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Associated with Increased Blockage at the G2-M Phase of the Cell Cycle1
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ABSTRACT

Radiation sensitivity of human hypernephroma tumor cells, ACHN,
was evaluated in the presence or absence of various recombinant inter
ferons (IFNs): Â«D (rHuIFN-a D), ÃŸâ€ž(rHuIFN-,8^), and y (rHuIFN-
y). Exponentially growing monolayers of ACHN cells were incubated
with IFNs (IO3 units/ml) for 2, 6, and 24 h prior to irradiation. The

effects of IFNs on the growth inhibition, radiation cell survival, and cell
cycle redistribution were determined from growth curves, colony-forming
efficiency, and flow cytometric analysis. rHuIFN-a D and rl lull- \-/<Mr

were associated with a modest inhibition in cell growth and the growth
delay was reversible upon the removal of IFNs. However, rl lull- V-y

exhibited the greatest inhibitory effect on both cell growth delay and
rate. IFN and radiation have an additive effect on cell growth inhibition.
Although IFN treatments alone (0-1000 U '/ml) did not have a significant

effect on cell survival, radiation killing was increased by IFN pretreat
ment. The enhancing factor measured at a survival level of 0.1 for
rHuIFN-a D, rHuIFN-/?^, and rHuIFN-T was 1.21, 1.28, and 1.44,
respectively. In addition, this potentiation effect was dependent on the
dose of radiation and exposure time to IFN with the maximal effect
observed after 24 h of treatment with IFN at 12 Gy. When the distribu
tions of GÃ¬,S, and G2-M cells were measured 24 and 48 h after combined
IFN and radiation treatment, there was a significant increase in the
accumulation of cells at the G2-M phase of the cell cycle compared to
either IFN or radiation treatment alone. We conclude that IFNs and
radiation have an additional inhibitory effect on ACHN cell growth, that
IFN can potentiate radiation cytotoxicity, and that this phenomenon is
associated with an increased blockage at G2-M phase of the cell cycle.

INTRODUCTION

IFNs3 are groups of inducible proteins which possess many
biological activities such as antiviral, antiproliferative, immu-
noregulatory, and antineoplastic properties (1). Using recom
binant DNA and gene-splicing techniques, a large quantity of
pure IFNs have become available for clinical trials in cancer
patients. Although tumor regressions and clinically meaningful
responses have been observed in patients with several types of
malignant diseases (2), the overall response rates tend to be low
and may not have advantages over conventional chemotherapy
except in the case of hairy cell leukemia (3). In order to improve
the therapeutic effect, a combination of IFN with other modal
ities such as chemotherapy or radiation has been attempted to
obtain a better therapeutic result (4). This approach has been
explored with the view that IFNs have a different mechanism
of action and spectrum of toxicity. We have previously reported
that recombinant IFN o D could increase radiation sensitivity
of human hypernephroma ACHN (American Type Culture
Collection CRL 1611) cells (5). In this report, we determined
the effects of various IFNs such as rHuIFN-a D,
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and rHuIFN-7 on the potentiation of radiation damage to
ACHN cells. We also evaluated the redistribution of cells at
different phases of the cell cycle as a possible mechanism for
the interaction between IFNs and radiation.

MATERIALS AND METHODS

ACHN Tumor Cells. The ACHN cell line was established from the
malignant pleural effusion of a patient with renal cell carcinoma (6).
Exponentially growing monolayer cultures of ACHN cells were main
tained in Eagle's MEM with 10% fetal calf serum at 37'C and a 5%

CO2-95% air atmosphere. Stock cultures of ACHN cells were main
tained by seeding 1 x 10' cells in a 75-cm2 tissue culture flask every 2-

3 days. The doubling time of the culture was estimated to be around
24-30 h. The growth of ACHN cells has been shown to be inhibited by
a and ÃŸIFNs (6, 7). For IFN and radiation experiments, 2-day-oId
cultures of 2-5 x 10s cells in 25-cm2 flasks were used.

Interferon Treatment. rHuIFN-a D (Hoffmann La Roche, Nutley,
NJ) has a specific activity of 1.8 x 10" units/mg protein and rHuIFN-
y (Hoffmann La Roche) has a specific activity of 1.9 x IO7 units/mg

protein.
HuIFN-ft,r was supplied by Cetus Corp. (Emeryville, CA). The

cysteine at the 17th amino acid position has been changed to serine to
increase stability without losing biological activity. The specific activity
is 1.8 x 10" units/mg protein.

Stock solutions of IFNs were made by dissolving the IFN in Hanks'
balanced salt solution at a concentration of 1 x IO4lU/ml. Different

concentrations of IFN solution were made by adding stock solution
into S ml complete MEM tissue culture medium.

Growth Inhibition. For cell growth inhibition, different IFNs at 1000
lU/ml were present in the log phase of the culture (day 2 after reseeding)
for 24 h and then the flasks were irradiated with 2, 6, or 10 Gy -y-rays.

The IFNs were washed off and replaced by complete MEM for subse
quent growth curve measurement. Three flasks were used for each
measurement point and the cell numbers were determined by using a
Coulter Counter and channelyzer system. Growth inhibition was deter
mined from the shift of the growth curve to the right of the untreated
control curve. Growth delay time was measured from the increase in
doubling time after IFN treatment.

Irradiation. Monolayer cultures in 25-cm2 flasks containing 5 ml

complete MEM medium were irradiated at room temperature using a
l37Cs radiation source at a dose rate of 562 cGy/min. For radiation

survival studies, cells were irradiated with 1, 2, 3, 4, 6, 8, 10, and 12
Gy and the flasks were kept on ice after irradiation until assayed for
colony formation. In the combined modality treatment studies, the IFN
treatment was always given before irradiation for 2, 6, and 24 h. Cells
were irradiated with the drug present in the medium.

Colony Formation. After IFN exposure and irradiation, cells of each
treated group were washed and trypsinized, and various numbers of
cells were plated onto 60-m m PÃ©tridishes containing 5 ml complete
MEM medium. Three different cell concentrations and 5 dishes for
each concentration were used in all experiments. The dishes were
incubated at 37Â°Cin an atmosphere of 95% air-5% CO2 for 14 days.

The colonies (more than 50 cells) were counted and the survival fraction
of each group was calculated and compared with the untreated control
group. The plating efficiencies for both control and treated groups were
calculated as the ratio of the number of colonies observed to the number
of cells plated. The survival fraction for treated cells was determined as
the ratio of plating efficiency from treated to control group. At least 3
replicate experiments were conducted for each treatment. Survival
curves were constructed by plotting the surviving fractions as a function
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of dose. The slopes of the linear portion of the survival curves were
fitted by a least-squares linear regression analysis and D0, />,,,and n
values were calculated. The enhancement of cell killing produced by
combination treatment of radiation and IFN was measured at the
surviving fraction of 0.1. The enhancement factor was determined as
the ratio of radiation dose measured from radiation treatment alone to
combined IFN and radiation at the same surviving level of 0.1.

Cell Cycle Analysis. Cell cycle distributions of ACHN cells treated
with IFNs and radiation were determined from DNA histograms mea
sured by flow cytometry. ACHN cells were incubated with 1000 U/ml
IFN for 24 h and then received 10 Gy radiation. Then the IFN were
removed by changing media. Twenty-four and 48 h later, cells were
trypsinized from the flask, washed twice with phosphate-buffered saline,
and fixed with 70% ethanol to a concentration of 1 x 106/3 ml ethanol.

DNA distribution was determined from the fluorescence of DNA
stained with mithramycin (1 mg/ml) with an EPICS V flow cytometry.
A 5-watt argon ion laser operating at 457 nm wavelength and ISO
milliwatts was used for excitation. Fluorescence was monitored through
a 515-nm interference barrier filter and a 530-nm long pass filter. The
cells were stirred and maintained at 4"( ' throughout flow cytometry

analysis. The percentages of d, S, and G2-M cells were analyzed from
the histograms using the mathematical model of Fried and Mandel (8)
implemented as the "CCYCLE" program (9) on a Terak 8600 micro

computer. Each data point represented the mean of 3 experiments. The
same experiment and analysis were done for untreated control, IFN
treatment alone, and radiation alone groups.
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DAYS IN CULTURE
Fig. 2. Growth curves of ACHN cells after incubation with IFNs for 24 h

followed by 10 Gy -y-ray radiation. Control curve, same as in Fig. 1. Bars, SE of
3 experiments. O, control; D, radiation alone; A, rHuIFN-a D and radiation; A,

, rHuIFN--y and radiation.rHuIFN-A. and radiation; I

RESULTS

Cell Growth Inhibition. Inhibition of ACHN cell growth by
IFN treatments alone is shown in Fig. 1. Both rHuIFN-a D
and rHuIFN-/3Â«r showed a modest inhibition in cell growth
with a 24-h treatment period and the cell growth was recovered
to normal rate with a doubling time returning to 24 h after the
IFNs were removed. However, the treatment of rHuIFN-7
produced a complete inhibition of cell growth for 48 h. Fur
thermore, the cell doubling time increased from 24 to 40 h even
after the removal of rHuIFN-7. Similar but more extensive
inhibition was associated with combination treatment of IFN
and radiation (Fig. 2). With 10 Gy 7-ray alone, the cell growth
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Fig. 1. Effects of human interferons on the growth delay of ACHN cells after
24-h exposure with different types of IFNs. Control curve, mean of 9 experiments;
other curves, means of 3 experiments. In each experiment, 3 duplicated measure
ments were made at each time point. Bars, SE. O, control; A, rHuIFN-a D; A,
rHuIFN-iJâ€ž;â€¢,rHuIFN-v.

rate increased from 24 to 36 h in ACHN cells. Preincubation
with rHuIFN-a D and rHuIFN-ft^ for 24 h followed by 10 Gy

radiation produced additional delay. The changes in growth
rates were about the same comparing rHuIFN-a D to rHuIFN-
ÃŸâ€ž.The greatest inhibitory effect was found in the rHuIFN-7
plus radiation-treated cells in which a longer cell growth dou

bling time (50 h) was observed. Radiation at 2 and 6 Gy did
not have significant inhibition on ACHN cell growth and did
not increase the inhibitory effect of IFNs (data not shown).

Colony-forming Efficiency and Radiation Sensitivities. In or

der to determine the cytotoxicity of IFNs in ACHN cells,
monolayer cultures were exposed to 0-1000 lU/ml of IFNs for
0-48 h and the plating efficiencies were determined from these
cultures using the colony-forming assay. The plating efficiency
measured from untreated ACHN cells was 60 Â±7%. There was
no significant reduction in plating efficiency in cells treated
with various concentrations of IFNs for up to 24 h (Fig. 3).
However, there was a slight decrease in plating efficiency when
exposure time to the IFN was longer than 24 h (5-11% de
crease).

The combination of IFN and radiation showed a significant
enhancement in cell killing as compared with radiation treat
ment alone. Fig. 4A (O) showed the radiation dose-response
curve of ACHN cells. Using a least-squares regression analysis
to fit the survival curve, ACHN cells exhibited a typical radia
tion sensitivity of mammalian cells with a D0 of 1.93 Gy, Dâ€žof
3.95 Gy, and n of 7.8. The degree of enhancement after IFN
treatment was dependent on the preincubation time. When the
cells were exposed to IFNs for 2 h and then irradiated for
radiation sensitivity measurement, there was no significant
reduction in cell survival as compared with untreated cells (Fig.
4A). Similar results were also found in cells treated with IFNs
for 6 h (data not shown). However, a 24-h incubation with IFNs
increased the radiation sensitivity of ACHN cells (Fig. 4B).
Both the shoulder and slope regions of the survival curves were
modified as indicated by the changes in A,, />â€žand n values
(Table 1). The enhancement factors measured at the survival
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Fig. 3. Colony-forming efficiency of ACHN cells after treatment with inter
ferons. Bars, SE of 3 experiments. I, cells incubated for 24 h with different
concentrations of interferons; B, cells incubated with 1000 units/ml 11N for
different incubation time. O, rHuIFN-a D; A, rHuIFN-0,^ â€¢,rHuIFN-f; ,
plating efficiencies of untreated control cells.
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Fig. 4. Radiation dose-response curves of ACHN cells preincubated with 1000
IU/ml interferon. IFNs were present in the cultures for 2 (A) or 24 h (B). O,
Radiation alone; A, rHuIFN-o D and radiation; â€¢,rl IulI v,;^r and radiation; A,
rlliilTN -, and radiation; , survival curves of cells treated with radiation
alone; bars, SE. Nine experiments were measured in radiation alone group (A)
and 3 experiments were measured in other groups.

Table 1 Radiobiological parameters of ACHN cells treated with IFNs for 24 h

A,(Gy) /VGy)nXRTrHuINF-a

D + XRT
rHuINF-iiâ€ž + XRT
rHuINF-7 + XRT1.93

Â±0.24
1.80 Â±0.23
1.78Â±0.211.

IS* 11.113.95

Â±0.23
3.21 Â±0.48
2.95 Â±0.29
3. 15 Â±0.237.8

Â±2.12
4.3 Â±1.33
4.0+2.15
9.8 Â±2.12

level ofO.l were 1.21,1.28, and 1.44 for rHuIFN-a D, rHuIFN-
ÃŸxr,and rHuIFN-7, respectively.

Inhibition of Cell Cycle Progression. The DNA histograms
shown in Fig. 5 indicated that IFNs alone (Fig. 5, C, E, and G)
did not show significant changes in the cell cycle distribution
as compared to untreated control (Fig. SA). There was an
accumulation of G2-M cells in irradiated cells (Fig. 5B). When
IFNs were combined with radiation, an additional increase in
G2-M cells was found (Fig. 5, D, F, and H). The percentages of
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Fig. 5. DNA histograms of ACHN cells after treatment with interferons and
10 Gy -y-ray radiation. All measurements were made at 24 h after treatment. A,
Untreated control; B, radiation alone; C, rHuIFN-o D alone; D, rHuIFN-a D
and radiation; E, rHuIFN-0,Â«,alone; F, rHu!FN-/3Â«,and radiation; G, rHuIFN-T
alone; H, rHuIFN-f and radiation.

Table 2 Percentages of cells at G,, S, and GrM phases of cell cycle measured 24
h after the completion of treatments

Untreated control
IFNs alone (average of a, ÃŸ,

ana y)
XRT alone
a IFN -I-XRT
0 IFN + XRT
y IFN + XRTG,65

Â±8
67Â±957

Â±11
51 Â±9
41 Â±4
34Â±5S18

Â±6I7Â±815Â±8

14 Â±5
7Â±3
6Â±4GrM17

Â±7
16Â±928

Â±11
35 Â±3
52 Â±7
60Â±8

cells at GÃ¬,S, and G2-M phases of the cell cycle after different
treatments are listed in Table 2. This increased accumulation
of G2-M cells was found in all three types of interferons and
even 48 h after treatment (data not shown). The amount of
increase ranged from 7 to 32% compared to irradiation alone.

DISCUSSION

The growth of ACHN cells was inhibited by various IFNs
and radiation. This inhibition was increased by combining IFN
and radiation. The combined effect of IFN and radiation on
cell growth inhibition was additive at high doses of radiation
according to our research design. IFN at different concentra
tions and treatment schedules had very little direct cytotoxic
effect on ACHN cells because ACHN cells resumed the initial
growth rate after IFNs were removed from the media and
ACHN cells retained similar plating efficiency after IFNs treat
ment. However, our results clearly showed that IFN pretreat
ment increased radiation cytotoxicity of ACHN cells as evi
denced in the reduction of cell survival by colony-forming assay.
Since IFNs alone have very little direct cytotoxic effect, the
increase in radiation killing can be described as potentiation.
This potentiation effect was dependent on the exposure time of
ACHN cells to IFN and the doses of radiation used. One
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additional log of cell kill is possible with 10-12 Gy radiation
by y- IFN.

In addition, the enhancement of cell killing was associated
with increased blockage of cells at the G2-M phase of the cell
cycle with different types of IFNs. We have previously reported
that IFNs exerted the same extent of inhibition in cell cycle
progression at different phases of the cell cycle and ACHN cells
at the G2-M phase were most sensitive to radiation damage
(10). The increased blockage at the G2-M phase by IFNs may
indicate increased cell damage and inability to proliferate or
merely reflect the accumulation of dead cells in the G2-M phase
(hence potentiation of cell killing of radiation by IFNs).

In vitro radiation sensitization of IFN preparations has been
shown in mouse 3T3 cells (11), bronchogenic carcinoma A549
cells (12), and cervical carcinoma HeI,u cells (13), as well as
K562 leukemia, Molt-4 T-cell lymphoma, Molt-3 T-cell lym-
phoma, and Daudi B-cell lymphoma (14). The exact mechanism
is unclear. Dritsellilo et al. (11) reported that sublethal damage
of radiation was not altered by IFN in mouse 3T3 cells. The
most recent report by Kyle et al. (14) showed that rHuIFN-a A
did not increase DNA strand breakage, cross-linking, or inhi
bition of DNA repair as mechanisms of increasing radiation
cytotoxic effect. Our results provide clear delineation of inter
actions between IFNs and radiation regarding cell growth in
hibition, cell survival, and cell cycle distribution. Our cell cycle
result is probably the first indication of a possible mechanism
by which combination therapy exerts better results. The fact
that 2- or 6-h treatment with IFNs does not increase radiation
cytotoxicity but a 24-h treatment does suggest that late protein
synthesis induced by IFNs may be necessary. Further studies in
identifying protein(s) induced by IFN which would increase
blockage of tumor cells at the G2-M phase may provide more
understanding of the mechanism of potentiation.

In conclusion, our data confirm reports in the literature that
radiation sensitization probably is an inherent property of IFNs
which is associated with an increased blockage at G2-M phase
of the cell cycle. Further studies are indicated to assess the
optimal IFN type, dose schedule, and radiation fractionation
as well as potential clinical application of this combined mo
dality therapy.
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