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Abstract

Acute encephalopathy with biphasic seizures and late reduced diffusion ( AESD) is a recently clinicoradiologically-established
encephalopathy syndrome. In the present study, we examined the levels of cerebrospinal fluid {CSF) tau protein, a marker of axonal
damage, in 11 patients with AESD. CSF tau levels were normal on day 1 and increased from day 3 of the discase between the initial
and the secondary seizures. Magnetic resonance imaging (MRI) reveals reduced diffusion in the subcortical white matter durin g days
3-7. Two paticnts showed elevated tau protein prior to the diffusion abnormality of subcortical white matter on MRI. Levels of CSF
neuron specific enolase (NSE), a neuronal marker, were elevated in only two out of seven patients with AESD, and CSF tau levels
were also increased in these patients, Qur results indicated that tay protein is a more sensitive marker than NSE and axonal damage
causes the conspicuous MRI findings in AESD paticnts. A therapeutic strategy for axonal protection should be developed to prevent
severe neurological impairment of AESD patients.
© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Tau protein is a microtubule-associated protein
found predominantly in neuronal axons. It plays an
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important role in maintaining the cytoskeleton and axo-
nal transport. It is released into the interstitial fluid com-
partment during neuroaxonal disintegration and diffuses
into the cerebrospinal fluid (CSF). Increased levels of
CSF tau are found in various pathological conditions,
such as traumatic brain injury (TBI) [11, amyotrophic
lateral sclerosis (ALS) [2] and multiple sclerosis (MS)
[3-5]. Thus CSF tau protein is considered to be a useful
biomarker of axonal damage.

Acute encephalopathy with biphasic scizures and late
reduced diffusion (AESD) is recently described by Takan-
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ashi et al. [6,7]. This new encephalopathy syndrome is
characterized by a prolonged (>30 min) febrile seizure
(FS) on day 1, followed by secondary seizures (most often
in a cluster of complex partial seizures) on days 4-6. Mag-
petic resonance imaging (MRI) shows no abnormality
during the first 2 days, but reveals reduced diffusion in
the frontoparietal subcortical white matter during days
3-9. This diffusion abnormality disappears between days
9 and 25, resulting in cerebral atrophy, and affected chil-
dren have subsequently variable levels of neurological
sequelae. The cause of the MRI findings in AESD remains
unknown, and it is important to diagnose AESD as early
as possible because the initial prolonged seizure is not eas-
ily distinguishable from convulsive status epilepticus.

In the present study, we examined the levels of CSF tau
protein in patients with AESD and found that CSF tau
levels were increased from day 3 between the initial and
the secondary seizures. Our results suggest that axonal
damage is the cause of the MRI findings in AESD.

2. Methods
2.1. Subjects

We studied 11 patients with AESD aged 10 months to
3 years of age (mean age of 1.4 4 0.7 years) and 31 con-
trol children aged I month to 16 years (mean age of
3.5 & 5.4 years). The control group consisted of children
who presented with fever and required analysis of CSF
to exclude the presence of central nervous system
(CNS) infection. They were later found to be free of
such infection based on the results of CSF examination
and negative clinical findings including febrile
convulsions.

The clinical diagnosis of AESD was made according
to the biphasic clinical course and characteristic MRI
findings [6]. Clinical information on these patients is
shown in Table 1. The study protocol was approved
by the Human Ethics Review Committee of our
institution.

2.2. Sample collection and measurement of CSF tau
protein levels

CSF samples were obtained from each subject and
immediately stored at —80 °C until analysis. The par-
ents of patients with AESD and normal controls
understood the purpose of this study and approved
the offer of CSF samples.

Levels of CSF human total tau protein were deter-
mined using an enzyme-linked immunosorbent assay
(ELISA) kit from BioSource International, Inc., Cam-
arillo, California, USA. Neuron-specific enolase (NSE)
levels were measured by a standard radioimmunoassay
(RIA). All the analyses were performed in triplicate
and in a blinded fashion.

3. Resuits
3.1. Clinical features of patients with AESD

Infectious agents were identified in 9 out of 11
patients and human herpes virus (HHV)-6 was the most
common pathogen (63.6%). The outcome of the 11
patients ranged from almost normal to severe mental
retardation.

The representative MRI (Patient 7) was shown in
Fig. 1. MRI on day 3 (2 days after the initial pro-
longed seizure) showed no acute parenchymal lesion
in diffusion-weighted image (DWI) (Fig. lA) or in
T2-weighted image (Fig. 1D). Subcortical white matter
lesions were observed on day 5 (2 days after the sec-
ond seizure) and were most conspicuous on DWI
(Fig. 1C). The subcortical high signal intensity on
DWTI disappeared (Fig. |E) and cerebral atrophy was
observed on day 20.

3.2. CSF tau protein levels in normal controls and AESD
patients

The kinetics of CSF tau protein levels in normal con-
trols are shown in Fig. 2. In the early infantile period,
the level of CSF tau was above 1000 pg/ml (Fig. 2A).
This level reduced to below 500 pg/ml at around 1 year
of age (Fig. 2B). After 1 year of age, the mean level of
CSF tau was 439.6 + 146.4 pg/ml (mean =+ SD) (range;
12-630 pg/ml, n = 11).

We next examined the levels of CSF tau protein in
patients with AESD (Fig. 3 and Table 1). Although
the sampling day of each patient varied from day 1 to
day 7, the level of CSF tau was normal on day 1,
increased from day 3 and remained above 1000 pg/ml
thereafter (Fig. 3). We confirmed elevated tau protein
prior to the diffusion abnormality of subcortical white
matter on MRI in two patients (Patients 7 and 9).

We also examined the levels of CSF NSE in seven
patients with AESD and controls. The average level of
CSF NSE in controls is 10.4 + 3.94 ng/ml (mean =+ SD).
CSF NSE was elevated in two patients (Patients 8 and
10). Although CSF tau protein level was increased in
three (Patients 2, 7 and 9) out of seven patients, CSF
NSE was within normal range in these patients.

Regarding the relationship between the level of CSF tau
and clinical prognosis, there was no correlation between
them (Table 1). Although two patients had high CSF
NSE levels, one was without neurological sequelae (Patient
10) and the other had mental retardation (Patient 8).

4. Discussion

In the present study, we demonstrated that the level
of CSF tau was elevated in early infantile normal con-
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Table 1

Clinical profiles of the 11 patients with AESD.

Patients  Age/sex Pathogen Qutcome CSF sampling Diffusion Abnormal signal Tau (pg/ml} NSE (ng/ml)

day abnormality lesion
on MRI

1 1y0 m/F HHV-6 Mild MR (DQ  Day 1 Day 3 Bil. F. WM 714.5 n.d.
69.2) Day 3 2376 n.d.

2 lyd m/F Unknown  Psychomotor Day 1 Day 5 Bil. WM 412.1 4.4
retardation, Day S (sparing peri-Roland} 2025.1 14
epilepsy

3 10mo/F HHV-6 Without Day 1 Day 5 Bil. F. WM 436.7 4.9
neurological
sequelae

4 ly2m/M  HHV-6 MR {speech Day 1 Day S Bil. F. WM 467 5
delay)

5 lydm/F  HHV-6 Mild MR Day 1 Day 6 B.F,T..P,0. WM, GM 3799 n.d.
(speech delay}

6 3yl m/F Influenza A Severe MR (DQ Day 1 Day 7 Bil. F., P., O. WM, GM 416.6 n.d.
26), epilepsy

7 1Iyl0m/F  Unknown Severe MR, Day 3 Day S Bil. WM 2014.7 2.8
hypotonia {sparing peri-Roland)

8 ly2m/M  HHV-6 MR Day 3 Day 3 Bil. F. 7986.2 25

9 11mo/F HHV-6 Without Day 5 Day 6 RT. F, T. WM 2036 15
neurological
sequelae

10 1Iy0m/F  HHV-6 Without Day 6 Day 6 Bil. F. WM 1885.6 32
neurological
sequelae

i1 Iyl m/M Influenza B Without Day 7 Day 6 Bil. F. WM 24117 n.d.
neurological
sequelae

HHY-6, human herpes virus-6; MR, mental retardation; DQ, Development quotient; Bil., bilateral; rt, right; F., frontal; T., temporal; P., parietal; O.,

occipital; WM, white matter; GM, gray matter; n.d., not done.

The average level of CSF tau in controls after | year of age was 439.6 + 146.4 pp/ml (mean + SD) (range; 12-630 pe/ml, n = 11).
The average level of CSF NSE in controls is 10.4 + 3.94 ng/ml (mean = SD).

Dwi

T2Wi

day 3

day 5

day 20

Fig. 1. Representative MRI of & patient with AESD (Patient 7) on
days 3 (A and D), 5 (B and E) and 20 (C and E). MRI on day 3 showed
no abnormality on diffusion-weighted image (A) or T2-weighted image
(D). MR on day 5 revealed reduced diffusion in the subcortical white
matter with sparing of the peri-Rolandic region (B) and T2 prolon-
gation (E). Diffusion-weighted image on day 20 showed mild cerebral
atrophy with no signal abnormalities {C). T2-weighted image on day
20 showed T2 prolongation in the subcortical white matter (F).

trols and rapidly reduced afier 6-8 months of age. The
precise reason for this finding is unknown. However,
one possible explanation is that the high level of CSF
tau in the early infantile period may be related to mye-
lination, which is most active during this period. Tau
protein is also present in oligodendrocytes that make
myelin [8,9], and is integral to neuronal process develop-
ment [10]. Our results suggest thal lau protein may be
rcleased into the CSF during myclination. Further anal-
ysis will be required to confirm this hypothesis.

The most important finding of this study is that the
level of CSF tau was normal on day 1 and increased
from day 3 between the initial and the secondary (late)
seizures in AESD patients. In addition, CSF tau did
not increase in patients with febrile seizures without
encephalopathy (data not shown). Thus result suggests
that the axonal damage in AESD patients begins at least
between day 1 and day 3, resulting in a diffusion MRI
abnormality thereafter. We also examined NSE, a glyco-
Iytic enzyme predominantly present in neurons and
endocrine cells. NSE is another index of organic neuro-
nal damage and its CSF levels are increased in several
neurological diseases [11.12]. However, the level of
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Fig. 2. The kinetics of CSF tau protein levels in normal controls. The
level of CSF tau was above 1000 pg/ml in the early infantile period and
rapidly reduced to below 500 pg/ml at around 1 year of age (A). Above
1 year of age, the mean level of CSF tau was 363.4 4 174.7 pg/ml
(mean = SD) (range; 12-618 pg/ml, n = 11) (B).
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CSF NSE was elevated in only two patients with AESD,
although CSF tau levels were increased in patients with
normal CSF NSE levels. These results indicate that tau
protein is a more sensitive marker than NSE. MRI anal-
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Fig. 3. The levels of CSF tau protein in paticnts with ABSD. The level
of CSF tau was normal on day 1, increased from day 3 and remained
over 1000 pg/ml thereafter. The dolted line indicates the cut-off value
(mean +2 SD of normal controls). The solid line indicates CSF
samples from the same patents (Patients | and 2) on a different day.

ysis revealed that reduced diffusion disappears between
days 9 and 25, finally resulting in cerebral atrophy. It
is likely that axonal damage is the cause of conspicuous
diffusion abnormality and late cerebral atrophy in
AESD patients.

Although the cause of the MRI findings of AESD
remains unknown, excitotoxity is one of the candidates
[6,13,14]. MR spectoroscopy revealed that glutamine/
glutamate complex (GlIx) was elevated during the first
week in AESD, although normal Glx concentrations
were found in patients with prolonged febrile seizures
[6,14). These findings suggest that excitotoxic neuronal
damage is likely to play an important role in the patho-
genesis of AESD. The pathomechanisms of excitotoxic-
ity are complex involving glutamate overload, ionic
channel dysfunction, calcium overload, mitochondriop-
athy, proteolytic enzyme production and activation of
apoptotic pathways [15]. In addition, glutamate excito-
toxicity is considered to be one of the major causes of
axonal degeneration in multiple sclerosis [16]. These
findings raise the possibility that excitotoxicity may
result in not only neuronal damage but also axonal dam-
age in AESD.

Regarding neurological outcome of AESD patients,
we first expected that higher tau levels would be associ-
ated with more severe brain damage and a worse out-
come, because initial ventricular CSF tau levels are
correlated with 1-year neurological outcome in patients
with traumatic brain injury [1]. Unfortunately, we could
not predict the neurological prognosis on day 1 from
CSF tau levels. However, three patients with neurologi-
cal sequelae (Patients 1, 7 and 8) had high CSF tau lev-
els, at least on day 3. By contrast, patients without
neurological sequelae (Patients 9, 10 and 11) also had
high CSF tau levels, but their levels were elevated after
day 5. Thus, it is likely that high CSF levels at an early
time point would be associated with a worse outcome.
We also examined the levels of CSF tau protein in other
type of encephalopathy. Increased CSF tau was also
observed in patients with other type of encephalopathy,
transverse myelitis and encephalitis (unpublished data),
especially in severe cases. In contrast, all the cases in
AESD have increased CSF tau after day 3 even if they
have no neurological sequelae. It will be useful to further
investigate the time course of CSF tau levels in the same
patient; alternatively, a larger study would be needed.

Recently, the identification of strategies to protect
axons from degeneration in multiple sclerosis patients
has emerged as a major research priority [17]. Black
et al. reported that the sodium channel blocker phenyt-
oin provides protection for spinal cord axons in long-
term monophasic and in chronic-relapsing murine
experimental autoimmune encephalomyelitis (EAE)
[18] and withdrawal of phenytoin is accompanied by
acute exacerbation of EAE [19]. Their results demon-
strate the efficacy of phenytoin as a neuroprotectant in
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EAE. Intravenous phenytoin is also used in treatment of
convulsive status epilepticus (CSE) [20]. In Japan, intra-
venous phenytoin is less frequently used than midazo-
lam, because of its side effects venous irritation and
phlebitis [21]; however, phenytoin (or fosphenytoin) is
a second-line antiepileptic drug for CSE in the USA
and European countries [20]. These observations
together with our results raise the possibility that intra-
venous phenytoin may prevent axonal damage, if we use
it more frequently for the treatment of CSE, especially
the initial prolonged febrile seizure in AESD patients.
A therapeutic strategy for axonal protection should be
developed to prevent severe neurological impairment
of AESD patients.

In summary, we demonstrated that CSF tau levels
were increased prior to the diffusion abnormality of sub-
cortical white matter on MRI in AESD patients. Our
result suggests that axonal damage causes the conspicu-
ous MRUI findings.
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Non-radioisotope method for diagnosing photosensitive
genodermatoses and a new marker for xeroderma

pigmentosum variant
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'nstitute of Molecular Embryology and Genetics, Kumamoto University, and *Department of Dermatology, Kumamoto University School of
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ABSTRACT

Xeroderma pigmentosum (XP) is an autosomal recessive disorder characterized by photo-induced deterioration
of the skin, which often leads to the early development of skin cancers. To diagnose patients with XP and the
related disorder Cockayne syndrome (CS), our laboratory has established a simple autoradiographic method that
examines three cellular markers of DNA repair: unscheduled DNA synthesis (UDS), recovery of RNA synthesis
(RRS) and recovery of replicative DNA synthesis (RDS). However, it is very laborious to measure the three markers
using tritiated thymidine or uridine; therefore, we developed a non-isotope method for diagnosing XP and CS.
Fibroblasts from the patient were labeled with bromodeoxyuridine (BrdU) instead of tritiated thymidine to measure
UDS and RDS, or were labeled with bromouridine (BrU) instead of tritiated uridine to measure RRS. Incorporated
BrdU or BrU could be detected using the immunofiuorescence method. Moreover, we discovered a new useful
marker for XP variant based on checkpoint activity. The non-radioisotope method and the new marker described

here comprise an easy way to diagnose XP and CS.

Key words:

INTRODUCTION

Several genetic disorders result in an increased
sensitivity 1o ultraviolet (UV) due to defects in DNA
repair. One of them, xeroderma pigmentosum (XP),
is arare autosomal recessive disorder characterized
by photosensitivity, pigment changes, and neopla-
sias of the skin.! In XP patients, skin cancers are
approximately 2000 times more frequent than in the
general population,? and some patients with XP also
have neurological complications.

Seven XP complementation groups (XP-A to -G)
with defective nucleotide excision repair (NER) are
recognized,® and a variant form (XP-V) with normal
NER but defective translesion DNA synthesis (TLS)
caused by mutation in DNA polymerase 1, also
occurs.* NER is an important highly conserved

cell cycle, Cockayne syndrome (CS), diagnosis, non-radioisotope, xeroderma pigmentosum (XP).

repair system that is responsible for removing several
kinds of DNA lesions, particularly those induced
by UV irradiation.® If not repaired through NER, UV-
induced DNA lesions cause mutations during
replication, specifically C to T or tandem CC to TT
transitions,® and lead to variable instability, including
epigenetic alterations of oncogenic, tumor-suppressive
and cell-cycle control signaling pathways.”
Because it is thought that DNA repair interplays
with checkpoint activity and apoptosis pathways to
maintain genomic stability, we measured the nuclear
accumulation of p53 to screen for hereditary photo-
sensitive dermatoses. p53 plays crucial roles in
cell-cycle checkpoints, apoptotic cell death and DNA
repair, and the nuclear accumulation of p53 after UV
irradiation is induced via DNA damage of actively
transcribed genes.® Moreover, our laboratory has
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established a simple method for diagnosing XP and
the related disorder, Cockayne syndrome, which
involves defects in transcription-coupled NER. The
method entails measuring three cellular markers of
DNA repair autoradiographically: unscheduled DNA
synthesis (UDS), recovery of RNA synthesis (RRS)
and recovery of replicative DNA synthesis (RDS).°
Radioisotope techniques, however, are very laborious.
Herein we report an improved fluorescence method
and a new useful marker for XP-V based on check-
point activity after UV irradiation.

METHODS

Cells, culture conditions and UV irradiation
conditions

We cultured primary human fibroblasts from three
XP-V cells (NPS5, NPS6 and KPS7) assigned by Itoh
et al.,’ XP-A cells (KPSX3) and wild-type Turu cells
established in this laboratory in Dulbecco’s modified
Eagle’s medium (DMEM; Dainihonnseiyaku, Tokyo,
Japan) supplemented with 10% fetal bovine serum
(FBS; Thermo Electron, Walthman, MA, USA),
penicillin and streptomycin at 37°C under 5% CO..
We used all cells at less than 10 passages; in these
conditions, the growth rates are nearly equal among
cells. Cells were irradiated with UV-C using a germicidal
lamp (GL-10; Toshiba, Nasu, Japan). The irradiated
dose of the UV light was measured with a UVX
Radiometer with sensor UVX-25 (UVP, Upland, CA,
USA).

Unscheduled DNA synthesis (UDS)

Cells (1 x 10°) were seeded on a coverslip (1 cm?)
dipped in culture medium in a 35-mm dish and
incubated until subconfluent. They were then washed
with phosphate-buffered saline (PBS), irradiated with
UV-C at 30 J-m™, labeled for 1 h in medium containing
20 uM bromodeoxyuridine (BrdU) and fixed with 70%
ethanol. The samples were denatured with 2 mol/L
HCiand washed with PBS. The cells were incubated
with diluted anti-BrdU antibody (PharMingen, San
Diego, CA, USA) in PBS for 1 h at room temperature,
and then washed in PBS and incubated with fluores-
cein isothiocyanate-conjugated antimouse secondary
antibody. After washing the cells on the coverslips,
the BrdU incorporated in the cellular DNA was
detected under a fluorescence microscope.

© 2009 Japanese Dermatological Association
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Recovery of RNA synthesis (RRS)

Cells (1x10° were seeded on three coverslips
(1 cm?) dipped in culture medium in a 35-mm dish
and were washed with PBS, irradiated with UV-C
at 30 J/m? and incubated for various times. Then,
bromouridine (BrU) was microinjected into the
cytoplasm of the cells, which were incubated for
0.5 h and fixed. The BrU was incorporated into RNA
and then detected using the method described for
UDS, omitting the denaturing step.

Recovery of replicative DNA synthesis (RDS)
Cells (1x 10° were seeded on three coverslips
(1 cm?) dipped in culture medium in a 35-mm dish
and were treated with or without UV-C radiation at
30 J/m?, incubated for 2, 8 and 24 h and labeled for
1 h in medium containing 20 uM BrdU. The samples
were fixed and denatured. The BrdU incorporated
into DNA was detected using the method described
for UDS.

Measuring the nhumber of cells in metaphase
Cells (1 x 10°) were plated onto three 35-mm dishes.
After incubation for 40 h, the cells were irradiated
with UV-C at 15 J/m? and incubated in the culture
medium. The number of round cells as an indicator of
metaphases per microscope field (x10) was counted
after UV irradiation. We observed 16 fields/plate.

RESULTS

Measuring UDS, RRS, and RDS using
fluorescence

Because BrdU incorporated into DNA is easy to
detect through immunostaining, we used BrdU to
measure the UDS and determined the optimal con-
ditions for measuring the UDS. First, we measured
the UDS activity in normal primary fibroblasts (Turu
cells) and determined that the optimal conditions
consisted of irradiating cells with UV light at 30 J/m?
and then incubating them with 20 uM BrdU for 1 h.
Under these conditions, numerous grains were
detected in the nuclei of Turu cells (normal; Fig. 1a),
whereas few grains were found in the nuclei of
KPSX3 cells (XP-A; Fig. 1b). The defective incorpora-
tion of BrdU in the cells was rescued by introducing
a plasmid expressing XPA protein, indicating that
the grains represent UDS (Fig. 1¢). The highly
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Figure 1. Ultraviolet (UV) induced unscheduled DNA synthesis in normal and xeroderma pigmentosum (XP)-A cells. Cells
were irradiated with ultraviolet C at 30 J/m?, incubated for 1 h with bromodeoxyuridine (BrdU), and processed for immu-
nostaining. (&) Turu cells (normal); (b) KPSX3 cells (XP-A); (c) KPSX3 cells injected with XPA expression plasmid. Bright cells

are S-phase cells.

Figure 2. Recovery of RNA synthesis after ultraviolet (UV) irradiation in normal cells. Turu cells were either not irradiated
(a) or, irradiated with UV-C at 30 J/m? and incubated for 3 h (b) or 24 h (c). The cell cytoplasm was microinjected with bro-
mouridine (BrU), and the cells were incubated for 0.5 h and processed for immunostaining.

fluorescent grains represented S-phase nuclei, which
are distinct from the small grains indicating UDS in
non-S-phase nuclei, as shown in Figure 1(b,c).

Next, we tried to detect the RRS activity using
BrU as an indicator. Numerous grains were observed
in the nuclei of Turu cells without UV irradiation
(Fig. 2a), and the number of grains decreased
dramatically 3 h post-UV irradiation (Fig. 2b). The
number of grains recovered by 24 h post-UV irradia-
tion is shown in Figure 2(c).

Because the grains representing the incorporated
BrdU in S-phase cells were too numerous to count
under the fluorescence microscope (Fig. 1b,c), we
determined the RDS by counting the number of
BrdU incorporated nuclei per field of UV-irradiated
cells, which reflected resumption of DNA synthesis,
compared to non-irradiated cells (Fig. 3a). Few
BrdU-positive cells were observed at 3 h after UV
irradiation in KPS7 cells (XP-V) whereas many Turu
cells (normal) were observed. Moreover, this decrease
in KPS7 cells continued to at least 24 h after UV
irradiation, while the rate of BrdU-positive cells was
recovered from approximately 60-90% in Turu cells
(Fig. 3b). Interestingly in KPSX3 cells (XP-A), which
cells show defective NER but normal TLS, the DNA
synthesis rate after UV irradiation was almost the
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same as Turu cells at 2 h after UV irradiation but
declined at 8 and 24 h.

Assessing cell-cycle progression

To confirm the diagnosis of XP-V, the UV sensitivity
of cells is generally tested in the presence of caffeine.
This process, however, is time-consuming, and so
we found a new index for XP-V, a distinct cell-cycle
progression following UV irradiation. We determined
that testing using this index was rapid and easy.
Because it is thought that DNA repair affects cell-
cycle progression and that post-replication repair is
defective in XP-V cells, while nucleotide excision
repair is defective in XP-A through -G, we speculated
that a difference exists in the cell-cycle progression
among normal, XP-V, and XP-A through -G cells. To
test this hypothesis, we examined the number of
metaphase cells after UV irradiation (Fig. 4). The
number of metaphase cells declined immediately
after UV irradiation in all cell types. In XP-A cells
(KPSX3) and XP-G cells (data not shown), the number
of metaphase cells declined continuously and did
not recover, whereas normal cells (Turu) and the
three XP-V cells (KPS7, NPS5 and NPS6) recovered
to almost the level of non-irradiated cells by approx-
imately 16 h after UV irradiation. However, the XP-V
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Figure 3. Recovery of replicative DNA synthesis after
ultraviolet (UV) irradiation in normal and xeroderma pig-
mentosum (XP)-V cells. () The cells were irradiated with
UV-C at 30 J/m? or not irradiated, incubated for 2 h,
labeled with bromodeoxyuridine (BrdU) for 1 h, and proc-
essed for immunostaining. (b) The resumption of DNA syn-
thesis at 2, 8 and 24 h after UV irradiation was calculated
as the percentage of BrdU-positive cells versus the per-
centage without UV irradiation.

cells showed a further decrease in the number of
metaphase cells approximately 28-32 h after UV
irradiation, while the normal cells maintained
cell-cycle progression,

DISCUSSION

We present a simple non-isotope method for diag-
nosing photosensitive disorders using three markers:
UDS, RRS and RDS. Because the genes causing
almost all NER- and TLS-deficient disease have
been identified, except in UV-sensitive syndrome, '
it relatively simple to diagnose hereditary photosen-
sitive dermatoses using sequencing anaiysis.
However, unknown disorders may yet exist that are
caused by abnormalities in NER or TLS, and UDS,
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Figure 4. Comparison of the number of cells in metaphase
among normal (Turu), xeroderma pigmentosum (XP)-A
(KPSX3) and three XP-V (KPS7, NPS5 and NPS6) cells
after ultraviolet (UV) irradiation. The cells were seeded on
dishes, incubated for 40 h and irradiated with UV-C at
15 J/m?. The number of cells in metaphase per field was
counted after UV irradiation. We observed 16 fields/plate.

RRS and RDS must be assessed in pre-diagnostic
screening and as a post-diagnostic complementation
assay. To diagnose cells derived from photosensitive
patients, our laboratory has established a simple
autoradiographic method that examines UDS, RRS
and RDS.® However, the autoradiographic method is
laborious and uses isotopes, which have inherent
dangers. These facts impose restrictions on measuring
UDS, RRS and RDS in some laboratories. Therefore,
we improved the conventional method, and our
improved fluorescence method will reduce the labor
involved in any laboratories.

Bromodeoxyuridine incorporated into DNA has
been used to detect S-phase cells by immunostaining
ever since Grantzner'' established a monoclonal
antibody to BrdU. Therefore, we used BrdU to
measure UDS and RDS. Although the amount of
DNA synthesized in NER was much smaller than
that synthesized during replication, the cellular
uptake of BrdU was sufficient to detect grains of
UDS under the conditions described here. Con-
versely, in the case of RDS, the cellular uptake of
BrdU was too great to count the grains; therefore,
we determined RDS by comparing the numbers of
BrdU incorporated nuclei of cells following UV
irradiation with non-irradiated cells. Similarly, we
attempted to detect the RRS activity using BrU.
Initially, we used medium containing BrU for labeling,
but the cells would not take up BrU. Therefore, we
microinjected BrU into the cytoplasm directly and
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Table 1. Unscheduled DNA synthesis (UDS), recovery of RNA synthesis (RRS) and replicative DNA synthesis (RDS)
measured with conventional radioisotope methods in the xeroderma pigmentosum (XP)-V cells

Cell* uDSt RRS* RDS* RDS + caffeine Reference
KPS7 (XPV)/Mori 126.7 £ 4.9/119.2 £ 5.5 60.5 £ 4.0/53.7 £ 4.2 453 +4.3/88.6 + 7.7 18.9 £+ 2.8/50.9 + 4.7 ltoh et al.®
NPS5 (XPV)/Mori 110.6 £7.1/119.2 £ 5.5 58.8 + 3.7/52.0 = 4.1 389+£3.1/614+7.2 19.4 £ 3.5/60.8 + 5.1
NPS6 (XPV)/Mori 102.3 £5.7/122.3 £ 8.8 76.6 £ 4.0/80.7 £ 4.3 43.8 +6.1/89.2 + 7.7 26.7 +3.1/62.3 £ 5.3

*KPS7, NPS5 and NPS6 cells are belonging to xeroderma pigmentosum (XP)-V. Mori is normal human fibroblast. TUDS was measured as follows: the cells
were irradiated with ultraviolet (UV) light at a dose of 30 J/m?, immediately labeled with (H)thymidine (50 uCi/mL) for 2.5 h. *RRS was measured as follows:
the cells were irradiated with UV light at a dose of 15 J/m?, incubated for 23 h and labeled with CH)uridine (100 uCi/mL) for 1 h. SRecovery of RDS was
measured as follows: the cells were irradiated with UV light at a dose of 15 J/m?, incubated for 6 h and labeled with CH)thymidine (15 pCi/mL) for 1 h.

were able to detect grains of RRS on the nuclei.
However, the RRS technique proposed employs
microinjection, which is a highly-skilled technique,
not available in some laboratories for routine assay.
We assessed these three indexes — UDS, RRS, and
RDS with or without caffeine - measured with con-
ventional radioisotope methods using various cells
derived from XP variant patients (Table 1) and
compared with RDS of KPS7 cells measured by non-
radioisotope method (Fig. 3). We further assessed
these three indexes —~ UDS, RRS and RDS — measured
with non-radioisotope methods using cells derived
from XP patients in addition to this work, two XP-A
and each XP-D, XP-G, XP-V and CSB cells, and
obtained results similar to those from conventional
autoradiography method (data not shown). Moreover,
the sensitivity of this assay exhibited no falls nega-
tive. Compared with the autoradiography method,
our fluorescence method does not seem to be
susceptible to quantitation. However, qualitative
information of UDS, RRS and RDS is sufficient to
be applied to pre-diagnostic screening and post-
diagnostic complementation assay. Therefore, we
concluded that the non-radioisotope method for
measuring UDS, RRS and RDS is reliable for
diagnosing XP. Our non-radioisotope method has
advantages over the conventional autoradiography
method: it is quicker, and most importantly does not
use isotopes.

DNA damage induces several responses including
DNA repair, checkpoint activity and apoptosis, and
checkpoints are associated with biochemical path-
ways that delay or arrest cell-cycle progression.’
Because p53 accumulates in the nucleus after various
stresses’™ and plays an important role in DNA
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damage checkpoints, we examined the UV sensitivity
and nuclear accumulation of p53 as a way to screen
for photosensitive disorders. Because the accumu-
lation of p53 after UV irradiation is induced via DNA
damage of actively transcribed genes,® we classified
photosensitive patients into two groups at screening:
the p53 accumulating group, which shows deficient
transcription-coupled DNA repair, Cockayne syndrome
and XP-A through -G except for -C and -E, while the
p53 non-accumulating group includes XP-C and -E.
Although XP-V cells accumulate p53, XP-V cells
have normal NER. Therefore, we attempted to find a
new distinct marker for XP-V.

Xeroderma pigmentosum V patients have muta-
tions in a low-fidelity Y-family DNA polymerase,
polymerase 1, which is required for bypass replication
of UV-induced DNA damage.*' Moreover XP-V cells
accumulate in the S-phase after UV irradiation
indicating that polymerase 1 is associated with the
S-phase replication checkpoint.’”® The replication
checkpoint is thought to prevent the breakdown of
the stalled replication fork, and to assist and coordinate
the replication fork restart processes by controlling
DNA repair, regulating chromatin structure and
controlling cell-cycle progression.'® Therefore, we
assessed cell-cycle progression by counting the
number of cells in metaphase. XP-V cells exhibited
an interesting phenomenon in cell-cycle progression,
a fluctuation in the number of metaphase cells
(Fig. 4). We believe that the first trough reflects G2/M
checkpoint activity. UV-irradiated cells usually arrest
cell-cycle progression, which restarts after the DNA
is repaired. If the lesion is not repaired, cell death
is imminent. Because cells with normal NER are
released from cell-cycle arrest at G1/S or G2/M after
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completing NER, the number of metaphase cells
was restored. In contrast, in XP-V cells, the number
of metaphase cells fell again, resulting in a second
trough. We attributed this decrease in the number of
metaphase cells to an accumulation of S-phase
cells by the S-phase checkpoint activation after UV-
induced DNA damage in XP-V cells. Consequently,
the number of metaphase cells fell again, and XP-V
cells showed a unique two-trough phenomenon.
Interestingly, these two troughs in XP-V cells can
be detected without using caffeine, although it is
usually difficult to detect the UV sensitivity of XP-V
cells clearly without using caffeine. Therefore, we
recommend using this two-trough phenomenon as
an easy marker of XP-V. We can identify the second
trough by measuring the number of metaphase cells at
three points: 16, 28-32 and 48 h after UV irradiation.
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