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Abstract 
 

A yeast screen for PI3K inhibitor resistance 

by Eli Richard Zunder 

 
 Drug resistance is a seemingly inescapable fact in cancer therapy.  This is 

particularly true for anti-cancer protein kinase inhibitors, which can be remarkably 

successful, but inevitably fall victim to resistance – leading to patient relapse.  The most 

frequent mechanism of resistance is mutations in the target protein kinase that preclude 

inhibitor binding, and the discovery and characterization of these mutations has led to 

second generation kinase inhibitors that can overcome the initial drug-resistant mutations.  

The related PI3K inhibitors show much promise as anti-cancer therapy, but are likely to 

be just as susceptible to drug resistance by mutation of the target kinase.  The oncogenic 

PI3K isoform p110α is the most frequently mutated kinase in human cancer, and 

numerous drugs targeting this kinase are currently in pre-clinical development or early 

stage clinical trials.  Clinical resistance mutations appear likely, but currently none have 

been reported.  Using a S. cerevisiae screen against a structurally diverse panel of PI3K 

inhibitors, I have identified a potential hotspot for resistance mutations (Ile 800), a drug-

sensitizing mutation (Lys814Cys), and a surprising lack of resistance mutations at the 

gatekeeper residue (Ile 848).  The screening protocol described here is applicable to 

several other drug targets that inhibit S. cerevisiae growth in addition to p110α, and 

hopefully will be used as part of a broader trend in drug development to predict drug-

resistant mutations in the laboratory rather than waiting for them to occur in patients, in 

order to accelerate the development of second-generation inhibitors. 
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1 The identification of p110α as a 

drug target for anti-cancer therapy 
 
 
1.1  Introduction 

 p110α is a class IA phosphoinositide 3-kinase (PI3K) that phosphorylates 

phosphatidylinositol-(4,5)-bisphosphate (PtdIns-4,5-P2) at the D-3 position of its inositol 

ring, generating phosphatidylinositol-(3,4,5)-trisphosphate (PtdIns-3,4,5-P3) [1].  PtdIns-

3,4,5-P3 recruits downstream signaling proteins such as Akt/PKB to the plasma 

membrane, leading to increased growth, proliferation, motility, and cell survival [1].  

p110α has attracted considerable interest as a drug target [2-4] since its identification as 

an oncogene [5] and the discovery of activating point mutations in its encoding gene 

PIK3CA [6].  In the absence of p110α mutation, other PI3K pathway members, including 

Receptor Tyrosine Kinases (RTKs), Ras, Phosphatase and Tensin Homolog (PTEN), and 

Akt/PKB are frequently mutated instead [7-9], highlighting the critical role PI3K 

signaling plays in oncogenesis and tumor maintenance [10, 11].  Mounting evidence for 

the importance of PI3K signaling in cancer has spurred the development of PI3K-targeted 
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small molecule inhibitors, several of which are now entering clinical trials as cancer 

therapy [12, 13]. 

 

1.2  The PI3K family of kinases 

 
1.2.1 Phosphatidylinositol and phosphoinositides in the 

mammalian cell 

Phosphatidylinositol (PtdIns) is a relatively minor component of the plasma 

membrane and other lipid membranes in the mammalian cell, but it is unique among 

phospholipids in that it can be phosphorylated at multiple positions, including the D-3, D-

4, and D-5 hydroxyls of its polar inositol head group.  These phosphorylated PtdIns 

derivatives are termed phosphoinositides.  In addition to influencing the biophysical 

properties of cellular membranes due to their additional bulk and negative charge, these 

phosphoinositides can also act as second messengers in signal transduction pathways that 

regulate growth, proliferation, survival, cytoskeletal organization, vesicle trafficking, ion 

channel function, and nutrient transport in mammalian cells. 

 The mammalian plasma membrane is approximately 30%-40% lipid by dry weight ; 

of these lipids, 50 – 75% are phospholipids, and 2 – 15% of these phospholipids are 

PtdIns [14-17].  The three most abundant species of PtdIns in mammalian cells include 

the unphosphorylated form, as well as the phosphoinositides phosphatidylinositol-(4)-

phosphate (PtdIns-4-P) and phosphatidylinositol-(4,5)-bisphosphate (PtdIns-4,5-P2), 

representing approximately 90% of the total PtdIns species [18]. 
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Figure 1.1. Chemical structures of phosphatidylinositol and high abundance 
phosphoinositides. 
 
 
 

Cell Type Phosphoinositide 
species Erythrocytes Platelets Lymphoma 

PI 1.9 ± 0.7 4.5 ± 0.9 5.8 ± 0.9 
PI-4-P 0.9 ± 0.4 0.9 ± 0.4 0.1 ± 0.2 
PI-4,5-P2 1.5 ± 0.4 0.4 ± 0.2 0.3 ± 0.3 

 
Table 1.1. Phosphoinositide composition of the plasma membrane of selected 
mammalian cell types [19]. Values are shown as mol % total phospholipid, ± 1 
standard deviation (SD). 
 
 
 In addition to PtdIns, PtdIns-4-P, and PtdIns-4,5-P2, several other phosphoinositide 

species exist in mammalian cell membranes at relatively low concentrations.  These low 

abundance species include phosphatidylinositol-(3)-phosphate (PtdIns-3-P), 

phosphatidylinositol-(3,4)-bisphosphate (PtdIns-3,4-P2), phosphatidylinositol-(3,5)-
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bisphosphate (PtdIns-3,5-P2), and phosphatidylinositol-(3,4,5)-trisphosphate (PtdIns-

3,4,5-P3). 

 
 
Figure 1.2: Chemical structures of low abundance phosphoinositides 
 
 
 

Cell Type 
L1 adipocytes L6 myotubes 

Phosphoinositide 
species 

no insulin 100nM insulin no insulin 100nM insulin 
PtdIns-3-P 1.21 1.27 0.72 0.72 
PtdIns-3,4-P2 0.09 0.52 not done not done 
PtdIns-3,5-P2 0.31 0.34 0.20 0.24 
PtdIns-3,4,5-P3 0.19 0.35 0.05 0.17 

 
Table 1.2. Phosphoinositide levels in insulin stimulated fat and muscle cells [20].  
Phosphoinositide levels are reported as % PtdIns-4,5-P2, which remains relatively 
constant. Measurements were taken after 10 minutes of insulin stimulation. 
 
 
 The concentration of each phosphoinositide species helps determine the membrane’s 

biophysical properties, and also controls signal transduction in the cell.  

Phosphoinositides can modulate the activity of membrane proteins such as ion channels 
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and transporters [21], serve as substrates for phospholipases such as phospholipase C 

(PLC) to generate diacyl glycerol (DAG) and soluble inositol-(1,4,5)-trisphosphate (IP3) 

[22, 23], or act as docking sites that recruit downstream signaling proteins to the plasma 

membrane [24].  Because the concentration of each phosphoinositide species is critical to 

cellular function, the production and degradation of each species is tightly regulated by 

phosphoinositide kinases and phosphatases, respectively. 

 

1.2.2 Organization and substrate specificities of the PI3K 

family 

 Synthesis of the multiple phosphoinositide species present in mammalian cells is 

governed in large part by the phosphoinositide kinases of the PI3K family, which is 

classified by sequence homology to include the Class I, Class II, and Class III PI3Ks, the 

phosphatidylinositol-(4)-kinases (PI4Ks), and the phosphoinositide-3-kinase-related 

protein kinases (PIKKs).  In addition to PI3Ks and PI4Ks, which phosphorylate the 

inositol head group on the D-3 and D-4 positions, respectively, cellular phosphoinositide 

levels are also regulated by the evolutionarily divergent phosphatidylinositol-phosphate-

(4)-kinase (PIP4K) and phosphatidylinositol-phosphate-(5)-kinase (PIP5K), by 

phosphatases such as PTEN and Src homology 2 domain-containing inositol 5' 

phosphatase (SHIP), and by phospholipases such as phospholipase C (PLC). 
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Figure 1.3.  Flow chart of the steps of phosphoinositide synthesis in mammalian cells 
[18].  The bold text indicates high abundance PtdIns species, and the bold arrows 
indicate the dominant pathways with respect to Class I PI3K signaling. 
 
 
 Class I PI3Ks are thought to preferentially phosphorylate PtdIns-4,5-P2 as a substrate 

in vivo, producing PtdIns-3,4,5-P3 [25].  Class I PI3Ks are heterodimers consisting of a 

catalytic subunit of approximately 110 kD and a regulatory subunit.  The catalytic 

subunits are further divided into Class IA and Class IB.  The Class IA PI3K catalytic 

subunits, p110α, p110β, and p110δ, associate with regulatory subunits p85α, p85β, p55α, 

p55γ, and p50α, all of which contain dual Src homology 2 (SH2) domains that target the 

Class IA PI3Ks to phosphotyrosine residues on activated receptor tyrosine kinases 

(RTKs) and associated adaptor proteins [26, 27].  The only known Class IB PI3K 

catalytic subunit is p110γ, and it primarily associates with the regulatory subunit p101 

[28], although recent studies suggest another possible Class IB regulatory subunit: 

p84/p87PIKAP [29, 30].  Class IB PI3Ks are activated by the βγ subunits of heterotrimeric 
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G proteins downstream of G-protein coupled receptors (GPCRs), rather than by 

phosphotyrosine residues on RTKs or adaptor proteins [31].  Recent evidence has shown 

that in addition to p110γ, p110β can also be activated by βγ subunit downstream  of 

GPCR signaling in some circumstances [32], although unlike p110γ, it requires 

phosphotyrosine in addition to the βγ subunit for activation.  In addition to activation by 

RTKs or GPCRs, all Class I PI3Ks can bind to activated Ras protein through the Ras 

binding domain (RBD) present in each catalytic subunit, providing an additional 

mechanism for activation [33].  

 

 
 
Figure 1.4.  X-ray crystal structure of p110α in complex with the iSH2 domain of 
p85α [34].  ABD = adaptor binding domain (p85 interacting), RBD = Ras binding 
domain, SH3 = src homology 3 domain, GAP = Rho GTPase Activating Protein 
homology domain (inactive), nSH2 = N-terminal src homolgy 2 domain, iSH2 = 
inter-SH2 domain, cSH2 = C-terminal src homology 2 domain. The p110α domain 
structure is representative of Class IA PI3Ks, Class IB domain structure is identical 
except it has no ABD domain. 
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The Class II PI3Ks PI3KC2α, PI3KC2β, and PI3KC2γ are able to phosphorylate 

PtdIns and PtdIns-4-P in vitro [35], but their preferred in vivo substrate and their 

biological function remain elusive [36].  The Class III PI3K vps34 can only 

phosphorylate PtdIns to produce PtdIns-3-P, which regulates endocytic trafficking, 

nutrient sensing, and autophagy in mammalian cells [37].  The PI4Ks in the PI3K family, 

PI4Kα and PI4Kβ, phosphorylate PtdIns to produce PtdIns-4-P, one of the major species 

of phosphoinositide in the cell that can go on to be further phosphorylated by other 

phosphoinositide kinases to yield PtdIns-3,4-P2 and PtdIns-4,5-P2, respectively, feeding 

into other signaling pathways.  The PIKKs in the PI3K family, ATM, ATR, SMG1, 

mTOR, and DNAPK, do not display any detectable lipid kinase activity, and rather act as 

Ser/Thr kinases, but they are targeted by many of the same kinase inhibitor classes due to 

their sequence homology with the PI3Ks. 

 

1.3    Discovery of PI3K and its role in cancer 

 
1.3.1 Identification of PI3K activity and its correlation 

with retroviral oncogenic transformation 

 PI3K activity was first observed in association with the oncogenic tyrosine kinases 

pp60v-src and pp68v-ros from rous sarcoma virus (RSV) and avian sarcoma virus UR2, 

respectively [38, 39].  Subsequent studies found that PI3K activity also associated with 

polyoma middle T/pp60c-src and with the PDGF receptor [40-42].  In vitro, this kinase 

activity could phosphorylate PtdIns, PtdIns-4-P, and PtdIns-4,5-P2 [43], but kinetic 

analysis of the formation of PtdIns-3-P, PtdIns-3,4-P2, and PtdIns-3,4,5-P3 in intact cells 
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after 32P labeling indicates that PtdIns-4,5-P2 is the primary physiological substrate for 

PI3K, producing PtdIns-3,4,5-P3 as its primary physiological product [25].  Initially, 

phosphoinositide and tyrosine phosphorylation were thought to result from a single 

kinase, because the two activities were tightly associated biochemically, and were 

inhibited in parallel in mammalian cells.  However, subsequent studies demonstrated that 

phosphorylation of tyrosine residues and phosphoinositides were due to separate kinase 

activities: transformation-defective polyoma mutants with reduced associated PI3K 

activity but intact tyrosine kinase activity were identified [41], and the two activities were 

separated biochemically using high salt and detergent conditions [44].  A 85 kD protein, 

the p85 regulatory subunit, was observed to correlate with PI3K activity [42], and the 

heterodimeric PI3K complex containing the p85 regulatory subunit and the p110 catalytic 

subunit was purified [45] and cloned [26, 46]. 

 

1.3.2 Identification of p110α as an oncogene 

 PI3K activity has been strongly correlated with oncogenic transformation since it 

was discovered, because mutants of polyoma middle T, pp60v-src and of pp130gag-abl that 

failed to associate with PI3K activity lost the ability to transform cells [40-42, 47-49].  In 

these cases, PI3K acts downstream of an oncogenic tyrosine kinase, but later experiments 

in Chicken Embryo Fibroblasts (CEFs) identified the PI3K catalytic isoform p110α as an 

oncogene itself that can drive transformation when membrane localized and 

overexpressed [5].  The discovery of activating point mutations in p110α [6] underlined 

the importance of PI3K signaling in human cancer, as it is the most frequently mutated 

oncogene in breast (27%) and endometrial (22%) cancers, and is the second most 
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frequently mutated oncogene behind Ras in colon cancer (23%).  p110α is mutated in 

15% of all tumors sequenced, making it the most frequently mutated kinase in human 

cancer (frequencies obtained from the Wellcome Trust Sanger Institute Cancer Genome 

Project, http://www.sanger.ac.uk/genetics/CGP). 

 More than 80% of reported p110α mutations are confined to the helical domain 

mutations E542K and E545K, and the kinase domain mutation H1047R [6]. 

 

Figure 1.5.  p110α hot spot mutations identified in human cancer. 
 
 
These mutants exhibit increased catalytic activity [6, 50] and are capable of transforming 

a number of cell lines in tissue culture and xenograft models [50-54].  The exact 

mechanism how these mutants activate p110α is not clear, but biochemical experiments 

and structural modeling indicate that the helical domain mutations E542K and E545K 

disrupt a salt bridge critical for the inhibitory interaction with the nSH2 domain of the 

p85 regulatory subunit [55].  Experiments combining the three p110α hot spot mutations 

with ABD and RBD mutations that disrupt binding to the p85 regulatory subunit and to 
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Ras, respectively, show that the helical domain mutants E542K and E545K require Ras-

GTP but not p85 binding for activation, while the kinase domain mutant H1047R requires 

p85 binding but not Ras-GTP [56]. 

 

1.3.3 Roles for the other p110 isoforms in cancer 

 No cancer specific mutations have been found in the p110 isoforms besides p110α, 

but it is possible they could act as oncogenes by overexpression rather than by mutation.  

This is suggested by experiments in CEFs that show overexpression of p110β, p110δ, and 

p110γ induced oncogenic transformation [57], but this result is not replicated with p110β 

in human mammary epithelial cells [51], suggesting that CEFs may be more permissive 

for transformation by PI3K activity than human cells. 

 While it is unclear whether p110 isoforms besides p110α can drive transformation in 

human cancer, mounting evidence suggests they play an indispensible role in several 

cancer types, either as oncogenes themselves, or more likely as key downstream 

mediators of a transformation-driving oncogenic lesion.  p110β, rather than p110α, has 

been shown to be essential for ERBB2-driven mammary gland tumorigenesis [58], 

growth of PTEN-deficient cancer cell lines [59, 60], and prostate tumorigenesis driven by 

PTEN loss [61].  The importance of p110β in cancer driven by PTEN loss is explained by 

experiments that indicate p110β provides a constant basal PI3K activity, while p110α is 

normally low, but provides an acute spike in PI3K activity after growth factor stimulation 

[20].  Therefore, while p110β appears “silent” in response to growth factors, it becomes a 

“powerhouse” to drive oncogenic transformation in the absence of PTEN [61]. 
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 p110δ and p110γ are expressed primarily in leukocytes of the immune system, and 

therefore are not frequently linked with cancer in non-immune tissues.  p110δ has been 

shown to be required for proliferation and survival of acute myeloid leukemia (AML) 

cells [62, 63], and p110γ may play a role in chronic myeloid leukemia (CML) [64], 

although unlike the p110δ AML result which uses the highly p110δ-specific inhibitor 

IC87114 [65] for validation, the p110γ CML result relies on overexpressing a dominant-

negative kinase-dead p110γ for validation, and therefore may not be as reliable. 

 

1.4     PI3K inhibitor development 

 
1.4.1    The first PI3K inhibitors: wortmannin and 

LY294002 

 Quercetin was the first small molecule identified as a PI3K inhibitor [66], but it is 

not specific for the PI3K family as it inhibits several protein kinases as well [67-71].  The 

first specific PI3K family inhibitors identified were the fungal metabolite wortmannin 

and the synthetic small molecule LY294002 [72]. 

 

 

Figure 1.6.  Chemical structures of the first PI3K inhibitors: quercetin, 
wortmannin, and LY294002 
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The natural product wortmannin was first identified as an antibiotic produced by the 

fungus Penicillium wortmanni [73], and was later identified as a PI3K inhibitor [74] 

based on its disruption of agonist-mediated respiratory burst in neutrophils [75], and then 

shown to broadly inhibit the PI3K family [76].  LY294002 was identified by medicinal 

chemistry efforts to improve the selectivity of quercetin for the PI3K family [72].  

Wortmannin and LY294002 are relatively specific for the PI3K family over protein 

kinases, but both are broadly active within the PI3K family [20], including the PIKK 

protein kinases [76, 77].  Wortmannin is highly potent as it is an irreversible inhibitor that 

covalently modifies the catalytic lysine of PI3K family members, and LY294002 is 

weakly potent, with IC50s in the µM range for PI3K family members. 

 

Figure 1.7.  Mechanism of PI3K inactivation by wortmannin.  The nucleophilic 
Lysine 802 in p110α attacks the furan ring of wortmannin, resulting in a stable 
PI3K-wortmannin adduct. 
 
 
Although both wortmannin and LY294002 lack specificity within the PI3K family, they 

have both been invaluable tools for the study of PI3K signaling. 

 

1.4.2 Isoform-selective PI3K inhibitors 

 Mounting evidence for the importance of PI3K signaling in cancer [78] as well as 

autoimmune and inflammatory disease [79], has led to a surge in the development of 

isoform-specific PI3K inhibitors, in the hopes of increased potency and decreased off-
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target effects.  Inhibitors selective for p110β (TGX-221) [80], p110δ (IC87114) [65], and 

p110γ (AS-605240) [81, 82] have been identified by medicinal chemistry efforts, but 

p110α-selective inhibitors remain elusive. 

 

Figure 1.8.  Chemical structures of the isoform-selective inhibitors TGX-221 
(p110β), IC87114 (p110δ), and AS-605240 (p110γ). 
 
 
Potent inhibitors have been identified that are selective for p110α among the p110 

isoforms: PI-103 and PIK-75 are approximately 5-fold and 10-fold selective, 

respectively, but these compounds have significant off-target effects.  PI-103 potently 

inhibits mTOR in addition to p110α [83], and PIK-75 potently inhibits a number of 

protein kinase targets [20].  Other PI3K inhibitors that potently target p110α include PIK-

90, PIK-85, PIK-93, PW-12, PP-110, and BEZ-235 [20, 84-86]. 
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Figure 1.9.  Chemical structures of PI3K inhibitors that target p110α 
 
 
Although no single inhibitor is completely selective for p110α, the use of multiple PI3K 

inhibitors with varied p110 targets has allowed biological functions to be attributed to 

p110α by inference [20]. 

 

1.4.3    PI3K inhibitors currently in clinical trials 

 Several PI3K inhibitors have entered clinical trials for cancer therapy against several 

tumor types. 
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Study Start 
Date 

Compound Company Conditions Phase 

Dec 2006 BEZ-235 Novartis Solid Tumors, Breast Cancer I 
Jun 2007 XL765 Exelixis Cancer I/II 
Jun 2007 XL147 Exelixis Cancer I/II 
Dec 2007 BGT226 Novartis Solid Tumors, Breast Cancer, 

Cowden Syndrome 
I 

Jun 2008 PX-866 ProlX Advanced Solid Tumors I 
Jun 2008 CAL-101 Calistoga Chronic Lymphocytic Leukemia 

(CLL), 
Lymphoma, Non-Hodgkin (NHL), 
Acute Myeloid Leukemia (AML) 

I 

not 
disclosed GDC-0941 Piramed / 

Genentech 
Locally Advanced or 

Metastatic Solid Tumors I 

not 
disclosed SF1126 Semafore Advanced or Metastatic Tumors I 

 
Table 1.3.  PI3K inhibitors in clinical trials as cancer therapy 
 
 
1.5    Similarities and differences between the PI3K and 

protein kinase families 

 
1.5.1 Sequence and structural alignment 

 While the PI3K family shares the same two-lobe kinase domain structure and 

catalytic sequence motifs of the protein kinase family, the two families are evolutionarily 

divergent.  Sequence homology between PI3K and protein kinases is so low that a 

sequence alignment of the two families was not possible until the x-ray crystal structure 

of p110γ was solved, allowing for a structure-based sequence alignment [87].  Even with 

structural information, the alignment is only possible in the region of highest 

conservation, in the N-lobe of the kinase domain between the P-loop motif and the DFG 

motif, because outside this region the structures diverge significantly.
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                          10        20        30        40        50        60        70        80        90                  
                 ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
        CaMK1a   RDVLGTGA-FSEVIL--AEDKRTQ--------KLVAIKCIA---KEALE--GKEGSMENEIAVLH---KIKH----------PNIVALDD  
        AKT1     LKLLGKGT-FGKVIL--VKEKATG--------RYYAMKILK---KEVIVAKDEVAHTLTENRVLQ---NSRH----------PFLTALKY  
        CDK2     VEKIGEGT-YGVVYK--ARNKLTG--------EVVALKKIR---LDTET-EGVPSTAIREISLLK---ELNH----------PNIVKLLD  
        BRAF     GQRIGSGS-FGTVYK--GKWHG-----------DVAVKMLN---VTAPTP-QQLQAFKNEVGVLR---KTRH----------VNILLFMG  
        SRC      EVKLGQGC-FGEVWM--GTWNG---------TTRVAIKTLK---PGTMS----PEAFLQEAQVMK---KLRH----------EKLVQLYA  
        MAP2K1   ISELGAGN-GGVVFK--VSHKPSG--------LVMARKLIH---LEIKP--AIRNQIIRELQVLH---ECNS----------PYIVGFYG  
        ANPa     LTLSGRGSNYGSLLTTEGQFQVFAKTAY-YKGNLVAVKRVN---RKRI---ELTRKVLFELKHMR---DVQN----------EHLTRFVG  
        CK1a     VRKIGSGS-FGDIYL--AINITNG--------EEVAVKLES---QKAR-----HPQLLYESKLYKILQGGVG----------IPHIRWYG  
        Src      EVKLGQGC-FGEVWM--GTWNG---------TTRVAIKTLK---PGTMS----PEAFLQEAQVMK---KLRH----------EKLVQLYA  
        p110a    CRIMSSA---KRPLW--LNWEN-PDIMSELLFNEIIFKNGD---DLRQD----MLTLQI-IRIME---NIWQNQG----LDLRMLPYGCL  
        p110b    CKYMDSK---MKPLW--LVYN--NKVFGED-SVGVIFKNGD---DLRQD----MLTLQM-LRLMD---LLWKEAG----LDLRMLPYGCL  
        p110d    CTFMDSK---MKPLW--IMYS--NEEAGSGGSVGIIFKNGD---DLRQD----MLTLQM-IQLMD---VLWKQEG----LDLRMTPYGCL  
        p110g    CKVMASK---KKPLW--LEFKCADPTALSNETIGIIFKHGD---DLRQD----MLILQI-LRIME---SIWETES----LDLCLLPYGCI  
        PI4Ka    EGLRCRS---DSEDE--CSTQEAD--GQKISWQAAIFKVGD---DCRQD----MLALQI-IDLFK---NIFQLVG----LDLFVFPYRVV  
        PI4Kb    WQEKVRR---IREGS--PYGHL------PNWRLSVIVKCGD---DLRQE----LLAFQV-LKQLQ---SIWEQER----VPLWIKPYKIL  
        PI3KC2a  CSFFSSN---AVPLK--VTMVN---ADPLGEEINVMFKVGE---DLRQD----MLALQM-IKIMD---KIWLKEG----LDLRMVIFKCL  
        PI3KC2b  CSYFNSN---AVPLK--LSFQN---VDPLGENIRVIFKCGD---DLRQD----MLTLQM-IRIMS---KIWVQEG----LDMRMVIFRCF  
        PI3KC2g  CSYFTSN---ALPLK--ITFIN---ANLMGKNISIIFKAGD---DLRQD----MLVLQL-IQVMD---NIWLQEG----LDMQMIIYRCL  
        hvps34   ATLFKSA---LMPAQ--LFFKT-----EDGGKYPVIFKHGD---DLRQD----QLILQI-ISLMD---KLLRKEN----LDLKLTPYKVL  
        ATM      FRLAGGV---NLPKI--IDCVG-----SDGKERRQLVKGRD---DLRQD----AVMQQV-FQMCN---TLLQRNTETRKRKLTICTYKVV  
        ATR      VEILASL---QKPKK--ISLKG-----SDGKFYIMMCKPKD---DLRKD----CRLMEF-NSLIN---KCLRKDAESRRRELHIRTYAVI  
        SMG1     ITILPTK---TKPKK--LLFLG-----SDGKSYPYLFKGLE---DLHLD----ERIMQF-LSIVN---TMFATINRQETPRFHARHYSVT  
        mTOR     LQVITSK---QRPRK--LTLMG-----SNGHEFVFLLKGHE---DLRQD----ERVMQL-FGLVN---TLLANDPTSLRKNLSIQRYAVI  
        DNAPK    VTVMASL---RRPKR--IIIRG-----HDEREHPFLVKGGE---DLRQD----QRVEQLFQVMNG---ILAQDSACSQRALQLRTYSVVP  
         
                         100       110       120       130       140       150       160       170       180         
                 ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
        CaMK1a   IYESGGHLYLIMQLVS-GG--ELFDRIVEKG-----------------------------------------------------------  
        AKT1     SFQTHDRLCFVMEYAN-GG--ELFFHLSRER-----------------------------------------------------------  
        CDK2     VIHTENKLYLVFEFLH-QD---LKKFMDASALTG--------------------------------------------------------  
        BRAF     YSTKPQ-LAIVTQWCE-GS--SLYHHLHIIET----------------------------------------------------------  
        SRC      VVSEEP-IYIVTEYMS-KG--SLLDFLKGETG----------------------------------------------------------  
        MAP2K1   AFYSDGEISICMEHMD-GG---SLDQVLKKAGR---------------------------------------------------------  
        ANPa     ACTDPPNICILTEYCP-RG--SLQDILENES-----------------------------------------------------------  
        CK1a     QEKDYN--VLVMDLLG-PSLEDLFNFCSRR------------------------------------------------------------  
        Src      VVSEEP-IYIVTEYMS-KG--SLLDFLKGETG----------------------------------------------------------  
        p110a    SIGD---CVGLIEVVRNSH--TIMQIQCKGG-----------------------------------------------------------  
        p110b    ATGD---RSGLIEVVSTSE--TIADIQLNSSN----------------------------------------------------------  
        p110d    PTGD---RTGLIEVVLRSD--TIANIQLNKSN----------------------------------------------------------  
        p110g    STGD---KIGMIEIVKDAT--TIAKIQQSTV-----------------------------------------------------------  
        PI4Ka    ATAP---GCGVIECIPDCT--SRDQLGRQTD-----------------------------------------------------------  
        PI4Kb    VISA---DSGMIEPVVNAV--SIHQVKKQSQ-----------------------------------------------------------  
        PI3KC2a  STGR---DRGMVELVPASD--TLRKIQVEYG-----------------------------------------------------------  
        PI3KC2b  STGR---GRGMVEMIPNAE--TLRKIQVEHG-----------------------------------------------------------  
        PI3KC2g  STGK---DQRLVQMVPDAV--TLAKIHRHSG-----------------------------------------------------------  
        hvps34   ATST---KHGFMQFIQSVP--VAEVLDTEGS-----------------------------------------------------------  
        ATM      PLSQ---RSGVLEWCTGTV--PIGEFLVNNEDGAHKRYRPNDFSAFQCQKKMMEVQKKSFEEKYEV------------------------  
        ATR      PLND---ECGIIEWVNNTA--GLRPILTKLYKEKGVYM-----TGKELRQCMLPKSAALSEKLKVF------------------------  
        SMG1     PLGT---RSGLIQWVDGAT--PLFGLYKRWQQREAALQAQKAQDSYQTPQNPGIVPRPSELYYSKIGPALKTVGLSLDVSRRDWPLHVMK  
        mTOR     PLST---NSGLIGWVPHCD--TLHALIRDYREKKKILLNIEHRIMLRMAPDYDHLTLMQKVEVFEH------------------------  
        DNAPK    MTSR----LGLIEWLENTV--TLKDLLLNTMSQEEKAAYLSDPRAPPCEYKDWLTKMSGKHDVGAYMLMYKG-----------ANRTETV  
         
                         190       200       210       220       230       240       250       260        
                 ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|.. 
        CaMK1a   ----FYTER----------------------DASRLIFQVLDAVKYLH--DLGIVHRDLKPENLLYYS-LDEDSKIMISDFG  
        AKT1     ----VFSED----------------------RARFYGAEIVSALDYLHS-EKNVVYRDLKLENLMLD----KDGHIKITDFG  
        CDK2     -----IPLP----------------------LIKSYLFQLLQGLAFCH--SHRVLHRDLKPQNLLIN----TEGAIKLADFG  
        BRAF     ----KFEMI----------------------KLIDIARQTAQGMDYLH--AKSIIHRDLKSNNIFLH----EDLTVKIGDFG  
        SRC      ---KYLRLP----------------------QLVDMAAQIASGMAYVE--RMNYVHRDLRAANILVG----ENLVCKVADFG  
        MAP2K1   -----IPEQ----------------------ILGKVSIAVIKGLTYLR-EKHKIMHRDVKPSNILVN----SRGEIKLCDFG  
        ANPa     ---ITLDWM----------------------FRYSLTNDIVKGMLFLHN-GAICSHGNLKSSNCVVD----GRFVLKITDYG  
        CK1a     -----FTMK----------------------TVLMLADQMISRIEYVH--TKNFIHRDIKPDNFLMGIG-RHCNKCLESPVG  
        Src      ---KYLRLP----------------------QLVDMAAQIASGMAYVE--RMNYVHRDLRAANILVG----ENLVCKVADFG  
        p110a    ---LKGALQFNSHTLHQWLKDKN-KGEIYDAAIDLFTRSCAGYCVATF--ILGI--GDRHNSNIMVK----DDGQLFHIDFG     
        p110b    ---VAAAAAFNKDALLNWLKEYN-SGDDLDRAIEEFTLSCAGYCVASY--VLGI--GDRHSDNIMVK----KTGQLFHIDFG  
        p110d    ---MAATAAFNKDALLNWLKSKN-PGEALDRAIEEFTLSCAGYCVATY--VLGI--GDRHSDNIMIR----ESGQLFHIDFG  
        p110g    ----GNTGAFKDEVLNHWLKEKSPTEEKFQAAVERFVYSCAGYCVATF--VLGI--GDRHNDNIMIT----ETGNLFHIDFG  
        PI4Ka    ----------FGMYDYFTRQYGDESTLAFQQARYNFIRSMAAYSLLLF--LLQI--KDRHNGNIMLD----KKGHIIHIDFG  
        PI4Kb    ----------LSLLDYFLQEHGSYTTEAFLSAQRNFVQSCAGYCLVCY--LLQV--KDRHNGNILLD----AEGHIIHIDFG  
        PI3KC2a  -----VTGSFKDKPLAEWLRKYNPSEEEYEKASENFIYSCAGCCVATY--VLGI--CDRHNDNIMLR----STGHMFHIDFG  
        PI3KC2b  -----VTGSFKDRPLADWLQKHNPGEDEYEKAVENFIYSCAGCCVATY--VLGI--CDRHNDNIMLK----TTGHMFHIDFG  
        PI3KC2g  -----LIGPLKENTIKKWFSQHNHLKADYEKALRNFFYSCAGWCVVTF--ILGV--CDRHNDNIMLT----KSGHMFHIDFG  
        hvps34   ----------IQNFFRKYAPSENGPNGISAEVMDTYVKSCAGYCVITY--ILGV--GDRHLDNLVLT----KTGKLFHIDFG  
        ATM      ---FMDVCQNFQPVFRYFCMEKFLDPAIWFEKRLAYTRSVATSSIVGY--ILGL--GDRHVQNILIN---EQSAELVHIDLG  
        ATR      ---REFLLPRHPPIFHEWFLRTFPDPTSWYSSRSAYCRSTAVMSMVGY--ILGL--GDRHGENILFD---SLTGECVHVDFN  
        SMG1     AVLEELMEATPPNLLAKELWSSCTTPDEWWRVTQSYARSTAVMSMVGY--IIGL--GDRHLDNVLID---MTTGEVVHIDYN  
        mTOR     -----AVNNTAGDDLAKLLWLKSPSSEVWFDRRTNYTRSLAVMSMVGY--ILGL--GDRHPSNLMLD---RLSGKILHIDFG  
        DNAPK    TSFRKRESKVPADLLKRAFVRMSTSPEAFLALRSHFASSHALICISHW--ILGI--GDRHLNNFMVA---METGGVIGIDFG  

 
Figure 1.10.  Sequence alignment of the PI3K and protein kinase families.  The 
alignment includes representative protein kinases from each of the 8 major protein 
kinase groups: AGC (AKT1), CAMK (CAMK1a), CMGC (CDK2), CK1 (CK1A), 
RGC (ANPA), STE (MEK1), TKL (BRAF), and TK (CSRC).  Amino acids are 
colored to highlight conservation of properties: red = negative charge, blue = 
positive charge, green = aliphatic, etc. 
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Figure 1.11.  Sequence homology of the PI3K and protein kinase families.  Pairwise 
protein distance values were calculated for the segment between the P-loop and 
DFG using the PAM matrix, and then normalized to a 0-10 scale, where 0 is 
identical and 10 is highest divergence. 
 
 
 The PI3K and protein kinase families are evolutionarily divergent, differing in 

primary sequence and tertiary structure, and in the vast majority of cases, PI3K inhibitors 

do not inhibit protein kinases and vice versa.  However, extensive screening efforts have 

identified a dual PI3K-protein kinase inhibitor scaffold [85]. 



 19

 
 
Figure 1.12.  Structural alignment of p110γ and c-Src bound to the dual PI3K-
protein kinase inhibitor S1 [85].  p110γ = green, and c-Src = purple. 
 
 
1.5.2 The gatekeeper residue 

 Protein kinases play a key role in signal transduction in eukaryotic cells, relaying 

changes in the cell’s environment, such as nutrient availability or the presence of growth 

factors, into a functional change in the cell’s behavior, such as metabolism, growth, and 

proliferation.  Because practically every cellular process is controlled by protein kinase 

signaling at some level, the study of individual protein kinases and their biological 

function promises a far greater understanding of cellular biology.  Interrogation of 

individual protein kinases by genetic methods such as gene knock-outs or RNAi is not 

ideal however, because these methods work on the hour to day timescale, but changes in 

protein kinase signaling occur rapidly, often on the second and minute timescale.  

Another disadvantage is that gene knock-out and RNAi remove the entire protein from 
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the cell, which is very different from simply removing the kinase activity, because the 

protein may contain additional domains with enzymatic activity or scaffolding function, 

although this concern is allayed by the knock-out/knock-in kinase-dead strategy.  These 

two disadvantages, timescale and complete protein loss, often confound the results of 

genetic experiments on protein kinase signaling. The long delay allows the cell to adapt, 

often by upregulating compensatory pathways and masking the kinase’s true role in 

cellular signaling, and the loss of the entire protein can lead to changes independent of 

protein kinase activity [88]. 

 Small molecule protein kinase inhibitors are therefore preferable to genetic methods 

for the study of signal transduction, because they can rapidly inhibit their target on the 

second to minute timescale, and they leave the target protein intact so that it can maintain 

any kinase-independent function.  Additional advantages of small molecule protein 

kinase inhibitors over genetic techniques are rapid washout and the ability to titrate 

kinase inhibition, both of which are impossible with genetic knock-outs and highly 

difficult with RNAi.  Finally, there is a great practical advantage to studying protein 

kinase signaling with small molecule inhibitors, because many kinase inhibitors are 

successful drugs used to treat human disease, and kinase inhibition is an active area of 

research for the pharmaceutical industry.  Therefore, studying kinase inhibition with 

small molecule inhibitors rather than genetic techniques better mimics the effect of a 

potential drug, which is often the desired outcome in biomedical and translational studies. 

 For all the advantages of small molecule inhibitors over genetic techniques, there is 

one disadvantage for the study of kinase signaling: specificity.  While genetic knock-out 

of a kinase is 100% specific, and the specificity of RNAi can be validated easily with 
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multiple constructs, small molecule kinase inhibitors are inherently non-specific, because 

the active sites of every kinase are highly similar, and therefore difficult for a potent 

small molecule to distinguish between.  In addition to the greater than 500 possible 

kinases for off target effects, ATP-competitive kinase inhibitors may also inhibit any of 

the numerous ATPases in the cell.  Recent efforts have identified kinase inhibitors that 

gain specificity by targeting unique inactive conformations [89, 90], or allosteric sites 

distant from the active site [91, 92], but the majority of kinase inhibitors used in basic 

science and clinical applications target the ATP binding site, and therefore inhibit a large 

number of kinases in addition to their primary target [93]. 

 The non-specificity of kinase inhibitors is most troubling because it is never 

completely defined: it is impossible to test a small molecule for inhibition of every 

enzymatic activity in the cell.  Currently, a popular measure of specificity of small 

molecule kinase inhibitors is performed by screening against kinase panels that number in 

the hundreds [85, 93], and these panels are constantly increasing in size as additional 

kinase assays are developed.  Another excellent measure of kinase inhibitor specificity is 

by affinity purification of targets by the small molecule inhibitor immobilized onto a 

solid resin [94, 95].  Differences in cellular protein levels over several orders of 

magnitude can make low abundance targets difficult to identify by affinity 

chromatography. 

 An ingenious solution to the problem of kinase inhibitor selectivity has been the 

development of a chemical-genetic method to generate mutant kinases that are uniquely 

inhibited by a modified kinase inhibitor that, due to introduced steric bulk, does not 

inhibit any other kinase [96].   This analog-sensitive “bump-hole” strategy, using space-
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creating mutations in the kinase active site and “bumped” inhibitors, takes advantage of a 

conserved active site residue termed the gatekeeper residue, which is present in all human 

protein kinases, but is never an alanine or glycine.  Most protein kinases tolerate mutation 

of the gatekeeper residue to alanine or glycine without significant loss of activity, 

creating a larger active site pocket that can be uniquely inhibited by “bumped” inhibitors 

such as 1-napthylmethyl-PP1. 

 

Figure 1.13.  Wild type and analog-sensitive protein kinase bound to PP1 and 1-NM-
PP1, respectively.  The space created by the gatekeeper Ala/Gly mutation is 
indicated in red, illustrating the steric clash that prohibits 1-NM-PP1 from binding 
to all WT protein kinases. 
 
 
The analog-sensitive strategy is well suited to studying protein kinases in S. cerevisiae 

and mice due to the ease in which WT protein kinase can be replaced with an analog-

sensitive mutant genetically [96, 97].  Replacing the endogenous WT kinase with the 

analog-sensitive mutant is more difficult in human cells, but can be accomplished by 

RNAi-mediated knock-down of the endogenous kinase targeted against non-coding 

regions of the mRNA, coupled with simultaneous expression of the mutant kinase by 

transfection or retroviral infection, or by homologous gene replacement with a 
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recombinant adeno-associated virus (rAAV) strategy [98-100].  In addition to selective 

inhibition experiments, analog-sensitive mutant kinases can also be used for substrate 

labeling, in order to identify direct kinase substrates [101-103]. 

 In addition to its usefulness for the creation of analog-sensitive protein kinase alleles, 

the gatekeeper residue is also the most frequent site of drug-resistant mutations in protein 

kinases that are targeted by small molecule inhibitors as cancer therapy, including 

imatinib (BCR-ABL, KIT, PDGFR) and gefitinib/erlotinib (EGFR) [104], due to its 

conserved position at a critical site for inhibitor binding and its relative tolerance to 

mutation..  Many drug-resistant mutations decrease kinase activity in addition to inhibitor 

binding, but the gatekeeper resistance mutations retain high kinase activity, and are also 

the most difficult of all resistance mutations against which to identify selective second 

generation inhibitors [105]. 

 Compared to protein kinases, the gatekeeper residue occupies a similar position in 

the PI3K active site, as seen in the p110γ and p110α x-ray crystal structures [34, 87]. 

 

 
 
Figure 1.14.  Position of the gatekeeper residue in PI3K and protein kinases.  ATP is 
shown bound to Abl (PDB code 2G1T) and p110α (PDB code 2RD0).  ATP from the 
p110γ cocrystal (PDB code 1E8X) was overlaid onto p110α (PDB code 2RD0) by 
structural alignment.  The gatekeeper residue in each protein is labeled and 
highlighted in red. 
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Unlike the protein kinases susceptible to drug-resistant mutations, p110α and the other 

p110 isoforms have an Ile residue at the gatekeeper position rather than a Thr residue. 

 

Figure 1.15.  Sequence alignment of p110α with protein kinases in which gatekeeper 
drug-resistance mutations are observed.  The gatekeeper position is highlighted with 
a black box. 
 
 
Attempts to generate analog-sensitive p110α mutants have been unsuccessful, because 

mutation of the gatekeeper residue Ile 848 to either Ala or Gly results in a complete loss 

of catalytic activity [106].  This may be due to reduced tolerance to mutation at the PI3K 

gatekeeper position relative to protein kinases, which is suggested by the distribution of 

residues from each family, with protein kinases able to accommodate most residues but 

the PI3K family only containing the aliphatic residues Ile, Leu, Met, and Val. 

 

Figure 1.16.  Distribution of residues at the gatekeeper position in the human PI3K 
and protein kinase families. 
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However, structural analysis suggests that mutation of Ile 848 to a larger residue would 

block access to the “affinity pocket” [20] that is accessed by the most potent PI3K 

inhibitors but not by ATP, and therefore the gatekeeper residue may be a likely site of 

drug-resistant mutations to anti-cancer PI3K inhibitors that are now entering clinical 

trials. 

 

Figure 1.17.  Ile 848 and the PI3K affinity pocket.  The x-ray crystal structure of 
p110α (PDB code 2RD0) is overlaid with ATP and PIK-90 from p110γ co-crystal 
structures (PDB codes 1E8X and 2CHX, respectively).  The adenine pocket is 
colored green, the affinity pocket is colored red, and the location of Ile 848 is 
indicated by a dashed line. 
 
 
1.6     Conclusion 

 PtdIns can be phosphorylated to several species of phosphoinositides that play an 

important role as second messengers in cellular signal transduction.  PtdIns-3,4,5-P3 

generated by PI3K activity plays an important role in cancer signaling, and the catalytic 

isoform p110α is one of the most frequently mutated oncogenes in human cancer.  The 

development of potent and selective PI3K inhibitors has greatly improved our knowledge 

of PI3K biology.  Many of these PI3K inhibitors are entering clinical trials, but it is likely 

they will be susceptible to resistance mutations in a similar manner to protein kinase 
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inhibitors.  Structural similarities between the PI3K and protein kinase active sites 

suggest that the gatekeeper residue Ile 848 of the oncogenic PI3K isoform p110α is likely 

to be a potential site for drug-resistant mutations. 
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2 A S. cerevisiae assay for PI3K 
activity and inhibition 

 
 
2.1    Introduction 

 The identification and characterization of protein kinase resistance mutations from 

cancer patients has led to the development of effective second generation inhibitors [105, 

107, 108].  Remarkably, resistance screens in mammalian tissue culture are able to 

reproduce these mutations in vitro [109-111].  Typically in these screens the cells are 

grown in the presence of drug to select for resistance mutations, either starting with the 

drug at sub-lethal concentration and slowly increasing over each cell passage, or holding 

the concentration constant at a level that kills the majority of the cells immediately.  The 

experiment may rely on the genetic diversity already present in the cell line used, or it 

may rely on the resistance mutation spontaneously occurring as the cells grow and 

proliferate.  Alternatively, genetic diversity may be introduced by culturing the cells in 

the presence of a mutagen such as N-ethyl N-nitrosourea (ENU), or by mutagenizing the 

DNA of the target kinase in vitro with error-prone PCR or E. coli strains deficient in 
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DNA repair, before introducing the mutant library retrovirally into the cell line for 

screening. 

 Screening for drug resistance in mammalian tissue culture has proven successful in 

many examples, but there are several drawbacks to note.  One drawback is the difficulty 

in recovering and identifying the mutation that confers resistance.  The target gene, either 

endogenous or retrovirally integrated, must be recovered from the genomic DNA and 

sequenced, and this is complicated by multiple copies in the genome: two for endogenous 

genes in diploid organisms, and possibly more for retroviral insertions.  Additionally, the 

cell line’s drug resistance may not be due to a mutation in the target kinase of interest, but 

instead may be due to any number of mechanisms, including overexpression of the target 

kinase, increased expression of drug-efflux pumps, or upregulation of alternative 

pathways that compensate for inhibition of the target kinase.  Much can be learned by 

studying these unique drug-resistant cell lines, but tracking down the source of resistance 

can be quite difficult, and most drug resistance studies to not follow up these cell lines 

after it is determined that the target kinase in not mutated.  Another drawback is that 

mammalian screens cannot find drug resistance mutations in a single target kinase if the 

drug being used has multiple targets, each of which is essential for growth and 

proliferation, such as the dual PI3K-mTOR inhibitor PI-103 [83].  Finally, a significant 

drawback to screening for drug resistance in mammalian tissue culture is the difficulty in 

scaling the screen up to include a large number of inhibitors. 

 In order to identify PI3K drug-resistant mutations, I developed an assay for PI3K 

inhibition in S. cerevisiae that overcomes these limitations of mammalian tissue culture 

screens.  Unlike mammalian cells, the recovery of DNA from S. cerevisiae is rapid and 
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straightforward by plasmid rescue.  S. cerevisiae has no endogenous PI3K activity and 

selective PI3K inhibitors do not inhibit growth, so off-target mechanisms of drug-

resistance are minimized.  PI3K inhibitors that target multiple human kinases that would 

confound a mammalian screen are amenable to study in S. cerevisiae, because the 

additional targets are simply not present.  Finally, using S. cerevisiae allows an unlimited 

number of drug conditions to be screened via replica plating or robotic pinning.  This is 

essential because the structural diversity of PI3K inhibitors in clinical development [13] 

suggests that a different spectrum of resistance mutations may arise against each 

inhibitor, and I sought to identify p110α resistance mutations before they occur in cancer 

patients, with no prior knowledge of clinical resistance in the PI3K family, and 

uncertainty about which PI3K inhibitor will make it through clinical trials as a successful 

anti-cancer therapy. 

 

2.2     PI3K-induced toxicity in S. cerevisiae 

 While S. cerevisiae expresses several lipid kinases in the PI3K family and produces 

several species of phosphoinositide, it lacks an endogenous p110 homolog, and therefore 

does not produce PtdIns-3,4,5-P3 [112]. 

 

 
 
Figure 2.1.  Phosphoinositide synthesis in S. cerevisiae. 
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Previous studies have shown that overexpression of membrane-localized p110α-CAAX 

inhibits S. cerevisiae growth [113, 114].  This growth inhibition could be caused either by 

an inherent toxicity of PtdIns-3,4,5-P3 that S. cerevisiae cannot degrade, or by depletion 

of PtdIns-4,5-P2 and other phosphoinositides which are required in S. cerevisiae to 

maintain proper actin [115] and septin [116] architecture, and for membrane trafficking 

[112].  Activation of the cell-integrity pathway MAPK Slt2 upon induction of p110α-

CAAX expression suggests that depletion of PtdIns-4,5-P2, and subsequent disruption of 

actin-mediated transport of vesicles required for cell membrane and cell wall biogenesis 

plays a major role in the PI3K-induced growth inhibition phenotype [114]. 

 S. cerevisiae growth inhibition is lost when p110α is overexpressed without a 

membrane-localizing C-terminal CAAX domain, but is partially regained if p110α is 

mutated from WT to the oncogenic H1047R [117].  Interestingly, growth inhibition is not 

partially regained with the oncogenic E545K mutant [117], perhaps because E545K is 

thought to activate p110α by disrupting an inhibitory interaction with the p85 regulatory 

subunit [55], but S. cerevisiae does not express any p85 homolog so there is no advantage 

for E545K in this system. 

 

2.3     Rescue of PI3K-induced toxicity by potent and 

selective PI3K inhibitors 

 Previous studies have shown that p110α-induced growth inhibition in S. cerevisiae 

can be partially reversed by the low potency PI3K inhibitor LY294002 [114]; here I use a 



 31

structurally diverse panel of high potency PI3K inhibitors that completely rescue growth, 

taking advantage of the drug-permeablized S. cerevisiae strain YRP1. 

 

2.3.1    Advantages of the drug-permeablized strain YRP1 

 In order to use PI3K-induced toxicity to study p110α inhibition in S. cerevisiae, I 

generated high copy (2µ) plasmids that express p110α-CAAX under control of a GAL1 

promoter, and transformed them into a wild-type strain AFS92 and a drug-permeablized 

strain YRP1 [118], which is missing the enzyme responsible for the final step of 

ergosterol biosynthesis (∆erg6), and two drug efflux pumps (∆pdr5, ∆snq2).  Ergosterol 

is the yeast equivalent of cholesterol, and is an important regulator of membrane 

permeability and fluidity [119].  The drug efflux pumps pdr5 [120] and snq2 [121] confer 

resistance to antifungal agents when overexpressed, and are also able to transport kinase 

inhibitors out of the S. cerevisiae cell [118]. 

 When grown on galactose, both the AFS92 and YRP1 strains expressing p110α-

CAAX show greater than 1000-fold growth inhibition compared to empty vector and 

kinase-dead controls.  PI3K-induced growth inhibition is more severe in the YRP1 strain 

than in the AFS92 strain, presumably because the YRP1 membrane is already weakened 

by the ∆erg6 mutation, and this weakness is exacerbated by PI3K-induced depletion of 

phosphoinositides that facilitate vesicle transport required for cell membrane and cell 

wall biosynthesis.  Addition of the potent PI3K inhibitor PI-103 to the growth media at 5 

µM only partially rescues growth of the WT strain AFS92, but it completely rescues 

growth of the drug-permeablized strain YRP1.  Growth rescue by several other PI3K 
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inhibitors is more efficient in YRP1 than in AFS92 as well, and therefore the YRP1 strain 

was chosen for use in all further experiments. 

 
 
Figure 2.2.  Rescue of PI3K-induced growth inhibition in S. cerevisiae by selective 
PI3K inhibitors.  Three-fold serial dilutions of AFS92 and YRP1 yeast strains 
containing the pURA3-2µ-GAL1 plasmid expressing the indicated p110α-CAAX 
mutants were spotted onto agar plates of SD -Uracil media containing glucose, 
galactose, or galactose with 5 µ M PI-103.  All plates were incubated at 30°C for 2 
days except the YRP1 strains grown on galactose, which were incubated for 6 days. 
 
 
Additionally, there is no detectable difference in growth inhibition between wild-type 

p110α-CAAX and the oncogenic H1047R mutant, unlike experiments with p110α 

without a C-terminal CAAX domain, which show that the H1047R mutation enhances 

growth inhibition when p110α  is not membrane-localized [117]. 



 33

2.3.2    Reverse Halo Assays 

 It was desirable to include as many diverse PI3K inhibitors as possible in the planned 

screen of p110α mutants, in order to identify pan-inhibitor resistance mutations as well as 

inhibitor-specific mutations, and to give the best chance of identifying a mutant-inhibitor 

pair that confers drug sensitivity.  To test all PI3K inhibitors for compatibility with the 

yeast assay format, I used a variation on the traditional halo assay which I term “reverse 

halo assay.”  In this assay, a PI3K inhibitor is spotted onto a cellulose disc in the middle 

of a lawn of yeast, and instead of inhibiting growth as in a traditional halo assay, the 

PI3K inhibitor rescues growth, creating a “growth halo” of healthy yeast.  The diameter 

and intensity of this halo depends on the inhibitor’s potency, stability, diffusion rate, and 

lack of S. cerevisiae toxicity. 

 

 
 
Figure 2.3.  Reverse halo assays with YRP1 overexpressing p110αH1047R-CAAX.  
Each plate was spotted with 10 µl of a 10 mM DMSO stock of PI3K inhibitor. 
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Two non-selective PI3K inhibitors, wortmannin and LY294002, did not produce growth 

halos in the reverse halo assay.  This is not surprising because wortmannin inhibits the 

essential S. cerevisiae kinase STT4 at low nM concentrations [122], while LY294002 is 

only a µM inhibitor of p110α and other PI3K family members [72, 76].  The imido-

pyrazine PIK-75 produced only a thin ring of growth, suggesting an exceedingly narrow 

dose window in which a mutagenic screen could be performed.  Five structurally diverse 

p110α inhibitors, PIK-90, PIK-93, PI-103, PW-12, and PP-110 produced growth halos of 

various size and intensity, indicating that these inhibitors are compatible with the S. 

cerevisiae assay of PI3K inhibition by growth inhibition rescue, and will work well in 

subsequent screens for drug-resistant p110α mutations. 

 

2.4     Mutagenesis of the p110α gatekeeper 

 In my search for PI3K resistance mutations, I initially focused on the p110α 

gatekeeper residue, because this position is the most frequent site of drug-resistant 

mutations in protein kinases [104].  Using site-directed mutagenesis with randomized 

primers, I mutated Ile 848 to every amino acid in the low copy plasmid pURA3-

CEN/ARS-GAL1-p110αH1047R-CAAX.  These plasmids were transformed into YRP1, 

and the resulting strains were grown on either glucose or galactose to determine the 

relative PI3K activity of each mutant. 
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Figure 2.4.  p110α gatekeeper mutant serial dilutions.  The plates were incubated at 
30°C for 2 days (glucose) and 6 days (galactose). 
 
 
With the exception of mild growth inhibition by the conservative mutations I848L, 

I848S, and I848V, the other 16 p110α mutants did not inhibit yeast growth, suggesting 

these mutants are catalytically inactive or unstable when expressed in yeast.  This result 

corroborates and extends previous work showing loss of catalytic activity with the I848A 

and I848G mutations [106].  The inability of p110α to tolerate non-conservative 

mutations at the gatekeeper position is reflected in the evolutionary conservation of lipid 

kinases at this position.  Only isoleucine, leucine, methionine, and valine are found at the 

gatekeeper position in the PI3K family, and only isoleucine is found among the p110 

isoforms, while a greater diversity of amino acid side chains is observed in the protein 

kinase family (Fig. 1.16). 
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2.5    Pursuit of an alternative screening strategy: growth 

rescue by PI3K activity 

 Screening for inhibitor resistance based on PI3K toxicity is inherently low 

throughput, because in order to identify a drug-resistant clone I needed to isolate a single 

p110α mutant-containing S. cerevisiae clone that fails to grow in the presence of PI3K 

inhibitor, out of a large library of p110α mutant-containing S. cerevisiae clones that grow 

normally in the presence of PI3K inhibitor.  This can be accomplished by replica plating 

or robotic pinning, but performing a negative screening in this manner is orders of 

magnitude lower throughput than performing positive selection.  The negative screen 

requires comparison of two plates on which PI3K activity is either induced (galactose) or 

repressed (glucose), and the orientation and position of each colony is critical, but with a 

positive selection one simply plates a lawn of mutant clones onto a single plate, and 

identifies the single or few colonies that were able to grow in the presence of PI3K 

inhibitor.  With the negative screen based on PI3K-induced growth inhibition, I screened 

384 clones per agar plate, but with a positive selection I could have plated 106 clones per 

agar plate, vastly increasing the number of mutant clones I could have tested per plate, 

and therefore reducing the amount of drug required per mutant clone to complete the 

screen.  In this section I will describe my attempt to develop an assay in which S. 

cerevisiae growth is rescued by PI3K activity, and blocked by PI3K inhibitors. 
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2.5.1    CDC25ts rescue by PH domain-Ras fusion protein 

and PI3K activity 

 Previous studies have shown that S. cerevisiae can be made to rely on PI3K activity 

for growth.  In this system, membrane targeted Ras complements the temperature-

sensitive CDC25ts Ras guanine nucleotide exchange factor (GEF) mutant [123].  In order 

to link Ras membrane targeting with PI3K activity, activated Ras (Q61L) [124] is 

expressed as a fusion protein with the pleckstrin homology (PH) domain of Akt/PKB, and 

coexpressed with membrane-localized p110β-CAAX [125].  The membrane-localized 

p110β-CAAX produces PtdIns-3,4,5-P3, which recruits the PH-Ras fusion protein to the 

membrane where its activity can complement the loss of CDC25 activity. 

 
 
Figure 2.5.  S. cerevisiae growth rescue by PI3K activity [125]. 
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2.5.2 Growth rescue by additional p110 isoforms 

 In addition to replicating the results of previous studies with p110β [125], I 

introduced the p110α and p110δ isoforms into the PH-Ras PI3K growth rescue system on 

either high copy (2µ) or low copy (CEN-ARS) plasmids. 

 
 
Figure 2.6.  Growth rescue by the p110β, p110α, and p110δ isoforms.  1:6 serial 
dilutions of CDC25ts S. cerevisiae expressing PH(Akt)-Ras constitutively and the 
indicated p110 isoforms under control of the GAL1 promoter.  WT = wild type, HR 
= H1047R mutant, KD = kinase dead mutant. 
 
 
 Interestingly, p110β-CAAX is only able to rescue growth on glucose media, when 

expression should be completely shut off due to glucose repression of the GAL1 

promoter.  When grown on galactose media, p110β-CAAX does not rescue growth at the 

restrictive temperature (37°C), and in fact strongly inhibits growth at the permissive 

temperature (25°C), indicating that p110β-CAAX is toxic to S. cerevisiae when 

overexpressed, and only rescues to CDC25ts phenotype when expressed at exceedingly 

low levels.  Similar results are seen with p110α-CAAX wild type and H1047R on the 

high copy vector (2µ), but when expressed on the low copy vector (CEN-ARS), there is 

no growth rescue on glucose, but moderate growth rescue on galactose.  However, with 
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the p110α vectors there is also strong growth inhibition at the permissive temperature 

(25°C).  p110δ has no detectable kinase activity in this system, because it behaves 

identically to the kinase dead p110α mutants, showing no growth inhibition at permissive 

temperatures or growth rescue at restrictive temperatures. 

 This result suggests that there is a narrow window of PI3K activity that is able to 

rescue growth in the CDC25ts PH-Ras system.  If there is too much PI3K activity then 

the depletion of PtdIns-4,5-P2 and other phosphoinositides will inhibit yeast growth, but 

if the PI3K activity is too low then not enough PtsIns-3,4,5-P3 will be generated to recruit 

PH(Akt)-Ras(Q61L) to the membrane to compensate for loss of CDC25 activity.  Based 

on the results in Fig. 2.6 it appears the order of activity levels for the different p110 

isoform constructs are as follows: p110α kinase dead mutants = high and low copy p110δ 

< high copy uninduced (repressed) p110β < uninduced (repressed) p110α < high copy 

induced p110β < low copy induced p110α < high copy induced p110α.  The optimal level 

of PI3K activity to achieve growth rescue appears to be closest to the level of uninduced 

p110β, which appears to be quite low. 

 

2.5.3 PI3K inhibitors do not inhibit growth rescue by 

p110β-CAAX 

 In order to use the PH-Ras growth rescue system as a positive screen for drug-

resistant mutations, it must be sensitive enough to monitor PI3K inhibition.  Because 

uninduced (repressed) p110β-CAAX on glucose-containing media at 25°C produces the 

most robust growth rescue, I performed halo assays with two PI3K inhibitors that target 

p110β, PI-103 and PIK-108 [20]. 
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Figure 2.7.  CDC25ts PH-Ras PI3K halo assays.  The CDC25ts PH(Akt)-Ras(Q61L) 
p110β-CAAX strain was grown on SD –URA –LEU +Glucose plates at 37°C.  10 µl 
of a 10 mM stock of each inhibitor was spotted onto a cellulose disc on the center of 
the plate. 
 
 
The faint lawn and presence of revertant colonies on the DMSO control plate indicates 

that growth rescue by p110β-CAAX, while stronger than observed with the p110α and 

p110δ constructs (Fig. 2.6), is still very weak.  This could be due to one of two reasons: if 

PI3K activity is too low then not enough PtdIns-3,4,5-P3 is generated to recruit PH-Ras to 

the membrane, but if PI3K is to high, then the toxicity of depleting PtdIns-4,5-P2 and 

other phosphoinositides will override any positive growth effects of PH-Ras membrane 

recruitment.  The result with the two PI3K inhibitors clearly demonstrates that growth 

rescue is weak due to the second reason: PI3K activity is too high and therefore toxic to 

the yeast strain.  This is because when the lower potency p110β inhibitor PI-103 is used 

(IC50 = 88 nM in vitro at 100µM ATP [20]), the lawn becomes slightly less faint than 

with DMSO alone, and the revertant colonies decrease near the center of the plate, and 

when the higher potency p110β inhibitor PIK-108 is used (IC50 = 57 nM in vitro at 

100µM ATP [20]), the lawn becomes even stronger and the revertant colonies decrease 

further.  Because PI3K inhibition improves growth rather than inhibits it and no halo is 

observed, it is clear that PI3K activity is greater than ideal for growth in this system. 
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2.5.4 Modulation of PH-Ras system by introduction of 

PTEN, p85α, and multiple p110 isoforms 

 In an attempt to decrease the PI3K activity in the PH-Ras system so it would be 

usable to study PI3K inhibition and to perform a positive selection for PI3K inhibitor 

resistance mutations, I introduced p85α and PTEN into the yeast strains.  As the 

phosphatase that opposes PI3K activity by converting PtdIns-3,4,5-P3 back to PtdIns-4,5-

P2, PTEN is an obvious choice to reduce buildup of PtdIns-3-4-5-P3 and depletion of 

other phosphoinositide species.  Although p85α stabilizes the p110 isoforms, it also 

inhibits the PI3K catalytic activity through a negative regulatory interaction [126], so this 

may also reduce the amount of PI3K activity present in the cell to a less toxic level.  In 

order to increase the chance of finding the ideal PI3K activity level, I introduced PTEN 

and p85α on plasmids under the control of four different constitutive promoters, rather 

than the inducible GAL1 promoter used for the p110 isoforms.  The relative order of 

expression level for the four promoters is as follows: CYC1 < ADH < TEF < GPD [127]. 
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Figure 2.8.  Introduction of PTEN and p85α into the CDC25ts PH-Ras PI3K growth 
rescue system.  All p110 isoforms are expressed with a C-terminal CAAX motif.  
Empty = empty vector, 2µ = high copy, CEN-ARS = low copy, HR = H1047R. 
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Comparing the galactose plates to the glucose plates at 25°C reveals PI3K-induced 

toxicity: All PTEN constructs except GPD rescue PI3K-induced toxicity, not surprisingly 

more so for the low copy than the high copy p110α vectors.  The GPD result is surprising 

and the vector is likely to be non-functional, but this was not investigated further.  p85α 

coexpression does not appear to have a large effect on PI3K-induced toxicity, although 

the CYC1 and GPD p85α vectors provide a relatively small growth rescue for the low 

copy p110αWT vector, indicating that p85α coexpression is able to decrease p110α 

activity very slightly in S. cerevisiae.  The galactose plates grown at 37°C suggest that 

p85α coexpression brings p110δ’s PI3K activity to a level that can produce PtdIns-3,4,5-

P3 without excess toxicity.  On the glucose plates grown at 37°C, no PTEN or p85α 

construct is able to complement the CDC25ts phenotype and rescue growth better than 

the empty vector control with p110β-CAAX. 

 

2.6  Materials and Methods 

 
2.6.1 Yeast strains 

 The S. cerevisiae strains YRP1 (∆erg6, ∆pdr5, ∆snq2) and AFS92 were used for all 

experiments.  Strains were grown at 30°C on synthetic dropout (SD) media -Uracil 

+Glucose or +Galactose.  PI3K inhibitors were added to media in DMSO at 1:100. 

 

2.6.2 Yeast plasmids 

 A C-terminal myristoylation sequence (CAAX box) was added to human p110α-

H1047R by three rounds of PCR amplification with the following primers: 1) hp110α-
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FM and hp110α-CRM, 2) hp110α-FL and hp110α-CRL.  The resulting fragment was 

cloned into a high copy (2µ), URA3 yeast expression vector with a GAL1 promoter by 

gap repair/homologous recombination to create the vector pURA3-2µ-GAL1-

p110αH1047R-CAAX.  Wild-type and kinase-dead plasmids were created by site-

directed mutagenesis with the following primers: hp110αR1047H-F, hp110αR1047H-R, 

hp110αK802R-F, and hp110αK802R-R. 

 

Primer Name Primer Sequence (5’-3’) 

hp110α-FM cctctatactttaacgtcaaggagaaatgcctccacgaccatcatcaggtgaactg 

hp110α-CRM gcgcgcctcatcaagagagcacacacttacagttcaatgcatgctgtttaattgtgtgg 

hp110α-FL gtatcaacaaaaaattgttaatatacctctatactttaacgtcaagg 

hp110α-CRL cgcgtaatacgactcactatagggcgaattgggtaccccggcgcgcctcatcaagagagc 

hp110αR1047H-F aatgatgcacATcatggtggctggacaacaaaaatgg 

hp110αR1047H-R ccagccaccatgATgtgcatcattcatttgtttc 

hp110αK802R-F gagatcatctttCGaaatggggatgatttacggc 

hp110αK802R-R ccccatttCGaaagatgatctcattgttctgaaacagtaactc 
 
Table 2.1.  Oligonucleotide primers used for subcloning p110α and site-directed 
mutagenesis. 
 
 
2.6.3 Yeast transformation 

 The AFS92 strain was transformed with plasmid DNA by a standard lithium acetate 

protocol.  This same protocol gave extremely low yields with the YRP1 strain, so an 

alternative electroporation protocol was used for YRP1, adapted from D. Gottschling, 

Fred Hutchinson Cancer Research Center, Seattle, WA: 

http://www.fhcrc.org/science/labs/gottschling/yeast/ytrans.html.  Briefly, YRP1 were 

grown in 50 ml YPD medium at 30°C until early stationary phase (OD660 = 1.05-1.25) 
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and then harvested by centrifugation at 3000 RPM, 4°C, for 5 minutes.  The cells were 

then washed twice with ice-cold sterile distilled H20, centrifuging at 2500 RPM, 4°C, for 

5 minutes, and washed once with ice-cold 1 M Sorbitol, centrifuging at 2000 RPM, 4°C, 

for 5 minutes.  The cells were then resuspended with 1.5 ml ice-cold 1 M Sorbitol, and 80 

µl of the cell suspension was mixed with 2 µl plasmid DNA prep (0.5-2 µg) and 

transferred to a pre-chilled 0.1 cm gap electroporation cuvette (BioRad Genepulser), and 

electroporated with the following settings: 1.5 kV Voltage, 25 µF Capacitance, 200 Ω 

Resistance.  Immediately after electroporation, the cells were suspended in 1 ml ice-cold 

1 M Sorbitol and transferred to a pre-chilled 1.5 ml eppendorf tube, before spreading onto 

selective media.  Transformation efficiencies of 105 colonies/µg DNA were routinely 

observed, greatly improving on the 102 colonies/µg DNA efficiency observed with 

standard Lithium Acetate transformation. 

 

2.6.4 Reverse Halo Assay 

 Log phase YRP1-pURA3-2µ-GAL1-p110αH1047R-CAAX cultures grown in SD -

Uracil +Glucose were washed three times with water and then spread into a lawn on SD -

Uracil +Galactose agarose plates at approximately 106 cells per plate.  After drying, a 

small cellulose disc was placed in the middle of each plate, and then 10 µl of a DMSO 

inhibitor stock was spotted onto the cellulose disc.  The plates were incubated at 30°C for 

5-7 days before imaging. 
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2.6.5 PI3K inhibitors 

 All other inhibitors used in this study were synthesized following previously reported 

protocols [20, 85, 86].  In all agar plates, DMSO inhibitor stocks were used at 1:100. 

 

2.7  Conclusion 

 Toward the goal of performing a PI3K inhibitor resistance screen in S. cerevisiae, I 

developed a sensitive and robust assay to measure p110α inhibition by rescue of PI3K-

induced toxicity, and then validated the assay with several small molecule p110α 

inhibitors by reverse halo assay.  PI3K-induced toxicity was used to explore the 

possibility of drug-resistance mutations at the gatekeeper position of p110α, but this 

position proved intolerant to mutation.  An alternative approach to assaying PI3K 

inhibition in S. cerevisiae was explored that uses PI3K-induced rescue of growth rather 

than PI3K-induced toxicity, but the inherent toxicity of PI3K activity in S. cerevisiae 

made this strategy not viable. 
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3 A mutagenic screen in S. cerevisiae 
for PI3K inhibitor resistance 

 
 
3.1  Introduction 

 To determine whether p110α is susceptible to drug-resistant mutations in a similar 

manner to protein kinases, I mutagenized residues that line the affinity pocket and 

screened against a structurally diverse panel of PI3K inhibitors.  Using a highly parallel 

approach with robotic pinning, I generated a measure of catalytic activity and an 

inhibition profile for every clone in our mutant library, allowing for a detailed structure-

function analysis of the p110α affinity pocket.  In addition to drug-resistant p110α 

mutations, I was able to identify drug-sensitizing mutations as well due to the large 

dynamic range of the S. cerevisiae assay and the ability to replicate the same mutant 

library onto multiple agar plates with varying drug concentrations. 
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3.2  Library Generation 

 In section 3.4, the p110α gatekeeper residue Ile 848 appeared relatively intolerant to 

mutation, so in order to identify potential resistance mutations, I expanded the screen to 

include more residues.  As explained in section 3.5, the PI3K-induced toxicity assay in S. 

cerevisiae can only be used as a negative screen for drug resistance, which is orders of 

magnitude lower throughput than a positive selection.  Given the relatively low 

throughput of a negative screen, mutagenizing the full length p110α protein, or even just 

the kinase domain, was deemed prohibitive.  Therefore, a focused screen was adopted, 

zeroing in on the active site residues most likely to give rise to drug resistance if mutated. 

 The screen was expanded from the gatekeeper residue Ile 848 to include seven 

additional residues surrounding the p110α affinity pocket [20]. 

 
 
Figure 3.1.  Affinity pocket residues chosen for saturation mutagenesis.  Residues 
are shown on the p110α structure (PDB code 2RD0). 
 
 
These residues were chosen because the affinity pocket is occupied by most potent PI3K 

inhibitors, but not by ATP [20], making it a likely site for drug-resistant mutations.  Ile 

800, Leu 807, Leu 814, Tyr 836, Gly 837, Cys 838, and Ile 848 were chosen based on 

proximity to the affinity pocket, and lack of interaction with the catalytic Lys 802, DFG 
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motif (responsible for Mg2+ coordination), or ATP.  One additional residue outside the 

affinity pocket, Ser 854, was chosen due to possible inhibitor-specific H-bonds. These 

eight residues are highly conserved in the PI3K family and almost 100% identical among 

the p110 isoforms. 

 
 
Figure 3.2.  Sequence alignment of the human PI3K family.  Affinity pocket residues 
chosen for saturation mutagenesis are indicated by boxes. 
 
 
3.2.1 NNK mutagenesis and YRP1 transformation 

 Each chosen residue was subject to saturation mutagenesis with randomized NNK 

primers, and then each single residue library was transformed in E. coli.  The resulting E. 

coli colonies were pooled into a single pellet from which plasmid prep DNA was isolated 

for each single residue library. 

 
 
Figure 3.3.  DNA sequencing chromatograms of the p110α mutagenic libraries.  
Randomized codons of the p110α affinity pocket NNK libraries, sequenced with the 
following primer: (5’-3’) ACCCAGATCCTATGGTTCGAGG. 
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The resulting eight single residue plasmid DNA libraries were transformed into the yeast 

strain YRP1 using the electroporation protocol from section 3.6.3, producing libraries 

ranging in size from 1000 – 3000 colonies. 

 

3.3    Robotic 384-pin format library replication and image 

analysis 

 384 YRP1 colonies from each NNK library were picked and arrayed onto 384-pin 

format plates, and then robotically replicated onto glucose and galactose plates to 

determine the PI3K activity of each clone by colony size, measured with Cellprofiler 

image analysis software [128]. 

 

 
 
Figure 3.4.  Growth inhibition profile of a representative NNK library in the YRP1 
strain.  The mutant library was pinned onto SD -Uracil +Galactose and grown for 5 
days at 30°C, and the distribution of colony sizes for that plate was calculated 
relative to the same array plated on SD -Uracil +Glucose and grown for 3 days at 
30°C (not shown). 
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3.4  Active site residues’ tolerance to mutation 

 In order to determine how tolerant each p110α affinity pocket residue is to mutation, 

I compared the colony size distributions generated for each residue in the course of our 

mutagenic screen. 

 

 
 
Figure 3.5.  Tolerance to mutation in the p110α affinity pocket.  Colony size 
distributions for 384 colony arrays of the indicated p110α mutant libraries, grown 
in the YRP1 strain on SD -Uracil +Galactose media as described in Fig. 3.4. 
 
 
All mutant libraries display a peak of relative colony sizes close to 1.0, corresponding to 

no growth inhibition and therefore kinase-dead mutants.  The majority of mutant libraries 

also display a second peak of smaller colony sizes, corresponding to growth inhibition 

and therefore PI3K activity.  The tolerance to mutation for each residue was quantified by 

Σ(1-x)2, where x equals relative colony size.  The resulting values were converted into 

heat map color scale and displayed on the crystal structure of p110α. 
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Figure 3.6.  Structural representation of tolerance to mutation in the p110α affinity 
pocket.  Mutational tolerance is calculated by Σ(1-x)2 from the distributions in Fig. 
3.5, where x equals relative colony size.  These values were converted into heat map 
values and are shown on the p110α crystal structure (PDB code 2RD0) with the 
PI3K inhibitor PIK-90 from the p110γ co-crystal structure (PDB code 2CHX) 
overlaid by structural alignment. 
 
 
The Ile 800, Ile 807, Leu 814, and Gly 837 residues are most tolerant to mutation, Cys 

837, Ile 848, and Ser 854 are less tolerant to mutation, and Tyr 836 appears to be 

completely intolerant to mutation, with even the conservative mutation T836F causing a 

substantial loss of kinase activity.  Intolerance to mutation at Tyr 836 corroborates 

previous results with p110α [106].  Recently published work has shown that the mutation 

corresponding to Y836M in PI4KIIIβ produces an active kinase that is resistant to 

Wortmannin and PIK-93, and the same mutation in PI4KIIIα kills all catalytic activity 

[129].  It is currently unclear why this mutation is tolerated in PI4KIIIβ but abolishes 

kinase activity in PI4KIIIα and p110α.  Further experiments with additional PI3K family 
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members may better reveal the sequence determinants for mutation tolerance and 

inhibitor sensitivity. 

3.5  PI3K inhibitor screen 

 Only active mutants were screened against PI3K inhibitors in order to avoid the 

unwanted “neighboring” effects of inactive clones: colonies with inactive PI3K grow 

much faster than the surround active mutants and use up the surrounding nutrients, 

resulting in smaller than expected colonies in the surrounding grid.  Active mutants with 

relative colony sizes less than 70% of wild-type were picked and arrayed onto new 384-

pin format plates, and then these new pooled arrays were replicated onto multiple PI3K 

inhibitor containing plates to screen for drug resistance and sensitization. 

 
 Low Medium High 

PIK-85 2 µM 10 µM 20 µM 
PIK-93 2 µM 10 µM 20 µM 

PI-103 1 µM 2 µM 5 µM 
PW-12 100 nM 500 nM 2 µM 

PP-110 2 µM 10 µM not done 
 
Table 3.1.  Inhibitor concentrations used in the p110α mutant screen.  PIK-85 was 
used in place of PIK-90 for all screens; it is identical to PIK-90 except for an enol 
group in place of PIK-90’s amide (Fig. 1.9). 
 



 54

 
 
Figure 3.7.  Representative images and the corresponding colony size distributions 
of a pooled active mutant library.  The colonies were pinned onto SD -Uracil 
+Galactose with either DMSO or 5 µM PI-103 and grown for 5 days at 30°C. 
 
 
3.6    Identification of drug-resistant and drug-sensitized 

p110α mutations 

 Drug-resistant p110α mutants were identified by continued growth inhibition at drug 

concentrations that rescue growth from wild-type p110α.  An unexpected benefit of the 

yeast screen was the ability to identify drug sensitization in addition to drug resistance, 

by enhanced growth rescue at low inhibitor concentrations that do not rescue growth 

from wild-type p110α.  Currently there is no truly selective p110α inhibitor available, so 

the drug-sensitized mutants we identified will be valuable tools for the study of p110α’s 

role in biological processes that rely on PI3K signaling, from oncogenesis and tumor 

maintenance [10, 11] to processes as varied as neuronal development and animal 

behavior, viral replication, and stem cell self-renewal [130-134]. 
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3.7    Screen hit serial dilution growth assays 

 Potential drug-resistant and drug-sensitized clones identified on the 384-pin inhibitor 

plates were validated by serial dilution analysis. 

 
 
Figure 3.8.  Representative plates showing the characterization of yeast screen hits 
by serial dilution analysis.  Six-fold serial dilutions of the screen hit strains were 
incubated at 30°C for 2 days (glucose) and 6 days (galactose).  Strains that were not 
sequenced are labeled N.S. (not sequenced).  Strains that were unable to be 
sequenced due to plasmid rescue failure are labeled U.S. (unable to sequence). 
 
 

 
 
 
Figure 3.9.  1:3 Serial dilutions of the most promising drug-resistant (I800M) and 
drug-sensitized (L814C) strains.  The growth assay was performed as in Fig. 3.8. 
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3.8    Materials and Methods 

 
3.8.1 Screen Outline 

 Residues of interest were subject to saturation mutagenesis with randomized primers, 

and the resulting libraries were transformed into the permeablized yeast strain YRP1.  

Individual colonies were picked and arrayed into 384-pin format and then replicated with 

a robotic pinner onto glucose and galactose-containing media to determine the relative 

colony size, and therefore PI3K activity, of each mutant clone.  Active mutants were 

picked and arrayed onto new 384-pin format plates and then replicated onto multiple 

PI3K inhibitor plates to screen for drug resistance and sensitization. 

 

 
 
Figure 3.10.  S. cerevisiae Screen Outline. 
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3.8.2 NNK mutagenesis and library creation 

 The yeast expression vector pURA3-2µ-GAL1-p110αH1047R-CAAX was 

mutagenized at the residues Ile 800, Leu 807, Leu 814, Tyr 836, Gly 837, Cys 838, and 

Ser 854 by quickchange PCR with degenerate NNK primers, where N = 25% A, 25% C, 

25% G, 25% T, and K = 50% G, 50% T. 

 
Primer Name Primer Sequence (5’-3’) 

I800-Forward caatgagatcNNKtttaaaaatggggatgatttacggcaagatatgc 

I800-Reverse catttttaaaMNNgatctcattgttctgaaacagtaactctgacatgatgtctgg 

L807-Forward gggatgatNNKcggcaagatatgctaacacttcaaattattcg 

L807Reverse catatcttgccgMNNatcatccccatttttaaagatgatctcattg 

L814-Forward gatatgctaacaNNKcaaattattcgtattatggaaaatatctggc 

L814-Reverse cgaataatttgMNNtgttagcatatcttgccgtaaatcatcccc 

Y836-Forward cgaatgttacctNNKggttgtctgtcaatcggtgactgtgtgggac 

Y836-Reverse ccgattgacagacaaccMNNaggtaacattcgaagatcaagacc 

G837-Forward cgaatgttaccttatNNKtgtctgtcaatcggtgactgtgtgggac 

G837-Reverse ccgattgacagacaMNNataaggtaacattcgaagatcaagacc 

C838-Forward cgaatgttaccttatggtNNKctgtcaatcggtgactgtgtgggac 

C838-Reverse ccgattgacagMNNaccataaggtaacattcgaagatcaagacc 

I848-Forward tgtgggacttNNKgaggtggtgcgaaattctcacactattatgc 

I848-Reverse gcaccacctcMNNaagtcccacacagtcaccgattgacagac 

S854-Forward gtgcgaaatNNKcacactattatgcaaattcagtgcaaaggcggc 

S854-Reverse gcataatagtgtgMNNatttcgcaccacctcaataagtccc 
 
Table 3.2.  Primers used for saturation mutagenesis. 
 
 
The resulting PCR reactions were purified with a Qiagen PCR Cleanup kit, DpnI digested 

for 90 minutes, and then re-purified.  5 µl of each purified, digested PCR product was 

transformed into TOP-10 One Shot chemically competent E. coli (Invitrogen) and plated 
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onto a single 10 cm plate of LB media with carbenicillin antibiotic, yielding 1-4 x 103 

colonies per transformation.  Colonies were grown for 2 days at 37°C and then pooled by 

scraping, transferred to 1.5ml tubes, and spun down to pellets of approximately 0.5 ml.  

Plasmid DNA was isolated from each pellet with the Qiagen Miniprep kit and verified by 

restriction digest and DNA sequencing. 

 

3.8.3 YRP1 transformation, robotic pinning, drug screen, 

and image analysis 

 p110α NNK libraries were transformed into YRP1 by electroporation and plated 

onto SD -Uracil +Glucose media.  384 colonies from each library were arrayed by hand 

and then replicated with a Virtek colony arrayer (Waterloo, Ontario, Canada) to obtain 

uniformly sized colonies.  The arrays were further replicated onto two media conditions: 

1) SD -Uracil +Galactose media with added PI3K inhibitor or DMSO alone, and 2) SD -

Uracil +Glucose media.  The plates were incubated at 30°C until the colonies had grown 

sufficiently (2-7 days depending on strain and media conditions) and then photographed.  

Colony size was calculated with Cellprofiler image analysis software, available at 

www.cellprofiler.org, and each SD -Uracil +Galactose colony size value was divided by 

the corresponding SD -Uracil +Glucose colony size to normalize for variation in pinning 

efficiency. 

 
3.8.4  Structural Analysis  

 Visualization and structural alignment of x-ray crystal structures was performed with 

the Pymol Molecular Graphics System, available at http://www.pymol.org. 
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3.9 Conclusion 

 In this chapter, I describe a resistance screen based on PI3K-induced growth 

inhibition of S. cerevisiae.  Unlike resistance screens based on oncogenic transformation 

of mammalian cells, this screen allows for the identification of drug-sensitized mutants in 

addition to drug-resistant mutants, and allows for detailed structure-function analysis of 

the drug target, because activity levels and inhibitor sensitivities are determined for every 

clone in the mutant library.  Previous studies have used growth inhibition in S. cerevisiae 

by heterologous expression of a mammalian drug target to screen a compound library for 

potent inhibitors [135], but to my knowledge such a screen has never been used to 

identify drug-resistant and drug-sensitizing mutations in the target protein.  In addition to 

p110α, several other drug targets inhibit S. cerevisiae growth, including Akt/PKB, PDK1, 

p38 kinase, Src, RhoA, RhoC, PARP-1, and HIV Protease [113, 136], and the methods 

described here should be broadly applicable for the identification of drug-resistant and 

drug-sensitizing mutations in these proteins as well. 

 My results in S. cerevisiae indicate that the p110α gatekeeper residue Ile 848 will not 

be a hotspot for inhibitor resistance in p110α as it is in the protein kinase family.  While 

protein kinases can tolerate dramatic mutations at the gatekeeper position, from smaller, 

space-creating mutations that sensitize protein kinases to analog-specific inhibitors [96], 

or larger, steric clash-inducing mutations that confer inhibitor resistance [104], it appears 

that p110α cannot tolerate significant mutations at this position.  This suggests the 

possibility that the PI3K fold is less tolerant of mutations than the protein kinase fold in 

this region, which may reduce the clinical development of resistance to p110α-targeted 
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drugs, although a more complete mutagenic screen of p110α would be required to prove 

this conclusively. 
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4 Extension of yeast screen hits 
 
 
4.1  Introduction 

 Drug-resistant and drug-sensitizing mutations identified by the yeast screen require 

validation in a mammalian context, to confirm that their altered activities and inhibitor 

sensitivities are not due to membrane localization by the C-terminal CAAX box motif, 

lack of a p85 binding partner, or other artifacts of S. cerevisiae expression.  Potential 

drug-resistant and drug-sensitizing mutations identified with the yeast screen were further 

characterized in mammalian systems to rule out artifacts from heterologous yeast 

expression: by kinase assays following expression in the human cell line HEK-293T, and 

by transformation assays with the human breast epithelial cell line MCF10A. 

 
4.2  In vitro kinase assays 

 Mutations of interest were introduced into Myc-tagged p110α-H1047R, and then 

expressed in the human cell line HEK-293T for purification and enzymatic assay. 
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Figure 4.1.  Kinase activity of p110α screen hit mutants.  The indicated Myc-tagged 
p110αH1047R mutants were immunoprecipitated from HEK-293T cells and assayed 
for PI3K activity.  Data are represented as mean ± SEM. 
 
 
Most of the mutants tested have slightly reduced activity: I800L and I800M show 

approximately 2-fold decreases in PI3K activity, while L814C’s activity is significantly 

reduced.  In vitro IC50 values were determined for all p110α mutants against the 

inhibitors used in the yeast screen, as well as BEZ-235, which I obtained after the PI3K 

inhibitor resistance screen in S. cerevisiae was performed. 

 

 

Figure 4.2.  Altered inhibitor sensitivities of the p110α screen hit mutants.  In vitro 
IC50 values were determined at 10 µM ATP.  Changes in inhibitor sensitivity are 
shown as the ratio of mutant IC50 / WT IC50.  The label N.D. (not determined) 
indicates that the data from the performed dose response experiment were 
insufficient to generate an IC50 curve. 
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Mutation at Ile 800 confers the greatest drug resistance, with both I800L and I800M 

showing approximately 5-10 fold decreases in inhibitor potency for PIK-90, PIK-93, PI-

103, and PP-110, although I800L is sensitized to the compounds PW-12 and BEZ-235.  

Mutation at Leu 814 confers the greatest drug sensitization, with the L814C mutant 

sensitized more than 10-fold to PIK-90 and PP-110, and approximately 100-fold to PIK-

93. 

 

4.3  MCF10A transformation 

 The oncogenic potentials of the most drug-resistant and drug-sensitized p110α 

mutants were assessed in the untransformed breast cell line MCF10A, which requires 

Epidermal Growth Factor (EGF) for growth under normal tissue culture conditions, but 

can be transformed to EGF-independent growth by p110α-H1047R [53].  I800L, I800M, 

L814C, wild-type, and kinase-dead (K802R) mutations were made in the retroviral 

plasmid pMIG-p110α-H1047R, and then transduced into MCF10A cells.  The pMIG 

vector contains an internal ribosome entry site (IRES)-GFP sequence: infected MCF10A 

cell lines were all FACS sorted to greater than 95% GFP positive for use in further 

experiments.  In all p110α-transduced MCF10A cell lines, GFP signal was 1-2 orders of 

magnitude below that of the empty vector control, although still well above background 

levels. 

 



 64

 
 
Figure 4.3.  GFP signal relative to side scatter observed during MCF10A FACS 
sorting. 
 
 
p110α-expressing MCF10A cell lines were cultured in media without EGF to determine 

whether the drug-resistant and drug-sensitized mutant p110α-H1047Rs could support 

EGF-independent growth.  The I800L and I800M mutant cell lines grow at the same rate 

as p110α-H1047R, while the L814C mutation caused a small but consistent decrease in 

growth. 
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Figure 4.4.  EGF-independent growth of MCF10A cell lines expressing oncogenic 
p110α with drug resistant or sensitizing mutations.  Relative Fluorescence Units 
(RFU) approximates cellular growth, as resazurin added to the media is reduced to 
the fluorescent species resorufin by metabolically active cells [137, 138].  
 
 
As all three MCF10A cell lines expressing resistant or sensitized p110α mutants behaved 

similarly to p110α-H1047R expressing cell line, they were then cultured in the presence 

of PI3K inhibitors, to determine whether the mutants’ changes in inhibitor sensitivity 

observed in S. cerevisiae and in vitro kinase assays were maintained in vivo during 

oncogenic transformation. 
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Figure 4.5.  Altered in vivo inhibitor sensitivities of the resistance mutants I800L 
and I800M.  Growth in media lacking EGF was monitored as in Fig. 4.4 in the 
presence of PI3K inhibitors at the indicated concentrations. 
 
 
I800L and I800M confer resistance to all inhibitors, with the exception that I800L is 

sensitized to PW-12 and BEZ-235, as seen in the in vitro kinase assays.  PI3K inhibitor 

resistance is most pronounced with the selective PI3K inhibitors PIK-90 and PIK-93, and 

less dramatic against the multi-targeted PI3K inhibitors PI-103 and BEZ-235 (mTOR), 

PW-12 (multiple protein kinases), and PP-110 (receptor tyrosine kinases) [20, 83-86, 

139, 140]. 
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Figure 4.6.  Altered in vivo inhibitor sensitivities of the drug-sensitized mutant 
L814C.  Growth in media lacking EGF was monitored as in Fig. 4.4 in the presence 
of the indicated PI3K inhibitors. 
 
 
L814C confers strong sensitization of cell growth to PIK-90 and PIK-93, moderate 

sensitization to PW-12 and PP-110, and minimal or no sensitization to PI-103 and BEZ-

235, again likely due to the selectivity of PIK-90 and PIK-93, and the relative 

promiscuity of PW-12, PP-110, PI-103, and BEZ-235. 

 Phosphorylation of Akt/PKB residues T308 and S473 was monitored in the I800L, 

I800M, and L814C-expressing MCF10A cell lines to determine whether these p110α 

mutants retain the ability to activate the canonical downstream PI3K signaling pathway. 
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Figure 4.7.  Akt/PKB signaling downstream of drug-resistant and drug-sensitized 
p110α mutants.  MCF10A cell lines expressing the indicated p110α mutants were 
cultured in growth media lacking EGF for 24 hours, and then treated with the 
indicated combinations of normal growth media (G. M.) and 30 µM PI-103.  After 1 
hour, the cells were lysed and subject to western blot analysis with the indicated 
antibodies. 
 
 
The I800L and I800M mutations to p110αH1047R produce high phospho-Akt levels 

comparable to p110αH1047R after 24 hours EGF starvation, but L814C gives reduced, 

although still detectable levels.  Phospho-Akt can be fully recovered in all cell lines by 

one hour treatment with EGF-containing media, and this stimulation can be blocked in all 

lines by 30 µM PI-103.  GFP levels, which are coupled to p110α expression by an IRES 

promoter, are greatly reduced in all p110α-expressing cell lines, and p110α levels are not 

highly elevated in comparison to the empty vector control.  This is similar to what was 

observed during the FACS GFP sort (Fig. 4.3) and suggests that MCF10A cells cannot 

tolerate overexpression of p110α-H1047R.  Expression of p110αH1047R or the drug-

resistant/sensitized mutants near endogenous levels is sufficient for Akt activation and 

transformation to EGF independence. 

 The I800L, I800M, and L814C cell lines were treated with PI3K inhibitors in serial 

dilution to determine how each mutation affects the inhibitor sensitivity of phospho-Akt 

levels. 
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Figure 4.8.  Akt/PKB signaling in response to PI3K inhibitors.  The indicated 
MCF10A cell lines were cultured in growth media lacking EGF for 24 hours, and 
then treated for 1 hour with serial dilutions of the indicated PI3K inhibitors, after 
which the cells were lysed and subjected to western blot analysis with the indicated 
antibodies.  The PI3K inhibitor concentrations are indicated in µM. 
 
 
Similar to the MCF10A growth curves, the most striking resistance and sensitization 

occurs with the selective PI3K inhibitors PIK-90 and PIK-93, most likely because these 

results are not confounded by off-target effects.  I800L is approximately 3-fold resistant 
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to PIK-90 and PIK-93, I800M is approximately 10-fold resistant to PIK-93, and L814C is 

approximately 5-fold and 30-fold sensitized to PIK-90 and PIK-93 respectively, 

consistent with in vitro kinase assays and the MCF10A growth curves.  Significant 

resistance is not observed against the multi-targeted inhibitors PI-103, PW-12, PP-110 

and BEZ-235, but sensitization is seen with I800L to PW-12 and L814C to PW-12, PP-

110, and BEZ-235, again consistent with in vitro kinase assays and the MCF10A growth 

curves.  Slight resistance and sensitization are observed with the I800L mutant to the dual 

PI3K/mTOR inhibitors PI-103 and BEZ-235 respectively.  This trend is seen in phospho-

T308 Akt but not phospho-S473, most likely because mTOR is the kinase that 

phosphorylates Ser 473 in these cells [141]. 

 

4.4  Materials and Methods 

 
4.4.1 Plasmids 

 Mammalian Expression Plasmids: An N-terminal Myc tag was added to human 

p110α-H1047R by PCR with the following primers: p110α-BamHI-NtermMyc-F and 

p110α-EcoRV-R.  The resulting fragment was digested with BamHI and EcoRV, and 

then ligated into the mammalian expression vector pcDNA3 to create pcDNA3-Myc-

p110α-H1047R.  Several point mutations to this vector were created by site-directed 

mutagenesis. 

 Retroviral Plasmids: Human p110αH1047R was PCR amplified with the primers 

hp110αF-XhoI and hp110αR-HpaI, and the resulting fragment was digested with XhoI 

and HpaI and then ligated into the IRES-GFP retroviral vector pMIG to create pMIG-
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p110α-H1047R.  Several p110α point mutations to this vector were made by site-directed 

mutagenesis. 

 Murine Ecotropic Pseudotyping Vector: pcDNA3-EcoR plasmid DNA encoding the 

murine ecotropic receptor EcoR/MCAT-1 was a generous gift from Jeffrey Henise. 

 
Primer Name Primer Sequence (5’-3’) 

p110α-BamHI-
NtermMyc-F 

cttctggtaccatggaacagaaactcatatcggaggaggatctacctccacgaccatcatca 
ggtgaactgtgg 

p110α-EcoRV-R ccgcgatatctcagttcaatgcatgctgtttaattgtgtgg 

hp110αF-XhoI gtgctttgctcgagatgcctccacgaccatcatcaggtgaactg 

hp110αR-HpaI gtgcctcggttaactcagttcaatgcatgctgtttaattgtgtgg 
 
Table 4.1.  Oligonucleotide primers used for subcloning p110α. 
 
 
4.4.2 In vitro PI3K kinase assays 

 
 pcDNA3-p110α plasmid DNA was transfected into HEK-293T cells with 

Lipofectamine 2000 (Invitrogen).  After 48 hours the cells were trypsinized, washed with 

PBS, and pelleted for storage at -80°C.  Pellets were lysed by vortexing in PI3K lysis 

buffer (50 mM Tris (pH 7.4), 300 mM NaCl, 5 mM EDTA, 0.02% NaN3, 1% Triton X-

100, protease inhibitor cocktail tablets (Roche), 8 mM sodium orthovanadate, 83 µM 

PMSF, 1X Phosphatase Inhibitor Cocktails 1 and 2 (Sigma)) and then 

immunoprecipitated by overnight incubation with Anti-c-Myc Agarose Affinity Gel 

(Sigma-Aldrich).  The immunoprecipitates were washed with the following buffers: twice 

with buffer A (PBS, 1 mM EDTA, 1% Triton X-100), twice with buffer B (100 mM Tris 

pH 7.4, 500 mM LiCl, 1 mM EDTA), twice with buffer C (50 mM Tris pH 7.4, 100 mM 

NaCl), twice with PBS, and then assayed for PI3K activity in 96 well format essentially 
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as described [142].  Briefly, immunoprecipitated Myc-p110α was incubated “on bead” 

with shaking at 25°C with 100 µg/ml phosphatidylinositol, 10 µCi γ32P-ATP, 10 µM 

ATP, 1 mg/ml BSA, 25 mM HEPES pH 7.4, 10 mM MgCl2, 1:50 DMSO ± PI3K 

inhibitor.  After 1 hour, 4 µl of each reaction was spotted onto a dry nitrocellulose 

membrane pre-rinsed with wash solution (1 M NaCl, 1% H3PO4).  After the spots dried, 

the membrane was washed five times with wash solution, dried with a heat lamp, and 

exposed on a phosphor screen overnight.  The phosphor screen was then scanned with a 

Typhoon phosphorimager (GE Healthcare) and the resulting data was quantified with the 

MATLAB script Spot [142]. 

 

4.4.3 MCF10A culture and transformation assays 

 MCF10A cells (ATCC) were cultured at 37°C, 5% CO2 in MCF10A growth media 

(1:1 DMEM:F-12 supplemented with 5% filtered, heat inactivated horse serum, 20 ng/ml 

EGF, 100 µg/ml hydrocortisone, 1 ng/ml cholera toxin, 10 µg/ml insulin, and 

penicillin/streptomycin) as described [143]. 

 

4.4.4 Creation of p110α-expressing MCF10A cell lines 

 Mutant p110α expressing MCF10A lines were created by retroviral infection.  

Ecotropic p110α viral stocks were made by transfecting pMIG-p110α plasmid DNA into 

the Phoenix Eco cell line.  Retroviral supernatants were collected at 48, 72, 96, and 120 

hours, spun at 500 RPM for 5 minutes at 4°C, and stored in 0.5 ml aliquots at -80°C. 
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Human MCF10A cells were pseudotyped for infection with murine ecotropic virus by 

transient transfection with pcDNA3-EcoR/MCAT1.  Transfection was performed by 

nucleofection (Amaxa Nucleofector) following the manufacturer’s instructions, and the 

transfected cells were plated into 6-well plates.  24 hours after nucleofection with 

pcDNA3-EcoR/MCAT1, the MCF10A cells were infected with thawed p110α viral 

stocks for 12 hours, switched to growth media for 6 hours, and then expanded into 75cm2 

flasks.  After 3 days, the infected cells were FACS sorted for GFP expression. 

 

4.4.5 MCF10A EGF-independent transformation assays 

 MCF10A cell lines were assayed for oncogenic transformation by their ability to 

grow in media lacking EGF.  Cells were seeded into black sided, clear bottom, 96-well 

plates at 2 x 103 cells per well in 100 µl growth media.  After 2 days, the cells were 

washed with PBS and then switched to 100 µl growth media lacking EGF.  Cell 

proliferation was monitored every 2 days by incubation with resazurin (alamar blue).  A 

stock solution of 120 µg/ml resazurin in PBS was added to the cells at 1:20, incubated for 

2 hours at 37°C, 15 minutes at room temperature, and then assayed for fluorescence with 

an excitation wavelength of 520 nm and an emission wavelength of 590 nm.  After 

fluorescence measurement, the resazurin containing media was replaced with 100 µl fresh 

growth media lacking EGF and the cells were returned to 37°C, 5% CO2. 

 

4.4.6 MCF10A western blotting 

 40-70% confluent MCF10A cultures were starved for 24 hours with MCF10A media 

lacking EGF and insulin, and then treated for 60 minutes with PI3K inhibitors or a 
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DMSO control.  After 60 minutes, the cells were lysed with PI3K lysis buffer and subject 

to western blotting with antibodies purchased from Santa Cruz (anti-GFP) and Cell 

Signaling (all other antibodies) as directed by the supplier. 

 

4.5  Conclusion 

 The advent of high throughput screening and the great success of imatinib led the 

pharmaceutical industry to focus on highly specific kinase inhibitors, but currently a 

multi-targeted approach is gaining acceptance [144, 145].  Inhibiting multiple targets can 

increase efficacy [83] and theoretically should decrease the likelihood of drug resistance, 

although no study to our knowledge has conclusively shown a reduced likelihood of 

clinical resistance with multi-targeted vs. highly specific drugs.  My results with the 

MCF10A cell line show that multi-targeted inhibitors are not as susceptible to drug 

resistance by mutation of the single target p110α, especially when they target additional 

kinases in the PI3K signaling pathway. 

 PI-103 and BEZ-235 block PI3K signaling downstream of p110α by inhibiting 

mTOR, and PP-110 blocks PI3K signaling upstream of p110α by inhibiting RTKs.  The 

ability of these three inhibitors to block p110αH1047R-dependent MCF10A growth is 

largely unaffected by p110α resistance mutations, suggesting that mutation of additional 

targets is required to confer drug resistance.  The possibility of accumulating multiple 

resistance mutations in a single cancer cell seems unlikely, but slight growth advantages 

at each step may increase the odds of successive mutations, especially during prolonged 

treatment.  The rate and probability of resistance mutation accumulation will be an 
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important area of study for multi-targeted drugs in cancer therapy, accessible by careful 

monitoring of clinical trials as well as mammalian tissue culture screens. 

 In contrast to the gatekeeper residue Ile 848, the residue Ile 800 of p110α is tolerant 

to mutations, at least two of which confer drug resistance: I800L and I800M.  The 

resistance conferred by these mutations is smaller than observed for the T315I gatekeeper 

mutant of BCR-ABL, but comparable to most other mutations that confer clinical 

resistance to imatinib [110, 146].  This residue is a potential hotspot for clinical resistance 

to PI3K inhibitors; fortunately my screen has identified PW-12 and BEZ-235 as 

inhibitors that potently target the I800L mutant.  The fact that I800L confers resistance to 

all other inhibitors, but sensitizes p110α to PW-12 and BEZ-235 suggests that these 

inhibitors share a similar binding mode that differs from other scaffolds near residue 

I800.  There are several inhibitor-bound PI3K structures available, but the co-crystal 

structures of PW-12 and BEZ-235 have not been reported, so it is difficult to rationalize 

these trends.  Interestingly, the residue corresponding to I800 in mTOR is also leucine, 

and mTOR is potently targeted by BEZ-235 [86]. 

 The drug-sensitizing mutation L814C will be a valuable tool to study the effect of 

p110α inhibition in various biological systems, because there is no selective p110α 

inhibitor currently available.  One possible concern with the L814C mutation is that its 

“sensitizing” effect may simply be due to the loss of enzymatic activity, but in vitro 

kinase assays reveal large shifts in IC50 values, and yeast serial dilution analysis and 

MCF10A transformation assays indicate that this mutant behaves similarly to wild-type 

in a cellular context, although it does show reduced Akt/PKB phosphorylation. 
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 By focusing on a small subset of p110α residues that line the affinity pocket, I have 

identified a potential resistance hotspot at I800 that confers 5-30 fold resistance to most 

PI3K inhibitors.  While this discovery should help guide the design of second-generation 

PI3K inhibitors, a more complete mutagenic screen of p110α will be necessary to 

uncover the full spectrum of resistance mutations. 
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