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Localization of FAK is related with colorectal carcinogenesis
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Abstract. Focal adhesion kinase (FAK) is an important
mediator functioning between cells and the extracellular
matrix and is closely related with the integrin-signaling path-
way. FAK has been reported to be involved in the proliferation,
differentiation and apoptosis of cells. To date, no report has
demonstrated the involvement of FAK in the carcinogenesis
of the digestive tract. Therefore, we examined colorectal,
esophageal, pancreatic and mammary cancers for expression
of FAK and Phospho (P)-FAK by immunohistochemistry.
Strong expression of FAK in the cytoplasm was detected in
all 4 tumor types and expressions of FAK and P-FAK increased
as the degree of cell differentiation became higher in colorectal
and esophageal carcinomas. Interestingly P-FAK expression
was confined to the nuclei, which was an unexpected result.
No previous report of such a finding has been published for
gastrointestinal cancer. All four of the organs investigated
in the present study showed P-FAK expression in the nuclei,
suggesting an association between FAK activation and
abnormal cell proliferation. We also performed immuno-
staining of P-FAK in cell lines to examine the significance of
its experience in the nuclei. However, unlike clinical
specimens, the cell lines did not show P-FAK expression in
the nuclei. Moreover, the injection of cancer cells into the
peritoneal cavity of mice also failed to demonstrate P-FAK
expression in the nuclei. These results may be related with
the function of carrier proteins of FAK such as Hic-5 and
Zyxin, which are found only in humans. Taken together,
FAK and P-FAK are involved in the carcinogenesis of
digestive organs.
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Introduction

Focal adhesion kinase (FAK) is a 125-kDa protein tyrosine
kinase that was first reported on in 1992. It is an important
mediator functioning between cells and the extracellular
matrix (1,2). It has been reported that FAK is closely related
to the integrin-signaling pathway and is involved in the
proliferation, differentiation and apoptosis of cells (3-5). If
FAK receives signals from integrin, it is activated and under-
goes tyrosine phosphorylation (6,7). Tyrosine 397 is an auto-
phosphorylation site for FAK and serves as a very important
component for downstream signaling (8-10). Overexpression
of FAK has been reported in many tumor tissues, including
in the breast, thyroid, ovary, head and neck region and colon
(11-16). However, there are few studies about the expression
of tyrosine-phosphorylated FAK (P-FAK). Assuming that FAK
plays an important role in signaling, it is significant to check
for activated FAK.

To date, no report has demonstrated the involvement of
FAK in the carcinogenesis of the digestive tract. Therefore,
the present study was undertaken to examine colorectal,
esophageal, pancreatic and mammary cancers for expression
of FAK and P-FAK by immunohistochemistry. In this study,
intense expression of FAK in the cytoplasm was noted
(which is consistent with previous reports), but interestingly,
P-FAK expression was confined to the nuclei which was an
unexpected result. Prior to the present study, P-FAK expression
in the nuclei had been reported only for laryngeal cancer and
no report of such a finding has been published for cancer of
any other organ (17). All four of the organs investigated in
the present study showed P-FAK expression in the nuclei,
suggesting an association between FAK activation and
abnormal cell proliferation.

Colorectal cancer studies at the genetic level have
advanced to a level higher than that of any other type of
cancer. Recent studies unveiled that there are two major
pathways for the onset and progression of colorectal cancer.
One of the two pathways is based on the ‘adenoma-
carcinoma sequence’, by which normal epithelial cells of
mucosa develop adenoma (a polyp), which then advances
into a malignant colorectal tumor. This pathway is known to be
involved in ~80% of all cases of sporadic colorectal cancer
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(18-20). The present study was undertaken to check for FAK
and tyrosine-phosphorylated FAK (P-FAK) in both early and
advanced colorectal cancer cases.

Studies on the carcinogenesis of the esophagus are less
advanced than those on colorectal carcinogenesis. However,
it has been suggested that esophageal dysplasia is the most
important precancerous lesion of the esophagus (21,22). To
investigate the expression of FAK and P-FAK in esophageal
carcinogenesis, we analyzed esophageal dysplasias in a
similar way as colorectal adenomas.

Some investigators reported that an overexpression of
FAK had been detected in cancer cell lines in comparison to
normal cell lines (4,23). To analyze the expression of FAK
and P-FAK in tumor tissues in more detail, it is necessary to
analyze the expression using multiple cell lines of the same
type of cancer. For this reason, the present study analyzed
the expression of FAK and P-FAK using two cell lines of
colorectal cancer, i.e., RPMI-4788 and HCC-50. The conditions
for the suitable cultivation of cancer cell lines differ from
those optimal for the proliferation of cancer cells in vivo. In
view of this difference, we implanted RPMI-4788 into the
peritoneum of mice to create a mouse model of peritoneal
seeded cancer. The implanted cells, undergoing proliferation
under conditions identical to those in vivo, were checked for
FAK and P-FAK expression to clarify how the expression
of these molecules in this model would differ from that of
clinical specimens or cell lines.

Materials and methods

Cells. The human colon cancer cell line, HCC-50, was kindly
provided by Dr M. Nishiyama (Department of Biochemistry
and Biophysics, Research Institute for Radiation Biology and
Medicine, Hiroshima University, Japan). RPMI-4788 was
provided by the Roswell Park Memorial Institute, Buffalo, NY.
They were incubated in monolayer cultures on RPMI-1640
medium supplemented with 10% fetal calf serum (FCS),
25 mM HEPES, 100 U/ml penicillin, and 100 mg/ml strepto-
mycin in a humidified incubator flushed with 5% CO,.

Tumor samples. Samples of colorectal, esophageal, pancreatic
and mammary tumors used in the study were obtained from
surgical patients at the Department of Gastrointestinal Surgery,
Transplant and Surgical Oncology of Okayama University
Hospital between 1998 and 2000. For immunohistochemical
staining, colon adenomas resected endoscopically and stored
as paraffin-embedded tissue blocks at Chikuba Anorectal
Hospital, Okayama, Japan, during the period from 1997 to
1998 were used. The histological diagnosis was evaluated
according to the guidelines of the World Health Organization
Classification of Tumours (24).

Immunohistochemistry of cell lines and tumor samples. Cells
were seeded onto chamber slides at 2x103 cells/slide. After
preculture for 48 h, cells were washed once with PBS, and
then fixed in cold 20% formaldehyde for 10 min. Tumor
samples of FAK and P-FAK staining were performed using
formalin-fixed, paraffin-embedded serial sections. Tissue
sections (3-um thick) were mounted on silanized slides, and
were deparaffinized and rehydrated. Immunohistochemical
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staining was performed using a Histofine SAB PO kit (Nichirei,
Tokyo, Japan). Endogenous peroxidase was blocked by
incubating the fixed cells in 3% H,0O, in methanol for 15 min.
Each tumor sample underwent antigen retrieval. Antigen
retrieval on paraffin sections was performed by heating them
for 5 min, three times in a 10-mM citrate buffer solution
(pH 6.0) in a microwave. After blocking non-specific
reactivity with normal goat serum for 10 min at room tem-
perature, the cells were incubated with the primary antibody
overnight at 4°C. Identification of the distribution of the
primary antibody (anti-FAK antibody; Santa Cruz Bio-
technology, Santa Cruz, CA anti-pY397 FAK antibody; Bio-
source International, Inc., CA) was achieved by a subsequent
application of a biotinylated anti-primary and streptavidin-
peroxidase. Immunostaining was detected using a DAB/
hydrogen peroxide solution (Histofine DAB substrate kit;
Nichirei), and counterstaining with Mayer's hematoxylin. As a
negative control, some sections were subjected to normal
serum blocking and omission of the primary antibody. Cases
were considered positive when more than 10% of the atypical
cells were stained with the antibody.

Animal experiments. Colon cancer cells (RPMI-4788) were
administered (5x10° cells) into the abdomens of BALB/C
nude mice. For the metastasis analysis, three mice injected
with colon cancer cells were sacrificed 30 days later. The
peritoneal mass that formed in the peritoneum of each mouse
was resected and fixed in formalin. It was then made into
paraffin sections. During the experiments, the mice were kept
in pathogen-free animal facilities at a controlled temperature
and humidity, under a 12-h light/dark cycle, and with food and
water provided ad libitum. All animals were acclimatized for
at least 1 week before the experiments began. The experimental
protocol was approved by the Ethics Review Committee for
Animal Experimentation of the Okayama University School
of Medicine.

Statistical analysis. Statistical evaluation was calculated
using SPSS multiplex comparison software (SPSS Inc., Japan).

Results

Analysis of FAK and P-FAK expression in colorectal, eso-
phageal, pancreatic and mammary cancers. The expression
of FAK and P-FAK in colorectal cancer was examined first.
Intense expression of FAK in the cytoplasm was noted,
which is consistent with previous reports. P-FAK expression
was intense not only in the cytoplasm but also in the nuclei
(Fig. 1A). Also in esophageal, pancreatic and mammary
cancers, intense expressions of FAK in the cytoplasm and
P-FAK in the nuclei were noted (Fig. 1B, C and D). Immuno-
staining was performed in 5 cases from each disease group,
and all of these cases showed P-FAK expression in the
nuclei.

Analysis of FAK and P-FAK expression in colorectal adenoma
and its difference from that in early colorectal cancer. Sixty-
four cases of colon adenoma were divided based on WHO
classifications into low-grade dysplasia and high-grade dys-
plasia. The expression of FAK and P-FAK in these cases
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Figure 1. Colorectal (A), esophageal (B), pancreatic (C) and mammary
cancers (D) immunostained for FAK and P-FAK. In all cancers, intense FAK
expression in the cytoplasm and intense P-FAK expression in the nuclei are
noted.

as well as in the intact colorectal mucosa of 35 individuals
was analyzed. This analysis involved 36 cases of low-grade
dysplasia and 28 cases of high-grade dysplasia. A similar
analysis was also conducted on 21 cases of adenocarcinoma
with submucosal tumor invasion. In the normal mucosa, the
expressions of FAK and P-FAK were weak, but their expres-
sion intensified as the degree of mucosal differentiation
became higher (Fig. 2). Chromatic responses were scored on
a three-point scale (2, positive chromatic responses =70%
of atypical cells; 1, positive responses >10% and <70% of
atypical cells; and 0, positive responses from <10% of atypical
cells). The scores were compared between the normal group,
the low-grade dysplasia group, the high-grade dysplasia group
and the adenocarcinoma group. For both FAK and P-FAK
expression, the percentage of high-score cases was high in
the high-grade dysplasia group and the adenocarcinoma
group and low in the low-grade dysplasia group and the
normal group (Fig. 3A and C). The expressions of FAK and
P-FAK increased significantly in the order of: normal group
< low-grade dysplasia group < high-grade dysplasia group
(P<0.01), while there was no significant difference between
the high-grade dysplasia group and the adenocarcinoma
group (Fig. 3B and D). Also, in the cases of colon adenoma,
FAK showed intense expression in the cytoplasm (as seen in
cases of colon cancer), but P-FAK expression was intense in
the nuclei.
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Figure 2. Low-grade dysplasia (A), high-grade dysplasia (B) and adeno-
carcinoma (tumor invades submucosa) (C) immunostained for FAK and
P-FAK. FAK and P-FAK expression is more intense in high-grade dysplasia
than in low-grade dysplasia. FAK expression is marked in the cytoplasm,
while P-FAK expression is intense in the nuclei.

Analysis of FAK and P-FAK expression in esophageal dys-
plasia. In cases of esophageal dysplasia, we examined whether
or not the expressions of FAK and P-FAK would increase as
atypism advanced, like in cases of colon adenoma. Weak
expressions of FAK and P-FAK were noted in the normal
mucosa and in cases of mild dysplasia lesions, but their
expression increased as dysplasia became more severe,
which is consistent with the findings from the colon adenoma
group (Fig. 4). Also, in cases of esophageal dysplasia, the
cytoplasm showed intense FAK expression and the nuclei
showed intense P-FAK expression, similar to the cases of
colon adenoma.

Analysis of FAK and P-FAK expression in colon cancer cell
lines. FAK and P-FAK expressions in two colon cancer cell
lines (RPMI-4788 and HCC-50) were analyzed. In both cell
lines, the expressions were confined to the cytoplasm, and
the nuclei expressed neither FAK nor P-FAK (Fig. 5). When
two cell lines of esophageal cancer (TE-1 and T.Tn) were
investigated, P-FAK was also not expressed in the nuclei
(data not shown).

Analysis of FAK and P-FAK expression in mice with peritoneal
seeded tumors. RPMI-4788 cells were injected into the peri-
toneal cavity of mice to create a model of peritoneal seeding.
The peritoneal mass that formed was resected and checked
for FAK and P-FAK expression. Although the RPMI-4788
tumor cells were incubated in this model under conditions
close to natural conditions in vivo, P-FAK expression in the
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Figure 3. The distribution of FAK and P-FAK in each disease group was scored on a three-point scale (2, intense expression; 1, moderate expression; 0, weak
expression). When FAK expression was compared among the different groups, intense expression was often seen in the adenocarcinoma group and seen less
frequently in the normal group (A). The mean score differed significantly between each pair of groups (P<0.05) except for between the high-grade dysplasia
group and the adenocarcinoma group (B). When the same analysis was conducted on P-FAK, the expression increased in the order of: normal group < low-
grade dysplasia group < high-grade dysplasia group, but it did not differ significantly between the high-grade dysplasia group and the adenocarcinoma group

(C and D).

nuclei was absent, the same as in the experiment involving
incubation in vitro (Fig. 6).

Discussion

FAK is found in the focal adhesion of cells. When a cell
binds to the adhesion protein of the extracellular matrix via
integrin, FAK undergoes tyrosine phosphorylation, resulting
in the secondary induction of various docking proteins and
the transduction of signals into the cells (4,5). To date,
various studies have been conducted on FAK, but few studies
have been carried out on P-FAK. In the present study, we
demonstrated that FAK moves into the nuclei following
activation in cases of colorectal, esophageal, pancreatic
and mammary cancers. Prior to the present study, P-FAK
expression in the nuclei had been reported only for laryngeal
cancer, and no study had demonstrated the expression of
P-FAK in the nuclei of the cells of multiple organs (17). In
the present study, immunostaining of P-FAK was performed
in cell lines to examine the significance of its expression in
the nuclei. However, unlike clinical specimens, the cell lines
failed to show P-FAK expression in the nuclei. Graham and
Graeme reported that the activation of the FceRI receptor of

mast cells resulted in the importation of NH2-terminal FAK
into the nuclei (25). It has also been reported that when other
cell lines were studied, a cleavage of FAK and its expression
in the nuclei were noted (26-30). We also incubated colon
cancer cell lines in dishes coated with Matrigel, fibronectin,
type-I collagen, etc., and stimulated the cells with EGF,
but P-FAK expression in the nuclei was not noted (data
not shown). To incubate cells under conditions closer to
the environment in vivo, we injected cancer cells into the
peritoneal cavity of mice and checked the lesions for P-FAK
expression in the nuclei. However, P-FAK expression in
the nuclei was not seen in this experiment. Focal adhesion
is known to have the proteins Hic-5 and Zyxin, which are
involved in intranuclear transfer. These proteins may serve
as carriers for intranuclear transfer (31-33). Taken together,
the findings from previous and present studies suggest that
some particular proteins which are found only in humans
serve as the carrier for the transfer of FAK into the nuclei,
resulting in P-FAK expression in the nuclei. It is desirable to
study such carrier proteins in depth in the future.

The anti-FAK antibody we used is a polyclonal antibody
specific to the NH,-terminal. Because the anti-P-FAK
antibody recognizes Tyr 397 lesions, cases showing expression
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Figure 4. FAK and P-FAK expression in esophageal dysplasia was analyzed. Intense expression of FAK and P-FAK was noted in areas showing high degrees

of differentiation, while no expression was seen in normal-appearing areas.

Figure 5. The expression of FAK and P-FAK in two colon cancer cell lines,
RPMI-4788 (A) and HCC-50 (B), was analyzed. FAK expression was noted
in the cytoplasm, while P-FAK expression in the nuclei was not noted.

of P-FAK in the nuclei should show FAK expression in the
nuclei even if FAK has been cleaved to remain in the FERM
domain alone (34,35). Following this view, we checked clinical

specimens for FAK expression in detail, and found FAK
expression in the nuclei of some specimens. Lobo et al
reported the detection of NH,-terminal domain fragments of
FAK in the nuclei of endothelial cells (27). In the present
study it was shown that the NH,-terminal domain of FAK
was originally present in the nuclei and that the level of FAK
expression rose as the domain was activated.

Thus, in the present study we analyzed the expression of
FAK and P-FAK in colon adenoma and demonstrated that
their expression increased as the degree of cell differentiation
became higher. This finding suggests that FAK and P-FAK
play an important role in the process of colorectal carcino-
genesis called the ‘adenoma-carcinoma sequence’. Similar
results were also obtained from esophageal cancer, suggesting
that the activation of FAK and P-FAK is involved in the
carcinogenesis of the digestive organs. Prior to the present
study, no report on the involvement of P-FAK in carcino-
genesis has been published. The involvement of FAK in
carcinogenesis had been reported only for cervical cancer (16),
and the present study first demonstrated that FAK is involved
in the carcinogenesis of the digestive tract.

We demonstrated in this study that FAK, which was
previously considered to be present in focal adhesion, is
present in nuclei, and that its expression increases following
activation. Thus, it is essential to study the mechanism for
the transfer of activated FAK into the nuclei and the role
played by FAK within the nuclei.

Figure 6. RPMI-4788 was injected into the peritoneal cavity of mice to create a model of peritoneal seeding. The expression of FAK and P-FAK that formed in

the peritoneal masses was analyzed. Neither FAK nor P-FAK was expressed.
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