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Abstract

Previous studies of ERCC-1 gene expression levels in chronic lympho-

cytic leukemia and ovarian carcinoma tumor specimens indicated that
increased gene expression may correlate with a lack of response to the
alkylating agents, melphalan, and cu-diamminedichloroplatinum (II). In
order to demonstrate direct involvement of the ERCC-1 protein in repair
of melphalan lesions, the ERCC-1 defective Chinese hamster ovary cell line
UV20 was transfected with the human ERCC-1 complementary DNA.

Stably transfected I V2(1 cells demonstrated an increase in resistance to
melphalan. Wild type Chinese hamster ovary AA8 cells were then stably
transfected with the same complementary DNA. The result was an in
crease in sensitivity to melphalan. There was no effect on sensitivity to uv
light, but the ERCC-1 transfected AA8 cells had an increased sensitivity to
cu-diamminedichloroplatinum (II). These results suggest that overexpres-
sion of human ERCC-1 may inhibit a pathway specific to the repair of
bifunctional DNA damaging agent lesions in AA8 cells. ERCC-1 trans

fected AA8 cells should be useful in determining the precise role of
ERCC-1 in repair of DNA cross-links induced by melphalan.

Introduction

Nucleotide excision repair, which removes DNA lesions induced by
uv light and bulky chemical adducts, is a dominant pathway in the
repair of nitrogen mustard lesions on DNA. ERCC-1, a human exci

sion repair gene, was cloned by complementation of the ultraviolet
light hypersensitive CHO3 cell line 43-3B (UV complementation

group 1) (1). Another group 1 CHO mutant, UV20, is hypersensitive
to uv light and a wide variety of bifunctional DNA damaging agents
including the nitrogen mustards (2). We have demonstrated that re
sistance to the nitrogen mustards in CLL correlates with increased
removal of DNA cross-links implicating enhanced DNA repair in this
process (3). Furthermore, there was a 2-fold increase in expression of
the ERCC-1 1.1-kilobase (protein encoding) transcript in the lympho

cytes from resistant CLL patients as compared to those of untreated
CLL patients, suggesting that increased expression oÃERCC-1 might
be responsible for the nitrogen mustard resistance in CLL (4). ERCC-1

expression was increased in tumors from ovarian carcinoma patients
who did not respond to c/j-Pt (5). Thus, the increased expression of
ERCC-1 correlates with lack of response to bifunctional DNA dam
aging agents. In order to evaluate the effect of ERCC-1 on DNA repair

of nitrogen mustard damage, we demonstrated complementation of
hypersensitivity to MLN (L-phenylalanine nitrogen mustard) by trans-
fection of the human ERCC-1 cDNA into UV20 cells. We then trans

fected the same cDNA into wild type CHO cells to determine if
overexpression of this protein can confer resistance to MLN.
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Materials and Methods

Drugs and Cell Culture. Stock MLN (Sigma) was dissolved in 75%
ethanol and 0.032 N HCI at a concentration of 2 mg/ml. Immediately prior to
addition of drug to the culture medium, the MLN stock was diluted into
Dulbecco's phosphate buffered saline. Cis-Pl was obtained from the hospital

pharmacy at a concentration of 1 mg/ml in isotonic saline. Cells were irradiated
with uv light (254 nm) from a 60 Hz, 0.16 A uv lamp at a fixed distance of 19
cm. CHO cell lines (AA8 and UV20) were maintained in a-minimum essential

medium, 10% fetal bovine serum, 10 /le/iiil gentamycin. Transfected cell lines
were maintained in MAXTA as described by Weber et al. (6). All cell culture
reagents were obtained from GIBCO (Grand Island, NY) and tissue culture
plasticware was obtained from NUNC (GIBCO). Cells were found free of
mycoplasma at the end of the experimentation period by staining with Hoechst
33258 and visualization under uv light.

Cytotoxicity Assays. Aliquots of 150 cells were seeded into 60-mm Petri

dishes and given 4 h to attach to the substratum prior to treatment. The cells
were then treated with either MLN, cii-Pt, or uv light and incubated for 6 days.
Colonies were fixed and stained in 10% trichloroacetic acid 0.2% Sulfor-

hodamine B (Sigma) and washed with 1% acetic acid. Routinely the colony
forming efficiency of the UV20, AA8, and transfected cells was 70-80%.
During the assay period, all cell lines were cultured in a-minimum essential

medium, 10% fetal bovine serum. In each assay, a control line (AA8 or
CONIII-1) was included to account for any possible variations due to drug

stock concentrations.
Transfection Experiments. Plasmids were prepared by alkaline lysis and

purified on cesium chloride gradients (8). The expression vector containing the
ERCC-1 cDNA, pCDE, was graciously supplied by G. Weeda and has been

characterized previously (7). The pSVblank plasmid was prepared from the
pCDE plasmid by Xho I digestion to release the cDNA, followed by religation
of the remaining vector sequences (which still contain the SV40 transcriptional
regulatory elements). Cells were transfected using the calcium-phosphate tech
nique as described by Weber et al. (6). Briefly, 2 X IO6cells in a 100-mm Petri

dish were transfected with 18 fig of either pcDE or pSVblank and 2 fig of
pSV2gpt overnight. The next day cells were washed and allowed to grow in
nonselective medium for 24 hs. The cells were then harvested and seeded into
MAXTA medium (6) in 100-mm Petri dishes at increasing dilutions to allow

for individual colony formation. After approximately 10 days, colonies were
visible and several colonies were selected at random using glass cloning rings
(BÃ©licoBiotechnology). The colonies were then expanded to cell lines and
cryogenically stored for later use. Clones were screened for the appearance of
novel transcripts by Northern analysis, indicating expression of the transfected
cDNA. Stock cells were maintained under a constant selection of MAXTA and
cells used in cytotoxicity assays were cultured in nonselective medium for 3
days as described (16).

Northern Analysis. Total RNA was prepared from subconfluent monolay-
ers the day of each cytotoxicity assay using the acid guanidinium thiocyanate-
phenol-chloroform extraction method (8). This was done to ensure that the
ERCC-ÃŒtransfected cells were still expressing the human cDNA after the
3-day incubation in nonselective medium. Total RNA (10-15 fig) was sepa
rated on a 1.2% agarose-formaldehyde gel and transferred by capillary action

onto nylon filters (ICN Biomedicals). Radiolabeling of probes and hybridiza
tion conditions have been described previously (4).

Western Analysis. Western analysis was performed as previously de
scribed in order to detect human ERCC-1 protein (13). Samples used in the
Western analysis were taken following a 3-day incubation in nonselective

medium. The polyclonal rabbit antiserum was kindly supplied by Dr. N. G. J.
Jaspers (13).
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Results

The involvement of ERCC-I ip the repair of nitrogen mustard

lesions has always been inferred by the hypersensitivity of the UV20
cell line (UV complementation group 1, lacking a functional ERCC-I)
to nitrogen mustard analogues (2). These cells demonstrate a 20-fold
hypersensitivity to MLN (Fig. 1/4). While ERCC-I complements the

hypersensitivity of these cells to mitomycin C and monoalkylating
agents (1,9), it has not yet been demonstrated for nitrogen mustards
which alkylate a site on the DNA different from mitomycin C (N-7
guanine as opposed to N-2 guanine). This results in a distinctly dif
ferent DNA lesion. The ERCC-1 gene demonstrated a strong evolu

tionary conservation, and therefore, one would expect the gene prod
uct to be functional in the CHO cell line (10). Correction of the
hypersensitivity to MLN in UV20 cells using this cDNA would prove
functionality of the pCDE expression vector. Two randomly selected
UV20 clones transfected with ERCC-I (UVIII-1 and UVIII-2) were

examined for resistance to MLN (Fig. \A). Both clones exhibited
increased resistance but complementation was not complete. Comple
mentation was also partial for mitomycin C and uv light (1).

Next we transfected the wild type AA8 cell line in order to deter
mine whether ERCC-1 overexpression would render cells with wild

type DNA repair resistant to MLN. Multiple clones were selected and
screened for overexpression of ERCC-I. Two clones were chosen
(CAIII-8 and CAIII-12) that demonstrated the presence of novel tran

scripts which coincided with those in the UV20 transfectants (Fig.

2A). Multiple forms of the human ERCC-1 transcript are detected by

Northern analysis (Fig. 2A). These alternate forms may arise from
improper splicing of the 19 S intron in the expression construct.
Another source of higher molecular weight transcripts may be alter
nate polyadenylation. It has previously been shown that the human
gene produces multiple transcripts which arise from differential poly
adenylation (7). Surprisingly, the ERCC-I transfected AA8 cells
(CAIII-8 and -12) displayed an approximately 2-fold increase in MLN

sensitivity (Fig. \B). Several lines were developed from clones which
expressed only the endogenous transcript (Fig. 2A, CAIII-9) and dis

played wild type sensitivity to MLN (data not shown). As a control for
transfection, cells were transfected with a blank construct (pSVblank)
which was identical to pcDE but the ERCC-I cDNA was removed.

Two lines were developed from this transfection, both of which ex
hibited wild type sensitivity; the data for one line, CONIII-1, is shown

in (Fig. IÃŸ).
The phenotype of the UV20 cell line suggests that ERCC-I is a

central protein in the repair of many different DNA lesions. The
ERCC-I transfected AA8 cell line was characterized for sensitivity to
uv light. No differences were found between the CAIII-12, CONIII-1,
and AA8 cell lines (Fig. 1C). Thus, overexpression of ERCC-1 may
affect specifically a pathway involved in the repair of cross-links. The
CAIII-12 cells were characterized for cross-sensitivity to cis-Pl, an
other cross-linking agent. This agent is structurally distinct from MLN
yet functionally similar (it produces N-7 guanine lesions, primarily).

% Survival % Survival

Fig. 1. Survival of UV20. AA8, pSVblank trans
fected AA8 (CONIIl-n and ERCC-I transfected
UV20 (UVII/-I and -2) and AA8 (CAIII-8 and -12]
cells following treatment with melphalan. UV and
r/.v-Pt. Prints, mean of 4 to 6 separate experiments

performed in triplicate; bars, SE. 100
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Fig. 2. A, Northern analysis of ERCC-1 and ÃŸ-actintranscripts. AA8, wild type;
CONII1-1. pSVblank transfected AA8; CAIII-8, -9, and -12. ERCC-1 transfectcd AA8
cells: UVII1-1 and -2. ERCC-1 transfected UV20 cells. B. Western blot analysis of lines

described in A.

The CAIII-12 displayed similar hypersensitivity to this agent and

indicated that the pathway of repair for this lesion is impaired
(Fig. ID).

A total of 7 ERCC-J transfected AA8 cell lines have been screened.

All of these lines exhibited increased sensitivity (approximately
2-fold) to both MLN and ci's-Pt. Northern blot analysis of total RNA

from these lines revealed the presence of novel transcripts. Using
polyclonal anti-serum against the human protein, we have been able to
detect the presence of the ERCC-1 human protein in the ERCC-I

transfected lines, whereas no protein is detectable in any of the control
lines. A Western blot representative of the cell lines described in this
paper is shown in Fig. IB. The upper band corresponds to the M,
39,000 ERCC-1 protein and the lower band is a degradation product.

It is clear that, at the protein level, expression among the various
ERCC-1 transfected cell lines is similar.

Discussion

Previous studies in our laboratory indicated that overexpression of
ERCC-l may be an indicator of nitrogen mustard resistance in patients

with CLL (4). We have also demonstrated enhanced DNA repair in
these lymphocytes through assays which assess cross-link status in-

tracellularly. There is both a decrease in the accumulation and an
increase in the removal of DNA cross-links in lymphocytes from
resistant CLL patients (3). Three-fold more MLN were required to
produce the same amount of interstrand cross-linking in lymphocytes

of resistant patients as compared to those of sensitive patients ( 10). As
well it has been demonstrated that UV complementation group 1 CHO
cells (which lack functional ERCC-1) are hypersensitive to nitrogen

mustard (mechlorethamine) and its various derivatives (melphalan,
chlorambucil, cyclophosphamide) (2). All these indications suggested
to us that ERCC-1 may be playing a critical role in the increased repair
of nitrogen mustard cross-links.

In order to demonstrate direct involvement of the ERCC-1 gene

product in removal of melphalan lesions, UV20 cells (UV comple

mentation group 1) were transfected with an expression vector encod
ing the ERCC-1 gene. These cells regained an almost wild type

resistance to MLN as described previously for mitomycin C and uv
irradiation ( 1). We postulated that ERCC-1 may be a limiting factor in

the pathway of DNA repair of melphalan lesions, so we transfected
this gene into wild type AA8 cells in order to assess the effect of
overexpression of this gene on cellular resistance to melphalan. Sur
prisingly, overexpression of ERCC-1 resulted in a hypersensitive phe-

notype. This hypersensitivity might represent a general inhibition of
nucleotide excision repair or may reflect a specific subpathway of the
system that processes lesions induced by cross-linking agents. The
ERCC-1 transfected AA8 cells displayed no increased sensitivity to uv
light, but were more sensitive to cw-Pt as compared to parental AA8

cells.
There are other examples of DNA repair gene overexpression re

sulting in hypersensitivity to DNA damage. When the radC gene is
overexpressed in E. coli the resultant transformant is more sensitive
to uv light (11) and overexpression of topoisomerase II in yeast
sensitizes the cell to the effects of amasacrine and etoposide (12).
Belt et al. showed that overexpression of wild type human ERCC-1

had no effect on the cytotoxicity of uv light and mitomycin C in Hela
cells but overexpression of a mutant ERCC-1 (nonfunctional in UV20

cells) sensitized the Hela cells to mitomycin C (13). These cells were
never characterized for MLN sensitivity. It has been postulated pre
viously that different domains of the ERCC-1 protein may be involved

in different types of repair (14). Certain sequences within these do
mains may not be conserved between the rodent and human genes.
Such differences may disrupt repair of bifunctional DNA damaging
agent induced cross-links when the human ERCC-1 is overexpressed
in a heterologous system. ERCC-1 contains a DNA binding motif and

it is postulated that this protein may be involved in recognition of
DNA damage. Two possible scenarios by which overexpression of the
heterologous gene could result in hypersensitivity are: (a) repair is
dependent upon the dissociation of the ERCC-1 protein from the

damaged site; excess protein prevents dissociation at this step as,
stoichiometrically, the DNA bound form will be favored; or (b) if
ERCC-1 is responsible for the incision itself, then overexpression of

the enzyme leads to more incisions than the remaining proteins can
repair. Determination of the kinetics of interstrand cross-link removal

in the cells should be informative with respect to the first model. It has
been shown in vitro using the Uvr (A)BC excinuclease that, when
uvrA is added in excess, the formation of the UvrB-DNA complex is

prevented by inhibiting the dissociation of the uvrA2 subunit in an
analogous fashion to that proposed in the first scenario. The result is
protection of the DNA damaged site as uvr C cannot enter to incise
(15). The second model can be verified by examining the kinetics of
strand break formation and repair in the cells. We are planning to
examine both these scenarios in order to assess what function ERCC-1

serves in the recognition and removal of MLN lesions in the DNA.
Insights into the pathways of nucleotide excision repair began

through complementation studies of natural occurring and induced
mutant cell lines. Many of the genes complementary to these groups
have been cloned and their potential role is now being elucidated (14).
Two genes, ERCC-l and ERCC-4, seem to be involved in the repair

of a very wide range of DNA damage since the CHO complementation
groups 1 and 4 are hypersensitive to many bifunctional DNA damag
ing agents while the others are not (2). It is likely that multiple systems
are involved in the repair of bifunctional DNA damaging agent dam
age. Using the CHO model, it may be possible to assess the role of the
ERCC-1 protein in the repair of such lesions. The large number of

proteins which seem to be involved in nucleotide excision repair
suggest that investigation of the protein interactions in the repair
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pathway will be difficult. Mutant cell lines (overexpressing or lacking
functional DNA repair proteins) should be useful in unraveling such
interactions.
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