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Expanded triplet repeats have been identified as the genetic basis
for a growing number of neurological and skeletal disorders. To
examine the contribution of double-strand break repair to
CAG�CTG repeat instability in mammalian systems, we developed
zinc finger nucleases (ZFNs) that recognize and cleave CAG repeat
sequences. Engineered ZFNs use a tandem array of zinc fingers,
fused to the FokI DNA cleavage domain, to direct double-strand
breaks (DSBs) in a site-specific manner. We first determined that
the ZFNs cleave CAG repeats in vitro. Then, using our previously
described tissue culture assay for identifying modifiers of CAG
repeat instability, we found that transfection of ZFN-expression
vectors induced up to a 15-fold increase in changes to the CAG
repeat in human and rodent cell lines, and that longer repeats were
much more sensitive to cleavage than shorter ones. Analysis of
individual colonies arising after treatment revealed a spectrum of
events consistent with ZFN-induced DSBs and dominated by repeat
contractions. We also found that expressing a dominant-negative
form of RAD51 in combination with a ZFN, dramatically reduced the
effect of the nuclease, suggesting that DSB-induced repeat insta-
bility is mediated, in part, through homology directed repair. These
studies identify a ZFN as a useful reagent for characterizing the
effects of DSBs on CAG repeats in cells.

DNA repair � gene targeting � triplet repeat instability �
zinc finger nucleases

Engineered zinc finger proteins that bind specific DNA targets
provide the foundation for a new class of technologies that

promise significant gains in the development of novel therapeu-
tics and molecular research tools. The C2H2 zinc finger, the most
common DNA-binding domain in eukaryotic genomes, is a 30-aa
��� peptide domain that confers recognition to a triplet DNA
sequence (1, 2). Individual zinc fingers have now been engi-
neered in vitro to recognize many DNA triplets (3–6). Zinc
fingers are modular, enabling their assembly into linear arrays
that can be designed to bind a variety of genome sequences (7–9).
These custom zinc finger proteins can be attached to other
protein domains to direct various functions to specific locations
in the genomes of cells and organisms (10). When fused to the
nonspecific DNA cleavage domain of the FokI restriction en-
donuclease, zinc fingers can direct double-strand breaks (DSBs)
to disrupt specific genes (11–14) or in combination with a repair
template to induce gene correction via homologous recombina-
tion (HR) (15–18). Thus, ZFNs show promise for the treatment
of monogenic disorders by promoting the knockout or correction
of specific genes.

Here, we describe ZFNs that induce DSBs in CAG�CTG
repeat sequences (referred to henceforth as CAG repeats) for
the dual purpose of identifying mammalian repair pathways that
contribute to repeat instability and to explore the therapeutic
potential for shrinking expanded, disease-causing CAG repeat
tracts. Expanded CAG repeat tracts are the genetic basis for

more than a dozen inherited neurological disorders including
myotonic dystrophy, Huntington’s disease, and several spinocer-
ebellar ataxias (19, 20). Despite the multitude of pathologies
underlying these disorders, they all share common etiology: the
expansion of CAG repeats from short benign tracts of �30
repeats to longer, pathogenic lengths that can extend for several
thousand repeats. Therapeutic strategies that target this com-
mon feature—expanded repeats—in an otherwise diverse group
of disorders would have broad applicability.

The mechanisms by which triplet repeats expand to patho-
genic lengths remain unclear; however, a contributing cause is
the ability of disease-causing repeats to form stable secondary
structures that can interfere with aspects of DNA metabolism
(21). In Escherichia coli and Saccharomyces cerevisiae, almost any
process that exposes single strands of DNA can induce triplet
repeat instability, including replication, recombination, and sev-
eral DNA repair pathways (22). In mammalian cells, we have
additionally identified DNA methylation, transcription, and
components of mismatch repair and nucleotide excision repair as
modifiers of repeat instability (23–26). Deciphering how sec-
ondary structures interact with these various processes to trigger
repeat instability is an area of active study.

In both yeast and mammalian cells, CAG repeats have been
shown to be prone to DSBs (27, 28). To examine whether DSB
repair contributes to CAG repeat instability, we designed 2
ZFNs to cooperatively bind and cleave CAG repeat tracts. Here,
we describe a ZFN that can cleave CAG repeat tracts in plasmid
DNA, as well as in the genomes of human and rodent cells.
Treatment with this custom nuclease destabilizes CAG repeat
tracts in a length dependent manner, triggering a substantial
increase in the frequency of large repeat contractions. The
ZFN-mediated effect on CAG repeats in mammalian cells
provides proof of principle for the idea that CAG-specific
nucleases may be capable of shrinking the expanded CAG
repeats at disease loci.

Results
Design of Zinc-Finger Nucleases. We designed 2 ZFNs to bind and
cooperate in the cleavage of a CAG repeat tract, as shown in Fig.
1. Modular assemblies of zinc fingers that recognize GNN
triplets have been studied more extensively than those of zinc
fingers directed at other triplets, and a recent large-scale study
reported fairly high failure rates for modularly designed zinc
fingers targeted to non-GNN triplets (29). We therefore chose
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to link 3 identical GCA-binding domains together with the FokI
nuclease domain in 1 nuclease, the zfGCA nuclease, and 3
identical GCT-binding domains with FokI in the other, the
zfGCT nuclease. Although a 6-nt separation of the binding sites
has been described as optimal, this choice of finger-recognition
sites necessitated a spacing of 4, 7, or 10 nt between the zfGCA
and zfGCT nucleases. Based on previous results, we chose an
amino acid spacer between the zinc fingers and the FokI domain
that could accommodate a 7-nt separation of the binding sites
and yield a reasonable efficiency of cleavage (15, 30).

Previous in vitro characterization of binding by individual
zinc-finger domains that recognize GCT and GCA sequences
showed that GCT fingers can sometimes recognize GCA triplets
and that GCA fingers can sometimes recognize GCT triplets (3,
5). These results indicated that a homodimer configuration
might be sufficient for recognizing and cleaving the repeat tract.
Thus, we tested all combinations of nucleases: the heterodimer
of zfGCA and zfGCT, and the homodimers of zfGCA and
zfGCT.

Cleavage of CAG Repeats in Plasmid DNA. We constructed plasmid
substrates that contain either no CAG repeat tract or a single
CAG tract of 38 repeat units, which is greater than the minimum
9 repeats necessary to form a proper recognition site for the
zfGCA and zfGCT nuclease pair. To determine whether zfGCA
and zfGCT, together or separately, were able to cleave a CAG
tract, we incubated the nucleases in various combinations and
concentrations with each linearized plasmid. The zfGCA and
zfGCT nucleases, singly and in combination, cut the repeat-
containing plasmid into fragments consistent with cleavage at
the CAG repeat tract (Fig. 2A) but did not cleave the plasmid
lacking the repeat (Fig. 2B). Some nonspecific activity at the
highest concentration of the nucleases was detected, as indicated
by the loss of intensity of some of the bands. Collectively, these
results indicate that zfGCA and zfGCT—acting as ho-
modimers—can induce DSBs within CAG repeat tracts, al-
though zfGCT appears to cleave the plasmid somewhat better
than zfGCA. We are not aware of another published report of
a ZFN that can homodimerize to cleave a target sequence of
nonidentical left and right half-sites. However, the result is not
completely unexpected given the cross-reactivity of GCA fingers
for GCT sequences, and vice versa (3, 5).

Cleavage of CAG Repeats in Mammalian Cells. To evaluate the
mutagenic consequences of inducing DSBs in CAG repeat tracts
in mammalian cells, we used 2 previously described selection
assays: one uses the APRT gene in CHO cells, and the other uses
the HPRT minigene in human cells. In both assays, the reporter
genes were initially inactivated by the presence of a (CAG)95
repeat tract within an intron, which interferes with proper
splicing and blocks gene expression (24, 31). If the repeat

contracts to �38 copies in human cells, or �34 copies in CHO
cells, a sufficient quantity of normal HPRT or APRT mRNA is
produced, which restores the activity of the reporter gene and
allows cells to survive selection for HPRT� or APRT� function
(Fig. 3). Counting the surviving colonies provides an assessment
of the magnitude of the effect on the repeat tract.

We measured the effect of the zfGCA and zfGCT nucleases
on CAG repeat instability by transfecting expression plasmids
for the nucleases, or a control plasmid that expresses EGFP, into
HPRT(CAG)95 and APRT(CAG)95 cell lines. After 72 h, cells

Fig. 1. Schematic for DNA binding by CAG-specific ZFNs. ZFN zfGCA includes
a DNA-binding domain consisting of 3 zinc fingers that recognize a triplet GCA
sequence, whereas zfGCT recognizes the triplet GCT sequence. The complete
binding site is shown in red and can be generalized as: 5�–AGCAGCAGC
NNNNNNN GCAGCAGCA–3�, making any CAG repeat of at least 9 copies a
target for the nucleases. Each DNA binding domain is fused to a FokI nuclease
domain (blue oval) that is inactive until it forms a dimer with a second FokI
domain.

Fig. 2. Cleavage of CAG repeat tracts by ZFNs. The zfGCA and zfGCT
nucleases were tested for their ability to cleave CAG repeat tracts, together or
separately, at total amounts of 440 ng (1�), 220 ng (0.5�), or 44 ng (0.01x) in
20 �L. The nucleases were incubated with a linearized vector that (A) contains
a CAG tract of 38 repeats (4.3 kb), or (B) a vector without a CAG repeat tract
(3.9 kb). A 1-kb ladder (L) is shown in the first lane. The second lane (U)
contained a reaction with the linearized vector, but no nuclease. Cleavage at
the CAG repeat is expected to generate products of 2.5 and 1.8 kb.

Fig. 3. Selection assays for CAG repeat instability in human and CHO cells.
Long CAG tracts prevent proper splicing, thereby disrupting the production of
functional reporter protein. Short CAG tracts are efficiently spliced, allowing
sufficient normal reporter protein to be produced. Selection for (A) HPRT� or
(B) APRT� phenotypes allows for recovery of cells that have undergone a
change in the CAG tract.
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were replated under selection for HPRT� or APRT� cells.
Expression of EGFP did not affect cell viability or the back-
ground frequency of HPRT� or APRT� colony formation, nor
did expression of either nuclease reduce cell viability (see
Materials and Methods). Treatment with the zfGCT nuclease
alone increased the frequency of APRT� colonies 10-fold (P �
0.0004) in CHO cells and increased the frequency of HPRT�

colonies 7-fold (P � 0.0009) in human cells (Fig. 4). By contrast,
treatment with the zfGCA nuclease did not increase the fre-
quency of colony formation in human or CHO cells. The
combination of zfGCT and zfGCA generated a 15-fold increase
in APRT� colonies, which is a statistically significant increase
over zfGCT alone (P � 0.03). These results indicate that the
zfGCT nuclease can alter CAG repeat stability in mammalian
cells. By contrast, the zfGCA nuclease has no detectable activity
by itself and only slightly enhances cleavage in combination with
the zfGCT nuclease. The relative ineffectiveness of the zfGCA
nuclease in cells is unlikely due to poor expression, because
real-time RT-PCR detected �85–90% as much zfGCA mRNA
as zfGCT mRNA in transfected cells (SI Methods). The contrast
between good zfGCA cleavage in vitro and poor cleavage in cells
suggests that plasmid digestion may not be a reliable predictor
of nuclease activity in cells, as noted by others (9).

Length Dependence of Nuclease-Induced Repeat Instability in Mam-
malian Cells. Length-dependent modifiers of repeat instability are
common (32–35). To explore whether ZFN-induced instability
depends on the length of the repeat tract, we transfected the
zfGCT nuclease into APRT(CAG)61 CHO cells and human
HPRT(CAG)68 cells. Treatment with the zfGCT nuclease in-
duced a 2.6-fold increase in APRT� colony formation in APRT-
(CAG)61 cells (Fig. 4A) and a 2-fold increase in HPRT� colony
formation in HPRT(CAG)68 cells (Fig. 4B). Each of these
increases is significantly less (P � 0.006 for APRT� colonies, P �
0.002 for HPRT� colonies) than observed in the corresponding
cells with 95 copies of the CAG repeat. Thus, the zfGCT
nuclease destabilizes longer CAG repeats more effectively than
shorter ones. This length dependence of the zfGCT nuclease on
repeat stability in CHO and human cells is reminiscent of a
similar length-dependent response to gamma radiation, which
we described previously with these same CHO cell lines (31).

Characterization of Mutation Events. To characterize the changes to
the CAG repeats, we sequenced the repeat tracts and flanking
DNA in APRT� and HPRT� colonies that arose from treatment
with the zfGCT nuclease. Previous analyses of positive colonies
that arose spontaneously revealed 2 types of event: frequent
contractions of the CAG tracts to shorter lengths and occasional
deletions that included the repeat sequences and one or both
flanks (24, 31). As summarized in Table 1, zfGCT-induced
APRT� and HPRT� colonies generated contractions (56%) and
deletions (20%); however, they also gave rise to a unique class
that carried extra DNA inserted into the repeat tract (24%). The
insertion and deletion events for HPRT(CAG)68 are illustrated
in Fig. 5A. In all 10 characterized insertions, the source of the
inserted nucleotides was transfected plasmid DNA. We presume
that the inserted sequences permit colony formation by inter-
fering with the ability of the CAG repeats to be spliced into
mRNA. We have observed analogous plasmid-derived insertions
at DSBs generated by ISceI (36, 37). The deletions and insertions
at the CAG repeat tract have junctions that are typical of
nonhomologous end joining (NHEJ) (Fig. 5B). The insertion
events, in particular, confirm that the zfGCT nuclease induces
CAG repeat instability through the production of internal DSBs.

Mechanisms of Nuclease-Induced Instability in Mammalian Cells. It is
likely that the zfGCT nuclease destabilizes CAG repeats via a
DNA repair pathway that is initiated in response to DSBs. Two
major pathways—NHEJ and HR—can repair DSBs. The dele-

Fig. 4. Induction of CAG repeat instability induced by ZFNs. The ZFNs were evaluated in (A) CHO cells and (B) human cells. The frequencies represent the averages
of at least 6 independent experiments, with the exception of the zfGCA�GFP treatments for which there were at least 3 independent experiments. The standard
deviations are indicated by the vertical bars. The values (�10�6) for each condition in CHO APRT(CAG)95 cells are: GFP (8.9 � 2.6), zfGCT�GFP (90 � 23),
zfGCA�GFP (5.0 � 1.6), and zfGCA�zfGCT (130 � 31). For CHO APRT(CAG)61 cells, the values are: GFP (15 � 5.7) and zfGCT�GFP (39 � 6.6). For the human
HPRT(CAG)95 cells, the value were: GFP (8.0 � 4.5), zfGCT�GFP (55 � 23), and zfGCA�GFP (4.6 � 3.3). For the human HPRT(CAG)68 cells, the value are: GFP (8.0 �
4.1) and zfGCT�GFP (17 � 7.7).

Table 1. Molecular analysis of zfGCT-induced changes to the
CAG repeat tract

Cell line Contractions* Deletions† Insertions‡ Total

APRT(CAG)95 8 2 4 14
HPRT(CAG)95 8 4 3 15
HPRT(CAG)68 7 2 3 12
Total 23 (56%) 8 (20%) 10 (24%) 41 (100%)

*Contractions are defined as shorter, uninterrupted repetitions of pure CAG
repeats.
†Deletions are defined as a loss of CAG repeat sequences along with flanking
DNA sequences from one or both ends of the repeat.
‡Insertions are defined as an addition of novel DNA sequences at the CAG
repeat tract.
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tions and insertions identified among the characterized muta-
tions constitute strong evidence that a portion of the zfGCT-
induced breaks must be repaired by NHEJ. The repeat
contractions, however, could arise by NHEJ, using individual
CAG repeats as microhomology for end joining, or through HR,
which could use the sister chromatid as the repair template or
anneal complementary single-stranded CAG sequences on ei-
ther side of the break. To determine the role of HR in zfGCT-
induced repeat contractions, we used a mutant form of RAD51,
SMRAD51, which blocks templated repair and partially inhibits
single-strand annealing in CHO cells (38). Expression of
SMRAD51 in APRT(CAG)95 cells did not affect cell viability or
the background frequency of APRT� colony formation, whereas
coexpression of SMRAD51 with the zfGCT nuclease substan-
tially inhibited the production of APRT� colonies (Fig. 6). The
extent of inhibition is somewhat surprising, given that 44% of
characterized events were either deletions or insertions, consis-
tent with NHEJ (Table 1). Nevertheless, these results suggest
that repair of zfGCT-induced DSBs in CAG repeat tracts may
involve both the NHEJ and HR pathways.

Discussion
In this study, we show that ZFNs can cleave CAG repeats in
mammalian cells. We assembled 2 ZFNs—zfGCT and zfGCA—
that were designed to bind to the complementary strands of
CAG repeats, allowing them to heterodimerize through their
FokI nuclease domains and cleave the DNA. We found, how-
ever, that the individual ZFNs were capable of cleaving plasmid
DNA, presumably via homodimerization and misrecognition of
GCA triplets by GCT fingers, and vice versa. This result may not
be surprising given that the GCT and GCA fingers we used
differed by a single amino acid in the recognition segment:
QSGDLTR for GCA fingers vs. QSSDLTR for GCT fingers. The
underlined residues, which make direct contact with DNA bases,
are identical in the 2 ZFNs.

Using selection assays in human and CHO cells, we showed
that expression of zfGCT, but not of zfGCA, increased the
frequency of HPRT� and APRT� cells in treated populations.
This stimulation by zfGCT was slightly enhanced by coexpres-

sion of zfGCA. As far as we are aware, cleavage of a target
sequence composed of nonidentical left and right half-sites by
the same ZFN is previously undescribed. This dual recognition
means that only a single nuclease need be delivered to induce
breaks in CAG repeats, a feature that may prove advantageous
for some applications.

Three lines of evidence indicate that zfGCT introduces DSBs
into CAG repeat tracts in cells. First, analysis of the altered CAG
repeats in the surviving colonies showed that several carried
insertions of extrachromosomal DNA within the repeat. In 9 of
10 of these insertions, the lengths of CAG repeat on either side
of the inserted DNA sum to about the length of the CAG tract
in the parental cells, consistent with insertion at a DSB within the
repeat tract. Second, the microhomologies found at insertion
and deletion junctions in the altered repeat tracts are consistent
with repair by NHEJ, one mechanism for repair of DSBs. Third,
expression of a mutant form of Rad51 that interferes with repair
of DSBs was found to suppress the ability zfGCT to stimulate
HPRT� and APRT� colony formation. Collectively, these ob-
servations argue that zfGCT cleaves genomic DNA in cells the
same way it cuts plasmid DNA in vitro.

These experiments provide a critical proof-of-principle dem-
onstration that ZFNs can be designed to cleave repeat sequences
in cells. Long repeat tracts present a special challenge for ZFN
design because they offer many potential opportunities for
nonproductive binding, with the nuclease domains improperly
juxtaposed. For this reason, it was unclear, a priori, whether
cleavage of longer tracts would be more efficient, or less
efficient, than cleavage of shorter tracts. As we show here, a 30%
decrease in CAG tract length reduced cleavage efficiency in cells
by 2- to 3-fold. This steep length-dependence suggests, for
example, that the extremely long repeats typical of many disease
loci would be highly preferred targets for ZFN cleavage, relative
to the hundreds of short CAG repeat tracts in the human
genome.

The 2 ZFNs that we tested in this study were built by modular
assembly of 3 identical zinc fingers, directed either at GCT or at
GCA triplets. Modular assembly of identical fingers is unlikely
to yield the most active nuclease, given that the binding of
individual fingers is known to depend in part on their neighbor-
ing fingers in the nuclease (5, 29). Cleavage efficiency of ZFNs
can be improved by iterative methods based on phage display or
the bacterial 2-hybrid system (39, 40). Recently, ZFNs that had

Fig. 5. Detection of zfGCT-induced DSBs within CAG repeats in cells. Dele-
tion and insertion events for the CAG repeat tracts in HPRT� colonies arising
from HPRT(CAG)68 cells are shown. (A) Diagram of deletion and insertion
events. (B) The junction sequences for the events shown in A, arranged in the
same order from top to bottom. The bold characters indicate microhomolo-
gies at the junctions. In one case, an insertion of 3 nt at a repaired junction is
denoted by the black triangle.

Fig. 6. Suppression of zfGCT-induced APRT� colony formation by SMRAD51.
A total of 50 �g of DNA was transfected for each condition. The frequencies
represent the average of 6 independent experiments. Standard deviations are
indicated as the vertical bars. The average values (�10 � 6) for each condition
are: GFP (6.0 � 2.0), zfGCT (107 � 21), SMRAD51�GFP (8.6 � 4.9), and
SMRAD51�zfGCT (11 � 6.3).
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been optimized by the bacterial 2-hybrid method were shown to
perform better than those assembled from modules (41). Other,
proprietary methods for designing zinc-finger proteins, such as
those used by Sangamo Biosciences, might also be used to build
improved repeat-specific nucleases. In addition, it is likely that
manipulation of the length of the amino acid spacer between the
zinc fingers and the FokI nuclease domain, which defines the
optimum spacing for dimerization, may also enhance cleavage
efficiency (15, 30). These considerations suggest that cleavage
efficiency of CAG-specific ZFNs may be amenable to significant
improvement.

It is difficult to estimate the absolute cleavage efficiency of
zfGCT from the frequencies of APRT� and HPRT� cells that
arise in our selection assay because the break must be processed
in a way that eliminates the ability of the repeat to interfere with
splicing of the reporter gene. In the majority of cases (56%) the
CAG tract in surviving cells had contracted to a shorter length,
one that allows adequate production of normal mRNA. We do
not know what fraction of all breaks is healed by the large
contractions, deletions, and insertions detectable by our assay,
versus the short contractions, expansions, and other repair
events to which our assay is blind.

The repeat instability generated by zfGCT-induced cleavage
raises the question of what role, if any, DSBs might play in human
repeat diseases. In yeast, CAG repeats ranging from 130 to 250
units were shown to induce DSBs at a high enough frequency to
be directly detectable by Southern blot analysis (42). In mam-
malian cells carrying CAG repeats of 98 or 183 units, breaks were
detected indirectly via stimulation of gene rearrangements,
albeit with a lower frequency than in yeast (28). A low frequency
of spontaneous breakage is also supported by the absence of
fragile sites associated with the myotonic dystrophy locus from
patient cells that carried several thousand CAG repeats (43). In
mice with CAG repeat tracts of �370 units, the absence of
DNA-PKcs (which functions in NHEJ) or of Rad54 (which
functions in HR) each had subtle effects on the distribution of
repeat lengths found in the quadriceps, an affected muscle with
elevated repeat mosaicism in both myotonic dystrophy patients
and this mouse model (44). These observations leave open the
possibility that DSBs may play a role in CAG repeat instability.
zfGCT should prove a useful reagent for probing the mechanism
of repair of DSBs in CAG repeat tracts.

A ZFN directed at CAG repeat tracts might also prove useful
as a therapeutic reagent for treatment of patients. If DSBs in
CAG tracts are repaired predominantly by contraction and
deletion, which is consistent with our results, then delivery of a
CAG-specific ZFN to affected cells could promote reduction in
the size of repeat tracts and alleviate repeat-associated symp-
toms. Even insertions within a repeat tract may interfere with the
pathology of many repeats. Such a reagent should have 2
properties. First, it should cleave CAG repeats with high effi-
ciency and specificity. We do not know the absolute efficiency of
cleavage by zfGCT, but it is not toxic to cells, suggesting a
reasonable specificity (45). Second, it should preferentially
target the expanded CAG repeats that characterize a disease
locus, rather than the shorter repeats at the normal locus and the
other short CAG repeat tracts scattered throughout the genome.
As we have shown here, cleavage by zfGCT exhibits a significant
length dependence that should help focus its activity on ex-
panded repeats. Treatments that can promote the reduction of
large CAG repeat tracts, or interrupt them, might form the basis
for a future therapeutic approach designed to prevent or delay
the onset of late-stage neurological disorders caused by ex-
panded CAG repeat tracts (46).

Materials and Methods
Plasmid Construction. The zinc finger DNA-binding domains were assembled
from overlapping primers by PCR (47). Each zinc finger DNA binding domain

is based on the previously described CP-1 backbone (48). Our primers incor-
porated the key recognition amino acids at positions -1 to 6 relative to the start
site of the helix portion of the zinc fingers, using QSGDLTR to recognize GCA
and QSSDLTR for GCT (5). To produce plasmids with the complete ZFN, the PCR
products, �300 bases in length, were cloned in-frame into a modified pET15B
vector using the NdeI and SpeI restriction sites, to create a fusion of the DNA
binding domain to the L6 glycine-serine linker and the FokI endonuclease
domain (15). Plasmid pET15B-GCA encodes zfGCA and plasmid pET15B-GCT
encodes zfGCT. The pET15B vector drives expression of the nuclease using a T7
promoter and includes an N-terminal 6x-His tag for protein purification. To
create expression plasmids for use in mammalian cell culture, the coding
sequence for each ZFN was amplified with an extended primer that appended
an NLS (PKKKRKV) and an HA tag (YPYDVPDYA) to the N terminus of the
sequence. The final PCR product was cloned into the pcDNA 3.1 vector using
the Directional TOPO Cloning kit from Invitrogen. Nucleotide sequences of
zfGCA and zfGCT are available on request.

Two plasmids were used in the in vitro cleavage assay. The pCR2.1-CAG38
plasmid contains a 370-nt sequence that includes 38 CAG repeats from (31).
This sequence was PCR amplified and cloned into the pCR2.1 vector using the
TOPO cloning kit from Invitrogen. We confirmed the size and orientation of
the CAG repeat sequence by restriction digests and DNA sequencing. The
pCR2.1-EMPTY plasmid is the pCR2.1 vector without an insert. The vectors
were linearized with NcoI before treatment with the nucleases.

Protein Purification and in Vitro Assay. Plasmids pET15B-GCA and pET15B-GCT
were transformed into BLR21(DE3)pLysS host cells from Novagen to express
protein for purification. Cells were grown in the presence of tetracycline,
ampicillin, chloramphenicol, and 0.1 mM ZnCl2. The proteins were purified
according to procedures described elsewhere (49, 50). The best protein frac-
tions, as determined by a Bradford assay and gel electrophoresis, were pooled
and further purified using a Heparin-Sepharose column. After the second
purification step, the best final protein fractions were stored for future use in
the in vitro assays. Purified ZFNs were quantified from a protein standard
curve using a BSA standard and the Protein Assay Reagent from Pierce. To
confirm the quantification, protein samples were also analyzed by gel elec-
trophoresis. The in vitro cleavage assays were conducted using equal amounts
of the ZFNs, �440, 220, and 44 nanograms for each enzyme in a reaction
volume of 20 �L. The digestion reactions were carried out as described (9).

Cell Lines and Growth Conditions. Construction of the APRT(CAG)61 and
APRT(CAG)95 CHO cell lines is described elsewhere (31), as is the FLAH25
HT1080 cell line, referred to in this article as HPRT(CAG)95 (24). The HPRT-
(CAG)68 HT1080 cell line was derived from the same transfection that pro-
duced the FLAH25 cell line, but it was found to contain only 68 copies of the
CAG repeat. CHO cells were grown in DMEM with high glucose and 10% FCS,
nonessential amino acids, pyruvate, penicillin and streptomycin. HT1080 cells
were grown in DMEM-F-12 medium (DMEM-F12) supplemented with 10%
FCS, nonessential amino acids, pyruvate, penicillin and streptomycin. Cell
culture reagents were purchased from Invitrogen. All cells were incubated at
37 °C with 5% CO2. For the HPRT(CAG)95 cell line, the pTRE-CMVmini promoter
controls transcription of the HPRT reporter gene, so doxycycline (2 �g/mL) was
added to the medium to induce maximal transcription during treatment with
the nucleases and during selections (24).

APRT� CHO cells were selected by plating 500,000 cells on 10-cm plates
supplemented with ALASA (25 �M alanosine, 50 �M azaserine, 100 �M
adenine) for 2 weeks. For the HPRT(CAG)95 and HPRT(CAG)68 cell lines, HPRT�

cells were selected by plating 500,000 cells on 10-cm plates supplemented with
HAT (0.1 mM hypoxanthine, 0.4 �M aminopterin, and 16 �M thymine) plus
doxycycline for 2 weeks, with the addition of fresh doxycycline after the first
week of selection. The resulting colonies were then picked for analysis or
stained with 1% Coomassie blue for counting. The frequencies of HPRT� or
APRT� colonies were calculated as the number of colonies surviving selection,
divided by the number of viable cells.

Cell Transfections. Human and CHO cells were transfected at 70–90% conflu-
ence in 10-cm culture dishes using 37.5 �L of Lipofectamine-LTX with 15 �L of
Plus Reagent and 60 �L of Lipofectamine 2000 (Invitrogen), respectively, with
plasmids expressing the zfGCA nuclease, the zfGCT nuclease, or SMRAD51. For
each transfection in CHO cells, 25 �g of each plasmid was used along with 25
�g of another plasmid or 25 �g of a control plasmid expressing GFP for a total
of 50 �g. Each experiment also included a set of control cells transfected with
50 �g of the GFP plasmid only. In human cells, the total amount of transfected
material was 15 �g, using 7.5 �g of each individual plasmid. Opti-MEM
(Invitrogen) and a reduced serum medium were used to dilute the plasmids
and the Lipofectamine reagent for the transfections. HPRT� or APRT� selec-
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tions were initiated 72 h after transfections. At the same time cells were
replated for selection, a sample was plated for cell survival in the absence of
selection. Colony formation for human cells averaged 28% for GFP transfec-
tions, 32% for zfGCT, and 37% for zfGCA; for CHO cells, they averaged 63%
for GFP, 65% for zfGCT, and 72% for zfGCA.
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