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   Thermionic emission  (TE)-type X-ray generators have been  exclusively  used  in medicine,  but there
are  many  difficulties in making  these  X-ray sources  compact.  A  field emission  (FE)-type X-ray generator
using  carbon  nanotubes  is a newly-developed  compact  system  that can  be as  small  as  several  cm  in length.
Considering the compactness  of  the equipment,  the FE-type X-ray generator rnay  become  a usefu1  tool for
endoscopic,  intracavitary or  intraoperative radiotherapy  in the future. The  aim  of this study  was  to inves-
tigate the biological effects  of  X-rays generated by the FE-type X-ray source  in comparison  with  those of
conventional  TE-type X-rays, Mouse  thymic  lymphoma  3SB  cells  were  irradiated by an  FE-type X-ray
generator developed by  our  group and  a  conventional  TE-type X-ray source  under  identical conditions.

DNA  damage  after  radiation  was  detected by foci formation of  phospho-H2AX (y-H2AX). Effect on  the
cell  cycle  was  analyzed  by flow cytometry.  Activation of  the DNA  damage  checkpoint  was  analyzed  by
imrnunoblotting. Induction of  apoptosis  was  studied  using  the TUNEL  assay.  In terms  of induction of

DNA  damage (DNA  double-strand breaks), activation  of  cell  cycle  checkpoints  (pS3 stabilization,  p21
inductien, Chkl and  Chk2 phosphorylations), and  induction of  apoptotic  celi  death, FE-type X-rays were

as  effective  as  TE-type X-rays, and  FE-type X-rays appeared  to be applicable  to radiation  therapy,

INTRODUCTION

 For field emission  (FE)-type X-ray sources,  electrons

striking a metal  target are generated by a field emitting  pro-
cess, a quantum-mechanical process of electron  tunneling

(Fig. 1).

 FE  source  has a protruding shape  and  is frequently
(often, typically) made  of  

`Lcarbon

 nanotubes"  (CNTs).L)
Since electron  tunneling  critically  depends on  the chemical

state  of  the electron-emitting  surface,2)  FE  is unstable  in

non-ultrahigh  vacuum  (non-UHV) ambiences,  especially

for metallic  cathodes  that chemically  react  with  gaseous
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molecules  remaining  in a non-UHV  (Non-UHV ambience
contains  a  large number  of  gaseous molecules,  mostly  H20

molecules),

 CNTs  are  helica] microtubu]es  of  graphitic carbon,  rang-

ing from 4 to 30  nm  in diameter and  up  to 1 mm  in length.3)

Chemically, carbon  is far more  stable  than  metals,  and  CNTs
were  therefore  previously predicted to be promising FE
sources.4) CNTs  have recently  been confirmed  to field-emit
electrons  for a  long period in X-ray tubes pumped down  to

a  non-  uHv.5"g)

 Since FE  requires  no  cathode  heating, the entire tube

structure  oi the FE-type X-ray generator could  be miniatur-
ized to be as  small  as  several  cm  in length. Such  a  miniature

X-ray tube,9) which  is absolutely  unattainable  with  eonven-

tional thermionic  emission  (TE)-type X-ray tubes,iO) may
play a  role  in clinical  radiation  therapy  fOr the  purpose of
targeted  X-ray irradiation to a  superficial  lesion. Since the

FE-type  X-ray source  has been  developed only  recently  by
the group of  Okuyama  et  al.,i) biological effects  of  the  X-

ray  have not  yet been investigated. Moreover, some  differ-

ences  have been proven to exist  between  FE- and  TE-type

X-rays wjtb  respect  to energy  spectra.  Therefore, it i$ nec-

essary  to investigate whether  biological effects  of  FE  type  X-

rays  are  similar  to those  of  TE  type X-rays before consider-
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Fig. 1. Principle of  FE  (schematic). Electrons at the Femni  level penetrate the  surface  potential
barrier that becomes thinner under  a  strong  electric  field.

ing their app]ication  in medicine.

 X-ray is a  representative  agent  causing  DNA  double-

strand  breaks (DSBs) of  cells.  Arnong  the  many  types  of

damage,  DSBs  are  the  most  deleterious to cell  survival.  [[b

maintain  genomic  integrity, eukaryotic  cells  are  equipped

with  coordinated  systems  to contend  with  DNA  damage,

including chromatin  remodeling,  cell  cycle  arrest,  DNA

repair  and  programmed  celI  death processes.i 
i'i3)

 Nurnerous

key players, including p53, p21, Chkl  and  Chk2,  have been

identified, and  their cooperation  in damage control  has only
recently  become evident.  Therefore, it appeared  meaningful

to investigate the biological effects  of  FE-type X-rays using

these  endpoints.

 In this paper, we  present indisputable evidence  that FE-

type  X-rays being emitted  from  a  tungsten  target damage

DNA,  activate  cell  cycle  checkpoints  and  induce apoptosis
in cancer  cells cultivated  in vitro.

MATERIALS  AND  METHODS

Cett culture
 The  mouse  thyrnic lymphoma  cell  line 3SB was  a gift
from  the  National Institute of  Radiological Sciences (Chiba,
Japan).i4'iS) The  cells were  maintained  in RPMI  1640  medi-

urn  (Sigma-Aldrich Inc,, St, Louis, MO,  USA)  supplement-

ed  with  10%  fetal bovine serum,  penici]lin (100 unitslml),
streptomycin  (100 mg/ml),  and  10 mM  HEPES  Buffer Solu-

tion (Invitrogen Co., Grand  Island, NY)  at  370C  in a  humid-

ified 95%  air-5% C02  atmosphere.  The  doubling time of

3SB cells  was  about  18 h in vinw.  The  cclls  wcre  seeded  at

a density of  8--1O × 1OS cells in 9,6 cm2  plastic tissue culture

dishes with  1,7 ml  medium.

Irradiation
 The  FE-type X-ray system  was  developed by thc group of
Okuyama  et  al,  at  Nagoya  Institute of  [Ibchnology (Nagoya,
Japan). It is a  slightly  modified  version  of  the X-ray system

used  in a  previous study.8'i6)  The  corrventiona]  TE-type  X-ray

equipment  was  YXLON  MG  22612.25 (YXLON  Int.,

Tbkyo), and  the X-ray tube was  MCN  225 (Philips Industrial,

Hamburg).  It has been  used  fdr biological studies,i7'i8)  Char-

acteristics  of  the two  systems  are  summarized  in 1[hble 1.

Table  1. Characteristics of  the field emission  (FIi)-type and

thermionic emission  (TE)-type X-ray  sources.

Characteristic FE-type TE-type

Tube voltage  (kV)

Currcnt (mA)

TargetWindowFilterX-ray

 spectra

Source-to-objcctdistance(crn)

Dose  rate  (Gy/min)

Dose  inhomogeneity within
samples

   50

    1

 Tungsten

 Beryllium

  None

Characteristic

  X-rays

   12.53.3

 Gylmin

  <  10%

  50

   1TungstenBerylliurn

 NoneContinuous

  183

 Gy/min

 <3%

Treatment oj'the cells  with  nocodazote

 The  cells were  synchronized  at M  phase with  nocodazole

at a concentration  of  O.5 mgfml  for 8h  in an incubator and
then  incubated in a fresh medium  for 3 h and  irradiated (con-
ditions deterrnined by the results  of  a preliminary experi-

ment).  After these treatments, incubation was  continued

agaln.

 The X-ray spectra of the FE-type equipment  obtained

with  Xfash Spectrometer (R6ntec, Berlin, Germany)  are

shown  in Fig. 2. As  shown  in the figure, the FE-type equip-

ment  generatcs charactcristic  X-rays almost  exclusively,

while  conventional  TE-type  equipment  with  a  tungsten  tar-

get has been reported  to generate continuous  spectra  with

almost  no  peak  of  characteristic  Xrays.i9)

 Since thc X-ray tubc  voltagc  of  the  FE-type system  was

50 kV  at  maximum,  both the  FE-type and  conventional  TE-

type sources  were  operated  at  50 kV. Racliation doses were

calibrated  using  a RAMTEC  1500B  dosimeter (Tbyo Medic,
Tbkyo, Japan) and  a soft X-ray chamber  (N 23344-0939,
PTW-Freiburg,  Germany). Fig, 3 shows  the dose distribution
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and  homogeneity of the FE-type X-rays within  the radiation

field; in this experiment,  culture dishes with  an  area  of  9,6
cm2  were  used  and  dose inhomogeneity was  therefore  con-

sidered  to be less than  1O%.  The  lid of  the  culture  dish was

taken  off  during irradiation.

hamunqfluorescencemicroscopy
 After 1 h of  3 Gy  irradiation, cells  were  harvested, washed

twice  in PBS,  and  fixed in 70%  ethanol  overnight  at -20eC.

After the  cells  had been  washed  and  suspended  in PBS  at  a

concentration  of  S × 1041ml, cells  in 500 pl PBS  were

attached  to micro  slide  glasses using  cytospin  and  the slide

glasses were  soaked  in PBS.  The  soaked  slides  were  perme-
abilized  with  PBS  containing  O.2% Tlriton X-100 for 5 min

and  washed  twice in PBS.  Then they  were  blocked with
O,05%  Tween  20  in 3%  skim  milk  in PBS  at room  temper-

ature  for 1 h and  rinsed in PBS. The slides  were  incubated
at room  temperature for 2 h with  mouse  monoclonal  anti-y-

H2AX  (Upstate Cell Signaling Solutions, Lake Placid, NY
1:100) and  for 1 h with  Alexa Fluor@ 488 goat anti-mouse
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IgG  (H +  L) (Molecular Probes Eugen, Oregon, USA,
1 : 1OOO). Finally, the cells  were  counterstainecl  with  O.1 pg/
mi  4'-6-Diamidino-2-phenylindole (DAPI) and  analyzed

using  a  fiuorescence microscope,  Nikon Eclipse E800
(Nikon Co., Kanagawa,  Japan). Images  were  captured  using

a  1OO × oil lens.

TUIVEL  assay

 Nuclear DNA  fragmentation of  apoptotic  cells  was  mea-

sured  by the TUNEL  assay  (DeadEnd Fluorometric TUNEL

System, Promega,  Madison, WI). Briefly, irradiated cells

were  harvested, washed  once  in PBS, and  resuspended  in
PBS  at a  concentration  of  approximately  5 × 104 /ml, Then

cells in 500 pl PBS  were  attached  tQ glass slides  using

cytospin,  fixed in 4%  formaldehyde, perrneabilized in O.2%
Triton X-100, and  incubated with  TdT  incubation buffer fbr
60 min  in a 370C humidified incubator for 3'-OH labeling.
The cells were  counterstained  with  O. 1 pg/ml DAPI  and  ana-

lyzed using  a  fluorescence microscope,  Nikon Eclipse
E800M  at 40 × . More than 200 cells per coded  slide per time
were  scored  for TUNEL  labeling.

Flow  cytomettly

 After radiation, cells were  harvested, washed  with  PBS,
and  fixed in 70%  ethanol  over  4 h. They  were  counterstained

with  50 pgtml propidium iodide (PI) in PBS  and  analyzed

using  a flow cytometer  and  Ce!l Quest software  (Beckton
Dickinson Bioscience, San Jose, CA,  USA).

immunoblotting and  antibodies

 Irradiated cells  were  dissolved in solubilizing  buffer (pH
8.0, 50  mM  HEPES,  150 mM  NaCl, 2,5 mM  EGTA,  1 mM

ED[iA,  1 mh  DTT,  O.191, [[Xveen 20, 109{] glycerol, and  5

mglrn1  phosphatase substrate  (Sigma 104@)  with  the  addi-

tion of  1 mM  sodium  fluoride, O,1 mM  sodium  orthovana-

date and  protease inhibitors such  as  20 pgfml soybean

trypsin, 2 pglml aprotinin,  100 pg/ml PMSE  and  5 pgfml
leupeptin. [[Xventy yg of  soluble  proteins were  separated  by

10%  sodium  dodecyl sulfate-polyacrylamide  gel electro-

phoresis. Separated polypeptides were  then  transblotted

onto  a PVDF  membrane  (Immobilin-P [[1/ansfer Membrane,
Millipore Co,, Billerica, Massachusetts) in transfer buffer
(25 mM  Tris base, 192 mM  glycine, 25 mM  sodium  dede-

cyl sulfate, 10% methanol)  at 100 V  for 30 min  at 40C.
Blots were  then blocked with  5%  skim  milk  in PBS!O.05%
[[Ween 20 and  incubated with  the prjmary antibody  at 1 pgf
ml  in 5%  skim  milk  in PBS  containing  O.05% TKveen 20 for
1 h at room  temperature. The secondary  antibody  was

horseradish peroxidase-linked whole  antibody,  ECIJTM  anti-

mouse  immunoglobulin  G  or  ECLTM  anti-rabbit  irnmuno-

globulin G  (Amersham Biosciences UK,  Li., England)  at

1:1OOO in PBSfO.05%  TXveen 20. Signals were  developed by

ECL  plus (Amersham Biosciences). Mouse  monoclonal

antibodies  to p53 (Novocastra Laboratories Ltd., Newcastle

J. Radiat, Res. Vol. 48, No. 2 (20e7); http:1ljrr.jstage,jst,go.jp



The Japan Radiation Research Society

NII-Electronic Library Service

TheJapanRadiationResearch  Society

156 T, Nakazato et  aL

upon  [[Yne, UK)  and  to p21 (Santa Cruz  Biotech, Inc., Santa

Cruz, CA)  and  rabbit  polyclonal antibodies  to Chk2  (Santa
Cruz  Biotech.) and  to Chkl  phosphoryiated on  Ser345  and

on  Ser317  (Cell Si.analing [[echnology, Inc., Danvers, MA)

were  used.  Equal sample  loading was  confirmed  by  reprob-

ing the  sample  blots with  mouse  monoclonal  antiserum

against  6-actin at  O,2 pg/ml (Abcam Inc., Cambridge,  MA,

USA),  and  the signal  was  developed by ECL'i'M (Amersham
Biosciences).

RESULTS  AND  DISCUSSION

FE-mpe  X-ra.v cattses  DAL4 damage as  ef)Ciciently as

7LE-mpe X-ray does
  H2AX  is known  to be a  biological marker  of  DSBs  causcd

by radiation  and  genotoxic reagents.  Tb  examine  whether

DSBs  arc  actually  induced by FE-type and  TE-type Xrays,

mouse  thymic  lymphoma  3SB  cells  wcre  irradiated with  FI]-

DAPI v-H21xx

OGy

3Gy

TE

FE

Fig. 4. DNA  dainage after  radiation.  One h prior to harvest, 3SB cells  were  treated with  ionizing radiation.  They  were  labeled

with  an  anti-y-H2AX  antibody  and  then incubated with  a secondary  antibody  and  counterstained  with  DAPI, The  labe]ed cells

were  imaged with  a  confocal  microscope  at 100 ×. X-ray type and  doge are  indicated on  the left. DAPI  staining  and  vH2AX
staining  are  indicated at the top. Both TE  and  FE  showed  feci formation of  TH2AX.  Shown  are  representative  micrographs  of

experiments  canied  out  twice.
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type or TE-type X-rays and  the resultant  DSBs  werc  ana-

lyzed by foci formation of  phospho-H2AX  (vH2AX) using
an  antibody  specific to y-H2AX.20'2L) As  shown  in Fig, 4,

foci formation of  vH2AX  was  evident  as  early  as  1 h after

irradiation of  FE-type X-rays (3 Gy), and  the number  of  y-
H2AX  fbci in ¢ ells  treated with  FE-type X-rays was  almost

the same  as  that in cells  treated with  TE-type Xrays. Siinilar

results  were  also  obtained  when  cells  were  irradiated with  1

or 5 Gy  (data not  shown).  Thus, these  results  indicated that
FE-type X-rays are  as  effective  as  TE-type  X-rays in terms

of induction of  DNA  damage.

FE-type  X-ray  qffectively activates  the DAL4 damage
checkpoint

  We  next  detemined  the extent  of DNA  damage caused  by
FE-type or  TE-type  X-rays by examining  cell  cycle  check-

point activation  because it is a highly sensitive assay  for
evaluation  of the extent  of DNA  damage. The  cell  cycle  of

mouse  lymphoma 3SB cells was  arrested  at  G2fM  phase but
not  at Gl phase when  the cells were  irradiated with  either

TE-  or FI]-type X-rays (data not  shown).  G2Avi phase arrest

by DNA  damage is known to be regulated  by checkpoint

kinases, Chkl and  Chk2, in a PI3KK-dependent  manner.22'

28)
 Therefore, we  examined  changes  in the modification  and

the amount  of protejns involved in G21M  arrest  in response
to DNA  damage. Although cell cycle  arrest at  G1  phase was

not  evident  upon  DNA  damage, the arnount  of  p53
protein29'30) was  significantly increased and  peaked at  3 h
after  irradiation of FE-type X-rays (Fig. 5a). The  amount  of

p21 Cdk  inihibitor protein, which  is one  of  the p53 targets,

was  also increased, although  it was  a  later event  than  p53
induction. The magnitudes  of  increase in amounts  of  p53
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Fig. 5. Activution ofDNA  damage checkpoint  after  radiation,  3SB  cells  were  exposcd  to TE-  or  FE-type  X-

rays  at (a) 3 Gy  or  (b) indicated doses and  harvested at (a) indicated times or  (b) 3 h later. Ce]] lysates were

subjected  to immunob]ot analysis  witb  antibodies  specific  to p53, p21, Chk2, p-Chkl(317), p-Chkl(345) or,

B-actin as  indicated,
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and  p21 caused  by FE-type X-rays were  almost  the same  as

those  caused  by TE-type X-rays.

 Mobility shift of  Chlc2 bands3i) due to phosphorylation
was  also evident  as early  as 1 h and  continued  until 5 h after

irradiation, Phosphorylaton of Cnk1 was  also examined

using  antibodies  specific to phospho-Chkl at  Ser317 and

phospho-Chkl at Ser345. As shown  in Fig. 5a, Chkl  was

abruptly  phosphorylated at both Ser3l7 and  Ser345 at  1 h

after irradiation and  was  then  dephosphorylated. Important-

ly, the levels of phosphorylation of  Chk2 and  Chkl  in cells

irradiated with  FE-type X-rays were  almost  the same  as

those in cells irradiated with  TEtype  X-rays.

 Furthermore, we  examined  the dose-dependency for mod-
ifications of  checkpoint  proteins by FE- and  TE-type X-rays

(Fig. 5b). Mouse  3SB cells were  treated with  the indicated
dose of  X-rays and  then harvested at 3 h. Clear dose-depen-
dent increases in the amounts  of  p53 and  p21 proteins ",ere

observed  in both ce]ls irradiated with  FE-type X-rays and

cells irradiated with  TE-type X-rays. Phosphor}rlations of

Chk2  and  Chkl were  also detected upon  treatment  with  FE-

and  TE-type X-rays in a  dose-dependent manner.  Taken

together, the results suggest  that FE-type X-rays are  capable

of  activating  the DNA  damage checkpoint  as etfectiyely as

TE-type  X-rays.

friduction ofopoptosis by FE-mpe  X  ray  is independent

ofcell cycle  phase
 The  TUNEL  assav  is a usefu1  too] for the  identification ef

programmed  cell de'ath and  this method  enables  a quantifi-
cation  of  the  process in cell  populations. By  using  this assay,

we  examined  whether  irradiation of  FE-type X  rays  indeed
induced apoptotic  cell  death32). As shown  in Fig. 6, a  time-
depcndent increase in the number  of  TUNEL-positive  cells

was  detected in 3SB cells  treated  with  either  FE-type or  TE-
type X-rays. TUNEL-positive cells  were  first detected as

early  as 1 h after 1 Gy  irradiation (13.9 ± O,6% with  TE  and

9.6 ± O.6% with  FE) and  increased until  5 h (25.4 ± 2.7%
with  TE  and  27.4 ± 2.2%  in FE), Similar results  were  also

obtained  when  cells were  irradiated with  3 and  5 Gy. These
results  indicated that irracliation with  FE-type X-rays

induced apoptotic  ce]1  death in time-  and  dose-dependent

manners  and  that the  eenciency  of  FE-type X-rays for induc-

ing apoptotic  cell  death was  almost  the  same  as  that of  TE-

type  X-rays.

 Given  that certain  types  of  apoptotic  ce]1  death are  known

to be dependent on  cell  cycle  progression,33) we  also  exam-

ined -'hether  this is also  the case  with  FE-type X-rays. We

synchronized  the  cell  cycle  at M  phase by nocodazole  treat-

ment  and  then  released  cells  into thc  ce]1  cycle.  Flow  cyto-

metric  analysis  revealed  that cells entered  S phase at 4 h and

entered  G21M  phase at 9 h after  releasing.

 As shown  in Fig. 7, the population of subGl-phase  cells

significantly  increased at 4 h and  reached  a  maximum  at  6

h after re]easing.  The increase in the population of subGl-
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 TE-type (open bars) or  FE-type (stippled bars) X-rays (indi-
cated  doses) and  harvested at the  indicated times  thereafter.  They

were  subjected  te TUNEL  analysis.  The mean  values  of  percentage
of  TUNEL-positive  cells  from  two  independcnt  experiments  are

prcsented with  error  bars.

     Oh lh 3h 5h
Induction of  apoptosis  by  radiation.  (a) Ce]]s were  treated

phasc cells upon  treatment with  FE-type X-rays was  simi1ar

to that upon  treatment with  TE-type X-rays, Therefore, these

results suggested  that the induction of  apoptosis  by FE- and

TE-type Xrays is at  least in part dependent on  S phase entry.

New  t]v)e of radiation  therapy  may  be developed in the

.fitture
  This study  has shown  that FE-type X-rays from  tungsten
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X-ray.
e5tnnn.

Wehnertelectrodecap

Fig. 8.A  trial product of  the miniature  X-ray tube experimentally  produced by Okuyarna  et  al.34)  (reproduced with  permission).
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efficiently cause  DNA  damage and  induce apoptosis  in can-

cer ce]ls,Hence,  the FE-type X-ray generator may  be appli-

cable  to cancer  therapy. The  entire  tube  structure  of  thc  FE-

typc X-ray source  could  be miniaturized  as  shown  in Fig. 8,

By coupling  with  an  endoscope  and  narrowing  the radiation

field, such  a miniature  X-ray tube would  pave the way  to tar-

geted X-ray irradiation of a tumor in the early  stage  or  a

superficial  lesion and  hence may  lead to a new  strategy  fbr

radiation  therapy. Although the X-ray tube  vo!tage  (50 kV)
is lower than  conventionally  used  levels, the issue is practi-
cal]y  insignificant and  dose inhomogeneity (as shown  in Fig.

3) may  not be a problem in view  of  the smallness  of  lesiens

that are  indicated for such  treatment.
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