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Abstract

AIM: To assess the significance of phosphatidylinositol
3-kinase (PI3K) in colorectal cancer (CRC) and toxicity of
LY294002 in CRC cells with different metastatic abilities.

METHODS: Sixty formalin-fixed and paraffin-embed-
ded CRC tumor specimens were investigated. Adjacent
normal colonic mucosa specimens from 10 of these
cases were selected as controls. PI3K protein was de-
tected by immunohistochemistry and PIK3CA mutations
were investigated by gene sequencing analysis. A flow-
cytometry-based apoptosis detection kit was used to
determine PI3K inhibitor-induced apoptosis in CRC cell
lines SW480 and SW620. Expression of phosphory-
lated protein kinase B in CRC cell lines was detected by
Western blotting.

RESULTS: There was a significant difference in the pro-
portion of primary lesions (30%, 18/60) vs metastatic
lesions (46.7%, 28/60) that were positive for PI3K (P <
0.05). Mutations were detected in exon 9 (13.3%) and
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exon 20 (8.3%). Out of 60 cases, seven mutations were
identified: two hotspot mutations, C.1633G>A result-
ing in E545A, and C.3140A>G resulting in H1047R; two
novel missense mutations C.1624G>A and C.3079G>A;
and three synonymous mutations (C.1641G>A,
C.1581C>T and C.3027T>A). Exposure of SW480 cells
to PI3K inhibitor for 48 h resulted in a significant in-
crease of apoptotic cells in a dose-dependent manner
[3.2% apoptotic cells in 0 umol/L, 4.3% in 5 umol/L,
6.3% in 10 umol/L (P < 0.05), and 6.7% in 20 umol/L
(P < 0.05)]. Moreover, PI3K inhibitor induced a similar
significant increase of apoptotic cells in the SW620 cell
line for 48 h [3.3% apoptotic cells in 0 umol/L, 13.3%
in 5 umol/L (P < 0.01), 19.2% in 10 umol/L (P < 0.01),
and 21.3% in 20 umol/L (P < 0.01)].

CONCLUSION: High PI3K expression is associated
with CRC metastasis. PI3K inhibitor induced apoptosis
in CRC cells and displayed strong cytotoxicity for highly
metastatic cells. PI3K inhibition may be an effective
treatment for CRC.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Colorectal cancer (CRC) is the second leading cause of
cancer-related death in the United States. The majority
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of these deaths are due to metastatic disease!”. There is
at least a 25-fold variation in occurrence of CRC wotld-
wide, although rates are generally increasing. In high-risk
areas, such as Europe, the rates are gradually increas-
ing. The incidence tends to be low in Africa and Asia
and intermediate in southern parts of South America.
However, in China, the incidence of CRC is increasing
rapidly”. The phosphatidylinositol 3-kinase (PI3K)/pro-
tein kinase B (AKT) signaling pathway is activated in
multiple cancers and it is an important regulator of cell
growth, metabolism, proliferation, survival, motility, and
invasion™. Highlighting the importance of the PI3K
signaling pathway in human cancers, genetic alterations
have been reported in various tumors including amplifi-
cation of AKT1 and PIK3CAY, somatic mutations of
PIK3CA and AKT™" and deletion of PTEN"". So-
matic mutations in the catalytic subunit of PIK3CA have
been found in a significant fraction of breast carcinomas,
in which PIK3CA exon 20 mutation is associated with
poor prognosism‘. However, the different significance of
PIK3CA mutations in primary CRC #s metastatic lesions
has not been explored. Mutations in PIK3CA have been
reported to occur in 13.6%-31.6% of CRC, making it
one of the most frequently mutated genesmm. A major-
ity of mutations have been identified in the helical (exon
9) and kinase (exon 20) domains of PIK3CA. Expression
of cancer-derived PIK3CA mutants in cultured human-
detived CRC cells increases kinase activity, invasion, and
resistance to apoptosis, suggesting that mutant PIK3CA
plays a role in the initiating steps of CRC tumorigen-
esis!™'. In addition, the higher frequency of PIK3CA
mutations in other advanced stage invasive tumors sug-
gests a putative role in tumor progression'™'”.

Alongside genetic, molecular biological, and bio-
chemical studies, chemical inhibitors have been valuable
as tools in PI3K research!**!. They are helpful in under-
standing the role of PI3K enzymes in signal transduction
and downstream physiological and pathological process-
es, as well as to assist validation of PI3Ks preclinically as
therapeutic targetsﬂs]. The earliest and still widely utilized
inhibitors ate wortmannin and 1.Y294002. We utilized the
PI3K inhibitor LY294002 in this study.

Based on PIK3CA data in other malignancies, we
hypothesized that mutations resulting in the activation of
the PIK3CA pathway may play a role in the progression
of CRC. To test this hypothesis, we analyzed expression
of PI3K protein in both primary and metastatic lesions;
the mutational status of the two hotspot regions of PIK-
3CA (exons 9 and 20) in CRC; and the effect of PI3K in-
hibitor on cell apoptosis and AKT phosphorylation using
two CRC cell lines.

MATERIALS AND METHODS

Samples and cell lines

Formalin-fixed and paraffin-embedded tumor specimens
were obtained from surgical specimens from Shanghai
Xuhui District Center Hospital. Specimens were from
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sporadic patients with colorectal adenocarcinoma who
had not received preoperative radiotherapy, chemother-
apy, or immunotherapy. All tumors were reviewed and
confirmed by two senior pathologists using the World
Health Organization classification of tumors of the di-
gestive system”, Among the 60 patients with CRC, 33
were male and 27 were female. Their mean age was 52
years, ranging from 24 years to 78 years. There were 58
cases in stage Il and two in stage IV according to the
tumor, nodes, metastasis system. Lymph node metastasis
was seen in 58 cases and liver metastasis in two. Twenty-
six cases occurred in the colon and 34 in the rectum.
Adjacent normal colonic mucosa specimens from 10 of
these cases were selected as controls. Human colon cell
lines SW480 and SW620 (Shanghai Institutes for Biologi-
cal Sciences, Chinese Academy of Sciences); annexin
V-flourescein iso-thiocyanate (FITC) Apoptosis Detec-
tion kit (BioVision, Palo Alto, CA, United States); and
the detergent-compatible protein assay kit and ECL Plus
Western blotting Detection System (Bio-Rad Laborato-
ries, Hercules, CA, United States) were also used.

Immunohistochemistry

Paraffin-embedded blocks of CRC primary and meta-
static tissue specimens were cut into 5 pum thick sections.
One section from each block was stained with hema-
toxylin and eosin as a control. Known positive biopsies
were used as positive controls, while specimens treated
with phosphate buffered saline (PBS) instead of primary
antibody were used as negative controls. All further steps
were performed in strict accordance with the Envision
two-step method instructions. PI3K (p110at) rabbit anti-
human monoclonal antibody (Cell Signaling Technology,
Beverly, MA, United States) was diluted 1:50. Envi-
sion Kit and DAB color kit (Zhongshan Biotechnology
Company, Beijing, China) were used. PI3K presence was
expressed in the cytoplasm as brown-yellow or brown
granules. We observed the distribution of PI3K protein
and scored the specirnensm]. The score was 0 if no posi-
tive tumor cells were found; 1 if positive tumor cells were
< 10%,; and 2 if positive tumor cells were > 10%. Tissues
with scores of 0 or 1 were considered negative; those
with scores of 2 were considered positive.

Polymerase chain reaction and sequencing

Genomic DNA was extracted from all samples using
phenol-chloroform and ethanol precipitation. The DNA
concentration of each sample was measured using Nan-
oVue ultraviolet spectrophotometer. Exons 9 and 20
of PIK3CA were amplified using previously described
polymerase chain reaction (PCR) primersm]. The exon 9
forward and reverse primers were respectively 5-GATTG-
GTTCTTTCCTGTCTCTG-3” and 5-CCACAAATAT-
CAA TTTACAACCATTG-3’, and yielded a 487-bp
expected product. The exon 20 forward and reverse
primers were respectively 5-TGGGGTAAAGGGAAT-
CAAAAG-3” and 5-CCTATGCAATCGGTCTT
TGC-3, and yielded a 525-bp expected product. The PCR
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Metastatic lesions

Figure 1 Expression of phosphatidylinositol 3-kinase in colorectal cancer by inmunohistochemistry staining (enVison x 400).

mixture contained 150 ng DNA, 5 pmol/L each primer,
2.5 nmol/L each dNTP, and 1.25 U Taq DNA polymerase
in 20 L buffer with 0.04 pumol/L Mg2+. After an initial
denaturation step at 94 'C for 5 min, 35 PCR cycles were
performed, which included 45 s for denaturation at 94 C,
30 s for annealing at 60 ‘C, and 45 s for extension at 68 C.
PCR products were analyzed by 2% agarose gel electro-
phoresis. After observing clear and accurately sized bands,
amplification products were then purified and directly se-
quenced on an ABI Prism 3730 sequence detection system
(Applied Biosystems, Foster City, CA, United States).

Cells apoptosis analysis

SW480 and SW620 cells were cultured in Dulbecco’s
Modified Eagle’s Medium supplemented with 10% fetal
bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin. All cell lines were incubated in 5% COz2 at
37 C. PI3K-inhibitor-induced apoptosis in SW480 and
SW620 cells was determined by flow cytometry using
the annexin V-FITC Apoptosis Detection kit following
the manufacturer’s instructions. Briefly, 3 X 10” cells were
treated with PI3K inhibitor (0 pmol/L, 5 umol/L, 10
umol/L, and 20 umol/L) for 24 h. The cells were then
hatrvested, washed in PBS, and incubated with annexin
V and propidium iodide for staining in binding buffer at
room temperature for 10 min in the dark. The stained
cells were analyzed using the fluorescence-activated cell
sorting (FACS) Aria instrument (BD Biosciences, CA,
United States).

Western blotting

Whole cell lysates were generated with cell lysis solution
for Western blotting, After centrifugation, the superna-
tant fraction was collected for Western blotting. Proteins
were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred onto a nitrocellu-
lose membrane. After blocking with 5% nonfat milk in
blocking buffer [20 mmol/L tris-buffered saline (pH
7.5) containing 0.1% Tween 20], the membrane was in-
cubated with the primary antibody at 4 ‘C overnight and
then incubated with appropriate horseradish peroxidase
(HRP)-conjugated secondaty antibody. The immunoreac-
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tive bands were visualized using the ECL Plus Western
Blotting Detection System. The level of B-actin for each
sample was used as a loading control. PI3K (p110a)
rabbit anti-human monoclonal antibody was purchased
from Cell Signaling Technology. B-actin (1-19) and the
secondary antibodies (HRP-linked anti-mouse IgG) were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, United States).

Statistical analysis

The statistical analysis software package SPSS 11.5 was
used to conduct the Fishet’s exact test and ;(2 test. P < 0.05
was considered to be statistically significant.

RESULTS

Expression of PI3K protein in CRC

PI3K protein was localized in the cytoplasm of CRC
tumor cells; brown granules were detected within the
cytoplasm. The expression of PI3K in primary and meta-
static lesions in the same patient is shown in Figure 1A
and B. The positive PI3K rates were significantly lower
in the primary tumors than in the associated metastases:
30% (18/60) s 46.7% (28/60) (P < 0.05). Moteover, the
positive rate of 10% (1/10) in normal mucosa was sig-
nificantly lower than in cancer tissue (P < 0.05).

Mutational analysis of PIK3CA exon 9 and exon 20 in
CRC

PCR products of PIK3CA exon 9 and exon 20 were ana-
lyzed by 2% agarose gel electrophoresis (Figure 2). After
observing clear and accurately sized bands, amplification
products were then purified and directly sequenced on an
ABI Prism 3730 sequence detection system. Mutational
analysis of PIK3CA was done in 60 primary CRC and
10 normal tissues (Figure 3). Mutation rates of PIK3CA
exon 9 and exon 20 were 13.33% (8/60) and 8.33% (5/60)
in CRC, respectively. A total of eight mutations were
identified (Table 1). All the mutations were not detected
in corresponding normal tissues, therefore, these muta-
tions were confirmed as somatic mutations. Of these 13
mutations, eight were clustered in exon 9 and the remain-
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Figure 2 Representative examples (1-12) of 2% agarose gel electrophoresis results of PIK3CA (exon 9) and PIK3CA (exon 20) polymerase chain reaction
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Figure 3 Sequencing traces are shown for exon 9 (A) and exon 20 (B) with cancer mutant sequence (bottom) and normal wild-type sequence (top).

Exon Nucleotide Codon Domain Cases
9 c.1624G>A p-E541K Helical 3
9 c.1633G>A p-E545K Helical 3
9 ¢.1581C>T p.D527D Helical 1
9 c.1641G>A p.E547E Helical 1
20 c.3027T>A p-G1009G Kinase 3
20 ¢.3079G>A p-A1027H Kinase 1
20 c.3140A>G p-H1047R Kinase 1

ing five in exon 20.

Analysis of PI3K-inhibitor-induced apoptosis in human
CRC cells with different metastatic activities

To determine whether the PI3K inhibitor (1LY294002)-
induced growth inhibition in human CRC cells was as-
sociated with metastasis of CRC, SW480 and SW620 cells
were treated with PI3K inhibitor. The numbers of apop-

(4 9

_gua;ﬁfmg@ WJG | www.wjgnet.com

totic cells were assessed using the annexin V-FITC Apop-
tosis Detection kit by the FACS Aria instrument. Expo-
sure of SW480 cells to PI3K inhibitor for 48 h resulted in
a significant increase of apoptotic cells in a dose-depen-
dent manner [3.2% apoptotic cells in 0 pmol/L, 4.3% in
5 umol/L, 6.3% in 10 umol/L (P < 0.05), and 6.7% in 20
umol/L (P < 0.05) ]. Inhibition was also obtained when
the SW620 cell lines were exposed to the same PI3K in-
hibitor for 48 h [3.3% apoptotic cells in 0 pmol/L, 13.3%
in 5 pmol/L (P < 0.01), 19.2% in 10 pmol/L (P < 0.01),
and 21.3% in 20 pmol/L (P < 0.01)] (Figure 4). PI3K
inhibitor, at a concentration of 20 pmol/L, induced apop-
tosis to a greater extent in SW620 cells, which have higher
metastatic potential than SW480 cells.

Effect of PI3K inhibition on AKT phosphorylation in CRC
cells with different metastatic activities

To determine the potential effect of PI3K inhibition on
AKT phosphorylation, phosphorylated AKT (pAKT)

July 28,2012 | Volume 18 | Issue 28 |
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Figure 4 LY294002 induced apoptosis in human colorectal cancer cells with different metastatic activities. Induction of apoptosis in human colorectal cancer
cells SW480 (A) and SW620 (B) by LY294002. Cells were exposed to various concentrations of LY294002 for 48 h followed by examination with annexin V-flourescein
iso-thiocyanate Apoptosis Detection kit. SW620 cells were exposed to 5 umol/L (C) and 20 umol/L (D) LY294002 and analyzed by flow cytometry. All assays were

done in triplicate [P < 0.05, °P < 0.01 vs control group (0 pmol/L)].

SW480 0 umol/L

PAKT Wl i oo e gl

SW620 0 pmol/L 5 umol/L

PAKT A

Figure 5 Effect of phosphatidylinositol 3-kinase inhibitors on protein ki-
nase B phosphorylation in colon cancer cells.

5 umol/L 10 umol/L 20 pmol/L

10 umol/L 20 pymol/L

was detected using different concentrations of PI3K in-
hibitors by Western blotting in two colon cancer cell lines
with different metastatic activities. As shown in Figure 5,
PAKT was detected in cells with 0 ;,lmol/ L inhibitor con-
centration, indicating the constitutive activation of AKT
in two colon cancer cell lines. In SW620 and SW480
cells, the level of pAKT gradually decreased as inhibi-
tor concentration gradually increased from 5 pmol/ L to
10 pumol/L and 20 umol/L. In SW620 and SW480 cells,
pAKT at high inhibitory concentration was lower than
that at low inhibitory concentration. In addition, pAKT
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was marginally lower in SW620 than SW480 cells at the
same inhibitory concentration. These findings confirmed
that this PI3K inhibitor was strongly cytotoxic for highly
metastatic CRC cells.

DISCUSSION

It is well known that tumors are often genetically influ-
enced and somatic mutations of oncogenes and tumor
suppressor genes are the initiators of the carcinogenic
process. The PI3K/AKT signaling pathway has previ-
ously been implicated in tumorigenesis; evidence over
the past several years suggests a vital role for the PI3K
catalytic subunit PIK3CA in human cancers™". In this
study, we found that the expression of PI3K protein dif-
fered between primary and metastatic lesions in CRC.
The positive rate of PI3K was higher in metastatic than
in primary tumors, indicating that PI3K might be in-
volved in CRC development, progression and metastases.
The exact molecular mechanism deserves further study.
To probe the mechanism of PI3K high expression,
we investigated the frequency of PIK3CA mutations in
CRC and normal tissue adjacent to cancer. Due to the
limited number of metastatic samples, PIK3CA muta-
tions in metastases could not be evaluated. Instead, two
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previously charactetized mutational hotspots, exon 9 and
exon 20, were analyzed. PIK3CA mutations were identi-
fied in 21.67% of the tumor tissues. No mutations were
detected in corresponding normal tissues, therefore,
these mutations were confirmed as somatic mutations.
We also found that the PI3K mutation rate was less than
the expression rate of PI3K protein, indicating that PI3K
mutations were not the sole cause of the high expression
of PI3K protein in CRC samples.

Of these 13 mutations, eight were clustered in exon
9 and five in exon 20. In the two previously reported
hotspots, we identified the point mutations ¢.1633G>A
and ¢.3140A>G, which resulted in the amino acid substi-
tutions E545A and H1047R, respectivelym’zsj. Previous
studies have also shown that mutations are mote com-
mon in exon 9 in CRC™., We also explored associations
between any PIK3CA mutation and other variables, as
well as interactions between histological groups, and
found no significant correlation with mutation frequency.
This does not agree with previous studies”™, which might
be related to the small number of cases in the present
study. However, some similar reports have been found in
breast cancer research. Dupont Jensen ez al™ have report-
ed that PIK3CA mutations may be discordant between
primary and corresponding metastatic disease in breast
cancer, and PIK3CA mutation was detected in 45% of
the primary tumors; and there was a net gain in mutation
in metastatic disease, to 53%. Nonetheless, there were
instances where metastases were wild type in patients
with PIK3CA mutant primary tumors. Thus, we believe
that PIK3CA is altered between primary and metastatic
disease, and it is necessary to assess the PIK3CA status in
the metastatic lesions to select patients that would benefit
from PIK3CA inhibitor treatment.

To remedy the problem that PIK3CA mutations in
metastases were not evaluated due to the limited number
of metastatic samples, we further investigated the ef-
fect of PI3K inhibitor on human CRC cells with differ-
ent metastatic activities. We found that PI3K inhibitor
(LY294002) induced growth inhibition in human CRC
cells, which was associated with the induction of apopto-
sis. The number of apoptotic cells in SW620 cell line was
obviously increased compared with that in in SW480 af-
ter LY294002 (20 umol/L) treatment. Other research has
confirmed that .Y294002 has a strong sensitizing effect
similar to to boswellic-acid-induced apoptosis in colon
cancer cells, and inhibits bone-morphogenetic-protein-
2-induced epithelial-mesenchymal transition and inva-
sion”". Our results indicate that PI3K inhibitor induced
different levels of apoptosis in cell lines with various
metastatic capabilities, which suggests that PI3K is in-
volved in the process of CRC metastasis. PIK3CA muta-
tion and subsequent activation of the AKT pathway play
an important role in colorectal carcinogenesis[zgl. There-
fore, we also investigated the influence of LY294002 on
AKT activation in our study. We found that LY294002 (5
umol/L, 10 umol/L or 20 umol/L) inhibited the phos-
phorylation of AKT significantly in two colon cancer
cell lines, SW620 and SW480. PI3K inhibitor may have
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potential for the treatment of metastatic CRC. It is worth
investigating further the relationship among the death
receptors Fas, tumor necrosis factor-related apoptosis-in-
ducing ligand receptor (TRAILR)1, TRAILR2 and PI3K.
These experiments are planned in our future work.

In summary, our results suggest that activation of
the PI3K pathway plays an important role in colorectal
tumor metastasis, and PI3K mutation is likely to be in-
volved in promoting tumor invasion. However, PI3K
mutation rate was not in accordance with the expression
rate of PI3K protein, indicating that PI3K mutations
were not the unique cause leading to the high expression
of PI3K protein in CRC samples. PI3K inhibitors might
become a new therapeutic method for CRC metastasis.
However, the association between exon 9 and exon 20
mutations and the risk of CRC progression needs further
investigation of a larger number of samples. In addition,
the upstream and downstream genes of the PI3K/AKT
pathway including insulin-like growth factor 1 recep-
tor and ligand, phosphatidyl inositol-3,4,5-triphosphate
(PIP3), phosphatase and tensin homolog deleted on
chromosome 10 (PTEN), mammalian target of rapamy-
cin complex 2 and pyruvate dehydrogenase kinase war-
rant further study.
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Background

Colorectal cancer (CRC) is the second leading cause of cancer-related death in
the United States. The majority of these deaths are due to metastatic disease.
The phosphatidylinositol 3-kinase (PI3K)/protein kinase B signaling pathway is
an important regulator of cell growth, metabolism, proliferation, survival, motility,
and invasion. This pathway is activated in multiple cancers. It is of important to
identify expression of PI3K protein in both primary and metastatic lesions to un-
derstand better the molecular mechanism of CRC, and evaluate PI3K inhibitors
as a new treatment method for metastatic CRC.

Research frontiers

The expression of PI3K in primary CRC and metastatic tissues remains unclear.
The differential effects of PI3K inhibition in CRC cell lines with various meta-
static capabilities have been less well reported.

Innovations and breakthroughs

This is an important study that validates the hypothesis that activation of the
PI3K pathway might play a role in CRC metastasis, and PI3K inhibitors should
be evaluated as new candidates for the treatment of metastatic CRC.

Applications

These results suggest that the PI3K/AKT signaling pathway plays an important
role in colorectal tumor metastasis. However, the PI3K mutation rate was not
in accordance with the expression rate of PI3K protein, indicating that PI3K
mutations were not the unique cause of the high expression of PI3K protein in
CRC. PI3K inhibitor was strongly cytotoxic for cells with high metastatic ability,
making PI3K targeting a new therapeutic candidate for the treatment of CRC
metastasis. Further bioinformatics and functional studies using a large number
of patient specimens will further determine the significance of these genes in
CRC pathogenesis.

Terminology

Flow cytometry (FCM) is a technique used to analyze cells rapidly and individu-
ally, and it allows for the quantitative analysis of distributions of a property or
properties in a population. FCM has been a fundamental tool for biological dis-
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covery in recent years. It offers many advantages over conventional measure-
ments for the analysis of biological cells, and it is a generally accepted tool to
analyze apoptotic cells.

Peer review

The intention of the authors is to focus on the PI3K/AKT pathway. This pathway
is indeed very interesting concerning oncogenesis.
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