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RESEARCH COMMUNICATION

The C2H2-ZF transcription
factor Zfp335 recognizes two
consensus motifs using separate
zinc finger arrays

Brenda Yuyuan Han,"** Chuan-Sheng Foo,?
Shuang Wu,'” and Jason G. Cyster'?

'Department of Microbiology and Immunology, ZHoward Hughes
Medical Institute, University of California at San Francisco,

San Francisco, California 94143, USA; *Department of Computer
Science, Stanford University, Stanford, California 94305, USA

The complexities of DNA recognition by transcription
factors (TFs) with multiple Cys2-His2 zinc fingers
(C2H2-ZFs) remain poorly studied. We previously report-
ed a mutation (R1092W) in the C2H2-ZF TF Z{p335 that
led to selective loss of binding at a subset of targets, al-
though the basis for this effect was unclear. We show
that Zfp335 binds DNA and drives transcription via recog-
nition of two distinct consensus motifs by separate ZF
clusters and identify the specific motif interaction dis-
rupted by R1092W. Our work presents Zfp335 as a model
for understanding how C2H2-ZF TFs may use multiple
recognition motifs to control gene expression.

Supplemental material is available for this article.

Received February 13, 2016; accepted in revised form
June 15, 2016.

Cys2-His2 zinc finger (C2H2-ZF) proteins are classically
recognized as transcription factors (TFs) that bind specific
DNA sequences to regulate gene expression. According to
the canonical model, each C2H2-ZF contacts three or
more sequential bases in a manner dependent on amino
acid residues at positions —1, 2, 3, and 6 on the DNA rec-
ognition a helix (Wolfe et al. 2000; Klug 2010). C2H2-ZFs
are often assembled in a modular fashion to form tandem
arrays that concatenate individual ZF specificities to rec-
ognize longer sequences. The human genome encodes
>700 C2H2-ZF proteins (Emerson and Thomas 2009),
many of which are known to play important roles in devel-
opment and disease, although the biological functions and
sequence specificities of most family members remain
poorly characterized (Stubbs et al. 2011).

Zfp335 is a 13 C2H2-ZF protein that plays essential
roles in early embryogenesis, neurogenesis, and T-cell de-
velopment (Yang et al. 2012; Han et al. 2014). Zfp335 is
thought to regulate transcription by recruiting H3K4
methyltransferase complexes to target gene promoters
(Yang et al. 2012) and has also been reported to interact
with the coactivator NCOAG (Mahajan et al. 2002). Muta-
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tion of human ZFP335 (also called ZNF335) caused severe
microcephaly, while conditional deletion in an embryonic
mouse model led to brain development abnormalities re-
lated to defects in neural progenitor proliferation and dif-
ferentiation (Yang et al. 2012).

We previously described an ENU-induced mouse strain
bearing a mutation (R1092W) in the 12th ZF of Z{p335.
Homozygous mutants were characterized by the loss of
naive T cells as the result of impaired T-cell maturation
(Han et al. 2014). Zfp335 bound primarily to gene promot-
ers, and the R1092W mutation led to altered expression of
genes critical for T-cell maturation. However, reduced
Zfp33571092W gccupancy was seen at only a small subset
of sites, while other sites showed little to no detectable
change. This suggested that Zfp335 binding to different
subsets of genomic targets may be differentially regulated,
raising the question of how this selectivity is achieved. In
addition, we identified a 22-base-pair (bp) motif that was
bound by Zfp335 in vitro. Although the predicted position
of R1092 within its ZF fold led us to hypothesize that it
may directly bind DNA, the R1092W mutation did not ap-
pear to impair interaction with the 22-bp motif in gel shift
assays, and its impact on the biochemical function of
Zfp335 remained unclear.

In this study, we use a combination of bioinformatic
and biochemical approaches to investigate how Zfp335
achieves sequence-specific DNA recognition. In addition
to the original consensus sequence reported in our previ-
ous work, we demonstrate here that Zfp335 recognizes a
second novel motif. We map two major DNA-binding do-
mains (DBDs) comprising distinct ZF clusters and show
that each domain encodes a different sequence specificity,
with R1092 being involved in binding to the second motif.
Our findings highlight the complexities of DNA recogni-
tion by TFs containing several C2H2-ZF domains and of-
fer insights into how binding to multiple sequence motifs
may be functionally important in the context of specific
gene regulation.

Results and Discussion

ChIP-seq (chromatin immunoprecipitation [ChIP]
combined with high-throughput sequencing)
analysis reveals two enriched sequence motifs

in Zfp335-bound sites

From a ChIP-seq study of Zfp335 in murine thymocytes
(Han et al. 2014), we had previously identified a highly en-
riched 22-bp consensus sequence (“motif 1”) consisting
of two nonidentical, nonpalindromic half-sites separated
by a 7-bp variable spacer (GGCTGTCC-N,-TGCCTGA)
(Supplemental Fig. S1A) and showed that it was specifi-
cally bound by Zfp335. Further analysis of our thymocyte
ChIP-seq data revealed significant enrichment of a second
DNA motif (AGGACCCC, “motif 2”) (Supplemental Fig.
S1A). Both motifs were also found to be enriched in
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a ChIP-seq experiment performed using Flag-tagged
ZNF335 expressed in the Jurkat human T-lymphoma
cell line (Fig. 1A) as well as in published data from mouse
embryonic brains (Yang et al. 2012; data not shown). The
robust detection of these two motifs in three independent
data sets across different tissues, cell types, and species ar-
gues in favor of their biological significance as Zfp335 rec-
ognition elements.

Both motif 1 and motif 2 are centrally enriched within
Zfp335 peaks (Fig. 1B; Supplemental Fig. S1B), consistent
with the hallmarks of a direct binding motif (Bailey and
Machanick 2012). Furthermore, both motifs showed high-
er levels of sequence conservation at Zfp335-bound sites
relative to a background set of all promoter regions (Fig.
1C). Taken together, our analysis of the available genomic
evidence builds on our earlier work to identify both motif
1 and motif 2 as putative consensus sequences for Zfp335
binding to target sites in vivo.

By partitioning Zfp335-binding sites based on the num-
ber of motif hits found within each peak, we observed that
peaks with higher significance scores (reflecting greater
Zfp335 occupancy) tended to contain more occurences
of motif 1 or motif 2 (Fig. 1D), suggesting a correlation be-
tween motif occurrence and binding affinity. However,
co-occurrence of both motifs was detected in just 11.1%
of Zfp335-occupied regions, as compared with 12.6%
containing only motif 1, 19.4% containing only motif 2,
and 56.9% for which neither motif was detected (Supple-
mental Fig. SIC). To account for the existence of sites that
lacked a canonical motif 1 match but nevertheless showed
significantly enriched Zfp335 binding, we examined
peaks lacking full motif 1 matches and found that the
presence of motif 1 half-sites HS1 or HS2 (Supplemental
Fig. S1A) correlated with higher Zfp335 occupancy (Sup-
plemental Fig. S1C), suggesting that motif 1 half-sites
may be sufficient for binding in the absence of the com-
plete bipartite sequence. We detected several instances
of linked half-sites with variant spacers occurring in
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Figure 1. ChIP-seq analysis reveals two putative binding motifs for
Zfp335. (A) Motif 1 and motif 2 sequences. (B) Localization of each
motif within Zfp335 ChIP-seq peaks. (C) Sequence conservation pro-
files for motif 1 and motif 2 sites within Zfp335 peaks versus all geno-
mic regions within =2 kb of the transcription start site (TSS). (D)
Significance scores (—log; o P-value) for groups of Zfp335 peaks defined
by the number of motif 1 or motif 2 instances found within each peak,
represented as Tukey box plots. Results shown in A -D are based on
Zfp335 ChIP-seq data in Jurkat cells.
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Zfp335 peak regions that otherwise lacked a canonical
motif 1 (Supplemental Fig. S1D), suggesting the possibili-
ty that such noncanonical motifs may account for Zfp335
binding at some locations. Similar fiindings have been
made for the multi-ZF TF REST, which has a 21-bp con-
sensus sequence comprising two well-defined half-sites
and has been shown to bind to regions containing isolated
half-sites or noncanonical motifs with variant spacers
(Johnson et al. 2007).

Genomic evidence supporting a functional partnership
between motif 1 and motif 2 at Zfp335 target sites

The discovery of two enriched motifs led us to ask wheth-
er they might cooperate in directing Zfp335 to target sites
in the genome. First, we observed that Zfp335-bound re-
gions containing both motif 1 and motif 2 exhibit a higher
degree of motif sequence conservation as compared with
those containing only one type of motif (Fig. 2A), suggest-
ing that the two-motif configuration may be a hallmark of
functionally important Zfp335 regulatory sequences. Fur-
thermore, Zfp335 genomic occupancy was associated
with constraints in spacing between motif 1 and motif
2. Analysis of Zfp335 peaks containing both motifs re-
vealed two distinct clusters of pairwise spacing distances
between motif 1 and motif 2: those separated by <100 bp
(group A) or 100-300 bp (group B) (Fig. 2B). Both sets of
spacing distances were enriched in Zfp335 peak regions
relative to GC-matched control regions not bound by
Z{p335 and are thus unlikely to be a sequence bias artifact
arising from the high GC content of both motifs. Instead,
this implies that motif spacing may be a biologically rele-
vant property of Zfp335 binding. Taken together, our data
suggest a functional relationship between motif 1 and mo-
tif 2 in determining Zfp335 occupancy at target sites.

Zfp335 binds to motif 1 and motif 2 in vitro

We performed gel shift assays to determine whether
Zfp335 bound directly to the two motifs identified from
our ChIP-seq analyses. In addition, we sought to determine
the effect of the R1092W mutation (shown in Fig. 3A) on
DNA binding. Probes were designed based on Zfp335-
bound sites upstream of two target genes: Zfp335 for motif
1(Z1)and Ankle2 for motif 2 (A2). A negative control probe
containing no Zfp335 consensus sequences was ex-
tracted from the promoter of Pdapl (Pd) (Fig. 3B). Full-
length wild-type and R1092W Zfp335 (Zfp335"" and
Zfp335R102W respectively) was isolated from HEK293T
extracts by Flag pull-down, and silver stain analysis con-
firmed that both preparations yielded comparable
amounts of highly purified protein (Supplemental Fig.
S2A). Both Zfp335WT and Zfp335%1922W formed detectable
gel shift complexes with the Z1 probe, suggesting that
R1092W may not affect motif 1 interaction directly.
Z£p335YT binding to the A2 probe was also detected; how-
ever, the appearance of faint, diffuse A2 gel shift bands for
Zfp33581992W qyggests that it interacts more weakly with
motif 2 compared with Zfp335"7T (Fig. 3C).

Interestingly, we observed the appearance of a stronger
electrophoretic band—potentially signifying a more sta-
ble protein-DNA complex—upon inclusion of an unla-
beled A2 probe in binding reactions containing a labeled
Z1 probe and Zfp335™T protein; this effect was absent
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Figure 2. Genomic evidence for a functional partnership between
motif 1 and motif 2. (A) Zfp335 peak regions containing both motifs
have more highly conserved motif sequences compared with single-
motif peaks. (B) Frequency distribution of spacing distances (“offset”)
between motif 1 and motif 2. (Group A) Motif pairs separated by <100
bp; (group B) motif pairs separated by 100-300 bp. (Boxed inset) Neg-
ative offset values are used when motif 2 is located “upstream” of mo-
tif 1 relative to the canonical orientation of motif 1, and positive
values are used when motif 2 is “downstream” from motif 1.

with Zfp33581992W (Fig. 3C). A similar effect was observed
upon inclusion of an unlabeled Z1 probe in binding reac-
tions containing a labeled A1 probe (Fig. 3C). In assays us-
ing total nuclear extracts instead of purified protein, the
relative increase in gel shift band intensities was even
more striking (Supplemental Fig. S2B,C), possibly due to
competition by other DNA-binding proteins raising the
affinity threshold for Zfp335 to form detectable complex-
es with its cognate probes. Control probes lacking motif 1
or motif 2 consensus sequences failed to elicit the same
outcome, suggesting that this phenomenon is dependent
on sequence-specific interactions (Fig. 3C; Supplemental
Fig. S2D-E). These data suggest that Zfp335 engagement
with both of its motifs is associated with increased pro-
tein-DNA complex stability over binding to either motif
in isolation, although further studies will be needed to in-
vestigate this phenomenon in more quantitative detail as
well as to uncover its mechanistic basis. We suggest a hy-
pothetical model in which Zfp335 switches between an
inactive conformational state with low DNA-binding
affinity and a higher-affinity active state and further spec-
ulate that the low-affinity state is enforced by an autoinhi-
bitory mechanism that is released when both motifs are
present, which may promote more stable binding to target
sites. Autoinhibition of DNA binding has been character-
ized in several TFs, most notably in Ets-1 and other Ets
family members (Jonsen et al. 1996; Greenall et al. 2001;
Hollenhorst et al. 2011; Regan et al. 2013}, and is recog-
nized as a widespread control mechanism to modulate
TF activity (Graves et al. 1998). It would be of interest to
investigate the possibility of an autoinhibitory mecha-
nism in the context of Z{p335 or other multi-ZF TFs in fu-
ture studies.

Each motif is recognized by a different ZF cluster

The ability of Zfp335 to recognize both motifs strongly
suggests the possibility that it contains multiple DBDs
with distinct sequence specificities. Zfp335 has 13 ZFs

Sequence-specific DNA binding by Zfp335

segregated into two distinct clusters: an N-terminal clus-
ter consisting of two neighboring ZF arrays (ZF2-4 and
ZF5-9) and a C-terminal cluster of four ZFs (ZF10-13).
To map the domains responsible for interaction with
each motif, we made a series of deletion mutants (shown
in Fig. 3A). The N-terminal constructs N1 (ZF1-9), N3
(ZF2-9), and N4 (ZF5-9) formed detectable and specific
gel shift complexes with the Z1 probe (Fig. 4A). N2, which
contained the only ZF not associated with a larger cluster,
failed to bind Z1 (Fig. 4A). None of the N-terminal con-
structs tested showed specific binding activity with the
A2 probe (Supplemental Fig. S3A). In contrast, electropho-
retic mobility shift assay (EMSA) analysis of the C-termi-
nal ZF10-13 cluster showed that it was sufficient for
binding to the A2 probe (further described below and
shown in Supplemental Fig. S3B). These results indicate
that the N-terminal ZF cluster mediates sequence-specif-
ic binding to motif 1, whereas recognition of the motif 2
consensus sequence is achieved via the C-terminal ZFs.
Thus, the N-terminal and C-terminal ZF clusters function
as separate DBDs, each of which encodes different se-
quence specificities and is able to bind independently to
its corresponding motif.

N-terminal ZF sequence specificities mapped
to individual motif 1 half-sites

C2H2-ZFs typically function in arrays of three or more
units that enable recognition of multinucleotide sequenc-
es (Stubbs et al. 2011). The bipartite structure of motif 1,
with its two well-defined half-sites separated by a spacer
of constrained length, raised the possibility that these
half-sites may be bound separately by distinct yet spa-
tially linked ZF arrays. As previously noted, the N-termi-
nal ZFs cluster into two arrays, ZF2-4 and ZF5-9,
separated by a short stretch of 16 amino acids. To map
the ZF arrays necessary for binding to each half-site, we
competed a panel of mutant probes (Fig. 4B) against the
Z1 consensus probe for binding to N3 (ZF2-9) or N4
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Figure 3. Zfp335 binds to motif 1 and motif 2. (A) Schematic depict-
ing C2H2-ZF domains of full-length Zfp335 and all mutant con-
structs used in this study, drawn approximately to scale. (B)
Sequences of probes used in gel shift assays, containing either motif
1(Z1), motif 2 (A2), or a negative control sequence (Pd). Consensus se-
quences are highlighted in bold. (C) Zfp335 binding to labeled Z1 and
A2 probes. Gel shift complex formation is augmented by addition of
the reciprocal unlabeled probe (lane 4 vs. 3, lane 10 vs. 9); this effect
is not observed for purified Zfp3358192W (lane 6 vs. 5, lane 12 vs.
11). Data are representative of three independent experiments.
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Figure 4. N-terminal and C-terminal ZF clusters function as DBDs
for motif 1 and motif 2, respectively. (A) EMSA analysis of N1, N3,
and N4 protein fragments binding to motif 1 in the presence of excess
unlabeled competitor (comp.) probe. Black arrowheads indicate se-
quence-specific gel shift complexes. (B) Probes were designed with
mutations in either HS1 (MH1), HS2 (MH2), or both half-sites
(MHI12), as indicated. ZS is identical to Z1 except that the original
7-bp spacer sequence was substituted (bold red) to eliminate residual
binding activity due to a weak match to HS1 (not shown). (C) N3
(ZF2-9) binds to both half-sites; N4 (ZF5-9) binding requires HS1
but not HS2. (D) Model for motif 1 binding by Zfp335: ZF5-9 consti-
tute the major recognition module for HS1, and ZF2-4 contribute to
HS2 binding. Data in A and C are representative of three independent
experiments. (E) C1®%2W [Ky, 1) = 1407 nM + 117 nM] binds motif 2
with lower affinity compared with C1W" [Kgjapp) = 73.4 nM = 7.1 nM].
Data are pooled from three experiments.

(ZF5-9). We found that HS1 is both necessary and suffi-
cient for binding to N4. Eliminating HS1 strongly affected
binding of the MHI1 probe to N4, similar to that of mutat-
ing both half-sites; conversely, the MH2 probe, with an in-
tact HS1 and a mutated HS2, competed for binding to N4
just as efficiently as control probes with two intact half-
sites (Fig. 4C). In binding reactions with N3 protein, the
MH2 probe competed less well relative to wild-type
probes but more efficiently compared with a probe lacking
both half-sites (Fig. 4C), indicating that HS2 is partially re-
quired for motif 1 binding by N3, most likely through
ZF2-4. These results suggest that full motif 1 binding by
Zfp335 involves modular recognition of HS1 by ZF5-9
and HS2 by ZF2-4 (Fig. 4D).

The R1092W mutation impairs motif 2 binding
by C-terminal ZFs

A major goal of this study was to understand the molecu-
lar basis for the partial loss of function in Zfp33581992W,
Our identification of the C-terminal ZF cluster as the mo-
tif 2-binding domain led us to hypothesize that the
R1092W mutation specifically disrupts binding to motif
2. We tested this hypothesis using a quantitative EMSA
approach with purified protein containing the C-terminal
ZF10-13 cluster (C1 construct in Fig. 3A). Although the
R1092W mutation did not completely abolish DNA bind-
ing (Supplemental Fig. S3B), it resulted in an almost
20-fold reduction in binding affinity, with an apparent
Ky of 1407 nM 117 nM for CI®*%?W compared with
73.4 nM = 7.1 nM for C1W7 (Fig. 4E). These data indicate
that the R1092W mutation significantly lowers affinity
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of Zfp335 binding to motif 2, likely by disrupting a key
amino acid-DNA base contact. Nonetheless, some bind-
ing activity is preserved, as ZF-DNA interactions at other
motif positions remain intact, resulting in a hypomorphic
mutant protein whose phenotypic effects have been
shown previously to be partially compensated by overex-
pression (Han et al. 2014).

Zfp335 activates transcription in a sequence-specific
manner dependent on motif 1 -binding and motif
2-binding sites

Prior studies have presented evidence suggesting that
Z{p335 functions primarily to activate expression of tar-
get genes, possibly via the recruitment of H3K4 methyl-
transferases (Yang et al. 2012), although it has also been
suggested to act as a repressor in certain cases (Han
et al. 2014). However, the presumed function of Zfp335
as a positive regulator of gene expression has not been
directly demonstrated by biochemical evidence. Further-
more, the cis-acting DNA sequence determinants neces-
sary for transcriptional regulation by Zfp335 have not
been tested functionally. Having established that both
motif 1 and motif 2 were bound by Zfp335 in vitro, we
next investigated whether these motifs functioned as
cis-regulatory elements for Zfp335-dependent transcrip-
tional activity in a reporter gene assay.

We created luciferase reporter constructs containing
single copies of both motif sequences in the same relative
orientation cloned upstream of a minimal promoter ele-
ment as well as mutant variants that lacked either motif
2 or motif 1. We tested the ability of Zfp335™" or
Zfp335R1992W 4 activate these reporter constructs in tran-
siently transfected HEK293T cells (Fig. 5A). Expression of
Zfp335WT resulted in a 10-fold increase in activation of
the dual-motif reporter relative to endogenous back-
ground but had little effect on parental reporter plasmid
activity, indicating that a DNA element combining both
motifs supported Zfp335-induced transcriptional activa-
tion. We also observed robust activation of the dual-motif
reporter by Zfp335%1972W_ Loss of motif 2 alone led to de-
creased activation by Zfp335YT but did not significantly
affect Zfp33571922W_induced activity. In contrast, removal

A - [ vector [ vector
o, — I R1092W
>0
0 R RU 20

0 10 0.0

B IIImot!H

o ?ljl motif 2 //_@:\—@m)—\\
—|—_'—|+|z|—\.\// BOUND

DNA EReg =

Figure 5. Motif 1-binding and motif 2-binding sites are sufficient for
Zfp335-mediated transcriptional activation. (A) Zfp335WT or
Zfp335R1992W expression constructs were transfected into HEK293T
cells along with a luciferase reporter vector containing no motifs,
both motifs, motif 1 only, or motif 2 only. Luciferase activity was nor-
malized to Renilla cotransfection control and is expressed as mean =
SE of duplicate transfections. Data shown are from one representative
experiment out of three. (B) Model showing how Zfp335 binds to its
two consensus motifs.
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of motif 1 resulted in significantly decreased activation
driven by Zfp335R1°2W but not Zfp335WT. These obser-
vations are in line with the expectation that selective
disruption of motif 2 binding makes Zfp33581072W
disproportionately dependent on motif 1, whereas
Zfp335WT is able to use both motifs as binding sites
and retains the ability to activate reporter gene expres-
sion when only one motif is present.

In summary, we demonstrated that Zfp335 associates
with two distinct motifs both in vitro and in vivo and
that these interactions are mediated by specific ZF clus-
ters separated into N-terminal and C-terminal DBDs
that can bind their respective motifs independently (Fig.
5B). This work represents a significant advance in eluci-
dating the biochemical and genomic aspects of how
Zfp335 functions as a TF, informing efforts to understand
its role in development and disease. Furthermore, we be-
lieve that these findings may offer insights into other
C2H2-ZF proteins, which collectively represent the larg-
est class of eukaryotic TFs, of which a vast majority re-
mains poorly characterized (Vaquerizas et al. 2009).
Although recent high-throughput efforts have greatly in-
creased the number of known binding motifs (Badis
et al. 2009; Jolma et al. 2013; Najafabadi et al. 2015), the
structural complexity widespread in C2H2-ZF proteins
continues to present unique challenges. On average, hu-
man C2H2-ZF proteins contain approximately nine ZFs,
and some have 30 or more (Emerson and Thomas 2009),
suggesting a potential for recognizing motifs longer and
more complex than that of other TF families. Further-
more, the modular nature of C2H2-ZF proteins allows
for the differential use of specific ZF subsets to achieve dif-
ferent sequence specificities in various biological con-
texts (Stubbs et al. 2011).

Our discovery of multiple binding specificities for
Zfp335 underscores the notion that multi-C2H2-domain
TFs have the potential to recognize more than one se-
quence motif using discrete ZF clusters that function as
independent DBDs. Prior understanding of this phenome-
non has been limited to a small number of cases. One ex-
ample is EVI-1, which contains two autonomous DBDs
(an N-terminal cluster of seven ZFs and a C-terminal clus-
ter of three ZFs), each recognizing a different motif (Del-
wel et al. 1993; Morishita et al. 1995). Others include
OAZ (30 ZFs), which uses different subsets of fingers to
bind two distinct DNA sequences (Hata et al. 2000), and
CTCEF (11 ZFs) (Nakahashi et al. 2013). Recent large-scale
studies have suggested that DNA binding via multiple dis-
tinct high-affinity motifs may be more prevalent amongst
TFs than previously thought (Badis et al. 2009). As most
TF motifs are short and degenerate (Spitz and Furlong
2012), usage of multiple motifs and diversification of the
DNA-binding repertoire may allow for more efficient tar-
geting of TFs to functional binding sites and contribute
to context-dependent regulation of TF occupancy and
function. However, attempts to determine binding speci-
ficities of C2H2-ZF proteins using high-throughput ap-
proaches such as PBMs and HT-SELEX have met with
limited success (Jolma et al. 2013). As a result, the multi-
ple motif-binding behavior that we described for Zfp335
still remains relatively undocumented within the C2H2-
ZF family aside from the few examples mentioned above.
Hence, our study positions Zfp335 as a model for investi-
gating the complexities of sequence recognition by C2H2-
ZF proteins to further our understanding of this important
class of transcriptional regulators.

Sequence-specific DNA binding by Zfp335

Materials and methods

EMSAs

For qualitative EMSA studies, double-stranded probes were prepared by an-
nealing 5'-biotinylated oligonucleotides (Integrated DNA Technologies).
All probe sequences are listed in Supplemental Table S1. Protein extracts
and probes were incubated in binding buffer consisting of 8 mM HEPES
(pH 7.9), 80 yM EDTA, 50 mM KCl, 8% (v/v) glycerol, 40 pg/mL BSA,
10 uM ZnCl,, 20-40 pg/mL poly(dl-dC), and 0.2 mM DTT for 20 min at
room temperature. Samples were loaded on nondenaturing gels (4.5% or
6% polyacrylamide, 3.5% glycerol, 0.25x TBE), run in 0.25x TBE buffer
for 1-1.5 h under constant voltage (160 V) at 4°C, and transferred to
Hybond N* nylon membranes (Amersham Pharmacia Biotech) in 0.5x
TBE at 380 mA for 1 h. Biotin-labeled DNA was detected using the Light-
Shift chemiluminescent nucleic acid detection module kit (Thermo Scien-
tific). Blots were imaged using the ChemiDoc MP system (Bio-Rad), and
chemiluminescent signals were quantified using Image Lab version 5.1
(Bio-Rad). For quantitative EMSA analyses, duplex probes were prepared
from 3’-Alexa fluor 488-labeled oligonucleotides (Integrated DNA Tech-
nologies). Purified recombinant protein was incubated with 5 nM labeled
probe for 20 min at room temperature in reaction mixtures consisting of 30
mM NaCl, 60 uM EDTA, 8% (v/v) glycerol, 100 pg/mL BSA, 10 uM ZnCl,,
20 pg/mL poly(dI-dC), and 0.2 mM DTT. Samples were run on pre-equili-
brated 6% polyacrylamide gels. Gels were imaged on the ChemiDoc MP
using default instrument settings for Alexa fluor 488 detection. The ratio
of free probe signal at each protein concentration relative to the total probe
signal in a control lane containing no protein ([DNAce]/[DNAow1]) was
determined using Image Lab, and the fraction of DNA bound to protein
was calculated as 1 — [DNAgce]/[DNA o). Data points from three inde-
pendent experiments were fitted using nonlinear least-squares analysis
and plotted using Prism 6 (GraphPad). Apparent K4 values were measured
as the protein concentration required for 50% of the probe to be bound.

Luciferase reporter assays

Synthetic oligonucleotides (Supplemental Table S2) were annealed to form
double-stranded inserts with Kpnl and Nhel restriction site overhangs and
ligated into the pGL4.23 [luc2/minP] reporter vector (Promega). pGL4.23
reporter constructs were cotransfected into HEK293T cells with the
Renilla luciferase plasmid pGL4.74 [hRIuc/TK] as a normalization control
and Zfp335 pcDNA3 expression constructs. Transfections were done in
duplicate using 24-well plates. Cells were harvested after 48 h, and lucifer-
ase activity was assayed using the dual-luciferase reporter assay kit (Prom-
ega) according to the manufacturer’s protocols.

ChIP-seq

Formaldehyde cross-linked Jurkat cells were resuspended in lysis buffer
(50 mM HEPES-KOH at pH 7.5, 140 mM NaCl, ] mM EDTA, 10% glycer-
ol, 0.5% NP-40, 0.25% Triton X-100) followed by nucleus wash buffer
(10 mM Tris-HCI at pH 8.0, 200 mM NacCl, 1 mM EDTA, 0.5 mM
EGTA). Chromatin was fragmented in buffer containing 10 mM Tris-
HCI (pH 8.0), 150 mM NaCl, 1 mM CaCl,, 3 mM MgCl, 0.5% IGEPAL
CA-630, and 1% Triton X-100 using a combination of probe sonication
and digestion with 0.6 U/uL micrococcal nuclease (Worthington). ChIP
was performed using anti-Flag M2 antibody (Sigma) and Protein G Dyna-
beads (Life Technologies). Beads were washed in low-salt buffer (10 mM
Tris-HCI at pH 8.0, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA),
high-salt buffer (10 mM Tris-HCI at pH 8.0, 500 mM NaCl, 1% Triton
X-100, 1 mM EDTA), LiCl buffer (50 mM HEPES-KOH at pH 7.5, 250
mM LiCl, ] mM EDTA, 1% IGEPAL CA-630, 0.7% sodium deoxycholate),
and TE buffer. Elution and DNA purification were performed as described
(Han et al. 2014). Approximately 150 ng of DNA was used for library con-
struction according to Illumina’s TruSeq protocol. Libraries were size-se-
lected (200-500 bp) by agarose gel purification and sequenced on the
Tllumina HiSeq 2000 platform as 50-bp single-end reads.

ChIP-seq data analysis

Sequence reads from Jurkat ChIP-seq libraries were adapter-trimmed and
aligned to the hgl9 reference genome. Data processing and peak calling
were carried out as described (Han et al. 2014).
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Data availability

Zfp335 ChIP-seq data obtained from mouse thymocytes were previously
deposited to NCBI's Gene Expression Omnibus (GEO) under SuperSeries
GSE58293. Jurkat T-cell ChIP-seq data are available from GEO under ac-
cession number GSE83116.
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