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Better understanding of the underlying biology of
malignant gliomas is critical for the development of early
detection strategies and new therapeutics. This study
aimed to define genes associated with survival. We
investigated whether genes coupled with a class prediction
model could be used to define subgroups of high-grade
gliomas in a more objective manner than standard
pathology. RNAs from 29 malignant gliomas were
analysed using Agilent microarrays. We identified 21
genes whose expression was most strongly and consis-
tently related to patient survival based on univariate
proportional hazards meodels. In six out of 10 genes,
changes in gene expression were validated by quantitative
real-time PCR. After adjusting for clinical covariates
based on a multivariate analysis, we finally obtained a

statistical significance level for DDRI (discoidin domain

receptor family, member 1), DYRK3 (dual-specificity
tyrosine-(Y)-phosphorylation-regulated kinase 3) and
KSP37 (Ksp37 protein). In independent samples, it was
confirmed that DDR1 protein expression was also
correlated to the prognosis of glioma patients detected
by immunohistochemical staining. Furthermore, we ana-
lysed the efficacy of the short interfering RNA (siRNA)-
mediated inhibition of DDR1 mRNA synthesis in glioma
cell lines. Cell proliferation and invasion were significantly
suppressed by siRNA against DDR1. Thus, DDR1 can be
a novel molecular target of therapy as well as an
important predictive marker for survival in patients with
glioma. Our method was effective at classifying high-
grade gliomas objectively, and provided a more accurate
predictor of prognosis than histological grading.
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Introduction

Glioblastoma, which is pathologically the most aggres-
sive form, has a median survival range of only 9-15
months (Karpeh et al., 2001; Stewart, 2002; Stupp et «l.,
2005). Advances in the basic knowledge of cancer
biology and surgical techniques, chemotherapy and
radiotherapy have led to little improvement in the
survival rates of patients suffering from glioblastoma
(Stewart, 2002). Poor prognosis is attributable to
difficulties of early detection, and to a high recurrence
rate during post-initial treatment observation periods.
Therefore, it is important to devise more effective
therapeutic approaches, to reveal more clearly the
biological features of glioblastoma, and identify novel
target molecules for diagnosis and therapy of the
disease. Several histological grading schemes exist, but
the two-tiered World Health Organization (WHO)
system is currently the most widely used (Kleihues and
Cavenee, 2000). A high WHO grade correlates with
clinical progression and decreased survival. However,
there are still many individual variabilities within
diagnostic categories, leading to the need for developing
additional prognostic markers. As prognostic markers
are based on morphology, identification of new treat-
ment strategies is limited. Identification of distinct
molecular pathways has become critical for developing
molecular targeted therapies.

Recently, developed microarray technology has per-
mitted development of multi-organ cancer classification
including gliomas (Ramaswamy et «l., 2001; Rickman
et al, 2001; Kim et al., 2002; Hunter et al., 2003;
Mischel et al., 2004), identification of tumor subclasses
(Khan et al., 2001; Mischel et al., 2003; Shai et al., 2003;
Sorlie et al., 2003; Liang et al., 2005; Nigro et al., 2005;
Wong et al., 2005), discovery of progression markers
(Sallinen et al., 2000; Agrawal et al., 2002; van de Boom
et al., 2003; Godard et al., 2003; Hoelzinger et al., 2005;
Rich et al., 2005; Somasundaram et al., 2005) and
prediction of disease outcomes (van’t Veer et al., 2002;
van de Vijver et al., 2002; Nutt et al., 2003; Freije et al.,
2004). Unlike clinicopathological staging, molecular
staging can predict long-term outcomes of any indivi-
dual based on gene expression profile of the tumor at
diagnosis. Analysis of expression profiles of genes in



clinical materials is an essential step toward clarifying
the detailed mechanisms of oncogenesis and discovering
target molecules for the development of novel thera-
peutic drugs.

The human | cDNA microarray (Agilent Technologies,
Palo Alto, CA, USA) contains 12811 clones from more
than 7000 UniGene clusters. Each clone is represented
by a PCR-amplified, double-stranded complementary
DNA (¢cDNA) product, immobilized on the slide.
mRNAs obtained from two biological samples were
separately converted to cDNA labeled with distinct
fluorescent dyes, usually cyanines 3 (Cy3) and 5 (Cy5),
mixed together and hybridized to a single array.
Hybridization intensities from the two dyes were
measured, and compared for each gene within the array,
to identify gene expression differences between the two
samples. Utilization of a common reference sample for
each array allowed objective comparisons between
samples on separate arrays. In the present study, we
used agilent cDNA microarrays to define expression
patterns to distinguish between short-term and long-
term survival of malignant gliomas.

Results

High-grade gliomas in this study

Patients initially showed histologically proven glioblast-
oma (grade IV), anaplastic astrocytoma or other
malignant gliomas (grade IIl) corresponding to the
WHO criteria. Seven patients with grade III and 22
patients with grade IV were included in this study
(Table 1). Univariate analysis of clinical features was
performed against pathological diagnoses, age, gender
and performance status (PS) with respect to survival.
Pathological diagnoses, age and gender were not
independent predictors of survival (Table 2). Once all
gliomas were sorted according to PS, significant
difference was found between survival of patients with
PS 0-60 and patients with PS 70-100 in our cases
(Table 2).

Identification of prognosis-related genes

We performed the univariate proportional hazard model
to identify a set of genes that better correlated with
censored survival time. Genes were selected if their
P-value was less than 0.005 and the P-value was then
used in a multivariate permutation test. We identified 21
genes whose expression was most strongly and consis-
tently related to survival. These genes are listed in
Table 3, and include several genes that we believe to be

biologically active such as DDRI (discoidin domain

receptor family, member 1) and KSP37 (Ksp37 protein)
(see Discussion).

Relationships between results obtained by microarray
analysis and by real-time PCR

We chose 10 genes that were not previously associated
with gliomas, to measure their mRNA levels by real-
time quantitative reverse transcription—PCR. From 29
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Table 1 Patient characteristics
No. Histological diagnosis Age, WHO PS Survival

gender grade time
1 Anaplastic oligoastrocytoma 59, M 111 80 263
2 Anaplastic oligodendroglioma 60, M I 90 294
3 Anaplastic oligodendroglioma 72, M 141 90~ 305
4 Anaplastic astrocytoma 32, M 1 100 545
S Anaplastic astrocytoma 73, M 111 70 617
6  Anaplastic astrocytoma 45, M 1 60 698
7  Anaplastic astrocytoma 65, M I 90 762
8 Glioblastoma 18, F v 60 111
9  Glioblastoma 64, F v 50 154

10 Glioblastoma
11 Glioblastoma
12 Glioblastoma
13 Glioblastoma
14  Glioblastoma
1S  Glioblastoma
16  Glioblastoma
17  Glioblastoma
18  Glioblastoma
19 Glioblastoma
20  Glioblastoma
21  Glioblastoma
22  Glioblastoma
23 Glioblastoma
24  Glioblastoma
25  Glioblastoma
26  Glioblastoma
27  Glioblastoma
28  Glioblastoma
29  Glioblastoma

28, M v 70 202
45, M v 60 261
54, M v 40 268
68, M v 80 286
62, M v 70 347
80, M v 80 349
78, F v 60 350
69, M v 90 352
67, M v 50 396
63, M v 60 405
20, F v 90 417
71, M v 80 436
3L M v 90 453
56, M v 80 506
55, M 1v 80 630
52, F v 90 641
21, F 1A% 90 757
42, F v 70 880
41, M v 90 908
42, M v 90 1189

Abbreviation: PS, performance status; WHO, World Health Organiza-
tion.

Table 2 Univariate analysis of clinical features

Variable No. of Median survival P
patients time (days) (log-rank test)
WHO grade
Grade 111 7 617 0.56
Grade IV 22 417
Age (vears)
<60 16 641 0.069
260 13 352
Gender
Male 22 436 0.979
Female 7 417
PS
70-100 21 617 0.0033
0-60 8 309

Abbreviation: PS, performance status; WHO, World Health Organiza-
tion.

microarray-measured tumor samples, total RNAs from
27 tumor samples (14 long-term survivors and 13 short-
term survivors) were analysed for expressions of
ALCAM (activated leukocyte cell adhesion molecule),
DDRI1, DYRK3 (dual-specificity tyrosine-(Y)-phos-
phorylation-regulated kinase 3), ITGAS (integrin alpha
5), ITGB2 (integrin beta 2), KSP37, LDHC (lactate
dehydrogenase C), LOC (hypothetical protein
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Table 3 Identification of prognosis-related genes

GenBank Symbol Description Hazard ratio P-value
BC005261 SLN Sarcolipin 0.41 0.000263
U13680 LDHC Lactate dehydrogenase-C 0.24 0.000851
AL| 37662 NRBP2 Nuclear receptor binding protein 2 5.5 0.00101
AB021123 KSP37 Ksp37 protein 0.12 0.00102
M20681 GLUT3 Glucose transporter-like protein-I1I 0.37 0.00107
BC007952 PKM2 Pyruvate kinase, muscle 0.15 0.0013
N92498 PDCD4 Programmed cell death 4 3.1 0.00205
M 10036 TPI11 Triosephosphate isomerase | 0.16 0.00222
BC015061 RAB32 RAB32, member RAS oncogene family 0.51 0.00260
U20362 TTCI10 Intraflagellar transport 88 homolog 4.5 0.00290
BE045190 DDRI Discoidin domain receptor family, member 1 4.2 0.00308
AF327561 DYRK3 Dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 5 0.17 0.00312
BC005861 ITGB2 Integrin, beta 2 4.1 0.00352
BAB22510 Putative 8.0 0.00365
BC007835 STK40 Serine/threonine kinase 40 0.40 0.00369
AB026706 EMILIN2 Elastin microfibril interfacer 2 0.27 0.00389
AF231512 RBMSB RNA binding motif protein 8B 43 0.00403
BC008786 ITGAS Integrin, alpha S 0.36 0.00419
AA404652 ISGF3G Interferon-stimulated transcription factor 3, gamma (48 kD) 2.8 0.00431
Y10183 ALCAM Activated leukocyte cell adhesion molecule 2.8 0.00440
M1 9482 ATP synthase Human ATP synthase beta subunit gene, exons 1-7 0.28 0.00445

A subset of the 21 genes expressed differentially in good and poor prognosis group, listed by category. Included with name of each gene is the
GeneBank accession number, a brief description of the gene and the P-value that was computed.

Table 4 mRNA levels by real-time quantitative RT-PCR

Table 5 Multivariate analysis

Short-term survivor Long-term survivor P
(n=13) (n=14)

ALCAM (ng/ml!) 6.6114.5 0.0610.1 <0.05
DDRI (pg/ml) 416.8456.5 40.6x11.1 <0.01
DYRK3 (ng/ml) 116.1+£96.2 449.3+108.7 <0.05
ITGAS (pg/ml) 38.74+47.1 707.61+85.6 <0.01
ITGB2 (pg/ml) 0.02+0.01 0.03+0.05 NS
KSP37 (pg/ml) 18.9+24.6 8402.91855.6 <0.01
LDHC (pg/ml) 1.4+ 1.0 7.5+£125 NS
LOC (pg/ml) 1.241.1 1.742.1 NS
SLN (pg/ml) 89+19 15.5+4.5 <0.05
SLC2A3 (ng/ml) 7.5+8.3 19.1£23.9 NS

Variable Hazard ratio 95% CI P
WHO grade 9.55 1.24-73.8 0.0305
Age (=60) 5.88 1.1-31.4 0.038
Gender (male) 8.16 0.748-88.9 0.0851
PS (70-100) 18.2 2.47-134 0.0044
DDRI 21.5 2.12-217 0.0094
DYRK3 0.067 0.006-0.798 0.0325
KSP37 0.008 0.000-0.235 0.0053
ITGAS 0.698 0.146-3.34 0.6525
SLN 2.85 0.658-12.4 0.1615
ALCAM 1.67 0.446-6.274 0.4453

Abbreviations: NS, not significant; RT-PCR, reverse transcription—
PCR. For other abbreviations, see Table 3.

LOC340371), SLN (sarcolipin) and SLC2A3 (solute
carrier family 2 member 3). Results are shown in
Table 4, and are expressed as means+standard devia-
tion (s.d.). Patterns of gene expression between long-
and short-term survivors analysed by microarray
paralleled patterns observed using real-time PCR for
ALCAM, DDRI, DYRK3, ITGAS, KSP37 and SLN
(Table 3).

DDRI, DYRK3 and KSP37 were selected based on

a multivariate analysis

To adjust for relevant clinical covariates against six
PCR-confirmed genes, we performed a multivariate
analysis (Table 5). In incorporating multivariate analy-
sis, high DDRI expression was negatively correlated
with survival (P =0.0094; hazard ratio =21.5; 95% confi-
dence interval (CI), 2.12-217), high DYRK3 expression
was positively correlated with survival (P=0.0325;
hazard ratio=0.067, 95% CI, 0.006-0.798) and

Oncogene

Abbreviations: CI, confidence interval; PS, performance status; WHO,
World Health Organization. For other abbreviations see Table 3.

high KSP37 expression was positively correlated with
survival (P=0.0053; hazard ratio=0.008; 95% ClI,
0.000-0.235). The expression of DDRI and KSP37
were more closely correlated with survival compared to
histological grade (Table 5). Thus, in gliomas, these
results suggested that expression of DDRI, DYRK3 and
KSP37 might be a strong predictive factor for patient’s
survival better than WHO grading.

Immunohistochemical analysis of potential candidate
genes .

To confirm our results from microarray analysis, we
chose to investigate DDR1 expression as a prognostic
marker for glioma and performed the immunohisto-
chemical analysis. Firstly, we analysed the protein
expression of DDR1 against 29 microarray-measured
specimens, and investigated the correlations with patient
survivals. DDR1 was expressed in the cytoplasm of
neoplastic cells and patients were divided into two
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Figure 1 DDRI protein expressions and patient survivals.
Kaplan—Meier survival curves for patients, stratified according to
levels of DDRI expressions in tumors (low DDRI staining: 0-1
score; high DDRI staining: 2-3 score; log-rank test). (a) A
significant trend for worse outcome was observed in the DDRI-
positive group (P=0.043). (b) DDRI protein expressions and
patient survivals in independent groups of gliomas. Kaplan—Meier
survival curves for patients, stratified according to levels of DDRI1
expressions in tumors (low DDRI staining: 0—1 score; high DDR1
staining: 2-3 score; log-rank test). A significant trend for worse
outcome was observed in the DDR |-positive group (P =0.049).

groups: positive and negative groups according to
immunostaining score. Positive staining for DDR1 was
confirmed to be associated with unfavorable overall
survival time (P=0.043; Figure la). Next, in new
independent 19 glioma samples, similar results were
obtained (P =0.049; Figure 1b). Although our results
were based on relatively small sample size, the correla-
tion between DDR expression and survival was con-
firmed by real-time quantitative PCR and also confir-
med immunohistochemical analysis in independent
samples.

Glioma cell proliferation and invasion are inhibited by
DDRI siRNA

DDRI overexpression was linked to aggressiveness of
glioma in our analysis. In order to determine whether
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downregulation of endogenous DDRI1 suppresses pro-

- liferation and invasive behavior of gliomas, we synthe-

sized short interfering RNA (siRNAs) against DDRI
mRNA to reduce expression of DDRI protein. We
analysed efficacy of siRNA-mediated inhibition of
DDR I mRNA synthesis in U251, GI-1, and T98G cells
by real-time PCR. As shown in Figure 2a, when U251
cells were transfected with siRNAs against DDR-]
(DDRI1-#! and DDR!-#2), DDR1 mRNA was down-
regulated 48 h later (P <0.01), whereas transfection with
a related control siRNA failed to modify DDR1 mRNA
expression. When GI-1 and T98G cells were transfected
with siRNAs against DDR-1 (DDRI-#1 and DDRI-
#2), DDR1 mRNA was downregulated by 10-15% of
control siRNA (P<0.01).

After transfection with siRNAs against DDR-1, U251
cell counts within 48 h were approximately 40-60% of
untreated or control-siRNA-treated cells during this
same period of time (P<0.01; Figure 2b). GI-1 and
T98G cell counts within 48 h were approximately 35-
50% of untreated or control-siRNA-treated cells during
this same period of time (P<0.01). Cell proliferation
was significantly suppressed by siRNA against DDRI1,
as reflected in reduction of mRNA expression.

For invasion assays, transfectants were seeded onto
Matrigel-coated invasion chambers, incubated for 24 h
and total numbers of cells on the underside of each filter
were determined. As shown in Figure 2c, transfections
of U251 cells with anti-DDR1 siRNA inhibited cell in-
vasion through the Matrigel by more than 80%, whereas
the use of control siRNA had no effect (P<0.01).
Transfections of GI-1 and T98G cells with anti-DDRI
siRNA inhibited cell invasion through the Matrigel by
more than 70-80%, whereas the use of control siRNA
had no effect (P <0.01). Therefore, invasion by cells was
significantly suppressed by siRNA against DDRI, as
reflected by reduced mRNA expression.

Discussion

Several works (Sallinen et al., 2000; Khan et al., 2001;
Ramaswamy et al., 2001; Rickman et al., 2001; Agrawal
et al., 2002; Kim et al., 2002; Veer et al., 2002; Vijver
et al., 2002; Boom et al., 2003; Godard et al., 2003;
Hunter et al., 2003; Mischel er al., 2003; Nutt er al.,
2003; Shai et al., 2003; Sorlie ez al., 2003; Freije er al.,
2004; Mischel et al., 2004; Hoelzinger et al., 2005; Liang
et al., 2005; Nigro et al,, 2005; Rich et «l., 2005,
Somasundaram et al, 2005; Wong er al., 2005) showed
the usefulness of utilizing methods of analysis of
multiple forms of data including both clinical and
multiple genes, to achieve a more precise discrimination
of outcomes for individual patients. The same logical
use of multiple forms of data and methods of analysis
has been applied in the present study to accurately
achieve better classification and prediction of glioma
patients. In the present study, we used expression arrays
to identify genes that reflect patient’s survival. The
groups of patients used represented the two extremes of
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glioma with respect to outcomes. Nutt et al. (2003) and
Freije et al. (2004) reported the use of microarrays to
predict outcomes for glioma patient. Nutt ef al. involved
a group of 50 glioma patients who were not selected
based on survival duration. The investigators used
Affymetrix U 95 GeneChips to develop a model to
classify cases into unfavorable and favorable groups
that exhibited significantly different survivals. They
picked up 20 genes different from our study that highly
correlated with class distinction. On the other hand,
Freije et al. (2004) also reported the use of microarrays

to predict outcomes for all histological types of 85

gliomas. The investigators used Affymetrix HG 133
GeneChips to develop a 44-gene model to classify cases
into unfavorable and favorable groups that exhibited
significantly different survivals. From these two studies,
there were no attempt to predict survivals of individual
patients, but results were consistent with ours, and
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together suggested that clinical differences in outcomes
were reflected in global patterns of gene expression that
could be appreciated using microarrays.

Some of the genes that were critical components of
patterns that were used to discriminate between long-
term and short-term survivors are known to affect
virulence of the malignant phenotype. Several groups
have confirmed prognostic markers of glioma such as
Insulin-like growth factor-binding protein 2 (IGFBP2)
(Kim et al, 2002; Godard et al., 2003), vascular
endothelial growrh factor (VEGF) (Godard et al,
2003), Osteonectin, Doublecortex, Semaphorin 3B (Rich
et al., 2005) and brain-type fatty acid-binding protein
(FABP7) (Liang et al., 2005).

We have selected DDRI, KSP37 and DYRK3 from a
21-gene model (21 genes derived from multivariate
analysis) to classify cases into unfavorable and favorable
groups that exhibited significantly different survivals.
We observed that glioma cell proliferation and invasion
were significantly suppressed by siRNA against DDRI.
The DDRI is a tyrosine receptor kinase activated by
various types of collagen, and is involved in cell-matrix
communication (Vogel, 1999). DDRI1 is activated
independently of fS1 integrin (Vogel et al., 2000).
DDRI-collagen interaction facilitates the adhesion,
migration, differentiation/maturation and cytokine/
chemokine production of leukocytes (Yoshimura et al.,
2005). DDRI1 is overexpressed in several tumors
including high-grade brain, esophageal and breast
cancers (Weiner and Zagzag, 2000). Based on our data
and Ram et al. (2005), DDR1 may play a potential role
in proliferation and invasion of gliomas. Invasive
phenotype is caused by activation of matrix metallo-
proteinase-2 in DDR1-overexpressing cells (Ram ez al.,
2006). Glioma cell adhesion, including intercellular and

<+
Figure 2 Effects of DDRI knockdown by RNA interference on
proliferation and invasiveness of human glioma cell lines. U251
cells were transiently transfected with short interfering RNAs
(siRNA) and subjccted to semiquantitative PCR analysis, prolif-
eration assay or Matrigel invasion assays. (a) Reduction of DDRI1
mRNA expression by siRNAs against DDR! was determined by
semiquantitative PCR analysis. Transfection with DDR1 siRNAs
significantly reduced DDRI, whereas transfection with siRNAs
targeted to an unrelated mRNA had no effect on DDRI
expression. *P <0.01 compared with both control groups. (b) Cell
proliferation assay. Cells were cultured in 96-well plates in 100 ul of
serum-enriched medium. When 80% confluence was reached. 25 pul
of 100 nM siRNA in cytofectin was added drop wise. Numbers of
viable cells were evaluated after 48 h culture by incubation with
Tetra color one, and numbers obtained were compared with those
of controls. After transfection with DDRI siRNAs, U251 cell
counts within 48h were approximately 40-60% of untreated or
control-siRNA-trcated cells during this same period of time.
*P<0.01 compared with both control groups. (¢) For the invasion
assays, transfectants were seeded onto Matrigel-coated invasion
chambers and incubated for 24 h. Total numbers of cells on the
underside of each filter were determined. Invading cells were
significantly suppressed by siRNAs against DDR1, as reflected by
reduction of mRNA expression. Control, no siRNA treatment;
negative control, control siRNA trcated. DDRI-#1, DDRI-#2;
DDRI siRNA treated. **P<0.0l compared with both control
groups.



cell-matrix adhesions, is critical to the maintenance of
structural integrity, polarity and cell-cell communica-
tion, and their expression is frequently observed in
tumor cells concordant with a breakdown of cellular
organization, causing an uncontrolled leakage of nu-
trients and other factors necessary for the survival and
growth of tumor cells, and loss of cell—cell contact
inhibition leading to increased cell motility. Thus,
DDRI1 may be a novel molecular target for therapy,
and provide an important predictive marker for survival
in patients with glioma. KSP37 protein is constitutively
secreted by Thl-type CD4-positive lymphocytes and
lymphocytes with cytotoxic potential, and may be
involved in an essential process of cytotoxic lympho-
cyte-mediated immunity (Ogawa et al., 2001). Down-
regulation of KSP37 protein may correlate with poor
prognosis of glioma patients with immunosuppressive
state. DYRK3 is a member of dual-specificity tyrosine-
regulated kinases with roles in cell growth and develop-
ment. DYRK3 was reported to be expressed in erythroid
progenitor cells, and to play roles in kinase activation
(Li et al., 2002). Although KSP37 and DYRK3 are
unique molecules, their roles in glioma progression are
unclear, and should be further investigated in the future.

Regardless of their roles in tumorigenesis, all these
markers offer potential clinical applications for the
treatment and detection of malignant gliomas. To our
knowledge, this study is the first to address these
molecules as molecular targets for therapeutics. Values
of gene-expression-based predictors for prognosis of
malignant glioma patients will not be fully realized until
additional therapies are available for patients destined
to have poor survival, following conventional chemo-
therapy. In this regard, expression profiles may not only
predict the likelihood of long-term survival following
nitrosourea chemotherapy, but may also yield clues
on individual genes involved in tumor development,
progression and response to therapy. It is likely that
some of the most differentially expressed genes such as
those discussed above will represent therapeutic mole-
cular targets. Moreover, the ability to histologically
distinguish ambiguous gliomas will enable appropriate
therapies to be tailored to specific tumor subtypes. Class
prediction models based on defined molecular profiles
allow classification of malignant gliomas in a manner
that will better correlate with clinical outcomes than
with standard pathology.

Materials and methods

Patients

Mean age of patients was 53.2 years old (range, 18-80).
Twenty-two patients were men and seven were women. Tissues
were snap-frozen in liquid nitrogen within 5 min of harvesting,
and stored thereafter at —80°C. Clinical stage was estimated
from accompanying surgical pathology and clinical reports.
Samples were specifically re-reviewed by a board-certified
pathologist in our institution, using observation of sections of
paraffin-embedded tissues that were adjacent or in close
proximity to the frozen sample from which the RNA was
extracted. Histopathology of each collected specimen was
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reviewed to confirm adequacy of the sample (i.e., minimal
contamination with non-neoplastic elements), and to assess the
extent of tumoral necrosis and cellularity. Histological
characteristics of tumor samples and clinical disease stage
were included as supplements in Table 1.

After surgical resection of tumor, patients had a course of
external beam radiation therapy (standard dose of 40 Gy to the
tumor with a 3-cm margin, and 20 Gy boost to the whole
brain) and nitrosourea-based chemotherapy. Patients were
monitored for recurrences of tumor during the initial and
maintenance therapy by magnetic resonance imaging or
computed tomography. Treatments were carried out at the
Department of Neurosurgery, Niigata University Hospital.
Informed consent was obtained from all patients for the use of
samples in accordance with the guidelines of the Ethical
Committee on Human Research, Niigata University Medical
School. Overall survival was measured from the date of
diagnosis. Survival end points corresponded to dates of death
or last follow-up.

RNA extraction

Total RNA was extracted with I ml Isogen (Nippongene,
Toyama, Japan) per 100mg frozen glioma tissues, following
the manufacturer’s instructions. Each tissue type was homo-
genized with a Polytron (Fisher Scientific) for 30s and cleared
by a 10-min centrifugation at 10000g. For each ml Isogen,
0.2ml chloroform was added and samples were vigorously
shaken for 20s and then incubated on ice for 10min. The
aqueous phase was separated by centrifugation at 10000 g for
10 min, decanted and an equal volume of isopropanol was
added. The mixture was allowed to precipitate for 10 min and
the precipitate was collected by centrifugation at 12000 g for
10 min. The pellet was washed with 70% ethanol, collected by
brief centrifugation, air dried and re-suspended in H,O. RNA
was further purified using an RNeasy column (Qiagen,
Valencia, CA, USA). The purified RNA was quantified using
a UV spectrophotometer, and RNA quality was evaluated by
capillary electrophoresis on an Agilent 2100 Bioanalyzer
(Agilent Technologies). Only samples with 28S/18S ratios
>0.7 and with no evidence of ribosomal peak degradation
were included in the study.

Agilent cDNA microarrays

Agilent human 1 ¢cDNA microarrays (Agilent Technologies)
contained 13 156 clones from Incyte’s human cDNA library.
Test and normal brain RNAs were labeled with both Cy3-
dCTP and Cy5-dCTP nucleotides (Amersham Biosciences,
Tokyo, Japan) and hybridized on two slides (dye-swap
hybridizations) according to the direct-labeling method
provided by the manufacturer. Following hybridization, slides
were scanned and analysed using the Feature Extraction
software (version A.4.0.45, Agilent Technologies), as recom-
mended by the manufacturer. Spots that did not pass quality
control procedures in the Feature Extraction software were
flagged and removed from further analysis. Clones with the
same GenBank accession number were averaged.

Expression profiling on Agilent cDNA microarrays

Total RNA (20 ug) was reverse transcribed using the Agilent
direct-label ¢DNA synthesis kit (Agilent Technologies),
following the manufacturer’s directions. Labeled cDNA was
purified using QIAquick PCR Purification columns (Qiagen,
Valencia, CA, USA), followed by concentration by vacuum
centrifugation. cDNA was suspended in hybridization buffer
and hybridized to Agilent human 1 cDNA microarrays
(Agilent Technologies) for 17h at 65°C, according to the
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Agilent protocol. To avoid generation of false between-group
differences by randomly pairing glioma samples on the two-
channel cDNA arrays, each sample was individually labeled
and co-hybridized with a normal brain sample labeled with a
complementary dye. Normal brain samples were generated by
pooling equal amounts of RNA from each control sample and
labeling as for individual samples. In addition, Cy dye switch
hybridizations were performed for each sample. Normal brain
samples were purchased from Clontech (Tokyo, Japan). All
microarray data and clinical features have been submitted to
Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.
gov/geo; accession no. GSE4381).

Statistical analysis

Univariate analysis for clinical features was performed by log-
rank test using SAS software ver. 9.1.3 (SAS Institute Inc.,
Cary, NC, USA). In microarray analysis, normalization and
survival analysis were performed using the BRB Array Tools
software ver. 3.3.0 (http://linus.nci.nih.gov/BRB-Array-

" Tools.html) developed by Dr Richard Simon and Amy Peng.

In brief, a log base 2 transformation was applied to the
microarray raw data, and global normalization was used to
median the center of log ratios on each array in order to adjust
for differences in labeling intensities of the Cy3 and CyS5 dyes.
Genes showing minimal variation across the set of arrays were
excluded from the analysis. Genes whose expression differed
by at least 1.5-fold from the median in at least 20% of the
arrays were retained. Genes were also excluded if percent of
data missing or filtered out exceeds 50%. Then, genes that
passed filtering criteria were considered for further analysis.
We computed a statistical significance level for each gene
based on univariate proportional hazards models (P <0.005)
and identified genes whose expression was significantly related
to survival of the patient. These P-values were then used in a
multivariate permutation test. in which survival times and
censoring indicators were randomly permuted among arrays.
To adjust the expression of six candidate genes (DDRI,
DYRK3, KSP37, ITGAS, SLN and ALCAM) for clinical
features (WHO grade, age, gender, PS), clinical data and
normalized microarray expression data of six genes were
imported into SAS software ver. 9.1.3 (SAS Institute Inc.) and
Cox regression model was performed for multivariate analysis
against each variable (WHO grade, age, gender, PS, expression
levels of six genes). Three samples, were excluded for multi-
variate analysis because there were a few defected expression
data. A P-value <0.05 was considered significant. The
differences between subgroups of DDR1 siRNA and control
groups were tested for statistical significance using the analysis
of variance test and statistical significance was determined at
the P<0.01 level. »

Validation of differential expression by real-time

quantitative PCR

Total RNA (2 ug) was subjected to DNase treatment in a 10 pl
reaction containing 1 gzl 10 x DNase I reaction buffer (Invitro-
gen, Tokyo, Japan) and | ug DNase I at room temperature for
10 min. Ethylenediamine tetraacetic acid (1 ul, 25mM) and 1 ul
oligo dT (0.5 ug/pl; Invitrogen) were added to the DNase
reaction, and heated to 70°C for !5 min to inactivate DNase I
activity and eliminate RNA secondary structure. Samples were
placed on ice for 2min and collected by brief centrifugation.
RNA was then reverse-transcribed into cDNA by adding 8 pl
master mix containing 4pul of 5x first strand buffer, 2l
dithiothreitol (0.1 M), 1ul dNTPs (10mM each) and 1pul
SuperScript IT (200 U/ul) (Invitrogen), followed by incubation

Oncogene

at 42°C for 45min. The reaction was diluted 10-fold with
dH,O and stored at 4°C.

Each sample was subjected to 40 cycles of real-time PCR
with a LightCycler (Idaho Technology, Sait Lake City, UT,
USA). PCR reagents contained 1 x LightCycler DNA Master
SYBR Green I (Roche Molecular Biochemicals, Mannheim,
Germany), 0.5 uM of each primer, 3mM MgCl, and 2 ul cDNA
template. PCR conditions were as follows: one cycle of
denaturing at 95°C for 10 min, followed by 40 cycles of 95°C
for 15s, 55°C for 5s and 72°C for 10s. A melting curve was
obtained at the end of amplification cycles to verify specificity
of the PCR products. Points at which signal fluorescence
exceeded background, for each sample and for each gene, were
compared to a standard curve generated by four, 10-fold serial
dilutions of concentrated cDNA control of each sample
subjected to real-time analysis to determine an expression
value. All determinations were performed in duplicate. A
Student’s t-test was conducted to analyse expression values for
long- and short-term survivors to determine statistical
significance. For amplification of target genes, the following
primers were used (Takara, Yotsukaichi, Japan):

ALCAM-FW: 5'-CCAGATGGCAATATCACATGGTA
CA-3,

ALCAM-RW: STCCAGGGTGGAAGTCATGGTATA
GA-3,

DDRI-FW: SACTTTGGCATGAGCCGGAAC-3,

DDRI-RW: SACGTCACTCGCAGTCGTGAAC-3,

DYRK3-FW: SYAGCTGCCTCCAGTTGTTGGGAAT
AG-3,

DYRK3-RW: STGCATCTCTGGGCATATCTCTG
TC-3,

ITGAS-FW: STCCCAGTAAGCGACTGGCATC-3,

ITGAS-RW: S'GTTCCAGCACACCCTGGCTAA-%,

ITGB2-FW: SATCGTGCTGATCGGCATTCTC-3,

ITGB2-RW: SGGTTCATGACCGTCGTGGTG-3',

KSP37-FW: SCTTCCGAGGGTGACAGGTGA-3,

KSP37-RW: STCCAGTGTGAGAACGTTGGATT
G-3,

LDHC-FW: STCATCTGTACTGATTGCGCCAA
G-3,

LDHC-RW: SACGGCACCAGTTCCAACAATAG
TAA-3,

LOC340371-FW:
LOC340371-RW:

5GGAACATGCCAGGGCTTCA-3,
YCTGCTCAACACGGTCTGGA-3,

SLN-FW: S'GGAGTTGGAGCTCAAGTTGGAG
AC-3,

SLN-RW: SGAACTGCAGGCAGATTTCTGAG
G-3,

SLC2A3-FW: SGCCTTTGGCACTCTCAACCAG-3,

SLC2A3-RW: S'GCTGCACTTTGTAGGATAGCAG

GAA-3.

Immunohistochemistry

Sections (5 um) from formalin-fixed, paraffin-embedded tissue
specimens were deparaffinized in xylene and dehydrated in a
graded series of ethanol, followed by a phosphate-buffered
saline (PBS) wash. Antigen retrieval was carried out by -
incubation at 121°C for {0 min in 10 mM sodium citrate (pH
6.0), followed by incubation with 0.3% H,0, to quench
endogenous peroxidase activity. Slides were blocked in 10%
normal serum and incubated with rabbit polyclonal anti-
DDRI antibody (dilution 1:50; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) for 16h at 4°C. After washing, the
slides were incubated with an avidin—-biotin—peroxidase system
(Vectastain elite ABC kit, Vector Labs, Burlingame, CA,



USA). Finally, sections were exposed for 1020 min to 0.01%
3,3-diaminobenzidine (Sigma, Tokyo, Japan) and PBS con-
taining 0.01% hydrogen peroxide. Immunohistochemistry
scoring was performed as follows. Staining intensity was
classified as none (0 point), weak (1 point), moderate (2 point)
or strong (3 point). Intensity of signal of stained areas was
estimated by light microscopy, based on 25 percentiles in a
representative field. Scores were calculated as weighted
averages (sum of points x area%). Averages of three indepen-
dent measurements were calculated to the first decimal place
and used for statistical analysis. Observers were not aware of
case numbers.

SIRNA treatment and cell proliferation assay

Specific siRNA oligonucleotides directed against human
DDRI1 were purchased from Invitrogen. The Validated Stealth
sequence information is DDRI-#1: 5-GCUAUGUGGAGAU
GGAGUUUGAGUU-3 and DDRI-#2: §-GGCCCUGG
UUACUCUUCAGCGAAAU-3'. siRNAs were introduced
into glioma cell lines by cytofectin-mediated transfection
according to the manufacturer’s instructions (Qiagen, Tokyo,
Japan). Cells were cultured in 96-well plates in 100 ul of serum-
enriched medium. When 80% confluence was reached, 25 ul
100 nM siRNA in cytofectin was added drop wise to the cell
culture. Numbers of viable cells were evaluated 48h after
culture, by incubating with Tetra color one (Seikagaku CO.,
Tokyo, Japan), and numbers obtained were compared with
those of controls. Control experiments were performed using
Cy3-labeled siRNA (Qiagen) directed against an unrelated
mRNA (Luciferase; siRNA| c: Qiagen). Transfection effi-
ciency was confirmed with Cy3-labeled siRNA_yc in each
assay. All proliferation experiments were repeated as indepen-
dent experiments at least twice. Results were reported as
means +s.d. of two independent experiments.

Cell invasion of Matrigel

A Transwell containing an 8-um diameter pore membrane
(Becton-Dickinson, Tokyo, Japan) was coated with 500 ul
Matrigel (Becton-Dickinson) at 100 ug/ml. Cells were either
left untreated, treated with control or DDRI-#1, #2 siRNAs
and transfected as described above. After 24-h incubation, cells
were detached with cell dissociation solution (Sigma), washed
twice with PBS and resuspended in minimum essential medium
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DNA Strand Breaks Are Not Induced in Human
Cells Exposedto 21425 GHz Band CW and
W-CDMA Modulated Radiofrequency Fields
Allocated to Mobile Radio Base Stations
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‘We conducted a large-scale in vitro study focused on the effects of low level radiofrequency (RF) fields
from mobile radio base stations employing the International Mobile Telecommunication 2000 (IMT-
2000) cellular system in order to test the hypothesis that modulated RF fields may act as a DNA
damaging agent. First, we evaluated the responses of human cells to microwave exposure at a specific
absorption rate (SAR) of 80 mW/kg, which corresponds to the limit of the average whole body SAR for
general public exposure defined as a basic restriction in the International Commission on Non-lonizing
Radiation Protection (ICNIRP) guidelines. Second, we investigated whether continuous wave (CW)
and Wideband Code Division Multiple Access (W-CDMA) modulated signal RF fields at 2.1425 GHz
induced different levels of DNA damage. Human glioblastoma A 172 cells and normal human IMR-90
fibroblasts from fetal lungs were exposed to mobile communication frequency radiation to investigate
whether such exposure produced DNA strand breaks in cell culture. A172 cells were exposed to W-
CDMA radiation at SARs of 80, 250, and 800 mW/kg and CW radiation at 80 mW/kg for 2 and 24 h,
while IMR-90 cells were exposed to both W-CDMA and CW radiations at a SAR of 80 mW/kg for the
same time periods. Under the same RF field exposure conditions, no significant differences in the DNA
strand breaks were observed between the test groups exposed to  W-CDMA or CW radiation and the
sham exposed negative controls, as evaluated immediately after the exposure periods by alkaline
comet assays. Our results confirm that low level exposures do not act as a genotoxwant uptoaSAR of
800 mW/kg. Bioelectromagnetics 27:51-57, 2006.  © 2005 Wiley-Liss, Inc.

Key words: DNA damage; radiofrequency radiation; alkaline comet assay; A172 cells;
IMR-90 fibroblasts

INTRODUCTION

The rapid introduction of mobile telecommuni-
cation services over the last decade has drastically
increased the amount of radiofrequency (RF) field
irradiation frequencies and energies in our living
environment. In order to continue stable growth and
expansion of RF utilizations, it is necessary to in-
vestigate the possibility of any biological health effects
of RF fields and to obtain reliable confirmation data
with respect to safety. To achieve this, animal and cell
culture studies of genotoxicity and carcinogenesis are
very useful for providing risk assessment information.
It is also important to examine the possible biological
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effects of and obtain reliable data for 2-GHz band
RF irradiation to facilitate the smooth deployment
of the International Mobile Telecommunication 2000
(IMT-2000) cellular system. Here, we conducted a
study that focused on the effects of a practical
modulated signal for Wideband Code Division Multiple
Access (W-CDMA) as well as a continuous wave (CW)
at 2.1425 GHz, which corresponds to the middle
frequency allocated to the downlink band of IMT-
2000 from mobile radio base stations.

To date, most research has concentrated on the
biological effects of the relatively high and short period
RF irradiation from radio terminals. In contrast, only a
few biological experiments related to the low level and
long term exposure from radio base stations have been
performed, since this exposure level is considered to be
too small to have any biological effects on the humans.
Moreover, in vitro studies using the single-cell gel
electrophoresis (SCG) assay (comet assay), a sensitive
technique for detecting DNA strand breaks [Singh
et al.,, 1994, 1995; Tice et al., 2000], reported that RF
fields did not induce direct genotoxic or carcinogenic
effects [Malyapa et al., 1997; Vijayalaxmi et al., 2000;
Li et al., 2001; McNamee et al., 2002a,b, 2003; Hook
et al., 2004]. However, Phillips et al. [1998] reported
that exposure of Molt-4 T-lymphoblastoid cells to an
836.55 MHz time-division multiple-access (TDMA)
signal and 813.5625 MHz iDEN™ signal at a specific
absorption rate (SAR) of 2.4 mW/kg significantly de-
creased DNA damage, whereas the same iDEN signal at

a SAR of 24 mW/kg significantly increased DNA -

damage. In addition, Lai and Singh [1995, 1996, 1997]
reported that 2450 MHz pulsed and continuous micro-
wave exposure at an average whole body SAR of
1.2 W/kg increased DNA damage in rat brain cells
in vivo. Thus, it remains uncertain whether RF fields
induce DNA damage, despite the large number of pub-
lished studies regarding DNA damage after exposure to
RF fields.

In the present study, human glioblastoma A172
cells were exposed to W-CDMA radiation at SARs of
80, 250, and 800 mW/kg and CW radiation at 80 mW/kg
for 2 and 24 h, while normal human IMR-90 fibroblasts
were exposed to both W-CDMA and CW radiations at a
SAR of 80 mW/kg for the same time periods. The first
objective of this study was to evaluate the responses of
these human cells to microwave exposure at a SAR of
80 mWr/kg, which corresponds to the limit of the
average whole body SAR for general public exposure
defined as a basic restriction in the International
Commission on Non-Ionizing Radiation Protection
[ICNIRP, 1998] guidelines. The second objective was
to investigate whether CW and W-CDMA modulated
signal RF fields at 2.1425 GHz, which corresponds to

the center frequency of the IMT-2000, induced different
levels of DNA damage.

MATERIALS AND METHODS

Cells and Culture Conditions

Human glioblastoma A172 cells were cultured
in Dulbecco’s modified Eagle medium (DMEM;

- Invitrogen, Tokyo, Japan) supplemented with 10%

heat-inactivated fetal calf serum (FCS; Invitrogen),
100 U/ml penicillin, and 100 pg/ml streptomycin.
Normal human IMR-90 fibroblasts from fetal lungs
were grown in Eagle’s minimal essential medium with
Earle’s balanced salts (Invitrogen) supplemented with
0.1 mM non-essential amino acids, 1.0 mM sodium
pyruvate, 10% heat-inactivated FCS, 100 U/ml pen-
icillin, and 100 pg/ml streptomycin. The two cell lines
were obtained from the American Type Culture Col-
lection (ATCC, Rockville, MD). All cell cultures were
carried out in 100 mm diameter dishes at 37 °C in a
humidified atmosphere of 5% CO,. The doubling times
of A172 and IMR-90 cells were 254 +2.1 and 38.9 &+
3.3 h, respectively, under these culture conditions.

Exposure System

The W-CDMA cellular system is one of the
component systems of the IMT-2000 cellular sys-
tem, and its frequency spectrum is shown in Figure I.
W-CDMA adopts Direct Sequence CDMA (DS-
CDMA) and Frequency Division Duplex (FDD) as a
multiple access and duplex scheme, respectively. The
chip rate of the spread code of this system is 3.84 Mcps.
A beam-formed RF exposure incubator employing a
horn antenna, a dielectric lens, and a culture case in an
anechoic chamber was developed for large-scale in vitro
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Fig. 1. Wideband Code Division Multiple Access (W-CDMA)
frequency spectrum.



studies. A detailed description of the exposure system
was published in Iyama et al. [2004]. Briefly, two
identical RF field exposure incubators, one for RF field
exposure and the other for sham exposure, were esta-
blished in separate anechoic chambers, and a mechan-
ical switch in a dummy box allows the selection of RF
field exposure or sham exposure. This system allows
simultaneous exposure of 49 (7 x7 array) 35 mm
culture dishes to a 2.1425 GHz RF electromagnetic
field, which corresponds to the center frequency of the
IMT-2000 down link band, with a uniform SAR
distribution in the medium of all 49 culture dishes.
The main unit for the cell exposure provides identical
air to the two culture units through sealed ducts at
the appropriate temperature (37 °C), CO, (5%), and
humidity (>90%). The mean SAR of the culture fluid at
the bottom of the 49 culture dishes used in the in vitro
experiments was 175 mW/kg for an antenna input
power of 1 W and the standard deviation of the SAR
distribution was 59%. When only the inner 25 culture
dishes (5 x 5 array) were evaluated, the mean SAR was
139 mW/kg for the same antenna input power and the
standard deviation of the SAR distribution was 47%.
Five dishes in the inner dish positions were used in this
study.

Experimental Design

Human glioblastoma A172 cells were exposed
to W-CDMA radiation at SARs of 80, 250, and 800 mW/
kg and CW radiation at 80 mW/kg for 2 and 24 h, while
human IMR-90 fibroblasts from fetal lungs were
exposed to both W-CDMA and CW radiations at a
SAR of 80 mW/kg for the same time periods. The
exposure time of 2 and 24 h were chosen because DNA
strand breaks increased in a time-dependent manner
upon methyl methane sulfonate (MMS) treatment in our
preliminary studies (data not shown). A172 glioblas-
toma or IMR-90 fibroblast cell cultures for RF field
exposures were maintained in several 100 mm culture
dishes from acommon culture. Log phase cells were dis-
sociated enzymatically, plated in 35 mm culture dishes
and maintained for 48 h as a pre-culture. Next, the
medium was exchanged for fresh medium, and the cell
cultures were placed in the RF field exposure in-
cubators. Five cultures were subjected to RF field or
sham exposure for 2 or 24 h, respectively. The RF field
exposures were processed in a blind manner. The air
temperature was monitored for all cultures during the
course of the sham and RF field exposures, and no
significant variations were found. Empirical data col-
lected over all the experiments demonstrated that the air
temperatures within the cultures during the sham and
RF field exposures were typically within 0.3 °C of each
other at all times, and were within the range of
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37.0+£0.5 °C once thermodynamic equilibrium was
achieved within the exposure chamber at the highest
SAR of 800 mW/kg for W-CDMA radiation. The tem-
peratures of the culture media during the sham and
RF field exposures cultures typically remained within
0.3 °C. Specifically, the temperature ranges were 37.0 =
0.3,37.0:0.1, and 37.0 £ 0.1 °C at the SARs of 800,
250, and 80 mW/kg for W-CDMA radiation, respec-
tively. Other cultures were treated with 0, 2, 4, and
20 pg/ml MMS as positive controls in a conventional
incubator. Furthermore, 20 pg/ml MMS was used as a
positive control in every RF field exposure experiment.

Alkaline Comet Assay

After the exposure, the RF field, sham and
20 pg/ml MMS samples were processed for the alkaline
comet assay as described by Singh et al. [1994, 1995].
Briefly, the cells were washed, resuspended in Ca**-
and Mg2+-free phosphate buffered saline at a concen-
tration of 1x 10° cells/ml, and mixed with 1% low
melting point agarose at a ratio of 1:5. The mixtures
were immediately layered onto slides and placed in a
refrigerator to allow the mixture to gel. Next, the
slides were transferred to a chamber containing lysis
buffer (Trevigen, Gaithersburg, MD), and treated with
1 mg/ml proteinase K solution (Qiagen, Tokyo, Japan)
at 37 °C for 2 h. The slides were then rinsed in
electrophoresis buffer (pH 13; 300 mM NaOH, 1 mM
EDTA) for 10 min, subjected to electrophoresis at 22 V
and 300 mA for 30 min, dehydrated in 70% ethanol for
10 min and air dried overnight.

The samples were analyzed after staining with
10 pg/ml ethidium bromide. Images were acquired with
an Olympus fluorescence microscope using a 20x
objective lens and 520—540 nm excitation froma 100 W
mercury lamp. All comet images were acquired with a
cooled color CCD camera, and at least 100 comets from
each of the five replicate cultures were analyzed using
the Komet 5 imaging system (Kinetic Imaging Ltd.,
NC). The comet head and tail regions were defined
manually. Tail length was defined as the distance from
the leading edge of the comet head to the leading edge
of the tail. Tail DNA was calculated as the relative
fluorescence intensity in the comet tail region to that in
the entire comet. Olive tail moment was calculated as
the tail DNA multiplied by the distance between the
centers of gravity of the head and tail regions [Olive
et al., 1990].

Statistical Analysis

The DNA strand breaks obtained with the alkaline
comet assay were analyzed by Student’s t-test or
Welch’s r-test using the data for the sham exposed
samples, the RF field exposed samples and the positive
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(20 pg/ml MMS treatment) controls for each of the
three end points (Olive tail moment, tail DNA, and tail
length). Student’s t-test was performed if the variance
was homogeneous, while Welch'’s ¢-test was used if the
variance was heterogeneous. A P-value of less than
.05 was considered statistically significant.

RESULTS

DNA Strand Breaks After MMS Treatment

MMS treatment was used as both a positive
control and to assess the sensitivity of the method used
to detect DNA damage. A172 and IMR-90 cells were
cultured with MMS at concentrations of 0, 2, 4, and
20 pg/ml for 2 or 24 h. The lowest detectable dose of
each parameter (Olive tail moment, tail DNA, or tail
length) was 2 or 4 pg/ml MMS for both cell lines used in
the study (Fig. 2). For A172 cells, the Olive tail moment
and tail length after culture with 2 pg/ml MMS for 2 h
were greater than the background (0 pg/ml MMS), but
the difference was not significant. For IMR-90 cells, the
tail length after culture with 2 pg/ml MMS for 24 h
did not differ significantly from the background
(0 pg/mi MMS).

DNA Strand Breaks After Exposure
to RF Field at 80 mW/kg

A172 cell cultures were exposed to W-CDMA or
CW radiation at a SAR of 80 mW/kg for 2 or 24 h.
Experiments under the same RF field exposure
conditions were repeated three times, and five different
cultures were used in each experiment. The pooled
experimental data (15 different cultures) for the same
system and duration of RF field exposure are summar-
ized in Table 1. No significant differences were ob-
served between any of the RF field exposure groups and
the sham exposed controls for any of the parameters
examined, in either the 2.1425 GHz W-CDMA or CW
RF field experiments. MMS, the positive control agent,
induced a significant and noticeable increase in DNA
migration in all experiments.

Fig. 2. DNA strand breaks in A172 and IMR-90 cells cultured with
methyl methane sulfonate (MMS) at 0, 2, 4, and 20 ptg/ml for 2 or
24 h.The Olive tail moment (a), tail DNA (b), and taitlength (c) were
measured immediately after the treatment. The data points repre-
sent the means + SD of three independent cultures. After treat-
ment of A172 cells with 2 pg/ml MMS for 2 h, the tail moment
and tail length are not significantly different from the background
(0 ng/mt MMS). However, all three comet parameters differ signifi-
cantly from the background after treatment with 4 ug/ml MMS
(P <.01). Atter treatment of IMR-90 cells with 2 pg/ml MMS for 24 h,
the tail length is not significantly different from the background.
However, all three comet parameters differ significantly from the
background after treatment with 4 pg/mt MMS (P <.01).

IMR-90 cells were exposed to W-CDMA or CW
radiation at a SAR of 80 mW/kg for 2 or 24 h, and
the results are summarized in Table 2. All the comet
parameters were small in these experiments. No statis-
tically significant differences were observed between
any of the RF field exposure groups and the sham
exposed controls for any of the parameters examined, in
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either the 2.1425 GHz W-CDMA or CW REF field ex-
periments. MMS induced a significant increase in DNA
migration in all experiments.

DNA Strand Breaks After Exposure to
RF Field at 250 or 800 mW/kg

A172 cell cultures were exposed to W-CDMA
radiation at a SAR of 250 or 800 mW/kg for 2 or 24 h,
and the results are summarized in Table 1. No signi-
ficant differences were observed between any of the
W-CDMA exposure groups and the sham exposed
controls for any of the parameters examined at an
average SAR of 250 or 800 mW/kg. MMS induced a
significant increase in DNA migration in all experi-
ments. :

DISCUSSION

The comet assay is a simple and sensitive assay
that is capable of measuring and identifying DNA
strand breaks at the cellular level [Singh et al., 1995;
Tice et al., 2000]. In both cell lines, treatment with
20 pg/ml MMS for 2 and 24 h induced increases in all
three comet parameters (Olive tail moment, tail DNA,
and tail length), although the survival of the cells did not
differ from the background after either 2 or 24 h of
treatment (A172:2 h, 91.0% vs. 96.0%; 24 h, 91.0% vs.
98.8%; IMR-90: 2 h, 93.7% vs. 96.3%; 24 h, 90.6% vs.
95.9%).

Figure 2 shows the DNA strand breaks in A172
and IMR-90 cells after culture with different concen-
trations of MMS for 2 or 24 h. In our comet assay
protocol, the cell suspensions and low melting point
agarose layered onto slides were treated with 1 mg/ml
proteinase K to increase the sensitivity, since Singh et al.
[1995] reported that proteinase K treatment of cells
allowed the detection of DNA strand breaks in human
lymphocytes irradiated with low doses of y rays. Our
results further confirmed that proteinase K treatment of
the cells raised the sensitivity of detection of DNA
strand breaks. None of the measured comet param-
eters in comet assays for A172 or IMR-90 cells were
significantly higher than the background after treatment
with 10 pg/ml MMS without proteinase K treatment
(data not shown). However, all the comet parameters
were significantly above the background after treat-
ment of both cell lines with 4 pg/ml MMS followed by
1 mg/ml proteinase K (Fig. 2). Thus, these results
confirmed that the comet assay performed in this study
could detect DNA strand breaks with high sensitivity.

In the present study, we analyzed the human A172
and IMR-90 cells for DNA strand breaks after exposure
to RF signals for 2 or 24 h. A172 cells were exposed to
W-CDMA radiation at SARs of 80,250,and 800 mW/

kg and CW radiation at 80 mW/kg, while IMR-90 cells
were exposed to both W-CDMA and CW radiations at a
SAR of 80 mW/kg. The exposures to RF radiation were
carried out in a blind manner so that it was not possible
to identify the RF field and sham exposed samples.
Three comet parameters (Olive tail moment, tail DNA,
and tail length) were obtained for each comet scored by
image analysis, after averaging the responses across
different populations of cells within each culture. For all
the RF field exposure conditions, no significant differ-
ences in the DNA strand breaks were observed between
the test groups exposed to W-CDMA or CW radiation
and the sham exposed negative controls when the
samples were processed immediately after the exposure
periods by the alkaline comet assay. In our previous
study, we showed that exposure to 2.1425 GHz CW and
W-CDMA modulated RF signals at a SAR of up to 800
mW/kg did not alter the cell proliferation ratio or cell
cycle phase in four human cell lines, including A172
and IMR-90 cells. Furthermore, none of the CW and W-
CDMA modulated RF signals tested had any effects on
the expression profiles of genes encoding proteins
related to the cell cycle, cell proliferation, cell death,
apoptosis, etc. (data not shown).

Our results confirm that exposure to W-CDMA
and CW 2.1425 GHz microwaves for 2 and 24 h did not
act as a genotoxicant at the limit of the average whole
body SAR level defined in the ICNIRP guidelines.

ACKNOWLEDGMENTS

The authors thank Ms. Naoko Kaji for her
technical assistance during this research.

REFERENCES

Hook GJ, Zhang P, Lagroye 1, Li L, Higashikubo R, Moros EG,
Straube WL, Pickard WF, Baty JD, Roti Roti JL. 2004.
Measurement of DNA damage and apoptosis in Molt-4 cells
after in vitro exposure to radiofrequency radiation. Radiat
Res 161:193-200.

ICNIRP. 1998. Guidelines for limiting exposure to time vary-
ing electric, magnetic and electromagnetic fields (up to
300 GHz). Health Phys 74:494-522.

Iyama T, Ebara H, Tarusawa Y, Uebayashi S, Sekijima M, Nojima
T, Miyakoshi J. 2004. Large-scale in vitro experiment system
for 2 GHz-exposure. Bioelectromagnetics 25:599-606.

Lai H, Singh NP. 1995. Acute low-intensity microwave exposure
increases DNA single-strand breaks in rat brain cells.
Bioelectromagnetics 16:207-210.

Lai H, Singh NP. 1996. Single- and double-strand DNA breaks in rat
brain cells after acute exposure to radiofrequency electro-
magnetic radiation. Int J Radiat Biol 69:513-521.

Lai H, Singh NP. 1997. Melatonin and a spin-trap compound block
radiofrequency electromagnetic radiation-induced DNA
strand breaks in rat brain cells. Bioelectromagnetics |8:
446-454.



Li L, Bisht KS, LaGroye I, Zhang P, Straube WL, Moros EG;
Roti Roti JL. 2001. Measurement of DNA damage in mam-
malian cells exposed in vitro to radiofrequency fields at SARs
of 3—-5 W/kg. Radiat Res 156:328-332.

Malyapa RS, Ahern EW, Straube WL, Moros EG, Pickard WF,
Roti Roti JL. 1997. Measurement of DNA damage after
exposure to electromagnetic radiation in the cellular phone
communication frequency band (835.62 and 847.74 MHz).
Radiat Res 148:618-627.

McNamee JP, Bellier PV, Gajda GB, Miller SM, Lemay EP, Lavallee
BF, Marro L, Thansandote A. 2002a. DNA damage and
micronucleus induction in human leukocytes after acute
in vitro exposure to a 1.9 GHz continuous-wave radio-
frequency field. Radiat Res 158:523-533.

McNamee JP, Bellier PV, Gajda GB, Lavallee BF, Lemay EP,
Marro L, Thansandote A. 2002b. DNA damage in human
leukocytes after acute in vitro exposure to a 1.9 GHz
puise-modulated radiofrequency field. Radiat Res 158:534—
537.

McNamee JP, Bellier PV, Gajda GB, Lavallee BF, Marro L, Lemay
EP, Thansandote A. 2003. No evidence for genotoxic effects
from 24 h exposure of human leukocytes to 1.9 GHz radio-
frequency fields. Radiat Res 159:693-697.

DNA Strand Breaks 57

Olive PL, Banath JP, Durand RE. 1990. Heterogeneity in radiation-
induced DNA damage and repair in tumor and normal cells
using the “‘comet” assay. Radiat Res 122:86—94.

Phillips JL, Ivaschuk O, Ishida-Jones T, Jones RA, Compbell-
Beachler M, Haggren W. 1998. DNA damage in Molt-4
T-lymphoblastoid cells exposed to cellular telephone radio-
frequency fields in vitro. Bioelectrochem Bioenerg 45:103-
110.

Singh NP, Stephens RE, Schneider EL. 1994. Modification of
alkaline microgel electrophoresis for sensitive detection of
DNA damage. Int J Radiat Biol 66:23-28.

Singh NP, Graham MM, Singh V, Khan A. 1995. Induction of DNA
single-strand breaks in human lymphocytes by low dose of
y-rays. Int J Radiat Biol 68:563-569.

‘Tice RR, Agurell E, Anderson D, Burlinson B, Hartmann A,

Kobayashi H, Miyamae Y, Rojas E, RyuJC, Sasaki YF. 2000.
Single cell gel/comet assay: Guidelines for in vitro and in
vivo genetic toxicology testing. Environ Mol Mutagen 35:
206-221. '

Vijayalaxmi, Leal BZ, Szilagyi M, Prihoda TJ, Meltz ML. 2000.
Primary DNA damage in human blood lymphocytes exposed
in vitro to 2450 MHz radiofrequency radiation. Radiat Res
153:479-486.



Skeletal Radiol (2006) 35: 543-546
DOI 10.1007/s00256-005-0037-5

Mototaka Miyake
Ukihide Tateishi
Tetsuo Maeda
Yasuaki Arai
Kunihiko Seki
Tadashi Hasegawa
Kazuro Sugimura

CASE REPORT

Sclerosing perineurioma: tumor of the hand

with a short T2

Received: 2 June 2005

Revised: 17 August 2005
Accepted: 17 August 2005
Published online: 19 October 2005
© 1SS 2005

M. Miyake - U. Tateishi (&) -
T. Maeda - Y. Arai

Division of Diagnostic Radiology
and Nuclear Medicine,

National Cancer Center Hospital,
5-1-1, Tsukiji, Chuo-ku,
104-0045 Tokyo, Japan

e-mail: utateish@ncc.go.jp

Tel.: +81-3-35422511

Fax: +81-3-35423815

K. Seki

Division of Pathology,

National Cancer Center Hospital,
Tokyo, Japan

T. Hasegawa

Department of Clinical Pathology,
Sapporo Medical University
School of Medicine,

Sapporo, Japan

K. Sugimura

Department of Radiology,
Kobe University Graduate
School of Medicine,

Kobe, Japan

Abstract We present two cases of
sclerosing perineurioma, a rare soft
tissue tumor, in the palm and the ring
finger respectively, presenting as a
small, painless and subcutaneous
mass. This tumor has a predilection
for the digits and palms of young,
predominantly male adults. In the
present cases the tumors showed very
low signal intensity on T2-weighted
magnetic resonance (MR) images.

Histologically they contained abun-
dant collagen and hyalinized stroma,
which would account for areas of low
signal intensity on T2-weighted MR
images. Immunohistochemically, the
tumor cells were positive for vimentin,
epithelial membrane antigen and
human erythrocyte glucose transporter
1 and negative for S-100 protein. To
the best of our knowledge, the ap-
pearance of sclerosing perineurioma
on MR imaging has not been
previously reported in the English-
language literature. Sclerosing peri-
neurioma should be considered in the
differential diagnosis of hand tumors
when the tumor shows low signal
intensity on T2-weighted MR images.

Keywords Sclerosing perineurioma -
Hand - MRI - Short T2

Introduction

Perineurioma is a rare soft tissue tumor composed of cells
resembling those of the normal perineurium. It was first
described in 1978 by Lazarus and Trombetta on the basis of
ultrastructural findings [1]. There are two distinct forms of
perineurioma, the intraneural and the extraneural; the latter
is known as soft tissue perineurioma. Sclerosing perineur-
ioma, first described by Fetsch and Miettinen in 1997, is an
unusual variant of soft tissue perineurioma that presents as
a small, painless, dermal or subcutaneous mass with a
strong predilection for the digits and palms of young adults,
predominantly males [2]. To the best of our knowledge, the
appearance on magnetic resonance imaging (MRI) of

sclerosing perineurioma has not been previously reported
in the English-language literature. We report the MRI
features of two cases of sclerosing perineurioma and
correlate the MR findings with histological features.

Case report
Case 1
An 11-year-old girl presented with a 1- year history of a

slowly growing painless mass in her left palm. Physical
examination revealed a well-delineated elastic and hard mass
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Fig. 1 An |l-year-old girl with
a painless mass in her left palm.
a Axial Tl-weighted SE MR
image (TR/TE 440/25) shows an
iso signal intensity mass to that
of muscle, in her left palm.

b Axial T2-weighted FSE MR
image (TR/TE 4000/87.3)
reveals homogenously very low
signal intensity of the mass.

¢ Axial gadolinium-enhanced
T1-weighted SE MR image
suppression shows partial
enhancement. d Photomicro-
graph of the tumor shows
small, oval epithelioid or
plump spindle cells, scattered
and arranged in a corded and
whorled pattern in abundant
collagenous background.
(H&E, x40)

in her left palm and no limitation of finger motion. Ra-
diographs showed a soft tissue mass in her left palm without
erosion of adjacent bone. MRI of the left hand revealed a
well-delineated mass measuring maximally 25%28 mm be-
tween the flexor tendons of the middle and ring fingers. The
mass appeared homogeneous with signal intensity similar to
that of muscle on T1-weighted spin echo (SE) MR images
(Fig. 1a). On T2-weighted fast spin echo (FSE) MR images,
the mass showed homogeneous low signal intensity similar
to that of the tendons (Fig. 1b). On gadolinium-enhanced T1-
weighted SE MR images with fat suppression, the mass
showed partial slight enhancement (Fig. 1¢). The margin of
the mass displayed low signal intensity on all MRI pulse
sequences, suggestive of a capsule or pseudocapsule. An
excisional biopsy was performed. Grossly, the tumor was
firm, well circumscribed and surrounded by a thin fibrous
pseudocapsule. The cut surface of the tumor was solid,
whitish and homogeneous in appearance.

Histologic examination revealed abundant collagenous
tissue and small, oval epithelioid or plump spindle cells
scattered and arranged in a corded, whorled or trabecular
pattern (Fig. 1d). Small foci of necrosis, that is, ischemic
infarction—possibly as a result of thrombosis—were iden-
tified (not shown). Cellular and nuclear atypia was rare and
mitoses were not present. Tumor cells were positive for
vimentin and epithelial membrane antigen (EMA) and ne-
gative for S-100 protein. In addition, they were diffusely
and strongly positive for human erythrocyte glucose trans-
porter | (GLUTI) with intensity similar to that of eryth-
rocytes in tissue sections. The histological diagnosis of
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sclerosing perineurioma was made. After simple excision,
there has been no evidence of recurrence or metastasis for 4
years, 4 months.

Case 2

A l6-year-old male presented with a painless and firm
mass on the palmar side of his left ring finger. The mass
slightly limited the range of motion of his ring finger.
Laboratory tests showed no abnormalities. MRI of the left
hand revealed a clearly defined mass measuring maximally
40x25 mm along the flexor tendon of his left ring finger.
The lesion showed homogenously low to iso signal
intensity relative to muscle on T1-weighted SE MR images
(Fig. 2a) and very low signal intensity, similar to the
tendons, on T2-weighted FSE MR images (Fig. 2b). On
gadolinium-enhanced T1-weighted SE MR images, the
lesion showed heterogeneous enhancement (Fig. 2c). On
MRI, the tumor was attached to the flexor tendon of the left
ring finger and there were no tendinous abnormalities. The
patient underwent an excisional biopsy. Although the
tumor was exophytically attached to the flexor digitorum
profundus tendon of the left ring finger, there was no
encasement of the flexor digitorum profundus tendon. The
tumor was completely excised and the flexor tendon was
preserved. Microscopic examination showed abundant
collagen, which was partially sclerosed and hyalinized. In
the collagenous background, there were small, oval
epithelioid or plump spindle cells scattered and arranged
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Fig. 2 A 16-year-old male with
a painless mass in his left ring
finger. a Sagittal T1-weighted
SE MR image (TR/TE 440/25)
shows a low- to iso-signal-
intensity mass in comparison
with muscle. b Sagittal
T2-weighted FSE MR image
(4500/120) reveals homoge-
neously very low signal inten-
sity to the mass. ¢ Sagittal
gadoliniom-enhanced
Tl-weighted SE MR image
(500/15) with fat suppression
shows heterogeneous
enhancement

in a corded, whorled or trabecular pattern. Tumor cells
were diffusely and strongly positive for GLUTI and
diffusely positive for vimentin and EMA. These histolog-
ical findings were consistent with sclerosing perineurioma.
On follow-up at 2 years, 2 months, there was no evidence
of recurrence or metastasis.

Discussion

Sclerosing perineurioma is a rare soft tissue tumor com-
posed of cells resembling those of the normal perineurium. It
presents as a small, painless, dermal or subcutaneous mass
with a strong predilection for the digits and palms of young
adults [2]. Why this tumor has a marked predilection for the
hands of young adults is unknown. The predominant chief
complaint is a painless but slowly growing mass, which may
range in size from 0.7 cm to 4.0 cm in its maximal dimension
2, 3]. All reported sclerosing perineuriomas have had an
excellent course without recurrence or metastasis. Malignant
transformation has not been reported. Therefore, local ex-
cision is considered adequate therapy.

The diagnosis requires light-microscopic, ultrastructural
and immunohistochemical examination. Grossly, the tumor
is a well-circumscribed and nodular -or ovoid firm mass
[2, 4, 3]. Microscopically, the tumor is hypocellular with an
extensively collagenized stroma and contains small epithe-
lioid and plump spindle cells showing a characteristic corded
or whorled growth pattern [2]. Perineurioma cells immuno-
histochemically express vimentin and EMA and lack im-
munoreactivity for S-100 protein [2]. Hirose et al. reported
that the expression of GLUT! was specific to perineurial
cells and useful to distinguish perineurial cells from other
nerve sheath cells [6]. In our two cases GLUT!1 showed
strongly positive staining, similar to previous results [3].

Since sclerosing perineurioma is not a widely recognized
entity, its features on diagnostic imaging, including MRI,
have not been previously reported. In the present cases, the
tumors showed signal intensity similar to that of muscle on
T1-weighted SE MR images and very low signal intensity
on T2-weighted FSE MR images. After gadolinium ad-
ministration, the lesions were partially enhanced in case |
and diffusely enhanced in case 2. It is known that areas of
low signal intensity on T2-weighted MR images can be seen
with hemosiderin deposition or with areas of decreased
cellularity and dense collagen deposition [7]. The present
tumors histologically contained abundant collagen and
hyalinized stroma, which were consistent with areas of low
signal intensity on T2-weighted MR images. MRI clearly
delineated the depth of the tumor and its relationship to the
flexor digitorum profundus tendon, aiding in surgical
planning. In each of these cases the tumor was exophyti-
cally attached to the flexor digitorum profundus tendon and
was surrounded by a thin capsule or pseudocapsule, which
was confirmed histologically. In our two cases, GLUT1 was
strongly positive immunohistochemically.

On MR, the differential diagnosis of sclerosing perineu-
rioma includes giant cell tumor of tendon sheath, fibroma,
neurofibroma, proliferative fasciitis, myxofibrosarcoma,
myxoinflammatory fibroblastic sarcoma and clear cell sar-
coma, all of which may show low signal intensity on T2-
weighted MR images [7-10].

In summary, we have described the MRI features of two
cases of sclerosing perineurioma in the left palm and in the
left ring finger of young patients.

Awareness of this rare tumor with a short T2 and a pre-
dilection for the digits and palms would prompt the inter-
preter to include sclerosing perineurioma in the differential
diagnosis. An excision with tendon-sparing surgery ap-
pears to result in cure.



