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We studied the repair of UV- and aflatoxin B1 (AFB,)-induced damage in the human metallothionein (hMT)
gene family. After exposure to either UV or AFB1, DNA damage was initially repaired faster in the DNA
fragments containing the transcribed hMT-IA, hMT-IE, and hMT-IIA genes than in the genome overall. By 6
h posttreatment, there was at least twice as much repair in these genes as in the rest of the genome. Repair of
UV damage in the hMT-IB gene, which shows cell-type specific expression, and in the hMT-IIB gene, which is
a nontranscribed processed pseudogene, was about the same as in the rest of the genome, whereas repair of
AFB1-induced damage was deficient in these two genes. Inducing transcription of the three expressed hMT
genes with CdCl2 or of only the hMT-UA gene with dexamethasone increased the initial rate of repair in the
induced genes another twofold over the rate observed when they were transcribed at a basal level. The rates
of repair in the hMT-IB and hMT-UB genes were not altered by these inducing treatments. Transcription of the
hMT genes was transiently inhibited after UV irradiation. Inducing transcription of the genes did not shorten
this UV-induced delay. Thus, the efficiency of repair of damage in a DNA sequence is dependent on the level
of transcriptional activity associated with that sequence. However, an increased efficiency in repair of a gene
itself is not necessarily coupled to recovery of its transcription after DNA damage.

An increasingly important area of investigation of DNA
damage and excision repair is whether all sequences in the
eucaryotic genome are repaired with the same efficiency.
Evidence has been presented for a more rapid removal of
pyrimidine dimers from the highly amplified dihydrofolate
reductase (DHFR) gene both in Chinese hamster ovary cells
(2, 3) and in human cells (20), for preferential repair of UV
damage in the expressed c-abl gene but not the inactive
c-mos locus in mouse cells (17), and for more efficient repair
of UV and aflatoxin B1 (AFB1)-induced damage in an active
and integrated pSV2-gpt than in the bulk of the monkey
genome (12). Recent evidence indicates that the removal of
UV damage from both the hamster and the human DHFR
gene is more rapid in the transcribed strand of the gene than
in the nontranscribed strand (21). The major distinction
between rodent and primate cells in repair of UV damage in
transcriptionally active DNA appears to be one of restricted
repair versus the rate of repair. Rodent cells appear to
restrict repair of UV damage to actively transcribed se-
quences, possibly leaving the remainder of the genome
relatively excluded from the repair process. In primate cells,
preferential repair is observed as a more rapid rate of repair
in active DNA sequences.

In this study, we examined the repair of UV and AFB1
damage in the nonamplified human metallothionein (hMT)
gene family by using an immunological method that isolates
DNA fragments containing bromouracil (BrUra) in repair
patches by means of a monoclonal antibody that recognizes
BrUra (12). Specific 32P-labeled hybridization probes are
used to detect and quantitate very small amounts of the
sequence(s) of interest in the repaired fraction of the DNA.
Unlike methods that rely on the loss of an endonuclease-
sensitive site from a sequence, this technique (i) detects the
repair synthesis event itself, thus eliminating the possible
error that would be produced if the loss of an endonuclease-
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sensitive site reflects modification but not repair of a lesion;
(ii) provides a sensitive measurement of repair since only
one, not all, of the lesions in a DNA sequence need be
repaired in order to detect repair in that sequence; (iii) allows
direct comparison of repair of a variety of types of DNA
damage; and (iv) makes it possible to simultaneously mea-
sure repair in more than one DNA sequence.
We focused on five members of the hMT gene family

because of the different functional states they represent. The
hMT-IA, hMT-IE, and hMT-IIA genes are expressed at a
basal level and their transcription is inducible, but these
genes show different responses to inducing agents such as
heavy metals and glucocorticoids (24). The induction of
hMT-IA and hMT-IE occurs only in the presence of Cd2 ,
not in the presence of Zn2+ or dexamethasone. The hMT-IB
gene is expressed only in some cell lines and may be tissue
specific (7). In a cell line where it is not expressed, the
5'-flanking region of the gene is highly methylated, whereas
it is not methylated in an expressing cell line. The hMT-IIB
gene is a processed pseudogene flanked by direct repeats and
possessing a poly(A) sequence at the 3' end (9). Therefore,
within a single system, we can measure the repair of DNA
damage in expressed genes for which transcription can also
be differentially modulated, in a nontranscribed processed
pseudogene, and in a gene whose expression may be tissue
specific.
We found that in human cells irradiated with UV or

exposed to AFB1, the initial rate of repair of damage in DNA
fragments containing the transcribed hMT-IA, hMT-IE, and
hMT-IIA genes was more rapid than in the genome overall.
Repair ofUV damage in the hMT-IB and hMT-IIB genes was
about the same as in the genome overall, whereas repair of
AFB1-induced damage was deficient in these two genes.
Inducing transcription of the hMT-IA, hMT-IE, and hMT-IIA
genes with CdCl2 or selectively inducing transcription of
hMT-IIA with dexamethasone further increased the initial
rate of repair in the induced genes but had no effect on repair
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in the genome overall or in the hMT-IB and hMT-IIB genes.

Transcription of the hMT genes was transiently inhibited
after UV irradiation. Inducing transcription of the genes did
not shorten this UV-induced delay. Therefore, the efficiency
of repair of damage in a DNA sequence is dependent on the
level of transcriptional activity associated with that se-

quence. However, an increased efficiency in repair of a gene
itself is not necessarily coupled to the recovery of its
transcription after DNA damage.

MATERIALS AND METHODS

Cell culture conditions and treatment. HT-1080, a near-

diploid human fibrosarcoma cell line (4), was grown in
minimal essential medium containing 10% fetal bovine se-
rum, 2 mM glutamine, and antibiotic-antimycotic solution
(GIBCO Laboratories, Grand Island, N.Y.). Cultures that
were 80 to 90% confluent were used in all experiments. For
prelabeling of DNA, cells were grown for 24 h in
[3H]thymidine (1 ,uCi/ml; Amersham Corp., Arlington
Heights, Ill.). The medium was removed, and the cells were
grown for an additional 3 days in nonradioactive medium.
Cultures were washed with phosphate-buffered saline and
irradiated at 254 nm, using a germicidal lamp at an incident
dose rate of 0.5 J/m2 per s, or exposed to 80 ,uM AFB1
(Calbiochem-Behring, La Jolla, Calif.) in the presence of an

activation buffer containing S9 microsomes (Sitek Research
Laboratories) for 60 min at 37°C (13, 14). After exposure to
the DNA-damaging agents, the cultures were incubated for
various lengths of time in medium containing 10 ,uM bromo-
deoxyuridine (BrdUrd) and 1 ,uM fluorodeoxyuridine. hMT
gene transcription was induced by incubation of cultures for
either 12 h in the presence of 2.5 ,uM CdCl2 or 15 h in the
presence of 0.1 ,uM dexamethasone (Sigma Chemical Co.,
St. Louis, Mo.) before exposure to UV light. The same

concentrations of the two inducing agents were used during
the post-UV incubation.

Repair analysis. High-molecular-weight DNA was isolated
from cells by lysing cultures with a solution of 10 mM Tris
(pH 8), 1 mM EDTA, 0.5% sodium dodecyl sulfate (SDS),
and 100 ,ug of proteinase K per ml for 12 to 16 h at 37°C.
Lysates were treated with 100 ,ug of RNase A per ml for 1 h
at 37°C and then gently extracted sequentially with buffered
phenol, phenol-chloroform-isoamyl alcohol (24:24:1), and
chloroform-isoamyl alcohol (24:1). The nucleic acids were
then extensively dialyzed against 10 mM Tris (pH 8)-0.1 mM
EDTA. The DNA was incubated with the endonuclease
EcoRI (Bethesda Research Laboratories, Inc., Gaithers-
burg, Md.), using 8 U of enzyme per ,ug of DNA, for S h at
37°C. All digestions were checked for completion by elec-
trophoresis of an aliquot of each sample on agarose minigels.
After digestion, the DNA was centrifuged to equilibrium in a

CsCl gradient to separate parental-density DNA (containing
BrUra-substituted repair patches) from hybrid-density DNA
(synthesized by semiconservative replication) (28). The pa-

rental-density DNA was then dialyzed extensively against 10
mM Tris (pH 8)-0.1 mM EDTA.

Unreplicated parental-density DNA was reacted with a

monoclonal antibody against BrUra (supplied by M. Vander-
laan, Lawrence Livermore National Laboratory) as previ-
ously described (12). Heat-denatured DNA (50 ,ug) was

incubated with the antibody (30 jig) in phosphate-buffered
saline containing 0.1% bovine serum albumin for 1 h at 37°C.
An equal volume of ice-cold saturated ammonium sulfate in
phosphate-buffered saline was added, and the incubation
continued overnight at 4°C. The DNA bound by the antibody

was collected as a pellet by centrifugation for 10 min in a
microfuge (Beckman Instruments, Inc., Fullerton, Calif.) at
4°C. The supernatant was carefully removed, and the pellet
was dissolved in double-distilled water. Aliquots of the
supernatant and pellet were assayed for radioactivity by
liquid scintillation counting to determine the relative amount
of DNA bound by the antibody.

Equal amounts of DNA, based on the 3H prelabel, from
the supernatant and pellet were electrophoresed on 0.7%
neutral agarose gels. After electrophoresis, the DNA was
transferred to a nitrocellulose membrane. Hybridizations
with the 32P-nick-translated probe phMT-I13 were carried
out in 6x SSPE (SSPE = 100 mM NaCl, 10 mM NaPO4 [pH
7.8], 1 mM EDTA), ix Denhardt solution, 300 p,g of
denatured salmon sperm DNA per ml, 0.5% SDS, and 50%
formamide for 48 h at 42°C. After hybridization, the mem-
branes were washed and exposed to XAR-5 X-ray film
(Eastman Kodak Co., Rochester, N.Y.). The intensity of
hybridization to the fragments of interest was measured by
scanning densitometry of the autoradiogram. The value for
the density of each fragment was multiplied by the amount of
DNA in the bound or free fractions to obtain the total
amount of each gene in each fraction. The percentage of
each hMT gene bound by the antibody was then calculated
from the total amount of the gene in the bound fraction
divided by the total amount of the gene in the bound-plus-
free fractions.
RNA isolation and analysis. Total RNA was isolated by

lysing cultures in 4 M guanidinium isothiocyanate-5 mM
sodium citrate (pH 7)-0.1 M 2-mercaptoethanol-0.5% sarco-
sine and purified by centrifugation through a cushion of 5.7
M CsCl-0. 1 M EDTA (pH 7.5). The RNA pellet was
suspended in 10 mM Tris (pH 7.5)-l mM EDTA-1% SDS,
extracted once with an equal volume of chloroform-i-
butanol (4:1), and precipitated in ethanol. The RNA was
then suspended in 10 mM Tris (pH 8)-i mM EDTA and
analyzed either by electrophoresis on 1.5% formaldehyde
agarose gels and transferred to GeneScreen Plus membranes
(Dupont, NEN Research Products, Boston, Mass.) (18) or
by direct slot blotting of the RNA onto mRNC nitrocellulose
(Schleicher & Schuell, Inc., Keene, N.H.). Hybridizations
to mRNA on GeneScreen Plus membranes were carried out
in a solution of 5x SSPE, 1% SDS, 200 ,ug of denatured
salmon sperm DNA per ml, 50 ,ug of poly(A) per ml, and 50%
formamide for 48 h at 42°C. Hybridizations to mRNA slot
blotted onto nitrocellulose were carried out in a solution of
6x SSPE, 1% SDS, 250 jig of denatured salmon sperm DNA
per ml, 62.5 ,ug of poly(A) per ml, and 50% formamide for 48
h at 42°C. The blots were probed sequentially for hMT
mRNA and 18S rRNA. The levels of hMT mRNA were
normalized to the amount of 18S rRNA to correct for any
differences in the amount of RNA loaded.

Probes. A full-length cDNA clone of human hMT-II
mRNA, phMT-I13 (provided by M. Karin, University of
California at San Diego), was used to detect the hMT genes
in human genomic DNA. A BamHI-PvuII fragment of
phMT-113, which contains the hMT-II coding region, was
used to detect hMT mRNA, a PvuII-PvuI fragment of
phMT-113, containing the 3' untranslated region of this
cDNA, was used to detect specifically the hMT-IIA mRNA
(8), and an EcoRI fragment of pLS2 (obtained from J.
Sylvester, University of Pennsylvania, Philadelphia), which
contains most of a human 18S ribosomal gene, was used to
detect 18S rRNA.
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RESULTS

The basic approach used here to study repair in specific
sequences involves the physical separation of DNA regions
containing BrdUrd substitution in repair patches from all
other DNA by using a monoclonal antibody against BrdUrd
(12). We applied this method to examine whether the repair
of damage in selected members of the hMT gene family is
different from that in the genome overall. Human cell
cultures, labeled in their DNA with [3H]thymidine, were
exposed to a DNA-damaging agent and then allowed to
repair for various lengths of time in the presence of BrdUrd.
Purified restriction enzyme-digested, parental-density (un-
replicated) DNA was reacted with a monoclonal antibody
that binds BrdUrd in DNA, and total repair was assessed by
measuring the amount of 3H-labeled DNA bound by the
antibody. Repair in the hMT genes was determined by
electrophoresing on agarose gels equal amounts of DNA
from the bound and free fractions and then quantitating the
amount of hybridization that occurred to a specific restric-
tion fragment in each fraction (29, 31). The amount of
hybridization was then compared with the amount of total
DNA in each fraction.

Repair was examined in the hMT genes by using a
full-length cDNA probe of hMT-II RNA, phMT-II3. Because
of the extensive homology (at least 80%) of the members of
this gene family to the coding region of hMT-II, this probe
hybridizes to 12 different bands when genomic DNA is
digested with EcoRI (9). These hybridizing bands corre-
spond to DNA fragments containing the multiple members of
the hMT gene family. Our studies focused on five members
of this gene family: the hMTIA and hMTIE genes, located on
a single 10-kilobase (kb) fragment; the hMTIB gene, located
on a 14-kb fragment; the hMTIIA gene, located on a 5.9-kb
fragment; and the hMT-IIB gene, which, because of a
polymorphic EcoRI site in its 5'-flanking region, is on two
fragments of 4.8 and 4.6 kb, respectively (9, 16, 27). The size
of the transcriptional units of hMT-IA, hMT-IE, hMT-IB, and
hMT-IIA is approximately 1 kb, whereas the size of hMT-IIB
is approximately 0.5 kb.

Early repair of UV and AFBI damage in the hMT genes.
Since preferential repair in the human DHFR gene was
found to occur at early times after exposure to UV light (20),
we initially examined repair in the hMT genes during the first
6 h posttreatment. Human cells were exposed to 10 J of UV
per m2 and allowed to repair for various lengths of time in the
presence of BrdUrd. Visual comparison of the samples from
the fractions of DNA bound by the antibody (i.e., containing
repair patches) and from fractions of DNA free of the
antibody (i.e., not containing repair patches) on agarose gels
by fluorescent staining verifies that equal amounts of DNA
from each fraction were electrophoresed (Fig. 1A). How-
ever, a comparison of the intensities of hybridization to
restriction fragments containing the hMT genes from the
same gel indicates a substantial difference in the amount of
some of the genes in the bound and free fractions (Fig. 1B).
The intensity of hybridization was quantitated by densitom-
etry, and the percentage of each gene in the bound fraction
per microgram of DNA was compared with the percentage of
total DNA bound by the antibody (Fig. 2). An increase in the
percentage of the hMT genes in the DNA bound by the
antibody was found with post-UV incubation. Between 0
and 6 h post-UV, much higher percentages of the transcribed
hMT-IA, hMT-IE, and hMT-IIA genes than of total DNA
were found in the repaired fraction, whereas the percentages

of the hMT-IB and hMT-IIB genes in the antibody-bound
fraction were similar to the percentage of total DNA.
We previously demonstrated that in confluent cultures of

African green monkey cells, there was a deficient repair of
damage induced by AFB1 in the nontranscribed alpha se-
quence even though repair of UV damage in this sequence
was about the same as in the bulk of the genome (12, 14). To
determine whether there might be a differential repair of
damage depending on the type of damage introduced into the
DNA sequence in the nontranscribed hMT genes, we mea-
sured repair in these after exposure of cells to AFB1.

Cell cultures were exposed to 80 ,M AFB1 and then
allowed to repair in the presence of BrdUrd. As with
UV-induced damage, AFB1-induced DNA damage was re-
paired approximately 2.5 times faster in the transcribed
hMT-IA, hMT-IE, and hMT-IIA genes than in total DNA by
6 h posttreatment (Table 1). However, in contrast to our
findings with UV, repair of AFB1 damage was approximately
three times slower in the hMT-IB and hMT-IIB genes than in
the genome overall. Therefore, the efficiency of repair of
damage in a nontranscribed sequence appears also to be
dependent on the type of damage produced in that sequence.
Repair in the hMT genes induced with CdC12 or dexameth-

asone. Since an initial rapid repair of UV damage was
observed in regions of the genome containing the hMT-IA,
hMT-IE, and hMT-IIA genes when they were being tran-
scribed at a basal level, we examined the effect of the
induction of transcription of the hMT genes on the efficiency
of repair. Northern (RNA) and slot blot analysis showed that
incubation of cells in the presence of 2.5 ,uM CdCl2 produced
a 15- to 20-fold increase in the level of hMT mRNA, which
reached a plateau between 12 and 18 h. Further increasing
either the concentration of CdCl2 (up to 10 ,uM) or the length
of time (up to 24 h) that the cells were exposed to it did not
result in a greater induction of hMT mRNA. In fact, incu-
bation for time periods of longer than 18 h resulted in a
decrease from the maximally induced levels of mRNA. The
conditions used for induction of the hMT genes did not
produce any detectable DNA damage, nor did they affect the
overall level of repair of UV damage in these cells (data not
shown). For repair experiments, cell cultures were incu-
bated in the presence of 2.5 ,uM CdCl2 for 12 h before
exposure to UV light and for up to 6 h during the post-UV
incubation. When cells incubated with CdCl2 were irradiated
with UV at 10 J/m2, higher percentages of the hMT-IA,
hMT-IE, and hMT-IIA genes were in the repaired fraction of
the DNA than were in the repaired fraction under conditions
in which the genes were being transcribed at a basal level
(Fig. 3). Repair in the hMT-IB and hMT-IIB genes was about
the same as in total DNA regardless of whether hMT gene
transcription was induced (data not shown).

Since the initial rate of repair of UV damage in the
hMT-IA, hMT-IE, and hMT-IIA genes was increased at least
twofold when transcription of these genes is induced by
incubation of the cells with CdCl2, and since most of the
hMT genes have been shown to be clustered on the same
chromosome (8), we examined the effect of selective induc-
tion of the hMT-IIA gene alone with dexamethasone on the
repair of noninduced hMT genes that may be in relatively
close proximity. Conditions for maximal induction of the
hMT-IIA gene by dexamethasone were determined by
Northern and slot blot analysis of hMT-IIA mRNA levels.
Incubation of cell cultures with 0.1 p.M dexamethasone
produced a fivefold increase in the level of hMT-IIA mRNA,
which reached a plateau between 12 and 24 h. Treatment of
cells with up to 1.0,uM dexamethasone for the same time
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FIG. 1. Southern analysis of repair in hMT genes. Cells were exposed to UV at 10 J/m2 and allowed to repair for various lengths of time
in the presence of 10 ,uM BrdUrd. Genomic DNA, digested with EcoRI, was reacted with the antibody to BrdUrd. (A) Ethidium
bromide-stained agarose gel (0.7%) of DNA from the fractions bound (b) by the antibody or free (f). (B) Autoradiogram of Southern transfer
of DNA from the gels in panel A hybridized with the probe phMT-113. Positions of the hMT genes studied are identified by the arrows. Size
markers are indicated.

period did not further increase the levels of mRNA. Cell
cultures were incubated in the presence of 0.1 puM dexameth-
asone for 15 h before exposure to UV and for 6 h during the
post-UV incubation. After UV irradiation of the cells at 10 J/
m2, a higher percentage of the hMT-IIA gene was in the
repaired fraction following the selective induction of its
transcription than was found when the gene was being
transcribed at a basal level (Fig. 3). Repair in DNA frag-
ments containing the hMT-IA gene was still greater than in
the total DNA but was not increased by treatment of the
cells with dexamethasone. Repair in the hMT-IB and hMT-
IB genes was about the same as in total DNA regardless of
whether hMT-IIA gene transcription was induced.

Since the transcribed hMT genes were repaired more
rapidly than were the nontranscribed genes and this differ-
ence in the rate of repair was accentuated when transcription
was induced above the basal levels, we examined the effect
of induction on the kinetics of hMT transcription after UV
irradiation. Cell cultures were incubated in either the pres-
ence or the absence of 2.5 ,uM CdCl2 for 12 h before being
irradiated with 10 J of UV per m2 or sham irradiated. The
cells were then allowed to continue to incubate with or
without CdCl2, and total cytoplasmic RNA was extracted at

various times. Specific mRNA was detected by both North-
ern and slot blot analysis, using the full-length cDNA probe
of hMT-II RNA contained in phMT-I13, and was quantitated
by densitometry of the autoradiogram. For each sample, the
amount of hybridization to hMT mRNA was normalized to
the amount of 18S RNA. A comparison of the amount of
hMT mRNA present in irradiated and unirradiated cells
showed that regardless of whether the hMT genes had been
induced, hMT mRNA levels in irradiated cells decreased
approximately twofold by 1 h post-UV and returned to
unirradiated levels by 4 h post-UV (Fig. 4). Therefore,
inducing transcription of the hMT genes did not result in a
more rapid recovery of their transcription after UV irradia-
tion. It has been suggested that the hMT genes may be part
of a stress response in human cells because hMT mRNA
levels were found to be induced 48 h after UV irradiation (1).
In our experiments, however, no induction of hMT mRNA
was observed in irradiated cells for up to 24 h post-UV.

Late repair of UV and AFB1 damage in the hMT genes.
Repair in the hMT genes was also examined at times later
than 6 h after exposure of cells to UV (10 J/m2) or AFB1 (80
,uM). Between 6 and 24 h post-UV, the rate of repair in DNA
fragments containing the hMT-IA, hMT-IE, hMT-IIA, and
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FIG. 2. Kinetics of early repair in hMT genes. Cells were exposed to UV at 10 J/m2 and allowed to repair for various lengths of time. The

percentage of total DNA bound by the antibody was determined from the 3H prelabel. The percentages of the individual hMT genes in the
fraction bound by the antibody were determined by densitometry of the autoradiogram. Points indicate means of seven determinations; bars
indicate standard errors.

hMT-IIB genes slowed down compared with the rate in total
DNA, reaching a plateau by 24 h (Table 1). However, repair
in the DNA fragment containing the hMT-IB gene continued
to increase by 24 h, as did repair in total DNA. Between 6
and 24 h after exposure to AFB1, the rate of repair in the
transcribed hMT genes also began to slow down compared
with the rate in total DNA and leveled out by 24 h. Rates of
repair in the DNA fragments containing the hMT-IIB and
hMT-IB genes continued to increase during the longer post-
treatment incubation but were still only 30 and 40%, respec-
tively, of that observed in total DNA. Thus, the initial higher
rate of repair found in those DNA fragments containing the
transcribed hMT genes was not observed at later times.

DISCUSSION

We examined the repair of UV- and AFB1-induced dam-
age in five members of the hMT gene family that are in
different functional states. We used an assay that allows
direct comparison of repair in these sequences for several
classes ofDNA damage and found that, initially, DNA repair
was more efficient in the three transcriptionally active genes
than in the bulk of the genome. Repair of UV damage in a
nontranscribed hMT pseudogene and in an hMT gene whose
transcription shows cell-type specificity was initially about
the same as in the rest of the genome, whereas repair of

TABLE 1. Repair of AFB1 and UV damage in hMT genes

% Bound'
Agent Time (h)

Total hMT-IA MT-1B hMT-IIB

AFB, (80 LM) 6 3 7 8 1 1
12 7 11 10 3 2
24 13 17 15 5 4

UV (10J/m2) 6 5 12 13 4 5
12 11 16 14 11 7
24 25 20 15 23 11

a Values represent the means of seven experiments. Standard errors were
10%o or less of the means.

AFB1-induced damage in these two genes was deficient
compared with repair in the genome overall.

In our experiments, repair is measured as the percentage
of a DNA sequence that is bound by an antibody which
recognizes and binds a BrUra-substituted repair patch in
single-stranded DNA. We have previously shown that in-
creasing the number of repair patches substituted with
BrUra, by increasing either the initial amount ofUV damage
or the post-UV incubation period, increases the total amount
of DNA bound by the antibody and that the percentage of
the repair patches detected by the antibody is independent of
fragment size for DNA fragments of between 0.2 and 15 kb
(12). Therefore, we are able to measure repair in most of the
hMT genes simultaneously even though they are contained
on DNA fragments of more than one size. In this study, we
irradiated cells with a fluence of 10 J of UV per m2, which
produces approximately 0.8 pyrimidine dimers per 10 kb
(30). Based on their size, the restriction fragments containing
the hMT genes should contain between 0.4 and 1.1 pyrimi-
dine dimers. Therefore, a single repair patch within a DNA
fragment will reflect complete repair of damage on that
fragment. Although our assay measures the repair event
itself, it does not provide information as to the initial lesion
frequency; therefore, differences in repair between DNA
sequences could be attributed to both differential rates of
repair and a nonrandom lesion distribution. However, in our
previous studies and those of others, no significant differ-
ences have been detected in the initial levels of damage
produced by UV, AFB1, and several other agents in a
variety of DNA sequences (3, 14, 17, 21).
The repair kinetics for damage in DNA fragments contain-

ing the three transcriptionally active hMT genes (hMT-IA,
hMT-IE, and hMT-IIA) showed two components: an initial
fast rate of repair during the first 6 h posttreatment, followed
by a much slower rate between 12 and 24 h posttreatment.
The initial repair rates are independent of the size of the
restriction fragments that contain the genes; however, the
extent of repair observed for each gene corresponds to the
overall fragment size and hence to the expected frequency of
initial damage in each fragment. One explanation for the
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FIG. 3. Kinetics of early repair in induced hMT genes. Transcription of the hMT genes was induced before exposure of the cells to UV

at 10 J/m2 and maintained during the repair period. Points indicate means of three determinations; bars indicate standard errors. Shown are
percentages of total DNA (O), hMT-IA-IE (0), and hMT-IIA (A) bound by the antibody after induction with 2.5 ,uM CdCl2; hMT-IA-IE (0)
and hMT-IIA (A) after induction with 0.1 ,uM dexamethasone; and hMT-IA-IE (--- -) without induction, taken from Fig. 2.

biphasic kinetics is that the initial rates reflect a very rapid
repair of damage in the transcribed hMT genes, with the
slower rates at later times corresponding to repair in other
sequences on these fragments. Since little is known about
other sequences contained on these fragments, including
whether these surrounding sequences are transcriptionally
active, it will be of interest to determine the repair kinetics
for sequences that flank the transcriptionally active hMT
genes.

In contrast to rates of repair for the hMT-IA, hMT-IE, and
hMT-IIA genes, the rate of repair for the DNA fragment
containing the hMT-IB gene is linear for up to 24 h post-UV
and similar to the rate of repair in total DNA. The similarity
in the rate of repair of that for total DNA indicates that this
gene is not being preferentially repaired and is consistent

0 1 2 3 4

POST-UV INCUBATION (Hr)
FIG. 4. Levels of hMT mRNA after UV irradiation. The amount

of hMT mRNA was measured in cells, induced with 2.5 FtM CdCl2
or uninduced, by Northern and slot blot analysis at various times
after a 10-J/m2 dose of UV. The amount of hMT mRNA at each time
point from induced (0) and uninduced (O) cells was normalized to
the amount of 18S rRNA to correct for any differences in the
quantity ofRNA loaded and is expressed as the ratio ofhMT mRNA
in samples from irradiated cells to that in unirradiated cells.

with the idea that the gene is not transcribed in this cell type.
The linearity in the kinetics of repair for up to 24 h compared
with the biphasic kinetics for the other hMT genes is not
surprising, since this gene is contained on the largest frag-
ment studied and should have the highest frequency of initial
damage. Consequently, repair of damage is still occurring on
this DNA fragment, whereas it has gone to completion on
smaller fragments. The repair kinetics observed for the DNA
fragment containing the nontranscribed hMT-IIB pseudo-
gene show an initial rate similar to that for total DNA, with
a slower rate of repair after 6 h. Since this DNA fragment
should contain the least amount of damage because of its
small size, the plateau in repair at later times probably
reflects the completion of repair.
There are a number of factors that not only distinguish

transcriptionally active DNA from inactive regions of the
genome but also are involved in the fine control of gene
expression. Several of these, including the chromatin con-
formation associated with a DNA sequence and perhaps
even the transcriptional complex itself, appear to affect the
efficiency ofDNA repair in mammalian cells. Several groups
have shown correlations between increased repair efficien-
cies and various structural features of mammalian chromatin
such as the nuclear matrix (22), DNA loops (5), and relaxed
chromatin structures (25). The chromatin structure associ-
ated with active genes renders these sequences highly sen-
sitive to digestion by DNase I, indicating greater accessibil-
ity of this DNA in chromatin (32). The mouse MT-I gene is
highly sensitive to micrococcal nuclease digestion when it is
actively transcribed but shows a sensitivity intermediate
between that of active genes and nontranscribed sequences
when it is in a quiescent state (11). A further increase in
nuclease sensitivity is observed in the mouse MT gene after
induction with cadmium (10). We find that increasing tran-
scription of the hMT genes by induction with either a heavy
metal or a glucocorticoid hormone also increases the rate of
repair in the induced genes but does not affect the efficiency
of repair in the uninduced genes. Increased repair in an
amplified CHO MT-I gene after induction with a heavy metal
has also been observed recently (23).
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Induction of the MT genes by heavy metals and glucocor-
ticoids is regulated primarily at the level of transcription
initiation, although there is a small effect of glucocorticoid
induction on MT mRNA stability (6, 8). The more efficient
repair in the induced hMT-IA gene appears to be relatively
localized in that it does not affect the efficiency of repair in
the nearby hMT-IB gene (approximately 12 kb downstream;
24). Therefore, increased repair efficiency may be due to
both the more open chromatin conformation associated with
transcriptionally active DNA and a localized strand-specific
repair reported by Mellon et al. (21), in which the transcribed
strand of both the hamster and the human DHFR gene is
preferentially repaired compared with the nontranscribed
strand. It is hypothesized that the arrest of transcription at a
lesion in the DNA selectively directs repair to the tran-
scribed strand. If transcription or the transcriptional com-
plex directs repair of the transcribed strand, then this
process could account for the further increase in repair
efficiency of a gene when its transcription is induced. Fur-
ther studies are necessary to determine whether there is
strand-specific repair in the transcriptionally active hMT
genes, what effect inducing transcription of these genes has
on that repair, and whether strand-specific repair occurs for
more than one type of damaging agent.
DNA fragments containing the hMT-IB and hMT-IIB

genes did not show preferential repair of UV damage com-
pared with the rest of the genome and in fact showed
deficient repair of AFB1 damage. This suggests that one or
more of the factors that influence the efficiency of repair of a
DNA sequence are altered compared with the transcription-
ally active genes. The deficient repair of AFB1 damage in
these two genes suggests that they may possess chromatin
conformations significantly different from those of tran-
scribed genes. A more compact chromatin structure associ-
ated with the heterochromatic, nontranscribed alpha DNA
of African green monkey cells is thought to account for the
deficient repair of certain bulky chemical adducts in this
DNA sequence (12, 14, 33). A more compact chromatin
structure may also be associated with regions surrounding
developmentally regulated genes, such as hMT-IB, when
they are in a highly methylated, nonexpressed state and with
regions surrounding nonexpressed, processed pseudogenes,
such as hMT-IIB. The observation that repair of AFB1
damage in the hMT-IB gene is deficient may also provide
important insights into the processes involved in the activa-
tion of proto-oncogenes that are developmentally regulated.
At times in development when these genes are not ex-

pressed, their chromatin structure may render them more
prone to genetic alterations because of a deficiency in repair.
Subsequent transcriptional activation of the altered gene
might then contribute to the malignant phenotype.
We found that after an initial decrease in hMT mRNA

levels after UV damage, hMT transcription recovered rap-
idly, well before significant levels of repair were detected in
the genome overall. A similarly rapid recovery in total RNA
synthesis has previously been reported for human cells
irradiated with UV (19). The decrease probably reflects the
inhibition of transcription due to damage in the DNA tem-
plate (26). Since hMT mRNA has a half-life of only 2 h, a
decrease would be noted relatively early after UV irradia-
tion. However, the extent of the decrease in mRNA levels is
greater than would be predicted if the inhibition were due to
the transcriptional apparatus encountering a pyrimidine di-
mer within the gene. At a fluence of 10 J of UV per cm2,
approximately 92% of the hMT genes will not contain
pyrimidine dimers in their transcribed strands. This dose,

however, produces a 30% decrease in hMT mRNA levels. In
addition, inducing transcription of the hMT genes did not
affect the time required for transcription of the genes to
recover after UV. Therefore, the target for the inhibition of
RNA synthesis may be larger than the gene itself, such that
more efficient repair in the gene alone is not sufficient to
shorten the recovery period. DNA damage in regions outside
the transcriptional unit of the gene may also be inhibiting
transcription of that gene. These could be regions containing
promoter or enhancer sequences upstream of the transcrip-
tional start site that are crucial for proper assembly of
promoter-binding proteins and RNA polymerase. Within this
context, the return in hMT mRNA levels by 4 h probably
reflects the rapid repair of damage both in the genes and in
regions adjacent to the genes. It will be of interest to
determine what effect DNA damage has on the binding of
transcriptional factors, such as Spl and AP1, to controlling
sequences in the 5'-flanking region of hMT-IIA (15) and what
role repair in these controlling sequences might play either in
the recovery of transcription after DNA damage or in
facilitation of strand-specific repair. The observed decrease
followed by a rapid resumption in hMT mRNA synthesis
after UV irradiation may be a common feature of transcribed
genes, since a similar pattern for the inhibition and recovery
of transcription for the a-actin gene was also found after UV
irradiation (S. A. Leadon and M. M. Snowden, unpublished
observations).
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