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Gene knockout is the most powerful tool for determining gene
function or permanently modifying the phenotypic characteristics
of a cell. Existing methods for gene disruption are limited by their
efficiency, time to completion, and/or the potential for confound-
ing off-target effects. Here, we demonstrate a rapid single-step
approach to targeted gene knockout in mammalian cells, using
engineered zinc-finger nucleases (ZFNs). ZFNs can be designed to
target a chosen locus with high specificity. Upon transient expres-
sion of these nucleases the target gene is first cleaved by the ZFNs
and then repaired by a natural—but imperfect—DNA repair pro-
cess, nonhomologous end joining. This often results in the gener-
ation of mutant (null) alleles. As proof of concept for this approach
we designed ZFNs to target the dihydrofolate reductase (DHFR)
gene in a Chinese hamster ovary (CHO) cell line. We observed
biallelic gene disruption at frequencies >1%, thus obviating the
need for selection markers. Three new genetically distinct DHFR~/~
cell lines were generated. Each new line exhibited growth and
functional properties consistent with the specific knockout of the
DHFR gene. Importantly, target gene disruption is complete within
2-3 days of transient ZFN delivery, thus enabling the isolation of
the resultant DHFR=/~ cell lines within 1 month. These data
demonstrate further the utility of ZFNs for rapid mammalian cell
line engineering and establish a new method for gene knockout
with application to reverse genetics, functional genomics, drug
discovery, and therapeutic recombinant protein production.

genetic engineering | zinc-finger proteins

he use of gene knockouts in basic research, functional
genomics, and industrial cell line engineering is severely
limited by an absence of methods for rapid targeting and
disruption of an investigator-specified gene. Early approaches to
somatic cell gene disruption used genome-wide nontargeted
methods, including ionizing radiation and chemical-induced
mutagenesis (1, 2) whereas more recent methods used targeted
homologous recombination (HR) (3). However, the >1,000-fold
lower frequency of the targeted HR event relative to random
integration in most mammalian cell lines (beyond mouse ES
cells) can necessitate screening thousands of clones and take
several months to identify a biallelic targeted gene knockout.
Strategies including positive and negative marker selection and
promoter-trap can boost efficiencies considerably, although
these approaches present their own technical challenges and are
not always successful in achieving high efficiency targeting (4, 5).
Although advances with adeno-associated viral delivery strate-
gies continue to improve the efficiency of knockouts (6, 7), the
frequency is still very low and the time required to achieve
biallelic gene knockout remains a barrier to its routine adoption.
Here, we present a general solution for rapid gene knockout in
mammalian cells.
The repair of double strand DNA breaks (DSB) in mammalian
cells occurs via the distinct mechanisms of homology directed
repair (HDR) or nonhomologous end joining (NHEJ) (8).

www.pnas.org/cgi/doi/10.1073/pnas.0800940105

Although HDR typically uses the sister chromatid of the dam-
aged DNA as a template from which to perform perfect repair
of the genetic lesion, NHEJ is an imperfect repair process that
often results in changes to the DNA sequence at the site of the
DSB. During NHEJ, the cleaved DNA is further resected by
exonuclease activity, and more bases may be added in an
irregular fashion before the two ends of the severed DNA are
rejoined (9). In mammalian systems, such as Chinese hamster
ovary (CHO) cells, the ratio of HDR to NHEJ-based repair has
been found to be 9:13 (10). Studies in Drosophila (11) and later
in both plants and worms (12, 13) showed that DSBs generated
by site-specific zinc-finger nucleases (ZFNs) resulted in targeted
mutagenesis consistent with repair by NHEJ. In this article, we
now extend the ZFN approach to mammalian systems. We make
use of the process of NHEJ to carry out targeted gene knockout
in CHO cells by using transiently expressed site-specific ZFNs to
generate the DSB in the gene that is being targeted (for reviews,
see refs. 14 and 15).

ZFNs employ a heterologous zinc-finger protein (ZFP) DNA
binding domain (which specifically binds to the designated target
sequence) fused to the catalytic domain of the endonuclease
FokI (16). Dimerization of this Fokl domain is required for its
DNA binding-dependent endonuclease activity. Thus, two indi-
vidual ZFNs are designed as a pair to bind to the target DNA
stretch with precise sequence specificity, spacing, and orienta-
tion to facilitate dimerization and subsequent DNA cleavage (11,
16). When expressed transiently in cells, the ZFNs generate a
site-specific DSB in the endogenous target gene that subse-
quently can be repaired via NHEJ. The precise nature of the
mutations generated by NHEJ-based repair of the ZFN-induced
DSB cannot be predetermined and, indeed, need not be known.
In this article, we show that the frequency of gene disrupting
mutations generated by this stochastic process is more than
sufficient for utility as a method for gene knockout.

To demonstrate the ZFN approach to gene knockout, we
elected to disrupt the function of the dihydrofolate reductase
(DHFR) gene in a Chinese hamster ovary cell line (CHO-S) that
is diploid for functional DHFR. CHO cells are the dominant
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Fig.1. Targetingthe DHFR locus with designed ZFNs. (A) Section of the DHFR
gene targeted by ZFNs. The DNA sequence of the primary binding site for each
ZFN is boxed. ZFN7843 and ZFN9461 bind the same 12-bp site. ZFN7844 binds
the 12-bp site AATGCTCAGGTA, whereas ZFN9684 binds the 15-bp site AAT-
GCTCAGGTACTG. (B) Recognition helix sequences of ZFNs. The sequence of
the recognition helix from position —1 to +6 (27) is listed below its target
triplet. Backbone sequences for the ZFPs can be found elsewhere (20). The
C-terminal finger recognizes the 5’ most DNA triplet. The asterisks denote that
these ZFNs employ the ELKK variant Fokl domains throughout. (C) Comparison
of ZFN activity. Plasmids encoding each pair of ZFNs (ZFN7843/ZFN7844 and
ZFN9461/ZFN9684) containing the ELKK Fokl variants were delivered in the
amounts shown to CHO-S cells in suspension culture. The frequency of allelic
mutation in each pool of treated cells was determined by using the CEL-I assay
(gel). Bands migrating at 384, 204, and 180 bp represent the parent amplicon
and the two CEL-I digestion products, respectively. The bands were quanti-
tated by EtBr staining and densitometry to determine the frequency of NHEJ.
The frequency of NHEJ is plotted against ZFN dosage. The lowest band on the
25-bp size ladder is 125 bp.

system for the production of therapeutic recombinant proteins
(17). DHFR is one of the most widely used and best character-
ized selectable marker genes and is used in conjunction with
CHO cell lines in which endogenous DHFR expression has been
destroyed. This widespread familiarity with DHFR makes it an
ideal choice of target gene with which to validate a ZFN-
mediated approach to gene knockout. Furthermore, existing
DHFR-negative CHO cell lines provide additional benchmarks
against which we can verify the phenotype of our ZFN-generated
DHFR knockout cell lines. Here, we report (i) the successful
generation of ZFNs targeting the DHFR locus in CHO-S cells
and (i) the application of these ZFNs to generate stable cell lines
devoid of functional DHFR.

Results

Design of Zinc Finger Nucleases Targeting the DHFR Gene. Exon 1 of
the CHO-S DHFR locus was chosen for targeting with pairs
of ZFNs, using the same strategy as in ref. 16. Structural studies
of human DHFR have shown this region to be critical for
substrate and cofactor binding (18). ZFNs that form pairs, which
target the DHFR locus, were designed and screened in vitro for
DNA binding to their target sites (Fig. 1 4 and B and data not
shown), using an ELISA-based assay (19). The nuclease function
of ZFNs is conferred by the catalytic domain of the endonuclease
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Fokl, which is linked to the DNA-binding zinc-finger proteins.
Two different architectures of the FoklI catalytic domain were
tested, either the WT FokI domain or the high-fidelity FokI-KK
and FokI-EL obligate heterodimer (ELKK) variants described in
ref. 20. These FokI dimerization variants provide an additional
level of specificity to ZFN cleavage by effectively eliminating
unwanted homodimerization events elsewhere in the genome
(20, 21). The ZFN9461/ZFN9684 pair used the ELKK FokI
variants in all cases. The ZFN7843/ZFN7844 pair used the WT
FokI domain in all studies except that shown in Fig. 1C. For this
experiment, all ZFNs used the ELKK variants so that the only
experimental variable was the structure of the DNA binding
domains themselves (Fig. 1B). Plasmids expressing each pair of
ZFNs were transfected into cells at the reported amount. The
frequency of ZFN-mediated disruption at the target site in each
pool of cells was determined by using the CEL-I nuclease assay
(see Materials and Methods for discussion of this assay). We
found that expression of the ZFN9461/ZFN9684 pair gave
enhanced targeted gene cleavage compared with that shown by
the ZFN7843/ZFN7844 pair, as demonstrated by the increased
incidence of allelic mutation (NHEJ frequency) in the ZFN-
treated pools, particularly at lower levels of input ZFN (Fig. 1C).
Although both ZFN pairs attained a similar maximum level of
in vivo gene cleavage (=~15%), the ZFN9461/ZFN9684 pair
achieved this by using ~10-fold less ZFN plasmid. Taken
together, these data demonstrate that the ZFN7843/ZFN7844
and ZFN9461/ZFN9684 pairs successfully cleave, and thereby
initiate mutation of, the target locus within exon 1 of the CHO-S
DHFR gene.

Generation of DHFR-Deficient Cell Lines. DHFR ™/~ cell lines were
generated by transfecting CHO-S cells with either of the ZFN
pairs described above and then plating at limiting dilution to
obtain single-cell derived DHFR-deficient cell lines. This ap-
proach was tested in two separate studies. In the first study,
CHO-S cells growing adherently in serum-containing medium
were treated with the ZFN7843/ZFN7844 pair containing the
WT Fokl domain. After dilution cloning (one cell per well
average), 68 isolates were analyzed for DHFR gene disruption,
using the CEL-I assay. Five of 68 isolates (7%) showed the
presence of mutated DHFR alleles and were further subcloned
to ensure clonal purity. The exact sequence of the mutant alleles
in each cell line, and thus the genotype, was determined by
PCR-amplifying the target locus and cloning the PCR product,
then sequencing ~90 of the resulting bacterial colonies—each of
which contained the sequence of either allele. Three of the
clones appeared to be heterozygous for DHFR disruption (data
not shown). The remaining two clones, 14/1 and 14/2, showed no
WT sequence, suggesting biallelic disruption. For clone 14/1, 47
of the 89 sequence reads (53%) showed a single base pair
insertion between the ZFN binding sites, whereas the remaining
42 reads (47%) indicated a 2-bp insertion in the same region
(Fig. 24). The ~1:1 ratio of alleles indicated that clone 14/1 is
a compound heterozygous mutant in which both alleles have
mutations between the individual ZFN binding sites that result
in shifts in reading frame. These give rise to premature termi-
nation products of 46 and 38 codons, respectively, and the mu-
tant mRNA transcripts are also expected to undergo nonsense-
mediated decay. Clone 14/2 is also a compound heterozygous
mutant from which 43 sequence reads contained the same 2-bp
insertion present in clone 14/1, but the remaining 40 contained
a 15-bp deletion (Fig. 24). Although the deletion preserves
the reading frame for the DHFR protein, the five amino
acid residues (ProTrpProMetLeu) deleted from this peptide
are critical to the integrity of the ligand-binding pocket of
DHFR (18).

In the second study, CHO-S cells cultured in serum-free
suspension medium were transfected with the other ZFN pair,
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Fig.2. Genotype and phenotype of ZFN-induced DHFR~/~ clones from CHO-S
cells. (A) Each pair of sequences represents the two alleles of the DHFR gene
in the designated cell line. For each mutant allele, inserted bases are boxed,
and deleted bases are represented by dots. (B) Western blot for DHFR protein
in WT CHO-S cells (WT) and the mutant cell lines 14/1, 14/2, and 1.43 and the
commercially available DHFR-null CHO cell line DG44. Note that, for clone
1.43, we analyzed three independent subclones from this line (H7, B11, and
A5). Input is normalized against TFIIB or glutamine synthetase (GS) expression
levels as indicated. (C) Fluorescein-labeled methotrexate (FMTX)-based FACS
analysis of DHFR™'~ cell lines. WT(-ve), WT CHO-S cells not treated with FMTX;
WT(+ve), WT CHO-S cells treated with FMTX. All mutant cell lines were treated
with FMTX, including DG44 as a DHFR-null CHO cell control. (Left) Cells in
adherent culture. (Right) Cells in suspension culture.

ZFN9461/ZFN9684, but, in this case, the ELKK FokI variant
domains were used. After dilution cloning, 350 isolates were
analyzed via direct sequencing of PCR products of the genomic
target locus. Eleven of these clones (3%) were found to have at
least one disrupted copy of the DHFR gene (data not shown).
Upon further cloning and sequencing of these PCR products (as
in the first study), four were found to be compound heterozygous
for mutations in both copies of the DHFR gene, with the
remaining seven clones being heterozygous. All mutations were
centered on the ZFN cleavage site, and all were consistent with
functional DHFR disruption—either by deletion of critical
residues or by introduction of a frameshift. Most mutations we
observed were small deletions (<20 bp). Clone 1.43 (and the
subclone 1.43A5; data not shown) exhibited the largest genetic
loss of all clones analyzed, with a 302-bp deletion in one allele
and a 38-bp deletion in the other allele (Fig. 24). Both mutations
extended into the following intron, eliminating a splice site, and
thus would be expected to result in the loss of functional DHFR
expression.

For each of the three DHFR™'~ cell lines produced in the
above two studies, no DHFR protein could be detected by
Western blot analysis using an antibody that recognizes the
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carboxyterminal region of DHFR (Fig. 2B). Although the mu-
tant allele that encodes a 5-aa deletion in clone 14/2 might have
been expected to generate a near-full length, albeit nonfunc-
tional, peptide, the Western blot analysis indicates that this
peptide is unstable, perhaps eliminated via the unfolded protein
response (22). To further confirm the loss of functional DHFR,
we used a fluorescence-based assay to detect the binding of
fluoresceine-labeled methotrexate (FMTX), which would indi-
cate the presence of functional endogenous DHFR (23). We
observed that all three DHFR~/~ lines did not bind FMTX, in
contrast to the WT parental CHO-S cells (Fig. 2C). This result
further confirms the loss of functional DHFR protein expression
in all three genetically distinct DHFR™/~ cell lines generated
from this study.

Functional Analysis of DHFR Knockout Cell Lines. DHFR catalyzes
the reduction of folate during the biosynthesis of purines,
thymidine, and glycine. DHFR negative cells are unable to grow
unless the culture medium is supplemented with essential me-
tabolites, including hypoxanthine and thymidine (HT) (1). To
confirm the loss of functional DHFR expression, each DHFR™/~
cell line was cultured for 4 days in medium either with or without
HT supplement. As predicted, DHFR ™/~ cell lines 14/1 and 14/2
(Fig. 34 Upper) and 1.43A5 (Fig. 34 Lower) exhibited a strict
requirement for HT. DHFR is frequently used as a selection
marker for the stable expression of recombinant proteins in
DHFR-deficient mammalian cell lines. To further validate the
new cell lines described above, we investigated their capacity to
support DHFR-based selection of transgene expression. Each
mutant cell line and WT CHO-S cells were transfected with
plasmids driving coexpression of a monoclonal antibody and a
DHEFR gene as the selection marker. All cells produced similar
levels of antibody two days after transient transfection of the
expression constructs (data not shown). However, after 2 weeks
of culture in the absence of HT supplement, we observed that
stable pools derived from each DHFR™/~ clone exhibited sig-
nificantly greater antibody expression levels than did those
derived from WT cells (Fig. 3B). This result is consistent with the
need for these DHFR™/~ cells to retain coselected exogenous
DHFR expression for survival in the absence of HT, whereas the
WT cells were under no such selection pressure. Conversely, the
DHFR~/~ cell lines did not exhibit increased antibody expression
when selection pressure was not applied (i.e., when HT was
present). Furthermore, subsequent incubation of the “minus-
HT-selected” antibody-expressing pool from cell line 14/1 in the
presence of 50 nM or 250 nM the DHFR inhibitor methotrexate
resulted in an increase in antibody expression of 1.7-fold and
2.6-fold, respectively (Fig. 3C). This reflects the selection of cells
that exhibit higher levels of DHFR expression and therefore
elevated levels of coselected antibody. Increased antibody ex-
pression in the pools is likely due to amplification of gene copy
number (24) and/or selection of clones in which the transgenes
have randomly integrated into chromosomal loci that are more
permissive for gene expression. Taken together, the results
obtained in these DHFR selection and amplification studies are
consistent with the characterized behavior of other DHFR-
negative CHO cells (24) and thus further support the phenotype
of the cell lines described here.

It may be relevant to add that, except for the loss of endog-
enous DHFR expression, the cells we have isolated behave in all
other respects like WT CHO-S. For example, clone 1.43A5
exhibits a doubling time of 16.8 h, which is comparable with that
of WT (14.1 h; data not shown), and chromosomal integrity is
also generally preserved [supporting information (SI) Fig. S1].
These observations further support the notion that ZFN-
mediated gene targeting can be performed without significant
unwanted genetic or phenotypic disruption.
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