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ABSTRACT
Genome editing and alteration of gene expression by synthetic DNA binding activities gained a lot of momentum over the last decade. This is
due to the development of newDNA bindingmolecules with enhanced binding specificity. Themost commonly used DNA bindingmodules are
zinc fingers (ZFs), TALE-domains, and the RNA component of the CRISPR/Cas9 system. These binding modules are fused or linked to either
nucleases that cut the DNA and induce DNA repair processes, or to protein domains that activate or repress transcription of genes close to the
targeted site in the genome. This review focuses on the structure, design, and applications of ZF DNA binding domains (ZFDBDs). ZFDBDs are
relatively small and have been shown to penetrate the cell membrane without additional tags suggesting that they could be delivered to cells
without a DNA or RNA intermediate. Advanced algorithms that are based on extensive knowledge of themode of ZF/DNA interactions are used
to design the amino acid composition of ZFDBDs so that they bind to unique sites in the genome. Off-target binding has been a concern for all
synthetic DNA binding molecules. Thus, increasing the specificity and affinity of ZFDBDs will have a significant impact on their use in
analytical or therapeutic settings. J. Cell. Biochem. 116: 2435–2444, 2015. © 2015 Wiley Periodicals, Inc.
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For most DNA-sequence specific binding proteins a-helices are
placed into the major groove and specific amino acids engage

in base specific contacts [Mechetin and Zharkov, 2014; Slattery
et al., 2014]. The ZF typically interacts with three base pairs (bps) of
DNA and is composed of an a-helix and two adjacent b-sheets [Pabo
et al., 2001; Klug, 2010]. Interactions between the a-helix and one of
the b-sheets is mediated by a zinc ion, which is coordinated by two
cysteine and two histidine (C2H2, Fig. 1A) or four cysteine (C4)
residues. The C2H2-ZF is the most common DNA binding motif
found in eukaryotic transcription factors and its mode of DNA
binding is very well understood [Pabo et al., 2001; Klug, 2010]. The
RNA polymerase III transcription factor TFIIIA was among the first
eukaryotic transcription factors that has been purified to homoge-
neity and for which the corresponding coding DNA was identified
and sequenced [Pelham and Brown, 1980; Ginsberg et al., 1984].
Early biochemical work in the Klug and Wu laboratories demon-
strated that TFIIIA contained Zn and consisted of repeating blocks of
about 3 kDa [Hanas et al., 1983; Miller et al., 1985]. TFIIIA contains 9
C2H2 ZFs that make extensive contacts with the internal control
region (ICR) of the 5S rRNA gene, creating a 50 bp DNAse I footprint

[Seifart et al., 1989]. However, not all of the nine ZFs of TFIIIA
participate in canonical DNA interactions. Most ZF-transcription
factors contain fewer ZFs and bind to a large number of regulatory
DNA elements [Pabo et al., 2001; Klug, 2010]. For example,
transcription factor Sp1 contains 3 C2H2 ZFs and interacts with
CpG-rich DNA in regulatory DNA elements that direct or modulate
transcription by RNA polymerase II (Pol II) [Suske, 1999].

The first co-crystal structure of a ZF protein with a DNA fragment
was that of the mouse transcription factor Zif268 [Pavletich and
Pabo, 1991]. The structure revealed that 3 ZFs follow the helical path
and that residues at the N-terminus of the a-helix interact with bases
in the major groove. The binding of Zif268 is antiparallel in that the
N-terminal residues of the ZF make contacts with the 30end of the
DNA binding site and the C-terminal residues contact the 50end.
Work on Zif268 has shown that residues�1, 3, and 6, relative to the
start site of the a-helix, make contacts with 3 specific bases in one of
the DNA strands [Pavletich and Pabo, 1991; Pabo et al., 2001; Klug,
2010]. The interaction of one ZF with a triple bp sequence is a
common feature of DNA binding ZF proteins. However, often residue
2 of the a-helix contacts the next base at the 30end of the opposite
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strand highlighting the important fact that ZFs not only recognize a
triple bp sequence but also the sequence context with respect to
neighboring bps (Fig. 1B) [Pabo et al., 2001; Klug, 2010].

The individual ZFs within DNA-binding transcription factors are
most often connected by 5 AA linker regions with the conserved
sequence TGEKP, which is found in all kr€uppel-like C2H2 ZF proteins
[Pabo et al., 2001; Klug, 2010]. The linker regions appear to play an
active role in DNA binding and data suggest that they may stabilize
protein/DNA interactions at the C-terminal region of the a-helix
[Wuttke et al., 1997]. Interestingly, linker regions have been shown
to adopt an ordered configuration upon binding of the ZF protein to
DNA [Laity et al., 2000a]. Variations of the linker length are
associated with altered modes of DNA binding and can either
enhance or inhibit the binding of specific ZFs in the context of a
ZFDBD [Pabo et al., 2001; Klug, 2010].

ZFs not only interact with DNA but also with RNA and other
proteins [Pabo et al., 2001; Klug, 2010]. This should be kept in mind
when designing artificial ZF proteins. For example, the erythroid-
specific transcription factor GATA-1 interacts with the co-activator
cAMP-responsive element binding protein (CEBP)-binding protein
(CBP) via one of the two ZFs [Blobel et al., 1998]. In addition, the
GATA-1 ZF also interacts with Sp1 via ZF–ZF interactions [Imanishi
et al., 2010]. The linker regions of the ZF proteins prominently
participate in the ZF–ZF contacts which are mostly electrostatic
[Imanishi et al., 2010].

DESIGN AND GENERATION OF ARTIFICIAL ZF-DNA
BINDING PROTEINS

The various modes by which ZFs contact specific bases either within
or outside the target triple bp binding site make it difficult to
generate straightforward rules and codes for the design of proteins
intended to bind unique DNA sequences in the genome [Mandell and
Barbas, 2006; Gersbach et al., 2014]. Nevertheless, as discussed

below, there are several widely used tools that can predict the
optimal target DNA sequence for recognition by tailored ZFDBDs.

Early on, the Klug and Berg laboratories pioneered the design of
ZF proteins with altered DNA binding specificities [Desjarlais and
Berg, 1992, 1993; Choo and Klug, 1994a; Isalan et al., 1997]. Specific
mutations in key residues of the Zif268 DNA binding interface
changed the specificity of ZFs toward different DNA sequences. The
development of selection procedures like phage display that allowed
identification of specific DNA binding proteins from a large library
of ZF proteins with randomized alterations of specific amino acid
residues provided a breakthrough in the design of artificial DNA
binding proteins [Rebar and Pabo, 1994; Choo and Klug, 1994b; Wu
et al., 1995]. Furthermore, the Pabo group developed an elegant three
step randommutagenesis and selection procedure based on Zif268 to
generate a 3-ZF protein that interacts with a specific 9 bp sequence
[Greisman and Pabo, 1997]. This selection scheme also considered
neighboring effects by adjacent triple bps.

More recent selection procedures involved bacterial one-hybrid
(B1H) or bacterial two hybrid (B2H) systems [Maeder et al., 2008;
Persikov et al., 2015]. The most extensive screen for DNA binding ZF
proteins using the B1H system has recently been published by
Persikov et al. [2015]. The authors generated a large number of
mutant three ZF proteins in which AAs at position�1, 1, 2, 3, 5, and
6 were altered in two of the ZFs. The computational analysis
confirmed the importance of the core AA residues at positions�1, 2,
3, and 6 for the specificity and affinity of protein DNA interactions
but also revealed novel aspects of neighboring effects as well as
interactions within the context of individual ZFs.

The selection of specific ZFs capable of interacting with specific
triple bp sequences led to the generation of ZF libraries [Bae et al.,
2003]. ZFs from these libraries can be linked together to generate ZF
proteins with determined binding specificities. This modular
assembly approach was successful in generating highly specific
ZFDBDs. However, the general applicability of themodular assembly
was questioned by experiments showing that most of the assembled

Fig. 1. Structure and DNA binding patterns of C2H2 zinc fingers. (A) Structure of the zinc finger outlining two b-sheets (yellow), an a-helix (pink), and a zinc atom (green
circle) coordinated by two cysteine (Cys) and two histidine (His) residues. (B) Interaction of a 3 ZF protein with a DNA sequence of 9 bps. As outlined, residues�1, 3, and 6 make
specific contacts with the nucleotides in the major groove within a triple bp, and residue 2 also contacts a nucleotide of a neighboring bp.
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ZF proteins failed to activate a reporter gene in B2H assays [Ramirez
et al., 2008]. Subsequent studies demonstrated that most of the ZF
proteins that failed in the B2H assay revealed correct binding
selectivity in a protein binding microarray [Lam et al., 2011].
Nevertheless, both studies revealed that modular assembly is most
successful for ZFs that bind to GNN nucleotides. An explanation for
the GNN preference is that most artificial ZFDBDs are based on either
Zif268 or Sp1 ZF proteins that bind to GNN. Furthermore in
GNN-binding ZFs an arginine at position 6 interacts with the
50guanine via two hydrogen bonds which contributes to stronger
protein/DNA interactions [Pavletich and Pabo, 1991; Elrod-Erickson
et al., 1998]. Triplets such as ANN or CNN are typically recognized
with lower affinity. The TNN triplets are particularly limited as ZFs
can only bind to TGA, TGG, or TAG.

The variability in DNA binding modes both with respect to
individual ZFs and neighboring effects renders the prediction of
DNA binding specificity challenging. Gupta et al. [2014] recently
used the known binding specificity of 678 two-ZF modules to
construct a random forest-based predictive model for ZF-specificity
[Gupta et al., 2014]. Likewise, Persikov et al. [2014] used structural
models and prediction algorithm to generate position weight
matrices (PWMs) for ZFs at four nucleotide positions reflecting
the interactions of the four core AAs (�1, 2, 3, and 6) [Persikov and
Singh, 2014]. Even though there are limitations to this approach it is
quite encouraging that for up to 80% of the ZF proteins binding
preferences could be predicted.

To target a unique site in the human genome ZFDBDs need to
contain at least 6 ZFs [Gersbach et al., 2014]. The reason for this is
that a DNA sequence larger than 18 bps is predicted to be present
only once in the human genome. As mentioned before, the AA
sequence linking two adjacent ZFs is relatively well conserved and
usually consists of TGEKP [Pabo et al., 2001; Klug, 2010]. Several
studies have shown that increasing the number of ZFs beyond 3 does
not necessarily increase the specificity and affinity of the protein. It
was shown that if 6 ZFs are linked via canonical spacers, the protein
is strained and may not adopt an ideal binding configuration in
which the subsequent ZFs follow the major grove of the DNA [Pabo
et al., 2001; Klug, 2010]. Pabo and coworkers have shown that
extending the linker between the 3rd and 4th ZF leads to order of
magnitudes increased affinities and specificities [Kim and Pabo,
1998]. Likewise, Moore et al. [2001] have shown that strings of two
ZF units connected via extended linkers increased affinity and
specificity by orders of magnitudes [Moore et al., 2001]. Both groups
used target sites that either do or do not contain nucleotide gaps
between the ZFs connected by extended linkers. The two-unit
approach led to the generation of ZFDBDs with very little tolerance
of variations in the targeted site [Moore et al., 2001]. However, it
should be mentioned that other experiments failed to reproduce the
beneficial effect of increasing the linker length on the binding
affinity [Neuteboom et al., 2006]. The differences between these two
studies could be due to the fact that different backbones for the
ZF-design (Zif268 vs. Sp1) were used. The Pabo group has solved the
crystal structure of 2 copies of three ZFDBDs bound to adjacent sites
mimicking a six ZFDBD with sufficient flexibility between the three
finger modules. The authors demonstrated that the protein is still
strained when bound to DNA, which suggests that extended linkers

may provide advantages to ZFDBDs other than conferring flexibility
[Peisach and Pabo, 2003].

Other studies investigated the effect of linker length and sequence
on the binding of Sp1 ZFs [Imanishi et al., 2000; Imanishi and
Sugiura, 2002]. The authors introduced polyglycine, -glutamine, or
-arginine into the linker and demonstrated that the altered linker in
some cases caused DNA bending and that the different AA sequences
had different effects on the affinity of protein/DNA interactions. Yan
et al. [2007] introduced a-helix creating peptide sequences into the
linker between two 3ZF-binding domains and showed that the
resulting ZFDBD binds to sequences with up to 10 bp gaps between
the two 3ZF units [Yan et al., 2007]. Whether increased specificity
with extended linker regions could be a guiding principle or whether
this depends on the sequence or conformation of the target DNA
sequence remains to be established. For example, one study has
shown that an extended linker between ZFs can lead to impaired ZF
binding to the cognate site [Laity et al., 2000b]. In this case it was
shown that alternative splicing leading to an additional three
residues (KTS) within the canonical linker (TGEKP) between ZF three
and ZF four of tumor suppressor proteinWT1 increased its flexibility
and abrogated DNA binding of the fourth finger. Therefore, it is clear
that the distance between ZFs is an important determinant for
optimal ZF-DNA interactions. The effect of the linker length on
binding specificity is likely mediated by the sequence context of the
target site and/or the conformation of the DNA.

Several platforms are available that assist in the design and
generation of ZFDBDs. OPEN (Oligomerized Pool Engineering) is an
open-source, publicly available resource that is based on a library of
ZF-pools constructed by the Zinc Finger Consortium (http://www.
zinfingers.org) [Maeder et al., 2008]. The pool consists of randomized
libraries of ZFs in the context of a 3ZF protein. A different method
was developed by the Barbas laboratory [Mandell and Barbas, 2006;
Gersbach et al., 2014]. This method uses algorithms that are based on
the knowledge that exists on the mode of ZF-DNA interactions to
determine the AA sequence of ZFs that would bind specific triple bps
in the DNA (http://www.zincfingertools.org). The rules not only take
into account the interaction of ZFs with triple bps but also the effect
of neighboring DNA sequences in the context of a DNA binding
domain containing 3 ZFs. One aspect not taken into account when
designing synthetic ZFDBDs is the DNA conformation. It has been
shown that many protein/DNA interactions are governed by both
sequence and shape readout [Rohs et al., 2010]. Nevertheless, the
available platforms are extremely helpful for the initial design and
generation of ZFDBDs. However, the specificity and affinity of the
artificial ZFDBDs need to be examined using in vitro and in vivo
approaches as outlined below.

AFFINITY AND SPECIFICITY

Assessing the specificity and affinity of artificial ZFDBDs in vitro
and in vivo is important for their use as analytical or therapeutic
tools. Electrophoretic mobility shift assays (EMSAs) and isothermal
titration calorimetry are frequently used to examine specificity and
dissociation constant (Kd) of DNA binding proteins in vitro [Churion
et al., 2014; Wang et al., 2014b]. Kds for ZF proteins are often in the
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nanomolar to femtomolar range [Pabo et al., 2001; Klug, 2010]. As
mentioned before, the Pabo and Klug laboratories developed
ZFDBDs with extended linker regions that bind in the femtomolar
to picomolar range [Kim and Pabo, 1998; Moore et al., 2001]. The in
vivo occupancy of ZFs at specific and at off-target sites can be
determined by chromatin-immunoprecipitation (ChIP), allowing
determination of genome wide occupancy when followed by high
through-put sequencing (ChIP-seq) [Furey, 2012]. ChIP-Exo-Seq, in
which the ChIP selected DNA is subjected to exonuclease digestion
before high-throughput sequencing, provides binding data with
higher resolution [Rhee and Pugh, 2011].

Occupancy of ZFDBDs in vivo is determined by many parameters
including specificity/affinity, concentration, chromatin accessibil-
ity, and potential interactions with other proteins. Several recent
genome wide studies on the in vivo occupancy of artificial ZFDBDs
revealed wide-spread binding to off-target sites. Grimmer et al.
[2014] recently generated 6 ZF-containing, HA-tagged ZFDBDs
targeting the Sox2 promoter inMCF7 breast cancer cells. The authors
subjected the cells to ChIP-seq. using HA-specific antibodies and to
RNA seq. The data showed that the ZFDBDs interacted with
thousands of sites in the genome [Grimmer et al., 2014]. However,
despite extensive off-target site binding, only a few genes revealed
expression changes in cells expressing the ZFDBD. Furthermore, the
inclusion of a KRAB repression domain increased the number of
ZFDBD binding sites in the genome. KRAB domains are often found
in C2H2 ZF proteins and repress transcription by modifying histones
[Lupo et al., 2013]. Burdach et al. [2014] analyzed the genome wide
occupancy of the naturally occurring 3ZF-containing Kr€uppel-like
factor 3 (KLF3) and found that mutations in a domain that interacts
with the co-repressor C-terminal binding protein (CtBP), altered the
binding specificity of the ZFDBD [Burdach et al., 2014]. These data
clearly show that in vivo occupancy is guided not just by the DNA
binding domain but also by protein:protein interactions and
chromatin accessibility. Theoretically, an increase in the number
of ZFs should increase the binding affinity for a target site and
should also increase the specificity of interactions if the

concentration of the ZFDBD is restricted to low levels. In this
respect, Grimmer et al. [2014] found that not all of the 6 ZFs in the
ZFDBD are involved in sequence-specific interactions. In fact, the
genome-wide binding site analysis suggests that only the middle
4 ZFs were engaged in protein/DNA interactions [Grimmer et al.,
2014]. This suggests, as discussed by the authors, that increasing the
number of ZFs may indeed increase the specificity of the ZFDBDs.
According to the findings in the Pabo and Klug laboratories,
increasing the length of the linker region every 2 or 3 ZFs to reduce
potential strain may allow the design of highly specific ZF proteins
[Kim and Pabo, 1998;Moore et al., 2001]. The use of dimeric ZFDBDs
that only function when they form dimers at the target site could
increase the specificity of DNA interactions. Dimeric ZFs are most
often used in genome editing procedures but they have also been
applied to reconstituting enzymatic activity of epigenetic modifiers
at specific sites in the genome [Nomura and Barbas, 2007; Gersbach
et al., 2014].

Another challenge in targeting ZFDBDs to specific sites in the
genome is the control of ZFDBD expression levels in the cell.
Increasing the expression levels of the ZFDBDs will generally lead to
increased unspecific binding events. It is important to keep the
concentration of the proteins sufficiently low so that they can
efficiently interact with a specific site while minimizing off-target
binding. Thus, the combination of generating ZFDBDs with high
specificity/affinity and reducing expression levels is expected to
significantly decrease off-site binding events. Expression levels can
in principle be controlled by placing the ZFDBD encoding DNA
under control of strong or weak eukaryotic promoters or by using
inducible systems to transiently express the ZFDBDs at will [Pabo
et al., 2001; Klug, 2010; Gersbach et al., 2014]. Beerli et al.
[2000] generated ZF transcription factors that were fused to steroid
hormone receptor binding sites and were thus subject to regulation
by hormone ligands [Beerli et al., 2000]. A negative feed-back loop
could also be incorporated into the ZFDBD expression plasmid to
limit its expression (Fig. 2). For example, a partial binding site for the
ZFDBD could be inserted downstream of the transcription start site.

Fig. 2. Proposedmechanism of controlling ZFDBD expression. Shown below is the perfect target sequence for a designed ZFDBD. An imperfect sequence is placed downstream of
the promoter controlling expression of the ZFDBD (top). At low concentrations, the ZFDBD will bind the perfect target site but not the imperfect site, allowing increased ZFDBD
expression. At high concentrations the ZFDBD will bind to its own promoter and reduce expression.
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At low expression levels the ZFDBDwill bind to the perfect target site
in the genome but not to the imperfect site in the downstream
promoter of its own gene. At high expression levels the ZFDBD will
also bind its own gene and inhibit transcription. Previous studies
have shown that targeting a ZFDBD downstream of the transcription
start site impairs transcription elongation [Choo et al., 1994; Barrow
et al., 2014]. This feedback approach would monitor expression
levels that lead to unspecific binding.

If ZFDBDs are targeted to heterochromatic regions, accessibility
could become an issue. To allow binding of ZFDBDs to inaccessible
sites in the genome, cells could be treated with histone deacetylase
(HDAC) or DNA methyltransferase (DMTs) inhibitors [Kubicek et al.,
2012]. However, this may not be necessary as recent studies
demonstrated that ZFDBDs can be targeted to repressed chromatin
and are able to bind methylated DNA [Sasai et al., 2010; Buck-
Koehntop et al., 2012]. For example, Deng et al. [2014] have shown
that a ZFDBD interacts with a normally inaccessible target site in the
silenced fetal g-globin gene [Deng et al., 2014]. Thus, ZFDBDs may
also be employed as pioneer transcription factors to initiate the
access over regulatory DNA elements.

As mentioned previously, specificity of ZFDBDs in vivo is
primarily assessed by ChIP based assays. ChIP assays normally
include a prolonged incubation of cells in 1–2% formaldehyde
[Furey, 2012]. It is possible that under these conditions many
transient and unproductive protein/DNA interactions are cross-
linked. Most DNA binding proteins slide along accessible DNA or
randomly sample sites in the genome before they engage in DNA
sequence specific interactions [von Hippel and Berg, 1989]. If
chromosomal sites are accessible and if there are no competing

proteins, ZFDBDs, particularly if they are expressed at high levels,
may frequently occupy these sites and will be efficiently crosslinked.
This interpretation is in line with the observation by Grimmer et al.
[2014] that most off-site target events remain without functional
consequence on nearby genes. The Auble laboratory recently
developed a modified ChIP protocol with reduced crosslinking
time [Poorey et al., 2013]. This crosslinking kinetics (CLK) method
allows determining the on- and off-rate of the interactions between
proteins and specific sites in chromatin in vivo and thus represents
an ideal tool to determine in vivo occupancy of ZFDBDs.

APPLICATION OF ZFDBDS

There are many applications for ZFDBDs as either analytical or
therapeutic tools. ZFDBDs can be fused to transcriptional activation
or repression domains to alter expression of specific genes (Fig.
3A and B), to epigenetic modifiers to alter chromatin accessibility at
gene loci (Fig. 3C), or to protein/protein interaction domains to force
interactions between long-distance gene regulatory elements and
gene promoters (Fig. 3E). Furthermore, ZFDBDs are also used for
gene editing by fusing them with nucleases that initiate DNA repair
or DNA recombination processes (Fig. 4).

SYNTHETIC ZF TRANSCRIPTION FACTORS

Transcription factors are modular and usually contain multiple
separable domains that confer DNA binding, transcription activation,
or repression, protein/protein interactions, or regulatory domains that
are post-transcriptionally modified (e.g., phosphorylation or

Fig. 3. Applications for ZFDBDs. (A) ZFDBDs can be expressed together with an activation domain and targeted to a promoter to activate expression of a specific gene in the
genome. (B) ZFDBDs can be expressed together with a repression domain and targeted to a promoter to repress expression of a specific gene. (C) ZFDBDs can be expressed together
with an enzymatic activity that introduces epigenetic changes (e.g., DNA methylation, histone modifications) to a genomic region targeted by the ZFDBD. (D) ZFDBDs can be
expressed without effector domains and targeted to specific transcription factor binding sites to neutralize the function of transcription factors at specific gene loci. (E) ZFDBDs
can be expressed together with protein dimerization domains (triangles) to mediate interactions between distant regulatory sites in the genome (e.g., enhancer and promoter).
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methylation) [Ptashne andGann, 1990]. Thus ZFDBDs can be fused to
different proteindomains to target activationor repressiondomains to
specific gene promoters. Commonly used activation domains are
derived from the strong Herpes Simplex Virus (HSV) transcription
activator VP16 [Gr€aslund et al., 2005]. VP64 consists of a tetrameric
repeat of the minimal activation domain of VP16 [Gr€aslund et al.,
2005]. To repress transcription ZFDBDs are frequently fused to the
KRAB (Kr€uppel-associated box) domain [Lupo et al., 2013]. In one
study authors fused a ZFDBD to VP64 or to the KRAB repression
domain and showed enhanced or diminished erbB-gene transcription,
respectively [Beerli et al., 1998]. Likewise, two groups reported on the
successful targeting of a ZFDBD-VP64 activator to the repressed
g-globin gene and demonstrated activation of the normally silenced
fetal globin gene in adult erythroid cells [Wilber et al., 2010; Costa
et al., 2012]. This finding is significant because it (a) highlights the
ability of ZFDBDs to target inaccessible chromatin and (b)
demonstrates that ZF transcription factors are promising tools for
developing new therapies for sickle cell disease and thalassemias. A
number of studies used ZFDBDs to target activation or repression
domains to viral genes or to tumor-suppressor as well as oncogenes
[Pabo et al., 2001; Klug, 2010; Gersbach et al., 2014]. For example,
Wang et al. [2014] showed that ZFDBD-VP64 transactivators targeted
to the 50Long Terminal Repeat (LTR) reactivate latent HIV-1 [Wang
et al., 2014a]. Furthermore, ZF transcription factors targeted to the
VEGF-A gene were shown to alter expression in cell culture and in
animal models [Liu et al., 2001].

ZFDBDs have been used to target epigenetic modifiers to specific
sites in the genome. The KRAB repression domain interacts with

chromatinmodifying enzymes and has been shown to cause increase
in H3K9me3, a mark associated with repressed chromatin [Lupo
et al., 2013]. Rivenbark et al. [2012] targeted the DNA methyl-
transferase (DNMT) 3A via a ZFDBD to the Sox2 and Maspin
promoters. The targeted DNA methylation led to inhibition of
expression of these genes [Rivenbark et al., 2012]. In another study
ZFDBDs were targeted to the murine Fosb gene [Heller et al., 2014].
The ZFDBDs were fused to either the p65 activation domain derived
from transcription factor NFkB, which increased histone acetylation,
or to the minimal catalytic domain of G9A, a histone H3K9
methyltransferase. It was shown that the targeted histone acetylation
or methylation at the Fosb promoter controlled the drug response in
regions of the brain harboring the reward system.

CHROMATIN STRUCTURAL ALTERATIONS USING
ZFDBDS

In an elegant series of experiments the Blobel laboratory used
ZFDBDs to alter chromatin interaction patterns in the b-globin gene
locus. In the first study the investigators targeted a ZFDBD fused to
the protein/protein interaction domain of Ldb1 to the adult b-globin
gene promoter in erythroid cells that express no GATA1 [Deng et al.,
2012]. Previous studies have shown that transcription factor GATA1
is critical for long-range interactions between the adult b-globin
gene promoter and the locus control region (LCR), a powerful
regulatory DNA element located 50Kb upstream of the b-globin
gene [Dean, 2011]. Ldb1 is a component of a large protein complex

Fig. 4. Genome editing by ZF-Nucleases. ZFDBDs can be expressed together with DNA nucleases to induce DNA repair processes in the cell. Shown on top are two 4-ZF proteins
fused to two domains of the DNA endonuclease FokI. The nuclease activity of FokI is reconstituted only when both proteins are targeted to neighboring recognition sequences. The
double strand break can be repaired either by nonhomologous end-joining (NHEJ, on the left) or by homologous recombination. NHEJ is the preferred way of repair in the absence
of homologous sequences and often leads to deletions of sequencesflanking the break. Homologous recombination is used if a homologous target sequence is provided and is used
to correct mutations or to introduce new genes or gene-tags.
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that contains the DNA binding proteins GATA1 and Tal 1, which
bind to composite GATA-E-box motifs [Dean, 2011]. The self-
dimerization of Ldb1 is thought to mediate the long-distance
interactions in the globin gene locus. The authors demonstrated that
expression of the ZFDBD/Ldb1 fusion protein in GATA1deficient
erythroid cells restored interactions between the LCR and the adult
b-globin gene promoter and activated its expression [Deng et al.,
2012]. This interaction was mediated by Ldb1 targeted to the
b-globin gene via the ZFDBD and by additional Ldb1 recruited to the
LCR by endogenous proteins. In a subsequent study the authors
demonstrated that a ZFDBD/Ldb1 fusion protein targeted to the
g-globin gene promoter, which is normally silenced in adult
erythroid cells, established interactions between the LCR and the
g-globin gene and reactivated fetal globin gene expression [Deng
et al., 2014]. These studies have broad implications because they
demonstrate that ZFDBDs or other DNA binding domains can be
used to alter chromatin architecture and change expression patterns
in complex gene loci.

DISSECTING THE FUNCTION OF REGULATORY
ELEMENTS AND CAUSATIVE SNPS

ZFDBDs have also been used to block the binding of endogenous
transcription factors at specific sites (Fig. 3D) [Choo et al., 1994;
Barrow et al., 2012, 2014]. This has first been demonstrated by Choo
et al. [1994] who showed that a 3 ZF containing ZFDBD was able to
repress transcription of a reporter gene when targeted to a sequence
downstream of the transcription start site [Choo et al., 1994].
Similarly, a 6-ZF containing ZFDBD targeting a KLF1 binding site in
the murine adult b-globin gene promoter was shown to interfere
with the binding of KLF1 and to repress adult b-globin gene
expression [Barrow et al., 2012]. Since ZFDBDs have been shown to
interact with repressed chromatin domains it may be feasible to
target these proteins to repressor binding sites and to reactivate
expression of silenced genes, for example, the g-globin gene in adult
erythroid cells.

In the competition studies ZFDBDs were used without fusion
partners. The use of ZFDBDs without additional protein domains
may decrease binding to off-target sites due to minimizing protein:
protein interactions. Furthermore, these proteins may be directly
delivered to target cells due to the cell penetrating activity of
ZFDBDs [Gaj et al., 2014]. The small size of ZFDBDs that lack effector
domains may render this process particularly efficient. It may be
important to note that the cell-penetrating activity of ZFDBDs may
allow transient exposure of cells which may reduce off-site
occupancy.

Functionally linking noncoding genetic variants with altered
gene expression patterns is a challenging mission. Roughly 4,000
genes have been reported to be associated with human diseases and
most of the significant SNP variants are thought to be located in gene
proximal or distal DNA regulatory elements [Kellis et al., 2014]. In
the post-GWAS era, one important issue is to confirm whether a
statistically associated SNP is located in a biologically functional
element and to analyze how it contributes to disease progression.
ZFDBDs can be a useful tool to dissect the functionality of a

causative SNP. Furthermore, theoretically ZFDBDs could mimic
differential allelic expression by causing the dissociation of
transcription factors with specific SNP associated DNA regulatory
elements.

GENOME EDITING BY ZF-NUCLEASES

ZFDBDs have been used to target endonucleases (e.g., Fok1) to
specific genomic loci to induce a double strand break that will be
repaired by the DNA repair machinery using non-homologous end
joining (NHEJ) or homology directed repair (HDR, Fig. 4) [Pabo et al.,
2001; Klug, 2010; Gersbach et al., 2014]. If no DNA template with
homology to the region targeted by the ZFDBD and cut by the
nuclease is provided, the cell will repair the DNA break preferentially
using NHEJ which is often accompanied by deletions. If the break is
targeted to the coding region of the gene NHEJ can alter the reading
frame which often results in the occurrence of a premature stop
codon leading to either nonsense mediated decay or production of a
non-functional protein. NHEJ can also be used to delete tran-
scription factor binding sites. If a DNA template with homology to
the DNA flanking the cut site is provided, the cell will preferentially
repair the break using HDR (Fig. 4). The targeted homologous
recombination allows replacement of a DNA segment with another
segment, for example, replacement of a mutant gene or exon with a
wild-type copy. In addition, HDR can also be used to add a DNA
sequence to an endogenous gene that encodes for a specific protein
tag. Orlando et al. [2010] describe a new technique by which short
homology sequences will direct ligation into endogenous loci thus
allow tagging genes by NHEJ [Orlando et al., 2010].

Reducing off-target binding is particularly important for genome
editing. Investigators developed a procedure that requires the
targeting of two ZFDBDs to reconstitute nuclease activity at a
specific site [Pabo et al., 2001; Klug, 2010; Gersbach et al., 2014].
Each ZFDBD contains 3–4 ZFs and is fused with only a portion of the
nuclease. Nuclease activity is only reconstituted when the two
ZFDBDs bind to adjacent sites in the genome (Fig. 4). Thus, off-site
binding of single ZFDBDs will not result in a DNA break, although it
may still interfere with other processes in the cell. Sequence specific
nuclease activity can be monitored using in vitro cleavage site
selection or in vivo integration assays [Gabriel et al., 2011]. The
combination of in vitro cleavage site selection and in silico
abstraction provides a promising tool for identifying off-site targets
of ZF nucleases [Sander et al., 2013].

Zinc finger nucleases (ZFNs) have been successfully used to
correct genetic diseases in mouse and human cell lines as well as in
mouse disease models. The University of Pennsylvania together with
Sangamo recently published the results of an ongoing clinical trial
that produced promising results [Tebas et al., 2014]. In this study a
ZFN was targeted to the HIV co-receptor CCR5 in T-cells. Previous
studies have shown that HIV exposed individuals with mutations in
the CCR5 gene show protection from HIV infection [Liu et al., 1996].
Furthermore, allogenic transplants of cells from individuals carrying
the mutations into HIV infected patients demonstrated protection
and long term benefits [June and Levine, 2012]. Preceding the
current phase 1 trial with CCR5 targeted ZFN the investigators
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performed toxicity tests in mice and demonstrated that the ZFN did
not cause negative side effects [Tebas et al., 2014]. These are
promising findings but future studies have to address the global
occupancy of the ZFNs and a careful analysis of off-site double-
strand cuts in the genome.

Recently, investigators were successful in correcting the sickle cell
mutation in human hematopoietic stem/progenitor cells using ZFNs
[Hoban et al., 2015]. Importantly, the investigators did not detect any
off-site nuclease activity in these cells. However, as mentioned
before, ZFDBDs bind to many other sites in the genome and may
interfere with other processes by competing with other binding
activities. Thismay not be somuch of an issue in gene editing asmost
approaches attempt to express the ZFNs only transiently.

ZFDBD DELIVERY

In most cases ZFDBDs, ZF-transcription factors, or ZFNs are
delivered to cells via virus mediated transfection [Pabo et al.,
2001; Klug, 2010; Gersbach et al., 2014]. If the virus is allowed to
integrate its DNA into the host genome it may cause alterations of
gene expression at or near the site of integration. For genome editing
purposes it is desirable to introduce the ZFNs and putative
therapeutic DNA used for recombination only transiently, so that
cells derived from the procedure no longer express the components.
Several inducible systems are available to transiently express ZFNs
[Pabo et al., 2001; Klug, 2010; Gersbach et al., 2014]. If ZFDBDs are
used as competitors or artificial transcription factors, they need to be
expressed for a long period of time, unless epigenetic changes
introduced by artificial ZF transcription factors are stably main-
tained during subsequent cell divisions.

Several studies have shown that ZFDBDs and fusion proteins
thereof can be delivered to cells by protein transduction. Tachikawa
et al. [2004] fused ZF transcription factors that were targeted to the
VEGF-A gene to cell penetrating peptides and demonstrated direct
protein delivery [Tachikawa et al., 2004]. More recently it was
demonstrated that ZFDBDs have intrinsic cell penetrating capa-
bilities [Gaj et al., 2014; Gaj and Liu, 2015]. This is a feature of the
positively charged ZFs themselves. Gaj et al. [2014] fused a non-DNA
binding 2-ZF containing protein with emerald GFP (EMGFP), which
does not have intrinsic cell penetrating activity. The incubation of
the protein with HeLa cells led to a very high fraction of cells that
revealed fluorescence. More recently, it was demonstrated that
inclusion of two instead of one nuclear localization domains further
increased the cell penetrating efficiency [Liu et al., 2015]. ZFDBDs
without large effector domains may be even more efficient in
penetrating the cell membrane compared to larger proteins
containing activation, repression, or dimerization domains.
However, the benefit of directly delivering the ZFDBDs,
ZF-transcription factors, or ZFNs to cells could be hampered by
instability and short half-life of these proteins. It was shown that two
different ZFNs exhibited a half-life of about 2hrs in 293 T-cells and
that they were subjected to ubiquitination and proteasome mediated
degradation [Ramakrishna et al., 2013]. It is not clear if instability
was due to the nuclease domains. Other studies have shown that the

half-life of ZF proteins depends on the specific amino acid sequence
and/or structure of the protein [Kang and Kim, 2000].

CONCLUSIONS AND FUTURE DIRECTIONS

The last two decades brought enormous progress in the development
of synthetic DNA binding activities that can alter the genome or
modulate chromatin structure or gene expression. The CRISPR/Cas9,
TALE, and ZF systems have each advantages and disadvantages. For
all three systems off-target binding is a concern and future work will
have to focus on increasing DNA binding specificity and affinity.
ZFDBDs have the advantage of being relatively small and of being
able to penetrate cell membranes. Thus, in the future ZFDBDsmay be
used without a DNA intermediate, which not only reduces concerns
about DNA integration mediated mutagenesis, but also may allow
precise dosing of these proteins for experimental or therapeutic
purposes.
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