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Abstract of the Dissertation 

 

Physiological and Pathological Roles of Class IA 

Phosphoinositide 3-Kinases p110α and p110β 

 

by 
 

Chia-yen Wu 
 

Doctor of Philosophy 

in 

Molecular and Cellular Biology 

(Biochemistry and Molecular Biology) 

 

Stony Brook University 

 

2010 

 

Class I phosphatidylinositol 3-kinases (PI3Ks) are enzymes that phosphorylate the 

3’-OH of the inositol moiety of the membrane lipid phosphatidylinositol 

4,5-bisphosphate. These enzymes are divided into subclasses IA and IB. Class IA 

PI3Ks play essential roles in regulating cell growth, survival and metabolism. They are 

also strongly implicated in the development of human cancers. There are three class IA 

PI3K catalytic isoforms, p110α, p110β and p110δ. Currently, it is unclear what are their 

distinct biological functions. For my thesis research, I used genetically engineered 
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mice to study the roles of p110α and p110β in the regulation of heart contraction, the 

maintainence of skeletal muscle mass and the development of pancreatic cancer. 

Ablation of p110α or p110β alone in cardiac myocytes resulted in a relatively mild or 

minimal phenotype, respectively. However, mice lacking both p110α and p110β died 

less than 40 days after birth with 100% penetrance. The Ca2+-handling system that is 

essential for excitation-contraction coupling was severely disrupted in the double 

PI3K-null myocytes. The second component of my thesis research investigated PI3Ks 

in the skeletal muscle. Mice lacking p110α had smaller skeletal muscle mass than wild 

type animals, whereas loss of p110β did not affect muscle mass. By contrast, mice 

lacking PTEN, a phosphatase that antagonizes PI3K signaling, had increased skeletal 

muscle mass. Insulin-like growth factor-1 activation of PI3K signaling was blocked in 

the p110α-null, but not p110β-null, muscles. The final component of my thesis research 

investigated the role of PI3Ks in oncogenic Kras-induced pancreatic tumors. Kras 

mutations are found in > 90% of human pancreatic ductal adenocarcinomas (PDA). 

Oncogenic Kras-induced PDA in a mouse model was completely blocked by genetic 

deletion of p110α but not affected by the loss of p110β. These studies indicate that 

PI3K p110α and p110β play distinct roles in regulating different physiological and 

pathological functions in a tissue-specific manner. These results may have clinical 

implications for the use of PI3K inhibitors in the treatment of diseases such as cancer. 
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Chapter 1 

Introduction to Phosphoinositide 3-Kinases 

 

1-1 General Introduction 

 

1-1-1 Phosphatidylinositol 

    Phosphatidylinositol (abbreviated PI) is a negatively charged phospholipid and a 

component of the cytosolic side of eukaryotic cell 

membranes (Fig. 1-1). In cells, the free –OH groups at 

the 3’, 4’, or 5’ positions of the inositol ring can be 

phosphorylated in different combinations by a variety of 

kinases to generate seven phosphoinositides: PI(3)P, 

PI(4)P, PI(5)P, PI(4,5)P2, PI(3,5)P2, PI(3,4)P2 and 

PI(3,4,5)P3.                                          Fig. 1-1 Phosphatidylinositol 

 

1-1-2 The Discovery of Phosphoinositide 3-Kinases 

    Phosphoinositide 3-kinases (PI3Ks) are lipid kinases which phosphorylate PI or 

phosphoinositides at the 3' position of the inositol ring1-2. It has been two decades since 

PI3Ks were discovered3. This family of proteins was first observed in studies of 

oncogenic and mitogenic signal transduction where increased levels of 3-phosphorylated 

PIs such as PI(3)P and PI(3,4,5)P3 were found in transformed and/or mitogen-stimulated 

cells4-5. These enzymes were shown to physically interact with tyrosine-phosphorylated 

proteins such as the polyomavirus middle T antigen–pp60c-src complex6 and the 

platelet-derived growth factor (PDGF) receptor4 and were activated by insulin7. One 
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component of the PI3K complex, the p85 subunit, was purified using affinity probes and 

then cloned8-10 in the early 1990s. The p85 subunits are regulatory subunits containing 

one SH3 domain and two SH2 domains (src homology regions) that mediate the 

interaction of PI3K with tyrosine-phosphorylated proteins. Subsequently, the first PI3K 

p110 catalytic subunit was identified and cloned. It forms a tight association with the p85 

subunit11-12 and was shown to contain the catalytic activity of the prototypic p110/p85 

PI3K heterodimer. After that, many other PI3K catalytic isoforms were identified using 

biochemical approaches and cloning strategies from diverse eukaryotes, including yeast, 

flies, mammals and plants. 

 

 

1-2 The PI3K Family 

Based on their protein domain structure, associated regulatory subunits, and in vivo 

lipid substrate specificity, PI3Ks can be divided into three groups: Class I, Class II, and 

Class III1, 3, 13. All the PI3K catalytic subunits share a homologous region that consists of a 

catalytic domain linked to a C2 (protein kinase C homology-2) domain and a helical 

domain.  

 

1-2-1 Class I PI3Ks 

The preferred in vivo substrate for Class I PI3Ks is PI(4,5)P2 to produce PI(3,4, 5)P3, 

an essential intracellular second messenger2. Based on the ability to bind different 

regulatory subunits, Class I PI3Ks are further grouped into subclasses IA and IB. Class IA 

p110α, p110β and p110δ catalytic subunits associate with p85 regulatory subunits (50-85 

kDa) and the Class IB p110γ catalytic subunit interacts with a p101 or p84 regulatory 
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subunit. 

Class IA PI3Ks play an essential role in regulating physiological cellular events 

including growth, survival and metabolism14-15. Furthermore, dysregulation of Class IA 

PI3K signaling is strongly implicated in the development of human cancers16-17. However, 

the distinct biological functions of the three Class IA catalytic isoforms had been unclear 

until recently, when studies using whole-body p110 knockout mouse models began to 

address this research question. Mice with germline deletion of the broadly expressed 

isoform p110α (encoded by Pik3ca) or p110β (encoded by Pik3cb) die as embryos18, 

whereas mice with deletion of p110δ, found mainly in leukocytes, have a range of 

immunological defects18. A number of other research strategies have been used to 

address the isoform-specific functions of these PI3Ks, including tissue-specific PI3K 

isoform knockout mice, whole-body PI3K mutant “knockin” mice or use of isoform-specific 

pharmacological inhibitors. Results of some of these studies are summarized in Table 1. 

 
       Table 1   Genetically modified animal models of p110α and p110β. 

 

 

 

 

 

 

 

 
 

1) Gupta et al. Cell (2007); 2) Zhao et al. PNAS (2006); 3) Foukas et al. Nature (2006);  
4) Jia et al. Nature (2008); 5) Ciraolo et al. Science Signaling (2008); 6) Lu et al. Circulation (2009) 
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MEF: mouse embryonic fibroblast; KD: kinase-dead; Het: heterozygous; Hom: homozygous; HER2: human 

epidermal growth factor receptor 2; EGFR: epidermal growth factor receptor. 

 

Class IB p110γ also shows a restricted tissue distribution—it is abundant in cells of 

haematopoietic origin and is present at low concentrations in endothelia, smooth muscle 

cells and cardiomyocytes14. Mice with whole-body genetic deletion of p110γ are viable19. 

This PI3K is involved in inflammatory processes20-21 and cardiovascular function22.  

 

1-2-2 Class II PI3Ks 

    Class II PI3Ks are large molecules (>170 kDa) whose C2 domains are located at the 

C terminus of the proteins3. There are three class II enzymes—PI3K-C2α, PI3K-C2β and 

PI3K-C2γ—encoded by three distinct genes. They are thought to act as monomeric 

enzymes23. The main in vivo substrate of class II PI3Ks has remained elusive for a long 

time, but more and more evidence suggests that it might be PI. Recently, one study 

reported that in the insulin signaling cascade, PI(3)P is the sole in vivo product of C2α24. 

Also, by using RNAi, it has been shown that C2α has an important role in controlling cell 

survival25 and cell growth26. 

 

1-2-3 Class III PI3Ks 

    The only known class III enzyme is the homologue of the Saccharomyces cerevisiae 

membrane trafficking protein Vps34, which associates with a 150 kDa protein that is the 

homologue of Vps1513, 27. Class III PI3K utilizes only PI as a substrate. Class III PI3K is 

required for the induction of autophagy during nutrient deprivation in yeast and in 

mammalian cells28. Recent studies also suggest that mammalian hVps34 is required for 

the activation of the mTOR (mammalian target of rapamycin)/S6K1 (ribosomal protein S6 
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kinase 1) pathway, which regulates protein synthesis in response to nutrient availability29.  

 

 

1-3 Class I PI3K Activation and Signaling  

p110α,β

p85
Ras

GTP

IR/IGFR

Akt/PKB
PP

Cell growth

Insulin/IGF-1/
growth factors

IRS-1

Cardiac
contraction

mTOR

Protein synthesis

Tumorigenesis

PI(3,4,5)P3

P P

P

P

P

PI(4,5)P2

PTEN

S6K

FOXO

Rac1

aPKC

 

Fig. 1-2 A simplified PI3K signaling pathway. IGF-1: insulin-like growth factor 1; IR: insulin receptor; IGFR: 

insulin-like growth factor receptor; IRS-1: insulin receptor substrate 1; PTEN: phosphatase and tensin 

homologue deleted on chromosome ten; aPKC: atypical protein kinase C; mTOR: mammalian target of 

rapamycin; FOXO: Forkhead box O; S6K: ribosomal protein S6 kinase. 

 

1-3-1 PI3K Activation 

    Class I PI3Ks are activated by a wide variety of different stimuli including growth 

factors, inflammatory mediators, hormones, neurotransmitters and 

immunoglobulins/antigens (Fig. 1-2)1, 30. The association of the catalytic subunits with the 
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regulatory subunits is critical for their activation. The SH2 domains of Class IA p85 

regulatory subunits bind with high affinity to phosphorylated tyrosine motifs present in 

growth factor receptors such as the insulin receptor (IR) or insulin-like growth factor 1 

(IGF-1) receptor, their substrates, or receptor-associated adaptor proteins such as insulin 

receptor substrate 1 (IRS-1)31. In addition, p110β can be activated by G protein-coupled 

receptors (GPCRs) without the binding of p85 to tyrosine-phosphorylated proteins32. 

Instead, the mechanism of activation is through binding of the p110β subunit to 

βγ-subunits of heterotrimeric GTP-binding proteins. Similarly, Class IB p110γ is activated 

by Gβγ14. All four Class I PI3K catalytic subunits can also be activated directly by the 

small GTPase Ras (Fig. 1-2)33 and the ability of Ras or Ras family members to activate 

PI3Ks has been shown to depend on the isoform of PI3K involved34.  

 

1-3-2 Signaling by PI3Ks 

 

1-3-2-1 PTEN 

PTEN (phosphatase and tensin homologue deleted on chromosome ten; Fig. 1-2) 

was identified as a tumor suppressor and found to be frequently mutated in sporadic 

glioblastomas and in cancers of the prostate and breast35-36. PTEN is a phosphatase 

specific for the 3’-position of the inositol ring of phosphoinositides37 (Fig. 1-2). It was 

shown in many cell types that PTEN decreases cellular PI(3,4,5)P3 levels38-39. In addition, 

identification of PTEN as a functional antagonist of PI3Ks was supported by genetic 

evidence in different systems such as C. elegans and D. melanogaster13. The loss or 

mutation of PTEN in various cancers leads to hyperactive signaling downstream of 

PI3K40. Loss of PTEN function is now considered one of the most common genetic 
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alterations in human cancers41. 

 

1-3-2-2 Akt/PKB 

    The second messenger PI(3,4,5)P3 binds to adaptor and effector proteins containing 

pleckstrin homology (PH) domains and drives several downstream signaling cascades. 

The best known PI3K effector is the protein kinase Akt/PKB1 (Fig. 1-2). This kinase is the 

cellular homologue of the viral oncoprotein v-Akt, hence the name Akt14.The alternative 

name PKB comes from its homology to PKA and PKC. There are three isoforms of 

Akt/PKB: Akt1/PKBα, Akt2/PKBβ, and Akt3/PKBγ. The N-terminal PH domain of Akt/PKB 

(called Akt hereafter) binds to PI(3,4)P2 and PI (3,4,5)P3 that are produced following PI3K 

activation, causing Akt to translocate to the membrane. Two specific sites, T308 in the 

kinase domain and S473 (in Akt1) in the C-terminal tail, need to be phosphorylated for full 

activation of Akt. T308 is phosphorylated by phosphoinositide-dependent kinase 1 

(PDK1). S473 is phosphorylated by the mTOR/rictor complex (mTORC2)42. Once 

activated, Akt phosphorylates a plethora of downstream proteins, such as Forkhead box 

O (FOXO) transcription factors43 and glycogen synthase kinase 3 (GSK3)44-45, that 

regulate many different cellular processes including cell survival, apoptosis and 

metabolism.  

 

1-3-2-3 mTOR 

    The protein kinase mTOR (Fig. 1-2) is both a downstream effector and upstream 

regulator of Akt. It is now known that mTOR exists in two distinct multi-protein complexes: 

a rapamycin- and nutrient-sensitive complex mTORC1 and a rapamycin- and 

nutrient-insensitive complex mTORC246. Akt activates mTORC1 by phosphorylating both 
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the 40 kDa proline-rich Akt substrate (PRAS40) and tuberous sclerosis 2 (TSC2; also 

known as tuberin) proteins to attenuate their inhibitory effects on mTORC1. The most 

extensively studied mTORC1 downstream effectors are S6K (Fig. 1-2) and eukaryotic 

translation initiation factor 4E-binding protein 1 (4E-BP1)47, which play an important role 

regulating protein synthesis and cell growth. On the other hand, the mTORC2 complex 

directly regulates Akt by phosphorylating the S473 site46, 48. 

 

1-3-2-4 GTPases 

    Cycling between inactive and active forms of small GTPases is regulated by 

GTP/GDP-exchange factors (GEFs)49 and GTPase-activating proteins (GAPs)50. GEFs 

activate small GTPases by catalyzing the release of GDP and binding to GTP, whereas 

GAPs stimulate GTP hydrolysis to convert the proteins from the active form back to the 

inactive GDP-bound state. PH domains were found in all GEFs specific for the Rho family 

of GTPases and these GEFs show specificity for binding PI(3,4,5)P3; therefore, Class I 

PI3K activity has been implicated in the activation of Rho family GTPases, including Rac 

(Fig. 1-2). Increases in GTP-loaded Rac in response to PDGF have been shown to be 

mediated by PI3K51. ARAP3, a GAP of Rho, triggers cellular cytoskeletal changes in 

response to PI3K activity52. It is believed that PI3K regulation of the actin cytoskeleton 

structure through Rac/Rho GTPases plays a role in cancer cell migration and 

metastasis1. 
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1-4 The Role of Class I PI3Ks in Cellular Functions and Diseases 

 

1-4-1 Cell Growth 

    In post-mitotic cells such as cardiac myocytes, PI3K signaling controls growth. For 

example, overexpression of constitutively active PI3K p110α in the heart results in 

increased cell and heart size, while dominant-negative p110α results in smaller hearts 

and cardiac myocytes53. Expression of activated Akt also increases heart size54. Similarly, 

deletion of PTEN in a tissue-specific manner leads to increased organ and cell sizes55. 

PI3K signaling also controls the overall body size in mammals and other organisms. Mice 

heterozygous for an inactive p110α mutant exhibit retarded growth18. Similar growth 

retardation is observed in mice expressing a kinase-dead mutant of p110β56. Akt1 

knockout mice are smaller compared to the littermate controls57. Mice with deletion of 

both Akt1 and Akt2 are much smaller and die at a young age58. mTOR is the central 

controller of cell growth. Activation of Akt by PI3K leads to TSC2 phosphorylation, 

activation of mTOR and phosphorylation of its downstream effectors S6K and 4E-BP1, 

and increased protein synthesis and cell growth59. Conditional deletion of raptor (one of 

the proteins in mTORC1)60 or S6K161 also results in smaller organ size and reduced 

growth62. 

 

1-4-2 Cardiac Contraction 

Contraction of cardiac myocytes is initiated by an inward Ca2+ current (ICa,L) through 

the voltage-dependent L-type Ca2+ channel (LTCC), followed by a much larger release of 

Ca2+ from the sarcoplasmic reticulum (SR). p110γ-null mice exhibit increased cardiac 

contractility22 that is due to the localized production of cAMP that increases SR Ca2+ 
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content and release but not ICa,L
63. By contrast, expression of dominant-negative p110α in 

the heart does not cause a change in cardiac contractility or ICa,L density22, 64. These 

results led to the belief that Class IA PI3Ks regulate heart size whereas Class IB PI3K 

controls heart contraction. A recent study from our laboratory shows that inducible 

ablation of p110α, but not p110β, in cardiac myocytes of adult mice results in reduced 

ICa,L and compromised cardiac contractile function65. Thus, p110α promotes and p110γ 

reduces cardiac contractility. Reduced PI3K/Akt signaling in the heart of diabetic mice 

also causes a contractile defect and reduced ICa,L
66.  

 

1-4-3 Cell Proliferation and Survival 

    PI3K controls cell growth, proliferation, and survival, which constitute critical steps 

towards tumor formation and malignant cell dissemination. Genetic alterations in the PI3K 

pathway have been associated with cancers36. The most frequent of these alterations 

found in various human cancers are loss of PTEN40 and mutations in p110α67, both 

leading to elevated production of PI(3,4,5)P3. Table 268 summarizes the changes in 

PI3K/Akt signaling molecules that lead to tumor formation. 
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Table 2   Genetic alterations in the PI3K/Akt pathway in cancer. 
 

 
Arcaro, A. & Guerreiro, A.S. Curr Genomics 8, 271-306 (2007) 

 
 

Akt can promote the G1-S phase transition by phosphorylating FOXO transcription 

factors, causing them to exit the nucleus and thus blocking the transcription of cell cycle 

inhibitors such as p27Kip131. In addition, Akt phosphorylation of GSK3 causes an 

increase in expression of cyclin D131. Two anti-apoptotic proteins, Bcl-2 and Bcl-XL, are 

released from the pro-apoptotic protein Bad after being phosphorylated by Akt, thus 

promoting cell survival. Another way that Akt can promote cell survival is by blocking 

FOXO-mediated transcription of pro-apoptotic genes69. mTOR also plays a role in 

promoting cell cycle progression, as mTOR knockout embryos have severely impaired 

cell proliferation70. Mouse embryonic fibroblasts (MEFs) lacking p110β also have reduced 

cell proliferation that might be due in part to defective activation of mTOR signaling71.  
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1-4-4 Glucose Metabolism 

PI3K activation is considered to play a critical role in insulin-induced glucose 

metabolism in muscle, adipose tissue, and liver. Impaired PI3K/Akt signaling is 

associated with glucose intolerance and insulin resistance, which play a major role in the 

occurrence and development of Type 2 diabetes mellitus72. Mice heterozygous for an 

inactive mutant of PI3K p110α have increased adipose tissue and show impaired glucose 

tolerance and insulin sensitivity18. Germline knockin of kinase-dead p110β results in mild 

insulin resistance in older animals56. These results are consistent with a number of 

studies showing that insulin signaling goes mainly through p110α18, 73-74. Deletion of Akt2 

results in impaired ability of insulin to lower blood glucose and altered glucose 

homeostasis75. Ablation of S6K1 causes hypoinsulinemia and mild glucose intolerance 

but protects from age- and diet-induced obesity due to enhanced insulin sensitivity76-77. 

 

1-4-5 Cell Motility and Migration 

    As mentioned earlier, the Rho family members Rho, Rac, and cdc42 have been 

extensively studied for their ability to regulate cytoskeketal dynamics at different stages of 

cell migration. Evidence suggests that PI3Ks are involved in and crosstalk with Rho 

family pathways at these cell migration stages: polarization, protrusion, and adhesion78. 

Germline or endothelial cell-specific inactivation of p110α led to severe defects in 

vascular remodeling because p110α normally regulates cell migration through RhoA79. In 

response to epidermal growth factor (EGF), Ras is required for both PI(3,4,5)P3 

production and protrusion, whereas Rac1 is required to stabilize adhesive structures for 

cell mobility80. 
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1-5 Aim of the Dissertation 

 

To study the roles of p110α and p110β, we generated conditional knockout mice for 

these genes (p110αFlox/Flox and p110βFlox/Flox mice)65. These animals were bred to mice 

expressing Cre recombinase under the control of a tissue-specific promoter, leading to 

the tissue-specific ablation of p110α or p110β. In this dissertation thesis, I will present my 

findings on the physiological and pathological functions of p110α and p110β in three 

different systems: regulation of cardiac contraction (Chapter 2), skeletal muscle mass 

(Chapter 3), and pancreatic tumorigenesis (Chapter 4).  
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Chapter 2 

Essential Roles of p110α and p110β in Maintaining Cardiac 

Contraction 

 

2-1 Introduction 

 

Efficiency of cardiac mechanical function depends on intricate contractile structures 

and tightly regulated Ca2+ fluxes. In mammalian myocardium, the Ca2+-handling proteins 

are concentrated at the cardiac dyad that consists of an invagination of the plasma 

membrane called the transverse tubule (T-tubule)81-82 juxtaposed to a single terminal 

cisterna of the sarcoplasmic reticulum (jSR)83. The periodicity of T-tubules and their 

juxtaposition to the sarcoplasmic reticulum (SR) is necessary for efficient Ca2+ release in 

myocytes. The voltage dependent L-type Ca2+ channels (LTCCs) that initiate myocyte 

contraction are concentrated at the T-tubules. Across from the T-tubules, the jSR 

membrane, within nanometer distance, contains the ryanodine receptor 2 (RyR) and its 

binding partners triadin84 and junctin85. The RyR is activated by the relatively small Ca2+ 

current that enters through the LTCC to release a much larger amount of Ca2+ from the 

SR, leading to myocyte contraction. The Ca2+ is then pumped back into the SR by the SR 

Ca2+-ATPase-2 (SERCA2). The jSR lumen contains a high concentration of 

calsequestrin-2 (CSQ2) that binds Ca2+ and serves as a Ca2+ sink86. Junctophilin-2 (JP-2) 

is also found at this location and plays an important role in coordinating the colocalization 

of T-tubules with the jSR87. These molecules form the cardiac Ca2+ release units that are 

critical for proper excitation-contraction coupling in cardiac myocytes88. T-tubule 

formation and establishment of mature cardiac dyads occur after birth in mice. Currently, 
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little or no information is available regarding the regulation of expression of Ca2+-handling 

proteins found in the cardiac dyad.  

Cardiac myocytes express p110α, p110β and p110γ. Cardiac contractility was shown 

to increase in p110γ-null mice as a result of increased cAMP levels22. Because 

whole-body ablation of p110α or p110β results in embryonic lethality89-90, in earlier work 

we used Cre-lox mouse models to study the effects of ablating either p110α or p110β in 

the heart65. The loss of p110α, but not p110β, resulted in a mild contractile defect due to 

decreased current through the LTCC. However, little is known about cardiac 

consequences of downregulating multiple PI3Ks concurrently. In this study, we 

investigated the effect of ablating both p110α and p110β in the heart. 

 

 

2-2 Materials and Methods 

 

    General Materials 

    Antibodies were purchased from commercial sources: p110α and p110β from Cell 

Signaling Technology; pan-p85 from Millipore; CaV1.2 from Alomone Labs; RyR, SERCA2 

and CSQ2 from Affinity Bioreagents; triadin from Santa Cruz Biotechnology; JP-2 from 

Sigma Aldrich; and caveolin-3 from BD Transduction Laboratories. Di-8-ANEPPS, goat 

anti-rabbit antibody conjugated to Alexa Fluor 488 and goat anti-mouse antibody 

conjugated to Alexa Fluor 647 were from Invitrogen. 

    Animals 

    All animal-related experimental protocols were approved by the Stony Brook 

University Institutional Animal Care and Use Committee. All genetically modified mice 
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were in a mixed C57BL/6 and 129 genetic background. We used a breeding program 

between p110αFlox/WT and p110βFlox/WT mice65 and transgenic mice carrying the Cre 

recombinase gene under the control of the muscle creatine kinase promoter (MCK-Cre). 

Offspring from the last breeding step have 16 possible genotypes: 

p110αFlox/Flox;p110βFlox/Flox, p110αFlox/Flox;p110βFlox//WT, p110αFlox/WT;p110βFlox/Flox, 

p110αFlox/Flox;p110βWT/WT, p110αWT/WT;p110βFlox/Flox, p110αFlox/WT;p110βWT/WT, 

p110αWT/WT;p110βFlox/WT, and p110αWT/WT;p110βWT/WT that are plus or minus MCK-Cre. In 

this study, we used only p110αFlox/Flox;p110βWT/WT;MCK-Cre, 

p110αWT/WT;p110βFlox/Flox;MCK-Cre and p110αFlox/Flox;p110βFlox/Flox;MCK-Cre mice, and 

those that did not express MCK-Cre served as controls. Phenotypic comparisons were 

made between knockout mouse strains and their p110-intact siblings. 

    Mouse Heart Membrane Preparation and Western Blotting 

Mouse ventricular microsomes were prepared as previously described91. After 

immunoblotting, signals were visualized using an enhanced chemiluminescence kit 

(PerkinElmer Life Sciences), CSPD chemiluminescence kit (Applied Biosystems) or the 

Odyssey Infrared Imaging System (LI-COR Biosciences). 

Electron Microscopy 

Hearts were harvested, fixed immediately in 4.0% paraformaldehyde and 2.5% EM 

grade glutaraldehyde in 0.1 M PBS (pH 7.4), and chopped into small pieces in EM fixative. 

After fixation at 4°C overnight, samples were placed in 2.0% osmium tetroxide in 0.1 M 

PBS (pH 7.4), dehydrated in a graded series of ethyl alcohol, and embedded in Epon resin. 

Ultra-thin sections of 80 nm were cut with a Reichert-Jung UltracutE ultramicrotome, and 

placed on formvar coated slot copper grids. Sections were counterstained with uranyl 

acetate and lead citrate. Samples were viewed with a FEI Tecnai12 BioTwinG2 electron 
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microscope. Images were acquired with an AMT XR-60 CCD Digital Camera System. 

Heart Histology 

Hearts were fixed by perfusion with 10% buffered formalin and embedded in paraffin. 

Sections of 10 μm thickness were cut and stained with hematoxylin and eosin. 

Di-8-ANEPPS Staining and Immunofluorescence Microscopy 

The T-tubule network was visualized by incubating isolated ventricular myocytes with 10 

μM di-8-ANEPPS for 10 min, followed by a 10 min washout period. Images were acquired 

using the Olympus FluoViewTM FV1000 imaging system. Di-8-ANEPPS was excited at 

488 nm and emission intensity was measured at 506 nm. For spatial spectrum analysis, 

regions of interest without nuclei were first selected. In order to avoid staining variation 

and noise, average intensity was subtracted before any further computation. Power 

spectrum was computed by 1D fast Fourier transform along the longitudinal dimension for 

each sample, averaging multiple lines. Power ratios calculated as peak power divided by 

mean power from 0.2 to 0.4 μm-1 for each cell were averaged and used to compare groups 

of cells. 

For colocalization experiments, isolated ventricular myocytes from control and dKO 

mice were fixed for 10 min in freshly made 3.7% formaldehyde solution, followed by 3 X 10 

min washes in PBS. The cells were then permeabilized in a solution of PBS containing 

0.2% Triton X-100 and 5% fetal bovine serum (FBS) for 5 min. The permeabilization 

solution was removed with 3 X 10 min washes in 1% FBS solution. After that, the cells 

were labeled simultaneously with rabbit anti-Cav1.2 and mouse anti-RyR primary 

antibodies diluted in 0.5% bovine serum albumin (BSA) solution overnight at 4˚C. Next day, 

the cells were washed with 3 X 10 min washes in 1% FBS solution. The cells were then 

incubated in 0.5% BSA solution containing the appropriate secondary antibodies for 1 hr, 
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rinsed for 3 X 10 min with 1% FBS solution, and then mounted in VectaShield (with DAPI) 

(Vector Laboratories) for imaging using the Olympus FluoViewTM FV1000 imaging system. 

Colocalization analysis was done by commercial software purchased from Imaris 

(Bitplane Inc.). An unbiased automatic thresholding method92 was applied before 

calculating Pearson’s coefficients and colocalization percentages. 

Sarcomere Length Measurement  

Contractile properties of myocytes were assessed using a video-based myocyte 

sarcomere spacing acquisition system as previously described65. 

Ca2+ Transient Measurements  

Myocytes were loaded with Fluo-4AM and Ca2+ transients measured with an IonOptix 

photometry system as previously described65. 

Electrophysiology 

L-type Ca2+ currents (ICa,L) were recorded using the whole cell patch clamp technique 

described previously65. The values were normalized to individual cell capacitance (control, 

149 ± 23 pF; α-/-, 93 ± 18 pF; β-/-, 110 ± 7 pF; and dKO, 91 ± 13 pF) to calculate the ICa,L 

density.  

SR Ca2+ Content Measurements 

Ventricular myocytes were allowed to adhere to laminin-coated plates (Invitrogen) at 

37˚C for at least one hr. Then they were loaded with 2 μM Fura-2 AM (Invitrogen) for 45 

min at room temperature and washed with Tyrode solution65. The cells were placed in a 

perfusion chamber and field-stimulated in Tyrode solution containing 1.8 mM Ca2+. Cells 

were electrically stimulated at 1 Hz for 5 min. Immediately after the electrical stimulation 

was stopped, myocytes were exposed to 10 mM caffeine using a rapid perfusion system 

(SF-77B Perfusion Fast-Step, Warner Instrument). Excitation wavelengths of 360 and 380 
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nm were used to monitor the fluorescence signals of Fura-2. The area under the curve of 

the caffeine-stimulated peak was used as the estimate of total SR Ca2+ content. All 

experiments were conducted at room temperature. 

Real-Time RT-PCR 

RNA was isolated from hearts of 36-37 day-old mice using Tri reagent (Sigma Aldrich). 

RNA was converted to cDNA using the iScript cDNA synthesis Kit (Bio-Rad) and analyzed 

by real-time PCR using the SYBR Green PCR Kit (Qiagen) with a DNA Engine Opticon 

(MJ Research). Results were quantified using a previously described method93. Results 

were normalized to the expression of 18S RNA. Oligos used for real-time PCR are listed 

in the table below: 
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CaV1.2 ATCACCATGGAGGGCTGGAC 

  TGTGGGCATGCTCATGTTTCG 

RyR GATTTGTGGACTATAACAGGGC 

  TCCCCAGGGGCACAGATGTT 

Triadin CCTCTACCAGAGTTCTCT 

  GGGAGGTTCTTCTATTTCT 

SERCA2 AAGGAGAGATGGGGCTCCAACGA 

  GGAACTTTGTCACCAACAGCAATTTC

Junctin GAATGGGAGAAGAGGAGG 

  GTCTCTACGGCCTTCTTC 

JP-2 GGAGAGCACACCAGACT 

  CGCCCCTTGGTCTCTAT 

CSQ2 GAGCTTGTGGCCCAGGTC 

  CGGTTTGTTAGGGATGAC 

β-MHC TGCAAAGGCTCCAGGTCTGAGGGC 

  GCCAACACCAACCTGTCCAAGTTC 

18S CCTGCGGCTTAATTTGACTC 

  CGGACATCTAAGGGCATCAC 

 

 

Statistics 

Numerical data are presented as mean ± S.E.M., mean ± 95% confidence interval or 

median ± 25 percentile as described in the figure legends. Comparison between groups 
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p110α

p110β

p85

β-/-α-/-

GAPDH

control dKO

was evaluated using one-way ANOVA with post-hoc Fisher least significant difference test. 

Comparison between two groups was evaluated using Student's t-test or Wilcoxon 

rank-sum test. Results were considered significant if the P value was <0.05. 

 

 

2-3 Results 

 

2-3-1 Early Death of Cardiac PI3K Knockout Mice 

We bred p110αFlox/Flox and p110βFlox/Flox mice to animals carrying a Cre recombinase 

transgene under the control of the muscle creatine kinase (MCK) promoter94 to generate 

single knockout p110αFlox/Flox;MCK-Cre and p110βFlox/Flox;MCK-Cre mice (α-/- and β-/-, 

respectively) and double knockout p110αFlox/Flox;p110βFlox/Flox;MCK-Cre mice (dKO). 

Siblings that do not express Cre served as controls. As expected, the p110α and/or p110β 

proteins were appropriately ablated in the single and double knockout myocytes (Fig. 

2-1a).  

 

a                                     b 
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α-/- β-/-control dKO

Fig. 2-1 Ablation of both p110α and p110β in cardiac myocytes causes early death in mice. (a) 

Lysates of myocytes isolated from the indicated groups of mice were analyzed by western blotting to detect the 

p110α and p110β PI3K catalytic subunits and the p85 regulatory subunit. GAPDH served as a loading control. 

(b) Kaplan Meier survival curves for control (α+/+β+/+), p110α-/- (α-/-), p110β-/- (β-/-), and dKO (α-/-β-/-) mice (N = 

18 for dKO and N = 20 for the other 3 groups). 

 

At birth, all four groups of mice behaved normally and were indistinguishable by 

outward appearance. However, all dKO mice died suddenly between 29-39 days of age 

(Fig. 2-1b). In contrast, there was no significant difference in the mortality rate of α-/- or β-/- 

mice as compared to control animals for up to 1 year of age (Fig. 2-1b).  

Examination of the dKO heart showed that both left and right ventricles were dilated, 

whereas no obvious gross changes were observed in the single PI3K knockout hearts (Fig. 

2-2a). Higher magnification views of H&E-stained heart sections (Fig. 2-2b), as well as 

phase-contrast images of isolated myocytes (Fig. 2-4a), did not reveal any other apparent 

differences in the organ or myocyte structure in all 3 groups of knockout mice, indicating 

that the early mortality of dKO mice was not due to gross defects in cardiac architecture. 

Similarly, no localized areas of necrosis or myocyte damage were detected in the dKO 

sections.  

a                                       b 
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Fig. 2-2 Histology of the hearts. (a) Gross morphology of representative hearts from each group of mice. 

Sections were stained with H&E. Note the dilated ventricular chambers in the dKO heart. (b) Representative 

paraffin-embedded heart sections of control, dKO, α-/- and β-/- mice stained with H&E. 

 

 

2-3-2 Disrupted Cardiac Dyad and T-tubule Network in PI3K Knockout Myocytes 

We next examined the ultrastructure of dKO myocytes in heart sections by electron 

microscopy. At a low magnification, the myofibril organization and sarcomere structure 

appeared unperturbed in the dKO myocytes (Fig. 2-3a). Closer inspection at a higher 

magnification showed that cardiac dyads in the dKO myocytes were not as well developed 

as those seen in the control myocytes. Many of the T-tubules in the dKO myocytes were 

not juxtaposed to jSR. For those that were, the region of contact between the jSR and 

T-tubule was much shorter than in control myocytes (Fig. 2-3b). We also noticed unusual 

dense particles deposited around the dyad in the dKO myocytes (Fig. 2-3b).   

 

a  
 
 
 
 
 
 
 

b  
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Fig. 2-3 Ablation of both p110α and p110β in cardiac myocytes causes cardiac dyad disruption. (a) 

Electron micrographs of thin sections of control and dKO left ventricular myocardium. At this magnification, the 

sarcomere structure and myofibril organization appear intact in the dKO cardiac myocytes. (b) At higher 

magnification, the sarcoplasmic reticulum (SR, arrow) has limited contacts with T-tubules (T) in the dKO heart, 

whereas they are closely aligned in the control heart. Z, Z-line; M, mitochondria. 

 

To determine if the organization of T-tubules is affected by the loss of PI3Ks, we 

isolated cardiac myocytes from control, α-/-, β-/-, and dKO mice, stained them with the 

membrane dye di-8-ANEPPS, and imaged the cells by confocal microscopy. This lipophilic 

dye cannot enter the cell and stains the cell surface membrane to reveal the T-tubule 

structure. Staining of representative myocytes from each group of mice is presented in Fig. 

2-4a. In control, α-/-, and β-/- myocytes, the T-tubule network exhibited a highly organized 

striated pattern. The degree of spatial periodicity was quantified using 1D Fourier analysis 

of the di-8-ANEPPS signal along the longitudinal axis. Periodic T-tubule spacing of about 

2 μm (0.5 μm-1 dominant spatial frequency, with a harmonic at 1 μm-1) was seen in control 

cells (Fig. 2-4b), commensurate with the sarcomere spacing visible in the phase contrast 

images. In contrast, the T-tubule network in dKO myocytes was severely disrupted and the 

striated pattern was almost completely lost (Fig. 2-4a). There was no discernable 

dominant frequency in the Fourier spectrum (Fig. 2-4b), despite normal sarcomere 

appearance in the phase contrast images (Fig. 2-4a). This result suggests that the 

T-tubule disruption is probably not due to damage of dKO cells during the isolation 

procedure. A normalized output of the Fourier transform (power ratio of the dominant 

frequency peak power and low frequency noise 0.2-0.4 μm-1) revealed a statistical 

difference in the spatial organization of the T-tubules between the control and dKO groups 

while both single knockouts were not significantly different from the control (Fig. 2-4c).  



 25

control dKO

2 m0μ
2 m0μ

α-/- β-/-

2 m0μ

2 m0μ

250

200

150

100

  50

    0
    0     0.4     0.8     1.2     1.6

P
ow

er
 

1/ mμ

control

dKO

0

2

4

6

8

*

P
ow

er
 R

at
io

 

control dKOβ-/-α-/-

a 

 

 

 

 

 

 

 

 

b                                       c 
 
 

 
 

 
 
 
 
Fig. 2-4 T-tubule disruption in PI3K dKO myocytes. (a) Representative staining patterns seen in cardiac 

myocytes isolated from 35-37 days old control, α-/-, β-/- and dKO mice, stained with 10 μM di-8-ANEPPS and 

imaged by confocal microscopy. The small panels on the left are 2x magnified views of the boxed areas. Phase 

contrast images of the same cells are displayed on the right, indicating preserved sarcomere organization in all 

cases. (b) Spectrum power vs. spatial frequency along the longitudinal axis was computed using 1D Fourier 

analysis in the regions of interest shown in red rectangles in a. Control myocytes exhibited average T-tubule 

spacing of 2 μm (see peak at 0.5 μm-1 spatial frequency) whereas dKO myocytes did not display a consistent 

spatial frequency. (c) Power ratio (=Powerpeak/Average(Power0.2~0.4 μm
-1)) was computed as a normalized 

measure of spatial organization from 8-12 cells (from >3 hearts in each group). Data shown are mean with 

95% confidence intervals; asterisk indicates P < 0.05, one-way ANOVA with post-hoc Fisher’s test. 
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We next examined whether loss of both p110α and p110β changed the relative 

positioning of the LTCC and the RyR, two core proteins located at the cardiac dyad. 

Immunolabeling of isolated ventricular myocytes from control mice with antibodies to the 

LTCC (CaV1.2 forms the ion channel of the LTCC, green) and the RyR (red) showed that 

the two proteins colocalized (yellow) in highly organized striations (Fig. 2-5a, upper 

panels). In dKO cardiomyocytes, the LTCC pattern was disrupted and colocalization 

between the LTCC and the RyR or vice versa was markedly reduced (Fig. 2-5a, lower 

panels and Fig. 2-5b). Each of the LTCC and RyR spatial signals was analyzed by the 

Fourier transform and we found that the spatial frequencies for both were disrupted in 

dKO myocytes (Fig. 2-5c). Therefore, in addition to the obvious defect in the organization 

of T-tubules in the dKO myocytes that leads to mislocalization of the LTCC, there are also 

more subtle changes in the structure of the jSR where the RyRs are located.  

 

a  
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b                                     c 
 

 
 
 
 

 
 

 
Fig. 2-5 L-type Ca2+ channel/ryanodine receptor mismatch in PI3K dKO myocytes. (a) Isolated 

ventricular myocytes from 35-37 days old control and dKO mice were fixed, colabeled with antibodies against 

CaV1.2 (green) and the ryanodine receptor (RyR, red), and imaged by confocal microscopy. (b) Colocalization 

analysis of CaV1.2 with RyR in control and dKO myocytes. Data shown are mean ± 95% confidence interval. N 

= 19-25 cells from 3 hearts. Asterisk indicates P < 0.01, t-test. (c) Power ratio (indicating spatial organization of 

CaV1.2 and RyR) was computed from 14-15 cells (from 3 hearts in each group). Data shown are mean ± 95% 

confidence intervals; asterisk indicates P < 0.01, t-test. 

 

2-3-3 Reduced Myocyte Contractility and Ca2+ Transients 

We next investigated the consequences of these defects in T-tubule and jSR 

organization on myocyte contractility and Ca2+ handling. These experiments were done 

using ventricular myocytes isolated from 35-day old mice. At this age, dKO mice did not 

exhibit apparent distress and were outwardly indistinguishable from control littermates. 

However, more than 90% of the dKO myocytes did not contract when electrically 

stimulated, and those that did contract did so poorly. In contrast, the majority of control 

myocytes were visibly contracting under the same conditions. Myocyte contractile function 

was quantified by measuring changes in sarcomere length in visibly contracting cells. 

Contractility of the dKO myocytes was dramatically reduced by 71% as compared to 

control cells (Fig. 2-6a, b). Myocyte contractility was decreased by 38% in α-/- myocytes 
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but unaffected in β-/- myocytes (Fig. 2-6a, b). Considering the direct control of cardiac 

contractility by intracellular calcium levels, we next measured Ca2+ transients in ventricular 

myocytes isolated from all four groups of mice. The dKO myocytes exhibited Ca2+ 

transient amplitudes that were only 25% of control values (Fig. 2-6c, d). The decrease in 

peak amplitude is probably underestimated because the diastolic Ca2+ concentration was 

reduced by ~50% in the dKO myocytes (data not shown). Ablation of p110α alone caused 

a more moderate decrease (48% of control) in Ca2+ transient amplitude, whereas ablation 

of p110β had no effect on Ca2+ transients (Fig. 2-6c, d).  
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Fig. 2-6 dKO myocytes have defective contractile function. (a) Representative contractility tracings 

measured as % change in sarcomere length (ΔSL%) recorded from control, α-/-,β-/- and dKO myocytes. (b) 

Summary data of myocyte contractility measurements. Control, N = 25; α-/-, N = 10; β-/-, N = 14; dKO, N = 22. 

(c) Representative Ca2+ transient tracings from control, α-/-,β-/- and dKO myocytes. Ca2+-associated 

fluorescence (F) was normalized to each tracing’s own minimum fluorescence (FDiastolic). (d) Summary data of 

Ca2+ transient amplitudes measured in control (N = 13), α-/- (N = 10), β-/- (N = 6) and dKO (N = 17) myocytes. 

Values in (b) and (d) are means ± S.E.M. Asterisk indicates comparison of the indicated group to the control 

group, P < 0.05, one-way ANOVA with post-hoc Fisher’s test. 

 

The triggering event in calcium release and subsequent contraction of 

cardiomyocytes is the Ca2+ influx via the LTCC. We used whole cell patch clamp 

techniques to show that Ca2+ current through the LTCC (ICa,L) was reduced in dKO 

myocytes to 50% of control values (Fig. 2-7a, b). The α-/- myocytes displayed a 30% 

decrease in ICa,L as compared to controls, whereas ICa,L was not affected in β-/- myocytes 

(Fig. 2-7a, b). Finally, to test if the blunted Ca2+ transients in dKO cells might also be due to 

decreased SR Ca2+ stores, contracting myocytes were rapidly perfused with caffeine to 

release SR Ca2+. The SR Ca2+ content in dKO myocytes was calculated to be 35% lower 

than in control cells (Fig. 2-7c, d). We believe that this is an underestimate of the actual 

decrease in SR Ca2+ content in dKO cells because we could not study the non-contracting 

cells. In summary, disruption of the cardiac dyad structure in dKO myocytes leads to 

severe defects in multiple aspects of Ca2+ handling and contractility. 
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Fig. 2-7 dKO myocytes exhibit severely defective excitation-contraction coupling. (a) Representative 

recordings of L-type Ca2+ currents (ICa,L) from control, α-/-, β-/- and dKO myocytes. (b) Summary data of ICa,L 

density measured at +10 mV for control (N = 16), α-/- (N = 16), β-/- (N = 16) and dKO (N = 16) myocytes. Values 

are means ± S.E.M. Asterisk indicates comparison of the indicated group to the control group, P < 0.05, 

one-way ANOVA with post-hoc Fisher’s test. (c) Representative Ca2+ tracings recorded from control and dKO 

myocytes following rapid caffeine (10 mM) treatment. Cells were paced at 1 Hz prior to stimulation (arrow) and 

caffeine treatment was throughout the whole peak. (d) Summary data of the area under the curve (see c) as 

an estimate of the total SR Ca2+ content. Values are median ± 25 percentile. Asterisk indicates P < 0.05, 

Wilcoxon rank-sum test. Control, N = 19; dKO, N = 25. 

 

2-3-4 Decreased Expression of Cardiac Dyad Proteins 

To better understand the molecular mechanism that leads to these phenotypic 

changes in the dKO myocytes, we investigated the expression of proteins in the cardiac 

dyad that control Ca2+ entry, release and uptake. Using real-time RT-PCR and western 

blotting, we found that both CaV1.2 mRNA and protein were decreased in dKO hearts as 
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compared to control hearts (Fig. 2-8). mRNA and protein levels of RyR, triadin and 

SERCA2 were also decreased (Fig. 2-8). The junctin mRNA level was significantly 

reduced. The mRNA level for CSQ2 was not significantly different between control and 

dKO myocytes, but protein expression was lower in the dKO (Fig. 2-8). This could be 

caused by decreased levels of triadin and junctin that bind to CSQ2 so that less of this 

protein is present at the SR membrane. However, expression of JP-2, which is believed to 

target T-tubules to the jSR, was not affected at the mRNA or protein level. The level of 

caveolin-3 protein, which is concentrated at T-tubules, also remained unchanged (Fig. 

2-8b). Finally, we found that the mRNA level of β-myosin heavy chain (MHC) was 

dramatically increased in dKO hearts (Fig. 2-8b). The expression shift from α- to β-MHC is 

an indicator of defective cardiac contractility95, suggesting that the early lethality in dKO 

mice might be due to severe contractile damage, most likely caused by defective Ca2+ 

release units on the cardiac dyads. None of the mRNA level changes in single knockout 

hearts was statistically significant (Fig. 2-8a). We also did not detect consistent changes in 

the level of these Ca2+-handling proteins in the single knockouts (Fig. 2-8b), pointing to a 

synergistic role of the PI3K isoforms in regulation of the Ca2+ handling machinery.   
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Fig. 2-8 Decreased expression of proteins located at the T-tubule/jSR junction. (a) Real-time RT-PCR 

analysis of mRNA levels of indicated genes in control, α-/-, β-/- and dKO hearts. RyR, Ryanodine receptor 2; 

CSQ2, calsequestrin 2; JP-2, Junctophilin-2. Asterisk indicates comparision of the indicated group to the 

control group, P < 0.05, one-way ANOVA with post-hoc Fisher’s test. (b) Immunoblots of microsomal 

preparations obtained from control,α-/-, β-/- and dKO hearts. The left panel is one set of samples from the 

indicated groups. The right panel is another set with 2 control and 2 dKO samples from different animals. 
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2-4 Discussion 

 

Cardiac excitation-contraction coupling is dependent on efficient Ca2+-induced 

Ca2+ release96. This process relies upon the proper relative positioning of cell membrane 

components with respect to the SR, i.e., the LTCC, RyR and other proteins are found in 

stable structures within the cardiac dyad that allow them to act in a coordinated fashion. In 

this study, we provide the first genetic evidence that two ubiquitous Class IA PI3Ks, p110α 

and p110β, play pivotal roles in regulating cardiac contractile function by affecting the 

expression of multiple Ca2+-handling proteins, including CaV1.2, RyR, triadin, junctin and 

SERCA2. Furthermore, these two kinases regulate the organization of the T-tubule 

network and jSR that determines the relative positioning of the LTCC and the RyR.  

Currently, it is believed that JP-2-mediated targeting of jSR to plasma membranes 

is the initiating step that docks T-tubules to the SR88. Ablation of JP-2 disrupted the 

junctional membrane complex formation in cardiac myocytes, resulting in asynchronous 

Ca2+ transients and embryonic death87. We did not detect a change in JP-2 expression in 

the dKO hearts, so disruption of the T-tubule network in the dKO myocytes is probably not 

due to loss of JP-2. On the other hand, we did not rule out the possibility that JP-2 might be 

improperly positioned in the dKO myocytes, leading to mistargeting of the T-tubules. If 

disruption of the T-tubule structure leads to decreased expression of proteins at the 

cardiac dyad, analysis of CaV1.2, RyR and SERCA2 levels in the JP-2-null hearts could be 

informative. Conversely, the structural changes in the dKO myocytes could be a 

consequence of decreased expression of certain Ca2+-handling proteins at the cardiac 

dyad. Ablation studies in mice suggest considerable variation in the roles of these proteins 

in regulating cardiac function. Myocytes lacking triadin had a marked reduction in the 
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extent of contacts between T-tubules and the jSR and showed decreased expression of 

RyR, junctin, JP-2 and CSQ284. These phenotypes are similar to those of our dKO mice, 

but the triadin-null mice exhibited increased cardiac contractility. Ablation of the CSQ2 

gene decreased expression of triadin and junctin but did not affect myocyte contractility86. 

Ablation of junctin did not decrease cardiac contractility or the expression of other 

Ca2+-handling proteins85. Therefore, the contractile defect exhibited by the dKO myocytes 

is probably not caused by decreased levels of junctin and CSQ2. Deletion of the RyR297, 

CaV1.298 or SERCA299 genes caused embryonic lethality but the organization of the 

T-tubule network or expression of other Ca2+-handling proteins were not examined.  

Genetic deletion of signaling molecules downstream of PI3Ks can also lead to 

dramatic cardiac phenotypes. The PI3K/Akt signaling pathway is known to inactivate 

transcription factors in the FOXO family. Transgenic expression of a FOXO1 mutant that 

cannot be inactivated by Akt phosphorylation led to embryonic lethality due to heart 

failure100. It would be interesting to determine if FOXO transcription factors suppress the 

expression of CaV1.2, RyR, triadin, SERCA2 or junctin and if the nuclear localization of 

FOXO proteins is increased in the dKO myocytes. Ablation of both Akt1 and Akt2 led to 

perinatal death due to severe growth defects in multiple organs58, and deletion of 

phosphoinositide-dependent kinase 1 (PDK1) in cardiac myocytes resulted in heart failure 

and lethality between 5-11 weeks of age101. It would be interesting to examine the 

contractility, T-tubule structure, and expression of Ca2+-handling proteins in myocytes 

prepared from PDK1-null or Akt1/2-null mice.  

We previously reported that inducible deletion of p110α, but not p110β, in myocytes 

of adult mice caused a reduction in contractility, Ca2+ transients and ICa,L
65. Similar results 

were seen here in young animals that lacked p110α or p110β during cardiac development. 
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Interestingly, cardiac-specific overexpression of a constitutively active p110α mutant in 

adult mice increased cardiac contractility and expression of CaV1.2, RyR and SERCA2, 

suggesting that p110α might positively regulate these genes102. However, we did not 

detect significant decreases in the mRNA levels of these genes in α-/- hearts. Up to now, 

minimal cardiac phenotype has been detected in the β-/- mice described here. The severity 

of the phenotype in dKO mice as compared to the single knockouts suggests that p110α 

and p110β might have different functions in the heart and that both are required for 

establishment of functional Ca2+ release units. The specific contribution of p110β to 

cardiac development is under investigation.  

In conclusion, we have demonstrated that the presence of p110α and p110β is crucial 

for maintaining normal heart function. The loss of both PI3K isoforms led to Ca2+ handling 

abnormalities mediated by improper assembly of the cardiac dyads in cardiac myocytes 

that resulted in early death. These results may have clinical implications for the use of 

PI3K inhibitors in patients with diseases such as cancer. 
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Chapter 3 

Differential Regulation of Skeletal Muscle Mass by p110α and 

p110β 

 

3-1 Introduction 

 

Skeletal muscle is the most abundant tissue in the human body, accounting for about 

50% of the body mass. Therefore, the maintenance of its size or mass is essential to 

ensure basic functions such as metabolism and locomotion103. Muscle atrophy is defined 

as a decrease in the mass of the muscle and the loss can be either localized or 

throughout the body. It is associated with numerous diseases such as cancer and AIDS104. 

There are also some other situations which can cause atrophy; for instance, in patients 

with prolonged illness requiring extended bedrest, the inactivity leads to rapid muscle loss. 

Even during normal aging, there is gradual loss of muscle mass. Hypertrophy of skeletal 

muscle, on the other hand, is characterized by an increase in the size of myofibers. It 

occurs as an adaptive response to load-bearing exercise and as a result of an enhanced 

rate of protein synthesis105. There are compelling reasons to develop new medicines to 

maintain muscle mass. Therefore, understanding the mechanisms of how muscle mass is 

regulated might aid in the identification of novel targets for anti-atrophy drug discovery. 

Potential treatments for muscle atrophy could either block protein degradation pathways 

or stimulate protein synthesis pathways.  

The mTOR pathway has emerged as a key regulator of protein synthesis and growth 

in many cell types106-108. As discussed in Chapter 1, mTOR exists in two distinct 

multi-protein complexes, mTORC1 and mTORC2. Depending on the partners in the 
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complex, mTOR phosphorylates distinct substrates. Raptor in the mTORC1 complex 

directs mTOR to phosphorylate S6K, which regulates protein synthesis by 

phosphorylating ribosomal protein S6 and other proteins in the translation machinery109. 

IGF-1 is a critical hormone in regulating muscle mass. IGF-1 induces hypertrophy by 

stimulating the PI3K/Akt pathway, resulting in the downstream activation of mTOR 

pathways110. In addition, mTOR/S6K integrates signaling pathways from AMP-activated 

protein kinase (AMPK)111, amino acids112-113, and other nutrients114. 

It is believed that the PI3K/Akt pathway not only activates the mTOR pathway to 

promote muscle hypertrophy, but also prevents muscle atrophy by inhibiting FOXOs 

115-116. FOXO transcription factors regulate the expression of E3 ubiquitin ligases 

atrogin-1/MAFbx (muscle atrophy F-box)117 and MuRF-1 (muscle ring finger-1)118 to 

induce muscle atrophy. Akt phosphorylation of FOXOs inhibits their translocation to the 

nucleus and blocks FOXO-induced upregulation of atrogin-1 and MuRF-1.  

Recent studies have shown that mice expressing whole-body kinase-dead knockin 

mutants of either p110α or p110β have growth retardation18, 56. Deletion of p85 regulatory 

subunits specifically in the muscle also impairs muscle growth119. These results suggest 

that Class IA PI3Ks are important for regulating muscle mass. Therefore, I investigated 

the regulation of skeletal muscle mass by p110α and p110β regulates and this chapter 

describes the findings from these studies. The same knockout mouse models of p110α 

and p110β that were described in Chapter 2 were used in these studies. I also 

investigated muscle-specific PTEN-null mice to determine if upregulation of PI3K 

signaling and downregulation of PI3K signaling would yield opposite muscle phenotypes. 

Lastly, I investigated if the effects of PTEN loss on muscle mass could be reversed by 

simultaneously deleting either p110α or p110β with PTEN. 
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3-2 Materials and Methods 

 

    General Materials 

    Antibodies were purchased from commercial sources: p110α from BD Biosciences; 

p110β, p110δ, IRS-1, Akt and S6K from Santa Cruz Biotechnology; pan-p85 from 

Millipore; and PTEN, phospho-T308-Akt and phospho-T389-S6K from Cell Signaling. 

Western blot signals were visualized using horseradish peroxidase-linked secondary 

antibodies (Amersham Biosciences). 

    Cryosection Preparation and Staining 

    Gastrocnemius muscles were dissected and embedded in Tissue Freezing Medium 

(Triangle Biomedical Sciences) in liquid nitrogen-cooled isopentane. Sections of 8 μm 

thickness were cut and stained with hematoxylin and eosin. 

    MicroCT Scanning 

    Mice were anesthetized by 1% isoflurane inhalation and positioned with the left hind 

leg fully extended. The area from the end of tibia to half of the femur was scanned at an 

isotropic voxel size of 82 μms (70 kV, 114 μA, 300 ms integration time) with a vivaCT75 

scanner (Scanco Inc, SUI). Two-dimensional gray-scale image slices were reconstructed 

into a three-dimensional tomography. The region of interest for each animal was defined 

based on skeletal landmarks from the gray-scale images. A custom script written in 

image processing language with the help of the Dr. Stefan Judex lab was used to analyze 

total muscle volume120. 

    Kinase Assays 

    PI3K activity assay 

    Gastrocnemius muscle lysates (1 mg protein) in RIPA buffer (50 mM Hepes, pH 7.5, 
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50 mM NaCl, 50 mM NaF, 5 mM EDTA, 1 mM Na3VO4, 10 mM Na4P2O7, 5% Na 

deoxycholate, and 10% NP-40) plus protease inhibitors were incubated with 1 μg of 

IRS-1 antibody at 4˚C overnight or for 3 hr and then with 25 μl of protein A-agarose 

(Roche) for 1 hr. Beads were washed twice with RIPA buffer and twice with PI3K assay 

buffer (20 mM Hepes, pH 7.5, 100 mM NaCl, and 50 mM EDTA). The immunocomplexes 

were assayed for PI3K activity121. 

    S6K activity assay 

    Gastrocnemius muscle lysates (250 μg protein) in IP buffer (50 mM Tris, 120 mM 

NaCl, 20 mM NaF, 1 mM benzamidine, 5 mM EGTA, 30 mM Na4P2O7, 1% Triton X-100, 

30 mM p-nitrophenyl phosphate (PNPP), and 0.5 mM DTT, pH 7.2) plus protease 

inhibitors were incubated with 1 μg of S6K antibody at 4˚C for 3 hr and then with 25 μl of 

protein A-agarose (Roche) for 1hr. Beads were washed twice with IP buffer and twice with 

low DTT S6K assay buffer (50 mM Tris, 100 μM EGTA, 10 mM MgCl2, 0.1% Triton X-100, 

5% ethylene glycol, 0.25 mg/ml BSA, and 500 μM DTT, pH 7.5). The washed 

immunocomplexes were resuspended in S6K assay buffer (50 mM Tris, 0.1 mM EGTA, 

5% ethylene glycol, 0.25 mg/ml BSA, 5 mM DTT, 10 mM MgCl2, and 0.1% Triton X-100, 

pH 7.5) containing 12 μM ATP, 2.5 μCi of [γ-32P]ATP, 0.8 μM protein kinase A inhibitor 

peptide (Sigma), 4 mM PNPP, and 200 μg/ml S6K peptide substrate (Santa Cruz 

Biotechnology). The reaction mixture was incubated with 1000rpm shaking for 30 min at 

37°C, and then an aliquot was spotted onto P81 phosphocellulose paper. Following 

extensive washing 4 times in 0.5% phosphoric acid, radioactivity on the papers was 

quantified by scintillation counting. 

    General Activity Monitoring 

    The general activity was measured using an LE 8811 infrared actimeter system 
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(Panlab s.l.). For each experiment, one mouse was put in one cage and monitored for 24 

hr. Data were collected by analyzing the position and frequency with which the mice 

broke the infrared beams.  

    Hindlimb Suspension 

    Mice were subjected to 21 days of hindlimb unloading using a model modified from 

the established tail suspension model122. All mice were individually housed in standard 

cages at 24˚C and allowed free access to standard rodent chow and tap water. Weights 

for all animals were recorded at the beginning of the study and monitored throughout the 

experiment123. Before and after the suspension, gastrocnemius muscle volume for each 

mouse was monitored using a microCT scanner. 

 

 

3-3 Results 

 

3-3-1 Phenotypic Changes of Muscle p110α-Null and p110β-Null Mice 

These studies used the same knockout mouse models for p110α (abbreviated as 

m-α-/- hereafter) and p110β (abbreviated as m-β-/- hereafter) that were used in Chapter 2. 

The m-α-/-β-/- dKO mice were not studied because they die at a young age. The 

expression level of PI3Ks in the gastrocnemius muscle of m-α-/- and m-β-/- mice was 

examined by western blotting. As expected, the level of p110α or p110β protein was 

decreased in the appropriate p110 knockout mouse strain (Fig. 3-1). Interestingly, the 

amounts of p110β and p85 were also decreased in the p110α knockout muscle. The 

large decrease of p85 may indicate that p110α is the major binding partner for this 

regulatory subunit in the muscle. The third class IA PI3K catalytic subunit, p110δ, was 
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also detected in skeletal muscle and its expression was not affected by ablation of p110α 

or p110β (Fig. 3-1). As a control, I also studied the muscle-specific PTEN-/- (abbreviated 

as m-PTEN-/- hereafter) mouse. As expected, the muscle PTEN protein level was low in 

the knockout mouse (Fig. 3-1).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
               PTEN  

 
 
Fig. 3-1 Muscle PI3K and PTEN expression. PI3Ks in lysates prepared from gastrocnemius muscles were 

pulled down with a phosphotyrosine peptide coupled to agarose and then analyzed by western blotting with 

the indicated antibodies. Recombinant proteins p110α/p85α (p110α) and p110β/p85α (p110β) were loaded as 

controls. Gastrocnemius muscle lysates were analyzed by western blotting with PTEN antibody. 

 

None of the three knockout mouse strains displayed obvious distress and they were 

indistinguishable from their wildtype littermates. Examination of growth curves of PI3K 

knockout mice showed that between 10-16 weeks of age, m-α-/- mice had reduced body 

weight as compared to their littermate controls (Fig. 3-2). However, the body weight 
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*** * * * 

difference was no longer present in older animals. In contrast, average body weights of 

m-β-/- mice were the same as controls until 16 weeks of age (Fig. 3-2). At that time, the 

m-β-/- mice became heavier than their littermate controls and remained so up to 28 week 

of age.  
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Fig. 3-2 Growth curves of m-α-/- and m-β-/- mice. Body weights of 6 animals in each group were recorded 

from 4 weeks of age up to 27-28 weeks. 

 

I used three techniques to investigate the muscle size in PI3K knockout mice. 

First, the hindlimbs of PI3K knockout mice were imaged using an in vivo microCT 
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scanner. All of the animals were scanned at 2 months of age. The region scanned was 

from the point where the tibia and fibula join together to the metaphysis area where the 

growth plate disappears. Cross-section CT images of the left hindlimb were then 

reconstructed (Fig. 3-3a). Image analysis was performed to calculate the muscle volume, 

which was then normalized to the tibia length (shown as muscle area). There was a 

statistically significant decrease (20%) in the muscle size of m-α-/- mice as compared to 

their littermate controls (Fig. 3-3b). In contrast, the mean muscle size was not statistically 

different between m-β-/- mice and their controls. In addition, I found a significant increase 

(36.5%) in the muscle size of m-PTEN-/- mice (Fig. 3-3b).  

 

           a 
 

     
 
 
 
 
 
 
 
           b 
 
 
 
 
 
 
 
 
 
Fig. 3-3 Gastrocnemius muscle size. (a) Representative microCT image reconstructions labeled with 

α+/+ α-/- 
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pseudo color. Red indicates muscle. (b) Calculated muscle volume from microCT images was normalized to 

the tibia length. Values are shown as mean ± S.E.M. Asterisks indicate P < 0.001, t-test. (m-α-/-, N = 10; 

m-α+/+, m-β+/+, and m-β-/-, N = 7; m-PTEN+/+, N=6; m-PTEN-/-, N = 4). 

 

Second, gastrocnemius muscles were harvested from PI3K or PTEN knockout 

mouse strains and weighed. There was a significant decrease (20.7%) in the 

gastrocnemius muscle weight of m-α-/- mice as compared to their control mice (Fig. 3-4a). 

Consistent with my findings using the microCT scanner, the mean muscle weight of m-β -/- 

mice was not statistically different from the control values. As expected, the average 

muscle weight of m-PTEN-/- mice was significantly increased by 38.6% (Fig. 3-4a). Finally, 

I examined the size of myotubes in all three knockout mouse strains. Gastrocnemius 

muscles were fixed, sectioned and stained with H&E. Images of muscle sections were 

then captured by light microscopy and a digital camera (Fig. 3-4b). Image analysis was 

used to determine the areas of 150-200 myotubes from each knockout and control mouse 

strain. Consistent with my microCT and muscle weight results, I found that the average 

myotube size was significantly decreased by 26.3% in m-α-/- mice as compared to 

controls (Fig. 3-4c). There was no significant difference in the myotube size between m-β 

-/- mice and their controls. The myotube size was significantly increased by 29% in 

m-PTEN-/- mice as compared to their controls (Fig. 3-4c).  
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Fig. 3-4 Gastrocnemius muscle weight and myotube size. (a) Gastrocnemius muscles from 2-month old 

animals were weighed (N=3 for each group). Weights of knockout muscles were normalized to weights of 

control muscles. Asterisks indicate P < 0.05, t-test. (b) Represenative cryosections of the gastrocnemius 

muscles stained with H&E. (c) Cross-sectional area of myotubes was calculated using the Image J software 

(N = 150-200 myotubes from 9-12 sections for each mouse. Sections were prepared from 3 mice in each 

group). Values shown are median ± 25% percentile. Asterisks indicate P < 0.05, Wilcoxon rank-sum test. 

 

3-3-2 IGF-1 Signaling in the Muscle of m-α-/- and m-β-/- Mice 

I next investigated cell signaling pathways that might be responsible for the muscle 

mass reduction in m-α-/- mice. As discussed in the Introduction, PI3K activity is necessary 

for IGF-1-mediated hypertrophy in skeletal muscle. Therefore, I examined IGF-1 

signaling in the muscles of PI3K knockout mice. Mice were fasted overnight (16 hr). The 
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next day, the animals were anesthetized, a midline abdominal incision was made and the 

inferior vena cava (IVC) was exposed. IGF-1 was then injected into the IVC and the 

gastrocnemius muscle was harvested 7 min later. Tissue lysates were prepared from the 

gastrocnemius muscle and proteins were immunoprecipitated with an IRS-1 antibody. 

The immunocomplex was then subjected to an in vitro PI3K assay. The IGF-1-stimulated 

increase in PI3K activity was almost completely ablated in the p110α-null muscle (Fig. 

3-5a). In contrast, IGF-1 activation of PI3K was slightly higher in the p110β-null muscle 

than in the control (Fig. 3-5b).  

 
 

a                                       b 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

 
 
 
 

 
 
 
 
 
 
 
 



 47

c                                        d 
 

 
Fig. 3-5 IGF-1 activation of PI3K signaling in muscle. Anesthetized mice were injected with saline or 1 

mg/kg IGF-1 through the inferior vena cava and gastrocnemius muscles were harvested 7 min later. (a, b) 

IRS-1 associated PI3K activity in the gastrocnemius muscle. Shown in the top panels are autoradiographs of 

representative PI3K assays. Bottom graphs are summary results from 2 experiments. (c, d) The same 

muscle lysates were analyzed by western blotting with the indicated antibodies. 

 

Next, I examined the activation status of some downstream effectors of PI3K, 

namely Akt and S6K. Since both protein kinases are activated by phosphorylation, I used 

western blotting and phospho-specific antibodies to perform these studies. Surprisingly, I 

found that phosphorylation of neither Akt nor S6K was decreased in the muscle of 

IGF-1-treated m-α-/- mice (Fig. 3-5c). IGF-1-stimulated Akt phosphorylation was also not 

affected by the loss of p110β (Fig. 3-5d). Interestingly, IGF-1 activation of S6K was 

greater in β-/- muscles as compared to controls (Fig. 3-5d). In summary, although IGF-1 

activation of PI3K was greatly reduced in the α-/- muscle, this did not translate into 

decreased Akt or S6K activation by this growth factor. These results suggest that some 

other downstream effector(s) of PI3K is responsible for the reduced muscle mass 

exhibited by the m-α-/- mice. 
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3-3-3 Physiological Studies of m-α-/- and m-β-/- Mice 

To investigate if ablation of either PI3K in the muscle might have physiological 

consequences for the whole animal, I first examined their total physical activity level. 

Motor activity of these animals was monitored for 24 hours using a grid crisscrossed with 

infrared beams in 3 dimensions. Breaking of the beams due to physical activity by the 

animals was automatically recorded. As expected, control mice were most active at night 

(Fig. 3-6). Surprisingly, m-α-/- mice were relatively inactive during the night time period 

and about as active as the control mice during the day time period (Fig. 3-6). 
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Fig. 3-6 Physical activity measurements. (a) Representative recordings of physical activity over a 24 h 

period for one control and one m-α-/- mouse. (b) Summary results from 5 animals in each group. Night (7 

PM-7 AM); Day (7 AM-7 PM). Values are mean ± S.E.M. Asterisk indicates P < 0.05, t-test. 

 

I next investigated if ablation of either PI3K affects muscle loss due to unloading. 

All the mice were imaged with the microCT scanner to measure their hindlimb muscle 

size prior to the study. Mice were then suspended by their tails to unload the hindlimbs for 

3 weeks. At that time, they were imaged again with the microCT scanner. The same 

animals were then removed from the suspension apparatus and allowed to move freely. 

After a 3 week recovery period, these animals were then imaged for the third time with 

the microCT scanner. As expected, mice in both control groups had decreased muscle 

size after 3 weeks of suspension and recovered all (m-α+/+) or some (m-β+/+) of the lost 

muscle during the recovery period (Fig. 3-7). The m-α-/- mice started the experiment with 

smaller muscles and they lost slightly less muscle than their control littermates (Fig. 3-7a). 

However, they also gained slightly less muscle during the recovery period. The muscle 

loss and recovery patterns of the m-β-/- mice were essentially the same as those exhibited 

by their controls (Fig. 3-7b). 

 
 

*
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Fig. 3-7 Muscle size changes in response to hindlimb suspension. 2-month old m-α-/- or m-β-/- mice (N = 

5 in each group) and their respective controls (N = 4 or 5) were suspended by their tails for 3 weeks to unload 

the hindlimbs, followed by a 3-week recovery period. Data shown are muscle volumes normalized to tibia 

length measured with the microCT scanner. Values are mean ± S.E.M.  

 
 

In conclusion, loss of p110α in both the skeletal muscle and heart dramatically 

affected the level of physical activity whereas loss of p110β did not have this effect. 

However, ablation of neither p110α nor p110β enhanced the loss of muscle mass 

induced by unloading.  

 

3-3-4 Muscle Size and S6K Activity in α/PTEN Double Knockout and β/PTEN Double 

Knockout Mice 

As discussed in the Introduction, PTEN antagonizes PI3K signaling. Current 

thinking is that PTEN primarily antagonizes p110β signaling to exert its function as a 

tumor suppressor gene56, 71. My next set of experiments aimed to determine if PTEN also 

primarily antagonizes p110β signaling to control muscle size. For this study, I generated 

m-α-/-;m-PTEN-/- and m-β-/-;m-PTEN-/- double knockout mouse strains and compared 

them to their respective m-PTEN-/- littermate controls. Using the microCT scanner, I found 
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that the muscle size in m-β-/-;m-PTEN-/- mice was slightly larger than in m-PTEN-/- control 

mice (Fig. 3-9b), suggesting that loss of PTEN does not increase muscle size by allowing 

an increase in p110β signaling. In contrast, the average muscle size in the 

m-α-/-;m-PTEN-/- mice appeared to be smaller than that measured in the m-PTEN-/- 

controls (Fig. 3-8a). However, the difference was not statistically significant. This may be 

due to the relatively small sample size and the relatively large variation in muscle size in 

the m-PTEN-/- control group. Additional animals need to be studied to conclusively 

determine if ablation of p110α can block the stimulatory effect of PTEN loss on muscle 

size.  

a                                         b 
 
 
 
 
 
 
 
 
 
 
Fig. 3-8 Muscle size in m-α-/-;m-PTEN-/- and m-β-/-;m-PTEN-/- double knockout mice. MicroCT scanning 

on the tibia region of the left hindlimbs from mice of the indicated groups was performed and the muscle 

volume was normalized to the tibia length. (a) N = 4 in α+/+PTEN+/+ and PTEN-/- groups and N = 6 in 

α-/-PTEN-/- group. (b) N = 6 in each group. Values are shown as mean ± S.E.M.  

 

It is well established that loss of PTEN can lead to activation of S6K in a variety of 

cell culture models124. Consistent with these reports in the literature, I found that muscle 

from m-PTEN-/- mice exhibited a 3-fold increase in S6K activity as compared to the 

activity measured in control muscle (Fig. 3-9). In contrast, I found that S6K activity in the 
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p110α-null muscle was only 31% of that in the control (Fig. 3-9). Loss of p110β did not 

significantly affect skeletal muscle S6K activity (Fig. 3-9). Future studies will determine if 

ablation of p110α can reverse PTEN-/--induced S6K activation using the m-α-/-;m-PTEN-/- 

mice.  

 
 
 
 
 
 

 
 
 
 
Fig. 3-9 Basal S6K activity in PTEN or PI3K knockout muscles. Gastrocnemius muscle lysates (1 mg 

protein each) prepared from m-α-/-, m-β-/- and m-PTEN-/- mice and their respective controls (N = 4 for each 

group) were immunoprecipitated with an S6K antibody and then subjected to an in vitro S6K assay. Values 

were normalized to controls (shown as the dashed line). Asterisks indicate P < 0.05, t-test. 

 

 

3-4 Discussion 

 

    Studies in this chapter aimed to dissect the distinct roles of p110α and p110β in 

regulating skeletal muscle mass. Since neither m-α-/- nor m-β-/- mice displayed any gross 

abnormalities at birth, this indicates that neither PI3K is essential for embryonic 

development of muscle. However, ablation of p110α decreased muscle mass in 2-month 

old animals whereas deletion of p110β did not affect muscle size. This result is consistent 

with my finding that IGF-1 activation of PI3K through IRS-1 is almost exclusively 
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mediated by p110α. Surprisingly, IGF-1 signaling to the Akt/S6K pathway was not 

decreased in the p110α-null muscle. These results imply that some other signaling 

pathway downstream of PI3K, such as atypical PKCs or small GTPases, is reponsible for 

IGF-1 regulation of muscle mass.  

 Somewhat surprisingly, loss of p110α also did not accentuate muscle atrophy in 

response to hindlimb unloading. This could be because Akt signaling is not 

downregulated in the p110α-null muscle and therefore atrophy-associated genes 

MuRF-1 and atrogen-1 were not upregulated (data not shown). Another possibility is that 

the 3-week time period might not be the ideal time point to observe the unloading-induced 

muscle loss. At this time point, the percentage muscle loss in the control and m-α-/- mice 

was relatively small. Finally, a larger number of animals might be needed for a more 

conclusive study. This is especially important since these mice are not in a pure genetic 

background. 

 Finally, it was also surprising that the muscle size increase in m-PTEN-/- mice was 

not reversed by ablation of p110β because recent reports in the literature suggest that 

tumor development induced by PTEN loss is mostly mediated by p110β. Further studies 

are needed to determine if this hypertrophic effect is mediated by p110α. It is possible 

that deletion of both p110α and p110β is needed to reverse the muscle size gain in 

m-PTEN-/- mice. 

 In summary, results presented in this chapter and in the previous chapter taken 

together suggest that downregulation of single PI3K isoforms, p110α or p110β has 

relatively minor effects on heart or skeletal muscle function and mass. However, when 

both PI3Ks are downregulated concurrently, the cardiac effects could be catastrophic. 

This could have important implications for the use of PI3K inhibitors in cancer patients. 
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Isoform-specific PI3K inhibitors will probably be better tolerated and have a higher 

therapeutic index as anti-cancer drugs than non-selective PI3K inhibitors.  
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Chapter 4 

Differential Roles of p110α and p110β in Kras-Induced Pancreatic 

Tumorigenesis 

 

4-1 Introduction 

 

As discussed in Chapter 1, PI3K p110α and p110β are involved in tumorigenesis17, 56, 

71, 125-126. Many genetic defects found in human cancers lead to upregulated PI3K 

signaling2. Activating mutations in the p110α gene have been identified in several human 

cancers67, 127 and recent experiments in mice have shown that interaction between p110α 

and Kras is required for oncogenic Kras to induce lung tumors125. Many human cancers 

also exhibit loss of the tumor suppressor PTEN40. In contrast to Kras-induced lung 

tumorigenesis, prostate tumorigenesis induced by loss of PTEN as well as mammary 

tumorigenesis induced by ERB2 activation are p110β dependent56, 71. Currently, it is not 

clear whether the differential roles of p110 isoforms are due to tissue specificity or related 

to specific oncogene and tumor suppressor pathways. Whichever the case, these studies 

emphasize that targeting PI3K could be through either the use of broad spectrum 

inhibitors, which is likely to have more significant side effects, or by obtaining sufficient 

information about individual tumor types to target the appropriate p110 subunit specifically. 

With this in mind, studies in this chapter examined the contributions of PI3K isoforms to 

pancreatic tumorigenesis.  

Pancreatic ductal adenocarcinoma (PDA) is the most common pancreatic cancer 

and has one of the lowest cancer survival rates in part due to its resistance to most 

chemotherapies. Greater than 90% of PDA is initiated by oncogenic mutation of the small 



 56

GTPase Kras. Although mechanisms of initiation and progression of lung, prostate and 

mammary gland tumor types in humans are widely heterogeneous, oncogenic mutations 

in Kras are found at all stages of pancreatic tumor progression128. 

In collaboration with Dr. Howard Crawford, I used a well-established animal model of 

PDA. The LSL-KrasG12D;Ptf1a-Cre PDA mouse129, which harbors an oncogenic Kras 

allele whose expression is activated by Cre recombinase specifically targeted to the 

pancreas, closely mimics human PDA genetically and histopathologically130. This chapter 

describes the results from studies in which p110α or p110β was ablated in this 

Kras-induced PDA mouse model.  

 

 

4-2 Materials and Methods 

 

    General Materials 

    Antibodies were purchased from commercial sources: p110α from BD Biosciences; 

Kras, p110β and Akt from Santa Cruz Biotechnology; pan-p85 and GSK3β from Millipore; 

and phospho-T308-Akt, phospho-S473-Akt, phospho-4E-BP1, 4E-BP1 and 

phospho-GSK3β from Cell Signaling. Western blot signals were visualized using 

horseradish peroxidase-linked secondary antibodies (Amersham Biosciences) and 

chemiluminescence reagents (PerkinElmer Life Sciences). 

    Animal Models 

 All animal-related experimental protocols were approved by the Stony Brook 

University Institutional Animal Care and Use Committee. In this chapter, we used two 

breeding programs between either heterozygous floxed p110α or heterozygous floxed 
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p110β mice and LSL-KrasG12D and Ptf1a-Cre mice130 to obtain p110αFlox/Flox;Ptf1a-Cre, 

p110αFlox/Flox;KrasG12D;Ptf1a-Cre, and p110αWT/WT;KrasG12D;Ptf1a-Cre littermates and 

p110βFlox/Flox;Ptf1a-Cre, p110βFlox/Flox;KrasG12D;Ptf1a-Cre and 

p110βWT/WT;KrasG12D;Ptf1a-Cre littermates.  To obtain sufficient animals for these studies 

6 mating pairs were maintained, having a minimum of 8 litters each. Mice of identical 

genotypes from distinct litters were indistinguishable from one another at all stages of 

analysis. Mice that carry p110WT/WT without KrasG12D or mice that do not express Ptfla-Cre 

from either breeding program were used as controls in their respective groups. All 

genetically modified mice are in a mixed C57BL/6 and 129 genetic background. 

Phenotypic comparisons were made between knockout mouse strains and their 

respective p110-intact littermates. 

Phosphopeptide Pull-Down of PI3K 

PI3K pull-downs and western blotting were performed as previously described65. 

Activated Kras Assay 

The Ras-binding domain (RBD) of human cRaf (a.a. 1-149) was subcloned into 

pGEX-5x-3 (GE Healthcare) and transformed into BL21 bacteria. The bacteria were 

grown at 37˚C until the OD600 reached 0.8 and then induced with 0.2 mM IPTG at 30˚C for 

3.5 hr. The bacteria were harvested, suspended in buffer (20 mM Tris-HCl, pH 8.0, 500 

mM NaCl, 1% Triton-100, 1 mM EDTA and protease inhibitors) and lysed in a French 

press. The resulting homogenate was clarified by centrifugation and mixed with 

Glutathione Sepharose 4B beads (GE Healthcare). The beads were washed with buffer 

(20 mM Tris-HCl, pH 8.0, 20% glycerol, 50 mM NaCl, 1 mM EDTA, and 1 mM DTT). 

Pancreas lysates in MLB buffer (25 mM Hepes, pH 7.5, 150 mM NaCl, 10 mM MgCl2, 1 

mM EDTA, 1% NP-40 and 10% glycerol) were mixed with GST-Raf-RBD beads and the 
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bound proteins were analyzed by western blotting with the Kras antibody. 

Immunohistochemistry 

Immunohistochemical analysis with the phospho-T308-Akt antibody (Epitomics, 

Burlingame, CA) on pancreatic sections was performed as previously described131. 

Activated Rac1 Assay 

The p21-binding domain (PBD) of human PAK1 (a.a. 70-117) in pGEX2TK vector in 

BL21 bacterial was purchased from Addgene. The bacteria were grown at 37˚C until the 

OD600 reached 0.7~0.8 and then induced with 0.1 mM IPTG at 30˚C for 2.5 hr. The 

bacteria were harvested, suspended in buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 

1% Triton-100, 5 mM MgCl2, 1 mM DTT and protease inhibitors) and lysed in a French 

press. The resulting homogenate was clarified by centrifugation and mixed with 

Glutathione Sepharose 4B beads (GE Healthcare). The beads were washed with buffer 

(50 mM Tris-HCl, pH 7.5, 10% glycerol, 150 mM NaCl, 0.5% Triton-100, 1 mM DTT and 

0.1 mM PMSF). Pancreas lysates in MLB buffer were mixed with GST-PAK1-PBD beads 

and the bound proteins were analyzed by western blotting with the Rac1 antibody. 

 

 

4-3 Results  

 

4-3-1 Phenotypic Changes of Pancreas p110α-Null and p110β-Null Mice 

To address if p110α or p110β plays a role in Kras-driven pancreatic tumorigenesis, 

we bred p110αFlox/Flox or p110βFlox/Flox mice to the LSL-KrasG12D and Ptf1a-Cre mice, 

resulting in activation of KrasG12D expression and deletion of p110 in the same cells. 

Western blot analysis of pancreatic extracts showed that p110α protein was specifically 
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depleted in the p110α-/- pancreas (abbreviated as p-α-/- hereafter) as compared to the 

p110α+/+ control (abbreviated as p-α+/+ hereafter); conversely, p110β protein was 

specifically lost in the p110β-/- pancreas (abbreviated as p-β-/- hereafter) as compared to 

the p110β+/+ control (abbreviated as p-β+/+ hereafter) (Fig. 4-1).  

 

 
 
 
 
 
 
 
 
 
 
 
Fig. 4-1 Pancreas PI3K expression. Class IA PI3Ks in pancreas extracts were pulled down with a 

phosphotyrosine peptide coupled to agarose and then analyzed by western blotting with antibodies against 

p110α, p110β, or p85. Recombinant proteins p110α/p85α (α) and p110β/p85α (β) were loaded as controls. 

KRas* stands for mice expressing the oncogenic KrasG12D mutant. 

 
 

Mice lacking p110α or p110β in the pancreas were viable and fertile. The organs 

appeared normal (Fig. 4-2a), although the pancreata of p110α-null mice were consistently 

smaller, a phenotype that correlated to an overall smaller cell size (data not shown). 

At 6 weeks of age, pancreata of LSL-KrasG12D;Ptf1a-Cre (abbreviated as KRas* 

hereafter) mice start to develop tumors, marked by focal pancreatic intraepithelial 

neoplasia (PanIN) and metaplastic and desmoplastic reaction throughout the pancreas129. 

KRas* mice showed multiple tumor lesions at 8 weeks of age, each displaying multiple 
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PanIN and metaplastic structures (Fig. 4-2a, c). Tumorigenesis in 8 week old mice 

resulted in a reproducible increase in the pancreatic wet weight/body weight ratio as 

compared to control (Fig. 4-2). When p110α was ablated in the KRas* mice, no increase 

in pancreatic mass was observed (Fig. 4-2b). Correspondingly, no tumors were found by 

gross or histological examination at 8 weeks of age (Fig. 4-2c). At 16 weeks of age, 2 of 6 

p-α-/-;KRas* mice showed a single PanIN-like glandular structure with no desmoplastic 

reaction in the entirety of the pancreas. Examination of three 7 month old and two 12 

month old p-α-/-;KRas* mice also showed no tumor formation, suggesting that the lack of 

tumors in younger mice is not due to a delay in onset, but to a long term blockade in 

tumor initiation. In contrast to p110α, pancreatic mass increased significantly and tumors 

formed efficiently in the KRas* mice when p110β was deleted (Fig. 4-2b, c). We conclude 

that p110α is specifically required for pancreatic tumor formation in the 

LSL-KrasG12D;Ptf1a-Cre model of PDA. 

 
 

a                                        b 
 

 
 
 
 
 
 
 
 

 
 
 
 

KRas*

α-/- α-/-α+/+ α+/+



 61

c 
 
 
 
 
 
 
 
 
 
Fig. 4-2 Ablation of p110α blocks pancreatic tumor formation by oncogenic Kras. (a) Photograph of 

pancreata from 8 week old p-α+/+, p-α+/+;KRas*, p-α-/-, and p-α-/-;KRas* mice. (b) Pancreas wet weight/body 

weight ratios of 8 or 16 week old mice with the indicated genotypes (N = 6 per group, except N = 5 for 

p-α-/-;KRas*). Asterisks indicate P<0.01, ANOVA with post hoc Tukey test. (c) H&E staining of pancreas 

sections from mice of the indicated genotypes (scale bar = 100 μm). 

 
 

4-3-2 Signaling in the Pancreas of p-α-/-;KRas* and p-β-/-;KRas* Mice 

To ensure that the lack of tumor formation in p-α-/-;KRas* pancreata was not due to 

downregulation of Kras protein expression, the immobilized Ras-binding domain of Raf 

(Raf-RBD) was used to pull down GTP-loaded Kras from pancreas lysates. Western 

blotting showed that the KRas* and p-α-/-;KRas* samples contained equivalent amounts of 

active Kras protein (Fig. 4-3). 

 

 

 

Fig. 4-3 Activated Ras proteins in pancreas extracts of the indicated genotypes were pulled down with 

immobilized Raf-RBD protein and then analyzed by western blotting with a Kras antibody. 

 

We also used western blotting to examine the activation state of Akt, which is the 
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best known downstream signaling effector of PI3K. Previous studies have shown that 

activated Akt correlates with advanced progression and poor prognosis of PDA132. 

Unexpectedly, we observed an increase in phospho-Akt levels in p-α-/- pancreata (with or 

without KRas*) as compared to control samples (with or without KRas*) (Fig. 4-4a), which 

was not observed in p-β-/- (with or without KRas*) samples. Similar changes in 

phosphorylation were observed in effectors downstream of Akt (Fig. 4-4a) in p-α-/- 

pancreata (with or without KRas*), but not in p-β-/- (with or without KRas*) samples. To 

address the source of this increase in phospho-Akt, we performed immunohistochemistry 

using a phospho-T308-Akt antibody. In Kras* mice we found staining in tumor and 

metaplastic ductal epithelia as well as in normal intercalated ducts, but little to no staining 

in acinar cells (Fig. 4-4b). In contrast, p-α-/-;KRas* pancreata showed strong staining in 

both normal ducts and in the majority of acinar cells (Fig. 4-4b). Given that the bulk of the 

pancreas is made up of acinar cells, it is likely that the upregulation of phospho-Akt in 

acinar cells is the explanation for the overall higher levels of phospho-Akt in tissue lysates. 

Immunofluorescence studies using a phospho-S473-Akt antibody showed similar results 

(Fig. 4-4c). One possible explanation for this seemingly paradoxical increase in Akt 

activation in a p110α-null tissue is that ablation of p110α downregulates PTEN activity 

and thus leads to a higher level of phospho-Akt. Hyperactivation of Akt was also observed 

in p85α knockout liver, where there was a concomitant 70% decrease in p110α 

expression133. These investigators found that PTEN activity was reduced in the p85α-/- 

liver without a change in protein expression133. We also did not detect a difference in 

PTEN protein level between KRas* and p-α-/-;KRas* pancreata (Fig. 4-4d). A second 

possibility is that there is increased recruitment of other PI3K isoforms to activated Kras 

in p-α-/- acinar cells that results in increased Akt activity. In either case, activation of Akt in 
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the absence of p110α does not contribute to the formation of ductal tumors. 
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Fig. 4-4 Effect of KrasG12D expression and PI3K knockout on cell signaling in pancreata. (a) Pancreas 

extracts were analyzed by western blotting with the indicated antibodies. (b) Immunohistochemical analysis 

was performed on pancreas sections using a phospho-T308-Akt antibody. (c) Immunofluorescence analysis 

was performed on pancreas sections using a phospho-S473-Akt antibody (green). The slides were 

counterstained with DAPI (blue) to reveal the nuclei. (d) Pancreas extracts were analyzed by western blotting 

with PTEN antibody. 

 

As mentioned in Chapter 1, another downstream effector of PI3K is the GTPase 

Rac1. This protein has been reported to play an important role in regulating multiple 

signaling pathways that control cytoskeleton organization, transcription, and cell 

proliferation134. In addition, activated Rac1 is necessary for transformation and 

tumorigenesis induced by oncogenes including Ras135-137. Recent studies indicate that 

PI3K signaling to Rac1 is essential for Rac1 functions138-139. We therefore examined if 

KRas* pancreata have increased Rac1 activation and if ablation of p110α blocks this 

activation. GTP-loaded Rac1 was pulled down from p-α+/+ or p-α-/- (with or without KRas*) 

pancreatic lysates using a recombinant p21-binding domain of PAK1 (PAK1-PBD) protein 

and then detected by western blotting. I found that p-α+/+;KRas* pancreata had 

approximately 2.7 times more activated Rac1 than p-α+/+ samples (Fig. 4-5). Importantly, 

the level of activated Rac1 in p-α-/-;KRas* pancreata was much reduced as compared to 

p-α+/+;KRas* tissue (Fig. 4-5). In addition, total Rac1 protein was increased 3.1-fold in 

lysates of p-α+/+;KRas* pancreata as compared with p-α+/+ samples, and this increase was 

also suppressed in the p-α-/-;KRas* pancreata (Fig. 4-5). The level of activated Rac1 also 

increased more in p-β+/+;KRas* samples than in p-β-/-;KRas* pancreata as compared to 

p-β+/+ (Fig. 4-5). However, unlike in the p-α-/-;KRas* mice, the total amount of Rac1 was 

increased even more in the p-β-/-;KRas* lysates than in the p-β+/+;KRas* samples (Fig. 

4-5). In conclusion, these results indicate that ablation of p110α, but not p110β, blocks the 
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increased expression and activation of Rac1 induced by oncogenic Kras. Further studies 

are needed to determine if Kras signaling through p110α to activate Rac1 is the 

mechanism responsible for the development of pancreatic tumors. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-5 Left panels: activated Rac proteins in pancreas lysates of the indicated genotypes were pulled down 

with immobilized PAK1-PBD protein and then analyzed by western blotting with a Rac1 antibody. Numbers 

under the lanes show quantification of the Rac1 bands. Values were normalized to signals for α+/+ or β+/+. 

Right panels: total pancreas lysates were analyzed by western blotting with a Rac1 antibody. Numbers under 

the lanes show quantification of the Rac1/GAPDH ratios normalized to the values for α+/+ or β+/+. 
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4-4 Discussion 

 

    Results from this study show that ablation of p110α, but not p110β, successfully 

blocks pancreatic tumor formation induced by oncogenic Kras. This inhibition is not due 

to downregulation of Kras activation or expression (expression data now shown). Neither 

is the inhibition of tumorigenesis due to decreased Akt activation. In fact, Akt is more 

activate in the p110α-/-;KRas* pancreas than the KRas* tissue. Our data suggested that 

another PI3K effector, Rac1, might be involved in p110α-dependent tumor formation 

because Rac1 is more activate in the KRas* pancreas than the p110α-/-;KRas* pancreas. 

In contrast, Rac1 activation was not lower in the p110β-/-;KRas* pancreas than in the 

KRas* tissue. Future studies will investigate if Kras-induced tumorigenesis is also blocked 

in a Rac1-null pancreas. We also plan to determine if constitutively activate p110α or 

Rac1 will induce pancreatic tumors. 

 To better mimic the human condition, our future plans are to generate genetically 

modified mice that allow conditional deletion of p110α in the pancreas of KRas* mice. 

These models will better resemble pharmacological inhibition of p110α in established 

pancreatic tumors. Finally, there are a number of PI3K inhibitors already being tested in 

early phase clinical trials as anti-cancer drugs. These compounds can be tested in the 

KRas* mice to determine their efficacy against pancreatic cancer. Obviously, promising 

results from these experiments could lead to further testing in human trials for this deadly 

disease.  
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Chapter 5  

Discussion and Future Studies 

 

5-1 Discussion and future studies for Chapter 2 

 

There are many unanswered questions from my studies in Chapter 2. The 

experiments described in this chapter are future studies that aim to further investigate 

how decreased PI3K signaling causes Ca2+-handling abnormalities in cardiac myocytes. I 

hypothesize that PI3K p110α and p110β are required to maintain a normal T-tubule 

network and cardiac dyad structures needed to sustain excitation-contraction coupling in 

myocytes. To test this hypothesis, I propose the following three experiments: 

 

1. Define the time course of T-tubule formation, cardiac dyad structure formation 

and PI3K downregulation during mouse cardiac myocyte development. In rat 

neonatal myocytes, plasma membrane LTCCs and RyR in the SR colocalize around the 

cell periphery because the plasma membrane has not yet started to invaginate140. 

T-tubules only start to develop at around day 6 after birth in rats140. The time course for 

T-tubule network formation has not been determined in mice. It is also unclear when the 

Ca2+-handling proteins that assemble in the cardiac dyads are expressed and how they 

are sequentially localized to the proper membrane areas. These are important factors for 

my work using MCK-Cre to knock out PI3K genes because this promoter turns on at 

embryonic day 13.5 and shows maximal activity at 19-21 days after birth. I only examined 

T-tubule structure in 35-37 day old PI3K dKO mice. It is possible that T-tubules formed  

earlier in these mice and then became disrupted in older animals as the PI3K proteins 
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disappeared. To test this idea, I will collect hearts from control, α-/-, β-/- and dKO mice at 

ages 1, 7, 14 and 21 days. Samples will be analyzed by the following procedures: 

a) Isolated myocytes will be stained with Di-8-ANEPPS to visualize the T-tubule network; 

b) Electron microscopy will be done on thin sections of left ventricle to examine cardiac 

dyad structures; 

c) Confocal immunofluorescence microscopy will be used to visualize colocalization of 

the LTCC and RyR; 

d) RNA and protein isolated from hearts will be analyzed by real-time RT-PCR and 

western blotting to examine the expression of Ca2+-handling proteins, including CaV1.2, 

RyR, triadin, junctin and CSQ2; and  

e) The expression levels of p110α and p110β will be determined in lysates of isolated  

myocytes. In addition to samples prepared from mice of the ages listed above, this 

experiment will also use material prepared from myocytes of mice at embryonic day 18 

and 8-week old adult mice (except for the dKO animals that do not survive to adulthood). 

 

2. Characterize cardiac myocyte-specific conditional dKO mice. I have generated a 

tamoxifen-inducible cardiac myocyte-specific conditional p110α/p110β double knockout 

mouse strain. I generated these mice by breeding p110αFlox/Flox;p110βFlox/Flox mice to 

animals expressing a tamoxifen-regulated Cre recombinase (MerCreMer) that is under 

the control of a cardiac myocyte-specific αMHC promoter. Adult and fetal mice expressing 

p110αFlox/Flox;p110βFlox/Flox;MerCreMer have intact p110 genes until they or the pregnant 

mothers are administered tamoxifen to activate the MerCreMer protein. Tamoxifen will be 

administered by mixing it into the food.  

I will use these animals to determine if deletion of both PI3Ks in adult mice (8 weeks 
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of age) disrupts the T-tubule network and downregulates the expression of Ca2+-handling 

proteins as outlined in Experiment 1. I will also measure myocyte contractility and Ca2+ 

transients in myocytes isolated from these adult animals. In addition, I will use the 

offspring of drug-treated pregnant females to confirm that embryonic deletion of both 

PI3Ks leads to cardiac phenotypes that are the same as those exhibited by the 

p110αFlox/Flox;p110βFlox/Flox;MCK-Cre mice that were described in Chapter 2. In these 

experiments, littermates that do not express MerCreMer will undergo the same tamoxifen 

regimen as the experimental group and will be used as controls.   

 

Expected results for the first two experiments—For experiment 1, I anticipate that the 

T-tubule network and cardiac dyad structures will be well formed by 14 days of age in all 

four groups of myocytes, including the dKO group. These myocytes will also have similar 

levels of p110α and p110β proteins. I expect the T-tubule and cardiac dyad structures to 

be abnormal in the 21-day old dKO myocytes, and this would correspond to a loss of the 

PI3Ks. Normal organization should still be present in the other three groups at this age. 

These results would support my hypothesis that PI3K p110α and p110β are required to 

maintain a normal T-tubule network and cardiac dyad structures. On the other hand, it is 

possible that the dKO myocyte T-tubule network will be disorganized at all the time points 

examined. This result would suggest that the etiology of structural abnormalities is 

developmental in nature and that the T-tubule organization is never completely formed in 

the dKO myocytes. My hypothesis would also be supported if ablation of both PI3Ks in 

adult mice using the inducible MerCreMer causes similar T-tubule network disruption. 

However, if I do not observe structural changes in adult dKO myocytes then this would 

suggest that p110α and p110β are required during post-natal cardiac development to 
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form a normal T-tubule network and cardiac dyads.  

 I expect that the changes in expression levels of Ca2+-handling proteins will closely 

correlate with T-tubule disruption in the dKO hearts. Therefore, the expression will be 

decreased in dKO hearts as compared to control hearts at time points when the T-tubule 

network is disorganized. However, if the expression changes occur before the structural 

changes, then this might indicate that the T-tubule network cannot form in the absence of 

at least one of these proteins.    

 

3. Identify regulatory molecules downstream of PI3K that control the expression of 

Ca2+-handling proteins. Since multiple Ca2+-handling proteins were downregulated in 

the dKO hearts, I hypothesize that one or more transcription factors downstream of PI3K 

might be regulating the expression of these proteins. FOXO family members are possible 

candidates. To determine if the nuclear localization of FOXO proteins is increased in the 

dKO myocytes as compared to controls, western blotting of nuclear and cytoplasmic 

fractions will be done. Western blotting of whole-cell lysates can also be done using 

phospho-specific antibodies to determine if Akt-dependent phosphorylation is decreased 

in the dKO cells. A search for FOXO binding sites in the promoters of the genes for 

Ca2+-handling proteins might also be informative.  

In another approach, I will isolate myocytes from control, α-/-, β-/-, and dKO mice (age 

will depend on results from Experiment 1) and then extract RNA from these cells. The 

RNA will be analyzed by genomic techniques, either microarrays141 or serial analysis of 

gene expression (SAGE)142-143, to screen for potential regulatory molecules that are either 

up or down regulated in the dKO myocytes. Once identified, real-time RT-PCR and 

western blotting will be performed to confirm the expression changes of these regulatory 
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molecules.  

 

5-2 Discussion and future studies for Chapter 3 

 

The main result from this chapter is that at 2 months of age, muscle-specific p110α-/- mice 

have smaller muscles whereas the muscle size of p110β-/- mice is not different from their 

wildtype controls. The modest decrease in muscle size in p110α-/- mice did not lead to 

obvious detriments even when these animals were subjected to the stress of hind-limb 

suspension. One conclusion that can be drawn from these results is that inhibition of 

PI3K in the skeletal muscle would be well tolerated. However, is it really true that treating 

patients with PI3K inhibitors would not have any unwanted skeletal muscle side effects? 

This conclusion was based on my findings from knockout mouse models in which the 

PI3K genes were deleted during embryonic development. It is possible that the 

phenotypes would be very different if the gene deletion occurred in adult animals using 

conditional knockout mouse models. For example, the floxed p110α and p110β mice 

could be bred to mice expressing a tamoxifen-regulated Cre recombinase under the 

control of a skeletal muscle actin promoter. Adult mice can be injected with tamoxifen to 

delete one or both PI3K genes followed by characterization of their muscle size using 

microCT scanning, histological analysis of myotube size and muscle weights. 

 My studies thus far have focused on the characterization of muscle size in the 

knockout mice. However, in one preliminary study, I did find that the p110α-/- mice have 

greatly reduced general activity. It is possible that the loss of either PI3K could affect 

muscle function, such as strength and endurance. Muscle strength could be investigated 

using both ex vivo and in vivo techniques. Isolated muscle strips can be mounted on an 
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apparatus (a single channel force transducer)144 to measure how much the muscle 

contracts in response to electrical stimulation and how much force is generated against a 

given resistance for a period of time. In vivo, the muscle strength of the mice can be 

measured by the wire hang test. In this test, mice are hung with only the front legs on a 

wire and the latency to fall is measured. In addition, muscle endurance of these knockout 

mice can be tested by using a small animal treadmill. Mice can be trained to run on the 

treadmill with varying speeds and angles of incline. The time it takes for the mouse fall off 

the treadmill due to exhaustion can then be used as an estimate of muscle endurance. 

However, since the PI3K genes in my mice are also knocked out in the heart, the 

endurance phenotype could be due to a cardiac defect (Chapter 2 single knockout mice). 

To test this, p110αFlox/Flox or p110βFlox/Flox mice can be bred to mice expressing a Cre 

recombinase under the control of a skeletal muscle actin promoter which specifically 

expresses in skeletal muscle. Muscle strength and endurance tests would then be done 

on these skeletal muscle-specific PI3K knockout animals. 

 It is possible that IGF-1 activation of PI3K signaling to regulate muscle size is not 

through the canonical downstream effector Akt. Investigating other known downstream 

effectors of PI3K might provide useful information. I have already determined that there 

was no difference in PKCζ activity in p110α knockout mice vs. controls (data not shown). 

Experiments can be done to examine if IGF-1 activation of small GTPases Rac1 or 

Cdc42 play a role in regulating muscle size. Assay of Rac1 activation is described in 

Chapter 4 Methods. On the other hand, inhibition of PI3K activation by other hormones or 

nutrients or by muscle contraction might explain the decreased muscle size in this 

knockout mouse strain. Future studies can be designed to investigate how these factors 

affect PI3K signaling in the muscle114, 145-146 and if ablation of p110α can block their effects 
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on this signaling pathway. 

 The last part of this chapter investigated the role of p110α and p110β in mediating 

the increased muscle size exhibited by the PTEN-/- mice. My result (Fig. 3-8) suggested 

that the PTEN-/- muscle phenotype could be at least partially reversed by deletion of 

p110α instead of p110β. Additional studies with more animals plus examination of 

myotube size and measurement of S6 kinase activity are needed to confirm this 

promising preliminary result. Accumulating evidence suggests that phenotypes induced 

by the loss of PTEN are not always reversed by simultaneous ablation of p110β. This 

might depend on the expression level of p110α vs. p110β in each organ or the localization 

of these two isoforms of PI3K. To test this, co-immunostaining of these two proteins could 

determine their relative expression levels and where these two proteins are located in 

cells. 

 

5-3 Discussion and future studies for Chapter 4 

 

Even though previous studies have shown that the presence of activated Akt correlates 

with progression of pancreatic ductal adenocarcinoma, we unexpectedly found by three 

different techniques--western blotting, immunohistochemistry (IHC) and 

immunofluorescence--that the Akt phosphorylation level is higher in the p110α-/- 

pancreata with oncogenic Kras than in control pancreata with oncogenic Kras. Two 

possible mechanisms that could cause upregulation of Akt were mentioned in the results 

section in Chapter 4: (1) ablation of p110α downregulates PTEN activity and (2) there is 

increased recruitment of other PI3K isoforms to active Kras in p110α-/- acinar cells that 

results in increased Akt activity. Below I discuss two other possibilities that could explain 
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this unexpected finding.  

    There is always a concern that in comparing cell signaling between normal and 

tumorous tissues, the differences observed are due to differences in cell types and not to 

the specific genetic manipulation. The relevant cells of interest for my study are the 

progenitor cells that give rise to the pancreatic tumor cells in the Kras pancreata. 

Potentially, identification of cell surface markers that can identify these progenitor cells 

would allow us to perform western blot (after cell sorting), IHC or immunofluorescence 

analyses to compare phospho-Akt levels in these critical cells. 

Another concern is that there are three isoforms of Akt. Phospho-Akt antibodies 

currently available recognize all three isoforms. It is possible that only one Akt isoform is 

responsible for Kras-induced tumorigenesis and the phosphorylation level of that 

particular isoform is low in the KRas*;p110α-/- pancreas cells. High phospho-Akt levels 

observed in p110α-/- pancreata could be due to phosphorylation of other Akt isoforms not 

relevant to the tumorigenic process. For example, it is known that Akt1 regulates cell 

growth whereas Akt2 is involved in the control of cell metabolism. Development of 

isoform-specific phospho-Akt antibodies would allow us to test this hypothesis. In addition, 

breeding of p48-Cre;LSL-KrasG12D mice to isoform-specific Akt knockout mice could also 

be informative and demonstrate their involvement in pancreatic tumorigenesis.  

On the other hand, it is also possible that activation of Akt is not involved in 

Kras-induced pancreatic tumorigenesis. PI3K activates a number of signaling molecules 

other than Akt. As I have shown in Chapter 4, Rac1 activation and expression were both 

upregulated in the KRas* pancreata and these increases were blocked in the 

KRas*;p110α-/- but not in the KRas*;p110β-/- pancreata. These results suggest that Rac1 

might play a role in Kras-induced pancreatic tumorigenesis. Future experiments using an 
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antibody that specifically recognizes activated Rac1 (GTP-bound) could help us 

determine the pancreatic cell types involved. To further test the role of Rac1 in 

tumorigenesis, p48-Cre;LSL-KrasG12D mice could be bred to Rac1flox/flox mice (available 

from Jackson Laboratory) to generate Rac1 pancreatic knockouts in the Kras* 

background. In addition, KRas* mice could be treated with Rac1 inhibitors to investigate if 

pancreatic tumor formation is inhibited by the drug. 

    Interestingly, we found that p110α-/- pancreas cells are consistently smaller than 

controls. I wonder if PI3K regulation of cell size can play a role in tumor formation. It is 

well known that the mTOR/S6K signaling pathway, which is a downstream effector 

pathway of PI3K, is a critical regulator of cell size. Mice lacking S6K1 have smaller cells 

in most tissue types. p48-Cre;LSL-KrasG12D mice could be bred to the S6K1flox/flox mice to 

see if the pancreas cells are smaller and if Kras-induced tumor formation is blocked.  

   The discussion above is based on the assumption that PI3K is a downstream 

catalytic effector of Kras. According to that assumption, Kras-induced tumor formation 

would also be blocked by genetic deletion of a downstream effector of p110α. However, 

an alternative possibility is that p110α is acting as a binding partner of Kras to target the 

G protein to a specific subcellular location that is required to induce oncogenesis. To 

investigate if p110α is acting in this scaffold protein-like manner, we could breed 

KRas*;α-/- mice to transgenic mice expressing a kinase-dead p110α mutant (p110α KD) in 

the pancreas. If this hypothesis is true then the p110α KD;KRas*;p110α-/- mice should 

develop pancreatic tumors. 
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General Conclusion 

 

    It has been more than 2 decades since PI3K was first discovered. The PI3K 

signaling pathway is a central node in the signal transduction system that regulates many 

essential cellular functions. Dysregulated PI3K signaling occurs frequently in human 

diseases. Therefore, PI3Ks have become promising targets for therapeutic intervention in 

immunological, metabolic and oncological disorders. A variety of studies have been done 

to better understand the diverse roles of PI3K signaling, including those aimed at 

dissecting the distinct biological roles of individual PI3K isoforms. However, there has 

been a concern that broad spectrum PI3K inhibitors might cause untoward side effects. 

My thesis work composed of three independent lines of research as described in 

Chapters 2-4 supports the validity of this concern. My research revealed that the two 

ubiquitous PI3K isoforms p110α and p110β play distinct biological roles in a 

tissue-specific manner. Inhibition of both PI3Ks appears to have very detrimental effects 

on heart function whereas inhibition of p110α alone potentially can block the development 

of pancreatic tumors. Furthermore, inhibition of single PI3K isoforms in the skeletal 

muscle seems to be very well tolerated. My thesis research supports the benefits of 

generating selective drugs that target specific PI3K isoforms. It is my sincere hope that 

this information will lead to the successful development of clinically useful PI3K inhibitors 

for the treatment of human diseases.  
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