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ABSTRACT

Transcription factors are often regarded as having
two separable components: a DNA-binding domain
(DBD) and a functional domain (FD), with the DBD
thought to determine target gene recognition. While
this holds true for DNA binding in vitro, it appears that
in vivo FDs can also influence genomic targeting. We
fused the FD from the well-characterized transcrip-
tion factor Krüppel-like Factor 3 (KLF3) to an artificial
zinc finger (AZF) protein originally designed to target
the Vascular Endothelial Growth Factor-A (VEGF-A)
gene promoter. We compared genome-wide occu-
pancy of the KLF3FD-AZF fusion to that observed
with AZF. AZF bound to the VEGF-A promoter as
predicted, but was also found to occupy approxi-
mately 25 000 other sites, a large number of which
contained the expected AZF recognition sequence,
GCTGGGGGC. Interestingly, addition of the KLF3 FD
re-distributes the fusion protein to new sites, with to-
tal DNA occupancy detected at around 50 000 sites.
A portion of these sites correspond to known KLF3-
bound regions, while others contained sequences
similar but not identical to the expected AZF recogni-
tion sequence. These results show that FDs can influ-
ence and may be useful in directing AZF DNA-binding
proteins to specific targets and provide insights into
how natural transcription factors operate.

INTRODUCTION

Transcription factors are sequence specific DNA-binding
proteins that play a dominant role in the regulation of
gene expression. They are typically thought of as being
composed of independent and separable DNA-binding do-
mains (DBDs) and functional domains (FDs). Recogniz-
ing the capability of the two distinct domains to function
autonomously has allowed the development of important
methodologies such as the yeast two-hybrid system that
is used to detect protein–protein interactions (1) and has

also facilitated the generation of sequence-specific nucle-
ases, such as zinc finger (ZF) and transcription activator-
like effector (TALE) nucleases, that are becoming invalu-
able in genome editing (2–4).

Nevertheless, the fact that two domains can work au-
tonomously, does not imply that in vivo the domains of most
or all transcription factors have independent and distinct
functions. There is increasing evidence that natural tran-
scription factors localize to their many target genes via the
combined functions of both their DBDs and FDs (5–8). We
have previously examined an archetypal ZF transcription
factor, Krüppel-like factor 3 (KLF3) (9), a member of the
Sp/KLF family of transcription factors (10,11). KLF3 has
a C-terminal ZF DBD that recognizes CACCC boxes and
GC-rich sequences in DNA, and an N-terminal FD known
to recruit co-repressors, such as C-terminal Binding Protein
(CtBP) to silence gene expression (12,13). Using a loss-of-
function approach, we recently showed that unexpectedly
the DBD was not the sole determinant of DNA-binding
specificity. We found that deletion of the entire FD of KLF3
reduced DNA occupancy across the genome, as assessed
by Chromatin Immunoprecipitation followed by genomic
sequencing (ChIP-Seq). This result highlighted the impor-
tance of the FD for proper in vivo DNA-binding specificity
(14).

In the current study, we have extended this investigation
by performing gain-of-function experiments. We fused the
KLF3 FD onto an unrelated, but well characterized artifi-
cial zinc finger (AZF) protein. We chose one of the first syn-
thetic ZF proteins developed, the AZF that was originally
designed to target a model target gene, Vascular Endothe-
lial Growth Factor-A (VEGF-A) (15). The VEGF-A gene
encodes an angiogenic and neuroprotective factor that may
be effective in the treatment of heart ischemia, diabetic neu-
ropathy and cancer (16–18). Given that three alternatively
spliced isoforms of VEGF-A are required for its maximal
biological activity, AZFs that target the VEGF-A promoter
and modulate the expression of all three isoforms of VEGF-
A represent a promising therapeutic strategy (15,19–24).

Several different AZFs have now been reported and
shown to bind DNA robustly in vitro and, when fused to
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an activation or a repressor domain, to be effective in mod-
ulating expression from the VEGF-A promoter both in vitro
and in reporter systems (15,23). Some of these proteins are
also effective in vivo where the VEGF-A targeting AZF has
been used to modulate angiogenesis in normal and diseased
mouse models (21,22,24) and to induce neuroprotection in
a diabetic mouse (19,20).

Perhaps surprisingly, however, to our knowledge no in
vivo DNA-binding specificity study has yet been reported
with these VEGF-A targeting AZF proteins. Our first step
therefore was to assess the in vivo genome-wide DNA-
binding specificity of one potentially therapeutically rele-
vant AZF. We show that the AZF does indeed bind to
the VEGF-A promoter as expected but we also detected an
additional 25 322 binding sites. We then went on to test
whether the binding pattern of the AZF protein was af-
fected by the addition of a heterologous FD.

When we compared the sites bound by the AZF alone
with the set of peaks generated by the KLF3FD-AZF
fusion protein we found that the fusion protein bound
many additional sites. Peaks represent protein bound ge-
nomic DNA regions identified using a peak calling pro-
gram Homer. A proportion of these new binding sites cor-
responded to our previously-identified endogenous KLF3
targets (14). Most importantly we noted that many of the
sites bound by the KLF3FD-AZF fusion, but not by AZF
alone, corresponded to genomic regions that in loss-of-
function experiments were bound by full length KLF3 but
not the KLF3 ZF domain missing its N-terminus (14).
That is, a proportion of the new sites observed in gain-
of-function experiments with the KLF3 FD corresponded
to peaks that were lost in the KLF3 FD loss-of-function
experiments. This is further supported by a KLF3 FD-
only ChIP-Seq experiment that demonstrated, KLF3 FD,
in the absence of a DBD, retains a low level of in vivo
chromatin binding activity, with approximately a quarter of
these DBD-deficient KLF3 FD bound regions correspond-
ing to KLF3 FD-AZF bound sites. This suggests that the
KLF3 FD is both necessary and sufficient for targeting its
cargo to a subset of sites, and that the KLF3 FD is thus
important in target gene recognition.

This finding contrasts with the conventional view that
DBDs are the primary determinants that direct transcrip-
tion factor target gene selection. Taken together, our results
suggest that, in vivo, natural transcription factors use a num-
ber of distinct mechanisms, including both DNA–protein
interactions mediated by DBDs as well as additional inter-
actions mediated by their non-DNA-binding FDs to local-
ize to the full set of their target genes. Moreover, we suggest
that the addition of novel FDs may alter the DNA-binding
repertoire of AZF proteins.

MATERIALS AND METHODS

Constructs and generation of stable cell lines

The AZF used in this study was designed and function-
ally validated in HEK293 cells by Liu et al. 2001 (15), pre-
viously referred to as construct VZ+42/+530. This AZF
was designed to target two GCTGGGGGC sites within
the DNase I hypersensitive regions on the human VEGF-
A locus, 42 bases and 530 bases, respectively, downstream

of the human VEGF-A transcriptional start site (+1 TSS).
KLF3FD-AZF was made by fusing KLF3 FD amino acid
1–262 to the N-terminus of the AZF. The third construct,
termed KLF3 FD, lacking a DBD, consists of KLF3 FD
amino acids 1–262 alone. All the constructs contain an
NLS from SV40 large T antigen, Pro-Lys-Lys-Lys-Arg-Lys-
Val, N-terminal to the AZF or C-terminal to the KLF3
FD, and a C-terminal glycine-serine linker followed by a
V5 tag for immunoprecipitation with an anti-V5 antibody.
Human embryonic kidney (HEK293) cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (Cat#
11320-082, Life Technologies) supplemented with 10% fe-
tal bovine serum (Cat# 16000044, Life Technologies) and
1% Penicillin-Streptomycin-Glutamate (Life Technologies
#10378016). DNA sequences encoding AZF, KLF3FD-
AZF or KLF3 FD were cloned into a mammalian expres-
sion vector with an EF1� promoter (pEF.IRES.puro) for
transient studies and into a retroviral expression system
pMSCVpuro (Clontech Laboratories, Mountain View, CA,
USA) to generate stable HEK293 cell lines expressing AZF,
KLF3FD-AZF or KLF3 FD. Phoenix Ampho (Phoenix A)
cells were used as the packaging cell line. Puromycin an-
tibiotic selection (2.5 �g/ml) was initiated 48 h post trans-
duction and was maintained for at least 2 weeks to allow
stable expression of the transgene. Single stable clones ex-
pressing each transgene were isolated and transcript and
protein expression were assessed via quantitative Real Time
PCR (RT-PCR) and western Blot using an anti-V5 anti-
body (Cat# R960CUS, Life Technologies), respectively, as
described previously (25). The in vitro DNA binding prop-
erties of the proteins were assessed via Electrophoretic Mo-
bility Shift Assay (EMSA) using 32P radiolabeled probes,
as previously described (9). Oligonucleotides used for RT-
PCR and EMSA are available in Supplementary Table S1.

Chromatin immunoprecipitation (ChIP)

ChIP was conducted in six stable HEK293 clones, two
each expressing equivalent levels of AZF, KLF3FD-AZF
or KLF3 FD, representing two biological replicates. Ap-
proximately 7 × 107 cells were used for each ChIP and the
experiments were conducted as described (26) using 14 �g
of anti-V5 antibody (Cat# R960CUS, Life Technologies).
DNA samples obtained were used for RT PCR and high
throughput DNA sequencing. Oligonucleotides used for RT
PCR are available in Supplementary Table S1.

DNA library preparation and next-generation sequencing

Libraries were prepared using the TruSeq ChIP Sample
Prep Kit (Illumina, San Diego, CA, USA) according to
the manufacturer’s instructions. The libraries were multi-
plexed into two lanes using sample specific adapters such
that there were four samples per lane. A total of 50 bp
single reads or 100 bp paired end reads were sequenced
on the HiSeq 2500 or HiSeq 2000 (Illumina, San Diego,
CA, USA). For KLF3 FD samples, 75 bp single reads
were sequenced on the NextSeq 500. Library preparation
and sequencing were performed by the Ramaciotti Centre
for Genomics, University of New South Wales, NSW, Aus-
tralia. Quality control was performed using FastQC v0.10.1



3120 Nucleic Acids Research, 2016, Vol. 44, No. 7

available from http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/. Reads were quality filtered, trimmed and
adapter sequences were removed using Trimmomatic v0.3.2
(27).

Alignment

Reads were aligned to the hg19/GRCh37 Homo sapiens
genome using Bowtie v2.2.1 (28) set to –very-sensitive. Re-
sulting alignments were sorted and indexed using Samtools
v0.1.18 (29).

Peaking calling and IDR analysis

Pseudoreplicates were created using homer-idr v0.1 (avail-
able from https://zenodo.org/record/11619#) for individual
and combined IP samples. Peaks were called using Homer
v4.7.2 (30) using the permissive settings (-P .1 -LP .1 -
poisson .1) on individual replicates, combined replicates, in-
dividual pseudoreplicates and combined pseudoreplicates
against the combined input control. Peaks lists were then
supplied to homer-idr to determine the irreproducible dis-
covery rate (IDR) statistic for each peak generating a final
peak list satisfying the thresholds set by homer-idr. Peaks
were merged using mergePeaks using the switch -d mean-
ing that peaks had to literally overlap in genomic space to
be considered overlapping. Venn diagram summarizing the
total number of the AZF only peaks, KLF3FD-AZF only
peaks and AZF and KLF3FD-AZF common peaks was
generated.

Quantification of ChIP tags

HOMER was used to quantify ChIP tag density at peak
locations across the genome. Unless otherwise noted, tags
were counted within 162 bp (for KLF3 FD) and 214 bp
(for AZF and KLF3FD–AZF) around the peak center (as
peak widths could vary across the different samples). All
tag counts were normalized to 100 M reads, and were thus
expressed as reads/100 M reads to allow comparison across
samples.

Differential binding analysis

Peaks were called on each replicate against its correspond-
ing input control using Homer v4.7.2 (30) with the de-
fault settings except with (-style factor -F 10). Peaks from
each replicate along with alignments were piped to DiffBind
v1.10.2 (31) and the contrast was set based on the factor that
was immunoprecipitated (AZF/KLF3FD-AZF). DiffBind
was used to calculate differential binding statistics for the
KLF3FD-AZF and AZF groups using edgeR-based analy-
sis. PCA and MA plots were also generated using DiffBind
on the factor contrast. Peaks were considered differentially
bound if they showed FDR < 0.1, P < 0.05 and a log2 fold
change of either > 2 or < −2 between the groups.

Genomic annotation and visualization

Peak lists from IDR and differential binding analysis were
annotated using annotatePeaks.pl using the HOMER an-
notation set for hg19/GRCh37. HOMER was used to cre-
ate bedgraph files using the makeUCSCfile program. These

were viewed using Integrative Genomics Viewer IGV v2.2
(32).

De novo motif analysis

De novo motif discovery was performed on the top 600
peaks, ranked by normalized tag counts, from the AZF total
peaks, KLF3FD-AZF total peaks and AZF and KLF3FD-
AZF common peaks obtained from the HOMER-IDR
analysis, and on the top 600 peaks, ranked by log2 fold-
change contrasting AZF/KLF3FD-AZF normalized tag
counts, from the KLF3FD-AZF differential bound peaks
obtained from the differential binding analysis. Sequence
databases in fasta format consisting of the 100 bp surround-
ing peak centers were created using an open source, web-
based platform, Galaxy (available from https://usegalaxy.
org/) and piped to MEME-ChIP (33) using the default set-
tings to identify the most significantly bound motif from
each sample group.

For motif analysis using the complete ChIP-Seq datasets,
alternative web-based motif finding tools, RSAT peak
motifs (available from http://floresta.eead.csic.es/rsat/peak-
motifs form.cgi) (34) and DREME (available from http:
//meme-suite.org/tools/dreme) (35), were used.

Common KLF3FD-AZF and KLF3 promoter binding

A list was generated consisting of all promoter peaks (2025
peaks) bound by KLF3FD-AZF but not by the variant
lacking the KLF3 FD (from the differential binding anal-
ysis). This list (referred to as KLF3FD-AZF HEK293
list) was compared to a list consisting of all the pro-
moter peaks (4212 peaks) bound by unmodified KLF3
protein but not by the variant lacking the KLF3 FD, re-
ferred to as KLF3 mouse embryonic fibroblasts (MEFs)
list. These two lists represent promoters that are differen-
tially bound by KLF3FD-AZF and KLF3, respectively,
that require the presence of the KLF3 FD for DNA oc-
cupancy. The latter was obtained from published ChIP-
Seq experiments performed in MEFs (14). Promoter bind-
ing was defined as DNA occupancy observed between
−1000 bp to +100 bp relative to the +1 TSS of a cod-
ing gene. The comparison was made based on common
downstream gene names. To address the issue of inter-
species gene nomenclature difference, mouse gene names
on the KLF3 MEFs list was converted to the correspond-
ing human orthologs using HCOP: Orthology Prediction
Search (available from http://www.genenames.org/cgi-bin/
hcop). The KLF3FD-AZF HEK293 list was refined to con-
tain only the human/mouse orthologous genes. These two
lists (containing 3525 and 1720 genes, respectively) were
overlapped based on common downstream gene names to
generate a list of common promoters bound by KLF3FD-
AZF and KLF3. The expected number of common promot-
ers found by chance was calculated based on the total num-
ber of promoter peaks from each dataset, that were used
for comparison, as percentages of the total number of pro-
tein coding genes (36) (as an estimation to the total number
of promoters). The product of these percentages gives an
estimation of the expected common promoter binding that
would occur by chance.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://zenodo.org/record/11619
https://usegalaxy.org/
http://floresta.eead.csic.es/rsat/peak-motifs_form.cgi
http://meme-suite.org/tools/dreme
http://www.genenames.org/cgi-bin/hcop
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Statistical test

Chi-squared (X2) test was performed to determine whether
the difference between the observed and the expected num-
ber of common promoter binding is significant. A chi-
squared value was computed yielding a P-value using
GraphPad software available from http://graphpad.com/
quickcalcs/.

RESULTS

Both AZF and KLF3FD-AZF bind the VEGF-A recognition
sequence in vitro and in vivo

One of the first AZF constructs ever generated was a pro-
tein consisting of three classical C2H2 ZFs designed to tar-
get two GCTGGGGGC sites within DNase I hypersensitive
regions in the human VEGF-A locus. One of these sites lies
within the VEGF-A promoter, 42 bases downstream of the
transcriptional start site (15) (Figure 1A).

We generated human embryonic kidney cell lines
(HEK293) stably expressing this AZF protein using the
MSCV retroviral transduction system. In addition, a sec-
ond construct designated KLF3FD-AZF, was made by fus-
ing the KLF3 FD (amino acids 1–262 from full length
KLF3 protein) upstream of the AZF domain. Both con-
structs also contained a nuclear localization signal (NLS)
and were tagged with a V5 epitope via a glycine-serine linker
to enable consistent immunoprecipitation and comparison
between samples (Figure 1B).

Two independent clonal cell lines stably expressing the
AZF and two lines expressing the KLF3FD-AZF were se-
lected for further analysis. Western blot and quantitative
real-time PCR experiments showed robust expression in all
cases. While there was some variation in mRNA levels, the
protein levels were comparable in Western blotting using an
antibody to the shared V5 epitope tag (Figure 1C and D).

We investigated in vitro binding with EMSA using a pre-
viously validated target site containing the canonical motif
GCTGGGGGC (15). We observed strong and comparable
binding of both AZF and KLF3FD-AZF, respectively, in
all four lines (Figure 1E). Supershift experiments with an
anti-V5 antibody confirmed the identity of retarded species.
These validation experiments suggested that these cell lines
were appropriately expressing the proteins of interest at
equivalent levels.

We next performed ChIP-seq on the four HEK293 lines.
Across the four samples, a total of more than 150 M reads
were mapped to the human genome using Bowtie2. IDR
analysis was used to identify consensus peaks across the bi-
ological replicates. IDR analysis was performed using the
HOMER-IDR package that provides thresholds based on
reproducibility. These peaks were then further analyzed. An
annotated table containing ChIP peaks across all samples
can be found in Supplementary Tables S2 and S3.

We first interrogated the ChIP-Seq data to assess binding
at the VEGF-A locus. Satisfyingly, peaks were observed at
the expected and previously validated AZF domain bind-
ing site in the human VEGF-A locus in both the AZF and
KLF3FD-AZF expressing cell lines (Supplementary Figure
S1A). This result was also confirmed by ChIP PCR analy-
sis. ChIP assays were performed on each of the four stable

clonal cell lines and the recovered DNA was subjected to
amplification by quantitative real-time PCR using primers
specific for human VEGF-A promoter region in comparison
to a negative control region (Primer sequences are available
in Supplementary Table S1). The ChIP-PCR confirmed the
presence of the expected fragments with marked enrichment
(Supplementary Figure S1B).

The AZF binds to a large number of sites within the genome

We next analyzed genome-wide binding profiles as reflected
in peak profiles. We found that the VEGF-A promoter peak
was among the top 30% of peaks bound by the AZF as
ranked by normalized tag count. However, the AZF also
binds to many other sites in the genome in vivo––in total, we
identified 25 322 peaks as significant and consistent across
the two independent biological replicate sets of AZF sam-
ples (Supplementary Table S2).

To elucidate the widespread binding of AZF, we further
interrogated the top 600 AZF peaks using tools including
the de novo motif discovery algorithm MEME and central
motif enrichment analysis CENTRIMO (33) to generate a
consensus motif bound by AZF in vivo. Interestingly, 95%
of these peak regions contain a centrally enriched consensus
motif that conformed to the GCTGGGGGC 9 nt target se-
quence bound by the AZF in vitro (Figure 2). The tolerance
of mismatches varies across this 9 nt consensus sequence. At
position 4, a G is present in all the 571 sequences containing
this consensus motif; therefore it has the maximum height
and information content of 2 bits. This suggests that essen-
tially a G is required at position 4. On the other hand, any
of the 4 possible nucleotides could be present at position
9, although with different frequencies. This represents an
increase in uncertainty, thus lowering the information con-
tent available at this position. While most of the bound se-
quences show high conservation to the 9 nt target sequence
the AZF was designed to recognize, nucleotide identity at
position 3 and 9 of the GCTGGGGGC target sequence, the
T and C, respectively, seems to be more forgiving to mis-
matches. This was further confirmed using RSAT peak mo-
tifs and DREME, alternative motif finding tools that allow
extraction of binding motifs from the complete AZF ChIP-
Seq peaks (25 322 peaks), where similar outputs were ob-
tained (Supplementary Figure S2A).

In addition, we also observed AZF binding to DNA in
the absence of the consensus motif in 5% of the top 600
AZF peaks investigated (two examples are shown in Sup-
plementary Figure S3). At this stage it is not clear whether
these additional sites represent cases where the AZF is local-
izing to particular genes via protein–protein interactions, or
is binding to highly divergent motifs, or whether these non-
canonical sites represent secondary long or short range in-
teractions possibly resulting from enhancer looping to the
promoter, thus, representing binding sites that were not di-
rectly bound by the AZF.

Taken together, it is important to note that the AZF binds
to a large number of sites in the genome given it was ini-
tially designed to regulate the expression of one gene, hu-
man VEGF-A. Statistically, a 9 base pair sequence should
occur approximately 23 000 times in a three billion base pair
human genome, however, the complexity of the chromatin

http://graphpad.com/quickcalcs/
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Figure 1. Construction and verification of AZF and KLF3FD-AZF protein. (A) Human VEGF-A locus showing the location of the 9 nt target sequence
GCTGGGGGC 42 bases downstream of the +1 TSS that the AZF was designed to recognize and bind (15). (B) Schematic representation of AZF and
KLF3FD-AZF with an extra KLF3 functional domain (KLF3 FD) fused to the N-terminus of the artificial zinc fingers (AZFs). Western blot (C) and
quantitative real time PCR (D) showing equivalent protein and mRNA transcript expression, respectively, for the four selected HEK293 clones stably
expressing AZF or KLF3FD-AZF. For western blot, �-actin was included as the loading control and for real-time PCR, transcript expression was nor-
malized to 18S rRNA level and is shown relative to the expression for AZF clone 1 (first bar), which was set to an arbitrary value of 1. (E) Electrophoretic
mobility shift assay showing equivalent in vitro AZF and KLF3FD-AZF binding to a 32P radiolabeled EMSA probe containing the 9 nt target sequence
GCTGGGGGC. Asterisks indicate the supershift of the protein-DNA probe complex by an anti-V5 antibody confirming the identity of the V5-tagged
AZF proteins.

organization may make a substantial portion of those per-
fect sites less accessible to the AZF. In this study we found
AZF binds to about 25 000 sites. The degeneracies of the
AZF DNA binding preference observed in this study mean
that the 3-ZF protein effectively recognizes a 7 or 8 nt se-
quence, rather than the extended 9 nt sequence, may partly
explain the binding pattern observed for this AZF.

KLF3FD-AZF shows increased DNA occupancy across the
genome

We next sought to investigate if the fusion of an addi-
tional KLF3 FD from a natural ZF transcription factor to
an AZF protein has an effect on the in vivo DNA bind-
ing specificity by comparing the genomic DNA binding
profile of KLF3FD-AZF to that of the AZF. ChIP-Seq
analysis on HEK293 cells expressing KLF3FD-AZF re-
vealed 48 003 peaks across the human genome (Supple-

mentary Table S3). Compared with the 25 322 peaks ob-
served with AZF, KLF3FD-AZF thus generates approxi-
mately twice as many peaks. We further examined and com-
pared the regions where peaks were observed with AZF
and/or KLF3FD-AZF. As expected, with both AZF and
KLF3FD-AZF sharing the same ZF DBD, most of the
peaks (more than 80%) observed with AZF were also ob-
served with KLF3FD-AZF. But strikingly KLF3FD–AZF
also generates 27 610 additional peaks (Figure 3A).

Differential binding analysis was performed using DIFF-
BIND to further define peaks that were more than 2-fold
different in normalized read counts in the KLF3FD-AZF
and the AZF samples. A list consisting of 4357 peaks that
were preferentially or uniquely bound by KLF3FD-AZF
was produced using stringent cut-offs of FDR < 0.1, P-
value < 0.05 and requiring at least a 2-fold increase in the
normalized read counts (based on evidence of binding affin-
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Figure 2. AZF binds the 9 nt target sequence GCTGGGGGC in vivo. MEME a de novo motif discovery tool identified a consensus motif bound by the
AZF that conforms to the predicted target sequence GCTGGGGGC that the AZF was designed to bind. The height of the letters in the position weight
matrix (PWM) represents information content (in bits) at each position that is related to the degree of certainty of the particular nucleotide at a given
position and the table below shows the relative frequency in percentage of each A, C, G, T nucleotide observed at a given position.

ity) for KLF3FD-AZF compared to that of AZF (Figure
3B and Supplementary Table S4). ChIP-Seq traces show-
ing examples of common peaks and KLF3FD-AZF unique
peaks or preferentially bound peaks are shown (Figure 3C
and D, respectively). As part of the output from DIFF-
BIND, we also found a small number of peaks, that is 4620
sites, were preferentially bound by the AZF (Supplementary
Figure S4).

KLF3FD-AZF peaks are abundant in promoter regions

Previously we reported that ChIP-Seq analysis of KLF3
occupancy reveals a disproportionate number of peaks in
promoter regions consistent with its role as a transcription
regulator (14). Interestingly, a deletion mutant lacking the
KLF3 FD is not similarly enriched at promoters but gener-
ates peaks more broadly across the genome. Thus, our pre-
vious loss-of-function experiment suggested that the KLF3
FD may play a role in localizing KLF3 to target gene pro-
moters.

To investigate if the KLF3 FD exhibits similar be-
havior in gain-of-function experiments we compared the
peaks generated by AZF to KLF3FD-AZF and deter-
mined which were in promoters, introns, intergenic and in-
tragenic regions. To achieve this, the peaks were analyzed
based on RefSeq annotations, and were categorized accord-
ing to their genomic localization across the Homo sapiens
(hg19/GRCh37) genome into the four main categories. In
this analysis promoters were defined as the regions −1 to
+0.1 kb from the RefSeq TSS and a fifth category ‘other’
was used to encompass peaks that fell into coding exons,
5′UTR and 3′UTR exons or were close to the transcription
termination sites (−100 bp to +1 kb).

We found that 18 and 20% of the AZF and KLF3FD-
AZF peaks, respectively, lie within promoters. Intriguingly,
when we examined peaks that were differentially bound,
that is, the category of peaks that were 2-fold or more higher
with KLF3FD-AZF, we observed that 46% of these resided
in promoter regions (Figure 4). This observation suggests

that the addition of the KLF3 FD does indeed help to tar-
get the fusion protein to promoter regions that are not sig-
nificantly occupied by AZF alone.

Peaks preferentially bound by KLF3FD-AZF contain an im-
perfect AZF DNA binding site

To further characterize the new binding sites acquired in the
presence of the KLF3 FD, we generated and compared con-
sensus motifs from the top 600 peaks bound by AZF and/or
KLF3FD-AZF using the MEME algorithm (Figure 5 and
Supplementary Figure S2). As expected, about 95% of the
regions bound by AZF and KLF3FD-AZF contain the 9
nt AZF target sequence (Supplementary Figure S2C). This
was confirmed by RSAT peak motifs and DREME with the
whole ChIP-Seq datasets consisting of 48 003 peaks bound
by KLF3FD-AZF and 20 393 peaks commonly bound by
AZF and KLF3FD-AZF (Supplementary Figures S2B and
S2C). In contrast, examination of the peaks generated either
uniquely or preferentially by KLF3FD-AZF revealed a re-
lated motif, consisting of a string of G and C bases (Figure
5A and Supplementary Figure S2D). This consensus resem-
bles an imperfect version of the AZF target sequence that is
more forgiving to mismatches at nucleotide position 3, 5, 8
and 9. Particularly at position 3, a G base has become more
prominent than the original T base. Additionally, tolerance
of a C base and an A or C base at position 5 and 8, respec-
tively, at frequencies of 8 to 28%, is acquired. The G base at
position 8 occurs at a frequency of 52% compared to 99%
in peaks shared by both AZF and KLF3FD-AZF.

To evaluate this further, we performed EMSA experi-
ments to assess AZF and KLF3FD-AZF binding affinity
to probes containing a G to C point mutation at nucleotide
position 5. As a positive control we used a previously vali-
dated probe containing a perfect 9 nt AZF target sequence,
referred to as the ‘wild type’ AZF probe. As expected, the
G to C point mutation compromises AZF binding (Figure
5B). It similarly reduced the binding of KLF3FD-AZF in
vitro.
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Figure 3. Regions that are differentially bound by KLF3FD-AZF. (A) A proportional Venn diagram showing the regions bound by AZF and/or KLF3FD-
AZF. (B) Differential binding study DIFFBIND identified 4357 sites that are differentially bound by KLF3FD-AZF and box plot showing log2 normalized
read counts at these regions in AZF and KLF3FD-AZF samples. (C + D) An illustrative range of examples showing regions that are bound equivalently
by both AZF and KLF3FD-AZF (C) and regions that show greater binding by KLF3FD-AZF than by AZF as identified by DIFFBIND (D). Binding
profiles of the respective input samples are included as control and shown in the third and fourth track.

This result highlights the difference between the in vitro
and in vivo DNA-binding behaviors. While in vitro both
AZF and KLF3FD-AZF show weak binding to the 5G >
C sequence, in vivo KLF3FD–AZF, but not AZF, generates
a peak at many such sequences (Figure 5C). This suggests
that in the in vivo setting where the complexity of the chro-
matin comes into play, the additional KLF3 FD may be
facilitating binding to more degenerate sites that the AZF
alone cannot bind.

KLF3 FD, in the absence of a DBD, is capable of chromatin
binding in vivo

We next assessed whether KLF3 FD, in the absence of a
DBD, is recruited to genomic sites. We performed ChIP-
Seq on two HEK293 lines stably expressing KLF3 FD only
protein tagged with V5 epitope for immunoprecipitation to
investigate genome-wide DNA occupancy of this protein
(Figure 6A). We identified 1439 sites bound by KLF3 FD
across the genome that were consistent across the two bi-

ological replicates (Supplementary Table S5). In general,
we observed lower normalized tag counts for these bind-
ing sites compared to those that are bound by AZF or
KLF3FD-AZF, an indication of weaker binding by the pro-
tein lacking a DBD. This is not surprising based on the pre-
vious evidence implying that KLF3 FD is involved in facili-
tating recruitment of a protein to DNA, with DBD playing
the primary role in DNA binding and recognition.

We then compared the sites bound by KLF3 FD to those
that are occupied by KLF3FD-AZF and found 264 sites
commonly bound by both KLF3 FD and KLF3FD-AZF.
This represents 23% of the genomic sites occupied by KLF3
FD (Figure 6B and Supplementary Table S6). The corre-
lation of normalized tag counts at individual KLF3 FD
and KLF3FD-AZF common bound peaks shows differ-
ent chromatin binding efficiencies between the two pro-
teins, with the DBD deficient protein, KLF3 FD, generat-
ing lower peaks (Figure 6C). Representative peak image of
KLF3 FD and KLF3FD-AZF binding to one of the com-
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Figure 4. Genomic localization of regions bound by AZF or KLF3FD-AZF showing enrichment of KLF3FD-AZF differential binding at the promoter
regions. Genomic localization of (A) total regions bound by AZF, (B) total regions bound by KLF3FD-AZF and (C) regions differentially bound by
KLF3FD-AZF as identified by DIFFBIND. Promoters are defined as the region −1000 bp to +100 bp around the +1 TSS of Refseq genes. Peaks that fell
into CDS exons, non-coding, 5′ and 3′ UTR exons and transcription termination sites are all labeled as ‘other.’ Percentages lying in each region are given
and the total regions sampled are shown in parenthesis.

mon target sites, ARID3A, is shown in Figure 6D, and the
binding was validated with an independent ChIP-PCR ex-
periment (Figure 6E).

Taken together, this evidence suggests that KLF3 FD, de-
spite lacking a DBD, is still capable of in vivo chromatin
binding, albeit with a lower efficiency. We next sought to in-
vestigate whether this protein binds to naked DNA in vitro
via EMSA. We assessed KLF3 FD binding to AZF target
site, natural KLF3 target site and a 50 nt DNA sequence
derived from ARID3B intron region, shown to be bound
by KLF3 FD in vivo. As shown in Supplementary Figure
S5, there is no detectable KLF3 FD binding to any these
naked DNA probes. Consistent with our results for AZF
and KLF3FD-AZF chromatin binding, this indicates that
the FD plays a role in the in vivo DNA binding but not in
vitro.

KLF3FD-AZF generates peaks at known KLF3 target sites

To further analyze the nature of peaks that were depen-
dent on the KLF3 FD we compared the genomic DNA
occupancy of KLF3FD-AZF to that of full length KLF3
protein (containing the same FD but this time in its native
configuration upstream of the KLF3 ZF DBD rather than
the AZF domain). KLF3 is known to bind CACCC boxes
and GC-rich elements in the regulatory regions of its target
genes. We examined our previously published KLF3 ChIP-
Seq dataset which was produced by experiments in immor-
talized MEFs (14). We refined our search to focus on peaks
that were generated by full length KLF3 but not by a KLF3
deletion mutant that was missing the FD. Thus this list rep-
resents regions that require the presence of the KLF3 FD
for DNA binding, as determined by loss-of-function exper-
iments.

We compared this dataset to the list of peaks bound
strongly by KLF3FD-AZF but not by AZF, that is, to the
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Figure 5. KLF3FD-AZF binds to a degenerate AZF target site in vivo but not in vitro. (A) Top panel shows the AZF target sequence GCTGGGGGC.
Bottom panel shows a consensus motif found in 76% of regions differentially bound by KLF3FD-AZF identified using MEME, a de novo motif discovery
tool and a table contains the relative frequency in percentage of each A, C, G, T nucleotide observed at a given position. (B) EMSA experiments showing
AZF (left) and KLF3FD-AZF (right) binding to the AZF target sequence, labeled as ‘wild type AZF’, (lane 3) and upon addition of anti-V5 antibody,
supershift was observed identifying the V5-tagged AZF proteins, marked with asterisk. Radiolabeled probes containing a mutation at position 5 from a
G base to a C base (labeled as ‘5G > C’) was included to investigate AZF and KLF3FD-AZF binding to a degenerate AZF target sequence that was able
to be bound in vivo by KLF3FD-AZF (lane 5 and lane 6 with addition of anti-V5 antibody). EV denotes empty vector that serves as a negative control.
(C) Peak image from the ChIP-Seq experiments show differential binding by AZF and by KLF3FD-AZF in vivo at region containing the corresponding
degenerate AZF target site (underline).

list of unique peaks that were generated in the gain-of-
function experiments. The ChIP-Seq experiments used for
comparison were performed in two different cell lines from
two different species and thus cannot be directly overlaid.
Nevertheless by comparing only the promoter occupan-
cies (by overlapping downstream gene names from the two
lists), which are more highly conserved between mouse and
human rather than focussing on less well conserved non-
coding regions in the genome, clear similarities emerged.
The issue of interspecies gene nomenclature difference was
addressed by converting all the downstream gene names to
the corresponding human orthologs using HCOP: Orthol-
ogy Prediction Search. This resulted in two refined lists con-
taining KLF3 FD dependent promoter occupancies, 3525
and 1720, respectively, from the two ChIP-Seq datasets
(Supplementary Figure S6A). Common promoter binding
events were calculated based on the occurrence of common
downstream gene names in the two lists. Based on a proba-

bilistic calculation, we expect to find approximately 0.8% or
approximately 223 common promoter peaks from the two
datasets, taking into the consideration the number of pro-
moter peaks found in each of the datasets as a percentage of
the total number of protein coding genes (as an estimation
to the total number of promoters) (36). Interestingly, we
found at least 578 peaks (more than twice the expected oc-
currence of common promoter binding expected by chance)
that were generated by KLF3FD-AZF and not by AZF
alone, are similarly bound by full length KLF3 but not by
its counterpart lacking the KLF3 FD, with a P-value of
<0.0001 from a Chi-squared test assessing the significance
of the difference between the observed and the expected oc-
casions of the common promoter binding (Supplementary
Figures S6A and S6B and Supplementary Table S7). This
result is surprising because the AZF is hypothesized to bind
GCTGGGGGC sequences which are not expected to be en-
riched in this proportion of KLF3 target genes. A similar
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Figure 6. ChIP-Seq and ChIP-PCR demonstrate KLF3 FD in vivo chro-
matin binding. (A) Schematic representation of KLF3 FD protein with
V5-epitope tag at C-terminus for immunoprecipitation. (B) A proportional
Venn diagram showing 264 genomic regions bound by both KLF3FD-
AZF and KLF3 FD. (C) Chromatin binding efficiencies of KLF3 FD
is lower than KLF3FD-AZF as illustrated by normalized tag counts of
the two proteins at the commonly bound regions. A representative ChIP-
Seq track (D) and ChIP-PCR (E) showing KLF3 FD genomic occupancy.
ChIP-Seq tracks for KLF3FD-AZF and KLF3 FD are on scale (0–500)
and (0–100), respectively.

analysis procedure was also applied to compare KLF3 FD
dependent promoter peaks from the previous KLF3 loss-
of-function experiment to KLF3 FD promoter peaks, con-
sisting of 107 promoter regions bound by the KLF3 FD
protein lacking a DBD. We found 45 common promoter
binding events overlapping the two lists based on common
gene name. This represents 42% of the total promoter peaks
bound by the DBD-deficient KLF3 FD protein (Supple-
mentary Figure S6C and Supplementary Table S8). Despite
the inevitable caveats associated with this comparative anal-
ysis method as the results of human and mouse genome se-
quence variations, these observations remain striking.

One potential explanation for this finding is that the
KLF3FD-AZF fusion is simply dimerizing with endoge-
nous KLF3 in HEK293 cells, and thereby localizing to
KLF3’s normal target genes. To explore this possibility we
tested whether endogenous KLF3 protein was expressed in
HEK293 cells. No signal corresponding to full length KLF3
protein could be detected in western blotting (Supplemen-

tary Figure S7). We therefore conclude that the KLF3 FD
is not likely to be dimerizing with endogenous KLF3 to fa-
cilitate genomic localization but, more interestingly, may be
contacting another molecule, perhaps another transcription
factor or histone mark that identifies KLF3 target promot-
ers.

In summary, our results suggest that the KLF3 FD is
both required to localize KLF3 to certain target genes in
loss-of-function experiments (14), and is also capable of
redirecting an artificial AZF to known target genes in gain-
of-function experiments.

DISCUSSION

AZF-based DNA-binding platforms are currently being de-
veloped for therapeutic purposes. Throughout the short his-
tory of the development of the artificial DNA-binding plat-
form, the field has moved from the early use of three ZF
proteins based on the natural ZF protein ZNF268 (15,22)
to adopting six ZF proteins that were expected to be more
specific in targeting sites within the whole human genome
(37,38).

However, to date, there have been no direct comparisons
between genome-wide DNA binding specificity of three ZF
and six ZF AZF proteins. One recent study by Grimmer and
colleagues assessed genome-wide DNA occupancy of two
six ZF proteins targeting two different 18 nt sequences on
human SOX2 promoter (39). While statistically one would
expect an 18 nt sequence to appear once or at most a few
times in the whole human genome, the study found these six
finger proteins occupy thousands of sites across the genome.
One explanation for this is the idea that instead of requiring
a perfect 18 nucleotide site, they can use a subset of their
available ZF domains for genomic interactions. In short,
they possibly have more available sites than the correspond-
ing three ZF proteins targeting similar sites.

In the current study assessing genome-wide DNA occu-
pancy of a three ZF protein targeting 9 nt sequence on hu-
man VEGF-A promoter, we found that, in contrast to the
six ZF proteins that bind many more sites compared to the
statistically predicted number of sites, our three ZF protein
binds about 25 000 sites across the genome, that is close
to a statistically predicted number of occurrence, approxi-
mately 23 000 sites, for a 9 nt sequence, genome-wide, as-
suming equal distribution of the four different DNA bases.
Although the two studies were based on ZF proteins tar-
geting two different sites and thus not directly comparable,
these findings do imply that adding more ZFs may not nec-
essarily improve DNA binding specificity of the AZF pro-
teins, in the way one might have expected. Therefore, in the
current study, we investigated the effect of fusing a non-
DBD that is implicated in the in vivo DNA binding speci-
ficity (14) to a typical three ZF artificial protein.

In this study, we have carried out conventional ChIP-Seq
experiments to define the genomic binding sites of a typi-
cal AZF protein. We selected the AZF directed against the
VEGF-A gene promoter because this was one of the first
synthetic DNA-binding proteins generated and to date no
genomic profiling of its target sites has been reported. This
AZF is a ‘first generation’ synthetic DNA-binding protein
that contains three classical C2H2 ZFs designed to recog-
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Figure 7. Models illustrating possible mechanisms of AZF and KLF3FD-AZF binding to the 9 nt target sequence and KLF3FD-AZF but not AZF to
a more degenerate sequence in vivo. This mechanism outlines the involvement of DNA-binding domain of a transcription factor, in this case, zinc fingers
(ZFs) of KLF3 or artificial ZFs of KLF3FD-AZF, to establish a protein–DNA interaction, and also of the FD of the transcription factor, in this case,
KLF3 FD to interact with a component possibly via protein–protein interaction to facilitate and specify transcription factor binding to DNA. (A) Both
AZF and KLF3FD-AZF bind to the 9 nt target sequence GCTGGGGGC in vivo, which mainly rely on ZFs–DNA interactions. This represents regions
that are bound equivalently by both AZF and KLF3FD-AZF, as depicted by the ChIP-Seq track. (B) KLF3FD-AZF but not AZF binds to a degenerate
site via weak ZFs–DNA interaction and the binding is facilitated further by specific interaction between the KLF3 FD and another molecule, which could
be another protein, histone or histone mark, or RNA.

nize the 9 nt sequence GCTGGGGGC (15). We found that
it did bind the VEGF-A locus as expected.

We also observed peaks at around 25 000 additional ge-
nomic locations. In addition, we observed binding to related
motifs, where 8 or fewer of the 9 nts were conserved, as well
as some sites where no clear motif could be identified. These
results are similar to those obtained with natural transcrip-
tion factors. Natural transcription factors are also found to
generate ChIP-Seq peaks at multiple genes, including genes
that do not contain recognizable canonical binding sites,
and genes that are not functionally regulated by the tran-
scription factor (7,14,40).

In the case of natural transcription factors, the possibility
that the protein is docking to a biologically relevant partner
protein and thereby localizing to its target gene indirectly
via protein–protein interactions is often evoked to explain
binding to non-canonical sites (7,8,41). This may also be
occurring with the AZF, however, as a minimal ZF protein,
it is uncertain whether it has many high-affinity partners.
Overall we favor the hypothesis that in vivo synthetic AZF
proteins are simply more promiscuous in their binding than
has previously been suspected.

It should be noted that developments in this area have led
to the use of more artificial DNA-binding proteins to either
work synergistically (42,43), or, in the case of genomic nu-
cleases, dimerise to a heterologous partner so that full bind-
ing is specified by more ZFs (44). It remains to be defini-
tively determined how specific such systems are.

In addition to the results on the minimal AZF we also
studied a fusion protein containing the N-terminal FD from
the well-studied transcription factor KLF3. KLF3 itself has
three classical C2H2 ZFs, so by fusing the FD upstream of
the three ZF AZFs, we are essentially producing a protein

that is related to KLF3, but has different ZFs. Accordingly,
we found that the KLF3FD-AZF fusion protein was stable,
detectable in Western blotting and bound the expected 9 nt
AZF recognition element in EMSA experiments in vitro.

When we tested the genomic binding profile of the
KLF3FD-AZF fusion protein by ChIP-Seq experiments we
detected around 50 000 peaks, that is, about twice as many
peaks as observed with the AZF alone. In many cases the
KLF3FD-AZF generated peaks reside at the same location
as the AZF alone. There were also what appeared to be
new peaks. Although it is impossible to distinguish whether
the binding was unique to the KLF3FD-AZF protein or
whether some level of residual peak was generated by AZF
alone but at levels that were below the background noise in
our ChIP-Seq experiment. Irrespective of which interpre-
tation one takes it is clear that addition of the KLF3 FD
altered the behavior of the AZF protein.

We examined the elements where we observed strong
peaks with the KLF3FD-AZF fusion protein and weaker
or no peaks with the AZF alone. We chose a cut-off where
the KLF3FD-AZF peaks were at least twice as high. These
peaks had a number of interesting features. Firstly they were
enriched in promoters (46% were in promoter regions). Sec-
ond, they tended to contain a sequence that resembled but
was not identical to the 9 nt recognition element of the
AZF. Third, approximately 34% of peaks that are mapped
to known KLF3 bound gene promoters are the genes where
binding had previously been shown to depend upon the
presence of the KLF3 FD in loss-of-function experiments.
That is, both loss-of-function and gain-of-function experi-
ments implicated the KLF3 FD in targeting its cargo to a
shared set of gene promoters.
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These results provide evidence that the KLF3 FD, the N-
terminal, non-DBD, that is thought to function primarily in
turning genes off by recruiting the co-repressor CtBP, has a
second function in helping localize the protein to its target
genes. Such a situation is not unprecedented and aligns with
recent work on other Sp/KLF family transcription factors,
namely Sp2 and Sp3 (8). Sp3 was found to function as a con-
ventional DNA-binding protein with its 3 ZF domain being
necessary and sufficient to localize the protein to CACCC
and GC rich elements in the genome. On the other hand the
ZF domain of Sp2 was entirely dispensable for such activity
and the N-terminal FD of Sp2 was necessary and sufficient
for promoter targeting.

These results are of considerable interest because they
may help explain why different family members, for exam-
ple, different members of the KLF family, bind and regulate
different sets of target genes in vivo – despite having near
identical DBDs (11,14,45,46). One might expect all KLFs
bind to all CACCC or GC-containing regulatory elements,
but it now seems more likely that gene targeting is orches-
trated by the combined action of the shared ZF DBD and
the N-terminal FDs, and since these FDs differ dramatically
between KLF family members, the sets of target genes also
differ. This is also supported by our results on the DBD-
deficient KLF3 FD, which is capable of in vivo chromatin
binding, in the absence of a DBD. The reduced chromatin
binding affinity observed compared to the KLF3FD-AZF
is likely to be associated with protein–protein interactions
that are secondary to the DNA–protein interactions of the
DBD, and in this case, the AZF domain.

The final question concerns how the FDs achieve gene
targeting. Several possibilities could be envisaged. They
could bind directly to DNA, to a gene-localized non-coding
RNA, to another DNA-bound transcription factor or co-
factor, or to a specific histone or transcription factor mark.
We are currently investigating these possibilities. To date we
have found no good evidence that the FD of KLF3 binds
to DNA or RNA, nor does it contain any known histone or
histone mark binding domain (such as a bromodomain or
chromodomain). It is known to bind the co-repressor CtBP
(13). CtBP can dimerize and is resident at many different
promoters so this is an attractive possibility. Previous ex-
periments using a mutant version of KLF3 unable to bind
CtBP showed that CtBP may be important for proper KLF3
localization to the promoters. However, this mutant showed
largely similar genomic binding profiles to that of the wild-
type KLF3 protein at the common KLF3 FD dependent
promoter binding sites (the 578 KLF3 FD dependent pro-
moter bindings resulted from overlapping the two related
KLF3 and KLF3 FD-AZF ChIP-Seq), and thus it seems
unlikely that binding to CtBP completely explains the ge-
nomic binding patterns (14). In the case of Sp2 the FD lo-
calized to a duplicated CCAAT element that is known to be
bound by NFY (8) but no direct binding to NFY was de-
tected, so in both cases the precise mechanism behind the
gene targeting remains unknown.

Our results on the AZF and KLF3FD-AZF fusion are
illustrated in a model in Figure 7. As shown, AZF binds
to genes containing its canonical binding site or a near fit
to this site. On the other hand it is unable to bind to sites
that diverge too far from the ideal consensus element. When

the KLF3 FD is fused to the AZF, the fusion protein can
also recognize optimal binding sites where the sequence is
conserved. In addition, some property of the KLF3 FD
generally allows localization to weak, divergent consensus
elements. As explained above, this property may relate to
protein–protein interactions made by the KLF3 FD as il-
lustrated.

It is possible that many natural transcription factors have
evolved to use both protein–DNA contacts made through
their DBDs, as well as protein–protein interactions via their
FDs in order to localize to the full repertoire of their tar-
get genes. Recognizing this possibility and analyzing more
FDs for DNA-binding activity or specificity functions, may
reveal insights that will be useful in designing AZF-FD fu-
sion proteins with increased or even more restricted AZF
specificity in the future.
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