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Abstract. The most common therapeutic approach for many
cancers is chemotherapy. However, many patients relapse after
treatment due to the development of chemoresistance. Recently,
targeted therapies represent novel approaches to destroy cancer
cells. The PI3K/PTEN/AKT pathway is a key signaling
pathway involved in the regulation of cell growth. Dysregulated
signaling of this pathway may be associated with activating
mutations of PI3K-related genes. Analyses of these mutations
reveal that they increase the PI3K signal, stimulate downstream
Akt signaling, promote growth factor-independent growth
and increase cell invasion and metastasis. In this review, we
summarize the PI3K/PTEN/AKT pathway genetic alterations
in cancer and their potential clinical applications.
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1. Introduction

Phosphatidylinositol 3-kinases (PI3Ks) are lipid kinases that
phosphorylate phoshoinositides at the D-3 position of the
inositol ring generating second messengers that govern cellular
activities and promote various biological properties including
proliferation, survival, motility and morphology changes.
Members of the PI3K family are grouped into three classes
according to sequence homology, substrate preference and
tissue distribution (1). In terms of regulating cell division and
tumorigenesis, the most important PI3K proteins are those that
belong to class IA, the catalytic subunit pl10a and its associ-
ated regulatory subunit p85. In quiescent cells, the regulatory
subunit p85 maintains the pl10a catalytic subunit in a low-
activity state. Upon growth factor stimulation, the SH2 domain
[Rous-sarcoma (src) oncogene homology-2 domain] of the p85
subunit binds to phosphorylated tyrosine in receptor tyrosine
kinases or their substrate adaptor proteins. This binding
relieves the inhibition of pl10a subunit and mediates recruit-
ment of this subunit to the plasma membrane (2). Activation
of pl10a leads to the production of phosphatidylinositol
3.4,5-triphosphate (PIP3), which recruits adaptor and effector
proteins containing a pleckstrin homology domain (PH
domain) to cellular membranes including the protein kinase B
(PKB/Akt), phosphoinositide-dependent kinase 1 (PDK-1) (3).
Once at the membrane PKB/Akt is phosphorylated at Thr308
and Ser473 by PDKI1 and the mTORC2 complex, respec-
tively. Once activated PKB/Akt phosphorylates and actives
target proteins involved in many different cellular functions,
which span cell cycle progression, cell survival, metabolism,
ribosome biogenesis, protein translation, RNA transcription
and cell motility (4,5). PIP3 is a substrate of the phospha-
tase PTEN (phosphatase and tensin homologue, deleted on
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chromosome 10), which dephosphorylates PIP3 to generate
phosphatidylinositol 4,5-bisphosphate (PIP2), therefore, it is a
negative regulator of PI3K signaling and functions as a tumor
suppressor (6). This phosphatase is often mutated, deleted
or downregulated in various tumors leading to constitutive
activation of the PI3K pathway (7,8).

PI3K signaling pathway is altered in human cancers, it is
caused by alterations in the control and activity of genes that
regulate cell growth and differentiation, leading to abnormal
cell proliferation (Fig. 1). These ‘cancer-related genes’ fall into
two major classes that have opposite effects on normal cell
proliferation and, sometimes, these altered genes have impor-
tant effects in promoting cancer. Tumor suppressor genes
normally repress cell growth and are inactivated in cancer,
while oncogenes, such as protein kinases, which normally
stimulate cell growth, become hyperactivated in cancer (9).
Deregulation of the PI3K pathway has been directly impli-
cated in several human cancer types. The best known genetic
alterations of this pathway are loss of the tumor suppressor
PTEN, amplification of genomic region containing Akt, and
activating point mutations at PI3K. The most frequent muta-
tions in PI3K, PTEN and AKT genes are reported in Table I
by search in the COSMIC website (http:/www.sanger.ac.uk/
genetics/CGP/cosmic/) (Table I).

By using automated sequencing technology, it was demon-
strated that the PI3K genes are mutated in human cancers.
These studies have identified cancer-specific somatic muta-
tions in several tyrosine kinase and tyrosine phosphatase
genes as well as in the PIK3CA gene which encodes the p110a
catalytic subunit of phosphatidylinositol 3-kinase. PIK3CA is
a 34 kb gene located on chromosome 3q26.3 that consists of
20 exons coding for 1068 amino acids yielding a 124 kDa size
protein.

The first study on PIK3CA gene mutation in human
cancers was published by Samuels and colleagues (10). The
authors initially analysed the sequence of eight PI3K and eight
PI3K-like genes of primary colorectal tumors and discovered
that PIK3CA was the only PI3K gene harboring somatic muta-
tions. Subsequently, somatic mutations in the PIK3CA gene
have been reported in many human cancer types including
cancers of the colon, ovary, breast, brain, liver, stomach and
lung. The PIK3CA mutations are somatic, cancer-specific and
heterozygous and can be divided into four classes defined by
the four domains of the catalytic subunit in which they occur,
the adaptorbinding domain (ABD), C2 domain, helical domain
and catalytic domain. Analysis of the PIK3CA gene in human
tumor samples has identified somatic mutations that affect a
total of 38 residues.

The majority of the mutations, ‘hot-spot’ mutation, map
to three sites, E542 and E545 in the helical domain (exon 9)
and H1047 in the kinase domain (exon 20). E542 and E545
are commonly changed to lysine, whereas H1047 is frequently
substituted with arginine (Fig. 1). The crystal structure of the
complex between the catalytic subunit of PI3Ka, p110a, and
its regulatory subunit, p85a, revealed that many of the muta-
tions occur at residues lying at the interfaces between pl110a
and p85a or between the kinase domain of pl10a and other
domains within the catalytic subunit affecting the regulation of
kinase activity by p85 or the catalytic activity of the enzyme
(11). It was well documented that these mutations cause a gain of
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protein enzymatic function and induce oncogenic transforma-
tion when expressed in primary chicken-embryo fibroblasts and
in NIH3T3 cells (12).

2. PIK3CA mutations in human cancer

High frequency of somatic mutations is observed in the gene
encoding the pl110a catalytic subunit of PI3K are frequently
detected in exon 9, encoding residues of the helical domain,
and in exon 20, encoding the kinase domain. These mutations
affect preferentially residues that are highly conserved and
therefore of critical functional importance. By introducing
mutations in three hot-spots of the human PIK3CA gene into
the corresponding residues of the chicken PIK3CA gene, Kang
and colleagues (12), demonstrated that these mutated p110
proteins induced oncogenic transformation when expressed in
primary chicken embryo fibroblasts. All three mutants (E542K,
E545K and H1047R) display enhanced lipid kinase activity and
enhanced enzymatic activity as demonstrated by the high levels
of phosphorylated Akt. One year later the same group presented
further results demonstrating the oncogenic potential of these
mutants also in vivo. The mutants of p110 induced tumors in
the chorioallantoic membrane of chicken embryo and caused
hemangiosarcomas in the animal (2). These results have been
confirmed further by a study by Samuels et al (13) in which
they analyzed the oncogenic activity of HI047R mutation using
a different approach. They established an isogenic colorectal
cancer cell line in which the mutant allele of PIK3CA gene was
disrupted by gene targeting. For this purpose, the colorectal
cancer cell line HCT116 was selected because it contains the
hot-spot mutation H1047R in exon 20. HCT116 cells exhibited
increased phosphorylation of Akt and the forkhead transcription
factors FKHR and FKHRLI in comparison to the PIK3CA WT
isogenic HCT116 cells. Moreover, mutated HCT116 cells had a
high apoptotic resistance and an increased ability to migrate and
metastatize when injected in the tail vein of athymic nude mice.
Similar results are observed using the colorectal cancer cell line
DLDI harboring the hot-spot mutation E545K in exon 9. The
in vitro and in vivo oncogenicity of PIK3CA mutants strongly
suggests a critical role for these mutated proteins in human
malignancies and provides evidence that a kinase with a cancer-
specific mutation, such as PI3K, might be an ideal target for
specific small molecule inhibitors that could be developed
as anticancer drugs. Since, pl10a is a critical component of
cellular physiology, small molecule inhibitors that discriminate
the mutated and wild-type form of PIK3CA might minimize
undesirable effects that could arise from interference with the
wild-type protein.

3. PTEN mutations in human cancer

The most extensive evidence for the involvement of the
PI3K pathway in human cancer stems from studies of the
PTEN tumor suppressor gene. PTEN loss of function occurs
in a wide spectrum of human cancers through mutations,
deletions, transcriptional silencing, or protein instability
at a frequency that can rival p53 alterations in particular
settings (14). A lack of redundancy of PTEN might explain
the high frequency of mutations. Despite its potential serine,
threonine, and tyrosine phosphatase activity, the lipid phos-
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Figure 1. The PI3K/PTEN/Akt pathway. (A) Activation of PI3K/PTEN/Akt pathway could result in increased transcription of many genes that promote cellular
growth and malignant transformation. Thus, targeting this signaling pathway may prevent cancer progression. (B) Description of PIK3CA and its functional

domains with the most common somatic mutations.

phatase function of PTEN has been shown to be the major
driving force in tumor suppression (15,16). A cancer-derived
mutation G129E, which abrogates the lipid phosphate
activity of PTEN but spares its protein phosphatase activity,
results in inactivation of PTEN tumor-supressor function
in vitro (17).

PTEN somatic mutations occur in a large percentage of
human cancers, with the highest numbers found in endome-
trium, central nervous system, skin, and prostate cancers.

Germline PTEN mutations are present in ~80% of patients
with Cowden syndrome (18). CS is an autosomal dominant
disorder characterized by multiple hamartomas and a risk
of breast, thyroid, and endometrial carcinomas. Renal cell
carcinoma, certain brain tumors, and melanoma may occur at
increased frequency in CS, although this association is less
clear (19). Mutations have been reported to occur at PTEN in
breast cancer in varying frequencies (5-21%) (20,21). Loss of
heterozygosity (LOH) is probably more common (30%) (21).
Mutations at certain residues of PTEN, that are associated
with Cowden’s disease, affect the ubiquitination of PTEN
and prevent nuclear translocation. These mutations leave the
phosphatase activity intact (22). Inhibition of PTEN activity
leads to centromere breakage and chromosome instability
(23). Thus, PTEN has diverse activities.

4. AKT alteration in human cancer

Akt/protein kinase B (PKB) is a 57 kD Ser/Thr kinase. Human
genome contain three Akt genes, encoding the isoforms
Aktl(PKBa), Akt2(PKBg) and Akt3(PKBy) (24) which are
encoded by genes located on 14q32, 19q13.1-13.2 and 1q44

(25-27). Each gene encodes a protein containing an amino-
terminal pleckstrin homology (PH) domain that serves to
target the membrane for activation. The roles that Akt plays in
cancer are complex. Akt can be activated by genetic mutations,
genome amplifications and more commonly by mutations in
upstream signaling components. Amplification of Akt-2 was
observed in human ovarian carcinomas (26). Increased levels
of Akt are detected in carcinomas of the breast, ovary and pros-
tate and are associated with a poorer prognosis in comparison
with tumors that do not display increased levels of expres-
sion. AKTI has been reported to be mutated in some breast,
colorectal, melanoma and ovarian cancers (28,29). AKT?2 is
not mutated frequently in human cancer. AKT2 is amplified
in certain cancers (e.g., 12.1% ovarian and 2.8% breast carci-
nomas) (29). A recent study documents the mutation of AKT3
in some melanoma samples (30).

Carpten et al (28) identified a transforming E17K
PH-domain mutation in AKTI in breast (8%), colorectal (6%),
and ovarian (2%) cancers. This study documented an Akt
mutation that results in a glutamic acid (E) for a lysine (K)
substitution at amino acid 17 (E17K) in the PH domain. This
E17K-AKTI mutant exhibits transforming activity in vitro and
in vivo owing to its constitutive PIP3-independent recruitment
to the membrane. However, identification of frequent missense
mutations causing increased activity of any of the three AKT
isoforms has been elusive (Table I).

Cells with this AKTI mutation have not been observed
to have mutations at PIK3CA. Akt and PI3KCA mutations
were mutually exclusive, a similar scenario is also frequently
observed with RAS and BRAF mutations (31). This AKTI
mutation alters the electrostatic interactions of Akt-1 which
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Table I. Frequency of PI3K, PTEN and AKT somatic mutations by tumor type.

Gene Cancer type Mutated/tested cases (%)" Most frequent gene mutation/all mutations (%)
PI3K 3140A>G
Breast 1493/5835 (26) 621/1493 (42)
Large intestine 753/6011 (12) 144/753 (19)
Endometrium 233/927 (25) 52/233 (22)
Ovary 136/1525 (9) 43/136 (32)
Urinary tract 189/942 (20) 26/189 (14)
PTEN 388C>G
Endometrium 169/1822 (9) 54/169 (32)
Ovary 15/845 (2) 3/15 (20)
CNS 52/3523 (2) 3/52 (6)
Lung 4/1325 (0.3) 2/4 (50)
AKT 49G>A
Breast 86/1749 (5) 47/86 (55)
Urinary tract 11/343 (3) 11/11 (100)
Thyroid 10/351 (3) 10/10 (100)
Lung 6/1539 (0.3) 6/6 (100)
Endometrium 5/241 (2) 5/5 (100)

“Data are obtained from the COSMIC website.

allows it to form new hydrogen bonds with the natural PtdIns
ligand (28).

The PH domain mutation confers many different properties
to the AKTI gene. Namely the mutant AKT] gene has: i) an
altered PH domain conformation, ii) is constitutively-active,
iii) has an altered cellular distribution as it is constitutively-
associated with the cell membrane, iv) morphologically
transforms Rat-1 tissue culture cells and v) interacts with c-Myc
to induce leukemia in Ex-Myc mice (Eu, enhancer of immu-
noglobulin pgene; Myc, Myc oncogene originally isolated in
avian myelocytomatosis virus) (28). This PH domain mutated
AKTI gene does not alter its sensitivity to ATP competitive
inhibitors, but does alter its sensitivity to allosteric kinase
inhibitors (28).

5. Mutations in PI3K pathway and chemoresistance

In vitro evidence suggests that PI3K activation is associated
with decreased sensitivity to several different chemotherapeutic
agents, including paclitaxel, doxorubicin and 5-fluorouracil.
It was demonstrated that ovarian cancer cells overexpressing
constitutively active Akt or containing AKT gene amplification
were highly resistant to paclitaxel as opposed to cancer cells
expressing low Akt levels. Constitutively active Akt inhibits
the release of cytochrome ¢ normally induced by paclitaxel
thereby promoting apoptosis resistance (32,33). Breast cancer
cell lines that express both HER2 and HER3 appear to have
a higher degree of Akt activation. Moreover, transfection of
HER?2 in MCF7 breast cancer cells that express HER3 caused
a PI3K-dependent activation of Akt, and was associated with
an increased resistance to chemotherapeutic agents including
paclitaxel, doxorubicin, 5-fluorouracil, etoposide and campto-

thecin. Selective inhibition of PI3K or Akt activity with their
respective dominant-negative expression vectors sensitized the
cells to chemotherapy-induced apoptosis (34). Liedtke et al
(35) examined whether there is a correlation between acti-
vating mutations in the catalytic subunit of PI3K and response
to therapy in stage II-III human breast cancer treated with
preoperative chemotherapy. They hypothesized that activation
of this pathway through somatic mutations may be associated
with decreased response to cytotoxic treatment and increased
residual cancer volume after chemotherapy.

They examined PIK3CA mutation status in 140 patients
with stage II-III breast cancer and correlated the results
with clinical and pathological variables, including response
to chemotherapy. They did not observe any association
between PIK3CA gene status and response to anthracycline-
based or anthracycline-containing and paclitaxel-containing
chemotherapies. They demonstrated that the frequencies of
PIK3CA mutations were similar in patients with extremely
chemotherapy-sensitive tumors and those with decreased
responses (RCB-I or RCB-II) or even with extensive residual
cancer (RCB-III). They also examined whether the effect of
PIK3CA mutation on chemotherapy response was different
among ER-negative and ER-positive tumors. PIK3CA muta-
tion status was not predictive of response in either ER-positive
or ER-negative tumors.

The PI3K pathway as a mediator of monoclonal antibody
therapy resistance, one of the most successful examples of
targeted therapies for epithelial cancers has been the demonstra-
tion that breast cancers with amplification of the ERBB2/HER?2
oncogene are responsive to trastuzumab (Herceptin), a human-
ized monoclonal antibody directed against the transmembrane
domain of the HER2 protein. Patients whose breast cancer
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cells display overexpression of HER2 protein are candidates
for this therapy in both the adjuvant and metastatic settings
(36). However, not all women whose tumors overexpress HER2
respond to trastuzumab. Only one-third of women with newly
diagnosed advanced breast cancer that overexpresses HER2
demonstrate tumor regression with trastuzumab therapy (37).
By using an RNA interference (RNAi) genetic screen, Berns
and colleagues identified that PTEN is a mediator of trastu-
zumab resistance in a HER2-overexpressing breast cancer
cell line (38). Given that PTEN is a negative regulator of the
PI3K pathway, and 25-30% of human breast cancers harbor
somatic mutations in PIK3CA gene, activation of this pathway
by somatic mutations could also lead to a similar trastuzumab-
resistant phenotype. To test this hypothesis Berns and colleagues
retrovirally transduced the breast cancer cell line BT-474 with
a constitutively active mutant of PIK3CA (H1047R mutant).
They demonstrated that expression of this mutant rendered
BT-474 cells almost completely insensitive toward trastuzumab.
Furthermore, overexpression of PIK3CA (WT) also conferred
resistance to trastuzumab, as amplification of this gene has been
demonstrated in other malignancies such as ovarian cancers.

These results were also confirmed by a study by Nagata et al
(39) in which they demonstrated that PTEN activation
contributes to the effects of trastuzumab antitumor activity.
Trastuzumab treatment increased PTEN membrane localization
and phosphatase activity by reducing PTEN tyrosine phos-
phorylation via Src inhibition. PTEN loss in breast cancer cells
by antisense oligonucleotides conferred trastuzumab resistance
in vitro and in vivo.

Patients with PTEN-deficient breast cancers had signifi-
cantly poorer responses to trastuzumab treatment than those
with WT PTEN. Moreover, they demonstrated that PI3K inhib-
itors restored trastuzumab sensitivity in PTEN-deficient cells,
suggesting that PI3K-targeting therapies could overcome this
resistance (39). These studies strongly supported the concept
that alteration of the PI3K pathway influence trastuzumab
resistance, suggesting that combination therapies with PI3K
pathway inhibitors and trastuzumab might be more effective
for the treatment of patients with breast cancers displaying
HER?2 overexpression. Jhawer et al (40) have demostrated that
PIK3CA mutations predict response of colon cancer cells to
the cetuximab inhibitory monoclonal antibody directed to the
epidermal growth factor receptor (EGFR). Cetuximab is a
monoclonal antibody that has been approved for the treatment
of colorectal and head/neck cancers. Jhawer and colleagues
screened a panel of 22 colon cancer cells and identified
cetuximab-resistant and sensitive cells. Cetuximab-sensitive
cells were found to be sensitive to EGF-induced proliferation,
while cetuximab-resistant cells were not, suggesting that cells
dependent on ligand mediated canonical activation of this
pathway were sensitive to cetuximab. Moreover, examination
of the mutation status of signaling components downstream
of EGFR demonstrated that cell lines WT for PIK3CA/PTEN
were significantly more sensitive to cetuximab than were cells
with activating PIK3CA mutations or loss of PTEN expression.
Consistently, the PIK3CA mutant HCT116 cell line was highly
resistant to cetuximab, while a modest, although statistically
significant response, was observed in the PIK3CA WT isogenic
HCT116 cells. Lastly, cell lines mutant for both PIK3CA/
PTEN and K-RAS/BRAF were highly resistant to cetuximab,
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indicating that mutations that constitutively and simultaneously
activate the Ras and PI3K pathways confer maximal resistance
to cetuximab.

6. Conclusion

Signal transduction pathways interact resulting in the promotion
of cell cycle progression, growth and prevention of apoptosis.
Elucidating the mechanisms by which signaling pathways
cross-regulate each other and how they result in the preven-
tion of apoptosis and promote drug resistance may yield more
effective therapy. It has been shown that abnormal expression
of signal transduction pathway, such as PI3K/PTEN/AKT, can
contribute to drug resistance as well as resistance to targeted
therapy. This review highlights in detail PI3K/PTEN/AKT
gene alterations as responsible of dysregulated expression of
this pathway. Controlling the expression of this pathway may
improve cancer therapy.
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