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10. MAMMALIAN CELL BIOLOGY

SUMMARY

Mortimer' M. Elkind, Group Leader

Mammalian cells grown in culture are used to study mechanisms of re-
sponse to radiation (ionizing, ultraviolet, and near ultraviolet) and to
chemical agents (mutagens, oncogens, and drugs used in cancer therapy). While
in vitro studies with such material are not expected to reflect all the
factors important in in vivo responses, in a number of respects they lend
themselves to more incisive observations than do animal systems. This is
particularly true when molecular mechanisms are of interest such as those
involved in cytotoxicity, mutagenesis, and oncogenesis. A further advantage
of cultured cells is that they can be synchronized, thus permitting a ^tailed
examination of cyclic events important to cell grouth and division.

Studies of the action of N-ethylmaleimide (NEM), as an inhibitor of
repair, have been extended from synchronous Chinese hamster cells to synchro-
nous human HeLa cells. These studies show a similar mode of action in both
cell types lending support to the notion that conclusions may be extracted
from such observations that are of fairly general applicability to mammalian
cells. Radiation studies with NEM are being extended to hypoxic cells to
inquire if NEM is effective relative to oxygen-independent damage. Observa-
tions relative to survival, DNA synthesis, and DNA strand elongation—resulting
from the addition products to DNA when cells are exposed to near UV in the
presence of psoralen—have been extended. These complement ongoing studies
in the Carcinogenesis group (Section 5 of this Report) of the carcinogenic
action on mous-- jkin resulting from near UV after the skin was treated with
the furocoumar n psoralen. They also complement ongoing studies of DNA
damage-repair processes due to iodizing radiation. Near UV (365 nm) has also
been used to determine the relativ? frequency of frank single-strand scissions
in DNA versus alkali-labile lesions in bacteriophage T4 DNA. The cross-
linking ability of 3H decay in adenine-2-3H also has been studied with
bacteriophage TA. The influence of hyperthermia, in regard to cell killing
and DNA damage, was examined in reference to radiation (ionizing and UV) and
the UNA mono-alkylator methyl methanesulfonate. The results indicate that
hyperthermia interferes with repair processes and enhances damage expression;
consequently hyperthermia could be a useful adjuvant in the treatment of
cancer with radiation and chemicals. The modes of action of two chemotherapeu-
tic agents—actinomycin D and nitrogen mustard—have been examined at the
level of X-irradiation induced DNA damage and its repair. And lastly, the
relevance of cell-based responses, deriving in part from the aforementioned
studies, has been extended to analyses of the treatment of cancer with
radiation.
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The future program will continue to emphasize the exploitation of
cultured mammalian cells for the study of the growth, division, and metabolic
processes of normal and transformed cells, and how cultured cells are affected
by radiation, various chemicals and drugs, and environmental pollutants. Such
studies are essential to our understanding of the basic biology of mammalian
cells and how various kinds of environmental factors, including radiation,
alter the biology of such cells. In addition, studies of this type potentially
are of practical value in helping to assess the hazards to humans and other
biota of noxious environmental agents, and in improving the treatment of cancer.
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SENSITIZATION OF SYNCHRONIZED HeLa CELLS TO X-RAYS BY N-ETHYLMALEIMIDE

Antun Han, Warren K. Sinclair, and Bruce F. Kimler

PURPOSE AND METHODS

The lethal response of synchronized mammalian cells to X-radiation
exhibits two peaks of resistance; one in early G\ and another in late S, while
cells at the Gj/S border and in mitosis are sensitive. In cells with a short
G\, such as Chinese hamster V79 cells, only the peak of resistance in late S

Associate Laboratory Director for Biomedical and Environmental Research.
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is evident. In a model proposed by Sinclair (1) it is postulated that two
factors control the variations in lethal response. The first factor is DNA
synthesis and the second factor, so far unidentified, has been called "Q."
The latter could reflect a fraction of the intracellular sulfhydryl. These
two components of the model were determined in Chinese hamster V79 cells (1).
However, an important feature of the model remained to be tested; is there
only one Q factor, i.e., is the process controlling the response during
inhibition of DNA synthesis the same as that responsible for the peak of
resistance in early Gj in long G] cell lines? To explore this aspect of the
model, experiments with synchronized HeLa cells were performed.

Synchronous populations of HeLa cells were obtained by harvesting log
phase cells under controlled conditions. The plates containing about
1 to 1.5 x 106 log phase cells per dish were shaken on a reciprocating,
horizontal-action shaker for 1 minute. After shaking, the suspension was
removed and the contents of many plates were pooled. Suitable aliquots of
the synchronous population were used to determine the cell concentration and
the mitotic index (which ranged from 50-75%). Tests were performed to deter-
mine the degree of synchrony; namely, the mitotic index and pulse labeling
with 3H-thymidine.

For cell survival, clones were scored after postirradiation incubation
for 14-16 days.

Cultures were irradiated with 250 kVp X-rays (HVL 0.9 mm Cu) dose rate
of 149 rads/min at room temperature.

Fresh N-ethylmaleimide (NEM, from Sigma Chemical Company, St. Lcuis,
Mo.) was dissolved in phosphate-buffered saline (PBS) and maintained in
darkened bottles during the experiment. The concentration of NEM used was
0.75 yM, the same as that used in the experiments with V79 Chinese hamster
cells (1). Toxicity data show that the agent is about equally effective as
a sensitizer in both cell lines at the same concentration. Cells were irradi-
ated at room temperature and in the presence of NEM, irradiation being applied
10 minutes after the addition of NEM. The total length of exposure to NEM
was 30 minutes.

PROGRESS REPORT

The results of two typical experiments (Figure 10.1) show the typical
age response pattern for HeLa cells with two resistant peaks, one in early
Gj and the other in late S. The age response of HeLa cells in the presence
of 0.75 uM NEM shows sensitization of early Gj cells, and late S cells. There
is no effect, however, on Gj-S cells. Late S cells are sensitized in almost
the same manner as shown earlier for V79 cells (1). The toxicity of 0.75 JJM
NEM in HeLa cells is also very similar to that in Chinese hamsters (2).

Survival curves, with and without NEM, were determined at representative
ages; namely, mitosis (0 hr); early Gi (3.0 hr); Gi~S (9.0 hr); and late S
(18.0 hr). The survival curve parameters are summarized in Table 10.1.

Evidently in these cells, the effect is mainly on the shoulder rather
than the slope. This supports the notion that NEM interferes with repair
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processes. It has been suggested in connection with the findings in Chinese
hamster cells that repair kinetics of Gj and S cells are different, as shown
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by the addition of NEM (2). Similar results (not shown) have now been obtained
in HeLn cells. In both cell lines, recovery occurs more rapidly in S cells
than in Cj CPIIS; irradiated HeLa cells becoming insensitive to the addition
of NEM within 2 hours, while irradiated Gj cells need approximately 6 hours,
again a result very similar to that found in Chinese hamster cells.

Based upon these results obtained with HeLa cells, we can conclude
that besides DMA synthesis, there is only one other factor, Q, that controls
the sensitivity, and the two-componenr model appears valid (1). This factor
Q is responsible for the first resistant peak seen in early G\ and contributes
to the second resistant peak seen in late S. The possible identity of Q has
been discussed elsewhere (2).
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SENSITIZATION OF HYPOXIC CHINESE HAMSTER CELLS TO X-IRRADIATION BY
N-ETHYLMALEIMIDE

Bruce F. Kimler, Warren K. Sinclair, and Mortimer M. Elkind

As an extension of previous work (1) on the sensitization of oxygenated
Chinese hamster cells to X-irradiation by N-ethylmaleimide (NEM), a technique
has been established in this laboratory for rendering cells hypoxic. Chinese
hamster cells are grown in a glass prescription bottle which can be fitted
with a Lucite valve, de-oxygenated by flowing nitrogen through the valve into
the bottle, and maintained at a low oxygen tension after closing the valve.
The relative effects of hypoxia, with and without NEM, on cell responses to
X-rays are being studied with asynchronous cells and with synchronous cells
harvested from log-phase cultures.

It was expected that oxygen would have essentially a dose-modifying
effect—hypoxic cells requiring a higher dose to achieve the same lethality
as oxygenated cells—with an oxygen enhancement ratio (OER) of approximately
three. This was observed with asynchronous cells X-irradiated both in the
presence and in the absence of NEM (0.75 uM). Thus, the possibility is sup-
ported that NEM sensitizes Chinese hamster cells irradiated in the absence
of oxygen via a mechanism similar to, if not the same as, that in the presence
of oxygen.
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ONA DAMAGE AND ITS REPAIR IN HYPERTHERMIC MAMMALIAN CELLS: RELATION TO
CELL KILLING*

E. Ben-Hup and Mortimer M. Elkind

A pronounced enhancement of cell killing is observed with mammalian cells
maintained hyperthertnic during and/or after X-irradiation, methyl methanesul-
fonate (VHS) treatment, ultraviolet (UV) light irradiation, or incorporation
of radioisotopes into DNA. The target molecule for all these agents is
thought to be DNA.

Temperatures from 37°C up to 41°C enhance cell killing mainly by inter-
fering with the repair of sublethal damage. Higher temperatures enhance
lethal damage expression. Sedimentation studies of cellular DNA using alkaline
sucrose gradients reveal damage to UNA expressed as single-strand breaks and
damage to a DNA complex. Following X-irradiation, hyperthermia up to 4?.°C
enhances the repair of single-strand brecks and slows the repair of the DNA
complex. After MMS treatment, hyperthermia also slows the repair of MMS-
induced single-strand breaks. Temperatures above 41°C, applied for a few
hours after either X-irradiation of MMS treatment, cause an endonucleoJ tic-
type of degradation of the DNA. It is suggested that inhibition of the repair
of sublethal damage by hyperthermia is due to the interference with the repair
of the DNA complex. Enhancement of the expression of lethal damage could be
due to hyperthermia-induced DNA degradation.

These results, taken together with the increased heat sensitivity
reported for at least some cancer cells compared to normal cells, raise the
possibility that the efficacy of the radiotherapy and/or the chemotherapy of
cancer could be enhanced when combined with hyperthermia.

Abstract of a paper published in Radiation Research _59, 6 (1974).

The Hebrew University, Hadassah Medical School, Jerusalem, Israel.

DAMAGE-REPAIR STUDIES OF THE DNA FROM X-IRRADIATED CHINESE HAMSTER CELLS*

Mortimer M. Elkind

Sedimentation studies of DNA released from Chinese hamster cells lysed
on top of an alkaline sucrose gradient have shown these principal points.
1) After short lysis periods (e.g., ^ 60 min, ^ 25°C), the DNA from unirra-
diated cells sediments as a two-peaked pattern. The relative position of these
peaks is strongly speed dependent. 2) With increasing lysis time, DNA lost
from one peak (the "complex") appears in the other (the "main peak") and the
same transition is effected, for a given lysis time, if prior to lysis cells
are X-rayed with small doses (100 to 700 rads). Since such doses are in the

Abstract of a paper to be published in the Proceedings of the ICN-UCLA
Conference on DNA Repair, Squaw Valley, Calif. February 24-March 2, 1974,
Plenum Publishing Corporation, New York.
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high survival range (i 802 Co t< 32 respectively), an association between
damage to the complex and survival is suggested. And 3) the complex contains
lipid as well as DNA. Cosedimer.tation of these materials is lost after doses
that resolve the complex into main peak DNA while incubation for repair results
in a reformation of the complex plus cosedimentation of lipid and DNA.

INDUCTION OF ALKALI-LABILE LESIONS IN DENATURED T4 DNA BY 365 nm RADIATION

Ronald D. Ley

We previously have reported that a near ultraviolet (UV) wavelength
(365 nm) induces single-strand breaks in Esahevichia ooli DNA in vivo and in
extracted T4 phage DNA (1). However, since the breakage determinations were
made by sedimentation of the irradiated DNA in alkaline sucrose gradients
(pH 12.5) we could not distinguish between actual UV-induced discontinuities
in the DNA and UV-induced alkali-labile lesions. In an attempt to determine
if the breaks observed were in fact alkali-labile lesions the following
experiment was performed. High molecular weight T4 DNA was denatured by
exposure to a high pH (̂  12.5) and then neutralized prior to irradiation at
365 nm. Following irradiation, the denatured DNA was either sedimented in a
neutral sucrose gradient, without further treatment, or first subjected to a
pH of ^ 12.5, then neutralized, and then sedimented in neutral sucrose. If
the irradiated, denatured DNA was immediately sedimented without further
treatment a breakage efficiency of ^ 1 x 10"' breaks per 108 daltons per Jm~2

was observed. However, if the irradiated DNA was exposed to a high pH before
sedimentation the breakage efficiency was calculated to be ^ 18 x 10"7 breaks
per 108 daltons per Jm~2. [This value is comparable to the breakage effi-
ciency (24 x 10"' breaks per 108 daltons per Jm~2) we reported for the
irradiation of native phage DNA as determined by sedimentation in alkaline
sucrose (1).] Thus it would appear that 365 nm radiation induces in denatured
DNA true single-strand breaks in alkali-labile lesions in a ratio of ^ 1:18.
It seems reasonable, therefore, to predict that the 365 nm-induced breaks
observed in native T4 DNA are, for the most part, alkali-labile lesions.
However, this remains to be confirmed by direct observation.

REFERENCE
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POSTREPLICATIQN REPAIR OF DNA CONTAINING PSORALEN CROSS-LINKS IN CHINESE
HAMSTER CELLS

E. Ben-Hur and Mortimer M. Elkind

Chinese hamster cells exposed to near ultraviolet (NUV) light (315 nm)
in the presence of 4,5',8-trimethylpsoralen are killed exponentially after an
initial dose range in which sublethal damage is accumulated. Cells are able
to repair sublethal damage, although at a slower rate than after X-irradiation.
Photochemically, psoralen produces mono- and di-adducts with pyrimidlne bases
in DNA. The latter form interstrand cross-links and their rate of production
is about one-eighth that of mono-adducts. If, after a first treatment con-
sisting of psoralen-plus-NUV, a second NUV exposure is given without psoralen,
znono-adducts in DNA are converted to cross-links. Using this procedure, a
correlation was found between the rate of DNA cross-linking and cell killing.
This suggests that psoralen cross-links in DNA are the principal lesions
leading to cell death.

Psoralen-plus-NUV treatment severely inhibits DNA synthesis. When the
DNA synthesized immediately after treatment is sedimented through an alkaline
sucrose gradient, its size is found to be decreased in a dose-dependent manner.
The reduction in size is about equal to the number of psoralen adducts in the
DNA. When cells are incubated for a few hours after treatment, the newly
synthesized DNA increases in size until it is similar to that of DNA from
untreated cells. The. time required for this increase is proportional to the
NUV dose.

These findings are interpreted in terms of the postreplication repair
of DNA. DNA polymerase leaves gaps in nascent DNA opposite psoralen adducts.
Subsequently these gaps are filled in by old DNA (recombination repair) as
suggested for bacteria; by de novo DNA synthesis as postulated for mammalian
cells; or both.

Abstract of a paper to be published in the Proceedings rf the XI
International Cancer Congress, Excerpta Medica, 20-26 October 1974, Florence
Italy.

The Hebrew University, Hadassah Medical School, Jerusalem, Israel.

INDUCTION OF INTERSTRAND DNA CROSS-LINKS BY THE DECAY OF TRITIUM AT THE 2
POSITION OF ADENOSINE

Ronald D. Ley3 Frank Krasin, and S. E. Person

Previous studies (unpublished data) in the Department of Biophysics of
Pennsylvania State University indicated that the tritium decay of incorporated

Department of Biophysics, Pennsylvania State University, University
Park, Pennsylvania.
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adenosine-2-3H resulted in interstrand cross-linking in DNA. Studies with
bases (purines and pyrimidines) labeled with tritium in a position other than
the 2 position of adenosine showed decay-induced single-strand breaks in the
labeled DNA, but no evidence of the induction of cross-links. Thus the ability
of a tritium decay to induce a DNA cross-link appears to require that the
tritium atom reside at the 2 position of adenosine. Subsequently, we have
measured the efficiency for DNA cross-link induction by incorporated
adenosine-2-3H and the efficiency for induction of single-strand breaks.
Both processes, cross-linking and single-strand breakage, occur in DNA hat
contains adenosine-2-3H.

TA bacteriophage were labeled in their DNA by infection of Esaheriahia
aoli PS-5 (a purine requiring mutant) grown in medium supplemented with
adenosine-2-3H. The labeled T4 phage were purified by banding in a CsCl density
gradient, and purified DNA was obtained by extraction with hot phenol. The
DNA was stored at -196°C to allow decays to accumulate. Following various
periods of storage, the fraction of DNA that would renature after heat dena-
turation was determined. As would be expected, the amount of renaturable DNA
increased (due to the induction of cross-links) with the accumulation of
tritium decays. From the rate at which the non-renaturable DNA is converted
to renaturable DNA we hav^ calculated that tritium decay from adenosine-2-3H
results in cross-link formation with an efficiency of ^ 0.75 cross-links per
decay. An accurate determination of cross-linking efficiency is complicated
by the induction of single-strand breaks by tritium decay. In order to
estimate the efficiency of single-strand break induction we compared sedimen-
tation profiles from alkaline sucrose gradients of DNA labeled with adenosine-
2-3H or with guanosine-8-3H. The accumulation of low molecular weight DNA as
a function of number of decays occurred at about the same rate for DNA labeled
in the 8 position of guanosine or the 2 position of adenosine. Since tritium
decay from the 8 position of guanosine was observed to have a single-
strand breakage efficiency of *\< 8% it would seem that a similar efficiency
for break induction was occurring for adenosine-2-3H labeled DNA. This is
only a qualitative observation and a quantitative measurement remains to be
made. However, tritium decay at the 2 position of adenosine does result in
interstrand DNA cross-linking at a high efficiency (̂  0.75 cross-links per
decay). In comparable experiments with stored DNA that contained guanosine-8-
3H, we observed no cross-link formation and an efficiency for single-strand
break induction of *v 8%.

DNA DAMAGE-REPAIR STUDIES OF CHEMOTHERAPEUTIC AGENTS AND RADIATION*

Mortimer M. Elkind

Because of the central role of DNA in the processes of growth, division,
and function of cells, the nucleus and in particular the DNA contained therein
has usually been assumed to be the major target of radiation damage. Similarly,
DNA has frequently been implicated as the target of lethal action of chemical

Abstract of a paper to be published in the Proceedings of the XI
International Cancer Congress, Excerpta Medica, 20-26 October 1974, Florence,
Italy.
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agents known to affect the properties of DNA. In the latter category are
mono- and bifunctional alkylating agents and base-pair intercalators.

To help cross-illuminate the molecular action of DNA interactive agents,
two chemotherapeutic drugs have been studied separately and in conjunction
with X-radiation. Actinomycin D intercalates between complementary base
pairs and nitrogen mustard binds primarily to purines producing a number of
addition produces including interstrand cross-links.

Relative to cell killing and the damage-repair processes involved, it
was found that actinomycin D and radiation are synergistic. Nitrogen mustard
and radiation, however, produce lethal effects which are only additive. While
the effects on DNA sedimentation of these two drugs are quite different from
each other, relative to DNA damage due to radiation their actions on DNA are
consistent with their differences in affecting radiation cell killing.

ISOSURVIVAL CURVES: THEIR DEPENDENCE ON THE SHAPE OF SINGLE-CELL SURVIVAL
CURVES AND OTHER FACTORS

Mortimer M. Elkind

A single-dose survival curve of the damage accumulation type implies
that the corresponding isosurvival plot (i.e., total dose to reach a given
level of survival as a function cf number of fractions) is an ascending curve
concave downward. If the initial slope of the survival curve is zero, the
total dose of the isosurvival curve increases without limit. A nonzero neg-
ative initial slope causes the isosurvival plot to plateau, other things being
equal. The steeper the initial slope, the lower the total dosf» to reach the
plateau, and hence, the broader the plateau. Thus, the importance of a
"single-hit" component of cell killing is the consequence that over a range
of number of fractions, the total dose to reach a given level of survival is
essentially invariant.

In general, a similar result can be obtained if, as a fractionation
sequence progresses, the remaining surviving cells become more "sensitive,"
or equivalently fewer than all of them have to be inactivated to reach the
same level of biological effectiveness. At least thr.ie processes could con-
tribute to such an enhanced sensitivity. 1) Progressive loss of repair of
potentially lethal damage as non-cycling cells are brought into cycle during
the course of fractionation. 2) Progressive immunological inactivation of
surviving cells in the instance of tumors with appropriate antigenic properties.
And 3) progressive reoxygenation of initially hypoxic tumor cells. Two or
all three of the foregoing may be operative in a given case. In terms of the
effective single-cell survival curve, all three cases operationally would
represent enhanced single-cell "sensitivity" during the course of fractionation.

Abstract of a paper to be published in the Proceedings of the 6th
L. H. Gray Conference, September 16-20, 1974, London, England.


