




UDS in Human Epithelial Cells
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Chart 1. Effects of arginine-deficient DMEM and HU alone or in sequential combination on scheduled DNA synthesis and BP metabolism in primary
human foreskin epithelial cell cultures. DNA synthesis and BP metabolism were measured in primary epithelial islands as described in "Materials and
Methods" in cultures as pictured in Fig. ^A. Each symbol represents the mean of triplicate determinations. A to C, results from different donor foreskins. A,
arginine deprivation alone; B, hydroxyurea treatment alone for 2 hr prior to addition of [3H]dThd or [3H]BP; C, combined arginine deprivation for 3 days and
treatment with hydroxyurea 2 hr prior to addition of [3H)dThd or [3H]BP. O, BP specific metabolic activity; â€¢.scheduled DNA synthesis.

of some chemicals with HU action (4), we have determined
the minimum effective dose of HU that will halt scheduled
DNA synthesis in arginine-deprived human skin cultures. As
presented in Table 1, human skin (T/1) epithelial cell cul
tures from a pool of 15 donor samples were maximally
inhibited at 10 and 31 mM HU. Starting at 3.1 mM and at
lower concentrations of HU, semiconservative synthesis
was not completely inhibited. Although 25 mM HU was used
in several pilot experiments, we have chosen 10 mM HU as
the least toxic and the least inhibitory to chemical metabo
lism, yet the most effective scheduled synthesis-inhibitory
concentration to use in human skin cultures.

For verification that T/1 epithelial cultures, like primary
epithelial islands (Fig. 1), would retain BP-metabolic capac
ity after arginine-deficient and HU treatment, the experi
ment depicted in Table 2 was performed. Whereas sched
uled DNA synthesis is effectively depressed by 72-hr argi
nine-deficient and 25 mM HU treatment to near background
in both T/1 and primary epithelium, BP-metabolic capacity
is depressed by only about 20% in both types of culture.
This occurred despite the use of the slightly more toxic HU
concentration.

For ensurance that no solvent typically used to deliver
compounds to medium for addition to the epithelial cell
cultures would influence background synthesis, each of 3
solvents was examined as shown in Chart 2. At concentra
tion levels above 0.6%, all 3 solvents, acetone, ethanol, and
(CH3)2SO,inhibit background synthesis and by themselves
do not increase accumulated 24-hr UDS. Chart 2 also shows
a typical level of background synthesis encountered, i.e.,
2,000 to 3,000 dpm/105 cells. This activity represents less
than 4% of the synthesis observed in cultures not treated
with arginine-deficient medium and 10 mM HU. Where the
solubility properties of each chemical permitted, the level
of solvent exposure to cells was kept below 1%. In those
cases in which higher solvent concentrations were needed,
the background at that solvent level was used to calculate
UDS.

Table 1
Effect of HU concentration on DNA synthesis in human skin

epithelial cell cultures deprived of arginine for 3 days
Primary skin epithelial cell cultures from 15 individual human

foreskin samples were pooled and planted in 16-mm-diameter wells
as T/1 epithelial cells as described in "Materials and Methods." At

48 hr after these secondary cultures were planted, the medium was
changed to arginine-deficient conditions for a period of 72 hr. At
this time HU at the indicated concentration was added to each of 5
wells/dilution, followed 2 hr later by [3H]dThd at 2.8 /uCi/ml. After
24 hr of further incubation, the cells were harvested for direct
scintillation counting of [3H]dThd incorporation into DNA as speci
fied in "Materials and Methods."

Concentration of HU (mM)
24-hr DNA synthesis ([3H]dThd
dpm incorporated/105 cells)

0.00.0310.100.311.003.1610.0031.6268,806Â±6,288"69,037

Â±4,63960,305
Â±6,73238,848
Â±3,96115,051
Â±1,5707,990
Â±6646,308
Â±1576,303
Â± 358

" Mean Â±S.D. of 5 cultures.

An overall protocol adopted from the above considera
tions is given in Chart 3. Although repair with some chemi
cals is initiated and commences quickly (1 hr), there are
many DNA damage-inducing agents that require several hr
for metabolic conversion and/or induce a type of DNA
damage that is repaired slowly. Therefore, a concern was
whether incorporation of [3H]dThd from relatively early
repair synthesis would persist over a 24-hr incubation
period. Use of a single exposure time (24 hr) during which
accumulated UDS will be quantitatively registered is desir
able because it alleviates the need to customize treatment
intervals for each compound and increases assay sensitivity
for compounds with low-level or slow repair synthesis.

UDS induced by the monofunctional alkylating agent
MNNG, which does not require metabolic activation and
induces a short-patch (26) X-ray type of repair, was exam-
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Table 2
BP metabolic capacity and inhibition of scheduled DNA synthesis

in T/1 skin epithelial cells and primary skin epithelium
Triplicate 16-mm wells containing either primary epithelial is

lands or T/1 epithelial cells were treated as indicated, and both
specific metabolic activity and extent of 24-hr [3H]dThd incorpora
tion were determined. HU was added 2 hr prior to the addition of
either [3H]BP or [3H]dThd.

Skin
culture" Treatment

BP specific
metabolic ac

tivity (pmol/106
cells/2 days)

Net scheduled
DNA synthesis
for 24 hr (dpm/

culture well)

Primary None 37,925 Â±7,231 69,587 Â±18,000
epithelium Arg-,6 3 days; 31,736 Â±2,204 2,330 Â± 258

25 mw HU
T/1 epithelial None 36,480 Â±1,224 54,452 Â± 3,080

cells Arg-, 3 days; 30,225 Â±5,019 2,500 Â± 207

25 HIMHU
" Single donor foreskin.
6 Arg-, arginine-deficient medium.

0 .6 1.25 2.5 5
% ( V/V) IN MEDIUM

Chart 2. Effect of 3 solvents on background DNA synthesis in human
epithelial cell cultures. Solvents at the indicated levels were added to
replicate wells of T/1 keratinocytes that had been deprived of arginine for 3
days and treated with 25 mw HU for 2 hr. [*H]TdR, [3H]dThd.

ined for the persistence of incorporated [3H]dThd beyond 0

to 8 hr after addition of chemical. Over this time interval the
rate of DOS is near maximum. As seen from Chart 4,
accumulated MNNG-induced UDS is nearly maximum by 12
hr while accumulated synthesis registered at 24 hr is only
slightly higher. MCA, on the other hand, which requires a
finite time for metabolic activation and induces a more
delayed type of repair response (7), requires a longer period

of incubation after simultaneous addition of MCA and
[3H]dThd to register accumulated synthesis. Additional ex

periments with MCA have shown that each individual hu
man skin sample exhibits a unique time course for the
accumulation of incorporated [3H]dThd. This is a conse

quence of inherent sample differences in culturability, met
abolic capacity, and perhaps DNA repair capacity after
exposure to procarcinogens like MCA. For instance, some
samples have been encountered that respond predictably
to MNNG but exhibit a variable latent period before signifi
cant UDS is detected with MCA. Nevertheless, these results
indicate that, in a screening mode, 24 hr is a sufficient
incubation time following carcinogen exposure to accumu
late both early- and late-occurring repair synthesis. Also,

T 1 Arg- lOmM [3H]TdR-RepSkin

CultureSet
Up -^2.5wksant

Mtd48

huursum

H3

daysJ

Chen2

hoursical24 n.,ur^
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Count I'DS

Chart 3. Protocol for UDS measurement in human skin keratinocytes.
Arg- medium, arginine-deficient medium; [3HÂ¡TdR,[3H]dThd.

8 12 16 20
TIME AFTER ADDITION OF

PH] TdR and CHEMICAL (DAYS)

24

Chart 4. Time course of UDS accumulation over a 24-hr incubation period
following simultaneous addition of carcinogen and [3H]dThd. Background
synthesis determined at each time point has been subtracted from each
triplicate determination of UDS. Epithelial cell cultures were treated as
described in "Materials and Methods" and as outlined in Chart 3 with MNNG
and MCA at 10 ng/ml.pH/rdfl, [3H]dThd.
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the sensitivity of this type of assay for procarcinogens
activated by endogenous epithelial cell metabolism may be
limited by the total elapsed time after treatment for which
the target cells will continue to accumulate HU-insensitive
[3H]dThd before cell viability is lost.

For demonstration of the importance of epithelial cells,
MCA-induced UDS was examined in primary epithelial and
fibroblast islands and in various passage levels of fibro-
blasts from the same donor skin. In this experiment repli
cate epithelial islands and fibroblast islands from a single
donor were compared for UDS induced by MCA. Mixed
epithelial-fibroblast cultures were then serially subcultured
in 25-sq cm flasks for return to 16-mm wells for UDS assay
at P2, P5, and P,â€ž.P is used to designate the approximate
number of population doublings calculated from the split
ratio. By P10the UDS response was reduced to near back
ground, while there was a relatively high response (6000
dpm/105 cells) in primary epithelium. This reduction paral

lels a reduction in metabolic capacity already noted in
subcultured skin cells (14), especially in high-passage cul
tures in which no epithelial elements are retained. Because
MCA-induced UDS is not detected without metabolic acti
vation (5, 27), it appears that primary or T/1 cultures are
optimal. Although this point has not been examined in
depth, contamination of T/1 skin cultures with fibroblasts
may not present the problem of diluting the sensitivity of
this assay for procarcinogens. Primary fibroblasts alone
retain some metabolic capacity in selected human donors
(14) as evidenced here by a significant extent of MCA-
induced UDS in primary fibroblast islands (Chart 5).

Under these assay conditions, established for their suita
bility with MNNG and MCA as prototype DMA-damaging
agents, an array of unknown compounds were examined in
like fashion. A summary of these results is given in Table 3.
Dose ranges used were determined by preliminary cytotox-
icity assay in primary skin cultures composed of both
epithelial-like and fibroblast-like cells. Twice the maximum
tolerated input dose of each compound for epithelial-like
cells was used as the upper concentration limit. In Table 3,
compounds are listed in approximate order of descending

PRIMARY
O EPITHELIAL

ISLANDS

PRIMARY
FIBROBLAST
ISLANDS

30 4010 20
MCA Input-Dose (ug/ml)

Chart 5. Unscheduled DNA synthesis in primary epithelial islands, primary
fibroblast islands, and higher-passage fibroblasts from human foreskins.
The procarcinogen MCA was used at the indicated doses to induce UDS in
each respective type of culture as described in "Materials and Methods."

Primary culture wells (16 mm in diameter) were classified as predominantly
epithelial or predominantly fibroblastic after 2.5 weeks of outgrowth from
full-thickness skin mince. Data points for primary islands are the mean of 3
determinations that differed by less than 20%, while dafa points from serially
passaged fibroblasts are the mean of 5 determinations that differed by less
than ^0%.|'H|TdfÃ¬, [3H]dThd.

UDS magnitude. It is seen that all the ultimate carcinogens
examined will induce UDS in keratinocytes. This would be
expected even in high-passage human fibroblasts from
skin. The procarcinogen polycyclic hydrocarbons, MCA,
BP, 7, 12-dimethylbenz(a)anthracene, and dibenz(a.ft)-
anthracene also induce detectable UDS in keratinocytes.
These compounds are presumably metabolized by human
skin epithelial cells to their respective DMA-damaging me
tabolites. Contrarily, the procarcinogens /V-2-fluorenylacet-
amide, tris(2,3-dibromopropyl)phosphate, dimethylnitrosa-
mine, and 4-aminoazobenzene did not induce a UDS
response in this assay. Lack of information about the
pharmacology of these compounds in skin prevents cor
relation of these in vitro UDS results with the potential
human skin carcinogenicity of these compounds.

DISCUSSION

Carcinogen-mutagen in vitro bioassay utilizing DMA re
pair synthesis as an end point has been extensively devel
oped by Stich with cultured human fibroblasts (for reviews,
see Refs. 29 and 31). Without prior exogenous activation of
the procarcinogens with microsomal enzymes from mam
malian liver, these fibroblasts provide no significant level of
DMA repair when insulted with polycyclic aromatic hydro
carbons, nitrosamines, or mycotoxins (27). Because human
skin from circumcision is bioethically available, is cultura-
ble in a variety of conventional modes (11, 14, 20), and
retains the ability to metabolize xenobiotic chemicals in
epithelial elements (12, 14), we have utilized these cultures
to study the feasibility of in vitro organotypic carcinogen
bioassay with UDS as an endpoint for carcinogenic poten
tial. Although skin is likely to possess quantitatively less
procarcinogen metabolic capacity than is liver, lung, kid
ney, or intestine (25), it is not yet clear whether metabolic
capacity or scheme of metabolism is more critical for in
vivo or for cell culture susceptibility to chemically induced
neoplastic transformation. Human liver might better be
used as a target tissue for general in vitro bioassay because
of its large metabolic capacity and diverse schemes of
metabolism, but it is not readily available.

Autoradiography for reliable detection of UDS in organo
typic primary skin cultures was initially attempted but,
because the epidermal cells (keratinocytes) were multilay-
ered (Fig. 1) and at various stages of differentiation, there is
significant variation in grain counts due to self-absorption
of tritium /3-decay. Direct scintillation counting of whole-
cell DMA has proven more rapid (6 days from the time of
T/1 replant) and more reproducible than autoradiographic
methods for quantitating UDS in skin cultures. This repro-
ducibility stems from the use of a large cryopreserved pool
of skin from several normal human foreskins and from the
achievement of homogeneous replicate cultures by a T/1
replant of primary keratinocytes. At 48 hr after replant, cells
in these cultures are less keratinized and multilayered than
are cells in mature primary cultures. In the replant process
highly differentiated keratinocytes, which would not re
spond in DMA synthesis, are partially eliminated from the
population since they do not adhere or grow.

From Chart 5 it is seen that primary cultures are needed
to detect UDS optimally with a procarcinogen like MCA.
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Table 3

Unscheduled DNA synthesis induced in human skin epithelial cells by an array of solitary chemicals

ChemicalnameA/-Acetoxy-2-fluorenylacetamideMNNGMCAMethylazoxymethanolacetateBP7,12-Dimethylbenz(a

)-anthraceneDibenzfa

,h)anthraceneAnthraceneBenzo(e)pyreneA/-2-FluorenylacetamideTris(2,3-dibromopropyl)-phosphateDimethylnitrosamineDiphenylnitrosaminePhenanthrenePyrene4-AminoazobenzeneMuta-

Experimen- genicity
tal carcino- in S. fy-
genicity in phimu-
rodents"r/um*UCe

+UC

+PC
+UC
+PC

+PC
+PC

+NAT
ONATPC

+NAT
+PC

w+NC
0NC
0NC
0PC

+No.

of in-

depend
ent as
says02552222*'332"'222222Unscheduled

DNA synthesis'*

Input doseranges0.1-0.9

/ig/ml 1-9/Â¿g/ml18+7

+3.5+2.5

+2.5+
1.1+3.2+â€”-10-99/xg/

ml22+11

+3.5+1.7+2.6

+1.4+2.0+Â±Â±Â±--â€”â€”â€”â€”100-400

Â¿ig/ml3.1

+-----â€”â€”-â€”

" From Refs. 17 and 36.
b From Ref. 24.
c Foreskin samples pooled from several (3 to 8) different individuals were used.
ri Synthesis corrected for background incorporation of [3H]dThd at each solvent concentration. Background

incorporation at solvent concentrations below 1% is the same as 1% solvent background, n = 3 to 5 wells per
determination. +, UDS 1,000 dpm above background with n > 3 (n = number of 16-mm wells used for each chemical
concentration). Number (thousands) before each + indicates the peak UDS response over that dose range. Â±,UDS
greater than background but less than 1,000 dpm in some human donor skins. -, UDS consistently (in all individual

human donor skins or pools) at or below background.
e UC, ultimate carcinogen; PC, procarcinogen; NC, noncarcinogen; NAT, not adequately tested; +, mutagen; 0,

nonmutagen; w+, weak mutagen.
1 Solvent used in all cases was acetone except where noted by asterisks, in which cases ethanol (*) or (CH3)Â¡,SO(**)

were used.

This is illustrated by a decreased ability of MCA to induce
UDS upon serial subculture of primary skin. On subculture,
cells of epithelial-like morphology are lost and fibroblasts
with some capacity to metabolize MCA lose their sensitivity
to UDS induction with MCA. MCA requires oxidative meta
bolic conversion to induce toxicity (10), DNA damage (40),
and DNA repair (29). Also, metabolic conversion of poly-
cyclic hydrocarbons in epidermal cells as opposed to fibro
blasts of skin is of greater magnitude (14-16, 37) and
perhaps of unique scheme (12). It is reasonable to expect
that high intrinsic metabolism is the principal reason for
achieving peak UDS induction with MCA in these organo-
typic cultures. Although primary human fibroblasts retain
some metabolic capacity (14) and are able to be damaged
by MCA (Chart 5), their relative contribution to UDS in the
present T/1 cultures is unknown.

Although the array of compounds thus far examined in
developing this approach to skin UDS is limited (Table 3),
some categorical statements are justified, (a) All ultimate
and proximate carcinogens and procarcinogenic polycyclic
hydrocarbons elicited reliable UDS at input doses below
their cytotoxic level. These polycyclic hydrocarbon procar-
cinogens were negative when assayed in human fibroblasts
without activation (27, 29). (b) As previously noted (1, 22),
repair response is saturated at low chemical concentra
tions, which leads to a plateau in the dose-response curve.

With the polycyclic hydrocarbon carcinogens, which are
only slightly soluble in complete cell culture medium, this
plateau is partly due to limited bioavailability of the com
pound despite increased input dose. We distinguish be
tween input dose and bioavailable dose, (c) There are
"weak" or "not adequately tested" carcinogens that give a

marginally positive UDS response only with certain skin
samples. Use of a large normal skin pool with greater
number of replicates would be required for definitive as
signment of these chemicals, (d) Some compounds in
hibited unscheduled [3H]dThd incorporation below back
ground in a semi-dose-related fashion. This inhibition is
presumed to be due to general cytotoxicity and dThd pool
size changes at high chemical concentrations. In some
cases treatment may cause unrepaired DNA damage which
further blocks residual HU-insensitive background synthe
sis.

Utilizing autoradiographic detection of UDS, Casto ef al.
(7) and Williams (41) have demonstrated the benefit of using
rodent target cells with an intrinsic ability to metabolize
diverse classes of chemical procarcinogens. Indeed, differ
ent degrees and schemes of metabolic activation for appli
cation to human cells can be achieved in vitro with a variety
of liver microsomal preparations (2, 22), but the key issue
of organ-specific human enzyme activation (9, 23, 35)
remains unresolved. The present skin UDS system ap-
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proaches resolution of this issue for human skin in culture
but does not represent a validated in vitro assay system
useful for prescreening large numbers of compounds for
their potential carcinogenic hazard to man (31). At the least,
with retention of organ-specific metabolism in primary
culture, a human skin epithelial cell UDS assay would better
permit in vitro to in vivo extrapolation for human risk
assessment with high-priority chemicals (9).

It is our working hypothesis that ultimate carcinogens
and procarcinogens efficiently metabolized by skin will
elicit a detectable UDS response in the assay as it is
presently constituted. Furthermore, improvements from
consideration of the types of DMA damage (23) and modes
of repair (8) for various classes of compounds may allow a
broader spectrum of chemical classes to be registered as
potential human skin carcinogens.

If other organotypic human cultures (liver, lung, colon,
etc.) retain their capacity for metabolism after arginine
deprivation and/or HU treatment, as demonstrated here
with human skin, it would be feasible to use a battery of
cultured epithelial cell types to assess the UDS response
elicited by many suspected environmental procarcinogens.
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Fig. 1. Cultures of human foreskin epithelial cells (keratinocytes) grown in lb-mm diameter wells of a 24-well Costar cluster dish. A, primary epitheliel
outgrowth island 2.5 weeks after planting of skin mince pieces; B, T/1 epithelial culture 48 hr after seeding at 4 x 10@viable cells harvested from a primary
culture: C, photomicrograph of Giemse-stained T/1 epithelial cells in the wells of B. x 125.
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