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ABSTRACT 
DNA double strand breaks (DSBs) are the most toxic lesions for the genetic material 

leading severe consequences on cell viability predisposing to cancer transformation. In 

order to preserve the genome integrity, two main pathways, homologous recombination 

(HR) and non-homologous end joining (NHEJ) are activated to repair DSBs; the 

characterization of these repair mechanisms can be used as a novel strategy to improve the 

cancer therapy. The DNA damage response (DDR) is finely regulated by complex 

machineries in order to promote the correct DNA repair; many post-translational 

modifications regulate the DDR, among these the protein phosphorylation reveals a central 

function. The Cell cycle Kinases (CDKs) are the best regulators of the cell cycle but also 

the DDR; CDK9, one of the principal CDKs, is characterized by the presence of two 

protein isoforms (CDK9 42kDa and 55kDa). We decided to investigate the possible role of 

CDK9 in the DNA damage response (DDR) thought a global phosphoproteomic screening 

in order to detect the putative targets of CDK9 55kDa in HR. We found that CDC23, a 

component of Anaphase promoting complex/cyclosome (APC/C), it is involved in the 

DNA repair pathway choice between the NHEJ and HR, in response to CDK9 55 

phosphorylation. The generation of the HeLa cells carrying the point mutation of CDC23 

S588A showed a deficient HR but proficient NHEJ, in response to S-phase DNA damage, 

respect to HeLa wt cell. Importantly we demonstrated that CDC23 S588 phosphorylation 

didn’t interfere with cell cycle related function of APC/C and with its complex assembly, 

suggesting a possible role in the substrate target detection. Finally, we identified CDK9 as 

well as CDC23 as new HR players, proposing them as possible pharmacological targets for 

antitumoral synthetic lethal approaches. 
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1. INTRODUCTION 

1.1 DNA damage and DNA damage response. 
Many sources of DNA damage, both endogenous or exogenous, involve the activation of 

DNA damage response (DDR) preserving the genome stability1; mutations in DDR 

proteins are associated with malignant cancer transformation2. 

Double strand breaks (DSBs) are the most deleterious lesions affecting chromosome 

integrity loosing genetic information. In higher eukaryotes, DSBs are processed by two 

main pathways: non-homologous end-joining (NHEJ) and homologous recombination 

(HR). 

When DSBs occur, the DNA damages sensors Ataxia telangiectasia mutated (ATM) and 

MRE11/RAD50/NBS1 complex (MRN) are recruited to DNA lesions. ATM 

phosphorylates different targets such as H2AX, at Serine 139 resulting in γH2AX, which 

recruits MDC1 (Mediator of DNA damage checkpoint protein 1) followed by the 

chromatin loading of RNF8 (E3 ubiquitin-protein ligase RNF8) and RNF168 (E3 

ubiquitin-protein ligase RNF168) inducing H2A ubiquitination, which recruits 53BP1 

(mammalian p53-binding protein 1) on DSBs3. 

NHEJ is active throughout the cell cycle and it simply restores the integrity of DNA 

molecule without preserving the fidelity of the original sequence4. The first step of NHEJ 

is the binding of Ku heterodimer (Ku70/80) to DNA ends and the recruitment of the 

catalytic subunit of DNA-PKcs5, which is a member of PIKK (phosphatidylinositol-3 (PI- 

3) kinase-like kinase) family with serine/threonine kinase activity. XRCC4 is recruited to 

damaged sites and acts as a scaffold protein for XLF and Artemis, removing some residues 

at DNA ends to facilitate DNA ligation by LIG-IV6, which is the only enzyme capable to 

ligate one strand independently of another but it might creates same local mutations due to 

imprecise joining7. 

Homologous recombination, an S and G2 phases specific DNA repair mechanism, is an 

error-free process that requires sister chromatid as DNA template to repair DSBs. HR 

requires the generation of long 3′ single-stranded DNA (ssDNA), obtained through a 

process named DNA end-resection. This step is induced by NBS1 (Nijmegen breakage 

syndrome 1 protein) and CtIP (DNA endonuclease RBBP8) phosphorylation that in turn 

activate MRN. The MRE11 is the core component of MRN complex, which induces an 

initial ssDNA nick near to the DSB, thought its endonuclease activity, followed by 

removal of the first 50-100 nucleotides from 5’ end of DSB thanks to its exonuclease 

activity and CtIP cooperation. Subsequently EXO1 (Exonuclease 1) and BLM (Bloom 
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syndrome protein) catalyze the extensive resection with the generation of ssDNA8,9. The 

resulting ssDNA is rapidly coated by the heterotrymeric complex RPA (Replication protein 

A), which is multi phosphorylated, first of all by the ATR/ATRIP (Serine/threonine- 

protein kinase ATR/ATR-interacting protein) complex, followed by ATM, CDKs and 

DNA-PKcs as a consequence of DNA damage response10. RPA stimulates EXO1 activity 

ensuring the formation of productive EXO1-ssDNA complex11 but on the same time it 

activates a negative feedback to avoid hyper-resection that could be dangerous for the 

cells. RPA binds avidly ssDNA tails and competes with RAD51 (DNA repair protein 

RAD51 homolog 1) that must replace it on DSB. In mammalian cells, BRCA2 is involved 

in this process12 through the interaction with RAD51, phosphorylated at S3291 in a cell 

cycle dependent manner13. The RAD51 recombinase catalyzes homology search on sister 

chromatid and DNA strand exchange to generate D-loop, named Holliday junctions (HJ), 

that are resolved to repair DNA. 

 
Fig. 1: Schematic representation of NHEJ and HR pathways14. 

 
 
1.2 DNA repair pathway choice. 
In mammalian cells the competition between NHEJ and HR is subjected to a fine 

regulation, even thought the mechanism is not really understood. A key determinant in 

pathway choice is cell cycle progression: during S phase, high levels of cyclin dependent 
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kinases (CDKs) led to nucleosome modifications and CtIP phosphorylation on Thr847 and 

on Ser 327 to promote its binding to BRCA115. BRCA1 allows resection in the S phase, 

mediating H2A ubiquitynation that induce nucleosome modification and the removal of the 

anti-resection protein 53BP1 from damaged site16,17. Despite the antagonist role of 53BP1 

and BRCA1, recent studies show that 53BP1 can promote the fidelity of HR, limiting 

excessive resection18. In contrast, the DNA helicase B (HELB) is recruited on DNA lesion 

via RPA interaction, to remove EXO1 from DNA19 inhibiting resection. 

The DSB repair pathway choice involves a complex machinery, including, post 

translational modifications (PTMs) and chromatin condensation. Among PTMs, the 

phosphorylation of DDR proteins plays a crucial role to switch on/off their activity as for 

the phosphorylation of H2AX, which regulates the chromatin condensation affecting DDR 

proteins accessibility20. 

 
1.3 DDR disorders and therapeutic approaches. 
The mutations in many DDR proteins are described to be involved in the pathogenesis of 

the sporadic and hereditary cancers; in particular, in sporadic cancer, increased expression 

of RAD50, RAD51, CHK1, CHK2 and PARP121,22 leads to inappropriate activation or 

inactivation of DNA damage response. Instead, mutations in the ATM (Ataxia 

Telangiectasia Mutated) gene, one of the master regulator of the DDR, is responsible of the 

onset of the Ataxia Telangiectasia (AT) which is a rare neurodegenerative disorder 

characterized by immune system deficiency and increased cancer predisposition23. 

Moreover, Nijmegen breakage syndrome, a rare autosomal recessive congenital disorder, is 

dependent by the NBS1 gene alterations, which encodes for a core component of the MRN 

complex, a master regulator of the HR24. Finally, molecular alterations in the BRCA1 and 

BRCA2 genes are involved in the pathogenesis of the hereditary breast and ovarian 

cancer25. 

Given the definition of the genomic instability as an hallmarks of cancer for tumour 

transformation and development26, many therapeutic strategies are developed for cancer 

treatment; the generation of the ATM and MRN complex inhibitors are used as a possible 

chemosensitization and radiosensitization compounds27, the CHK1/CHK2 inhibitors 

showed a promising cancer therapy efficacy28 and the DNA-PK inhibitors, a master 

regulator of NHEJ, induced a marked sensitivity to ionizing radiation in pre-clinical 

studies29. In 2005, the Alan Ashworth research group demonstrated the synthetic lethal 

phenomenon of the BRCA mutant cells to the inhibition of the PARP1 protein opening a 

new era in the cancer therapy30; in particular they demonstrated that the Olaparib, a PARP1 
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inhibitor, generates DNA single strand breaks which are converted in the DSBs to be 

repaired through the HR but the deficiency of BRCA1 gene impairs the DNA repair 

inducing breast cancer cell death. The Olaparib is included in a clinical trial showing an 

antitumoral activity in patients with BRCA-mutated breast, ovarian and prostate cancers 

but displaying various resistance mechanisms as functional BRCA1 and BRCA2 

reactivation31, loss of 53BP132 or replication fork stability33, suggesting the necessary 

discovery of new HR players to bypass the tumour resistance phenomena through the 

identification of alternative therapeutic targets. Moreover, the characterization of the 

BRCAness tumours, which are HR defective without germline mutations in BRCA1 or 

BRCA2 genes, suggested the essential characterization of HR mediators for the 

identification of new synthetic lethal interactions34, different to BRCA/PARP1, in order to 

extend a panel of druggable tumours. 

 
1.4 CDKs: cell cycle regulators and DDR modulators. 
CDKs (Cyclin-dependent kinases) are serine/threonine kinases that drive cell cycle 

progression but also involved in transcription regulation, mRNA processing and DNA 

damage response. In 1980s genetic and biochemical studies discovered CDKs in yeast and 

fungi as the catalytic core of a heterodimeric enzyme; they must associate with a  

regulatory subunit, the cyclins, to phosphorylate target proteins. Evolutionary studies 

reveal the increasing number of CDKs in higher organisms: fungi have 6 to 8 CDKs and 9 

to 15 cyclins, human cells have 20 CDKs and 29 cyclins. They could be classified in eight 

subfamilies in which CDK1, CDK4 and CDK5 are cell cycle related kinase while CDK7, 

CDK8, CDK9, CDK11 and CDK20 are transcriptional35. 
 

Fig.2: (A) Comparison of yeast and mammalian CDKs 36. (B) Schematic representation of cell cycle 

progression and transcription mediated by CDK/cyclin complex37. 
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Like all kinase, CDKs have an N-terminal lobe containing a glycine-rich inhibitory 

element (the G-loop), a central active site and a C-terminal helix, containing a PSTAIRE- 

like cyclins-binding domain36; moreover, the C-lobe contains the activation segment and 

phosphorylation-sensitive amino acid in the so-called T-loop. As a consequence of cyclin 

binding to PSTAIRE helix of kinases, T-loop is displaced to expose the substrate-binding 

site. Once activated, CDKs are able to phosphorylate serine/threonine amino acids on their 

target proteins; it is important to underline that these kinases recognize their substrate on a 

specific consensus sequence: S/T-P-X-K/R (Serine/Threonine-Proline-X any aminoacid- 

Lisine/Arginine)36. 

There are increasing evidences that CDKs can modulate DDR38; in fission yeast, Cdc2- 

cyclin B regulates ssDNA loading of RAD51 homolog, Rhp51, and enhances TopIII 

activity to resolve Holliday junction39. In mammalian cells, cyclinD1 carries out this 

function inducing HR-mediated repair40; CDK1-cyclin b promotes resection 

phosphorylating the CtIP homolog, Sae2. Just like cell cycle kinases, transcriptional CDKs 

are also involved in DNA repair; CDK12/cyclin K regulates different DDR genes41. 

 
1.5 Cyclin-dependent kinase 9 (CDK9). 
In 1994, Giordano et al. have identified CDK9 as a new CDC-2 related human protein 

kinase42. It was, originally, named PITARLE for its characteristic Pro-Ile-Thr-Ala-Leu- 

Arg-Glu motif. CDK9 gene maps on chromosome 9q34.1, it contains six introns and its 

expression is ubiquitous even through it is enhanced in the liver and placenta, suggesting a 

specific function for CDK9 in these cells42. There are two known isoforms of CDK9: 

CDK9-42 (previously identified as PITARLE) and CDK9-55, named on the base of their 

molecular weight43, sharing the same sequence except for 117 amino acids additional in 

55kDa isoform at N-terminus44. 

Fig. 3: Structure of human CDK9 gene. 
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Despite their sequences homology, they have different cellular localization and expression 

pattern in various tissues: CDK9-42 resides in the nucleus, it is present throughout the 

nucleoplasm and also in the nuclear speckles45; on the other side CDK9-55 is highly 

present in the nucleolus45. In primary undifferentiated monocytes no CDK9-55 expression 

was detected until macrophage differentiation, in activated T-lymphocytes only CDK9-42 

is up-regulated44. 

CDK9, as a cyclins dependent kinase, has its regulatory partners, cyclin T or cyclin K46, 47 

to form the positive transcription elongation factor b (P-TEFb). Three subtype of cyclins T 

are known: T1, T2a and T2b; 80% of CDK9 binds to cyclin T1 and 10-20% to cyclin T2a 

and T2b48, which are also important for CDK9 localization49. 
CDK9 is a multifunctional kinase involved in many aspect of the cell biology: first of all it shows a 

crucial role in the regulation of transcription50 though the phosphorylation of the C-terminal 

domain (CTD) of RNA polymerase II (RNAPII) and the negative elongation factors, DSIF and 

NELF51, activating the elongation of mRNA in the transcription process. In human, the CTD of 

RNAPII has a YSPTSPS consensus sequence52, in which serine at position five is phosphorylated 

by CDK7, and Ser2 is the target of CDK952; moreover, other CDKs could be involved in CTD 

modification but, only CDK9 mediated phosphorylation activates P-TEFb dependent gene 

expressions53.CDK9 regulates the transcription of specific genes, whose expression is highly 

sensitive to CDK9 inhibitors54. In addition it has an essential role in HIV transcription, in 

which the viral protein Tat (Trans-activator of transcription) interacts with 

cyclin  T1, recruiting P-TEFb  to  transcription  site55. According to  its  function,   P-TEFb 

phosphorylates RNAP II, DSIF and NELF and induce viral RNA transcription as a result 

viral assembly56. Several experiments suggest that CDK9 associates with chaperone 

proteins HSP70, HSP90 and CDC37 that are essential to stabilize the newly synthesized 

form of CDK9 until its binding to its regulatory cyclins55. 
Increasing evidences suggest CDK9 as DDR player and this function could be restricted to cyclin 

K57. In line with these results, cyclin K expression is activated by p53 in response to DNA damage, 

induced by UV light or ionizing radiation58. CDK9 depletion prevents cell cycle recovery  

following replication arrest due to stall of replication fork as a consequence of hydroxyurea (HU) 

treatment. Wild type phenotype is restored by exogenous expression of CDK9-42, suggesting a 

possible different function of the two isoforms. Moreover, co-immunoprecipitation studies reveals 

CDK9/ATR/ATRIP/claspin binding without interfere with ATR’s function onto phosphorylation of 

CHK157. CDK9 knockout cells show DSBs markers, in the absence of exogenous insults; the same 

results are obtained with cyclin K depletion59. No alterations of DDR and cell cycle recovery are 

evaluated in cyclins T1 or T2 Knockout cells57. Genotoxic agents induce, in CDK9 KO cells, 

reduced efficiency of DSBs repair mediated by HR, with no impact on NHEJ60. Further 
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studies show that CDK9 interacts with BRCA1 and BARD1 (BRCA1-associated RING 

domain protein 1), mediating the BRCA1 loading onto DSBs, promoting HR60; 

consistently, the CDK9 KO cells show a hypersensitivity to ionizing radiation (IR). In 

addition, some studies reveals that CDK9-55 could be involved into DSBs repair pathways 

through an interaction with Ku70, a NHEJ protein59. 

Given the relevance of CDK9 related pathway in the pathogenesis of different viral 

infections and in many type of cancer, it could be a very valuable therapeutic target. 

Different CDK9 inhibitors have been investigated to treat CDK9 mediated hematological 

cancer and solid tumors, some of them are used in clinical and preclinical studies in acute 

myeloid leukemia showing an efficient antitumoral effects61. The main downside is the 

poor specificity of CDK9 inhibitors, because they are competitive binders of ATP-binding 

site that is conserved across CDKs. Their poor specificity lead to reduce their clinical 

effect and enhance side effects62. 

Fig. 4: Representation of CDK9 in mRNA transcriptional elongation56. 

 
1.6 Ubiquitination. 
Ubiquitination is a three steps signaling process in which a 76 amino acid protein, the 

ubiquitin, is bound covalently on target proteins. The addition of one or more ubiquitin 

molecules to the target proteins can be responsible of different functions; a single ubiquitin 

addiction is a transient modification that controls different cellular process such as 

membrane transport and transcription63. In contrast, poly-ubiquitination marks target 

proteins to proteasome degradation63. The attachment of ubiquitin molecules is a multi- 

step process starting with binding of the ubiquitin-activating enzyme (E1) that activates the 
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ubiquitin molecule, subsequently transferred to an ubiquitin-conjugating enzyme (E2). The 

last step is mediated by an ubiquitin ligase (E3) that catalyzes the conjugation to the lysine 

of target proteins63; this process is repeated to generate a poly-ubiquity chain to mark 

protein for degradation63. The number of E1 and E2 enzymes is smaller than E3 ligases; 

more than 500 E3 ubiquitin ligase are described in human genome, they belong to two 

major families: the Homologous to the E6-AP Carboxyl Terminus (HECT) and the Really 

Interesting New Gene (RING)64. The first class transfer ubiquitin at a conserved cystine 

residue and subsequently to its substrates, the second one mediates the transfer of ubiquitin 

from E2 to substrates. In the cells there are two main multi-subunits RING domain 

containing ubiquitin ligases: Skp1-Cullin-F-box-protein (SCF) and APC/C (Anaphase 

Promoting Complex/Cyclosome)65. 

 
1.7 The anaphase promoting complex/cyclosome (APC/C). 
The anaphase promoting complex/cyclosome (APC/C) is a multi-subunits E3 ubiquitin 

ligase that targets cell cycle related proteins to proteasome degradation triggering 

metaphase to anaphase transition during mitosis. Human APC/C is an holoenzyme 

complex of 1.5 mega Dalton, composed by 14 subunits placed in a triangular or 

asymmetric heart-shape conformation66; it could be divided into the catalytic core, the 

platform and the tetratricopeptide repeat (TPR) core. The catalytic core, composed by 

APC2 and APC11, is responsible to attach the poly-ubiquitin chain on APC/C targets; they 

have a culling and a RING-finger domains. The platform is composed by APC4-APC5, 

which seem to be required to stabilize the structure67 and by APC1 which is the largest 

subunit and it is able to connect the other two subunits of the platform. The TPR core is 

formed by the APC3/cdc27, APC6/Cdc16, APC7 and APC8/Cdc23, it is involved in the 

substrate recognition; all the TPR proteins, present a tetratricopeptide motif composed by 

34 amino acid tandem repeats involved in protein-protein interaction. It important to 

underline that TPR subunits have the most of the phosphorylation sites of APC/C that 

could be important to regulate its functions68. 

The substrate specificity of APC/C is dependent by two Cdc20/Fizzy family activators: CDC20 and 

CDH1, which recognize their substrates through the presence of specific sequences into the 

target proteins: the Destruction box (D-box), KEN box or ABBA motif. The D-box is 

RxxLxxxxN amino acid sequence where the R is Arginine, X is any amino acid, L is 

Leucine, and N is Asparagine; the KEN box sequence is KENxxxN where K is Lysine and 

E is Glutamate and finally the ABBA motif is characterized by the Fx[ILV][FHY]x[DE] 

sequence where F is a Phenylalanine, I is a Isoleucine, V is a Valine, H is an Histidine, Y 
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is a Tyrosine and D is a Aspartic Acid69. Upon the substrate recognition, APC/C can 

assemble ubiquitin on K11 and K48 residues thought two classes of E2 enzymes: UBCH10 

and UBCH5 followed by the elongation of the poly-ubiquitin chain by the UBE2S E2 

enzyme in cooperation with the APC2 and APC466. 

 
 

Fig. 5: Schematic representation of APC/C structure66. 
 

The APC/C activity could be regulated by the presence of PTMs or other proteins in order 

to control ubiquitination function; between the PTMs, the phosphorylation of the catalytic 

core could modulate CDC20 interaction70, APC/C localization71 as well as binding to 

CDKs72. Mass spectrometry assays reveal 43 phosphorylation sites in human APC/C, 9 of 

which are cell cycle independent68. Many proteins regulates the APC/C activity as Spindle 

Assembly Checkpoint (SAC), mitotic checkpoint complex (MCC) and the kinase BUB1, 

which phosphorylates and inhibits CDC20, preventing anomalous mitosis and improving 

chromosome segregation73. Finally, EMI1 inhibits APC/C
Cdh1 

binding the catalytic core or 

competing with its substrates74. The function of APC/C in the regulation of the mitosis 

transition is a two-step process: first of all APC/C
Cdc20 

is activated, at prometaphase and 

catalyses the degradation of NEK2 and cyclin A 75 favoring a chromosome disposition on 

metaphasic plate, followed by degradation of cyclin B and securin to ensure cell transition 

to anaphase. Decreased level of cyclin B abolishes CDKs activity at anaphase and induce 

activation of APC/C
Cdh1

, that ubiquitinates other mitotic proteins as well as it competitor 

CDC20 in order to promote the exit to mitosis75. 
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Fig. 6: Schematic representation of APC/C function in cell cycle progression70. 
 
 
APC/C is a multifunctional complex involved in the neurons differentiation and regulation 

of DNA damage response76,70. Basically, as a consequence of DSBs, BRCA1 is recruited 

onto the damage sites through the recognition of K63-linked poly-ubiquitin chain on 

histones; its recruitment is blocked by the deubiquitinating enzyme USP1 (Ubiquitin 

carboxyl-terminal hydrolase 1). As a consequence of DNA resection, CHK1 activates 

APC
Cdh1 

that targets USP1, inducing its degradation, in order to promote the BRCA1 

recruitment and HR-mediate repair70. Moreover, different other DNA damage regulators 

have been identified as APC/C targets: Claspin, an adaptor protein involved in ATR- 

mediated CHK1 activation77, and RAD17 that regulates the recovery from genotoxic 

stress78. 

Given the role of the APC/C complex in cell biology, it could be involved in the initiation 

or invasion of tumor; consistently, a series of mutations in the APC/C protein complex 

were described in many cancer types, as breast, hepatocarcinoma and melanoma samples79. 

APC/C targets many tumour suppressor proteins, mutations in APC/C subunits are 

identified in human colon cancer and Cdc20 over expression induces aberrant mitotic 

division in various tumor79. The Human T lymphoma virus type-1 (HTLV-1) protein tax 

interferers with APC/C inhibitors inducing premature ubiquitination and degradation of 

cyclin B and securin inducing a cells chromosomal aberrations that promote cancer 

transformation80. Human cytomegalovirus induces APC4 and APC5 degradation 

promoting G1/S arrest to ensure its replication81. 
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2. AIM OF THE STUDY 
In this study, we aimed to identify new DDR player as possible druggable molecule in 

cancer therapy. Actually, the difficulty to distinguish the CDK9 42kDda and 55kDa 

molecular functions depends by a no specific siRNAs or shRNA targeting the N-terminal 

portion of the CDK9 55Kda. We want to use a CRISPR/Cas9 system to generate specific 

HeLa CDK9 55Kda Kncock-out cells in order to study the possible its involvement in the 

DDR. To this aim we use a global phosphoproteomic screening of HeLa CDK9 55Kda 

cells, in response to Campthotecin treatment, in order to detect the putative targets in HR. 

Among these we focus on CDC23, a component of APC/C, to evaluate the possible role of 

CDC23 phosphorylation, mediated by CDK9-55, in HR in order to propose them as 

potential target for antitumoral synthetic lethal approaches. 

 
3. RESULT 

3.1 Generation of HeLa CDK9 55KO cell line through the CRISPR/Cas9 

system. 
Recent studies characterize CDK9 as a DDR player; some authors propose that it could be 

involved in DSBs resolutions by modulating BRCA1 recruitment60 and other ones 

demonstrate that CDK9-55 is able to bind Ku70, a maker of NHEJ59. Despite the high 

number of CDK9 inhibitors, they have very poor specificity and they are unable to 

discriminate the two isoforms of CDK9. As reported previously, CDK9-42 and CDK9-55 

have identical sequences except for 117 amino acids additional in 55kDa isoform at N- 

terminus; many siRNAs were designed to target the N-terminal portion of CDK9-55 in 

order to specific downregulate the protein isoform without great results. To this aim, we 

generated Hela CDK9-55 Knockout (CDK9-55KO or CDK9-55-/-) cells thought the 

CRISPR-Cas9 system using nickase Cas9 enzyme eliminating the translation ATG start 

codon of the CDK9-55 without affect the expression of the 42 kDa isoform. By western 

blot analysis we confirmed that three clones were knockout for the only isoform 55 of 

CDK9 (Figure 7). 
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Fig. 7: (A) Schematic representation of the CRISPR/Cas9 system used to develop the CDK9-55 KO cells. 

(B) Western blot analysis reveals three CDK9-55 KO clones (Cl4-Cl6-Cl7). The asterisk indicates an 

aspecific band. GAPDH is used as protein loading control. 

 
3.2 CDK9 55KO impairs the RPA32 S4/8 phosphorylation and it is 

synthetic lethal with Olaparib. 
In order to evaluate the role of CDK9-55 in double strand breaks response, we treated 

HeLa cells with Camptothecin (CPT), an S-phase specific drug, which inhibits the 

topoisomerase I activity inducing the collapse of the replication fork generating DSBs 

repaired through the HR82. We found that, upon 120 minutes of CTP treatment, CDK9-55 

KO cells showed reduced levels of RPA32 Serine 4/Serine 8 phosphorylation (pRPA32 

S4/8) compared to control cells (figure 8a). RPA32 is a part of the Replication Protein A 

complex which is one of the principal player of the HR and the pRPA32 S4/8 is described 

to be a marker of DNA end-resection83. 

Since some CPT analogues have been approved as anti-neoplastic drugs for the treatment 

of several tumours, we decided to assess whether CDK9 55 knockout could sensitize HeLa 

cells to the cytotoxic effects of CTP. Clonogenic assay revealed that both CDK9 55-/- cl4 

and cl7 showed an increased sensitivity to CTP treatment (figure 8b). In order to confirm 

the clinical relevance of CDK9-55 deficiency, we investigated if CDK9-55 knockout might 

trigger synthetic lethality in cells treated with PARP1 (poly ADP-Ribose polymerase 

inhibitor 1) inhibitors. As reported in figure 8c the Olaparib treatment induces a reduction 

of cell survival of HeLa CDK9 55KO respect to wt cells suggesting a possible synthetic 

lethal phenomenon to PARP1 inhibition. 
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Taken together, these data suggest that Cdk9-55 could be a DDR protein, involved in 

homologous recombination pathway. 

 
Fig. 8: (A) Western blot analysis of HeLa wt and CDK9 55KO cells (Cl4-7) treated or not with 1 µM CPT 

for 30-60-120 minutes; pRPA S4/8 was used as DNA end-resection marker. GAPDH is used as protein 

loading control. (B) Cell colony assay in Hela wt and CDK9 55KO (Cl4-7) treated with CPT at indicated 

drug concentration and incubated for 10 days or olaparib (C) Colony formation assay performed as in B with 

Olaparib at indicated drug concentrations. 

 

3.3 Global phosphoproteomic screening of HeLa wt and CDC23 S588A in 

response to camptothecin. 
Among post-transcriptional modifications, the phosphorylations of DDR proteins play a crucial 

role to switch on/off their activity; more than 7000 proteins are phosphorylated as a consequence of 

DNA damage response.84 Since CDK9 is a serine/threonine kinase, we perform a global 

phosphoproteomic screening to evaluate the different phosphorylation pattern both in HeLa wt and 

CDK9-55 deficient cells, treated or not with CPT; we analyzed a fold enrichment score of 

identified proteins from mass spectrometry data, obtained by the phosphorylation intensity values 

of the single peptide in treated condition, divided to the same intensity values in untreated state. 

The fold enrichment score showed a measure of the phosphorylation/dephosphorylation status of 

the identified proteins in response to CPT. To check the possible presence of CDK9-55 protein 

targets, we organized the identified proteins with a positive fold enrichment score in HeLa wt cells 

and with a 0 fold enrichment score in CDK9 55KO, consistent with a unphosphorylated status of 

the proteins. We found that, as a consequence of DSBs and HR activation, 126 proteins were 
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phosphorylated only in CDK9-55 proficient cells, implying them as possible Cdk9-55 

phosphorylation targets. We exclude the already described DNA damage proteins, 

corresponding to the 19% of the 126 putative targets,85,84 focalizing our attention onto the 

81% of identified protein whose function in HR was unknown (named in figure 9 as a 

putative substrates). 
 
 
 

Fig. 9: Schematic representation of global phosphorproteomic screening. 
 
 
From mass spectrometry data we obtained the phospho STY probability score of the 

identified protein peptides, corresponding to the to the highest (as 1) or lowest (as 0) 

probability that a definited aminoacidic residues could be phosphorylated. Given that 

CDKs phosphorylate serine/threonine amino acids of its substrate on a specific consensus 

sequence S/T-P (S is a Serine, T is a Threonine and P is a Proline)86, we used a phospho 

STY probability score, of the 126 previous proteins, to identify the best S/T-P score in 

peptide sequence followed by the analysis of seven aminoacids upstream and downstream 

from the S/T-P site. By using the IceLogo software87, we performed a bioinformatical 

analysis onto the identified peptides to obtain the consensus sequence in the putative 

CDK9-55 substrates; from the IceLogo analysis we identified a high prevalence of 

Arginine (as R) in -3 position from the S/T-P site identifying the putative consensus 



24  

sequence of CDK9-55 as R-X-X-S/T-P (figure 10a) which is present in 12 proteins 

identified from the screening (Table 1). 
 

 
Table 1: Proteins identified from the global phosphorproteomic screening containing the putative consensus 

sequence of CDK9-55 

 

Several studies demonstrate that dysregulation of APC/C functions is directly or indirectly 

connected to cancer transformation88; mutations in Apc6, Apc8 and Apc3 are identified in 

breast and colon cancer, melanoma and neuroblastoma79. The anaphase-promoting 

complex/cyclosome (APC/C) is a multi-subunits E3 ubiquitin ligase that targets cell cycle 

related proteins to proteasome degradation66. Recent evidences show that, despite its 

principal function, APC/C is involved in DDR regulation in a cell cycle independent 

manner70. 

On the base of these observations, we decided to continue our investigation on CDC23 

(APC8), which is a component of the TPR arm of APC/C. TPR core is essential for 

substrate recognition and have most of the phosphorylation sites of APC/C that could be 

important to regulate its functions68. We identified the Serine 588 as the putative 

phosphorylation site of CDK9-55 in DDR and it is conserved among the species 

(figure10b). 
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In addition, we uses Phospho Site Plus, a database of experimentally observed post- 

translational modifications, to evaluate the regulation of Cdc23 S588 phosphorylation 

showing how this PTM is the most described in literature (66 references) suggesting a 

possible important role in protein regulation; moreover the Cdc23 S588 phosphorylation 

was identified in lymphoma, ovarian cancer, breast cancer and lung cancer underlying a 

possible role in cancer biology (figure 10c). 
 
 
 
 

 
Fig. 10: (A) Putative consensus sequence of CDK9-55 obtained from the IceLogo software. (B) CDC23 

S588 protein sequence in three different species: the serine (S) in red indicates the putative phosphorylated 

site identified from the global phosphoproteomic screening. (C) Schematic representation of the number of 

references about CDC23 S588 phosphorylation obtained by Phospho Site Plus. 

 
3.4 HeLa CDC23 S588A cells show an altered DNA end-resection in 

response to CPT and its synthetic lethal with Olaparib. 
To study the possible role of the Cdc23 S588 phosphorylation in the cell biology, we 

generated HeLa cells carring the point mutation Serine588Alanine (S588A), through the 

CRISPR/Cas9 system; given the central role of the APC/C complex in the regulation of the 

cell cycle phases, we checked if the point mutation S588A could affect the cell cycle 
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progression; as showed in figure 11a HeLa Cdc23 S588A cell clones showed the same cell 

cycle profile of HeLa wt. 

In order to evaluate the possible role of Cdc23 S588 in DDR, we treated HeLa wt and 

HeLa Cdc23 S588A knock in cells with CPT for two hours followed by western blot 

analysis; as reported in figure 11b we showed an unexpected increase in pRPA32 S4/S8 in 

Cdc23 S588A knock in cells compared to HeLa wt cells. This result was confirmed by 

quantitative immunofluorescence assay (figure 11c). 

. 
 

 

Fig.11: (A) Cell cycle profile of CDC23 S588A knock in cells (Cl8-Cl9) compared to HeLa wt performed 

with the FACS analysis. (B) CDC23 S588A knock in (Cl8-Cl9) and HeLa wt cells were treated or not with 1 

µM CPT for 2h followed by Wester blot analysis; pRPA S4/8 was used as DNA end-resection marker. Lamin 

A/C is used as protein loading control. (C) Hela cells and CDC23 S588A (Cl9) were treated with 1 µM CPT 

for 1h. Immunofluorescence assay was performed with the indicated antibody. (D) CDC23 S588A knock in 

cells were transfected or not with CDC23 wt-pFlag expression vector mutated in PAM sequence for 48h, 

followed by 1 µM CPT treatment for 2h and Wester blot. pRPA S4/8 was use as a marker of DNA resection. 

Total RPA32 was used as the protein loading control and CDC23 antibody was used as a transfection control. 

 

To assess whether CDC23 wt re-expression, in HeLa Cdc23 S588A cells, induced a 

reduction of pRPA32 S4/8, we generated CDC23 wt-pFLAG expression vector mutated in 

PAM sequence to prevent the Cas9 endonucleolitic cleavage. The expression of wild type 
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gene reduced pRPA32 S4/8 levels, upon CPT treatment as demonstrated by western blot 

analysis (figure 11d). 

To check if the Cdc23 S588A point mutation could be synthetic lethal with the PARP1 

inhibition, we performed a cell colony assay of HeLa Cdc23 S588A and wt cells treated 

with Olaparib; as reported in figure 12a, the HeLa knock-in clones showed a marked 

sensitivity to PAPR1 inhibitor. These results support the role of Cdc23 S588 

phosphorylation in DSBs response. 
 

Fig. 12: (A) Cell colony assay in HeLa wt and CDC23 S588A cells were performed, as reported previously, 

with Olaparib, at crescent drug concentrations, for ten days. Overall survival is evaluated. (B) Representative 

images of the SMART technique in which HeLa cells and CDC23S588A (Cl9) were pulse-labelled with 10 

µM BrdU for 24h then treated with 1 µM CPT for 2 h before spreading onto Silane Prep Slides. 

Immunofluorescence was performed with the BrdU antibody. SMART assay images were analysed by the 

ImageJ 64 analysis software.. 

 
Given that the pRPA32 S4/8 is a marker of DNA end resection, we performed a SMART 

assay in order to analyze the DNA single tract formed in response to DSBs necessary for 

the DNA strand exchange of the HR. In particular, SMART assay is a modified DNA 
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combing in which upon the BrdU cell labelling for 24 hours, the cells were treated with 

DNA damaging agents followed by the DNA fibres extraction in non-denaturing condition; 

this is the important step of SMART technique because the anti-BrdU antibody wasn’t able 

to recognize the BrdU present in the double helix but only in the single strand DNA 

conformation as in the DNA end resected tract. As reported in figure 12b, the HeLa Cdc23 

S588A cell clone showed a marker reduction of DNA tract length respect to wt cells; this  

is in disagreement with the western blot of protein levels of pRPA32 S4/8 identified in 

HeLa CDC23 S588A cell clones. To this aim, we performed a HR assay by using the HeLa 

pDR-GFP cell lines89, carrying the reporter system for the homologous recombination. 

First of all the transfection of the SceI endonuclease (pCba-SceI) induced the DSBs in the 

pDR-GFP vector which were repaired through the HR leading to the GFP positive cells; 

the co-transfection of SceI coding plasmid with the specific siRNAs to the Cdc23 mRNA 

showed a marked reduction of HR ability, which is reverted by the co-transfection with the 

siRNAs resistant Cdc23 wt pFLAG; conversely the expression of the point mutant Cdc23 

S588A doesn’t affect the HR ability (Figure 13a).These results suggest a possible different 

repair mechanism involved in the resolution of DSBs in Cdc23 S588A HeLa cells. 

Fig.13: (A) HeLa DR-GFP were transfected with CDC23 wt-pFlag and CDC23S588A-pFlag siRNA 

resistant expression vector, in presence of siCTR or siCDC23. Co-transfection with the SceI restriction 

enzyme induce DSBs in these cells. The measurement of GFP levels by FACS analysis indicates as a % of 
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HR frequency. (B) Hela pimEJ5-GFP were transfected with the indicated siRNA resistant expression vectors, 

siCTR or siCDC23 and SceI. GFP level indicates NHEJ frequency. (C) Cells were transfected with siRNA of 

53BP1 or siCTR in addition to 2µg of linearized vector selected with puromycin for 10 days. The integration 

frequency was calculated by the number of drug-resistant colonies 

 
 

3.5 CDC23 S588A shows an increased NHEJ activity and a persistent 

chromatin loading of 53BP1 in response to CPT. 
Recently, some authors described the existence of a new c-NHEJ (classical-NHEJ) which is 

dependent by the end-resection mediated by the action of the Artemis90,91. 

To this aim we performed a c-NHEJ assay by using the HeLa pimEj5-GFP89 transfected with the 

SceI expression vector, following by FACS analysis. As reported in figure 13b, SceI transfection 

induced increased levels of GFP values, consistent with a repair through the NHEJ; conversely the 

downregulation of endogenous Cdc23 or the co-expression with the Cdc23 wt pFLAG vector 

doesn’t affect the NHEJ efficiency. Surprisingly, the expression of the Cdc23 S588A-pFLAG 

siRNAs resistant increased of the NHEJ activity (figure 13b). 

To confirm the involvement of the NHEJ in the repair of the DSBs in the presence of a 

Cdc23S588A protein, we performed a random integration assay through the transfection of plasmid 

carrying a puromycin resistance followed by incubation in drug selection for 14 days; the presence 

of the cell colonies after 14 days of incubation is a readout of the NHEJ activity because the 

linearized DNA plasmid was integrated in the cell genome through this DNA repair mechanism. 

As reported in figure 13c, the silencing of 53BP1, one of the best players of the NHEJ 92, reduces 

the repair efficiency as a control. Surprisingly, HeLa CDC23 S588A cell clone showed a marked 

colony ability which is reduced by the 53BP1 silencing. 
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Fig. 14: (A) Chromatin enriched purification of HeLa wt and Cdc23 S588A Knock in (Cl9). Cells were 

treated or not with 1µM CPT for 2h, followed by replacement with drug-free medium for additional 60 or 

120 minutes. Total RPA32 was used as a DNA damage control and soluble fraction (P); Lamin A/C was used 

as a chromatin loading control (P). (B) HeLa cells and Cdc23 S588A were treated with 1µM of CPT for 1h, 

followed by replacement or not with drug-free medium for additional 60 minutes. Immunofluorescence assay 

was performed with the indicated antibody. 

 

One of the principal regulators of the DNA repair pathway choice, between the HR and 

NHEJ, is the 53BP1 which is able to inhibit the loading of BRCA1 protein onto damaged 

chromatin favouring the NHEJ. To test if the chromatin loading of 53BP1 protein could be 

modified in HeLa Cdc23 S588A cell clones we performed a chromatin enriched 

purification, upon CPT treatment. As reported in figure 14A HeLa wt cells (left panel) 

showed reduced chromatin levels of 53BP1 upon 120 minutes of CPT washout, consistent 

with a HR repair; conversely, HeLa Cdc23S588A display a marked persistence of 53BP1 

protein suggesting a DNA repair through the NHEJ (Figure 14A right panel). The same 

results were confirmed by the quantitative immunofluorescence showing marked 53BP1 

foci upon 60 minutes of CPT washout (figure 14). 

Overall, these data support a possible NHEJ activation to hindrance of HR in CDC23 

S588A clones. 

 
3.6 CDC23 S588A doesn’t interfere with the Anaphase Promoting 

Complex Cyclosome assembly. 
In order to verify if the CDC23 S588 phosphorylation could be involved in the assembly of 

the APC/C complex, we performed a co-immunoprecipitation assay in HeLa cells 

transfected with the coding plasmids for the Cdc23 wt-pFLAG and Cdc23 S588A-pFLAG 

followed by mass spectrometry analysis. As reported in figure 15a, both the wt and S588A 

proteins interact with the same APC/C proteins, as showed by the average abundance 

values. To confirm the mass spectrometry data, we performed a co-immunoprecipitation 

assay in HeLa and CDC23 S588A Cl9 cells with the endogenous APC1 followed by 

western blot CDC23 confirming the protein interactions (figure 15b). 
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Fig. 15: (A) Average abundance of identified peptides from the Mass spectrometry analysis (B) 

Immunoprecipitation assay in HeLa wt and CDC23 S588A knock in (Cl9) cells using APC1 antibody. Total 

RPA32 was used as a protein loading control and DNA damage marker. (C) Immunoprecipitation assay in 

HeLa wt and CDC23 S588A knock in (Cl9) cells using CDC23 antibody. 

 
Consistently, the reciprocal immunoprecipitation with the CDC23 antibody showed the 

same interaction with the APC1 protein (figure 15c). Collectively, these data showed that 

CDC23 S588 phosphorylation couldn’t be involved in the regulation of APC/C complex 

assembly formation . 

 
4. DISCUSSION 
DNA double strand breaks (DSBs) are the most toxic lesions for the genetic material 

leading a severe consequences on cell viability predisposing to cancer transformation93. In 

order to preserve the genome stability, cells activate complex machinery, in which DNA 

damage response (DDR) proteins, post-translational modifications (PTMs) and 

nucleosome modulations act simultaneously to ensure DSBs resolution. The major two 

pathways involved in the DBSs repair are the HR and NHEJ and the characterization of 

these repair mechanisms can be used as a novel strategy to improve the cancer therapy. In 

this contest, we decide to investigate the possible role of CDK9 in the DDR given the 

recent evidences showing the possible involvement of this kinase in the modulation of 

BRCA1 recruitment on DSBs60 ,in the association with the KU7059 and in maintaining of 

genome stability through the interaction with the ATR kinase57. 
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Structurally, CDK9 gene has two promoters upstream from each other around 300 bp 

leading to the expression of two different CDK9 proteins named 42kDa and 55kDa, which 

differ in 110 aminoacids in the N-terminal portion. Given the absence of specific siRNAs 

or shRNAs, which are able to specifically downregulate the 55kDa isoform, we decided to 

use the CRISPR/Cas9 system in order to remove the 55kDa ATG translation start codon, 

through the use of the Cas9 nickase enzyme and a replacement DNA, leading a CDK9 55 

knockout without affect the 42kDa expression. Recently, we focused our attention onto the 

identification of new DNA damage proteins involved in the HR mechanism in order to 

obtain a new druggable proteins to use in cancer therapy89; to this aim we checked the 

response of the CDK9 55KO cell clones to the DNA damage induced by camptothecin 

treatment, one of the best drug used in cancer therapy leading to the activation of the HR 

for the damage repair, showing a marked reduction of the pRPA32 S4/8 a marker of DNA 

end resection. Given the possible involvement of 55KDa isoform in the regulation of DNA 

damage, we perform a global phosphoproteomic analysis of HeLa wt and CDK9 55KO 

cells upon CPT treatment. We identified 12 substrates sharing a particular conserved 

sequence composed by R-X-X-S/T-P-X, in which the consensus sequence of CDKs (S/T- 

P) has an Arginin (R) in -3 position from S/T site, identifying the putative consensus 

sequence of CDK9-55. Among the substrates containing the putative consensus sequence, 

we have identified Apc8/CDC23; recently, Anaphase Promoting Complex/C was described 

to be involved in the regulation of DNA repair pathway choice between the HR and 

NHEJ70; in this contest, we generated HeLa CDC23 S588A through the CRISPR/Cas9 

system to demonstrate the possible involvement of this phosphorylation in the DNA repair. 

In particular, analysis of the CPT response of HeLa CDC23 S588A showed an unexpected 

increase in end-resection processes, respect to wt cells, demonstrated by western blot 

analysis and immunofluorescence assay (figure 11b-c); these results are in contrast with 

the impediment of DNA resection demonstrated in CDK9-55 KO cells (figure 8a). It is 

important to clarify that we identified other 11 proteins, in addition to CDC23, that could 

be regulated by CDK9-55 in response to CTP treatment leading an impairment of the 

pRPA32 S4/8. As reported in literature, RPA32 S4/8 phosphorylation is a DNA end 

resection marker94, a fundamental step for the HR for the generation of the long 3’ single 

strand DNA necessary for the strand exchange95. To this aim, we analyzed the DNA end- 

resection through the SMART assay showing a reduced DNA tract length; moreover, the 

analysis of the HR process through the HeLa DR-GFP reveals a downregulation of HR 

activity in the HeLa transfected with the CDC23 S588A . 
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Recently, Biehs, R. et al. described a resection dependent NHEJ mechanism in G1, which 

involves some of the principal players of the HR as CtIP91 characterized by an high 

resection rate but with a reduced length of single strand DNA generated; in order to check 

the possible involvement of CDC23 S588A in the regulation of the resection dependent 

NHEJ, we used the HeLa pimEJ5-GFP, stably expressing a reporter system for the c- 

NHEJ, showing the unaffected NHEJ activity in siRNA CDC23 transfected cells. 

Surprisingly, the complementation assay of the siCDC23 with the coding plasmid for the 

siRNA resistant CDC23 S588A showed an increased activity of the NHEJ (figure 13b). 

The balance between the HR and NHEJ in S/G2 phases relies by the presence of the anti- 

resection protein 53BP1 onto damaged sites96; we analyzed the chromatin loading of 

53BP1 in HeLa wt cell lines showing a reduction of protein levels upon the CPT 120 

washout favoring the DNA repair through the HR, conversely to persistent loading of 

53BP1 upon 120 minutes of CPT washout in CDC23 S588A cell lines (figure 14a). 

CDC23 is a part of a TPR lobe of the anaphase-promoting complex/cyclosome, which  

have most of the phosphorylation sites of APC/C that could be important to regulate its 

functions. Given the high number of proteins, which composed the APC/C complex, we 

decided to investigate if the S588 phosphorylation could be responsible of the complex 

assembly upon CPT through the co-immunoprecipitation assay followed by mass 

spectrometry analysis showing the same APC/C proteins partners in CDC23 wt and 

S588A. To confirm the mass spectrometry data, we performed a reciprocal co- 

immunoprecipitation between APC1, a component of the APC/C platform, and CDC23 wt 

and S588A showing the same levels of protein interaction in response to DNA damage. 

Over all, these data suggest a possible involvement of CDC23 S588 phosphorylation in 

protein target detection but non-in the APC/C assembly. 

On the base of our findings, we proposed that CDC23 S588 phosphorylation, mediated by 

CDK9-55, could be an important PTM in HR; mutation of the putative phosphorylation 

site could activate alternative NHEJ pathways mediated by resection. It is important to 

underline that the reduced DNA tract length observed in CDC23S588A mutated cells as 

well as RPA32 S4/8 iper-phosphorylation could be related to a different processivity of 

resection machinery that could be the cause of chromosomal translocations and junctional 

deletions or insertions induced by NHEJ90. This mechanism could affect genome integrity 

increasing cancer predisposition, allowing tumour transformation and development90. 

Nowadays many therapeutic strategies are developed for cancer treatment and different 

DDR player are identified as therapeutic targets. We identified CDK9 as well as CDC23 as 

new HR players identifying them as possible pharmacological targets as demonstrated by 
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CDK9 55KO and CDC23 S588A mutations triggering synthetic lethality in cells treated 

with PARP1 (poly ADP-Ribose polymerase inhibitor 1) inhibitors. 

Importantly, CDK9 55KO increased cell sensitivity to CPT, which was approved as anti- 

neoplastic drugs for the treatment of several tumours. It is clear that the identification of 

new DDR player as possible druggable molecules has a strong clinical impact to bypass  

the tumour resistance phenomena that is still a severe issue. 

Actually, in order to understand the mechanism by which anaphase promoting complex 

ciclosome regulates the switch between the HR and the resection mediated NHEJ in 

response to CDK9 55 phosphorylation, we want to identify a putative protein target which 

is eventually degraded by the APC/C under the control of CDC23 S588 phosphorylation. 

 
5. MATHERIAL AND METHODS 

5.1 Cell culture, DNA constructs and transfection. 
The HeLa cell line was obtained by the American Type Culture Collection (ATCC, CCL- 

2, Manassas, VA, RRID:CVCL_0030) and cultured in RPMI 1640 (Thermo Fisher 

Scientific, Monza MB, IT) supplemented with 10% fetal bovine serum (Thermo Fisher 

Scientific), penicillin (100 U/ml), streptomycin (100 µg/ml) and 2 mM glutamine at 37°C 

in 5% CO2. Cell were treated or not with 1 µM camptothecin (CPT) (Sigma Aldrich) for 

30, 60 or 120 minutes according to experimental condition. To generate the encoding 

plasmid for the CDC23 protein, we amplify the target sequence from a cDNA by using the 

forward (AGTTAGAATTCAGCTGCGAGTACCTCCATGGTC) and reverse (TCTAGA 

GGATCCCTATGGCGTGACAGAAGACAA) primers followed by the EcoRI and BamHI 

enzymatic digestion to clone the DNA insert in the pFLAG CMV-1 vector. The 

mutagenesis of the Serine in position 588 to Alanine of CDC23 protein was performed by 

using the Quick Change Mutagenesis Kit, as the manufacturing instructions, with the 

following primers: forward ATACCCCCACACGCAGAGTTGCTCCACTCAAC and 

reverse GTTGAGTGGAGCAACTCTGCGTGTGGGGGTAT. 

To generate HeLa cell lines expressing plasmids, the cells were transfected with 4µg of 

CDC23 wt-pFlag or CDC23S588A-pFlag through Lipofectamine 2000 Reagent (Thermo 

Fisher Scientific), as manufacturing instructions. For silencing experiment we used a short 

interfering RNA (siRNA) transfected at a final concentration of 30nM with the Dharmafect 

1 (Horizon Discovery) with the following sequences: siCTR (ON-TARGETplus Non- 

targeting Control Pool, Horizon Discovery) or si53BP1 (GAAGGACGGAG 

UACUAAUAdTdT) . 
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5.2 Generation of HeLa knock-in and knockout cells through the 

CRISPR/Cas9 system. 
We transfected HeLa cells with pLENTI dCAS-VP64 (was a gift from Feng Zhang, 

Addgene plasmid #61425 ; http://n2t.net/addgene:61425 ; RRID:Addgene_61425), in  

order to express the nickase form of Cas9, through the Lipofectamine 2000 followed by 

blasticidin (Thermo Fischer Scientific) drug selection. 

To generate the HeLa pLENTI dCAS-VP64 knockout for CDK9-55 protein, we cloned 

into the pGL3U6sgRNA (pGL3-U6-sgRNA-PGK-puromycin was a gift from Xingxu 

Huang, Addgene plasmid # 51133; http://n2t.net/addgene:51133 ; RRID:Addgene_51133), 

previously digested with the BsaI restriction enzyme (NEB), the annealed guides 

(n.1:CACCGGGTGGCGCGTCCCGCTGCAT    and   n.2:CACCGGCTCCCCGCGCCCC 

CGATCG) followed co-transfection with the replacement DNA carrying the substitution  

of the CDK9-55 start codon ATG to CTG (GCTTCGGCAGCAGCGGCGGC 

CCGGGCCCCTCCAGCGGGACGCGCCACCCCGAGCCCCAGCTCCGGCGCCCCGG 

CTCCCCGCGCCCCCGATCGGGGCCGCCGCTAGTAGTGGCGGCGGCGG,  Eurofins 

Genomics). Subsequently cells were selected with 5µg/ml of puromycin and the obtained 

clones were confirmed by western blot and sequencing. To generates the HeLa cells 

carrying the mutations of CDC23 S588A, we cloned into the pGL3U6sgRNA the guides 

(n.1    CCGGGCGGTGGTAGGAGTCTCGCCT    and    n.2   CCGGGGTCTTCTGTCAC 

GCCATAGT) followed by co-transfection in HeLa pLENTI dCAS-VP64 with the 

replacement DNA carrying the amino acid substitution S588A (GTAAGGCCTTAC 

TCCGGCAAATCCTACAGCTTCGGAACCAAGGCGAGACTCCTACCACCGAGGTG 

CCTGCTCCCTTTTTCCTACCTGCTTCACTCTCTGCTAACAATACCCCCACACGCA 

GAGTTGCTCCACTCAACTTGTCTTCTGTCACGCCATAGTTGGCTACTCTCAAGC 

CAGCACATTGTTAGACCCATCTTAA, Eurofins Genomics). 
 

5.3 Western blot and Immunoprecipitation. 
Cells were lysed a 4°C in lysis buffer composed by 50 mM HEPES pH7.5, 1% Triton X- 

100, 150 mM NaCl, 5 mM EGTA, supplemented with protease and phosphatase inhibitor 

cocktail (Roche Applied Science) to obtain total protein extraction. Lysates were clarified 

by centrifugation at 10 000 × g for 20 min. For wester blot analysis, equal amounts of 

proteins, estimated through the Bradford assay (Bio-Rad), were subjected to SDS-page. 

The chemiluminescent images were obtained using the ImageQuant LAS 500 (GE 

Healthcare). The following antibodies were used: CDC23 (1:2000, ab72206 ,Abcam), 

RPA32 (1:5000, A300–244A, Bethyl Laboratories,), RPA32 S4/S8 (1:2000, A300–245A, 
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Bethyl Laboratories), Lamin A/C (1:1000, #4777, Cell Signalling), 53BP1 (1: 1000 

NB100-305 Novus biologicals), CDK9 ( 1:500, sc13130, Santa Cruz Biotecnology) 

GAPDH (1:1000, sc-25778, Santa Cruz Biotecnology), APC1 (1:1000, A301–653A, 

Bethyl Laboratories). 

For protein co-immunoprecipitation, cells were treated with 1 µM camptothecin (CPT) 

(Sigma Aldrich) for 2h followed by protein extraction, as described preciously; for each 

condition we used 1 mg of protein lysate, pre-cleared with protein G plus agarose (22851, 

Thermo Fischer Scientific) 45 min at 4°C on rocking followed by immunoprecipitation 

with either Cdc23 (3ug for 1mg of protein extract, ab72206 ,Abcam) or APC-1 (3ug for 

1mg of protein extract, A301–653A, Bethyl Laboratories) at 4°C on rocking over night. 

 
5.4 Colony formation assay. 
50 cells were seeded in 6-wells plates and either untreated or treated with the indicated 

doses of CPT or olaparib (Selleckem) and incubated for 10 days. Colonies were counted 

after fixation with methanol and staining with crystal violet. 

 
5.5 Cell cycle profile. 
At least 10000 cells were fixed in ice-cold 70% ethanol at –20°C overnight followed by 

two washes with PBS 1X (NaCl 137 mM ; KCl 2.7 mM, Na2HPO4 10 mM, KH2PO4 1.8 

mM) followed staining with 5 mg/ml propidium iodide and 0.25 mg/ml RNase A treatment 

and analyzed by FACS (Becton Dickinson) (Sigma-Aldrich). Data were analyzed through 

the CellQuest Software (Becton Dickinson). 

 
5.6 Immunofluorescence. 
HeLa cells, grown on glass coverslips, were fixed with 4% paraformaldehyde and 

permeabilized with 0.5% triton, blocked 10 min in 1%BSA at RT and incubated 1 h with 

specific antibody, in PBS1X + 0,2% BSA, at 37°C. After washing with PBS1X + 0,2% 

BSA, samples were incubated 45 min at 37°C with AlexaFluor 594-conjugated chicken 

anti-rabbit and analyzed with a Zeiss LSM100 confocal microscope. The following 

antibody were used RPA32 S4/S8 (1:400, A300–245A, Bethyl Laboratories), 53BP1 

(1:200, NB100-305 Novus biologicals). 

 
5.7 Cell fractionation. 
Briefly, 3 ×106 cells, per condition, were collected and resuspended in 200 µl of CSK 

buffer (10 mM PIPES pH 6.8, 100 mM NaCl, 300 mM MgCl2, 1 mM EGTA, 1mM DTT, 



37  

0.1% Triton X-100, 0.34 M sucrose) supplemented with protease and phosphatase 

inhibitors and kept 5 min on ice. Cells were centrifugated at 1300 × g at 4°C to separate  

the soluble cytoplasmic (S) from chromatin (P) fractions. The P fraction was washed with 

CSK (without 0.1% Triton X-100) then resuspended in 100 µl of ‘western blot buffer’, 

sonicated and centrifuged for 30 min at 4°C at 10000 × g, following SDS-PAGE and 

western blot analysis with the indicated antibodies. 

 
5.8 Random integration assay. 
pCMV3-His negative control vector (cod. CV015, Sino Biological) was linearized by 

digestion with the ApaI (NEB) restriction endonuclease followed by purification with the 

QIAquick PCR Purification Kit (Quiagen). HeLa cells were transfected with 2µg of 

linearized vector and selected with 300 ug/ml of hygromicyn for 10 days followed by 

crystal violet staining. The resulting colonies were counted, and the integration frequency 

was calculated by the number of drug-resistant colonies. 

 
5.9 Homologous recombination reporter assay. 
HeLa cells were transfected with the pDR-GFP plasmid for the HR assay (pDRGFP was a 

gift from Maria Jasin, Addgene plasmid # 26475; http://n2t.net/addgene:26475 ; 

RRID:Addgene_26475)) or pimEJ5-GFP for the NHEJ assay (pimEJ5GFP was a gift from 

Jeremy Stark, Addgene plasmid # 44026; http://n2t.net/addgene:44026 ; 

RRID:Addgene_44026) and selected with 5µg/ml of puromycin. HeLa pDR-GFP or HeLa 

pimEJ5-GFP were transiently transfected with 2ug the coding plasmid for the 

endonuclease SceI (pCBASceI was a gift from Maria Jasin, Addgene plasmid # 26477; 

http://n2t.net/addgene:26477; RRID:Addgene_26477), necessary to induce the DNA 

double strand breaks97, and the CDC23 wt and S588A siRNA resistant vector, generated 

through Quick Change Mutagenesis Kit with the followed primers: forward 

ACAGCACGTTTCTACACGATACTTGTCGATCTCACAGAGGTTATGAGCC and 

reverse GGCTCATAACCTCTGTGAGATCGACAAGTATCGTGTAGAAACGTGC 

TGT; GFP values as a readout of HR in pDR-GFP and of NHEJ in pimEJ5-GFP HeLa 

cells. 

 
5.10 SMART (Single Molecule Analysis of Resection Tracks). 
SMART was carried out as previously described by Cruz-Garcia et al98. HeLa cells were 

labelled with BrdU for 24h followed by 2 hours of incubation with the 1 uM CPT 

treatment. The same number of cells for each condition were spotted onto the slides that 
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were tilt form the end to perform the stretching of the DNA fibres. The DNA fibers were 

visualized as a different green tracts length representing various DNA resected ends. 

 
5.11 Mass spectrometry. 
The global phosphoproteomic and interactomic mass spectrometry assays were performed 

by The Wistar Institute of Philadelphia. 
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