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Effect of Hyperthermia and Radiation on the Cell Cycle
Progression of HelLa Cells

Nobuo Kubota

Department of Radiology, School of Medicine, Yokohama City University
(Director: Prof. Kengo Matsui)

Research Code No.: 402

Key Werds:  Hyperthermia,  Radiosensitization,  Flow
cytometry, Cell cycle kinetics

The effect of hyperthermia and irradiation on cytokinetics was studied using exponentially growing HeLa
cells. To determine the effect of heat and/or radiation on the cell cycle progression, the changes in the DNA
distribution of the cell population after different time intervals after treatment were studied. The cellular DNA
content of the cell population was measured by flow cytometry.

The results obtained were as follows:

1. Compared with the control, the cellular DNA content distribution of HeLa cells treated with 43°C for
20 min and 60 min showed cell accumultion in § and GsM phases 8 hours after treatment.

2. Hyperthermic treatment at 45°C for 20 min caused cells to accumulate in S phase in the first 4 hours
and G¢M phase after 8 to 14.5 hours, whereas heat treatment at 45°C for 60 min caused cells to accumulate in
GsM phase after 24 hours.

3. Irradiation of exponentially growing cells induced a block in the progress from G3M to G, phase.

4. Dose survival curves of HeLa cells with and without postirradiation thermal treatment (43°C, 60 min)
showed significant enhancement of radiosensitivity by hyperthermia.

5. The sequential treatment, i.e. 5 Gy irradiation followed immediately by heat treatment at 43°C for
60min, caused more cells to accumulate in G3;M phase after 24 and 48 hours, as compared with 5 Gy

irradiation alone.
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1) #Hfa & iEaEE

KBy Hela ffifaz v 7c. MIfw Flow
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T, MPFRETIEZS = — vEE L. AL
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RV, BRazh R oo e B B R BS 2 CHIBH L
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\y, 0.1% crystal violet ¥ Cifuf Lz, 50= Ll |-
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R=—tLTAHAY VL. ERUEYELT,
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2) MEHRRSLBERNE

BHERBENL °Co » v~ —BTiFoTo. BB
RixgH0.73Gy ThHh, BRCTBHE L. &
1% Radcon S55FUG R - CHIE L.
E#ME L TD-4085% A T Al 2L, -2
74 NATY—= LT, ERKE (¥= 1 BT-
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3) Flow Cytometry (FCM)

FCM = X % fashfB o itz 2 x 10°E o #Hifa
% TD-AOBSFRU AW $BIE L, 48BEfEic st
R U REIEA L, Lig, REEH A
RBEFTD ¥ UERRC MR & fE8L L < T
i, TSR TR T T % 45°C604 D IR
AFE, ZoBOMIERE AL OPEL BIF
BT LR S hicoT, REVILEE OB D
R Ticbhich o7, FH LA FCM o 3
{1 Model 4800A Cytofluorograph (Bio/Physics
System Inc.) Tk 5, JIEREOFEBLIL Krishan
WORHERC L st M0 G=FrT7ra—n
TEELL. EE hic il 4°ccde 2
4, 5 ABETETHh- 7. BEFEShi-fx
FOM T DNA E#WET 5, 2M[E, YK
TPk L, Ribonuclease L (Img/ml, 37°C30
a) wiT 5T, BN EENL Propidium lodide
(0.05mg/ml, 1,12% Sodium Citrate) THufE L
HE L.
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Fig. 1 DNA disribution of exponentially growing
cells.

(1-a) Flow cytometric measurement of HeLa cells.
(1-b) Schematic representation of DNA-histogram.
First peak (2n) corresponds to cells in G, phase
and second peak (4n) corresponds to cells in G,
and M phases. The DNA values between 2n and 4n
are due to cells in S phase.
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1) HeLa i@paoiE5aEghis

HeLa #fifg2 x 10%E% TD-408: %31 %40
Ol % Fig. 2 wiRd. Afla #56E
B, 200 OB Z TR B A Y, 5
H BB ERRBABAT Lic. B0
doubling time [IfI20MERCTh - 7o, LI OIEE
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Fig. 2 Growth curve of Hela cells. Number of
cells inoculated was 2x10° per TD-40 flask. The
culture medium was not changed after plating
the cells,
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2) hyperthermia ORISR

HeLa #iffavcx¥3 % {RELE o Bz R >
WTIE, =e=-JggiETRnic (Fig. 3). X
Fapgtio HeLa ffiaix43°coiREMLIE T3,
BT cell killing 124 by, 2409 MIETH

survival (30.2BETH o7z, Zhic L T45°C
N5
43°C
\i \\R
0.1
45°C

%O.Dl
0.001

60 120 180 240

"Heat exposure time (min)

Fig. 3 Survival of exponentially growing HeLa
cells exposed to elevated temperatures for vari-
ous times.

Control 2 hours 5 hours

°
43 C 20min

Control 4 hours

e
43 C 60min
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ORBINFRTIRZES L\ cell killing 2MHZES h
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3) hyperthermia () cell cycle progression
(3493 Rk

43°C L 45°C o REVIR D SIEEGERI 0 Mifg o
cell cycle progression 232 28 iz 2T,
FCM iz kA v A + 25 A0 L% #H~% (Fig.
4, 5, 6), zvirr—ADreAF ST AT HE
W7 2 D2 2 — v & B 1, 43°C20% F U 604y
ORBIEE L e A+ 75 2 DEDLLVEILIZE
MR Tnd o fn, 204 BT 8 NI S L
GM Mo TFhiciEnsikbhte, 60402 ©
VAR L SRERMIBICFI L SHiE GM Hiof
JanERH RS hichd, TEERE & 3 24
Bz v e =L R UAZ - Vo iliE L.

YT A5 CORBIIRI DT B &, 204 ER
(Fig. 5) —Cix 4 Wi S Jfifla o &R Y 78
bh, Foth, T GM H~JiA L14.5HR
B3 o fjE 2 GM I~ BB L. GM
JiC progression A3HE X h T\ ofifaix, %o
#, cycle #EIDIZL® G, H~FHAL, 22.58
BETIIe A 7S AXHORLE LR A2 — v
TR L. '

45°C60%5 4L (Fig. 6) TIX2040 AU X b 3,4
{EAT. cell cycle @ progression {T3NHI X4, 20

8 hours 16 hours 24 hours
L - "--J’\_ —
8 hours 24 hours

Fig. 4 DNA-histograms of HeLa cells at different times after hyperthermic treatment at 43°C for

20min and 60min.
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M

22.5 hours

Control ‘Nours
14.5 houM AA/ 17.5 hours

Fig. 5 DNA-histograms of HeLa cells at different
times after hyperthermic treatment at 45°C for
20min.
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#—E—BHLT, 16~200H O delay %3 T
av hr—ALAU growth rate THEKNZ# L
fo. —75, 600 MBI T MO INI4 b
hich -7,

4) J§5HRED cell cycle progression [=3%}d
BRE

BRI @ cell cycle progression i3 %
BEwOWT, R “Co & v~ —#2.3Gy &
10Gy <§§-<f-. Fig. 8 1%2.3Gy, Fig. 9 1210Gy
BHEEOLA Y 75 208 L% 7”3, 2.3Gy B

‘A—C::rol A:hours
. k
A;S\hours

— —

AARBEZERE R &ME #4028 S5

HCIRIBSEE 6 BER% € 7 L LT GM M~
MIRROBRELH D, F - SIMIAD 27 b DR
RRDBI. GM ~BE LMk, o
8, HZLT G, HINHA L1750 it = v
b= LR R ST AR H T,

10Gy B TRt SBEC S wh b o
MigoERS RS D, ST Fo%, Sic
GM HI~WEAL, FCTHEZE R G, Fwu ., rp
BRI h, LIREMEB T2 —HoMia: s i
o TWiehs,  17RfEH Tl A4 oMila 5
GM Hlhm BRI Lo, T 1IRLE I &
PPhIg -2 R bR, GM i Tto ey
7 ENTWICHIENIEO G, JA~WA L, 2413
BTReANSF2aD 2 —viiavie—a2
flic 2 M aR Uiz, LvL, 48BEITiL 4n Hs
B 8n whFCMiBantEm B h, EH Ik
FEDBHIE ST WA T E R,

[BHE D growth curve #Z4 5 L, 2.3Gy i
T AR 6 BRfELAE D G, 7wy 7 EfE & —
BLT, HWSHMED delay ¥ b Ta v b m—pn
LML, 10Gy MRESHCIiTMIERT >3
TOMMmT BT Ele ot (Fig. 10),

5) st L hyperthermia (iEE(H

FCATERBRST L hyperthermia D ffFC X % 4
IR D\NT 2 v = R TR, BB
EL SRR A TER43°C204, F Foi1604)- T
FiTo7c. FEREMF Fig. 11, Table 1 1=
RT. 43°C200 B 0V604 D B AEE DA ERTE L

9 hours 14 hours
_/L_,____,_\_ /\'--_.—f\_
24 hours

-.——/"'\,.____

Fig. 6 DNA-histograms of cells at different times after hyperthermic treat-

ment at 45°C for 60min.
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T % 10
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Fig. 7 Growth curves of HeLa cells after hyper
thermia.

O control cells.
A cells exposed to 45°C for 20min.
O cells exposed to 45°C for 60min.
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Fig. 8 DNA-histograms of HeLa cells at
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BT survival curve i\ 7o, 43°C204 43R
TIHBROBSHRRS R P E Vb O TH o e
P, 604 BT BAR & IR O OF R THRFE 7oA
EERRD BRI,

6) Jigtis s hyperthermia BfFf 7 cell cycle
progression (23195 HEE

BORHR RS & & DEAR ORBILE OB AS cell
cycle progression e RETEE - OWT, FUL
FCM Tt (Fig. 12, 13). AR 5Gy,
AR 43°C204 B U'604 & L. TR#L
H204 Ot AR T, MRSEEE & T 3EF
#wesHl, IR TR GM Hi~DEHOEIE
MRHxbhich, dRFECRmEFELbz v e —2
LEAILeR Y5 AR,

—Ji, 1SR 5Gy & 43°C60% Off FIRE T,
FRETBRREE X o, AR S HIRO GM i~
LROBENZ LRI, b, BAHREIRET

Jﬂ _/kJKK_

i SN

48 hours

J\

different times after exposure to 2.3Gy.

Control u 5 hours 7 hours
A\ _] N N~

24 hours 4% hours

11 hol% 17 hours \
S
e k_/\..__ — N \—f*«- - T

Fig. 9 DNA-histograms of cells at different times after exposure to 10Gy.
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Pt
,'o— Control
10
é 5 /'&’r/
L ST oy
: o
2 Ly A
o Ll
= 0 10 Gy
& My .
1
% w7 % 120

Hours after jrradiation
Fig. 10 Growth curves of HeLa cells after irradia-
tion,
O control cells,
@® cells exposed to 2.3Gy.
MW cells exposed to 10Gy.

Table 1 Dose response curve parameters of HeLa
cells irradiated alone and incubated for 20min
or 60min at 43°C immediately after irradiation

N Value | Dq (Gy) | Do (Gy)
Irradiation alone 1.3 0.55 2.15
Irradiation + 43°C, 20min 1.3 0.45 1.70
Irradiation + 43°C, 60min 1.3 0.45 0.90

WXIBHFREIR T GM H~ER L fifasi+ Tt
—iB% Gy JHATEA LT rent, 604 4LERGEFIRE
TIRRELEKRES2 GM Hwp b, —&ut sl

Control 3 hours

5Gy only \_/\_

]

-
SGy+43 ¢ ‘/I\-
20min

HAEFHEHRESME #4928 pos

ey
N
0.1 \\3\“;' im alone
3§
\ [\\ e
\\ Radiation + 43°C 20min
0.01} ‘

\

Radiation + 43°C 60min

Ay

Surviving fraction

1 2 3 4 5 6

Radiation dose (Gy)

Fig. 11 Survival curves of cells exposed to radia-
tion alone and incubated for 20min or 60min at
43°C immediately after jrradiation. Log phase
cells were irradiated.

DEE ST, 24, 4SRRI B S BT 1T
BiEzYrr—ALRAUEA 2S5 A%R LI

Lo L, AR CIR4BRBREEEE < oMl
2 GM e ERLTRY, SRHETEL= v
B—ARELT GM iov—27 135, hixh

1 hours 24 hours

Mo

) &/x-

N\

il —

Fi8. 12 DNA-histograms of HeLa cells at different tiraes intervals after
treatment. Cells were exposed 1o 5 Gy alone or & Gy followed im-
mediately by exposure at 43°C for 20min.
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It hours 24 hours 48 hours

ML
Jv/\#u_ ]U k _/\/ _

Fig. 13 DNA-histograms of cells at different time intervals after treatment. Cells were exposed to 5 Gy
alone or 5 Gy followed immediately by exposure to heat for 60min at 43°C

10r

Control

5 o

- o— S5ty only

o - -—-/ "
= / m— 5Gy+43 C 60min
- —

- o —

S=sta o oo
a” uu../.(/
L ]

Relative cell number

—

(.:_“;—4: U-/f

12 24 36 48
Hours after Lresiment

Fig. 14 Growth curves of cells after treatment.

O control cells.

O cells exposed to 5 Gy alone.

B cells exposed to 5 Gy followed immediately
by hyperthermic treatment at 43°C for 60min.

Ofifg s GM i@l FoTWwWBZEARIH
y il
5Gy WS E o growth curve T, JE#
604 & DBF T, WSTEIC IERTH B
HEREDBIEN A Bhtz (Fig. 14).
4. E =B

SBOEREINC B 5 Hela fifigizxf LT, hyper-
thermia & i SHEIE S MIfaBIRR  BuE 3 B
BILT, FCM i X i {Tot. SEE 0
HETHOh BMifaft: DNA DA+ 7/5 A
D32 = DI OWTHR-, MifaER o BhiE
oW THRFE%Z L. FCM iz X b {f x ofifa
HMDOIFEFE cell cycle phase DE|& %R A

L, — AN e v e — X — N E L SR
T35, HIfER O cell cycle progression
OHURRIL, A 7T ADAX— VOL{EDE
NI ATRETH % LB bbb, i Bk =
X5, X<MbhTwhihEo cell cycle
progression i~  HECOWTDMRE, X<
—FLIAERES FCM D e A | 7 5 A DN 5
BoRBHZENBLIVZBTHAS.
hyperthermia C343°C R EMLERIC X LT, #i
faix 8§ E GM o ic¥mii B S hi-
A, ZORFTER,IT L L (Fig. 4), —
77, 45°C DIRBINEER T3 ABERRER 23205 1wo\ >
T, SRPIT 4 R @ S e 0B/ »
b, Weld. 5EHEIE Tk GM i T 3
HZbhic (Fig. 5). koS 2 Kal 5172
Schlag '™z X » CT# P F} maramary sarcoma
(EMT-6) L Chinese hamster lung cell (V 79)
Ti&hTwb, Hela fifaik#Bacigsim® vk
BLvbiTwhicdh, Zhbolfis iy
TIAERE Y B2 T b2y, Hela fifa ¢4
hyperthermia 13 $ i 2 G,M HicilaEESs & =
v 7T AEHOL D LD bRt Hicd5C
607 DEBMIETIL FCM D e R + 75 ADE S
LW RE@E» HhT, #Mlgizd Lo52 GM Y
~ERT ABE BRI K. ¥, BB
@ growth curve Tk, MIFEEII4 < HBWnL s
stz ZRBOHIR LY, 45°C604r R EME T
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VANfEE cell cycle £fAd progression A3fHEE X
R, FORTDd, LD E GM HAEEHL TG
LD EEZHND. 45°C605 ORI D HeLa
MO AR $90.02TH - 7ehd, Schlag 5™
vV 97HARE C R U < AEFREK 230.02BE TH B
42°C2404y DIREAFRC, MMERBHIAEE X b S o
Hhn & 108 C o GM JoER O v — 7 2k
LTWw5b. ARPOREEE OMHEIER Li-fiao
B IR ORWIC LB EBbh B,

TeEH RS o cell cycle progression =33 %
Bahr owT112.3Gy L 10Gy T~ S0
FCM 1= X AfEHiCix, Hela HIfmBHHED S
Mokgme, chics v TEHEL GM o
EFVEEINE. ¥ G, TRy 2 boEE
G RECRELTWAH X 5 Th-Te.
(Fig. 11) & hyperthermia (Fig. 3) oARE({bih
MRE D, 2.3Gy BAHRIEST & 45°C20%) DR BLI
RIE R CARRY 5 2 5. FCM 12X % cell
cycle progression Ol L b, WE Lb S L
GM HIoERmAIR T2 L3 62k Ihichs,
G,M ffi~ofifan#ER, KU GM Hinn G, i
~ 0 progression (¥, AR CIRRELEI A~
TRz 515ThHs.

FESE X 0 M B cell cycle progression (=%}
THHREC O, = FUH T 57 4 —k
T xS THRANLRTEL™, FEIHELE)
PR S O R RN S Rl o fifatE
iR A i onWT, TS Ihics o
F—2%E LOTHEANLERET- TVv5. %
NEBT 5 &, BAEREEE, M,
5T LT G finAs. G, Hifila oL
G, 7wy ¥Rz L, SHMER:—mc DNA
EREOET, H5ESHoE T » 258
eb, SHRERETS. Sfilor=, 212 G,
ey 7 X Rl LTS lo—ifE G, 1
DHEMIBEE L TMEic AL, Zhboidikizs
Bl FCM offiff e I —HT 5. cD kx>
z, FCM 3{ix offilgic > T ottt i
Wad,  flifadER o cell cvcle progression (IR
ik EbDdDTHEREHETHS.

AAEZEHMRESMER Ha2l ma2s

I o T & hyperthermia o FHic B
LC OB a 4T - fe. WO PR RREOFHE » %
HAHEREBIE R K E & T HHEN L0,
SENXFAFEHR £ 122 A SR CEIR D 5 LEDb
B BGHRRHER R AILEE 21T - T DFFH 525
ZRAI., F TR L 43°COBEEIE o fFH 0
AR A F~re (Fig. 11). HgHR 2 43°C20
SOHTIE, T HEEFES RN b hic
W Ehh o tohd, 604 M - ot Tl EEE
FFE RS bk, D X 51 hyperthermia
ORI R AR TR L5 Th
5. & LTHEFEM: Do oA aik & < B5
LT AEAVHRA LTz, Kano B3 4 fEEEDRS
FERHRRIZ >\ T hyperthermia @ B RHRENR
IR, EFREMERS Do L Dq AL
hao L w#&E LTS, Fiz, Raaphorst %
{, CHO fifacimzofffict b, Do & Dgo
Wha LTS, ZOX 5z, hyperthermia Ot
SHEEAER (2 —f#A% Do & Dq @ AT &
FIHE#ExHRA,. LarL, Freeman 5%
CHO {iffa < Do o/ dAx%x WELTHkD,
*Eo R b Do 132.156y 7 50.96y ~ & k
XL, Dg ORI ADODLTIHTH-TC
(Table 1), Z huixffif] L7z Hela ffiifae> Dq 23
fi oM TR LS T OBAD |
DTHHD.

wic 5Gy MRS L 43° CoREME D GHA
o cell cycle progression (1 JiF - #8o\T
e, B E offRc XD, I To RS
F LS bhieh - 72200 BT, REHD
S IR U GM JHOERDBEN A L hich’, 24
B O v A b7 5 AP B L RELE
OB CEVIZABRT, 2v e ERT
A E—vERLR. Thicb<CEE I HRSR
D B - 1243°C604JLE & DPEF T, MR S
& G M fflo TR EBEEL, I Hwc2d, 48F5MH
HBThhle A+ 7T ABEHREBIFCE LT
dn O — 7 piEs< (Fig. 13), G,M ffinsts G,
Ji~® progression HPHFIhT\ % A0 H %
o EAVHETE xhto. TEEE 2 hyperthermia @
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PR @ X % HISRIER OBF wowvwTiz, 121
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Lethal Damage @ Repair OfHEER ML T
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Wity L Licdi s, 4Eeao FCM = X 5#l
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BEfff%RECT. TofR LT, ek
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5. Ol BEHRIC X 5 EEIRE BTN
BHCEE Sh, HREOBEFEDHRIFERTHL D
EBbh 5.
5. # =&

KHECHEREA w5 HeLa #ifa o cell cycle
progression 33" % hyperthermia } Jirit{iiRE
DD\, flow cytometry 12 L b Hii R, )]
ERYE-,

@ 43°C20%7 £ 600 OEBIIL T, Mfzdb
The sl GM M ERMRED L.

@ 45°C207 DIRBIETIE, 4 FRH S 1
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1%, cell cycle 4fhd progression 23X h,
24RFBITIL U T G M JHDBEE R 25
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@ HEHRBH T, M s oBEC X%
SfIfaDEME, oIt Ui-BEE i
GM o fifanBREH L 6N,

@ JEHRBHTER ©43°C604) DR BB 3
Mfazh R B U CHURERIER Y B Y, Fhic
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