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SUMMARY N

vAsynchronous-and synchronous CHO cells were irradiated with
germicidal'UV light to determine.the dose response curve for cell
 ki11ing, and the induction of resistance to 6—thioguaniné, ouabain,’
and diphtheria toxin. For asynchronous populations the data show
a sigmoidal résponse for induced féproductive death, as has been seen
by others,vwithba_D0 of 6 J/mz and an extrapolation number of 2.5.
The induction of mutations appears to be a lineér function for a11
‘;hree mutagenic markers ub to a dose of 17 J/m2.

Repréductive’death induced in the synchronous populations is a
function of the time at which exposure. occurs in the cell cycle, with
the late G1 and early S being the éensitive stages. The induction of
resistance to 6TG, ouabain, and diphtheria toxin (DT). all seem to
depend on' the time of expésure in the cell cycle. The‘more'sensitive ,
periods for mutation induction appear also to be the Givand early SA
period of the cell cycle. HoWevgr, ;he degree ofvsensitivity in G1
7and early S appears to be most dramatic for induced DT resistance.

These results suggest. that estimates of the degree of mutagenesis

expected from an environmental hazard based on log growth cells in vitro

might yield data which do not always reflect the actual mutagenic
hazard for cells not in logarithmic growth.

A compafison of the results feported here for UV exposure with
" exposures of synchronous cells tb X—rays and ethylnitrosourea suggest
that there are‘different age-specific responses to mutation induction
. for -each agent, and that_there are often différent age responses for

different‘mutagenic endpoints with the same mutagen.



. ABBREVIATIONS

CHO-.' | Chinese hamster ovary celié
.HERT_ hypoxanthine-guanine phosphoribos&l transferase
6TCR 6—tﬁioguanine resistance | -
' OUAR". _ ouabain reSisfance_
pr} . diphtheria toxin,résistance
uv ."_ ultra&iolet ligﬁt,
ENU o ethylnitrosourea

FMF flow microfluorimetry



“INTRODUCTION

Virtually all of the'studigs thus far of mutagenesis by UV light
_in mammalian cells.have‘been performed dsing asynchronous populations.
In recent years much progress.hasvbeen made in understanding the
processes leading to feproductiye death by X-rays and UV through study-
_ing the effécté.of these agents on populations éf'celis highly synghro—
nizedey sélective rather than inductive,téchniques. It seémea to usv
that similar studies of ﬁutagenesis‘on synchronous cells might be
helpful iﬁ elucidating ﬁhe mutagenic process. Therefore, we have been
performing.mutagenic studies on synchrdnous cells using a vériety of
agents including X-rays, ultraviolet light, alkylating carcinogens, and
brdmodeox&uridine, In addition to the use of the CHO/HPRT system, we
use induction of resistaﬁce to ouabain, and induced resistance to -
diphtheria toxin. These studies are-designed to discover "hot spots"
for mutagenesis in the ééll cycle, and‘té éompare three different
types of endpoints: chromosomal alteration, dominant, andvreCessive
point mutations. |

We report ﬁerevstudies of the effects of acute exposures to
germicidal uv light which suggest that the G1 périod-and the early S
period are most. important for mutagénesis, although mutations can be

induced by UV exposure at any time in the cell cyclé.

'MATERTALS AND METHODS

Cell Culture

The CHO cell line was obtained from L. Kapp and R. Klevecz of the

City of Hope Medical Center, Duarté, California, and had been selected



fo:'use on the cell-cycle analyzer (referred to below). Stocks of this
_ CHO cell line, which we call''CHO-KK," have been képt frozen in our
laboraforyvsince 1976. Frésh cultures are started ab0ut.four times a
yéar‘to'iﬁsure that the genetic changes in the. cell lines during growth
at 37°C are minimal and reproducible from year to year. |

This cell iine has 5éen showﬁ'to be free of PPLO, and has a modal
- chromosome number of 21. ' The G-banded karyétype has been determined,
and shows four abnormal autosomes gnd oﬁly one complete X chromosome
-(Burki, unpuﬁliéhed); The populatidn.doubling'time‘of the_cells is
aboutﬂlz'hours(undgr optimﬁmrconditions wi;h é fourfhour Gi period,
six-hour S period, and a G, plus M period of 1.5 hours:.

.The cells afe grown at 370C in a CO2 incubétor, in either closed
_tiSsue.cultufe flasks or lérge glass roller bottles (Belleo) at 37°C
in McCoy's 5A ﬁedia,_supplemented with 15% fetal calf serum and 100

units/ml of penicillin and 100 ug/mof streptomycin, and 1mM HEPES buffer

to slow pH changes during experiments.

Synchronization Methods

Cells were gfown for.several_days in 1ogarithmic,growth phase in
roller bottlesvturned at 0.5 rev/min. They were subcultured into one
or more roller botfles at 2 to 3 X 107 cells per bottle. After 24 hours,
the cells were synchronized in a 37°C room using a "Cell Cycle Analyzer".
(Talandic Research Corporation, Pasadena, Ca.).: This.apparatus is
pattefned after the instrument developed by Klevecz tref.lS).‘ The
mitotic cells were usually shaken off at one-hour iqtervals at the

TN

following speeds: 54 min at 0.5 RPM, 3 min at 180 RPM, 2 min for cell



collection, and 1 min for media replacement in the roller bottle. This
epparetus thus gives ccntinuous samnles of cells spaced in these

eXperiments one hour apart_in cycle time. The tYpicalbyield per roller
bottle is 2 X 106 cells in-very early Gl.' Mbre than 907 of the cells

at.hatyest appear as small douBlets.' These cells are permitted to

l attach to 75vcm2 plastic tissue culture flasks.

Cell Llfe Cycle Progress Analysis_After Mitotic Detachment

(5) Cell volume spectroscopi: The modal size and the volnme distri~
bution Cf the trypeinized Synchronous_cellsuat different poéitions in
the cell‘cycle were determined, using a Coulter Counter Model ZBI matched
to a Coulter Channelyzer. Thds'system wae calibrated using 10-micron
Spheresvand tagWeed pollen pfovided by the Coulter Company. An X-Y
plotter was used tcimonitor populations as a function of the cell—cycle
time. The volume of the cells appeared to increase almost linearly
nntil'the‘cells divided after.appfoximately 12 hours.

.(b) Flow cytometry (flow micfofluorimetry): Cells at different
times efter mitotic detachment were collected by gentle.centrifngation
and fixed at:OOC, using a fixatiﬁe:containing thfee pafts 200 mM MgCl2
plue one part absolute alcohol, and kept at 4°C. They were then stained
with chromomycin A3 (100 pgm/ml, Cal Biochemical) for at least one hour
(ref. 21):. Analysis of the fluorescence was made, using an instrument
according to the design of Steinkamp et al. (ref. 20), and described

" by Hawkes and Bartholomew (ref. 13).



'UV_EXPOSURE AND PLATING EFFICIENCY DETERMINATION

Cells éttached to either 75—cm2_tissue culture flaské.(With the tops
removed using a glass guttef) or cells in 90-mm tissue culture disheg :
were washéd'three times With Pucks Saline A:(PSA) without phenyl red.
The final wash was removed and the celis.irradiated "dry"‘(thin film of
PSA) at é.fiﬁehcé fate of_2.1.J/(mz-sec) by thfee germicidal lampé in a
UV irradiation box construdted for,cell.irradiatioﬁs. The exposure waé
deferminedvby using a Yellow Springs Instrumehf.Radiometer calibrated
by the company agdinst standard light sourcés, and was determined with
and without the colleétor cone surrounding the thermister. In addition,
the instrument was checked against a similar one used atifhe Laboratory
of Radiobiol&gy at the University of Califorﬁié,-San Francisco. Bofh
meters gave similar results.

After expdsure at room temperature for up to 12vseconds, the cells
were trypsinized and some cells plated in 904mm dishes to determine

the plating efficiency after treatment. After eight days of growth in

normal medium at 37°C, the dishes containing the surviving colonies were.

stained with 17 methylene Blue. ‘The media containing the stain was.
poured off and after drying, the number of cells éurviving irradiation

was determined by counting visible colonies.

Selection for Drug and Toxin Resistance.

After exposure to UV and trypsinization, the cell number was
determined and at least 2 X 106 cells were plated into a large roller
bottle. The cells were then grown at 37°C in logarithmic growth for

eight days. This required two subcultures of the bottle to 2 X 10

&t
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cells per bottle in control cultures and one subculture of the cells

exposed to large doses of UV. After eight days, the cells were trypsin-

‘ized, the cell number determined, and 105 cells exposed to 6TG

(5 ug/ml), or 106 ¢ells to either ouabain (3 mM), or diphtheria toxin

(0.1 Lf/ml).

A number of'sfudies of our own and others have established that an
expression.period of 7-9 days is‘requirea fof maxi@um 6TG resistance
(ref.17; Burki, ﬁnpublished). Although ouabain resiétance is a
co~dominant trait, it still requires an expréssion time of at least
five days, especially at higﬁer doses of mutagen (ref. 2,9,10).

Diphtheria toxin resistance is associated with the alteration of

elongation factor 2 (EF-2) necessary for protein synthesis (ref.16)

énd also requires an expression time of at least five days after
mutagen treatment.

Resistance to 6TG is thoﬁght'to be due to X chréﬁosome-alteration
or chromosome deletion (ref. 6). Ouabain resistance is due to a point
muﬁation that is_cofdominant (ref. i) whiie.diphtheria toxin resistance
is due to a point mutation that is,receésiﬁe (ref.11l) in somatic cell
hybrids. These mutants retain their resistaﬁée to drugs or diphtheria

toxin for 50 or more generations in non-selective media.

RESULTS

The dose response‘cufve for the induction of reproductive’death by
germicidal UV for acute exposures is a sigmoidal survival curve. The
slope of the linear portion of the curve is 6 J/m2 and the extrapolation

number is 2.5 (Dq=5 J/mz)'(Fig. 1). Thisvresult'is quite similar to



ﬁﬁat repoftéd b& §thef5'fof_irradiation uﬁdef similar conditiong. The
inducti§n of muta;ions toIGTGR, ouaR; énd‘DTR(Fig; 2 a,b,c) are all
iineérrfuﬁctibns of the UV dosé, at least for the low doses of UV and
ﬁbe c0ndi£ions used for the expressioﬁ time and irradiation. The
results for thg'induction of 6TGR mutations are similar to that'repofted
by Hsie e; élf (réf.lé) for a similar system. It is important to‘note |
that under these conditions,.curves are all linear and all quite
similér fﬁﬁctions of‘fluence, a éitﬁation that does not obtain with a
diffe:ent mutagen ENU and X;rays.under the same conditions (refs. 2,9,10).

The degfee ofvsynéhrony obtained by mitotic detachment at optimum
grdwth conditions is monitored in every experiment by Coulter volume
spectroscopy and flow microfluorimetry (see also ref. 3), and often
incorporation of tritiated DNA precursors. The DNA content of cells is
proportional to the fluorescence qf chromomycin-stained cells and is.
one measure of tﬁe time in the cell cycle of a population. The FMF
data from a typical UV experiment (in this case a 17 J/m2 experiﬁent)
is given in Figure‘3. From fhis and other data the stage times of the
cell 1ife cycle also given in»the_figure are derived.. The.G1 pe?iod |
is 4 hours, thevS'period is almost 6 hours, and thé GZ/M is.1.5 hours.
" These cell cycle parameters appear to-vary.slightly from experiment to
experiment, and the degree of synchron& méy‘varﬁ.slightly from day -to
day,'aé measufed by the coefficient of.variation‘of thé'DNA content in
different'experiments.‘

The agelresppnse §f these CHO cellé in the cell cycle, in terms_of

- the survival measured at different times in the cell cycle after

exposure to either 8.5 or 17 J/mz, is given in Figure 4a. There is

3
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'ﬁaximum.senSitiyity to_tﬁé'UV at the end.of-the G1 ﬁeriod and.the.begin-
ning of the S period. | | |

.Thefinducfion of mutations to drug or thih resistance during the
cell cycle is shown in tﬁe data in Figure 4 b,c,d;_ The induction of
6TG're§istance‘occurs throughout.ﬁhé'cell cycle and does ﬁot appeér
to be véry muéh a function of the time of the irra&iation'in the cycle.
ﬁowever; af the higher doses there is abgreater sensitivity at the

third hour of the G stage and in the early S phase. This does not

1
mimic the cell killing induction by uv.
The induction of mutants resisfant to ouabain.under these experi-
.mentél conditions occurs throughout the cyclejand does not show a &rama—
tie age ;esponse at low.fluences of UV..»At the UV fluence of -17 J/m2
there appears to be some increased sensitivity at the early S period.
The indﬁction of>mutations to diphtheria toxin resistance is a
dramatic function of the time in the cell cycle. There appears to be
a sensitive period near the end of the Ql s;age. The time for maximum
~induction is'a small.portion of the ceil cycle at around three hours
dfter mitosis. This result is qﬁite different from the'results for

either. cell killing or for. mutation induction to 6-thioguanine or

ouabain resistance.

DISCUSSION

I. Asynchronous Populations

Although the survival curve found after exposure of the.cells to UV

light is sigmoidal, the inductioﬁ of mutations appears to be a linear

function of fluence to at least 17 J/mz. This difference in response
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betﬁeen killing andvmﬁtagenesie Suggeets that thefﬁechanisms,leading _
" to the two ﬁrocesées ate,different. | | -
'THe induction of 64thioguanine resistance by UV is similar.te results
. reported by HSie et ai. (ref. 14) ehd by‘othets for Chinese hameter V79
 eel1s (ref. 8). 1In the same Way,'the induction of ouabain resistance .
iﬁ_a‘lineer'fasﬁion wifh fluence hae been reported (ref. 5)..
v_.'It is important to realize that the methods esed in ﬁﬁese

~experiments involve mutagenizing the cells and then replating them for
the subsequent drug‘challenge. .AnAalterna;e method is the ig‘gigg’
or minicolony eSSay whereby surviving coloniee (rather than single cells)
are'chailenged in the same 1ecation in which they were mutagepized.
For 6—thiogeenine'resistanCe, this method has been shown to yield
non-linear UV mutation induction curves in Chinese hamster cells, -
whereas 1iﬁear'curves are obtained by replating under othefwise
identical conditions (ref. 8). :Thus,,the non-linear ouaR-induction
curves witﬁ UV reported by Chang et al. (ref. 4)_are probably due to
their use of the in situ .method, as opposed td the reblating ﬁethod.
which results in the linear;responSe reported here. |

' With identical expfession times and procedures in identical,eells,
the results for X—ray.and ENU-induced mutation to 6TGR-ere unlike those
found here for UV and are in fact‘curVilineer (refs. 2,9,10). X-rays
do not seem to induce Quebain resistaﬁce-iﬁ ﬁhese cells at detectable
frequencies? thle.ENU gives.a curvilinear dose response curve for
oﬁaR;, Mutation. induction reeponse_for these two ioci is thus quite

mutagen-specific.

<
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The frequency of the induction of diphtheria toxin resistancé is

Similar; in its fluence response to UV, to results obtained for ouaR.

" This is not surprising since both are effects due to point mutations,

although ouaR is dominant and DTR is reqessive in somatic cell hybrids.
Based on asynchronous studies alone, ome might conclude that the effects
of UV on the two loci are quite similar. However, the synchronous

studies show that this is not the case.

II. Synchronous Populations

. The efficiency of producing'ultravidlet-induced»reproductive death

-1s quite variable during the cell life cycle. The maximum sensitivity

occurs‘near the Gl-S boundaryv(see Fig. 1).asvreported previously for
other-mémmalian cell lines (refs.. 12,19, an& 22). This characteristic
age response‘for UV is similar to tﬁat found for ENU exposure,‘suggesting
similar mechanisms for UV and ENU—iﬁduced reproductive death.

lThe induction of ouabain resistant clones éécurs throughout the

cycle and has a maximum in the early S period when higher fluences are

‘used. The results for ENU-induced ouabain resistance in the cell cycle

are simlar to UV at lower concentrations of ENU; at higher concentrations
of ENU, however, mutagenesis is not cell-cycle-position dependent

(refé. 9,10), suggestiﬁg tha# there is a difference at this locus in
the'way mutations are induced by ENU and UV.

The induction of clones resistant to 6-thioguanine during the cell

cycle is a more complicatéd function of fluence, showing'tWO’peéks:

one in G_ and the other in early S, a type of result recently reported

by Riddle and Hsie (ref. 18). The situation is different with ENU.
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'Wich iow_ENﬁ cdnceotrations, whefe survival is high, 6TGR mutants are
induced chroughout’the cycle. -However,van»age response forcmutetions

is not ‘seen with hiéﬁef concentrations of EﬁU. In addition, the resulcs
_with UV ére completely different from the results for X-rays (fef. 2)
in. the same ceil system since e dramatic‘effect for che induction of
6_TGR occurs in the G1 period just-before che‘replication of the gene
or genes associated withv6—thiogoanine resistance (ref. 3). These
results suggest different mechanisms for}both cell killing and
smocstion to 6—thiogﬁanioe resistance.oetWeen X-rays and Uv; |

The induction of diphcheria_tokin resistance by UV is dramacically

different from the killing effects or the effects at the other drug-
sensitive sites in that very few mutaﬁions are induced in the cycle
outside of the G-‘period. The maximum induction of mutents resistant

1

to diphtheria toxin occurs in late G

1 when the DNA is being prepared

for replication.
In simple eucaryotic cells, genetic recombination repair has been
reported to be involved in mutational processes in Gl.(ref' 7). The
gene determining DTR (presumably that coding for EF-2) may'be perticularly
accessible to immediate'error—prone recombination repair leading to
mutagenesis if damaged during’Gl. | | |
‘The results reporced here suggest that the effects of UV in the
induction of mutation arevboth locus and cell-cycle specific. When the
results are compared with similar experiments using X-rays or an
dlkylating carcinogeﬁ in the samelsystem;‘one‘is forceo to conclude

that:"randOm mutagens' like X-rays, UV, and ENU may in general be

.
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expected to have both locus and life-cycle-specific effects. This

makes efforts to evaluate the mutagenic hazards more difficult to

evaluate than previously imégihed.-
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FIGURE LEGENDS: ' | , - L

. Figure 1. Percent'survival (normalized to tontrol plating
efficiency) of CHO-KK cells exposed to various ultraviolet llght

fluences. O, O, &, indicate separate experiments.

Figure 2. Induetion of mutations in. CHO-KK cells by ultraviolet':

lignt.

a) Mutants resistant to 3mM ouabain (perlO6 viable cells).

| o and ®.ind1cate‘separate experiments.

b) vMutants resistant to 0.1 Lf)ml diphtheria toxin (per 106
viable cells). A, V¥, ‘and * indicate separate experiments.

e) Mutants resistant to 5 pg/ml 6~thioguanine_(per_105 viable

cells). O .M andA indicate. separate experiments.

' Figure 3. Flow microfluorimetry data from a typical experiment.
Peak channel FMF (proportional to DNA content) is. plotted against

time (in hours) in the cell cycle.

‘Figure 4.  Age response of CHO-KK eells.

a) Pereent survival of cells after 8;5‘J/m23(A) or 17 .J'/m-2
(0) of ultraviolet light for different times after mitotio
selection.

b) 1Induction of 6-thiogUanine (5 ug/ml) resistance after 8.5 J/m
(o, o) or 17 J/m2 (w, @) of ultraviolet light for different

times after mitotic detachment. Different symbols indicate

separate experiments.
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d)
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Induction of ouabain (3 mM) resistance after 8.5 J/mz'(o, o)

or 17 J/n° (e, m) of ultraviolet light for different times

after mitotic selection. Different symbols indicate separate

experiments.

Induction of:diphtheria toxin (0.1 Lf/m). resistance after

8.5 J/m2 (a) or 17_J/_m2 (o, ®) of ultraviolet light for .

different times afterfmitotic selection. C indicates control
(background) frequencies. Different symbols indicate -

separate experiments.



20

- ll()():; _

N%S

0 4 8 12 16 20 24 28
W odose u/M2

 XBL793-3237

. Figure .l =



6TGR clones/10° v;c.

.21

I
OUA 3mM

—

DT

 O.JLF/ml

I ' a

I

UV dose J/MZ2 .

Figure 2

8 12 186 20 24

XBL793-3236



Peak chonnel FMF

160

140

120

100

22

| | | | | P | |

2 4 6 8 10
Hours after mitotic detachment

- Figure 3

XBL793-3234




23

. | B L ] |
OO 2 4 6 8 [o] 12

Hours after mito’tic detachment

XBL793-3235

Figure 4a



200

160]

IGTGR clones/10° v.c. |

N
®)

2 4 6 8 10
~ Hours ofter mitotic detachment

Figure 4b

XBL793-3231

e



200 — e
160 | L - L | e
20 - B

40}

_OUAR clones/10° v.c.

| \. o ” | T ~=0==0
ol ¢ 39 L | | e

s¢

O
(A

| 4 6 8 10 12
Hours ofter mitotic detachment |
' ' XBL793-3233

Figure 4c



—T |»'._|

200 —— ] — 'l.

- otR (0.l LF/mi)

401

.'DTR _clbries /_IO‘6_v,c. |

: . - . ' G = Cm =} C =
0 2 a4 6 8 10 12
- Hours after mitotic detachment

XBL793~3243

. Figure 4d

. 92



This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




-
e .-

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

ke



