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ABSTRACT 
 

High Grade Epithelial Ovarian Cancers (HGEOCs) consist in a heterogeneous group of tumors. 

Late diagnosis and drug-resistant recurrences make HGEOCs the most aggressive among the 

gynecological malignancies. The central role played by CDKs (Cyclin-Dependent Kinase) in 

several cellular mechanisms, such as control of cell cycle progression, DNA repair, transcription 

and apoptosis, make them attractive targets to overcome drug-resistance in HGEOCs. Using the 

RNA interference technology (targeting 23 members of the CDKs family) we performed a 

functional genomic screening by which we have identified CDK6 as the CDK most significantly 

involved in platinum sensitivity. The effect of CDK6 silencing on the sensitivity to both 

carboplatinum (CBDCA) and cisplatin (CDDP) was confirmed in a panel of EOC cell lines using 

multiple shRNAs. Next, the use of CDK6 dominant negative CDK6D163N and constitutively active 

CDK6R31C mutants demonstrated that CDK6 kinase activity is necessary to protect from platinum-

induced death. Accordingly, an orally active CDK4/CDK6 inhibitor, PD 0332991, was able to 

sensitize EOC cells to CBDCA or CDDP treatment both in vitro and in vivo, in a CDK6-dependent 

and CDK4-independent manner. To understand the molecular mechanism whereby CDK6 regulates 

platinum-induced cell death in HGEOC we focused on CDK6 specific phosphorylation targets 

demonstrating that the transcription factor FOXO3 is a relevant downstream target of CDK6. 

FOXO3a downregulation sensitizes HGEOC cells to platinum while FOXO3a overexpression in 

CDK6 silenced cells was able to rescue the effect of CDK6 silencing on platinum-induced cell 

death. Functional and biochemical analyses showed that upon platinum exposure, Cyclin D3-CDK6 

complex binds and phosphorylates FOXO3 on Serine 325, preventing FOXO3 degradation and 

promoting FOXO3 nuclear translocation. We showed that CDK6/FOXO3 axis is necessary to 

control the DNA damage response in HGEOC cells through the regulation of ATR/CHK1 pathway, 

and using a chromatin immunoprecipitation approach we demonstrated that FOXO3 binds the ATR 

promoter confirming the role of FOXO3 and CDK6 as upstream mediators of ATR transcription 

upon DNA damage. Accordingly, the silencing of both CDK6 or FOXO3 induced ATR 

downregulation, decreased CHK1 phosphorylation and increased platinum dependent-cell death via 

the induction of the so-called Premature Chromosome Condensation (PCC) mechanism by which 

cells undergo to death when the ATR/CHK1 pathway is inhibited. In accord with these findings, 

high CDK6 and FOXO3 expression levels predict poor survival of EOC patients further increasing 

the translational relevance of this work. Therefore, CDK6 represents an actionable target that could 

be exploited to improve platinum efficacy in HGEOC patients. 
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1. 1 Epithelial Ovarian Cancers (EOCs) 

 
Epithelial Ovarian Cancers (EOCs) represent the fourth commonest cause of female cancer 

death in the developed world and the estimated annual incidence of this disease worldwide is just 

over 220.000 individuals (Jayson et al., 2014). In the 75% of the cases EOCs are spread out into the 

peritoneal cavity at the time of diagnosis and for this reason they are described in literature as 

“silent killer”. The International Federation of Gynecology and Obstetrics (FIGO) has recently 

updated the staging system and proposes a four-steps staging for EOCs: I) Disease limited to 

ovaries only; II) Disease extended to pelvis, affecting tubes and uterus; III) Disease spread to the 

abdominal cavity and lymph nodes; IV) Distant metastasis (Prat, 2015). Molecular and 

morphological analysis divide EOCs in two main categories (type I and type II) specified by 

different driver mutations and different prognoses (Jayson et al., 2014; Lim and Oliva, 2013; Shih 

and Kurman, 2004). Type I ovarian tumors, that include low-grade serous, mucinous, endometrioid, 

malignant Brenner tumor and clear cell tumors develop in a stepwise manner from well-recognized 

precursors and show more indolent behavior with low proliferative index throughout their course. 

They are associated with distinct molecular changes such as mutation in BRAF and KRAS for 

serous tumors, KRAS for mucinous tumors and β-catenin and PTEN mutations for endometrioid 

tumors (Cancer Genome Atlas Research Network, 2011; Jayson et al., 2014). The largest type II 

group composed by high-grade epithelial ovarian cancers (HGEOCs), includes high-grade serous, 

high-grade endometrioid and undifferentiated tumors that are rarely associated with a 

morphologically recognizable precursor lesion. These types of tumors present as clinically 

aggressive neoplasms that spread rapidly, metastasize early and are highly aggressive. They are 

characterized by genomic instability, DNA copy number abnormalities and distinct recurrent 

mutation in p53, BRCA1, BRCA2, NF1 and RB1. Moreover homologous recombination repair 

pathways are defective in roughly 50% of HGSOC (High-Grade Serous Ovarian Cancer) and 

NOTCH and FOXM1 signaling are implicated in the pathophysiology of serous tumors (Cancer 

Genome Atlas Research Network, 2011; Jayson et al., 2014; Patch et al., 2015). Standard of care for 

patients combines radical surgery followed by platinum-based chemotherapy. Surgery that includes 

a total hysterectomy, bilateral salpingo-oophorectomy, tumor debulking and omentectomy has the 

purpose to provide a histopathological diagnosis and to establish the FIGO stage. The standard 

chemotherapy is based on platinum drug (cisplatin or carboplatin) in association with a second 

compound (i.e. taxanes). The anticancer activity exploited by platinum results in an interlaced 

signaling pathway that plays its action both in the nucleus and cytoplasm. Yet, the cytotoxic effect 

seems to be primarily due to cross-linking within and between DNA strands and subsequent single-
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strand and double-strand breaks. The double-strand breaks require repair by the error-prone non-

homologous end-joining pathway (G1 phase) or conservative repair through error-free homologous 

recombination (S and G2 phase) (Cooke and Brenton, 2011). A limited DNA damage results in cell 

cycle arrest in S and G2 phases with the aim to re-establish DNA integrity and to prevent 

potentially abortive or abnormal mitosis. On the contrary, when DNA damage is extended, cells are 

driven to apoptosis as a consequence of tumor suppressor p53 activation. The activation of p53, in 

turn, leads to transcriptional upregulation of pro-apoptotic proteins such as BAX, BAK, CD95 and 

TRAIL and downregulation of anti-apoptotic molecules such as BCL2, BCL-X and IAPs (Agarwal 

and Kaye, 2003; Galluzzi et al., 2012). In the last 20 years, only marginal improvement in terms of 

treatment efficacy has been observed and nearly all patients with advanced stages develop 

treatment-resistant disease in the 80% of the cases (Jayson et al., 2014). 

 

1.1.1 Platinum-Resistance  

Platinum resistance, acquired or intrinsic, underscores a variety of explanations including 

host environmental factors, genetic or epigenetic alterations as well as inaccessibility of drugs in 

cancer cells (Figure 1). During the last years several groups have explored the complexity of 

mechanisms behind the development of platinum resistance supported by whole genome 

sequencing data (Cancer Genome Atlas Research Network, 2011; Castellarin et al., 2013; Patch et 

al., 2015; Ross et al., 2013). Recently, Patch and collegues observed a range of molecular changes 

associated with acquired chemo-resistance that occurs under the selective pressure of platinum 

treatment in HGEOC. In particular reversion of BRCA1 and BRCA2 mutational status (in BRCA1 

and BRCA2 deficient tumors), changes in promoter methylation in BRCA genes, structural 

rearrangements in tumor tissue and up-regulation of transporters that mediate the efflux of many 

chemotherapeutic agents were the principal findings (Patch et al., 2015). These evidences support 

the idea that despite their initial sensitivity to platinum some cells adapt to prevent death and 

continue to survive. Conversely, intrinsic drug resistance assumes that in all HGEOC a small 

population of platinum-resistant cancer cells exists before treatment and emerges once treatment 

has killed their platinum-sensitive counterpart. This results in re-growth of the tumor and low 

probability that will respond to further treatment with platinum drugs. Pre-existing resistance cancer 

cells could also explain high rates of relapse, dominated especially by a platinum refractory 

phenotype (Cooke and Brenton, 2011; Holmes, 2015). Clinical evidences support the theory of 

clonal selection for drug resistance in several cancers. For instance, point mutations in small 

numbers of tumor cells present at time of diagnosis in some cases of acute lymphocytic leukemia 

(ALL) and chronic myeloid leukemia (CML) confer resistance to imatinib (Cooke and Brenton, 
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2011). Genomic studies show amplification of CCNE1 gene as an early event that confers platinum 

resistance in ovarian cancer (Bowtell et al., 2015; Cancer Genome Atlas Research Network, 2011; 

Patch et al., 2015). Moreover, in HGEOC a whole exome analysis on tumors samples (Castellarin et 

al., 2013) revealed that the majority of mutations found in a group of relapsed patients were already 

present in the primary samples, supporting the idea that recurrent HGEOC arise from multiple 

resistant clones pre-existing at the beginning of cancer development. These findings indicate that a 

successful treatment of chemo-resistant or relapsed patients can be likely hampered by the clonal 

feature of the disease in which sensitive and resistant subclones pre-exist from early events of tumor 

development.  

  

 

Figure 1: Model of intrinsic or acquired chemo-resistance in HGEOC. As indicated by the green squares platinum 

resistant cells exist before treatment and emerge once treatment has killed their platinum-sensitive counterpart. (Cooke 

and Brenton, 2011).  
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Furthermore, relapsed chemo-resistance HGEOCs lacking recurrent actionable mutations suggest 

that the prevention of clinical relapse rather than design of specific personalized therapy in relapsed 

patients should be pursued to improve patient’ survival.  Interestingly, a distinct subgroup of 

HGEOC, represented by patients carrying BRCA1/2 mutations, is particularly sensitive to platinum 

and usually displays a better prognosis (Cancer Genome Atlas Research Network, 2011; Jayson et 

al., 2014; Patch et al., 2015). Clinical evidences demonstrated that HGEOC patients carrying 

BRCA1/2 mutations could benefit from the use of specific targeted therapies (i.e. PARP inhibitors) 

used alone (Audeh et al., 2010; Chan and Mok, 2010; Kaufman et al., 2014) or especially in 

combination with platinum (Oza et al., 2015), supporting the use of combination therapies (i.e. a 

targeted agent plus traditional chemotherapy) as a valid therapeutic approach in selected groups of 

EOC patients.  

 

1.2 Functional Genomic  

Functional genomic is an interesting approach to identify new druggable targets to overcome 

drug resistance in several type of tumors and especially in ovarian cancer. Functional genomic 

experiments typically utilizes large-scale, high-throughput assays to measure and track many genes 

or proteins in parallel under different experimental or environmental conditions. Two are the 

traditional approaches in functional genomic. Forward genetics starts with a phenotype of interest, 

for instance obtained by screening a collection of mutants, and aims to identify the responsible 

gene. Conversely, reverse genetics takes a defined mutant, for example a knockout mouse, and 

looks for the functional consequence of this genetic change (Nijman, 2015). The genetic concept of 

synthetic lethality, in which the silencing of multiple genes or the combination between gene 

depletion and drug treatment results in cell death, provides in fact a powerful tool to design novel 

therapeutic strategies to kill cancer cells (Lord and Ashworth, 2013). Using the RNA Interference 

technology (RNAi) it has become feasible to systematically identify synthetic lethal interactions in 

human cells, and a variety of different screening strategies are applied nowadays (Pathak et al., 

2014; Sethi et al., 2012; Tan et al., 2013). The main advantage of genome-wide RNAi screening is 

their ability to discover previously uncharacterized or unsuspected genes whose silencing induces 

changes in cell viability in term of death or survival. They require high-throughput tools such as 

liquid handling robot, data acquisition platforms, complex computational analyses and a set of 

constructs to target specific pathways (i.e. shRNA or siRNA libraries) and can be performed in a 

single well or in pooled format (Alvarez-Calderon et al., 2013). Most of the chemical genetic 

screens using RNAi have been made to identify suppressors or enhancers of anticancer agents. Such 

modifiers may serve as biomarkers to guide therapeutic response or may themselves be drug targets 



Introduction	
  

 7	
  

that can potentially be employed in combination through a mechanism of synthetic lethality. This is 

particularly important in cancer: a combination between two compounds with different cellular 

targets may give the possibility to overcome treatment resistance and taking advantage from drugs 

with synergistic activity is possible to use lower drug concentration to achieve the same biological 

effect, thereby limiting side effects (Nijman, 2015). 

 

1.3 Cell Cycle 

The term “cell cycle” describes a series of tightly integrated events by which cells grow and 

proliferate. Cell cycle governs the transition from a quiescent status (G0) to cell proliferation and 

through its checkpoints controls the fidelity of the genetic transcript (Schwartz and Shah, 2005). It 

is in fact largely accepted that is essential for their survival that the two daughter cells receive a full 

complement of all the organelles and a copy of the genome correctly duplicated. Several 

mechanisms ensure that S phase is completed before mitosis begins and that M phase started only if 

the DNA has been faithfully replicated. This is possible since two Gap phases (the G1 separating 

the M and S phases, and the G2 between the S and M phases) are present in somatic cells and 

dictate the timing of cell division during which the control mechanisms principally act. Healthy 

cells need to decide when to divide and when to remain in quiescent status: the re-entry into the 

cells cycle is promoted by stimuli derived from the local microenvironment such as exposure to 

nutrients and mitogen activation. When cells are stimulated to enter the cycle (G1), they generally 

have to overcome a transition point beyond which cell progression through the cell cycle is 

independent of external stimuli. Once the cell had passed the restriction point it is irreversibly 

committed to complete cell division even if growth factor stimulation is removed. After DNA 

duplication (S phase), cells prepare themselves for mitosis. In G2 phase in fact, cells control that 

DNA has been faithful duplicated and check the internal signaling events necessary for a successful 

division. Several signaling pathways monitor the integrity of microtubule function to ensure the 

fidelity of chromosome segregation. Regulation by growth factors would be damaging for a cell, 

and consequently, mitosis is a growth factors-independent phase of the cell cycle. As cells exit 

mitosis, the cell cycle is reset, allowing the establishment of a new, competent replication state in 

G0 or G1 phases.  
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1.3.1 Cyclins and Cyclin-Dependent Kinases (CDKs) 

Progression through the cell cycle is orderly driven by Cyclin-Dependent Kinases (CDKs) 

activity (Figure 2). CDKs that belong to serine and threonine kinases family are relatively stable 

and long half-life proteins whose activity depends on associations with Cyclins. Whereas Cyclins 

expression is regulated through the cell cycle in various ways, CDKs’ activity is strictly correlated 

with the binding to a specific Cyclin (Belletti et al., 2005). Cyclin are expressed or are present at 

stable levels at different times; they are differentially sensitive to cell-cycle-regulated inhibitors; 

they are differentially restricted to specific subcellular locations; or they bind specifically to only 

some phosphorylation targets. Cyclins and CDKs are further regulated by the binding of specific 

CDK inhibitor proteins (CKIs) (Nigg, 2001). These inhibitors can be divided into two groups. The 

first INK4 group (Inhibitors of CDK4), includes p15, p16, p18 and p19 and they specifically inhibit 

the catalytic subunit of CDK4 and CDK6 but not the catalytic domain of other CDKs or Cyclins. In 

the second group, Cip/Kip inhibitors such as p21, p27, p57 affect the activity of Cyclin D, E and A-

dependent kinases (Sherr and Roberts, 1999). Active complexes Cyclin-CDK phosphorylate a large 

number of biological substrates allowing the cell to move to the next phase of the mitotic cycle and 

at the same time preventing the exit. The transition through each phase of cell cycle is carried out 

only after the formation of the specific Cyclin-CDK complex and is followed by the fast 

degradation of the same, mainly due to Cyclin ubiquitin-mediated degradation (Belletti et al., 2005). 

Restriction point control is mediated by two families of enzymes: Cyclin D- and E-dependent 

kinases. The D-type Cyclins (D1, D2, and D3) interact combinatorially with two distinct catalytic 

partners: CDK4 and CDK6. In contrast, the loss of expression of Cyclin D constitutes a signal that 

forces the cell to exit from the mitotic cycle and to enter the G0. This represents a key relationship 

between the extracellular signaling and the machinery of the cell cycle. The activation of CDK4/6 is 

essential for passing the restriction point, in fact it induces the phosphorylation of retinoblastoma 

protein (pRB1) reducing its activity of transcriptional repressor. RB1 belongs to the tumor 

suppressor gene family and interacting with E2F transcription factors inhibits their activity. RB1 

phosphorylation leads to the release of the transcription factor E2F, which activates a cascade of 

transcriptional events whose products are the limiting factor for progression through the G1 phase 

and the beginning of S phase (Cyclin E, CDK2, E2F, DNA Pol-α and c-Myc). This event is 

therefore necessary to trigger a positive feedback loop to phosphorylate RB1: the initial 

phosphorylation of RB1 allows transcription of cyclin E and the generation of Cyclin E-CDK2 in 

late G1, which catalyzes further phosphorylation of RB1. 
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Figure 2: Schematic representation of cell cycle. Mitogenic stimuli induce cell cycle progression from G0 to G1, 

inducing the expression of the D-type Cyclins and a lowering of p27 expression. The subsequent activation of the 

Cyclin-CDK complex allows the cell to pass the restriction point (R) during the G1-S transition, due to inactivation of 

the protein pRB following its hyper-phosphorylation by CDK, and thus complete mitotic cycle (Belletti et al., 2005). 

 

At this point, the progression through the cell cycle becomes independent from Cyclin D-CDK4/6 

complexes. Cyclin E-CDK2 complexes also phosphorylate other substrates participating in different 

cellular functions and necessary for the progression towards the S phase. After a peak of activity of 

the Cyclin E-CDK2 complex during the G1/S transition, Cyclin E is rapidly degraded and replaced 

by Cyclin A: in fact, the DNA synthesis requires the activation of Cyclin A-CDK2 complex. 

Following Cyclin A and B drive the G2/M transition in association with CDK1. After completion of 

the mitotic cycle, RB1 is dephosphorylated by the phosphatase PP1, now free from inhibition 

operated by the Cyclin-CDK complexes, allowing the cell to enter a new G1 or G0 phase. In 

addition to the three interphase CDKs (CDK4, CDK6 and CDK2) and the mitotic CDK1, other 

CDKs members are involved in cell cycle control. For example CDK5, mostly expressed in 

neuronal cells, phosphorylates several cytoskeletal proteins eliciting its activity in the post-mitotic 

phase (Malumbres and Barbacid, 2005). CDK7 exerts its role in CDKs activation in association 

with Cyclin H (Larochelle et al., 2007), while CDK10 and CDK11 are involved in cell cycle 

progression by playing different roles during the G2/M transition (Malumbres and Barbacid, 2005). 

In malignant cells, altered expression of CDKs and their regulators, including overexpression of 

Cyclins and loss of expression of CDKs inhibitors, results in deregulated CDK activity, giving a 

selective growth advantage (Shapiro, 2006).  
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1.3.2 CDKs: not only cell cycle 

CDKs control several molecular mechanisms going beyond the properly cell cycle 

regulation. CDK7, CDK8 and CDK9 are intimately connected with the process of RNA polymerase 

II dependent transcription, initiation and elongation and each of these kinases is a part of a larger 

multisubunit complex (Nemet et al., 2014). Also CDK12 and CDK13 play a key role in 

transcription. In fact, CDK12 and CDK13 participate to alternative splicing regulation (Malumbres 

and Barbacid, 2009) and in combination with Cyclin K phosphorylate RNA polymerase II on its 

carboxy-terminal domain (Lim and Kaldis, 2013) controlling the transcription of genes related to 

DNA damage response and snRNA (small nuclear RNA) respectively (Liang et al., 2015). CDKs 

play a pivotal role also in DNA replication and DNA Damage Response (DDR) (Falck et al., 2012; 

Wohlbold and Fisher, 2009; Yata and Esashi, 2009; Zegerman, 2015). CDK2 is strongly correlated 

to DNA replication: inhibition of CDK2 impairs replication in S phase as determined by retention 

of PCNA on chromatin, moreover CDK2 activity negatively acts on DNA replication by 

phosphorylating CIZ1 blocking replisome formation (Copeland et al., 2015). Other CDKs are 

involved in pre-replication complex formation: CDK4 and CDK6 are important to form the pre-

replication complex (pre-RC) in RB-proficient cycling cells, modulating the levels of CDt1 and 

Cdc6. These two proteins, individually enrolled, are necessary to recruit MCMs proteins (MCM2-7) 

to complete the pre-replication complex formation. Inhibition of CDK4/CDK6 results in decreased 

Cdc6 and CDt1 RNA levels, consisting with the idea that they are regulated by E2F (Braden et al., 

2008). CDK1 and CDK2 activity is also essential for the proper activation of DDR: they play a 

crucial role in the choice of Homologous Recombination or Double Strand Breaks repair pathway 

and in progression during S and G2 phases (Malumbres and Barbacid, 2009; Wohlbold and Fisher, 

2009; Yata and Esashi, 2009). Early studies in budding yeast demonstrated that defect in CDK1 

activity affects Irradiation-mediated Rad51-foci formation. In human RAD51-foci formation is 

largely restricted to S and G2 phases and this is impaired by the use of roscovidine, a CDKs 

inhibitor (Yata and Esashi, 2009). Moreover CDK1 and CDK2 activity is necessary to regulate 

multiple steps in DDR pathway and in particular controlling CHK1 full activation (Xu et al., 2012). 

CDK2-dependent phosphorylation on Serine 327 of CtIP is essential for physical interaction 

between CtIP and BRCA1 promoting HR. On the contrary CDK1 can inhibit HR: CDK1-dependent 

phosphorylation of BRCA2 on S3291 alters its C-terminal interaction with RAD51, impairing HR 

pathway. CDKs activity is crucial also for RPA recruitment: ssDNA coating with RPA is reduced 

following CDK inhibition. (Esashi et al., 2005; Yata and Esashi, 2009). Taken together these 

observations establish that CDKs play a central role in regulating DDR, but several open questions 



Introduction	
  

 11	
  

remain on the precise role of the different CDKs in this process (Wohlbold and Fisher, 2009) and 

on their role(s), if any, in regulating the response to platinum. 

1.3.3 Cyclin-Dependent Kinase 6 (CDK6) 

In 1994 Meyerson and Harlow first investigated the role of PLSTIRE gene product, 

subsequently renamed CDK6. This gene located into the chromosome 7 codifies for a protein of 34 

kDa that share a 71% of amino acid sequence identity with its closest homologue CDK4. It is 

widely know that CDK4 and CDK6 exert their principal role controlling progression through G1 

phase in cell cycle. Yet, they not only phosphorylate RB1 but exert their regulatory effect on other 

transcriptional programs to govern cell proliferation phosphorylating several targets such as 

FOXM1 (Anders et al., 2011; Tigan et al., 2015). However several literature data demonstrate that 

CDK4 and CDK6 differ in tissue-specific functions, expression and contribute differently to tumor 

development, supporting the idea also for distinct, non-overlapping functions of CDK4 and CDK6. 

Early experiments in T-cells suggest that cell-type specific expression might explain the need of 

two Cyclin-Dependent Kinases and several subsequent evidences show that activation of CDK6 

preceded CDK4 activation by several hours in T-cells; latter studies also demonstrate the different 

response of these kinases to p21 inhibitor. Furthermore CDK4 and CDK6 preferentially 

phosphorylate different residues on RB1 that are threonine 826 and 821 respectively CDK4 and 

CDK6 also display distinct patterns of sub-cellular localization. In U2OS cells, CDK6 is localized 

predominantly in the cytoplasm, while in T-cells it was detected both in the nucleus and in the 

cytoplasm with only the nuclear fraction active as an RB1 phosphorylating kinase (reviewed by 

Grossel and Hinds, 2006a, 2006b). These evidences in subcellular localization suggest a mechanism 

for regulating kinase activity, or may be indicative of the presence of cytoplasmic role or 

substrate(s) of CDK6 as also demonstrated by several targets phosphorylated by CDK6 (Anders et 

al., 2011; Kohrt et al., 2014). In the last 15 years CDK6 role was extended from the control of cell 

cycle progression through the G1 phase to more different functions, indicating a cell cycle-

independent role of this protein involving or not its kinase activity (Figure 3). In fact recent findings 

have underlined unexpected functions for CDK6 and suggest a novel role for CDK6 as a 

transcriptional regulator. CDK6 binds to RUNX1, preventing it from binding to DNA and 

precluding the formation of transcriptionally active RUNX1/C/EBPa dimers showing an inhibitory 

activity on myeloid cells differentiation (Placke et al., 2014). CDK6 is also able to regulate 

transcription independently of its kinase activity, it interacts with STAT3 to control the expression 

of p16INK4. CDK6 binds also to VEGFA promoter, enhancing the transcription of this factor an in 
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turn promoting angiogenesis (Kollmann et al., 2013). Furthermore the role of CDK6 on the 

development of hematopoietic lineage cells it is well established by in vitro and in vivo studies (Hu 

et al., 2009; Malumbres et al., 2004). 

                               
 

Figure 3: CDK6 functions both as a cell-cycle kinase and as a transcriptional regulator. The figure gives an overview of 

the network of interaction partners with which CDK6 has been implicated and indicates the outcomes of the 

interactions. Distinct sets of target genes regulated in either kinase-dependent and kinase-independent manner are 

responsible for the observed outcomes (Tigan et al., 2015). 

 

Recently it was demonstrated a novel role of CDK6 in hematopoietic and leukemic cells, in 

particular these findings define CDK6 as an important regulator of stem cell activation and an 

essential component of a transcriptional complex that suppress EGR1 in Hematopoietic Stem Cells 

(HSCs) and Leukemia Stem Cells (LSCs) (Scheicher et al., 2014). Analyses of CDK6 and CDK4 

expression in tumor samples have confirmed again their discrete and non-overlapping functions: 

certain types of tumors selectively amplify either CDK4 or CDK6. For instance, CDK4 is 

specifically mutated in human melanoma, while CDK6 activity was found to be elevated in 

squamous cell carcinomas, neuroblastoma, leukemia and lymphoma without any alteration on 

CDK4 (Tigan et al., 2015). Moreover there are indications that chromosomal translocations 

involving CDK6 locus drive b-lymphoid malignancies (Chen et al., 2009), as well as reports 

amplifications at this locus in glioblastoma and pancreatic cancer (Waddell et al., 2015; 

Wiedemeyer et al., 2010). CDK6 has recently been shown to be critical for the progression of 

mixed lineage leukemia (MLL)-rearranged acute myeloid leukemia and acute lymphoblastic 

leukemia (Tigan et al., 2015). CDK6 role in several cellular processes both in a cell cycle-

dependent and independent manner involving or not its kinase activity and in a way that is not 

shared with CDK4 makes it a versatile player in transcriptional regulation and differentiation to the 
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determination of cell fate. Nowadays the myriad of mechanistic studies regarding CDK4/CDK6 

deregulation in cancer has led to the development of CDKs inhibitors selective for CDK4 and 

CDK6 that are under study in numerous clinical trial 
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AIM OF THE STUDY

High Grade Epithelial Ovarian Cancer (HGEOC) is the most deadly disease among the 

gynecological malignancies, representing the fourth leading cause of cancer death in women in 

developed world. In the 75% of the cases HGEOCs are diagnosed at late stage, with tumor already 

spread throughout the abdominal cavity. Currently, standard therapy for HGEOCs is characterized 

by optimal surgical debulking followed by platinum-based therapies. Due to the fact that HGEOC is 

a clonal disease in which platinum-resistant subclones preexist at diagnosis, most of the patients 

relapse, developing platinum resistant recurrences that compromise their prognosis.  

Aimed to figure out new actionable molecular partners that could allow an improvement in 

platinum response, this PhD work utilized a loss-of-function screening targeting the 23 members of 

the human Cyclin-Dependent Kinases (CDKs) family to verify the hypothesis that targeting any 

CDK is possible to improve platinum efficacy in HGEOC. It is well established that CDKs play a 

central role in several biological processes, for example in the regulation of DNA Damage 

Response, thus we have chosen them as an interesting target to investigate.  
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2.1 Cell lines 
MDAH2774 (ATCC CRL-10303), OVCAR8 (NCI 60-0507712), KURAMOCHI 

(JRCB0098), OVSAHO (JCRB1046), COV362 (ECACC 07071910), OV90 (ATCC CRL-11732), 

SKOV3 (ATCC HTB-77), Caov-3 (ATCC HTB-75), OVCAR4 (NCI 60 XXX), OVCAR3 (ATCC 

HTB-161), ES-2 (ATCC CRL-1978), TOV112D (ATCC CRL-11731), TOV21G (ATCC CRL-

11730) cells were maintained in RPMI-1640 medium (Sigma-Aldrich Co.) supplemented with 10% 

heat-inactivated FBS. Immortalized Human Ovarian Epithelial Cells (IHOEC) (abm T1074) were 

grown in Pigrow I medium supplemented with 10% heat-inactivated FBS. 293FT cells (Invitrogen 

Inc.) used for lentivirus production and 293 T17 (ATCC) were grown in DMEM supplemented with 

10% heat-inactivated FBS (Sigma-Aldrich Co.). 

 

2.2 Reagents 
Carboplatin (CBDCA) and cisplatin (CDDP) (TEVA Italia) were used for in vitro and in 

vivo experiments. PD 0332991 HCl is a pyridopyrimidine–derived cyclin-dependent kinase 4/6 

inhibitor purchased from SelleckChem (S1116), cycloheximide (CHX) was purchased from Sigma 

and MG132 from Calbiochem.  

 

2.3 Loss-of-function screening 
Lentiviral particles were produced on 96-well plates using 293FT cells transfected using 

FuGENE HD Transfection Reagent with the lentiviral based sh constructs and lentiviral system 

vectors pLP1, pLP2, and pVSV-G. The sh-CDKs library created was used to perform the loss-of-

function screening. On day one 1000 MDAH cells/well cells were seeded in 96-well plates using a 

robotic liquid handling Hamilton’s MICROLAB STARlet. On day two cells were transfected with 

the specific sh-RNA or the control sh-ctrl. 72 hours post transduction cells were treated with 

CBDCA 140 µg/ml for 16 hours. Cell viability was evaluated 24 hours after the end of treatment 

using CellTiter 96 AQueous cell proliferation assay kit (Promega).  

 

2.4 Cell viability and IC50 drugs calculation 
HGEOC cells were seeded in 96-well culture plates (1x103 cells/well) and after 24 hours 

transduced with lentiviral shRNAs. 72 hours after transduction, plates were treated or not with 

CBDCA or CDDP for 16 hrs at the indicated concentrations. Cell viability was determined 24 hours 

after treatment using the CellTiter 96 AQueous cell proliferation assay kit (Promega). In cell 
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viability assays using platinum and PD0332991 combined treatment HGEOC cells were seeded in 

96-well culture plates (3x103 cells/well) and after 24 hours treated with increasing doses of CBDCA 

or CDDP for 16 hours and with PD (using a concentration of the half of the IC50 calculated for 

each cell line) for 24 hours. Cell viability was determined 24 hours after the end of treatment using 

the CellTiter 96 AQueous cell proliferation assay kit (Promega).   

 

2.5 Generation of platinum- resistant cell lines. 
Platinum resistant cell lines were generated by treating for 2 hours MDAH cells with a 

CDDP dose 10-fold higher than IC50 and followed by a recovery period. After 20 cycles of CDDP 

treatment the resulting cell lines maintained in drug-free medium were tested and new IC50 was 

calculated comparing them to MDAH parental cells. 

 

2.6 Vectors, transfections and recombinant viruses 
Site directed mutagenesis was used to generate CDK6 and FOXO3 point mutants with 

commercial kit (QuikChange Site-Directed Mutagenesis Kit from Agilent). pcDNA3 Flag-FOXO3 

was a gift from K. Guan (plasmid # 13507 Addgene Inc. Cambridge, Massachusetts). Cells were 

transfected using FuGENE HD Transfection Reagent (Roche Applied Science, Indianapolis, 

Indiana). pLKO for control and specific shRNAs were purchased from Sigma-Aldrich Co (See 

Table 1) (St. Louis, Missouri).  

 

2.7 Colony Assay 
MDAH parental cells and MDAH platinum resistant cells were seeded in 6-well plates (400 

cells/well) mixing together parental cells and different quantity of platinum resistant cells: 0, 10, 20, 

50 and 100% of the total. Cells were treated with CDDP 10 µM for 3 hours and/or with PD0332991 

8 µM for 24 hours. Ten days later plates were stained with crystal violet. Plates were then 

photographed and colonies were counted. 

 

2.8 Growth curve 
MDAH and OVCAR8 cells were plated in 6-well plates (50.000/well) and transduced with 

sh-ctrl or sh-CDK6. Viable cells were counted daily in triplicate for 3 days, by trypan-blue dye 

exclusion method. 
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2.9 FACS analysis 
MDAH and OVCAR8 cells were plated in 100 mm dish and silenced with sh-ctrl or sh-

CDK6. Cells were then collected 72 hours post transduction and fixed in ice-cold 70% ethanol, 

washed twice in PBS 1x and resuspended in propiudium iodide (50 µg /ml supplemented with 100 

µg/ml RNase A in PBS 1x). Stained cells were subjected to FACS analyses with FACScan 

instrument (BD Biosciences). Distribution of cells in G1, 2 and G2/M phases was calculated using 

the WinMDI2.8 software. 

 

2.10 SA-β-Galactosidase Staining 

MDAH cells were plated in 12-well plates and transduced with sh-ctrl and sh-CDK6. 72 and 

96 hours post transduction cells were fixed with 2% formaldehyde and 0,2% glutaraldehyde 

solution for 20 min at 4°C. Fixed cells then were washed three times with PBS 1x and incubated 

with X-gal solution (40 mg/ml X-Gal, 2mM MgCl2, 10mM K4Fe(CN)6*3H2O, 10mM K3Fe(CN)6 

in PBS 1x) overnight at 37°C; the positive cells turned blue and were scored as β-Gal-positive 

cells/field using a transmitted light microscopy with a 40x objective in 10 randomly selected fields. 

 

2.11 Immunofluorescence  
For immunofluorescence, cells plated on coverslips and fixed in PBS 4% paraformaldehyde 

(PFA) or tissue sections were stained with primary antibodies: γH2AX (S139), pRB1 (S780) or 

Ki67 and propidium iodide (5 µg/ml) for nuclear staining as reported (Berton et al., 2014). Stained 

cells were analyzed using a confocal laser-scanning microscope (TSP2 Leica) interfaced with a 

Leica DMIRE2 fluorescent microscope or using a Nikon Diaphot 200 epifluorescent microscope. 

Fluorescence intensity of selected regions of cell was measured with computer-assisted imaging 

software (LAS, Leica). Alternatively, fluorescence intensity and protein co-localization were 

studied using the Volocity® software (PerkinElmer). 

 

2.12 Video time-lapse microscopy 
For the evaluation of cell viability following CBDCA and PD treatment MDAH cells were 

seeded in 12-well plate (3 x 104) and transfected with GFP-Histone H1. After 24 hours cells were 

treated with CBDCA (140 ug/ml) for 16 hours. At the end of CBDCA treatment cells were treated 

or not with PD (8 uM). Cells were then incubated in the Leica Time Lapse AF6000LX workstation 

equipped with the Leica DMI 6000 motorized microscope and an environmental chamber for the 

proper setting of temperature humidity and CO2 concentration. Images were collected starting at the 
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end of CBDCA treatment every 5 minutes for 20 hours and used to create a video for the different 

treatments (Movie 1: CBDCA; Movie 2: PD and Movie 3: CBDCA + PD). For higher 

magnification, cells were plated on glass bottom dishes (WillCo Wells BV) as previously described 

(Belletti et al., 2010), treated with CBDCA or CBDCA+PD as reported above and recorded using 

63× immersion glycerin objective. Images were taken as described above to obtain Movie 4-

CBDCA and Movie 5-CBDCA + PD. 

 

2.13 Preparation of Cell lysates, Immunoblotting, and Immunoprecipitation. 
Cell lysates were prepared using cold RIPA lysis buffer (150mM NaCl, 50mM Tris HCl 

[ph8], 1% Igepal, 0,5% sodium deoxycholate, 0,1% SDS) plus a protease inhibitor cocktail 

(Complete, Roche), 1 mM sodium orthovanadate, and 1 mM dithiothreitol as previously reported 

(Sonego et al., 2013). Differential extraction of nuclear and cytoplasmic proteins was performed as 

previously described (Baldassarre et al., 2005; Schiappacassi et al., 2008). Protein concentrations 

were determined using the Bio-Rad protein assay (Bio-Rad). For immunoblotting, equal 

concentrations of protein samples were separated by 4–20% SDS-PAGE (Criterion precast gel; Bio-

Rad) and transferred to nitrocellulose membranes (Hybond C; Amersham). Immunoprecipitations 

were performed using 700-800 µg of cell lysate in HNTG buffer (20 mM HEPES, 150 mM NaCl, 

10% glycerol, 0.1% Triton X-100) plus 1 µg of the indicated specific primary antibody and 

incubating overnight at 4°C. The immunocomplexes were precipitated by protein G agarose for 

another 2 hours at 4°C and separated on SDS-PAGE for western blot analysis. Immunoblotting 

were performed using the following primary antibodies:  goat polyclonal anti-Vinculin (N-19, 

1:1000), rabbit polyclonal CDK6 (1:800), goat polyclonal CDK4 (1:400), rabbit polyclonal pRB1 

S780 (1:500), rabbit polyclonal PSF (1:800), rabbit polyclonal Luciferase (for IP), goat polyclonal 

Lamin A (for IP) (Santa Cruz Biotechnology), rabbit monoclonal FOXO3 (1:600), rabbit polyclonal 

Cyclin D3 (1:500), rabbit polyclonal pCHK1 S296 (1:500), rabbit polyclonal CHK1 (1:500), rabbit 

monoclonal H2AX (1:500), rabbit polyclonal ATR (1:500) and rabbit polyclonal ATM (1:500) 

(Cell signalling), rabbit monoclonal Cyclin D1 (1:1000) (Millipore), mouse monoclonal γH2AX 

(1:500) (Upstate Biotechnology), mouse polyclonal RB1 (BD Biosciences),  rabbit polyclonal Actin 

(1:500),  mouse monoclonal Tubulin (1:1000), mouse monoclonal Flag M2, rabbit polyclonal OP18 

(1:1000), rabbit polyclonal Actin (1:1000) and V5 and HA agarose conjugated (Sigma-Aldrich Co), 

mouse GRB2 (1:300) (Transduction Lab), mouse monoclonal GFP (1:500) (Roche). Antibodies 

were visualized with appropriate horseradish peroxidase-conjugated secondary antibodies (GE 

Healthcare) for ECL detection (Millipore) or Alexa-conjugated secondary antibodies (Invitrogen) 

for Odyssey infrared detection (LI-COR Biosciences). Quantification of the immunoblots was done 
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using the QuantiONE software (Bio-Rad Laboratories) or the Odyssey infrared imaging system (LI-

COR Biosciences).  

 

2.14 Recombinant protein production and in vitro kinase assay  
Production of recombinant proteins was performed by cloning FOXO3 mutants cDNAs in 

pGEX vector (GE Healthcare) and by transforming E. coli Bl21 pLys bacteria (Agilent) with the 

expression plasmid. One colony of each bacteria was inoculated into 50 ml of LB-broth with 

selection and let grow overnight at 37°C. Bacteria culture was diluted 1:10 in LB broth with 

selection and let grow at 37°C to an OD600 of = 0.9. The expression of recombinant proteins was 

induced by adding IPTG (Promega) to a final concentration of 1mM and cultures were incubated 

for additional 4 hours at 37°C. Bacterial pellet was resuspended with 8 ml of ice-cold Lysis Buffer 

(50mM Tris-HCl [pH 7.5], 100mM NaCl, 5mM MgCl2, 10% glycerol, 0.1% Igepal, 1 mM DTT 

plus a protease inhibitor cocktail), sonicated (eight 10-sec pulses at 40-50% power, followed by 30-

sec rest period on ice) and centrifuged at 4000 rpm for 20 minutes at 4°C. The supernatant was 

transferred to a fresh tube, 1 ml of glutathione-Sepharose beads (GE Healthcare) was added and 

samples were kept overnight at 4°C under rotation. Samples were centrifuged 5 minutes at 1300 

rpm and supernatant was discarded. Beads were washed three times with 8 ml of ice-cold PBS at 

4°C. To elute fusion proteins, 1 ml of elution buffer (50mM Tris-HCl [pH 8] containing 10mM 

reduced glutathione (Sigma) and protease inhibitors) was added to beads. Three elutions were 

collected. Protein concentrations were determined using the Bio-Rad protein assay (Bio-Rad) and 4 

µg of each protein was used to perform in vitro kinase assay. FOXO3a full-length GST-tagged 

recombinant protein was purchased from Abnova and produced in wheat germ host. In vitro kinase 

assays were performed incubating 800 ng of recombinant Cyclin D3-CDK6 (SignalChem) or 

Cyclin D1-CDK4 (SignalChem) with 5 ug of FOXO3 or RB recombinant proteins as substrate and 

1.5 uCi of [γ-32P]ATP (PerkinElmer Life Sciences) at 30°C for 30 minutes  

 

2.15 Protein stability 

MDAH cells transduced with sh-ctrl or sh-CDK6 were treated or not with CDDP for 3 hours 

(50 µM) and then released in Cycloheximide (CHX, Sigma, 10 µM) containing medium for 2, 4, 6 

or 8 hours. The expression of FOXO3 was then evaluated by western blot. Stability of FOXO3 

mutants was performed transfecting MDAH FOXO3-sh2 stable cells with GFP-FOXO3WT, GFP-

FOXO3S325A or GFP-FOXO3S325E. 48 hours after transfection cells were treated or not with CDDP 

for 3 hours (50 µM) and then released in CHX (10 µM) containing medium for 2, 4, 6 or 8 hours. At 
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the end of CHX treatment cells were harvested and cell lysates were prepared using cold RIPA lysis 

buffer as already described. 

 

2.16 Ubiquitination assay 
Ubiquitination assay on FOXO3 mutants was performed by co-transfecting 293 T17 cells 

with GFP-FOXO3WT, GFP-FOXO3S325A, GFP-FOXO3S325E or GFP-empty vector and HA-

Ubiquitin. 48 hours after transfection cells were treated with CDDP (50 µM) and MG132 

(Calbiochem, 10µg/ml) for 3 hours and cell lysates were prepared using cold RIPA lysis buffer as 

already described. Immunoprecipitations were performed using 500 µg of cell lysate using an anti-

HA antibody. Co-immunoprecipitated proteins were then analyzed by western blot using an anti-

EGFP antibody. 

 

2.17 Mitotic Spreads 
MDAH cells were transduced with sh-ctrl or sh-CDK6. After 48 or 72 hours from 

transduction cells were harvested and mitotic spreads protocol was performed. Cell pellet was 

resuspended with 5 ml of KCl 75 mM solution and incubated 10 minutes at 37°C. Cells were 

centrifuged and the pellet resuspended with 5 ml of 5% acetic acid solution (Ibraimov’s solution). 

Cells were centrifuged and the pellet resuspended with 5 ml of methyl alcohol: acetic acid (3:1) 

solution (Fixative solution). Cells were centrifuged again and repeated the steps with Ibraimov’s 

and fixative solution. The pellet was then resuspended in 300 µl of Fixative solution and 10 µl of 

the cell suspension was dropped from a height of 10 cm onto a glass slide and allowed to dry. DAPI 

solution (Fluoroshield TM with DAPI, Sigma-Aldrich) was spotted onto the slide and a coverslip 

was placed above it. A fluorescence microscope was used to count mitotic cells that had 

characteristic features of either a normal mitosis or PCC. At least 100 nuclei were analyzed in each 

condition. 

 

2.18 Chromatin immunoprecipitation assays 
After formaldehyde 37% treatment (10 min room temperature), chromatin was isolated from 

MDAH cells using a specific lysis buffer (5 mM PIPES pH 8.0, 85 mM KCL, 0.5% Nonidet P-40) 

and nuclei lysis buffer (50mM Tris-HCL pH 8.0, 10mM EDTA, 1% SDS), supplemented with 

protease inhibitor cocktail (Roche). After sonication (six 10-sec pulses at 30% power, followed by 

30-sec rest period on ice) chromatin was pre-cleared by adding 50 µl protein A/agarose and kept for 

4 hours at 4°C on a rotating plate. The supernatant containing 100 µg of chromatin was 

immunoprecipitated by adding the specific antibody (FLAG, FOXO3 or Luciferase and Large T 
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antigen as [non related IgG controls]) and kept overnight at 4°C under rotation. Then protein A-

agarose beads were added for 2 hrs at 4°C. Beads were washed four times with high-salt wash 

buffer (50mM HEPES pH 7.9, 500mM NaCl, 1mM EDTA, 0,1% Triton X-100, 0,1% 

deoxycholate) and twice with TE. At the end the resin was resuspended in elution buffer (50mM 

Tris-HCl pH 8.0, 10 mM EDTA, 1% SDS) supplemented with 1µl of proteinase K (20 ug/ul) and 

incubated for 2 h at 55°C and then overnight at 65°C. DNA was purified by standard 

phenol:chloroform protocol and 15 ng were used to perform qRT-PCR. 

 

2.19 qRT-PCR 
Cells were treated as indicated and RNA was extracted at different time points using Trizol 

reagent (Invitrogen). Total RNA was quantified using the NanoDrop instrument (Thermo Fisher 

Scientific Inc., USA) and retro-transcribed using the AMV reverse transcriptase according to the 

manufacturers’ instructions (Promega). Absolute quantification was evaluated by qRT-PCR, using 

SYBR green dye-containing reaction buffer (Real SG Master Mix 5x, Experteam) and running the 

reactions in the MyiQ2 Two Color Real-time PCR Detection System (Biorad). Data normalization 

was performed using Pol2A and GAPDH as housekeeping genes and relative expression was 

calculated using the mRNA concentration. 

 

2.20 Tumor xenograft studies in nude mice 
All animal experiments were performed following validated procedures (Sonego et al., 2013; 

Vecchione et al., 2013). MDAH xenografts were established by subcutaneously injection of 2x106 

cells in 0.1 ml PBS in both flanks of female athymic nude mice (Harlan Laboratories, 8 weeks-old). 

When tumors were 40-60 mm3 the animals were randomly divided into groups according to 

experimental design. Mice were also treated with 4 intraperitoneal injections of carboplatin 

(20mg/Kg/dose) performed every 2 days. Tumor size was measured 3 times a week and volume 

was calculated (0.5 x length x width2). PD0332991 was dissolved in sodium lactate buffer (50 

mmol/l, pH 4) and was given daily at 150 mg/kg by gavage for one week (5 doses). Control mice 

received the same amount of sodium lactate buffer solution.  Animals were sacrificed 4 days after 

the end of each treatment. Explanted tumors were formalin-fixed and included in paraffin. 

Immunofluorescence on explanted tumors was performed by staining slides with pRB1 (S780), 

γH2AX (S139) and proliferation marker Ki67. MDAH pre-transduced xenografts were established 

by silencing cells with sh-ctrl or sh-CDK6, 48 hours post transduction 2x106 cells were injected in 

0.1 ml PBS in right (sh-ctrl) and left (sh-CDK6) flanks of female athymic nude mice. When tumors 

were 40-60 mm3 the animals were treated with CBDCA (20mg/Kg/dose) performed every 2 days 
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for a total of 4 doses. Tumor size was with a caliper and volume was calculated (0.5 x length x 

width2). Animals were sacrificed 7 days after the end of treatment.  

 

2.21 Primary EOC collection and analyses 
Human EOC samples were collected by CRO institutional Biobank, immediately frozen and stored 

in liquid nitrogen until needed. Informed consent was obtained from all patients. The CRO-IRB 

(Internal Review Board) approved this study. Frozen EOC samples were lysed in RIPA buffer as 

previously reported (Sonego et al., 2013) and 40 µg of total proteins were analyzed by western blot. 

Tissue micro-array (TMA) was built taking the most representative areas from each single case. 

Whole hematoxylin and eosin stained (H&E) section from each tumor block was carefully 

examined by the pathologist. The selected areas of interest presented more than 50% of cancer cells, 

without necrosis. Two cores (1 mm) were collected from each of the eligible tumor blocks and 

arrayed into a recipient paraffin block (35 mm×20 mm) using a semiautomatic tissue arrayer 

instrument (Galileo CK3500 TMA, ISENET, Milan, Italy). The presence of tumor cells on the 

arrayed specimens was verified using H&E staining. For IHC antigen retrieval was performed in 

Citrate buffer 10 mM pH6 at 96°C for 15. TMA sections were stained with primary rabbit anti-

CDK6 (C21, Santa Cruz 1:800) followed by Biotinylated goat anti-rabbit/anti-mouse IgG  (Dako 

LSAB2 System). IHC reaction was interpreted by an expert pathologist and the final intensity score 

was obtained taking into account the percentage of positive cells (score 0-4) and the intensity of the 

staining (score 1-3) as previously reported (Canzonieri et al., 2012). Scores <6 were coded as 

“low/moderate”, >6 as “high”. 

 

2.22 Statistical analyses 
The computer software PRISM (version 4, GraphPad, Inc.) was used to make graphs in all 

statistical analyses. In all experiments, differences were considered significant when p was ≤0.05 

and statistical significance was indicated with: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001.	
   Statistical analyses included paired and un-paired t-tests, Mann-Whitney un-paired t-test 

and Kaplan-Meier test used as appropriate and as described in each figure. Statistical analyses were 

performed in part using the on line tool OVMARK (http://glados.ucd.ie/OvMark/index.html) using 

a median cutoff and analyzing all the available dataset for each specific gene analyzed (i.e. CDK4, 

CDK6 and FOXO3). The Log-rank test was employed to determine the significance of the 

association between CDK4, CDK6 and FOXO3 expression and overall	
   survival. The Kaplan-

Meyer method was used to generate survival curves.  The Spearman's rank-order correlation test 
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was applied to measure the strength of the association between CDK6, ATR, FOXO3 and CyclinD3 

expression.	
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Table 1 Table 1 reports the shRNAs used in this work. Ref seq indicates GenBank accession 

number, TRC indicates The RNA Consortium target sequence number. 
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Table 2: Histo-pathological and clinical data of ovarian cancer patients. Table 2 reports grade, 

histotype and chemotherapy (when applied) of primary and recurrent tumor samples analyzed in 

Figure 21 (*n.a.: not available).  

 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 



Materials	
  and	
  Methods	
  

 29	
  

 
 

Table 3: Sequence data of the primers used for site-directed mutagenesis of FOXO3 and CDK6 

cDNAs, to generate FOXO3 deletion mutants, and for ATR promoter fragments’ amplification.   
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Movies’ legends 

 
Movie 1  

MDAH cells treated with CBDCA for 16 hours and then recorded for additional 20 hours 

 

Movie 2  

MDAH cells treated with PD for 16 hours and recorded for additional 20 hours 

 

Movie 3 

MDAH cells treated with CBDCA for 16 hours and then treated with PD and recorded for 

additional 20 hours. Transient expression of EGFP-Histone H1 protein was used to visualize cell 

nuclei. 

 

Movie 4  

MDAH cells treated with CBDCA for 16 hours and then recorded for additional 20 hours. Transient 

expression of EGFP-Histone H1 protein was used to visualize cell nuclei. 

 

Movie 5  

MDAH cells treated with CBDCA for 16 hours and then treated with PD and recorded for 

additional 20 hours. Transient expression of EGFP-Histone H1 protein was used to visualize cell 

nuclei.
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3.1 CDK6 silencing sensitizes ovarian cancer cells to platinum.  
Before to perform our screening analysis we treated MDAH 2774 cells with increasing 

doses of carboplatinum (CBDCA) (Fig. 1A) for 16 hours to identify the appropriate dose to use in 

screening experiments. Thus, performing a loss-of-function shRNAs approach, we targeted the 23 

human CDKs (Fig. 1B and Table 1) (Malumbres et al., 2009) using two different shRNAs for each 

CDK, to test if one or more CDK specifically participates in the response to platinum of MDAH 

cells, used as a model of HGEOC. Taking advantage from this approach we identified CDK6 as the 

gene that once knocked-down, most significantly reduced cell viability in CBDCA treated cells in 5 

independent experiments (Fig. 1C). To confirm screening results we have extended the analysis to 

four different CDK6 shRNAs. Interestingly we found that in cell viability experiments (Fig. 2A) the 

extent of CDK6 knock-down paralleled the efficacy of CBDCA to induce MDAH cell death and we 

further observed that silencing of CDK6 in untreated cells, indicated by black bars in figure 2A had 

minimal effect on cell viability. We also investigated whether the silencing of the CDK6-

homologue, CDK4, could alter cells sensitivity to CBDCA. We did not observe changes in cell 

viability in CDK4 silenced cells upon platinum treatment (Fig. 2B), confirming screening results, 

and excluding CDK4 involvement in platinum mediated cell death. CDK6 knock-down effect was 

recapitulated in other HGEOC cell lines such as OVCAR8 and SKOV3, in which CDK6 silencing 

decreased both cis-Platinum (CDDP) (Fig. 3A) and CBDCA (Fig. 3B) half maximal inhibitory 

concentration (IC50) from 2- to 20-fold, depending on the drug and the cell line used. 

 

3.2 CDK6 kinase activity protects HGEOC cells from platinum-induced cell 

death in vitro. 
Based on the notions that CDK4 and CDK6 share most but not all phosphorylation targets 

(Anders et al., 2011) and that CDK6 plays also kinase-independent roles (Kollmann et al., 2013), 

we verified if the kinase activity of CDK6 participated in the regulation of platinum response. We 

overexpressed CDK6 wild type (CDK6WT), CDK6 dominant negative (CDK6D163N) mutant and 

CDK6 constitutively active (CDK6R31C) mutant in OVCAR8 and MDAH cells (that express low 

and high levels of CDK6 respectively) (Fig. 4A and 4B). The dominant negative carries a mutation 

in the ATP binding pocket, whereas the constitutive active carries a mutation making it unable to 

bind p16/INK4 inhibitor. In both OVCAR8 and MDAH models, the expression of CDK6D163N 

reduced the survival of platinum treated cells mimicking the results obtained with CDK6 

knockdown (Fig. 4C and 4D) and in OVCAR8 cells, CDK6R31C expression protected from CBDCA 

induced death (Fig. 4C).  
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Figure 1: CDK6 knock-down sensitizes HGEOC cells to platinum induced cell death. A) Dose response curve on 
MDAH 2774 cells transduced with control (ctrl) shRNA and treated with increasing doses of CBDCA for 16 hours. B) 
Experimental design of the loss-of-function screening. C) Screening results: data represent the mean ± SD of five 
independent experiments performed in triplicate and are expressed as survival ratio between CBDCA treated and 
untreated cells. Red line indicates the pre specified cut off of significance that corresponds to the double of the standard 
deviation observed in sh-ctrl. Significance was calculated using the student t-test.  
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Figure 2: Validation of screening results. A) Graph reports the viability of MDAH cells transduced with ctrl and 
CDK6 shRNAs and then treated with CBDCA. The corresponding cell lysates were then analyzed by western blot 
(hereafter WB). Statistical significance was calculated using t-test. B) Graph reports the viability of MDAH cells 
transduced with ctrl, CDK6 and CDK4 specific shRNAs and then treated with CBDCA. Results are expressed as 
survival ratio between of CBDCA treated and untreated cells. The corresponding cell lysates were then analyzed by 
WB. Statistical significance was calculated using t-test. 
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Figure 3:  CDK6 knock-down decreases CDDP and CBDCA IC50. A-B) CDDP (A) and CBDCA (B) dose response 

curves for the indicated HGEOC cell lines transduced with control (ctrl) or CDK6-specific shRNAs. Results are 

expressed as percentage of viable cells respect to untreated cells and the resulted IC50 are reported in the tables.  
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Figure 4: CDK6 kinase activity is necessary to prevent platinum-induced cell death in HGEOC. A) WB analyzing 
the expression of the indicated proteins in immortalized human epithelial ovarian cells (IHEOC) and in a panel of 
HGEOC cell lines. B) Quantification of CDK6 and CDK4 expression in the indicated HGEOC cell lines used for 
experimental analyses, compared with immortalized human epithelial ovarian cells (IHEOC). A.U. Arbitrary Unit. C-
D) Cell viability in OVCAR8 (C) and MDAH (D) cells transfected with CDK6 wild type (WT), CDK6 constitutively 
active (R31C), CDK6 dominant negative (D163N) mutants or empty vector (E.V.) and treated with CBDCA. Results 
are expressed as survival ratio between of CBDCA treated and untreated cells. The corresponding OVCAR8 and 
MDAH cell lysates were then analyzed by WB. Actin and Vinculin were used as loading control.  Significance was 
calculated using student t-test. 
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These results confirm the idea that CDK6 kinase activity is necessary to prevent cell death upon 

platinum treatment. To further confirm the involvement of CDK6 kinase activity in platinum 

mediated cell death, we treated a panel of HGEOC cell line with PD0332991 (hereafter PD) a 

specific CDK4/CDK6 kinase activity inhibitor (Toogood et al., 2005), to identify the suboptimal 

dose to use in combination with platinum (Fig. 5A). We then tested this compound in MDAH cells 

using two different schedules in combination with platinum and we observed that PD sensitized 

MDAH cells to CBDCA, especially when PD was administered to the cells after platinum, but not 

before (Fig. 5B). To verify the efficacy of PD treatment we valuated the phosphorylation status of 

RB1, the inhibition of CDK4/CDK6 results in fact in a decreasing of RB-pS780. In accord with 

previous observation (Konecny et al., 2011), we found that CDK6 levels did not correlate with the 

efficacy of PD in reducing HGEOC cell survival when used as single agent, in fact OVCAR8 and 

SKOV3 that show a similar CDK6 expression level (Fig. 4A-B), respond differently to PD 

treatment as single agent (Fig. 5A). Yet, CDK6 expression was necessary to mediate the effects of 

PD on platinum sensitivity, since PD had no effects on platinum sensitivity of KURAMOCHI and 

OVSAHO cells that express low/undetectable levels of CDK6 (Fig. 4A-B, 5C-D) or in MDAH cells 

stably silenced for CDK6 (Fig. 5E). These observations were also confirmed using time-lapse 

microscopy. MDAH cells treated with CBDCA and the specific CDK4/6 inhibitor PD alone or in 

combination, underwent massive cell death only when the combination CBDCA+PD was used 

(Movie 1, 2 and 3). CBDCA+PD treatment induced apoptosis in a higher number of cells respect to 

CBDCA alone, as demonstrated by the appearance of nuclear condensation and fragmentation and 

cell blebbing, looking at cells transfected with GFP-tagged Histone H1 to visualize cell nuclei in 

higher magnification movies (Movie 4 and 5).  To test if inhibition of CDK6 kinase activity could 

impair the re-growth of platinum resistant clones (Sonego et al, manuscript in preparation) we 

performed a clonogenic assay. We seeded different combination of MDAH parental and resistant 

cells to mimic the HGEOC tumor heterogeneity and in these conditions we tested the efficacy of 

PD in increasing platinum mediated cell death (Fig. 6A and 6B). Interestingly we found that 

CDDP+PD combination was significantly more effective in preventing the re-growth of platinum 

resistant subclones.  
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Figure 5: PD0332991 sensitizes HGEOC cells to platinum induced cell death in vitro. A) Table summarizing the 
calculated PD0332991 (PD) IC50 (µM) in the indicated HGEOC cell lines. B) Dose response curves of MDAH cells 
treated with 8 μM PD and increasing doses of CBDCA using different schedules. In the inset is reported the expression 
and phosphorylation status of RB1. C-D) Dose response curve of SKOV3 and KURAMOCHI cells (C) treated with 
increasing doses of CDDP and with or without the appropriate concentration of PD (half dose of IC50 reported in figure 
A). Table reports the IC50 (D). E) MDAH cells stable silenced with ctrl and CDK6 shRNAs and then treated with 
CDDP alone or in the presence of PD. Table reports the calculated IC50. Cell lysates were analyzed by WB to confirm 
CDK6 silencing. Actin and vinculin were used as loading control.  
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Figure 6: CDDP + PD0332991 combination sensitizes clonal growth of HGEOC cells. A) Crystal violet staining of 
colony assay performed using MDAH platinum resistant clones plated with parental cells in different proportions and 
treated with vehicle, CDDP, PD or CDDP + PD. B) Colony assay quantification graphed as number of colony 
formation. Statistical significance was calculated using t-test.  
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3.3 The CDK6 inhibitor PD0332991 increases platinum efficacy, also in vivo. 
We next tested whether our in vitro observations could be recapitulated in vivo, using 

MDAH cells subcutaneously injected in nude mice. When tumors reached approx 50mm3, we 

treated mice with CBDCA, PD or CBDCA+PD (Fig. 7A). In this setting, the sequential 

administration of CBDCA+PD, as indicated by the green line, significantly reduced tumor growth 

while the single treatments had minor effects (CBDCA red line, PD blue line) (Fig. 7B). 

Immunofluorescence analyses were used to evaluate the efficacy of the treatments in explanted 

tumors (Fig. 7C). γH2AX-pS139 staining (a marker of damaged DNA) and CDK4/6-dependent 

RB1 phosphorylation (pS780 staining) were used as readout of CBDCA and PD activity, 

respectively. As expected from the tumor volumes, the combination CBDCA+PD resulted the most 

effective in increasing γH2AX-pS139 and decreasing RB1-pS780 expression (Fig. 7B and 7D), 

with a consequent reduced proliferation, assessed by Ki67 staining (Fig. 7G). Similar results were 

observed using CDK6 silenced cells. We transduced MDAH cell with sh-ctrl and sh-CDK6, 48 

hours post transduction we have injected these cells on the flank of the mice (sh-ctrl on the right, 

sh-CDK6 on the left) to assess if knock-down of CDK6 could impair tumor growth. We observed 

that tumor grown from sh-CDK6 MDAH cells responded significantly better than those grown from 

control cells to CBDCA (Fig. 8A) and displayed increased γH2AX-pS139 expression as already 

observed in nude mice treated with CDDP+PD (Fig. 8B and 7F). Noteworthy, CDK6 knock-down 

did not significantly impact on the expression of RB1-pS780 (Fig. 8B), raising the hypothesis that 

in platinum-treated HGEOC cells CDK6 is more implicated in the control of the DNA damage 

response than in cell proliferation via RB regulation.  

 

3.4 CDK6 activity is mainly involved in DNA damage response than in cell 

proliferation. 
To investigate the possibility that CDK6 could be more implicated in DNA damage 

response respect to cell cycle regulation, we evaluated the expression of CDK6 in a panel of 

HGEOC, by which we observed that CDK6 is predominantly expressed in the cytoplasm (Fig. 9A) 

and that silencing of CDK6 in MDAH cells did not alter the extent of nuclear RB1-pS780 

expression (Fig. 9B), while it strongly increased the expression of γH2AXpS139 in cells exposed to 

CBDCA and allowed to recover for up to 8 hours (Fig. 9C and 9D). Accordingly, CDK6 knock-

down did not substantially alter the proliferation of MDAH and OVCAR8 cells as it can be 

observed in growth curves (Fig. 9E-F) and FACS analysis of cell cycle distribution (Fig. 9G). 
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Figure 7: PD0332991 sensitizes HGEOC cells to platinum induced cell death in vivo A) Schematic design of in vivo 
experiments with MDAH xenografts testing the efficacy of CBDCA and PD treatments alone or in combination. B) 
Analysis of tumor growth of in vivo experiments described in A. Red and blue arrows indicate the days of CBDCA and 
PD treatment, respectively. C) Immunofluorescence analyses of pRB1 and γH2AX and Ki67 expression in tumors 
explanted from mice treated with CBDCA (top) or with CBDCA + PD (bottom). D) Analysis of tumor volume of in 
vivo experiments described in A. E-F) Quantification of pRB1 (E) and γH2AX (F) expression evaluated as mean 
fluorescence per cell in tumors explanted from mice treated as indicated. G) Quantification Ki67 expression evaluated 
as percent of positive cells in tumors explanted from mice treated as indicated. Significance was calculated using the 
student t-test. 
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Figure 8: CDK6 knockdown sensitizes HGEOC cells to platinum induced cell death in vivo A) MDAH transduced 
with ctrl or CDK6 shRNAs were subcutaneously injected (sh-ctrl right flank and sh-CDK6 left flank) in nude mice then 
treated with CBDCA. Tumor volume was determined as end point and reported in the scattered dot plot. On the right 
typical WB analyses of RB1 and H2AX expression and phosphorylation in tumors explanted from one mouse injected 
as described in (A) and treated with CBDCA after tumor appearance. Vinculin was used as loading control. The 
macroscopic aspect of explanted tumors is shown in the bottom panel. B) Graphs reported the normalized quantification 
obtained by densitometric scanning of the blots,  of phosphorylation levels of RB1 (left) and H2AX (right) of tumors 
explanted from 4 different mice treated as described in (A). Significance was calculated using the student t-test. 
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Figure 9: CDK6 activity is involved in the control of the DNA damage response. A) Expression of CDK4 and 
CDK6 in the nuclear (N) or cytoplasmic (C) fractions of the indicated HGEOC cell lines. B) WB evaluating the 
expression of pRB1 and CDK6 in the nuclear (N) or cytoplasmic (C) fractions of MDAH cells transduced as indicated. 
C) WB evaluating the expression of γH2AX and CDK6 in MDAH cells transduced and treated as indicated. V= vehicle, 
P= CBDCA 16 hours, R= 8 hours release after platinum. D) Immunofluorescence analysis evaluating the expression of 
γH2AX (red) in MDAH treated as in C. Nuclei were stained with propidium iodide (blue). E-F) Growth curve in 
MDAH (E) and OVCAR8 (F) cells silenced with the indicated shRNAs. Lysates were analyzed by WB. G) Cell cycle 
distribution of MDAH and OVCAR8 cells transduced with the indicated shRNA and analyzed by FACS analyses. H) 
SA-β-Galactosidase assay in MDAH cells transduced as indicated and stained 72 and 96 hours post transduction. 
Results are graphed as percentage of positive cells/field counted using 40x magnification. GRB2, PSF, HGMA2, 
vinculin and tubulin were used as loading and fraction purity control.  
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Moreover the low percentage of β-Gal positive cells indicates that CDK6 knock-down had a limited 

impact on the induction of cell senescence (Fig. 9H), a proposed anti-tumoral mechanism of 

CDK4/6 inhibition in RB1 proficient cells (Anders et al., 2011; Choi et al., 2012) 

 

3.5 FOXO3 is a CDK6-specific target able to modulate the sensitivity of HGEOC 

to platinum. 
Data collected so far suggested that CDK6, but not CDK4, protected from platinum-induced 

cell death by phosphorylating, more likely in the cytoplasm, one (or more) specific target that could 

eventually regulate the DDR in EOC cells. Based on this hypothesis, we analyzed the recently 

identified panel of CDK6-specific phosphorylation targets (Anders et al., 2011). By applying 

criteria deriving from the above data, we selected nine proteins that were poorly phosphorylated by 

CDK4 and were phosphorylated by CDK6 at higher level than RB1 (Fig. 10A). Using a loss-of-

function screening (Fig. 10B), we identified the transcription factor FOXO3 (also known as 

FOXO3a) as the only CDK6 tested target involved in the response to platinum in HGEOC cells 

(Fig. 10C). These data were confirmed first, with five different FOXO3-specific shRNAs (Fig. 

11A) and second, by a dose response curve using the specific FOXO3 shRNAs that have given 

better results in term of IC50 reduction (Fig. 11B). To ascertain these observations we performed 

rescue experiments overexpressing FOXO3 in CDK6 knockdown cells by which we observed a 

complete overcame of the increased cell death induced by platinum in CDK6 silenced cells (Fig. 

11C), strongly supporting the notion that FOXO3 acted downstream to CDK6 in regulating the 

platinum response in HGEOC cells.  

 

3.6 Cyclin D3/CDK6 complex binds and phosphorylates FOXO3 in platinum 

treated cells. 
We observed that FOXO3 was expressed in the majority of tested HGEOC cell lines, both in 

the nucleus and the cytoplasm (Fig. 11D-F). To verify whether CDK6 binds FOXO3 we performed 

a co-immunoprecipitation experiments, by which we have demonstrated that endogenous CDK6 

interacted with FOXO3 in platinum-treated but not in untreated cells (Fig. 12A). Under the same 

conditions, CDK6 co-precipitated with both Cyclin D1 and D3 (Fig. 12A). CDK4 and Cyclin D1 

failed to associate with FOXO3, both in treated and untreated cells (Fig. 12B-C), while Cyclin D3 

bound FOXO3 in platinum-treated cells (Fig. 12C). Accordingly, only the knock-down of Cyclin 

D3 was able to increase the sensitivity of MDAH cells to platinum (Fig. 12D), supporting the 

possibility that in HGEOC cells treated with platinum the Cyclin D3/CDK6 complex regulates cell 

survival via the binding to FOXO3.  
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Figure 10:  FOXO3 is a CDK6 phosphorylation target that controls platinum sensitivity in HGEOC cells.  A) 
Table reports CDK6 specific phosphorylation targets ordered by their PR-score (adapted from Anders L et al. 2011). 
PR-score is the normalized phosphorylation levels of the different protein respect to RB used as positive control 
(PR=100). B) Experimental design of loss-of-function screening performed on MDAH cells silencing specific CDK6 
phosphorylation targets.  C) Loss-of-function screening results targeting the specific phosphorylation targets of CDK6: 
data represent the mean ± SD of 3 independent experiments performed in triplicate graphed as described in Figure 1C. 
Significance was calculated using the student t-test. 
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Figure 11:  FOXO3 silencing sensitizes HGEOC cells to platinum induced cell death in vitro.  A) Graph reporting 
MDAH cell viability in cells transduced with the indicated shRNAs and then treated with CBDCA. The corresponding 
cell lysates were then analyzed by WB.  B) CBDCA dose response curves for MDAH cell lines transduced with control 
(ctrl) or FOXO3-specific shRNAs. Results are expressed as percentage of viable cells respect to untreated cells and the 
resulted IC50 is reported in the table. C) On the left, time line of the experiment. The graph reports cell viability of cells 
transfected as indicated and treated with increasing concentration of CDDP. Significant differences were calculated by 
t-test. D) Expression of FOXO3 in HGEOC cell lines. E) Immunofluorescence analysis of FOXO3 (green) in MDAH 
cells. Nuclei were stained with propidium iodide (blue) F) Expression of CDK4 and CDK6 in the nuclear (N) or 
cytoplasmic (C) fractions of the indicated HGEOC cell lines. Actin, tubulin, PSF and GRB2 expression were used as 
loading control and fraction purity. Significance was calculated using the student t-test. 
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Figure 12: Cyclin D3/CDK6 complex binds FOXO3 in platinum treated cells.  A) Co-Immunoprecipitation (IP) 
analysis of endogenous CDK6 from MDAH cells treated with vehicle (V) or with 50 μM CDDP for the indicated 
times. IPs were evaluated by WB for the presence of FOXO3, CDK6, Cyclin D1 and D3. In the lower panels, 
expression of the same proteins in the corresponding lysates (Input) is reported. B) Co-IP analysis of endogenous CDK4 
(upper panels) from MDAH cells treated with vehicle (V) or with CDDP for 3 or 6 hours. IPs were evaluated for the 
presence of FOXO3 and CDK4. In the lower panels the expression of the same proteins in the lysates (Input) is 
reported. C) Co-IP analysis of endogenous Cyclin D3 (upper panels) and Cyclin D1 (lower panels) with FOXO3 and 
CDK6 in MDAH cells treated as in (A). D) Dose response curve on MDAH cells transduced with control (ctrl), Cyclin 
D1 or Cyclin D3 shRNAs and treated with increasing doses of CDDP for 16 hours. IC50 is reported in the table. WB 
analyses showing the expression of Cyclin D1 and D3 in transduced cells. Vinculin and tubulin were used as loading 
control. 
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In line with these results, in vitro kinase assay confirmed that CDK6/Cyclin D3 was able to 

phosphorylate the full-length FOXO3 recombinant protein (Fig. 13A) and in silico analyses with 

the GPS3.0 prediction software available online (http://gps.biocuckoo.org/) indicated that CDK6 

could potentially phosphorylate eight serines in FOXO3 (Fig. 13B).  Using several deletion mutants 

(Fig. 13C), we next mapped the region phosphorylated by the Cyclin D3/CDK6 complex between 

aminoacids 315 and 344 (Fig. 13D and 14A-B). Within this region S325 and S344 are predicted 

targets of CDK6 (13B). Both S325 and S344 are surface-exposed residues (Fig. 14B) located in an 

intrinsically disordered region (blue line in 14B), therefore both fulfilling the requirements of 

phosphorylable residues. Point mutation of S325 and/or S344 to alanine demonstrated that S325 is 

the residue preferentially phosphorylated by Cyclin D3/CDK6, in vitro (14C-D). Location of amino 

acids above the disordered (0.50 DC, dotted blue line) and surface exposure cut off  (0.25 EC, 

dotted orange line) indicates whether they fall in an intrinsically disordered (blue line) and surface 

exposed region (orange line). 

 

3.7 CDK6 regulates FOXO3 stability and nuclear localization. 
Phosphorylation of FOXO3 mainly affects protein stability and subcellular localization 

(Tzivion et al., 2011; Yang and Hung, 2009). Using cycloheximide (CHX) to block de novo protein 

synthesis, we observed that CDK6 knockdown decreased FOXO3 stability, particularly in platinum-

treated cells (Fig. 15A). To verify if S325 phosphorylation could be implicated in the regulation of 

FOXO3 stability, we generated the FOXO3 non phosphorylable (FOXO3S325A) and pseudo-

phosphorylated (FOXO3S325E) mutants and expressed them or the wild type protein (FOXO3WT), in 

MDAH cells. In untreated cells, FOXO3WT, FOXO3S325A, and FOXO3S325E displayed similar half-

life. However, when cells were treated with platinum FOXO3S325E was more stable than FOXO3WT, 

while FOXO3S325A was more rapidly degraded (Fig. 15B). Accordingly, the inhibition of ubiquitin 

mediated proteasomal degradation, using MG132, abrogated these differences, suggesting that 

phosphorylation on Serine 325 is necessary to prevent FOXO3 proteasome-mediated degradation 

(Fig. 15C). To deeper investigate this point we overexpressed FOXO3WT, FOXO3S325A, and 

FOXO3S325E, in combination with HA-Ubiquitin constructs. After CDDP treatment we 

immunoprecipitated lysates using an anti-HA antibody and blotted with an anti-GFP antibody by 

which we observed that the three mutants were differently ubiquitinated. In particular we found that 

FOXO3WT was less ubiquitinated than FOXO3S325A and more ubiquitinated respect to FOXO3S325E 

(15D), suggesting that S325 phosphorylation could prevent the ubiquitin-mediated degradation of 

FOXO3.  
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Figure 13: Cyclin D3/CDK6 complex phosphorylates FOXO3 in platinum treated cells.  A) In vitro 
phosphorylation assay performed using recombinant Cyclin D3-CDK6 complex using GST-RB1 fragment and FOXO3 
full length as substrates. B) In silico analysis of potentially phosphorylated sites on FOXO3 by CDK6/4. Pos. indicates 
the position in which the potentially phosphorylated serine is located. Peptide reports the sequence of the potentially 
phosphorylated peptide. The score indicate the probability of CDK6 or CDK4 to phosphorylate each residue. At higher 
score corresponds higher probability of phosphorylation. C) Schematic representation of FOXO3 phosphorylation sites 
and deletion mutants (NT: N-terminus, CT: C-terminus). Sites predicted to be phosphorylated by CDK6, CDK4 or both 
CDKs with a score higher than 9, are reported in green, light blue and orange, respectively. D) In vitro phosphorylation 
assays performed using recombinant Cyclin D3-CDK6 complex with the indicated FOXO3 deletion mutants and GST-
RB1 was used as positive control. On the bottom of kinase assay, the coomassie staining of companion gel loaded with 
the same amount of recombinant proteins used in the kinase assay (C2: kinase reaction mix). Arrows indicate expected 
molecular weight of each recombinant fragment in the corresponding coomassie staining. 
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Figure 14: Cyclin D3/CDK6 complex phosphorylates FOXO3 on Serine 325. A) In vitro phosphorylation assays 
performed using recombinant Cyclin D3-CDK6 complex with the indicated FOXO3 deletion mutants. On the bottom of 
kinase assay, the coomassie staining of companion gel loaded with the same amount of recombinant proteins used in the 
kinase assay. B) Aminoacid sequence of FOXO3 region (residues 318-351) phosphorylated by CDK6 in vitro as 
experimentally determined using FOXO3 deletion mutants. In the lower plots is reported the disorder (blue line) and the 
surface exposure (orange line) of the two peptides containing S325 (left) and S344 (right). C-D) In vitro 
phosphorylation assays performed using recombinant Cyclin D3-CDK6 complex with the indicated FOXO3 deletion 
mutants carrying or not the point mutations S325A and/or S344A. GST-RB1 was used as positive control. On the 
bottom of kinase assay, the coomassie staining of companion gel loaded with the same amount of recombinant proteins 
used in the kinase assay. (C1: Control 1= kinase reaction mix plus recombinant Cyclin D3-CDK6, C2: kinase reaction 
mix and arrows indicate expected molecular weight of each recombinant fragment).  
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Figure 15: CDK6-mediated phosphorylation regulates FOXO3 stability following platinum treatment. A) 
Expression of FOXO3 in MDAH cells transduced with control (ctrl) or CDK6 shRNAs treated with vehicle or CDDP 
for 3 hours and then released in cycloheximide (CHX) containing medium for the indicated times. Graphs on the right 
report the densitometric quantification of the blot expressed as % of remaining FOXO3 (respect to T0) normalized to 
tubulin. B) Expression of FOXO3WT, FOXO3S325A and FOXO3S325E, in MDAH treated with vehicle or CDDP for 3 
hours and then released in CHX containing medium for the indicated times. Graphs on the right report the densitometric 
quantification of the blots expressed as described in (A). Data represent the mean ± SD of three experiments. C) WB 
analysis evaluating the FOXO3WT, FOXO3S325A and FOXO3S325E expression in 293 cells transfected with the indicated 
vectors and treated with CDDP for 3 hours in the presence or not of MG132. D) WB analysis evaluating FOXO3WT, 
FOXO3S325A and FOXO3S325E ubiquitination in cells transfected with the indicated vectors and treated with CDDP for 3 
hours in the presence of MG132. IgG indicates the IP with control antibody. Low and high indicate longer and shorter 
exposure time of the same blot. The expression of FOXO3 proteins in cells transfected as indicated is reported in the 
right panels. Tubulin was used as loading control (Input). 
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We confirmed these results by quantifying the mean GFP fluorescence/cell in cells untreated or 

treated with platinum and released. Under these conditions, the mean fluorescence/cell of 

FOXO3WT slightly increased following platinum treatment, while the expression of FOXO3S325A 

significantly decreased (Fig. 16A-B). Immunofluorescence analyses pointed out that FOXO3WT, but 

not FOXO3S325A, translocated into the nucleus after platinum treatment (Fig. 16A and 16C).  This 

evidence was also confirmed by differential extraction of nuclear and cytoplasmic proteins (Fig. 

16D), supporting the possibility that FOXO3 phosphorylation by CDK6 following platinum 

treatment could mediate FOXO3 nuclear translocation. Accordingly, also endogenous FOXO3 

translocated to the nucleus following platinum treatment and this event was prevented by the 

concomitant inhibition of CDK6, using PD (Fig. 16E). Finally, we observed that overexpression of 

FOXO3WT and FOXO3S325E, but not of FOXO3S325A, overcame the increased cell death induced by 

platinum in CDK6-silenced cells (Fig. 17A-B), supporting the notion that the regulatory mechanism 

above described had functional consequences in HGEOC cells.  

 

3.8 CDK6 controls platinum induced cell death by regulating ATR via FOXO3.  
In HGEOC cells the response to platinum mainly relays on the activation of ATM and ATR 

kinases (Kelland, 2007; Maréchal and Zou, 2013; Siddik, 2003). In platinum treated cells, we 

observed that CDK6- or FOXO3–silencing induced a downregulation of ATR expression (Fig. 

18A). The effect of CDK6-silencing on ATR was mediated by FOXO3, since it was rescued in 

CDK6-silenced FOXO3-overexpressing cells (Fig. 18B). ATR expression was also reduced in vivo 

in tumor xenografts from mice treated with CBDCA+PD, but not with either drugs used alone (Fig. 

18C), confirming the relevance of this regulation in the in vivo context. Using in silico analysis, we 

identified 3 putative binding sites of FOXO3 in the ATR promoter, located in positions -915-908, -

752-745 and -704-697, respect to the transcription start site (TSS) (Fig. 19A). Chromatin 

immunoprecipitation (ChIP) experiments in cells overexpressing FLAG-FOXO3 or control vector, 

demonstrated that FOXO3 bound the region of ATR promoter between -1000-800 from TSS that 

contains the -915-908 putative binding site (Fig. 19B). We next performed ChIP experiments in 

cells treated or not with platinum and then released for 3 hours (Fig. 19C). Under these conditions, 

endogenous FOXO3 binds ATR promoter in the same region (-915-908) and the binding 

significantly increased after platinum treatment (Fig. 19C). In accord, platinum treatment induced 

the expression of ATR mRNA within 2 hours and this increase was hampered in CDK6- and 

FOXO3-silenced cells (Fig. 19D). 
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Figure 16: S325 phosphorylation regulates FOXO3 expression and nuclear translocation following platinum 
treatment. A) Immunofluorescence evaluating the expression and localization of GFP-FOXO3WT and GFP-
FOXO3S325A (green) and γH2AX (S139) phosphorylation (red) in MDAH cells treated with vehicle or CDDP for 3 
hours and released for 3 hours. Phalloidin was used to visualize F-actin (blue). B-C) Quantification of FOXO3WT and 
FOXO3S325A expression (B) and localization (C) evaluated as mean fluorescence per cell (B) or fold induction over 
untreated cells (B), in cells treated as indicated in (A) D) Expression FOXO3WT and FOXO3S325A protein in the nuclear 
(N) and cytoplasmic (C) fractions of MDAH cells treated with vehicle or CDDP for 3 hours. In the lower graph is 
reported the normalized quantification of nuclear (i.e. FOXO3/PSF ratio) fractions of FOXO3 obtained by 
densitometric scanning of the blots. E) Expression of FOXO3 in the nuclear (N) and cytoplasmic (C) fractions of 
MDAH cells treated or not with CDDP and PD as indicated. In the lower graph is reported the quantification graphed as 
described in (D). V = vehicle; P = CDDP 3 hours; R = 3 hours release after platinum A.U = Arbitrary Unit. Tubulin, 
PSF and OP18 expression were used as controls of loading and fraction purity. Significance was calculated using the 
student t-test. 
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Figure 17: Overexpression of FOXO3WT and FOXO3S325E overcome sh-CDK6 phenotype. A) Graph reports 
viability of cells transfected with E.V., FOXO3WT, FOXO3S325A and FOXO3S325E, transduced with control (ctrl) and 
CDK6 shRNAs treated with increasing concentration of CDDP as described in the figure (11C). B) WB analyses 
evaluating the expression of FOXO3WT, FOXO3S325A and FOXO3S325E EGFP-tagged proteins in MDAH cells 
transfected as indicated in the experiment described in A. Tubulin was used as loading control. Significance was 
calculated using the student t-test. 
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Figure 18: CDK6 and FOXO3 regulate ATR expression in platinum treated cells. A) MDAH cells were 
transduced with the indicated sh-RNAs treated for 3 hours with CDDP and then released for 3 or 16 hours (R 3h and R 
16h). Cell lysates were analyzed by WB. B) MDAH cells were transduced with the control (ctrl) or CDK6 sh-RNAs 
and transfected with FOXO3WT as indicated. Cell lysates were analyzed by WB. C) ATR expression in tumors 
explanted from mice treated as indicated.  Tubulin and Vinculin were used as loading controls. 
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Figure 19: FOXO3 binds to ATR promoter. A) Schematic representation of ATR promoter showing the 3 putative 
FOXO3 binding sites (colored bars). On the bottom are reported the different amplified regions of ATR promoter. B-C) 
ChIP analysis in cells transfected with empty vector (E.V.) or FLAG-FOXO3 (B) and ChIP analysis on cells treated 
with vehicle or CDDP and release for 3 hours (C). V = Vehicle, P = CDDP 3 hours, R 3h = 3 hours release post 
platinum. Data are expressed as fold enrichment respect to control IgG. Box on the left reports the experimental design. 
D) Expression of ATR mRNA in MDAH cells transduced with the indicated shRNAs and then treated with CDDP for 2 
hours (2h) or treated with CDDP and then allowed to repair for 3 hours (R3). Data are expressed as fold respect to the 
same cells treated with vehicle at the same time point. On the right the expression of FOXO3 and CDK6 in control and 
silenced cells is reported. Significance was calculated using the student t-test. 
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3.9 Impairment of CDK6/FOXO3/ATR pathway induces Premature Chromatin 

Condensation.  
The above data demonstrated that, following platinum treatment, FOXO3 binds the ATR 

promoter eventually regulating ATR transcription. It is known that, in response to DNA damage, 

ATR phosphorylates and activates the CHK1 protein, which, in turn, blocks cell cycle progression 

and allows for the proper DNA repair mechanisms to operate (Nghiem et al., 2001; Siddik, 2003). 
In the absence of both CDK6 and FOXO3, the activity of CHK1 was markedly reduced, as 

demonstrated by the decrease in CHK1 S296 phosphorylation (Fig. 18A). As expected, ATR 

knock-down confirmed that the phosphorylation of CHK1 at S296 relied on ATR expression (Fig. 

20A). ATR and its downstream target CHK1, but not ATM, are both necessary to prevent the so-

called premature chromosome condensation (PCC). PCC is a hallmark for mammalian cells that 

begin mitosis before completing DNA replication and is invariably followed by apoptotic cell death 

(Nghiem et al., 2001). The role of ATR and CHK1 in preventing PCC is particularly relevant when 

S phase is prolonged by pharmacological treatments, such as platinum, in the absence of a 

functional p53 (Nghiem et al., 2001).  

We thus tested whether PCC was involved in the mechanism of cell death induced by CDK6 

silencing. Video time-lapse analyses of CBDCA-treated MDAH cells (harboring the p53R273H 

mutant protein) clearly showed that cells underwent nuclear condensation before dying, mostly 

when CDK6 activity was inhibited by PD (Movie 4 and 5). We next measured the number of 

normal mitosis and PCC in MDAH cells treated with platinum and silenced, or not, for CDK6, 

FOXO3 or ATR. In control cells, platinum induced only a mild reduction of mitotic figures respect 

to untreated cells, with no signs of PCC (Fig. 20B-D). In contrast, cells treated and silenced either 

for CDK6, FOXO3 or ATR displayed more than 70% of total mitoses categorized as PCC (Fig. 

20B-D). These data were confirmed looking at the percentage of PCC in metaphase spreads in 

control and CDK6 silenced MDAH cells, showing an increase in PCC over time in CDK6-silenced 

cells, which paralleled the decreased expression of CDK6 protein (Fig. 20E-F). 
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Figure 20: FOXO3 controls ATR transcription preventing premature chromosome condensation.  A) MDAH 
transduced with the control (ctrl) or ATR sh-RNAs and then treated with CDDP and released for 3 hours (R). Cell 
lysates were analyzed by western blot. Vinculin was used as loading control. B) Typical images of normal mitosis or 
PCC events observed in MDAH cells transduced with control (ctrl), CDK6, FOXO3 or ATR sh-RNAs and then treated 
CDDP and released for 6 hours. C) Percentage of PCC (respect total nuclei) in MDAH cells treated or not as in (B). V= 
cells treated with vehicle, R= release. D) Table reporting the number of normal mitosis and PCC scored in cells treated 
or not as in (B). E-F) Mitotic spreads of MDAH cells transduced with control (ctrl) or CDK6-specific shRNAs (E). 
Graph (F) shows PCC events graphed as in (C). 
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3.10 CDK6 and FOXO3 predict the survival of HGEOC patients. 
To verify if the in vitro data were relevant and consistent with the human pathology, we first 

analyzed the expression of CDK6, Cyclin D1 and Cyclin D3 in HGEOC primary samples collected 

in our Institute (Table 2). Immunohistochemistry analyses demonstrated that CDK6 is generally 

well expressed in primary HGEOC, particularly in the cytoplasm of tumor cells (Fig. 21A). Western 

blot analyses also showed that Cyclin D3 was the D-type cyclin preferentially expressed in primary 

HGEOC (Fig. 21B). More importantly, when we analyzed HGEOC samples collected from patients 

who already received platinum-based therapy, Cyclin D1 was generally not expressed while Cyclin 

D3 expression was maintained and readily co-precipitated with CDK6 (Fig. 21C-D). In the same 

tumors the expression of CDK6, FOXO3 and ATR significantly and positively correlated (Fig. 

21E), overall supporting the possibility that the Cyclin D3/CDK6 complex played a role in the 

platinum response also in vivo by regulating FOXO3 expression. These observations prompted us to 

verify if the high expression of CDK6 and/or FOXO3 could be used to identify primary HGEOC at 

higher probability to recur after the standard platinum treatment. To this aim, we interrogated the 

online tool OvMark (http://glados.ucd.ie/OvMark/index.html), an algorithm that integrates data 

from gene expression microarrays (14 datasets corresponding to ~17,000 genes in up to 2,129 

samples) and detailed clinical data, to correlate clinical outcome with differential gene expression 

levels. Using OvMark, we found that high CDK6 or FOXO3 expression significantly predicted a 

shorter progression free and overall survival of HGEOC patients (Fig. 22A). The combination of 

FOXO3 and CDK6 both expressed at high levels, even better identified the group of patients with 

worse prognosis (Fig. 22B). As expected from our results, CDK4 did not have any prognostic value, 

neither in the whole population nor in the group of patients for which the information on platinum 

therapy was specifically annotated (Fig. 23A-B). When only this latter group of patients was 

considered, again the high expression of CDK6, FOXO3 alone, and even better the combination of 

the two, identified patients with worse prognosis (Fig. 23A-B). 
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Figure 21: CDK6 expression in HGEOC samples from platinum-treated and untreated patients. A) 
Immunohistochemistry analyses of CDK6 expression (upper right a and b) and localization (lower c, d and e) in a panel 
of 73 patients. B-C) Expression of Cyclin D1/D3 in tumor samples obtained from patients with primary untreated (B) or 
platinum-treated EOC (C) (i.e. patients with recurrent disease or treated with neo-adjuvant chemotherapy). Tumor 
characteristics are described in Table 2. Lower graph (C) shows quantification of Cyclin D1/D3 expression in tumor 
samples described in B/C.  Results are presented as scattered dot plot and represent the normalized expression respect to 
Vinculin used as loading control. Bars indicates mean ± 95% CI. 	
  D) Co-IP analysis of CDK6 with Cyclin D1 and D3 in 
the indicated human EOC tumors. IgG indicates IPs with a non-related Ab. Lys indicates lanes loaded with the 
corresponding cell lysates as controls proteins expression and molecular weight. E) Correlation analyses between 
FOXO3 and CDK6 or ATR expression (upper panels) or between ATR and CDK6 or CyclinD3 expression (lower 
panels) in samples from platinum treated patients (i.e. patients with recurrent disease or treated with neo-adjuvant 
chemotherapy). 	
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Figure 22: FOXO3 and CDK6 predict poor prognosis in EOC untreated patients. A-B) Kaplan Mayer survival 
curves evaluating the prognostic significance of CDK4, CDK6, FOXO3 (A) and of the combination of FOXO3 and 
CDK6 (B), as indicated, in predicting the Disease Free Survival (Upper panels) or the Overall Survival (OS) (Lower 
Panels) of EOC patients with the online tool Ovmark using a median cutoff. n= number of analyzed samples. HR = 
Hazard Ratio; CI = Confident Interval; Logrank = Logrank test evaluated the significance.  
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Figure 23: FOXO3 and CDK6 predict poor prognosis in EOC platinum- treated patients. A-B) Kaplan Mayer 
survival curves evaluating the prognostic significance of CDK4, CDK6, FOXO3 (A) and of the combination of FOXO3 
and CDK6 or CDK4 (B), in the patients for which information of platinum treatment was specified in the datasets. Data 
were obtained as indicated in Fig. 22.  
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The prognosis of HGEOC patients mostly relies on the response to platinum-based therapy (Jayson 

et al., 2014), but most of the patients relapse and develop platinum resistant largely uncurable 

disease (Jayson et al., 2014). Clinical evidences regarding the combination between targeted 

therapies (i.e. PARP inhibitors) and standard chemotherapy show a significant improvement on the 

survival of patients carrying BRCA1/2 germline or somatic mutations (Oza et al., 2015). These 

findings open the way to consider combination therapies as a valid approach in HGEOC 

management, to prevent the emergence of resistant subclones that pre-exist at the beginning of 

tumor development. It has been already demonstrated that the employment of high-throughput 

screening based on RNA interference technology represents an interesting tool to identify 

undisclosed targets whose silencing impair cell survival in combination with chemotherapy (Arora 

et al., 2012; Lin et al., 2015). In this sense, the involvement of Cyclin-Dependent Kinases (CDKs) 

in several cellular mechanisms such as control of cell cycle progression, transcription and DNA 

repair make them an attractive target to investigate. For this reason using a loss-of function 

approach targeting the 23 members of the CDK family (Malumbres and Barbacid, 2009) we 

identified CDK6 as the one most significantly involved in the platinum-induced DNA damage. 

Together our results show that CDK6 protect HGEOC from DNA damage controlling FOXO3/ATR 

axis: in response to platinum CDK6 phosphorylates FOXO3 that in turn controls ATR expression, 

allowing cells to repair the DNA. CDK4 and CDK6 ability to phosphorylate the same targets 

(Anders et al., 2011) and the capacity to play in the same pathways (i.e cell cycle regulation) led us 

to verify if there was the involvement of CDK4 activity in platinum sensitization. Once verified that 

CDK4 knock-down does not impair cell growth upon platinum treatment, we confirmed screening 

results identifying CDK6 as the only CDK involved in platinum sensitivity. Our results perfectly 

match with several literature data that indicate discrete functions for CDK4 and CDK6, supporting a 

separated role for this two CDKs. Based on the evidence that CDK6 can exert its function 

dependently or independently from its kinase activity (Tigan et al., 2015) we proved the 

involvement of CDK6 kinase activity exploring the effect of CDK6 constitutively active and 

dominant negative mutants. Moreover the efficacy of CDK6 kinase activity inhibition harming cell 

viability was confirmed by the use of PD compound. In order to increment the efficiency of 

platinum treatment we investigated the significance of different schedule of treatment based on the 

combination between platinum and PD. In this sense, our in vitro and in vivo data pointed out that 

the sequential use of platinum followed by PD represents a treatment schedule that potentiates 

platinum efficacy. In light of our results, we can explain this effect in two ways. First, it is known 

that platinum exerts its anticancer activity in cycling cells, thus G1 cell cycle arrest induced by PD 

treatment antagonizes the cytotoxic effect of platinum making less effective the PD + platinum 
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schedule. Second, in HGEOC, CDK6 seems to be less involved in regulating cell cycle as 

demonstrated by the fact that inhibition of CDK6 results in an abnormal induction of PCC an event 

that leads to cell death because cells undergo to mitosis before having completed DNA replication 

(Nghiem et al., 2001). These suggestions are also supported by other groups, showing an increased 

EOC cell death when PD was administered with or after, but not before, platinum (Asghar et al., 

2015; Konecny et al., 2011). The involvement of CDK6 kinase activity led us to exclude the role of 

CDK6 as direct transcriptional regulator (Kollmann et al., 2013; Placke et al., 2014), principally 

linked to a kinase-independent function. Active Cyclin D-type/CDK6 complexes enable to 

phosphorylate RB1 are localized principally into the nucleus, however CDK6 protein expression 

and cytoplasmic localization in HGEOC cells suggested a role of CDK6 that go beyond the 

properly regulation of cell cycle and RB1 phosphorylation, probably phosphorylating another target 

into the cytoplasm. This evidence agrees also with the fact that CDK6 knockdown did not impair 

RB1 phosphorylation status. By analyzing a panel of CDK6-specific phosphorylation targets 

(Anders et al., 2011) and selecting nine proteins that were poorly phosphorylated by CDK4 and 

were phosphorylated by CDK6 at higher level than RB1 we identified the transcription factor 

FOXO3 as a relevant downstream target of CDK6. In fact, FOXO3 knock-down using multiple 

shRNAs impairs cell viability in platinum treated HGEOC cells as CDK6 silencing, suggesting that 

they work along the same axis preventing platinum induced cell death. FOXO3 (Forkhead Box O3) 

is a transcription factor whose role is linked to several biological processes such as cell cycle, 

apoptosis, resistance to oxidative stress and metabolism, activating or inhibiting a number of 

downstream targets. FOXO3 activity depends on opposing signaling pathways that regulate its post-

translational modification and among them, phosphorylation at different sites controls FOXO3 

subcellular localization, protein stability and DNA-binding activity (Xie et al., 2012). For instance, 

AKT and SGK have been identified as the major enzymes for FOXO3 phosphorylation on Thr32, 

Ser253 and Ser318 able to induce FOXO3 nuclear exclusion (Brunet et al., 1999, 2001). Similarly 

results were described for ERK (Yang et al., 2008) and IKK (Hu et al., 2004) on different sites. 

Conversely, phosphorylation by MST1 disrupts FOXO3 binding to 14-3-3 proteins promoting its 

nuclear translocation (Lehtinen et al., 2006). CDK6 ability to bind and phosphorylate FOXO3 is not 

shared by CDK4, even if CDK4 and CDK6 bind the same D-type Cyclins to regulate G1 phase 

progression (Choi and Anders, 2014). Moreover Cyclin D3 ability to co-precipitate with FOXO3 

under platinum treatment suggests that CDK6/Cyclin D3 could be the active binding complex able 

to phosphorylate FOXO3 and this evidence is further confirm by platinum-induced cell death upon 

Cyclin D3 knock-down. These results are not surprising because it is well accepted that CDK4 and 

CDK6 are characterized by discrete and non-overlapping functions due not only to differential 
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expression/localization of each CDKs or D-type Cyclins but also to differential binding ability of 

each complex (Anders et al., 2011; Choi and Anders, 2014; Grossel and Hinds, 2006a, 2006b; 

Kollmann et al., 2013; Malumbres et al., 2004). In line with these results in silico analysis identified 

on FOXO3 eight potentially serines residues that could be phosphorylated by CDK6 and by in vitro 

kinase assay we discovered that CDK6 phosphorylates FOXO3 on Ser325. In particular 

phosphorylation on this site is necessary to control FOXO3 stability and nuclear translocation in 

HGEOC cells. CDK6 knock-down in fact, results in decreasing of FOXO3 half-life upon platinum 

treatment and this is further confirmed in the same treatment conditions by FOXO3S325A increased 

ubiquitination and rapidly degradation, suggesting a role of CDK6 in preventing FOXO3 ubiquitin-

mediated degradation. Even if the role FOXO3 is mainly linked to transcription of several apoptotic 

genes, not surprisingly we found that its role also correlates with DNA Damage Response. 

Literature data reports that after stress stimuli FOXO3 protects cells from DNA damage by a 

Gadd45-dependent mechanism (Tran et al., 2002) and more recently Tsai et al., described a direct 

interaction between FOXO3 and ATM upon DNA damage (Tsai et al., 2008). We found that 

FOXO3 phosphorylation on Ser325 is necessary to drive FOXO3 shuttling into the nucleus where, 

acting as transcription factor, it regulates ATR transcription upon DNA damage induced by 

platinum. Our results demonstrate that CDK6 or FOXO3 knock-down results in downregulation of 

ATR expression and taking advantage from in silico preliminary analysis and ChIP assay we 

demonstrated for the first time that FOXO3 binds to ATR promoter regulating its transcription. 

ATR (Ataxia-telangiectasia and Rad3-related) belongs to the PIKKs family, is early involved in the 

DDR and in complex with its partner ATRIP is activated following recruitment of RPA-coated 

ssDNA regions generated during the DSBs induced by platinum (Ciccia and Elledge, 2010; 

Cimprich and Cortez, 2008). ATR in turn phosphorylates, CHK1, which once activated 

phosphorylates a number of downstream targets. ATR inhibition by siRNA has been shown to 

sensitize tumor cells to cisplatin and carboplatin both in vitro and in vivo (Lewis et al., 2009) and 

this correlates with the evidence that ATR kinase activity is necessary to prevent PCC and cell 

death (Nghiem et al., 2001; Rybaczek and Kowalewicz-Kulbat, 2011). Accordingly, our results 

show that silencing of CDK6 or FOXO3 induces ATR downregulation, decreased CHK1 

phosphorylation and increased platinum dependent-cell death via the induction of PCC (Figure 1). 

The role of ATR and CHK1 in preventing PCC is particularly relevant when S phase is prolonged 

by pharmacological treatments, such as platinum, in the absence of a functional p53 (Nghiem et al., 

2001). The fact that HGEOC almost invariably carry p53 mutations (Cancer Genome Atlas 

Research Network, 2011; Jayson et al., 2014; Lim and Oliva, 2013; Shih and Kurman, 2004) 

strongly suggests that, at least in this type of tumors, the association of chemotherapy and CDK6 
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inhibitors could be particularly effective. To confirm our in vitro results, we have evaluated CDK6, 

Cyclin D3, FOXO3 and ATR expression in HGEOC samples from patients who already received 

chemotherapy, supporting in this way the possibility that Cyclin D3/CDK6 complex plays a role in 

platinum response. Moreover, using OvMark online tool we found that combination of FOXO3 and 

CDK6 both expressed at high levels identified the group of patients with worse prognosis. In this 

work we show that CDK6/FOXO3 axis is necessary to control the DNA damage response in 

HGEOC cells through the regulation of ATR/CHK1 pathway.  

 

                      
Figure 1: Proposed role of CDK6 in platinum sensitivity in HGEOC cells. Upon platinum treatment Cyclin D3-CDK6 

binds and phosphorylate FOXO3, eventually regulating ATR expression. Inhibition of CDK6, FOXO3 or ATR may 

cause cell death via PCC in platinum treated cells.  

 

This effect is highly reminiscent of the effects elicited on the related transcription factor FOXM1 

that following CDK4/6 phosphorylation is stabilized and transactivated to prevent cancer cells to 

undergo senescence (Anders et al., 2011). Our results, in line with literature data, indicate that 

CDK6 is an important regulator of FOXO3, a member of FOXO family of transcription factors. 

Interestingly, Foxo3 knock-out in mice results in early depletion of functional ovarian follicles and 

in female sterility (Castrillon et al., 2003), further supporting a specific role for FOXO3 in ovarian 

cells and their response to external stimuli. In this work we identified a previously unknown 
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pathway that, in HGEOC cells prevents platinum induced cell death. In particular we discovered the 

specific CDK6 phosphorylation site on FOXO3 (Serine 325) and the role of this phosphorylation in 

terms of cell survival and response to platinum. In future studies, will be interesting to investigate in 

if FOXO3 S325 could be an actionable biomarker to predict platinum response. Finally we also 

demonstrated for the first time a role of FOXO3 as an ATR transcription factor upon 

phosphorylation by CDK6. Interestingly the link between CDK6 and DNA damage response 

(prevention from PCC) makes this pathway actionable and druggable and should be therefore 

further explored to improve response to platinum and prevent disease relapse in HGEOC patients.
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