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SUMMARY

Cultured human thyroid cells were X-irradiated in
vitro and assayed for resistance to 6-thioguanine.
The average mutant frequency was 1.69 + 1.34
%1075 (mean + SD) in controls, 3.74 - 2.21
%1075 in cells exposed at 1 Gy, and 7.19 &+
537 x10~% in cells exposed at 2 Gy. The
posilive association between mutant frequency and
dose was statistically significant. The estimated
mutation induction rate was 2.54 + 0.71 x 1073 per
gray, which is in close agreement with published
results for human skin fibroblasts and mammary
cpithelial cells. These results confirm earlier reports
that mutation induction rates for fibroblasts and
epithelial cells after exposure to X rays are similar.

INTRODUCTION

Carcinogenesis is one of the most important late
effects of human exposure to ionizing radiation.
Thyroid cancer has long been recognized to be
related to radiation exposure as well as leukemia
and breast cancer.! The mechanism by which ra-
diation exposure leads to frank carcinoma is still
not well understood, but experimental data suggest
that carcinogenesis is at least a two-step event:
initiation and promotion.? Animal experiments have
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revealed, for example, that thyroid-stimulating hor-
mone (TSH) strongly affects thyroid carcinogenesis
by acting as a tumor promoter.3

The initiation process of carcinogenesis is thought to
occur at the DNA level. Once fixed, promoters can
generate tumors in animals even after long intervals
between exposure and the application.* Examples
of DNA damage, e.g., point mutation, partial
deletion, and amplification of proto-oncogenes and
loss of function of possible anti-oncogenes are well
documented.® However, these alterations are only
detectable in cancer cells, and it is not possible by
current techniques to detect such changes quantita-
tively in carcinogen-treated normal cells.

In the present study, mutation induction for cultured
human thyroid cells was examined in an effort to
assess the vulnerability of cells to radiation-related
initiation. Inactivation of the hypoxanthine phos-
phoribosyliransferase (HPRT) gene, which leads
cells toward resistance to 6-thioguanine (6TG), was
chosen as an indicator of persisting DNA damage.

MATERIALS AND METHODS

Cells. Primary cultures of thyroid epithelial cells
were established from surgically removed tissues
of 13 hyperthyroidism patients (males and females,
aged 21 to 47 years old). Details of the methods
have been described previously.® In brief, tissue was
minced, digested with collagenase for 2-3 hours at
37°C. Undigested tissue was removed after filtration
through a nylon mesh. Cells were washed once by
centrifugation and were used for primary culture.
Since many cells (more than 1 x 107 cells per dose
group) were required for the mutagenesis study,
cells were subcultured and amplified in number for
use at passages 2-3.

Medium. Basal medium, consisting of a 1:1
mixture of alpha MEM and F12, was supplemented
with antibiotics (100 U/ml penicillin, 100 pg/ml
streptomycin), 2.5% fetal calf serum (FCS) and
growth additives (10 ng/ml EGF, 0.2 pug/ml hy-
drocortisone, 1 pg/ml thyroxine, T4) to produce
a 3A-medium. Previously, a complete medium,
which contained six growth additives® was used,
but after further study most of the supplements were
found not to support clonal growth in the presence
of 2.5% FCS (Nakamura et al, in preparation).
Immunohistochemical staining of colonies revealed
that more than 90% were stained positively by
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the anticytokeratin antibody, thus verifying that
the cells are of epithelial origin (our unpublished
observation).

Treatment by ethyl methanesulfonate (EMS).
Exponentially growing cells were sceded into
75 em? culture flasks (Coming #25110) at about
1.5 %106 cells/flask and, after overnight incuba-
tion, were treated with 10 mM EMS (10 ml per
flask) for one hour at 37°C. After treatment, cells
were washed twice with Catt- and Mgt+-free
phosphate-buffered saline and were collected by
trypsin treatment (0.1% trypsin + 0.01% EDTA).

X-ray irradiation. Exponentially growing cells
were collected by trypsin and suspended in 3A-
medium (1 x 10° cells/ml). Cells were then exposed
to X rays in plastic culture tubes (10 ml per dose
point). The X-ray apparatus (Shimadzu WSI-2508,
Kyoto, Japan) was operated at 220 kVp, 8 mA
with a 0.3 mm Cu, 0.5 mm Al filter. The dose
rate was calculated at 0.44 Gy/min after exposure
dose measurements with a Radcon 500 dosimeter
(Victoreen, Inc., Ohio, USA).

Measurement of mutant frequency. After
treatment with either EMS or X rays, cells were
collected and seeded in 90 mm plastic dishes
(Falcon #3003) at 3 x10° to 5 x10° cells per
dish. Cells were incubated in CO» incubators
(5% CO4, 95% air), and examined daily with an
inverted microscope for subculture before conflu-
ence by transferring more than 1x 107 cells. After
eight days’ incubation, cells were collected by
trypsinization and plated in a selective medium
containing 6TG for mutant selection. From the
results using EMS (see Figure 3), it was presumed
that maximum cell density for mutant selection is 5
x 104 cells/90 mm dish, namely 200 dishes for each
dose point are required for the X-ray mutagenesis
study to plate 1x107 cells. Therefore, in the X-
ray dose-response study, bulk cell culture vessels
(#337, Sterilin Ltd., Feltham, England) were used.”
The vessels contained a plastic sheet arranged in a
spiral and had a surface arca equivalent to nearly
196 dishes (90 mm). Then 1x107 cells were
plated in each vessel, incubated overnight at 37°C
under slow rotation (six revolutions per hour) for
cell attachment as specified for human diploid
fibroblasts by Cox et al.” After overnight incuba-
tion, the vessels were placed in a COs incubator
in an upright position for two weeks for colony
formation. Concurrently, cells (250 cells/90 mm
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dish x four dishes) were plated in 6TG-free medium
for determining plating efficiency (PE) of the cell
population. Colonies were stained with 0.25% azur
A.” The mutant frequency (Mf) was calculated as

(250f /90 mm ¥ v — b X 4 8) &ML CREEL

7. 30 —130.25% azur A THRE L .7 ZEM
ZE SRR (M) BLLTOREBHWTEHAL .

Number of 6TG-resistant colonies
6 TG fitth = o = — ¥

Mf =

Number of cells seeded in 6TG medium XPE
6 TG Xt Il L /- #fafk X PE

The F12 medium that was used as a basal medium
contained hypoxanthine, a substrate of HPRT en-
zyme. Thus, hypoxanthine-free F12 was prepared
for the selective media containing 6TG.

Statistical methods. An F test blocked on cell
strain with 1 and 15 degrees of freedom using log
Mf was computed to test for a linear regression on
dose. In the nonparametric test of association used
also in this section, since for each cell strain all
orderings of the Mfs for control, 1 Gy, and 2 Gy are
equally likely under the null hypothesis, the sign of
the slope obtained by regressing the ranks of the Mfs
on dose can be used as a basis for a sign test.% For
example, cell strain 8707H has Mfs 2.29, 7.50, and
3.39, with ranks 1, 3, 2, which yield positive slope
estimate of 0.5 when regressed on dose. Under the
null hypothesis of no dose response, positive and
negative slopes among the seven cell strains with
all three measurements are equally likely.

RESULTS

Conditions for mutant selection

For selection of 6TG-resistant (6TG") mutants, ex-
pression time, 6TG concentration, and maximum
plating cell density were determined.

Figure 1 shows the results of 6TG" Mfs at 0,
4, 8, and 11 days after a one hour treatment of
10 mM EMS. The Mfs remained low for the first
four days and then increased to its maximal value
at eight days. Similar results were obtained when
an established thyroid cell line derived from a
patient with undifferentiated thyroid carcinoma was
exposed to either 2 or 3 Gy of X rays (data not
shown).

Figure 2 shows the Mf for cells exposed to graded
concentrations of 6TG. Concentrations of 6TG from
3-7 pg/ml, widely used with many other cells,
showed no significant change in the Mf of the
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human thyroid cells. A 6TG concentration of
5 pg/ml was chosen for mutation studies.
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Figure 1. Relationship between mutant cell frequency and
expression time after 10 mM EMS treatment for one hour.
The 6TG concentration was 5 jugiml. Resulls are shown
for two cell strains.
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Figure 2. Mutant cell frequency of EMS-treated cells
selected with various concentrations of 6TG (Eight-day
expression, selection cell density = 5 x 104 cells/dish).
Results are shown for two cell strains.
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Using an expression time of eight days and 5 p1g/ml
of 6TG to select mutants, the effect of cell density
on recovered mutants was examined. It is apparent
from Figure 3 that the Mf decreased sharply with
cell densities above 5x 10% per 90 mm dish. Since
bulk cell culture vessels have surface arcas equiv-
alent to about 200 dishes, 1x107 cells per vessel
were used for mutant selection. In one experiment
using cell strain 8606H, 1x 107 and 0.75x 107 cells
from the same population eight days after 2 Gy
of X-irradiation were seeded per vessel, and the
resulting Mfs were found to be very similar (Table
1). The results support that the cell density used for
mutant selection is appropriate in that no cell-to-cell
interaction is taking place.

ZEIR A R IR O - o QR BN 8 0, 6 TG i
5 pg/ml # AL T, ZEHRZ RN O 2B IFE+
WfaEEOBEER~NL, M325, ¥ v — 1 (90 mm)
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FEAEE Y v — L0 T 0T, 1
FHELE D 1X107 {8 oM e & 2284 S fuai 12
P 7=, Hiakk 8606H & {H M L 2 FEBE T, 2Gy @
Xépmum s HEICR—0MaER 25 1 FdYk
D 1IX107 AR U 0.75X107 (Ao M4 2 h #hifH
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Relative 6 TG frequency (%)
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Figure 3. Effects of cell density on mutant cell frequency. Frequency is expressed as the percentage of the
frequency for 5 X1 04 cellsidish. Each symbol represents a different experiment using a different cell strain

(eight-day expression, 5 pigiml 61G).
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TABLE 1 SUMMARY OF MUTAGENESIS EXPERIMENTS FOR CULTURED
HUMAN THYROID CELLS

F 1 i b RRIRMIBE B T 2 SRR A IR KR D B

Number of mutants/PE* (mutant frequency X 10~5)

Cell Strain Control 1 Gy 2 Gy
8606H 87/036(2.42)  131/0.23(5.70) 98/0.15(6.53)
76/0.15(6.76)**
8607H 71/0.31(2.29) 210/0.28(7.50) 78/0.23(3.39)
8609H 6/0.20(0.30)  45/0.14(3.21)  25/0.16(1.56)
8525H 62/0.14(4.43)  44/0.16(2.75)  112/0.089(12.58)
8619H 26/0.16(1.63)  22/0.15(1.47)  185/0.10(18.50)
8529H 4/0.32(0.13) 231/0.32(7.22)
8620H 18/0.30(0.60) 67/0.18(3.72)
8621H 75/0.34(2.20)  52/0.13(4.00)  65/0.083(7.83)
8623H 50/0.40(1.25) 66/0.42(1.57)  128/0.38(3.37)
Average Mf &= SD (x 10~%) 1.69 4 1.34 3.74 £ 221 7.194 537

*Cells replated eight days after irradiation.

XA EE 8 HHIZ RO 24 D,

**0.75% 107 cells were simultaneously plated in a bulk cell culture vessel.
[z, 0.75X 107 (I o HIHa & A BEAT R RS 56 & (4R Al L 2.

X-ray dose-response relationship

The results for X-ray mutagenesis are presented in
Table 1. The Mfs in the controls varied between
0.13%x 10 % and 4.43x 1073, depending on the cell
strain (average 1.69x10~5). The F test of dose
relationship yielded F=20.21 on 1 and 15 degrees
of freedom for a p-value of <.001. A nonparametric
test of the association between Mf and dose using
all measurement in the seven strains with data at all
three dose levels was significant with p=.008. These
results imply that the Mf was significantly higher
at higher doses (please see “Statistical methods”
section).

Under the assumption that all cell strains have the
same zero-dose Mf and the same linear response
with dose, the mutation induction rate was estimated
by weighted-least squares to be 2.54 + 0.71 x107°
per Gy. The Mf of 18.5 at 2 Gy for strain
8619H appeared to be an outlier in this model.
The estimated mutation induction rate with this
observation excluded was 2.04 + 0.58 x10~5
per Gy, which is within precision bounds of the

X i3 B /ISR R )
XA ERFBRIIMT 2 EREREELIIRLA,
HERREIC B 5 ME EAIEERIC & - T 0.13X107° &
54.43X107° OFEFHTEB L = (FHI121.69X10 %),
oo T ARG, HHELEIBOFTALMO
B, F=20.20 & %20 pfEld <.000 TH-7%. H
W 3HIMOBERT STIZ2nTOF— 7 HHioT
v 7THioMakkicE T AT RTOWEESHW 3
&, Mf SHREOBEMEICMT S YT AR Y
HMEWGEETHY, p=.008 Th-/. ZhEOKE
%, Mf A dt & oM 22 LeaRmELTVRS
(T#FTFEMHFZI O % 28).

TARTOMPEk LB HO Mt AFR—-THD,
Gt L CR—OBMERBERT ERET S &,
MES A A RFICE T CHEE BRERFEFR
2.54+0.71X10°%/Gy & & 4. #fatk 8619H #»° 2 Gy
CEVWTHRLAZLB5&L ) Mf I, FE TNV TIEERE
R-7=MleZ25, ZheRILTHLNHE
ZE R ZF KSR L 2.04+0.58X10°%/Gy TH N,
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RERF TR 20-88

previous estimate. The small number of observation
precluded our testing the assumptions of linearity
or equality of zero-dose Mf between cell strains.
The predicted Mfs and individual observations are
~shown in Figure 4.
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DISCUSSION

Previous studies have shown that cultured thyroid
cells are similar in sensitivity to human skin fibro-
blasts for radiation-induced cell killing.%~!! In
the present study, mutagenesis experiments were
undertaken to evaluate the radiosensitivity for in-
duction of DNA damage, which appears to be
involved in the initiation phase of carcinogenesis.
As shown in Figure 4, the estimated induction
rate was about 2.54x107%/Gy at doses of up
to 2 Gy. Comparison of the results with those
obtained for other normal cells of human origin
are summarized in Table 2. Most of the studies
were conducted using skin fibroblasts with values

Dipni, FREHEE ME QAR 810 B [
HAVEEIGO B T AR EE MY 52
HTEGd-r. MEOTRIGERLCMWE & 0Bl g R
R4 IR L .

Figure 4. Dose response of mutation induction of human
thyroid cells after exposure to either 1 or 2 Gy of X
rays. Closed circles represent individual experiments,
open circles are the calculated means, and vertical error
bars represent 95% confidence limils of the means. The
lines were fitted using least squares method assuming a
linear dose response. The upper line is based on all the
data points and the lower one was made by precluding one
outlying highest value at 2 Gy. These lines are expressed
by equations y = 1.66 + 2.54D and y = 1.70 + 2.04D,
respectively, where y is mutation frequency (x I 073) and
D is dose in gray.
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ranging from 2.1x10™° to 3.5x107%/Gy (average
2.7x10-5/Gy). The results for human mammary
epithelial cells!” showed the induction rate to range
from 2.2x1075 to 2.4x107%/Gy. Our results
with human thyroid cells are in close agreement
(2.5%10~5/Gy). These values are also quite similar
to those seen for irradiated fibroblasts. Hence, it
appears that thyroid epithelial cells are not uniquely
sensitive to radiation-induced mutations.
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TABLE 2 SUMMARY OF INDUCTION RATE OF 6TG-RESISTANT MUTATION
IN CULTURED NORMAL CELLS OF HUMAN ORIGIN

F#2 b EREEEEMNICE TS TG MR ERFERED EH

Cell Mutation Rate
Type (x 1075/Gy) Radiation Reference
Skin fibroblasts 3.1 250 kVp X rays 12
2.43.5 250 kVp X rays 13
~2 60Co gamma rays 14
2.1 150 kVp X rays 15
Lung fibroblasts 3.1 250 kVp X rays 16
Mammary cpithelial 2.2-2.4 1870y gamma rays 17
Thyroid epithelial 25 220 kVp X rays Present
results

Both thyroid and breast tissues are well documented
as being radiation secnsitive. Absolute risks are
estiamted to be 4 excess cases per 10% person-yecar-
Gy (PYGy) for the thyroid and from 6 to 22 excess
cases per 10" PYGy for breast carcinomas.! In
contrast, skin and lung cancers are estimated at 0.4
and 1 per 10 PYGy,! respectively. Additionally,
most skin cancers are either squamous or basal cell
carcinomas, while the incidence of fibrosarcomas
is a factor of 10 lower.! Similarly, lung cancer,
in which more than 80% of the cases consist of
epidermoid carcinoma, small cell carcinoma, and
adenocarcinoma, only a small fraction of tumors
are of fibroblast cell origin.'® Thus, the risk of
malignant transformation of fibroblasts is far lower
than for thyroid or mammary epithelial cells. Such a
wide variation would be probably due to differences
in promotion process(es) among the tissues, e.g.,
differences in the number of steps required to attain
final malignant transformation or differences in the
tissue kinetics. The quantitalive difference in the
number of cells at risk may be less important since
the radiation risk of liver cancer, e.g., has been
estimated to be quite small,! despite the liver’s large
size when compared to the thyroid gland. Although
it has generally been thought that epithelial cells
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in adult tissues of animals hardly proliferate under
normal conditons, a recent study revealed that as
much as 10% of mouse thyroid epithelial cells
were labeled by 3H-thymidine after three weeks.!®
Unfortunately, little is known about such long-term
tissue kinetics for other organs in mice nor for
any human tissues. If such information becomes
available in future, organ-specific risks of radiation
carcinogenesis may be better understood.

From a comparable study of mutagenesis for human
diploid fibroblasts and Chinese hamster V79 cells,
Thacker and Cox!? presented the hypothesis that,
although radiosensitivity may vary among cell lines,
the relationship between Mf and the log of the
surviving fraction may be expressed by a single
straight line (Figure 5). The induced Mf for hu-
man thyroid and mammary epithelial cells supports
this hypothesis. This would imply that radiation-
induced M for cells (with a few exceptions?2—21)
may be estimated from cell survival curves.
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Figure 5. Relationship between X- or gamma ray-induced mutant frequency and surviving fraction. The
latter was determined immediately after irradiation. The line was reproduced from Thacker and Cox.1?
Sympbols are defined as follows: 0 mouse lymphoma L5178y cells, 20 A human mammary epithelial cells 17
A\ human skinﬁbroblmtx,ﬂ @ human skinﬁbroblas!s,m B human thyroid epithelial cells (present results),
v/ unstimulated human peripheral lymphocytes, 23 and @ Chinese hamster V79 cells.*!
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