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Phosphatase andTENsin homolog deleted on chromosome 10 (PTEN) is a tumor suppres-
sor gene located at chromosome 10q23.31, encoding for a 403-amino acid protein that
possesses both lipid and protein phosphatase activities. The main function of PTEN is to
block the PI3K pathway by dephosphorylating phosphatidylinositol (PI) 3,4,5-triphosphate
to PI-4,5-bisphosphate thus counteracting PI3K function. PTEN inactivation is a frequent
event in many cancer types and can occur through various genetic alterations including
point mutations, large chromosomal deletions, and epigenetic mechanisms. In colorec-
tal cancer (CRC) PTEN is altered through mixed genetic/epigenetic mechanisms (typically:
mutations and promoter hypermethylation or 10q23 LOH and promoter hypermethylation),
which lead to the biallelic inactivation of the protein in 20–30% of cases. The role of PTEN
as a prognostic and predictive factor in CRC has been addressed by relatively few works.
This review is focused on the report and on the discussion of the studies investigating
these aspects. Overall, at the moment, there are conflicting results and, therefore it has
not been clarified whether PTEN might play a prognostic role in CRC. The same is valid
also for the predictive role, leading to the fact that PTEN evaluation cannot be used in
routinely diagnosis for the early identification of patients who might be addressed to the
treatment with EGFR-targeted therapies, at odds with other genetic alterations belonging
to EGFR-downstream pathways. The reason of discordant results may be attributable to
several issues: (1) the size of the analyzed cohort, (2) patients inclusion criteria, (3) the
methods of assessing PTEN alteration. In particular, there are no standardized methods to
evaluate this marker, especially for immunohistochemistry, a technique suffering of intra
and inter-observer variability due to the semi-quantitative character of such an analysis.
In conclusion, much work, especially in large and homogeneous cohorts of cases from
different laboratories, has to be done before the establishment of PTEN as prognostic or
predictive marker in CRC.

Keywords: PTEN, colorectal cancer, mutation, immunohistochemistry, prognosis, predictive, EGFR-targeted
therapies

INTRODUCTION
Phosphatase and TENsin homolog deleted on chromosome 10
(PTEN ), known also as mutated in multiple advanced cancer 1
(MMAC1), is a tumor suppressor gene located at chromosome
10q23.31 and encodes for a 403-amino acid protein that possesses
both lipid and protein phosphatase activities. The crystal struc-
ture of PTEN revealed two major functional domains (a phos-
phatase domain and a C2 domain) and three structural regions
[a short N-terminal phosphatidylinositol (PI)-4,5-bisphosphate
(PIP2) binding domain and a C-terminal tail containing PEST
sequences and a PDZ-interaction motif] (Figure 1) (1). The
PTEN protein is principally involved in the homeostatic main-
tenance of PI3K/Akt signaling originating from EGFR activation
(or activation of other tyrosine kinase receptors or G-protein-
coupled receptors) (Figure 2). Its typical function consists of
the dephosphorylation of the lipid-signaling second messenger
PI 3,4,5-triphosphate (PIP3), a lipid product of the PI-3-kinase
(PI3K) (2), thereby directly antagonizing the PI3K function and

blocking therefore the activation of downstream signaling events,
including PDK1 (akt) and akt/mammalian target of rapamycin
(mTOR). The opposite biochemical reaction is catalyzed by PI3Ks,
which are associated with cell growth and cell survival (Figure 2).
Thus PTEN, which counteracts PI3Ks activity, is involved in inhi-
bition of cell cycle progression, induction of cell death, modulation
of arrest signal, and stimulation of angiogenesis (3).

The lipid phosphatase activity of PTEN is the best-
characterized physiological function contributing to the tumor
suppressor function of PTEN. As no other redundant and/or com-
pensatory family members have been found, PTEN is the only
known lipid phosphatase counteracting the PI3K pathway. It is
not surprising that loss of PTEN function, resulting therefore in
increased PIP3 and persistent activation of PI3K effectors, has an
important impact on multiple aspects of cancer development such
as cell proliferation, apoptosis resistance, angiogenesis, metabo-
lism regulation, genomic instability, stem cell self-renewal, cellular
senescence, and cell migration and metastasis (4, 5).
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Molinari and Frattini PTEN in colorectal cancer

FIGURE 1 | PTEN protein structure. PTEN is composed of 403-amino
acids and contains: a N-terminal region of 185 aminoacids (1–185)
composed by a PIP2-binding domain (PBD) and by a phosphatase domain
of 218 aminoacid (186–403), and a C-terminal region composed by a C2
domain and by a C-terminal tail containing two PEST (proline, glutamic acid,
serine, threonine) sequences, and a PDZ-interaction motif at the end.

FIGURE 2 |The PI3K-PTEN-Akt pathway. The main function of PTEN
consists in the regulation of the PI3K/Akt/mTOR. In response to
extracellular stimuli (e.g., presence of insulin, growth factors, chemokines),
PI3K is activated by tyrosine kinase receptors or G-protein-coupled
receptors and it phosphorylates PIP2 to generate PIP3 which in turn
phosphorylates and activates Akt. PTEN is a lipid phosphatase that
antagonizes the action of PI3K by dephosphorylating PIP3 to generate PIP2
(thus blocking the PI3K signaling cascade).

In its inactive state, PTEN is phosphorylated on a cluster of ser-
ine and threonine residues located on its C-terminal tail, leading
to a closed PTEN state and maintaining PTEN protein in a stable
conformation. When PTEN is being activated, dephosphoryla-
tion of its C-terminal tail opens its phosphatase domain, thereby
increasing PTEN activity. Meanwhile, the open state of PTEN is
more susceptible to ubiquitin-mediated proteasomal degradation
(4, 6): therefore, this mechanism is a negative feed-back leading
to decreasing and switching off the effect of PTEN, in absence of
specific stimuli.

The functionality of PTEN is also regulated by subcellular
localization. PTEN is well characterized as a cytosolic protein
that is recruited to the membrane by interacting with a num-
ber of membrane-anchored proteins, via its C-terminal PDZ
domain and PIP2-binding domain (7). In addition, PTEN mono-
ubiquitination controls PTEN nuclear entry. In some tumors,
the subcellular localization of PTEN protein seems to mediate

its activity (8). The absence of PTEN has been reported to be
associated with more aggressive diseases and with high degree
of neoplastic transformation, suggesting an important nuclear
function for PTEN in tumor suppression (9, 10).

A number of factors have been shown to transcriptionally
regulate PTEN mRNA [reviewed by Song et al. (5)], includ-
ing peroxisome proliferation-activated receptor γ (PPARγ), early
growth-response protein 1 (EGR1), and p53. PTEN mRNA is
also post-transcriptionally regulated by PTEN -targeting microR-
NAs such as miR19 and miR21 and is now emerging that also
PTEN pseudogene (PTENP1) may be able to regulate PTEN
expression (5).

PTEN loss of function occurs in a wide spectrum of human can-
cers through various genetic alterations including point mutations
(missense and nonsense mutations), large chromosomal dele-
tions (homozygous/heterozygous deletion, frameshift, inframe
deletion, and truncation), and epigenetic mechanisms as hyper-
methylation of the PTEN promoter region. In addition, PTEN
could be inactivated by other non-structural alterations affecting
transcript stability, protein stability, and differential subcellular
compartmentalization (4, 5, 8).

Despite its serine, threonine and tyrosine phosphatase activ-
ity, the lipid phosphatase function of PTEN has been shown to
be the major driving force in tumor suppression. In fact the
G129E mutation, observed in cancer specimens and abrogating the
lipid phosphatase activity but maintaining its protein phosphatase
activity, leads to PTEN tumor suppressor function inactivation
in vitro (11–13).

Loss of heterozygosity at 10q23 occurs frequently in many spo-
radic tumors at advanced stage; for example, approximately 70%
glioblastoma and 60% advanced prostate cancer are characterized
by loss of that region. Somatic mutation in the second allele of
PTEN, which results in biallelic inactivation, occurs in 25–40% of
glioblastomas.

Somatic mutations of PTEN have been identified as the main
mechanism of inactivation in many tumor types,particularly those
of the endometrium, brain, skin, and prostate. The tumor suppres-
sor function of PTEN is usually abrogated following mutations
occurring in its phosphatase domain (encoded by exon 5): typi-
cally, the C124S mutation (that abrogates both lipidic and protein
phosphatase activity) and the G129E mutation (that abrogates
only lipid phosphatase activity) (4, 14). Although the N-terminal
phosphatase domain is principally responsible for PTEN physio-
logical activity, approximately 40% of PTEN tumorigenic muta-
tions may occur in the C-terminal C2 domain (corresponding
to exons 6, 7, and 8) and in the tail sequence (corresponding
to exon 9), encoding for tyrosine kinase phosphorylation sites
important for maintaining PTEN function and protein stability
(3, 4, 8, 15). In endometrial carcinoma, glioblastoma, and lym-
phoma, cancer-specific mutations have been found also in the
PIP2-binding region, thus highlighting the importance of this
motif for the functionality of PTEN protein (16, 17). In addition to
missense mutations, a number of nonsense and frameshift muta-
tions have been described leading to truncated PTEN proteins
lacking the C-terminal tail and the PDZ-interaction motif, impor-
tant domains for PTEN protein stability and recruitment to the
membrane, without which PTEN is biochemically inactive (5, 8).
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However, in sporadic tumors, loss of heterozygosity of PTEN
occurs at a much higher frequency than biallelic inactivation. It
remains unclear whether haploinsufficiency of PTEN provides a
selective growth advantage in tumors lacking a second hit in the
remaining PTEN allele. Evidence for a role of PTEN haploinsuffi-
ciency was demonstrated in a mouse model of prostate cancer in
which the dosage of PTEN was inversely correlated to the severity
of tumor phenotype (18).

Finally, PTEN can be altered also in inherited syndromes. That
is the case of the Cowden disease whose patients tend to develop
breast, thyroid, and skin tumors. In these types of tumor PTEN
exerts its role in the initiation and in the progression of cancer (3,
12, 19).

PTEN IN COLORECTAL CANCER
In CRC PTEN is altered through a mixed genetic/epigenetic mech-
anism (typically: mutations and promoter hypermethylation or
10q23 LOH and promoter hypermethylation), which leads to the
biallelic inactivation of the protein in 20–30% of cases.

PTEN expression and mutational rate was reported to be lower
in left-sided (distal) CRC in comparison to right-sided (proximal)
cancers (20–22). This finding may be related to different genetic
mechanisms underlying the tumorigenesis of proximal and distal
sporadic CRCs. Cancers arising in right colon are usually charac-
terized by microsatellite instability (MSI), whereas those arising in
the distal colon and in the rectum are very often characterized by
chromosomal instability (CIN). Therefore, it can be argued that
PTEN alterations may be linked to MSI and to the mechanisms
leading to MSI (including high frequency of promoter hyperme-
thylation, the main mechanism of mismatch repair genes silencing,
whose absence of function is directly responsible of MSI). Con-
sistent with this hypothesis, Day and colleagues found that PTEN
mutations, identified in about 6% out of 744 stage I-IV CRC, were
associated with mucinous histology, MSI, CpG island methylator
phenotype, and BRAF mutations (22). Furthemore, other reports
demonstrated a direct association between PTEN mutations and
MSI, suggesting that the PTEN gene is a target of genomic insta-
bility in MSI colorectal tumorigenesis (23–25). In particular, Zhou
and colleagues found that among 11 HNPCC CRC, 32 MSI spo-
radic cancer, and 39 microsatellite stable tumors, PTEN somatic
mutations were found in 18, 13, and 0% of cases respectively, and
PTEN loss of expression (evaluated by IHC) in 31, 41, and 17%,
respectively. The majority of somatic mutations occur in the two
6(A) coding mononucleotide tracts, suggesting an etiological role
of the deficient mismatch repair system (25). Moreover, it was
also reported that PTEN promoter hypermethylation is a frequent
event in sporadic CRC with MSI and may represent an impor-
tant epigenetic mechanism of PTEN inactivation in this setting
(26).

Overall, although another study did not confirm this associa-
tion (because gene mutations and LOH were found in about 20
and 17% of sporadic CRC respectively, all but one of which were
microsatellite stable) (27), we can assume that PTEN alterations
and MSI are correlated.

In addition to PTEN level, the PI3K pathway can be altered
following mutations in genes encoding for PI3K proteins, typi-
cally in PIK3CA gene. Therefore, it has been proposed that PTEN

alterations and PIK3CA mutations may be mutually exclusive.
However, this concept has not been deeply demonstrated as few
studies investigating this topic showed conflicting results. There is
in fact a clear evidence that mutations in multiple components
of the PI3K pathway are not necessarily redundant. Although
activating mutations in PI3K and loss of PTEN function both
enhance PI3K signaling, these alterations seem not to cover equiv-
alent functions. For example, in endometrial cancer, mutations
in PTEN and PIK3CA both occur frequently and often concomi-
tantly within the same tumor, indicating a potential additive or
synergistic effect (28–30).

As for the other genetic alterations mainly occurring in CRC, it
has been demonstrated that loss of PTEN expression measured by
IHC co-occurs with KRAS and BRAF mutations and with EGFR
polysomy (31), whereas PTEN and TP53 mutations seem to be
mutually exclusive (27).

PROGNOSTIC ROLE OF PTEN
The role of PTEN as a prognostic factor in CRC has been addressed
by relatively few works.

Although accumulating evidence has strongly suggested that
PTEN is a crucial factor in various central processes of cancer
development, and although in several tumor types (e.g., non-
small-cell lung cancer, prostate and breast cancer) PTEN protein
status has been correlated with poor prognosis, the association
between PTEN expression and clinical parameters in CRC is still
controversial. The studies reporting the clinical impact of PTEN
alterations on patient outcome in CRC are here summarized. Sev-
eral of these studies suggest an association between loss of PTEN
protein expression with advanced disease, liver metastasis, and
poor patient survival, whereas other works do not find such an
association (Tables 1 and 2).

One of the first paper reporting an association between PTEN
alteration and tumor aggressiveness was published in 2001 and
examined PTEN somatic mutations in a series of 36 sporadic CRC.
The authors found that PTEN gene mutations were detected only
in patients with locally advanced or metastatic CRC (32).

The majority of the next studies have been performed by ana-
lyzing PTEN protein expression by IHC assay, the most effective
way to assess the loss of PTEN function by any mechanism (LOH,
somatic mutation, or promoter epigenetic silencing). In fact, it
has been reported that all tumors with PTEN gene alterations
(mutation and/or deletion) showed a reduction or absence of
PTEN expression evaluated by IHC, and this finding was corre-
lated with advanced stage of disease (33). This association was
confirmed by Sawai and colleagues, who demonstrated that PTEN
loss was significantly correlated with local recurrence, advanced
TNM stage (p < 0.01), lymph node metastasis (p < 0.05) and
with lower 5-year survival rate (p= 0.012), indicating a link
between PTEN deregulation and CRC aggressive phenotype (34).
A positive association of PTEN expression with histological grade
and distant metastasis was also demonstrated by Lin and col-
leagues (35). Similarly, Li and co-workers, by examining nuclear
PTEN protein expression on tissue microarray in 327 CRC, found
that low level of PTEN protein expression was positively cor-
related with tumor size, depth of invasion, lymphatic invasion,
lymph node metastasis, and higher tumor staging (p < 0.05).
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Table 1 | List of papers finding a positive correlation between PTEN loss and prognosis.

Author No. Type of tissue Method % PTEN alteration

Dicuonzo et al. (32) 36 Frozen CRC Sequencing 17% mutations

Nassif et al. (33) 41 Frozen normal tissue and CRC Sequencing, LOH, IHC 19% mutations

17% LOH

70% reduction or loss of expression

(IHC) (cytoplasm and nuclear staining)

Sawai et al. (34) 69 with liver metastasis;

70 without liver metastasis

FFPE CRC and liver metastasis IHC 75.4% weak expression (cytoplasm

and nuclear staining)

Lin et al. (35) 139 FFPE TMA CRC IHC 7% weak or loss expression

(cytoplasm staining)

Li et al. (36) 327 FFPE TMA CRC Sequencing, IHC 29% weak or loss of expression (PTEN

immunoreactivity localized in the

nucleus)

Jang et al. (37) 482 FFPE TMA CRC IHC 50% loss of expression

Jin et al. (38) 68 FFPE CRC IHC 67.6% loss of expression (cytoplasm

and nuclear staining)

Atreya et al. (39) 56 FFPE mCRC IHC 12.3% loss of expression (cytoplasm

and nuclear staining)

Bohn et al. (40) 307 FFPE TMA CRC FISH 8.8% gene loss

No.: number of patients; CRC: colorectal cancer; FFPE: formalin-fixed paraffin embedded; FISH: fluorescent in situ hybridization; IHC: immunohistochemistry; LOH:

loss of heterozygosity; mCRC: metastatic colorectal cancer; TMA: tissue microarray.

Table 2 | List of papers finding no correlation between PTEN loss and prognosis.

Author No. Type of tissue Method % PTEN alteration

Colakoglu et al. (21) 76 FFPE CRC IHC 5% loss of expression; 67% weakly moderate

positive expression (cytoplasm staining)

Eklöf et al. (41) 197 and 414* FFPE CRC IHC 12.5 and 14% loss of expression (cytoplasm staining)

Price et al. (42) 302 FFPE advanced CRC Taqman copy number assay 38.7% loss

Day et al. (22) 1093 FFPE stage I-IV CRC Sequencing 5.8% mutations

*Separate cohort; No.: number of patients; CRC: colorectal cancer; FFPE: formalin-fixed paraffin embedded; IHC: immunohistochemistry.

In addition, univariate and multivariate analysis indicated that
patients characterized by PTEN loss of protein expression had a
shorter survival than patients with a normal expression of PTEN
(36).

Another study performed on 482 CRC revealed that PTEN
protein expression (evaluated again on a tissue microarray) was
associated with poor overall survival (OS) and disease-free survival
(p= 0.03 and p= 0.046, respectively), although in multivariate
analysis, a significant difference was observed only in patients with
stage II of disease (37).

Jin and colleagues by evaluating the prognostic value of PTEN,
STAT3, and VEGF-C protein expression by IHC in 68 cases of
CRC, showed that PTEN expression was correlated with patho-
logical grade, but not with tumor size, lymph node metastasis, or
clinical stage. Moreover the 3- and 5-years survival rates of patients

normally expressing PTEN were significantly higher than those of
patients with a PTEN-negative tumor (38).

In a very recent study conducted on 56 patients affected by a
metastatic disease, PTEN protein expression was analyzed by an
optimized PTEN IHC assay recently developed and it was found
that the median OS of patients whose tumors did not express
PTEN was 9 months, compared to 49 months for patients with a
normal expression of PTEN [HR= 6.25, 95% confidence intervals
(CI), p= 0.0023]. The association of absence of PTEN expression
with increased risk of death remained significant in multivariate
analysis (Hazard Ratio, HR= 6.31, 95% CI, p= 0.0023) (39).

Finally, the positive correlation between worse prognosis and
PTEN alteration was also found after the analysis of genetic lesions.
Through the evaluation of PTEN deletion and gene rearrange-
ments by FISH on 307 CRC, the authors confirmed an association
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between PTEN alteration with reduced patient survival in uni-
variate and multivariate analyses in rectal cancer (p= 0.012, HR
2.675; 95% CI) but not in colon cancer (40).

On the contrary with respect to the results obtained by the
studies reported above, Colakoglu and colleagues, by investigating
76 CRC patients, found no correlation between PTEN immuno-
histochemical status and patient survival, tumor grade, TNM
stage, lymphatic invasion, and liver metastasis (21), although they
found a significant association between PTEN loss and local recur-
rence. Another study investigating the prognostic role of KRAS,
BRAF, PIK3CA mutations, and PTEN expression in two sepa-
rate CRC cohorts of 197 and 414 patients respectively, observed
absence of correlation between PTEN status and prognosis by
analyzing each molecular marker separately (41). The prognos-
tic value of PTEN was also explored through the evaluation of
PTEN gene copy number alteration (CNA) assessed by a Taqman
assay by Price and colleagues in a cohort of 302 patients with
advanced CRC enrolled in the AGITG MAX trial, a randomized
Phase III trial of capecitabine± bevacizumab or mitomycin C.
The authors did not find any correlation between PTEN status
and progression free survival (PFS) or OS in multivariate analysis
(42). The absence of association with prognosis in stage II and
III CRC was also supported by the work of Day and colleagues
who analyzed PTEN mutations in a large cohort of sporadic
CRC (22).

In conclusion, at the moment there are no clinical data clearly
supporting the notion of PTEN alteration as a prognostic factor
in CRC.

PREDICTIVE ROLE OF PTEN IN EGFR-TARGETED THERAPIES
RESPONSE
In addition to the evaluation of the prognostic role of PTEN,
several studies have investigated its predictive role in the field
of targeted therapies. Since in breast cancer patients it has been
demonstrated that PTEN loss of expression confers resistance
to trastuzumab (a monoclonal antibody, MoAb, against Her-2,
a tyrosine kinase receptor belonging to the Her family, as EGFR)
(43), recent reports have investigated whether PTEN alterations
may affect responsiveness of mCRC patients to anti-EGFR MoAbs
cetuximab and panitumumab (Table 3). These studies have pri-
marily used IHC to assess expression at protein level, and some
have shown a correlation between PTEN expression and clinical
response. A preliminary work on a retrospective series of patients
reported that loss of PTEN expression, observed in 40% of pri-
mary tumor in mCRC patients, was significantly associated with
non-responsiveness to cetuximab (44). The authors found that no
patients with PTEN loss of expression in tumor tissue responded
to a combination of irinotecan and cetuximab, whereas 10 out
of 16 (63%) patients with intact PTEN expression experienced
a partial response to these therapies. In vitro studies have con-
firmed this evidence by showing that PIK3CA mutations or PTEN
loss may predict the efficacy of cetuximab administration in colon
cancer cell lines (45). The role of PTEN in predicting resistance
to anti-EGFR MoAbs was confirmed by Sartore-Bianchi and col-
leagues, who found that loss of PTEN protein was associated with
lack of response to cetuximab and panitumumab (p= 0.001) in a
cohort of 81 tumor specimens. Loss of PTEN expression was also

Table 3 | List of papers investigating the predictive role of PTEN in CRC treated with EGFR-targeted therapies cetuximab or panitumumab.

Author No. Type of tissue Method % PTEN alteration and clinical response

Frattini et al. (44) 27 FFPE mCRC IHC 100% PTEN-negative patients were NR (p < 0.001)

Sartore-Bianchi et al. (46) 81 FFPE mCRC IHC 97% PTEN-negative patients were NR (p=0.001)

Perrone et al. (47) 32 FFPE mCRC Sequencing, FISH All patients with a decreased PTEN gene copy number or

with PTEN mutation were NR

Razis et al. (48) 72 FFPE mCRC IHC and FISH PTEN gene deletion detected only by FISH associated

with no response

Loupakis et al. (49) 102 FFPE mCRC (primary

and metastatic lesion)

IHC 95% PTEN-negative patients were NR. Association with

clinical response found only in the metastatic lesion

Negri et al. (50) 50 FFPE mCRC (primary

and metastatic lesion)

Immunofluorescence 100% PTEN-negative patients were NR (p < 0.05).

Association with clinical response found only in the

metastatic lesion

Tol et al. (51) 559 FFPE mCRC IHC Loss of PTEN expression observed in 42% but not

associated with response

Ulivi et al. (52) 67 FFPE mCRC IHC Loss of PTEN expression observed in 60% but not

associated with response

Laurent-Puig et al. (53) 162 FFPE mCRC IHC Loss of PTEN expression observed in 19% but not

associated with response

No: number of patients; CRC: colorectal cancer; FFPE: formalin-fixed paraffin embedded; FISH: fluorescent in situ hybridization; IHC: immunohistochemistry; mCRC:

metastatic colorectal cancer; NR: non-responder to anti-EGFR therapies.
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associated with shorter PFS and worse OS (46). Supporting these
data, another study showed that inactivation of PTEN protein by
gene mutation or deletion (detected by FISH) was responsible of
cetuximab resistance (47). Razis and colleagues, did not find any
association between PTEN protein expression as evaluated by IHC
with clinical outcomes, although the lack of PTEN gene amplifica-
tion evaluated by FISH was associated with a better response rate
and longer time to progression (48).

A substantial but not complete confirmation of these data has
been reported by Loupakis and colleagues which demonstrated
that loss of PTEN expression was not associated with resistance
to cetuximab plus irinotecan in the primary tumor (n= 96), but
was associated with lack of response in the metastatic lesion (the
analysis was performed in 59 cases). In the PTEN-positive group,
12 out of 33 (36%) patients benefited from the therapy whereas
only 1 patient out of 22 (5%) cases with a PTEN-negative pro-
file responded to EGFR-targeted drugs (p= 0.007). Moreover,
patients with PTEN-positive metastases and KRAS wild-type gene
sequence had longer PFS compared with other patients (49).
According to these data, Negri and colleagues evaluated PTEN
expression by immunofluorescence both in primary and metasta-
tic sites in CRC patients treated with cetuximab and they found
that the loss of PTEN expression in metastatic sites was negatively
associated with response (50).

On the contrary with respect to the previous works, other
studies failed to demonstrate a correlation between loss of PTEN
expression and response to anti-EGFR MoAbs. In a large cohort
of 559 mCRC patients treated with chemotherapy and beva-
cizumab with or without cetuximab (phase III CAIRO2 study),
the authors did not find any correlation between PTEN loss
evaluated by IHC and response to treatment with cetuximab, nei-
ther individually nor in combination with other markers (51).
This result was confirmed by Ulivi et al. by the analysis of 67
mCRC patients receiving cetuximab (52). Finally, the investiga-
tion of 162 samples by Laurent-Puig and colleagues reported
the PTEN null expression rate of 19.9% with an association of
poorer OS in the KRAS wild-type population (p= 0.013) but
not with tumor response or PFS, thus suggesting the PTEN
loss of expression as a prognostic rather than a predictive
role (53).

CONCLUSION
According to the reported results, the role played by PTEN as a
prognostic or predictive marker in CRC is still a matter of debate.
Discordant results have been reported and this fact could be attrib-
utable to several issues: (1) the size of the analyzed cohort, (2)
patients inclusion criteria, (3) the methods of assessing PTEN
alteration. For the latter point, it should be noted that the major-
ity of studies have evaluated PTEN alteration by IHC, the easier
and cheaper method to be used. However, these studies showed
highly discordant results, with PTEN loss ranging from 5% up
to 66% (40). Reasons for this variability might include inher-
ent issues with IHC. Interpreting PTEN data can be challenging,
because immunohistochemistry can produce variable results. The
lack of standardized methods and the variability of tissue han-
dling may bias the PTEN expression analysis by IHC. In addi-
tion, IHC is afflicted by intra and inter-observer variability due

to the semi-quantitative character of such an analysis. A stan-
dard, universally accepted PTEN testing and scoring system for
PTEN IHC evaluation, has yet to be established. Assessment of
PTEN expression is further complicated by potential discordance
between the expression of PTEN in the primary and in the metasta-
tic tissue. Concordance rates vary from 47 to 98% between primary
and metastatic lesions (39, 49, 54–56). These differences may
impair the prediction of anti-EGFR therapies outcome. Loupakis
and colleagues reported in fact that PTEN loss was predictive
of cetuximab resistance only by evaluating the metastatic lesion
(49). Sangale and co-workers however, has recently developed an
optimized PTEN IHC assay developed through a rigorous testing
of antibody specificity and selectivity using samples with known
molecular alterations in PTEN, paired with reproducible method
of interpretation. The Authors found a 98% of concordance of
PTEN expression between primary and metastatic tumors (57).
Another issue that has recently emerged is the intracellular local-
ization of PTEN protein. Some researchers demonstrated that
PTEN is localized both in the cytoplasm and into the nucleus
and shuttles between these two compartments can be influenced
by a variety of mechanisms. Accumulating genetic, pathologic and
biochemical evidence suggests that the localization of PTEN either
in the nucleus or cytoplasm may affect the proliferation of tumor
cells (58–60). Another point that could affect the establishment
of the prognostic and predictive value of PTEN is haploinsuffi-
ciency, determined when only one allele is altered, as it remains
unclear whether this condition could provide a selective growth
advantage in tumors lacking a second hit in the remaining PTEN
allele.

To clarify the problems concerning PTEN evaluation, it would
be necessary a comparison of the results obtained by analyzing
the several PTEN alterations through different methodologies
(FISH, promoter methylation, LOH, and immunohistochemistry
performed with different antibodies) both on cancer cell lines with
a well known PTEN status and on a large series of patients in order
to better establish IHC evaluation criteria. An international inter-
laboratory reproducibility ring study [as that performed for EGFR
FISH analysis in metastatic colorectal cancer (CRC) patients] (61)
is missing and has to be performed in order to ascertain the dif-
ficulties and the discrepancies in PTEN evaluations in different
laboratories.

In conclusion,much work,especially in large and homogeneous
cohorts of cases from different laboratories, has to be done before
the establishment of PTEN as prognostic or predictive marker in
CRC. On the contrary, in other tumor types (such as breast cancer),
this role is clearer.

REFERENCES
1. Lee JO, Yang H, Georgescu MM, Di Cristofano A, Maehama T, Shi Y, et al. Crys-

tal structure of the PTEN tumor suppressor: implications for its phosphoinosi-
tide phosphatase activity and membrane association. Cell (1999) 99:323–34.
doi:10.1016/S0092-8674(00)81663-3

2. Maehama T, Dixon JE. The tumor suppressor, PTEN/MMAC1, dephosphory-
lates the lipid second messenger, phosphatidylinositol 3,4,5-trisphosphate. J Biol
Chem (1998) 273:13375–8. doi:10.1074/jbc.273.22.13375

3. Sansal I, Sellers WR. The biology and clinical relevance of the PTEN tumor sup-
pressor pathway. J Clin Oncol (2004) 22:2954–63. doi:10.1200/JCO.2004.02.141

4. Zhang S, Yu D. PI(3)king apart PTEN’s role in cancer. Clin Cancer Res (2010)
16:4325–30. doi:10.1158/1078-0432.CCR-09-2990

Frontiers in Oncology | Gastrointestinal Cancers January 2014 | Volume 3 | Article 326 | 6

http://dx.doi.org/10.1016/S0092-8674(00)81663-3
http://dx.doi.org/10.1074/jbc.273.22.13375
http://dx.doi.org/10.1200/JCO.2004.02.141
http://dx.doi.org/10.1158/1078-0432.CCR-09-2990
http://www.frontiersin.org/Gastrointestinal_Cancers
http://www.frontiersin.org/Gastrointestinal_Cancers/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Molinari and Frattini PTEN in colorectal cancer

5. Song MS, Salmena L, Pandolfi PP. The functions and regulation of the PTEN
tumour suppressor. Nat Rev Mol Cell Biol (2012) 13:283–96. doi:10.1038/
nrm3330

6. Leslie NR, Downes CP. PTEN function: how normal cells control it and tumour
cells lose it. Biochem J (2004) 382:1–11. doi:10.1042/BJ20040825

7. Leslie NR, Batty IH, Maccario H, Davidson L, Downes CP. Understanding PTEN
regulation: PIP2, polarity and protein stability. Oncogene (2008) 27:5464–76.
doi:10.1038/onc.2008.243

8. Chalhoub N, Baker SJ. PTEN and the PI3-kinase pathway in cancer. Annu Rev
Pathol (2009) 4:127–50. doi:10.1146/annurev.pathol.4.110807.092311

9. Perren A, Komminoth P, Saremaslani P, Matter C, Feurer S, Lees JA, et al. Muta-
tion and expression analyses reveal differential subcellular compartmentaliza-
tion of PTEN in endocrine pancreatic tumors compared to normal islet cells.
Am J Pathol (2000) 157:1097–103. doi:10.1016/S0002-9440(10)64624-X

10. Song MS, Salmena L, Carracedo A, Egia A, Lo-Coco F, Teruya-Feldstein J, et al.
The deubiquitinylation and localization of PTEN are regulated by a HAUSP-
PML network. Nature (2008) 455:813–7. doi:10.1038/nature07290

11. Myers MP, Pass I, Batty IH, Van der Kaay J, Stolarov JP, Hemmings BA, et al. The
lipid phosphatase activity of PTEN is critical for its tumor supressor function.
Proc Natl Acad Sci U S A (1998) 95:13513–8. doi:10.1073/pnas.95.23.13513

12. Chow LM, Baker SJ. PTEN function in normal and neoplastic growth. Cancer
Lett (2006) 241:184–96. doi:10.1016/j.canlet.2005.11.042

13. Engelman JA, Luo J, Cantley LC. The evolution of phosphatidylinositol 3-kinases
as regulators of growth and metabolism. Nat Rev Genet (2006) 7(8):606–19.
doi:10.1038/nrg1879

14. Liaw D, Marsh DJ, Li J, Dahia PL, Wang SI, Zheng Z, et al. Germline mutations
of the PTEN gene in Cowden disease, an inherited breast and thyroid cancer
syndrome. Nat Genet (1997) 16:64–7. doi:10.1038/ng0597-64

15. Waite KA, Eng C. Protean PTEN: form and function. Am J Hum Genet (2002)
70:829–44. doi:10.1086/340026

16. Grønbaek K, Zeuthen J, Guldberg P, Ralfkiaer E, Hou-Jensen K. Alterations of
the MMAC1/PTEN gene in lymphoid malignancies. Blood (1998) 91:4388–90.

17. Minaguchi T, Yoshikawa H, Oda K, Ishino T, Yasugi T, Onda T, et al. PTEN
mutation located only outside exons 5, 6, and 7 is an independent predictor of
favorable survival in endometrial carcinomas. Clin Cancer Res (2001) 7:2636–42.

18. Trotman LC, Niki M, Dotan ZA, Koutcher JA, Di Cristofano A, Xiao A, et al.
Pten dose dictates cancer progression in the prostate. PloS Biol (2003) 1:E59.
doi:10.1371/journal.pbio.0000059

19. Mutter GL. Pten, a protean tumor suppressor. Am J Pathol (2001) 158:1895–8.
doi:10.1016/S0002-9440(10)64656-1

20. Rychahou PG, Jackson LN, Silva SR, Rajaraman S, Evers BM. Targeted molecular
therapy of the PI3K pathway: therapeutic significance of PI3K subunit target-
ing in colorectal carcinoma. Ann Surg (2006) 243:833–42. doi:10.1097/01.sla.
0000220040.66012.a9

21. Colakoglu T, Yildirim S, Kayaselcuk F, Nursal TZ, Ezer A, Noyan T, et al. Clinico-
pathological significance of PTEN loss and the phosphoinositide 3-kinase/Akt
pathway in sporadic colorectal neoplasms: is PTEN loss predictor of local recur-
rence? Am J Surg (2008) 195:719–25. doi:10.1016/j.amjsurg.2007.05.061

22. Day FL, Jorissen RN, Lipton L, Mouradov D, Sakthianandeswaren A, Christie M,
et al. PIK3CA and PTEN gene and exon mutation-specific clinicopathologic and
molecular associations in colorectal cancer. Clin Cancer Res (2013) 19:3285–96.
doi:10.1158/1078-0432.CCR-12-3614

23. Guanti G, Resta N, Simone C, Cariola F, Demma I, Fiorente P, et al. Involvement
of PTEN mutations in the genetic pathways of colorectal cancerogenesis. Hum
Mol Genet (2000) 9:283–7. doi:10.1093/hmg/9.2.283

24. Shin KH, Park YJ, Park JG. PTEN gene mutations in colorectal cancers dis-
playing microsatellite instability. Cancer Lett (2001) 174:189–94. doi:10.1016/
S0304-3835(01)00691-7

25. Zhou XP, Loukola A, Salovaara R, Nystrom-Lahti M, Peltomäki P, de la Chapelle
A, et al. PTEN mutational spectra, expression levels, and subcellular localiza-
tion in microsatellite stable and unstable colorectal cancers. Am J Pathol (2002)
161:439–47. doi:10.1016/S0002-9440(10)64200-9

26. Goel A,Arnold CN,Niedzwiecki D, Carethers JM,Dowell JM,Wasserman L,et al.
Frequent inactivation of PTEN by promoter hypermethylation in microsatel-
lite instability-high sporadic colorectal cancers. Cancer Res (2004) 64:3014–21.
doi:10.1158/0008-5472.CAN-2401-2

27. Danielsen SA, Lind GE, Bjørnslett M, Meling GI, Rognum TO, Heim S, et al.
Novel mutations of the suppressor gene PTEN in colorectal carcinomas stratified

by microsatellite instability- and TP53 mutation-status. Hum Mutat (2008)
29:E252–62. doi:10.1002/humu.20860

28. Saal LH, Holm K, Maurer M, Memeo L, Su T, Wang X, et al. PIK3CA mutations
correlate with hormone receptors, node metastasis, and ERBB2, and are mutu-
ally exclusive with PTEN loss in human breast carcinoma. Cancer Res (2005)
65:2554–9. doi:10.1158/0008-5472-CAN-04-3913

29. Frattini M, Signoroni S, Pilotti S, Bertario L, Benvenuti S, Zanon C, et al. Phos-
phatase protein homologue to tensin expression and phosphatidylinositol-3
phosphate kinase mutations in colorectal cancer. Cancer Res (2005) 65:11227.
doi:10.1158/0008-5472.CAN-05-2780

30. Oda K, Stokoe D, Taketani Y, McCormick F. High frequency of coexistent muta-
tions of PIK3CA and PTEN genes in endometrial carcinoma. Cancer Res (2005)
65:10669–73. doi:10.1158/0008-5472.CAN-05-2620

31. Custodio A, Feliu J. Prognostic and predictive biomarkers for epidermal
growth factor receptor-targeted therapy in colorectal cancer: beyond KRAS
mutations. Crit Rev Oncol Hematol (2013) 85:45–81. doi:10.1016/j.critrevonc.
2012.05.001

32. Dicuonzo G, Angeletti S, Garcia-Foncillas J, Brugarolas A, Okrouzhnov Y, San-
tini D, et al. Colorectal carcinomas and PTEN/MMAC1 gene mutations. Clin
Cancer Res (2001) 7:4049–53.

33. Nassif NT, Lobo GP, Wu X, Henderson CJ, Morrison CD, Eng C, et al. PTEN
mutations are common in sporadic microsatellite stable colorectal cancer. Onco-
gene (2004) 23:617–28. doi:10.1038/sj.onc.1207059

34. Sawai H, Yasuda A, Ochi N, Ma J, Matsuo Y, Wakasugi T, et al. Loss of PTEN
expression is associated with colorectal cancer liver metastasis and poor patient
survival. BMC Gastroenterol (2008) 8:56. doi:10.1186/1471-230X-8-56

35. Lin MS, Huang JX, Chen WC, Zhang BF, Fang J, Zhou Q, et al. Expression of
PPARγ and PTEN in human colorectal cancer: an immunohistochemical study
using tissue microarray methodology. Oncol Lett (2011) 2:1219–24.

36. Li XH, Zheng HC, Takahashi H, Masuda S,Yang XH, Takano Y. PTEN expression
and mutation in colorectal carcinomas. Oncol Rep (2009) 22:757–64.

37. Jang KS, Song YS, Jang SH, Min KW, Na W, Jang SM, et al. Clinicopatholog-
ical significance of nuclear PTEN expression in colorectal adenocarcinoma.
Histopathology (2010) 56:229–39. doi:10.1111/j.1365-2559.2009.03468.x

38. Jin C, Wang A, Chen J, Liu X, Wang G. Relationship between expression and
prognostic ability of PTEN, STAT3 and VEGF-C in colorectal cancer. Exp Ther
Med (2012) 4:633–9.

39. Atreya CE, Sangale Z, Xu N, Matli MR, Tikishvili E, Welbourn W, et al. PTEN
expression is consistent in colorectal cancer primaries and metastases and asso-
ciates with patient survival. Cancer Med (2013) 2:496–506. doi:10.1002/cam4.97

40. Bohn BA, Mina S, Krohn A, Simon R, Kluth M, Harasimowicz S, et al. Altered
PTEN function caused by deletion or gene disruption is associated with poor
prognosis in rectal but not in colon cancer. Hum Pathol (2013) 44:1524–33.
doi:10.1016/j.humpath.2012.12.006

41. Eklöf V, Wikberg ML, Edin S, Dahlin AM, Jonsson BA, Öberg Å, et al. The prog-
nostic role of KRAS, BRAF, PIK3CA and PTEN in colorectal cancer. Br J Cancer
(2013) 108:2153–63. doi:10.1038/bjc.2013.212

42. Price TJ, Hardingham JE, Lee CK, Townsend AR, Wrin JW, Wilson K, et al. Prog-
nostic impact and the relevance of PTEN copy number alterations in patients
with advanced colorectal cancer (CRC) receiving bevacizumab. Cancer Med
(2013) 2:277–85. doi:10.1002/cam4.75

43. Berns K, Horlings HM, Hennessy BT, Madiredjo M, Hijmans EM, Beelen K, et al.
A functional genetic approach identifies the PI3K pathway as a major determi-
nant of trastuzumab resistance in breast cancer. Cancer Cell (2007) 12:395–402.
doi:10.1016/j.ccr.2007.08.030

44. Frattini M, Saletti P, Romagnani E, Martin V, Molinari F, Ghisletta M, et al.
PTEN loss of expression predicts cetuximab efficacy in metastatic colorectal
cancer patients. Br J Cancer (2007) 97:1139–45. doi:10.1038/sj.bjc.6604009

45. Yuan TL, Cantley LC. PI3K pathway alterations in cancer: variations on a theme.
Oncogene (2008) 27:5497–510. doi:10.1038/onc.2008.245

46. Sartore-Bianchi A, Martini M, Molinari F, Veronese S, Nichelatti M, Artale S,
et al. PIK3CA mutations in colorectal cancer are associated with clinical resis-
tance to EGFR-targeted monoclonal antibodies. Cancer Res (2009) 69:1851–7.
doi:10.1158/0008-5472.CAN-08-2466

47. Perrone F, Lampis A, Orsenigo M, Di Bartolomeo M, Gevorgyan A, Losa
M, et al. PI3KCA/PTEN deregulation contributes to impaired responses to
cetuximab in metastatic colorectal cancer patients. Ann Oncol (2009) 20:84–90.
doi:10.1093/annonc/mdn541

www.frontiersin.org January 2014 | Volume 3 | Article 326 | 7

http://dx.doi.org/10.1038/nrm3330
http://dx.doi.org/10.1038/nrm3330
http://dx.doi.org/10.1042/BJ20040825
http://dx.doi.org/10.1038/onc.2008.243
http://dx.doi.org/10.1146/annurev.pathol.4.110807.092311
http://dx.doi.org/10.1016/S0002-9440(10)64624-X
http://dx.doi.org/10.1038/nature07290
http://dx.doi.org/10.1073/pnas.95.23.13513
http://dx.doi.org/10.1016/j.canlet.2005.11.042
http://dx.doi.org/10.1038/nrg1879
http://dx.doi.org/10.1038/ng0597-64
http://dx.doi.org/10.1086/340026
http://dx.doi.org/10.1371/journal.pbio.0000059
http://dx.doi.org/10.1016/S0002-9440(10)64656-1
http://dx.doi.org/10.1097/01.sla.0000220040.66012.a9
http://dx.doi.org/10.1097/01.sla.0000220040.66012.a9
http://dx.doi.org/10.1016/j.amjsurg.2007.05.061
http://dx.doi.org/10.1158/1078-0432.CCR-12-3614
http://dx.doi.org/10.1093/hmg/9.2.283
http://dx.doi.org/10.1016/S0304-3835(01)00691-7
http://dx.doi.org/10.1016/S0304-3835(01)00691-7
http://dx.doi.org/10.1016/S0002-9440(10)64200-9
http://dx.doi.org/10.1158/0008-5472.CAN-2401-2
http://dx.doi.org/10.1002/humu.20860
http://dx.doi.org/10.1158/0008-5472-CAN-04-3913
http://dx.doi.org/10.1158/0008-5472.CAN-05-2780
http://dx.doi.org/10.1158/0008-5472.CAN-05-2620
http://dx.doi.org/10.1016/j.critrevonc.2012.05.001
http://dx.doi.org/10.1016/j.critrevonc.2012.05.001
http://dx.doi.org/10.1038/sj.onc.1207059
http://dx.doi.org/10.1186/1471-230X-8-56
http://dx.doi.org/10.1111/j.1365-2559.2009.03468.x
http://dx.doi.org/10.1002/cam4.97
http://dx.doi.org/10.1016/j.humpath.2012.12.006
http://dx.doi.org/10.1038/bjc.2013.212
http://dx.doi.org/10.1002/cam4.75
http://dx.doi.org/10.1016/j.ccr.2007.08.030
http://dx.doi.org/10.1038/sj.bjc.6604009
http://dx.doi.org/10.1038/onc.2008.245
http://dx.doi.org/10.1158/0008-5472.CAN-08-2466
http://dx.doi.org/10.1093/annonc/mdn541
http://www.frontiersin.org
http://www.frontiersin.org/Gastrointestinal_Cancers/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Molinari and Frattini PTEN in colorectal cancer

48. Razis E, Briasoulis E, Vrettou E, Skarlos DV, Papamichael D, Kostopoulos I, et al.
Potential value of PTEN in predicting cetuximab response in colorectal cancer:
an exploratory study. BMC Cancer (2008) 8:234. doi:10.1186/1471-2407-8-234

49. Loupakis F, Pollina L, Stasi I, Ruzzo A, Scartozzi M, Santini D, et al. PTEN expres-
sion and KRAS mutations on primary tumors and metastases in the prediction
of benefit from cetuximab plus irinotecan for patients with metastatic colorectal
cancer. J Clin Oncol (2009) 27:2622–9. doi:10.1200/JCO.2008.20.2796

50. Negri FV, Bozzetti C, Lagrasta CA, Crafa P, Bonasoni MP, Camisa R, et al. PTEN
status in advanced colorectal cancer treated with cetuximab. Br J Cancer (2010)
102:162–4. doi:10.1038/sj.bjc.6605471

51. Tol J, Dijkstra JR, Klomp M, Teerenstra S, Dommerholt M, Vink-Börger ME,
et al. Markers for EGFR pathway activation as predictor of outcome in metasta-
tic colorectal cancer patients treated with or without cetuximab. Eur J Cancer
(2010) 46:1997–2009. doi:10.1016/j.ejca.2010.03.036

52. Ulivi P, Capelli L, Valgiusti M, Zoli W, Scarpi E, Chiadini E, et al. Predictive role
of multiple gene alterations in response to cetuximab in metastatic colorectal
cancer: a single center study. J Transl Med (2012) 10:87. doi:10.1186/1479-5876-
10-87

53. Laurent-Puig P, Cayre A, Manceau G, Buc E, Bachet JB, Lecomte T, et al. Analysis
of PTEN, BRAF, and EGFR status in determining benefit from cetuximab ther-
apy in wild-type KRAS metastatic colon cancer. J Clin Oncol (2009) 27:5924–30.
doi:10.1200/JCO.2008.21.6796

54. Molinari F, Martin V, Saletti P, De Dosso S, Spitale A, Camponovo A, et al. Dif-
fering deregulation of EGFR and downstream proteins in primary colorectal
cancer and related metastatic sites may be clinically relevant. Br J Cancer (2009)
100:1087–94. doi:10.1038/sj.bjc.6604848

55. Baas JM, Krens LL, Guchelaar HJ, Morreau H, Gelderblom H. Concordance
of predictive markers for EGFR inhibitors in primary tumors and metas-
tases in colorectal cancer: a review. Oncologist (2011) 16:1239–49. doi:10.1634/
theoncologist.2011-0024

56. Cejas P, López-Gómez M, Aguayo C, Madero R, Moreno-Rubio J, de Castro
Carpeño J, et al. Analysis of the concordance in the EGFR pathway status between
primary tumors and related metastases of colorectal cancer patients:implications
for cancer therapy. Curr Cancer Drug Targets (2012) 12:124–31. doi:10.2174/
156800912799095162

57. Sangale Z, Prass C, Carlson A, Tikishvili E, Degrado J, Lanchbury J, et al.
A robust immunohistochemical assay for detecting PTEN expression in human
tumors. Appl Immunohistochem Mol Morphol (2011) 19:173–83. doi:10.1097/
PAI.0b013e3181f1da13

58. Shen WH, Balajee AS, Wang J, Wu H, Eng C, Pandolfi PP, et al. Essential role for
nuclear PTEN in maintaining chromosomal integrity. Cell (2007) 128:157–70.
doi:10.1016/j.cell.2006.11.042

59. Wrighton KH. Tumour suppressors: role of nuclear PTEN revealed. Nat Rev
Cancer (2011) 11:154. doi:10.1038/nrc3028

60. Chung JH, Eng C. Nuclear-cytoplasmic partitioning of phosphatase and tensin
homologue deleted on chromosome 10 (PTEN) differentially regulates the cell
cycle and apoptosis. Cancer Res (2005) 65:8096–100. doi:10.1158/0008-5472.
CAN-05-1888

61. Sartore-Bianchi A, Fieuws S, Veronese S, Moroni M, Personeni N, Frattini M,
et al. Standardisation of EGFR FISH in colorectal cancer: results of an interna-
tional interlaboratory reproducibility ring study. J Clin Pathol (2012) 65:218–23.
doi:10.1136/jclinpath-2011-200353

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 04 September 2013; paper pending published: 25 November 2013; accepted:
20 December 2013; published online: 16 January 2014.
Citation: Molinari F and Frattini M (2014) Functions and regulation of the PTEN
gene in colorectal cancer. Front. Oncol. 3:326. doi: 10.3389/fonc.2013.00326
This article was submitted to Gastrointestinal Cancers, a section of the journal Frontiers
in Oncology.
Copyright © 2014 Molinari and Frattini. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Oncology | Gastrointestinal Cancers January 2014 | Volume 3 | Article 326 | 8

http://dx.doi.org/10.1186/1471-2407-8-234
http://dx.doi.org/10.1200/JCO.2008.20.2796
http://dx.doi.org/10.1038/sj.bjc.6605471
http://dx.doi.org/10.1016/j.ejca.2010.03.036
http://dx.doi.org/10.1186/1479-5876-10-87
http://dx.doi.org/10.1186/1479-5876-10-87
http://dx.doi.org/10.1200/JCO.2008.21.6796
http://dx.doi.org/10.1038/sj.bjc.6604848
http://dx.doi.org/10.1634/theoncologist.2011-0024
http://dx.doi.org/10.1634/theoncologist.2011-0024
http://dx.doi.org/10.2174/156800912799095162
http://dx.doi.org/10.2174/156800912799095162
http://dx.doi.org/10.1097/PAI.0b013e3181f1da13
http://dx.doi.org/10.1097/PAI.0b013e3181f1da13
http://dx.doi.org/10.1016/j.cell.2006.11.042
http://dx.doi.org/10.1038/nrc3028
http://dx.doi.org/10.1158/0008-5472.CAN-05-1888
http://dx.doi.org/10.1158/0008-5472.CAN-05-1888
http://dx.doi.org/10.1136/jclinpath-2011-200353
http://dx.doi.org/10.3389/fonc.2013.00326
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Gastrointestinal_Cancers
http://www.frontiersin.org/Gastrointestinal_Cancers/archive

	Functions and regulation of the PTEN gene in colorectal cancer
	Introduction
	PTEN in colorectal cancer
	Prognostic role of PTEN
	Predictive role of PTEN in EGFR-Targeted therapies response
	Conclusion
	References


