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Abstract

AIM: To determine the DNA binding activity and protein
levels of the Ku70/80 heterodimer, the functional
mediator of the NHEJ activity, in human colorectal
carcinogenesis.

METHODS: The Ku70/80 DNA-binding activity was
determined by electrophoretic mobility shift assays in
20 colon adenoma and 15 colorectal cancer samples
as well as matched normal colonic tissues. Nuclear
and cytoplasmic protein expression was determined by
immunohistochemistry and Western blot analysis.

RESULTS: A statistically significant difference was
found in both adenomas and carcinomas as compared
to matched normal colonic mucosa (P<0.00). However,
changes in binding activity were not homogenous with
approximately 50% of the tumors showing a clear
increase in the binding activity, 30% displaying a modest
increase and 15% showing a decrease of the activity.

Tumors, with increased DNA-binding activity, also showed
a statistically significant increase in Ku70 and Ku86
nuclear expression, as determined by Western blot and
immunohistochemical analyses (P<0.001). Cytoplasmic
protein expression was found in pathological samples,
but not in normal tissues either from tumor patients or
from healthy subjects.

CONCLUSION: Overall, our DNA-binding activity and
protein level are consistent with a substantial activation
of the NHEJ pathway in colorectal tumors. Since the
NHEJ is an error prone mechanism, its abnormal
activation can result in chromosomal instability and
ultimately lead to tumorigenesis.

© 2005 The WIG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

Colorectal cancer is a significant cause of morbidity
and mortality in Western populationsm. This cancer
progresses through a series of defined histopathological
stages, going from a small benign tumor (adenomatous
polyps) to a malignant cancer (carcinoma) e, During tumor
progression, a stepwise accumulation of genetic changes
is observed, leading to inactivation of tumor suppressor
genes (e.g. APC, p53) and activation of oncogenes (e.g
K-ras, B-catenin)”. The number of genomic alterations
in cancer appears to exceed the level possibly due to the
accumulation of mutations in cells with normal mutation
rates. A number of intricate networks have evolved in
eukaryotic cells to respond to exogenous and endogenous
genotoxic stimuli”. Genes involved in these pathways play
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a crucial role in maintaining DNA integrity and a defect
in these processes may result in hypersensitivity to DNA
damaging agents and genomic instability'”, Two main
forms of genetic instability are associated with tumors.
One arises from the inactivation of DNA mismatch repair
(MMR) genes®, leading to instability at the nucleotide
sequence level (microsatellite instability, MSI). The other
results from a disruption of the pathways intending to
protect the cells from chromosomal breakage (double-
strand breaks, DSBs), which leads to gross chromosomal
rearrangements (chromosomal instability, CIN)'. Of
the many types of DNA damage, DSBs are the most
dangerous, because of the intrinsic difficulty of their
repair as compared to other types of DNA damage”.
In physiological conditions, DNA-DSBs are generated
by homologous recombination (HR) during meiosis
and occur in other events, such as V(D)] recombination
and immunoglobulin class switch'®. In addition, DSBs
can result from both exogenous agents such as ionizing
radiation or chemotherapeutic agents and endogenously
generated reactive oxygen species[(’]. Erroneous rejoining
of the broken DNA-DSBs may cause loss or amplification
of chromosomal material and even translocations,
ultimately leading to tumorigenesis'”.

There are two distinct and complementary mechanisms
for DNA-DSB repair: the NHE] and the HR". Recently,
a caretaker role in preventing carcinogenesis has been
proposed for the NHE] pathway! ™. At present, five
proteins involved in the NHE] pathway have been
identified; namely, the ligase IV and its associated protein
XRCCI1, and the three components of the DNA-
dependent protein kinase (DNA-PK) complex, Ku70,
Ku86, and the catalytic subunit PKcs!"". Mutational
analysis has shown that activation of the DNA-PK
well correlates with Ku protein heterodimerization and
DNA-end binding"". Once anchored to the DNA, the
Ku70/80 heterodimer translocates along the molecule and
facilitates recruitment of the catalytic subunit to the site
of the break, to form an activated DNA-PK complex'".,
Numerous studies have investigated the role of MMR
pathway in colorectal carcinogenesis, but little is known
about the involvement of the DSB repair pathway in the
adenoma/carcinoma sequence'"”. In the attempt to
better understand this role, we analyzed the DNA-binding
activity of the Ku70/80 heterodimer and the protein
expression of the two Ku subunits in colon adenomas,
colorectal cancers and matched normal tissues. Ku70/80
DNA binding activity was increased in approximately
50% of adenoma and carcinoma samples, as compared
to matched normal tissues. In tumors with increased
DNA-binding activity, Ku70 and Ku86 protein expression
correlated with the heterodimer binding activity.

MATERIALS AND METHODS

Patients characteristics and tissue samples
Twenty patients with colon adenoma and 15 patients with
colorectal carcinoma were recruited in the study. The

patients underwent endoscopic polypectomy ot surgical
resection between 1999 and 2002, at the Departments
of Gastroenterology and General Surgery, Campus Bio-
Medico University of Rome, Italy. None of the patients
were affected by familial polyposis or HNPCC. Subjects
included 20 males (57%) and 15 females (43%), with a
mean age of 69.5112 years (range 35-82 years). None had
pre-operative chemotherapy or irradiation. All the patients
gave informed consent for the study. Thirty-one lesions
(89% including adenomas and carcinomas) were located
in the colon and 4 (11%) in the rectum. Adenomas were
classified according to the National Polyp Study Cohort
and WHO recommendations on the basis of size and
grade of dysplasia*"?. Clinical staging of colorectal cancer
was assessed according to the Dukes’ classification"”,

Preparation of cell and nuclear extracts
Following surgical resection, tissue samples were im-
mediately frozen at -80 °C. For each case, before protein
extraction, one 3-um hematoxylin-eosin stained slide was
analyzed to ensure that tumor samples contained at least
70% cancer cells. Protein extraction was performed as
previously described"*"™. Briefly, frozen samples were
mechanically fractionated to obtain a cellular suspension.
Nuclear and cytoplasmic fractions were separated by
centrifugation at 10 000 g and stored at -80 C.

Protein content in nuclear and cytoplasmic extracts
was determined in triplicate by Bradford assay (Bio-Rad
Protein Assay, Bio-Rad Laboratories, Munchen).

Gel-shift assay

Electrophoretic mobility shift assay (EMSA) was
performed as described previously""”. Briefly, DNA
binding reactions contained 50 000 cpm of the labeled
probe, nuclear (2 pg) or cytoplasmic (5 ng) extracts
with closed circular plasmid DNA pUC-19 (1 ug) as the
unspecific competitor. For each sample, three single shift
assays were performed. As controls, 33 normal human
tissues from patients without colon tumor were analyzed
(mammary gland # = 8, bladder mucosa #» = 8, and skin
n=17).

To normalize all the samples, electrophoretic mobility
shift assays were performed by incubating the nuclear
extracts (3 pg) with 50 000 cpm/sample of **P_end labeled
Sp-1 oligonucleotide (Promega Corporation, Madison,
WI, USA) in a binding buffer, with 1 pg of poly (dI-dC)
as the unspecific competitor. The correction factor (CF)
was calculated as follows: SP7 binding activity in the sample/
mean SP1 binding activity. Data were normalized using the
following formula: Mean Kn70/80 binding activity/ CF*".

For gel supershift experiments, goat polyclonal anti-
Ku70 and anti-Ku86 antibodies (M-19, M-20: Santa
Cruz Biotechnologies Inc., CA, USA) were incubated
with protein extracts for 30 min at room temperature,
before the other components were added to the binding
reaction. Complexes were separated on 6% non-
denaturing polyacrylamide gels and exposed to X-ray films
(Amersham-Pharmacia Biotech, England HP7 9NA).
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The optical densities (OD) were obtained by scanning
densitometry using colon carcinoma cell line CaCo-2
(ATCC) as internal control (OD = 10.7£6.4).

Supershift control experiments confirmed the
specificity of the results in each gelshift assay experiment.

Immunohistochemistry

Paraffin sections from matched normal colonic mucosa
were available for all the colon cancer cases entered in the
study, whereas paraffin embedded blocks from matched
normal tissues were available only for 10 adenomas.
Paraffin sections from five subjects who showed normal
colonic mucosa at colonoscopy were also analyzed.
Consecutive two micron sections were immunostained
for Ku70 and Ku86 following the streptavidin-biotin
method, as described previously[zm . In brief, sections
were deparaffinized, rehydrated in decreasing alcohol and
microwave treated. Endogenous peroxidase activity was
quenched by treatment with 0.03% hydrogen peroxide
in absolute methanol for 30 min at room temperature.
The primary antibodies were goat polyclonal anti-
Ku70 and anti-Ku86 antibodies specifically validated for
immunohistochemical analysis of paraffin embedded
tissues (M-19, M-20: Santa Cruz Biotechnology Inc., CA,
USA), in a 1:200 dilution. Biotinylated swine antigoat/
mouse/rabbit IgG (Dako A/S, Denmark) was used as
secondary antibody. After washing, sections were treated
with streptavidin-peroxidase reagent (Dakopatts A\S,
Denmark), incubated with diaminobenzidine (DAB) and
counterstained with hematoxylin. Slides were examined
under a two-head microscope by two pathologists,
unaware of the clinical data and molecular results. No
discrepant results were identified. Results of the nuclear
immunostaining were expressed as percentage of positively
stained cells. For cytoplasmic staining the microscopic
analysis was not able to discriminate one cell from another.
Thus the immunoreactivity was classified into four staining
levels (SL): 0 SL (no staining); 1 SL (1-33% of positively
stained area); 2 SL (33-66% of the area), and 3 SL (66-99%

of the area)' !,

Western blotting

Protein extracts (10 pg) were separated in 10% SDS-
PAGE, transferred to a PVDF membrane (Hybond-P,
Amersham-Pharmacia Biotech, UK HP7 9NA) using an
electroblotting apparatus, and incubated for 1 h at room
temperature in 1% BSA, 1% skim milk (Difco Lab.,
Detroit, MI, USA), and 0.5% Tween 20 (USB, Cleveland,
OH, USA). Membranes were stained with Ponceau S dye,
to check for equal loading and homogeneous transfer.
Immunodetection experiments were performed as
described previously"”. Filters were reprobed with anti
B-actin (Sigma-Aldrich, St. Louis, MO 63103, USA) mouse
IgG1 monoclonal antibody, to normalize the nuclear
protein levels. Filters were washed and developed using an
enhanced chemiluminescence system (ECL, Amersham-
Pharmacia Biotech, UK HP7 9NA). The optical densities
(OD) were obtained by scanning densitometric analysis of

the bands normalized for the B-actin levels, as reference
protein.

Statistical analysis

All values provided in the text and figures are means of
three independent experimentststandard deviations (SD).
Variation rates (VR) were defined by the following formula:
[(pathological sample value—normal sample value)/ pathological
sample valne]X100. Mean values were compared using
the one- or two-tailed Student’s #test, for independent
samples. P<0.05 was considered statistically significant.

RESULTS
Nuclear and cytoplasmic Ku70/80 DNA-binding activity

EMSA were performed on nuclear extracts of colon
tissues, to compare the DNA binding activity of the
Ku70/80 heterodimer in adenoma and carcinoma samples
as well as matched normal colonic mucosa samples
(Figure 1A). We found that adenoma and carcinoma
samples had an overall increase in DNA binding activity as
compared to matched normal samples (P<0.01, Table 1).
However, these variations were not homogeneous among
the tumors that were tested. Since the overall increase in
binding activity compared to normal was approximately
50% (Table 1), we set this value as the cut-off for better
classifying our pathological samples. Of the 20 adenomas,
11 (55%) showed an increase in DNA binding activity
higher than 50% (P = 0.000) (Figure 1A, Group I), 6 (30%)
displayed an increase in DNA binding activity lower than
50% (P = NS) (Figure 2A, Group II), and 3 (15%) showed
reduced levels of activity (P = 0.04) (Figure 2A, Group
III). Of the 15 carcinomas, 7 (47%) displayed an increase
in DNA binding activity higher than 50% (Figure 2B,
Group I), 6 (40%) showed an increase in DNA binding
activity lower than 50% (P<0.02) (Figure 2B, Group II),
and 2 (13%) showed reduced levels of activity (P = ND)
(Figure 2B, Group I1I).

No significant differences were found when the
Ku70/80 DNA-binding activity was compared in adenoma
and carcinoma samples (Table 1). We also determined,
if functional Ku70/80 heterodimer was present in
cytoplasmic protein extracts. Cytoplasmic Ku70/80 DNA
binding activity was only found in three colorectal cancers,
whereas adenomas did not show cytoplasmic activity
(Figure 1B). No statistically significant correlation was
found when results of nuclear and cytoplasmic Ku70/80
DNA-binding activity were compared with clinical
parametets.

Table 1 Statistical summary of Ku70/80 DNA binding activity and
Ku70 protein expression in pathological samples and matched
normal tissues (meanxSD)

Colon Ku70/80 DNA binding activity Ku70 protein expression
Tissue Normal  Tumor P Normal  Tumor P
Adenomas  2.66+2.32 5.01#3.15 <0.01  0.88+0.59 1.28+0.45 <0.01

Carcinomas 2.994+2.84 535+2.75 <0.001 1.09+0.80 1.77+0.83  <0.01
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Figure 1 Representative gel shift experiments on nuclear (A) and cytoplasmic (B)
extracts from human colon tissues. Panel A: Normal (n) and pathologic (t) nuclear
extracts, obtained from four colorectal cancer (K1-K4) and five adenoma (A1-A5)
patients, were analyzed by EMSA as described in "Materials and methods". The
positions of Ku band-shifts and of the free probe (FP) are indicated. The binding
activity in nuclear extracts from the CaCo-2 cell line (CaCo) has been used as a
standard in order to compare the activity in the different gels. Lane P: free probe
without protein extract. Panel B: EMSA was performed on pathologic cytoplasmic
extracts from colorectal cancer (K1-K6) and adenoma (A1-A9) patients. Lane P:
free probe without protein extract.
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Ku70 and Ku86 expression in nuclear and cytoplasmic
protein extracts

In adenomas and carcinomas with increased DNA-binding
activity, the Ku70 nuclear levels were markedly increased as
compared to matched normal samples (P<0.000) (Figures
3A and B, Group 1), whereas protein level changes were
not statistically significant in tumors with minimal increases
or reduced binding activity (Figures 3A and B, Groups 11
and III). Representative results are shown in Figure 4.

In all the samples, Ku86 protein levels were always
lower than Ku70 and in most cases it was undetectable
(data not shown). Analysis of cytoplasmic protein extracts
showed barely detectable Ku70 protein in normal colon
tissues and a significant increase in pathologic samples
with increased DNA binding activity (0.22£0.3 OD and
0.80£0.2 OD, respectively, P = 0.001) (data not shown).
Ku86 protein subunit was undetectable by Western blot
analysis on cytoplasmic extracts.

Ku70 and Ku86 immunohistochemical analysis

A significant increase in the percentage of stained nuclei
was found for Ku70 and Ku86 subunits in all adenoma
and carcinoma samples, as compared to matched normal
tissues (P<0.000) but no statistically significant differences
were found between adenoma and carcinoma samples
(Table 3). In all cases, Ku subunits were not detected in
the cytoplasm of normal colonic mucosa (7 = 25) from
patients or healthy donors (# = 5) (SL 0). For Ku70, a low
level (SL 1) of cytoplasmic staining was detected in 11 of
the 20 adenomas (55%), and in 3 of the 15 carcinomas
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Figure 2 Changes in Ku70/Ku80 heterodimer DNA binding activity in adenoma (A) and carcinoma (B) compared to matched normal colonic mucosa. o Normal; = Tumor;
vertical bars indicate standard deviation from the mean of three independent experiments. Adenomas (A) and carcinomas (B) samples characterize by: Group 1 more than
50% increase in DNA binding activity; Group 2 modest increase in binding activity; Group 3 reduced binding activity, 'P<0.000 vs group 1; *P<0.04 vs group 3; °P<0.02 vs

group 2.
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Figure 3 Changes in Ku70 protein levels determined by Western blot analysis in adenoma (A) and carcinoma (B) compared to matched normal colonic mucosa. o Normal;
o Tumor; vertical bars indicate standard deviation from the mean of three independent experiments. Adenomas (A) and carcinomas (B) are grouped according to the criteria

described in Figure 2, 'P<0.000 vs group 1.
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(20%, P = 0.089). For Ku806, 17 of the 20 adenomas (85%)
showed medium levels of cytoplasmic staining (SL 2-3),
and 5 of the 15 carcinomas (34%) displayed cytoplasmic
staining with SL 1-2 (P = 0.004). Ku86 cytoplasmic
staining showed a typical granular pattern, probably due
to the presence of protein subunit in cytoplasmic vesicles

(Figure 5).

DISCUSSION

The NHE] pathway plays a pivotal role in the repair
of DSBs. Several studies on cell lines and knock-out
mice suggest that a non-functional NHE] can induce
an increased level of genomic instability and lead to
cancer progressionmz‘q. In a previous study, we found a
downregulation of the Ku70/80 DNA binding activity in
advanced breast and bladder human cancers, as compared
to non-invasive or low stage tumors'”. This observation
was also confirmed in a patient affected by sporadic
multiple basal cell carcinoma, where we demonstrated a
differential modulation of the NHE] pathway in non-
aggressive and aggressive tumors, showing that the
first is an upregulation system, and the latter a strong
downregulation system[zo]
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In the present study, we investigated the involvement
of the ku70/80 heterodimer during progression from
adenoma to carcinoma. Our results indicated that the
NHE] pathway was activated in approximately half of
the cases, with no differences in binding activity between
adenomas and carcinomas. In these tumors, the increase
in DNA binding activity correlated with protein levels
of the Ku subunits as determined by Western blot and
immunohistochemical analysis. Moreover the cytoplasmic
accumulation of the Ku70 and Ku86 protein subunits only
in neoplastic tissues is also indicative of an upregulation
of the NHE] system. The NHE] pathway repairs DSBs by
modifying the two DNA broken ends prior to rejoining,
and few nucleotides at each end of the DNA break are
lost during this process””. Thus, the repair through the
NHE] can potentially lead to chromosomal alterations.
Rothkamm ez 2/ found that after X-ray exposure, NHE]-
proficient cells form misrejoinings and multiple DSBs
more frequently than NHE] deficient cells. Also, myeloid
leukemia cells characterized by gross chromosomal
abnormalities show a higher end-joining efficiency but a
lower DSB repair fidelity, as compared to lymphocytes
from healthy donors™. Thus, the upregulation of the
NHE]J system in adenoma and colon carcinoma may be
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Figure 4 Representative immunoblot experiments on nuclear extracts from adenoma cases p70 and p86 protein expression was evaluated by Western blot, on normal (n)
and pathologic (t) nuclear extracts from adenoma patients (A1-A7). The p86 protein was slightly detectable on this and on the other filters analyzed. CaCo-2 cell line nuclear
extracts (CaCo) were used as internal standard. Filters were reprobed with anti-B-actin monoclonal antibody to normalize the protein levels.

Normal

Adenoma

Carcinoma

Figure 5 Expression of DNA-PK protein subunits in human colon tissues. Tissue sections were stained by immunohistochemistry for Ku70 and Ku86 proteins, as described
in “Materials and methods”. The increase of positively stained cells is evident in the nuclei of adenoma and carcinoma sections, respect to the normal controls. Ku70 nuclear
expression is uniform and displays a higher intensity of staining as compared with p86, as described in the text. No cytoplasmic expression is evident in the normal mucosa
sections for any of the protein subunits, whereas it is clearly visible in the pathologic tissues. Ku86 was expressed in the cytoplasm following a speckled pattern of staining,
as evident on the adenoma section (arrow). Original magnification x400. A+2: Normal; B1.2: Adenoma; C1-2: Carcinoma.



Mazzarelli P et a.. Non-homologous DNA end joining pathway in colorectal tumor 6699

Table 2 Ku70 and Ku86 nuclear immunostaining in adenomas and
matched normal tissues

Adenomas Ku70 Ku86
Normal Tumor Normal Tumor

Al 61 93 40 81
A2 65 81 33 70
A3 60 83 31 63
A4 61 82 35 71
A5 65 79 32 75
A6 58 68 39 62
A7 64 74 26 62
Al6 51 75 25 71
A17 79 92 24 63
A19 61 87 29 62
Carcinomas

K1 66 95 27 78
K2 48 76 37 62
K3 66 84 26 71
K4 47 86 40 86
K5 72 85 34 70
K6 76 86 26 61
K7 72 88 28 76
K8 51 92 17 79
K9 62 96 44 65
K10 65 90 51 71
K11 56 94 51 66
K12 52 82 34 73
K13 65 85 25 66
K14 52 92 18 64
K15 65 73 28 65

responsible for an increase in genomic rearrangements and
chromosomal defects, contributing to tumor progression.

Although increase in DNA binding activity was the
more frequent abnormality detected in our series of
adenomas and carcinomas, we also identified a subset
of colon neoplasia (approximately 15%) that showed
reduced levels of DNA binding activity. Rigas ez al* have
previously analyzed protein expression of the DNA-
PK subunits in adenomas and colorectal cancers by IHC
assay. By using a score that correlates the intensity of
staining to the percentage of stained cells, a decrease in
protein expression levels is demonstrated for all DNA-
PK subunits in adenoma and carcinoma samples, as
compared to normal tissues””. In our study the reduction
in DNA binding activity did not correlate completely
with Ku subunit protein levels. While three of the
adenomas and one of the cancers showed a decrease of
Ku70 expression by Western blot analysis, the remaining
adenoma and carcinoma samples displayed an increase
in protein expression. IHC data also showed an increase
in the percentage of nuclear stained cells in the tumor
as compared to the normal colonic mucosa. We can
speculate that in this subset of tumors the NHE] proteins
are expressed and localized in the nuclei, but they are not
functional, due to post-translational regulation mechanisms
or mutations in one or more components of the NHE]
pathway.

Overall, our results indicate that the NHE] pathway

Table 3 Statistical summary of Ku70 and Ku86 nuclear immu-
nostaining in pathological samples and matched normal tissues
(meantSD)

Colon Ku70 Ku86
tissue Normal Tumor P Normal Tumor P
Adenomas  63.39+7.72 80.2247.52 0.000 30.48+5.43 67.57+7.64 0.000

Carcinomas 61.42+9.66 87.34+6.97 0.000 32.86+11.29 70.36+7.55 0.000
Healthy 74.20£6.38 - - 32.004£5.10 - -

is activated in colon adenoma and carcinoma, with only
a subset of tumors showing decreased binding activity.
These results however do not exclude an involvement
of the NHE] pathway in colon carcinogenesis, rather
suggest the presence of colon cancer subsets that may
differ in their biological behavior. Since Ku70 and Ku80
protein levels are correlated to tumor radiosensitivity and
response to chemotherapy in human colorectal cancer
and experimental models” ™, the clarification of the
mechanisms involved in DNA repair may ultimately lead
to an improved management of colorectal cancer patients.
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