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Results for association of eight CT
features with two prognostic factors
are summarized in Table 2. Statistical
analysis was performed to examine
associations with lymphatic invasion
in 143 cases and pleural invasion in
51 cases; none of the resected tumors
were found by using pathologic ex-
amination to have vascular invasion.
Statistical analysis for examining the
association with pleural invasion was
performed only for those tumors that
were juxtapleural in location. None of
the eight CT features were found to
be of use in examination of presence

of lymphatic invasion. Univariate and
multiple logistic regression analyses
revealed that percentage of solid vol-
ume of 63% or greater was of sig-
nificant use in examination of pres-
ence of pleural invasion (odds. ratio,
6.03 [95% confidence interval: 1.58,
22.98]; P = .01).

Relationship with Recurrence and
Survival

During a 7-year follow-up period, 22
patients experienced disease recur-
rence, and there were seven associ-
ated cancer-related deaths. All cases
of recurrence and death occurred
in patients with tumors classified as

part-solid GGN (n = 6) or solid (n =
16); none occurred in patients with
tumors classified as GGN.

Results for relationship of eight
CT features with disease-free survival
and overall survival are summarized in
Table 3. Multiple analyses showed that
percentage of solid volume of 63% or
greater was a significant indicator for
lower disease-free survival (P < .001).
Both univariate and multiple analyses
showed that solid volume of 1.5 cm?
or greater and three-dimensional per-
centage of solid of 63% or greater
were significant (P < .05) indicators
for lower overall survival. Figures 4
and 5 show the lower disease-free and
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overall survival for patients with solid
volume of 1.5 cm?® or greater (7-year
disease-free survival and overall sur-
vival rates, 58.6% and 85.1%, respec-
tively) and percentage of solid volume
of 63% or greater (7-year disease-free
survival and overall survival rates,
60.1% and 86.3%, respectively) com-
pared with patients with solid volume
less than 1.5 cm? (7-year disease-free
survival and overall survival rates,
92.4% and 98.0%, respectively; P =
.013) and percentage of solid volume
of less than 63% (7-year disease-free
survival and overall survival rates,

96.3% and 98.9%, respectively; P =
.01).

Table 4 shows quantitative mea-
surements, types of resection per-
formed, and sites of recurrence in 22
patients with recurrence and death.
Of the eight smallest tumors that were
less than 15.5 mm in longest diameter,
six tumors (75%) had solid volume of
less than 1.5 cm?® and one (13%) had
percent solid volume of less than 63%.
A 27-mm part-solid tumor that result-
ed in patient death had multiple foci of
solid components with measured solid
volume of 2.77 cm? and percentage of

solid volume of 29.8% (Fig 6). Ten pa-
tients with recurrent disease present-
ed with a solitary lung metastasis that
(based upon either biopsy or resection
findings) was confirmed to be adeno-
carcinoma. Only one nodule recurred
in the primary tumor lobe of a patient
who had undergone segmentectomy;
the remaining nine nodules recurred
in a nonprimary tumor lobe and were
clinically judged to more likely repre-
sent metastatic disease than metachro-
nous primaries based on temporal evo-
lution as documented on postoperative
surveillance imaging studies.
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Figure 4:  Kaplan-Meier survival curves show that patients with solid tumor volume of 1.5 cm? or greater had a significantly lower probability of (a) disease-free (P
< .001) and (b) overall survival (P = .015) than patients with solid tumor volume less than 1.5 cm?®,

_Figure5
100 F=5 100 F—=
s..i. } l—_l
[ o8 | i’_,’
1]
. B ¥ 0, b 3%
% [N %Solid < 63% sl | ol 63
= - N=88 ~ 4
< L e H
i = H
B “5 = e4r
S 80 H = LI
B H = 1
5 i s 92} }
@ 1 = i
- @S F e ———— 1
§ 70 F “}L — 90} ;
« i & i
2 - S g8 i
& i e} i H
g 6ot by solids 63% i 9%Solid 2 63%
a by 86 5 N=57
t 3 L
i
50 | ] H 1 b e ¥ bbb il s 84 |y H 1 x 1 1 4 i
0 2 4 6 8 10 12 14 o 2 4 6 8 10 12 14
Time (year) Time (year)

a

b.

Figure 5:  Kaplan-Meier survival curves show that patients with percentage of solid tumor volume of 63% or greater had a significantly lower probability of (a)
disease-free (P < .001) and (b) overall survival (P = .010) than patients with percentage of solid tumor volume of less than 63%.

Discussion

Clinical algorithms for optimal manage-
ment of adenocarcinomas that manifest
as subsolid nodules by using CT imaging
remain an area of active controversy. In
two guidelines recently published by the
Fleischner Society (6) and American

College of Chest Physicians (22), there
was disagreement as to whether total
diameter or diameter of only the solid
component of a part-solid GGN should
be used as the predictive feature that
determines triage into alternate man-
agement pathways. A more fundamen-
tal controversy is whether solid tumor

components visualized by using CT im-
aging should be measured on mediasti-
nal or lung windows (23).

In our study, we used a volumetric
automated computer-assisted method
to analyze early-stage adenocarcinomas
and link the analytic output, including
volumetric measurements, to prognostic
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factors and outcome measures. By us-
ing our custom software, automatic
classification of nodules had excellent
agreement with visual classification by
radiologists; pure GGNs classified visu-
ally and by using software were asso-
ciated with excellent prognosis with no
recurrences or death observed. The uni-
formly excellent prognosis of pure GGNs
after resection has been reported by
several groups (24-26), and we are un-
aware of any cases of recurrence, even
when nodules less than 3 cm of pure
ground-glass composition are eventually
found at pathologic examination to have
invasive components (26).

Accurate segmentation of pulmo-
nary nodules with or without ground-
glass component is a challenging
problem (27-31). In general, nodule
segmentation is performed by using a

combination of watershed and shape-
analysis techniques; however, because
these methods are edge-based, they
cannot accurately delineate GGNs that
typically share blurred margins with the
surrounding lung parenchyma. Tan et al
(31) have developed a probability-based
method for segmentation of ground-
glass nodules by using a Markov ran-
dom model. By using this technique,
the average overlap between computer
and manual results for six nodules that
contain ground-glass components was
60%. Kim et al (32) demonstrated that
volumetric analysis was applicable for
volume and mass measurement (12) of
both pure and part-solid GGNs without
measurement variation. In our study,
we elected to segment nodules by us-
ing the mean FWHM of multiple den-
sity profile curves found by using CT

imaging, drawn through the center of
each tumor, with recognition that this
would be an imperfect but reproducible
technique that likely underestimates
the extent of peripheral ground glass
in some cases of part-solid GGNs. In-
corporation of a three-dimensional line
filter in our software also allowed for
the elimination of both contiguous and
intralesional vessels that may artificial-
ly increase the calculated total tumor
or solid tumor volume measurements,
respectively.

Similar to previous studies (4,33-
35), we found that for stage I adenocar-
cinoma, measurement of total tumor
was associated less with prognostic
factors and outcome than it was with
measurements of the solid component.
In our study, percentage of solid vol-
ume of 63% or greater was associated

Radiology: Volume 272: Number 2—August 2014 = radiology.rsna.org

565




THORACIC IMAGING: Prognostic Importance of Volumetric Measurements in Stage | Lung Adenocarcinoma

Yanagawa et al

Figure 6:  Thin-section CT image of a 27-mm
nodule with multiple foci of solid components in a
65-year-old man who eventually died of recurrent
disease. Volumetric measurements were total tumor
volume, 9.31 cm?; solid tumor volume, 2.77 cm?,
and percentage of solid tumor volume, 29.8%.

‘with the presence of pleural invasion;
none of the four volumetric measure-
ments were found to be associated
with lymphatic or vascular invasion.
This latter finding is discordant with
results reported by Tsutani et al (33),
who found that in 502 patients with
clinical stage IA adenocarcinoma, solid
tumor diameter was predictive of pleu-
ral, as well as of vascular and lymphatic

invasion. Difference in results may be

related to differences in the enrolled
patient populations because our study
included patients with pathologic stage
I adenocarcinoma without lymph node
metastases, and who therefore had a
correspondingly lower prevalence of
lymphatic invasion, vascular invasion,
and pleural invasion compared with the
population studied by Tsutani et al.

By using our volumetric automated
computer-assisted analytic program,
we found two volumetric measure-
ments, solid volume of 1.5 cm® or
greater and percentage of solid volume
of 63% or greater, to be independent
indicators associated with recurrence
and/or death in patients with stage I
adenocarcinoma. These results are con-
sistent with those of previous studies
that also reported that features found

by using CT imaging, such as maxi-
mum diameter of the solid component
(4,33) and ratio of maximum diameter
of solid to ground-glass components ex-
ceeding 50% (2,36), can be associated
with tumor recurrence after surgery. In
our study, the two volumetric measure-
ments were complementary, and used
in combination they correctly identi-
fied 21 of 22 (95%) recurrent tumors.
However, none of our evaluated two-di-
mensional measurements were found at
multivariate analysis to be independent
indicators associated with outcome;
this lack of statistically significant re-
sults at multivariate analysis likely re-
flects the high degree of correlation be-
tween two-dimensional and volumetric
variables and suggests that of the two
quantitative sets, volumetric measure-
ments may serve as better indicators
associated with outcome. Compared
with two-dimensional analysis that typ-
ically consists of tumor measurements
on one or two images, volumetric
analysis enables a more comprehensive
and representative evaluation that may
be particularly important for adenocar-
cinomas that have multiple foci of solid
components.

Our study had several limitations.
The study was retrospective in nature,
and the relatively small number of en-
rolled patients may have resulted in
inadequate statistical power to detect
some CT features associated with prog-
nosis. Results found in our study that
had no statistically significant differ-
ences may have been caused by a true
lack of differences or by the small sam-
ple size. Prospective studies with larger
sample sizes will be needed to validate
our results. Segmentation of subsolid
nodules by using our custom software
was imperfect with underestimation of
the extent of peripheral ground glass.
Given that ground glass is known to
correspond to the lepidic noninvasive
component of tumor, we chose not to
perform manual edits so as to avoid
the introduction of observer variabil-
ity. Computer analysis of nodules was
performed by only one operator who
was required to select a tumor center
point and draw an over-inclusive region
of interest around the nodule before

automated volumetric measurements
could be performed. Ideally, the inclu-
sion of one or more additional opera-
tors would have allowed for assessment
of the reproducibility of the computer-
generated volumetric measurements.
Finally, inconsistency in the types of
operations may have negatively affected
outcomes in some patients who under-
went sublobar resection; there are cur-
rently two ongoing randomized trials in
Japan and North America to address
whether segmentectomy can replace lo-
bectomy as standard treatment (1).

In conclusion, our results demon-
strated that two volumetric measure-
ments (solid volume of =1.5 cm? and
percentage of solid volume of =63%)
are independent and complementary
indicators associated with recurrence
and/or death in patients with stage I
adenocarcinoma. These results may
have implications for determination of
the optimal management of subsolid
nodules.
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Wilms’ Tumor Gene WT17 Promotes Homologous
Recombination-Mediated DNA Damage Repair
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The Wilms' tumor gene WTT1 is overexpressed in leukemia and various types of solid tumors and plays an oncogenic role
in these malignancies. Alternative splicing at two sites yields four major isoforms, 17AA(+)KTS(+), 17AA(H)KTS(-),
17AA(=)KTS(+), and 17AA(—-)KTS(-), and all the isoforms are expressed in the malignancies. However, among the four
isoforms, function of WT1[17AA(=)KTS(+)] isoform still remains undetermined. In the present study, we showed that
forced expression of WT1[17AA(-)KTS(+)] isoform significantly inhibited  apoptosis by DNA-damaging agents such as
Doxorubicin, Mitomycin, Camptothesisn, and Bleomycin in immortalized fibroblast MRC5SV and cervical cancer Hela
cells. Knockdown of Rad51, an essential factor for homologous recombination (HR)-mediated DNA repair canceled the
resistance to Doxorubicin induced by WT1[17AA(=)KTS(+)] isoform. GFP recombination assay showed that WT1
[17AA(=)KTS(+)] isoform alone promoted HR, but that three other WT1 isoforms did not. WT1[17AA(=)KTS(+)] isoform
significantly upregulated the expression of HR genes, XRCC2, Rad51D, and Rad54. Knockdown of XRCC2, Rad51D,
and Rad54 inhibited the HR activity and canceled resistance to Doxorubicin in MRC5SV cells with forced expression of
WT1[17AA(=)KTS(+)] isoform. Furthermore, chromatin immunoprecipitation (ChIP) assay showed the binding of
WT1[17AA(—)KTS(+)] isoform protein to promoters of XRCC2 and Rad57D. Immunohistochemical study showed that
Rad54 and XRCC2 proteins were highly expressed in the majority of non-small-cell lung cancer (NSCLC) and gastric
cancer, and that expression of these two proteins was significantly correlated with that of WT1 protein in NSCLCs. Our
results presented here showed that WT1[17AA(—)KTS(+)] isoform had a function to promote HR-mediated DNA repair.
© 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Malignant tumors are one of the leading causes of
death and a major public health problem in devel-
oped countries. Despite recent advances in diagnostic
tools and therapeutic modalities, prognosis still
remains unsatisfactory for patients with advanced
diseases, and even in early-stage patients, recurrence
occurs after chemotherapy in a significant portion.
Resistance of tumor cells to chemotherapeutic drugs,
chemoresistance is the primary cause of failure in
chemotherapeutic treatment for most tumors and is
induced by multiple mechanisms, including abnor-
mal membrane receptor transport, enhanced inacti-
vation of drug metabolite, in particular, increased
DNA damage repair, and alterations in the apoptosis
pathways. Since functions of many chemotherapeutic
agents are primarily induction of cell death through
DNA damage, it is important to understand the
mechanisms by which tumor cells acquire resistance
to DNA damage for overcoming chemoresistance [1].

© 2014 WILEY PERIODICALS, INC.

The WT1 gene encodes a protein with four zinc
fingers and is alternatively spliced at two sites (17AA
site in exon 5 and KTS site in exon 9), which yields
four major isoforms 17AA(—)/KTS(—) (WTA), 17AA-
(+)/KTS(=) (WTB), 17AA(-)/KTS(+) (WTC), and
17AA(+H)/KTS(+) (WTD). WT1(KTS-) isoforms have
been well characterized as a transcriptional factor that
is involved in transcriptional regulation of many
genes, for example, such as PDGF-A chain (2], IGF-
IT [3], IGF-IR [4], Amphiregulin [5], and SRPK1 [6].
While WT1 (KTS+) isoform have been implicated in
mRNA metabolism including regulation of splicing
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based on the findings that WT1(KTS+) protein was
associated with splicing factors in the nucleus (7] and
that WT1(KTS+) protein directly bound to IGF-2 exon
2 RNA and the normal subnuclear localization of WT1
protein was RNase, but not DNase, sensitive [8].

The WT1 gene was originally isolated as a tumor
suppressor gene responsible for Wilms’ tumor, a
neoplasm of the childhood [9]. However, many
research groups are nowadays convinced that the
WT1 gene plays an oncogenic role rather than a tumor
suppressor based on the following findings: (a) the
wild-type WT1 gene is overexpressed in human
leukemia [10] and a wide variety of solid tumors
suchaslung [11], colon [12], breast [13,14], gastric [15],
head and neck [16] and pancreatic cancer [17],
astrocytic tumors [18], bone and soft-tissue sarcoma
[19], and melanoma [16,20] and higher expression
levels of WT1 mRNA correlated with poor prognosis
in leukemia [10], breast cancer [14], and soft-tissue
sarcoma [21]; (b) growth of WT1-expressing leukemia
and solid tumor cells was inhibited by suppression of
WT1 expression [18,22,23]; (c) proliferation of 32D clI3
myeloid progenitor [24] and normal myeloid cells [25]
with differentiation block was induced by constitutive
expression of WTD isoform in response to granulocyte
colony-stimulating factor (G-CSF); and (d) WTA
isoform induced cytoskeletal changes and promoted
in vitro invasion through modulation of expression of
actin binding proteins [26], and WTB and WTD
isoforms stabilized the mitochondrial membrane
potential and inhibited apoptosis induced by DNA
damaging agents such as doxorubicin and etoposidein
leukemia [27] and solid tumor cells [28]. Furthermore,
WT1 that could directly be transactivated by HIF-1 [29]
supports tumor formation through promotion of
angiogenesis by transcriptional upregulation of
VEGF [30] and enhancement of proliferation and
migration of endothelial cells [31]. Moreover, WTB
isoform could render tumor cells escape from immun-
nosurveillance by transcriptional upregulation of
CD95L in T-leukemic cells [32]. All of the four WT1
isoforms were expressed in leukemia [27,33] and solid
tumors, including lung cancer [11] and sarcoma [19],
which allowed us to assume orchestrated oncogenic
functions of these four WT1 isoforms. However,
among the four WT1 isoforms, the precise function
of WTC isoform still remains undetermined.

In the present study, we demonstrate for the first
time that among the four WT1 isoforms, WTC isoform
alone promotes homologous recombination (HR)-
mediated DNA damage repair through upregulation
of HR genes such as XRCCZ2, Rad51D, and Rad54.

MATERIALS AND METHODS

Cells and Cell Culture

MRCS5SV-pDRGFP and HeLa-pDRGFP cells were
cultured in DMEM supplemented with 10% FBS
containing 1pg/mL of puromycin [34,35]. At the
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initiation of the present study, the cell lines were
authenticated by STR analysis. MRC5SV pDR-GFP
cells (WTA-MRC, WTB-MRC, WTC-MRC, WTD-MRC,
and Mock-MRC) with forced expression of one each of
four WT1 isoforms (WTA, WTB, WTC, and WTD) or
empty vector pcDNA3.1+ (Invitrogen, Carlsbad, CA)
were established. HeLa-pDR-GFP cells (WTC-HeLa
and Mock-HeLa) with forced expression of WTC
isoform or empty vector pcDNA3.1+4+ were also
established. These cells were cultured in Dulbecco’s
modified essential medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) containing 1 ng/
mL of puromycin and 700 pg/mL of G418.

Reagents

Doxorubicin (DOX), Camptothesin (CPT), and
Bleomycin (BLEO) were purchased from Sigma-
Aldrich (St Louis, MO). Mitomycin (MMC) were
purchased from Nacalai Tesque (Kyoto, Japan).

Tissue Samples

Tumor tissues were obtained with informed con-
sent at Osaka University Hospital from 44 non-small
cell lung cancer and 15 gastric cancer patients. For
double-stain immunohistochemistry of non-small
cell lung cancer, tissue microarray was purchased
from Super Bio Chips (Seoul, Korea).

SiRNA and Transfection

siRNA targeting Rad51, XRCC2, and RadS51D
(siRad51, siXRCC2, and siRad51D, respectively)
(Santa Cruz Biotechnology, Santa Cruz, CA) and
control siRNA targeting Luciferase (siLuc) (Doujindo
laboratories, Kumamoto, Japan) were used for knock-
down of these genes. siRNA (2 ug) was transfected into
1 x 10°cells using lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions.

Western Blot Analysis

Proteins were separated by SDS-PAGE and transferred
to Immobilon polyvinylidene difluoride membrane
(Millipore Corp., Bedford, MA). After blocking of non-
specific binding, the membranes were incubated with a
first antibody, followed by incubation with the
corresponding second antibody conjugated with alka-
line phosphatase, and visualized using BCIP/NBT kit
(Nacalai Tesque). WT'1 antibody (6F-H2) was purchased
from Dako Cytometry (Glostrup, Denmark). Anti-
bodies for Rad51 (sc-53428), XRCC2 (N-20, sc-5895),
Rad51D (C-16, 5c-33090), Rad54 (sc5849), and Rad52
(s¢8350) were purchased from Santa Cruz Biotechnol-
ogy. Antibody for GAPDH (MAB374) was purchased
from Millipore Corp. and antibodies for FEN1 and
Mus81 were purchased from Abcam (Cambridge, UK).
They were used as primary antibodies.

Analysis of Apoptosis by Flowcytometry

To assess apoptotic cells, 1 x 10° cells were washed
with PBS, and stained with Annexin V- fluorescein
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isothiocyanate (FITC) and propidium iodide (PI) at
room temperature for 15Smin in the dark using
MEBCYTO Apoptosis Kit (Medical and Biological
Laboratories Co., Ltd, Aichi, Japan) according to the
manufacturer’s instructions. Then, the stained cells
were analyzed by FACSort flowcytometer (Becton
Dickinson, San Jose, CA). Frequencies (%) of Annexin
V-positive apoptotic cells were shown as those of
Annexin V-positivie cells to the total cells examined.

Analysis of Cell Cycle Distribution by Flowcytometry

To assess cell cycle distribution, 1 x 10° cells were
harvested, washed once with PBS, resuspended in
100 pL of ice-cooled PBS followed by adding 1 mL of
ice-cooled 80% ethanol with pipetting, and fixed at
—20°C overnight. After incubation at room tempera-
ture for 10min, cells were resuspended in 400 pL of
PBS containing Sug/mL of propidium iodide (PI,
Nacalai Tesque, Kyoto, Japan) and 200 pg/mL of
RNase A (Nacalai Tesque) and incubated at 37°C for
30min in the dark. Flowcytometry was performed on
a FACS Calibur (Beckton Dickinson), and cell cycle
distribution was analyzed using Mod Fit ver.2
software (Verity Software Home, Topsham, ME).

Immunofluorescence Study

Cells were placed onto glass slides by cytospin. After
fixation with 4% paraformaldehyde in PBS for 15 min
on ice, the cells were twice treated with 1% Triton-X
in PBS for 5 min, followed by treatment with metha-
nol for 10min. After blocking with PBS containing
0.5% BSA for 30 min, the cells were stained with anti-
Ser-139-phosphorylated H2AX (yH2AX) antibody
(2F3, Biolegend 613402) at 1:100 dilution overnight,
followed by Alexa Fluor 488-conjugated secondary
antibody (Life Technologies, Carlsbad, CA) at 1:500
dilution for 2h. The cells were washed, counter-
stained with 4V, 6V diamidino-2-phenylindole
(DAPI), and mounted with Prolong anti-fade reagent
(Life Technologies). The number of nuclei containing
more than five yH2AX foci in more than 400 nuclei
was counted using fluorescence microscopy BZX-700
(Keyence, Osaka, Japan). :

GFP Recombination Assay

HR frequency was measured by using pDR-GFP
vector as a substrate of HR [35]. pDR-GFP vector was
composed of two differentially mutated GFP genes
oriented as direct repeats. The upstream GFP was
mutated to contain the recognition site for I-Sce I
restriction enzyme and two in-frame stop codons,
which terminated translation and inactivated the
protein (SceGFP). Downstream sequence of the
SceGFP was a 5’ and 3'-truncated GFP gene, internal
GFP (iGFP). Homologous sequences in the two
mutated GFP genes were separated by 3.7 kb. pCBAS
vector encoding restriction enzyme I-Sce I (10 pg) was
introduced into MRCS5 SV and Hela cells transduced
with pDR-GFP vector (MRCS SV pDR-GFP and Hela
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PDR-GFP cells) (6 x 10°cells) by electroporation at
220V and 650 pFD to generate DNA DSB at the [-Scel
restriction site within SceGFP sequence. After 72 h of
culture, GFP expression in these cells, which indicated
the HR-mediated DNA repair at the I-Scel site from the
iGFP gene on the same chromatid or sister chromatid,
was analysed by flowcytometry.

Real-Time RT-PCR

Total RNA was isolated using Trizol (Invitrogen)
and reverse transcribed using murine Moloney
leukemia virus (M-MLV) reverse transcriptase (Prom-
ega, Madison, WI) accoding to the manufacturer’s
instructions. To measure the mRNA expression levels
of HR genes, real-time PCR was performed for 40
cycles (95°C for 10 s and annealing temperature (60°C
for Rad51, Rad51B, Rad51C, XRCC2, XRCC3, and
Rad54, 58°C for BRCA2 and GAPDH, and 62°C for
Rad51D and BRCA1) for 30s) using GoTaq qPCR
Master Mix (Promega) on Chrome 4 system (Bio-Rad
Laboratories, Hercules, CA). Sequences of primer pairs
were as follows. Rad51 forward primer: 5'-tga gct ttc
agc cag gca ga-3/, Rad51 reverse primer: 5'-cca ctt gag
cta cca cct ga-3', Rad51B forward primer: 5'-cgg ctt atg
gga taa aag ca-3', Rad51B reverse primer: 5'-ctt cgt cca
aag cag aaa gg-3', Rad51C forward primer: 5'-gca tac
cca ggg ctt cat aa-3’, Rad51C reverse primer: 5'-aaa ctg
ctt cac ctg cca ct-3/, Rad51D forward primer: 5'-aag gga
ggg tat gac ctg ct-3/, Rad51D reverse primer: 5'-ggt aca
gct gge agg aag ag-3/, BRCA1 forward primer: 5'-ctg ctt
gaa gtc tce ctt gg-3/, BRCA1 reverse primer: S'-act ctg
tgc ttc cag ccc ta-3/, BRCA2 forward primer: 5'-agc tct
tca ccc tge aaa aa-3', BRCA2 reverse primer: 5'-cca atg
cct cgt aac aac ct-3/, XRCC2 forward primer: 5’-acc cag
gca gta cca ttc ag -3', XRCC2 reverse primer: 5'-gtt cat
gtc ctt tge cca ct-3', XRCC3 forward primer: 5'-act gtg
ccc cac aaa act tc-3/, XRCC3 reverse primer: 5'-gac cct
cct tee tet caa cc-3/, Rad54 forward primer: 5'-gaa gcg
agc caa ggt tgt ag-3/, Rad54 reverse primer: 5'-cca tgg
ctt gtt cat cat tg-3/, GAPDH forward primer: 5'-gcc aaa
agg gtc atc atc tc-3', and GAPDH reverse primer: 5'-gta
gag gca ggg atg atg ttc-3'. Distilled water was used as a
negative control for every PCR run. Verification of
real-time RT-PCR amplicons was performed using
melting curve  analysis. Expression levels of the
individual genes in K562 leukemia cells were defined
as 1.0. To normalize the difference in RNA loading for
RT-PCRinindividual samples, the expression levels of
the genes divided by those of GAPDH gene were
defined as relative expression levels of the genes.

Chromatin Immunoprecipitation (ChIP) Assay

MRCSSV cells with forced expression of WTC
isoform (WTC-MRC cells) (2 x 10° cells) were treated
with 1% formaldehyde in 1 mL of medium for 5min
at room temperature to cross-link DNA binding
proteins to genome DNA and cross-linking was
stopped by the addition of 100 uL of 1.5M glycine.
After wash with PBS containing 2% FBS, the cells were
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resuspended in 200 pL of SDS lysis buffer [SOmM Tris-
HCIpH8.0, 10 mM EDTA pH8.0, 1% SDS, 1 mM PMSF,
1 uM aprotinin]. The cell suspension was 15 times
sonicated on ice for 15s each at output and duty
parameters of 2 and continuous, respectively, with a
UD-201 ultrasonic disruptor (TOMY, Tokyo, Japan) to
produce genome DNA fragments with an average
length of 200-600bp. After centrifugation, the
supernatant was transferred to a new tube, diluted
with 1.8 mL of ice-cold ChIP dilution buffer (50 mM
Tris-HCl pHS8.0, 167mM NacCl, 1.1% TritonX-100,
0.11% sodium deoxycholate, 1mM PMSF, 1pM
aprotinin), and precleared with protein G-agarose
beads at 4°C for 2h. After removal of beads by brief
centrifugation, the chromatin solution was divided
into three new tubes and immunoprecipitated with
3 g of each of protein G-agarose beads-bound anti-
WT1 C-19 antibody (Santa Cruz Biotechnology), anti-
acetylated Histone3 antibody (AcH3 Ab, Upstate,
#06-599), non-immune rabbit IgG (Dako) at 4°C
overnight. The immune complex was eluted with
100 pL of elution buffer (10mM Tris-HCl pHS.0,
300mM NaCl, SmM EDTA pH8.0, 0.5% SDS), and
formaldehyde cross-linking was reversed by heating
at 65°C for 4h. Genomic DNA was purified, resolved
in 20 uL of distilled water and analyzed by quantita-
tive real-time PCR. Real-time PCR was performed for
40 cycles (95°C for 10s and annealing temperature
60°C for 30s) using GoTaq gqPCR Master Mix
(Promega, Madison, WI) on Chrome 4 system (Bio-
Rad Laboratories, Hercules, CA). Fold enrichment
relative to non-immune IgG was calculated for WT1-
and AcH3-immunoprecipitated samples by delta Ct
method: Fold enrichment= 2*[(Ct-IgG) — (Ct-WT1)
or (Ct-AcH3)]. The PCR primers were as follows.
XRCC2-promoter X1-X2 forward primer: 5'-atg ctg
gca ccc tct gee ac-3/, XRCC2-promoter X1-X2 reverse
primer: 5’-gag gag aga cct cgt atg tta t-3/, RadS1D-
promoter R1 forward primer: 5'-gat ctc aaa atg cct gac
acc t-3’, Rad51D-promoter R1 reverse primer: 5'-gcc
tta gct tct acg gac aaa g-3', RadS1D-promoter R2
forward primer: 5-cac aca tga tct ctg ctc tca g-3/,
Rad51D-promoter R2 reverse primer: 5'- gaa act gag gtt
cag tga ggt t-3’, Rad51D-promoter R3 forward primer:
5'-gtg tgt gtt cta tat aac caa gg-3', Rad51D-promoter R3
reverse primer: 5-cac aca ggt ctc gaa cta ctg-3/,
Rad51D-promoter R4 forward primer: 5'-cag tag ttc
gag acc tgt gtg-3’, RadS1D-promoter R4 reverse
primer: 5'- gtg aga tct cag ctt tgc agc-3/, RadS1D-
promoter RS forward primer: 5'-gcc tgt gtc ctc tct agg
aag-3’, and Rad51D-promoter RS reverse primer: 5'-cct
gag aag ctg gat cat ctc-3'.

Immunohistochemistry

Formalin-fixed tissue sections were cut from each
paraffin-block. After dewaxing and rehydration, the
sections were antigen retrieved using Target Retrieval
solution (pH9.0) (Dako Cytometry) and reacted with
the first antibody at 1:100 dilution at 4°C overnight
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and then reacted with Dako Envision kit/HRP (Dako
Cytometry) at room temperature for 30 min. After
treatment with 3% H,O, solution to reduce endoge-
nous peroxidase activity, immunoreactive WTI,
XRCC2, and Rad54 proteins were visualized using
Diaminobenzidine (DAB). The sections were then
counterstained with hematoxyline. The intensity of
stain in tumor cells was scored as positive (increased
staining in tumor cells compared to that in normal
cells) or negative (less or negative staining in tumor
cells) by a pathologist. Rad54 antibody (ab10705) and
XRCC2Z antibody were purchased from Abcam and
Millipore, respectively. Non-immune rabbit immu-
noglobulin (Dako Cytometry) was used as negative
control for nonspecific staining.

Double staining of WT1 and one each of Rad54,
XRCC2, and Rad51 was performed by the method of
Lan et al. [36] with modifications. After antigen
retrieval described above, the sections were reacted
with one each of Rad54 (ab10705, Abcam, at 1:200
dilution), XRCC2 (ab58466, Abcam, at 1:200 dilution),
and Rad51 (ab88572, Abcam, at 1:165 dilution) anti-
bodies at 4°C overnight and then reacted with Dako
Envision kit/HRP (Dako Cytometry) at room tempera-
ture for 30 min. Rad54, XRCC2, and Rad51 proteins
were visualized in brown color using Diaminobenzi-
dine (DAB). Next, to block crossreactivity to Rads4,
XRCC2, and Rad351 antibody, the sections were
incubated in Target Retrieval solution (pH9.0) (Dako
Cytometry) at 98°C for 10 min. After wash with water
and 0.1% Tween-20 in PBS, the sections were reacted
with anti-WT1 6F-H2 antibody at 1:100 dilution at 4°C
overnight and then reacted with EnVision G/2 System
A/P, Rabbit/Mouse (Permanent Red) (Dako Cytome-
try). After treatment with 3% H,O, solution to reduce
endogenous peroxidase activity, WT1 protein was
visualized in red color. The sections were then
counterstained with hematoxyline.

Statistical Analysis

The statistical significance in a difference between
arithmetical means of test groups was assessed
by unpaired f or Kruskal-Wallis test. After Kruskal-
Wallis test, Scheffe’s F test was used as a post hoc
test. Correlation between HR gene protein and
WT1 protein expression in tumor cells was analyzed
by using Spearman’s rank correlation coefficient
test.

RESULTS

WTC Isoform Inhibits DNA-Damaging Agent-Induced
Apoptosis

Each of the four WT1 isoforms is considered to have
different functions. The functions of three WT1
isoforms (WTA, WTB, and WTD) other than WTC
isoform had been reported so far, but precise function
of WTCisoform remained undetermined. To examine
whether or not WTC isoform induced resistance to
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chemotherapeutic.  agents, WT1l-non-expressing
MRCS SV pDR-GFP fibroblastic cells (MRC cells), in
which homologous recombination (HR)-mediated
DNA repair was detectable as a GFP expression, were
stably transduced with WTC isoform (WTC-MRC) or
control vector pcDNA3.1(+) (Mock-MRC), treated
with one each of four DNA-damaging agents, DOX,
CPT, MMC, and Bleo for 24h, and analysed for
apoptosis. Flowcytometric analysis showed that
DOX-, CPT-, MMC-, and Bleo-induced apoptosis
was significantly inhibited by 39.6, 38.0, 34.9, and
37.1%, respectively, in WTC-MRC cells, compared to
Mock-MRC cells (Figure 1A).

To confirm this phenomenon, Hela cells were
stably transduced with WTC isoform (WTC-HeLa) or
control vector pcDNA3.1+ (Mock-Hela), treated with
one each of the three DNA-damaging agents, DOX,
CPT, and MMC for 24 h, and analysed for apoptosis.
Flowcytometric analysis showed similar results that
DOX-, CPT-, and MMC-induced apoptosis was signif-
icantly inhibited by 53.6, 36.8, and 45.3%, respec-
tively, in WTC-HeLa cells, compared to Mock-HeLa
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cells (Figure 1B). These results indicated that WTC
isoform inhibited DNA-damaging agent-induced
apoptosis.

To examine the possibility that resistance to DNA-
damaging agents induced by forced expression of
WTC isoform was by the cell cycle regulation, cell
cycle distribution of WTC-MRC and Mock-MRC cells
was examined (Figure 1C). Flowcytometric analysis
showed that frequency of cells in S phase, which is the
target for most of DNA-damaging agents, slightly
decreased in WTC-MRC cells compared to Mock-MRC
cells, although it was not statistically significant
(P=0.06). Frequency of cells in G2/M phase signifi-
cantly increased in WTC-MRC cells compared to
Mock-MRC cells.

WTC Isoform Promotes Homologous Recombination-
Mediated DNA Damage Repair

One of the important mechanisms by which cancer
cells acquire the resistance to DNA-damaging chemo-
therapeutic agents is homologous recombination
(HR) that repairs DNA double strand break. Therefore,
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Figure 1. WTC isoform inhibits DNA-damaging agent-induced apoptosis. WTC-MRC and Mock-MRC (A), or WTC-
Hela and Mock-Hela (B) cells were treated with DOX (2 uM), CPT (10 wM), MMC (2 pg/mL), or BLEO (10 p.g/mL) for
24h and analysed for apoptosis by flowcytometry. Columns, means of frequencies (%) of Annexin V-positive
apoptotic cells; Bars, SE. Results were obtained from three independent experiments using three different cell clones.
(C) Cell cycle distribution of cells. Open and closed columns represent means of frequencies of cells in the indicated
phase of the cell cycle of Mock-MRC and WTC-MRC cells, respectively. Bars, SE. Results were obtained using three

different cell clones for each test group.
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whether or not the resistance to DNA-damaging
chemotherapeutic agents induced by WTC isoform
was involved in HR-mediated DNA repair was exam-
ined. siRNA that targeted an essential HR factor Rad51
or control siRNA was transfected into WIC-MRC and
WTC-HelLa cells (Figure 2A), and then, these cells were
treated with DOX for 24 h and analysed for apoptosis.
Flowcytometric analysis showed that knockdown of
Rad51 significantly canceled the resistance to DOX in
both WTC-MRC and WTC-HeLa cells (Figure 2A).
These results indicated that WTC isoform suppressed
DNA-damaging agents-induced apoptosis through
HR-mediated DNA damage repair.

To confirm that WTC promoted HR, pDR-GFP HR
reporter assay, in which HR-mediated DNA repair of
DNA double strand break (DSB) was detectable as
induction of GFP expression, was performed
(Figure 2B). MRC cells transduced with WTA, WTB,
WTC, WTD, or mock (Figure 2C) were transduced
with pCBAS vector coding restriction enzyme I-Sce I
to induce DNA DSB and cultured for 72 h, and then
HR-mediated expression of GFP was analysed by
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flowcytometry. The frequency of GFP-positive cells
was significantly higher in WTC-MRC cells compared
to WTA-, WTB-, WTD-, and Mock-MRC cells
(Figure 2B).

To examine the possibility that forced expression of
WTC induced DNA damages and as a result increased
activity of HR-mediated DNA damage repair in MRC
cells, frequency of yH2AX foci-positive cells was
analyzed in WTA-, WTB-, WTC-, WTD-, and Mock-
MRC cells. Immunofluorescence studies showed
that no significant difference was observed in fre-
quency of yH2AX foci-positive cells among these cells
(Figure 2D).

These results indicated that WTC isoform alone
promoted DNA DSB repair through promotion of HR.

WTC Isoform Upregulates Homologous Recombination
Genes

To examine the mechanism by which WTC isoform
promotes HR, expression of HR genes, such as RadS1,
Rad51B, Rad51C, Rad51D, XRCC2, XRCC3, BRCA1,
and BRCAZ2, which were involved in early steps of HR,
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control siRNA siRad5§

Rad51 |
GAPDH [

<0.
(%) p<0.01

=N
- o

3]

Annexin V-positive
apoptotic cells
-
L=1

0

siLuc siRad51

=
3

GAPDH

WID WTB WTC WTA
17AA(-)

17AA(+)

N
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S -t N W

Frequency of yH2AX foci-

positive cells (%)

Mock WTA WTB WTCWTD

Figure 2. WTC isoform promotes HR-mediated DNA damage repair. (A) Cells were transfected with siRNA
targeting Rad51 (siRad51) or control siRNA (siLuc) and then treated with DOX at the concentrations of 2 uM for 24 h,
Upper, Western blot showing knockdown of Rad5 1 protein by siRad5 1. Lower, Frequencies (%) of Annexin V-positive
apoptotic cells detected by flowcytometry. Columns, Means of frequencies of Annexin V-positive apoptotic cells. Bars
indicate SE. (B) Increase in frequencies of HR by forced expression of WTC isoform. pCBAS vector was introduced by
electroporation into MRC-pDR-GFP cells with forced expression of one each of WT1 isoforms or a mock gene to
generate DNA DSB. HR-mediated GFP expression was analysed by flowcytometry after 72 h of culture. Column,
Means of GFP- positive cells. Bars indicate SE. closed squares, WT1 isoform-transduced cells; open squares, control
pcDNA 3.1+ vector-transduced cells. Results were obtained from three independent experiments using three
different cell clones. (C) Representative results of Western blot analysis showing the expression of respective WT1
isoform protein. (D) Frequency of yH2AX foci-positive cells determined by immunofluorescence study. The number of
nuclei containing more than five yH2AX foci in more than 400 nuclei was counted. (B-D) WTA, WTB, WTC, WTD, and
Mock indicate WTA-, WTB-, WTC-, WTD-, and Mock-MRC cells, respectively.
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was examined by real-time RT-PCR in WTC-MRC and
Mock-MRC cells (Figure 3). Among the eight HR-
related genes, XRCC2 and Rad51D were significantly
higher in WTC-MRC cells at both mRNA and protein
expression levels, compared to Mock-MRC cells
(Figure 3A and B). It is known that XRCC2 and
Rad51D form a heterodimer and could play an
important role in loading of Rad51 onto single strand
DNA at the sites of DNA damage [37]. Therefore, the
role of XRCC2 and Rad51D in WTC isoform-induced
promotion of HR was examined. WTC-MRC cells were
transfected with the both of siRNAs targeting XRCC2
and Rad51D, and then pCBAS vector was transduced
into the cells two days later. Flowcytometric analysis
showed that HR-medjated expression of GFP was
significantly suppressed by simultaneous knockdown
of XRCC2 and Rad51D (Figure 3C and D). To confirm
the involvement of XRCC2 and Rad51D in resistance
to DOX induced by WTC, WTC-MRC cells were

treated with DOX for 24h two days after the
transfection with both of the siRNAs targeting
XRCC2 and Rad51D. Knockdown of both XRCC2
and RadS51D significantly canceled the resistance to
DOX in WTC-MRC cells (Figure 3D).

Next, to determine the effect of WTC on mid to late
processes of HR, expression of HR genes, such as
Rad52, Rad54, FEN1, and Mus81, which were in-
volved in mid to late processes of HR, was examined
by Western blot in WTC-MRC and Mock-MRC cells.
Among these four HR proteins, Rad54 protein was
highly expressed in WTC-MRC cells compared to
Mock-MRC cells (Figure 4A). However, significant
difference in mRNA expression levels of Rad54 was
not observed between WTC- and Mock-MRC cells
(Figure 4B).

To confirm the role of Rad54 in WTC isoform-
induced promotion of HR, WTC-MRC cells were
transfected with siRNA targeting Rad54, and then

A
Rad51 Rad51B Rad51C Rad51D XRCC2 XRCC3 BRCA1 BRCA2
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Figure 3. WTC upregulates expression of XRCC2 and Rad51D (early stage genes of HR). (A) Relative mRNA
expression levels of HR genes that were involved in early steps of HR were examined by real-time RT-PCR in WTC-
MRC and Mock-MRC cells. Expression levels of individual gene in K562 cells were defined as 1.0. (B) Western blot
showing increased expression of XRCC2 and Rad51D in cells with forced expression of WTC isoform. (C)
Representative Western blot showing knockdown of XRCC2 and Rad51D proteins by transfection with siRNAs. (D)
Cells were transfected with both of the XRCC2- and Rad51D-targeting siRNAs (siXRCC2 and siRad51D,
respectively) or with control siRNA (siLuc). The cells were introduced with pCBAS vector to generate DSB and
incubated for 48 h (upper) and treated with DOX for 24 h (lower). HR-mediated GFP expression (upper) and
frequency of apoptotic cells (lower) were determined by flowcytometry. Results were obtained from three
independent experiments. Columns, means of frequencies (%) of GFP-positive cells (upper) and annexin V-positive

apoptotic cells (lower). Bars, SE.
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Figure 4. WTC upregulates expression of Rad54 (late stage gene of HR). (A) Western blot showing increased
expression of Rad54 in the cells with forced expression of WTC isoform (WTC-MRC cells). (B) Relative Rad54 mRNA
expression levels. Mock and WTC indicate Mock- and WTC-MRC cells, respectively. (C) Representative Western blot
showing knockdown of Rad54 protein by the siRNA. (D) Cells were transfected with Rad54-targeting siRNAs
(siRad54) or with control siRNA (siLuc). The cells were introduced with pCBAS vector to generate DSB and incubated
for 48 h (upper) and treated with DOX for 24 h (lower). HR-mediated GFP expression (upper) and frequency of
apoptotic cells (lower) was determined by flowcytometry. Results were obtained from three independent
experiments. Columns, means of frequencies (%) of GFP-positive cells (upper) and annexin V-positive apoptotic

cells (lower). Bars, SE.

transduced by pCBAS vector (Figure 4C). Flowcyto-
metric analysis showed that HR-mediated expression
of GFP was significantly suppressed by knockdown of
Rad54 (Figure 4D). To examine the involvement of
Rad54 in resistance to DOX induced by WTC, WTC-
MRC cells were treated with DOX for 24 h two days
after the transfection with siRNA targeting Rad54.
Knockdown of Rad54 significantly canceled the
resistance to DOX in WTC-MRC cells (Figure 4D).

Taken together, these results indicated that WTC
isoform alone increased expression of HR genes such
as XRCC2, Rad51D, and Rad54 and promoted HR,
resulting in acquisition of resistance to DNA-damag-
ing chemotherapeutic agents.

WTC Isoform Protein Directly Binds to XRCC2 and
Rad51D Promoters

Chromatin immunoprecipitation (ChIP) assay was
performed to examine whether or not WTC isoform
protein could directly bind to promoter regions of
XRCC2 and Rad51D genes. Although there was no
previous report of WT1(KTS+) isoform-binding se-
quence (AN¢GGGATGCGGAN;3CCN) (38) of XRCC2
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and Rad51D promoters, there were two EWS(KTS+)RE
sites [GGAGG(A/G)] (39) in XRCC2 promoter (X1,
+346 to +351 and X2, +364 to +369) and five
EWS(KTS+)RE sites in Rad51D promoter (R1, —1346
to —1341; R2, —1041 to —1036; R3,-666 to —661;
R4,-515to —510; and RS, +176 to +181) (Figure SA).

ChIP assay was not performed for Rad54 promoter
because no significant increase was observed in Rad54
mRNA expression in WTC-MRC cells compared to
Mock-MRC cells and because there was no WT1
(KTS+) binding sequence and no EWS(KTS+)RE site in
Rad54 promoter.

Cross-linked chromatins of WTC-MRC cells were
immunoprecipitated using one each of WT1 Ab, AcH3
Ab, and non-immune rabbit IgG after sonication.
Immunoprecipitated DNA was amplified by real-time
PCR using primer pairs jumping X1 and X2 (X1-X2),
R1, R2, R3, R4, and RS regions. Real-time PCR showed
neither immunoprecipitation with WT1 Ab nor that
with AcH3 Ab enriched R1 promoter region of
Rad51D compared to non-immune IgG, which
enabled us to use this R1 region as a negative control
for binding of WTC protein and Histone3 acetylation.
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Figure 5. WTC isoform protein directly binds to XRCC2 and Rad5 1D promoters. (A) localization of EWS(+KTS)RE
sequence in XRCC2 and Rad51D promoters. Arrows indicate the PCR primer pairs for amplification of
immunoprecipitated genome DNA. (B) ChIP assay. Genomic DNA extracted from WTC-MRC cells was precipitated
with WT1 Ab, AcH3 Ab or non-immune IgG. Precipitated DNA was quantified by real-time PCR. Fold enrichment
relative to non-immune IgG was calculated for WT1- and AcH3-immunoprecipitated samples by delta Ct method:
Fold enrichment = 2A[(Ct-IgG) ~ —(Ct-WT1) or (Ct-AcH3)]. *P< 0.05; **P< 0.01.

In WT1-ChlIP assay, X1-X2 promoter region of XRCC2
and R3 promoter region of Rad51D were 4.3-fold
(P <0.001) and 2.0-fold (P=0.025) enriched, respec-
tively, by immunoprecipitation with WT1 Ab. R2, R4,
and RS promoter regions of Rad51D promoter seemed
enriched by immunoprecipitation with WT1 Ab but
the difference was not statistically significant. As for
AcH3 ChIP analysis, X1-X2 region of XRCC2 and R4
and RS5 regions of Rad51D were significantly enriched
by immunoprecipitation with AcH3 Ab.

These results indicate that WTC isoform protein
directly bound to XRCC2 and Rad51D promoters in
WTC-MRC cells.

XRCC2 and Rad54 are Overexpressed in Lung and Gastric
Cancers

In the present study, HR factors, Rad54, XRCC2,
and Rad51D were shown to be upregulated by WTC
isoform. Although overexpression of WT1 protein has
been reported in the majority of various types of
cancers, expression of these HR factors in cancer cells
remains undetermined. Therefore, XRCC2 and Rad54
that were involved in early and mid to late HR process,
respectively, were immunohistochemically analyzed
for their protein expression in 44 non-small-cell lung
and 15 gastric cancers (Figure 6). Both Rad54 and
XRCC2 protein was diffusely expressed in the
majority of the cases examined. Rad54 protein
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expression was detected in 39 (89.0%) of 44 NSCLCs
and 10 (66.7%) of 15 gastric cancers. XRCC2 protein
expression was detected in 36 (82.0%) of 44 NSCLCs
and 10 (66.7%) of 15 gastric cancers. Furthermore,
correlation of WT1 protein expression with either
XRCC2 or Rad54 protein expression was analyzed in
NSCLC cases. Expression of both Rad54 and XRCC2
proteins in tumor cells was significantly correlated
with that of WT1 protein in these cases (Table 1).
To confirm the correlation of WT1 protein expression
with either XRCC2 or Rad54 protein expression in lung
cancer cells, Rad54-WT1 and XRCC2-WT1 double
staining immunohistochemical studies were further
performed using tissue microarray containing 59 NSCLC
tissues (Figure 7). As it was difficult to distinguish weakly
positive expression from negative one as a result of the
increase in staining background by double staining, the
protein expression was scored as positive (distinctly
stronger staining of cancer cells compared to adjacent
regions) or low-negative (weak or negative staining
of cancer cells compared to adjacent regions) in
double staining. In Rad54-WT1 double staining, 38
(64.4%) and 13 (22.0%) cases of 59 cases were scored
as double-positive and double-low-negative, respectively
(Figure 7B). In XRCC2-WT1 double staining, 40
(67.8%) and 12 (20.3%) cases of 59 cases were scored as
double-positive and double-low-negative, respectively
(Figure 7B). These results confirmed the correlation of
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Figure 6. High expression of Rad54 and XRCC2 proteins in non-small-cell-lung and gastric cancer.
Representative results of immunohistochemical study of single staining. Staining with Rad54 Ab (A), non-immune
I9G (B, D), and XRCC2 Ab (C) in NSCLC, and staining with Rad54 Ab (E) and XRCC2 Ab (F) in gastric cancer are
shown. Rad54 and XRCC2 proteins are stained in brown.

WTT1 protein expression with either XRCC2 or Rad54
protein expression in lung cancer cells. Similar to the
results with NSCLC cases, the correlation of WT1 protein
expression with XRCC2 and Rad54 protein expression
was observed in gastric cancers (Figure 7C).
Furthermore, co-expression of essential HR factor,
Rad51 and WT1 was examined in NSCLC cases. In

Table 1. Correlation Between WT1 Expression and Expres-
sion of HR-Related Gene Proteins in Non-Smali-Cell Lung
Cancers

WT1 Positive Negative  Total P-value
XRCC2
Positive 33 4 37
Negative 3 4 7 0.001
Total 36 8 44
Rad54
Positive 33 4 37
Negative 6 1 7 0.001
Total 39 5 44

Expression of WTI1, XRCC2, and Rad54 proteins were
immunohistochemically analyzed in non-small-cell lung
cancers. Correlation between expression of WT1 protein in
tumor cells and homologous recombination-related gene
proteins in tumor cells was analyzed using Spearman’s
correlation coefficient by rank test.
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Rad51-WT1 double staining, 37 (62.7%) and 13
(13.6%) cases of 59 cases were scored as double-positive
and double-low-negative, respectively (Figure 6D),
suggesting weaker correlation of WT1 protein expres-
sion with Rad51 protein expression compared to that
with Rad54 or XRCC2 protein in NSCLC cases.

Taken together, XRCC2 and RadS4 are overex-
pressed in NSCLC and gastric cancers and their
expression was correlated with that of WT1 protein
in NSCLC.

DISCUSSION

Here we showed for the first time that WTC isoform
promoted homologous recombination (HR)-mediat-
ed DNA damage repair through upregulation of
expression of HR factors such as XRCC2, Rad51D,
and Rad54. HR-mediated DNA damage repair has
been regarded as a mechanism by which genome
instability is inhibited and plays a tumor suppressive
role. However, our present results showed that
enhancement of HR-mediated DNA damage repair
enabled cells to acquire resistance to DNA-damaging
chemotherapeutic agents as a result of increased
repair activity for DNA damage by the agents. The
DNA-damaging agents such as DOX, CPT, and MMC
used here induced DNA double strand breaks. As HR
plays a major role in DNA double strand break repair,



WTT1 PROMOTES HOMOLOGOUS RECOMBINATION 11

Rad54-WT1

Rad54-isotype

Isotype-WT1

XRCC2-WT1 XRCC2-isotype

isotype-WT1.

Rad54res

B Radsares
WT{pes

WT1vos

Rads4lowneg
WTlownog

- XRCC2pro8 XRCC2pos

WT1pes

XRCC2owse
WTqlow-neg

WT1pos

Rads4ees
WY 4pes

Rads4towney

C Rad54ros
WY {iow-neg

W1pes

XRCC2pos

XRCC2lewneg
W1 lowneg

_ XRCC2008

WT1eos WT1ees

Rad51lowneg
WTpos ’

Rad51pos
W low-neg

D  radstes

Wrtees

Figure 7. Co-expression of WT1 protein with HR factor proteins. (A) Rad54-WT1 and XRCC2-WT1 double
staining immunohistochemical study. (B) Co-expression of WT1 protein with either Rad54 or XRCC2 protein in
NSCLC. (C) Co-expression of WT1 protein with either Rad54 or XRCC2 protein in gastric cancer. (D) Representative
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cells compared to adjacent regions) in double staining.

it is reasonable that WTC isoform induced resistance
(chemoresistance) to these DNA-damaging agents
through promotion of HR-mediated repair for DNA
double strand break, which is supported by the
findings shown in the present study that knockdown
of HR factors upregulated by WTC isoform inhibited
the increased HR activity and canceled the resistance
to DOX in cells with forced expression of WTC
isoform. Furthermore, recent evidence has shown
that the HR machinery plays a role in replication
maintenance through its replication fork-stabiliza-
tion and fork-restart functions at arrested forks [40].
As the DNA-damaging agents used here are known
to primarily induce replication fork stalling as
their action mechanism to damage DNA [41-43],
one of the mechanisms by which resistance to DNA-
damaging agents by WTC isoform was induced may
be promotion of replication maintenance through
enhanced HR.

Molecular Carcinogenesis

Taken together, WTC isoform promotes HR, result-
ing in acquisition of chemoresisitance of WT1-
expressing cancer cells.

In the present study, it was shown that, although
the difference was not statistically significant
(P=0.06), forced expression of WTC isoform slightly
decreased the frequency of cells in S phase of the cell
cycle that was the target of most of DNA-damaging
agents. Previous reports had shown that XRCC2-
defective hamster cells displayed a reduction in the
ratio of replication fork progression [44] and that
Rad51D-null CHO cells showed reduced growth rate
[45], suggesting the involvement of these HR factors
in the progression of S phase of the cell cycle. These
findings may support a possibility that HR factors
XRCC2 and Rad51D upregulated by WTC isoform
promote the S phase progression and shorten the S
phase, resulting in the decrease in S phase cell
population and increase in G2/M phase cell
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population under conditions of asynchronously
growth without DNA-damaging agents.

WT1(KTS-) isoforms have been well characterized
as transcription regulators and their consensus motifs
have been identified in the promoters of target genes.
These include GC-rich [46], TCrepeats [47], WRE [48],
and WTE [5] sequences. In contrast to WT1(KTS—)
isoforms, whether or not WT1(KTS+) isoforms could
function as transcriptional regulators with DNA
binding specificity had been undetermined until
Wells et al. [38] reported that WT1(KTS+) isoforms
directly bound to and transactivate the promoter of
planar cell polarity gene Scribble in renal podocytes.
They identified a responsive element of WT1(KTS+)
isoforms and named the sequence as WKE. Although
there was no WKE in the promoters of XRCC2
and Rad51D, there were multiple EWS(KTS+)REs in
promoters of these two genes whose mRNA expres-
sion levels were elevated by forced expression of WTC
isoform (17AA—/KTS+) in MRC cells. As EWS(KTS+)
RE was identified as a responsive element of the fusion
gene that consisted of the transactivational domain of
the EWS gene and the three C-terminal zinc fingers of
the WTI1 gene that retained KTS splice [39], we
examined whether WTC isoform protein could bind
to these EWS(KTS+)RE-containing regions in the
promoters of XRCC2 and Rad51D. ChIP analysis
showed that WTC protein bound to the promoters of
both genes. Our current results may indicate a
possibility that WTC protein directly bound to and
transactivate the promoters of XRCC2 and Rad51D.
Taken together with the report of Wells et al. [38], it is
likely that there are more genes that can be trans-
activated by WTIL(KTS+) isoforms. These genes
should be identified for the better understanding of
the functions of WT1(KTS+) isoforms that were
dominantly expressed in leukemia [27,33] and vari-
ous types of solid cancers [16,19,20].

Contrary to the important role of HR in the
maintenance of genome integrity, HR induces geno-
mic instability under a certain circumstance. As
mammalian genomes comprise at least 50% repetitive
sequences, HR between repetitive sequences, such as
Alu elements can be a significant cause of duplications
and deletions of the genome [49]. Furthermore, the
HR machinery induces genome instability because
fork restart mediated by HR is error-prone [50].
Therefore, HR has two opposite functions: mainte-
nance of genome integrity and induction of genome
instability. WTC isoform should be involved in both
the acquisition of resistance to DNA-damaging agents
of cancer cells through the function of genome
integrity maintenance and leukemogensis and tu-
morigenesis through its functions of genome insta-
bility induction.

In the present study, we showed that HR factors,
XRCC2 and Rad54 proteins were highly expressed in
the majority of NSCLCs and gastric cancers, and there
was a significant correlation between expression levels
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of the HR factors and WT1 protein in NSCLCs. It has
been reported that Rad51, an essential HR factor was
overexpressed in the majority of pancreatic ductal
cancer [51] and that the high expression was associated
with unfavorable prognosis in NSCLC [52], esophageal
squamous cell carcinoma [53], and colorectal adeno-
carcinoma [54], Thus, Rad51 can be a target molecule
to sensitize tumor cells to chemotherapeutic agents in
these tumors [55]. Furthermore, BRCA2, another HR
factor has also been reported as a target to sensitize
cancer cells to irradiation and chemotherapeutic
agents [56,57]. These results indicated that enhanced
expression of HR factors such as Rad51 and BRCA2
contributed to the acquisition of chemoresistance of
cancer cells to DNA-damaging agents (chemo- and
radio-therapies) in various types of solid tumors and
were compatible with our results presented here.

The WT1 gene is physiologically expressed in stem/
progenitor cells in various types of organs. In human
hematopoietic system, 1.2% of CD34* hematopoietic
stem/progenitor cells expressed the WT1 gene at high
levels comparable to those in K562 leukemia cells
[58]. Chau et al. showed that conditional deletion of
the WT1 gene in young and adult mice resulted in
multiple organ failure such as glomerulosclerosis,
atrophy of the exocrine pancreas and spleen, severe
reduction in bone and fat, and failure of erythropoie-
sis [59]. These results indicated that WT1 played
an important role in proliferation and physiological
homeostasis of stem/progenitor cells in various
organs. It is well known that wild-type WT1 gene is
overexpressed in leukemia and various types of solid
tumors. This finding raises the possibility that
leukemia and solid tumor cells may be malignant
counterparts of WT1-expressing stem/progenitor cells
in various organs. In this case, WT1 expression
contributes to genome integrity in stem/progenitor
cells and simultaneously gives rise to genome
instability, resulting in malignant transformation of
stem/progenitor cells.
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