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Abstract  

Nuclear PTEN controls DNA repair and sensitivity to genotoxic stress 

Christian Bassi, Doctor of Philosophy 2015. 

Department of Medical Biophysics 

University of Toronto 

 

Loss of function of the phosphatase and tensin homolog (PTEN) tumor 

suppressor is frequently found in many human malignancies. PTEN antagonizes the 

Phosphatidylinositide 3-kinase (PI3K) pathway (1) by dephosphorylating the 3 

position of phosphatidylinositol (3,4,5)-trisphosphate [PtdIns(3,4,5)P3] (PIP3). PIP3 

serves as a second messenger whose levels in the plasma membrane are elevated 

following cell stimulation with growth factors, mediated by the activity of PI3Ks. 

Proteins containing pleckstrin homology (PH) domains physically interact with PIP3, 

bringing them into close proximity with other PH domain-containing proteins and 

facilitating further functional interactions that serve to propagate the membranous 

signal.  

Although the cytoplasmic role of PTEN in antagonizing PI3K signaling has 

been well studied, PTEN also resides in the nucleus, where its function remains 

poorly understood. Here, I demonstrate that SUMOylation (SUMO) of PTEN 

controls its nuclear localization. Consistent with its restricted cytoplasmic 

localization, a SUMO-deficient PTEN mutant is fully competent for regulating PI3K 

signaling. Upon exposure to genotoxic stress, SUMO-PTEN is rapidly excluded 

from the nucleus in an ATM-dependent manner, identifying a connection between 
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these two major tumor suppressors. Further, ATM phosphorylated PTEN on 

threonine 398, and a PTEN mutant that cannot be phosphorylated at this position 

(PTEN T398A) resist nuclear exclusion following genotoxic stress. Judging by 

various readouts of the DNA damage response, cells lacking nuclear PTEN are 

hypersensitive to DNA damage and display impaired homologous recombination-

mediated repair of double-strand DNA breaks. Moreover, unlike cells with Wt PTEN, 

PTEN-deficient cells are susceptible to killing by a combination of genotoxic stress 

and a small molecule inhibitor of PI3K both in vitro and in vivo. The synergistc effect 

of genotoxic stress and PI3K inhibition on PTEN-null cells is dependent on the 

simultaneous inhibition of both p110 and p110 isoform. Further in vivo studies 

revealed that effective inhibition of PI3K pathway can be achieved with a 

discontinuous administration schedule in order to reduce the adverse effects 

associated with this treatment. My findings have considerable implications for 

individualizing therapy for patients with PTEN-deficient tumors. 
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Chapter 1 Introduction 
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1.1. Introduction to cancer 

 

Cancer is a disease of pathological hyperplasia in which cells acquire a 

limitless capacity to divide (2). This aberrant, uncontrolled cell division creates 

masses (in solid tumors) that invade organs and destroy normal tissues. 

Hippocrates was the first one to use the word cancer, karkinos (“crab”) in Greek, to 

describe a tumor, with its clutch of swollen blood vessels around it, reminding him of 

a crab dug in the sand with its legs spread outwards (3). In 400 BC, cientific 

thought, including the fields of medicine and pathology, was heavily influenced by 

the theory of fluid mechanics. Cancer was thought of as a humoral disease, an 

imbalance of the four cardinal fluids (red, black, yellow and white) that composed 

the body. It wasn’t until the 1900s that the more modern definition of cancer 

emerged. The lack of success of early radical surgeries, led to the realization that 

tumors can spread from one site to another, causing dissemination of the disease 

(metastasis) to distant sites, such as the bone, the brain, or the lung.  

Early work on the biology of cancer cells suggested that it is a clonally 

evolving disease that leads to the emergence of cells that uncontrollably divide. The 

discovery of proto-oncogenes (4) suggested that some cancers can be driven 

genetically, leading to the development of a genetic theory of cancer. Subsequent 

work led to the realization that cancer is a genetic disease resulting from damaged 

and mutated genes within a normal cell. DNA mutations occur routinely during a 

cell’s life cycle as a consequence of replication errors, internal and external 

exposure to damaging agents, as well as high energy radiation. To counter these 
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threats, sophisticated and partially redundant mechanisms have evolved to detect 

and repair the DNA mutations. Regardless of how accurate and tightly controlled 

these processes are, some mutations remain unrepaired. Fortunately, not all 

mutations have malignant consequences, and cancer arises only when unrepaired 

mutations occur in specific genes. These key genes are generally grouped into 

three categories: proto-oncogenes, tumor suppressor and DNA repair genes.  

Growth promoting genes (called proto-oncogenes) participate in the control 

of cell growth, survival and division. Following malignant activation, the protein 

encoded by the proto-oncogene (which formally becomes an oncogene) acquires 

growth promoting properties, be it by driving proliferation, apoptosis evasion or 

escape from senescence. Growth inhibiting genes (called tumor suppressor genes) 

whose normal function, in antithesis with the proto-oncogenes, is to negatively 

regulate cell growth, survival and division. Mutations that result in the loss of a 

tumor suppressor gene function remove their inhibitory influence, altering the 

complex physiological control of proliferation, and leading to uncontrolled growth. 

The final group comprises genes whose function is to repair damage to DNA (called 

DNA repair genes). Their alterations compromise genome stability, leading to 

increased frequency of mutations in the proto-oncogenes and tumor suppressor 

genes.  

It is important to point out that cancer does not occur from a mutation in a 

single gene. Instead, the development of cancer involves multiple mutations 

including mutations in proto-oncogenes, tumor suppressor genes, and DNA repair 

genes often acting together to cause disease. Accumulating mutations in several 
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genes are thought to occur over many years, offering an explanation why cancer is 

more frequently seen in older individuals.  

 

1.2. PTEN discovery 

 

Large deletions involving regions of chromosome 10 occur at high frequency 

in a variety of advanced cancers (5). In the central nervous system, loss of 10q is 

found in up to 70% of glioblastomas and is associated with the most aggressive 

grade of astrocytic tumors (6). In human prostate cancer, LOH at 10q23 has been 

associated with cancer progression in 30–60% of cases with increasing frequency 

correlating with stage and grade of tumors (7). In 1997, a defined region 

of chromosome 10q23 that contained a tumour suppressor gene was identified, and 

the gene named Mutated in Multiple Advanced Cancers (MMAC1) (8). At the same 

time, a protein encoded by the same region at chromosome 10q23-24 was shown 

to share sequence homology with the protein tyrosine phosphatase (PTPase) 

superfamily and tensin, a cytoskeletal protein that links integrins to the actin 

cytoskeleton at sites of adhesion and named Phosphatase and Tensin homolog 

deleted on chromosome Ten  (PTEN) (9). Independently, another group cloned and 

characterized a novel human protein tyrosine phosphatase mapping to 10q23, 

corresponding to the same gene, and named it Tensin-like Phosphatase (TEP1) 

(10). While all three names can be found in the literature, by far the most commonly 

used name is PTEN, and used herein.  
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1.3. PTEN genetic aberrations  

 

1.3.1. Germline mutations 

Germline mutation of one allele of PTEN results in pathologies collectively 

known as PTEN hamartoma tumor syndromes, characterized by the development of 

benign tumors (hamartomas) throughout the body (11, 12). These include Cowden 

syndrome (CS), Bannayan–Riley–Ruvalcaba syndrome (BRRS, which include three 

conditions formerly recognized as separate disorders, Bannayan-Zonana syndrome, 

Riley-Smith syndrome, and Ruvalcaba-Myhre-Smith syndrome), Proteus syndrome, 

and Proteus-like syndrome.  The substantial overlap of PTEN mutations in CS and 

BRRS suggests that they are not two distinct diseases, but rather a complex group 

of clinical symptoms resulting from variable penetrance.  

Cowden syndrome is an autosomal-dominant disease usually diagnosed by 

macrocephaly, multiple hamartomas and unusual skin and facial defects, 

accompanied by predisposition for developing carcinomas of the breast, the thyroid 

and the endometrium. PTEN germline mutations have been detected in up to 90% 

of CS patients and LOH is frequently found in their tumors and hamartomas (13). 

Dysplastic cerebellar gangliocytoma, also known as Lhermitte–Duclos disease 

(LDD), is believed to be a hamartomatous growth within the granule cell layer of the 

cerebellum, which occurs in a subset of CS patients and is the distinctive criteria for 

its diagnosis. Macrocephaly and multiple hamartomas also define the Bannayan–

Zonana syndrome, which, unlike CS, does not confer increased cancer 

susceptibility (14). The mutation spectrum of CS and BZS reveals various loss of 
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function mutations, with point mutations, insertions and/or deletions and splice site 

mutations focused around exon 5 of the PTEN gene, encoding its phosphatase 

domain. 

Proteus syndrome is a highly variable, rare and complex hamartomatous 

disorder. To date, only about 120 cases of PS have been documented 

characterized by rapidly progressing overgrowth of many different tissues, often in a 

mosaic pattern (15). The phenotypic features are frequently congenital and persist 

or progress throughout postnatal life. They include malformations and 

hamartomatous overgrowths of multiple tissues, connective tissue nevi, epidermal 

nevi, and hyperostosis. While tumors and malignancies are not commonly 

associated with PS, a few rare tumor types (cystadenoma of the ovary, subset of 

testicular tumors, central nervous system tumors, as well as parotid monomorphic 

adenomas) have been observed in a subset of patients (15). 

 

1.3.2. Somatic mutations 

Somatic loss of function mutations of PTEN are found in a variety of human 

cancers including breast, endometrial carcinoma, glioblastoma multiforme, skin and 

prostate cancers (16). Somatic PTEN mutations arise as a result of large genomic 

rearrangements, as well as predominantly monoallelic point mutations scattered 

along the entire gene (17). The PTEN region encoding the catalytic domain 

represents a mutatonal hot spot, while other mutations mostly lead to premature 

termination of transcription or translation.  
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1.4. Transcriptional regulation of PTEN 

 

1.4.1. Transcription factors that regulate PTEN 

A number of transcription factors have been proposed to regulate PTEN 

expression, basal and inducible, while others have been shown to operate only in 

specific cell types. Basal PTEN transcription is regulated by the early growth 

response protein (EGR1) and peroxisome proliferator-activated receptor gamma 

(PPAR) (18). Investigation of the human genomic PTEN locus revealed a p53 

binding element directly upstream of the PTEN gene. Deletion and mutation 

analyses showed that this element is necessary for inducible transactivation of 

PTEN by p53, whereas a p53-independent element controlling constitutive 

expression of PTEN was also identified (19). PTEN transcription can also be 

repressed by the polycomb complex protein BMI1 during epithelial–mesenchymal 

transition (EMT) of nasopharyngeal epithelial cells, or through β-

catenin/transcription factor (TCF)-mediated downregulation of EGR1 in ovarian 

cancer cells (20, 21). Regulation of PTEN expression by Notch signaling appears to 

be tissue-specific and works indirectly by either inhibiting one of the PTEN 

downregulators, the recombining binding protein suppressor of hairless (RBPJ, 

commonly known as CBF-1) (22, 23) or by activating a PTEN downregulator, the 

transcription factor hairy and enhancer of split 1 (HES1) (24).  

 

1.4.2. Epigenetic regulation of PTEN expression 
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Another way of regulating PTEN gene expression is through epigenetic 

silencing, a mechanism that is particularly relevant in tumors such as melanoma 

(25), anaplastic thyroid cancer (26) and gastric carcinoma (27). Hypermethylation of 

the PTEN promoter was first shown in a subset of prostate cancer lines (28). 

Subsequently, epigenetic PTEN silencing was shown to be a major mechanism in 

hematological malignancy cell lines, where approximately 30 to 40% of these lines 

had a genomic alteration (deletion or mutation), 50% had no transcript, and up to 

70% had no PTEN protein (29). Epigenetic silencing by methylation in PTEN 

promoter CpG cluster is also thought to be responsible for the loss of PTEN in up to 

20% of breast cancers (30). 

PTEN expression is also influenced by other post-transcriptional mechanisms. 

At least three microRNAs (miRNAs), miRNA-21, miRNA-22 and miRNA-26a, have 

been reported to target PTEN mRNA (31-33). Though this mechanism looks to be 

part of the normal biological regulation of PTEN, often these miRNAs are found 

overexpressed in a variety of malignant conditions. 

Recently, another layer of sophistication in the regulation of PTEN levels by 

miRNAs has been unveiled (34). Transcripts produced from the PTEN pseudogene 

PTENP1 (called competitive endogenous RNAs or ceRNAs) apparently can 

regulate the effects of miRNAs by competing with the PTEN gene for miRNA 

binding. 

 

1.5. PTEN and the PI3K pathway 
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1.5.1. PTEN function 

PTEN contains an N-terminal phosphatase domain that can 

dephosphorylates Phospho-Tyrosine, Phospho-Serine and Phospho-Threonine 

within highly acidic substrates, although with weak catalytic activity. The real 

breakthrough in the study of PTEN function came from the realization that PTEN's 

main substrate is an acidic nonproteinaceous molecule, a component of the lipid 

cellular membrane, phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3 or PIP3) 

(1). By dephosphorylating the D3 position of PIP3, PTEN antagonizes the 

Phosphatidylinositide 3-kinase (PI3K) pathway (1, 35). In cells, PIP3 acts as a 

second messenger, whose levels in the plasma membrane are elevated following 

cellular stimulation with growth factors, leading to the activation of the PI3K-PKB/Akt 

pathway, a highly conserved signaling cascade (Figure 1.1).  

 

1.5.2. PI3K pathway 

The PI3K pathway regulates diverse cellular processes, including cell 

metabolism, survival, proliferation, apoptosis, growth, and migration. These 

fundamental cellular processes, when deregulated, can contribute or drive a 

malignant phenotype. Indeed, somatic mutations in   cancers target the PI3K 

pathway at different levels, resulting in increased activity of the pathway itself and 

the associated phenotypes. 
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 The PI3K pathway is activated at the membrane, by a variety of signals, 

including receptor tyrosine kinases, integrins, B and T cell receptors, cytokine 

receptors and G-protein-coupled receptors. Stimulation induces the production of 

PIP3 by class 1A PI3Ks, heterodimers comprised of a p85 regulatory subunit and a 

p110 catalytic subunit, in a process that usually involves other regulatory subunits 

or adapter molecules such as c-Cbl, GAB1, GAB2, IRS-1 and IRS-2 (36). Proteins 

containing pleckstrin homology (PH) domains physically interact with PIP3, bringing 

them into close proximity with other PH domain-containing proteins and facilitating 

further functional interactions that serve to propagate the membranous signal. A 

protein motif of approximately 100 amino acid residues, initially recognized 

in platelet and leukocyte C kinase substrate protein (pleckstrin) (37), PH domains 

have been identified in a number of signal-transducing proteins, such as β-spectrin 

(38), dynamin (39), phospholipase C-δ1 (PLC-δ1) (40), Son of sevenless (Sos) (41), 

and Bruton's tyrosine kinase (Btk) (42). The most prominent example is PKB/Akt, 

which, by virtue of its PH domain, binds to PIP3 at the plasma membrane, allowing 

another PH domain-containing protein, PDK1, to access it and phosphorylate 

PKB/Akt on T308 within its “activation loop”, leading to partial PKB/Akt activation 

(43). Phosphorylation of Akt at Ser473 within the carboxy-terminal hydrophobic 

motif, either by mTORC2 (44) or by DNA-PK (45), stimulates full Akt activity. 

PKB/Akt, in turn, activates the mammalian target of rapamycin complex 1 or 

mechanistic target of rapamycin complex 1 (mTORC1), a protein complex that 

functions as a nutrient/energy/redox sensor and controls protein synthesis (46, 47). 

mTORC1 substrates include the eukaryotic translation initiation factor 4E binding 
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protein 1 (4EBP1), and ribosomal protein S6 kinase, 70 kDa, polypeptide 1 (S6K1), 

which, in turn, phosphorylates the ribosomal protein S6 (S6/RPS6), promoting 

protein synthesis and cellular proliferation (46). In addition of being one of the main 

regulators of protein translation and ribosome biogenesis, AKT phosphorylates as 

many as 100 substrates thereby modulating a variety of cellular functions (48). 

Full activation of Akt exerts a strong antiapoptotic effect through the 

phosphorylation and inhibition of key pro-apoptotic proteins, such as BAD, MDM2 

and FOXO proteins. AKT activates cell proliferation by inactivating p27 (49) and 

suppressing glycogen synthase kinase 3 (GSK3)-mediated Myc and cyclin D1 

inhibition (50).  

 

1.6. Other PTEN functions 

Although the canonical function of PTEN is associated with regulation of 3’ 

phosphorylated phosphatidylinositols, other, lipid phosphatase activity-independent 

roles, have been proposed. PTEN can dephosphorylate protein substrates such as 

the focal adhesion kinase (FAK) (51).  

Further, the eukaryotic translation initiation factor 2α kinase 2 (eIF2αK2; also 

known as PKR)–eIF2α phosphorylation cascade or the microspherule protein 1 

(MSP58; also known as MCRS1)-mediated cellular transformation are regulated by 

PTEN independently of its phosphatase activity (52, 53). Recent studies 

demonstrate that nuclear PTEN interacts with Anaphase-Promoting Complex, also 

called cyclosome APC/C, promotes its association with CDH1, and enhances the 

tumor-suppressive activity of the APC-CDH1 complex. Importantly, because this is 
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impaired by nuclear exclusion but not phosphatase inactivation, PTEN activates 

APC-CDH1 in a phosphatase-independent manner (54, 55). 

 

1.7. PTEN structure 

The PTEN crystal structure revealed that the protein is organized in two main 

parts: an N-terminal half that includes the phosphatase domain and a C-terminal 

half that is largely composed of a C2 domain (Figure 1.3) (56). Three other PTEN 

functional domains have been identified (Figure 1.2). An amino terminal PIP2-

binding (PBD) domain precedes the phosphatase domain whereas the C2 domain 

is followed by a carboxy-C-terminal tail that includes two PEST repeats and a C-

terminal PDZ binding domain. PDZ is an acronym combining the first letters of three 

proteins — post synaptic density protein (PSD95), Drosophila disc large tumor 

suppressor (Dlg1), and zonula occludens-1 protein (zo-1) — which were first 

discovered to share the domain architecture and bind C-terminal sequences in 

various proteins (57). The PBD module, with its ability to bind PIP2, its thought to 

contribute to PTEN’s recruitment to the plasma membrane (58).  

The phosphatase domain contains the C(X)5R motif characteristic of the 

protein tyrosine phosphatase (PTPase) superfamily (59).  Within this catalytic 

signature, the Cysteine (C) residue is essential for catalysis whereas the Arginine 

(R) binds the phosphoryl group of the substrate positioning it for the attack by the 

cysteine thioanion.   PTEN’s catalytic pocket is comparatively larger than that found 

in other Tyrosine specific PTPs and has a basically charged active site, consistent 

with its ability to dephosphorylate acidic substrates and in particular PIP3, which is 

http://en.wikipedia.org/wiki/Acronym
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bulkier than phospho-tyrosines (56). PTEN phosphatase activity has also been 

tested on other D3-phosphorylated phosphoinositides. PTEN catalytic acitivity is 

200-fold greater towards PIP3 than that for PtdIns(3,4) P2 and PtdIns(3,5)P2, and is 

1000-fold greater than that for PtdIns3P (60). Structural analysis of PTEN (56) 

suggested that Histidine 93 and Lysine 128 make contact with the D-5 phosphate 

group explaining the 75% reduction in phosphatase activity of a PTEN mutant 

(Histidine 129 to Alanine, H83A) frequently observed in tumors (60). Another 

mutation, Glycine 129 to Aspartic acid (G129E, found in Cowden Syndrome patients 

and sporadic tumors), restricts the width of the PTEN active site, effectively 

abolishing its phosphatase activity toward lipids while maintaining its phospho-

Tyrosine phosphatase activity (61). Conversely, PTEN Y138L (mutation of Tyrosine 

position 138 into Leucine) is thought to preserve activity against lipids, but not 

proteins (62). The specific conformation of its catalytic pocket, directs PTEN 

towards highly acidic proteinacious Tyr-, Ser- and Thr-phosphorylated substrates in 

vitro although with a significantly lower activity compared to another tyrosine 

phosphatase, PTP1B  (63, 64). 

The C-terminal C2 domain of PTEN is thought to mediate its interactions with 

the plasma membrane (56). Even though it is Ca2+-independent, PTEN C2 domain 

structure resembles the Ca2+-dependent C2 domains of other lipid-metabolizing 

enzymes, such as phospholipase A2, phospholipase Cd1 and the conventional 

protein kinase Cs (65, 66). A cluster of cationic residues of the -sandwich, 

composed of 8 β-strands, on the membrane binding face of PTEN appear to 

mediate membrane anchoring (56). A C2 domain PTEN mutant (M-CBR3) that has 

http://en.wikipedia.org/w/index.php?title=Beta-sandwich&action=edit&redlink=1
http://en.wikipedia.org/wiki/Beta_sheet
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a decreased ability to bind phospholipids shows diminished ability to suppress cell 

growth compared with wild-type PTEN (56). Recent evidence reveals further 

complexity of these interactions, suggesting that PTEN SUMOylation at Lysine 

266 located within the CBR3 loop may affect PTEN membrane association, 

facilitating the binding of PTEN to the plasma membrane via electrostatic 

interactions (67). Nevertheless, PTEN structural analysis using neutron 

reflectometry (NR) demonstrates that the CBR3 loop of PTEN’s C2 domain, as well 

as further electrostatic interactions of the phosphatase domain are sufficient for 

membrane association, independent of SUMOylation (58).  

PTEN unstructured C terminal, 50 amino acids, represents a hub of 

regulatory modifications and interactions. Several phosphorylated residues within 

the carboxyl-terminus play a prominent role in regulation of protein stability (68). 

The PDZ binding site, encompassing the C-terminal three amino acids, has been 

shown to mediate multiple protein-protein interactions (69). Also in this short stretch, 

another post-translational modification, acetylation, can interfere with the 

aforementioned PDZ binding domain function (70). The following section examines 

PTEN post-translational modifications and their role in PTEN biology in greater 

detail. 

 

1.8. Postranslational modifications of PTEN  

PTEN is target of various post-translational modifications by small functional 

groups such as acetate and phosphate and polypeptide such as Ubiquitin and 

SUMO. These covalently linked modifications govern PTEN regulation by directly 
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affecting its enzymatic activity, its interaction with other proteins or its subcellular 

localization.  

 

1.8.1. Phosphorylation 

PTEN is phosphorylated on multiple residues within its C2 and C-terminal domains 

(fig 2). The best studied cluster of PTEN phosphorylation sites encompasses 

residues 366-385 (71-73). GSK3 was found to phosphorylate Threonine 366 and 

Serine 362 while CK2 targets Serine 370 and 380, Threonine 382 and 383 and 

Serine 385 (71-73). Phosphorylation of S370 by CK2 serves as priming for T366 

and S362 phosphorylation by GSK3. According to this model, p-T366 was shown to 

be important for PTEN's interaction with the oncogenic protein MSP58 (52). 

Interestingly, the region targeted by these two kinases that are normally 

active in proliferating cells, coincides with the PTEN region implicated in regulation 

of its stability. Namely, removal of C-terminal 50 amino acids reduces PTEN stability 

while increasing its catalytic activity (68). The equivalent was achieved by mutating 

three phospho-sites (S380, T382, and T383) within PTEN C-terminus. Remarkably, 

PTEN phosphorylation on S380, T382, T383 and S385 results in a conformational 

change, from open to closed (74). It is thought that while the closed conformation 

stabilizes the protein, it also leads to dissociation of the C2 domain from the lipid 

bilayer, an interaction considered necessary for the proper alignment of its catalytic 

domain with the membrane localized PIP3. Moreover, the phosphorylation-

dependent conformational change appears to mask the PDZ binding site and 

prevent PTEN interaction with PDZ domain-containing proteins (see section 1.7).  
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The existence of PTEN in two different conformational states also raises a 

possibility that PTEN may auto-dephosphorylate. The closed-sandwich structure 

predicts the positioning of the phosphatase domain in close proximity with the 

phosphorylated patch, suggesting of autodephosphorylation of these residues. 

Based on the affinity of PTEN for very acidic substrates, it has been hypothesized 

that PTEN dephosphorylation of threonine 383 is mediated by an intramolecular 

autocatalytic activity (64). Moreover, PTEN mutants that lack lipid phosphatase 

activity but retain protein phosphatase activity exhibit decreased phosphorylation of 

S380, T382, T383 and S385 in vivo (75). 

 In leukocytes stimulated by chemoattractants, the C2 domain of PTEN is 

phosphorylated at Ser229 and Thr321 by RHOA-associated protein kinase (ROCK), 

which activates PTEN and targets it to the membrane (76). Finally, it was 

demonstrated that the Rak tyrosine kinase physically interacts with PTEN in MCF7 

cells and phosphorylates PTEN on Tyr336. Knockdown of Rak enhanced the 

binding of PTEN to its E3 ligase NEDD4-1 and promoted PTEN polyubiquitination, 

presumably leading to PTEN protein degradation (77, 78). 

 

1.8.2. Acetylation 

PTEN is acetylated in two different regions. K acetyltransferase 2B (KAT2B, 

also known as PCAF) acetylates PTEN on Lys125 and Lys128 in a growth factor 

stimulation-dependent manner (79).  The close proximity of these residues to the 

catalytic site implies that acetylation may affect PTEN enzymatic activity.  PTEN is 

also acetylated by CBP within its PDZ binding site (K402), which affects the 



20 

interaction between PTEN and its PDZ domain-containing partners (70).  PTEN 

acetylation is upturned by the activity of deacetylase sirtuin 1 and PTEN is 

hyperacetylated and excluded from the nucleus in Sirt1-deficient mouse embryonic 

stem (mES) cells (80). 

 

1.8.3. Ubiquitination 

PTEN protein expression is lost or severely diminished in many cancers not 

accompanied by a mutation of the PTEN gene or hyper-methylation of its promoter, 

raising an interest in deregulation of ubiquitin-mediated proteasome degradation as 

potential means of PTEN loss of function. NEDD4-1, an E3 ubiquitin ligase has 

been suggested as the regulator of PTEN ubiquitination (81). In a complex 

relationship, PTEN polyubiquitylation on K13 and K289 leads to proteasome-

mediated degradation, while its monoubiquitination at K289 facilitates its nuclear 

import (81). While PTEN ubiquitination remains a likely mechanism of PTEN control, 

the notion that Nedd4-1 is implicated in this is dubious. In mice lacking NEDD4-1, 

PTEN protein levels remain intact and its ubiquitination is still evident (82).  

Morevoer, nuclear localization of PTEN is not impeded in NEDD4-1 deficient cells 

(82). Thus, other E3 ligases may target PTEN. Indeed, WWP2, a NEDD4-like E3 

ubiquitin ligase, and X-linked inhibitor of apoptosis protein (XIAP), a member of the 

inhibitor of apoptosis family of proteins, have been shown to promote PTEN 

ubiquitination and regulate its protein levels. Both WWP2 and XIAP  have been 

shown to polyubiquitinate PTEN, targeting it for degradation (81, 83).  
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1.8.4. Oxidation 

Like for the other PTPs, the PTEN dephosphorylation reaction relies on a 

catalytic Cysteine nucleophile that can be susceptible to oxidation (1). Reactive 

oxygen species (ROS) in the form of H2O2 are endogenously generated in cells 

exposed to peptide growth factors such as insulin, EGF, or PDGF (84).  The 

catalytic activity of PTEN is modulated by ROS through oxidative stress-induced 

formation of a disulphide bond between Cysteine 71 and 124 (85). Further 

regulation of PTEN oxidation and inactivation seems to be achieved through 

physical interaction of peroxiredoxin I (PRDX1) predicted to inhibit disulphide bond 

formation (86). Finally, low concentrations of NO results in S-nitrosylation of PTEN 

Cys-83 leading to inhibition of its enzymatic activity (87, 88). 

 

1.9. PTEN subcellular localization 

PTEN localization to the plasma membrane is a key event involved in 

countering the PI3K pathway. Multiple PTEN domains are implicated in plasma 

membrane localization. A basic patch at the N-terminus of PTEN facilitates its 

binding to membranes by interacting with PIP2 (89), whereas the C2 domain 

promotes membrane recruitment which favors a productive orientation of the 

phosphatase domain at the membrane surface (90). Additional C-terminal 

interactions with PDZ domain-containing proteins may also contribute to membrane 

association (91).  

Post-translational modifications also impact PTEN’s plasma membrane 

localization. PTEN phosphorylation by CK2 on a cluster of C-terminal sites, 



22 

including Ser370 and 380, Thr383 and Ser385 causes a conformational change that 

results in the masking of the PDZ domain-binding site, thereby suppressing PTEN 

plasma membrane recruitment (92). Finally, SUMOylation of PTEN at Lys 

266 located within the CBR3 loop may further promote binding of PTEN to the 

plasma membrane via electrostatic interactions (67).  

PTEN is also readily found in the nuclei of many cultured cells and tissues, 

including normal breast epithelium (93), proliferating endometrium (94), normal 

pancreatic islet cells (93), vascular smooth muscle cells (95), follicular thyroid cells 

(96), squamous cell carcinoma (97) and primary cutaneous melanoma (98). While 

nuclear phosphatidylinositols have been reported, they are part of distinct, partially 

detergent-resistant proteolipid complexes that are not dynamically regulated and not 

likely PTEN substrates (99). Various molecular mechanisms responsible for PTEN 

nuclear localization have been proposed.  

PTEN lacks a typical nuclear localization sequence (NLS), but a putative 

nuclear localization signals within PTEN thought to mediate its interaction with the 

major vault protein (MVP) have been identified (100, 101). Moreover, N-terminal 

sequences responsible for Ran-mediated nuclear transport (102) and a potential 

PI3K signaling-sensitive, cell cycle-regulated PTEN nuclear export mechanism have 

been proposed (103). PTEN may also have a cytoplasm-retention/nuclear export 

sequence within its N-terminus (104). Interestingly, mutations within this region 

result in constitutive nuclear localization, precluding PTEN growth-suppressive 

function at the plasma membrane (104).  



23 

The possibility that PTEN may have phosphatase activity-independent, 

nuclear PTEN tumor suppressive roles arose from the identification of familial 

Cowden syndrome-associated PTEN mutations at a highly conserved lysine 

(Lys289 in human PTEN) that inhibits its nuclear localization, but not phosphatase 

activity (81, 90). In the nucleus, PTEN was found to participate in maintaining 

genomic integrity, acting via at least two different mechanisms. Nuclear PTEN 

associated with the centromeric binding protein CENP-C, which is critical for 

kinetochore assembly and the Metaphase to Anaphase transition (105). Further, 

acting as a co-factor for the transcription factor E2F1, nuclear PTEN appeared to 

regulate the expression of Rad51, a key component of the DNA repair machinery 

(105).  

A combined proteomic and cell biology approach led to the discovery that 

PTEN can be both mono- and poly-ubiquitinated at Lys289, as well as at Lys13, and 

that PTEN ubiquitination status leads to distinctive fates (Figure 1B) (77, 81). Based 

on the proposed model, mono-ubiquitinated PTEN localizes to the nucleus where it 

is protected from proteosome-mediated degradation, whereas polyubiquitinated 

PTEN remains in the cytoplasm where it is rapidly degraded (81). While this 

simplistic model is likely not consistent with all physiological scenarios (82, 106), it 

raises an intriguing possibility that ubiquitin or ubiquitin-like posttranslational 

modifications of PTEN govern its subcellular localization and tumor suppressor 

function.  

Recently, PTEN has also been found in the endoplasmatic reticulum (ER) 

and mitochondria-associated membranes (MAMs) (107). Here, PTEN appears to 
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regulate the Ca2+ release from the ER in a protein phosphatase-dependent manner 

that counters the PKB/Akt-mediated reduction of Ca2+ release via the inositol 1,4,5-

trisphosphate receptors (IP3Rs), with which PTEN direcly interacts (107). Reduction 

in the kinetics of Ca2+ release from the ER upon PTEN loss may contribute to 

reduced sensitivity to apoptosis (107). Finally, studying a PTEN protein initiated 

from an alternate translation start site, a secreted PTEN polypeptide has also been 

discovered (108). This 70 KDa, fully phosphatase competent protein named PTEN-

long, appears capable of entering cells and regulating PI3K signaling pathway in 

them. 

 

1.10. PTEN protein interactions 

The PTEN three C-terminal amino acids, which constitute a PDZ domain 

binding site, represent another potential regulatory moiety. PDZ domains are found 

in many eukaryotic proteins and mediate protein-protein interactions. More than 10 

distinct PDZ domain-containing proteins, including several MAGI proteins, hDLG 

and Bazooka/Par-3, have been identified as candidate PTEN interactors primarily 

through yeast two-hybrid and proteomic approaches (109).  

Through the PDZ binding motif, PTEN interacts directly with the NHERF1 

and NHERF2 (Na+/H+ exchanger regulatory factor) homologous adaptor proteins. 

NHERFs interact directly with the platelet-derived growth factor receptor (PDGFR) 

and PTEN, forming a ternary complex. Ligand stimulation of PDGFR results in 

increased signaling through PI3K, where NHERF-dependent proteins recruitment of 

PTEN restricts the activation of the pathway (110). Remarkably, NHERF1 also 
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interacts with the PH domain Leucine-rich repeat of protein phosphatase 1 

(PHLPP1) and, acting as a scaffold, modulates AKT in a PTEN-independent 

manner (111). 

The PDZ binding site of PTEN is also involved in its recruitment to adherens 

junctions through binding to MAGI-2, an interaction that is thought to promote PTEN 

activity (112). MAGI are adherens junction scaffold proteins that play critical roles in 

signal transduction by optimizing the activity and stability of their associated 

proteins.  PTEN interaction with MAGI-2 is enhanced by its phosphorylation on 

Thr382/Thr383 and results in PTEN stabilization (112), raising the possibility that 

PTEN’s inhibitory effect on PI3K signaling may cooperate with adherens junction 

signaling pathways to cause cessation of cell growth (113).  

 In Schwann cells, discs-large (DLG), a protein with multiple PDZ domains, 

interacts with the PTEN's PDZ-binding motif, leading its stabilization and reduced 

PKB/AKT activity. First identified in a yeast two-hybrid screen as a binding partner 

for PTEN (92), it was later demonstrated that mammalian disks large homolog 1 

(Dlg1) interacts with PTEN to inhibit axonal stimulation of myelination (114). 

Through interaction with myosinV, a cargo protein that transports other 

proteins along the actin filaments into the cell periphery, PTEN is part of a cellular 

signaling integration that amplifies PI3K pathway function. According to this model, 

myosinV coordinates transport of PTEN to the membrane to downregulate PI3K 

signaling. This interaction is dependent on GSK3 phosphorylation of PTEN 

providing a positive feedback mechanism that also involves CK2 (see section 1.8.1) 

(115-118). MyosinV-mediated transport of PTEN controls PI3K signaling and 



26 

neuronal soma size and disruption of this mechanism leads to the development of 

neurons with increased cell size, reminiscent of brain phenotypes caused by PTEN 

loss (117). 

 PI3K (type I) consists of a p110 catalytic subunit and a p85 regulatory 

subunit (119). Recent studies found that p85 binds and stimulates PTEN, providing 

a novel, antagonistic way for p85 to regulate both positively and negatively the PI3K 

pathway (120). Other proteins have been shown to interact with PTEN and 

negatively regulate its tumor suppressor activity by a wide variety of mechanisms. 

Phosphatidylinositol-3,4,5-trisphosphate RAC Exchanger 2a (P-REX2a) interacts 

with PTEN and inhibits its lipid phosphatase activity. P-REX2a interaction with 

PTEN results in an increase in PIP3 levels, subsequent AKT activation and 

increased phosphorylation of downstream effectors (121).  

Man2C1 and Sharpin bind directly to PTEN and inhibit its lipid phosphatase 

activity (122, 123). DJ-1 is an oncogene whose expression is associated with 

increased levels of activated PKB and poor clinical outcome in various cancer 

types. DJ1 binds directly to PTEN under oxidized conditions resulting in decreased 

PTEN activity (124).   

 

1.11. Mouse models of PTEN loss 

 

Tumor suppressor gene knockouts in mice can provide great insight into their 

physiological function. Homozygous PTEN inactivation (PTEN-/-) is embryonically 

lethal (125) while mice bearing a single allele inactivation of PTEN (PTEN+/-) 
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develop tumors which include lymphomas, breast and endometrial hyperplasia and 

cancers as well as malignancies of the prostate and adrenal glands, partially 

recapitulating the spectrum of tumors found in Cowden desease (126). The high 

penetrance and early onset of these tumors represents an impediment for the study 

of PTEN loss in other organs, which prompted the generation of conditional PTEN 

deletion murine models.  

 

1.11.1. PTEN knockout mice 

Different strategies were used to target the genomic region that encodes the 

phosphatase domain of PTEN by either deleting exons 4, 5 and 6 (127), 3, 4 and 5 

(125) or 5 alone (128). Suzuki et al. were able to characterize the embryonic 

lethality of the PTEN -/- embryos. At E8.5, PTEN-/- mutants embryos are relatively 

smaller than their wild-type littermates, and show defective patterning of the 

cephalic and caudal regions. The embryonic lethality, which occurs by E9.5, has 

been linked to an imbalance between growth and patterning which results in 

defective development.  

The phenotype of the heterozygous mice generated by all three strategies 

extensively overlaps with Cowden disease, even if the genetic background of 

PTEN+/− mice is a strong determinant of susceptibility to specific tumour types 

(129). PTEN+/– animals develop a broad range of tumors, including mammary, 

thyroid, endometrial and prostate cancers, as well as T-cell lymphomas (125). 

These tumors show elevated phosphorylation of protein kinase B (PKB, also known 

as Akt kinase) linking the malignant phenotype to hyperactivated PI3K pathway, as 



28 

consequence of PTEN haploinsufficiency (125) or PTEN LOH at the PTEN locus 

(130).  

The most aggressive phenotype observed in PTEN+/− mice is lymphoid 

hyperplasia that eventually progresses to T-cell lymphoma (125, 128). Enlarged 

lymph nodes in the neck and axilla are detectable as early as at 20 weeks of age, 

caused by accumulation of B and T cells, macrophages and fibroblasts (128). 

Further examination of these lesions shows that B cells and macrophages of 

PTEN+/− mice have reduced levels of apoptosis compared with wild-type cells (125).  

Recapitulating the increased risk of developing breast cancer of patients with 

Cowden disease, 61% of PTEN+/− female mice develop mammary tumors by 30–49 

weeks of age (35), mostly adenocarcinomas or small fibroadenomas. This is not 

associated with the commonly reported metastases to the lymph nodes and the 

lung, which are observed in only 6% of the female PTEN+/− mice (35). In the breast, 

loss of a single PTEN allele has also been shown to cooperatively accelerate 

tumorigenesis by reducing tumor latency in a mammary tumor  mouse model driven 

by the overexpression of the Wnt oncogene under the control of the mouse 

mammary tumor virus promoter (MMTV-Wnt) (131).  

Female PTEN+/− mice also develop multifocal endometrial hyperplasia, a 

lesion that is thought to be a precursor lesion to endometrial carcinoma (128, 130). 

In male mice, PTEN haploinsufficiency causes changes in the prostate epithelium, 

including benign epithelial hyperplasia and intraepithelial neoplasia, as well as rare 

instances of adenocarcinoma (128, 130). Interestingly, it appears that a further 

subtle decrease in PTEN levels is sufficient to induce pathological changes in the 
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prostate (132). Mice that carry one hypomorphic PTEN allele (an allele with normal 

function, but less than normal gene expression, PTEN+/hyp) display massive prostate 

hyperplasia with complete penetrance by the age of 8 weeks (132). 

 

1.11.2. Tissue-specific deletion of PTEN 

A number of tissue-specific homozygous deletions of PTEN have been 

generated taking advantage of the Cre-mediated conditional gene-targeting 

approach (133). Conditional deletion of the PTEN gene in organs such as breast 

(134) and prostate (135-138) has almost invariably led to tumorigenesis and 

malignant phenotypes, replicating the spectrum of disorders observed in the 

germline, monoallelic deletion of PTEN in the mouse, as well as that of human 

tumors that feature PTEN loss. Morevoer this approach unveiled novel functions of 

PTEN in normal development and physiology of various organ systems.  

Given the high frequency at which PTEN mutations occur in human 

glioblastomas, multiple studies conditionally deleted PTEN in different brain cell 

populations (139-141). Crossing of PTENflox/flox mice with transgenic mice in which 

Cre recombinase expression is driven by the glial fibrillary acidic protein (Gfap) 

promoter inactivates PTEN in the granule cells of the cerebellum and partially in the 

granule cells of the dentate gyrus in the hippocampus (139-141). These animals 

have enlarged brain size, when compared with the brains of wild-type littermates, 

develop seizures and ataxia early in life and die prematurely. Other features of 

GfapCre/PTENflox/flox mutants mice include hydrocephaly, dysplasia of the cerebellar 

cortex and abnormal neuronal soma size, with PTEN-deficient neurons being about 
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twice the size of wild-type neurons (139). Importantly, PTEN deletion restricted to 

neuronal cells in the cerebellum and hippocampus resulted in a phenotype that 

closely resembles human Lhermitte–Duclos disease (139). This condition 

represents a subset of Cowden disease and is characterized by megaloencephaly, 

mental retardation, autism, seizures and/or hydrocephalus (142).  

 Soma hypertrophy, macroencephaly and premature death also characterize 

Nse/CrePTENflox/flox mice, where expression of Cre under the control of the Nse 

(neuron-specific enolase) promoter, which deletes PTEN from all fully differentiated 

neurons (143). Because of the different cells targeted in this case, these changes 

were observed mainly in the forebrain and hippocampus.  

PTEN deletion from neuronal precursors (nestin-driven Cre expression, 

NesCre) caused increases in brain size throughout embryonic development, 

resulting in lethality shortly after birth (140). The phenotype could be explained by 

the ability of PTEN-deficient neural stem cells to undergo more self-renewing 

divisions, pointing to a key role for PTEN in controlling neural stem/progenitor cells 

cell cycle progression.  

It has to be remarked that, although removal of PTEN from various central 

nervous system cell subpopulations in the mouse invariably causes 

hyperproliferation and hypertrophy, it does not ultimately lead to tumor 

development. This is in apparent contrast with the notion that PTEN is frequently 

found inactivated in malignant human brain tumors (144). However, it has to be 

considered that, in this context, PTEN loss is probably not sufficient to drive 

tumorigenesis and additional genetic alterations might be required (145).  
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The evidence that PTEN+/− mice mainly develop T-cell, but not B-cell, 

lymphomas was confirmed by studies performed using selective deletion of PTEN 

(146). Lck/CrePTENflox/− mice, in which PTEN is deleted in all T lineage cells, show 

lymphadenopathy, splenomegaly and an enlarged thymus at an early age. Tumor 

masses were found in 10 week old mice, which eventually die of malignant T-cell 

lymphoma (146). Autoimmune disease features arise in these animals as a 

consequence of defective thymic selection, which results in increased levels of 

autoantibodies and enhanced T-cell proliferation. Conversely, PTEN specific 

deletion in the B-cell lineage does not lead to development of B-cell malignancies 

(147). Analysis of these mice revealed that PTEN does play an important role in B-

cell physiology, in particular B-cell maturation and proliferation following antigen 

stimulation. The lack of tumor development in the mutant mice may be due to the 

fact that class switch recombination is defective in PTEN-deficient B cells due to 

decreased levels of activation-induced cytidine deaminase, which, on the other 

hand, appears to be essential for germinal center B-cell lymphomagenesis (148). 

The effects of PTEN deletion in murine hematopoietic stem cells (HSCs) was 

studied by using transgenic mice expressing Cre under the control of the 

polyinosine–polycytidine (pIpC) inducible Mx1 promoter (149, 150). PTEN removal 

confers HSCs the capacity to escape quiescence, which causes the rapid depletion 

of the HSC pool. When transplanted into irradiated recipient mice, and therefore 

depleted of HSCs, PTEN-deficient HSCs failed to replenish hematopoietic cells of 

all lineages (149). Myeloproliferative disorders in these mice were detected within 6 

weeks following PTEN deletion leading to a rapid progression to acute myeloid 
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leukemia or acute lymphoblastic leukemia. The phenotype could be related to the 

function of PTEN in the PI3K pathway, as treatment with rapamycin, an mTOR 

inhibitor, counteracted the development of myeloproliferative disorders and 

leukemia (150).  

Specific deletion of PTEN in β-cells of the pancreas (Rip/CrePTENflox/flox) 

caused an increase in islet cell numbers and total islet mass compared to wild type 

control mice. Increase in β-cell and progenitor cell proliferation, as well as a 

decrease in apoptosis, conferred by the hyperactivated PI3K pathway, is thought to 

be at the origin of this phenotype.  RipCrePTENflox/flox mice have improved insulin 

responsiveness and decreased blood glucose levels (151-155).  

 

1.12. PTEN and genomic instability 

PTEN loss of function is often associated with genetic instability (156, 157). 

Moreover, genetic deletion of PTEN in mouse embryonic fibroblasts (MEFs) causes 

accumulation of unrepaired DNA double-strand breaks (DSBs) (105). PTEN loss is 

thought to contribute to genome integrity via at least two molecular mechanisms 

(81, 158) (see section 1.9). Nevertheless, subsequent work reported that PTEN 

deficient cells had no defect in Rad51 expression, and that the genomic instability in 

PTEN deficient cells could not be attributed to lack of PTEN at centromeres, since 

no interaction was detected between centromeric DNA and PTEN in wild type cells 

(159). Instead, it was proposed that PTEN deficiency alters multiple cell cycle 

checkpoints possibly leaving less time for DNA damage repair and/or chromosome 

segregation (159).  
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This inherent genomic instability makes the tumors that feature PTEN loss 

vulnerable to the action of drugs that magnifies this deficiency. The rationale of this 

strategy (also referred to as synthetic lethality) implies that DNA damage is 

selectively increased in tumor compared to normal tissues by the dysfunction of two 

DDR pathways. As a consequence, high proliferating tumor cells progressively 

accumulate an amount of DNA damage incompatible with cell survival. This 

approach is currently being tested in tumors with breast cancer associated gene 1 

and 2 (BRCA1/2) defects (which causes defects in the homologous recombination 

pathway, see following section 1.13) with the use of inhibitors of poly (ADP-ribose) 

polymerase (PARP) enzymes. PARP family of proteins, of which PARP-1 is the 

most abundantly expressed member, binds to a variety of DNA structures, including 

single- and double-strand breaks (160). Upon binding to damaged DNA, PARP-1 

forms homodimers and catalyzes the cleavage of NAD+ into nicotinamide and ADP-

ribose to form long branches of ADP-ribose polymers on glutamic acid residues of a 

number of target proteins including histones and PARP-1 (automodification domain) 

itself (161). Poly(ADP-ribosylation) confers negative charge to histones leading to 

electrostatic repulsion among histones and DNA, a process implicated in chromatin 

remodeling, DNA repair, and transcriptional regulation (162).  

The action of PARP inhibitors on a PTEN-null scenario has been tested on 

glioblastoma, breast and prostate tumour cell lines (163) as well as on cells derived 

from andometrioid endometrial carcinomas (164). These studies proved that 

homozygous PTEN loss or mutations sensitize tumour cells to PARP inhibitors. The 

same effect could be reproduced by modulating PTEN levels in cells expressing 
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normal levels of the protein (164), establishing a direct link between PTEN status 

and sensitivity to PARPi. Finally, in a case study, PARPi treatment of a patient 

diagnosed with PTEN-null metastatic endometrioid endometrial 

adenocarcinoma lead to reduction in the size of the brain metastases and 

significant clinical benefits (165). 

These first encouraging results suggest that PARPi could represent a viable 

therapeutic intervention for PTEN-deficient tumors and underlines the importance of 

PTEN role in DDR the maintenance of genomic integrity.  

 

1.13. The DNA damage response 

Proper genome maintenance through continual cell division cycles is 

condicio sine qua non for all organisms to ensure normal reproduction, development 

and prevention of diverse diseases including cancer. DNA damage can arise from 

endogenous processes such as DNA mismatches occasionally introduced during 

DNA replication, DNA strand breaks caused by abortive topoisomerase I and 

topoisomerase II activity or from ROS produced from normal metabolic byproducts 

that can attack DNA. Exogenous sources mainly include mutagenic chemicals, 

ultraviolet (UV) and ionizing radiations (IR) (table 1.1). It is worth mentioning that 

DNA replication is not always halted by unrepaired DNA as some polymerases that 

do not require a stringent base-pairing can bypass the blockage (166).  

To counteract this threats, cells have developed complex surveillance 

mechanisms capable of detecting the DNA lesions and signaling their presence to 

activate pathways that delay cell cycle progression, repair the DNA lesions, or 
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eliminate the genetically unstable cells by inducing cell death (fig 4) (167-172). 

Many proteins are part of the repair machinery that also relies on post-translational 

modifications to transduce and spacially localize the signal. The most prominent 

ones are phosphorylation, ubiquitination and SUMOylation (see section 1.14).  

 At the core of the DDR-signaling in mammalian cells are the protein kinases 

Ataxia telangiectasia mutated (ATM) and ATM- and RAD3-related (ATR). ATM and 

ATR phosphorylate and activate two other kinases, CHK1 and CHK2 which, 

together with ATM and ATR, are the master regulator of the “cell-cycle checkpoints” 

(173). Targeting cyclin-dependent kinase (CDK) activity, they slow down or arrest 

the cell-cycle progression at the G1-S, intra-S and G2-M phases to allow DNA-

damage to be repaired. At the same time, ATM/ATR activity promotes DNA-repair 

by activating, transcriptionally or post-transcriptionally, proteins involved in this 

process but also by recruiting repair factors to the damage which will be discussed 

in detail later. Generally the DDR machinery is able to repair the DNA damage that 

a cell may accumulate during its life cycle, but if the extent of the damage is 

deemed too high, cell death by apoptosis or cellular senescence is evoked (174, 

175). The signaling cascade initiated by ATM/ATR that influences chromatin 

structure, effect checkpoint activation and promotes DNA repair is delineated by 

several protein and complexes. A comprehensive review of the DDR is beyond the 

scope of this thesis, for the topic includes many cellular processes each comprising 

a vast number of multi-component protein complexes. A general outline of the basic 

DDR response will be given, with an emphasis on detection and repair of DSBs by 

HR and NHEJ.  
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1.13.1. Single-strand damage 

The complexity of DNA-lesions that a cell can encounter dictates the 

existence of specialized DNA-repair mechanisms. Based on the nature of the 

alteration to the DNA double helix, the lesions can be classified in two main 

categories: single-strand damage and double-strand break. In single-strand 

damage, the aberration is present in only one of the two strands whereas the other 

strand can be used as a template to support the correction of the damaged strand. 

Single-strand damage could be the results of diferrents alterations and the cells 

possess a number of repair mechanisms that remove and replace the damaged 

nucleotide(s). 

Mismatches and insertions/deletions are processed by the mismatch repair 

(MMR) mechanism (176). A single-strand incision is created on the DNA double 

helix where the aberrant base is located which is subsequently acted upon by 

exonucleases that excise the area surrinding the mismatch. The resulting gap in the 

DNA strand is filled in by DNA polymerase and finally the two ends are rejoined by a 

ligase enzyme.  

In base-excision repair (BER) - which resolves uracil insertions, abasic sites, 

8-oxoguaines and single strand breaks - the damaged base is often recognized by a 

DNA glycosylase that mediates base removal. Similarly to MMR, nuclease, 

polymerase and ligase proteins complete the repair (177).  

The nucleotide excision repair (NER) system recognizes helix-distorting base 

lesions caused by 6-4 photoproducts, cyclobutane pyrimidine dimers and bulky 
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adducts. The damaged DNA is excised as a 22-30 base oligonucleotide, leaving a 

single-stranded DNA (ssDNA) stretch. Also in this case, DNA synthesis by DNA 

polymerases and subsequent ligation complete the repair process (167).  

 

1.13.2. Double-strand break 

The DNA DSB is the principle cytotoxic lesion caused by ionizing radiation 

and radio-mimetic chemicals, but can also arise by stalled replication forks when 

DNA polymerase encounters a DNA single-strand break. DSBs can also occur as 

intermediates during biological events, such as V(D)J recombination in the 

development of lymphoid cells. DSBs are considered the greatest threat to DNA 

integrity because the damage involves both strands of the double helix leaving no 

intact complimentary strand to act as a template for the rapair process. If left 

unrepaired, DSBs can cause genomic rearrangements and translocations, due to 

the breaking and rejoining of two non-adjacent areas along a chromosome, a 

course which often lead to malignant transformation (178).  

For DSB repair, two principal mechanisms are used: non-homologous end-

joining (NHEJ ) (179) and homologous recombination (HR) (180). HR is considered 

an “error free” mechanism for DSB repair because homologous sequences, 

prevalently from sister chromatids, are used to prime repair synthesis. Conversely, 

NHEJ is generally considered an error-prone process because it does not involve a 

DNA template. It has to be noted that the need for a sister chomatid restricts the 

function of HR mainly to S and G2 phases of the cell cycle, while NHEJ is active 

during any phase, making it the most common mechanism to repairing DSBs (181).  
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The first step in DSB repair is the detection of the lesion and activation of the 

relevant pathways aimed at halting the cell cycle and initiation of the DNA repair 

processes (182). Among its several targets, ATM phosphorylates histone H2AX, a 

variant that represents 10% of histone H2A, localized at the site of damage. It is 

believed that phosphorylated histone H2AX (H2AX) acts as a molecular 

recruitment platform for ATM itself and several other proteins that contribute to the 

coordinated repair effort (183). Among these, two prominent examples are 

represented by BRCA1 and p53-binding protein (53BP1) because they regulate 

DSB repair pathway choice between HR and NHEJ, respectively (184).  

BRCA1 is a large protein with multiple functional domains. Germline 

mutations of BRCA1 predispose women to breast and ovarian cancers (185). The 

molecular mechanisms underlying BRCA1’s roles in DNA damage response are not 

fully understood, since BRCA1 has been shown to interact directly or indirectly with 

numerous molecules, including tumor suppressors, oncogenes, DNA damage repair 

proteins, cell cycle regulators, transcriptional activators and repressors (186). It is 

important to note that loss-of-function mutations of BRCA1 confer a complex 

phenotype which includes growth retardation, increased apoptosis, defective DNA 

damage repair, abnormal centrosome duplication, defective G2/M cell cycle 

checkpoint, impaired spindle checkpoint, chromosome damage and aneuploidy 

(187). It has been proposed that mutations in BRCA1 do not directly result in tumor 

formation, but instead they cause genetic instability, subjecting cells to a high risk of 

malignant transformation. 
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53BP1 binds to damaged chromatin and carries out several functions. 53BP1 

recruits additional DNA double-strand break (DSB) signalling and repair proteins to 

the site of DNA damage. Also, 53BP1 promotes ataxia-telangiectasia mutated 

(ATM)-dependent checkpoint signalling, especially at low levels of DNA damage 

(188). Finally, 53BP1 promotes the synapsis of distal DNA ends during NHEJ (189). 

 

1.13.3. Non-homologous end-joining 

Despite being considered an imperfect repair process, it is estimated that 

about 85% of DSBs in a cell are processed by NHEJ (190) (Figure 1.3). NHEJ relies 

on DSBs recognition by the Ku proteins (Ku70 and Ku80) that create a scaffold for 

the assembly of the other NHEJ key enzymes (181). Ku70/80 recruits the DNA-

dependent protein kinase, catalytic subunit, also known as DNA-PKcs that help 

capture both ends of the broken DNA molecule and form a molecular bridge that 

brings the two DNA ends back together (181). Because the breakage of the double 

helix might not be clean and could leave overhanging single strand DNA (ssDNA) 

ends that are not compatible, the DNA termini are processed by the endonuclease 

(Artemis) or polymerases (pol μ and pol λ) in order to get the two DNA ends into a 

ligatable configuration (Figure 1.3) (181). The ligase IV/XRCC4 complex catalyses 

the ligation of the processed DNA ends. The fill-in or removal of base pairs is the 

step that accounts for nucleotide loss or addition at the rejoining site which creates 

“genomic scars” that can lead to an accumulation of randomly located mutations 

over time.  

 

1.13.4. Homologous recombination 
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HR is generally restricted to S and G2 because it uses sister-chromatid 

sequences as the template and therefore is able to engineer more accurate repair 

(Figure 1.4) (191). Instrumental in this process is the MRE11-RAD50-NBS1 (MRN) 

complex (182). MRN complex, in its role as a lesion-specific sensor, has a structural 

role in stabilizing broken chromosomes, and promotes the assembly of large 

macromolecular complexes (known as foci) that facilitate efficient DSB responses 

(192). 

A fundamental step in HR is represented by the generation of a stretched 

ssDNA end, accomplished by degrading 5′-strands at DSBs, that is used to search 

for homology. Subsequently, in a process orchestrated by a protein called RAD51, 

the ssDNA invades the undamaged homologous duplex DNA template template 

(193). RAD51 is a recombinase, an enzyme that mediates the pairing and shuffling 

of DNA sequences during HR (193). Two recombinases, Rad51 and Dmc1, exist in 

higher eukaryotes. Rad51 is needed for mitotic HR events such as DSB repair and 

also for meiotic HR, whereas Dmc1 is only expressed in meiosis (194). Rad51 

loading onto ssDNA facilitates the formation of a physical connection between the 

invading DNA substrate and homologous duplex DNA template, leading to the 

generation of heteroduplex DNA (D-loop) (195). The Rad51 helical filament 

recognizes and pairs with the homologous region of the sister chromatid, creating a 

template for DNA synthesis (193). After the elongation of the invading ssDNA 

strand, the restoration of the broken DNA helix can be completed following different 

mechanisms. The invading strand can be simply dissociated from the D-loop, 

anneal with the complementary strand at the other end of the damage and then 
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DNA synthesis completes the process as in gap repair (196). Alternatively, the 

second end of DSB can be engaged to stabilize the D-loop structure (second-end 

capture), leading to the generation of a structure named double-Holliday Junction 

(dHJ) (197). A dHJ is then resolved to produce crossover or non-crossover 

products. Finally, the D-loop structure can assemble into a replication fork and copy 

the entire chromosome arm in a process called break-induced replication (BIR) 

(198). 

 

1.14. SUMOylation 

 

Covalent modifications of proteins are the main mechanisms of altering their 

function and regulating their abundance and subcellular localizations. SUMO (small 

ubiquitin-related modifier) is a small ubiquitin-like protein (Ubls), with emerging roles 

in protein regulation.  

 

1.14.1. Conjugation of SUMO to target proteins 

SUMOylation often, but not exclusively, occurs on Lysine residues contained 

within a short consensus sequence -K-X-E/D, where  is a large hydrophobic 

amino acid, generally Isoleucine, Leucine, or Valine; K is the Lysine residue that is 

modified; X is any residue; and E is a glutamic acid (199). The linkage between 

SUMO and its substrates is an isopeptide bond between the C-terminal carboxyl 

group of SUMO and the ε-amino group of a lysine residue in the substrate 

{Johnson, 2004 #14}. Vertebrates have three SUMOs: SUMO-1 (also known as 
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sentrin, PIC1, GMP1, Ubl1, and Smt3c), SUMO-2 (sentrin-3, Smt3a), and SUMO-3 

(sentrin-2, Smt3b). SUMO-2 and -3 share 95% sequence identity and are 

presumed to be functionally identical (200). They are 50% identical to SUMO-1 

which appears to have partially distinct functions. Cells contain a large pool of free, 

unconjugated SUMO-2/3 while the majority of SUMO-1 is conjugated to other 

proteins (200). Unlike SUMO-1, conjugation of SUMO-2/3 is strongly induced in 

response to various stresses, indicative of specific, context dependent functions for 

SUMO-2/3 (200). Similar to ubiquitylation, SUMOylation involves attachment of a 

11 kDa polypeptide via a three-step reaction (Figure 1.5) (201). The E1 SUMO-

activating enzyme is a heterodimer composed by Aos1 (also called SAE1, Sua1) 

and Uba2 (SAE2) and catalyzes the initial ATP-dependent activation of the SUMO 

C terminus which is then transferred to the E2 SUMO-conjugating enzyme Ubc9 

(202). Ubc9, which directly binds the SUMO consensus motif, is thought to be the 

only SUMO-conjugating enzyme in mammals and serves as the SUMO donor in the 

final reaction in which SUMO is transferred to the amino group of the substrate Lys 

(203). While E1 and E2 are often sufficient to SUMOylate proteins in vitro, in vivo 

the final step of conjugation involves an E3 SUMO-protein ligase (E3) which is 

thought to enhance specificity. In mammalian cells, three families of SUMO E3 

ligases have been identified: the PIAS (protein inhibitor of activated STAT) family 

(204); the second consists of a domain in the large vertebrate nuclear pore protein 

RanBP2/Nup358 (205); and the third is the polycomb group protein Pc2 (206).  

SUMO can also be attached to Lys residues within SUMO itself, leading to 

the formation of SUMO chains (polySUMOylation) (207). Unlike in SUMO1, a lys 
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residue (K11) that conforms to the SUMO consensus motif, is found within 

mammalian SUMO-2 and SUMO-3. SUMO-1, on the other hand, can be attached to 

Lys residues within SUMO-2/3 chains thereby preventing the elongation of such 

chains. 

Similar to Ubiquitination, SUMOylation is a reversible modification. Specific 

isopeptidases belonging to the Ulp family cleave SUMO moieties from the target 

proteins and contribute to the dynamics of SUMOylation (208). Interestingly, these 

enzymes also carry out the cleavage of a short C-terminal peptide from newly 

synthesized pro-SUMO to generate the mature SUMO peptides ready for 

conjugation (209).  

 

1.14.2. SUMO functions 

Biochemical detection of SUMOylated proteins is impeded by the action of 

deSUMOylases which rapidly deSUMOylate target proteins upon cell lysis (210). 

This, combined with the fact that only a fraction of the substrate (often less than 1%) 

is SUMOylated at any given time, explains why the SUMOylated protein often 

evade identification. Given the stoichiometry of SUMOylation, mutation of the 

SUMO attachment sites in proteins often leads to subtle, if detectable changes in 

protein function.  

Early studies of SUMOylation  suggested a role in transcription repression 

(211). Nevertheless, subsequent studies revealed SUMO functions in DNA repair, 

nuclear transport, signal transduction, and cell cycle progression regulation (212). 

SUMO plays a major role in promyelocytic leukaemia nuclear bodies (PML NBs) 

http://www.abcam.com/index.html?t=53042&pt=1&c=914


48 

which act as storage depots for nuclear factors, site of modification and assembly of 

transcription factors (213). The principal component of PML NBs is the PML protein 

which is SUMOylated at three sites (214). PML SUMOylation is essential for 

formation of functional NBs and recruitment and assembly of interacting proteins. 

Thus, control of PML SUMOylation can broadly affect transcription programmes. 

Independent of PML NBs, SUMO is directly involved in transcription 

repression at the promoter level. Studies performed with SUMO-deficient mutants of 

a number of transcription factors such as Elk-1, Sp-3, SREBPs, STAT-1, SRF, c-

myb, C/EBPs, androgen receptor, or the coactivator p300 reported an increase in 

transcription on responsive promoters, confirming a suppresive role for SUMO in 

gene expression (215-218). 

SUMOylation has also been linked to maintenance of higher-order chromatin 

structure and proper chromosome segregation. SUMO knockout studies in S. 

cerevisiae (219) and D. melanogaster (220) revealed gross defects in chromosome 

condensation, whereas mammalian cell work confirmed that SUMO localizes at or 

adjacent to the kinetochore (221-223). 

The first and most studied SUMOylated protein is RanGAP1, relating to its 

high abundance compared to other SUMO targets (224). RanGAP1 is the GTPase 

activating protein for the small GTPase Ran that is central to the nucleocytoplasmic 

transport. SUMOylation is key to RanGAP1 nuclear localization where it interacts 

with the mitotic spindle and strongly associates with the kinetochores (222). 

RanGAP1 that cannot be SUMOylated does not associate with spindles (225). 

Remarkably RanGap1 E3, RanBP2, resides on the cytoplasmic side of the nuclear 
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pore complex, while the SUMO isopeptidase SENP2 is on the nucleoplasmic side, 

suggesting a model in which proteins might be rapidly sumoylated and 

desumoylated as they cross the nuclear membrane (224). 

 

1.14.3. SUMOylation and DNA damage  

Even though SUMOylated proteins can be found outside of the nucleus, the 

most extensive evidence exists for its functions in the nucleus, in particular in DNA 

repair pathways. In base excision repair (BER), Thymine-DNA glycosylase (TDG) 

removes thymine or uracil from G:T or G:U mismatches that arise through 

deamination of 5-methylcytosine or Cytosine, respectively. SUMO1 conjugation 

within the TDG C-terminus triggers its interactions with SUMO interacting motifs 

(SIMs, discussed later) found elsewhere within the protein, that alter the 

biochemical properties and subcellular localization of the protein (226, 227). Thus, 

SUMOylation of TDG promotes its dissociation from the base lesion ensuring 

progression of the repair process following TDG binding and base hydrolysis (228). 

SUMO may also participate control of the activity of DNA topoisomerase I (TOP1) 

and topoisomerase II (229, 230). This was inferred from the evidence that both are 

SUMOylated in mammalian cells in response to topoisomerase inhibitors 

suggesting that SUMOylation might target preferentially the protein in its inactive 

form.  

Working in concert with ubiquitylation, SUMOylation also regulates and 

coordinates various pathways involved in double strand break (DSB) repair 

contributing to DNA damage recognition, signaling, and repair. Immunofluorescence 
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microscopy revealed that SUMO1, SUMO2/3, UBC9, and the PIAS and MMS21 

SUMO E3s accumulate at sites of DSBs or stalled replication forks (231, 232). 

Pioneering work in yeast uncovered the fundamentals of these interactions (233).  

In S. cerevisiae, SUMOylation protects Rad52, a key homologous recombination 

(HR) factor, from degradation and regulates its subcellular localization (234). 

Cohesin is a multiprotein complex that promotes equal chromosome distribution 

during mitosis and accurate repair of DNA damage postreplication (235). All 

subunits of cohesin become SUMOylated in the presence of DNA double-strand 

break and the modification by SUMO is required for sister chromatid tethering after 

DNA damage (236).  

In mammalian cells, SUMO has been implicated in several DNA repair 

pathways. Depletion of PIAS1 or PIAS4, two members of the PIAS family of SUMO 

E3 ligases, markedly impairs DSB repair by HR and non-homologous end joining 

(NHEJ) and causes hypersensitivity toward DSB-generating agents (237). 

Specifically, PIAS1 and PIAS4 mediate the association of RNF168, an ubiquitin E3 

ligase, as well as that of 53BP1 and BRCA1 with damage foci (231, 232). In 

response to ionizing radiation, 53BP1 and BRCA1 are SUMOylated in 

PIAS1/PIAS4-dependant manner (232). In addition to 53BP1 and BRCA1, the list of 

SUMOylated proteins implicated in DDR include HERC2 (238), tyrosyl DNA 

phosphodiesterase (TDP1) (239), RPA70 (240) and BLM (241).  

There are considerable interactions between the SUMO and the ubiquitin 

pathways, including evidence that SUMOylation can “prime” proteins for 

ubiquitination and proteasomal degradation (242). Recently, a new family of 
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proteins, the small ubiquitin-related modifier (SUMO)-targeted ubiquitin ligases 

(STUbLs), which directly connect SUMOylation and ubiquitylation, has been 

discovered (242). STUbLs use SUMO-interaction motifs (SIMs) to recognize their 

SUMOylated targets. STUbLs are global regulators of protein SUMOylation levels, 

and cells lacking STUbLs display genomic instability and hypersensitivity to 

genotoxic stress (242). 

More generally, it appears that SUMOylation serves as a facilitator for the 

local accumulation of proteins involved in DNA damage response mediated by the 

interaction of the SUMO-peptide attachment with SUMO-interacting motifs (SIM) on 

another protein. In fact, while sumoylation of various HR factors is collectively 

crucial for effective DSB repair, loss of any one individual sumoylation has little 

effect enforcing the notion of SUMO as a “protein group modification” for elements 

of the DNA repair pathways. 
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1.15. Thesis outline 

 

1.15.1. Study rationale 

Many cancer-associated PTEN mutations have no effect on its phoshatase 

activity. This suggests that at least some of the residues or regions that are found 

mutated in tumors contribute to PTEN tumor suppressor function by influencing the 

protein stability, conformation or localization. In particular, the localization of PTEN 

in the nuclear compartment is required for its ability in protecting cells from 

transformation (243). While it has been proposed that mono-ubiquitination of PTEN 

leads to its nuclear localization (81), other studies that partially contradict this 

findings seem to suggest the existence of additional mechanisms (82).  

Exploring the PTEN immunoreactivity in cell lysates prepared under 

denaturing conditions from several mammalian cell lines, I identified a novel PTEN 

protein species that seems to be preferentially localized in the nucleus. I 

hypothesized that this PTEN form represents a post-translational modifications that 

governs PTEN subcellular localization and tumor suppressor function. Experiments 

were performed to identify the nature of the modification and its role in the 

regulation of PTEN tumor suppressor functions. 

 Having established that SUMO-PTEN plays a determinant role in 

homologous recombination and thus cells that do not express PTEN are more 

sensitive to the combined action of genotoxic stress and PI3K inhibition, in chapter 

3 I investigate the molecular and physiological consequences elicited by PTEN 

nuclear localization.  
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1.15.2. Thesis objectives 

- Characterization of a newly discovered form of PTEN 

- Determination of the physiological relevance of newly discovered PTEN post-

translational modification  

- Explore the sensitivity of PTEN-null cells to different, therapeutically relevant, 

agents 



54 

 

 

 

 

 

 

Chapter 2 Nuclear PTEN controls homologous recombination-mediated 

DNA repair and sensitivity to DNA damage 
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2.1. PTEN is target of SUMOylation 

 

In the course of analyzing post-translational modifications of PTEN, we 

noticed that, in addition to the expected PTEN protein of Mw ~55kD, an ~75 kDa 

PTEN protein species could be detected by immunoblotting with three independent 

anti-PTEN antibodies in denaturing lysates prepared from multiple mammalian cell 

lines (Figure 2.1a). Assuming comparable affinity of the anti-PTEN antibodies for 

both isoforms, this novel species, which we initially termed “PTEN-H,” represented 

< 10% of the total PTEN in the cell lines tested. Importantly, PTEN-H was absent 

from mouse embryonic fibroblasts (MEFs) and HCT116 cells with targeted 

disruption of the PTEN gene (Figure 2.1a). Moreover, transfection of a vector 

expressing HA-epitope-tagged PTEN cDNA gave rise to PTEN and PTEN-H, 

establishing that PTEN-H arises as a consequence of post-translational 

modification, rather than alternative initiation or splicing (Figure 2.1b).  

Given that PTEN-H had not been reported previously, we explored the 

experimental conditions that resulted in its detection. Use of mild detergents, such 

as 0.1% Triton or 0.3% CHAPS, largely precluded PTEN-H detection (Figure 2.2a). 

By contrast, inclusion of N-ethylmaleamide (NEM), an inhibitor of cysteine-based 

enzymes, including deSUMOylases and deubiquitinases, during cell lysis, increased 

the detection of PTEN-H (Figure 2.2b). Mono-sumoylation could explain an ~20kD 

increase in apparent molecular weight, so we asked whether PTEN-H was a 

SUMOylated PTEN form by probing PTEN immunoprecipitates from denaturing 

HEK293 cell lysates with anti-SUMO antibodies. Indeed, while these 
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immunoprecipitates contained PTEN and PTEN-H, only the latter reacted with anti-

SUMO 2/3 antibodies (Figure 2.2c), indicating that PTEN-H is a SUMOylated form 

of PTEN (SUMO-PTEN). Consistent with this notion, knockdown of Ubc9, the sole 

SUMO-conjugating E2 protein (244), led to a decrease in SUMO-PTEN abundance 

(Figure 2.3a), whereas overexpression of the SENP1 or SENP2 deSUMOylases 

decreased SUMO-PTEN levels in mammalian cells (Figure 2.3b). Furthermore, 

treatment of PTEN immunoprecipitates with recombinant SENP1 or SENP2 

decreased SUMO-PTEN levels in an NEM-sensitive manner (Figure 2.3c).  

 

2.2. Lysine 254 is a major SUMOylation site on PTEN 

 

To determine the site(s) of PTEN SUMOylation, we first subjected a series of 

PTEN deletion mutations to SUMOylation in vitro (Figure 2.4a). Although the N-

terminal portion of PTEN was not SUMOylated, several C-terminal PTEN 

polypeptides were (Figure 2.4b), with the minimal SUMOylated region 

encompassing amino acids 238-320 (Figure 2.4b). This region of PTEN harbors a 

strong predicted SUMOylation site at position 254, based on the consensus KxE 

(where  is a hydrophobic amino acid, K is the predicted site of SUMOylation, x is 

any amino acid and E is glutamic acid). Indeed, the PTEN (238-320) K254R mutant 

was not SUMOylated in vitro (Figure 2.4c). In parallel, we analyzed in vitro 

SUMOylated PTEN polypeptides by nanoflow liquid chromatography-tandem mass 

spectrometry (nLC-MS/MS) and SUMmOn pattern recognition software (245, 246). 

These experiments independently identified K254 as a bona fide in vitro 
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sumoylation site (Figure 2.5 and 2.6). Consistent with PTEN SUMOylation at this 

site in vivo, when HeLa cells were co-transfected with expression vectors for Ubc9, 

Sumo2, and Flag-PTEN K254R, the latter was not SUMOylated, whereas PTEN 

SUMOylation was readily detected in cells co-transfected with FL-PTEN, Ubc9 and 

Sumo2 (Figure 2.4d). Taken together, our results identify K254 as the major PTEN 

SUMOylation site in vitro and in intact cells. 

 

2.3. Physiological function of SUMO-PTEN and its regulation 

 

2.3.1. SUMO-PTEN lipid phosphatase activity 

 

Expression of Wt PTEN or PTEN K254R in PTEN-deficient U87MG glioblastoma 

cells (8) resulted in comparable decreases in phosphorylation of PKB/Akt, a 

measure of the capacity of PTEN proteins to antagonize PI3K signals.  Likewise, 

WT and SUMO-deficient PTEN caused similar decreases in phosphorylation of the 

PKB/AKT target GSK3 (Figure 2.7a). Consistent with these findings, the ability of 

recombinant, GST-PTEN-K254R mutant to dephosphorylate soluble PI(3,4,5)P3 

was indistinguishable from that of GST-Wt PTEN (Figure 2.7b). Thus, the PTEN 

SUMOylation-site mutant retains the ability to counter PI3K signaling.  
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2.3.2. SUMOylation regulates PTEN nuclear localization during DNA 

damage stress 

Because SUMOylation did not appear to affect PTEN-mediated regulation of 

the PI3K/Akt pathway, we examined its effects on PTEN sub-cellular localization. 

Remarkably, unlike Wt PTEN and an unrelated lysine PTEN K289R mutant, PTEN 

K254R expressed in HEK293 (Figure 2.8a) or U87MG (Figure 2.8b) cells failed to 

localize to the nucleus, suggesting that SUMOylation promotes PTEN nuclear 

localization. To better understand the relationship between SUMOylation and PTEN 

nuclear transport, we treated cells with leptomycin B, an inhibitor of nuclear export 

(Figure 2.8c). PTEN-K254R localized in the nuclei of leptomycin B-treated cells, 

indicating that under normal conditions, this mutant enters the nucleus but is not 

retained there (Figure 2.8c). Remarkably, unlike serum starvation/stimulation or 

treatments with various cytokines and growth factors, which did not influence PTEN 

localization (data not shown), ionizing radiation (IR) led to almost complete loss of 

nuclear PTEN (Figure 2.9a). Judging by fractionation of cellular lysates, 

SUMOylated PTEN is the predominant nuclear PTEN form and is turned over within 

hours of exposure to DNA damage (Figure 2.9b). 

 

2.3.3. SUMO-PTEN is required for proper Homologous recombination repair  

Prompted by the differential nuclear localization of PTEN following IR, we 

investigated the DNA damage response of PTEN-deficient U87MG cells engineered 

to express PTEN, PTEN K254R, mutants of PTEN lacking all phosphatase activity 

(PTEN C124S) or only lipid-phosphatase (but not protein-phosphatase) (PTEN 
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G129E) activity, or the empty vector control (see Figure 2.7a for expression levels). 

We monitored the formation of 53BP1 foci, a reliable measure of exposed DNA 

ends routinely used to monitor the efficiency of DSB repair, by immunofluorescence 

at different times following genotoxic stress (Figure 2.10a, b). Within 4 hours 

following IR exposure, comparable levels of 53BP1 foci were visible in all cell lines, 

indicating the presence of double strand breaks (DSBs). By 24 hours, however, 

53BP1 foci had largely resolved in Wt PTEN-reconstituted cells, whereas they 

remained visible in PTEN-deficient cells. Remarkably, PTEN K254R-reconstituted 

cells failed to clear 53BP1 foci within the same period, indicative of deficient DNA 

repair (Figure 2.10b). Intriguingly, PTEN lipid phosphatase activity was dispensable, 

whereas PTEN protein phosphatase activity was essential for the DDR (Figure 

2.10a, b). The involvement of PTEN in the DDR was also investigated in HCT116 

cells, their isogenic variants with their PTEN gene disrupted (HCT116 PTEN-/-) 

(247), or the same cells reconstituted with PTEN, PTEN-K254R, -C124S and -

G129E, respectively, expressed at levels comparable to the endogenous PTEN 

levels in parental HCT116 cells using retroviruses (see Figure 2.10c for expression 

levels). Again, while the Wt PTEN and PTEN-G129E-expressing cells resolved their 

53BP1 foci, PTEN-null cells and those containing PTEN K254R and PTEN C124S 

were deficient in 53BP1 clearance (Figure 2.10d). 

Reflecting their impaired capacity to repair DSBs, both U87MG and HCT116 

cells expressing the PTEN SUMOylation mutant (PTEN K254R), or the protein 

phosphatase activity defective mutant (PTEN C124S) were deficient in resolving 

H2AX and BRCA1 foci (Figure 2.11a, b, c and d). H2AX localization to DSBs 
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precedes 53BP1 recruitment, whereas BRCA1, like 53BP1, plays a role in 

chromatin remodeling but is recruited independently to sites of damage (248, 249). 

Importantly, equal recruitment of all three markers early following DNA damage 

(H2AX and 53BP1 at 4 hours and BRCA1 at 8 hours) indicates intact recognition of 

DNA breaks by all cell lines, independent of PTEN status (Figure 2.11a, b, c and d). 

Following recognition of DSBs, DNA repair pathways are activated, resulting 

in the assembly of multi-protein complexes at sites of DNA damage (250). RAD51 is 

a key molecule involved in DNA repair by homologous recombination (HR) (251). 

Indicative of HR-based repair deficiency, PTEN-null HCT116 and U87MG cells, as 

well as their PTEN K254R- and PTEN C124S-expressing counterparts, failed to 

recruit RAD51 to the sites of DNA damage (Figure 2.12a, b and c). Of note, 

although PTEN was reported to act as co-factor for the transcription factor E2F1 to 

regulate the expression of RAD51 (105), consistent with a more recent report (252), 

we found no evidence that PTEN status governs RAD51 mRNA or protein levels in 

the absence or presence of DNA damage (Figure 2.12d, e and f).  

To distinguish the importance of nuclear localization per se versus SUMOylation for 

PTEN function in the response to DSBs, we fused a nuclear localization sequence 

from SV40 Large T antigen (253) to the non-SUMOylatable PTEN mutant (NLS-

PTEN K254R). Despite constitutively localizing to the nucleus (Figure 2.13a), this 

non-SUMOylated PTEN protein (Figure 2.13b) could not rescue the impaired 

response of U87MG cells to IR, as exemplified by defective recruitment of RAD51 to 

sites of DNA damage (Figure 2.13c) and an inability to resolve H2AX foci (Figure 
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2.13d). Thus, PTEN SUMOylation is required for PTEN’s function in the DDR. Of 

Note, reconstitution of U87MG cells with Wt PTEN or various PTEN mutants did not 

yield changes in cell cycle distribution (Figure 2.14a) or the engagement of cell 

cycle checkpoints following IR (Figure 2.14b), indicating that DNA repair deficiency 

in these cells were not secondary consequences of potential effects of PTEN on the 

cell cycle.  

We also assessed the ability of PTEN mutant-expressing U87MG cells and 

cells derived from a mouse mammary tumor with a conditional PTEN gene 

disruption (WAP-Cre PTEN-/- MMTC) to repair a stably integrated, DR-GFP plasmid-

based reporter, which provides a direct and quantitative measure of HR-mediated 

DSB repair (254). Consistent with their defect in Rad51 focus formation, cells 

expressing PTEN K254R or PTEN C124S were unable to efficiently repair the 

reporter (Figure 2.15a and b).  

 

2.3.4. Lack of SUMO-PTEN confers cells sensitivity to genotoxic agents 

Next, we monitored the effects of SUMO-defective PTEN on radiosensitivity, 

by scoring the surviving fraction 5 days after IR exposure, of U87MG cells and 

PTEN-/- MMTC engineered to express PTEN variants (255) (139). Remarkably, 

despite their considerable DSB repair defects, in both models, the survival of PTEN-

null cells was indistinguishable from that of Wt PTEN-expressing cells (Figure 2.15C 

and d).  This likely reflects the activation of PI3K-mediated cell survival signaling in 

cells lacking PTEN (see Discussion). In marked contrast, however, PTEN K254R-
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expressing cells exhibited decreased survival following IR exposure (Figure 2.15c 

and d). 

 

2.3.5. ATM phosphorylates serine 398 of PTEN and regulates SUMO-PTEN 

abundance and its nuclear localization 

To gain further insight into nuclear SUMO-PTEN’s involvement in the 

genotoxic stress response, we monitored its abundance under various conditions. 

Serum starvation, stimulation with serum or with specific growth factors had no 

effect on SUMO-PTEN (data not shown). However, IR led to a gradual reduction in 

SUMO-PTEN levels beginning 1 hour after IR exposure, followed by restoration of 

steady state levels 8 hours later (Figure 2.16a). Other forms of genotoxic stress, 

such as treatment with Cisplatin or Doxorubicin, also led to decreased SUMO-

PTEN, which reached its lowest level 48 hours after treatment, consistent with a 

DNA replication-dependent mechanism and the timing of accumulation of DNA 

damage elicited by these agents (Figure 2.16b).  

Upon DNA damage, the protein kinases ATM and ATR phosphorylate 

multiple targets implicated in the response to this insult (256). Inhibition of ATM by 

treatment with KU55933 significantly impaired SUMO-PTEN turnover in response to 

ionizing radiation (Figure 2.17a), implicating this kinase in SUMO-PTEN regulation 

and linking these two major tumor suppressor gene products. To ask if ATM can 

phosphorylate PTEN directly, the kinase activity of ATM immunoprecipitated from -

irradiated cells toward PTEN was tested in vitro (Figure 2.17b). ATM 

phosphorylated GST-PTEN to a similar extent as it did p53, a known ATM substrate 
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(Figure 2.17b). Inspection of the PTEN amino acid sequence for predicted ATM 

phosphorylation sites identified threonine 398 of human PTEN (serine 398 in mouse 

PTEN) as a candidate (257). Indeed, mutation of this residue to alanine (PTEN 

T/S398A) largely precluded PTEN phosphorylation by ATM (Figure 2.17c). To 

examine PTEN S/T398 phosphorylation in vivo, epitope tagged Wt mouse PTEN or 

PTEN S/T398A were immunoprecipitated from transfected HEK293 cells exposed 

to IR, with or without pretreatment with KU55933 and immunoblotted with an anti-

ATM substrate antibody (CST #9607). While Wt PTEN was readily phosphorylated 

at an ATM site following IR, this was precluded both by the treatment with the ATM 

inhibitor and the S/T398A substitution (Figure 2.17c) establishing PTEN S/T398 as 

a bona fide ATM phosphorylation site within PTEN. Significantly, unlike Wt SUMO-

PTEN, SUMO-PTEN S/T398A was resistant to IR-induced turnover (Figure 2.17d) 

and was not excluded from the nucleus following IR (Figure 2.17e), consistent with 

ATM involvement in nuclear SUMO-PTEN regulation.  

 

2.4. PTEN-null cells are sensitive to the combination of DNA damaging agents 

and PI3K inhibitors in vitro and in vivo 

 

Taken together, our data establish a nuclear function for PTEN in the DNA 

damage response, distinct from its regulation of PI3K signaling in the cytoplasm. 

Considering that the most commonly found PTEN alterations in human tumors lead 

to a complete loss of PTEN protein and thus both its cytoplasmic and nuclear 

functions, we compared the sensitivity of U87MG cells reconstituted with either 
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empty vector control or Wt PTEN, or the isogenic HCT116 and HCT116 PTEN-/- 

cells to BKM-120, a small molecule pan-PI3K inhibitor, IR (2 Gy), or the combination 

thereof, at doses found to produce minimal toxicity when administered alone (Figure 

2.18a, c). Significantly, PTEN-deficient cells displayed increased sensitivity to 

IR/BKM-120 combination compared to cells expressing Wt PTEN. Consistently, a 

combination of BKM-120 with the genotoxic agent cisplatin produced the same 

effect in HCT116 PTEN-/- cells (Figure 2.18b, c) raising the possibility that combined 

action of equivalent clinical agents may have efficacy in treatment of PTEN-deficient 

tumors. To test this in vivo, immunocompromised mice carrying HCT116 and 

HCT116 PTEN-/- xenografts were challenged with a regimen of a single dose of 

cisplatin, daily BKM-120 for 15 days or the combination thereof (Figure 2.19). While 

either of the drugs alone had limited effect on the growth of the tumors (<30% tumor 

growth inhibition (TGI) over the course of the treatment), the combination treatment 

dramatically reduced the growth of HCT116 PTEN-/- xenografts (>90% TGI), but not 

their PTEN-proficient counterparts (Figure 2.19), further indicative of the synthetic 

sensitivity of PTEN-deficient cells to the combined action of DNA-damaging agents 

and PI3K pathway inhibitors. 

 

2.5. Discussion 

 

Accumulating evidence points to a key role for SUMOylation in coordinating 

the cellular response to DSBs (231, 232). Following DNA damage, SUMOs, UBC9, 

and the E3 ligases PIAS1 and PIAS2 localize to sites flanking DSBs, where they 
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target several proteins involved in the DDR, including BRCA1, 53BP1 and RNF8 

(231, 232, 258). Several components of the DDR machinery, such as BRCA1, 

RAD51 and RAD52, also can interact with SUMO moieties on proteins via SUMO-

interacting motifs (SIMs) (259-261). We discovered that PTEN is SUMOylated at 

K254 and that mutation of lysine 254 is important for nuclear localization of PTEN.  

However, SUMOylation appears to be also directly involved in PTEN’s function in 

DNA repair. As shown by the expression of a nucleus-restricted PTEN K254R 

mutant (NLS-PTEN K254R), forced nuclear localization is not sufficient to induce 

SUMOylation, nor can NLS-PTEN K254R expression rescue the defect in DNA 

damage response of PTEN-deficient cells. Moreover, the acute decrease in nuclear 

SUMO-PTEN upon DNA damage was followed by restoration of nuclear SUMO-

PTEN levels within 8 hours, a time consistent with the assembly of the DNA repair 

machinery (250). Nuclear SUMO-PTEN turnover in response to DNA damage was 

fully ATM-dependent and required PTEN T398, which is phosphorylated by ATM in 

vitro and in vivo, establishing a functional link between these two major tumor 

suppressors. Finally, PTEN protein, but not lipid phosphatase activity was 

necessary for the DNA damage response.  

Considering the requirement of nuclear SUMO-PTEN for efficient HR-

mediated DSB repair, further investigations into the PTEN-dependent dynamics of 

the assembly of HR-mediated DSB repair complexes should lead to the 

identification of SUMO-PTEN interaction partners and/or targets of its protein 

phosphatase activity necessary for the efficient DNA damage response.  
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A recent report identified PTEN SUMOylation at another site, K266, as a 

means of plasma membrane localization, where PTEN acts to downregulate the 

PI3K pathway (67). Although our mass spectrometry-based assessment did not 

identify K266 as a PTEN SUMOylation site under the conditions tested, such 

findings raise the possibility that PTEN SUMOylation on different sites may control 

its localization to distinct sub-cellular compartments thus governing PTEN’s 

complex functions. Fnls 

Our data show that the ATM-nuclear SUMO-PTEN axis impacts cellular 

sensitivity to genotoxic stress both in vitro and in vivo. Notably, missense mutations 

at PTEN K254 or the surrounding residues, which are predicted to abolish 

SUMOylation, have been identified at low frequency in various human cancers 

(Cosmic Database, Sanger Institute), providing strong evidence for the importance 

of this pathway in tumorigenesis. Nevertheless, the influence of PTEN on the 

cytotoxic effects of DNA damage also likely involves its function in regulating PI3K-

mediated cell growth and survival via its cytoplasmic function (50). This is best 

exemplified by the comparable resistance of PTEN-deficient (PTEN-null, or 

expressing PTEN-C124S) and PTEN-proficient cells to high doses of DNA 

damaging agents, in contrast to the sensitivity of cells expressing PTEN-K254R, a 

mutant fully capable of countering PI3K signaling to the same insult. Although 

PTEN-proficient cells effectively repair their genomes and continue to grow, PTEN-

deficient cells fail to execute an apoptotic program due to the constitutive activation 

of PI3K/Akt survival signaling, in the absence of cytoplasmic PTEN or upon loss of 

PTEN phosphatase activity, and survive, despite accumulating irreparable DNA 
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damage (35) (Figure 2.20). On the other hand, cells deficient for nuclear, but not 

cytoplasmic PTEN function (PTEN-K254R), respond to accumulated DNA damage 
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by physiological activation of apoptosis, contributing to their sensitivity to genotoxic 

stress.  

Importantly, our findings imply that tumors bearing complete loss of PTEN 

function, which represent the majority of human tumors with PTEN alterations, may 

be particularly sensitive to the combined action of therapeutics targeting activated 

PI3K signaling and genomic instability of tumor cells, respectively. Indeed, unlike 

cells expressing Wt PTEN, PTEN-deficient cells displayed sensitivity to the 

combined action of IR and a small molecule pan-PI3K inhibitor both in vitro and in 

vivo. The selective susceptibility of PTEN-deficient cells to this combination 

indicates the existence of a therapeutic window for treatment of PTEN-null tumors 

using such a strategy. By contrast, our results suggest that administering genotoxic 

agents alone to such tumors could accelerate the acquisition of additional 

mutations, including those promoting drug resistance or tumor progression. The 

ongoing clinical development of numerous agents countering activated PI3K 

signaling in cancer (262, 263) and next generation genotoxic agents (264) should 

facilitate testing of these concepts in the clinic.  
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2.6. Materials and methods 

 

2.6.1. Antibodies 

The following antibodies were purchased from Cell Signaling Technology: 

PTEN (138G6) (#9559), PTEN (#9552), SUMO-2/3 (18H8) (#4971), Ubc9 (#4918), 

PARP (#9542), Akt (#9272), phospho-Akt (Ser473) (193H12) (#4058), phospho-

ATM substrate (#9607) and phospho-GSK-3 (Ser9) (#9336). Histone H3 (ab1971) 

and phospho-ATM (Ser1981) (ab2888) antibodies were from Abcam.  FLAG M2-

FITC (F4049), FLAG M2 (F3165) and FLAG M2 agarose (A2220) were from Sigma-

Aldrich. GAPDH FL-335 (sc-25778), Rad51 H-92 (sc-8349) and BRCA1 I-20 (sc-

646) antibodies were from Santa Cruz Biotechnology. PTEN antibody (6H2.1) 

(ABM-2052) was from Cascade Bioscience.  Phospho-Histone H2A.X (Ser139) 

(JBW301) (05-636) was from Millipore.  Antibody against 53BP1 (A300-272A) was 

from Bethyl Laboratories. ATM Ab-3 (PC116) was from Calbiochem. Anti-HA was 

produced in-house from the 12CA5 hybridoma. 

 

2.6.2. Cell culture, transfections, viral infections and reagents 

HEK293 cells, U87MG, HCT116 PTEN-null, isogenic PTEN Wt cells and their 

derivatives were maintained in DMEM, supplemented with 10% FBS (Gibco) and 

Pen/Strep (100 mg/ml, Hyclone). Puromycin (1 g/ml) was from Calbiochem. The 

mouse mammary tumor (MMTC) cell line was cultured in DMEM/F-12 (1:1), 

supplemented with 10% FBS (Gibco), Pen/Strep (100 mg/ml), insulin (5 g/ml), 

hydrocortisone (1 g/ml) (all from Sigma), and EGF (5 ng/ml, Peprotech).  
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Transient transfections of HEK293 cells were performed by using 

Lipofectamine (Invitrogen) or the CaCl2 and Hepes method, as described 

previously. High efficiency transfection (>90%) of U87MG cells for the homologous 

recombination assay was achieved using the Amaxa Cell Line Nucleofector Kit T 

(Lonza, VCA-1002), according to manufacturer’s instructions.  

All plasmids used were constructed with the exception of plasmids encoding 

N-terminally His-tagged full-length SUMO1, SUMO2, and SUMO3, generously 

provided by Dr. Paul E. Fraser (University of Toronto), and pDR-GFP and pISceI 

(Addgene).   

For expression in mammalian cells, HA-PTEN was cloned into pcDNA3.1, 

and PTEN was cloned into p3XFLAG-CMV10 and pBabe-Flag. Ubc9 was cloned 

into pcDNA3.1-myc-His-A.  Full-length SENP1 and SENP2 in pGEX4T3 were sub-

cloned into pcDNA3.1-myc-His-A.   

For expression of recombinant proteins in bacterial cells, full-length and 

truncation mutants of PTEN were cloned into pGEX4T3 and pET32a. Ubc9 and 

catalytic fragments of SENP1 and SENP2 were cloned into pGEX4T3. TP53 was 

cloned into pGEX2TK.   

All point mutants were generated by using the QuickChange site-directed 

mutagenesis kit (Agilent), which also was used to insert the NLS derived from SV40 

large T-antigen into p3XFLAG-CMV10-PTEN.  

U87MG cells were engineered to express the ecotropic retroviral receptor by 

selecting a stable clone transfected with pWZL-Neo-EcoR. Viral transduction with 

retroviruses expressing FLAG-PTEN or mutants was performed in U87MG-EcoR 
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and MMBC cells by following the procedures described previously (265). Cells were 

subsequently selected with puromycin (1 g/ml) until negative control cells died 

(generally 3 days). Ubc9 siRNA was from Santa Cruz (sc-36773).  

 

2.6.3. Cell lysis, immunoblotting and immunoprecipitations  

Unless indicated otherwise, for immunoblotting cells were lysed in Laemmli 

sample buffer (60 mM Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 5% β-

mercaptoethanol), normalized for total protein content, resolved by SDS-PAGE, and 

transferred to PVDF membranes (Millipore). Membranes were blocked in 5% nonfat 

milk (Bioshop Canada) and probed with the indicated antibodies.  

For immunoprecipitations, cells were lysed for 30 min on ice in RIPA buffer 

(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 

0.1% SDS, 1 mM EDTA), supplemented with fresh 20 mM N-ethylmaleimide (NEM), 

1 mM dithiothreitol (DTT), 0.1 mM sodium orthovanadate and a protease inhibitor 

cocktail (Sigma). Insoluble material was removed by centrifugation at 15,000 × g for 

15 min at 4 °C. Immunoprecipitations were performed by gentle rotation overnight at 

4 °C, and then immune complexes were washed four times in cold RIPA buffer and 

resuspended in Laemmli buffer.  

Immunoprecipitation of endogenous SUMO-PTEN was performed by lysing 

cells in Laemmli buffer, followed by sonication and centrifugation at 15,000 x g for 

15 min at 4 °C.  Clarified lysates were diluted 10-fold with PBS containing 1% Triton 

X-100 and the protease inhibitor cocktail, then anti-PTEN antibody was added and 

the mixture was allowed to rotate for 4 hours at 4 °C.  Following the addition of 
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protein A-Sepharose and rotation for 1 hr, immune complexes were washed 4 times 

with PBS containing 1% Triton x-100. 

 

2.6.4. Immunofluorescence 

 Cells cultured on glass cover slips were rinsed in PBS, fixed with 3.7% 

formaldehyde in PBS for 10 min at room temperature, permeabilized with PBS plus 

0.5% Triton X-100 for 5 min, blocked overnight at 4°C with PBS containing 1% 

bovine serum albumin (Fisher), and then incubated with primary antibodies (PTEN 

Cell signaling 9559, 1:200; RAD51 1:500; 53BP1 1:500; H2AX 1:1000; BRCA1 

1:100; FLAG-FITC 1:1000). After 3 washes with PBS, 5 min each, at room 

temperature, samples were incubated for 30 min with a 1:400 dilution (in PBS) of 

goat anti-rabbit IgG conjugated to the fluorescent Alexa 488 dye or with goat anti-

mouse IgG conjugated to the fluorescent Alexa 546 dye (Invitrogen Molecular 

Probes), washed three times, stained with DAPI and mounted in Mowiol. 

 

2.6.5. Cell proliferation assays 

 Cell number was assessed indirectly by using the Sulforhodamine B (SRB) 

assay (266). 

 

2.6.6. Phosphorylation reactions 

 Cells were lysed in ATM buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 0.2% 

Tween 20, 1.5 mM MgCl2, 1 mM EGTA, 2 mM dithiothreitol, 50 mM NaF, 500 M 

NaVO4, 1 mM phenylmethylsulfonyl fluoride, 0.1 g/ml aprotinin, 0.1 g/ml 
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leupeptin), cleared by centrifugation, and subjected to immunoprecipitations with 

PC116 ATM antibody (Calbiochem). ATM immunoprecipitates were incubated with 

recombinant p53 or PTEN in kinase buffer (10 mM HEPES, pH 7.4; 10 mM MgCl2; 

50 mM NaCl; 10 mM MnCl2), supplemented with 50 μM ATP and 10 μCi [γ-

32P]ATP, for 15 min at 30°C (267). 

 

2.6.7. Homologous recombination assays 

 To assess HR efficiency, U87MG cells were stably transduced with DR-GFP 

and various PTEN constructs, and subsequently transfected with pCMV3xnlsI-SceI, 

using Amaxa™ Nucleofector™ Technology (Lonza). At 2 days post-transfection, 

GFP signals were quantified by using a FACSCalibur flow cytometer (BD 

Biosciences). Recombination efficiency was calculated as the number of GFP-

positive cells in the samples divided by the number of GFP-positive cells in WT-

PTEN-reconstituted U87MG cells. For each experiment, 10,000 cells were scored 

per treatment group. 

 

2.6.8. SUMOylation 

Assays were performed with 150 ng of SAEI and SAEII (Boston Biochem), 1 

µg of UBC9, 2 µl of 10× SUMOylation reaction buffer (200 mM HEPES, pH 7.5, 50 

mM MgCl2 and 20 mM ATP), 1 µg of SUMO1 (Boston Biochem) and 300 ng of 

recombinant His-THX-PTEN. Reactions were incubated at 37°C for 2 hrs, quenched 

with SDS–PAGE sample buffer and analysed by SDS–PAGE and immunoblotting 

with anti-His antibody. 



94 

2.6.9. Lipid phosphatase assays 

  PTEN catalytic activity was determined by using the malachite green PTEN 

phosphatase assay kit, using PI(3,4,5)P3 diC8 as the substrate (Echelon 

Bioscence).  

 

2.6.10. In vitro deSUMOylation  

FLAG-PTEN immunoprecipitates were incubated in TBS with 1 ug of recombinant 

SENP catalytic fragments, expressed as His-fusion proteins, for 1 hr at 37 °C. 

Reactions were terminated by boiling in Laemmli loading buffer, and samples were 

analysed by SDS-PAGE and immunoblotting with anti-SUMO-2/3 antibodies. 

 

2.6.11. RNA isolation, reverse transcription PCR, and real-time 

quantitative PCR 

 Total RNA was isolated by using RNeasy (QIAGEN) and treated with DNase 

I (Roche Diagnostics). Reverse transcription PCR (RT-PCR) was performed using 

the TaqMan Reverse Transcription Kit (Applied Biosystems). Quantitative real-time 

PCR analysis of RAD51 was performed using primers specific for human RAD51: 

hRAD51 F1 5’-CGTAAGCCAGGGGCGTTGGG-3’; hRAD51 R1 5’-

TGCCATTACTCGGTCCGCAGC-3’  

 

2.6.12. Cell cycle analysis 

 Cell cycle analysis was carried out by flow cytometry. Briefly, U87MG cells 

were seeded into 6-well culture plates, treated as indicated, collected, fixed, stained 
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with propidium iodide (100 µg/mL) and RNAse (20 µg/mL) in PBS for 1 hour, and 

analyzed on a FACScalibur flow cytometer instrument (BD Biosciences) and 

CellQuest software (BD Immunocytometry Systems, San Jose, CA). Similarly, 

indirect immunofluorescence on ethanol-fixed U87 cells (70% in PBS) was 

performed to quantify mitotic cells using an anti-phospho-H3 (Ser10) specific 

antibody (CellSignaling) detected by an Alexa488-labelled goat anti-rabbit 

secondary antibody (Invitrogen). Cells were analysed using a FACScalibur 

instrument (BD Biosciences) and CellQuest software (BD Immunocytometry 

Systems, San Jose, CA). Ten thousand events were analyzed for each sample. 

 

2.6.13. Annexin V/7-AAD assay for apoptosis 

For Annexin V/7-AAD assays, cells were stained with Annexin V–FITC and 7-AAD, 

and evaluated for apoptosis by flow cytometry according to the manufacturer's 

protocol (BD PharMingen, San Diego, CA, USA). Briefly, 1 X 105 cells were washed 

twice with phosphate-buffered saline (PBS), and stained with 5 l of Annexin V–

FITC and 10 l of &-AAD (5 g/ml) in 1X binding buffer (10 mM HEPES, pH 7.4, 

140 mM NaOH, 2.5 mM CaCl2) for 15 min at room temperature in the dark. The 

apoptotic cells were determined using a FACSCalibur flow cytometer (BD 

Biosciences).  

2.6.14. In vivo studies  

2.6.14.1. Compound preparation 

NVP-BKM120 and AZD6244 were formulated in NMP/PEG300 (10/90, v/v). 

Solutions were freshly prepared for each day of dosing by dissolving the powder, 
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first in N-Methyl-2-pyrrolidone (NMP) with sonication and then by adding the 

remaining volume of PEG300. The application volume was 10 mL/kg. Cisplatin 

treatment (6 mg/kg body weight) by intraperitoneal injections was given as a single 

dose. 

2.6.14.2. Xenograft studies 

Female nonobese diabetic/severe combined immunodeficient (NOD/SCID) 

mice (6–10 weeks of age) were kept under sterile conditions (type III cage, in an 

Optimal Hygienic Conditions zone) with free access to food and water. 

Subcutaneous tumors were established by injection of 100 L of PBS containing 2 × 

106 tumor cells (HCT116 PTEN-null and isogenic PTEN-WT), in left flank of each 

animal. Treatments were initiated when the mean tumor volume in each randomized 

group (n = 8–10) reached 150 to 200 mm3. For BKM120, treatments were carried 

out orally, once per day, using an application volume of 10 mL/kg. Treatments were 

stopped and animals sacrificed when the tumor size in the vehicle control group 

reached 1,000 to 1,200 mm3. Tumor volumes were determined using calipers for 

measurement of longest (considered as length) and shortest (considered as 

diameter) dimensions of each tumor and calculated according to the modified 

ellipsoid formula (length × diameter2) / 2. Data are presented as means ± one SEM. 

Comparisons between groups and vehicle control group were done using either 

one-way ANOVA followed by the Dunnett tests. For all tests, the level of 

significance was set at P < 0.05. Calculations were carried out with GraphPad 

Prism. All experimental procedures strictly adhered to the Canadian Council on 

Animal Care guidelines. 
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Chapter 3 Combining DNA damaging agents with PI3K inhibitors: 

alternatives to mitigate the adverse effects 
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Conceptually, selective killing of cancer cells is the most sensible approach 

to treating cancer. Nevertheless, the majority of widely administered cancer 

treatments (chemotherapy, radiation) do little to spare normal cells and largely rely 

on the high proliferation of cancer cells to kill them. 

The first effective cancer drugs were the cytotoxics. Cancer cells replicate 

their DNA and divide more frequently than normal cells, thus agents such the DNA-

damaging agents, antimetabolites that inhibit DNA synthesis and microtubule 

inhibitors such as Taxol (paclitaxel) that block the mechanics of cell division, 

preferentially kill tumor cells. Cytotoxic drugs are highly effective for certain tumor 

types and still form the backbone of cancer therapeutics. Unfortunately, they don’t 

always work. Some cancers are simply not sensitive, while others might initially 

respond to the treatment only to recur and become resistant. At the basis of the 

variability in the therapeutic response lies the inherent genetic, phenotypic and 

functional heterogeneity that exists within, as well as between, tumors. This means 

that one cure is likely not going to be effective for all malignancies but rather 

selection of treatment should be guided by the molecular profile of the cancer. In the 

past 20 years, much effort has been put forward towards understanding of the 

complexity of the biology of cancer and ultimately treatments directed against the 

molecular underpinning of individual cancers. This concept is often called precision 

or personalized medicine. 

 Understanding of the genetic origin of cancer, and the eventual identification 

of oncogenes and tumor suppressor genes in the latter half of the 20th century, set 

the stage for the development of agents aimed at these cancer changes. Cancer is 
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a complex disease characterized by numerous genomic alterations but only a 

subset of these mutations contribute to the tumor’s progression. These are 

classified as “driver” mutations, to distinguish them from the preponderance of 

neutral, “passenger” mutations that can be found in cancer but do not contribute to 

disease (268). Focusing on proteins and pathways altered as a consequence of 

driver mutations, “molecularly targeted" agents were rationally designed following 

the understanding of structure-activity relationships and molecular mechanisms of 

action, largely revealed by structural biology, and signify the beginning of the 

“targeted molecular therapeutics era” (269). This strategy is best exemplified by the 

development of the kinase inhibitor class of compounds. Mutated or overexpressed 

kinases are often involved in the processes of tumor development and progression, 

and drug discovery has explored numerous approaches to inhibit these targets 

(270).  

Given the high incidence of PI3KCA mutations in malignancies, pan-PI3K 

inhibitors were thought to be particularly useful to treat tumors that harbor this 

specific mutation. Indeed, when tested in vitro, cell lines with PIK3CA mutation 

demonstrate increased sensitivity to pan-PI3K inhibitors (271, 272). Nonetheless, in 

early-phase clinical studies pan-PI3K inhibitors proved effective in patients both with 

and without PIK3CA mutation, indicating that these agents may be effective when 

the PI3K pathway activation is driven by molecular alterations at different levels 

(273).  

A number of potent and selective small molecule PI3K inhibitors are currently 

in clinical trial, evaluating their potential as new anticancer drugs. Early-phase, 
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single-agent trials with PI3K inhibitors have yet to establish a consistent and distinct 

association between the most common alterations in the PI3K pathway and 

response to therapy (274). Clinical response might be improved by the use of PI3K 

inhibitors in combination therapies and the identification of predictive biomarkers 

that define the patient populations that are more likely to benefit from this treatment.  

The major concern in the use of PI3Ki in patients is related to the adverse 

effects associated with inhibiting this pathway. Preclinical studies in rodents 

reported metabolic disturbances, in particular increased blood glucose (274), and 

were confirmed by an increase in insulin levels in patients treated with these agents 

(275). Side effects that emerge form inhibiting all isoforms of PI3K for a prolonged 

period of time to achieve therapeutic effectiveness might prove problematic, 

especially if these inhibitors are combined with other chemotherapeutics. To 

overcome such toxicities, it might be useful to administer the agent in alternating 

sequences of doses while another approach would be to employ isoform-specific 

PI3K inhibitors.  

 

3.1. Management of PI3K inhibitor administration 

 

3.1.1. Combination of DNA damaging agents and PI3K inhibitor causes 

severe weight loss 

As described in chapter 2, treatment of human cancer cells transplanted into 

immunodeficient rodents with a combination of cisplatin and BKM120 was effective 

in reducing the tumor burden brought on by the HCT116 PTEN -/- xenografts (Figure 
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2.19). For HCT116 PTEN -/- derived xenografts, bi-weekly treatment with cisplatin 

and a daily dose of BKM120 as adjuvant lead to tumor growth inhibition (TGI) % of 

95.5. This represents a substantial improvement over the effects obtained with 

cisplatin treatment alone (TGI % 33.5) or BKM120 alone (TGI % 24.7). However, 

the treated mice suffered from substantial weight losses that, in the most severe 

cases, lead to interruption of the regimen and euthanasia (fig 3.1). Data in this 

chapter describe strategies to mitigate the adverse side effects while maintaining 

the efficacy of treatment. 

 

3.1.2. Discontinuous administration of PI3K inhibitor 

In my in vivo experiments described in chapter 2, the mice were treated with 

a dose of 6 mg/ml of cisplatin every fourteen days and a daily dose of 3 mg/kg of 

BKM120 (protocol A, Figure 3.2). In an effort to mitigate the side effects of the 

combination treatment, we devised an alternative protocol where the same cisplatin 

dose was coupled with a discontinuous administration of BKM120 (protocol B, fig 

3.2). I hypothesized that the introduction of a “drug holiday” would alleviate the 

weight loss previously observed with the continuous treatment without losing 

treatment efficacy. The fourteen day treatment cycle began with a peritoneal 

injection (IP) of a cisplatin on day 1 (6 mg/kg). Daily BKM120 treatment (3 mg/kg) 

was performed from day 1 through day 7, while no treatment was given from day 8 

to day 14 (holiday). The cycle was repeated for the total of 28 days. Using terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 

immunohistochemistry staining, a method for detecting DNA fragmentation that 
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results from apoptotic signaling cascades, I have previously ascertained that 

cisplatin rapidly induces apoptosis in HCT116-derived xenografts, reaching a 

maximum at three days after administration (Figure 3.3). Treatment with BKM120 

for seven days following cisplatin injection was chosen to ensure that the adjuvant 

action of inhibiting the PI3K pathway covers the window of efficacy of the DNA 

damaging agent.  

I also tested another discontinuous protocol, where the two drugs were 

administered sequentially. This fourteen day cycle featured seven days on (from 

day one to day seven) and seven days off (from day eight to day fourteen) of 

BKM120 treatment, with cisplatin administration at day four. We hypothesized that 

such regimen may give the animal time to adjust to the PI3K inhibitor, mitigating the 

weight loss. Furthermore, three days of BKM120 pre-treatment may sensitize the 

cancer cells to the subsequent cisplatin action and improve its efficacy (protocol C, 

fig 3.2).  

 

3.1.3. Intermittent regimen improves fitness of tumor-bearing mice 

NOD/SCID mice were injected with HCT116 PTEN -/- cells as described 

previously and randomized to different treatment groups (5-10 animals per group). 

Weight and the tumor burden of the animals were monitored and recorded every 

two-to-three days for the duration of the treatment (28 days). 

Mice in protocol B showed an initial weight loss comparable to the ones in 

protocol A but, while the latter continued to lose weight over the entire treatment 

period, after seven days, the weight of animals in protocol B begun to recover, 
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trending toward the weight measured at the beginning of the study (fig 3.4). This 

steady gain in body weight coincided with the period of drug holiday, during which 

no treatment was administered. The same trend was observed for the second cycle 

of treatment in the protocol B group. These animals displayed an average of 12% 

weight loss throughout the study with a weight loss of 11 % of the initial weight at 

the end of the treatment. In comparison, mice in protocol A lost, respectively, 16% 

and 23% of their body weight.  

Offsetting the administration of cisplatin and BKM120 (protocol C) also 

shows an improvement in term of fitness over protocol A, with weight loss figures 

similar to protocol B (average weight loss 12%, final weight loss 15%).  

Overall, the intermittent BKM120 regimen had a beneficial impact on the 

mouse fitness during the treatment. 

 

3.1.4. Intermittent PI3K inhibitor regimen shows comparable performance as 

the continuous one 

Results described in the previous paragraph indicate that there is a marked 

improvement in terms of fitness of animals following a cycle with discontinuous 

BKM120 administration. In parallel, we compared the efficacy of protocol B and C to 

protocol A in inhibition of tumor growth. 

To determine the in vivo effects of BKM120 on the PI3K pathway, tumor 

lysates were immunoblotted at the end of the treatment period. Judging by the 

activation-specific phosphorylation of PKB/Akt, and phosphorylation of ribosomal 

protein S6 (a downstream target of the mTOR arm of the pathway), protocol A and 
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protocol B displayed the same efficacy in inhibiting the PI3K signaling (Figure 3.5). 

This was paralleled by comparable levels of tumor growth inhibition between the 

regimens. Discontinuous administration of BKM120 in combination with cisplatin for 

28 days following protocol B or protocol C resulted in TGI % values of 86.7 and 82.5 

respectively, matching tumor growth inhibition obtained with a continuous 

administration of BKM120 in protocol A (TGI % of 81.9) (fig 3.6). 

 

3.2. PI3K-Isoform specific targeting 

 

The prevalence of PI3K signaling activation in human cancer led to the 

development of PI3K pathway inhibitors as novel targeted therapeutic agents. The 

past few years have seen an increasing effort to develop pan- or isoform-selective 

PI3K inhibitors with diverse selectivity profiles (276). Dual pan-class I PI3K–mTOR 

inhibitors provide the potential advantage of targeting the pathway at two levels 

(suppressing mTOR in both the mTORC1 and mTORC2 complexes, and PI3K). 

Their dual activity is based on the structural similarities of the catalytic domain of 

mTOR and the p110 subunit of PI3K. Nevertheless, inhibition of both PI3K and 

mTOR has proven an effective therapy strategy in some but not all clinical contexts 

(277). Genetic and biochemical studies have shown that mTORC1 governs a 

negative feedback loop at the level of RTKs, causing reactivation of the PI3K and 

the mitogen-activated protein (MAP) pathway upon mTORC1 inhibition (278). 

Depending on the genetic alterations responsible for PI3K pathway activation, it 

may be desirable to have compounds with better specificity.  
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 In the previous chapter, the combination of a genotoxic agent with the PI3K 

inhibitor BKM120 was shown to have synergistic therapeutic activity, specifically in 

cells that lack PTEN (section 2.4). BKM120 is a specific inhibitor of the pan-class I 

PI3K family of lipid kinases (in that it targets all four isoforms of class I PI3K α, β, γ, 

δ) in an ATP-competitive manner.  

This broad activity is considered an advantage, considering that most cancer 

cells express multiple PI3K isoforms with redundant functions in oncogenic 

signaling. However, the doses needed to fully block all class I PI3Ks for extended 

periods, pose major tolerability issues in patients. Isoform-selective PI3K inhibitors 

have the potential to completely block the relevant target, while limiting toxicities 

associated with broader inhibition profiles.  

 

3.2.1. Specific inhibition of P110  

With the goal of reducing the adverse effects of BKM120, I investigated if a 

PI3K alpha isoform-specific inhibitor could replicate the synergistic effects of 

BKM120. I first compared the activity of a PI3Kα-specific inhibitor, BYL719 to that of 

BKM120. Titration of the drug in U87MG cells confirmed that BYL719 is effective in 

inhibiting the PI3K pathway even at low concentrations, as shown by the marked 

reduction of p-AKT levels (Figure 3.7a). Despite being a more potent inhibitor of 

PI3Kα (BYL719 IC50 = 5 nM) compared to BKM120 (BKM120 IC50 = 52 nM), 

BYL719 proved less efficient in inhibiting the growth of U87MG cells (Figure 3.7b). 

Specific PI3Kα inhibition preferentially inhibited the growth of PTEN-null cells 

(Figure 3.7b), consistent with the data obtained with the pan inhibitor BKM120.  



112 

 



113 

3.2.2. Combination of BYL719 with genotoxic stress 

We next tested the activity of the PI3Kα-specific inhibitor in combination with 

IR, using HCT116 or HCT116 PTEN-/- cells (fig 3.8a). Although both cell types were 

mildly sensitive to the single agent treatments, PTEN-/- cells were significantly more 

sensitive to the treatment combination when compared to parental cells (Figure 

3.8a). The same was true when BYL719 was used in combination with another 

genotoxic agent, cisplatin (Figure 3.8b). Western blot analysis of the samples 

verified that, in these conditions, BYL719 was effective in inhibiting the PI3K 

pathway, judged by reduction of p-AKT levels (Figure 3.8c).   

To exclude the possibility that the different sensitivity of HCT116 parental 

and PTEN-/- cells to the combination of cisplatin and BYL719 was due to the 

differences between the two cell lines other than PTEN, we reconstituted HCT116 

PTEN-/- cells with a construct expressing PTEN or mock DNA (Ev, used as control). 

Re-expression of PTEN effectively rescued the growth inhibition effects of cisplatin 

and BYL719 combination on HCT116 PTEN-/- cells, further establishing PTEN (or 

lack thereof) as the factor conferring augmented sensitivity (fig 3.9a).  

DNA damage leads to the initiation of a coordinate network of signal 

transduction pathways involved in cell cycle arrest, apoptosis, stress response and 

activation of DNA repair processes. It is generally accepted that DNA damage and 

subsequent induction of apoptosis may be the primary cytotoxic mechanism of cell 

killing by cisplatin, as well as other DNA-damaging agents (279, 280). Indeed, when 

tested on HCT116 cells, cisplatin and IR induced apoptosis (Figure 3.9b), whereas 

specific inhibition of PI3Kα with BYL719 had no detectable effects. Consistent with 
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the growth inhibition data, in HCT116 PTEN-/- cells, co-treatment with BYL719 

potentiated the cisplatin and IR pro-apoptotic effect, while this increase was not 

found in HCT116 parental cells that express PTEN. Even though this conceptually 

replicated the results obtained with BKM120, the BYL719 combination lead to a less 

effective inhibition of cell growth. 

 

3.2.3. Specific inhibition of P110 

Following a similar experimental scheme described in the previous 

paragraph, I tested the effects of specific p110 inhibition using a small molecule 

inhibitor, TGX221. TGX-221 is a potent, selective and cell permeable inhibitor of 

PI3K p110β (IC50 = 9 nM), but not p110  (IC50 > 1000 nM). When tested in 

U87MG cells, TGX221 did affect P-Akt levels and the phosphorylation of the 

downstream target of PI3K pathway, S6 (fig 3.10a). I next compared TGX221 

efficacy in inhibiting the growth of U87MG cells in combination with IR. The p110-

specific inhibitor was tested, side by side with BYL719, in a panel that also included 

BKM120 as positive control, as well as a combination of TGX221 and BYL719 (fig 

3.10b). Inhibition of p110 with TGX221 led to partial sensitivity of PTEN-negative 

cells, similarly to what was noted with p110 inhibition. However, only when the 

specific p110  inhibitor BYL719 and p110  inhibitor TGX221 were used in 

combination, the growth inhibition in cells that lack PTEN reached levels 
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comparable to the ones obtained with the pan-inhibitor BKM120 (fig 3.10b).  

 

3.2.4. PI3K targeting with small interfering RNA (siRNA) 

To investigate the effect of specific inhibition of PI3K or PI3K, I used an 

alternative experimental approach to block PI3K activity. Instead of small molecules, 

we used siRNA to specifically target PI3K  (siPI3KCA) or  (siPI3KCB) and 

evaluated the effects in combination with IR in U87MG cells. Immunoblot (Figure. 

3.11a) and RTqPCR (Figure. 3.11b) analysis revealed that siPI3KCA and siPI3KCB 

where effective in reducing the levels of p110 and p110, respectively. Reflecting 

the results obtained with the chemical inhibitors, siPI3KCA as well as siPI3KCB 

demonstrated a limited degree of synergism with the DNA damaging agents in 

inhibiting PTEN-deficient cells. Nonetheless, the highest degree of growth inhibition 

is obtained when both siPI3KCA and siPI3KCB are simultaneously combined with 

IR (figure 3.12). Collectively, blocking of PI3K signaling with specific siRNAs 

recapitulates the outcomes of chemical inhibition with small molecules underlying 

the importance of dual p110 / targeting to achieve sensitivity of PTEN-null cells to 

the combination treatment. 

 

3.3. Discussion 

 

3.3.1. Cisplatin combined with alternating doses of PI3Ki is effective in 

inhibiting tumor growth 
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An involuntary decrease in weight due to fat and muscle loss, clinically 

referred to as cachexia, is a common condition associated with cancer and occurs 

in up to 80% of patients at the later stages of the disease. Cachexia is often 

associated with decreased response to therapy, quality of life and survival (281, 

282). It has been suggested that chemotherapy itself may be a major contributor to 

the development and sustainment of cancer cachexia. Cisplatin, which is part of the 

standard of care for the treatment of cancers such as lung, head and neck, ovary, 

testicular, and bladder cancer, is known to have side effects such as nausea, 

diarrhea, and anorexia that exacerbate the effects of cachexia.  

When tested in vivo, we observed that continuous treatment with BKM120 

also causes weight loss in the animals, which could not be attributed to the tumor 

burden or the oral gavage procedure (Figure 3.5). Expectedly, addition of BKM120 

treatment to the cisplatin regiment caused even more severe weight loss with a 

body mass decrease greater than 10 %.  

To try to reduce the weight loss associated with this protocol we tested an 

intermittent cycle where the administration of the PI3K inhibitor BKM120 is 

suspended for a short period of time. The introduction of a period of “holiday” is 

primarily intended to allow the animals to recover from the weight loss caused by 

the combination treatment.  

There is increasing interest in whether introducing breaks in courses of 

chemotherapy can relieve side effects without decreasing efficacy. A large Phase III 

trial was set up in the UK by the Medical Research Council (MRC) to test the effect 

of intermittent treatment compared to continuous standard chemotherapy in patients 
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with advanced colorectal cancer (283). While survival rates were unaffected by the 

break in treatment, the researchers found there were benefits in quality of life, 

including less time spent in chemotherapy, fewer hospital visits and reduced side-

effects. 

In our model, the introduction of a “holiday” period in the treatment had a 

similar beneficial effect on the fitness of the animals without impinging on the 

efficacy. Indeed, we determined that the intermittent regimen produced tumor 

growth inhibition values equivalent to the continuous protocol. Interestingly, 

examination of tumor samples at the end of the two cycles of treatment revealed 

that the inhibitory effect on PI3K pathway of BKM120 was comparable between 

intermittent and continuous regimen. It is noteworthy that, in tumor samples from 

protocol B, the levels of P-Akt remain low even though the animals have not 

received BKM120 for seven days at the time of analysis. This is in agreement with 

the notion that animals in the intermittent protocol do not show a spurt in tumor 

growth during the breaks in BKM120 regimen. It appears then, that the combination 

of DNA damaging agent and PI3K inhibition has lasting effects on tumor cells 

compatible with a model where the combination of PI3K inhibitor and genotoxic 

stress causes an increase in apoptosis and a decrease in clonogenic survival. 

Experiments have shown that inhibition of PI3K/Akt pathway leads to 

radiosensitization of cells derived from glioblastoma and various carcinomas, 

including colon, bladder, prostate, head and neck, and cervix (284-288). Loss of 

PTEN and the presence of active Akt counter apoptosis induced by radiation. Taken 

together, these observations suggest that inhibition of the PI3K pathway should be 
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concurrent with the genotoxic stress to prevent Akt-induced resistance to 

chemotherapy. Moreover, PI3K inhibition can be relieved between chemotherapy 

cycles to help reduce adverse effects without consequences on the efficacy of 

treatment. 

 

3.3.2. Proliferation of PTEN-null cells is effectively repressed by p110 and 

p110 inhibition 

The development of specific PI3K inhibitors was thought to provide an 

effective weapon for the treatment of tumor that harbors mutation in the PI3K 

pathway. In particular, tumors with mutations in the PIK3CA gene or PTEN, and 

therefore 'addicted' to PI3K signaling, are thought to be particularly sensitive to 

inhibitors of this pathway. Several pan-class I PI3K inhibitors in clinical trials target 

all four class I PI3K isoforms with similar potencies. However, in an effort to 

minimize side effects and in the prospective that these inhibitors must be given for 

prolonged periods to be effective, the focus is shifting toward the generation of p110 

isoform-specific agents. Since p110 and p110 seem to have independent roles in 

insulin responses and energy metabolism it is possible that a drug aimed at either 

one would have fewer side effects than a compound that inhibits both. As an 

additional bonus, these potential drugs might avoid toxicity to the immune system, 

which is largely dependent on p110 and p110 for function (289).  

Availability of inhibitors with specific activity toward p110 or p110 could 

prove of specific effectiveness in certain tumor types. For example, targeting p110 

may work well in tumors encompassing oncogenic forms of RTKs and Ras since 
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p110 plays a central role in cellular transformation and tumorigenesis induced by 

these lesions (247, 290).  

Despite promising preliminary results in the clinic, concerns with the 

cumulative toxicity of led to the development of isoform-specific PI3K inhibitors. In 

particular, agents that spare p110δ, an isoform predominantly expressed in the 

immune system, may circumvent immune-related side effects. Experimental 

characterization of the p110α inhibitors BYL719 on a large panel of cancer cell lines 

revealed that PIK3CA alterations and HER2 amplification are associated with 

increased sensitivity (291). Conversely, PTEN and BRAF mutation, as well as 

concurrent PIK3CA and KRAS mutations were associated with resistance (291). In 

a separate study, the selective p110α inhibitor INK1402 was found to be more 

effective in PIK3CA-mutated cell lines, compared with those with mutated or absent 

PTEN (292). These findings concur with in vitro and in vivo studies suggesting that 

tumors with PTEN loss may be better suited to treatment with p110β-specific 

inhibitors (293).  

My data suggests that the synergistic effect of BKM120 with genotoxic 

agents such as cisplatin or IR is dependent on the ability of this small molecule to 

inhibit both  and  isoforms of PI3K. The use of specific inhibitors (or specific 

siRNAs) to target p110  or  alone only leads to partial growth inhibition in cells 

that do not express PTEN. These results are further corroborated by a recent report 

which shows that in primary and immortalized mouse fibroblast cell lines, both p110 

 and p110  controlled steady-state PtdIns(3,4,5)P-3 levels and Akt signaling 

induced by heterozygous PTEN loss (294). 
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Taken together, the data suggests that that both  and beta isoforms of p110 

are contributing to the resistance to DNA damaging agents in a PTEN null context 

and, in order to achieve a clinical response, inhibition of both isoforms is desirable. 
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3.4. Materials and methods 

 

3.4.1. Antibodies 

The following antibodies were purchased from Cell Signaling Technology: 

PTEN (138G6) (#9559), Akt (#9272), phospho-Akt (Ser473) (193H12) (#4058), 

phospho-S6 (Ser235/236) (#2211), phospho-S6 (Ser240/244) (#2215), PI3 kinase 

p110 (#4255). GAPDH FL-335 (sc-25778) and PI3 kinase p110 (sc-602) 

antibodies were from Santa Cruz Biotechnology.  

 

3.4.2. Cell culture, transfections, viral infections and reagents 

U87MG, HCT116 PTEN-null, isogenic PTEN Wt cells and their derivatives 

were maintained in DMEM, supplemented with 10% FBS (Gibco) and Pen/Strep 

(100 mg/ml, Hyclone). Puromycin (1 g/ml) was from Calbiochem. The mouse 

mammary tumor (MMTC) cell line was cultured in DMEM/F-12 (1:1), supplemented 

with 10% FBS (Gibco), Pen/Strep (100 mg/ml), insulin (5 g/ml), hydrocortisone (1 

ug/ml) (all from Sigma), and EGF (5 ng/ml, Peprotech).  

Transient transfection of cells with SiRNA was performed by using 

Lipofectamine (Invitrogen) as described previously. PI3KCA and PI3KCB siRNA 

were from Dharmacon (PI3KCA L-003018-00-0005, PI3KCB L-003019-00-0005). 

U87MG cells were engineered to express the ecotropic retroviral receptor by 

selecting a stable clone transfected with pWZL-Neo-EcoR. Viral transduction with 

retroviruses expressing FLAG-PTEN or Ev was performed in U87MG-EcoR cells by 

following the procedures described previously (265). Cells were subsequently 
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selected with puromycin (1 g/ml) until negative control cells died (generally 3 

days).  

 

3.4.3. Cell lysis, immunoblotting and immunoprecipitations  

Unless indicated otherwise, for immunoblotting cells were lysed in Laemmli 

sample buffer (60 mM Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 5% β-

mercaptoethanol), normalized for total protein content, resolved by SDS-PAGE, and 

transferred to PVDF membranes (Millipore). Membranes were blocked in 5% nonfat 

milk (Bioshop Canada) and probed with the indicated antibodies.  

 

3.4.4. Cell proliferation assays 

 Cell number was assessed indirectly by using the Sulforhodamine B (SRB) 

assay (266). 

 

3.4.5. RNA isolation and real-time quantitative PCR 

 Total RNA was isolated by using RNeasy (QIAGEN) and treated with DNase 

I (Roche Diagnostics). Reverse transcription PCR (RT-PCR) was performed using 

the TaqMan Reverse Transcription Kit (Applied Biosystems). Quantitative real-time 

PCR analysis of PI3 kinase p110 and PI3 kinase p110 expression was performed 

using primers specific for human PI3KCA (F1 5’-CGTAAGCCAGGGGCGTTGGG-

3’; R1 5’-TGCCATTACTCGGTCCGCAGC-3’) and PI3KCB: hRAD51 (F1 5’-

CGTAAGCCAGGGGCGTTGGG-3’; R1 5’-TGCCATTACTCGGTCCGCAGC-3’)  

3.4.6. TUNEL assays 
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TUNEL assays were performed using the In Situ Cell Death Detection Kit, 

POD from Roche. Sections were deparaffinized with xylene and rehydrated through 

graded alcohol washes. Antigen retrieval was performed in sodium citrate buffer (10 

mM) by applying microwave irradiation for 1 min. The slides were then incubated for 

5 min in 3% hydrogen peroxide and immersed for 30 min at room temperature in 0.1 

M Tris-HCl, pH 7.5 containing 3% BSA and 20% normal bovine serum. TUNEL 

reaction mixture containing a 1:20 dilution of TdT enzyme was added to the slides 

at 37°C for 1.5 h in a humidified atmosphere chamber. Fifty microliters of Converter-

POD was then added to each slide and incubated at 37°C for 45 min in a humidified 

atmosphere chamber. DAB substrate was applied for 1 min followed by 

counterstaining in hematoxylin.  

 

3.4.7. Annexin V/7-AAD assay for apoptosis 

For Annexin V/7-AAD assays, cells were stained with Annexin V–FITC and 7-AAD, 

and evaluated for apoptosis by flow cytometry according to the manufacturer's 

protocol (BD PharMingen, San Diego, CA, USA). Briefly, 1 X 105 cells were washed 

twice with phosphate-buffered saline (PBS), and stained with 5 l of Annexin V–

FITC and 10 l of &-AAD (5 g/ml) in 1X binding buffer (10 mM HEPES, pH 7.4, 

140 mM NaOH, 2.5 mM CaCl2) for 15 min at room temperature in the dark. The 

apoptotic cells were determined using a FACSCalibur flow cytometer (BD 

Biosciences).  

3.4.8. In vivo studies  

3.4.8.1. Compound preparation 
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NVP-BKM120 was formulated in NMP/PEG300 (10/90, v/v). Solutions were 

freshly prepared for each day of dosing by dissolving the powder, first in N-Methyl-

2-pyrrolidone (NMP) with sonication and then by adding the remaining volume of 

PEG300. The application volume was 10 mL/kg. Cisplatin treatment (6 mg/kg body 

weight) by intraperitoneal injections was given as a single dose. 

3.4.8.2. Xenograft studies 

Female nonobese diabetic/severe combined immunodeficient (NOD/SCID) mice 

(6–10 weeks of age) were kept under sterile conditions (type III cage, in an Optimal 

Hygienic Conditions zone) with free access to food and water. Subcutaneous 

tumors were established by injection of 100 L of PBS containing 2 × 106 tumor 

cells (HCT116 PTEN-null and isogenic PTEN-WT), in left flank of each animal. 

Treatments were initiated when the mean tumor volume in each randomized group 

(n = 8–10) reached 150 to 200 mm3. For BKM120, treatments were carried out 

orally, once per day, using an application volume of 10 mL/kg. Treatments were 

stopped and animals sacrificed when the tumor size in the vehicle control group 

reached 1,000 to 1,200 mm3. Mouse weight was measured using a mouse 

weighting scale. Data are presented as means ± one SEM. Tumor volumes were 

determined using calipers for measurement of longest (considered as length) and 

shortest (considered as diameter) dimensions of each tumor and calculated 

according to the modified ellipsoid formula (length × diameter2) / 2. Data are 

presented as means ± one SEM. Comparisons between groups and vehicle control 

group were done using either one-way ANOVA followed by the Dunnett tests. For 

all tests, the level of significance was set at P < 0.05. Calculations were carried out 
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with GraphPad Prism. All experimental procedures strictly adhered to the Canadian 

Council on Animal Care guidelines. 
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Invariably found activated in many human cancers, the PI3K pathway has 

been a major drug development target. Several of its components, including the 

PI3K catalytic subunit p110α (PIK3CA) and the members of the AKT family, can 

drive malignant transformation when they are mutationally activated or 

overexpressed, as does functional inactivation of the tumor suppressor PTEN. 

Considering the pleiotropic impact of PI3K pathway activation on control of 

proliferation, cell migration, metabolism, resistance to apoptosis and tumor-

associated angiogenesis, specific inhibitors of this pathway are thought of as 

potential therapeutics for many human cancers. 

The development of targeted anti-cancer therapeutics has been historically 

focused on oncogenes as tumor promoters. Designing anti-cancer therapeutics 

directed at loss of tumor suppressors has proven to be more difficult, as it is easier 

to devise a strategy to inhibit an overexpressed or hyperactivated protein than to 

replenish the function of a silenced or inactivated one. Hence, most of the strategies 

against PTEN-deficient cancers utilize inhibitors of kinases that lie at the level of 

PI3K or downstream of it. While there has been some success with these strategies 

in early clinical trials, the value of PTEN as a clinical biomarker remains 

controversial. In a retrospective non-randomized study that included various cancer 

types treated with mTOR targeted therapeutics, PTEN status, along with PIK3CA 

mutations, were found to be predictive of response (277). In colorectal 

adenocarcinomas, lack of PTEN gene was associated with greater response to 

cetuximab, an anti-EGFR monoclonal antibody (295). On the other hand, in HER2-

positive metastatic breast cancers, PTEN status was not significantly associated 
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with response to trastuzumab, a monoclonal antibody that interferes with the 

HER2/neu receptor (296).  

 

4.1. PTEN-deficient tumors and combination therapy: testing sensitivity in patient 

derived xenograft 

 

Patient-Derived Xenografts (or PDXs) models are considered superior to 

traditional cell line-xenograft models of cancer because they maintain more 

similarities to the parental tumors (297-299). In the PDX model, the primary tumors, 

obtained fresh from patient surgery, are transferred into an immunodeficient mouse, 

generally a NOD/SCID mouse. The result is a tumor that more closely resemble the 

original cancer in the morphology, cellular heterogeneity, and molecular profile 

(297-299) and are proving useful for preclinical evaluation of experimental 

therapeutics. The main advantage of PDXs is that they are derived directly from 

patient tissue without prior in vitro culture, maintaining the heterogeneity of the 

clinical disease. Because the whole tumor fragments are directly implanted in vivo, 

the tumor material is not processed using dissociation protocols. Even though 

engraftment frequency and growth rate of implanted tumors can be variable, PDX 

models of different tumor types have been successfully established (300). Many of 

these tumors, in particular breast, ovarian, and brain, are characterized by high 

frequency of PTEN loss making them ideal for further testing of concepts developed 

in this thesis. Particularly relevant would be the comparison of the susceptibility of 

PTEN wild type or PTEN null PDXs to the combination of cisplatin and PI3Ki. 
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Cohorts can be generated from multiple donors and used to test for differential 

response. A homogeneous response to drug treatments amongst the different 

cohorts will identify loss of nuclear PTEN as the determinant of increased sensitivity 

to these agents. Conversely, high variability in the response will suggest the 

existence of cooperating alterations or other factors beyond PTEN loss (and the 

consequent genomic instability). This will provide an ideal opportunity to undertake 

additional molecular analyses to identify these mediators of sensitivity, which could 

reveal potential biomarkers and suggest opportunities for drug combinations.  

The identification of tumor biological markers can be useful in categorizing 

patients who will actually benefit from a specific treatment. The differential 

expression of molecules likely to be involved in the sensitivity of the tumor cells to 

therapy might explain the varying responses of tumor patients to a therapy, and 

might provide important tools for exploiting this aspect in the clinic. Genome-scale 

gene expression analyses of PDX tumors performed prior to treatment can help 

identify subsets that may benefit from the therapeutic combination of cisplatin and 

PI3Ki. Pattern of expression can be used to generate a gene expression signature 

associated with the response. This gene expression signature can subsequently be 

validated in cohorts of tumors from additional donors.   

 

4.2. PTEN-K254R and PTEN-T398A knock-in mice 

 

Knockout of the PTEN gene in mice leads to early embryonic lethality, 

whereas heterozygous deletion results in a fully penetrant cancer susceptibility 
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phenotype (35). In an effort to understand the role of loss of PTEN induced genomic 

instability in these phenotypes, it will prove useful to genetically engineer mice to 

carry mutations in key residues implicated in PTEN posttranslational modifications 

relevant to its nuclear function, lysine 254 and threonine 398. The mutations can be 

introduced using the knock-in strategy by homologous recombination in mouse 

embryonic stem (ES) cells. Mice heterozygous or homozygous for PTEN-K254R 

and PTEN-T398A would be initially monitored for viability and gross phenotypic 

defects. In case of embryonic lethality, mice will be staged to determine time of 

death and possible causes based on morphological analysis.  

 The evidence that either of the PTEN mutants, K254R and T398A, retain full 

lipid phosphatase activity implies that the homozygous mutant strains are likely to 

be viable. These mice, alongside the heterozygotes, should be monitored for 

spontaneous tumorigenesis, with particular emphasis on the endometrium and the 

mammary tissue where deletion of one PTEN allele causes a fully penetrant tumor 

phenotype (125). Considering the role of PTEN in the maintenance of genomic 

integrity, these mice should be subjected to genotoxic challenges, such as sub-

lethal doses of whole body ionizing radiation (3 Gy) and monitored for the 

appearance and timing of thymic lymphomas, the most likely tumors resulting from 

such treatment (301). 

To evaluate the specific consequences of loss of nuclear PTEN function-

induced genomic instability on tumorigenesis, mice bearing PTEN-K254R or PTEN-

T398A mutation should be crossed with other transgenic mice predisposed to 

cancer. A good strategy for this study would be the use of mice expressing the neu 



136 

(ErbB2) oncogene under the transcriptional control of the mouse mammary tumor 

virus promoter/enhancer (MMTVneu). MMTVneu mice develop focal mammary 

tumors that first appear at 4 months, with a median onset of 205 days (302). This 

model has been shown to recapitulate the gene expression profile of human 

Luminal B breast cancers, (303), and has been used test clinically-relevant 

therapies and identify potential biomarkers of drug sensitivity and resistance (304). 

Previous studies in this mouse model reported a tendency for the developing 

tumors to accumulate p53 mutations (305). Indeed, in bi-transgenic mice carrying 

MMTV-ErbB2 and WAP-p53–172H, tumor latency was shortened to 154 days, 

indicative of strong cooperativity between the MMTV-ErbB2 model and genomic 

instability brought on by p53 impairment (305). Moreover, the relatively prolonged 

rate of tumor development in the MMTV/Neu mice compared to other models (such 

as MMTV-PyVT) offers an opportunity to better appreciate the expected 

acceleration caused by the PTEN K254R mutation. Finally, because K254R 

mutation of PTEN replicates the genomic instability observed in PTEN-null 

scenarios without compromising its lipid phosphatase activity and ability to regulate 

PI3K signaling, the contribution of nuclear and cytoplasmic PTEN to tumorigenesis 

can be uncoupled.  

A similar experimental design can be applied to knock-in mouse expressing a 

PTEN T398A mutation. Mutation of PTEN threonine 398 abolishes ATM 

phosphorylation at this position and prevents its nuclear exclusion following 

genotoxic stress. Cells expressing PTEN T398A show milder DNA repair defects 

compared to cells expressing PTEN K254R, thus offering insight into the 
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contribution of partial loss of PTEN nuclear function in DNA repair. Combined, 

future experiments should establish how the disruption of the crosstalk between 

these two major tumor suppressors such as ATM and PTEN affects the formation of 

tumors. We expect that the knock-in of PTEN K254R and T398A will accelerate 

tumorigenesis in MMTVneu mice by both reducing tumor latency and increasing 

tumor numbers and growth.  

 

4.3. Identification of SUMO-PTEN protein-protein interactions 

 

SUMOylation has been shown to have a central role in the assembly and 

function of proteins at the site of DNA damage (232, 233, 236, 238, 241, 259). 

Likewise, SUMO-PTEN plays a specific role in the nucleus and cells that express 

the non-SUMOylable mutant PTEN-K254R have defective HR and display genomic 

instability. However the detailed mechanism by which PTEN achieves this function 

remains unknown. The identification of SUMO-PTEN interactors would represent a 

considerable step toward discovery of understanding the molecular mechanism of 

PTEN action in DDR.  

Mass-spectrometry provides an unbiased and powerful tool for the study of 

protein-protein interaction (306). Mass spectrometry is able to resolve complex 

mixtures of proteins using a technique in which gas phase peptides are ionized and 

their mass-to-charge ratio is measured. A spectrum is acquired to give the mass-to-

charge ratio of all compounds in the sample and, thanks to the use of 

bioinformatics, identify the components of the mixture. In the case of co-
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immunoprecipitated proteins, mass-spectrometry can be used for the identification 

of functional interactions. However, in the case of SUMOylated proteins, low steady-

state levels of endogenous SUMOylation and the difficulty in separating the 

SUMOylated form from the non-modified protein species are obstacles in the use of 

conventional methods for identifying protein-protein interactions.  

Nevertheless, certain improvements to the general approach may facilitate 

the detection of SUMO-specific PTEN interactions. Restricting affinity purification of 

PTEN to the nuclear fraction will lead to the enrichment for the SUMOylated form 

while excluding PTEN cytoplasmic interactions. To distinguish the SUMO-specific 

nuclear PTEN interactions, a “subtraction list” should be generated by determining 

the interactome of PTEN-K254R under the same conditions. To ensure that the 

interactions are physiologically relevant, the expression levels of PTEN and PTEN 

K254R should be comparable to those of the endogenous PTEN. This can be 

achieved by retroviral infection with PTEN constructs carried by the pBabe-FLAG 

backbone. Alternatively, MEFs isolated from wild type and PTEN-K254R knock-in 

mice could be used.  

SUMO-PTEN is involved in the cellular DNA repair and governs the correct 

assembly of repair proteins, such RAD51, at the DNA damage foci. To facilitate the  

capture of PTEN interactions towards this function, nuclear-PTEN pull-downs 

should be performed following cell exposure to IR. Considering the dynamics of 

SUMO-PTEN turnover following DNA damage and the time of assembly of DNA 

repair proteins, 4 to 6 hours after the damage would be a good optimization starting 

point (307). Potential interactors would then be verified by co-immunoprecipitation 
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and immunofluorescence microscopy. In particular, in situ proximity ligation assay 

(PLA) (308), for its specificity and sensitivity in detecting and quantifying protein-

protein interactions, would be the method of choice for validating experiments. 

Each candidate binding partner should also be further explored for the 

regions of interaction by truncation and co-immunoprecipitation analysis. Functional 

relationships should be pursued by overexpression/knockdown of candidate 

interactors, monitoring for rescue of DDR phenotypes elicited by nuclear PTEN loss, 

as well as regulation of nuclear PTEN turnover and 398 phosphorylation. Ultimately, 

verified relationships should be examined genetically in model organisms.  

 

4.4. Concluding remarks 

 

PTEN mutations are detected in at least 30 different tumor types (Catalogue 

of Somatic Mutations in Cancer, COSMIC). Loss of PTEN expression accounts for 

many more human cancers (309), making PTEN one of the most commonly lost or 

mutated tumor suppressor gene.  

Loss of PTEN is associated with high-grade malignancies, poor outcome and 

poor response to therapy in many human cancers (310-312). Screening PTEN loss 

by immunohistochemistry is being implemented in a number of cancer clinical trials. 

Despite numerous preclinical studies, it is unclear if PTEN loss of function 

represents an actionable feature in the clinical setting and, to date, no unified 

personalized therapy exists for these tumors.  

http://cancer.sanger.ac.uk/cosmic/gene/overview?ln=PTEN
http://cancer.sanger.ac.uk/cosmic/gene/overview?ln=PTEN
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The drugs tested in the clinical setting include almost exclusively 

RTK/PI3K/mTOR inhibitors. Data on drug sensitivity associated with PTEN 

deficiency collected from preclinical studies has only been partially validated in the 

clinic. In particular, early clinical data from patients receiving single-agent PI3K 

pathway inhibitors therapies produced mixed results. A phase I study with the pan-

PI3K inhibitors Buparlisib (BKM120) showed no association between PTEN status 

and clinical response (313).  

Equally PTEN loss only with the activation of the PI3K pathway, fails to take 

into account a prominent role for PTEN in the maintenance of genomic instability 

(158, 164, 314-316), possibly explaining failure of anti-PI3K therapeutics in PTEN-

deficient cancers. Importantly, PI3KCA mutations and PTEN loss are not mutually 

exclusive events in tumors (317). Loss of PTEN is likely associated with a distinctive 

set of molecular and metabolic changes within the cancer cells, possibly  creating 

vulnerabilities and opportunities for synthetic lethal interactions. 

My work revealed sensitivity of PTEN deficient cells to the combination of 

genotoxic stress and PI3K inhibition both in vitro and in vivo. Importantly, such 

combination was found to spare cells wild type for PTEN. While the mechanism of 

action of cisplatin leverages on their intrinsic genomic instability of PTEN-deficient 

cells, the concomitant inhibition of PI3K works to blunt their survival advantage. 

Consistent with such notion, one of the mechanisms of resistance to cisplatin is the 

activation of the PI3K/Akt pathway (318), which suppresses cisplatin induced 

apoptosis. Co-treatment with BKM120 effectively reduces PI3K pathway activation 

and ensures the normal functioning of the apoptotic response. 
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Clinical testing of these observations is underway. Targeted screening for 

PTEN loss in several ongoing clinical trials evaluating the effectiveness of the 

combination of PI3K inhibitors and conventional chemotherapy drugs will provide 

more insight into the value of PTEN as a biomarker.  

Parallel to these efforts, molecular biology and biochemistry efforts are 

shedding light on the molecular mechanisms of PTEN regulation relevant to 

tumorigenesis. Further work in these areas will lead towards development of new 

therapeutic strategies and refinement of the existing ones, with the ultimate goal of 

treatment of PTEN-deficient cancers. 
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