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Mutagenesis in Mammalian Cells Induced
by Triple Helix Formation and
Transcription-Coupled Repair

Gan Wang, Michael M. Seidman, Peter M. Glazer*

When mammalian cells were treated with triplex-forming oligonucleotides of sufficient
binding affinity, mutations were specifically induced in a simian virus 40 vector contained
within the cells. Triplex-induced mutagenesis was not detected in xeroderma pigmen-
tosum group A cells nor in Cockayne’s syndrome group B cells, indicating a requirement
for excision repair and for transcription-coupled repair, respectively, in the process.
Triplex formation was also found to stimulate DNA repair synthesis in human cell extracts,
in a pattern correlating with the inhibition of transcription in such extracts. These findings
may have implications for therapeutic applications of triplex DNA and raise the possibility
that naturally occurring triple helices are a source of genetic instability.

Triple helices can be formed when oligo-  supFGI reporter gene within the simian
nucleotides bind in the major groove of  virus 40 (SV40) vector, pSupFG1 (5, 6).
duplex DNA at polypurine-polypyrimidine ~ These oligonucleotides were tested for their
sequences (I). Triple helix formation has
been used to block transcription initiation
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ability to induce mutations in the vector
within monkey COS cells (Table 1). The
cells were first transfected with SV40 vector
DNA (7). After 12 hours to allow chroma-
tinization of the vector, the oligonucleo-
tides were added to the growth medium at a
concentration of 2 M (8). Two days later,
the vector DNA was harvested from the
cells for analysis of supFG1 gene mutations
(9). Oligonucleotide AG30 generated mu-
tations in the target gene at a frequency of
0.27%, 13 times above the spontaneous
background in the assay. In contrast, AG10
and AG20, which show weaker third-strand
binding to supFGI, were less effective in
producing mutations. As an additional con-
trol, an oligonucleotide of 30 nucleotides
consisting of a mixture of all four bases
(Mix30) (5, 6) was also tested. This oligo-
nucleotide did not form a detectable triple
helix with supFG1 (5) and it did not gen-
erate any mutagenesis above the back-
ground. The supFGI mutations generated

and elongation (2) and to cleave DNA in Multiple point mutations a 225 €26
) a 199 coo1
vitro (3). We have explored the use of s 215 Gon
triplex-forming oligonucleotides (TFOs) as 2
a mechanism to deliver a tethered mutagen - s 2
to a selected gene for the site-specific intro- Single point mutations
. C A

duction of DNA damage and consequent T T o c aa

. . . 3 5
mutations within cells (4, 5). In the course CTTAAGCTCTCGGGACGAGCTCCACACCACCCCAAGGGCTCGCCGGTTTCCCTCGTC TGAGATTTAGACGGCAGTAGCTGAAGC TTCCAAGCT TAGEA TGGT GaG

1 1 H H et 80 90 100 110 120 130 140 150 160 170 180
Of tl] 18 mnves t lga t on ) we Obhel Ved tllat GAATTCGAGAGCCCTGCTCGAGCTGTGGTGGGGTTCCCGAGCGGCCAAAGGGAGCAGACTCTAAATCTGCCGTCATCGACTTCGAAGGTTCGAATCCTTCCCCCCCCACCACCCCCTCCCCCTC
TFOS have the potential to induce muta- 5' pre-tRNA (58-98) Suppressor tRNA (99-183) Triplex binding site 3

tions in vivo even in the absence of a
tethered mutagen.

Three oligonucleotides (AG10, AG20,
and AG30) were designed to bind as third
strands in the antiparallel triple helix motif
(1) to part or all of a 30-base pair (bp)
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polypurine-polypyrimidine target site in the
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Fig. 1. Sequences of supFG1 mutations induced by triple helix formation in COS cells. Three classes of
mutations were observed, including single point mutations, deletions, and multiple, simultaneous point
mutations, as indicated. The base substitutions listed above the corresponding supFG1 gene sequence
represent changes with respect to the upper strand. The multiple point mutations are underlined, with
each set of simultaneous changes presented on a separate line. Point mutations occurring outside of the
listed sequence are indicated by position numbers, with the involved base changes given. The deletions
are presented below the gene sequence, with the deletion end points indicated. The triplex target site at
base pairs 167 to 196 of the supFG17 gene is indicated.
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REPORTS

by AG30 in COS cells were examined by
DNA sequence analysis (10) (Fig. 1). Most-
ly point mutations, along with some dele-
tions, within and around the triplex binding
site were observed. Among the point muta-
tions, there were several occurrences of
multiple base substitutions.

To investigate a possible role for DNA
repair in triplex-induced mutagenesis, we
examined the ability of TFOs to cause mu-
tations within both repair-deficient and re-
pair-proficient human cells (11) (Table 2).
In the xeroderma pigmentosum group A
(XPA) cells, which have a defect in the
DNA damage recognition protein that is a
component of a ternary repair endonuclease
complex (12), and are almost completely
deficient in nucleotide excision repair, no
triple helix—targeted mutagenesis was ob-
served. The same result was obtained in two
independent XPA cell lines (XP12BE and
XP20S). When one of the XPA lines
(XP20S) was corrected by transfection of a
vector expressing the wild-type XPA gene
complementary DNA (cDNA) (13), the
ability of oligonucleotide AG30 to induce
mutations in the vector was restored. These
data suggest that excision repair is a neces-
sary component of the triplex-induced mu-
tagenic pathway.

Triplex-induced mutagenesis was also
absent in the Cockayne’s syndrome group B
(CSB) cells (Table 2), which are defective
in transcription-coupled repair of active
genes (14). They can carry out excision
repair but are unable to recruit the repair
apparatus to sites of stalled transcription
(14). Cotransfection of a vector expressing
the CSB gene cDNA (15) partially restored
the triplex-induced mutagenesis (up to a
frequency of 0.12% from 0.04% in the pa-
rental cells; Table 2). Because these results
implied an association of the triplex-in-
duced mutagenesis and transcription-cou-
pled repair, we investigated whether the
supF gene region is transcribed in the SV40
vector. Although supF itself is a bacterial
gene, Northern (RNA) blot analysis (16)
showed that both strands of the supF gene
are, in fact, transcribed in COS cells (Fig.

Fig. 2. Transcription of

SupF gene sequences in

COS cells as determined &

by Northern blot analy-

sis. RNA was prepared

from either COS cells .

alone (lanes 1 and 3) or e

COS cells transfected

with vector (lanes 2 and

4) (18). Duplicate sam-

ples were analyzed by PR 3 4
hybridization to labeled

single-stranded oligonucleotide probes corre-
sponding to either the sense (lanes 1 and 2) or
antisense (lanes 3 and 4) strand of the supf gene,
followed by autoradiography.

Table 1. Mutagenesis induced by triple helix formation within monkey COS cells. The equilibrium
dissociation constant (K,) is given for triple helix formation, as determined by gel mobility-shift assay (25).
The values in the third and fourth columns indicate the frequency of mutations detected in the pSupFG1
SV40-based shuttle vector after transfection of the vector DNA into COS cells, subsequent treatment of
the cells with the indicated oligonucleotides at a concentration of 2 WM, and extraction of the vectors for

genetic analysis in bacteria 48 hours later.

. K for third- Mutation

Oligonu- d - Mutants/

cleotide stranc:'\?)lndlng total “eq(‘;/f)” cy
None 9/44,850 0.02
Mix30 No detectable binding 5/16,590 0.03
AG10 =3 x 10°° 10/14,475 0.07
AG20 3x 1077 11/10,399 0.11
AG30 2x 1078 148/54,899 0.27

2), presumably as a result of read-through
transcription in both directions from the
SV40 promoter in the vector.

To test whether a triple helix can stim-
ulate repair of otherwise undamaged DNA,
we examined the ability of the TFOs to
stimulate repair synthesis on the vector
template in Hela cell-free extracts (Fig. 3)
(17, 18). The supercoiled pSupFG1 vector
DNA was incubated with the indicated oli-
gonucleotides in extracts (19) that were
supplemented with [a->?P]deoxycytidine
5'-triphosphate ([a->*2P]JdCTP) to detect in-
duced DNA synthesis. As an internal con-
trol, pUC19 plasmid DNA, which lacks the
triplex target site, was included with
pSupFG1 DNA in all samples. After incu-
bation in the extracts, the plasmids were
linearized by digestion with Eco RI and
analyzed by agarose gel electrophoresis. The

quantities of the pSypFGl1 and pUCI9
DNAs were essentially constant in all of the
samples (Fig. 3A).

Incorporation of the labeled nucleotide
into the plasmid DNA was determined by
autoradiography (Fig. 3B). AG30 and, to a
lesser extent, AG20 stimulated labeling of
pSupFG1 but not of pUC19, which is con-
sistent with high-affinity, sequence-specific
triplex formation at the binding site in
pSupFG1 by these two TFOs. Neither
AGI10, which binds weakly to pSupFGl,
nor Mix30, which does not bind at all,
induced any repair synthesis above the
background. Hence, repair activity in the
HeLa extracts is induced by a tightly bound
third strand on the SV40 vector, leading to
repair synthesis and label incorporation.
Stimulation of label incorporation occurs
with oligonucleotides that are substituted at

Table 2. Mutagenesis induced by triple helix formation in human repair-deficient and repair-proficient cell
lines. The cell lines are as follows: XPA, fibroblasts from patients with xeroderma pigmentosum, comple-
mentation group A, either XP12BE or XP20S as indicated; XPA corrected, XP20S cells transfected with
a vector expressing wild-type XPA gene cDNA; CSB, fibroblasts from a patient with Cockayne’s syn-
drome, group B; CSB corrected, CSB cells transfected with a vector expressing wild-type CSB cDNA.
AG30 binds strongly as a third strand to the target supFGT gene (Ky = 2 x 1078 M), whereas Mix30
shows no detectable binding. The values in the third and fourth columns indicate the frequency of
mutations detected in the pSupFG1 SV40-based shuttle vector after transfection of the vector DNA into
the indicated cells, subsequent treatment of the cells with the indicated oligonucleotides at a concentra-
tion of 2 uM, and extraction of the vectors for genetic analysis in bacteria 48 hours later.

. Mutation

Cell line Ez)lhegcg%t Mutants/total freqt:ency
(%)
Normal fibroblasts None 6/16,550 0.04
Mix30 4/13,400 0.03
AG30 70/31,700 0.22
XPA (XP12BE) None 13/48,329 0.03
Mix30 14/42,500 0.03
AG30 9/32,750 0.03
XPA (XP20S) None 6/18,600 0.03
Mix30 3/14,800 0.02
AG30 7/20,125 0.03
XPA (XP20S) None 2/6,354 0.03
corrected Mix30 2/9,900 0.02
AG30 65/21,250 0.31
CSB None 8/36,725 0.02
AG30 43/112,050 0.04
CSB corrected None 3/13,539 0.02
Mix30 3/17,404 0.02
AG30 32/27,067 0.12
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the 3’ end with a propylamine group (8);
therefore, the possibility that the oligomers
simply serve as primers can be ruled out.

We next investigated whether the stim-
ulation of repair activity could be correlated
with the ability of the triple helices to
inhibit transcription and thereby potential-
ly trigger the transcription-coupled repair
pathway. The pSupFG1 DNA was used as a
template for in vitro transcription assays in
the HeLa cell extracts (20) in the presence
or the absence of selected oligonucleotides
(Fig. 4). The DNA was linearized to pro-
vide discrete transcription end points. Sev-
eral run-off transcripts were generated from
the pSupFG1 template. In the presence of
AG30 and AG20, the 1.1-kb transcript is
truncated to just 600 nucleotides, consis-
tent with the inhibition of transcript elon-
gation that occurs at the triplex binding
site. Neither AG10 nor Mix30 blocked
transcription. Thus, the oligonucleotides
that induced mutagenesis and stimulated
repair were precisely the ones that were able
to inhibit transcription.

The mechanism by which the triplex-
mediated transcription inhibition not only
triggers repair but also induces mutagenesis
can be extrapolated from the model of
Hanawalt (21), who has suggested that the
transcription-repair coupling pathway of a
cell may trigger “gratuitous repair” when
transcription stalls at natural pause sites,
even in the absence of a classical DNA
lesion. This gratuitous repair may lead to
repetitive attempts at transcription and re-
iterative generation of repair patches. Such
hyperactivity theoretically has the potential
to introduce mutations into the DNA tem-
plate. In yeast cells, the rate of spontaneous
mutation at the lys2 locus was increased
when the gene was highly transcribed (22).
Inactivation of the rev3 gene, which has
been implicated in error-prone repair in
response to DNA damage (23), lessened the

Fig. 3. Repair synthesis A
stimulated by triple helix
formation in HelLa cell
extracts.  Supercoiled u
plasmids pSupFG1 (S)

and pUC19 (U) were co-
incubated for 2 hours at B
37°C with selected oli-
gonucleotides to allow U
triplex formation: AG10

(lane 1), AG20 (lane 2), 1
AG30 (lane 3), Mix30

(lane 4), and no oligonucleoctide (lane 5). The DNA
was then added to Hela cell extracts supple-
mented with [a-32P]dCTP (27). After 3 hours at
30°C, the plasmid DNA was isolated, linearized by
Eco RI digestion, and analyzed by agarose gel
electrophoresis. (A) Visualization of the plasmid
DNA by ethidium bromide staining. (B) Autoradio-
gram of the same gel showing labeled nucleotide
incorporation indicative of repair synthesis.

S

S -—-

-

23046
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effect of transcription on mutagenesis (22).

We propose that formation of the triple
helix blocks transcription at the site, trig-
gering gratuitous and potentially error-
prone repair even in the absence of chem-
ical damage to the DNA. Furthermore,
multiple cycles of attempted transcription,
triplex-mediated inhibition, and stimulated
repair can occur in a single vector molecule,
inasmuch as the continued presence of the
TFOs in the nucleus can lead to repetitive
triplex formation. Even if the basic repair
pathway is not particularly error-prone,
each repetition of this process may increase
the probability of a mutagenic event. In
addition, in light of the results from yeast
experiments (22), it is also possible that
there is an error-prone repair pathway in
mammalian cells that involves rev3-like
functions that may be associated with tran-
scription-coupled repair and triplex-in-
duced mutagenesis.

The scattered spectrum of mutations
that we observed is consistent with our
proposed mechanism, which includes occa-
sional repair errors on an otherwise undam-
aged template. These errors would be ex-
pected to occur in the region of the triple
helix, but not necessarily at a specific base
pair. We predict that such errors should
occur in a quasi-random manner, perhaps
influenced by sequence context effects.
That most of the mutations were detected
on just one side of the triplex binding site
may simply be due to the fact that muta-
tions downstream from base pair 183 in the
supFG1 reporter gene do not, by them-
selves, cause a detectable phenotype change
and so are not scored in the assay. However,
a directional bias in the mutagenic pathway
cannot be ruled out. Also, the probability of
finding a mutation is greatest at base pairs
near the triplex site and diminishes with
increasing distance, which suggests a possi-
ble gradient effect. ,

Although significantly above back-
ground, the frequency of the triplex-in-
duced mutations reported here (in the
range of 0.2 to 0.3%) is still somewhat
lower than the targeted mutation frequency
vitro transcription reac-

kb "

1. ?

0.6 i & '
tions in HelLa cell ex-

tracts (22) in the pres- 1278 4.5
ence of selected oligonucleotides: no oligonucle-
otide (lane 1), AG30 (lane 2), AG20 (lane 3), AG10
(lane 4), and Mix30 (lane 5). The position of one
band representing a run-off transcript from the
SV40 promoter is indicated (1.1 kb), along with
the position of the truncated transcript resulting
from the presence of the TFOs (0.6 kb).

Fig. 4. Inhibition of tran-
scription by triple helix
formation in Hela cell
extracts. Linearized
pSupFG1 DNA was
used as a template for in
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observed when TFOs are used to deliver a
tethered psoralen molecule (2.1%) (5).
This is not surprising, as psoralen is a highly
reactive mutagen when photically activat-
ed. However, genetic manipulation with
mutagen-conjugated TFOs requires either
control over the reactivity of the mutagen
(as with photoactivation) or entails the risk
of nonspecific reactivity of the tethered
reagent. The ability of oligonucleotides
without any tethered reactive group to gen-
erate mutations in a target gene overcomes
these drawbacks and may be advantageous
for genetic manipulation. On the other
hand, the fact that triple helix formation
can lead to mutations may be an important
consideration in the use of oligonucleotides
in research and as therapeutics. Triplex-
forming oligonucleotides designed to block
transcription and even antisense oligonu-
cleotides meant to prevent translation may
have unintended and unexpected mutagen-
ic effects.

Endogenous intramolecular triple heli-
ces as well as sequences conducive to triplex
or tetraplex formation have been detected
in the chromosomes of mammalian cells
(24). Our findings raise the question of
whether intramolecular triple helices, tetra-
plex DNA, and other possible non—duplex
chromosome structures trigger repair and
mutagenesis and thus constitute endoge-
nous sources of genomic instability.
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Cell Killing by the Drosophila Gene reaper

Kristin White, Elvan Tahaoglu, Hermann Steller

The reaper gene (rpr) is important for the activation of apoptosis in Drosophila. To
investigate whether rpr expression is sufficient to induce apoptosis, transgenic flies were
generated that express ror complementary DNA or the rpr open reading frame in cells that
normally live. Transcription of ror from a heat-inducible promoter rapidly caused wide-
spread ectopic apoptosis and organismal death. Ectopic overexpression of rpr in the
developing retina resulted in eye ablation. The occurrence of cell death was highly
sensitive to the dosage of the transgene. Because cell death induced by the protein
encoded by rpr (RPR) could be blocked by the baculovirus p35 protein, RPR appears to
activate a death program mediated by a ced-3/ICE (interleukin-1 converting enzyme)-like

protease.

Programmed cell death, or apoptosis, is an
active, gene-directed process that seems to
have been conserved throughout animal
evolution (I). Apoptosis in Drosophila is
ultrastructurally and biochemically similar
to apoptosis in mammals and is controlled
by many of the same signals (2). The reaper
(rpr) gene appears to play a key role in
regulating apoptosis in Drosophila (3). This
gene is expressed in cells that are doomed to
die, and a deletion that includes rpr elimi-
nates all cell death in the Drosophila em-
bryo. rpr may be a switch; when rpr is
expressed in a cell, that cell undergoes apop-
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tosis. The gene may activate downstream
cell death effectors or suppress protective
functions, which in turn prevent the activa-
tion of constitutively expressed effectors.

The rpr gene encodes a small (65~amino
acid) peptide that shares limited amino acid
similarity with the “death domains” of the
mammalian tumor necrosis factor receptor
(TNFR) family, which includes the Fas an-
tigen and a number of interacting proteins
(4). TNFR 1 and Fas induce cell death
when activated by ligand binding or when
overexpressed, and this killing requires the
death domain (5, 6).

To investigate the ability of RPR to kill
cells that normally live, we generated trans-
genic flies in which rpr was both overex-
pressed and expressed ectopically. Initially,
we used a transgene that expressed an rpr
complementary DNA (cDNA) under the
control of the hsp70 promoter (hsrpr) (7).
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