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observation that promoter C was actively utilized in LTED
celis.

In order to confirm the difference of methylation sta-
tus of the promoter C between wild-type and LTED cells,
we next conducted direct sequencing of the PCR fragment
amplified from bisulfite-converted DNA. Cytosines were
predominantly observed at nucleotides —2103, —2082, and
—2073 within CpG dinucleotides, while thymines are faintly
detected at these sites in wild-type cells (Fig. 5). On the other
hand, both thymines and cytosines were clearly observed at
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these sites in LTED cells (Fig. 5), confirming the difference
of methylation status between wild-type and LTED cells.

3.4. Quantitative analysis of methylation status of ERx
gene promoter C in wild-type and LTED cells

In order to quantitatively analyze the methylation of
the promoter C region, we next performed two different
analyses, i.e. COBRA assay and bisulfite-real-time PCR.
in COBRA assay, the fragment amplified from methylated
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DNA can be identified as digestible bands with restriction of the fragments were methylated in wild-type cells, while
enzyme ‘Hpy188Ill, because of the retention of methyl- only 7.7% were methylated in LTED cells (Fig. 6).
cytosine residue at —2073 even after bisulfite-treatment This was also examined with bisulfite-real-time PCR anal-
(Fig. 6). Quantification of the fragments revealed that 54% ysis using methylation- or unmethylation-specific primers as
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Fig. 5. Direct sequencing of PCR products of ERa gene promoter C using bisulfite-converted DNA from wild-type and LTED cells. First PCR products of
bisulfite-converted DNA. from wild-type or LTED cells using primers ERPROCBSF and ERPROCBSR were subjected to direct sequencing with ERPROCBSF
primier as described in Section 2. Three CpG sites within the amplified region are indicated by rectangles with numbering over the rectangle. Cytosine residues

that will be shown as thymine in the sequence of PCR product of bisulfite converted DNA are marked with vertical arrows in black. Thick arrows indicate the
positions of three CpG sites. : :
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described above. Amount of methylated DNA in the tested
sample from LTED cells was 42% of that from wild-type
cells, though this was not statistically significant (P =0.063)
(Fig. 7). On the other hand, unmethylated DNA amount was
14.2-fold in LTED cells as compared with wild-type cells
(P <0.001) (Fig. 7). These results demonstrated that the pro-
moter C region was highly unmethylated in LTED cells, but
partially methylated in wild-type cells.

4. Discussion

Clinical observations suggest that human breast tumors
can adapt to endocrine therapy by developing hypersensitiv-
ity to estrogen. To understand the mechanisms underlying
this, we have previously examined estrogenic stimulation of
cell proliferation in a model system and provided in vitro
and in vivo evidence that long-term E2 ablation causes adap-
tive hypersensitivity. Importantly, LTED cells express ERa
at a much higher level than wild cells and consequently
show sub-cellular localization of ERa to the plasma mem-
brane in addition to the nucleus. LTED cells showed higher
basal estrogen responsive transcription activity as compared
with wild-type cells. In addition, LTED cells activate MAP
kinase signaling pathway mediated by plasma membrane-
bound ERa. In both roles of ERa in the nuclei and on the
plasma membranes of LTED cells, enhanced expression of
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Fig. 7. Bisulfite-real-time PCR analysis of ER« gene promoter C in wild-type and LTED cells. Bisulfite-real-time PCR analysis based on SYBR-Green chemistry
was conducted using methylation-specific primers ERPROCMI1F and ERPROCMIR or unmethylation-specific primers ERPROCUMIF and ERPROCUMIR
as described in Section 2. Representative results of bisulfite-real-time PCR are shown above. Comparison of methylated or unmethylated DNA amounts in
tested samples from wild-type and LTED cells are shown below. S.D.: standard deviation;
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ERa protein may be an obligatory step for acquisition of
estrogen-ablation resistance.

Previously, the expression level of ERa transcript from
promoter A was reported to be several folds higher than that
from promoter C in MCE-7 cells [24,25], in good agreement
with our current study for wild-type MCF-7 cells (Fig. 2). On
the other hand, in this study, we for the first time demonstrated
that ERa transcripts from promoters A and C expressed at
high levels in LTED cells as compared with wild-type cells
using real-time PCR (Fig. 2). Specifically, transcripts from
promoter C in LTED cells were 149-fold higher than those
in wild-type cells and the transcripts from promoter A and C
were equally expressed in LTED cells (Fig. 2), indicating that
enhanced transcription of ERa gene from promoter C may
in part be responsible for the enhanced expression of ERa
protein in LTED cells.

Our transient transfection expenments indicated that alter-
ations of transcription factors may not be a major cause for
the enhanced expression of ERo. mRNA from promoter C in
LTED cells (Fig. 3). On the other hand, methylation status of
the promoter C region of ERa gene was drastically changed
in LTED cells as compared with wild-type cells (Figs. 4-7).
We have previously reported that specific in vitro methylation
of promoter C region of ERa gene significantly reduced its
promoter activity in transienttransfection experiment [20]. In
addition, methylation of promoter C was inversely associated
with expression. of transcripts from this promoter as well as
ERa protein in primary breast cancer [20]. Taken together,
hypomethylation of promoter C region in LTED cells can be
one of the mechanisms responsible for the enhanced tran-
scription of ERa gene from promoter C. .. .

In this study, we demonstrated that ER« transcript from
promoter A also expressed-at high levels in LTED cells as
compared with wild-type cells (Fig. 2). Since the promoter A
was highly unmethylated in both LTED and wild-type MCF-7
cells (Fig. 4), some mechanisms other than DNA methylation
should be involved in the regulation of promoter A in LTED
cells. Our transient transfection experiments did not show any
difference of the reporter gene activity of promoter A con-
structs in between LTED and wild-type MCF-7 cells (Fig. 3).
One possible explanation for the enhanced expression of the
transcript from promoter A in LTED cells could be alteration
of transcription factors that bind to downstream sequences
including intron of the ER« gene that are not present in our
tested construct; AP2 transcription factor that bind to the
ERF-1 cis-acting element located downstream of the tran-
scription start site of promoter A may be one of the candidates
(18,19].

Transcripts from promoter /A and C share an identical cod—
ing sequence for ER« protein. Then, is there any functional
difference between these transcripts in relation to the protein
level of ERa? Importantly, it has recently been shown that
5’ upstream open reading frame (ORF) that is specific to the
transcript A has inhibitory effects on the translation of ER«

protein, while the 5’ upstream ORF of transcript C did not

show the effect [26]. Notably, the inhibitory effect of the ORF

of transcript A was most remarkable in MCF-7 cells among
the tested cell lines, indicating that there are differences in
the translational potential of transcripts from these two major
promoters {26]. It would be interesting to test whether such
regulatory effects of upstream ORF specific to transcript A
is also present in MCF-7 LTED cells.

In conclusion, we found that transcription from promoters
A and C were highly activated in LTED cells. Specifically,
hypomethylation of promoter C correlated well with its
drastically enhanced expression in LTED cells, suggesting
that epigenetic alterations may play some roles in enhanced
expression of ERa important for the acquisition of estrogen-
ablation resistance of breast cancer cells.
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Abstract

Purpose EGFR mutations in lung cancer increase
sensitivity to an EGFR tyrosine kinase inhibitor, gefiti-
nib. Mutation analysis of EGFR is essential for predic-
tion of gefitinib response and avoidance of the
coincidental severe side effects for the unresponsive
population. The purpose of the present study is to
apply DHPLC as a screening system of detection of
EGFR mutations for large scaled population.

Methods EGFR mutations were detected by both
DHPLC procedure and direct sequencing using lung
cancer tissue samples obtained from 97 patients (81
surgical specimens and 16 pleural effusions of non-
resectable lung cancer patients).

Results  DHPLC analysis detected EGFR mutations
in 5 h as opposed to 18 h by direct sequencing for ten
samples, and it costs eightfold more expensive by
direct sequencing than DHPLC. In addition, DHPLC
analysis was sixfold more sensitive than sequencing
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analysis for detection of the point mutation of exon 21,
L858R. Using this system, EGFR mutations in exons
18, 19 and 21 were found in 34 of 97 patients (36%).
Thirteen of the 15 patients with exon 21 mutations
(87%) were female non-smokers, who were diagnosed
with adenocarcinomas with the feature of BAC. Eight
of the 18 patients with exon 19 mutations (44%) were 7
male and 1 female current or former smokers, and
BAC feature was observed in 61% (8/18).

Conclusion DHPLC analysis for screening followed
by sequencing analysis appears to be more sensitive
and accurate, as well as easier and faster. In addition,
these results suggest different mutagenesis and carcino-
genesis pathways for mutations.

Keywords ILung cancer - EGFR mutation -

DHPLC-BAC

Abbreviations

AAH Atypical adenomatous hyperplasia

BAC Bronchioloalveolar carcinoma

CT Computed tomography

DHPLC Denaturing high-performance liquid
chromatography

EGFR Epidermal growth factor receptor

TEAA  Triethylammonium acetate

Introduction

Lung cancer is the most common cause of cancer death
among males in Japan, accounting for 23.1% of all male
cancer deaths, and it ranks third among females (12.6%)
(“Cancer Statistics in Japan” Editorial Board 2005).
Despite significant progress in the treatment of lung
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cancer, its overall prognosis is poor: a 5-year survival rate
of 14%, and especially poor prognosis for non-resectable
advanced cases (Mountain and Dresler 1997). Among
new therapeutic strategies, a quinazoline-derived EGFR
tyrosine kinase inhibitor, gefitinib, showed profound
response in a subgroup of non-small cell lung cancer,
most of whom were female non-smokers with adenocar-
cinomas (Lynch et al. 2004; Kim and Choy 2004).

EGFR, a member of the ErbB family for receptor
tyrosine kinases, is a 170 kDa transmembrane glyco-
protein which contains an extracellular ligand-binding
region, a hydrophobic transmembrane domain, a tyro-
sine kinase domain and a carboxyl autophosphoryla-
tion region. Normally, ligand binding to EGFR causes
receptor dimerization and tyrosine kinase activation,
resulting in regulation of cell proliferation though the
RAS/MAPK pathway, and cell survival and transfor-
mation through the PI3K/AKT pathway (Jorissen et al.
2003). Recently, somatic mutations of EGFR in lung
cancer tissues were observed: The mutations enhanced
its tyrosine kinase activity and increase the sensitivity
of the tumor to gefitinib, an EGFR-tyrosine kinase
inhibitor (Lynch et al. 2004; Paez et al. 2004). These
mutant EGFRs selectively activated the AKT and
STAT signaling pathways, which contribute to cell sur-
vival (Sordella et al. 2004). Various mutations in exons
18 and 21 have subsequently been reported, and these
mutations are clustered near the ATP cleft of the tyro-
sine kinase domain (Pao et al. 2004; Kosaka et al. 2004;
Tokumo et al. 2005; Yang et al. 2005). Functional anal-
ysis of the mutations showed stabilization in their inter-
action with both ATP and gefitinib based on evidence
of increased receptor activation after ligand binding
and enhanced inhibition induced by gefitinib (Lynch
etal. 2004). In fact, the response rates of gefitinib
among patients with EGFR mutations were high: 65%
(11/17) in Korea and 89% (8/9) in Japan (Tokumo
et al. 2005; Han et al. 2005). The frequency of. EGFR
mutations among gefitinib- or. erlotinib. responsive
patients was 71% (12/17) in USA, and 78% (7/9) in
Taiwan (Pao et al. 2004; Huang et al. 2004). Detailed
DNA sequence analysis has recently revealed a second
point mutation, T790M, using a tumor biopsy specimen
obtained at the time of relapse (Kobayashi et al. 2005).
In contrast to the response of gefitinib, severe adverse
effects, such as. acute lung injury, have also .been
reported (AuAstrazeneca 2004, in-house data). A-mul-
ticenter prospective review in Japan showed that gefiti-
nib-induced interstitial lung disease occurred in 215 of
the 3,222 cases (5.8%), of with 83 (2.6%) died. There-
fore, it is clear that the DNA sequence analysis of
EGFR in lung cancer is essential for prediction of gefi-
tinib response.

@_ Springer

Direct sequencing approach for detection of EGFR
mutations, which is a standard method, is not easy and
is time-consuming. To seek easier and more sensitive
approach, we applied Denaturing high-performance
liquid chromatography (DHPLC) and compared the
sensitivity, cost-effectiveness and analysis time with
direct sequencing method. In this paper, we show that
analysis time by DHPLC was one-forth of that by
direct sequencing, and running cost was low. In addi-
tion, DHPLC analysis was sixfold more sensitive than
sequencing analysis for detection of the point mutation
of exon 21, L858R. Thus, DHPLC followed by direct
sequencing for detection of mutation type is more
accurate and cost-effective. Using this approach, we
investigated the clinicopathological relationship of
EGFR mutations and showed the different characteris-
tics between exons 19 and 21 mutations among Japa-
nese lung cancer patients. Considering these evidences,
dependable method for detection of EGFR mutations
is urgently needed for not only prediction of response
to gefitinib, but also detailed analysis of lung carcino-
genesis associated with EGFR mutations. In this paper,
we show the clinical application of DHPLC as a highly
sensitive and useful screening system for detection of
EGFR mutations in lung cancer tissues.

Materials and methods
Tissue samples, pleural effusion

Tissue samples were obtained from 81 surgical speci-
mens of lung cancer patients, and pleural effusions
were obtained from 16 non-resectable lung cancer
patients. Study patients had been  admitted to Saga
Medical School Hospital between 2000 and 2005, and
had not received any anticancer chemotherapy or tho-
racic irradiation. Clinical stage was determined by the
criteria of the International Union Against Cancer,
and informed consent was obtained from all subjects.
Histological subtype and tumor content were con-
firmed by HE staining using adjacent tumor samples.
Pleural effusion used for analysis was assessed as class
V by pathologist. A total of 97 study patients. were
investigated on EGFR mutation status by both DNA
direct sequencing and DHPL.C.

DNA extraction and sequencing analysis

DNA was isolated from fresh frozen tissues from
tumors using QIAamp® DNA mini kit (QIAGEN, Hil-
den, Germany) as manufacturer’s instructions. The
mutations of exons 18, 19 and 21 were determined by

—745—



J Cancer Res Clin Oncol (2007) 133:93-102

95

PCR-based direct sequencing. The primers for EGFR
previously described were used. PCR amplification
was performed in 20-ul volume using Discoverase™
DHPLC DNA polymerase (Invitrogen Inc., CA) at
95°C for 10 min, then 40 cycles at 95°C for 30, 58°C
for 30 s, 72°C for 1 min and a final extension at 72°C
for 10 min. The amplified product was isolated using
Microcon YM-50 (Millipore Inc. MA), and sequenced
directly using Applied Biosystems PRISM dye termi-
nator cycle sequencing method with ABI PRISM
3100 Genetic Analyzer (Applied Biosystems, Foster
City, CA).

Denaturing high-performance liquid chromatography

PCR amplification was performed as described above.
The primer sets used for DHPLC were as follows:
sense: 5'-CAACCAAGCTCTCTTGAGGATC-3' and
antisense: 5'-CCCAGCCCAGAGGCCTGT-3' (ampli-
con size, 115 bp) for exon 18; sense: 5'-GCAGCATGT
GGCACCATCTC-3' and antisense: 5'-AGAGCCAT
GGACCCCCACAC-3' (amplicon size, 197 bp) for exon
19; sense: 5'-TCTGTCCCTCACAGCAGGGTCT-3'
and antisense: 5-GCTGGCTGACCTAAAGCCAC
C-3' (amplicon size, 218 bp) for exon 21. Amplification
was confirmed by agarose gel electrophoresis of PCR
products followed by staining with ethidiumbromide.
The PCR products were denatured at 94°C for 4 min
and gradually cooled to 25°C for a heteroduplex for-
mation. Unpurified PCR samples were separated on a
heated C18 reverse phase column using 0.1 M TEAA
inwater and 0.1 M TEAA in 25% acetonitrile at a flow
rate of 0.9 ml/min. Sample analysis temperatures were
predicted using the WAVEMaker™ software (Trans-
genomiic Inc., NE). Predicted melting temperatures for
exons 18 and 21 were 61.4 and 61.2°C for heteroduplex
separation, respectively. The analysis for exon 19 was
undergone by size-dependent separation at 50°C.

Statistical analysis

The association between EGFR mutations'and clinico-
pathological parameters were examined by chi-square
test for contingency tables.

Results

One patient with exon 21 mutation detected only
by DHPLC, but not by direct sequencing

Although the detection of EGFR mutations is pivotal
for prediction of gefitinib response as well as investiga-

tion of the mechanisms of lung carcinogenesis, the
sequencing analysis is not easy and time-consuming.
To find an easier and faster method for detection of
EGFR mutations, we performed DHPLC along with
sequencing analysis for exons 18, 19 and 21 using 97
lung cancer patients. A total of 97 lung cancer patients,
14 squamous cell carcinomas, 76 adenocarcinomas and
7 others (6 large cell carcinomas and 1 carcinosar-
coma), were studied. Representative results of direct
sequencing and DHPLC with EGFR mutations are
shown in Fig. 1 and 2. EGFR mutations in exons 18, 19
and 21 were detected in 34 of 97 lung cancer patients
(36%) (Table 1). A mutation in exon 18 was observed
in a patient, and mutations in exon 19 were observed in
18 patients (15 surgical specimens and 3 pleural effu-
sions) by DHPLC. These results were consistent with
those by sequencing analysis (Table 2). Mutations in
exon 21 were found in 15 patients (14 surgical speci-
mens and 1 pleural effusion): 14 patients showed the
mutations by both sequencing and DHPLC analyses,
whereas one patient showed a mutation only by
DHPLC. To confirm this mutation, we conducted
sequencing analysis using fractionated samples
obtained from a retention time of 5-6 min by DHPLC
(Fig. 3). A mutation of exon 21, L858R, was apparently
observed by sequencing analysis using fractionated
samples, although the mutation was not detected by
sequencing analysis using non-fractionated samples. A
chest computed tomography (CT) scan and pathologi-
cal finding of the patient are shown in Fig. 4. CT scan
of the chest showed 2 cm lung mass in diameter, and
pathological type was adenocarcinoma with the feature
of BAC. The tumor specimen obtained for EGFR
mutation analysis contained papillary adenocarcinoma
with central scar formation, and thé number of lung
cancer cells was less than 20% (Fig. 4b).

Clinicopathological comparison of EGFR mutations
between exons 19 and 21

The clinicopathological characteristics of lung cancer
patients with- EGFR mutation are shown in Table 1.
Clear associations of 'EGFR mutations with gender
(female), smoking status (non-smoker) and pathologi-
cal typing (adenocacinoma) were observed. Looking at
the pathological type of lung cancer, the frequency of
EGFR mutations was 43% (33/76) for adenocarci-
noma, whereas no EGFR mutations were obsérved in
squamous cell carcinoma. A mutation of exon 19 was
detected in one carcinosarcoma. The frequency of
EGFR mutations in female adenocarcinoma patients
was 66% (25/38), whereas that in male adenocarci-
noma patients was 24% (9/38), suggesting that both
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Fig.1 EGFR mutations of A
exons 18, 19 and 21 in lung

B Deletion

cancer tissue. a Heterozygous
missense mutation (underline)
of exon 18 (G7198). b Hetero-
zygous in-frame deletion in

FYNNMW

exon 19 involving 15 bp from
codons 746-750. Heterozy-
gous missense mutation
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Fig. 2 Detection of EGFR mutations using DHPLC. The mixture
of PCR amplicons of wild type and mutant are denatured and re-
annealed. Heteroduplexes and homoduplexes are isolated by
different retention times in reverse-phase chromatography. Het-
eroduplexes are eluted earlier than homoduplexes, resulting in

gender (female) and pathological type (adenocarci-
noma) impacted EGFR mutations. One mutation in
exon 18 and 15 mutations in exon 21 were point muta-
tions (1 G719S, 14 1858R and 1 L861Q) (Table 4,
Fig. 1), while 18 mutations in exon 19 were in-frame
deletions of 9-24 bp around codons 746-759-(Table 3,
Fig. 1) Thirteen of the 15 patients (87%) with exon 21
mutations were female non-smokers; the pathological
types were all adenocarcinomas with features of BAC
except for 2 patients (Table 4). A patient with exon 18
mutation was a female non-smoker with BAC: On the
other hand, 8 of the 18 patients with exon 19 mutations
were current or former smokers; 8 patients' were men
and lung cancer tissues of 7 did not reveal the feature
of BAC (Table 3). The differences of pathological type,

_;@_ Springer
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detection of the mutations. Wild type of EGFR exon19is shown in
a. Mutations of exon 18, G719S (b), and 21, L858R (d), shows dou-
ble-peak pattern (arrows). Mutation of exon 19, del E746-A750,
was detected by size-dependent separation at 50°C, and short sized
DNA fragments are eluted earlier (arrows) as shownin ¢

including BAC or not, gender and smoking status
between exons 21 and 19 were statistically significant
(Table 5). These results suggest that different mecha-
nisms of mutagenesis and carcinogenesis may exist
between exons 19 and 21 mutations. Among these
patients, seven patients; one with exon 21 mutation and
six' with exon 19 mutations, were treated with 250 mg
gefitinib per day, and all patients responded, and gefiti-
nib-induced lung injury was not observed.

Proposed screening system of EGFR mutations
To examine the sensitivity of DHPLC compared with

sequencing analysis, we used H1975 cells with a point
mutation of L858R. The point mutation was detected
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Table 1 Characteristics
of patients with EGFR Age£SD (yrs)
mutations With mutations 67.4%11.1
Without mutations 67.5+8.5
Sex
Male 10/59 (17%) :] < 0.01
Female 24/38 (63%)
Smoking
Smoker 10/57 (18%) :l P<0.01
Noao-smoker 34440 (60%)
Histology
Squamous cell carcinoma 0/14 (0%) P00
Adenocarcinoma 33/76 (43%)
Others 177 (14%)
Stage*
I 24/58 (41%)
H 112 (8%)
1 6/14 (43%)
*Postoperative pathological 3% 3/13(23%)
stage (chmcal stage in 16 Total 34/97 (36%)
patients)
Table 2 Comparison
between DH Pl;, Cand Exon 18 Exon 19 Exon 21
sequence analysis on EGFR Patient =~ DHPLC  Seq  Patient @~ DHPLC  Seq  Patient  DHPLC  Seq
mutations no. no. no.
1 M M 1 ‘M M 1 M M
2 M M 2 M M
3 M M 3 M
4 M M 4 M M
5 M M 5 M M
6 M M 6 M M
7 M M 7 M M
8 M M 8 M M
9 M M 9 M M
10 M M 10 M M
11 M M 11 M M
12 M M 12 M M
13 M M 13 M M
14 M M 14 M M
15 M M 15 M M
16 M M
. ; 17 M M
Seq direct sequencing, 18 M M
M mutation

by direct-sequencing method when it contained more
than 30% of H1975 cells, whereas the mutation was
detected in the presence of, as little as, 5% of H1975
cells by DHPLC (Fig. 5).. Comparison . between
DHPLC and direct sequencing in terms of analysis
time for ten samples, EGFR mutations are detected in
5 h by DHPLC as opposed to 18 h by direct sequenc-
ing. In addition,. it costs eightfold more expensive by
direct sequencing than DHPLC. Thus, DHPLC is
more sensitive, cost-effective and easier than direct

sequencing. Based on these evidences, we proposed
the screening system shown in Fig. 6. EGFR mutations
are. screened. by DHPLC,. and subsequently direct
sequencing is performed for confirmation of the muta-
tions and analyses of the mutation types using only
samples in: which EGFR mutations are detected by
DHPLC. This system enables us to provide quick
results. and DHPLC analysis using fractionated sam-
ples reveals more obvious results without subcloning
technique,
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Fig. 3 Detection of EGFR A
mutation, L858R, using 6

B

sequencing analysis of

fractionated samples obtained 5
by DHPLC system. Genomic
DNA isolated from lung
cancer tissue of patient no.3
with exon 21 mutation was
conducted by DHPLC (a),
followed by sequencing
analysis using fractionated
samples with retention time of |
5-6 min. The resuits of

sequencing analysis in the 0

Absorbance (mV)

GCTGG

indicated period (asterisks) 3 4

are shown in c-f, and a result
of that using non-fractionated
sample is shownin b C

Elution time (min)

D E F

Fig. 4 A case of lung cancer in which EGFR mutation of exon 21,
L858R, was detected by only DHPLC and not direct sequencing.
a CT scan of the chest showed 2 cm lung mass in left lung (white

Discussion

In this paper, we proposed new screening system for
detection of EGFR mutations by DHPLC analysis.
DHPLC analysis can detect mutations within 2-3 min
by comparing two chromosomes as a mixture of dena-
tured and reannealed PCR amplicons revealing dis-
crete retention of homo- and heteroduplex DNA (Xiao
and Oefner 2001). Since hot spots for mutations-are
present in the EGFR gene, which' are associated with
gefitinib- response; DHPLC is a useful ‘method for
detection. In our study, results using DHPLC analysis
were consistent with those of direct sequencing. In
addition, DHPLC analysis was sixfold more sensitive
than sequencing analysis for detection of the point

@ Springer

arrow). b The tumor specimen obtained for mutation analysis,
which contained papillary adenocarcinoma shown by 400-fold
magnification (asterisks), with central scar formation

mutation of exon 21, L858R. 1t is difficult to detect the
mutation by direct sequencing analysis using whole tis-
sue samples when the number of lung cancer cells is
low. Indeed, patient no. 3 with exon 21 mutation had a
pure BAC pattern; and the number of lung cancer cells
was low in tumor samples. The sequencing analysis did
not detect a point mutation of exon 21, but DHPLC
did. In addition to these benefits, DHPLC is cost-effec-
tive; which costs eightfold less expensive than direct
sequencing. We therefore propose DHPLC for screen-
ing followed by sequerncing as a more sensitive and
accurate, as well as easier and faster, method.

Using this system, we also demonstrated differences
in - clinicopathological characteristics between the
EGFR mutations of exons 19 and 21. Eighty seven per-
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Table 3 EGFR mutations of exon 19 in lung cancer tissues

No. Sex Mutation Pathological BAC Stage?® Smoking® Gefitinib

type treatment

1 F del L747-8752 ad + 1A 0 Yes

2 M del E746-A750 ad - 1I1B 1,000 No

3 M del L747-8752 ad + 111B 50 No

4 F del T751-E758 ad + 1A 0 No

5 M del E746-A750 ad ND¢ I11B 15 Yes

6 M del E746-A750 ad - 1A 200 No

7 M del E746-A750 Carcinosarcoma - 1B 400 No

8 M del L747-E749 ad + 1A 200 No

9 F del E746-A750 ad + IB 0 No

10 F del L747-K754 ad -~ 1B 0 No

11 F del K745-E746 ad ND v 300 Yes

12 M dei L747-T751 ad ND v 760 Yes

13 F del E746-A750 ad + 1I1B 0 Yes

14 F del E746-A750 ad + 1A 0 No

15 F del E746-A750 ad + IB 0 No

16 M del E746-A750 ad - 1A 0 No

17 F del E746-A750 ad - IIB 0 Yes

18 F del E746-A750 ad - 111B 0 No

M male, Ffemale, ad adenocarinoma, BAC bronchioloalveolar carcinoma, ND not determined

2 Postoperative pathological stage (clinical stage in patient no. 5, 11, 12)

b Smoking index: (number of cigarettes smoking/days) x years

¢ Diagnosis was made only from cytology of pleural effusion and biopsy specimen was not obtained

Table 4 EGFR mutations of exon 21 in lung cancer tissues

No. Sex Mutation Pathological BAC Stage® Smoking? Treatment
type of gefitinib

1 F L858R ad + 1A 0 No

2 F L838R ad + IA 0 No

3 F L858R ad + IA 0 No

4 F L858R ad + IA 0 No

5 F L858R ad * 1A 0 No

6 F L858R ad + 1A 0 Yes

7 F L858R ad + IA 0 No

8 F L858R ad ¥ 1A 0 No

9 F L858R ad ND*® v 0 No

10 F L861Q ad + 1A 0 No

11 M L858R ad - B 1,000 No

12 F L858R ad + 1A 0 No

13 F 1.858R ad + IIB 0 No

14 M L858R ad + 1A 200 No

15 F L858R ad + IA 0 No

M male, F female, ad adenocarinoma, BAC bronchioloalveolar carcinoma, ND not determined

2 Postoperative pathological stage (clinical stage in patient no, 9)
®Smoking index: (number of cigarettes smoking/days) x years

°Diagnosis was made only from cytology of pleural effusion and biopsy specimen was not obtained

cent of the patients with exon 21 mutations were non-
smokers and/or women, and their pathological types
were adenocarcinoma with the feature of BAC, On the
other hand, 44% of those with exon 19 mutations had a
smoking history and included eight male patients, with
BAC feature not observed in 39% of these patients.
Another group also reported that gender difference
was observed for mutational location dominance of

exon 19 for males and exon 21 for females among Japa-
nese lung cancer patients (Tokumo et al. 2005). These
results suggest discrete mechanisms of mutagenesis in
EGFR gene and carcinogenesis pathway between
exons 19 and 21.

EGFR mutations, including both exons 19 and 21,
were recently reported to be observed even in histologi-
cally normal bronchial and bronchiolar epithelium of
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Table 5 Comparison between exons 19 and 21 mutations in lung cancer samples

Female Non-smoker

BAC*

Exon 21 13/15 (87%) 13/15 (87%) 13/14% (93%)
p=0.05 =0.05 p=0.02

Exon 19 10/18 (56%) 10/18 (56%) 8/15% (53%)
BAC bronchioloalveolar carcinoma
* Adenocarcinoma with BAC
¥*The cases whose diagnosis was made only from cytology of pleural effusion were excluded
Fig. 5 Comparison of the A
sensitivity to EGFR mutation 100% 80% 50% 30% 10% 5% 1% 0%
in exon 21 between DHPLC ! ! i ! } ! 7 T
(a) and sequencing analysis : i ;; ,’J& !l 3 J
(b). H1975 cells, which have a ¥ Iy ‘5‘3 f | i !
point mutation of L858R, N o B j‘ ’j\ I ‘\ ij i ;
were used for the comparison. N Te SV e e e B
The indicated ratio of mixture -

with A549 cells, which do not B

have the mutation, was con- 100%

0%

50% 10%

ducted with DHPLC or
sequencing analysis

G G

lung cancer patients with EGFR mutations in tumor cells
(Tang et al. 2005), suggesting that both EGFR mutations
are early events of lung carcinogenesis.- However, it is
possible that the factors inducing EGFR mutations are
different, depending on the mutation types. It has also
been reported that the patterns of TP53 mutations
depend on smoking status: G:C-to-T:A transversions and
A:T-to-G:C transitions were counsistently associated with
smoking, whereas G:C-to-A:T transitions were associ-
ated with never-smokers, who had been highly exposed
to occupational and environmental lung mutagenesis (Le
Calvez et al. 2005). KRAS mutations are also frequently
observed in adenocarcinoma, even in atypical adenoma-
tous hyperplasia (AAH), which is the premalignant
lesion of adenocarinoma: (Le Calvez et al..2005; Westra
et al. 1996). However, these mutations were' associated
with former smoker (Le Calvez et al. 2005), and the pop-
vlations with. KRAS mutations and EGFR mutations
were discrete (Kosaka et al, 2004). Considering these evi-
dences, we assume that types of EGFR mutations could
depend on the etiology; mutations in exon 19 are partly

@ Springer

GGCTGOGC GGCIGGC GGCIGGC GGCTGGC GGCIGGC

G G G

related with smoking and those in exon 21 are related
with the other factors. In addition, we found different
pathological types carrying EGFR mutations: exon 21
mutations had adenocarcinoma with the feature of
BAC, and exon 19 mutations had adenocarcinoma with-
out BAC. Noguchi et al. (1995) subdivided small, early
adenocarinomas into two groups: replacing growth type
and non-replacing type. Their concept was that periph-
eral adenocarinoma of the lung undergoes sequential
progression from AAH through localized BAC to
advanced localized BAC with fibroblastic proliferation.
The accumulation of multiple allelic losses was observed
during the sequential progression of replacing growth
type (Aoyagi etal. 2001), whereas the non-replacing
type was thought to be de novo adenocarcinomas with-
out ‘stepwise progression ~(Noguchi etal. 1995).
Recently, Yatabe etal. (2005) reported that EGFR
mutations in exon 21 were observed in two cases of
AAH . These results suggest that the process of lung car-
cinogenesis may be different between two groups of
EGFR mutations, exons 19 and 21.
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DNA samples

Mutation {(+) Mutation (-)
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EGFR mutated

Fig. 6 Proposed screening system of EGFR mutations. EGFR
mutations are screened by DHPLC. When EGFR mutations are
detected by DHPLC, direct sequencing is subsequently per-
formed for confirmation of the mutations and analyses of the
mutation types :

[ EGFR not mutated

We show in this paper that the response to gefitinib
was observed in all patients with EGFR mutations, and
the response rates of gefitinib among patients with
EGFR mutations were from 80 to 90% in other reports
(Tokumo etal. 2005; Han etal. 2005; Huang etal.
2004), suggesting the usefulness of detection of EGFR
mutations for the prediction of gefitinib- response.
Analysis of EGFR mutations is necessary when the
patients have some risk factors of acute lung injury by
gefitinib treatment (Seto and Yamamoto 2004). Con-
sidering high response rate of gefitinib in contrast with
high frequency of gefitinib-induced severe lung injury
in Japan (AuAstrazeneca 2004, in-house data;
Fukuoka et al. 2003), the precise, sensitive methods for
detection of EGFR mutations are urgently needed
especially for Japanese population. Although EGFR
mutations observed in lung cancer tissues were located
between exons 18 and 21, all types do not have equal
effects in response to gefitinib (Shigematsu and Gazdar
2006). G719A and A859T were detected in lung cancer
patients who experienced progressive diseases after
treatment of gefitinib (Han et al. 2005), and T790M
was observed at the time of relapse (Kobayashi et al.
2005; Pao et al. 2005). These results indicate that iden-
tification of mutation typing is indispensable. A screen-
ing system by DHPLC and subsequent direct
sequencing for detection of the mutation typing, a
quick, sensitive and cost effective method, is useful for
not only prediction of gefitinib but also analysis of gefi-
tinib resistance.
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Short-Term Culture and yH2AX Flow Cytometry
Determine Differences in Individual Radiosensitivity
in Human Peripheral T Lymphocytes
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Histone H2AX, a subfamily of histone H2A, is
phosphorylated and forms proteinaceous repair
foci at the sites of DNA double-sirand breaks in
response fo genotoxic insults, such as ionizing
radiation. This process is believed to play a key
role in the repair of DNA damage. In this study,
we established a flow cytometry [FCM) system for
measuring radiation-induced phosphorylated his-
tone H2AX {yH2AX)} in culiured human T lympho-
cytes fo evaluate individual radiation sensitivity in
vitro. Irradiafion of shortterm (~7 days} cultured
T lymphocytes exhibited significant inferindividual,
but not interexperimental, differences in the cellu-
lar content of YH2AX 6 hr afier 4 Gy of X-irradic-
tion in three independent experiments using pe-
ripheral blood lymphocytes from six healthy
donors. However, these differences were not as

marked in uncultured lymphocytes, or lymphocytes
that were cultured for a prolonged period (~ 13
days). The variation of yH2AX focus formation in
lymphocytes of individuals was reproducible, with
differences ‘reaching about 1.5fold following 7
days of culture. Therefore, the FCM-based yH2AX
measurement appeared to reflect both the tempo-
ral course and the amount of DNA damage within
the irradiated lymphocytes. Further, we confirmed
that the differences in residual lymphocyte subsets
were not involved in individual radiosensitivity.
These results suggest that the FCM-based yH2AX
assay using culiured T lymphocytes might be use-
ful for the rapid and reliable assessment of individ-
val radiation sensitivity involved in DNA damage
repair. Environ, Mol. Mutagen. 48:38-47, 2007.
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INTRODUCTION

It is believed that interindividual variability in the cellular
responses to genotoxic agents, e.g., ionizing radiation, is a
critical element in reliably estimating cancer risks in exposed
individuals and populations. To assess individual sensitivity
to radiation exposure in vitro, different endpoints measuring
radiation-induced cellular damage, such as DNA strand-
breaks, chromosomal damage, and lethality, have been stud-
ied. For example, increased radiation sensitivity to chromo-
some damage has been observed not only in a number of
heritable cancer-prone disorders, but also in a significant pro-
portion of sporadic cancer cases [Parshad et al., 1996; Scott
et al, 1998, 1999; Roberts et al., 1999; Terzoudi et al.,
2000]. A positive association has been demonstrated for
humans between chromosome aberration frequency in pe-
ripheral blood T Iymphocytes and cancer susceptibility
[Hagmar et al., 2004]. Further, a possible positive correlation
has been recognized between the radiosensitivity of lympho-

© 2006 Wiley-Liss, Inc,

cytes imadiated in vitro and in vivo exposure, specifically
when survival is used as the endpoint [West et al., 2001].
Analyses of chromosomal aberrations and estimates of sur-
vival responses, which these studies used, are sensitive and
reliable biomarkers for the assessment of cellular damage,
but they require considerable labor and a high degree of
technical skill. Bioindicators of an individual’s inherent
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radiosensitivity, and perhaps cancer risk that is easily and
reliably measured, need to be identified and developed, pref-
erably using high throughput assay platforms and highly
objective criteria to quantitate endpoints.

It is well known that DNA double-strand breaks
(DSBs) in cell nuclei are generated by sufficiently intense
exposure to genotoxic agents, including ionizing radiation.
In response to DSB generation, histone H2AX, a subfam-
ily of histone H2A, is rapidly phosphorylated by members
of the PI3 kinase family (ATM, DNA-PK, and ATR) and
forms proteinaceous foci that cover large regions (at least
2 Mb) surrounding DSB sites [Rogakou et al.,, 1998].
Antibody-specific immunofluorescence has been used to
visualize the time course of phosphorylated H2AX
(YH2AX) development and regression in irradiated cell
nuclei and indicates that foci continue to grow for about
! hr after irradiation and then decrease in both size and
number as DSB-rejoining proceeds in damaged cells. This
process is believed to be critical to cellular repair of
DNA damage [Paull et al., 2000; Celeste et al., 2002,
2003; Kobayashi, 2004]. Since the number of yH2ZAX
foci closely corresponds to the number of DSBs in cells
[Rogakou et al., 1999], counting YH2AX foci has fre-
quently been used to estimate DSBs in cells following
genotoxic stress and the subsequent repair of DNA dam-
age. The yH2AX focus-based assay is generally regarded
as being more sensitive in detecting DSBs than more con-
ventional assays, such as pulse-field gel electrophoresis
(PFGE), neutral single cell electrophoresis (Comet assay),
or the DNA elution assay [Takahashi and Ohnishi, 2005].

Flow cytometry (FCM)-based yH2AX assays, which
have high-speed and high-sensitivity, have been devel-
oped previously, but applied solely to assessing the gener-
ation and repair of DSBs in various tumor cell lines
[MacPhail et al., 2003a,b; Banath et al., 2004]. In this
study, we attempted to establish a reliable and straightfor-
ward system for detecting in vitro radiation-induced DSBs
in cultured T lymphocytes from normal healthy humans
using yH2AX FCM. Further, we attempted to validate the
assay’s applicability for analyzing individual radiation
sensitivity in human populations.

MATERIALS AND METHODS

Cell Culture

Venous peripheral blood was obtained with informed consent from six
healthy adults (four males aged 33, 38, 49, and 49, and two. females
aged 40 and 49) at our laboratory. We obtained approval from the
Human Investigation Committee of the Radiation Effects Research Foun-
dation at the time this study was carried out. Peripheral blood mononu-
clear cells (PBMCs) were separated by Ficoll-Hypaque density gradient
centrifugation (LSM Lymphocyte Separation Medium; MP Biomedicals,
Aurora, OH). T-lymphocyte cultures were established and maintained as
described previously [Kushiro et al.,, 1992). In brief, separated PBMCs
were’ distributed into each well of a 24-well plate (Corning, Corning,
NY) at 5 X 10° cells/well with 2 m! GIT medium (Wako Pure Chemical
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Industry, Osaka. Japan) containing 10% fetal bovine serum (FBS; Inter-
gen, New York, NY), 2% vr-glutamine (Invitrogen, Carlbad, CA), 2%
penicillin-streptomycin (Invitrogen), 1:3.200 Phytohemagglutinin (PHA;
Difco Laboratories. Detroit. MI), and 10 ng/ml human recombinant inter-
leukin-2 (rlL-2; Pepro Tech, London, UK), and cultured for 7 days at
37°C in 5% CO;, and 95% air. After 7 days of culture, propagated T
lymphocytes were collected and resuspended in fresh media for analyses.
B-lymphoblastoid cell lines were established by incubating PBMCs with
a culture supernatant of Epstein-Barr virus-producing B95-8 cell lines
[Kusunoki et al,, 1995]. The B-cell lines were maintained by weekly
replacement of part of the culture with fresh GIT medium, supplemented
with 109% FBS, 2% L-glutamine, and antibiotics.

X-Irradiation

Cells were resuspended in wells of 24-well plates at an approximate
cell concentration of 1 X 10° ml, irradiated with 1, 2, 4, or 8 Gy of X-
rays, and further cultured for 1, 2, 6, or 24 hr after X-irradiation. Irradia-
tion was performed at a dose rate of 0.7 Gy/min at room temperature
using an X-ray irradiator (HF-320; Shimazu, Kyoto, Japan) equipped
with 0.5-mm Al and 0.3-mm Cu filters at 220 kVp and 8 mA. To ensure
accurate comparison among different samples, the samples were irradi-
ated simultaneously.

YH2AX FCM

Cells cultured after X-irradiation were fixed in 70% ethanol at a cell
concentration of 4 X 10° ml and kept at —20°C until use. Fixed cells (50
k. 2 X 10°) were added with 150 pl phosphate buffered saline (PBS;
Sigma-Aldrich, St. Louis, MO) in the wells of a 96-well U-bottom plate
(Becton Dickinson, Franklin Lakes, NI} and ceatrifuged at 450g for S min.
The cells were washed twice with PBS and then resuspended in 50 pl per-
meabilization buffer (0.5% saponin, 10 mM HEPES, pH 74, 140 mM
NaCl; 2.5 mM CaCl,). Following incubation with 4 ui mouse monoclonal
antiphosphohistone H2A.X (Ser139) antibody (Upstate, Lake Placid, NY)
diluted 1:100 with PBS containing 1% FBS, and 0.01% NaN; for 20 min
at room temperature, the cells were washed with PBS containing 0.1% sap-
onin. Subsequently, 40 pl secondary antibody, Alexa 488 F(ab'), fragment
of goat antimouse 1gG (H + L) (Molecular Probes, Eugene, OR) diluted
1:50 with PBS (containing 1% FBS, 0.01% NaN,), was added to the cell
pellet, and the cell suspension was incubated for 20 min at room tempera-
ture. After the reaction, the cells were washed and resuspended in PBS
containing 1% FCS, 0.01% NaN; containing 5 pg/ml propidium iodide
(PI; Wako Pure Chemical Industry), and 40 ng/ml RNase A (MP Biomedi-
cals, Aurora, OH) for at least 30 min prior to FCM. Expression levels of
yH2AX in 1 X 10* cells were analyzed using a FACScan (BD Bioscien-
ces, Franklin Lakes, NJ). Since it was necessary 1o compare YH2AX levels
within lymphocytes of six healthy adults under the same experimental con-
ditions, all samples were measured on the same day. Data analysis was
conducted . using Flowjo software (Tree Star, Ashiand, OR). Radiation-
induced yH2AX levels were determined by relative yYH2AX fluorescence
intensities, i.e,, differences between the mean fluorescence of unirradiated
and irradiated cells. In a selected number of experiments, appropriate frac-
tions of cultured T lymphocytes were sorted with the cell sorter, JSAN
(Bay Bioscience, Kobe, Japan), and subsequently analyzed microscopically.
For these cell sorting experiments we used 4’ 6-diamidino-2-phenylindole
dihydrochloride hydrate (DAPI; Wako Pure Chemical Industries) at | pg/
mi instead of PI for DNA staining.

Lymphocyte Viability and Phenotype

Cultured T cells were stained with FITC-labeled anti-Annexin V (MBL,
Nagoya, Japan) and PI, and subsequently assessed for viability using a
FCM method described previously [Ohara et al., 2004]. Lymphocyte sub-
sets in both uncultured and cultured cell populations were examined using
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Fig. 1. Flow cytometry (FCM) analysis of phosphorylated H2AX
(yH2AX) in cultured T lymphocytes and uncultured lymphocytes 6 hr
after 0 or 4 Gy of X-irradiation. Dashed (Donor 2) and solid (Donor 6)
lines indicate yH2AX histograms in two individuals. who showed the
second highest and the lowest sensitivity to radiation-induced YH2AX
expression among six healthy adults (Fig. 5). (A) Gating on the viable
single-cell events based on forward and side light scattering (FSC and

an FCM method, as described previously [Kusunoki et al., 1998]. For these
analyses,, cells were stained with CD3-PerCP, CD4-FITC, CD8-PECyS3,
CD20-PE (BD Biosciences Pharmingen, San Jose, CA), CD16-FITC, or
CD45RA-PE antibodies (Beckman Coulter, Miami, FL).

T-Lymphocyte Sorting

Freshly isolated lymphocytes were- stained. with PE-labeled: CD3,
PECy7-labeled CD4, and. FITC-labeled antibodies (BD. Biosciences).
CD3+/CD4+ and CD3+/CD8+ fractions were isolated using JSAN. The
cell fractions were then cultured by the method described above; and
subsequently used for yH2AX FCM analyses. The percentages of viable
CD3+/CD4+ and. CD3+/CD8+ cell fractions recovered-after 7 days of
cuiture were 98% and 99%; respectively.

Fluorescence Microscopy Analysis

Cells stained with anti-yH2AX and Alexa 488-labeled secondary anti-
bodies, as described above, were cytocentrifuged onto. glass slides (Cyto-
spin 3; Shandon, Cheshire, UK), air-dried and mounted with an antifade
solution containing 125 ng/ml DAPL

The cells were visualized with a fluorescence microscope, and repre-
sentative images were captured and automatically analyzed using Image
Pro Plus 4.5 software (Planetron, Tokyo, Japan). The software incorpo-

SSC). (B) Subsequent rough gating on the diploid cell fraction. (C) Final
strict gating on G1 cells showing the FL3 (PI) peak channel *+20 fluo-
rescence units. (D) yYH2AX histograms in the strictly gated G1-cell popu-
lation of unirradiated cultured T lymphocytes. (E) yH2AX histograms in
4 Gy irradiated cultured T lymphocytes. (F) yH2AX histograms in uni-
rradiated fresh lymphocytes. (G) yYH2AX histograms in irradiated fresh
lymphocytes.

rated a macroprogram designed to aid in enumerating the number of
YH2AX foci per cell by identifying nucleus position and the associated
number of foci via thresholding the area and diameter of foci.

Statistical Analysis

Distributions of values for YH2AX levels were analyzed for interindi-
vidual or interexperimental variations by one-way analyses of variance
(ANOVA). Associations between levels of YH2AX measured by FCM
and the number of YH2AX foci per cell measured microscopically in
appropriate cell fractions were analyzed using the Jonckheere-Terpstra
test (SPSS ver. 13.0; SPSS, Chicago, IL).

RESULTS
YH2AX FCM Gated on GO/G1 Phase Cells

It is known that yH2AX focus formation appears not
only in cells in- which DNA DSBs have been induced, but
also in those undergoing DNA synthesis and mitosis [Ichi-
jima et al.,, 2005; McManus and Hendzel, 2005] or apo-
ptosis [MacPhail et al., 2003b; Mukherjee et al., 2006].
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Fig. 2. Dose responses of YH2AX levels in uncultured lymphocytes
(A,B) and cultured T lymphocytes (C,D) from Donor 2 (dashed-dotted
lines) and Donor 6 (solid lines). Cultured T lymphocytes were irradiated
with 0, 1, 2, 4, and 8 Gy of X-rays and analyzed for YH2AX expression

To ensure the accuracy of measurements specific for radi-
ation-induced yH2AX, X-irradiated cells were simultane-
ously analyzed for yYH2AX expression and DNA content
by FCM. The yH2AX levels were determined in cell frac-
tions gated on the GO/G1 phase. Figure 1 shows an exam-
ple of FCM used for determining the yH2AX level in
irradiated cells. After gating on viable single-cell events
based on forward and side light scattering (Fig. 1A) and
subsequent gating on diploid cells (Fig. 1B), GO/G1 phase
cells were clearly distinguished by their DNA content, as
reflected by peak channel fluorescence (+20 fluorescence
units) from the other events (Fig. 1C). The yH2AX level
in the GO/G1 phase cell populations was determined by
the geometric mean of YH2AX fluorescence.

Sensitivity of yH2AX FCM Using Cultured and
Uncultured Lymphocyte Populations

Measurements of radiation-induced yH2AX levels within
cultured T lymphocytes and uncultured fresh lymphocytes
were carried out and validated using FCM. Figure 1 shows
typical FCM patterns observed in cultured and uncultured
cells 6 hr after either 0 or 4 Gy of X-irradiation. Donors 2
and 6 provided the cells for these experiments, and as
described later, they showed the second highest and the low-
est sensitivities to radiation-induced YH2AX expression

1 hr (A,C) and 6 hr (B,D) after irradiation. There was a significant linear
correlation (# > 0.86) between relative YH2AX level and radiation dose
for each donor both 1 and 6 hr after irradiation.

among the six individuals we studied. We detected signifi-
cant differences in the levels of YH2AX fluorescence levels
between these two individuals in T-lymphocytes cultured for
7 days prior to irradiation, whereas there was no obvious dif-
ference in yH2AX expression level when we used uncultured
lymphocytes (Fig. 2). A linear relationship existed between
radiation dose and yH2AX expression level in both cultured
and uncultured lymphocytes from both of these individuals
(Fig. 2). One hour after irradiation, the radiation dose effect
in’ uncultured lymphocytes was about half of that found in
cultured T lymphocytes (Fig. 2A). Six hours after irradiation,
a similar difference also was observed between uncultured
and cultured lymphocytes for Donor 2, whereas the dose
effect difference was smaller for Donor 6 (Fig. 2C). We also
observed by FCM a clear difference in the dose response of
YH2AX expression by cultured T lymphocytes of these two
individuals when assayed at 1 and 6 hr after irradiation. By
contrast, the difference in the dose response was not obvious
in uncultured lymphocytes from the same donors.

Although we also tested EBV-transformed B-cell lines
for yH2AX expression after irradiation, and obtained sim-
ilar dose responses to those of cultured T lymphocytes,
the responses of several B-cell lines prepared from the
same six blood donors were not as consistent in terms of
the yYH2AX levels produced by given doses of irradiation
(data not shown). These results suggest that in terms of
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analyzing individual variability in the level of radiation-
induced YH2AX expression by FCM, cultured T lympho-
cytes are preferable to the other sources, in terms of sen-
sitivity and reliability.

Preirradiation Cultures and Postirradiation Time Course

Changes of yH2AX levels in cultured T lymphocytes
from the six healthy adults were analyzed at 1, 2, 6, and
24 hr after 4 Gy irradiation in three independent experi-
ments. Results from a typical experiment are shown in
Figure 3. The yH2AX level reached a peak 1 or 2 hr after
radiation exposure and then gradually decreased with

90

80 i3

30

Relative yH2AX level

Time (hr) after 4-Gy irradiation

Fig. 3. Time course of radiation-induced yH2AX expression in cultured
T lymphocytes from six healthy individuals. Celiular YH2AX levels
were measured 1, 2, 6, and 24 hr after 4 Gy irradiation. The vertical axis
indicates relative YH2AX fluorescence intensity, which is the geometrical
mean of the YH2AX level in irradiated cells minus that in unirradiated
cells.

time. Even though the time-course pattern did not differ
appreciably among the individuals, variations in yH2AX
levels were observed at various times following irradia-
tion. For example, YH2AX levels, 6 hr after 4 Gy irradia-
tion, differed by about 1.5-fold in the highest vs. the low-
est responding donors. Next, we examined whether the
period of T-cell culture before irradiation affected the
reliability of YH2AX measurement for individual variabil-
ity. For this experiment, cells from the two individuals
who showed the second highest and the lowest YH2AX
levels at 6 hr after irradiation were used (i.e., as does
the experiment shown in Figure 3; Donors 2 and 6). As
shown in Figure 4, similar differences between these two
individuals were detected when T lymphocytes were cul-
tured for 5-13 days before irradiation. However, the dif-
ference was not as obvious in T lymphocytes cultured for
13 days as in those cultured for 5-10 days (Fig. 4).

Interindividual and Interexperimental
Variations in YH2AX Level

To assess whether individual differences in radiation-
induced yH2AX levels could be observed reproducibly,
three independent experiments were carried out using T
lymphocytes obtained at different times from the same six
individuals. Lymphocytes were cultured for 7 days before
4 Gy irradiation, and both interindividual and interexperi-
mental variations were analyzed statistically for each time
point after irradiation. Interindividual variation in radia-
tion-induced yH2AX levels was highly significant for ev-
ery time point (Fig. 5). Although interexperimental varia-

Relative yYH2AX level

Time (hr) after 4-Gy irradiation

Fig. 4. Time course of levels of radiation-induced yH2AX expression
in' T lymphocytes cultured for 5 (A), 7 (B), 10 (C), and 13 (D) days
from Donors 2 (dashed-dotted lines) and 6 (solid lines). YH2AX levels

were measured 1, 2, 6, and 24 hr after 4 Gy irradiation. The vertical axis
indicates relative YH2AX intensity, which is the geometrical mean of the
YH2AX level in irradiated cells minus that in unirradiated cells.
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