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Abstract

The ataxia-telangiectasia group D complementing gene, ATDC, is located at 1123, where loss of heterozygosity (LOH) is frequently
observed in many kinds of cancers including breast cancer. Underexpression of AT7DC in breast and prostate cancer has been reported
using serial analysis of gene expression (SAGE) and DNA microarray analysis. We previously reported that 8V-40-transformation
down-regulates the expression of ATDC. In the present study, we investigated the roles of ATDC in carcinogenesis. First, we investigated
the expression of ATDC in 11 cancer cell lines. No detectable transcript was observed in 4 tumor cell lines, and no ATDC protein was
detected in 8 tumor cell lines. We transfected .4 TDC expression vector into $8aos-2 and BT-549 that lacked detectable mRNA and protein
expression of ATDC. Colony-forming efficiency in soft agar was significantly suppressed in all of the ATDC transfectants. These resuits

suggest that suppressed ATDC expression is associated with malignant phenotype.

© 2006 Elsevier Inc. All rights reserved.
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A candidate gene for ataxia-telangiectasia (AT) group D
{ATDC) has been cloned in 1992 [1]. AT is an autosomal
recessive human genetic disease characterized by immuno-
logical deficiencies, neurological degeneration, develop-
mental abnormalities, and an increased risk of cancer [2].
Cells from AT patients show hyper-sensitivity to ionizing
radiation, radioresistant DNA synthesis, elevated recombi-
nation, cell cycle abnormalities, and aberrant cytoskeletal
organization [2). ATDC partially restores resistance to ion-
izing radiation in cells derived from AT patients, although
it does not affect radioresistant DNA synthesis [3]). The
ATDC gene is located at 11q23 and is closely linked to
THY1 and D11S528 [1]. ATDC is likely to be 2 member

" Comesponding author. Fax: -+81 3 5841 3013.
E-mail address: hosoi@m.u-tokyo.ac jp (Y. Hosoi).

0006-291X/% - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/.bbrc.2006.67.115

of a gene family whose proteins are characterized by zinc
finger and leucine zipper motifs [4]. Recently ATDC has
been reported to be a member of tripartite motif (TRIM)
protein family, which is characterized by three zinc-binding
domains, a RING, a B-box type 1, and a B-box type 2, fol-
lowed by a coiled-coil region [5-7} The ATDC protein
physically interacts with the intermediate-filament protein
vimentin, which is a protein kinase C substrate, and with
hPKCI-1, which is an inhibitor of protein kinase C [8,91
We previously reported that SV-40-transformation
affects the expression of ATDC [10]. Because the large T
antigen of SV-40 binds with the products of suppressor
oncogenes such as p53 and the retinoblastoma gene (RB)
[11,12], the downregulation of 4TDC expression, and the
change in the splicing pattern observed in SV-40-trans-
formed cells might have relevance to cellular transforma-
tion [10]. Furthermore, high frequencies of loss of
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heterozygosity (LOH) at 1123, where 4T:DC is located,
have been observed in various malignancies, including
breast cancer [13]. In addition, underexpression of ATDC
in breast and prostate cancer has been reported using serial
analysis of gene expression (SAGE) and DNA microarray
analysis [14,15]. These reports indicate that 47D C might
have relevance to carcinogenesis.

In the present study, we examined expression of ATDC
using 11 tumor cell lines. No ATDC transcripts were
observed in 4 tumor cell lines by Northern blot analysis,
no ATDC protein was detected in 8 tumor cell lines by
Western blot analysis. Transfection of ATDC into two
tumor cell lines lacking detectable mRNA and protein
expression of ATDC resulted in suppression of colony-
forming efficiency in soft agar, which suggests that sup-
pressed AT.DC expression is associated with the malignant
phenotype in these tumor cell lines.

Materials and methods

Celf lines. LM217 is an SV-40-transformed cell line derived from
human fibroblast cells HS27 [16). We obtained the following 11 cancer cell
fines from American Type Culture Collection (Manassas, VA): a fibro-
sarcoma cell line HT-1080, a transitional cell carcinomsa cell [ine T24, an
osteosarcoma cell line Saos-2, breast cancer ¢ell lines BT-54%9, MDA-MB-
231, MDA-MB-436, MDA-MB-468, SK-BR-3, and MDA-MB~453, and
retinoblastoma cell lines Y79 and WERI-Rb-1.

Northern blot analysis. mRNA was prepared using Fast Track mRNA
isolation kits (Invitrogen, Carlsbad, CA). RNA gel electrophoresis and
RNA blot analysis were carried out using standard procedures, Ten
micrograms of mRNA was applied to cach lane of the Northern blots, and
the blots were probed using the 3.0kbp transcript of ATDC [1]. For
detection of 188 and 285 ribosomnal RNA, gels were stained with ethidium
bromide and illuminated with UV radiation before hybridization.

Western blot analysis. Cells were lysed in the electrophoresis sample
buffer (62.5 mM Tris, pH 6.3; 2% SDS; 5% glycerol; 0.003% bromophenol
biue; 1% f-mercaptoethanol} and boiled for S5min. The cell lysate was
resolved by 10% polyacrylamide gel electrophoresis and was electropho-
retically transferred fo polyvinylidene difluoride membranes (Millipore
Corporation, Bedford, MA). Whole cell lysate prepared from 10° cells for
detection of ATDC protein or 3 x 10° cells for detection of B-actin protein
was loaded in each lane. The membmnes were then probed with anti-
ATDC antibody N-19 (Santn Cruz Biotechnology, Inc., Santa Cruz, CA)
or anti-$-actin antibody AC-15 (SIGMA, Saint Louis, MO). The antigen-
antibedy complexes were detected by the ECL Plus™ Western blotting
detection reagents (Amersham Pharmacia Biotech Inc., Piscataway, NI)
using horseradish peroxidase-conjugated antibodies,

Construction of @ 3.0 kbp ATDC expression vector. The ATDC cDNA
was isolated from a commercially available library contained within a A
ZAPT vector (Stratagene, La Jolla, CA) as previously described [1]. The
c¢DNA was rescued from ZAPIT and cloned into the Bluescript plasmid
(Stratagene} [4]. The ATDC expression vector, pcD2E-1Bd, was con-
structed by ligating the ATDC ¢cDNA into a maromalian expression vec-
tor, pcD2E, which contained the SV-40 promoter and ncomycin-/
ampicillin-resistant sequences [17]. The expression vector pcD2E was
obtained from Dr, C. A. Weber.

Stable transfection in Saos-2 and BT-549 cells. The ATDCcontaining
plasmid pcD2E-1Bd and the control plasmid peD2E{~) were transfected
by the calcium phosphate method. Exponentially growing cells were
subcultured onto 100-mm tissue culture dishes and incubated overnight at
35°C in a 5% CO; incubator. Twenty micrograms of plasmid DNA per
dish mixed with 0.5 ml of 0.25 M CaCl; and 0.5mi of 2x BES-buffered
saline (50mM BES (N, N-bis[2-hvdroxyethyl}-2-amninoethanesulfonic
acid), 280mM NaCl, and 1.5mM NaHPO;2H,0) was added to the

dishes, and cells were incubated for 24 b at 35 °C in a 3% CO; incubator.
After a 24 h incubation, the medium was removed and the cells were rinsed
twice with phosphate-buffered saline (PRS). Ceils were incubated in fresh
medium for 24 b at 37 °C in a 5% CO; incubator. The cells were replated
and incubated for 24 h at 37°C in a 5% CO, incubator. After a 24 h
incubation, the medium was changed to the selective medium containing
400 pg/ml G418 (LIFE TECHNOLOGIES, Rockville, MD). After 2.4
weeks, severel colonies were observed in each dish, and each of the G418-
resistant colonies was transferred separateiy to an individual well of 24-
well plates. Cells were subseguently maintained in G418 medium.

Reverse transcription-polymerase chain reaction (RT-PCR). Total
RNA was prepared using RNA. STAT-60™ (TEL-TEST, Frieadswood,
TX). Two micrograms of mRNA was reverse-transcribed with random
hexamer oligonucleotidies (Amersham Pharmacia Biotech, Uppsala, Swe-
den} to produce cDMNAs. One-twenticth of each product was used for
amplification. PCR for amplification of ATDC or B-actin mRNA had 35
cycles or 25 cycles, respectively. Primers used for amplification of ATDC
mRNA were as follows: 5 GGAGAAGCAAAAGGAGGAAGTG ¥
(sense); and §' TTGGGGCTTTGGCTCCGCATGA 3’ (antisense). The
expected size of the product is 699 bp. Primers used for amplification of -
actin mRNA were as follows: 5 AAGAGAGGCATCCTCACCCT ¥
(sense); and 5 TACATGGCTGGGGTGTTGAA 37 (antisense). The
expected size of the product is 218 bp.

Colony-forming efficiency in soft agar. Colony-forming efficiency was
determined using & double-layer soft-agar method. In 60-mm tissue culture
dishes, 102-10° cells were plated in 0.3% agar over a layer of 0.5% agar.
Cells were incubated for 56 days in & CO; incubator and colonies that
consisted of more than 50 cells were counted.

Cell proliferation rate. One hundred thousand Saos-2 cells or BT-549
cells were plated in 6§0-tm tissue culture dishes. Saos-2 cells were treated
with 0.25% trypsin and 0.1% EDTA 2, 4, 6 or 8 days after subculturing,
and BT-549 cells were treated with them 1, 2, 3 or 4 days after subenl-
turing. Total cell number per dish was counted using the COULTER
COUNTER MODEL Zal (Coulter Electronics, Ine., Hialeah, FL}), and
the proliferation rate was calcalated.

Results

mRNA expression of ATDC in cancer cell lines and a SV-40-
transformed cell line

First, we examined mRNA expression of ATDC in 11
cultured cancer cell lines and a fibroblast cell line
{Fig. 1A). Multiple transcripts were observed in LM217,
MDA-MB-436, MDA-MB-468, SK-BR-3, and MDA-
MB-453. The transcripts consisted chiefly of 3.0, 2.4, and
1.6 kbp mRNA. No transcript was observed in HT-1080,
Saos-2, BT-549, Y79, and WERI-Rb-1 in the Northern
blots shown in Fig. 1A. A 2.4 kbp transcript could be
observed in HT-1080 after long exposure, however, no
transcript was observed in Saons-2, BT-549, Y79, and
WERI-Rb-1 even after long exposure {data not shown).

Protein expression of ATDC in cancer cell lines and a SV-
40-transformed cell line

ATDC protein expression was investigated using the
same cell lines. ATDC protein was detected as a band hav-
ing a molecular weight of approximately 65 kDa in MDA-
MB-436, MDA-MB-468, and SK-BR-3 cell lines (Fig. 1B).
Molecular weight of 65 kDa is the expected size for a pro-
tein predicted to have 588 amino acid residues coded in the
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Fig. 1. Northern biot analysis and Western blot analysis of 11 cancer cell Jines and a fibroblast cell line. (A) Upper panels show Nerthern blot analysis
probed with the 3.0 kbp ATDC cDNA. Ten micrograms of mRNA from normal fibroblast 1M217, fibrosarcoma HT-1080, transitional cell carcinoma
T24, osteosarcoma Saos-2, breast cancer BT-549, MDA-MB-231, MDA-MB-436, MDA-MRB-468, SK-BR-3, and MDA-MB-453, and retinoblastoma Y79
and WERE-Rb-1 was loaded. Lower panels show RNA preparations prior to blotting. (B) ATDC and B-actin proteins were detected by Western blot
analysis using anti-ATDC antibody N-19 or anti-B-actin antibody AC-15. Molecular weight of 65 kDa is the expected size for the ATDC protein.

3.0 kbp transcript [4,9]. No band was observed in LM217,
HT-1080, T24, Saos-2, BT-549, MDA-MB-231, MDA-
MB-453, Y79, and WERI-Rb-1 (Fig. 1B). LM217, HT-
1080, T24, MDA-MB-231, and MDA-MB-453 had 24
and/or 1.6kbp transcript, but no ATDC protein was
detected in these cell lines (Fig. 1B). Anti-ATDC antibody
N-19 used in the present study is a polyclonal antibody
raised against a peptide mapping at the amino terminus
of the ATDC protein coded in 3.0 kbp transcript. In an
attempt to detect ATDC protein coded in 2.4 or 1.6 kbp
transcript, we used anti-ATDC antibody C-17 which is a
pelyclonal antibody raised against a peptide mapping at
the carboxy terminus (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA). However, no ATDC protein was detect-
ed on Western blot with C-17 antibedy in these cell lines
{data not shown).

Stable transfection of ATDC expression vector in Saos-2 and
BT-54%

Next, in order to elucidate the roles of ATDC gene in
carcinogenesis, we transfected the ATDC expression vector
pcD2E-1Bd or the control vector pcD2E(—) into Saos-2
and BT-549 which lacked detectable 4TDC expression.
We chose Saos-2 and BT-549 for ATDC transfection
because Y79 and WERI-Rb-I grew in suspension and it
was difficult to get stable transfectants of the gene. We
selected randomly 5 clones each from the Saos-2 or BT-
549 cells transfected with pcD2E-1Bd or pcD2E(-). The
clones derived from the Saos-2 cells fransfected with
pcD2E-1Bd or pcD2E(-) were named S{(+)1, 2, 3, 4, and
5 or 8(--)1, 2, 3, 4, and 5, respectively, and the clones
derived from the BT-549 cells transfected with pcD2E-
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1Bd or pcD2E(—) were named B(+)1, 2, 3, 4, and 5 or
B(-)1, 2, 3, 4, and 5, respectively. We confirmed the
expression of the ATDC gene in these clones by RT-PCR
{Fig. 2A). The ATDC-transcript was detected in clones
S{+)1-5 and B(+)1-5, and it was not detected in clones
$(—)1-5 or clones B(—)1-5 (Fig. 2A). ATDC protein was
detected as a band having a molecular weight of 65kDa
in clones S(+)1-5 and B{-)1-5 and it was not detected in
clones 5(—)1-5 or B(—)1-5 (Fig. 2B).

Suppression of colony-forming efficiency by ATDC
expression

Anchorage-independent growth in vitre is reported to
correlate with the malignant phenotype in vive [18), The
effect of ATDC expression on colony-forming efficiency
in soft agar is shown in Table 1. Colony-forming efficiency
in soft agar was significantly suppressed in all of clones
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and 5, respectively (Table 1, Figs. 3A and C). However, no
significant difference was observed between the average val-
ue of cell proliferation rates of clones S(+)1-5 and that of
clones 8(—)1-5, and between that of clones B(+)1-5 and
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Fig. 2. RT-PCR assays and Western blot analysis of A7DC expression in Sa0s-2 and BT-549 cells transfected with the ATDC expression vector, (A) Total
RNA was reverse transcribed and the products were amplified. Expected sizes of PCR products for ATDC and B-actin mRNA are 699 and 218 bp,

respectively. (B) ATDC and B-actin proteins were detected by Western blot analysis using anti-ATDC antibody N-19 or anti-B-actin antibody AC-15.
Details are the same as in Fig. 1B.
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Table 1

Effects of ATDC expression on colony-forming efficiency in soft agar and
cell proliferation rate

Cell Colony-forming Cell proliferation
efiiciency® rate®

Average of clones §(-+)1-5 4.90x10 T =504%10 * 1242 £72.97

Average of clones S{(—)1-5 8.84% 10 2£3.69%10 2 14.94 =297
S(H)1 LI7Tx10 £7.64x10 &= 11.62+1.12
S+ 6.67%10 *=503x10 * 1609+ 1.49
§(+)3 167x10 £ 1.16%10 * 11.52+0.94
S(+H)4 200x10 *+1.00x10 % 7744034
8(+)5 130%10 *£9.85% 10 * 15.11£0.78
§(-)1 10610 '£1.74x10 2 925+0.64
8(-)2 887x10 2£7.02x10 * 16.96+ 1.08
§(-)3 9.73%10 2+1.52x10 2 1485298
S(-)4 1.08x10 '+£3.24%10 > 16202098
8(-)5 273x10 2+643%10 3 1742143
Average of clones B(+}1-5 3.80x10 5=146x10 % 7,11 +3.80
Average of clones B(—)1-5 6.81x10 *+3.64x10 ? 849 +0.93
B+ 367x10 *£1.53%10 2 4.86+£0.37
B(+)2 300%10 3210010 ¥ 3204023
B(+)3 633x 10 *=3.06x10 ¥ 11.61+0.67
B(+)4 333%10 T 1.53x10 * 11.82+£0.36
B(+)5 267x10 *+153%x10 % 4044026
B(-)1 6.73x10 *£987%10 ¢ 8.98+ 040
B(-)2 507%10 +1.80x10 *  836+042
B{-)3 413x10 *£129%10 3 9152026
B{—M 260%10 +100%10 922031
B(-)5 107x10 *£1.79%x10 *  672+0.54

* Cells were incubated for 56 days in a CO, incubator and colonies that
consisted of more than 50 cells were counted. S(-H)1, 2, 3, 4, and 5, and
$(-)1, 2, 3, 4, and 5 are clones derived from the Saos-2 ceils traasfected
with the ATDC expression vector pcD2E-1Bd and the control vector
peD2E, respectively. B{+}1, 2, 3, 4, and 5, and B{-)}, 2, 3, 4, and 5 are
clones derived from the BT-549 cells transfected with pcD2E-1Bd and
pcD2E, respectively. Means &+ 8SD, n=3 (§(4+)1-5, §(—)1-5, B(+)1-5,
and B(—}1-5) or n = 5 (averages of clones §(+)1-5, 8(—)1-5, B(+)1-5, and
B(-)1-5).

® Cell proliferation rate is expressed as the relative valne, which is a
value relative to the cell number at subculturing that is set to a value of 1,
at 8 days for 8(+)1-5 and S(—)1-5 or 4 days for B(+)1-5 and B(-)1-5
after subculturing. Means & SD, n=35.

¢ P<0.0F compared with average of clones S(—)1-5.

4 P <0.05 compered with average of clones B{—)i-5.

that of clounes B{—)1-5 (Table I, Figs. 3B and D). No sig-
nificant correlation was observed between cel] proliferation
rate and colony-forming efficiency in soft agar (Table 1).

Discussion

1t has been reported that anchorage-independent growth
correlates with the malignant phenotype i vivo {18]. In the
present study, transfection of ATDC expression vector into
the cells lacking ATDC expression suppressed colony-
forming efficiency in soft agar, which suggests that no-ex-
pressionfunder-expression of ATDC is associated with a
neoplastic phenotype.

Colony-forming efficiency in soft agar was suppressed
by expression of ATDC, whereas cell proliferation was
not affected by expression of ATDC {Table 1, Fig. 3). In

a previous study, transfection of RB suppressed colony-
forming efficlency in soft agar, but it did not affect the
growth rate [18). Similarly, transfection of wild-type p53
into neuroepithelioma A673 resulted in suppression of col-
ony-forming efficiency in soft agar, but the growth rate was
not affected by the transfection [19]. Suppression of colony-
forming efficiency in soft agar and unaffected growth rate
may be the phenotype associated with genes involved in
carcinogenesis. The suppression of colony-forming efficien-
cy in soft agar observed in the ATDC-transfectants is not
due to the reduced growth rate because the ATDC-trans-
fection did not affect the growth rate and there is no signif-
icant correlation between cell proliferation and colony-
forming efficiency in soft agar (Table 1, Fig. 3). The sup-
pression of colony-forming efficiency in soft agar by
ATDC-transfection is smaller than that by the transfection
of RB or p53 [19,20], which indicates that the importance

‘of ATDC in carcinogenesis might be less than that of RB

or p53.

Underexpression of ATDC in breast cancer has been
reported by Nacht et al. [I4] They examined ATDC
expression using SAGE and DNA microarray analysis in
7 primary breast tumor tissues, 10 metastatic samples,
and 4 normal tissnes obtained immediately after surgical
resection. ATDC was under-expressed with average 5.13-
fold difference in primary tumors and with average 5.44-
fold difference in metastatic tumors. Underexpression of
ATDC in prostate cancer has been also reported [15]. Ernst
et al. examined ATDC expression using DNA microarray
analysis in 17 primary prostate cancer tissues and 9 normal
adjacent tissues obtained immediately after surgical resec-
tion. ATDC was under-expressed with average 5.4-fold dif-
ference in prostate cancer tissues. They further confirmed
underexpression of ATDC by real-time PCR assay using
a part of the satne samples. In the present study, we exam-
ined 6 breast cancer cell lines and found that one cell line
did not express detectable ATDC mRNA. Nacht et al
reported that ATDC was more than 100-fold under-ex-
pressed in one metastatic breast cancer sample [14]. These
resnlts suggest that some of breast cancers express no
ATDC mRNA or express ATDC mRNA at extremely
low levels, which might have relevance to their malignant
phenotype.

Brzosk et al. reported that 4TDC was localized to cyto-
plasmic filaments [8]. Transformation affects the cytoskele-
tal organization, including actin and vimentin [21]. It has
been reported that actin gene is a transcriptional target
of p53, and that Ras induces actin rearrangement [22,23].

Muitiple transcripts observed in Fig. 1A consisted chief-
ly of 3.0, 2.4, and 1.6 kbp mRNA. We previously reported
the presence of at least eight sizes of mRINA (0.8, 1.6, 1.8,
2.4, 2.6, 3.4, 3.4, and 4.7 kbp) [10]. Because ATDC is pres-
ent as a single copy gene [1], these multiple transcripts are
due to alternative processing and/or multiple 5’ and 3’
ends. Tauchi et al. cloned 2.4kbp transcript of ATDC
using Fela cell cDNA library and reported that the
2.4 kbp transcript is untranslated because it has a stop

—2656—



Y. Hosoi et al. | Biochemical and Biophysical Research Communications 348 (2006) 728-734 733

A B
g E

10 u Ei1o0d

PN Z

g 1 3 3

g 1 £
& &

1 1

0 0

C D104

v

2 2 ]

g g

z 2z d
G 3

& o
= =
& o

1=

0

Days
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codon located 33 bp in front of the first methionine [24],
On the other hand, a variant transcript of ATDC (tripartite
motif-containing 29, TRIM29) has been reported, which
has an additional exon at the end of the coding region of
the 3.0 kbp ATDC cDNA (GenBank, NM_058193). The
full-length nature of ATDC/TRIMZ29 has not been
described yet, and it is still unknown whether the 65 kDa
protein is only the functional ATDC protein.

ATDC may be related to both carcinogenesis and radi-
ation sensitivity through its cytoskeletal organization and/
or its role in regulation of PKC. However, detailed biolog-
ical functions of ATDC are not well known, and further
examination is required for their elucidation.
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Abstract. Fsophageal cancer tissues and adjacent normal
mucosae jn 13 patients with primary esophageal cancer were
examined for quantitative differences in DNA-dependent
protein kinase (DNA-PK) activity and for expressions of
Ku70, Ku80 and DNA-PKcs proteins by Western blotting and
immunohistochemistry. The tumor tissues showed higher
DNA-PK activity than the normal mucosae. Protein levels of
Ku70, KuB0 and DNA-PXcs correlated with DNA-PK
activities in the tamor tissues. Immunohistochemical analysis
revealed that Ku70, Ku80 and DNA-PKcs located pre-
dominantly in the nuclei in both the tumor tissues and
normal mucoesae. In the normal epithelium, Ku70, Ku80 and
DNA-PKcs were expressed only in the nuclei of the basal
cell layers and not in those of the Inumenal cell layers. In the
tumor tissues, the expressions of DNA-PK proleins showed
intratumoral heterogeneity. The different portions in the same
tumor showed different expression levels of DNA-PK proteins,
and even each tumor cell showed different expression levels.
These results suggest that cell differentiation and tumor
progression affect cellular DNA-PK protein levels and its
activity. Furthermore, the intratumoral heterogeneity of
DNA-PK protein expression in esophageal cancer cells/
tissues also suggests the difficulty in prediction of radio- or
chemo-sensitivity of the tumor through estimation of DNA-PK
activity/protein levels in tumor specimens.

Introduction

DNA-dependent protein kinase (DNA-PK) is a nuclear
protein with serine/threonine kinase activity and it composed

Correspondence to: Dr Yoshio Hosoi, Department of Radiation
Research, Faculty of Medicine, University of Tokyo, 7-3-1 Hongo,
Bunkyoku, Tokyo 113-0033, Japan

E-mail: hosoi@m.u-tokyo.ac.jp

Key words: DNA-dependent protein kinase, esophageal cancer,
Ku70, KuB0, DNA-PKcs

of the catalytic subunit of DNA-PK (DNA-PXcs) and a
heterodimer of Ku70 and Ku80 (1). DNA-PK plays a crucial
role in the repair of DNA double-strand breaks (DSBs) induced
by ionizing radiation and chemotherapeutic agents (1). Cells
lacking DNA-PK activity because of defects in the DNA-PK
components show hypersensitivity to ionizing radiation and
chemotherapeutic agents (2-6).

There have been many reports on the examination whether
DNA-PK activity correlates with radiation sensitivity and
whether it can be a parameter indicating the sensitivity to
radiotherapy and/or chemotherapy. Suppression of DNA-PK
activity by a phosphatidylinositol 3-kinase inhibitor wort-
mannin, antisense Ku70/DNA-PKcs, or small inhibitory RNA
for DNA-PKcs sensitized cells to ionizing radiation (7-10).
Polischouk ef al reported that levels of DNA-PK activity
associate with the proficiency in rejoining of DNA double-
strand breaks (11). These results indicate that levels of DNA-
PK activity correlates with cellular sensitivity to ionizing
radiation in the cells under the same genetic background.
Relationship between radiation sensitivity and DNA-PK
activity/protein levels under different genetic backgrounds
has been investigated in cultured cell lines or tissue specimens
obtained from patients with cancer (11-20). The results
reported were contradictory and it is still unclear whether
DNA-PX can be a parameter indicating radiation sensitivity
under different genetic backgrounds.

To predict curability of the tamor after radiotherapy or
chemotherapy, the sensitivities in both tumor tissue and
adjacent normal tissue should be assessed. We previously
examined the DNA-PK activities in tumor tissues and adjacent
normal tissues in patient with colorectal cancer and found
that the tumor tissues showed higher DNA-PK activity than
the adjacent normal tissues in 11 out of 12 patients, which
suggests poor curability of the tumors after radiation therapy
alone under the condition that the DNA-PK activity correlates
with radiation sensitivity (21). In the present study, we
examined DNA-PK activities and protein levels of the tumor
tissues and the adjacent normal mucosae in patients with
esophageal cancer by the standard kinase activity assay,
Western blotting and immunohistochemistry. The results
revealed that DNA-PK activity was higher in esophageal
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Table I. Characteristics of the patients,

TONOTSUKA et al: HETEROGENEIC EXPRESSION OF DNA-PK IN ESOPHAGEAL CANCER

Patient No. Sex

Position® Histology® Differentiation pTNME®
1 M Lt 5CC Poorly differentiated m
2 ¥ Mt SCC Well differentiated 1
3 F Mt scc Poorly differentiated I
4 M Ce SCC Poorly differentiated m
5 M Mt SCC Meoderately differentiated I
6 M Mt SCC Well differentiated m
7 F Lt Undifferentiated Undifferentiated OB
8 F Lt SCC Moderately differentiated 1B
9 M Mt Basaloid - 1t
10 F Mt SCC Well differentiated I
11 M Lt SCC Poorly differentiated A
12 M Ae SCC Poorly differentiated 1B
13 M Mt sCC Poorly differentiated 1

aCe, cervigal esophagus; Mt, middle thoracic esophagus; Lt, lower thoracic esophagus; Ae, abdominal esophagus. ®SCC, squamous cell carcinoma;
undiffrentiated, Undifferentiated carcinoma (smali cell type); basaloid, basaloidcarcinoma. “pTINM, pathological stage grouping according to TNM

classification,

cancer tissues than in the normal mucosae and that the levels
of DNA-PK proteins correlated with the DNA-PK activity.
Expressions of DNA-PK proteins in tumor tissues were found
to be heterogeneons, which suggests the difficulty in prediction
of radio- or chemo-sensitivity of the tumors thorough the
examination of DNA-PK activity/protein levels in tumor
specimens of esophageal cancer,

Materials and methods

Tissue specimens. All esophageal tumors and adjacent normal
tissues were obtained at the time of surgery at Tohoku
University Hospital from 1999 to 2000. Informed consent was
received from all patients. The patients received neither radio-
therapy nor chemotherapy before surgery. Characteristics of |
the patients are shown in Table I,

Cells, LM217 is an SV40 transformed human fibrobiast cell
line derived from HS27 (22). L.M217 was used as control in
measurement of DNA-PK activity and Western blotting.

Whole-cell and tissue extracts. Whole-cell extracts and tissue
extracts were prepared by a modification of the methods of
Finnie ef al and Dignam et al (23,24). The samples were
washed twice with Tris-buffered saline [2 mM Tris (pH 7.2),
150 mM NaCl], homogenized using a hand-operated homo-
genizer (Eppendorf, Hamburg, Germany), then suspended in
100 gl of a low-salt buffer [10 mM HEPES (pH 7.2), 25 mM
KCl, 10 mM NaCl, 1.1 mM MgCl,, 1 mM EDTA, 1 mM
EGTA, 1 mM PMSF, 1 mM DTT, 1 pg/ml pepstatin, 1 pg/ml
leupeptin, 1 yg/ml antipain], and then frozen in liquid nitrogen
and thawed at 30°C three times. After a 60-min incubation at
4°C, the suspension was adjusted to 0.4-M KCl by adding
3.5 M KCl, incubated for 30 min at 4°C, and centrifuged for
10 min at 15,000 rpm. The supernatant was designated as the
whole-cell extract (23). Protein concentrations were determined
with the Bio-Rad protein assay (Bio-Rad, Hercules, CA}.

DNA-PK activity. DNA-PK activity was assayed as previously
described, with a synthetic peptide (EPPLSQEAFAD
LWEKX) (7). The whole-cell or tissue extracts were incubated
in 20 pl of kinase buffer [20 mM HEPES-NaOH (pH 7.2),
100 mM KCl, 5 mM MgCl,, 1 mM DTT, 0.5 mM NaF, 0.5 mM
B-glycerophosphate, 0.2 mM ATP, 10 pCi/mi [y-?P]ATP in
the presence of 0.01 mg/m! sonicated salmon sperm DNA and
0.5 mg/ml substrate peptide] at 37°C for 15 min. The final
protein concentration in the reaction mixture was 37.5 ug/ml.
The reactions were stopped by the addition of 20 ul of 30%
acetic acid and the mixtures were spotted onto P81 paper disks
(Whatman International Ltd., Maidstone, UK). The disks
were washed 4 times in 15% acetic acid. Radioactivity in the
paper disks was measured in a liquid scintiliation counter.

Western blotting. Whole cell extracts or tissue extracts were
lysed in the electrophoresis sample buffer [62.5 mM Tris
(pH 6.8), 2% SDS, 5% glycerol, 0.003% bromophenol blue,
1% B-mercaptoethanol] and boiled for 5 min. The lysate was
resolved by electrophoresis using a gradient gel (Daiichi Pure
Chemicals Co., Ltd., Tokyo, Japan), and was electrophore-
tically transferred:to polyvinylidene difluoride membranes
(Bio-Rad). The membranes were then proved with anti-Ku70
antibody, anti-Ku80 antibody, anti-DNA-PKcs antibody Ab-4
{Cocktail) (NeoMarkers, Fremont, CA) or Anti-GAPDH anti-
body (Trevigen, Inc., Gaithersburg, MD). The anti-Ku70 and
anti-Ku80 antibodies used were raised in our laboratory as
previously reported (19). The antigen-antibody complexes
were detected by the ECL Plus™ Western blotting detection
reagents (Amersham Pharmacia Biotech Inc., Piscataway, NI),
with horseradish peroxidase-conjugated antibodies. The images
were analyzed with the Scion Image Beta 4.02 Win software
(Scion Corporation, Frederick, MD) to quantify the densities of
bands corresponding to Ku70, Ku80, DNA-PKcs and GAPDH.

Immunohistochemistry for DNA-PK proteins. Formalin-fixed
and paraffin-embedded tissue specimens were deparaffinized,
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Figure 1. DNA-PX activities of tumor tissues and adjacent normal mucosae
in 13 patients with esophageal cancer. DNA-PK activities are expressed as
values relative to that of LM217, which is set to a value of 1. (A) Mean + SD
of DNA-PK activities of three different specimens of tumor tissues and
normal tissues in each patient, "P<0.05, (B) Average values of DNA-PK
activities of tumor tissues and normal tissues in 13 patients. Mean + SIJ,
‘P<0.05.

cut to 2-p sections, and stained by the labeled streptavidin
biotin (LSAB) technique. Briefly, the sections were incubated
with 3% hydrogen peroxide in methanol, and then incubated
with 1% bovine serum for 30 min for blocking. The sections
were incubated with primary antibody overnight at room
temperature, and incubated with biotinylated secondary anti-
body (Nichirei Biosciences Inc., Tokyo, Japan) for 30 min at
room temperature. Then, streptavidin/biotin complex was
applied for 30 min (Nichirei Biosciences Inc.), followed by a
30 min incubation in 3,3'-diaminobnzidine substrate, yielding
a brown reaction product. Sections were counterstained with
hematoxylin and mounted under a coverslip.

Evaluation. The intensity of staining in immunohistochemistry
was evaluated by the expression score reported by Rigas et al
(26). The intensity of staining was rated according to the
following scale: 2 = intense brown staining, 1 = light brown
staining, 0 = no staining. In each sample, the percentage of
cells expressing each protein was determined. To obtain a
numerical assessment of the expression of each protein, we
calculated the multiple of the intensity of staining by the
percentage of cells expressing a protein for each sample. In
tumnor tissues, we assessed the expression score at the growing
edge of the carcinoma, which is defined as the invasive tip,
because tumor growth largely depends on the proliferative
kinetics at the invasive tip (27). In normal tissues, the
expression score was assessed at the normal mucosae. Each
expression score was expressed as mean =+ SD) of three scores
evaluated at the three different fields in the invasive tip or in
normal mucosae respectively with original magnification of
x400.

Sratistics. Homogeneity of variance was tested by the F-test.
When variance was homogeneous, Student's t-test was used.
When variance was heterogencous, Welch's test was used.
For analysis of correlation coefficient, the distributions of
variables were tested first. When variables were normally
distributed, Peason's correlation coefficient test was used.
When variables were not normally distributed, Spearman's
rank correlation coefficient test was used. Differences were
considered to be statistically significant at P<0.05.
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Figure 2. Expression of DNA-PK proteins in normal mucosae and tumor
tissues. (A) Western blot analysis for Ku70, Ku8(, DNA-PKcs and GAPDH
in the extracts prepared from tumor tissues (T} and normal mucosze (N)
obtained from patients No. 2,4, 6,7 and 12. {B-D) Relative protein levels of
Ku70, Ku80 and DNA-PKes in the 5 patients, Histograms represent the
scanning densitometric analysis of Western blots. Each value is normalized
for GAPDH and expressed as a value relative to that of LM217, which is set
to a value of 1. Mean + SD of the data from three different tissue extracts
used in the measurement of DNA-PK activity. (E) Average values of Ku70,
Ku80 and DNA-PKcs protein levels of tumor tissues and normal tissues in
the 3 patieats. Mean  SD, "P<0.05.

Results

DNA-PK activity of tumor tissues and normal mucosae. We
examined DNA-PK activities of tumor tissues and adjacent
normal mucosae in 13 patients with esophageal cancer. In 5
patients, DNA-PK activity was significantly higher in the
tumor tissue compared with the normal mucosa (Fig. 1A).
Average value of the DNA-PK activities of the tumor tissues
in the 13 patients was significantly higher than that of the
normal mucosae (Fig. 1B).

Expression of DNA-FPK proteins in tumor tissues and normal
mucosae. Next, we examined DNA-PK protein levels by
Western blotting in order to investigate whether the variety
of DNA-PK activities observed in tumor tissues and normal
mucosae depended on the DNA-PK protein levels, For the
Western blotting, we used the same fissue extracts as used in
the assessments of DNA-PK activity. Western blotting was
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conducted using the tissue extracts from the 5 patients
whose had enough tissue extracts for the Western blot
analysis (Fig. 2A). In 2 out of the 5 patients, levels of Ku70,
Ku80 and DNA-PKcs proteins were significantly higher in the
tumor tissue compared with the normal mucosae (Fig. 2B-D).
Average value of Ku70 protein levels in the 5 patients was
significantly higher in the tumor tissue (Fig. 2E). Significant
correlation was observed between DNA-PK activity and
protein levels of Ku70, Kug0 and DNA-PKcs in tumor tissues
of the 5 patients (Table IIB). Ku70 and KuB0 protein levels
correlated with DNA-PKcs protein level in the tamor tissues
(Table IIB). Ku70 protein level correlated with Ku80 protein
level in the normal tissues (Table I1A).

Immunohistochemical analysis in normal mucosae. Esophageal
epithelium consists of non-keratinized stratified squamous
cells as shown in Fig. 3A. Stainings for Ku70, Ku80 and
DNA-PKcs were predominantly nuclear and they showed a
similar pattern (Fig. 3B-E). In the epithelium, Ku70, Ku80
and DNA-PKcs were expressed exclusively in the nuclei of the
basal cell layers and not in those of the lumenal cell layers
(Fig. 3B-D). The DNA-PK proteins were expressed in almost
all the nuclei in the middle-basal cell layers of the epithelium,
whereas they were not expressed in some nuclei in the most
basal cell layers (Fig. 3B-12). In lamina propria and muscularis
mucosa, the DNA-PK proteins were expressed in about half
of the nuclei (Fig. 3B-D).

Immunohistochemical analysis in tumor tissues. In tumor
tissues, stainings for Ku70, Ku80 and DNA-PKcs were also
predominantly nuclear and they showed a similar pattern in
each tumor (Figs. 4 and 5). The intensity of staining was
heterogeneous in the tumor tissues (Figs. 4B-D and 3B-D).
The different portions in the same tumor showed different
expression levels of DNA-PK proteins, and even each tumor
cell showed different expression levels (Figs. 4F-H and SF-H).
These heterogeneic staining pattemns of the DNA-PX proteins
could be observed in all the tumors examined.

A semi-quantitative assessment of DNA-PK proteins. To
assess the expression of DNA-PK proteins semi-gantitatively
in immunohistochemical examination, the intensity of
staining was evaluated by the expression score described in
Materials and methods. The expression score was significantly
higher in the tumor tissue than in the normal mucosa in 7
patients for Ku70, 4 patients for Ku80 and 6 patients for
DNA-PKcs (Fig. 6A-C). In 2 patients, the expression score
for DNA-PKcs was lower in the tumor tissue than in the
normal mucosa (Fig. 6C). The average values of expression
scores for Ku70 and Ku80 in 13 patients were significantly
higher in the tumor tissue than in the normal mucosa (Fig. 6D).

Discussion

Prediction of radio- and chemo-sensitivity of normal and tumor
tissues before the treatment will provide crucial information
to find the best treatment method for each patient with
cancer, In most of the celis, cell survival after X-irradiation
depends on the yield of DNA DSBs and the repair of them.
Neon-homologous end-joining (NHEJ) and homologous

TONOTSUKA et 2l; HETERQGENEIC EXPRESSION OF DNA-PK IN ESOPHAGEAL CANCER

Table II. Correlation coefficient.

A, Correlation coefficients in normal tissues

Ku70¢ Ku80 DNA-PKcs
P CC P CcC P cC
DNA-PK 0323 0491 0258 -0550 0975 0975
activity
Kua70 - - 0.0401 0.816 0725 0.157
Kud0 0.041 0816 - - 0544 0271
DNA-PKcs 0725 0157 0544 0.271 - -
B, Correlation coefficients in tumor tissues
Ku70 Ku80 DNA-PKcs
P cC P CcC P CcC
DNA-PK  0.0476 0.832 0.00580 0937 00100 0.917
activity
Ku70 - - 0.101 0.728 0.000285 0,986
Ku80 0.101 0.728 - - 0.000284 0986

DNA-PKcs 0.000285 0.986 0.0002834 0.986 - -

CC, correlation coefficient. Bold values indicating P<0.05.

recombination (HR) are the two major repair mechanisms for
DSBs, and NHEJ plays the most important role in
mammalian cells (28). Radiation sensitivity can be possibly
predicted through the quantitative evaluation of DNA-PK as a
key enzyme for NHEJ because DNA-PK activity has relevance
to cellular sensitivity to ionizing radiation and DNA-PK protein
levels correlate with DNA-PK activity (7-11). In the present
study, the immuno-histochemical analysis revealed the
intratumoral heterogeneity of DNA-PK protein expression
(Figs. 4 and 5). The different portions in the same tumor
showed different expression levels of DNA-PK proteins, and
even each tumor cell showed different expression levels (FFigs.
4 and 5). This heterogeneous expression of DNA-PX proteins
in esophageal cancer tissues suggests the difficulty in
prediction of curability of the tumors after radiotherapy or
chemotherapy through evaluation of DNA-PK protein levels
in the tumor specimens because the curability will reflect the
DNA-PK protein levels in the cells that express DNA-PK
most abundantly in the tumor under the condition that
radiation sensitivity correlates with DNA-PK activity.

In the present study, DNA-PK activity correlated with
protein levels of Ku70, Ku80 and DNA-PKcs, and protein
levels of Ku70 and KuB0 correlated with the levels of DNA-
PKcs in tumor tissues (Table 1I). These results correspond with
previous reports (16,18,20,21). Promoter regions of Ku70,
Ku80 and DNA-PKcs contain consensus Spl recognition
elements and therefore these genes are supposed to be regulated
by the same transcriptional factor, Spl (21,29,30).
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Figure 3. The expression of DNA-PK proteins in esophageat mucosae from
patient No. 7. (A) Staining with hematoxylin and eosin. (B) Immuznostaining
for Ku70. (C) Immunostaining for Ku80. (2) Immunostaining for DNA-PKcs.
Original magnification x100.

Figure 4. The expression of DNA-PK proteins in esophageal cancer tissues
from patient No. 7. (A and E) Staining with hematoxylin and eosin. {B and F}
Immunostaining for Ku70. (C and G) Immunostaining for Ku80. (D and H}
Immunostaining for DNA-PKes. Original magnification x16 (A-I}} and
x400 (E-H).
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Figure 5. The expression of DNA-PK proteins in esophageal cancer tissues
from patient No. 13. (A and E) Staining with hematoxylin and eosin. (B and F)
Immunostaining for Ku70. (C and G} Immunostaining for Ku80. (D and H)
Immunostaining for DNA-PKcs. Original magnification x16 (A-D} and
x400 (E-H).

Spl biding sites are located in the promoter regions of a
number of growth-regulated genes including insulin-like
growth factor-binding protein 2 and vascular/endothelial
growth factor (31,32). Suppression of Spl by dominant
negative Spl and Spl-site-decoy oligonucleotides induces
cell growth arrest (32,33). These results suggest involvement
of Spl in growth-regulation. In the present study, DNA-PK
proteins were highly expressed in the nuclei of the basal cell
layers of the normal epithelium and were not expressed in
luminal cell layers (Fig. 3), which may reflect the growth of the
stem cells located in the basal cell layers and the growth arrest
of the differentiated cells in the luminal cell layers.

In the present study, the different portions in the same
tumor showed different expression levels of DNA-PK proteins,
and even each tumor cell showed different expression
levels (Figs. 4 and 5). In esophageal cancer, intratumoral
heterogeneity has been reported in expressions of many
proteins includeing transcription factor Ets-1, cyclin B1,
cyclin D1, retinoblastoma protein, cyclooxygenase-2, GAGE,
NY-ESO-1, MAGE-A, 83X, E-cadherin and a-catein (34-40).
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Figure 6. The expression of DNA-PK proteins in normal mucosae and tumor
tissues estimated by the expression score. The expression score is the
product of the intensity of expression multiplied by tie percentage of cell
expressing a given protein, and it assesses numerically the expression of
each protein. Details are described in Materials and methods. (A and C)
Expression scores for Ku70, Ku80 and DNA-PKcs in patients No. 1-13,
respectively, Mean & SD of three expression scores. (D) Average values of
the expression scores in the 13 patients. Mean + SD, "P<0.05.

It has been reported that esophageal cancer is genetically
heterogeneous and it consists of various sub-clones with
different status of p33 gene as a result of tumor progression
{41-43). This genetic heterogeneity in esophageal cancer may
underlie the heterogeneous expression of the proteins
mentioned above and that of DNA-PK proteins as reported in
this study. Furthermore, the coantribution of increased Spl
activity to tumor progression has been reported (33).
Upregnlation of Spl in the process of tumor progression may
increase the DNA-PK activity/protein levels of the tumor cells,
as shown in Figs. 1, 2 and 6, and cause the acquisition of radio-
resistant phenotype.

In summary, DNA-PK activity was higher in the esophageal
tumor tissues compared with the adjacent normal mucosae,
and DNA-PK. protein levels correlated with DNA-PK activity.
Expression of DNA-PX proteins showed intratumoral hetero-
geneity in esophageal cancer tissues, making difficult the
prediction of curability of the tumors after radiotherapy or
chemotherapy by estimation of DNA-PK activity/protein levels
in tumor specimens.
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and Aneuploidy in Human Cells
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Abstract

The Rad51-like proteins, Rad51B, Rad51C, Rad51D, XRCC2,
and XRCC3, have been shown to form twe distinet complexes
and seem to assist Rad51 in the eaerly stages of homologous
recombination. Although these proteins share sequence
similarity with Rad51, they de not show functional rednndancy.
Among them, Rad51D is uniqne in that the gene maps to the
human chromosome 14q23-24, the region frequently involved
in balanced chromosome fransloeations in benign tumors
particilarly in uterine leiomyomas. Despite accumulating
deseriptive evidence of altered Rad51B fonction in these
tumors, the biological significance of this aberration is still
upknown. To assess the significance of reduced RadS1R
function, we deleted the gene in the hnman colon cancer cell
line HCT116 by gene targeting. Here, we show that haploin-
sufficiency of EADSIB causes mild hypersensitivity to DNA-
damaging agents, a mild reduction in sister chromatid
exchange, impaired Rad51 focus formation, and an increase
in chromosome aberrations. Remarkably, haploinsufficiency
of RAD5IB leads to centrosome fragmentation and aneuploidy.
In addition, an ~ 50% redoction in RADSIB mRNA levels by
RNA interference also leads to centrosome fragmentation in
the haman fibrosarcoma cell line HT1080. These findings
suggest that the proper biallelic expression of RADSIB is
required for the maintenance of chromosome integrity in
human cells. (Cancer Res 2006; 66(12): 6018-24)

Intreduction

The centrosorne is the primary microtubule-organizing center in
vertebrate cells and forms the poles of the mitotic spindles that
facilitate chromosome segregation (1). A direct link between
centrosome abnormalities and chromosome instability has been
suggested by the significant correlation between centrosome
amplification and aneuploidy in human cancers (2, 3). Inactivation
of tumor suppressor genes or amplification of oncogenes also
induces centrosome amplification and aneuploidy in mammals
(4-7). Such correlations have led to the hypothesis that centrosome
amplification plays a causal role in chromosome instability.

DNA double-strand breaks (DSB) are repaired either by
nonhomologous end joining or homeologous recombination (8, 9).
Rad5l promotes homologous DNA pairing and strand exchange,
thereby playing a central role in the early stages of hemologous
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recombination (10). Defects in homologous recombination repair
have been shown to cause centrosome abnormalities. An increase
in the number of centrosomes has been ohserved in rodent and
chicken cells deficient in BRCA1, BRCA2, Mrell, XRCC2, XRCC3,
Rad5l, or Rad51D (6, 11-15). It shonld be noted that the increases
in centrosome numbers in cells deficient in BRCA1, BRCA2, Mrell,
or Rad5l have resulted from centrosome amplification, whereas
such increases in cells deficient in other proteins have resulted
from centrosome fragmentation. Consequently, the frequency of
aneuploidy has been found to be increased in rodent cells deficient
in BRCA1l, BRCAZ, XRCC2, or XRCC3. It has been reported
that BRCA1 is localized at the centrosome (16). In addition,
ataxia-telangiectasia mutated (ATM) is involved in centrosome
amplification in Rad5l-deficient DT40 celis (14). Despite these
cbservations, the primary canses for these aberrations have not
been fully characterized.

Rad51B (Rad51L1), a member of the Rad51 paralogue famnily,
plays a role in homologous recombination in concert with Rad51
and other Rad51 paralogues by directly associating with Rad51C
{17-19). Additionally, biochernical evidence that Rad51B binds to
the Holliday junction has suggested that the protein may play a role
in the late phase of homologous recombination (20). Consistent
with this finding, Rad51C or Rad51C-associated proteins have been
proposed to be components of Holliday junction resolvase (21),
although there is not yet any direct evidence that Rad51B is
involved in the resolution of recombination intermediates. Cellnlar
functions of Rad51B have been investigated in chicken DT40 cells.
Hypersensitivity to DNA-damaging agents, decreases in sister
chromatid exchange (SCE) and gene targeting, impaired damage-
dependent Rad5] focus formation, and an increase in chromosome
aherrations have heen observed in RAD5IB ™~ DT40 cells (22).
Although Chinese hamster ovary (CHO) cells have been used for
the functional analysis of XRCC2, XRCC3, and Rad51C, CHO cells
deficient in Rad51B have not been available thus far. RAD5IB™~
mice die in the early embryonic stages, suggesting that Rad51B
plays a role in development {23).

An interesting feature of Rad51B in cancer genetics is that the
gene maps to the chromosome break point in some benign trnors
that harbor balanced chromosome translocations involving 14q23-
24 {24). The involverment of Rad51B in benign tumors was first
found in uterine leiomyomas harboring a balanced chromosome
translocation between chromosomes 12 and 14 with the high
mobility groap protein HMGA2 (HMGIC) as the partner {25, 26).
Chimeric transcripts encoding either RAD5ILI/HMGAZ2 or HMGA2/
RAD51L1 have been found in some uterine leiomyomas (25, 27, 28).
In psendo-Meigs' syndrome, which is characterized by uterine
leiormyomas, ascites, and pleural effusion, a combination of the
HMGA2/RADSILI fusion and a loss of the second BADSILI allele
were observed {29). In addition, RAD51B is involved in other types
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of balanced chromosome translecations in pulmonary chondroid
hamartomas (30) and thymomas (31). These studies indicate that
at least one allele of RAD51B is altered in some benign tumers, but
the key pathologic event is stll unclear. For this reason, the
elucidation of the significance of RAD51B haploineufficiency has
been awaited.

To investigate the putative role of Rad51B in hurnan cells, we
sequentially knocked out the gene by gene targeting in the human
colon cancer cell line HCT116. Here, we show that haploinsuffi-
ciency of RADSIB leads to a defect in homologons recombination
repair a5 well as to centrosome fragmentation and increased
aneuploidy. A reduction in RAD5IE levels by RNA interference
(RNAi) also leads to centrosome fragmentation in the human
fibrogsarcoma cell line HT1080. Thus, a loss of the proper biallelic
expression of RADSIB leads to chromosome instability by
preventing centrosome integrity in human tumor celis.

Materials and Methods

Targeted inactivation of the RAD5SIB gene. Targeting vectors were
designed to insert promoterless drug resistance genes in exon 2 in the
frame. A 22-kb 5 hemolegy arm was amplified from the isogenic DNA of
HCT116 cells using the primers 5-TAAGGCAGAAATGGCAGA-3' and 5-
TATCGATGTTTCTTGCTACCCAT-3. A 1.6-kb 3" homology arm was
amplified using the primers 5-ATAGCTAAAGAGCTGTGTGACCG-3 and
5.TACTAGTATGAGCGCTACACTTG-3. Both arms were cloned into pCR2.1
(Invitrogen, Carlsbad, CA) by the TA cloning method. The 3° arm was cut
out with Spel digestion and subcloned into the vector containing the 5" arm.

Neomycin, hygromycin, and blasticidin resistance genes were inserted into
the Clal site of the vector containing homology arms, Gene targeting in
HCT116 was done as described previously (32).

Ectopic expression of the RAD518 ¢DNA. The human #AD5TE cDNA
was amplified from eDNA derived from normal human cells using the
primers 5-CGCGGGGAAACTGTGTAAA-3 and 5-GGCAAGATGAA-
CAGGTTTGC-3, The cDNA was cloned into pCR21, and the sequence
was confirmed. The expression vector was designed to insert the RAD518
cDNA under the control of the murine sarcoma vinus enhancer and the
mouse mammary tumor virus promoter. The transfected cells were selected
in the presence of 900 pg/mL Zeocin (Invitrogen).

Growth rate and sensitivity to DNA-damaging agents. To measure
growth rate, the cells were plated at a density of 10° per 60-mm dish and
cultured. The cells were counted on the days indicated. To measure
sensitivity to DNA damage, the cells were iradiated with a *°Co source or
treated with mitomycin C (MMC; Kyowa Hakko, Tokyo, Japan} in sus-
pension for 10 minutes and plated at a density of 2 X 10° per 60-mm
dish. After 7 days of culturing. the colonies of wild-type (WT) cells were
counted. Becawse knockout and complemented cells grew more slowly
than WT cells, we factored growth rate into the counting of colonies;
the colonies of these cells were further cultured and counted after 9 to
10 days.

SCE and gene targeting. The frequency of SCEs was measured
essentially as described previously (32). Wild-type cells were cultured in
16 pmol/L 5-bromodeoxyuridine for 32 hours. Because the mutant showed
slow growth, RADSIB™™/*/" and the cDNA-expressing cells were cultured
in the agent for 40 and 36 hours, respectively. To examine MMC-induced
SCE, the cells were incubated in the presence of 0.8 pg/mL MMC for 8 hours.
The gene-targeting frequency was examined using RAD54B-fyp and
RADSIC-pur vectors (32).
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Antibodies. We used commercially available antibodies to Rad51 from
Oncogene Research (San Diego, CA} and to y-tubulic and B-tubulin from
Sigma {St. Louis, MO},

Immunostaining. The cells were cultured on glass slides, fixed in ice-
cold methanol for 10 minutes, washed in PBS, and blocked in fetal bovine
serum for 15 minutes. Rad51 focus formation was examined as described
previously (33). The cells were either nontreated or irradiated with 8 Gy and
stained at 2.5 hours after irradiation with anti-Rad51 antibody. The cells
were also treated with 0.8 pg/mL MMC for 1 hour and stained at 2 hours
after treatment Centrosomes were detected by anti-y-tubulin antibody.
Microtubules were detected by anti-B-tubulin sntibody. The cells were
counterstained with 4'6-diamidino-2-phenylindole.

Fluorescence in site hybridization analysis. Chromosome-specific
centromere probes were obtained from Vysis {Downers Grove, IL).
Hybridization was done according to the manufacturers protocol.

Small interfering RNA transfection. To knock down Rad51B in stably
transformed cells, a DNA fragment fanked by the BamiI and HindIl sites
containing the sense target sequence (5-AGCACAAAGGTCTGCTGAT-3),
the hairpin loop sequence (5-TTCAAGAGA-3), and the antisense target
sequence was synthesized and inserted info pBAsi-hUS Neo (Takara, Otsu,
Japan). Similarly, the control sequence (5-TAGCGACTAAACACATCAA-3)
was used to construct the vector used for a negative control. Transfected
cells were selected in the presence of 400 pg/mib G418.

Real-time reverse branscription-PCR. Total RNA was extracted from
cytoplasm (34). Totai RNA (500 ng) was reverse transcribed in a total of 20
KL reaction mixture. Real-time PCR was carried out with the ABI Prism 7700
sequence detection system {Applied Biosystems, Foster City, CA) in & 20-piL
reaction volume containing 1 pL cDNA using SYBR Green (Qiagen, Valencia,
Ca) for the detection of PCR products, The PCR primers were as follows:
RAD5IB, 5-CAGTGTGAATACCCGGCIGA-S and 5-CITGATGGTGTAGA-
CAAATGAGGTG-3" and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 5-GCACCGTCAAGGCTGAGAAC-3' and 5-ATGGTGGTGAA-
GACGCCAGT-3. The expression level of the RADSIB gene was evaluated
as the ratio of its mRNA to that of GAPDH mRNA.

Results

Rad51B is required for gene targeting. The RAD51E gene was
sequentially knocked onf by gene targeting in the HCT116 cell line
(Fig. 14). Southern blot analysis revealed that this cell line harbors
four RADSIB alleles (Fig. 1B8). Rad51B-null cells were not generated
because the targeting frequencies in the triple knockout cells were
extremely low. The effect of the triple knockout on gene targeting
was examined at two independent loci (32). The frequency at the
RAD54B locus was 6.1% (25 of 407) in WT cells, whereas it was 1.4%
(2 of 141) in RAD5IB” /" cells. Similarly, the frequencies at
the RADS5IC locus were 0.3% {12 of 3,985) in WT cells and 0%
{0 of 1,436) in RADSIBY ™/~ cells. These differences were
statistically significant (P < 0.05, Fisher’s exact test). In addition,
the frequencies in RADSIBY*'~~ cells were 5.6% (4 of 72) at the
RAD54B locus and 033% (4 of 1,216) at the RADSIC locus,
indicating a difference in gene-targeting frequency between
BADSIB/~'~ and RADSIB™~"~~ cells. This finding suggests
that Rad51B is required for gene targeting in human cells; thus, the
present results are in accord with those of a previous report using
chicken DT40 cells {(22). Northern blot analysic confirmed that the
expression levels correlated well with the targeting events; the level
of Rad51B in BAD5IBY ™" cells was approximately one fourth
that of the WT cells (Fig. 1C). The level of Rad51B by ectopic
expression was almost identical to that in WT cells. We then
investigated Rad51B function using the RADSIBY~""" cell line.

Growth and sensitivity to DNA-damaging agents of rad51b-
mutant cells. The red51b-mutant cells grew at 2 slightly slower
rate than the WT cells, with a doubling time of 21 hours versus 16
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Figure 2. Growth and sensitivity to DNA damage of rad57b-mutant cells.
A, growth curves. B, sensitivity to y-irradiation. G, sensitivity to MMC. Points,
mean of three independont experiments; bars, SD.

hours (Fig. 24). We next examined the sensitivity of rad51b-mutant
cells to DNA damage by measuring their ability to form colonies
following exposure to DNA-damaging agents. The rad51b-mutant
exhibited mild hypersensitivity to vy-irradiation {2-fold; Fig. 2B).
The mutant cells also exhibited mild hypersensitivity to the DNA
interstrand cross-linking agent MMC (25-fold; Fig. 2C). The
expression of the transfected ¢cDNA partially complemented this
phenotype. Thus, the present findings suggest that Rad51B plays a
role in DNA DSB repair.
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Rad51B is involved in SCE. Lower levels of SCE have been
found in cells deficient in homologous recombination repair (35).
In the present study, the frequencies of spontanecus SCEs were
43 & 1.8 (mean  SD} in WT cells {(n = 131) and 3.4 + 1.5 in
rad51b-mutant cells (» = 116; Fig. 34). Despite a small frequency
reduction in the mutant cells, this difference was statistically
significant (P < 0001, Mann-Whitney U test). The frequencies of
MMC-induced SCFs were 8.3 £ 3.9 in WT cells (7 = 98) and 6.7 %
36 in mutant cells (7 = 120). This difference was also statistically
significant (P < 0.001). The expression of the RAD5IB cDNA
inereased the frequencies of SCEs to the WT levels, These findings
suggest that Rad51B is involved in homologous recombination by
using sister chromatids.

RADS5IB haploinsufficiency impairs Rad5] focus formation.
DNA damage induces the formation of Rad51 foci in the nuelens
(33). A decrease in Rad51 focus formation has been observed in
cells deficient in genes that are involved in the early stages of
homologous recombination in concert with Rad51 (36-38). We
therefore examined damage-dependent focus formation of Rad51
in the rad5Ib-mutant cells {Fig. 38). Because many cells contained
one to five foci even in the absence of DNA damage, a eell
containing more than five foci was scored as positive. The
percentage of positive cells after irradiation was 737 * 51%
(mean + SD) among WT cells, 64.7 + 4.7% among RADSIB*/~/~
cells, and 50.7 + 59% among RAD51B" /"~ cells (Fig. 3C). The
expression of RAD5IB in RADSIEY™™~ cells increased the
percentage to 73 & 4.6%. Similarly, the percentage of positive cells

after MMC treatment was 64.7 + 14% among WT cells, 46 *+
8.1% amang RADSIB™*"~ gells, and 37.3 * 14% among
RAD5IB=~/~ eglls (Fig. 3C). The expression of RAD5IB in
RADSIE~~/~ gells increased the percentage to 60.7 + 3%. These
findings suggest that Rad51B is required for the recrnitment of
Rad51 to damaged sites in the nucleus.

Rad531B is required for chremosome stability. Because a
defect in homologous recombination has been shown te promote
chromosome aberrations (39), we did chremoseme analysis by
preparing metaphase spreads in the presence of colcemid.
Spontaneous chromatid-type and chromosome-type aberrations,
including gaps, breaks, and exchanges, were significantly (8-fold}
increased in rad5Ib-mutant celis (Fig. 3D). This chromosome
damage was reduced by the expression of the RAD5IB cDNA.
These findings suggest that Rad51B is required for the maintenance
of chromoseme stability in human cells,

RAD51B haploinsufficiency leads to centrosome fragmenta-
tion, We next examined centrosome aberrations by immunostain-
ing +vy-tubulin because centrosome fragmentation has been
ohserved in other mutant cells deficient in XRCC2, XRCC3, or
Rad5ID (13, 15). In the rad5Ib mutant, cells with multiple
centrosomes were more frequently observed (Fig. 44 and B). The
presence of smaller centrosome-like structures indicated that these
numerous ghnormalities were caused by centrosome fragmenta-
Hon rather than by centrosome amplification. The frequency of
aberrant mumbers of interface centrosomes (more than two) was
5% in WT cells, whereas it was 11.5% in BADSIB™~/~ cells and
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