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ABSTRACT

In these studies, heat radiosensitization in normal human colony-
forming unit-granulocyte-macrophage (CFU-GM) and several different
leukemic cell lines sensitive or resistant to Chemotherapeutic agents were
measured. Extent of heat radiosensitization was then correlated with the
level of DNA polymerases a and .Â»'in control and heat-shocked cells in

order to examine whether there is a positive correlation between the
degree of heat radiosensitization and the level of these enzymes. Our
results show that human bone marrow CFU-GM have an x-ray response
with /)â€žof 1.56 Gy and a small amount of heat radiosensitization with a
thermal enhancement ratio (TER) of 1.2. K562, a human erythroleukemic
cell, showed a D0 of 1.32 Â±0.2 Gy and TER of 1.4. However, in contrast
to normal CFU-GM which showed no shoulder in the \-ray survival
curve, K562 cells showed a small shoulder with a quasi-threshold dose,
ill,,) of 2 Gy and n of 2. K562 cells resistant to Chemotherapeutic drugs
such as l-/3-O-arabinofuranosylcytosine and etoposide (VP-16) showed
Doof 1.47 Â±0.13, and 1.77 Â±0.18 Gy; D, of 4 and 0 Gy; and n of 5 and
1; and TER of 1.6 and 2, respectively. The level of DNA polymerases a
and ,i activity and their respective mRNA levels were approximately the
same in all cells. The reduction in the level of DNA polymerase ,i after
heat treatment however, correlated with the TER obtained for various
leukemic cells.

These studies indicate that normal CFU-GM and variety of human
leukemic cells show only a small amount of heat radiosensitization.
However, drug-resistant leukemic cells show a higher amount of heat
radiosensitization than their drug-sensitive parent line. This suggests that
hyperthermia may be beneficial in eradicating drug-resistant leukemic
cells when combined with X-ray. Furthermore, the inactivation of DNA
polymerase ÃŸactivity results in a higher amount of heat radiosensitiza
tion.

INTRODUCTION

Hyperthermia when combined with X-irradiation causes in
creased cell killing which is more than a simple additive effect
of both modalities (1, 2). This phenomenon called heat radi
osensitization is not as drastic or sometimes lacking in the
normal murine blood cell progenitors we have previously re
ported (3). CFU-GM4 show some heat radiosensitization only
following heat doses which kill 90% of living CFU-GM (3).
The same amount of killing of CFU-erythrocyte did not cause
any heat radiosensitization (3). The molecular mechanism of
heat radiosensitization is not well understood; however, inhi
bition of repair enzymes, such as DNA polymerase Â«and ft by
heat which in turn may inhibit repair of X-ray damage may be
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the likely mechanism (4-7). The lack or decreased amount of
heat radiosensitization of bone marrow progenitors is also not
understood. Whether or not increased X-ray sensitivity in such
cells is a result of inefficient repair mechanism and in turn lack
of heat radiosensitization is a possibility (4-7).

In vivo and in vitro purging of leukemic cells by hyperthermia
has been considered by our laboratory and others in the past
few years (8-12). As a result, the presence or the lack of heat
radiosensitization in normal human CFU-GM and other hu
man leukemic cells is of great interest. Furthermore, it is not
known whether heat radiosensitization differs in drug-resistant
cells, which may show increased repair when compared to drug-
sensitive cells.

In these studies we have examined heat/X-ray interaction in
normal human CFU-GM and variety of drug-sensitive or
-resistant leukemic cells in order to find out the extent of heat
radiosensitization in such cells. We have also examined the
level of DNA polymerases a and ft in leukemic cells both in
control or heat-shocked cells to find out whether the level of
these enzymes correlates with the extent of heat radiosensiti
zation observed.

MATERIALS AND METHODS

Cell Lines. Most cell lines were obtained from American Type
Culture Collection. Normal human bone marrow was obtained from
normal donors. KG-1 and HL-60 cells are acute myeloid leukemic cells
(9). The human erythroblastic leukemia cell line, K562, was obtained
from Dr. J. R. Berlino, at Memorial Sloan-Kettering Institute, New
York, NY (13). The cells were maintained in RPMI 1640 medium
(folie acid-free) with 10% undialyzed fetal calf serum and folinic acid
(10~8 M). Similar to previous established procedures, K562 cells were

challenged with ara-C for 2 h or with VP-16 for l h weekly for 5
months to establish stable resistant (K562/ara-C and K562/VP-16) cell
lines (14). K562/ara-C-resistant mutants were 15- or 50-fold resistant
(14),5 respectively, and K562/VP-16 was 8-fold resistant to the corre

sponding drugs. Flow cytometric analysis indicated a similar percentage
of S phase cells in various cell lines and it was as follows: K562, 46%;
K562/ara-C, 35%; K562/VP-16, 39%; and HL-60 and KG-1, 26 and

30%, respectively.
Cell Survival Assays. Human CFU-GM were grown as previously

described (8). Briefly, after appropriate treatment, cell suspension was
centrifuged, and 0.2 ml of IMDM was added to the pellet. Cells were
vortexed gently and 1.8 ml of the following medium were added to each
tube: 0.4 ml of FCS; 0.02 ml of penicillin and streptomycin (10,000
Mg/ml); 0.49 ml of IMDM; 0.79% methylcellulose medium (2.78%
methylcellulose in IMDM); and 0.1 ml of conditioned medium which
was obtained by growing the human bladder carcinoma cell line 5637
in IMDM plus 2% FCS at the density of 5 x 10! cells/ml for 7 days
(8). One ml of the cell suspension was placed in 35-mm Falcon Petri
dishes and was incubated at 37Â°Cin 98% humidity for 10 to 14 days.

Colonies with more than 40 cells were counted with an inverted
microscope at xlO. Plating efficiency of CFU-GM was 0.07% for
unheated controls. The leukemic cells were grown as described previ
ously (9). Briefly, after appropriate treatment, cells were centrifuged
and plated in 35-mm Petri dishes. The growth medium contained a-

*K. J. Scanlon and H. Miyachi. unpublished data.
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minimal essential medium, 10% PCS, and 0.3% Noble agar. KG-I cells
were supplemented with 150 units of recombinant granulocyte-macro-
phage colony-stimulating factor (15), a generous gift of Genetics Insti
tute of Boston. Plating efficiencies for K562 parent line, K562/ara-
C(l5x), K562/ara-C(50x), and K562/VP-16 were 0.406 Â±0.073,0.412
Â±0.063,0.33 Â±0.04, and 0.468 Â±0.12, respectively. Plating efficiencies
for HL-60 and KG-1 cells were 0.12 Â±0.074 and 0.062 Â±0.04,
respectively. All cell lines were incubated at 37Â°C,95% humidity, 5%

CO2 for 10-14 days. Only colonies of 50 or more cells were counted.
All experiments were repeated at least 3 times; bars, SD. The D0values
were derived by using the method of least square regression analysis of
the straight line portion of the survival curves.

Hyperthermia and X-Irradiation Treatment. Cell suspensions were
treated with hyperthermia in temperature-controlled circulating water
bath with approximately 1 x IO6 cells/ml as described previously (8,

9). Cell suspensions were gassed with 5% CO2 to maintain the medium
pH at 7.4 before heating. X-irradiation treatments were done with
Picker *Â°Counits (1.25 MeV and 0.76 Gy/min dose rate). Field size
was 30 x 30 cm. A 0.5-cm wax bolus was placed at the top of the tubes.
Dose was delivered at 80 source to surface distance and calculated to
maximum depth of penetration.

DNA Polymerase Assays. DNA polymerase assays were performed
as previously described (4, 16). Briefly, 100 n\ of sample contained 0.1
ml 100 miviTris buffer (pH 7.8); 0.1 IHMeach of dATP, dCTP. dGTP,
and pHJTTP (500 dpm/pmol); 20 m\i MgCI2; 5 mivi2-mercaptoetha-
nol, and 33 fig of activated calf thymus DNA. The reactions were
carried out for 10 min at 37Â°Cand were stopped with 10% trichloroa-

cetic acid plus 20 m.Msodium pyrophosphate; 0.2 ml of salmon sperm
DNA (1 mg/ml) and 66.7 /il of bovine serum albumin (3 mg/ml) were
also added to each tube. Following incubation at 4Â°Covernight, precip

itates were washed 2 times with 10% trichloroaceticacid, 20 mM sodium
pyrophosphate, and finally dissolved in 0.35 ml of 0.25 M NaOH and
counted by scintillation counting. DNA polymerase ÃŸassays were the
same except that the tubes contained 10 mM A'-ethylmaleimide and 200

mM KCI to inhibit DNA polymerase Â«and y. DNA polymerase activ
ities have been reported as pmol/lO6 cells. Protein assay (Bio-Rad)

showed that all cells contained approximately equal protein content
(data not shown).

RNA Isolation and Northern Blotting. Total cellular RNA was iso
lated by a guanidinium isothiocyanate procedure with CsCI gradient
centrifugaron and mRNA was purified by oligodeoxythymidylate cel
lulose chromatography (17). Following quantification of mRNA by
<426o,2 Â¿ig/lanewas size fractionated by elcctrophoresis in 6% formal
dehyde/1% agarose gels. Gels were stained with ethidium bromide to
verify that equal amounts of RNA were loaded per lane, and RNA was
then applied to a Genatran filter and hybridized with "P-labeled cDNA
probed overnight at 42Â°C(18). Specific hybridization signals were

visualized by autoradiography by using Kodak X-Omat AR film with
intensifying screens. Dr. S. Wilson of the National Cancer Institute
supplied the human cDNA polymerase ÃŸin the plasmid pUC9, and the
cDNA (0.6 kilobase) was isolated by Â£roRI digestion (19, 20). The
cDNA for polymerase Â«gene was supplied by Dr. T. Wang, Stanford
University (19, 20).

RESULTS

\-Ray Response and Heat Radiosensitization in Normal Hu
man CFU-GM and Leukemic Cells. In order to examine whether
a variety of leukemic cells including those resistant to chemo-
therapeutic agents such as ara-C or VP-16 are altered in their
X-ray response or heat radiosensitization when compared with
normal CFU-GM, the following studies were performed. Cells
were either irradiated and immediately plated for colony for
mation or were heated and immediately treated with various
doses of X-rays. CFU-GM show no shoulder on the X-ray
survival curve and a D0 of 1.57 Gy (Fig. 1). CFU-GM show
only small amounts of heat radiosensitization when bone mar
row cells were heated at 43Â°Cfor 60 min (S.F. 0.25 Â±0.06)

before they were irradiated. The D(, of heat radiosensitization

HUMAN BONE MARROW

CFU-GM

X-RAY DOSE(GY)

Fig. 1. Heat radiosensitization of human CFU-GM. Cells were either X-
irradialcd or heated at 4.VC for 60 min and immediately X-irradialed. Cells were
then plated on melhylccllulose for colony formation.

was found to be 1.25 Gy and a TER of 1.2. The K562 leukemic
cells show approximately same Dâ€žfor the X-ray survival curve
(1.32 Â±0.2 Gy); however, the X-ray survival curve showed a
small shoulder with a Dq of 2 Gy and Â«of 2 (Fig. 2). The Du of
heat radiosensitization for K562 cells were found to be 0.95 Â±
0.04 Gy and a TER of 1.4 when cells were heated at 43Â°Cfor

60 min (S.F. 0.52 Â±0.12) before irradiation. K562/ara-C or
K562/VP-16-resistant variants showed a larger Â£)â€žof the X-ray
survival curves and a larger TER for their heat/X-ray interac
tion. TER increased to 1.6 and 2 for ara-C and VP-16-resistant
K562 cells (Figs. 3 and 4, respectively). K562/ara-C and VP-
16 cells were heated at 43Â°Cfor 60 min before X-irradiation

and that reduced the survival to 0.64 Â±0.08 and 0.5 Â±0.24,
respectively. Table 1 shows a summary of variety of parameters
measured for above cell lines and in several other leukemic
cells. K562/ara-C-resistant variants which was 50x resistant to
ara-C, essentially showed same X-ray and heat radiosensitiza
tion as K562/ara-C which was 15x resistant to ara-C. However,
ara-C (SOx)-resistant cells were heated at 43Â°Cfor 80 min

before X-irradiation and that reduced the survival to 0.8 Â±0.1.
As the data in Table 1 indicate, the K562/ara-C-rcsistant cells
have a larger Dq and n when compared to the parent K562
cells. Such parameters are indicative of a larger shoulder and
possibly an increase in sublcthal damage repair. Split dose X-
ray experiments showed a faster recovery of drug-resistant K562
cells. The K562 parent line also showed some recovery of
sublethal damage repair but the recovery was slower and not to
the same extent. K562/VP-16 cells showed no shoulder, a
characteristic which is shown by blood cell progenitors; how
ever, it had become resistant to X-ray when compared to the
K562 parent line. The interesting phenomena for K562 cell
lines were that the D0 for heat radiosensitization were the same
for all cells and that a larger TER for ara-C and VP-16 cell
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2468

X-RAY DOSE(GY)
Fig. 2. Heat radiosensitization of K562 cells. Cells were either X-irradiated

or heated at 43Â°Cfor 60 min and immediately X-irradiated. Cells were then

plated on soft agar for colony formation. . heat radiosensitization curve
adjusted for initial cell killing by heat alone.

0246

X-RAY DOSE(GY)
Fig. 4. Heat radiosensitization of K562/VP-16 resistant cells. Cells were either

X-irradiated or heated at 43"C for 60 min and immediately X-irradiated. Cells

were then plated on soft agar for colony formation. . heat radiosensilization
cune adjusted for initial killing by heat alone.

Table Comparison of X-ray response of normal human CFU-GM and various
leukemic cells

0246
X-RAY DOSE(GY)

Fig. 3. Heat radiosensitization of K562/ara-C(15x) resistant cells. Cells were
either X-irradiated or heated at 43*C for 60 min and immediately X-irradiated.

Cells Â»erethen plated on soft agar for colony formation. . heat radiosensi
tization cune adjusted for initial cell killing by heat alone.

CelllinesNormal
CFU-GM"K562"K562/ara-C(15x)Â°K562/ara-C

(SOx)'K562/VP-16(8x)Â°KG-

1*HL-60''00(Gy)

of X-irra
diatedonly1.561.32

Â±0.2*1.47Â±0.13C1.57

Â±0.2'1.77
Â±0.18'1.21.41Dq(Gy)02.04.04.0000n1255111Do

of heat-X-ir-
radiated(Gy)1.250.95

Â±0.040.92
Â±0.10.880.9

Â±0.11.091.06TER1.21.41.61.821.01.3

Â°All parameters are from Figs. 1-4.
* Da are reported as the mean Â±SEM.
' Not significantly different from the parent line.
' Detail survival data not shown.
' Significantly different from the parent line (P < 0.001 ).

lines were due to differences in their response to X-ray alone.
KG-1 and HL-60, both acute myelogenous leukemic cells, were
very sensitive to X-irradiation and showed a small amount of
heat radiosensitization when they were heated at 42Â°Cfor 40

min before X-ray treatment (Table 1). Such a heat treatment
reduced the survival for KG-1 and HL-60 cells to 0.6 Â±0.15
and 0.61 Â±0.05, respectively.

Level of DNA Polymerases a and /)' in Various Leukemic

Cells. In order to find out whether the differences in TER in a
variety of leukemic cells correlates with the level of DNA
polymerases Â«and ÃŸactivity, the DNA polymerases were meas
ured in both control or heat-shocked cells (Table 2). All cells
showed approximately equal levels of DNA polymerases in
control cells. Furthermore, neither the X-ray response nor heat
radiosensitization correlated with the level of DNA polymerases
in control cells. For example, KG-1 cells consistently showed
high levels of DNA polymerases Â«and ÃŸ.However, KG-1 cells
were found to be the most X-ray-sensitive cell line and had the
lowest TER. Northern blot analysis using cDNA to human
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i aoie Â¿Lerei oj II.\Apoi)K562

K562/ara-C(15x)
K562/ara-C (50x)
K562/VP-16(8x)
KG-1
HL-60Polymerase

a100
Â±8Â°

62 Â±15
80 Â±22
66 Â±22137

+ 22
100 Â±22Polymerase

tf14

Â±5
11 Â±215Â±4

15Â±3
23 Â±6
11Â±4"

Numbers are pmol/ 10' cells/ 10 min and they are reported as mean of at least

three separate experiments Â±SD. DNA polymerase Â«and rf activity was measured
from log phase cells as outlined in "Materials andMethods."=>ol

aEpDol/3

mW 1.

-6.6Kb
*-5.1Kb|

-1.4KbACTIVITYâ€¢*

toCoocYMERASE

BETAa

O_J

O 50
O.
aP00

HL-60â€¢

K562

K562-araC(15X)

K562-araC(50X)K562-VP-16r.0

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.
TER

PGK -2.0Kb

K562K562-K562-
AroCVP-16

Fig. 5. Northern blot analysis of the level of DNA polymerases n (Polit) and
ti (Polli) mRNA in K562. K562/ara-C, or K562/VP-16 cells. Blots were performed
as described in "Materials and Methods." Phosphoglyceratc kinase (PGK) was

used as control marker. Molecular weight (kb) is shown at the right.

DNA polymerase Â«and ÃŸalso confirmed the results obtained
with the DNA polymerase activities (Fig. 5) in all cells. The

interesting result was obtained where DNA polymerase ÃŸactiv
ity following heating was correlated with TER obtained for
various cell lines. Fig. 6 shows a positive correlation between
the percentage of control polymerase ÃŸactivity following a
single heat dose and TER obtained for various leukemic cells.
The same positive correlation between the two parameters was
not obtained for DNA polymerase Â«.Heat treatments were the
same as those used for heat radiosensitization and essentially
resulted in equal amounts of cell killing.

DISCUSSION

In vitro and in vivo purging of leukemic cells have been
considered by our laboratory and others in the past few years
(8-12). We have previously shown that some leukemic cells
may be much more sensitive to heat than normal bone marrow
CFU-GM (8, 9). Such results make the in vitro purging of
leukemic cells a powerful tool prior to autologous bone marrow
transplantation. In these studies however, we investigated
whether various human leukemic cells may respond differently
to combination of heat and X-ray when compared to the normal
bone marrow progenitors. Such information is beneficial when

Fig. 6. Correlation between the level of DNA polymerase /i activity and
thermal enhancement ratio. Cells were healed at various times to achieve approx
imately equal cell survival: KG-1. 42Â°Cfor 40 min; HL-60. 42'C for 40 min:
K562, 4.VC for 60 min: K562/ara-C(I5x). 4.VC for 60 min: K562/ara-C(50x),
43'C for 80 min; K562/VP-16. 43'C for 60 min. The DNA polymerase fi activity

was then determined immediately following heat treatment. Points, mean of at
least two separate experiments.

using in vivo purging of leukemic cells by using whole body
hyperthermia prior to bone marrow transplantation (10).

Previous studies of various cell lines, tumors, and normal
tissues have shown cells exhibiting various degrees of heat
radiosensitization (21-24). Increased X-ray sensitivity of nor
mal bone marrow progenitors and leukemias have also been
shown (25-27). For such cells. X-ray survival curves usually
have no shoulder, indicating none or a very small amount of
sublethal damage repair (25-27). In terms of heat and X-ray
interaction, our previous studies using normal murine bone
marrow progenitors showed none to a very small amount of
heat radiosensitization in CFU-erythrocyte and CFU-GM, re
spectively (3). However, a higher level of heat radiosensitization
was obtained when bone marrow was irradiated in vivo and then
heated in vitro up to 30 days following X-ray treatment (28).
The likely mechanism of the heat/X-ray interaction in the latter
case, however, may be due to a different mechanism, such as
regeneration and repopulation of the normal bone marrow
progenitors.

The results presented here show that normal human CFU-
GM and drug-sensitive leukemic cells show no (or almost no)
shoulder to the X-ray survival curve and almost no heat radi
osensitization. However, the drug-resistant leukemic cells,
whether they showed an increase in the shoulder or a decrease
in the slope of the X-ray survival curve manifested a higher
level of heat/X-ray interaction, possibly showing more repair
of sublethal damage. Furthermore, the split dose X-ray experi
ments showed evidence of a faster recovery for K562/ara-C and
K562/VP-16-resistant variants than the K562 parent line (data
not shown). However, K562 parent cells also showed some
recovery following split dose X-ray treatments.

The mechanism of heat radiosensitization is not known.
However, it has been postulated by several investigators that
inhibition of repair enzymes by heat which in turn results in a
lower amount of repair of X-ray damage may be the likely
mechanism (4, 6, 29). Our studies measuring the activity of
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DNA polymerase ÃŸhave shown that human leukemic cells in
general have one-half as much or less DNA polymerase activi
ties when compared with other human tumor cell lines such as
colon (HCT-8) or ovary (A2780) (20). Both HCT-8 and A2780
cells, however, have the same range of X-ray sensitivity as
leukemic cells reported here. Furthermore, we have found no
clear correlation between the level of these enzymes and the X-
ray sensitivity or even heat/X-ray interaction within the leu
kemic cells we have studied. For example, KG-1 cells showed
higher levels of both DNA polymerases Â«and ÃŸactivity, was
the most X-ray sensitive, and showed no heat/radiosensitization
(Table 1 and 2). As have been shown previously (4), a positive
correlation is obtained between the activity of DNA polymerase
lÃ¬following heat treatment and the amount of thermal enhance
ment ratio for various leukemic cells. This however, does not
rule out the possibility that other repair enzymes may also be
involved in repair of X-ray damage (30).

In conclusion, these studies indicate that normal CFU-GM
and a variety of human leukemic cells show very small amounts
of heat radiosensitization. However, drug-resistant leukemic
cells show a higher level of heat/X-ray interaction than their
drug-sensitive parent line. Furthermore, there was no correla
tion between the absolute level of DNA polymerase Â«and ÃŸ
activity with either X-ray response or heat/X-ray interaction.
However, positive correlations were obtained between the level
of DNA polymerase ÃŸfollowing treatment and thermal en
hancement ratio for various cell lines. These results indicate
that in vivo purging using whole body hyperthermia and total
body irradiation given prior to bone marrow transplantation
may prove beneficial not only in eradicating more leukemic
cells due to increased heat killing of some human leukemias
but also those which may have become drug resistant. Further
more, use of chemotherapeutic agents inhibiting DNA polym
erase ÃŸmay also be of great benefit when hyperthermia is
combined with X-irradiation.
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