence) when it interacts with the protein arginine methyltransferase 5 

(PRMT5) (36). Mouse Rad9-/- ES cells stably expressing a Rad9A-3RA mutant (R172A, 

R174A, and R175A) show significantly increased sensitivity to hydroxyurea (HU) and 

reduced phosphorylation of Chk1 (S345) (36). These results indicate that during the 

replication block response, Rad9A requires methylation on the arginine-rich motif 

(RGRR) (36). 

 

2.1.2 Rad9A and 9-1-1 complex   

Rad9A directly interacts with Hus1 and Rad1 to form a heterotrimeric ring 

structure called the 9-1-1 complex, that has a structure similar to PCNA (53,58,59). The 

PCNA is a homotrimeric ring that encircles DNA and slides across it to provide 

processivity for replication factors (60). PCNA is loaded onto DNA at template–primer 

junctions by the heteropentameric replication factor C (RFC) in an ATP-dependent 

process. PCNA interacts with multiple proteins in DNA replication, DNA repair and 

DNA modification processes, and is also involved in chromatin modeling (60). The 9-1-1 

complex crystal structure shows a closed circular ring shape that resembles the PCNA-

clamp (12,13,61). The C-terminal region of each protein interacts with the N-terminal 

region of the next one. The C-terminal of the PCNA-like region of Rad9A (from 1 to 272 

amino acids) interacts with the N-terminus of Hus1. The C-terminus of Hus1-C interacts 
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with the N-terminus of Rad1 and the C-terminus of Rad1  then interacts with Rad9A N-

terminus (from 1 to 272 amino acids) (12,13,61,62). 

Human Hus1 (Hus1) is a checkpoint protein composed of 286 amino acids. The 

HUS1 gene is the checkpoint homolog of hus1+ in Schizosaccharomyces pombe and is 

located on chromosome 7p13–p12 (61,63). The DNA damage response and genomic 

stability require Hus1. Deletion of Hus1 in mouse embryos produces mid-gestational 

death with increased apoptosis. Murine Hus1-/- cells show increased spontaneous 

chromosomal abnormalities, elevated p21 expression and hypersensitivity to genotoxic 

stress (64). Murine Hus1 is required for the S-phase checkpoint activation following 

exposure to the genotoxic agent, benzo [a] pyrene dihydrodiol epoxide (BPDE) or UV 

(65). Lack of Hus1 in mouse embryonic fibroblasts reduced Chk1 phosphorylation on 

S345 after BPDE treatment (65). 

 

Human Rad1 (Rad1) is a checkpoint protein of 282-amino acids. The RAD1 gene 

is the checkpoint homolog of rad1+ in the fission yeast Schizosaccharomyces pombe, and 

is localized on chromosome 5p14–p13.2 (63,66,67). Human Rad1 is required for S-phase 

checkpoint activation and genomic stability (68). Rad1 knockdown reduces Chk1 

activation after HU or UV light exposure (68). Hirai et al. (2004) observed that Rad1 

protects the unstable Hus1 from degradation through the ubiquitin–proteasome pathway 

(69). The association between Rad1 and Hus1 stabilizes Hus1 in the absence of Rad9A 

(69). Genotoxic stress induces post-translational modifications of Rad1 and increases 

Rad1 and Hus1 levels (69). A model for 9-1-1 complex assembly suggests the initial 

dimerization of Rad1 and Hus1 in the cytoplasm, followed by Rad9A association to form 
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the 9-1-1 complex and translocation of the complex to the nucleus (69). 

 

2.1.3 Rad9A (9-1-1 complex) and DNA damage signaling 

The sensor checkpoint protein Rad9A as part of the 9-1-1 complex is an essential 

component of the DNA damage checkpoint signal transduction pathway in S and G2 

phases. Following DNA damage, the MCM (mini-chromosome maintenance ) helicase 

and DNA polymerases are uncoupled, increasing DNA unwinding and exposing single-

stranded DNA (ssDNA) (70). The replication protein A (RPA) then coats ssDNA to 

induce a DNA damage signal cascade (71). ATM phosphorylates TopBP1, and TopBP1 

localizes to sites of DNA damage (72). ATM, ATR and DNA-PK (DNA‐dependent 

protein kinase) phosphorylate RPA (71). A hyperphosphorylated RPA independently 

recruits the 9-1-1, Rad17-RFC and ATR-ATRIP complexes to sites of DNA damage 

(23,71,73). RPA possesses three subunits (RPA70, RPA32 and RPA14) (74). Rad9A 

binds the RPA70 and RPA32 subunits and this interaction is increased by RPA 

phosphorylation after DNA damage (75,76). ATR interacting protein (ATRIP) interacts 

with the N-terminal oligonucleotide-oligosaccharide fold (OB-fold) domain of RPA70 

(76).  

The checkpoint protein human Rad17 (Rad17) shares homology with the 

components of  the heteropentameric complex replication factor C (RFC)  (77,78), and 

interacts with the four small subunits of RFC (p36, p37, p38, and p40) to form the 

Rad17-RFC complex. The Rad17 complex has ATPase activity that is stimulated by 

ssDNA and not by dsDNA (79). Human Rad17 interacts with the 9-1-1 complex through 
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the Rad1 C-terminus (226 and 233 residues) (80). Human Rad17-RFC loads the clamp-

like complex 9-1-1 onto DNA after damage in a process similar to RFC loading of PCNA 

(78,80,81). Human Rad1 and Hus1 form a stable complex. The interface between Rad1 

and Rad9A has the lowest complementarity within the ring. Therefore, a possible place 

for the 9-1-1 clamp to encircle DNA is the Rad1-Rad9A interface (12,61). 

The 9-1-1 complex requires the Rad9A C-terminus (NLS) for its loading onto 

DNA, and also to mediate TopBP1 interaction with ATR after damage (17,37,50). CK2 

phosphorylates the Rad9A C-terminus at S341 and S387 (37). The Rad9A C-terminus 

interacts with the TopBP1 BRCT domains 1 and 2 through its phosphorylations on S341 

and S387 (37). Rad9A and TopPB1 interaction positions the TopBP1 ATR-activation 

domain (BRCT domains 6 and 7) to activate ATR (17). ATR phosphorylates and 

activates Chk1 (S317 and S345) (82,83). Chk1 then phosphorylates and inhibits the 

phosphatases Cdc25A, B or C (19,84). The proteasome-dependent pathway targets 

Cdc25A and B phosphatases for degradation (18,19). Cdc25C phosphorylation on S216 

creates a binding site for the 14-3-3 protein that exports Cdc25C to the cytoplasm (20). 

Inactivation of Cdc25 phosphatases prevent Cdks dephosphorylation at T14 and Y15 

keeping Cdks inactive and stopping cell cycle progression (21).  Rad9A is central in 9-1-

1 complex signal transduction functions; Rad9A NLS is required for 9-1-1 loading onto 

DNA and Rad9A phosphorylations on S341 and S387 mediate the interaction with 

TopBP1 to activate ATR (Figure 1,1).     

 

2.1.4 Rad9A functions  
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The evolutionary conserved Rad9 protein has many functions that allow it to work 

as either a tumor suppressor or a tumor promoter protein. The capacity of Rad9A to 

perform different functions within the cell is due to the combination of distinct Rad9A 

protein domains and their multiple interactions with a broad variety of proteins 

(12,13,17,36,37,44,46,50,55,61,85). Rad9A is required for cell survival and genome 

stability (39,40) and its domains also participate in apoptosis (44,45) and checkpoint 

control (50). The interaction of Rad9A with numerous different proteins has implicated 

its involvement in DNA repair, genomic integrity preservation, gene transactivation, 

ribonucleotide synthesis, embryonic development and male fertility (39–41,52,85–89). 

   

2.1.4.1 Rad9 functions are evolutionarily conserved 

The Rad9A gene was initially cloned from Schizosaccharomyces pombe using 

complementation of ionizing radiation sensitivity for the rad9.192 mutant cell line 

(90,91). Rad9A  homologous genes have been identified from a wide range of species 

(10,63,91–93).  The Rad9A functional  domains involved in apoptosis and cell cycle 

control are observed from yeast to mammals (10,93–96). Human and mouse Rad9 share a 

high homology with 82% identical amino acids (10,92).  The Rad9 BH3 pro-apoptotic 

domain is present in humans, mouse and yeast. Rad9A (human Rad9) binds the anti-

apoptotic Bcl-2 and Bcl-xL proteins (44) and Rad9 from fission yeast (SpRad9) binds 

Bcl-xL (95). S. pombe Rad9 protein  (SpRad9) expression triggers apoptosis in human 

cells (95). Rad9, Hus1 and Rad1 association as a checkpoint clamp is also conserved 

from yeast to humans (12,17,58,62,68,97–99) and Rad9 function in checkpoint activation 
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persists in cross-species complementation studies. Expression of human Rad9 (Rad9A) 

cDNA can partially rescue the sensitivity of S. pombe rad9::ura4+ to IR or HU  (49). 

Similarly, Rad9A cDNA expression in mouse Rad9-/- ES cells sensitive to IR or HU 

shows reduced genotoxic sensitivity, increased checkpoint activation and decreased 

frequency of spontaneous chromosomal aberrations (10,86). 

 

2.1.4.2 Rad9A and checkpoint control 

2.1.4.2.1 Rad9A in S-phase and G2/M checkpoints  

The sensor protein Rad9 is an important component of the S-phase checkpoint 

pathway that is induced by different antineoplastic agents (35,100). HU halts DNA 

synthesis by reversibly inhibiting ribonucleotide reductase, stopping the reduction of 

ribonucleotides to deoxyribonucleotides (101,102). The S-phase checkpoint activation 

induced by HU increases the phosphorylation of Chk1, Chk2 and Rad17 (35). Rad9A 

silencing reduces phosphorylation on Chk1 (S345), Chk2 (T68) and Rad17 (S365) in 

HeLa cells exposed to HU (35).   Aphidicolin (APH), a DNA polymerase inhibitor that 

causes replication block and increases phosphorylation of structural maintenance of 

chromosomes protein 1 (Smc1) on S966, a protein required for S-phase checkpoint 

activation (103,104). HeLa cells with Rad9A knockdown show reduced phosphorylation 

of Smc1 on S966 after APH exposure (35). These results indicate that Rad9A is required 

to activate important checkpoint proteins of the S-phase checkpoint. 
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Rad9A is also required to prevent radioresistant DNA synthesis (35). The 

knockdown of this sensor protein significantly increases DNA synthesis in HeLa cells 

exposed to IR (20 Gy) (35). Since a radioresistant phenotype is observed with Rad9A 

knockdown, an expected reduction in cell viability was observed after DNA replication 

block (35). Cell viability drastically decreases in HeLa cells with Rad9A knockdown 

after exposure to HU or APH (35). These results confirm that the absence of the Rad9A 

sensor protein impairs S-phase activation to allow DNA reparation and cell survival. 

The role of Rad9 in S-phase checkpoint is demonstrated in murine embryonic 

(ES) stem cells (100). The antineoplastic agent cytarabine interferes with DNA synthesis 

(105). Low-dose cytarabine treatment induces S-phase checkpoint activation in murine 

stem cells (106). Loegering et al. (2005) observed that murine ES (mES) cells pre-treated 

with 50 nM cytarabine for 1 hour and then pulsed with radiolabeled thymidine for 20 

minutes in the presence of the antineoplastic agent, reduced thymidine incorporation into 

DNA by 35–45% when compared with untreated cells. A treatment of mRad9-/- ES cells 

with cytarabine at a much higher dose (200 nM), showed a thymidine incorporation 

similar to untreated cells (100). Using mES cells or mRad9-/- ES treated with 200 nM 

cytarabine for 3 hours, it was showed that Cdc25A is not depleted in cells lacking Rad9, 

suggesting an impaired checkpoint activation (100). These results indicate that Rad9 is 

required to activate the checkpoint response in S-phase to stop DNA synthesis.  

Rad9A is also necessary for G2/M checkpoint activation (50). Exposure of either 

MCF-7 or MDA-MB-468 breast cancer cell lines to IR induces arrest at the G2/M 

checkpoint. When the same cell lines are exposed to IR following Rad9A inhibition with 
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siRNA, they bypass G2/M arrest indicating that Rad9A is important for this checkpoint   

(50). Overexpression of a Rad9A mutant with a truncated C-terminal (1 to 267-amino 

acids) in human embryonic kidney 293 cells impairs G2/M checkpoint activation when 

exposed to IR (50). These results indicate that Rad9A, and more specifically its C-

terminus, is required for G2/M checkpoint activation following  DNA damage (50). 

 

2.1.4.2.2 Rad9A and G2 decatenation checkpoint  

The G2 decatenation checkpoint requires the Rad9A protein (107). 

Topoisomerase II (Topo II) mediates sister chromatid decatenation after DNA replication 

(108).  The antineoplastic agent ICRF-193 inhibits Topo II, affecting the decatenation 

process and triggering the G2 decatenation checkpoint (109). Exposure to ICRF-193 

produces Rad9A phosphorylation on S272 by ATM (107). Stable expression of Rad9A 

with mutations in five sites of phosphorylation (S328A, S336A, S277A, T355A, and 

T292A) eliminates decatenation checkpoint activation in HeLa cells exposed to ICRF-

193. Moreover, differentiated murine ES Rad9-/- cells show increased aberrant mitotic 

spreads suggesting a reduced activation of the decatenation checkpoint (107). 

 

2.1.4.3 Rad9A other roles 

2.1.4.3.1 Rad9A and apoptosis 
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The Bcl-2 protein family regulates apoptosis by controlling mitochondrial outer 

membrane permeabilization. Bcl-2 proteins can be pro-apoptotic, including Bax, BAD, 

Bak, and Bok, or anti-apoptotic such as Bcl-2 proper, Bcl-xL, and Bcl-w. Bcl-2 family 

proteins share one or more of the Bcl-2 homology (BH) domains, BH1, BH2, BH3, and 

BH4 (110). The Rad9A N-terminus has a BH3 domain between amino acids 16 and 30 

(44). Rad9A interacts with the anti-apoptotic proteins Bcl-2 and Bcl-xL and Rad9A 

overexpression has been shown to induce apoptosis in mammalian cells, while the Bcl-2 

or Bcl-xL proteins block Rad9A apoptotic effect. Rad9A down-regulation eliminates 

apoptosis induced by the DNA damaging agent methyl methanesulphonate (MMS) (44). 

The ATM kinase activates the tyrosine kinase c-Abl protein after DNA damage to 

generate an apoptotic response (111). Following activation, c-Abl (SH3-domain) binds 

the Rad9A (C- terminus) and phosphorylates Rad9A at Y28 (BH3 domain). c-Abl 

phosphorylation of Rad9A induces Rad9A and Bcl-xL interaction leading to apoptosis 

(46). Protein kinase C-delta (PKCδ) is a member of the lipid-regulated serine/threonine 

PKC family and possesses an important role in both intrinsic and extrinsic apoptosis 

pathway regulation. PKCδ is cleaved to its active catalytic form by Caspase-3 following 

DNA damage (112), and then interacts and phosphorylates Rad9A. This increases Rad9A 

interaction with the anti-apoptotic Bcl-2 protein (47). 

The Caspase-3 protein is a crucial mediator of apoptosis that catalyzes the specific 

cleavage of many essential proteins. Caspase-3 cleaves at the consensus sequence DXXD 

(113,114) and cleaves Rad9A both in vivo and in vitro. A triple-point mutant of Rad9A 

(DDD/AAA) with a point mutation in each one of the three potential Caspase-3 cleavage 
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sites (DDID301–304AA, EEAD184–187AA and SDTD266– 269AA), significantly reduces Caspase-

3 mediated cleavage in vitro. In addition, overexpression of the Rad9A DDD/AAA 

mutant in HeLa cells exposed to DNA damaging agents prevents Rad9A cleavage and 

reduces cell death. Once cleaved, the Rad9A N-terminus translocates from the nucleus to 

the cytoplasm and binds Bcl-xL, leading to apoptosis. These results suggest that in case 

of severe DNA damage, Rad9A is cleaved by Caspase-3, the 9-1-1 complex 

disassembles,  leading to apoptosis instead of maintaining cell cycle checkpoint 

activation (48). 

Cyclin A-cyclin dependent kinase 2 (cyclin A-Cdk2) enhanced activity is 

associated with induced apoptosis in mouse mesangial cells exposed to UV light (115). 

Zhan et al. (2012) showed that Rad9A is phosphorylated on S328 by the protein cyclin 

A-Cdk2 after cell treatment with etoposide (a topoisomerase II inhibitor) to generate 

apoptosis. Rad9A phosphorylation on S328 induces Rad9A translocation from the 

nucleus to the mitochondria and increases Rad9A interaction with the anti-apoptotic 

protein Bcl-xL (45).     

 

2.1.4.3.2 Rad9A and DNA repair    

Rad9 is involved in multiple DNA repairs such as homologous recombinational, 

mismatch repair, base excision repair, nucleotide excision repair and microhomology-

mediated end joining  (39–43,116).  
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2.1.4.3.2.1 Rad9A and homologous recombinational repair 

Mammalian Rad9 inactivation or silencing diminishes DNA DSB repair by 

homologous recombination (HR) (39,40). Phosphorylated H2AX at S139 (γ-H2AX) is a 

marker for DSB repair (117,118). IR exposure induces the retention of Rad9A at DSBs 

sites and colocalization with γ-H2AX (52). Mouse rad9-/- embryonic stem cells or human 

293 cells with reduced Rad9A levels show a lower number of γ-H2AX foci after being 

exposed to 1 Gy of gamma radiation when compared with control cells (39). These 

results suggest the requirement of mammalian Rad9 in DSB detection and repair 

processes (39,40,52). 

The mitochondrial endonuclease I-SceI generates DSBs and that can be repaired 

by HR system (119,120). Mammalian Rad9 inactivation or Rad9A silencing reduces  I-

SceI DSB repair by HR (40). One method to measure HR repair is the combination of a 

green fluorescent protein (GFP) reporter gene with an I-SceI endonuclease expression 

vector in which the frequency of reconstitution of the reporter gene is examined (121). 

Pandita et al. (2006) showed that Rad9A silencing induces a three to four-fold decrease 

in the number of GFP-positive cells (I-SceI-induced HR was measured by the detection 

of GFP positive cells with dual-color flow cytometry) when compared with non-silencing 

control, further indicating that Rad9A is required for HR repair (39). Rad51 is a protein 

involved in homologous pairing and DNA strand transfer in HR (122), and Rad9A has 

been shown to interact with Rad51 in human embryonic kidney (HEK) 293 cells (39),  

also suggesting a Rad9A role in HR repair (39,40).  
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The Tsai et al. (2014) study demonstrated that Rad9A (9-1-1 complex) is part of 

the DSB-end resection process in HR (123). Rad9A recruitment to DSB-end resection 

requires the previous participation of Brca1 and CtIP (123). Rad9A C-terminal is not 

required for its function in the DNA-end resection process, and it is also independent of 

the ATR-signaling pathway (123). It was also found that Rad9A interacts with BRCA1 

and DNA replication ATP-dependent helicase/nuclease 2 (DNA2) (123). Rad9A-Brca1 

interaction seems to be transient while Rad9A-DNA2 interaction is enhanced by DNA 

damage (123). Rad9A function in the DSB-end resection process is important for the cell 

to commit to HR pathway and to avoid using the less faithful alternative non-homologous 

end joining pathway (123).  

 

2.1.4.3.2.2 Rad9A and DNA mismatch repair  

Rad9A interacts with human MutL protein homolog 1(hMLH1) through S160 

(41). MLH1 is a component of the DNA mismatch repair (MMR) pathway (124). 

Exposure to DNA alkylating agents such as  N-nitroso-N-methylurea (MNU) or Methyl 

methanesulfonate (MMS) activate the MMR system (125,126). It has been shown that the 

Rad9A-hMLH1 interaction increases in HeLa cells exposed to MNU or MMS (41). 

Deletion of Rad9 gene in mouse embryonic stem (MES) cells expressing an EGFP vector 

with a T: G mismatch-corrupted start codon showed significantly lower MMR activity 

when compared with wild type. Reconstitution of mouse or human Rad9 proteins in MES 

cells with a deleted Rad9 gene restored the MMR activity to the levels of wild type MES 
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cells (41). The results suggest that Rad9A is involved in the DNA mismatch repair 

pathway. 

 

2.1.4.3.2.3 Rad9A and base excision repair     

Rad9 is involved in base excision repair (BER) as part of the 9-1-1- complex 

(127–131), and independently through its interaction with Neil1 DNA glycosylase in 

mouse embryonic stem (mES) cells or transactivation of NEIL1 in human prostate cells 

(42). NEIL1 DNA glycosylase targets and removes DNA damage bases in the initial step 

of base excision repair (132). Rad9 N-terminal interacts with Neil1 protein and prevents 

its proteasomal degradation in mES cells (42). Rad9A binds to the p53 consensus 

sequences of NEIL1 promoter region in human prostate cancer lines, DU145, and 

increases NEIL1 protein levels (42). The 9-1-1 complex interacts and stimulates the 

activity of different components of the long- patch BER (LP-BER) (128–131). The LP-

BER is a back-up pathway in BER for the short-patch BER (SP-BER, one nucleotide). 

The LP-BER processes the replacement of two to ten nucleotides (133,134). The 9-1-1 

complex interacts and stimulates 8-oxoguanine DNA glycosylase, Flap endonuclease 1 

(FEN1), DNA polymerase β and DNA ligase I (128–131). These results indicate that 

Rad9 is required for the base excision repair pathway in mouse and human cells. 

 

2.1.4.3.2.4 Rad9A and nucleotide excision repair    
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Rad9 is required for the nucleotide excision repair pathway (NER) after exposure 

to UV light or the DNA-damaging agent BPDE (anti-benzo(a)pyrene-trans-7,8-

dihydrodiol-9,10-epoxide) in mouse and human cells (43). DDB2 and XPC proteins are 

initiation factors for NER pathway after UV light exposure (135). DDB2 and XPC are 

required for the phosphorylation and recruitment of  ATR and ATM to DNA damage 

sites (135). The inhibition of Rad9A with siRNA reduces XPC and DDB2 expression in 

Human Embryonic Kidney 293 (HEK293T) cells  exposed to UV light (43). It is also 

observed a reduced expression of  DDB2 with Rad9A inhibition in untreated HEK293T 

cells (43). Rad9A protein regulates DDB2 transcriptional activation through the 

consensus p53 response element in the promoter region of DDB2 (43). Interestingly, it 

was observed that Rad9A C-terminal phosphorylations and arginine methylations are not 

required for Rad9A transcriptional activation of  DDB2 (43). These results indicate that 

Rad9A is required in the nucleotide excision repair pathway.  

 

2.1.4.3.2.5 Rad9A and microhomology-mediated end joining  

The 9-1-1 complex is involved in the microhomology-mediated end joining 

(MMEJ) (116). The NHEJ repair pathway requires Ku and DNA ligase IV proteins (136). 

The MMEJ is a DSBs joining mechanism that is independent of the Ku and DNA ligase 

IV proteins (136). It is proposed that in case of MMEJ, the exposed microhomology 

regions (DNA resection) are annealed, a gap is generated in each DNA strand, and then, 

the gap is filled by a DNA polymerase (137). The DNA polymerase λ (DNA pol λ ) is 

able to promote annealing and elongation of 3′-ssDNA strands with terminal 
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microhomology (116). The 9-1-1 complex interacts with  the catalytic domain of DNA 

pol λ (C-terminal) and catalyzes its processivity (116). These results suggest that Rad9A 

as a component of the 9-1-1 complex is involved in the MMEJ repair mechanism for 

DSBs repair.  

  

2.1.4.3.3 Rad9A and genomic stability preservation 

Rad9A is required to prevent genomic instability and inactivation increases end-

to-end chromosome fusions and chromosomal breaks (39). Telomere instability also 

leads to genomic instability and end-chromosome fusions and breaks (138,139). Rad9A 

interacts with telomeric repeat-binding factor 2 (TRF2). TRF2 is part of the telomere 

nucleoprotein complex for telomere protection (140,141).  Because telomerase activity is 

not affected by Rad9A silencing, TRF2–Rad9A interaction is suggested to be part of the 

DNA damage response in telomere maintenance (39).   

 

2.1.4.3.4 Rad9A and gene transactivation 

Rad9A regulates the cyclin-dependent kinase inhibitor 1 (p21) via gene 

transactivation (87). The p21 protein inhibits cyclin-CDK2, cyclin-CDK1, and cyclin-

CDK4/6 complexes to prevent cell progression from G1 to S-phase (142). Rad9A binds 

the p53 consensus sequence in the p21 promoter region and positively regulates gene 

activity. This suggests that Rad9A may regulate the transition between G1 and S phases 

by controlling p21 using a similar mechanism to the one observed in the case of p53  
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(88). Furthermore, Ishikawa et al. (2007) found that the direct interaction between Rad9A 

and p53 may affect p53-mediated transactivation of p21. Rad9 silencing in TP53-

deficient murine embryonic fibroblasts (MEF) exposed to UV light showed an increase in 

p21 mRNA when compared with controls, further suggesting a role of Rad9A as a 

modulator in p21 transactivation that is independent of p53 (87). In addition to p21, 

Rad9A has been shown to transactivate other genes. Yin et al. (2004) were able to 

demonstrate that Rad9A overexpression in the H1299 lung cancer cell line up-regulates 

ADMR, KLF12, KpnI repeat mrna, MAP2K5, pp3227 and SATB1 genes (88).       

 

2.1.4.3.5 Rad9A and ribonucleotide synthesis 

Carbamoyl phosphate synthetase/aspartate transcarbamoylase/dihydroorotase 

(CAD) is a multi-enzymatic protein that is required for the synthesis of pyrimidine 

nucleotides and cell growth (143) The carbamoyl phosphate synthetase II (CPSase) is a 

domain of CAD that catalyzes the synthesis of pyrimidine nucleotides (144). Free Rad9A 

N-terminus interacts with CPSase domain of CAD in the cytoplasm and this interaction 

increases CPSase activity by two fold. These results suggest a role for Rad9A in 

ribonucleotide synthesis. It is still unclear however whether this Rad9A function 

participates in a DNA damage response to help cells to cope with genotoxic stress or  is 

involved in a process directed to maintain cellular homeostasis in undamaged cells (85).   

 

2.1.4.3.6 Rad9A and embryonic development  
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Hopkins et al. (2004) demonstrated that mouse rad9 is essential for embryonic 

development after implantation. Rad9 deletion in mouse rad9-/- embryos results in 

embryonic death between days 9 and 12. Mouse homozygous mutant embryos (Mrad9-/-) 

demonstrate midgestational death of embryos with increased apoptosis and reduced 

cellular proliferation (86). 

 

2.1.4.3.7 Rad9 and male fertility 

Mouse Rad9 (mRad9) is required for mouse male fertility and DNA damage 

repair during meiosis. Mouse Rad9 levels increase at the onset of meiosis and peak 

during the late pachytene and diplotene stages in male germ cells (89). The small 

ubiquitin-related modifier protein 1 (SUMO1) is involved in spermatogenesis with 

different roles (145). SUMO1 functions are related with sex chromosome silencing, 

spermatid microtubule nucleation, and nuclear reshaping (145). SUMO1 protein 

colocalizes and accumulates to XY body in pachytene stage of meiosis (146). Mouse 

Rad9 localizes primarily to the XY body in mid-pachytene stage (89) and this association 

is confirmed with its colocalization with SUMO1 at the same time (89). TopBP1 is 

involved with ATR in the mammalian meiotic recombination checkpoint (147). Germ 

cells with ablated Rad9a show a reduction in TopBP1 levels, with TopBP1 confinement 

to the axes of XY chromosomes in the sex body (89). Mouse Rad9 localization at the XY 

body during the pachytene stage, and the reduced localization of TopBP1 at XY 

chromosomes in spermatogonia when Rad9a is deleted, suggests mRad9 involvement in 

the formation and maintenance of the XY body (89).  Adult mice with Stra8-Cre driven 
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germ cell-specific ablation of Rad9a (in undifferentiated spermatogonia) show increased 

death of spermatogenic cells due to apoptosis. Mouse Rad9 deficient spermatocytes arrest 

in the pachytene stage of meiotic prophase. In addition, Rad9a deletion in spermatocytes 

increases the accumulation of γ-H2AX and DMC1 (Dosage Suppressor of Mck1) foci on 

the axes of autosomal chromosomes suggesting reduced reparation of DNA breaks. These 

results show that mRad9 is necessary for proper correction of DSBs in prophase I. Mice 

with germ cell-specific ablation of Rad9a are infertile or sub-fertile. Rad9a deletion in 

germ cells also leads to smaller testes and a reduced number of germ cells. Together, 

these results suggest that mRad9 is essential for spermatogenesis (89). 

 

2.1.5 Rad9A and cancer 

2.1.5.1 RAD9A: an oncogene or a tumor suppressor gene  

Several different kinds of cancer cells and tumors show increased or reduced 

Rad9A levels. Rad9A overexpression plays a role in increasing tumor presentation but 

also reduced Rad9A levels affect DNA reparation and genomic stability.   

It has been reported that Rad9A can act as an oncogene (11,148). Each of 

prostate, thyroid, breast and lung cancers have been shown to exhibit aberrantly high-

Rad9A levels (148–152). Zhu et al. (2008) reported a strong statistically significant 

correlation between high-Rad9A levels and prostate cancer stage in prostate tumor biopsy 

material. Prostate cancer lines (CWR22, DU145, LNCaP, and PC-3) also have very high 

levels of Rad9A protein (149). It was also shown that  DU145 cells present 
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hypermethylation of the CpG islands of the second Rad9A intron (Rad9A transcription 

suppressor site) and treatment with the demethylating agent 5’-aza-2’-deoxycytidine and 

dramatically reduced Rad9A levels (149). Additionally, it was determined that Rad9A is 

amplified in PC-3 cells suggesting this as a contributor factor for the increased Rad9A 

protein levels (149). The reduction of Rad9A levels using small interfering RNA 

(siRNA) diminish or eliminate cell tumorigenicity when injected into nude mice (149). 

Rad9A inhibition with siRNA in the DU145 human prostate cancer cell line prevents 

tumor development following injection into nude mice (149). Rad9A silencing inhibits in 

vitro proliferation of MCF-7 human breast carcinoma cells (148). A functional 

association between increased Rad9 protein levels and presentation of prostate tumors 

has been observed, since Rad9A overexpression increased the tendency of PWR-1E 

immortalized human prostate cells to form tumors when injected into nude mice (149). 

As described before, Rad9A overexpression increases the  expression of multiple genes 

(ADMR, KLF12, KpnI repeat mrna, MAP2K5, pp3227 and SATB1) (88), and may  lead to 

increased transactivation of oncogenes or genes involved in cell growth (11).  

Rad9 has also been reported to function as a tumor suppressor (11). Reduced 

Rad9 levels increase sensitivity to genotoxic agents, impair cell cycle checkpoints, affect 

DNA repair and promote genomic instability (10,11,153,154). Mammalian Rad9 

functions are essential for cells to cope with DNA damage. MES cells with ablated Rad9 

show impaired G2/M checkpoint activation, increased genomic instability and generation 

of nonviable embryos following exposure to genotoxic agents (86). MEFs and 

thymocytes from mice haploinsufficient for ATM and Rad9 show increased retention of 

DSBs and reduced apoptosis increasing the risk of genomic instability (153). DNA 
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damage processing requires Rad9 following carcinogenic exposure. Mice with mRad9-/- 

keratinocytes exposed to the carcinogen 7, 12-dimethylbenz[a]anthracene (DMBA) on 

the skin show earlier presentation of tumors and skin plaques when compared with 

mRad9+/+ or mRad9+/- mice. Rad9 deletion also increases spontaneous and DMBA-

induced DNA DSBs (154). Rad9A expression is downregulated in breast and lung cancer 

tissues (155). Rad9A overexpression induces senescence in lung cancer cells (H1299 

cells) and breast cancer cells (MDA-MB 231) by the upregulation of p21 (155).  

Interestingly, increased Rad9A levels are present when the protein functions as an 

oncogene, while decreased Rad9A levels  lead to a reduction in checkpoint control, DNA 

repair, genome stability and reduced programed cell death (10,11). Thus, RAD9A belongs 

in a small subset of genes, including CAV1, TGF-b, E2F1, and NOTCH1, that have dual, 

opposing cancer roles as oncogenes or tumor suppressors (11).   

 

2.1.5.2 Rad9A phosphorylation in cancer cells 

Increased Rad9A levels and Rad9A hyperphosphorylation are consistently 

observed in lung cancer studies. Maniwa et al. (2005) found that in a set of 48 tumors 

from patients with non-small cell lung carcinoma (NSCLC) 33% of the samples showed 

increased Rad9A nuclear localization and increased Rad9A levels with 

hyperphosphorylated forms of the protein (156). Increased Chk1 phosphorylation was 

correlated with increased Rad9A expression in NSCLC cells. It has been suggested that 

increased Rad9A levels combined with increased Chk1 phosphorylation are part of the 

cell damage checkpoint response to cope with an increased genomic instability observed 
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in NSCLC cells (156). In addition, Ki-67 antigen, a nuclear protein associated with cell 

proliferation, was also found to be significantly accumulated in samples with high Rad9A 

levels (156).  

A study with 37 sets of breast tumor and adjacent normal breast tissues detected a 

predominantly nuclear localization of Rad9A in cancer cells (152). This study also 

observed increased expression of Rad9A mRNA with hyperphosphorylated Rad9A forms 

in malignant cells (152). Cell lysates of normal human cells treated with phosphatase and  

run in an 8% SDS-PAGE acrylamide gel, show that Rad9A decreased in size from 62 

kDa to 45 kDa indicating that Rad9A is phosphorylated at multiple sites (14). In the case 

of breast cancer cells, an additional 48 kDa Rad9A form is detected from cell lysates 

treated with λ phosphatase, indicating that Rad9A is subjected to extra post-translational 

modifications in addition to phosphorylation in transformed cells (152). Studies from 

lung or breast cancer tumors suggest that Rad9A phosphorylation increases in response to 

increased levels of DNA damage found in cancer cells  (152,156).  

In addition to an increased Rad9A phosphorylation, a single nucleotide 

polymorphism (SNP) detected in Rad9A gene is associated with cancer.  Rad9A was not 

found to be mutated or deleted in 50 cases of lung adenocarcinoma (150). However, a 

non-synonymous single-nucleotide polymorphism (SNP) was found at the second 

position of codon 239 in 16% of samples. An A to G substitution in one allele that 

produces a His/Arg heterozygous is observed in this SNP. Samples with His239Arg SNP 

do not demonstrate increased Rad9A messenger RNA (mRNA) levels. (150).  
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Rad9A can act as an oncogene or a tumor suppressor (11,148,149). Undesired 

Rad9A overexpression favors cell transformation in prostate and breast cancers (148) 

(149), and the opposite increases sensitivity to genotoxic agents by impairing checkpoint 

activation and DNA repair, which may lead to increased genomic instability 

(10,11,153,154).   

 

2.2 Chk1 protein 

The human CHK1 gene encodes the Chk1 protein, a homolog of 

Schizosaccharomyces pombe Chk1 protein kinase. The CHK1 gene is located in 11q24.2 

chromosome and encodes a protein of  476-amino acids with a predicted molecular size 

of 54 kDa (157). Human Chk1 protein has a highly conserved N-terminal kinase domain 

(1-265 residues) (158). The less conserved Chk1 C-terminal region is a regulatory 

domain that controls the kinase activity (158). Chk1 regulatory domain has an SQ/TQ 

domain (317–383 residues) that contains the ATR phosphorylation sites, S317 and S345 

(Figure 2.2) (159). 

 

2.2.1 Chk1 phosphorylation and activation 

Chk1 activation by ATR after DNA damage is conserved from yeast to humans 

(160). ATR phosphorylates Chk1 at S317 and S345 (SQ sites) in response to genotoxic 

stress (83,161). Chk1 autophosphorylation on S296 following DNA damage is dependent 

on the S317 and S345 phosphorylations (Figure 2.2B) (162). 
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Figure 2.2 –Chk1 domains and Chk1 activation phosphorylations. (A) Chk1 kinase 

domain is located in the N-terminal and Chk1 C-terminal controls Chk1 kinase activity. 

(B) Chk1 C-terminus domain possesses an SQ/TQ domain with the ATR phosphorylation 

sites (S317 and S345). Chk1 autophosphorylation on S296 after DNA damage is 

dependent on S317 and S345 phosphorylations(162). Chk1 phosphorylation on S345 

requires previous phosphorylation on S317 (173). Initially, checkpoint activation 

involves Chk1 phosphorylation on S317, and full checkpoint activation requires Chk1 

phosphorylation on S345. Chk1 distal C-terminal region is necessary to form an active 

configuration for full phosphorylation on S345. 

 

 

Figure 2.17 –Chk1 domains and Chk1 activation phosphorylations. (A) Chk1 kinase 

domain is located in the N-terminal and Chk1 C-terminal controls Chk1 kinase activity. 

(B) Chk1 C-terminus domain possesses an SQ/TQ domain with the ATR phosphorylation 

sites (S317 and S345). Chk1 autophosphorylation on S296 after DNA damage is 

dependent on S317 and S345 phosphorylations(162). Chk1 phosphorylation on S345 

requires previous phosphorylation on S317 (173). Initially, checkpoint activation 

involves Chk1 phosphorylation on S317, and full checkpoint activation requires Chk1 

phosphorylation on S345. Chk1 distal C-terminal region is necessary to form an active 

configuration for full phosphorylation on S345. 

 

 

Figure 2.18 –Chk1 domains and Chk1 activation phosphorylations. (A) Chk1 kinase 

domain is located in the N-terminal and Chk1 C-terminal controls Chk1 kinase activity. 

(B) Chk1 C-terminus domain possesses an SQ/TQ domain with the ATR phosphorylation 

sites (S317 and S345). Chk1 autophosphorylation on S296 after DNA damage is 

dependent on S317 and S345 phosphorylations(162). Chk1 phosphorylation on S345 

requires previous phosphorylation on S317 (173). Initially, checkpoint activation 

involves Chk1 phosphorylation on S317, and full checkpoint activation requires Chk1 

phosphorylation on S345. Chk1 distal C-terminal region is necessary to form an active 
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Chk1 phosphorylation requires the previous activation of the ATM-Rad9A-

TopBP1-ATR-Chk1 pathway. In addition to ATR activation other proteins are also 

involved in Chk1 activation, including Claspin, Brca1, and the Tim (Timeless) and Tipin 

(Tim–Tipin) complex. Chk1 activation requires the adaptor checkpoint protein Claspin 

(163–165) while Brca1 is necessary for Chk1 phosphorylation and Claspin stabilization 

(166,167). It has also been shown that Rad9A is required for Claspin localization (168).   

Tim–Tipin complex facilitates the phosphorylation of Chk1 by ATR (169).  ATR 

activation requires p300 and CREB acetyltransferases after replication stress block (170).  

Initial checkpoint activation involves Chk1 phosphorylation at S317; subsequent 

phosphorylation at S345 leads to full checkpoint activation (171,172). Phosphorylation at 

S345 requires the prior phosphorylation at S317 (173). The Chk1 distal C-terminal region 

helps Chk1 to adopt an active configuration for complete phosphorylation at S345 

(173,174). Chk1 mutation at S317 (S317A) impairs the G2/M checkpoint, and a mutation 

at S345 (S345A) results in a loss of all checkpoint control and affects cell viability 

(Figure 2.2B) (172). 

 

2.2.2 Chk1 activation in S-phase and G2/M checkpoints 

Following exposure to genotoxic stress in S-phase, Chk1 phosphorylates Cdc25A  

leading to its rapid degradation (18).  This in turn prevents the dephosphorylation and 

activation of Cdk1 (Y15) to prevent DNA synthesis (18–21). Chk1 activation causes the 

release of the replication factor Cdc45 impairing its functions in the unwinding of origin 

DNA, binding of DNA polymerases (origin firing) and replication elongation (175–177). 
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The Chk1 kinase transduction effect on G2/M arrest is mediated by the activation 

of the kinase Wee1 and the deactivation of the phosphatase Cdc25C.  Together, this leads 

to the prevention of Cdk1/cyclin B1 complex activation. An activated Wee1 

phosphorylates and inactivates Cdk1 at pY15 (178–182). Chk1 phosphorylation of 

Cdc25C (S216) creates a docking site for 14-3-3 proteins (183). Kumagai et al. (1998) 

showed that 14-3-3 epsilon and zeta proteins handle this process in Xenopus (184). 

Binding of 14-3-3 proteins to Cdc25C leads to export of the complex to the cytoplasm, 

blocking Cdk1 dephosphorylation and activation (20,157,185,186).  

Control of Chk1 activity is precisely tuned to ensure a proper transition between 

G2 and M phases. At the onset of mitosis, polo-like kinase 1 (PLK1) phosphorylates the 

Claspin N-terminus at the β-Transducin Repeat-containing Protein (βTrCP) recognition 

motif to promote Claspin interaction with βTrCP ubiquitin ligase, leading to Claspin 

degradation and Chk1 inactivation (165). During late G2 phase, the protein kinase B 

(AKT/PKB) prevents Chk1 activation (187,188). In early mitosis, Cdk1 phosphorylates 

Chk1 on S286 and S301 to prevent Chk1 activation (189). 

 

2.2.3 Control of Chk1 activity  

Chk1 is in a closed conformation in the absence of DNA damage.  In this 

conformation, the active site of the kinase domain is inaccessible, preventing unwanted 

activation that could lead to continuous checkpoint activation and cell death (173).  The 

interaction between the Chk1 N and C termini provides a stable conformation for Chk1. 
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ATR phosphorylation of Chk1 disrupts this interaction, leading to the exposure of the 

Chk1 catalytic region and allowing for Chk1 activation (190,191).  

Chk1 cellular localization is also important for checkpoint function. Exposure to 

DNA damaging agents causes the release of Chk1 phosphorylated forms from chromatin 

and transfers the DNA damage signal to downstream targets (192).  An example of a 

Chk1 cytoplasmatic substrate is the Cyclin B/Cdk1 complex, in which Chk1 association 

with centrosomes prevents early Cyclin B/Cdk1 complex activation leading to premature 

centrosome localization (193). The Chk1 C-terminus possesses two highly conserved 

motifs, CM1 (located between 371 and 383 residues) and CM2 (located between 438 and 

456 residues), that are required for Chk1 localization. CM1 is needed for the nuclear 

export signal and CM2 for nuclear localization signal. CM1 and CM2 domains work 

coordinately to control the shuttling of Chk1 between the nucleus and cytoplasm. Chk1 

localization to chromatin is required for its phosphorylation, and its functions as a 

transducer in DNA damage signal pathways requires its release from chromatin to 

nucleus and cytoplasm (194). 

Chk1 levels are regulated by proteasomal degradation to control the checkpoint 

response. Exposure of normal or transformed human cells to the anticancer agent 

camptothecin (500 nM) for 8 h in S-phase, activates Chk1 destruction. Chk1 

phosphorylation (pS345) by ATR activates Chk1, but also marks the protein for 

polyubiquitination and degradation in the cytoplasm, a process which involves the E3 

ubiquitin ligases, Cul1 and Cul4A (Cullin-4A) (195,196). 
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A short splice version of Chk1 (Chk1-S) is an N-terminal truncated version of 

Chk1 that helps to control Chk1 activation and the proper transition between S-phase and 

mitosis. Chk1 levels peak at mid-S-phase while Chk1-S levels increase in S phase and 

mitosis. Chk1-S associates with Chk1 during an unperturbed cell cycle but dissociates 

from Chk1 after DNA damage. The Chk1-S -Chk1 association impairs Chk1 kinase 

activity in vitro. Chk1-S binds Chk1 with mutated S317 and S345 sites in cells subjected 

to DNA damage, indicating that Chk1 phosphorylation at S317 and S345 residues 

prevents such association (197). 

 

2.2.4 Chk1 and cancer  

Different kinds of tumors show Chk1 overexpression. Chk1 overexpression in 

hepatocellular carcinoma cells is a predictor of poor clinical outcome (198). Colorectal 

cancer cells also commonly show increased Chk1 levels (199). Chk1 expression levels in 

gastric cancer are significantly higher when compared with normal tissue (200). Patients 

with a poor prognosis in cervical cancer have significantly increased expression in Chk1 

levels and Chk1 phosphorylation (pS345) in their malignant tissues (201). Lastly, 

nasopharyngeal carcinoma tumor cells also express high levels of Chk1 (202). 

Grade 3 breast carcinomas with a triple-negative ER-/PR-/HER-2- phenotype 

exhibit Chk1 overexpression (203). This is interesting since the triple-negative ER-/PR-

/HER-2- phenotype is the most common histological subtype observed in BRCA1 

mutation carriers (204), and Brca1 E3 ligase is involved in the ubiquitination and 

stabilization of Claspin, an essential coactivator of Chk1 (167).  
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 Chk1 induced expression contributes to cell transformation when combined with 

an oncogene (205). Transgenic mice with an extra copy of Chk1 gene (Chk1Tg) show 

higher levels of phosphorylated Chk1 following exposure to genotoxic agents, and also 

respond better to DNA damage after replicative stress (205). High levels of Chk1 

expression favors cell transformation by helping MEFs to cope with the replication stress 

induced by oncogenes. For example, Chk1Tg MEFs transfected with the Ras/E1A 

oncogene plasmid demonstrate increased cell proliferation when compared with wild type 

MEFs transfected with the same oncogene plasmid (205).   

Cancer cell resistance to therapy is associated with increased Chk1 activation 

(206). Radioresistant CD133+ glioma cells show significantly increased Chk1 activation 

(pS345) when exposed to IR. Combined treatment of IR and the Chk1/Chk2 inhibitor 

debromohymenialdisine (DBH), renders CD133+ glioma cells radioresistant (206). Acute 

myeloid leukemia (AML) cells with complex karyotypes show the highest resistance to 

chemotherapeutic treatment with the nucleoside analogue 1-β-D-

arabinofuranosylcytosine (ara-C) and exhibit significantly higher activation of Chk1 

(207). NSCLC-SC resistant to chemotherapeutic drugs (cisplatin, gemcitabine or 

paclitaxel) also exhibit sustained Chk1 activation. Tumor growth of NSCLC-SC resistant 

cells is eliminated with the combination of a Chk1 inhibitor, AZD7762, and 

chemotherapy while chemotherapy is ineffective by itself (208).  These results indicate 

that an increase in Chk1 activation provides survival advantages to cancer cells allowing 

then to cope with endogenous and exogenous genotoxic stress.  
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2.2.5 Chk1 and Chk2 crosstalk  

Ionizing radiation exposure primarily triggers the ATM-Chk2 pathway (209–

211), while exposure to Ultraviolet (UV) light and arrest in DNA synthesis primarily 

activates the ATR-Chk1 pathway (83,210,212).  Originally these checkpoint pathways 

were considered separate, but accumulating evidence shows crosstalk and 

interdependencies between them. For example, Chk1 is activated after ionizing radiation 

exposure, and Chk1 phosphorylation (S317) requires the ATM and NBS1 proteins (213). 

Even more, Chk1 silencing affects S-phase and G2/M checkpoints in HeLa cells exposed 

to IR exposure (213). The collaboration of Chk2 and Chk1 in Cdc25A phosphorylation 

also accelerates phosphatase degradation to prevent Cdk2 activation after IR exposure 

(214). Ataxia-telangiectasia-mutated protein (ATM) phosphorylates and activates both 

Chk2 and Chk1 after IR exposure indicating the kinase involvement in both checkpoint 

pathways (214). ATM and ATR collaborate to phosphorylate Chk2 on T68 after IR or 

UV exposure (215). The transducers, Chk1 and Chk2 phosphorylate p53 protein on S20 

after IR for p53 stabilization (216).  

 The intricate crosstalk between Chk1 and Chk2 is also observed using gene 

deletion studies in mice. Chk1 deficiency in mouse T cells increases phosphorylation on 

Chk2 and p53 and also induces cell apoptosis (217). Mice with a Chk2 deficiency have 

also been shown to exhibit increased phosphorylation of Chk1 (217). Lastly, deletion of 

Chk1 and Chk2 in mice decreases p53 phosphorylation and reduces cell apoptosis (217).  

The lack of one of these proteins increases the activity of the other and may be this is a 

mechanism of compensation. In summary, the different components of ATM-Chk2 and 
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ATR-Chk1 pathways work together to ensure a proper activation of the different DNA 

damage responses (Figure 2.3). 

 

2.3 Brca1 protein 

The human breast cancer 1, early onset (BRCA1) gene is located on 

chromosome17q21 (218,219). The BRCA1 gene was identified through the 

characterization of germline mutations in breast and ovarian cancer patients (218,219). 

The BRCA1 gene encodes Brca1protein, a tumor suppressor. The Brca1 protein is 1863-

amino acids long with a predicted molecular size of 220 kDa (218,220). The Brca1 N-

terminal region has a ring finger domain with E3 ubiquitin ligase activity for protein 

ubiquitination (218,221–224).  The N-terminus also contains two nuclear localization 

sequences between residues 503 to 508 (KRKRRP) and 606 to 615 (PKKNRLRRKS) 

(225). The Brca1 C-terminal region has a BRCT domain that interacts with a 

phosphorylated motif (pS-X-X-F) on proteins involved in cell cycle control (29–33). The 

Brca1 C-terminal BRCT-mediated interaction with BACH1 (BTB and CNC Homolog 1), 

CtIP, ABRA1 and CCDC98 is mutually exclusive, suggesting that Brca1 partners may 

serve as adaptors proteins for targeting Brca1 to specific substrates (31–33,226) (Figure 

2.4A).  

Brca1 has been ascribed roles in multiple cellular functions, including checkpoint 

activation, DNA damage repair and cell apoptosis (111,227–233). This literature review 
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Figure 2.3 – Crosstalk between ATR-Chk1 and ATM-Chk2 pathways. ATM 

phosphorylates and activates Chk1 and Chk2 after IR exposure. ATR 

phosphorylates Chk2 and Chk1 after IR or UV light exposure. Cdc25A rapid 

degradation after IR exposure requires Chk2 and Chk1 phosphorylation. 

Chk1 and Chk2 mediate p53 stabilization by its phosphorylation on S20 after 

IR exposure. Chk1 is required for S-phase and G2/M checkpoints after IR. 

Accumulative evidence shows that ATR-Chk1 and ATM-Chk2 pathways 

complement each other to generate a response after DNA damage. 

 

Figure 2.32 – Brca1 functional domains with phosphorylations mediated 

by ATM and ATRFigure 2.33 – Crosstalk between ATR-Chk1 and ATM-

Chk2 pathways. ATM phosphorylates and activates Chk1 and Chk2 after IR 

exposure. ATR phosphorylates Chk2 and Chk1 after IR or UV light 

exposure. Cdc25A rapid degradation after IR exposure requires Chk2 and 

Chk1 phosphorylation. Chk1 and Chk2 mediate p53 stabilization by its 

phosphorylation on S20 after IR exposure. Chk1 is required for S-phase and 

G2/M checkpoints after IR. Accumulative evidence shows that ATR-Chk1 

and ATM-Chk2 pathways complement each other to generate a response 

after DNA damage. 

 

Figure 2.34 – Brca1 functional domains with phosphorylations mediated 

by ATM and ATRFigure 2.35 – Crosstalk between ATR-Chk1 and ATM-

Chk2 pathways. ATM phosphorylates and activates Chk1 and Chk2 after IR 

exposure. ATR phosphorylates Chk2 and Chk1 after IR or UV light 

exposure. Cdc25A rapid degradation after IR exposure requires Chk2 and 

Chk1 phosphorylation. Chk1 and Chk2 mediate p53 stabilization by its 

phosphorylation on S20 after IR exposure. Chk1 is required for S-phase and 

G2/M checkpoints after IR. Accumulative evidence shows that ATR-Chk1 

and ATM-Chk2 pathways complement each other to generate a response 

after DNA damage. 
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Figure 2.4 – Brca1 functional domains with phosphorylations mediated by ATM and 

ATR. (A) The Brca1 N terminus has a RING domain (that associates with Bard1 and two 

nuclear localization sequences The Brca1 C-terminus has a coiled-coil domain that 

associates with PALB2 (PALB2 associates and localizes Brca2) and a BRCT domain  

that binds phosphorylated cell cycle proteins (BACH1, CtIP, ABRA1 or CCDC98). (B) 

Brca1 is phosphorylated in multiple sites by ATM and ATR in the S/TQ cluster domain 

(SCD) between 1280 and 1524 residues after genotoxic stress. ATM and ATR 

phosphorylate Brca1 on S1423 and S1457 after DNA damage. ATM phosphorylates 

Brca1 on S1387 after IR exposure. ATR phosphorylates Brca1 on S1524 after IR and UV 

light exposure. Figure adapted from (227) 
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will focus on the Brca1 functions related to checkpoint activation, and more specifically 

the function of Brca1 as an E3 ubiquitin ligase in S-phase and G2/M checkpoints.  

Brca1 localization to DSBs is a complex process (234,235). Following exposure 

to genotoxic stress and generation of DSBs, H2AX is phosphorylated by ATM and ATR 

on S139 (236). This phosphorylated form of the histone (γ-H2AX) then recruits MDC1 

(237). The ring-finger ubiquitin ligase, RNF8, localizes to DSBs through MDC1 and 

catalyzes the polyubiquitination of γH2AX (238). Receptor-associated protein 80 

(RAP80) targets the Brca1-Bard1 heterodimer complex and the de-ubiquitinating enzyme  

BRCC36 (BRCA1/BRCA2-containing complex subunit 36) to Lys6- and Lys63-linked 

polyubiquitin chains that are associated with the MDC1-γH2AX complex (32,239). Brca1 

translocation to DSBs also requires its association with ABRA1, CCDC98, and Ubc13 

(Ubiquitin-conjugating enzyme E2 N) proteins (32,33,235,240,241).  

Brca1 is required for S-phase and G2/M checkpoint activation after IR exposure 

(242,243). Brca1 is phosphorylated at multiple sites after DNA damage, and these 

phosphorylations are required for Brca1 function in checkpoint activation (244–248). 

Multiple residues within the S/TQ cluster domain (SCD; residues 1280 to 1524) of 

BRCA1 are phosphorylated by ATM and ATR (Figure 2.4B) (230). ATM phosphorylates 

Brca1 on S1387, S1423 and S1457 after IR exposure, and S1423 after UV light exposure 

(244–247). ATR phosphorylates Brca1 on S1423, S1457, and S1524 after UV light 

exposure, and in the case of IR exposure on S1423 and S1524 (244–247).  Xu et al. 

(2001) showed that Brca1 phosphorylation of S1387 is required for S-phase checkpoint 

while Brca1 phosphorylation of S1423 is required for the G2/M checkpoint (242,249). 
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ATM phosphorylations on S1423 and S1524 of BRCA1 are involved in Caspase-3 

activation (249,250).  

The breast cancer cell line HCC1937 is derived from a germ-line BRCA1 

mutation carrier, and synthesizes a non-functional Brca1 with a truncated C-terminal 

(251). HCC1937 cells show defective S-phase and G2/M checkpoints (242,243).  The 

expression of wild type Brca1 in HCC1937 cells restores S-phase and G2/M checkpoint 

activation after DNA damage (242,243), whereas expression of mutated Brca1 (S1423A) 

does not (242). The expression of wild type Brca1 in HCC1937 cells also significantly 

reduces their sensitivity to γ radiation exposure, while expression of Brca1 with point 

mutations at S1423 and S1524 (S1423A and S1524A) does not (243). In summary, Brca1 

phosphorylations after damage are important for S-phase and G2/M checkpoint 

activation. 

In addition, Brca1 is also required for the phosphorylation of multiple proteins 

during checkpoint activation (30), including ATM and ATR phosphorylation of p53 

(S15) c-Jun (S63), NBS1 (S343) and Chk2 (T68) after IR or UV light exposure (252). 

Brca1 is also required for the ATM-dependent phosphorylation of CtIP after IR exposure 

(252). 

Stabilization of Brca1 during S-phase is produced by its association with Bard1 

(222,244). Brca1 and Bard1 form a heterodimeric RING finger complex through their N-

terminal regions (222). The Brca1-Bard1 association increases both proteins’ stability 

and ubiquitin ligase activity (222). The heterodimer complex catalyzes the formation of 

the unconventional K6-linked polyubiquitin chains, and this kind of polyubiquitinated 
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chains can confer a unique effect on the properties of their substrates (221). Indeed, 

Brca1-Bard1 association induces Brca1 autoubiquitination with K6-linked chains that 

leads to Brca1 stabilization and increases its E3 ligase activity (221–224), and Brca1 

ubiquitination of CtIP after DNA damage increases CtIP association to chromatin 

(226,253–255).  

Brca1 is also required for S-phase and G2/M checkpoint maintenance (166,256). 

The effector kinase Chk1 requires Brca1 for its activation after genotoxic stress 

(166,256). Claspin is required for Chk1 activation after DNA damage (257,258) while 

Chk1 activation is required for Claspin stabilization (259). Claspin interacts with Brca1 

and is required for Brca1 phosphorylation on S1524 by ATR after DNA damage (258). 

Sato et al. (2012) show that Brca1-Bard1 E3 ligase ubiquitinates Claspin after genotoxic 

stress (167), and this ubiquitination leads to Claspin stabilization and Chk1 activation 

(167). The Brca1-Bard1 heterodimer complex ubiquitinates Claspin N-terminal K60 and 

adjacent residues (K54, K55, and K57), allowing Claspin accumulation (167). Brca1 is 

also required for the release of activated Chk1 to mediate Cdc25C phosphorylation at 

S216 and promote Cdc25C sequestration in the cytosol  (166). 

Brca1 also controls the expression of essential proteins for G2/M transition 

following recovery from DNA damage (256). During this process, the phosphatase 

Cdc25C dephosphorylates Cdk1 (Y15 ) inducing Cyclin B1 activation and cell cycle 

progression (260). Yarden et al. (2002) showed that the stable expression of wild type 

Brca1 in HCC1937 cells reduces Cyclin B1 and Cdc25C levels following exposure to IR 

(256). After DNA damage, the Brca1 E3 ubiquitin ligase catalyzes the polyubiquitination 
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of Cdc25C and Cyclin B1 targeting them for degradation to prevent entry into mitosis 

(261). As part of the protein ubiquitination process, an activated ubiquitin is transferred 

from an E2 ubiquitin-conjugating enzyme to its substrate by an E3 ubiquitin ligase (262). 

Brca1-Bard1 heterodimer E3 ring interacts with the E2 ubiquitin-conjugating enzyme 

UbcH1(ube2k) in vitro (263,264). The E2 ubiquitin-conjugating enzyme UbcH1 

produces a polyubiquitinated chain from monoubiquitinated Brca1 through Lys48 links in 

vitro (264). Brca1 has been shown to interact with the E2-activating enzyme UbcH1 to 

mediate Cyclin B1 polyubiquitination (261) on residues K16, K18, K63, K64 or K67 

(261). Following IR exposure, HCC1937 cells expressing wild type Brca1 and Cyclin B1 

with point mutations of lysine residues K16, K18, K63, K64 or K67 (K-X-R) show  

reduced accumulation during the G2/M transition when compared with cells expressing 

wild type Brca1 and wild type Cyclin B1 (261).  

 

2.4 Hypothesis and specific aims 

After DNA damage, both an early phosphorylation (pS272) and a late 

phosphorylation (undefined residue) of Rad9A are detected (14,15). ATM is responsible 

for the rapid phosphorylation of Rad9A on S272 after IR exposure (16). By contrast 

much less is known about the Rad9A late phosphorylation. What is known is that this late 

phosphorylation requires prior phosphorylation on S387, and it is not observed in 

overexpressed Rad9A (15). This suggests that Rad9A late phosphorylation requires the 

prior activation of the ATM-Rad9A-TopBP1-ATR-Chk1 pathway (15). Since Chk1 itself 

is a kinase, it is a candidate for performing the late damage phosphorylation on Rad9A. 
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Rad9A-S237 site has the consensus motif SI that is preferred by Chk1 (28), and it could 

be phosphorylated by Chk1 after DNA damage for Rad9A stabilization. On the other 

hand, Rad9A-S237 residue also presents the SXXF consensus motif, and it could bind the 

BRCT domain of the Brca1 C- terminal (29–33) allowing this E3 ligase to catalyze 

Rad9A polyubiquitination for its degradation.  

 We hypothesize that Rad9A is hyperphosphorylated by Chk1 after DNA damage 

as a positive feedback mechanism, and that this leads to Rad9A stabilization and 

accumulation, and enhanced Chk1 activation (Figure 1.1).  

Specific aims: 

1. Determine whether Rad9A phosphorylation leads to its accumulation after 

DNA damage.  

2. Determine whether Chk1 activation is required for Rad9A stabilization and 

accumulation after DNA damage. 

3. Determine if Rad9A is polyubiquitinated and degraded at the moment of 

checkpoint recovery when Chk1 is deactivated. 

4. Identify the E3 ligase involved in Rad9A (poly) ubiquitination. 

5. Determine the phosphorylation sites involved in Rad9A stabilization. 
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Chapter 3 

Materials and Methods 

3.1 Cell culture 

HeLa Tet-Off (HTO) cells were established according to the manufacturer’s 

instructions as described previously (15). HTO cells allow for the expression of Rad9A 

transfected point mutants at near physiological levels. We use them for a variety of 

experiments described here to study endogenous and exogenous Rad9A. Ataxia 

telangiectasia (AT) cells (CRL-7201) were obtained from the ATCC cell repository 

(Manassas, VA). HTO and AT cells were cultured in Dulbecco’s modified Eagle’s 

medium (Sigma-Aldrich, Oakville, Canada) with 10% fetal bovine serum (Invitrogen, 

Burlington, Canada), and grown in a humidified environment at 37°C and 5% CO2.  HTO 

cells were supplemented with 100 µg/mL G418 (geneticin) sulfate (BioShop, Burlington, 

Canada). In the case of experiments conducted with exogenous Rad9A, HTO cells were 

maintained as mention above with Fetal Bovine Serum for Cell Culture (Tetracycline-

Free) from Clontech (631106) (Mountain View, CA, USA). The human retinal pigment 

epithelial cells, which stably expresses the human telomerase reverse transcriptase 

subunit (hTERT-RPE1, CRL-4000), were obtained from the ATCC cell repository 

(Manassas, VA).  hTERT-RPE1 cells were maintained in Dulbecco’s modified Eagle’s 

medium/F-12 medium (Sigma-Aldrich, Oakville, Canada), with 10% fetal bovine serum 

(Invitrogen) and grown in a humidified environment at 37°C and 5% CO2.    
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3.2 Cell synchronization  

HeLa Tet-Off or hTERT-RPE1 cells were synchronized at G1/S border with a 

single 18 h thymidine block (2 mM). Then, cells were washed once with 5 mL of 

phosphate-buffered saline (PBS) and released for 2 h in 5 mL of fresh media.    

3.3 Drug treatments and irradiation 

The DNA damage agent bleomycin sulfate (Bioshop, Burlington, Canada) was 

dissolved in sterile saline (9 g/L NaCl) at a stock concentration of 10 mg/mL. Cells were 

treated with bleomycin at ~ 50% confluence. The Chk1 inhibitor UCN-01 (265) (Sigma-

Aldrich, Oakville, Canada) was dissolved in DMSO at a stock concentration of 1 mM and 

further diluted at a final concentration of 300 nM in complete media. Cycloheximide 

(CHX), Ready-Made Solution (Sigma-Aldrich, Oakville, Canada) is a 100 mg/ml CHX 

solution in DMSO (C4859) that was further diluted at a working concentration of 100 

µg/ml in complete media. Cells were exposed to 100 µg/ml CHX or DMSO.  MG132, 

Ready Made Solution (Sigma-Aldrich, Oakville, Canada) is a 10 mM MG132 solution in 

DMSO (M7449) that was further diluted to a working concentration of 10 µM in 

complete media. Cells were treated with 10 µM MG132 or DMSO. The histone 

deacetylase inhibitor Panobinostat (LBH-589) (266) (Selleck Chemicals from Cedarlane, 

Burlington, Ontario, Canada) was dissolved in DMSO at a stock concentration of 40 mM 

and further diluted at a final concentration of 50, 100 or 200 nM in complete media.  All 

experiments used the appropriate solvent for untreated control samples. Cells were 

exposed to 10 Gy of IR using a Victoreen Electometer 137Cs γ-irradiator at a dose rate of 

0.45Gy/min (Atomic Energy of Canada, Mississauga, ON). 
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3.4 Immunoprecipitations and Immunoblotting 

Cell harvesting was performed by washing cells once with 5 mL of PBS, 

incubating in 2 mL of 2X trypsin for 5 min at 37°C, and collecting the cells by adding 5 

mL PBS. Cells were lysed in NETN buffer [10% glycerol, 120 mM NaCl, 20 mM Tris-

HCl (pH 8.0) and 0.5% NP40] supplemented with 2X Halt™ Protease Inhibitor Cocktail-

EDTA-Free (Thermo Fisher Scientific, Ottawa, Canada), 416 mM  β-glycerophosphate, 5 

mM CaCl2, 25 mM MgCl2 and 100 U DNase I per mL (Thermo Fisher Scientific, 

Ottawa, Canada). Cells were lysed for 20 min at room temperature (RT) and mixed by 

softly inverting the tube every 5 min. At the end of incubation, EDTA (1 mM) was added 

to stop DNase activity. Cell lysates were centrifuged at 16,000 x g for 15 min at 4°C. 

Soluble cell lysates were recovered without disturbing the pellet and the total protein was 

determined using the DCTM protein assay kit (Bio-Rad, Mississauga, ON).  Samples were 

equalized for protein content based on this assay. An equal volume of 3X SDS-PAGE 

sample buffer was added to each sample, and heated at 95°C for 5 min. Samples were 

resolved on an 8% SDS-PAGE acrylamide gel and transferred to a Hybond nitrocellulose 

membrane (G.E. Healthcare, Mississauga, Canada) using a Criterion™ Blotter cell (Bio-

Rad) for 18 h at 19 V.  Membranes were then blocked in 5% non-fat milk powder 

(Bioshop, Burlington, Ontario) or 5% bovine serum albumin (Bioshop) in PBST (PBS/ 

0.1% TWEEN 20) for 30 min at RT. Blocked membranes were incubated overnight with 

primary antibodies (Table 3.1) at 4°C on a Nutator Mixer.  The next day, membranes 

were washed briefly three times with PBST, then three more times for 5 min each at RT 

on a rocking platform (a VWR rocking platform model 200). Membranes were incubated 

with HRP-conjugated secondary antibodies (Table 3.2) in PBST for 1 h at RT on a  
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Table 3.1 – Primary antibodies used in immunoblotting. 

 

 

Antibody Type Dilution 

conditions 

Company / Catalog # 

Mouse Anti-

hRad9A 

mouse 

monoclonal IgG1 

1:1500 in 2% 

BSA, O/N, 4°C 

BD Transduction laboratories 

611324 

Rad9 (M-389) rabbit polyclonal 

IgG 

1:1000 in PBST, 

O/N, 4°C 

Santa Cruz 

sc-8324 

BRCA1 (D-9):  mouse 

monoclonal IgG2a 

1:500 in 2% 

BSA, O/N, 4°C 

Santa Cruz  

sc-6954 

Cdc25C Antibody 

(C-20)  

rabbit polyclonal 

IgG 

1:1000 in PBST, 

O/N, 4°C 

Santa Cruz  

sc-327 

Phospho-Chk1 

(Ser317) 

rabbit polyclonal 

IgG 

1:1000 in 5% 

BSA, O/N, 4°C 

Cell Signaling 

2344 

Anti-GAPDH 

antibody 

chicken 

polyclonal IgY 

1:10,000 in 

PBST, O/N, 4°C 

Abcam 

ab15822 

Anti-Ubiquitin rabbit polyclonal 

IgG 

1:1000 in PBST, 

O/N, 4°C 

Abcam 

ab7780 

Phospho-Rad9-

S272  

rabbit polyclonal 

IgG 

1:1000 in 2% 

BSA, O/N, 4°C 

ABGENT 

AP3232a 

Anti-Chk1 

antibody [AF7H4] 

mouse 

monoclonal IgG1 

1:1000 in PBST, 

O/N, 4°C 

Abcam 

ab80615 

Anti-Rad1 

antibody  

mouse 

monoclonal IgG3 

1:1000 in PBST, 

O/N, 4°C 

Abcam 

ab76830 

Anti-HUS1 

antibody  

rabbit polyclonal 

IgG 

1:1000 in PBST, 

O/N, 4°C 

Abcam 

ab96297 

Anti-Cdc25C 

(phospho S216) 

antibody [E190]  

rabbit monoclonal 

IgG 

1:1000 in PBST, 

O/N, 4°C 

Abcam 

ab32051 

Anti-Lamin B1 rabbit polyclonal 

IgG 

1:1000 in PBST, 

O/N, 4°C 

Abcam 

Ab16048 

Acetylated-Lysine 

Antibody 

rabbit polyclonal 

IgG 

1:1000 in PBST, 

O/N, 4°C 

Cell Signaling 

9441 

Phospho-specific 

Anti-hRad9 S237 

rabbit polyclonal 

IgG 

1:250 in 2% 

BSA, O/N, 4°C 

GenScript 

439731_1 



 

56 

 

Table 3.2 – HRP-conjugated secondary antibodies used in immunoblotting. 

 

 

 

 

 

 

 

 

 

 

Antibody Dilution conditions Company / Catalog # 

Peroxidase-

conjugated 

AffiniPure Donkey 

Anti-Mouse IgG 

(H+L) 

1:7,500 for Mouse Anti-hRad9A 

1:10,000 for BRCA1 (D-9), Anti-

Chk1 antibody [AF7H4] and Anti-

Rad1 antibody  

All in PBST, 1 h , RT  

Jackson ImmunoResearch 

715-035-150 

Peroxidase-

conjugated 

AffiniPure Goat Anti-

Chicken IgY 

(IgG)(H+L) 

1:10,000 in PBST, 1 h , RT Jackson ImmunoResearch 

103-035-155 

Goat Anti-Rabbit IgG 

(H + L)-HRP 

Conjugate 

1:20,000 for Rad9 (M-389), Cdc25C 

Antibody (C-20), Anti-Cdc25C 

(phospho S216) antibody, and 

Phospho-specific 

Anti-hRad9 S237 

1:30,000 for Phospho-Chk1 

(Ser317), Phospho-Rad9-S272 and 

Anti-HUS1 antibody  

1:10,000 for Anti-Ubiquitin and 

Anti-Lamin B1 

1:25,000 for Acetylated-Lysine 

All in PBST, 1 h, RT 

Bio-Rad  

170-6515 
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rocking platform. Immunoblots were briefly washed three times with PBST and three 

times for 5 min at room temperature on a rocking platform. Membranes were incubated 

for 5 min at RT with SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher 

Scientific Inc., Ottawa, Canada). Membranes’ chemiluminescence signal was detected by 

exposure to UltraCruz™ Autoradiography Film (Santa Cruz Biotechnology, Santa 

Cruz,CA, USA). Alternatively, chemiluminescence signal was detected using a Kodak 

image station 4000mM Pro (Rochester, NY, USA). Densitometry analysis was performed 

using images obtained from a Kodak image station 4000mM Pro and the Carestream 

Molecular Imaging software, Version 5.0 (Carestream Molecular Imaging, New Haven, 

CT). 

For Rad9A immunoprecipitation, soluble supernatants were precleared with 100 

µL of PrecipHen® slurry (Aves Labs, Tigard, OR) per mL of cell lysate for 30 min at 

4°C on a Nutator Mixer (Becton Dickinson, Oakville, Canada). Affinity purified 

polyclonal chicken antibodies (7 µg) directed against Rad9A (Table 3.3) were added 

overnight to 1 mL of the precleared cell lysates on a Nutator Mixer at 4°C. 

Immunocomplexes (1 mL) were immunoprecipitated with 100 µL of PrecipHen® slurry 

(Aves Labs) (Table 3.3) for 6 hours on a Nutator Mixer at 4°C. Beads were washed once 

with 1 mL of cold NETN buffer without inhibitors and twice with 1 mL of cold PBS. 

Protein elution was performed by resuspending the beads in 100 µL of 1.5X SDS-PAGE 

sample buffer, and heating to 95°C for 5 min. 3XHA-Rad9A immunoprecipitation was 

performed overnight using 100 µl of Pierce Anti-HA Agarose slurry (Thermo Fisher 

Scientific Inc.) (Table 3.3) per 1 mL of the cell lysates on a Nutator Mixer at 4°C. The 

bead washes and protein elution was performed as described previously for endogenous  
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Table 3.3 – Antibodies and beads used in immunoprecipitations. 

 

 

 

Antibody / beads Type Conditions Company 

Affinity purified 

polyclonal chicken 

antibodies directed 

against Rad9A 

chicken polyclonal  

IgY  

 

7 µg of polyclonal chicken 

antibodies per 1 mL of cell 

lysate, O/N on a Nutator 

Mixer, 4°C. 

Polyclonal chicken 

antibodies raised 

against Rad9A as 

described 

previously (53). 

PrecipHen® 

(Agarose coupled 

Goat Anti-

Chicken) 

agarose-conjugated 

polyclonal goat 

anti-chicken IgY 

 

100 µL of PrecipHen® 

slurry per 1 mL of 

immunocomplexes, 6 h on 

a Nutator Mixer, 4°C. 

Aves Labs 

 P-1010 

 

Chk1 (FL-476)  rabbit polyclonal 

IgG 

 

2 µg of rabbit polyclonal 

antibodies per 1 mL of cell 

lysate, O/N on nutator, 

4°C 

Santa Cruz  

sc-7898 

Pierce Anti-HA 

Agarose 

mouse anti-HA 

IgG1 monoclonal 

antibody 

conjugated with  

agarose resin 

100 µL of Pierce Anti-HA 

Agarose of 50% slurry per 

1 mL of 

immunocomplexes, O/N 

on a Nutator Mixer, 4°C. 

Thermo Fisher 

Scientific Inc. 

26181 

BRCA1 (I-20)  rabbit polyclonal 

IgG 

2.5 µg of rabbit polyclonal 

antibodies per 1 mL of cell 

lysate, O/N on a Nutator 

Mixer, 4°C. 

Santa Cruz  

sc-646 

BRCA1 (Ab‐1) mouse monoclonal 

IgG1 

2.5 µg of mouse 

polyclonal antibodies per 1 

mL of cell lysate, O/N on 

a Nutator Mixer, 4°C. 

EMD Millipore 

OP92 

Protein A 

Sepharose   

Protein A-

Sepharose beads 

100 µL of 50% slurry per 

1 mL of 

immunocomplexes, 6 h on 

a Nutator Mixer, 4°C. 

Biovision 

6501-5 

Protein G 

Sepharose   

Protein G-

Sepharose beads 

100 µL of 50% slurry per 

1 mL of 

immunocomplexes, 6 h on 

a Nutator Mixer, 4°C. 

Biovision 

6511-5 
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Rad9A. Brca1 immunoprecipitation was performed using 2.5 µg of rabbit anti Brca1 

antibody (I-20) and 2.5 µg of mouse anti Brca1 antibody (OP92) (Table 3.3) per mL of 

precleared cell lysate. Immunocomplexes were immunoprecipitated with 100 µl of 50% 

slurry of an equal mix of protein A and protein G sepharose (Biovision, Milpitas, 

CA)(Table 3.3). Preclearing, incubation times, washes and elution were similar to the 

process used for Rad9A immunoprecipitation. Chk1 immunoprecipitation was performed 

with rabbit polyclonal anti Chk1 antibody (sc-7898) from Santa Cruz Biotechnology 

(Santa Cruz, CA, USA) (Table 3.3).  Chk1 immunoprecipitation was performed using 2 

µg of rabbit anti Chk1 antibody (Table 3.3) per mL of precleared cell lysate. 

Immunocomplexes were immunoprecipitated with 100 µl of 50% slurry of protein A 

sepharose (Biovision, Milpitas, CA) (Table 3.3). Preclearing, incubation times, washes 

and elution were similar to the process used for Rad9A immunoprecipitation.  

  In the case of immunoprecipitation in denaturing conditions, cells were lysed in 

denaturing buffer [1% SDS, 20 mM Tris-HCl (pH 8.0), 10% glycerol, 1 mM DTT, 15 

mM N-ethylmaleimide, 416  mM  β-glycerophosphate and 2X Halt™ Protease Inhibitor 

Cocktail-EDTA-Free (Thermo Fisher Scientific)]. Then, cell extracts were denatured by 

heating for 10 min at 95°C, and then, sonicated with 3 bursts of 5 seconds each (power 

setting 2 of Model 100 Ultrasonic Dismembrator, Fisher Scientific). Cell lysates were 

centrifuged at 16,000 x g for 10 min at room temperature, the supernatants were 

collected, and then, diluted with 9 vol of modified RIPA buffer (20 mM Tris-HCl (pH 

8.0), 0.5 mM EDTA, 150 mM NaCl, 0.5% Igepal CA-630, 10% glycerol, 10 mM N-

Ethylmaleimide, 0.5% BSA, 416 mM β-glycerophosphate and 2X Halt™ Protease 
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Inhibitor Cocktail-EDTA-Free (Thermo Fisher Scientific)]. Soluble cell lysates were 

normalized for total protein and immunoprecipitations were carried out as mention above. 

 

3.5 Cell cycle analysis 

Cell harvesting was performed as described previously (Section 3.4). Cells (1 

x106) were washed twice with 1 mL of PBS/0.1% FBS and fixed overnight with 70% 

ethanol at -20°C. Then, cells were washed 2X with 5 mL of cold PBS, resuspended in 1 

mL of PBS, 1% FBS, and 0.5 mg/mL RNase-A, and treated for 40 min at 37°C. Cells 

were collected by centrifugation, resuspended in 0.5 mL of PBS, 0.5 µg/mL propidium 

iodide and 0.1 mg/mL RNase A, incubated for 1 h and analyzed using a flow cytometer 

(Beckman Coulter EPICS ALTRA HSS, CRI, Kingston, ON).  

In the case of Dual BrdU-PI staining, the Cell Proliferation Labeling Reagent (GE 

Healthcare Life Sciences, Baie d’Urfe, QC) was added 1 hour before harvesting in a 

1:1000 dilution. Cells were fixed and treated with RNase-A as mention before. On the 

following day, cells were washed once with 3 mL of cold PBS, and then, incubated in 1 

mL of 2N HCl and 0.5% Triton X-100 (DNA denaturation solution) for 30 min at RT. 

Cells were centrifuged at 285 x g for 5 min at 4 °C to remove supernatant and 

resuspended in 3 mL of neutralization buffer (0.1M sodium borate, pH 8.5) for 30 

minutes at room temperature. Cells were washed once with 3 mL of PBS with 0.5% 

TWEEN 20 and resuspended with 200 µL of PBS with 0.5% TWEEN 20. Anti-BrdU 

FITC (eBioscience, San Diego, CA) was added (1 µg) to the cells, and then cells were 

incubated for 1 h at room temperature. Finally, cells were washed with 3 mL of cold PBS 
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and resuspended in 0.5 mL of PBS, 0.5 µg/mL propidium iodide (PI) and 0.1 mg/mL 

RNase A to be incubated for 1 h at 4°C before flow cytometry analysis. 

 

3.6 High salt and low salt extracts  

Cell harvesting and washes were performed as indicated for cell lysates. Cells 

(1×106) were resuspended by vortexing in 100 µL of cold low salt (LS) permeabilization 

buffer [10 mM HEPES (pH 7.4), 10 mM KCl, 0.5% Triton X-100, 1 mM EDTA, 2X 

Halt™ Protease Inhibitor Cocktail-EDTA-Free and 416  mM  β-glycerophosphate] and 

incubated for 10 min at 4 °C. Cell extracts were briefly vortexed and then centrifuged at 

1,000 x g for 5 min at 4°C. Low salt extracts were recovered without disturbing the 

pellet. The pellet was washed once with 100 µL of cold LS permeabilization buffer. The 

suspended pellet was centrifuged at 1,000 x g for 5 min at 4°C and LS permeabilization 

buffer was removed completely. The pellet was resuspended by vortexing in 50 µL of 

cold high salt (HS) permeabilization buffer [50 mM HEPES (pH 7.4), 1% Triton X-100, 

1 mM EDTA, 150 mM NaCl, 30 mM Na4P2O7, 10 mM NaF, 2X Halt™ Protease 

Inhibitor Cocktail-EDTA-Free and 416  mM  β-glycerophosphate] and incubated for 10 

min at 4 °C. Cell extracts were briefly vortexed and then centrifuged at 16,000 x g for 15 

min at 4°C. High salt extracts were recovered without disturbing the pellet. 3X SDS-

PAGE sample buffer (a half of the extract volume) was added to low and high salt 

extracts, and then, heated at 95°C for 5 min. Immunoblotting was performed as described 

previously (Section 3.4). 
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3.7 Plasmids and Site-directed Mutagenesis 

Rad9A was generated by PCR subcloning Rad9 cDNA (wild type) into the NheI 

and HindIII restriction sites of pTRE2 vector. Rad9A with a 3XHA tag (3X-human 

influenza hemagglutinin tag at C-terminal) was generated by PCR subcloning Rad9A 

cDNA (wild type) into the PacI and KpnI restrictions sites of pBluescript II KS (+) vector 

(containing a 3XHA tag). Then, 3XHA-Rad9A was PCR subcloned into the NheI and 

HindIII restriction sites of pTRE2 vector (Figure 3.1). All Rad9A or 3XHA point 

mutations were generated with the Transformer site-directed mutagenesis kit (BD 

Biosciences) according to the manufacturer’s instructions. 

 

3.8 DNA transfections 

Transient DNA transfections were performed using jetPRIME™ (Polyplus-

transfection) according to the manufacturer’s protocol. Briefly, 2 x 106 cells were seeded 

per 100 mm dish the day before. Cells were synchronized in S-phase by blocking with 2 

mM thymidine per 18 h and releasing 2 h in 10 mL of DMEM with 10% FBS. Then, 

transfection mix (15 µg of DNA and 45 µL of jetPRIME reagent in 500 µL of jetPRIME 

buffer) was added dropwise to the cells and left for 22 h. 

 

3.9 Short interfering RNA (siRNA) transfections  

Two validated Chk1 siRNAs were used to study the effects of Chk1 inhibition on 

Rad9A stabilization and accumulation. Chk1 siRNA AM51331 (C1) and Chk1 siRNA  
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Figure 3.1 – pTRE2-3XHA-Rad9A plasmid map. The regulatory protein of the Tet-Off 

System is the tetracycline-controlled transactivator (tTA). tTA is a 37-kDa fusion protein 

(1–207 amino acids of Tet repressor protein and the C-terminal of the Herpes simplex 

virus VP16 activation domain).  The response plasmid expresses a gene of interest 

(RAD9A) under the control of the tetracycline-response element (TRE). TRE consists of 

seven direct repeats of a 42-bp sequence containing the tet operator (tetO) and is located 

upstream of the minimal cytomegalovirus promoter (minCMV). In the Tet-Off System, 

tTA binds the TRE and activates the transcription of Rad9A in the absence of tetracycline 

or doxycycline (267).  
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AM51333 (C2) from Life Technologies (Burlington, ON) (Table 3.4). The negative 

control siRNA AM4611 from Life Technologies was used (Burlington, ON) (Table 3.4). 

Chk1 and the negative control siRNA transfections were performed using Lipofectamine  

2000 (Life Technologies) following manufacturer’s recommendations. Briefly, 1 x 105 

HeLa Tet-off cells were seeded per well (6-well plates) the day before transfection. Cells 

were transfected with 5 µl of Lipofectamine 2000 and siRNA at a final concentration of 

100 nM. The transfection mix was removed after 6 h, and transfected cells were 

synchronized (S-phase) 48 h later. 

Two validated TLK1 siRNAs (AM51333 and 4390824) and a non-silencing 

control siRNA (AM-4611) from Life Technologies (Burlington) were used to study the 

effects of TLK1 inhibition on Rad9A stabilization and accumulation (Table 3.4). TLK1 

and the negative control siRNA transfections were performed using Lipofectamine 2000  

 (Life Technologies) following manufacturer’s recommendations. Briefly, 1 x 105 HeLa 

Tet-off cells were seeded per well (6-well plates) the day before transfection. Cells were 

transfected with 3 µl of Lipofectamine 2000 and 40 pmol of siRNA. The transfection mix 

was removed after 6 h, and then, transfected cells were synchronized (S-phase). 

 A validated Brca1 siRNA was used to study the effects of Brca1 silencing on 

Rad9A. Brca1 siRNA B1 (B) was the FlexiTube siRNA, Hs_Brca1_15 from QIAGEN 

(Toronto, ON) (Table 3.4). As a non-silencing control (N), the AllStarts Negative Control 

siRNA from QIAGEN was used (Toronto, ON) (Table 3.4). Small interfering RNA 

transfections were performed using the HiPerFect Transfection Reagent (QIAGEN, 

Toronto, ON) following manufacturer’s recommendations. Briefly, 1 x 105 cells were 
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 Table 3.4 - Short interfering RNAs (siRNAs) used in this research. 

  

 

 

 

 

 

 

 

 

 

 

 

 

siRNA Sequence Company / Catalog # 

Chk1 siRNA (C1)  5’-GGAGAGAAGGCAAUAUCCATT-3’ Life Technologies 
AM51331 

Chk1 siRNA (C2) 5’-GGGAUAUUAAACCAGAAAATT-3’ Life Technologies 
AM51333 

Negative control 5’- AGUACUGCUUACGAUACGGTT-3’ Life Technologies 
AM4611 

TLK1 1 (T1) 5’-GGGUGGAAAUGGCUCAAGUTT-3’ Life Technologies 
AM51333 

TLK1 2 (T2) 5’-GCGACUAUUUUGAAUACCATT-3’ Life Technologies 
4390824 

FlexiTube siRNA, 
Hs_Brca1_15 

5’-ACCATACAGCTTCATAAATAA-3’ QIAGEN 
SI02664368  

AllStarts Negative 
Control siRNA 

5’-CAGGGTATCGACGATTACAAA-3’ QIAGEN 
SI03650318 
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seeded per well in six-well plates the day before the transfection. A volume of 6 µl of 

HiPerFect Transfection Reagent and a final concentration of 5nM for Brca1 siRNA B1 

(B1) were used to carry the transfection per well. The transfection mix was removed after 

24 h, and then cells were synchronized in S-phase.  
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Chapter 4 

Chk1 activation protects Rad9A from degradation as part of a positive 

feedback loop during checkpoint signaling 

4.1 DNA damage increases Rad9A phosphorylation and accumulation 

Rad9A shows a late phosphorylation after DNA damage (IR) in S-phase, and this 

phosphorylation requires the prior phosphorylation of Rad9A on S387 (14,15). Rad9A 

phosphorylation on S387 allows Rad9A and TopBp1 interaction, leading to the activation 

of a signal transduction pathway from Rad9A to TopBp1 to ATR to Chk1 (17,37,38). 

One interpretation of these results is that “downstream” Chk1 activation is required for 

Rad9A late-damage phosphorylation and stabilization, allowing us to hypothesize the 

existence of a feedback mechanism during checkpoint maintenance. Work described here 

is aimed at testing this hypothesis. 

Rad9A is phosphorylated on multiple sites during a normal cell cycle, and DNA 

damage increases Rad9A phosphorylation (15,16,46).  To better study late Rad9A 

hyperphosphorylation, we moved to using the radiomimetic drug bleomycin (BLEO), 

instead of IR.  BLEO induces DNA damage with the advantage that it can be removed 

from the cell's media to allow checkpoint recovery. By contrast, IR induces a single dose 

of DNA damage, which is repaired over an extended time period, making delineation of 

the “damage” and “recovery” phases more complicated. 

Synchronized HeLa Tet-Off cells were treated with increasing concentrations of 

BLEO for 20 h.  Increased Rad9A phosphorylation is observed after DNA damage, as 
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slow migrating forms of Rad9A detected by SDS-PAGE and immunoblot analysis 

(14,15). Slower migrating forms of Rad9A were detected after BLEO treatment, and this 

hyperphosphorylated band became more abundant with increasing concentrations of 

BLEO (Fig 4.1A). In addition to hyperphosphorylation, total Rad9A levels were 

increased with increasing BLEO concentration in cells exposed for 20 h (Figure 4.1A and 

B). 

To determine the state of Chk1 activation levels in this context, a phospho-

specific antibody directed against phosphorylated Chk1 S317 (171,172,194).  Results 

show that Chk1 activation (level of pS317) also increased with BLEO concentration 

under these conditions (Fig 4.1A and B). These results show that a prolonged exposure to 

a radiomimetic agent produces both the accumulation of hyperphosphorylated Rad9A 

forms and an increase in Chk1 activation. 

 

4.2 Release from bleomycin exposure reduces Rad9A levels   

Mailand et al. (2006) have previously reported that as cells recover from 

checkpoint arrest, Plk1 phosphorylation of Claspin mediates the Claspin / SCFβ-TrCP 

ubiquitin ligase interaction, leading to Claspin degradation and preventing Chk1 

reactivation (165). Since BLEO exposure in S-phase produces Rad9A accumulation, we 

hypothesized that removing the source of damage may also reduce Rad9A levels to allow 

for checkpoint recovery. To test this, synchronized HeLa Tet-Off cells were treated with 

BLEO for 8 h and released for up to 6 h. Bleomycin treatment for 8 h produced Rad9A 

accumulation, and removing BLEO from the cells leads to a rapid decrease in Rad9A 
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Figure 4.1 – Rad9A is accumulated and hyperphosphorylated in cells exposed to bleomycin 

for 20 h. HeLa Tet-Off cells synchronized to S-phase were harvested (-) or exposed to 

BLEO (10, 20, 40, 80 or 100 µg/mL) for 20 h, then harvested. (A) Cell lysates were 

immunoblotted with antibodies directed against the proteins indicated, and a representative 

immunoblot is presented. Slower migrating forms of Rad9A are indicated with an arrow. 

Cell cycle analysis was determined by DNA content assessed by flow cytometry of 

propidium iodide (PI) stained DNA. (B) Rad9A and Chk1 (pS317) relative levels are 

expressed as normalized values of optical density using Gapdh as the loading control. All 

error bars are the standard error of the mean (SEM) and were obtained from three 

independent experiments. Asterisks denote statistically significant differences. * denotes p 

< 0.05, ** denotes p < 0.01, *** denotes p < 0.001. Statistical analysis was performed via 

one-tailed Student’s t-tests. 
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levels (Figure 4.2A and B).  Chk1 activation is also decreased after BLEO removal 

(Figure 4.2A and B).  These results together show that the Rad9A accumulation and 

increased Chk1 activation observed after DNA damage are attenuated with the removal 

of the genotoxic agent. 

 

4.3 Rad9A polyubiquitination is prevented after DNA damage.  

The rapid reduction in Rad9A levels following BLEO removal suggests an active 

mechanism for protein degradation (Figure 4.2A and B). We hypothesized that Rad9A 

degradation could be mediated by the ubiquitin–proteasome pathway as part of a 

checkpoint recovery process (165,268,269). To study this possibility, HeLa Tet-Off cells 

(S-phase) were exposed to BLEO and released for various time periods of time (15 min, 

1, 2 or 6 h). Cell lysates were then immunoprecipitated (IP) with antibodies directed 

against Rad9A, and immunoblotted with antibodies directed against ubiquitin, Rad9A or 

phospho-S272 Rad9A.  We observed an increase in Rad9A ubiquitination as well as a 

reduction in Rad9A levels when cells were released from BLEO (Figure 4.2C). An 

increased monoubiquitination of phosphorylated Rad9A on S272 (Figure 4.2, see arrows) 

is observed when Rad9A is degraded (Figure 4.2A), indicating that the presence of this 

phosphorylation does not prevent the ubiquitination and degradation of Rad9A at 

checkpoint recovery.   

Since Rad9A associates tightly with Rad1 and Hus1 to form the 9-1-1 complex 

(12,13,53,58,59), we performed Rad9A immunoprecipitation under stringent denaturing 

conditions, to ensure that the ubiquitination pattern that we observed was 
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Figure 4.2 – Rad9A is polyubiquitinated and Rad9A levels are reduced when cells are 

released from bleomycin treatment. HeLa Tet-Off cells synchronized to S-phase were 

exposed to 100 µg/mL BLEO for 8 h and harvested (8+)  or exposed for 8 h, released for 

15 min, 1, 2 or 6 h, and harvested [BLEO (-): 15m, 1h, 2h, or 6h]. (A) Cell lysates were 

immunoblotted as described previously. Cell cycle analysis was determined by DNA 

content assessed by flow cytometry of propidium iodide (PI) stained DNA. (B) Rad9A 

and Chk1 (pS317) relative levels are expressed as normalized values of optical density 

using Gapdh as the loading control. All error bars are SEM and were obtained from three 

independent experiments. Asterisks denote statistically significant differences. * denotes 

p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001. Statistical analysis was performed 

via one-tailed Student’s t-tests. (C) Cell lysates were immunoprecipitated (IP) with 

antibodies directed against Rad9A. Then, immunoprecipitated proteins were 

immunoblotted as described previously. Arrows around 70 KDa indicate an increased 

ubiquitination of phosphorylated Rad9A on S272. 
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specific to Rad9A. Rad9A co-immunoprecipitation with Hus1 or Rad1 (IPND) was 

shown to be eliminated under these conditions (Figure 4.3A).  Asynchronous HeLa Tet-

Off cells were exposed to BLEO or ionizing radiation (10 Gy) and harvested 20 h later 

(Figure 4.3B), and subjected to Rad9A immunoprecipitation under denaturing conditions 

(IPD). Rad9A polyubiquitination was still observed in cycling cells, indicating that 

Rad9A is directly ubiquitinated. This polyubiquitination was reduced after DNA damage 

(Figure 4.3C), consistent with the results from immunoprecipitations performed under 

non-denaturing conditions. Together, these results show that Rad9A is polyubiquitinated 

in cycling cells, and that this is blocked during checkpoint arrest, leading to Rad9A 

stabilization. 

 

4.4 Chk1 inhibition increases Rad9A polyubiquitination and reduces Rad9A levels 

Prolonged BLEO exposure increases Chk1 activation and Rad9A accumulation 

(Figure 4.1A and B), and release from BLEO treatment reduces Chk1 activation and 

Rad9A levels (Figure 4.2A and B). Furthermore, it has previously been demonstrated that 

Chk1 activation is required for Claspin stabilization (259). Since Rad9A stabilization 

correlates with Chk1 activation, and Claspin stabilization requires Chk1 activation, we 

set out to determine whether Rad9A stabilization was also dependent on Chk1 activation. 

Sørensen et al. (2004) found that during physiological S-phase, Chk1 is activated in a 

‘surveillance mode’ to limit the rate of replication origin firing (84). To determine if 

Chk1 is required for Rad9A stabilization in S-phase, we used the Chk1 inhibitor UCN-01 

(265,270). HeLa cells synchronized to the G1/S border were released for 1 h, then 
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Figure 4.3 – DNA damage reduces Rad9A polyubiquitination. (A) Rad9A was 

immunoprecipitated from cell lysates of asynchronous HeLa Tet-off cells in non-

denaturing conditions (IPND) or in denaturing conditions (IPD). Then, Rad9A 

immunoprecipitates were immunoblotted as described previously. (B) Asynchronous 

HeLa Tet-off cells were exposed to 100 µg/ml BLEO or 10 Gy of IR and harvested 20 h 

later. Cell lysates were immunoblotted with antibodies directed against the proteins 

indicated. Cell cycle analysis was determined by DNA content assessed by flow 

cytometry of propidium iodide (PI) stained DNA.  (C) Cell lysates from the samples 

mentioned above were prepared in denaturing conditions and immunoprecipitated (IPD) 

with antibodies directed against Rad9A, and then, immunoblotted as described 

previously. Bracketed regions (* and **) indicate corresponding areas of overlap between 

protein bands detected with anti-ubiquitin and anti-Rad9A antibodies. 
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treated with UCN-01 and harvested 1 h later. Reduced Rad9A levels were observed when 

UCN-01 was added for 1 h in early S-phase (Figure 4.4A).  Cell lysates of these samples 

were also immunoprecipitated with antibodies directed against Rad9A. Immunoblotting 

shows increased Rad9A polyubiquitination when Chk1 is inhibited by UCN-01 in S-

phase (Figure 4.4B). These results indicate that Chk1 activation is required to maintain 

Rad9A steady-state levels and prevent an increased Rad9A polyubiquitination in S-phase. 

Given that Rad9A accumulates after BLEO exposure (Fig 4.1A and B), we set out 

to determine whether Chk1 inhibition by UCN-01 affects Rad9A accumulation following 

DNA damage. Synchronized HeLa Tet-Off cells (S-phase) were treated with BLEO for 4 

h alone or with UCN-01 (starting one hour before BLEO treatment). Rad9A appeared as 

a slower migrating form by immunoblot, and reduced levels when UCN-01 was added 

before BLEO treatment (Figure 4.4A). We also observed an increased Rad9A 

polyubiquitination when Chk1 is inhibited before BLEO treatment (Figure 4.4B). 

Increased Chk1 phosphorylation on S317 and reduced overall Chk1 levels were also 

observed when UCN-01 was added to the cells (1 or 5 h), which agrees with previous 

reports showing an increased phosphorylation of ATR substrates when Chk1 is inhibited 

(271–273). These results together show that prior Chk1 inhibition prevents Rad9A 

accumulation when cells are exposed to DNA damage.  

To determine if Chk1 inhibition could also prevent Rad9A accumulation during 

prolonged BLEO exposure (20 h), synchronized HeLa Tet-Off cells (S-phase) were 

treated with BLEO for 20 h alone or in combination of UCN-01. Rad9A, Chk1, and Chk1 

activation (pS317) showed a significant reduction when Chk1 is inhibited prior to a 
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Figure 4.4 – UCN-01 treatment reduces Rad9A levels and increases Rad9A 

polyubiquitination. (A) Synchronized HeLa Tet-off cells (G1/S-phase border) were 

released for 1 h and exposed or not to 300 nM UCN-01 (1 h) and harvested. 

Synchronized HeLa Tet-off cells (G1/S-phase border) were released for 2h and exposed 

to 100 µg/ml BLEO (4 h) or a combination of both (4h) and harvested (UCN-01 or 

solvent were added 1 h before BLEO). Cell lysates were immunoblotted as described 

previously. Rad9A relative levels are expressed as normalized values of optical density 

using GAPDH as the loading control. Cell cycle analysis was determined by DNA 

content assessed by flow cytometry of propidium iodide (PI) stained DNA.  (B) Cell 

lysates from the samples mentioned above were immunoprecipitated with antibodies 

directed against Rad9A. Immunoprecipitated proteins were immunoblotted as described 

previously. Bracketed regions (* and **) indicate corresponding areas of overlap between 

protein bands detected with anti-ubiquitin and anti-Rad9A antibodies. (C) Synchronized 

HeLa Tet-off cells (G1/S border) were released for 2 h and exposed to 100 µg/ml BLEO 

(20 h) or in combination with 300 nM UCN-01 (20 h) and harvested. DMSO (as UCN-01 

solvent) or UCN-01 were added 1 h before BLEO. Cell lysates were immunoblotted as 

described previously. Cell cycle analysis was determined by DNA content assessed by 

flow cytometry of propidium iodide (PI) stained DNA.  (D) Cell lysates from (C) were 

immunoprecipitated and immunoblotted as described previously. 
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prolonged BLEO treatment (Figure 4.4C). Rad9A immunoprecipitates that were 

immunoblotted with antibodies directed against Rad9A or ubiquitin, showed increased 

Rad9A ubiquitination with combined treatment of UCN-01 and BLEO for 20 h (Figure 

4.4D, see arrow). Altogether, these results show that Chk1 inhibition prevents Rad9A 

stabilization in S-phase, and when cells are exposed to DNA damage.  

 

4.5 Chk1 silencing with small interfering RNA (siRNA) reduces Rad9A stabilization and 

accumulation. 

UCN-01 is considered a specific inhibitor of Chk1 (265,270) but it has been 

demonstrated that it also inhibits protein kinase Cδ (PKCδ) (274), a kinase that 

phosphorylates Rad9A as part of the apoptotic response to DNA damage (47). To 

confirm that Chk1 is required for Rad9A stabilization in S-phase and accumulation after 

DNA damage, Chk1 protein levels were reduced with Chk1 small interfering RNA 

(siRNA) in HeLa Tet-Off cells , and then, the synchronized cells (S-phase) were exposed 

to BLEO (4 or 8 h). Under these conditions, Rad9A levels were reduced in S-phase when 

Chk1 levels are reduced (Figure 4.5A and B), and also, a reduction in Chk1 levels 

prevented Rad9A accumulation after BLEO exposure (Figure 4.5A and B).  Chk1 

inhibition with siRNA produced slower migrating forms of Rad9A when cells are 

exposed to BLEO (Figure 4.5A), and these slow migrating forms were similar to the ones 

observed with combined treatment of UCN-01 and BLEO (Figure 4.4A). These results 

confirm that Chk1 is required for Rad9A stabilization and accumulation. 
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Figure 4.5 – Reduction of Chk1 levels with Chk1 siRNA decreases Rad9A stability in S-

phase, and also, prevents its accumulation after DNA damage. HeLa Tet-Off cells were 

transfected with non-silence control (N) or a siRNA against Chk1 (C1 or C2).  Then, 

cells were synchronized in S-phase and harvested (-), exposed to 100 µg/ml BLEO for 4 

h (4+) and harvested or exposed to 100 µg/ml BLEO for 8 h (8+) and harvested. (A) Cell 

lysates were immunoblotted as described previously. (B) Rad9A (all Rad9A bands 

detected in the immunoblot were included in the densitometry analysis) relative levels are 

expressed as normalized values of optical density using Gapdh as the loading control. All 

error bars represent SEM from three independent experiments. Asterisks denote 

statistically significant differences. * denotes p < 0.05, ** denotes p < 0.01, *** denotes 

p < 0.001. Statistical analysis was performed via one-tailed Student’s t-tests. (C) hTERT-

RPE1 cells were transfected with non-silence control (N) or a siRNA against Chk1 (C1 or 

C2), and then, treated as described previously. Cell lysates were immunoblotted as 

described previously.   



 

83 

 

 

 

 

 

 

 

 

 



 

84 

 

To determine whether the stabilization of Rad9A by Chk1 was specific to HeLa 

Tet-Off cells, this experiment was repeated in the untransformed hTERT-RPE1 cell line 

that stably express the human telomerase reverse transcriptase subunit (Figure 4.5C). As 

was observed in Figure 4.5A, Rad9A levels were reduced with Chk1 siRNA in hTERT-

RPE1 cells exposed to BLEO (Figure 4.5C). All these results confirm that Chk1 is 

required for Rad9A stabilization and accumulation after DNA damage in both HeLa Tet-

Off cells and hTERT-RPE1 cells.   

 

4.6 Rad9A and Chk1 co-immunoprecipitate in both directions in S-phase 

Since Chk1 is required for Rad9A stabilization, it was next examined the 

possibility of an interaction between Rad9A and Chk1.  To determine if Rad9A and Chk1 

co-immunoprecipitate in both directions, synchronized HeLa Tet-Off cells (S-phase) 

were harvested, treated with BLEO (20 h and harvested) or exposed to IR (harvested 20 h 

later) (Figure 4.6A). Cell lysates were then immunoprecipitated (IP) with antibodies 

directed against Rad9A or Chk1. Rad9A immunoprecipitates immunoblotted with 

antibodies directed against Chk1 showed Chk1 co-immunoprecipitation (CO-IP) under 

all the conditions with the highest CO-IP observed in cells enriched in S-phase (Figure 

4.6B). In the case of Chk1 immunoprecipitation, Rad9A CO-IP was strong in cells 

synchronized in S-phase, and very weak or not detectable in cells exposed to BLEO or 

recovering from IR exposure (Figure 4.6C). These results together show Rad9A and 

Chk1 co-immunoprecipitation during S phase. 
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Figure 4.6 – Rad9A and Chk1 co-immunoprecipitate during S phase. 

Synchronized HeLa Tet-Off cells (S-phase) were harvested, exposed to 100 µg/ml 

BLEO for 20 h and harvested, or exposed to 10 Gy of IR and harvested 20 h later. 

(A) Cell lysates were immunoblotted with antibodies directed against the proteins 

indicated, and a representative immunoblot is presented.  Cell lysates were 

immunoprecipitated (IP) with antibodies directed against Rad9A (B) or Chk1 (C), 

and immunoblotted as described previously. 
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4.7 Rad9A degradation is not mediated by the proteasome system 

Rad9A accumulates after DNA damage, and this accumulation is dependent on 

Chk1 (Figure 4.1, 4.3 and 4.4). It was also observed that recovery from DNA damage and 

Chk1 inhibition with UCN-01 reduces Rad9A levels and increases its polyubiquitination 

(Figure 4.2 and 4.3). Many intracellular proteins are degraded by the ubiquitin 

proteasome pathway (UPP) (275) and proteins involved in Chk1 activation like Brca1 

and Claspin are degraded by the UPP (259,276). We wanted to test whether Rad9A is 

also degraded by this pathway during recovery from the checkpoint. Cycloheximide 

(CHX) is an antibiotic that inhibits protein synthesis (277) and MG132 is a proteasome 

inhibitor that prevents the degradation of ubiquitinated proteins (278). To determine if 

Rad9A was degraded by the UPP, asynchronous HeLa Tet-Off cells were exposed to 

cycloheximide (CHX), MG132 or a combination of both for different lengths of time. 

The cycloheximide treatment showed reduced Rad9A levels after 4 h (Figure 4.7A and 

B). Surprisingly, the MG132 treatment significantly reduced Rad9A levels after 1 h 

(4.7A and B), and the combined treatment of CHX and MG132 showed reduced Rad9A 

levels after 1 h (4.7A and B). These results show that Rad9A degradation is mediated by 

an active mechanism, and surprisingly, the MG132 proteasome inhibitor treatment 

reduces Rad9A half-life.  

Jacquemont et al. (2007) showed that the proteasome inhibitor, MG132, impairs 

the checkpoint activation that is observed after IR exposure (279), and since Chk1 is 

required for Rad9A stabilization and accumulation (Figure 4.4 and 4.5), the reduction of 

Rad9A levels produced by MG132 in asynchronous cells could be explained by the 
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Figure 4.7 – Exposure to MG132 reduces Rad9A half-life. (A) Asynchronous HeLa Tet-

Off cells were exposed to 100 µg/ml cycloheximide (CHX), 10 µM MG132 or a 

combination of both for the indicated periods of time and harvested. Cell lysates were 

immunoblotted as described previously. (B) Rad9A (all Rad9A bands detected in the 

immunoblot were included in the densitometry analysis) relative levels are expressed as 

normalized values of optical density using Gapdh as the loading control. All error bars 

represent SEM from three independent experiments. Asterisks denote statistically 

significant differences. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001. 

Statistical analysis was performed via one-tailed Student’s t-tests. 



 

89 

 

 

 

 

 

 

 

 

 



 

90 

 

impairment of the checkpoint (Figure 4.7A and B). To determine the effect of MG132 on 

Rad9A levels in the presence of DNA damage, synchronized HeLa Tet-Off cells (G1/S 

border) were exposed to DMSO or MG132 for 2 h, and then, BLEO was added for 4 or 8 

h. A reduction in Rad9A phosphorylation with Rad9A accumulation around 62 kDa was 

observed when MG132 was added before BLEO (4 or 8 h).  Reduction in Chk1 

phosphorylation (S317), Cdc25C phosphorylation (S216) and Cdc25C levels in the 

combined treatment of MG132 and BLEO after 8 h was observed (Figure 4.8A). A small 

reduction of Rad9A levels was observed when MG132 was added prior to BLEO (Figure 

4.8A and B). Cell cycle analysis of these cells showed a reduction of cells in S-phase and 

an increased number of cells in G1-phase (Figure 4.8C). These results are consistent with 

previous results that report checkpoint impairment in cells treated with MG132 and then 

exposed to IR (279). A reduced Chk1 activation (pS317) (Figure 4.8A), and an impaired 

DNA damage checkpoint response when MG132 is added before BLEO (Figure 4.8C) 

suggests that Rad9A levels are reduced under these conditions because Rad9A 

stabilization requires previous Chk1 activation. The Panigrahi et al. (2015) study showed 

stable Rad9 levels in Rad9+/+ mES cells when exposed to different doses of MG132 for 4 

h (42). It is interesting to observe that MG132 treatment has a different effect in Rad9A 

levels in HeLa cells exposed or not to DNA damage (Figure 4.7 and 4.8). Embryonic 

stem cells present particular cell cycle adaptations that contrast with somatic cells (280). 

In fact mouse Rad9−/− ES cells are viable while somatic cells not (42). Rad9A stability 

depends on Chk1 activation in somatic cells (Figure 4.4 and 4.5) but it seems different for 

Rad9 in mES cells.  All these results together show that Rad9A is involved in an active 

degradation process, but that process is not mediated by the proteasome system. 
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Figure 4.8 – Exposure to MG132 reduces Rad9A phosphorylation and impairs 

checkpoint activation in cells exposed to bleomycin. Synchronized HeLa Tet-Off cells 

(G1/S border) were exposed for 2 h to DMSO or 10 µM MG132. Then, 100 µg/ml BLEO 

was added to the cells for 4 h (4+) and harvested or 8 h (8+) and harvested. (A) Cell 

lysates were immunoblotted as described previously. (B) Rad9A (all Rad9A bands 

detected in the immunoblot were included in the densitometry analysis) relative levels are 

expressed as normalized values of optical density using Gapdh as the loading control. All 

error bars represent SEM from three independent experiments. All error bars represent 

SEM from three independent experiments. All error bars represent SEM from three 

independent experiments. Asterisks denote statistically significant differences. * denotes 

p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001. Statistical analysis was performed 

via one-tailed Student’s t-tests. (C) The cell cycle of cells from (A) was determined by 

labeling and staining the cells with BrdU, staining total DNA with propidium iodide, and 

performing flow cytometry analysis. 
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Chapter 5 

Rad9A phosphorylation on S328 and S237 reduce Rad9A nuclear 

retention while the phosphorylation on S272 increases Rad9A nuclear 

retention 

Rad9A stabilization and accumulation is mediated by Chk1 activation, as part of a 

feedback loop during checkpoint activation (Chapter 4).  Rad9A accumulation and 

increased Chk1 activation occur together after long exposure to BLEO (Figure 4.1) 

suggesting a link between these processes. This idea is supported by the fact that loading 

of the 9-1-1 complex onto DNA is required for Chk1 activation (17,37,38), and Chk1 

activity is required for Rad9A stability (Chapter 4).   

Mechanistically, Chk1 could stabilize Rad9A directly by phosphorylating it (15), 

or indirectly by phosphorylating another protein or proteins to prevent Rad9A 

destabilization (56,57). A combination of direct and indirect processes is also possible.  

Since both increased phosphorylation and accumulation of Rad9A are observed together 

after prolonged exposure to BLEO (Figure 4.1), phosphorylation of Rad9A is a likely 

mechanism by which its stability could be regulated.  Several candidate residues for 

phosphorylation make sense within such a model.  Rad9A stabilization following DNA 

damage could be mediated by early phosphorylation on S272 (16).  Alternatively, the late 

phosphorylation(s) (undetermined site) (15) could be critical. Based on the work in 

Chapter 4, Chk1 is a candidate for the late phosphorylation of Rad9A after DNA damage, 

and a possible site for this phosphorylation is S237.  S237 exists in a context that presents 

a consensus substrate motif for phosphorylation by Chk1 (SI) (28). Phosphorylation of 
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Rad9A on S328 and T355 have been linked to the Tlk1 kinase (14,15,56,57). Since Chk1 

phosphorylates and temporarily inhibits TLK1 kinase activity after genotoxic stress 

(281), and S328 and T355 phosphorylations, appear to destabilize Rad9A (56,57), 

phosphorylation at these sites would result in an indirect mechanism for Rad9A 

stabilization by Chk1 (281).  The work described in this chapter will focus on these four 

residues, and show how an alteration of these residues leads to changes in Rad9A 

activation following DNA damage. 

Treating cells with DNA damaging agents leads to loading of the 9-1-1 complex 

onto DNA, which results in forms of Rad9A that can only be extracted under high-salt 

conditions (54). In addition, Rad9A has been shown to accumulate increasing levels of 

phosphorylated forms on DNA at IR doses as high as 50 Gy, suggesting a very large pool 

of available Rad9A in undamaged cells (54). Rad9A that is not part of a loaded 9-1-1 

complex can be extracted under low-salt conditions.  Thus, Rad9A nuclear retention has 

been used to distinguish inactive (unbound) Rad9A that can be extracted from cells with 

low salt (LS) buffer, and active (DNA-associated 9-1-1 complex) that can only be 

extracted by a high salt (HS) buffer (54). Increased Rad9A levels in high salt extracts are 

observed after cell exposure to ionizing radiation or hydroxyurea consistent with an 

increased nuclear retention of the protein after DNA damage (54).  The work in this 

chapter test the hypotheses that phosphorylation of S272 and S237 are required for 

Rad9A nuclear retention and accumulation, while phosphorylation of S328 and T355 act 

to reduce Rad9A nuclear retention and lead to Rad9A destabilization. 
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5.1 Rad9A phosphorylation on S328 reduces Rad9A nuclear retention 

TLK1 phosphorylates Rad9A on S328 (56), and this phosphorylation is suggested 

to promote the release of the 9-1-1 complex from DNA after DNA repair (282). Also, 

Zhan et al. (2012) showed that cyclin A-Cdk2 phosphorylates Rad9A on S328 to promote 

Rad9A translocation to the cytoplasm as part of an apoptotic response (45). Rad9A T355 

phosphorylation is also suggested as a Rad9A modification for 9-1-1 complex unloading 

from DNA at checkpoint recovery (57). We speculate if Rad9A phosphorylation on S328 

or S355 reduce the protein nuclear retention to promote Rad9A (9-1-1 complex) 

unloading. We also speculate if  Chk1 increases Rad9A nuclear retention by preventing 

S328 and T355 phosphorylations (TLK1 kinase inactivation) (283). Initially, 3XHA-

Rad9A was used to study the effects of phosphorylation site mutations in the protein 

nuclear retention after DNA damage. HTO cells were transiently transfected with 3XHA-

Rad9A with point mutations S272A, S328A, T355A or S237A. Cells were synchronized 

(S-phase) and exposed to BLEO (4h) or a combination of UCN-01 and BLEO (4h). LS 

and HS extracts were subsequently produced and subjected to immunoblotting against 

HA (Rad9A), Lamin B1 or Gapdh (Figure 5.1). Most 3XHA-Rad9A was extracted with 

LS buffer, and this agrees with previous studies that showed that most of total Rad9A is 

still unbound to DNA even after a high dose of IR (Figure 5.1) (54). The S328A mutant 

(~ 62 kDa) showed increased accumulation in HS extracts after BLEO exposure (Figure 

5.1), even though this mutant exhibited reduced overall levels in LS extracts (Figure 5.1). 

This suggests counter-balanced roles for S328 phosphorylation, with a positive effect on 

overall protein stability, but a negative effect on levels of active protein.  Pretreatment 

with UCN-01 led to the reduction of the S328A mutant levels in HS extracts (Figure 5.1), 
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Figure 5.1 – Damage-dependent Rad9A nuclear retention increases in S328A 

mutant but decreases in T355A mutants. HeLa Tet-Off cells were untransfected 

(UT), or transiently transfected with a vector expressing wild type 3XHA-Rad9A 

(WT) or the indicated point mutation (S272A, S328A, T355A or S237A). 

Doxycycline (1 µg/ml) was added to the cells during the treatments to reduce 

3XHA-Rad9A levels at near endogenous levels. Transfected and synchronized 

cells (S-phase) were exposed to 100 µg/mL BLEO for 4 h (-/+) or to a 

combination of 100 µg/mL BLEO and 300 nM UCN-01 for 4 h (+/+). UCN-01 

was added 1 hour before BLEO. Low salt (LS) or high salt (HS) extracts were 

immunoblotted as described previously. HA relative levels are expressed as 

normalized values of optical density using GAPDH or Lamin B1 as the loading 

control. 
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indicating that Chk1 activation is required for this mutant accumulation in HS extracts. A 

slower migrating form of the S328A mutant (~ 70 kDa) is observed in LS extracts with 

the combined treatment (Figure 5.1). This slow form is consistent with 

monoubiquitinated Rad9A, suggesting that Chk1 activation is necessary for the S328A 

mutant stabilization.  The increased nuclear retention (HS) of S328A mutants indicates 

that S328 phosphorylation reduces nuclear retention of Rad9A. The T355A mutant 

showed low levels in LS and HS extracts with both treatments (Figure 5.1), suggesting 

that phosphorylation at T355 is important for overall protein stability. The lower level of 

nuclear retention in Rad9A T355A may result from a specific change in protein 

activation, but given the lower overall protein level, this may also be due to simply to 

lower levels of protein being available for loading.  

Rad9A phosphorylation on S387 is required for interaction with TopBP1, Chk1 

activation (14) and the late phosphorylation of Rad9A after DNA damage (15). This 

residue is only 4 amino acids from the C-terminus of Rad9A, and given that the 3XHA-

tag used in the experiments above is located at the C-terminus of Rad9A, we were 

concerned about the effects of this tag in Rad9A downstream function. To confirm and 

clarify the effects on Rad9A nuclear retention in the S328A or T355A mutants, HTO 

cells were transiently transfected with untagged Rad9A containing a point mutation in 

one or both sites. Cells were synchronized (S-phase) and treated as described above. In 

the case of the S328A mutant, total protein levels showed a slight increase in LS extracts 

when compared with WT but lower than T355A mutant (Figure 5.2). Similarly to Figure 

5.1, the S328A mutant showed a high accumulation in HS extracts after BLEO exposure 

(Figure 5.2), suggesting that S328 phosphorylation reduces Rad9A nuclear retention.  
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Figure 5.2 – Rad9A nuclear retention increases in S328A mutants exposed to 

BLEO. HeLa Tet-Off cells were transiently transfected with a vector 

expressing wild type Rad9A (WT) or a vector expressing Rad9A with one or 

two mutated residues (S328A, T355A or S328A/T355A). 2A refers to a 

S328A/T355A double mutant and UT refers to untransfected cells. 

Doxycycline (1 µg/ml) was added to the cells during the treatments to reduce 

Rad9A levels at near endogenous levels. Transfected and synchronized cells 

(S-phase) were exposed to 100 µg/mL BLEO for 4 h (-/+) or to a 

combination of 100 µg/mL BLEO and 300 nM UCN-01 for 4 h (+/+). UCN-

01 was added 1 hour before BLEO. High salt (HS) or low salt (LS) extracts 

were immunoblotted as described previously. Rad9A relative levels are 

expressed as normalized values of optical density using GAPDH or Lamin 

B1 as the loading control. 
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The T355A mutant shows a small increase in the HS fraction compared with WT (Figure 

5.2), suggesting that T355 has a minimum effect or no effect in reducing Rad9A nuclear 

retention. These results differ from the results with tagged Rad9A (Figure 5.1) in which 

the mutant stability (LS) and nuclear retention (HS) were highly compromised. But, it is 

important to note that even with the high levels of the T355A mutant in LS (Figure 5.2), 

the mutant HS levels were just slightly higher (Figure 5.2). The S328A/T355A double 

mutant showed intermediate levels in HS extracts, compared to the S328A and T355A 

single mutants (Figure 5.2) even when this double mutant showed the lowest levels in LS 

extracts (Figure 5.2), suggesting that adding the T355A mutation to the S328A mutation 

reduces the nuclear retention of Rad9A. When Chk1 is inactivated (UCN-01) prior to 

BLEO treatment, the S328 mutant showed a significant reduction of total protein levels in 

HS extracts (Figure 5.2). These results that show an increased nuclear retention (HS) in 

S328A mutants confirm the previous results (Figure 5.1), indicating that S328 

phosphorylation reduces Rad9A nuclear retention. In the case of the T355A mutant, the 

results between tagged and untagged Rad9A are quite different. The T355A mutant with 

untagged Rad9A showed increased levels in LS and HS extracts (Figure 5.2), while the 

mutant with tagged Rad9A showed the opposite (Figure 5.1). These results indicate that 

the 3XHA tag has an important effect on the protein stability and especially in the case of 

the T355A mutant. Even if T355 phosphorylation slightly reduces Rad9A nuclear 

retention (Figure 5.2), the results of the double mutant suggest the opposite (Figure 5.2). 

More experiments are required to clarify the role of T355 phosphorylation in Rad9A 

nuclear retention. 
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After DNA damage, the 3XHA-Rad9A T355A mutant showed the lowest levels 

in LS and HS extracts (Figure 5.1). An explanation for T355A mutant-reduced levels 

could be that this point mutation promotes an increase in polyubiquitination of the protein 

leading to degradation. To determine if the T355A mutant is polyubiquitinated even in 

the presence of DNA damage, HTO cells were transiently transfected with WT or the 

3XHA-Rad9A T355A mutant, synchronized (S-phase) and exposed to BLEO for 8 h, and 

either harvested immediately, or 2 h after release from the BLEO treatment. Cell lysates 

were immunoprecipitated (IP) with antibodies directed against HA (Rad9A). The T355A 

mutant shows increased polyubiquitination when compared with wild type in cells 

exposed to BLEO or recovering from BLEO exposure (Figure 5.3). These results indicate 

that T355 phosphorylation is required to prevent 3XHA-Rad9A polyubiquitination. 

 TLK1 phosphorylations of Rad9A on S328 and T355 are proposed to trigger 

Rad9A eviction from DNA (45,56,282). We hypothesized that S328 and T355 

phosphorylations reduce Rad9A nuclear retention to unload Rad9A (9-1-1 complex) from 

DNA. Our results show that S328 phosphorylation reduces Rad9A nuclear retention, 

indicating that this phosphorylation promotes Rad9A separation from DNA.  Our results 

of T355 phosphorylation with tagged and untagged Rad9A were conflicting, and more 

experiments are required to define the role of this phosphorylation in Rad9A nuclear 

retention.  In addition, we speculate that Chk1 is involved in Rad9A nuclear retention 

following DNA damage. Our results show that Chk1 inhibition with UCN-01 reduces 

Rad9A nuclear retention of the different mutants in tagged and untagged Rad9A. These 

results suggest a role of Chk1 activation in an increased loading of Rad9A onto DNA 

after genotoxic stress. 
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Figure 5.3 – 3XHA-Rad9A polyubiquitination is increased in the T355A 

mutant. HeLa Tet-Off cells were transiently transfected with a vector 

encoding wild type 3XHA-Rad9A (WT) or a vector encoding 3XHA-Rad9A 

with the T355A mutation. Cells were synchronized in S-phase and exposed 

to 100 µg/mL BLEO for 8 h (8+) and harvested or exposed for 8 h, released 

for 2 h (8+/-2) and harvested. Cell lysates were immunoprecipitated with 

antibodies directed against HA tag, and the immunoprecipitated proteins 

were immunoblotted as described previously. Bracketed regions (*, ** and 

***) indicate corresponding areas of overlap between protein bands detected 

with anti-ubiquitin and anti-Rad9A antibodies. 
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5.2 TLK1 inhibition with siRNA increases Rad9A levels 

It has been shown here that the mutation of S328 for a nonphosphorylatable 

alanine further increases Rad9A nuclear retention in cells exposed to DNA damage 

(Figure 5.1 and 5.2). An interpretation of these results is that Rad9A phosphorylation on 

S328 reduces Rad9A binding to DNA at checkpoint recovery. Kelly et al. (2013) showed 

that TLK1 KD with siRNA induces a prolonged G2/M arrest in cells exposed to IR (57). 

Since Rad9A is phosphorylated by TLK1 on S328 (56), a reduction in TLK1 levels 

should reduce Rad9A phosphorylation on S328 increasing Rad9A nuclear retention and 

stabilization. To determine the effect of TLK1 KD on Rad9A levels, TLK1 levels were 

reduced with TLK1 siRNA (T1) in HTO cells, and then, the synchronized cells (S-phase) 

were harvested or exposed to BLEO (8 h) and harvested. Rad9A levels increased in S-

phase with TLK1 KD (Figure 5.4A and B), and similarly a reduction in TLK1 levels 

increased Rad9A levels after BLEO exposure (Figure 5.4A and B). In addition, TLK1 

accumulation was observed after BLEO exposure (Figure 5.4A and B). To determine the 

effect of TLK1 KD in Rad9A levels following prolonged BLEO exposure (20 h), TLK1 

levels were reduced as described before, then synchronized HTO cells were exposed to 

BLEO (20 h) or a combination of UCN-01 and BLEO and harvested. Rad9A levels 

increased with TLK1 KD during prolonged exposure to BLEO (Figure 5.5A and B). 

Since Chk1 inactivates TLK1 kinase after DNA damage (281,283), an increase in TLK1 

activity would be expected with Chk1 inhibition. Consequently, an increased 

phosphorylation of Rad9A by TLK1 would reduce Rad9A levels. Previous UCN-01 

treatment to prolonged BLEO exposure reduced Rad9A levels to not detectable levels, 

and surprisingly, TLK1 levels were also significantly reduced (Figure 5.5A and B). 
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Figure 5.4 – Bleomycin exposure increases TLK1 levels, and TLK1 

inhibition increases Rad9A levels. HeLa Tet-Off cells were transfected with 

non-silence control (N) or TLK1 siRNA 1 (T1). Cells were synchronized in 

S-phase and harvested (-) or exposed to 100 µg/ml BLEO for 8 h (8+) and 

harvested. (A) Cell lysates were immunoblotted as described previously. 

(B) TLK1 and Rad9A relative levels are expressed as normalized values of 

optical density using Gapdh as the loading control (all protein bands 

detected in the immunoblot were included in the densitometry analysis). 

All error bars represent SEM from three independent experiments. 

Asterisks denote statistically significant differences. * denotes p < 0.05, ** 

denotes p < 0.01, *** denotes p < 0.001. Statistical analysis was performed 

via one-tailed Student’s t-tests. 
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To confirm the effects of TLK1 KD in Rad9A levels, a second TLK1 siRNA (T2) 

was used. TLK1 levels were reduced with TLK1 siRNA 1 or 2 (T1 or T2) in HTO cells, 

and then, the synchronized cells (S-phase) were exposed to BLEO (8 or 20h). Rad9A 

levels increased in S-phase when TLK1 levels were reduced with TLK1 siRNA 1 or 2 

(Figure 5.6A and B). On the other hand, BLEO exposure treatments showed different 

results between TLK1 siRNA 1 and 2 (T1 and T2). In the case of TLK1 siRNA 1 (T1), 

Rad9A protein levels increased (Figure 5.6A and B) while in the case of TLK1 siRNA 2 

(T2) a reduction was observed (Figure 5.6A and B). These results with TLK1 siRNA 2 

were not expected, suggesting the possibility of a non-specific effect produced by this 

siRNA. New experiments with another validated TLK1 siRNA will help to clarify this 

issue. Surprisingly, these results showed that TLK1 accumulates after DNA damage, and 

this accumulation requires Chk1 activation. 

 

5.3 Rad9A phosphorylation on S272 increases Rad9A nuclear retention after DNA 

damage 

Since Rad9A shows increased nuclear retention (54) and protein accumulation 

(Figure 4.1) following DNA damage, we have examined the possibility that these events 

are linked by a common mechanism. The earliest event known to happen to Rad9A 

following DNA damage is phosphorylation on S272 by ATM (16).  We hypothesized that 

this phosphorylation could be involved in Rad9A increased nuclear retention after DNA 
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Figure 5.5 – UCN-01 treatment significantly reduces TLk1 and Rad9A 

levels, and Rad9A levels increased with TLK1 inhibition in cells exposed 

to BLEO for 20h. HeLa Tet-Off cells were transfected with non-silence 

control (N) or TLK1 siRNA 1 (T1). Cells were synchronized (S-phase) 

and exposed to 100 µg/ml BLEO (20 h) or in combination with 300 nM 

UCN-01 (20 h) and harvested. DMSO as UCN-01 solvent or UCN-01 

were added 1 h before BLEO. (A) Cell lysates were immunoblotted as 

described previously. (B) TLK1 and Rad9A relative levels are expressed 

as normalized values of optical density using Gapdh as the loading 

control (all protein bands detected in the immunoblot were included in 

the densitometry analysis). All error bars represent SEM from three 

independent experiments. Asterisks denote statistically significant 

differences. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 

0.001. Statistical analysis was performed via one-tailed Student’s t-tests.  
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Figure 5.6 – TLK1 inhibition with siRNA increases Rad9A protein levels in 

S-phase. HeLa Tet-Off cells were transfected with non-silence control (N) or 

a siRNA directed against TLK1 (T1 or T2). Cells were synchronized in S-

phase and harvested (-), exposed to 100 µg/ml BLEO for 8 h (8+) or 20 h 

(8+) and harvested. (A) Cell lysates were immunoblotted as described 

previously. (B) TLK1 and Rad9A relative levels are expressed as normalized 

values of optical density using Gapdh as the loading control (all protein 

bands detected in the immunoblot were included in the densitometry 

analysis). All error bars represent SEM from three independent experiments. 

All error bars represent SEM from three independent experiments. Asterisks 

denote statistically significant differences. * denotes p < 0.05, ** denotes p < 

0.01, *** denotes p < 0.001. Statistical analysis was performed via one-tailed 

Student’s t-tests.  
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damage. To determine if Rad9A-S272 phosphorylation was required for Rad9A increased 

nuclear retention after DNA damage, HTO cells were transiently transfected with WT 

Rad9A, or with the S272A, or S272D mutants. Cells were synchronized (S-phase) and 

exposed to BLEO (4h) or a combination of UCN-01 and BLEO (4h). The S272D mutant 

showed the highest levels in both LS and HS extracts after BLEO exposure (Figure 5.7), 

suggesting that phosphorylation at this site positively contributes to both Rad9A levels 

and activity. The combined treatment of UCN-01 and BLEO produced a significant 

reduction of S272D mutant levels in HS extracts (Figure 5.7), suggesting that Chk1 

activation is required for the mutant accumulation in HS extracts. A similar experiment 

was repeated with WT 3XHA-Rad9A or 3XHA-Rad9A mutants (S272A and S272D). 

Again, the S272D mutant showed the highest levels in HS extracts in cells exposed to 

BLEO or UCN-01 and BLEO (Figure 5.8). The results of an increased nuclear retention 

(HS) of Rad9A when S272 is replaced by aspartic acid to mimic this phosphorylation, 

suggests that the phosphorylation of this site increases nuclear retention of Rad9A after 

DNA damage. Rad9A phosphorylation of S272 is an early event mediated by ATM after 

DNA damage (16), and since increased nuclear retention of Rad9A is observed after 

genotoxic stress,  this early modification of Rad9A could be one of the initial steps 

required for Rad9A nuclear retention.  

Prolonged exposure to BLEO produces Rad9A accumulation (Fig. 4.1). AT 

(ATM-deficient) cells show a delayed phosphorylation of Rad9A S272 site (16). To 

determine if Rad9A phosphorylation on S272 is required for Rad9A accumulation after 

long exposure to BLEO, AT cells were harvested or exposed to BLEO (8 or 20 h) and 

harvested. AT cells showed a reduction in Rad9A levels after prolonged exposure to 
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Figure 5.7 – Rad9A nuclear retention increases in the S272D mutant 

exposed to BLEO. HeLa Tet-Off cells were transiently transfected with a 

vector expressing wild type Rad9A (WT) or a vector expressing Rad9A 

with a point mutation (S272A, S272D or S237A). Doxycycline (1 µg/ml) 

was added to the cells during the treatments to reduce Rad9A levels at near 

endogenous levels. Transfected and synchronized cells (S-phase) were 

exposed to 100 µg/mL BLEO for 4 h (-/+) or exposed to a combination of 

100 µg/mL BLEO and 300 nM UCN-01 for 4 h (+/+). UCN-01 was added 

1 hour before BLEO. High salt (HS) or low salt (LS) extracts were 

immunoblotted as described previously. Rad9A relative levels are 

expressed as normalized values of optical density using GAPDH or Lamin 

B1 as the loading control. 
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Figure 5.8 – 3XHA-Rad9A nuclear retention increases in the S272D 

mutant exposed to BLEO. HeLa Tet-Off cells were transiently 

transfected with a vector expressing wild type 3XHA-Rad9A (WT) 

or a vector expressing 3XHA-Rad9A with a point mutation (S272A 

or S272D). Doxycycline (1 µg/ml) was added to the cells during the 

treatments to reduce 3XHA-Rad9A levels at near endogenous levels. 

Transfected and synchronized cells (S-phase) were exposed to 100 

µg/mL BLEO for 4 h (-/+) or exposed to a combination of 100 

µg/mL BLEO and 300 nM UCN-01 for 4 h (+/+). UCN-01 was 

added 1 hour before BLEO. High salt (HS) or low salt (LS) extracts 

were immunoblotted as described previously. HA relative levels are 

expressed as normalized values of optical density using GAPDH or 

Lamin B1 as the loading control. 
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BLEO (20h) (Figure 5.9). These results indicate that an impaired phosphorylation of 

S272 prevents Rad9A accumulation after prolonged DNA damage. Rad9A accumulation 

(Figure 4.1) and increased nuclear retention are observed after genotoxic stress (54). 

Since S272 phosphorylation is required for Rad9A accumulation (Figure 5.9) and RA9A 

nuclear retention (Figure 5.7 and 5.8), these results together show a link between an 

increased Rad9A nuclear retention and Rad9A accumulation after genotoxic stress.   

  

5.4 Phosphorylation on S237 reduces Rad9A nuclear retention 

The Rad9A late phosphorylation that is observed after damage appears to be 

dependent on the previous activation of ATM-Rad9A-TopBp1-ATR-Chk1 pathway (15). 

An increase in hyperphosphorylated Rad9A is observed when cells are exposed to BLEO 

for long time periods (Figure 4.1). We have hypothesized that Chk1 phosphorylates 

Rad9A, creating a positive feedback loop for Rad9A stabilization and accumulation. The 

S237 residue of Rad9A exhibits a consensus substrate motif (SI) that is a candidate for 

Chk1 phosphorylation (28). We further hypothesize that Chk1-dependent 

phosphorylation of Rad9A S237 is required for Rad9A nuclear retention and stabilization 

after DNA damage. 

 To determine if Rad9A was phosphorylated on S237 and the phosphorylation of 

this site was required for an increased Rad9A nuclear retention after DNA damage, HeLa 

Tet-Off cells were transiently transfected with WT or the Rad9A-S237A mutant. The 

synchronized cells (S-phase) were harvested or exposed to BLEO (4 h) and harvested. 
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Figure 5.9 – Long exposure to BLEO (20h) reduces Rad9A levels in 

AT cells. AT cells were harvested, exposed to 100 µg/mL BLEO for 8 

h (8+) and harvested or exposed for 20 h (20+) and harvested. Cell 

lysates were immunoblotted as described previously. Rad9A relative 

levels are expressed as normalized values of optical density using 

GAPDH as the loading control. 
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Rad9A has a predicted molecular mass of 43 kDa and phosphorylated in multiple sites, 

leading to an apparent molecular mass of ~60 kDa when cell lysates are run in an 8% 

SDS-PAGE acrylamide gel (15). The S237A mutant showed a reduction in migration 

forms ~60 kDa and more abundant migration forms between 43 and 60 kDa, indicating 

that the mutation of S237 is affecting other phosphorylations on Rad9A (Figure 5.10). 

The S237A mutant shows reduced levels in LS and HS extracts after DNA damage 

(Figure 5.10A and B).  The inactivation of Chk1 with UCN-01 reduces the nuclear 

retention of multiple mutants exposed to BLEO (Figure 5.1, 5.2, 5.7, and 5.8), and this 

could be the case of the S237A mutant. To determine the effect of Chk1 inhibition in the 

S237A mutant nuclear retention in the presence of DNA damage, HeLa Tet-Off cells 

were transiently transfected with WT or the S237A mutant. Cells were synchronized (S-

phase) and exposed to BLEO (4h) or a combination of UCN-01 and BLEO (4h). The 

S237A mutant showed reduced HS and LS levels with both treatments (Figure 5.11). 

Previous UCN-01 treatment further reduced the S237A mutant HS levels (Figure 5.11), 

indicating that the phosphorylation of this site is not mediated by Chk1 to stabilize 

Rad9A.  

The S237 phosphorylation site of Rad9A has the SXXF consensus motif and it 

could interact with the BRCT domain of the Brca1 C- terminal (29–33), an E3 ligase that 

may catalyze Rad9A polyubiquitination. To examine the effect of a constitutively 

phosphorylated S237 residue, we constructed a Rad9A mutant in which S237 was 

replaced by aspartic acid (S237D). HeLa Tet-Off cells were transiently transfected with a 

vector expressing Rad9A-S237D, synchronized, and treated and harvested as described 

above. The S237D mutant migrates predominantly at an apparent molecular mass of ~60 
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Figure 5.10 – Overall Rad9A levels are reduced in the S237A mutant. HeLa Tet-Off cells 

were transiently transfected with an empty vector (EV), a vector expressing wild type 

Rad9A (WT) or a vector expressing Rad9A with a point mutation of S237 (S237A). 

Transfected and synchronized cells (S-phase) were harvested (-) or exposed to 100 

µg/mL BLEO for 4 h (4+) and harvested. (A) High salt (HS) or low salt (LS) extracts 

were immunoblotted as described previously. (B) HS and LS Rad9A relative levels are 

expressed as normalized values of optical density using Lamin B1 (HS) or Gapdh (LS) as 

the loading control. All error bars are SEM and were obtained from three independent 

experiments. All error bars represent SEM from three independent experiments. Asterisks 

denote statistically significant differences. * denotes p < 0.05, ** denotes p < 0.01, *** 

denotes p < 0.001. Statistical analysis was performed via one-tailed Student’s t-tests. 
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Figure 5.11 – UCN-01 treatment reduces nuclear retention of overexpressed Rad9A in 

cells exposed to bleomycin. Synchronized HeLa Tet-Off cells (S-phase) were transiently 

transfected with empty vector (EV), a vector expressing wild-type Rad9A (WT) or a 

vector expressing Rad9A with a point mutation of S237 (S237A).  Transfected and 

synchronized cells (S-phase) were exposed to 100 µg/mL BLEO for 4 h (-/+) or to a 

combination of 100 µg/mL BLEO and 300 nM UCN-01 for 4 h (+/+). UCN-01 was 

added 1 hour before BLEO. (A) High salt (HS) or low salt (LS) extracts were 

immunoblotted as described previously. (B) HS and LS Rad9A relative levels are 

expressed as normalized values of optical density using Lamin B1 (HS) or Gapdh (LS) as 

the loading control. All error bars represent SEM from three independent experiments. 

Asterisks denote statistically significant differences. * denotes p < 0.05, ** denotes p < 

0.01, *** denotes p < 0.001. Statistical analysis was performed via one-tailed Student’s t-

tests. 
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kDa and shows steady state protein levels comparable to WT (Figure 5.12). The S237D 

mutant also shows a slower migrating band at ~70 kDa (LS), consistent with Rad9A 

monoubiquitination (Figure 5.12, see arrow), suggesting the possibility of an increased 

degradation of the mutant. Surprisingly, the S237D mutant showed very low levels in HS 

extracts, indicating a defect in 9-1-1 loading or retention (Figure 5.12). 

Since Rad9A appears to be phosphorylated on S237, and mimicking this 

phosphorylation reduces Rad9A nuclear retention (Figure 5.12), a phospho-specific 

antibody was developed against Rad9A phosphorylated on S237.  This antibody was used 

to determine the status S237 phosphorylation in cells exposed to DNA damage. HTO 

cells were transiently transfected with wild type 3XHA-Rad9A or 3XHA-Rad9A S237A 

mutant. Cells were synchronized (S-phase) and harvested or exposed to BLEO for 4 h 

and harvested. Cell lysates were immunoprecipitated (IP) with antibodies directed against 

HA (Rad9A). The phospho-specific antibody detected slow migrating forms of Rad9A in 

cycling cells, which were also observed in pan-Rad9A and anti-ubiquitin immunoblots 

(Figure 5.13).  These forms were not present in cells that were actively being exposed to 

BLEO, or in S237A mutant forms of Rad9A (Figure 5.13). These results suggest that 

Rad9A phosphorylation on S237 is involved in Rad9A ubiquitination and destabilization 

in undamaged S-phase cells. 
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Figure 5.12 – Rad9A nuclear retention reduces in the S237D mutant. 

HeLa Tet-Off cells were transiently transfected with an empty vector 

(EV), a vector expressing wild type Rad9A (WT), a vector expressing 

S237A mutant or a vector expressing S237D mutant. Transfected and 

synchronized cells (S-phase) were harvested (-) or exposed to 100 µg/mL 

BLEO for 4 h (4+) and harvested. High salt (HS) or low salt (LS) extracts 

were immunoblotted as described previously. The extra 70 kDa band 

observed in the Rad9A S237D mutant (LS) is indicated by an arrow. 
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Figure 5.13 – 3XHA-Rad9A shows an increase in S237 phosphorylation in 

undamaged cells. HeLa Tet-Off cells were transiently transfected with a vector 

encoding wild type 3XHA-Rad9A (WT) or a vector encoding 3XHA-Rad9A with 

a point mutation of S237 (S237A). Then, cells were synchronized in S-phase and 

harvested or exposed to 100 µg/mL BLEO for 4 h (+) and harvested. Cell lysates 

were immunoprecipitated with mouse anti-HA beads, and then, the 

immunoprecipitated proteins were immunoblotted as described previously. 
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Chapter 6 

Identification and characterization of Rad9A and Brca1 association 

6.1 Rad9A and Brca1 co-immunoprecipitation preferentially in undamaged cells 

Rad9A is polyubiquitinated and degraded in cycling cells, and in cells recovering 

from DNA damage (Figure 4.2 and 4.3). This process appears to be regulated in part via 

phosphorylation of Rad9A at S237 (Figure 5.12).  Results from chapter 5 show that 

mutant forms of S237 demonstrate defective nuclear retention and reduced protein levels 

(Figure 5.10, 5.11 and 5.12).  Interestingly, S237 presents both a Chk1 consensus 

substrate site (SI), as well as a recognition motif (pS-X-X-F), with high-affinity for the 

Brca1-Brct domain (284). Brca1 E3 ligase activity has previously shown to be required 

for S-phase and G2/M checkpoint maintenance (166,256). Brca1 polyubiquitinates 

Cdc25C and Cyclin B1 to target them for degradation by the ubiquitin–proteasome 

pathway after DNA damage (261). Since Rad9A is phosphorylated on S237 and 

represents a potential binding site for Brca1 C-terminal domain (284), we hypothesize 

that Brca1 is the E3 ligase responsible for Rad9A polyubiquitination and degradation.  

To study the interaction between Rad9A and Brca1, Rad9A was 

immunoprecipitated from HTO cells synchronized (S-phase) and exposed to BLEO or 

HU (20h), or harvested 20 h following a 10 Gy dose of IR. Exposure to BLEO or HU in 

this context challenges cells with ongoing DNA damage, while the IR treatment 

conditions allow recovery from checkpoint arrest (Figure 6.1A). We confirmed this by 

observing S272 phosphorylation on Rad9A, which is known to be an ATM-dependent 

event following DNA damage (15,16). Cells synchronized in S-phase and cells 
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recovering from IR exposure showed reduced Rad9A phosphorylation on S272, 

confirming no damage signal or an attenuated damage signal, respectively (Figure 6.1B). 

On the contrary, cells exposed to continuous DNA damage (BLEO or HU) showed 

persistent Rad9A phosphorylation on S272, indicating ongoing checkpoint activation 

(Figure 6.1B). 

Rad9A-Brca1 co-immunoprecipitation was observed in cells synchronized in S-

phase or cells recovering from IR exposure (Figure 6.1B), and this co-

immunoprecipitation was observed in conjunction of Rad9A polyubiquitination (Figure 

6.1B). By contrast, Rad9A-Brca1 co-immunoprecipitation was eliminated when cells 

were undergoing active damage (BLEO or HU) (Figure 6.1B). The reduction in Rad9A-

BRCA1 co-immunoprecipitation corresponded with the loss of Rad9A 

polyubiquitination, suggesting that Brca1 may be involved in this process (Figure 6.1B).  

To further characterize the potential interaction of Rad9A and BRCA1 in 

regulation of Rad9A stability, we needed to examine one other modification on Rad9A 

that could affect its stability, namely, acetylation.  Acetylation has been shown to mediate 

protein-protein interactions between substrates and E3 ligases during polyubiquitination 

and degradation (285–287).  Rad9A protein is predicted to be acetylated in multiple sites 

by two different computer programs (288,289). To explore the possibility that Rad9A 

acetylation is involved in its polyubiquitination, Rad9A immunoprecipitates were 

immunoblotted with antibodies directed against an acetylated protein. Rad9A showed an 

increased Rad9A acetylation when Rad9A was polyubiquitinated in cyclin cells or cells 

recovering from IR (Figure 6.1B) and this acetylation was reduced after BLEO or HU  
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Figure 6.1 – Exposure to DNA damaging agents reduces Rad9A-Brca1 co-

immunoprecipitation, and recovery from damage increases the co-immunoprecipitation. 

Synchronized HeLa Tet-Off cells (S-phase) were harvested or exposed to 100 µg/mL 

BLEO (20 h), 5 mM HU (20 h) or 10 Gy of IR (harvested 20 h after exposure) and 

harvested. (A)  Cell lysates were immunoblotted with antibodies directed against the 

proteins indicated. (B) Cell lysates were immunoprecipitated with antibodies directed 

against Rad9A. Then, immunoprecipitated proteins were immunoblotted with antibodies 

directed against the proteins indicated. Bracketed regions (*, ** and ***) indicate 

corresponding areas of overlap between protein bands detected with anti-acetylated 

protein, anti-ubiquitin, and anti-Rad9A antibodies.  
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treatments (Figure 6.1B). These results place Rad9A and BRCA1 in physical proximity, 

at the same time as Rad9A is undergoing acetylation and polyubiquitinated, in cycling 

cells, and cells recovering from checkpoint arrest. Under a condition of active DNA 

damage and Rad9A (and checkpoint) activation, there is a reduced Rad9A-Brca1 

association, and a decrease in Rad9A acetylation and polyubiquitination. 

 

6.2 Rad9A co-immunoprecipitates with Brca1 

It has been found here that BRCA1 co-immunoprecipitates with Rad9A in cycling 

cells and cells recovering from DNA damage (Figure 6.1B), and this co-

immunoprecipitation reduces after DNA damage (Figure 6.1B). To determine whether 

this Rad9A could be detected in Brca1 immunoprecipitates, synchronized HTO cells (S-

phase) were exposed to BLEO (8 h) and harvested or exposed to BLEO (8h), released (2 

h) and harvested. Cell lysates were immunoprecipitated with antibodies directed against 

Rad9A or Brca1. As expected, Rad9A immunoprecipitates showed Brca1 co-

immunoprecipitation when cells were treated with BLEO or treated and released from the 

agent (Figure 6.2A). This co-immunoprecipitation increased after BLEO removal (Figure 

6.2A). Similarly, Brca1 immunoprecipitates showed Rad9A co-immunoprecipitation with 

both treatments (Figure 6.2B). Together, these results show Rad9A and Brca1 co-

immunoprecipitation in both directions. 
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Figure 6.2 – Rad9A and Brca1 co-immunoprecipitate in both directions. 

Synchronized HeLa Tet-Off cells (S-phase) were exposed to 100 µg/mL 

BLEO for 8 h (8+) and harvested or exposed for 8 h, released for 2 h 

(8+/-2) and harvested. (A) Cell lysates were immunoprecipitated with 

antibodies directed against Rad9A, and then the immunoprecipitated 

proteins were immunoblotted as described previously. (B) Cell lysates 

were immunoprecipitated with antibodies directed against Brca1, and 

then the immunoprecipitated proteins were immunoblotted as described 

previously. 



 

137 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

138 

 

6.3 Brca1 inhibition with siRNA reduces Rad9A levels in cells exposed to bleomycin 

Since Rad9A co-immunoprecipitates with Brca1 in cycling cells and cells 

recovering from DNA damage (Figure 6.1), we hypothesize that Brca1 is the E3 ligase 

directing Rad9A polyubiquitination. If this is the case, then Brca1 inhibition would be 

expected to lead to increased Rad9A levels.  To test this, Rad9A polyubiquitination and 

total protein levels were determined in cells exposed to BLEO, in the presence of siRNA 

directed against Brca1. Contrary to the hypothesis, Brca1 inhibition reduced Rad9A 

levels and increased Rad9A polyubiquitination in cells synchronized in S-phase (Figure 

6.3 A and B). However, in addition to changes in Rad9A, we also observed that after 

BLEO exposure, Chk1 activation (pS317) was decreased under conditions of reduced 

Brca1 (Figure 6.3A). Since Brca1 inhibition reduces Chk1 activation (166,167) (Figure 

6.3B), and Chk1 activation is required for Rad9A stabilization (Figure 4.4 and 4.5), these 

results suggests a possible indirect role of Brca1 in Rad9A stabilization through the effect 

of Brca1 on Chk1 activation (166,167). The simplest explanation of these results is that 

the Chk1-dependent stabilization of Rad9A occurs upstream of the hypothesized 

BRCA1-dependent destabilization of Rad9A. 

 

6.4 Rad9A and Brca1 co-immunoprecipitation increases with Chk1 inactivation 

We observed an increase in co-immunoprecipitation between Rad9A and Brca1 in 

samples with reduced total Brca1 levels (S-phase) (Figure 6.3B). We also observed a 

reduction in Chk1 activation as a result of Brca1 inhibition (Figure 6.3A). As described 

above, this could be due to a block in the pathway upstream of Rad9A. Since Chk1 
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Figure 6.3 – Brca1 inhibition with siRNA increases Rad9A-Brca1 co-

immunoprecipitation and Rad9A polyubiquitination in cells synchronized in 

S-phase. HeLa Tet-Off cells were transfected with non-silencing control 

siRNA (N) or Brca1 siRNA (B) for 24 h. Then, 48 h after transfection, 

synchronized cells (S-phase) were harvested (-) or exposed to 100 µg/mL 

BLEO for 20 h and harvested. (A) Cell lysates were immunoblotted as 

described previously. (B) Cell lysates were immunoprecipitated (IP) with 

antibodies directed against Rad9A. Then, immunoprecipitated proteins were 

immunoblotted as described previously. Bracketed regions (*, ** and ***) 

indicate corresponding areas of overlap between protein bands detected with 

anti-ubiquitin, and anti-Rad9A antibodies. 
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inhibition (UCN-01) increases Rad9A polyubiquitination and degradation in cells 

synchronized in S-phase (Figure 4.4), a reduction in Brca1 levels leading to impaired 

Chk1 activation could allow Rad9A-Brca1 co-immunoprecipitation.  

To determine the effect of Chk1 inactivation on Rad9A-Brca1 co-

immunoprecipitation, Rad9A immunoprecipitates from samples of the experiment 

performed in section 4.4 (Figure 4.4) were immunoblotted with antibodies directed 

against Brca1. Chk1 inhibition with UCN-01 increased Rad9A-Brca1 co-

immunoprecipitation in cells synchronized in S-phase and to a lesser degree in cells 

exposed to BLEO (Figure 6.4B). It was also observed that Rad9A polyubiquitination 

increased in UCN-01 treated cells (Figure 6.4B). It was interesting to observe that Brca1 

levels were significantly reduced with a combined treatment of UCN-01 and BLEO (20 

h) (Figure 6.4C). It has been observed here that BLEO exposure increases Brca1 levels 

(Figure 6.3A and 6.4C), suggesting that DNA damage promotes Brca1 accumulation. 

Since Chk1 inhibition prevents Brca1 stabilization and accumulation (Figure 6.4C), these 

results suggest that Chk1 activation is required for Brca1 accumulation following DNA 

damage. These results show that Chk1 acts to attenuate the co-immunoprecipitation 

between Rad9A and Brca1. 

 

6.5 Rad9A and Brca1 co-immunoprecipitation reduces when Rad9A is deacetylated after 

DNA damage 

Since Rad9A acetylation was reduced following DNA damage (Figure 6.1), it was 

hypothesized that Rad9A was deacetylated after DNA damage to prevent Rad9A  
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Figure 6.4 – UCN-01 treatment increases Rad9A-Brca1 co-immunoprecipitation 

(addition to figure 4.4). Synchronized HeLa Tet-off cells (S-phase) were exposed or not 

to 300 nM UCN-01 (1 h), 100 µg/mL BLEO (4 h) or a combination of both (4h) and 

harvested (UCN-01 was added 1 h before BLEO). (A) Cell lysates were immunoblotted 

as described previously. Cell cycle analysis was determined by DNA content assessed by 

flow cytometry of propidium iodide (PI) stained DNA.  (B) Cell lysates were 

immunoprecipitated with antibodies directed against Rad9A. Then, immunoprecipitated 

proteins were immunoblotted as described previously. (C) Synchronized HeLa Tet-off 

cells (S-phase) were exposed to 100 µg/mL BLEO (20 h) or in combination with 300 nM 

UCN-01 (20 h) and harvested. DMSO as UCN-01 solvent or UCN-01 were added 1 h 

before BLEO. Cell lysates were immunoblotted as described previously. Cell cycle 

analysis was determined by DNA content with PI. (D) Cell lysates were 

immunoprecipitated and immunoblotted as described previously.    
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polyubiquitination and degradation. Histone deacetylases (HDACs) mediate the 

deacetylation of multiple non-histone proteins (290–294). HDAC1 and 2 are required for 

the expression of ATM following DNA damage (295). Panobinostat (PS) is a potent 

inhibitor of HDAC class I, II and IV (266). The possibility that Rad9A was deacetylated 

by HDACs following DNA damage to prevent Rad9A polyubiquitination was 

investigated with the use of PS in cells exposed to DNA damage. Rad9A was 

immunoprecipitated from HTO-Off cells that were exposed in S-phase to BLEO, alone or 

in a combination with 50, 100 or 200 nM PS per 4 h. A combined treatment of PS (50, 

100 or 200 nM) and BLEO increased Rad9A acetylation and polyubiquitination (Figure 

6.5). Accordingly, Rad9A-Brca1 co-immunoprecipitation was also increased when 

Rad9A deacetylation was prevented with PS in cells exposed to BLEO (Figure 6.5). 

These results suggest that one or more of the HDACs that are inhibited by panobinostat 

are required for Rad9A deacetylation after DNA damage to prevent Rad9A 

polyubiquitination. Moreover, the results show that Rad9A-Brca1 co-

immunoprecipitation is not reduced after DNA damage when panobinostat prevents 

Rad9A deacetylation.  
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Figure 6.5 – The histone deacetylase inhibitor, panobinostat, increases Rad9A-

Brca1 co-immunoprecipitation in cells exposed to Bleomycin. Synchronized HeLa 

Tet-Off cells (S-phase) were exposed to 100 µg/mL BLEO, alone or in 

combination of  50 nM, 100 nM or 200 nM panobinostat (PS) per 4 h and 

harvested (PS was added one hour before bleomycin). Cell lysates were 

immunoprecipitated with antibodies directed against Rad9A. Then, 

immunoprecipitated proteins were immunoblotted as described previously. 

Bracketed regions (*, ** and ***) indicate corresponding areas of overlap 

between protein bands detected with anti-acetylated protein, anti-ubiquitin, and 

anti-Rad9A antibodies. 
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Chapter 7 

Discussion 

  In this thesis, I identified a positive feedback loop between Rad9A and Chk1. 

Specifically, I demonstrated Rad9A stabilization and accumulation as part of the 

checkpoint response, and Rad9A polyubiquitination and degradation at checkpoint 

recovery. I determined that Rad9A stabilization and accumulation is dependent on Chk1 

activation.  I also identify a new phosphorylation of Rad9A on S237. I determined that 

S237 and S328 phosphorylations reduce Rad9A nuclear retention. I also determined that 

S272 phosphorylation increases Rad9A nuclear retention, and it is required for Rad9A 

accumulation after genotoxic stress. Finally, I found some evidence that link Brca1 with 

Rad9A destabilization process. 

In this chapter, I will discuss the identification of a positive feedback loop 

between Rad9A and Chk1, and its involvement in Rad9A stability and checkpoint 

maintenance. I will also address the effects of introducing a point mutation in 

phosphorylation sites within Rad9A (S328, T355, S272 or S237) on Rad9A nuclear 

retention and accumulation after DNA damage. Finally, I will discuss the results that 

support Brca1 participation in the context of Rad9A degradation. These findings identify 

and characterize aspects of the processes that are involved in Rad9A stabilization and 

ultimately degradation following DNA damage, and during checkpoint recovery.    
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7.1 Rad9A and Chk1 positive feedback loop  

In this work, a positive feedback loop between Chk1 and Rad9A has been 

identified. This positive feedback loop allows Rad9A accumulation and supports 

increased Chk1 activation during prolonged exposure to DNA damage.  The elucidation 

of the details of how Chk1 protects Rad9A from degradation adds to our understanding of 

the different processes that ensure checkpoint maintenance following DNA damage.  

Based on these findings, I propose a model in which DNA damage first leads to 

activation of Chk1, which then phosphorylates Rad9A to prevent Rad9A (poly) 

ubiquitination and degradation.  In the case of cycling cells or during recovery from 

checkpoint arrest, Chk1 deactivation allows Rad9A (poly) ubiquitination, acetylation and 

degradation (Figure 7.1). 

Rad9A phosphorylation is required for the activation of  S-phase, G2/M and G2 

decatenation checkpoints (14–17,107). Here, Rad9A hyperphosphorylation following 

DNA damage has been linked to both Rad9A accumulation and Chk1 activation (pS317) 

(Figure 4.1).  Furthermore, I have demonstrated that Rad9A is polyubiquitinated in 

cycling cells, and this polyubiquitination is reduced after DNA damage (Figure 4.3C). I 

also demonstrated that Rad9A is polyubiquitinated with a reduction in its protein levels 

during recovery from checkpoint arrest (following BLEO removal; Figure 4.2). These 

findings lead to a model in which Rad9A is subject to turnover in undamaged or 

recovering cells but is stabilized under conditions of checkpoint activation.  

I also demonstrated reduced Chk1 activation following the removal of BLEO 

(Figure 4.2A and B). Since Rad9A accumulates during checkpoint activation (Figure 
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Figure 7.1 – Rad9A stabilization model. In the case of DNA damage, an activated Chk1 

phosphorylates Rad9A as a feedback mechanism to prevent Rad9A (poly) ubiquitination 

and degradation. Elevated Rad9A levels will increase and maintain Chk1 activation 

allowing checkpoint establishment. In the case of checkpoint recovery, a reduced Chk1 

activation will allow Rad9A polyubiquitination and degradation with further Chk1 

inactivation. 
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4.1), a reduction in Rad9A levels could act as a mechanism for the exit of the checkpoint.  

It has already been demonstrated that Plk1 phosphorylates Claspin to promote Claspin 

interaction with βTrCP ubiquitin ligase, leading to Claspin degradation and subsequent 

Chk1 inactivation (165). The polyubiquitination and degradation of Rad9A during 

checkpoint recovery (Figure 4.2) defines another process that leads to Chk1 inactivation, 

allowing exit from checkpoint arrest. 

Given that the activation of Chk1 during DNA damage is Rad9A-dependent, and 

that Rad9A stabilization in this process is Chk1-dependent, we have hypothesized that 

Rad9A and Chk1 act as a positive feedback loop for amplifying the checkpoint signal.  In 

this work, I have reported that Chk1 activation is required to prevent Rad9A 

polyubiquitination and degradation (Figure 4.4). Reducing Chk1 levels affects Rad9A 

stability and prevents its accumulation in transformed and untransformed cells exposed to 

DNA damage (Figure 4.5). Since Rad9A is required for Chk1 activation (35,50,100), and 

Chk1 activation is required for Rad9A accumulation during checkpoint maintenance 

(Figure 4.4), these data support the hypothesis that Rad9A and Chk1 are part of a positive 

feedback loop. Chk1 inactivation leads to catastrophic mitotic death (22,296), and 

sustained Chk1 activation is required for checkpoint maintenance after DNA damage to 

prevent early entry into mitosis before cells are fully repaired (22). Here, I have shown a 

new mechanism that ensures checkpoint maintenance by sustaining Chk1 activation 

through Rad9A stabilization in case of genotoxic stress. 

Positive and negative feedback loops have been observed at a number of other 

points through the cell cycle and during the DNA damage response (297,298). An active 
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Cyclin B-Cdk1 complex phosphorylates Cdc25 phosphatases inducing Cdc25C activation 

(260), Cdc25A stabilization (299) and Cdc25B nuclear retention (300).  This establishes a 

positive feedback loop since Cdc25 activates Cdk1 by dephosphorylating it on T14 and 

Y15.  The cyclin B-Cdk1 complex is also part of a negative feedback  loop to inactivate 

the kinases Wee1 (301,302) and Myt1 (303,304), which in turn phosphorylate and inhibit 

the Cyclin B-Cdk1 complex on T14 and Y15. In the case of checkpoint activation, it has 

been observed that Chk1 is required for Claspin stabilization (259) and Claspin is 

necessary for Chk1 activation (163–165,257,259), suggesting a positive feedback loop 

for checkpoint maintenance. Rad9A phosphorylation is required for Chk1 activation 

(17,37,38,51), and late Rad9A  phosphorylation damage appears to be dependent on 

previous Chk1 activation (15). Here, I have demonstrated that bleomycin exposure 

increases Rad9A levels and Chk1 activation (Fig 4.1), and BLEO removal reduces both 

Rad9A levels and Chk1 activation (Figure 4.2). I have also demonstrated that Rad9A 

stabilization depends on Chk1 activation (Figure 4.4 and 4.5). These findings show a 

positive feedback loop between Rad9A and Chk1 to maintain and increased Chk1 

activation for checkpoint maintenance. 

Since Rad9A stabilization could be mediated by Chk1 phosphorylation, the 

possibility of an interaction between Rad9A and Chk1 was studied. Here, I demonstrated 

Rad9A and Chk1 co-immunoprecipitation in S-phase, which is reduced after prolonged 

exposure to BLEO or recovery from IR (Figure 4.6B and C). A possible interaction 

between Rad9A and Chk1 suggests that Chk1 could phosphorylate Rad9A as part of a 

positive feedback loop to ensure Rad9A stabilization. It is interesting that Rad9A and 

Chk1 co-immunoprecipitation in S-phase is reduced after prolonged exposure to BLEO. 
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Chk1 cellular localization is required for checkpoint function, and exposure to DNA 

damage agents induces the release of phosphorylated Chk1 forms from chromatin to 

reach downstream targets such as Cyclin B/Cdk1 complex in cytoplasm (192). I have 

shown some level of Chk1 activation with a single thymidine block when cells are 

synchronized in S-phase (Figure 4.1, 4.4A, 4.5A and 4.6A). These results agree with 

previous research that report the activation of S-phase checkpoint with thymidine block 

because of the inhibition of the elongation step of DNA replication (305). Based on these 

results, I propose a model in which S-phase checkpoint activation produced by a 

thymidine block promotes Rad9A and Chk1 interaction for Rad9A stabilization, and 

further damage produced by BLEO will increase the release of Chk1 from chromatin to 

reach cytoplasmatic targets to establish the checkpoint. Here, I have shown results that 

suggest a possible interaction between Rad9A and Chk1 that could be part of the 

checkpoint establishment process.  

 Rad9A polyubiquitination and degradation at checkpoint recovery (Figure 4.2A 

and B) suggested that Rad9A is degraded by an active system, and a logical candidate is 

the proteasome system (275). I have demonstrated that Rad9A is degraded by an active 

system (Fig. 4.7A and B), however this process is not mediated by the proteasome system 

(Figure 4.7 and 4.8). In fact, inhibition of the proteasome with MG132 actually reduces 

Rad9A half-life, Rad9A phosphorylation, and also, impairs checkpoint activation in cells 

exposed to BLEO (Figure 4.7 and 4.8). These results make sense when interpreted in 

light of previous studies showing reduced Chk1 phosphorylation after IR exposure when 

the proteasome system is inhibited (279). Since Rad9A accumulation after DNA damage 

is dependent on Chk1 activation (Figure 4.4 and 4.5) and previous treatment with MG132 
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affects Chk1 activation (Figure 4.8A), a reduction in Rad9A levels likely results from a 

lack of Chk1-dependent Rad9A stabilization. It was interesting to observe that 

proteasome inhibition reduced Rad9A phosphorylation in cells exposed to BLEO (Figure 

4.8A) while Chk1 inhibition with UCN-01 or siRNA increases Rad9A phosphorylation 

(Figure 4.4A and 4.5A). Chk1 inhibition with UCN-01 or Chk1 siRNA increases origin 

firing leading to an increased activity of ATR (271–273) and proteasome inhibition leads 

to reduced ATR activity (279). An increased Rad9A phosphorylation following Chk1 

inhibition is explained by an increased ATR activation while a reduction of Rad9A 

phosphorylation with MG132 suggests a reduction in ATR activity. Proteasome 

inhibition with MG132 affects the IR-induced foci formation of phosphorylated ATM, 

53BP1, NBS1, BRCA1, FANCD2, and RAD51 (279). I have shown a reduced BrdU 

incorporation with combined treatments of MG132 and BLEO (Figure 4.8C), and this 

could be explained by the effect of proteasome inhibition in IR-induced foci formation of 

Rad51 and for instance in the homologous recombination repair system (279).  Here, I 

have shown that the proteasome system is required for the proper phosphorylation and 

stabilization of Rad9A.   

Increased levels of Chk1 activation have been associated with cancer cell 

resistance to chemotherapy and radiotherapy (206,207). Rad9A and Chk1 positive 

feedback loop could be a mechanism used for some cancer cells to cope with DNA 

damage. In fact, Rad9A has been proposed to act as an oncogene (11,148). Rad9A levels 

are increased in prostate (149) and breast cancer cells (148). Indeed, the ability of DU145 

human prostate cancer cells to develop tumors when injected into nude mice is eliminated 

with Rad9A knockdown (149) and the in vitro proliferation of MCF-7 breast cancer cells 
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is inhibited with Rad9A silencing (148). These results suggest that a tight control of 

Rad9A levels is required to regulate the positive feedback loop between Rad9A and Chk1 

in the DNA damage response, and the deregulation of this process could be responsible 

for the oncogenic activity of Rad9A described by others.  

Future work on Chk1-Rad9A positive feedback loop could focus on clarifying the 

different processes that an activated Chk1 mediate to allow Rad9A stabilization and 

accumulation. Increased phosphorylation of Rad9A after DNA damage correlates with 

Rad9A accumulation (Figure 4.1). However, it has proven challenging to identify all the 

Rad9A phosphorylation sites and kinases that are involved in Rad9A accumulation after 

DNA damage. Rad9A is phosphorylated on S375 and S380 and those sites could be 

phosphorylated by Chk1. Studies with a point mutation on S375 or S380 (A or D) to 

observed the effects of those phosphorylation in Rad9A nuclear retention and 

stabilization after DNA damage. Also, determine the effect of reducing Chk1 levels in 

those phosphorylations could clarify is Chk1 mediate them. The in vitro kinase assays 

with Chk1 in combination of wild type Rad9A and the different point mutants, could also 

help to clarify if Chk1 phosphorylates Rad9A and where.  

 

7.2 Rad9A phosphorylation on S328, T355, S272 or S237 sites and Rad9A nuclear 

retention  

Defects in Rad9A phosphorylation result in a series of complex changes in Rad9A 

function, as assayed by nuclear retention (loading) and protein levels (Figure 5.1, 5.2, 5.7, 

5.8, 5.10, 5.11, and 5.12). Phosphorylation of S272 increases Rad9A nuclear retention 
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while the phosphorylation of S328 or S237 reduces it. These findings suggest a model in 

which the phosphorylation of Rad9A by different kinases will affect the binding of 

Rad9A to DNA. In the case of DNA damage, ATM phosphorylation of S272 will 

facilitate Rad9A loading to DNA while in the case of checkpoint recovery, TLK1 kinase 

will facilitate Rad9A unloading from DNA.  

The TLK1 kinase has been shown to phosphorylate Rad9A at S328 and T355, and 

here, it was shown to reduce Rad9A stability in S-phase. I have also demonstrated that 

phosphorylation on S328 reduces Rad9A nuclear retention, suggesting its involvement in 

Rad9A unloading from DNA (Figure 5.1 and 5.2). In the case of T355 phosphorylation, 

the results were contradictory, and a clear participation of this phosphorylation in 

reducing Rad9A nuclear retention was not observed (Figure 5.1, 5.2 and 5.3). The 

findings of a reduction in Rad9A nuclear retention dependent on S328 phosphorylation 

agrees with a previous study that implicates this residue in Rad9A turnover process 

leading to Rad9A degradation (56). These results of a reduced nuclear retention of 

Rad9A after S328 phosphorylation also agree with the Zhan et al. (2012) study that 

shows Rad9A translocation from the nucleus to mitochondria after phosphorylation of 

S328 by cyclin A-Cdk2 to promote apoptosis (45).  

The results with T355 mutant disagree with a previous report that suggests Rad9A 

phosphorylation on T355 as a step for Rad9A (9-1-1 complex) unloading from DNA at 

checkpoint recovery (57). A reason for this discrepancy could be the methods used to 

study the effects of replacing Rad9A T355 residue with the nonphosphorylatable alanine. 

First, in this research, exogenous Rad9A levels were reduced to near endogenous Rad9A 
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levels using the Tet-Off system and doxycycline. Second, in our case, the study of the 

nuclear retention of the exogenous Rad9A was able to differentiate between the fraction 

of exogenous Rad9A that was loaded onto DNA (HS extracts) and the unbound fraction 

(LS extracts). Kelly et al. (2013) showed that T355 phosphorylation of overexpressed 

Rad9A (SR-α promoter) is quickly inhibited after IR exposure (10 Gy) and returns to 

base lines levels after 4 h (57), suggesting that the loss of this phosphorylation is an 

initial step in the damage response. In the Kelly et al. (2013) study,  overall Rad9A 

protein (cell lysates) and overexpressed Rad9A were used to study the status of T355 

phosphorylation in cells recovering from IR exposure (57). It would be interesting to 

determine the status of T355 phosphorylation in endogenous Rad9A using LS and HS 

extracts of cells exposed to IR. Since phosphorylation of S328 is involved in Rad9A 

degradation in the protein turnover process (56), and I have shown here that S328 

phosphorylation increased unloading of Rad9A from DNA, I propose a model in which 

the phosphorylation of S328 by TLK1 facilitates Rad9A unloading that is then 

polyubiquitinated and degraded. Rad9A is polyubiquitinated and degraded in cycling 

cells and cells recovering from DNA damage (Figure 4.2 and 4.3 and 5.1). Rad9A 

phosphorylation on S328 by TLK1 reduces Rad9A nuclear retention and Rad9A stability 

(Figure 5.1 and 5.2) (56). It will be interesting to study the effects on Rad9A 

polyubiquitination and degradation when Rad9A S328 is replace by alanine or aspartic 

acid.  

The effect of T355 Rad9A phosphorylation in Rad9A nuclear retention and 

Rad9A stabilization needs to be determined (57).  Future research should focus on 

studying the effects of replacing Rad9A T355 residue with alanine or aspartic acid on 
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Rad9A nuclear retention, Rad9A polyubiquitination, Rad9A stability and checkpoint 

activation.  

I have also found that TLK1 accumulates after DNA damage, and UCN-01 

treatment prevents such accumulation, indicating that Chk1 activation is required for 

TLK1 stabilization (Figure 5.4, 5.5 and 5.6). Previous studies have reported that TLK1 

kinase activity is maximal in S-phase, and its kinase activity is inhibited by Chk1 

phosphorylation on S695 after DNA damage (283,306), but a TLK1 accumulation that is 

mediated by Chk1 activation after genotoxic stress has not been reported until now. 

Sunavala-Dossabhoy et al. (2009) proposed that an inactive TLK1 kinase acts as a 

Rad9A chaperone to assist in Rad9A recruitment to DSBs at the moment of DNA repair 

(56). An increased stabilization of TLK1 after DNA damage by Chk1 could help in 

TLK1 chaperone functions in DNA repair (Figure 5.4, 5.5 and 5.6). After DNA damage, 

Chk1 phosphorylates TLK1 on S696 and temporarily inhibits TLK1 kinase activity 

(281,283). Since TLK1 phosphorylation of Rad9A on S328 reduces Rad9A nuclear 

retention (Figure 5.1 and 5.2) and Rad9A stability (56), I propose that Chk1-inhibition of 

TLK1 kinase activity allows Rad9A stabilization in case of genotoxic stress.  In addition, 

I also showed some preliminary results that suggest TLK1 involvement in Rad9A 

destabilization in cells synchronized in S-phase (Fig. 5.4 and 5.6), and these results agree 

with previous studies that suggest TLK1 participation in Rad9A destabilization (56,57). 

These events represent a level of Rad9A regulation that is dependent on Chk1, but 

through an indirect mechanism (TLK1). 
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Rad9A is hyperphosphorylated and accumulates after genotoxic stress (Figure 

4.1). In addition, Rad9A phosphorylation on S272 (15,16) and increased Rad9A nuclear 

retention have been observed after DNA damage (54). Here, I determined that Rad9A 

phosphorylation on S272 is involved in increased Rad9A nuclear retention (Figure 5.7 

and 5.8) and accumulation (Figure 5.9) after DNA damage. Since Rad9A 

phosphorylation on S272 by ATM is an early event following DNA damage (15,16), and 

this phosphorylation is required to increase Rad9A nuclear retention following DNA 

damage, I propose that Rad9A phosphorylation on S272 is one of the initial steps for 

Rad9A stabilization and accumulation following DNA damage. 

Rad9A phosphorylation on S272 is involved in an increased Rad9A nuclear 

retention and accumulation after DNA damage (Figure 5.7, 5.8 and 5.9). New studies 

with Rad9A S272A and S272D mutants to determine the effects of these mutations in 

Rad9A polyubiquitination in case of DNA damage will help to confirm the involvement 

of this phosphorylation in Rad9A stabilization after genotoxic stress. It will also be 

interesting to observe the effects of the expression of these mutants in S-phase and G2/M 

checkpoint activation. An ideal model to study the effects produced by Rad9A mutants in 

the different checkpoints will be the simultaneous inhibition of endogenous Rad9A levels 

and a control expression of a mutated Rad9A in human cells. Characterization of this 

system has proven to be challenging in part because mammalian Rad9 is required for cell 

survival (39).  

A late phosphorylation of Rad9A after DNA damage has also been observed (15), 

and this phosphorylation appears to be dependent on ATM-Rad9A-TopBP1-ATR-Chk1 
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pathway (15). Since Chk1 activation is required for Rad9A stabilization and 

accumulation following DNA damage (Figure 4.4 and 4.5), we hypothesized that Chk1 is 

responsible for the late-damage phosphorylation of Rad9A. A candidate for Chk1 

phosphorylation is S237 with the substrate consensus motif SI that is preferred by the 

Chk1 (28). Work described here determined that Rad9A is phosphorylated on S237 

(Figure 5.10, 5.11 and 5.12). Mimicking Rad9A phosphorylation on S237 (S237D) leads 

to reduced Rad9A nuclear retention and also appears to reduce Rad9A stabilization 

(Figure 5.12). Rad9A phosphorylation on S237 is observed in S-phase in conjunction of 

Rad9A polyubiquitination (Figure 5.13), and it is eliminated after DNA damage (Figure 

5.13). However, since S237 phosphorylation reduces Rad9A nuclear retention (Figure 

5.12), and is eliminated after DNA damage (Figure 5.13), it is unlikely that Chk1 is 

responsible for this phosphorylation, as the observed effects are opposite to what would 

be expected of a Chk1-dependent event.  

Phosphorylation of Rad9A on S237 leads to the generation of a pSXXF consensus 

motif that is appropriate for binding the C-terminal region of Brca1 E3 ligase (29–33). In 

light of this, and because phosphorylation of S237 is observed concurrently with Rad9A 

polyubiquitination in cycling cells (Figure 5.13), we hypothesized that a phosphorylated 

Rad9A on S237 interacts with Brca1E3 ligase to facilitate Rad9A polyubiquitination and 

degradation.  In addition, the fact that mimicking a persistent Rad9A phosphorylation of 

this site (S237D) impairs Rad9A nuclear retention suggests that S237 phosphorylation is 

involved in Rad9A unloading from DNA (Figure 6.12). 
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Rad9A phosphorylation of S237 appears to be related to Rad9A unloading from 

DNA (Figure 5.12) and Rad9A destabilization (Figure 5.12 and 5.13). Future work could 

be focused on confirming if Rad9A S237D mutant is polyubiquitinated and degraded in 

the presence of DNA damage, and also if this phosphorylation helps to mediate a possible  

interaction between Rad9A and Brca1. The study of Rad9A S237 phosphorylation using 

a phospho-specific antibody and Rad9A immunoprecipitation in denaturing conditions 

will help to confirm if this phosphorylation is involved in the process of Rad9A 

polyubiquitination in cycling cells or cells recovering from DNA damage.  

 

7.3 Brca1 co-immunoprecipitates with an acetylated Rad9A in cycling cells or cells 

recovering from damage  

In this work, I determined that Rad9A and Brca1 co-immunoprecipitate in cycling 

cells or cells recovering from DNA damage (Figure 6.1 and 6.2).  This co-

immunoprecipitation is reduced after DNA damage (Fig. 6.1 and 6.2). In addition to that I 

demonstrated that Chk1 activation (Fig. 6.4) and Rad9A deacetylation (Fig. 6.5) prevents 

Rad9A and Brca1 co-immunoprecipitation, identifying another link between Rad9A and 

Chk1.  

Brca1 is required for S-phase and G2/M checkpoint activation (242,243). Brca1 is 

involved in the ubiquitination of checkpoint proteins, and these ubiquitinations lead to 

different outcomes depending on the protein ubiquitinated (167,256). Brca1 

ubiquitination of Claspin after DNA damage stabilizes the protein for Chk1 activation 

(167). On the contrary, Brca1 ubiquitination of Cdc25C and Cyclin B1 promotes their 
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degradation (256). Here, I demonstrated Rad9A-Brca1 co-immunoprecipitation in S-

phase or at checkpoint recovery, suggesting that their co-immunoprecipitation happens 

predominantly under cycling or undamaged conditions, and is reduced following DNA 

damage (Figure 6.1B). I also demonstrated that Chk1 activation prevents the co-

immunoprecipitation between Rad9A and Brca1 (Figure 6.4). In the case of DNA 

damage, Brca1 E3 ubiquitin ligase activity is involved in S-phase and G2/M checkpoint 

activation by helping in Chk1 activation through Claspin stabilization or promoting 

Cdc25C and Cyclin B1 degradation (167,256). Here, I demonstrated that Rad9A and 

Brca1 co-immunoprecipitation in both directions, suggesting a possible interaction 

between both proteins (Figure 6.2). Since Chk1 activation is required for Rad9A 

stabilization (Figure 4.4), and Brca1 inhibition reduces Chk1 activation (166,256), Brca1 

will also reduce Rad9A stability. I found that Chk1 inactivation with UCN-01 (Figure 

6.4) or Brca1 inhibition (Figure 6.3) increases Rad9A-Brca1 co-immunoprecipitation and 

reduces Rad9A stability. I also demonstrated that Chk1 activation after DNA damage 

stabilizes Brca1 (Figure 6.4), suggesting the presence a positive feedback loop between 

Brca1 and Chk1 for Brca1 stabilization. These preliminary studies present the possibility 

of an interaction between Rad9A and Brca1 when Rad9A is polyubiquitinated, acetylated 

and degraded suggesting a participation of Brca1 E3 ligase in Rad9A polyubiquitination. 

The presence of two positive feedback loops (Rad9A-Chk1 and Brca1-Chk1) and the 

dependency of Chk1 activation on Brca1, has made very challenging the process of 

showing that Rad9A is a substrate of Brca1 E3 ligase for Rad9A polyubiquitination in 

vivo at checkpoint recovery.  
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The acetylation of a protein can lead to its degradation (287,294,307,308). In fact, 

a protein acetylation can facilitate its interaction with an E3 ubiquitin ligase that in turn 

polyubiquitinates the protein for its degradation (287,294,307,308). Here, I demonstrated 

a link between Rad9A and Brca1 via co-immunoprecipitation, Rad9A acetylation and 

Rad9A polyubiquitination in cells synchronized in S-phase or recovering from DNA 

damage (Figure 6.1B). Furthermore, I determined that Rad9A is deacetylated following 

genotoxic stress (Figure 6.1B), and this prevents Rad9A-Brca1 co-immunoprecipitation. 

In addition, I determined that preventing Rad9A deacetylation with PS at the moment of 

DNA damage increases both Rad9A-Brca1 co-immunoprecipitation and Rad9A 

polyubiquitination (Figure 6.5). Since Rad9A polyubiquitination is reduced after DNA 

damage (Figure 6.1B) and Rad9A deacetylation increases after DNA damage (Figure 

6.1B), I propose a model in which Rad9A deacetylation acts as a mechanism to prevent 

Rad9A interaction with an E3 ligase (maybe Brca1) to prevent Rad9A polyubiquitination 

and degradation (Figure 7.2). 

In the case of DNA damage, it has been demonstrated that histone deacetylase 1 

(HDAC1), localizes at DSBs (309,310). HDAC1 interacts with Rad9A and hHus1 in 

vitro and in vivo (311). Since panobinostat (PS) is a potent inhibitor of HDAC1 (IC50: 

2.5 nM) (12), and PS prevents Rad9A deacetylation following BLEO exposure (Figure 

6.5), it could be suggested that HDAC1 is a suitable candidate for Rad9A deacetylation 

following DNA damage. Studies directed to determine Rad9A-HDAC1 direct interaction, 

and also, the effects of HDAC1 silencing in Rad9A acetylation and Rad9A stability will 

help to clarify if HDAC1 is involved in the process of Rad9A deacetylation and 

stabilization after DNA damage.  
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Figure 7.2 – Rad9A acetylation and deacetylation model. In the case of cycling cells or 

checkpoint recovery, Rad9A is acetylated by HATs promoting Rad9A interaction with an 

E3 ubiquitin ligase which in turns (poly) ubiquitinates Rad9A leading to Rad9A 

degradation. In the case of DNA damage, Rad9A is deacetylated by HDACs to prevent 

Rad9A and an E3 ubiquitin ligase interaction allowing Rad9A stabilization and 

accumulation. 
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Rad9A acetylation is observed in conjunction with Rad9A polyubiquitination and 

degradation in S-phase or at checkpoint recovery (Figure 6.1). Analysis of Rad9A amino 

acid sequence with two computer programs designed to predict a protein acetylation sites 

shows that Rad9A could be acetylated on K191, K335, K359, and K360 residues 

(288,289). Lysines 359 and 360 are located inside Rad9A NLS (50), and acetylation of 

these residues could affect Rad9A nuclear localization (312). The acetylation of K359 

and K360 could reduce Rad9A nuclear retention and promote its interaction with an E3 

ligase that in turns catalyzes Rad9A polyubiquitination and degradation. It was detected 

the acetylation on K336 of mouse rad9 homolog B (mRAD9B) from liver tissue using 

mass spectrometry analysis [CST Curation Set: 4564, 2008] (313). The acetylation of this 

rad9 isoform in mouse further suggests that Rad9 acetylation is part of the 

posttranslational modifications of this protein. Studies with Rad9A point mutations of 

lysines K191, K335, K359 or K360, could help to elucidate the Rad9A acetylation 

process for its destabilization. 

Checkpoint Kinase 1 (Chk1) expression is increased in non-small cell lung cancer 

cells, and exposure of those cells to PS downregulates Chk1 expression leading to early 

mitotic entry and cell death (314). Since Rad9A is required for Chk1 activation 

(35,50,100), and PS treatment prevents Rad9A deacetylation following DNA damage 

(Figure 6.2), the deacetylation of Rad9A shows another process for maintaining Chk1 

activation.   

Rad9A accumulates after prolonged exposure to BLEO (Figure 4.1), but severe 

DNA damage promotes Rad9A cleavage, and translocation of the Rad9A N-terminus to 
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cytoplasm to promote apoptosis (48). Draga et al. (2015) showed that BRCA1 prolongs 

G2/M checkpoint activation (Chk1 pS345), and  promotes apoptosis after crosslink 

damage in avian DT40 cells with a defective Fanconi anemia DNA repair pathway (315). 

Since Rad9A accumulation requires Brca1 and Chk1 activation (Figure 4.4, 4.5 and 6.3), 

I propose a model in which Brca1 promotes Chk1 activation and Rad9A accumulation 

after DNA damage, but in the case of severe damage, Rad9A is unloaded, cleaved and 

translocated to promote apoptosis. 

The possibility of Brca1 being the E3 ligase responsible to catalyze Rad9A 

polyubiquitination for degradation leads to a model in which an acetylated Rad9A 

interacts with Brca1 E3 ligase that in turns catalyze Rad9A polyubiquitination for 

degradation to prevent undesired Rad9A accumulation in S-phase. During DNA damage,  

Chk1 activation and Rad9A deacetylation prevent Rad9A-Brca1 interaction to allow 

Rad9A stabilization for checkpoint maintenance. During recovery from the checkpoint, 

Chk1 deactivation and increased Rad9A acetylation will allow increased Rad9A-Brca1 

interaction, targeting Rad9A for polyubiquitination and degradation (Figure 7.3). 

 

7.4 Concluding Remarks 

The work presented in this thesis shows the existence of a positive feedback loop 

between Chk1 and Rad9A for checkpoint maintenance following DNA damage (Figure 

7.1). Here, I demonstrated that Chk1 activation is required for Rad9A stabilization and 

accumulation after genotoxic stress. These findings confirm that the Rad9A-TopBp1-  
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Figure 7.3 – Rad9A and Brca1 interaction model. In S-phase, an acetylated Rad9A 

interacts with Brca1 E3 ligase which in turns catalyze Rad9A polyubiquitination for 

degradation to prevent undesired Rad9A accumulation. In the case of DNA damage, 

Chk1 activation and Rad9A deacetylation prevent Rad9A-Brca1 interaction to allow 

Rad9A stabilization for checkpoint maintenance. At the end of the checkpoint, Chk1 

deactivation and increased Rad9A acetylation will allow increased Rad9A-Brca1 

interaction for Rad9A polyubiquitination and degradation. 
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ATR-Chk1 pathway is activated in a surveillance mode in S-phase (84). Also, I 

demonstrated for the first time that Rad9A is accumulated to maintain Chk1 activation 

after DNA damage. Moreover, this research work shows for the first time that Chk1 

activation is also required for Brca1 stabilization following DNA damage. These thesis 

results agreed with previous reports that show reduced Chk1 activation with Brca1 

silencing (166), and in addition this work shows that Brca1 inhibition affects Rad9A 

stabilization. Here, I demonstrated the presence of intricate interdependencies between 

Rad9A, Chk1, and Brca1 in cells exposed or not to genotoxic stress.  

I determined that TLK1 is accumulated after DNA damage and that accumulation 

is dependent on Chk1 activation. I also determined that Tlk1 phosphorylation of Rad9A 

on S328 reduces Rad9A nuclear retention. In this research, a new phosphorylation of 

Rad9A has been identified on S237, a phosphorylation that appears to be involved in 

reduced Rad9A nuclear retention and Rad9A destabilization.  

I demonstrated for the first time that Rad9A is acetylated to allow Rad9A 

polyubiquitination and degradation in cycling cells or at the time of checkpoint recovery. 

In addition, this work has shown that in the case of DNA damage, Rad9A is deacetylated 

to prevent Rad9A polyubiquitination and degradation.    

Finally, I demonstrated that Rad9A and Brca1 co-immunoprecipitate when 

Rad9A is acetylated and polyubiquitinated in S-phase or at checkpoint recovery, 

suggesting that Brca1 E3 ligase is involved in Rad9A polyubiquitination. The results of 

this thesis show evidence of Chk1 mediated stabilization of multiple proteins at the 

moment of DNA damage (Rad9A, Brca1, and TLK1) for checkpoint maintenance and 
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DNA repair. This work shows that Rad9A stability is tightly controlled by a system in 

which Rad9A acetylation favors Rad9A polyubiquitination and degradation while Rad9A 

deacetylation allows Rad9A accumulation to maintain Chk1 activation in case of DNA 

damage.  
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