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Identifying transcription factor (TF) binding to noncoding variants, uncharacterized DNA motifs, and repetitive genomic

elements has been technically and computationally challenging. Current experimental methods, such as chromatin immu-

noprecipitation, generally test one TF at a time, and computational motif algorithms often lead to false-positive and

-negative predictions. To address these limitations, we developed an experimental approach based on enhanced yeast

one-hybrid assays. The first variation of this approach interrogates the binding of >1000 human TFs to repetitive DNA

elements, while the second evaluates TF binding to single nucleotide variants, short insertions and deletions (indels), and

novel DNA motifs. Using this approach, we detected the binding of 75 TFs, including several nuclear hormone receptors

and ETS factors, to the highly repetitive Alu elements. Further, we identified cancer-associated changes in TF binding, includ-

ing gain of interactions involving ETS TFs and loss of interactions involving KLF TFs to different mutations in the TERT pro-
moter, and gain of aMYB interaction with an 18-bp indel in the TAL1 superenhancer. Additionally, we identified TFs that bind

to three uncharacterized DNAmotifs identified in DNase footprinting assays. We anticipate that these enhanced yeast one-

hybrid approaches will expand our capabilities to study genetic variation and undercharacterized genomic regions.

[Supplemental material is available for this article.]

The study of transcription factor (TF) binding to different genomic
regions, and how TF binding is affected by noncoding variants, is
critical for understanding the mechanisms by which gene expres-
sion is controlled in normal and pathogenic conditions (Gerstein
et al. 2012; Fuxman Bass et al. 2015). Chromatin immunoprecipi-
tation followed by high-throughput sequencing (ChIP-seq) has
been instrumental in identifying the genomic regions occupied
by TFs and for studying TF function (Robertson et al. 2007;
Gerstein et al. 2012). However, it has been challenging to use
ChIP-seq to address many central human functional genomics
problems such as determining whether disease-associated single
nucleotide variants (SNVs) and short insertions/deletions (indels)
in noncoding regions alter TF binding, as well as identifying TFs
that bind to specific DNA motifs and repetitive genomic DNA
elements.

Experimentally determining whether TF binding is altered by
genomic variants associated with genetic diseases or cancer has
been challenging as this cannotbe performedusingChIP-seqwith-
out a priori TF candidates. This is because all ∼1500 human TFs
would have to be evaluated individually and because samples
from the appropriate tissues and conditions from healthy and
sick individuals need to be obtained and compared (Fuxman Bass
et al. 2015; Gan et al. 2018). Thus, the most widely used approach
to prioritize TFs consists of using knownDNA-binding specificities

(available for∼50%ofhumanTFs) (Weirauchet al. 2014) andmotif
search algorithms such as FIMO, BEEML-PBM, or TFM-PVALUE to
compare predicted TF binding between the different noncoding al-
leles (Touzet and Varré 2007; Grant et al. 2011; Zhao and Stormo
2011;Weirauchet al. 2014;Rheinbayet al. 2017).However, this ap-
proach often results in multiple false positive and false negative
predictions given that: (1) DNA motifs are missing for nearly half
of the knownhumanTFs (Weirauch et al. 2014); (2)most predicted
DNAmotifs in the genome are not occupied by the TF in vivo (Zia
andMoses 2012); (3)multiple genomic regions occupied by TFs do
not contain the corresponding TF binding sites (Gheorghe et al.
2019); and (4) sequence preferences determined using naked
DNA may be different for sequence preference on nucleosomal
DNA (Talebzadeh and Zare-Mirakabad 2014; Zhu et al. 2018).

Many genomic regions identified by DNase I or ATAC-seq
footprinting studies are occupied by unidentified proteins, which
in many cases are bound in a sequence-specific manner (Neph
et al. 2012; Ramirez et al. 2017). Indeed, using genome-wide
DNase I footprinting, the ENCODE Project identified 683 de
novo motifs, 289 of which could not be matched to any TF based
on knownDNA-binding specificities (Neph et al. 2012). Due to the
lack of TF candidates, it is nearly impossible to use ChIP-seq to
identify the TFs interacting with these genomic sites, as hundreds
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of TFs would need to be tested in each of the cell lines where the
footprints were found. Thus, most of the novel DNA motifs de-
rived from DNase I footprinting remain uncharacterized.

More thanhalf of the human genome is comprised of tandem
or interspaced repetitive DNA elements, many located within pro-
moter, enhancer, and silencer sequences (International Human
Genome Sequencing Consortium 2001). It is challenging to study
TF binding to these repetitive genomic elements by ChIP-seq, not
only because hundreds of TFs need to be assayed, but also because
repetitive DNA sequences are difficult to map to the reference
genome and are thus often filtered out in most bioinformatics
analysis pipelines (Rozowsky et al. 2009; Chung et al. 2011). This
is particularly true for highly repetitive DNA elements such as
the Alu short interspaced nuclear elements, which are present in
more than one million copies in the human genome (Deininger
2011).

Enhanced yeast one-hybrid (eY1H) assays provide an alterna-
tive approach to ChIP-seq, where physical interactions between
TFs and DNA regions are tested in the milieu of the yeast nucleus
using reporter genes (Reece-Hoyes et al. 2011; Sewell and
Fuxman Bass 2018). eY1H assays involve two components: a
‘DNA-bait’ (e.g., a genomic variant, a novel DNAmotif, or a repet-
itive element) and a ‘TF-prey.’ DNA-baits are cloned upstream of
two reporter genes (HIS3 and LacZ) and integrated into the yeast
genome. The DNA-bait yeast strains are then mated with TF-prey
strains that express TFs fused to the yeast Gal4 activation domain
(AD) to generate diploid yeast containing both bait and prey. If the
TF-prey binds to the DNA-bait, the AD will induce reporter expres-
sion which can be measured by the conversion of the colorless X-
gal to a blue compound (by the β-galactosidase enzyme encoded
by LacZ), and by the ability of the yeast to grow on media lacking
histidine even in the presence of 3-amino-1,2,4-triazole (a compet-
itive inhibitor of the His3 enzyme [also known as His3p]). As TFs
are fused to the Gal4 AD, interactions with both activators and re-
pressors can be detected (Deplancke et al. 2006; Fuxman Bass et al.
2015, 2016a).

Given that eY1H assays can be used to analyze the DNA-bind-
ing activity of more than 1000 TFs in a single experiment, this
framework is particularly well-suited to identify the set of TFs
that bind to a DNA region of interest (rather than the sets of
DNA regions bound by TFs as in ChIP-seq). In particular, eY1H as-
says (and other variations of the assay) have been used to identify
the repertoire of TFs that potentially bind to gene promoters and
enhancers in humans, mice, nematodes, flies, and plants (Brady
et al. 2011; Hens et al. 2011; Gubelmann et al. 2013; Reece-Hoyes
et al. 2013; Burdo et al. 2014; Fuxman Bass et al. 2015, 2016a). Re-
cently, we generated a resource of 1086 (of ∼1500) human TFs rep-
resenting all major TF families (Fuxman Bass et al. 2015). Using
this resource, we have detected interactions involving 293 TFs
against DNA sequences corresponding to ∼0.3 Mb of the human
genome (Fuxman Bass et al. 2015; Carrasco Pro et al. 2018). Of
the major human TF families involved in these interactions,
only Cys2His2 zinc fingers were underrepresented (50% of expect-
ed), whereas homeodomains and nuclear hormone receptors were
overrepresented.

Using eY1H assays, we have also determined altered TF bind-
ing to 109 SNVs associated with different genetic diseases, includ-
ing immune disorders, developmentalmalformations, cancer, and
neurological disorders (Fuxman Bass et al. 2015). This pipelinewas
based on PCR fromhuman genomic DNAusingwild-type andmu-
tated primers to generate the DNA-baits. As a consequence, the ap-
proach used was not well-suited to clone and study indels (unless

patient DNA samples are used), as using primers containingmulti-
ple mismatches often leads to PCR failure when using genomic
DNA as template, or to study novel DNA motifs derived from
footprinting studies using tandem copies. In addition, the eY1H
pipeline was not previously adapted to clone repetitive DNA ele-
ments en masse given that the cloning steps were optimized for
primers annealing to unique genomic DNA regions. Here, we pre-
sent an eY1H-based approach that overcomes these limitations
which we use to evaluate TF binding to repetitive DNA elements
such as Alu sequences and to short DNA sequences to study
SNVs, indels, and novel DNA motifs. Overall, this eY1H-based ap-
proach provides a new toolkit to answer genomic questions that
have been challenging to address using current experimental
and computational approaches.

Results

TF binding to repetitive DNA elements

To illustrate the power of eY1H assays to identify TFs that bind to
repetitive elements, we evaluated Alu sequences, a type of short in-
terspaced nuclear element present inmore than onemillion copies
in the human genome (Batzer and Deininger 2002). These se-
quences are classified in three main families: the ancestral AluJ,
the derived AluS, and the more recently evolved AluY elements,
and can differ up to 20% from their consensus sequence due to
SNVs, indels, and truncations (Deininger et al. 1981; Batzer and
Deininger 2002). Studying TF binding to Alu sequences is particu-
larly important given that these sequences are embedded within
gene promoters, enhancers, and introns and have been shown
to play key roles in gene regulation (Batzer and Deininger 2002;
Deininger 2011). In addition, Alu sequences are often silenced
by mechanisms that are not fully understood, which could in
part be mediated by transcriptional repressors (Humphrey et al.
1996; Kondo and Issa 2003).

To evaluate TF binding to these repetitive elements, we
cloned 20 random Alu sequences into our eY1H pipeline (Fig. 1;
Supplemental Table S1). This was performed using degenerate
primers complementary to the 5′ and 3′ ends of Alu sequences,
which allowed us to obtain clones belonging to different Alu fam-
ilies (AluJ, AluS, and AluY) (Supplemental Fig. S1). Using eY1H as-
says, we identified 75 TFs that bind to at least oneAlu sequence and
34 TFs that bind to at least 20% of the 20 Alu sequences tested
(Fig. 2A; Supplemental Table S2). Alu sequences are enriched in
binding to TFs belonging to the nuclear hormone receptor
(NHR), zinc finger DHHC (ZF-DHHC), ETS, and regulatory factor
X (RFX) families compared to the array of TFs tested (Fig. 2B). Of
note, we did not detect interactions with NHR or ZF-DHHC TFs
for the two AluJ and a subset of AluS sequences tested, suggesting
that binding sites for these TFs arose sometime during AluS diver-
gence. Other than this, differences in TF binding between Alu se-
quences do not seem to cluster by Alu family, likely because of
differences in deletions and truncations within family members
(Supplemental Fig. S1).

To determine whether the identified TFs can bind Alu se-
quences in vivo, we determined the overlap between Alu sequenc-
es and ChIP-seq peaks from the ENCODE Project (The ENCODE
Project Consortium 2012). We found that ChIP-seq peaks from
TFs that interacted with at least 20% of Alu sequences by eY1H as-
says overlap with thousands of Alu sequences in K562 and HepG2
cells (Fig. 2C). Further, we found thatAlu-binding TFs overlap with
more Alu sequences than non-Alu binding TFs in K562 cells
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(Fig. 2C). Although for HepG2 cells this difference was not signifi-
cant, likely because of a small sample size, it shows the same trend
as K562 cells. Furthermore, we did find a significant difference in
HepG2 cells between Alu binding and non-Alu binding TFs
when we compared the average number of Alu sequences per
ChIP-seq peak (Fig. 2D). Overall, this suggests that the TFs we
found binding to Alu sequences by eY1H assays can bind to Alu
sequences in vivo.

Thewidespread TF binding toAlu sequences that we observed
is not a general feature of repetitive elements or of eY1H assays, as
screening alphoidDNA (i.e., centromeric DNA sequences) only led
to marginal TF binding (Fig. 2E). Indeed, while on average Alu se-
quences interacted with 6.8 TFs per 100 bp, alphoid DNA sequenc-
es interacted with only 1.3 TFs per 100 bp. Further, we only found
three TFs (GMEB1, ZNF710, and ZNF711) that bound more than
20% of the 10 alphoid sequences tested (Supplemental Table S2),
compared to 34 TFs for theAlu sequences, even though themedian
pairwise sequence identity is similar for both sets of sequences
(79.1% for Alu elements vs. 77.4% for alphoid DNA). The infre-
quent binding of TFs to alphoid DNA is consistent with previous
findings showing that alphoid DNA recruits multiple centromeric
and heterochromatin proteins but not TFs (Buxton et al. 2017).
Taken together, our results show that eY1H assays can identify spe-
cific TF binding to highly repetitive genomic sequences such asAlu
sequences. Whether these TFs globally affect the function of Alu
sequences or the function of Alu sequences at specific loci remains
to be determined.

Identifying TFs binding to novel DNA motifs

Different experimental methods, including protein-binding mi-
croarrays, SELEX, bacterial one-hybrid assays, and ChIP-seq,
have identified DNA-binding motifs for hundreds of human TFs
(Noyes et al. 2008; Jolma et al. 2013; Weirauch et al. 2014).
However, 289 (out of 683) de novo DNA motifs identified by ge-
nome-wide footprinting using DNase I by the ENCODE Project
(Neph et al. 2012) remain orphan (i.e., no TF has been predicted
to bind these motifs). This can stem from the lack of DNA-binding
motifs for many human TFs (∼50%), from differences between
DNA motifs determined in vitro and those occupied in vivo,
from motif quality, from limitations in prediction algorithms, or
from DNase I cleavage biases.

To determine whether eY1H assays can identify TFs that bind
to some of these orphan DNA motifs, we tested seven 8-bp DNA
motifs with high information content in all positions that were
identified by DNase I footprints by the ENCODE Project (Neph
et al. 2012) and that were not previously matched to any human
TF (Supplemental Table S3). To do this, we developed a pipeline us-
ing synthesized short oligonucleotides containing the sequence of
interest flanked by the Gateway attB4 and attB1R sites for cloning
purposes (Fig. 1). Each DNA motif was tested using three tandem
repeats and a 2-nt mutated version of the motif as control
(Fig. 3A). For three motifs (UW.Motif.0118, UW.Motif.0146, and
UW.Motif.0167) of seven tested, we identified TFs that could inter-
act with the wild-type but not with the mutant motifs. For
UW.Motif.0118 (GCTGATAA), we found that GATA4, GATA5,
and DMBX1 bind to the wild-type but not the mutant DNA motif
(Fig. 3B). Indeed, UW.Motif.0118 matches the DNA-binding
motifs for GATA4 and GATA5, which were reported by later publi-
cations (Fig. 3C; Jolma et al. 2013; Kulakovskiy et al. 2013).
Further, we found that gene promoters that contain one or more
copies of UW.Motif.0118 are enriched in ChIP-seq peaks for
GATA4 (Fig. 3D). DMBX1 can be discarded as a candidate to
bind UW.Motif.0118 as the DMBX1 motif matches the junction
between two motif copies in the tandem repeat rather than the
motif itself (Fig. 3E).

We also determined that UW.Motif.0146 (ATTTCTGG), but
not the mutated motif, binds the zinc finger TF ZBTB26 (Fig. 3F).
The DNA-binding motif for ZBTB26 is not available in Cis-BP
nor in JASPAR (Weirauch et al. 2014; Khan et al. 2018). We used

Figure 1. eY1H assays to test short DNA sequences and repetitive DNA
elements. Short DNA sequences are synthesized flanked by the attB4 and
attB1RGateway sites. The reverse strand is synthesized by primer extension
(attB1R). The double-stranded DNA generated is cloned into the pDONR-
P4-P1R vector by Gateway BP reaction. Repetitive DNA sequences are am-
plified from genomic DNA using degenerate primers flanked by the attB4
(forward) or the attB1R (reverse) sites. The repetitive element DNA library
generated is cloned en masse into the pDONR-P4-P1R vector, and individ-
ual sequences are selected after bacterial transformation and picking of in-
dividual colonies. Both short DNA sequences and repetitive DNA are then
transferred into eY1H reporter vectors (HIS3 and LacZ) and integrated into
the yeast genome to generate chromatinized DNA-bait strains. DNA-bait
strains are tested for interactions against an array of 1086 human TF-preys
(TFs fused to the yeast Gal4 activation domain) by mating. Interactions are
identified by the ability of yeast colonies to grow in the absence of histidine
and in the presence of the His3p inhibitor 3-amino-1,2,4-triazole and to
turn blue in the presence of the β-galactosidase substrate X-gal.
Interactions are tested in quadruplicate.
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two approaches to determine the ZBTB26 motif. First, using a po-
sition weight matrix prediction algorithm designed for Cys2His2
zinc finger TFs (Persikov and Singh 2014), we predicted a recogni-
tion motif based on the amino acid sequence of zinc fingers 1–3.
Second, we determined the ZBTB26 motif from ChIP-seq data
from the ENCODE Project (Gerstein et al. 2012). We found that
both ZBTB26 motifs closely resembled UW.Motif.0146 (Fig. 3G),
and themotif determined by ChIP-seq is enriched at themidpoint
of the peaks (Fig. 3H). Further, gene promoters that contain one or
more copies of UW.Motif.0146 are enriched in ChIP-seq peaks for
ZBTB26, further validating our approach (Fig. 3D).

Finally, forUW.Motif.0167 (ACAAAAGA),we found thatmul-
tiple SOXTFs andZNF646bind to thewild-typebutnot themutant
motif in eY1H assays (Fig. 3I). This DNA motif partially matches
SOX motifs (Fig. 3J), while motifs are not available for ZNF646, a
protein with 31 zinc fingers according to UniProt. For several clus-
ters of three ZNF646 zinc fingers, we predicted a CAAAA binding
preference, a sequence present in UW.Motif.0167 (Fig. 3K). This
suggests that ZNF646 binds the tandem repeats of the motif used
in the eY1H assays rather than a single copy of the motif which
are more frequent in the genome.

To determine whether the TFs that bind to the orphan DNA
motifs are functionally related to their potential respective target
genes, we determined the biological process Gene Ontology terms
associated with genes that containmore than one copy of the mo-
tif in their promoter. We found that these genes are associated
with similar functions to those determined for the TFs that bind

theDNAmotifs in eY1H assays (Supplemental Table S4). For exam-
ple, genes that containmore than one copy of the UW.Motif.0118
in their promoters are associated with cardiovascular and neuronal
development. This is consistent with the role of GATA4 and
GATA5 in heart development and angiogenesis and the role of
GATA4 in neuronal development and function (Lawson and
Mellon 1998; Holtzinger and Evans 2007; Walsh and Shiojima
2007; Ang et al. 2016). Similarly, genes that contain more than
one copy of the UW.Motif.0167 in their promoters are associated
with dendritic spine development, among other biological pro-
cesses, as are SOX2, SOX5, and SOX11 (Whitney et al. 2014;
Hoshiba et al. 2016; Naudet et al. 2018). Altogether, this shows
that our approach can identify TFs that bind to uncharacterized
motifs, including zinc fingers, which are generally difficult to
study, and that the TFs identified are likely to be functionally relat-
ed to their potential target genes.

Four motifs (UW.Motif.0012, UW.Motif.0038, UW.Motif.
0053, and UW.Motif.0292) out of seven tested (Supplemental
Table S3) did not produce any interacting TF. This may be due to
limitations of eY1H assays including: (1) 25% of the TF missing
from the human TF array, which would not be detected in the
screen; (2) TFs that do not fold properly in yeast or fused to AD;
and (3) TFs that require posttranslational modifications or hetero-
dimerization to bind to DNA (Sewell and Fuxman Bass 2018).
Alternatively, some of these motifs may result from sequence
bias in DNase I cleavage rather than from nuclease protection by
a TF, as has been widely reported (Koohy et al. 2013; Lazarovici

A B
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D

Figure 2. Identification of TFs that interact with Alu sequences. (A) TFs that interact with 20% or more of the Alu sequences tested were identified using
eY1H assays. TFs and Alu sequences are ordered by family. (B) Distribution by family for TFs that interact with at least 20% of the Alu sequences tested,
compared to the distribution of TFs in the eY1H array. (NHR) nuclear hormone receptor, (ZF-DHHC) zinc finger DHHC, (ZF-C2H2) zinc finger
Cys2His2, (HD) homeodomain, (ETS) E26 transformation-specific, (HMG) high mobility group, (RFX) regulatory factor X, (bHLH) basic helix-loop-helix,
(bZIP) basic leucine zipper domain. (∗) P<0.05 by proportion comparison test after Bonferroni correction. (C,D) The number of Alu sequences in ChIP-
seq peaks (C) and the average number of Alu sequences per peak (D) are plotted for TFs that bind at least 20% of Alu sequences by eY1H assays (red)
and TFs for which we did not detect binding to Alu sequences (blue). ChIP-seq data was obtained from the ENCODE Project for the K562 and HepG2
cell lines. Violin plots are shown, and the median is indicated by a solid black line. Statistical significance determined by two-tailed Student’s t-test with
Welch’s correction for unequal variances. (E) Comparison between the number of protein-DNA interactions (PDIs) detected per element for Alu and alphoid
sequences. Violin plots are shown, and the median is indicated by a solid black line. Statistical significance determined by two-tailed Mann–Whitney U test.
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et al. 2013; He et al. 2014). Indeed, based on published 6-mer se-
quence preferences for DNase I (Lazarovici et al. 2013), cleavage
within the GAAAAAAA sequence of UW.Motif.0038 is expected
to be low (Fig. 3L). This suggests that the footprints driving UW.
Motif.0038 result from a lower ability of DNase I to cleave within
this motif rather than from TF protection.

Identifying altered TF binding to noncoding SNVs and indels

Previously, we used eY1H assays to identify altered TF binding to
noncoding SNVs (Fuxman Bass et al. 2015). That approach used

DNA sequences generated by PCR from human genomic DNA as
a template and primers containing wild-type or mutant sequences
to introduce the allele variants (Fuxman Bass et al. 2015). As a con-
sequence, our previous cloning strategy presented several limita-
tions: (1) the requirement of human DNA samples; (2) indels
could not be successfully evaluated (unless genomic DNA was ob-
tained from patient samples) as primers containing indels would
fail to anneal to the wild-type DNA template; and (3) the introduc-
tion of unwanted mutations during PCR even when using high-fi-
delity polymerases, thus reducing the efficiency to generate DNA-
baits without spurious mutations.

A

D E

H

J K L

I

F G

B C

Figure 3. Identification of TFs that bind to novel DNA motifs. (A) Motifs were tested by eY1H assays as three tandem copies. Motifs with two mutated
bases were tested as controls. (B,F,I) eY1H screen against 1086 TFs of three motifs identified by DNase I footprinting by the ENCODE Project. Tested se-
quences are indicated. Each interaction was tested in quadruplicate. Control: empty AD-vector. (C,E,J) Alignment of motif logos from Cis-BP to the tested
sequences. (D) Fraction of genes with ChIP-seq peaks for GATA4 and ZBTB26 in their promoters as a function of the number of UW.Motif.0118 and
UW.Motif.0146 motifs, respectively. (∗) P<0.001 versus absence of motif by proportion comparison test. (G) Predicted ZBTB26 motif based on the amino
acid sequence of zinc fingers 1–3 and highest scoring motif derived from ChIP-seq data. (H) Location of the ZBTB26 motif derived from ChIP-seq data
within the peaks. (K ) Predicted ZNF646 motif based on the amino acid sequence of zinc fingers 1–3, 4–6, 11–13, 14–16, 20–22, or 23–25. (L)
Percentile cleavage preference by DNase I at each position for UW.Motif.0012, UW.Motif.0038, UW.Motif.0053, and UW.Motif.0292.
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To address these limitations, we leveraged the cloning strat-
egy used for testing novel DNAmotifs and synthesized oligonucle-
otides containing a short sequence of interest flanked by the attB4
and attB1R Gateway cloning sites (Fig. 1). To establish the optimal
oligonucleotide length to evaluate TF binding to SNVs and indels,
we analyzed eY1H data previously collected for 168 sequences of
61 bp (Fuxman Bass et al. 2015). We determined the number of
motifs spanning the indicated position relative to the attB1R prim-
er and the fraction of motifs with the corresponding eY1H interac-
tion (Fig. 4A). We found that the number of motifs detected at
positions −50 to −10 is relatively stable and is markedly reduced
close to the 5′ and 3′ ends of the sequences (Fig. 4A). In addition,
we found that the relative fraction of motifs detected by eY1H
assays varies up to 30% depending on the position within the se-
quence, with aminimumat−20 from the attB1R site that increases
up to position −4 (Fig. 4A). Based on these observations, we deter-
mined that testing SNVs and indelswithin ±10 bp of their genomic
sequence context (21-bp sequences for SNVs, and 20 bp+ indel
length for indels) would capture most motifs and provide high
sensitivity.

To evaluate this approach, we tested eight noncoding somatic
mutations found in cancer patients: an 18-bp indel in a superen-
hancer of TAL1 and seven single- or di-nucleotide mutations in
the TERT promoter (Supplemental Tables S3, S5). First, we evaluat-

edwhether there is altered TF binding caused by an 18-bp insertion
in a TAL1 superenhancer found in a patient with T cell acute lym-
phoblastic leukemia (Mansour et al. 2014). This indel leads to the
recruitment of CREBBP and increased TAL1 expression (Mansour
et al. 2014). We detected interactions of TFs ELK1, GABPA, ELF2,
ELF3, and MYB with the insertion allele but not with the wild-
type sequence or an altered sequence where the 18-bp insertion
was replaced by an (AT)9 repeat (Fig. 4B). This control replacing
the insertion with a different sequence is important as differences
in TF binding between wild-type and insertion alleles could arise
from differences in distance relative to the minimal promoter of
the reporter genes or in nucleosome occlusion. To validate the dif-
ferential TF-DNA interactions found, we performed reporter assays
by cotransfecting HEK293T cells with a reporter plasmid carrying a
∼0.5-kb TAL1 enhancer sequence containing either the wild-type
or indel alleles driving luciferase expression and an expression
plasmid for the indicated TFs fused to the VP160 (10 copies of
VP16) activation domain. The interaction between MYB and the
TAL1 insertion allele was confirmed in human cells by luciferase
assays (Fig. 4C), consistent with a previous study that found that
this 18-bp insertion creates a binding site for MYB (Mansour
et al. 2014). However, the eY1H interactions between the TAL1 in-
sertion allele and the ETS factors ELK1, GABPA, ELF2, and ELF3
were not confirmed by the reporter assays (Fig. 4C), even though

A

C

B

D

Figure 4. Identification of altered TF binding to a TAL1 superenhancer insertion. (A) Relative fraction of motifs spanning the indicated position relative to
the attB1R site (orange line) and the relative fraction of motifs for which eY1H interactions were detected (green line) for 168 sequences of 61 bp tested by
eY1H assays. Sliding windows of 3 bp were used. (B) eY1H screen for an 18-bp insertion in a TAL1 superenhancer associated with T cell acute lymphoblastic
leukemia. Wild type and an (AT)9 sequence replacement (for the 18-bp insertion) were screened as controls. Each interaction was tested in quadruplicate.
Control: empty AD-vector. (C) Luciferase assays to validate the differential TF interactions with the TAL1 superenhancer wild-type and insertion alleles.
HEK293T cells were cotransfected with reporter plasmids containing the wild-type or insertion TAL1 superenhancer region cloned upstream of the firefly
luciferase reporter gene and expression vectors for the indicated TFs (fused to the activation domain VP160). After 48 h, cells were harvested and luciferase
assays were performed. Relative luciferase activity is plotted as fold change compared to cells cotransfected with the wild-type TAL1 superenhancer con-
struct and the VP160 vector (control). A representative experiment of three is shown. The average of three replicates is indicated by the black line. (∗) P<
0.05 by one-tailed log-transformed Student’s t-test with Benjamini-Hochberg correction. (D) Motifs obtained from Cis-BP that match the differential TFs
identified by eY1H assays.
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these TFs are predicted to bind outside the indel region (Fig. 4D).
This difference between eY1H assays (and motif predictions) and
luciferase assays may be related to differences in chromatin con-
text (i.e., eY1H assays test interactions within chromatinized
DNA versus luciferase assays in episomal vectors) or differences
in cellular context (i.e., interactions tested in yeast for eY1H assays
vs. human cells in luciferase assays). Additional experiments in the
endogenous locus using genome edited cell lines will ultimately
determinewhether ETS factors affect TAL1 gene expression caused
by the insertion.

We next applied eY1H assays to test seven single- and di-
nucleotide mutations in the TERT promoter that lead to telome-

rase reactivation in different types of cancers includingmelanoma,
bladder cancer, and thyroid cancer (Fig. 5A; Supplemental Table
S5). Previously, two TERT promoter mutations, −124 G→A and
−146 G→A were shown to lead to new interactions with the ETS
factor GABPA using reporter assays and TF knockdown experi-
ments (Bell et al. 2015). Consistent with this, we found that the
−146 G→A mutation leads to gain of eY1H interactions with
GABPA and ERF, another ETS factor, whichwere confirmed bymo-
tif analysis and luciferase reporter assays, further validating our ap-
proach (Fig. 5A). We found that a 2-nt mutation (GG→AA) in the
TERT promoter at position−138/−139 found in patients withmel-
anoma and bladder cancer (Horn et al. 2013; Wu et al. 2014), for
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C D
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Figure 5. Identification of altered TF binding to single- and di-nucleotide mutations in the TERT promoter. (A) Gain and loss of protein-DNA interactions
(PDIs) with seven TERT single- and di-nucleotide mutations in the TERT promoter were identified by eY1H assays. Mutation position is relative to the ini-
tiation codon. Blue line: gain of PDIs, red line: loss of PDIs. Full lines indicate validation by motif analysis. Thick lines indicate validation by luciferase assays.
(B,E) eY1H screen for wild type and a−138/−139GG→AA (B) or a−80G→A (E) mutation in the TERT promoter associatedwith cancer. Each interactionwas
tested in quadruplicate. Control: empty AD-vector. (C,F ) Motifs obtained from Cis-BP that match the differential TFs identified by eY1H assays. (D,G)
Luciferase assays to validate the differential TF interactions with the TERT promoter alleles. Relative luciferase activity is plotted as fold change compared
to cells cotransfected with the wild-type TERT promoter construct and the VP160 vector (control). A representative experiment of three is shown. The av-
erage of three replicates is indicated by the black line. (∗) P<0.05 by one-tailed log-transformed Student’s t-test with Benjamini-Hochberg correction.
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which TF binding was not tested experimentally, leads to gain of
interactions with the ETS factors GABPA, ELK1, ELK4, ETV1,
ELF2, and ERF (Fig. 5B). Indeed, the −138/−139 GG→AAmutation
creates binding sites for these TFs (Fig. 5C) but not for other ETS
factors such as SPI1 and ETV7 that have slightly different
DNA-binding specificities (Supplemental Fig. S2). We found that
GABPA, ELK1, ELK4, ETV1, and ERF lead to a stronger activation
of the mutant promoter in luciferase reporter assays in human
cells, whereas ELF2 did not induce reporter expression (Fig. 5D).
In addition, we found that a −94 A→C mutation in the TERT pro-
moter also leads to gain of interactions with GABPA both by eY1H
and luciferase assays (Fig. 5A). Overall, these results suggest that
binding sites for GABPA (and other ETS factors) created by single
or di-nucleotide mutations at different positions in the TERT pro-
moter are responsible forTERT reactivation in tumors derived from
different cancer patients.

In addition to the gain of interactions with ETS factors, TERT
promoter mutations can also affect the binding of other TFs. For
example, using eY1H assays, we found that a −80 G→A mutation
leads to loss of interactions with KLF2/3/4, GMEB1, HES5, and
ZBTB14 (Fig. 5E). Loss of interaction with the KLF factors was con-
firmed by motif analysis and/or luciferase assays, whereas loss of
interaction with GMEB1 and HES5 was only confirmed by lucifer-
ase assays (Fig. 5A,F,G). KLF2 and KLF4 have been shown to repress
TERT expression in normal T cells and lung cancer cells, respective-
ly, although through binding sites that do not overlap with posi-
tion −80 (Hara et al. 2015; Hu et al. 2016). Further, high KLF2/3/4
expression levels are associated with a favorable prognosis in
liver, renal, and lung cancer (Hu et al. 2016; Uhlen et al. 2017).
Overall, these results suggest that TERT reactivation can occur ei-
ther due to low expression of KLF factors or by mutations in KLF
binding sites.

Discussion

In this study, we used eY1H assays to evaluate TF binding to short
DNA sequences (e.g., SNVs, indels, and novel DNAmotifs) and re-
petitive elements. Testing these types of sequences has previously
been challenging due to limitations in ChIP-seq and DNA motif
analyses. For example, motif analyses using Cis-BP (Weirauch
et al. 2014) led to the prediction of 123 and 56 differential TF inter-
actions with the TAL1 superenhancer 18-bp insertion and the
TERT −138/−139 GG→AA mutation, respectively (34 and 26 in-
volving TFs for which we had previously detected interactions by
eY1H assays). Our approach greatly reduced the number of differ-
ent TFs that required validation, which is technically important
given that mammalian cell reporter assays, ChIP, and TF knock-
downs followed by RT-qPCR are generally low-throughput.
However, it is important to note that eY1H assaysmay fail to detect
interactions involving some TFs (e.g., TFs absent from the array,
heterodimers, misfolded TFs in yeast, or TFs that require posttrans-
lational modifications to bind to DNA) and, thus, eY1H assays
should be used together with in silico predictions and other exper-
imental assays.

Our eY1H approach enables the identification of TF-DNA
binding even in the absence of a priori TF candidates or a human
DNA template, as in the case of novel DNA motifs identified by
DNase I footprinting assays. For example, we identified TFs that
bind to three of seven orphan motifs identified by DNase I foot-
printing, which is consistent with available or in silico predicted
motifs, ChIP-seq data, and functional enrichment of target genes.
Although some orphan motifs may result from DNase I cleavage

bias as previously shown (He et al. 2014) and as we have observed
for UW.Motif.0038, our results show that orphan motifs may in-
deed result from TF protection.

Our eY1H approach can also be applied to DNA motifs en-
riched in the regulatory regions of functionally related genes, in
particular when these DNA motifs cannot be assigned to any TF.
Several factors need to be considered when designing sequences
to test motifs by eY1H assays. First, using multiple tandem copies
(three in our case) of a motif increases the sensitivity of the assay.
Second, TF interactions may not only occur within the motif but
also with the junction between motifs, the junction between the
motifs and the Gateway attB4 or attB1R sites, or with two consec-
utive motifs in case of TFs that bind as homodimers or that have
more than one domain that recognizes themotif. Thus, it is recom-
mended to also test amutated version of themotif affecting one or
more high information content positions and to perform motif
analysis with the full oligonucleotide sequence (including the
Gateway attB sequences) to exclude TFs that do not bind to the
motif itself. Finally, if the motif contains low information content
positions,multiple alternative sequencesmayneed to be tested: ei-
ther all possible variations of the motif, or selected examples from
loci of interest.

Using eY1H assays, we also identified 34 TFs that bind to at
least 20% of the repetitive Alu sequences tested. These TFs may
be involved in regulating the expression of nearby genes or silenc-
ing Alu sequences. Alu sequences may also act as sinks for some
TFs, reducing their effective nuclear concentration. However, we
did not detect a significantly higher number of raw sequencing
reads matching Alu sequences in ChIP-seq data sets from the
ENCODE Project corresponding to Alu-binding TFs than in
ChIP-seq data sets corresponding to non-Alu-binding TFs
(Supplemental Fig. S3). This could be due to epigenetic silencing
of many Alu sequences, which would prevent TF binding to chro-
matin in human cells inmost tissues and conditions. Indeed,most
Alu sequences have been found to be enriched in the H3K9me
mark and to be actively silenced in somatic tissues (Kondo and
Issa 2003; Ward et al. 2013). Nevertheless, thousands of Alu se-
quences in the human genome contain active histone marks and
may be permissive for TF binding, which could contribute to the
transcriptional control of nearby genes in specific cells and condi-
tions (Deininger 2011; Bouttier et al. 2016). For example, a recent
study found that de novo ChIP-seq peaks for the H3K4me1 mark
in macrophages infected with Mycobacterium tuberculosis contain
Alu sequences enriched for binding sites of several TFs including
ETS and NHR factors, consistent with our findings by eY1H assays
(Bouttier et al. 2016). Further, we detected a higher enrichment of
Alu sequences in ChIP-seq peaks for TFs detected by eY1H assays to
bind to our set of 20 Alu sequences tested. However, depending on
the parameter used to measure such enrichment, significance
was detected in either K562 or HepG2 cells. It is important to
note that this could be related to the few ChIP-seq experiments
available for Alu-binding TFs or to some of the TFs for which
we failed to detect interactions to the 20Alu sequences tested actu-
ally binding to other Alu sequences in the genome. We anticipate
that the approach we developed to study TF binding to Alu
and alphoid sequences will shed light on the role of other repeti-
tive elements in gene regulation and/or the establishment of
heterochromatin.

Overall, the eY1H approaches described here demonstrate
their utility for characterizing altered TF binding to different types
of genomic variants and for studying the role of TFs in regulating
the function of repetitive genomic elements.
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Methods

eY1H assays

DNA-baits were generated using different approaches depending
on the type of sequence cloned (Fig. 1). For repetitive DNA ele-
ments, DNA-baits were generated by PCR using human genomic
DNA (Clontech) as a template, Platinum Taq DNA Polymerase
High Fidelity (Thermo Fisher Scientific), and degenerate primers
complementary to different family members of Alu elements
(Alu-Fw and Alu-Rv) (Supplemental Table S3) or different varia-
tions of alphoid DNA (Alphoid-Fw and Alphoid-Rv) (Supplemen-
tal Table S3; Fig. 1). These primers include the attB4 and attB1R
sequences for Gateway cloning. The PCR cycle involved an initial
denaturation step of 2 min at 94°C, 35 cycles of 30 sec at 94°C,
15 sec at 58°C, and 75 sec at 72°C, followed by a final extension
for 7 min at 72°C. The random libraries containing the Alu se-
quences or the alphoid DNA were cloned into the pDONR-P4-
P1R vector (Thermo Fisher Scientific) by Gateway cloning using
the BP Clonase II (Thermo Fisher Scientific) and transformed
into DH5α bacteria. Individual colonies were picked and se-
quenced to identify the sequences cloned (Supplemental Table
S1). Each sequence was then transferred to the pMW#2 and
pMW#3 vectors (Addgene) using the LR Clonase II (Thermo Fisher
Scientific), upstream of two reporter genes (HIS3 and LacZ). Both
reporter constructs were integrated into the Y1HaS2 yeast strain
(Reece-Hoyes et al. 2011) genome by site-specific recombination
to generate chromatinized DNA-bait strains as previously de-
scribed (Fuxman Bass et al. 2016b,c). The DNA-bait yeast strains
were then sequenced to verify the identity of the yeast integrants.

DNA-baits corresponding to genomic variants (SNVs and
indels) and novel DNA motifs were synthesized as oligonucleo-
tides (Thermo Fisher Scientific) flanked by the attB4 and attB1R
sequences for cloning using the Gateway recombination system
(Fig. 1; Supplemental Table S3). Double-stranded oligonucleotides
were generated by primer extension using Taq polymerase
(Thermo Fisher Scientific) and a primer complementary to the
attB1R site (Supplemental Table S3) using an initial denaturation
step of 3 min at 95°C, 10 cycles of 30 sec at 55°C and 30 sec at
72°C, followed by one cycle of 5min at 72°C. The double-stranded
oligonucleotides were then cloned into the pDONR-P4-P1R
(Thermo Fisher Scientific) by Gateway cloning, transferred to the
pMW#2 and pMW#3 vectors, and then integrated into the
Y1HaS2 strain genome.

DNA-bait strains were mated with an array of yeast strains ex-
pressing 1086 human TF-preys using a Singer RoToR robotic plat-
form, as previously described (Reece-Hoyes et al. 2011; Fuxman
Bass et al. 2015). This TF array includes members from all major
human TF families and is available upon request (Fuxman Bass
et al. 2015). Each interaction was tested in quadruplicate in the
same plate, and positive colonies were detected using the MyBrid
webtool as previously described (Reece-Hoyes et al. 2013).
MyBrid accounts for unevenness in background due to colony po-
sition in the plate (e.g., distance from the borders). Following
detection with MyBrid, each interaction was curated by two inde-
pendent researchers to remove false positive predictions or add
missing interactions. Only interactions detected with at least two
colonies were considered positive (Fig. 1). As previously observed,
∼90% of interactions were detected by all four replicates (Reece-
Hoyes et al. 2011; Fuxman Bass et al. 2015, 2016a).

Overlap between ChIP-seq peaks and Alu sequences

ChIP-seq peak coordinates for TFs that have been detected in the
current or previous works by eY1H assays were obtained from
the ENCODE Project (The ENCODE Project Consortium 2012).

ChIP-seq peaks were overlapped with the coordinates of Alu se-
quences (±100 bp to reduce the impact of mapping issues) using
the intersect option from BEDTools (Quinlan and Hall 2010). For
TFs with multiple experiments in a particular cell line, the experi-
ment with the highest number of total peaks was considered. The
total number of Alu sequences that overlap with ChIP-seq peaks
was compared between TFs that bind at least 20% of Alu sequences
tested and TFs that do not bind to Alu sequences by eY1H assays.
Statistical significance was determined in the log-transformed
data using Student’s t-test with Welch’s correction for unequal
variances. In addition, we compared the average number of Alu se-
quences per ChIP-seq peak and determined statistical significance
using Student’s t-test with Welch’s correction.

Transient transfections and luciferase assays

TF interactions with noncoding alleles were validated by luciferase
assays in HEK293T cells. Given that testing the noncoding alleles
in the short sequence context (20–40 bp) used in eY1H assays
led to luciferase activity barely above background levels, DNA-
bait luciferase reporter clones were generated corresponding
to the ∼0.5-kb genomic sequence surrounding the noncoding al-
leles (Supplemental Table S6).Wild-type sequences were generated
by PCR using human genomic DNA (Clontech) as a template,
Platinum High Fidelity or SuperFi Taq polymerases (Thermo
Fisher Scientific), and primers flanking the noncoding alleles.
Mutant sequences were generated from the wild-type sequence
by PCR stitching using primers that contain the mutated nucleo-
tide. DNA-bait luciferase reporter clones were generated by cloning
the noncoding regions upstream of the firefly luciferase into a
Gateway-compatible vector generated from pGL4.23[luc2/minP]
(Fuxman Bass et al. 2015). TF-prey clones were generated by
Gateway-cloning the TF coding sequence into the pEZY3-VP160
vector, where TFs are fused to 10 copies of the strong transcription-
al activator VP16 (Carrasco Pro et al. 2018).

HEK293T cells were plated in 96-well white opaque plates
(∼1×104 cells/well) 24 h prior to transfection in 100 µL DMEM
supplemented with 10% FBS and 1% Antibiotic-Antimycotic
100× (Thermo Fisher Scientific). Cells were transfected with
Lipofectamine 3000 (Thermo Fisher Scientific) according to the
manufacturer’s protocol using 20 ng of the DNA-bait pGL4.23
[luc2/minP] luciferase reporter vector, 80 ng of the TF-pEZY3-
VP160 vector, and 10 ng of Renilla luciferase control vector
pGL4.74[hRluc/TK] (Promega). The empty pEZY3-VP160 vector
cotransfected with the recombinant firefly luciferase plasmid was
used as a normalization control. Forty-eight hours after transfec-
tion, firefly and Renilla luciferase activities were measured using
the Dual-Glo Luciferase Assay System (Promega) according to the
manufacturer’s protocol. Nontransfected cells were used to sub-
tract background luciferase activities, followed by normalizing
firefly luciferase activity to Renilla luciferase activity.

ChIP-seq analysis for novel motifs

ChIP-seq peaks for GATA4 (ENCSR590CNM) and ZBTB26
(ENCSR229DYF) were obtained from the ENCODE Project (The
ENCODE Project Consortium 2012). A peak was assigned to a
gene promoter if the midpoint of the peak was located within −2
kb to +250 bp of the transcription start site (according to
GENCODE v19). In addition, promoter positions overlapping
with coding regions were excluded from this analysis. The mid-
point of peaks overlapping with promoter regions was calculated
using the intersect option from BEDTools (Quinlan and Hall
2010). The fraction of genes with GATA4 and ZBTB26 peaks in
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their promoters was calculated as a function of the number of
UW.Motif.0118 and UW.Motif.0146 motifs, respectively.

Prediction of DNA-binding motif for zinc finger proteins

DNAmotif prediction for theCys2His2 zinc finger TFs ZBTB26 and
ZNF646 was performed using an expanded support vector ma-
chine model available at http://zf.princeton.edu/fingerSelect.php
(Persikov and Singh 2014). For ZNF646, zinc fingers 1–3, 4–6,
11–13, 14–16, 20–22, and 23–25 were used for predictions. For
ZBTB26, zinc fingers 1–3 were used for in silico predictions. In ad-
dition, we determined the motif for ZBTB26 using ChIP-seq data
(experiment ENCFF153JOG) from the ENCODE Project (Gerstein
et al. 2012). Sequences ±250 bp of the midpoint of the ChIP-seq
peaks were analyzed using MEME-ChIP with default settings
(Machanick and Bailey 2011). The best matching motif is shown.

Gene Ontology enrichment

For each of the DNA motifs derived from DNase I footprints, the
biological process Gene Ontology enrichment was determined us-
ing the Gene Ontology Consortium enrichment analysis tool
(http://geneontology.org/page/go-enrichment-analysis) for genes
with at least twomotifs in their promoter regions and using all hu-
man genes as background. For each cluster of terms, only the term
with the highest fold enrichment (>2) was considered. For each of
the TFs found to bind to the DNA motifs in eY1H assays (except
ZBTB26 and ZNF646, for which no or few publications are avail-
able), the association between the TF and the Gene Ontology
terms was annotated (Supplemental Table S4).

DNase cleavage preference

DNase I cleavage expected preferences within each 8-bp motif
were calculated using previously determined 6-mer cleavage fre-
quencies (Lazarovici et al. 2013). For cleavage sites at positions
−4, −3, and −2 from the center of the motif, the average cleavage
frequency was calculated between 6-mers NNNXXX, NNXXXX,
and NXXXXX, respectively, where N is any nucleotide and X cor-
responds to a nucleotide in the motif. For cleavage sites at posi-
tions 2, 3, 4 from the center of the motif, the average cleavage
frequency was calculated between 6-mers XXXXXN, XXXXNN,
and XXXNNN, respectively. The percentile cleavage preference
at each position was determined by comparing to all the averaged
frequencies at their respective positions.

Selection of oligonucleotide length to test SNVs and indels

To determine the optimal oligonucleotide length to evaluate TF
binding to SNVs and indels, the motifs present and the published
eY1H interactions detected in 168 sequences of 61 bp were ana-
lyzed (Fuxman Bass et al. 2015). For each position relative to the
attB1R cloning site (which is proximal to the minimal promoter
of the reporter genes), the number of motifs spanning the indicat-
ed position and the fraction of motifs with the corresponding
eY1H interaction were calculated. Reported values are relative to
the maximum and correspond to sliding windows of 3 bp (except
at positions −1 and −61).

Data access

The protein-DNA interactions from this study (i.e., the inter-
actions with Alu sequences and the differential interactions with
the TAL1 and TERT mutations) have been submitted to the
IMEx (http://www.imexconsortium.org) consortium through
IntAct (Orchard et al. 2014) and assigned the identifier IM-26689.
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