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The THAP11 and ZNF143 transcription factors recognize overlapping DNA sequences and are reported to exhibit signs of both
competitive and cooperative binding. HCFC1 serves as a scaffold protein, bridging interactions between transcription factors,
including THAP11 and ZNF143, and transcriptional coregulators. The exact mechanism of how DNA sequences guide the re-
cruitment of the THAP11/ZNF143/HCFC1 complex to chromatin is still controversial. In this study, we use chromosomally inte-
grated synthetic constructs and clustered regularly interspaced short palindromic repeat (CRISPR)-Cas9-mediated approaches
in intact cells to elucidate the role of the DNA sequence in the recruitment of this complex and to establish its biological rele-
vance. We show that the ACTACA submotif, shared by both THAP11 and ZNF143, directs the recruitment of THAP11 and
HCFCI1 to ZNF143-occupied loci. Importantly, its position, spacing, and orientation relative to the ZNF143 core motif are criti-
cal for this action. CRISPR-Cas9-mediated alterations of the ACTACA submotif at endogenous promoters recapitulated results
obtained with synthetic constructs and resulted in altered gene transcription and histone modifications at targeted promoters.
Our in vivo approaches provide strong evidence for the molecular role of the ACTACA submotif in THAP11, ZNF143, and
HCEFCI1 cooperative recruitment to chromatin and its biological role in target gene expression.

Host cell factor 1 (HCFC1) is an atypical transcriptional co-
regulator that is translated as a single 2,035-amino-acid pep-
tide and undergoes proteolytic cleavage at the centrally located
PRO repeats (1, 2), and the resulting N and C termini noncova-
lently reassociate via two pairs of self-association sequences (3, 4).
The N-terminal fragment of HCFCI contains a six-Kelch-repeat
B-propeller (Kelch domain) and a basic region, both of which
facilitate protein-protein association. The Kelch domain recog-
nizes a 4-amino-acid ([E/D]JHXY) HCFC1 binding motif (HBM)
(5) found in a large number of transcription factors and cofactors
(6), including LZIP (5), Set1 (7), E2F4 (8), and the THAP family of
proteins (9). Recently reported findings suggest that HCFC1 also
associates with ZNF143 via its Kelch domain (10), but the mech-
anism of this interaction remains unclear, because ZNF143 lacks
the HBM. The basic region of HCFC1 mediates associations be-
tween a distinct set of proteins, such as GABP (11), Sin3 (7), and
Spl (12), but can also bind proteins associated with the Kelch
domain, as exemplified by E2F4 (8).

HCFC1 is conserved in metazoans and has been implicated in
playing critical roles in cell cycle regulation and proliferation (13—
18). A single-point mutation in the HCFCI Kelch domain in the
temperature-sensitive hamster cell line tsBN67 causes HCFC1 dis-
sociation from chromatin at a nonpermissive temperature, lead-
ing to cell cycle arrest in G; phase as well as defects in cytokinesis
(14, 17, 18). Similar cell cycle aberrations were noted for HeLa
cells upon small interfering RNA (siRNA)-mediated knockdown
of HCFCI1 (13). Initially, the role of HCFCI in cell proliferation
and cell cycle progression had been attributed to its association
with members of the E2F family of transcription factors, E2F1 and
E2F4, and recruitment to promoters of cell cycle control genes
(19, 20). Nonetheless, a recent study in our laboratory revealed
that HCFCI recruitment to the promoters of these genes is largely
mediated by the coordinated action of the THAP domain-con-
taining protein 11 (THAPI11) and zinc finger protein 143
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(ZNF143) transcription factors and is independent of chromatin
occupancy by E2F proteins (21).

ZNF143 is a well-studied zinc finger protein that recognizes a
TCCCANNNNNCNNNGCG DNA sequence (SBS1; “N” repre-
sents a nucleotide with low information content in the motif) (Fig.
1A) (22, 23) and participates in the regulation of RNA polymerase
II- and RNA polymerase III-mediated transcription of protein-
coding and noncoding mRNA as well as small nuclear RNA
(snRNA) (24, 25). Recent reports indicate that ZNF143 may par-
ticipate in chromatin looping (26, 27), suggesting that THAP11
and HCFC1 may participate in this activity as well. Genome-wide
studies revealed that an accessory ACTACA DNA sequence can
frequently (~42%) be found 5" of the ZNF143-associated SBS1
motif (22, 23, 28), forming the SBS2 motif ACTACANNTCCC
ANNNNNCNNNGCG (Fig. 1A). In vitro, this sequence does
not confer increased DNA binding affinity over the SBS1 motif
(28, 29); however, ZNF143 chromatin immunoprecipitation se-
quencing (ChIP-seq) read tag counts are significantly enriched at
sites containing the SBS2 motif (28), suggesting that it provides,
directly or indirectly, some stabilizing chromatin association ef-
fects in vivo.
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FIG 1 The ACTACA submotif is critical for THAP11, HCFCI, and ZNF143
chromatin occupancy. (A) DNA sequence logo of the ZNF143 SBS2 motif
derived from ChIP-seq data (28). The motif is composed of the ZNF143 core
motif (SBS1) and the 5"-adjacent ACTACA sequence. THAP11 is associated
with the THAP11 motif. mutAl, mutA2, mutB1, and mutB2 utilized in this
paper are indicated at the bottom. (B and C) ESCO2, AP2S1, and OPHN1
chromosomally integrated promoter constructs harboring either the 3-nucle-
otide transversion mutAl or mutB1 (B) or transversions of the complete AC
TACA (mutA2) or TCCCA (mutB2) sequence (C) (or no mutation [WT]) (as
described for panel A) were assayed by ChIP using THAP11, HCFC1, and
ZNF143 antibodies. Bar graphs indicate means * standard deviations of data
from 3 replicate ChIP experiments.
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THAPI11 is a member of the THAP domain-containing family
of zinc finger transcription factors (30). Early studies of THAP11
in mouse embryonic stem (ES) cells identified its role in embryo-
genesis and the maintenance of ES cell pluripotency (31). Intrigu-
ingly, THAP11 ChIP-seq data from a follow-up study (32) indi-
cated that THAP11 chromatin binding is highly associated with
the ACTACANNTCCCA sequence (THAP11 motif; “N” repre-
sents a nucleotide with low information content in the motif) (Fig.
1A), which corresponds to the 5" end of the extended ZNF143-
associated motif. Thus far, data from in vitro experiments have
suggested that THAP11 and ZNF143 compete for binding to these
DNA sequences (28). In contrast to these results, observations in
our laboratory suggest that, in vivo, THAP11, ZNF143, and
HCEFCI are mutually dependent on chromatin associations at
gene promoters containing the SBS2 motif and cooccupy the same
genomic loci (21). Thus, the mechanism of THAP11 binding to
chromatin and the exact target sequence that its THAP domain
recognizes remain uncertain.

To resolve these contrasting in vitro and in vivo results and to
determine the molecular underpinnings of how THAPII,
ZNF143, and HCFC1 bind chromatin, we performed in vivo ex-
periments using synthetic, chromosomally integrated DNA tem-
plates and clustered regularly interspaced short palindromic re-
peat (CRISPR)-Cas9 approaches to determine THAP11/ZNF143/
HCEFC1 complex occupancy upon loss-of-function and gain-of-
function mutations at native binding sites. Our studies show that
the sequence, orientation, and spacing of the target DNA motif
strongly dictate cooperative chromatin occupancy by these factors
in cells and are key biological determinants of the transcriptional
output of target genes.

MATERIALS AND METHODS

Plasmid construction. Promoters of interest were amplified from HeLa
genomic DNA by using primers encompassing 260 to 550 bp of the pro-
moter and 70 to 300 bp of the 5" noncoding untranslated region (UTR)
(see Table S1 in the supplemental material for primer sequences and ge-
nome coordinates). The ZNF143/THAP11 DNA binding motif was lo-
cated on either the 5" or 3’ end of the amplicon with at least 20 bp of
additional genomic DNA before the end of the amplicon. The amplified
promoters were cloned into the pGL4.10 vector (catalog number E6651;
Promega) by using Kpnl and EcoRYV sites and sequenced. Mutagenesis
was performed by using a QuikChange Lightning site-directed mutagen-
esis kit (catalog number 210518; Agilent Technologies) and verified by
sequencing. The resulting promoters were PCR amplified by using the
same primers as those described above but containing different sets of
restriction sites and cloned into the pRetroX-Tight-Pur-Luc plasmid
(control plasmid from kit 631059; Clontech Laboratories, Inc.) digested
with BamHI and BglII to remove the P, promoter. The resulting plas-
mids were sequenced prior to transduction into cells.

Cell culture and viral transduction. SW620 (ATCC CCL-227) and
293T/17 (ATCC CRL-11268) cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal bovine se-
rum (FBS) at 37°C in 5% CO,. Virus for transductions was generated in
293T/17 cells as described previously (33). SW620 cells were transduced
with a 1:10 dilution of viral supernatant into fresh DMEM containing
10% FBS and Polybrene at a final concentration of 8 pg/ml. Transduc-
tions were carried out at 37°C overnight. On the following day, medium
was changed to fresh DMEM with 10% FBS. At 2 days postransduction,
cells were split into fresh medium supplemented with 1 pg/ml puromycin
and maintained in this medium for ~1 week, changing the medium every
3 days.

Chromatin immunoprecipitation. SW620 cells were harvested at
confluence, and chromatin immunoprecipitation (ChIP) was performed
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essentially as previously described (33). A total of 100 to 300 g of chro-
matin (as determined by a bicinchoninic acid [BCA] assay) per immuno-
precipitation was used with antibodies to HCFC1 (0.5 pg) (catalog num-
ber A301-399A; Bethyl Laboratories, Inc.), THAP11 (1 pg) (catalog
number MAB5727; R&D Systems), and ZNF143 (1 jg) (catalog number
H00007702-M01; Abnova).

qPCR of chromosomally integrated constructs. Quantitative PCR
(qPCR) was performed by using primers specifically targeting the chro-
mosomally integrated retroviral constructs and spanning or adjacent to
the SBS1 or SBS2 site. One primer from each set was designed to target the
plasmid backbone, while the other primer was designed against the
genomic DNA sequence that was cloned into the retroviral plasmid (see
Table S1 in the supplemental material for primer sequences). Power SYBR
green PCR master mix (catalog number 4368702; Life Technologies) was
used for qPCRs.

CRISPR-Cas9 guide RNA design and validation. Guide RNAs
(gRNAs) were designed by using a CRISPR design tool (see http://crispr
.mit.edu/). gRNAs designed to target genomic regions within 15 bp of the
SBS1 or SBS2 motif at endogenous AP2S1, OPHN1, DNAJCI10, and
TFAM promoters and predicted to have the highest specificity were se-
lected and cloned into the pSpCas9(BB)-2A-GFP vector (catalog number
48138; Addgene) (34). The constructs were transfected into 293T/17 cells
by using Lipofectamine 2000 reagent (catalog number 11668019; Invitro-
gen). Cells were harvested at 48 h posttransfection, and genomic DNA was
extracted by using a Qiagen DNeasy blood and tissue kit (catalog number
69504; Qiagen). Primers surrounding the sequence targeted by the gRNAs
and spanning ~400 bases were used for PCR amplification from the
genomic DNA. The PCR product was denatured at 95°C for 2 min, rean-
nealed by slowly decreasing the temperature in a thermocycler, and sub-
jected to T7 endonuclease I (T7EI) (catalog number M0302S; NEB) di-
gestion for 30 min at 37°C. The digestion product was run out on an
agarose gel. The efficiency of gRNA-mediated CRISPR-Cas9 genomic
DNA cleavage was estimated by the amount of digestion by the T7EI
endonuclease (protocol adapted from reference 35). gRNAs showing the
best cleavage efficiency for each promoter were chosen for further exper-
iments (see Table S1 in the supplemental material).

CRISPR-Cas9-mediated genome editing in SW620 cells. SW620 cells
were transfected with 2 g of the pSpCas9(BB)-2A-GFP gRNA constructs
and 40 pmol of the corresponding 150-nucleotide (nt)-long single-
stranded oligonucleotide bearing the ACTACA mutation and 60- to 84-
nt-long homology arms to the adjacent genomic sequence (see Table S1 in
the supplemental material). Transfection of the gRNA construct targeting
the OPHNI1 locus was performed by using the Neon electroporation sys-
tem (Invitrogen) with the following parameters: 5 X 10° cells electropo-
rated with a single pulse set to 1,550 V and 20-ms width. Transfection of
gRNAs targeting the AP2S1, DNAJC10, and TFAM promoters was per-
formed by using the Nucleofector 2b electroporation system (Lonza) with
kit T and program O-017 according to the manufacturer’s recommenda-
tions. Following electroporation, cells were grown for 36 h under normal
conditions and selected by fluorescence-activated cell sorter (FACS) anal-
ysis for green fluorescent protein (GFP)-positive cells. Single cells were
sorted into 96-well plates, grown to confluence, and duplicated by split-
ting. One set of plates was lysed in ThermoPol buffer [20 mM Tris-HCl, 10
mM (NH,),SO,, 10 mM KCI, 2 mM MgSO,, 0.1% Triton X-100] supple-
mented with 50 wg/ml proteinase K and 1.7 pM SDS at 50°C for 1 h (see
http://research.mssm.edu/soriano/lab/ES_screening_by_PCR.html). For
OPHNI1 mutants, 1 pl of the lysate was transferred into a 25-pl Tag
polymerase PCR mixture containing primers specific for the mutated
OPHNI1 promoter sequence. Positive PCR amplifications indicate the
presence of homology-directed repair (HDR) and were used as screening
selection criteria. For AP2S1, DNAJC10, and TFAM mutants, the lysate
was diluted 6-fold in water, and 1 pl of the resulting solution was used in
SYBR gqPCR mixtures with primers specific for the mutated sequence. A
melting curve analysis was used to select mutation-positive clones.
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SW620 mutant clone genotyping. Genomic DNA from SW620 cells
positive for the ACTACA mutation was amplified by using the same prim-
ers as those used for the T7EI assay. The resulting PCR product was sub-
mitted for sequencing. For clones where direct sequencing of the PCR
product yielded multiple sequencing peaks per base (OPHN1 and TFAM)
(see Fig. 5A and 8A, respectively), the PCR product was TA cloned by
using the pGEM-T Easy vector kit (catalog number A1360; Promega).
Several pGEM-T clones were picked for each mutation-positive SW620
clone and submitted for sequencing. In each case, sequences for two dif-
ferent alleles in each of the heterozygous SW620 clones were recovered
(see Fig. 5B and 8B). For further experiments, we selected two clones
homozygous for the targeted ACTACA mutation in each AP2S1 and
DNAJCI10 promoter (see Fig. 5C and 8C). Since the initial transfected
SW620 population was not clonal, we used morphological differences
between clones to ensure that the two selected clones were not derived
from the same transfected parent cell. For TFAM mutants, we were not
able to obtain homozygous mutations. We selected two distinct clones
harboring the desired ACTACA mutation on one allele and an indel
(insertion/deletion) upstream of the ZNF143 binding site on the other
allele (see Fig. 8C). For the OPHNI1 clone, we were able to obtain only
one heterozygous clone containing the desired ACTACA mutation on
one allele (mutA) and a TCCCA deletion on the other allele (delB) (see
Fig. 5C).

Allele-specific ChIP-qPCR. Cell culture, harvesting, and immuno-
precipitation were performed as described above. gPCR was performed by
using allele-specific primer sets. The primer sets targeting the wild-type
(WT) or mutant alleles (see Table S1 in the supplemental material) were
designed with 4 to 6 bases at the 3" end of the forward primer overlapping
the ACTACA motif to provide specificity. The mutant and WT primer sets
share the same reverse primer to reduce variations in QPCR amplification.
Primer set specificities were verified by qPCR amplification of synthetic
sequences containing the desired mutations (Fig. 5D).

Gene expression quantification. mRNA from SW620 cells was puri-
fied by using a Quick-RNA MiniPrep kit (catalog number R1055; Zymo
Research) according to the manufacturer’s instructions. Five hundred
nanograms of total mRNA was reverse transcribed in a 10-pl qScript
c¢DNA SuperMix (catalog number 95048; Quanta Biosciences) reaction
mixture according to the manufacturer’s instructions. gPCR was per-
formed with the primers indicated in Table S1 in the supplemental mate-
rial. The beta-2-microglobulin gene was used as a housekeeping control
for normalization.

RESULTS
The ACTACA submotif is critical for THAP11, HCFC1, and
ZNF143 chromatin occupancy. In order to address the apparent
inconsistency between in vitro and in vivo observations (21, 28, 36)
and to elucidate the role of the ACTACA submotif found adjacent
to the ZNF143 core motif, we established an in vivo system that
allowed us to analyze the binding of the THAP11/ZNF143/
HCEFC1 complex on a chromosomally integrated DNA template,
the sequence of which we could efficiently manipulate. We con-
structed retroviral plasmids that incorporate 260 to 550 nucleo-
tides of native ZNF143 target gene promoters, including the tran-
scriptional start site and ~70 to 300 nucleotides of the 5" UTR.
The constructs were delivered retrovirally into SW620 cells, which
we have used in previous studies (33), and stably integrated into
chromatin. As representatives of gene promoters harboring the
SBS2 motif, we selected the AP2S1, ESCO2, and OPHNI genes.
These promoters contain a single SBS2 motif; are bound by
THAP11, ZNF143, and HCFCI at readily detectable levels; and
were previously studied in our laboratory (21, 33) and other lab-
oratories (29).

Previous in vitro experiments demonstrated that transversion
of 3 nucleotides in the TCCCA but not the ACTACA sequences of
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the SBS2 motif (mutB1 and mutAl, respectively) (Fig. 1A) in the
ESCO2 promoter is sufficient to abrogate the ZNF143-DNA in-
teraction (29). However, mutation of the ACTACA sequence in
the ESCO2 promoter has a negative impact on luciferase expres-
sion (29) albeit not as significant as mutation of the TCCCA
sequence. Thus, to evaluate the relative contributions of these
submotifs in vivo, we mutated AP2S1, ESCO2, and OPHN1
promoters in the retroviral vector constructs by introducing 3
nucleotide transversions in the ACTACA and TCCCA sequences
(mutAl and mutBI, respectively) (Fig. 1A). The mutated and
wild-type constructs were independently transduced into SW620
cells, and THAP11, ZNF143, and HCFC1 chromatin occupancy
was analyzed by using ChIP-qPCR. As expected, the mutB1 con-
struct resulted in a dramatic loss of ZNF143 binding at the inte-
grated promoter (Fig. 1B). This observation is consistent with in
vitro electrophoretic mobility shift assays (EMSAs) indicating that
mutations in the TCCCA motif interfere with ZNF143 DNA bind-
ing activity. Additionally, we observed significant depletion of
THAP11 and HCFCI1 chromatin occupancy, consistent with our
previous observation of THAP11/HCFC1 subcomplex depen-
dency on ZNF143 (21). An AGC mutation in the ACTACA sub-
motif (mutAl) had a similar effect on THAP11 and HCFC1 occu-
pancy; however, ZNF143 binding was affected less severely at the
ESCO2 and AP2S1 promoters than with the TTC mutation
(mutB1) (Fig. 1B). Mutations at the OPHN1 promoter, however,
showed overall more dramatic reductions in ZNF143 binding and
were similar for both AGC and TTC mutations.

In order to determine whether the ACTACA and TCCCA se-
quences are critical, we proceeded to mutate these submotifs by
introducing transversions of all significant nucleotides (mutA2
and mutB2) (Fig. 1A). Interestingly, mutation of all residues had a
minimal additional effect on THAP11, ZNF143, and HCFC1
binding (Fig. 1C) compared to mutAl and mutB1 (Fig. 1B). To-
gether, these results indicate that the TCCCA submotif is critical
for chromatin occupancy of all three proteins, while the ACTACA
and TCCCA submotifs are equally important for THAP11 and
HCFCI1 binding. Unlike in vitro EMSA data, our cell-based results
suggest that the ACTACA motif, in some contexts, also plays im-
portant roles in ZNF143 recruitment to chromatin.

The ACTACA submotif is sufficient to recruit the THAP11/
HCFC1 subcomplex to ZNF143 SBS1 sites. While genome-wide
THAP11 chromatin occupancy is associated strictly with the ACT
ACAnnTCCCA sequence (10, 32), ZNF143 ChIP-seq peaks have
an even distribution of SBS1 and SBS2 motifs (28). Thus, we won-
dered whether the introduction of the ACTACA sequence at a
position adjacent to an existing and ZNF143-bound SBSI se-
quence, effectively transforming it into an SBS2 motif, could in-
fluence THAP11, HCFC1, and ZNF143 chromatin occupancy. To
this end, we cloned DNAJC10, RNU6-2 (previously referred to as
U6), and TFAM gene promoters into the retroviral vector. At the
endogenous loci of these genes, ZNF143 occupancy is readily de-
tectable and coincides with the SBS1 motif, but there is relatively
little detectable THAP11 or HCFC1 binding (Fig. 2). The retrovi-
ral constructs were mutated to insert the ACTACA sequence 2
bases 5 of the SBS1 motif (insA) (Fig. 3A), as found at endog
enous THAP11/ZNF143/HCFCl-occupied promoters, such as
AP2S1, ESCO2, and OPHNI. Insertion of the ACTACA sequence
promoted a dramatic increase in THAP11 and HCFC1 binding at
all 3 promoters (Fig. 3B to D). Conversely, ZNF143 occupancy
was not significantly affected at the DNAJC10 and RNU6-2 pro-
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FIG 2 THAP11 and HCFCI1 occupancy at SBS1-only-containing promoters is
relatively low. THAP11, HCFC1, and ZNF143 proteins were chromatin im-
munoprecipitated from SW620, and their presence at SBS2-containing
(AP2S1, ESCO2, and OPHNI) and SBS1-containing (TFAM, RNU6-2, and
DNAJC10) promoters was assayed by qPCR. The CHRM1 promoter, which
does not contain the SBS1 or SBS2 binding site (No b.s.), was used as a negative
control. Bar graphs indicate means * standard deviations of data from 3 rep-
licate ChIP experiments.

moters (Fig. 3B and D) but was increased >2-fold at the TFAM
promoter (Fig. 3C). Importantly, the addition of the ACTACA
sequence and increased recruitment of the THAP11/HCFC1 sub-
complex did not negatively impact ZNF143 binding. In order to
determine if the ACTACA motif alone (in the absence of the ad-
jacent TCCCA motif) could recruit THAP11 and HCFCI to chro-
matin, we proceeded to mutate the SBS1 motif in the DNAJCI10,
RNU6-2, and TFAM promoters containing the additional AC
TACA sequence (insA/mutB). As expected, transversion of the
TCCCA sequence completely reverted the THAP11 and HCFC1
gain in chromatin occupancy (Fig. 3B to D). Additionally, this
mutation eliminated ZNF143 binding at all three promoters.
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FIG 3 The ACTACA submotif is sufficient to recruit the THAP11/HCFC1 subcomplex to ZNF143 SBS1 sites. (A) Diagram of mutations introduced for this set
of experiments. The ACTACA sequence was inserted 2 bases 5" of existing and ZNF143-bound SBS1 motifs (insA). The TCCCA sequence in the resulting
construct was then mutated to destroy the ZNF143 binding site (insA/mutB). (B to D) Mutated and chromosomally integrated DNAJC10 (B), TFAM (C), and
RNU6-2 (D) promoters were assayed by ChIP using THAP11, HCFC1, and ZNF143 antibodies. Bar graphs indicate means = standard deviations of data from

3 replicate ChIP experiments.

Taken together, our data suggest that the ACTACA motif is suffi-
cient to recruit THAP11 and HCFC1 to ZNF143-occupied pro-
moters and, in some cases (e.g., TFAM gene), plays a supporting
role in ZNF143 binding.

Two-nucleotide spacing, position, and orientation of the AC
TACA sequence are critical for THAP11/HCFC1 recruitment.
Given the significant impact that the ACTACA sequence has on
THAP11/HCFC1 recruitment, we wondered whether the con-
served spacing between the ACTACA submotif and the SBS1 mo-
tif had a strict requirement of 2 bases or if it could be altered with
a minimal effect on THAP11/HCEFC1 binding. To this end, we
altered the location at which the ACTACA submotif was inserted
into the DNAJC10 promoter (Fig. 4A, top). Two-nucleotide spac-
ing corresponds to the naturally occurring configuration of the
SBS2 motif and, as demonstrated in Fig. 4A, results in de novo
THAP11 and HCFC1 recruitment. Altering the spacing to 1, 3, 7,
or 12 nucleotides completely abolished the de novo recruitment of
THAP11 and HCFC1 to the ZNF143-bound DNAJC10 promoter.
ZNF143 binding was not negatively or positively affected by the
variable spacing compared to the wild-type promoter.

Similarly, we wanted to determine if the orientation of the AC
TACA sequence in relation to the SBS1 motif had any effect on
THAP11/HCECI recruitment. Again, we used the DNAJC10 pro-
moter and inserted the ACTACA motif in the direct (as found in
native SBS2 motifs) (A samples) or reverse (B samples) orienta-
tion (Fig. 4B) relative to the SBS1 motif. Unlike the direct orien-
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tation, insertion of the ACTACA sequence in the reverse orienta-
tion failed to recruit THAP11 or HCFC1 to chromatin (compare
WT, A, and B samples). Additionally, we assayed whether posi-
tioning of the ACTACA sequence on the opposite side of the SBS1
motif would have any effect on chromatin occupancy. We inserted
the ACTACA sequence at various distances 3" of the core TCCCA
sequence (C, D, and E samples) (Fig. 4B). Insertion of the AC
TACA sequence at any of these positions, including the area 3’ of
the full SBS1 motif (E samples), failed to recruit THAPI1 or
HCEFCI1 to chromatin. However, we observed a dramatic loss of
ZNF143 occupancy when the ACTACA sequence was inserted
before the 3'-GCG sequence (samples C and D), disrupting the
natural ZNF143 binding site. Collectively, our results provide new
direct evidence that the relative position, spacing, and orientation
of the ACTACA sequence in relation to the SBS1 motif play critical
roles in THAP11 and HCFCI1 recruitment to chromatin.
ACTACA submotif mutation affects recruitment of the
THAP11/ZNF143/HCFC1 complex to endogenous gene pro-
moters and alters their expression. In order to provide biological
relevance to the mechanistic studies of theTHAP11 and ZNF143
DNA motifs and to determine if our observations of ectopic loci
are also valid for native gene promoters, we utilized a CRISPR-
Cas9 endonuclease approach coupled with homology-directed re-
pair (HDR) to introduce transversion mutations into the AC
TACA sequence of the endogenous THAP11/ZNF143/HCFC1-
bound SBS2 motifs in the AP2S1 and OPHNI1 promoters (as done
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FIG 4 Two-nucleotide spacing, position, and orientation of the ACTACA
sequence are critical for THAP11/HCFCI recruitment. (A) Diagram depicting
the location of the ACTACA sequence insertion relative to the SBS1 motif in
the DNAJC10 promoter. X represents a single nucleotide. The ACTACA se-
quence was inserted 1, 2, 3, 7, or 12 nucleotides 5" of the SBS1 motif. x-axis
labels for bar graphs correspond to the numbers of nucleotides between the
SBS1 motif and the ACTACA sequence. (B) Diagram depicting the locations
and sequences that were inserted into the wild-type DNACJ10 retroviral con-
struct. The labels shown for each insertion also correspond to the x-axis labels
for bar graphs. The TGTAGT sequence inserted at the “B” position is the
reverse complement of the ACTACA sequence and corresponds to the everted
arrangement of the ACTACA sequence and SBSI motif. Mutated and chro-
mosomally integrated DNAJC10 promoters were assayed by ChIP using
THAP11, HCFC1, and ZNF143 antibodies. Bar graphs indicate means = stan-
dard deviations of data from 3 replicate ChIP experiments.

previously for the retroviral constructs) (Fig. 1C) in SW620 cells.
We isolated two independent clones homozygous for the AC
TACA transversion at the endogenous AP2S1 promoter (mutAl
and mutA2) (Fig. 5A and C) (see Materials and Methods) and one
clone heterozygous for the ACTACA transversion at the endoge-
nous OPHN1 promoter (mutA) (Fig. 5A to C) (see Materials and
Methods). In the OPHN1 mutA clone, we identified two alleles
containing either a 5-nucleotide deletion of the TCCCA submotif
or a transversion of the ACTACA sequence (Fig. 5C). The geno-
types of all clones were confirmed by Sanger sequencing and are
shown in Fig. 5A and B. The distinct nature of the mutations in the
OPHNI1 mutA clone allowed us to design allele-specific primers
(Fig. 5D) and perform ChIP experiments to independently inves-
tigate the differences in THAP11/ZNF143/HCFCI recruitment at
both alleles. For consistency, similar primers, targeting either the
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WT or mutated sequences, were designed for the AP2S1 pro-
moter.

We performed ChIP for THAP11, ZNF143, and HCFCI in
wild-type and mutant SW620 cells. Immunoprecipitated DNA
was amplified with primers specifically targeting wild-type or mu-
tated alleles. In agreement with our chromosomally integrated
promoter constructs, we observed a dramatic decrease in chroma-
tin occupancy of all three proteins at the ACTACA transversion as
well as the TCCCA deletion mutant OPHN1 promoters, com-
pared to wild-type cells (Fig. 6A), indicating that both ACTACA
and TCCCA sequences are indeed critical for THAP11/ZNF143/
HCFCI1 complex recruitment to the endogenous OPHNI pro-
moter. We show that the lack of chromatin occupancy by these
factors is specific for the mutated OPHN1 promoter, since the
complex remains bound at the nontargeted THAP11/ZNF143/
HCFC1 target gene promoters RBL1, UBXNS, and ZNF32 (Fig.
6A). Interestingly, while we observed a ~60% loss of THAP11/
HCFC1/ZNF143 at the mutA2 retrovirally integrated AP2S1 pro-
moter (Fig. 1C), depletion of these factors at the endogenous pro-
moter upon ACTACA mutation was weaker for all three factors
(Fig. 6B) (see Discussion).

To integrate chromatin occupancy results with biological out-
put data, we checked OPHN1 and AP2S1 mRNA expression lev-
els. OPHNI expression was virtually undetectable in mutA cells
(>200-fold decrease compared to wild-type cells), while the ex-
pression of other THAP11/ZNF143/HCFCI target genes, like
RBL1, UBXNS, and ZNF32, remained unchanged (Fig. 7A). It is
worth noting that both OPHN1 alleles, found on the duplicated X
chromosome in male SW620 cells (37-39), are expected to be
actively transcribed, due to the lack of X chromosome inactivation
in male cancers (40); thus, the dramatic decrease in total mRNA
levels is most likely reflective of changes in transcriptional activity
from both alleles. In accordance, RNA polymerase II (RNAPII)
levels and histone modifications associated with active gene tran-
scription (trimethylated histone H3 lysine 4 [H3K4me3] and
acetylated histone H3 lysine 9 [H3K9ac]) were drastically de-
creased in mutant cells at both alleles (Fig. 7B). Additionally, we
observed increases in total histone H3 occupancy and trimethy-
lated histone H3 lysine 9 (H3K9me3) marks in mutant cells (Fig.
7B), consistent with a more condensed, silent chromatin state.
Contrary to OPHNI1 expression levels and despite relatively small
decreases in THAP11/ZNF143/HCFCI recruitment to the AP2S1
mutant promoter, mRNA expression was enhanced in AP2S1 mu-
tant cells (Fig. 7C). Expression levels of the nontargeted genes
RBL1, UBXNS, and ZNF32 also did not change in these cells,
indicating the specific nature of AP2S1 upregulation. Taken to-
gether, these in vivo observations validate our integrated retroviral
construct assays and provide evidence for the important role that
the ACTACA and TCCCA motifs play in direct regulation of tar-
get gene transcription.

The ACTACA submotif is sufficient to direct de novo
THAP11/HCFC1 recruitment to endogenous ZNF143-bound
SBS1-containing promoters. We next wanted to test whether the
ACTACA motif can recruit THAP11/HCFCI1 to ZNF143-bound
and SBS1-containing promoters at endogenous loci. We used the
CRISPR-Cas9 system to introduce the ACTACA motif at the
DNAJC10 and TFAM promoters. We obtained 2 homozygous
SW620 clones (insAl and insA2) (Fig. 8A and C) where the AC
TACA sequence was introduced 2 nucleotides upstream of the
SBS1 motif in the DNAJC10 promoter. For the TFAM promoter
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FIG 5 CRISPR-Cas9-mediated mutagenesis of AP2S1 and OPHN1 promoters in SW620 cells. (A and B) Chromatograms obtained by Sanger sequencing of
AP2S1 and OPHN1 promoter PCR products (A) and TA-cloned OPHN1 promoter fragments representing individual alleles (B). (C) Genotypes of OPHN1 and
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backbone amplification. Primer sets are indicated on the x axis. PCR templates are indicated by different bar colors. AP2S1 mutAl and mutA2 represent two
independent clonal isolates. n.d., not determined.

mutants, we isolated 2 heterozygous clones (insAl and insA2)
(Fig. 8), where one allele of the TFAM promoter in each clone was
mutated to contain the ACTACA sequence 2 nucleotides up-
stream of the SBS1 motif and the other allele in each clone con-

tained an indel at the site of CRISPR-Cas9 cleavage (GT deletion
and G insertion in the insA1 and insA2 mutants, respectively). We
designed allele-specific primers targeting only the ACTACA-con-
taining alleles for all mutants and performed ChIP using THAP11,
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FIG 6 ACTACA submotif mutation affects recruitment of the THAP11/ZNF143/HCFC1 complex to endogenous gene promoters. (A and B) THAP11, HCFC1,
and ZNF143 ChIPs were performed on wild-type (WT) SW620 cells or OPHN1 (A) or AP2S1 (B) mutant clonal cells. (A) For the OPHNI1 promoter, qQPCR was
performed in an allele-specific manner using mutA allele-specific and delB allele-specific primer sets. (B) mutAl and mutA2 represent two independent
AP2S1-mutant clonal isolates. Bar graphs indicate means * standard deviations of data from 3 replicate ChIP experiments.
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FIG 7 ACTACA and TCCCA submotif mutations affect endogenous gene
expression and epigenomic states. (A) mRNA levels of OPHN1 and other
THAP11/ZNF143/HCFC1 target genes in wild-type (WT) or mutant (mut)
clonal cells. (B) ChIP was performed on WT or mutant clonal cells by using
RNAPII, total histone H3 (H3), H3K4me3, H3K9ac, and H3K9me3 antibod-
ies. The occupancy of each protein was detected by using allele-specific gPCR
(delB and mutA). (C) mRNA levels of AP2S1 and other THAP11/ZNF143/
HCFCI target genes in WT or mutant clonal cells. Bar graphs indicate means *
standard deviations of data from 3 replicate experiments.

ZNF143, and HCFCI antibodies. As with retrovirally integrated
promoters, we observed a dramatic increase in THAP11 recruit-
ment to ACTACA-containing promoters compared to WT cells
(Fig. 9, left). HCFCI recruitment to these promoters was also
markedly enhanced (Fig. 9, middle). In agreement with the data
for the retroviral constructs, ZNF143 recruitment to the TFAM
promoter was potentiated by the addition of the ACTACA se-
quence (Fig. 9B, right); however, unlike our previous observations
(Fig. 3B), we also saw an increase in ZNF143 recruitment to the
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endogenous DNAJC10 promoter containing the ACTACA inser-
tion (Fig. 9A, right). Thus, the ACTACA sequence serves as a
potent mediator of THAP11/ZNF143/HCFCI binding to chro-
matin.

DISCUSSION

The role of the ACTACA motif, which frequently appears in an
position adjacent to the core ZNF143 binding sequence, has re-
mained unclear for nearly a decade. It is associated with increased
ZNF143 chromatin occupancy (28) but does not demonstrate any
affinity for ZNF143 in in vitro assays (28, 29). In this study, we
utilized ectopic chromosomally integrated promoter constructs
and CRISPR-Cas9 approaches targeting endogenous loci to ana-
lyze the role of this sequence. We show that the ACTACA submo-
tif, in some contexts, plays a role in ZNF143 recruitment (e.g.,
OPHNI1). Furthermore, we demonstrate that the ACTACA sub-
motif is necessary and sufficient to direct THAP11 and HCFC1
recruitment to existing ZNF143 binding sites containing only the
core ZNF143 DNA sequence. Together, the data in this study pro-
vide new evidence for the significance of the ACTACA submotif
and cooperative binding of THAP11, ZNF143, and HCFCI.

Previous in vitro experiments using EMSAs indicated that the
ACTACA extension of the ZNF143 core motif is not required for
ZNF143 binding (29), nor does it enhance ZNF143 affinity for
DNA (28). Furthermore, EMSAs using THAP11 and ZNF143
DNA binding domains did not show collaborative DNA binding,
leading to the conclusion that THAP11 and ZNF143 binding is
competitive (28). The dispensability of the ACTACA submotif for
ZNF143 binding is not surprising, since only ~42% of ZNF143
peaks contain this sequence; however, these ChIP-seq peaks show
a significant increase in ZNF143 occupancy (28). Additionally,
previous work in our laboratory demonstrated that THAPI11,
ZNF143, and HCFC1 occupancies at SBS2-containing promoters
are mutually dependent in intact cells (21). Thus, there appears to
be a distinction between ZNF143 DNA binding properties in vitro
and in vivo. A similar discrepancy between in vitro and in vivo
DNA associations was recently reported for the MYC transcrip-
tion factor (41). A mutation in the MYC protein inhibiting its
interaction with WDR5 was sufficient to abrogate MYC recruit-
ment to chromatin but showed no effect on its ability to bind DNA
in EMSAs. There are a number of factors that could account for
the disparity of in vitro and in vivo ZNF143 DNA binding. EMSA
is performed on naked DNA probes devoid of the natural chro-
matin environment. Additionally, by virtue of their in vitro na-
ture, EMSAs may not include all the cofactors necessary to observe
native DNA binding behavior. Our ChIP assays on chromo-
somally integrated promoters attempt to bridge this apparent gap
and probe the role of ACTACA in a more biologically accurate
environment.

Unlike EMSAs, our results with prototypical target genes indi-
cate that the ACTACA motif indeed plays an important role in
ZNF143 recruitment to chromatin. Mutation of this motif at some
of the SBS2-containing promoters, such as OPHNI, causes a loss
of ZNF143; however, other promoters, like AP2S1 and ESCO2,
demonstrate only partial dependence on this motif. Furthermore,
the addition of the ACTACA motif at the TFAM (both retroviral
constructs and endogenous loci) and DNAJC10 (endogenous loci
only) promoters resulted in >2-fold-higher ZNF143 occupancy.
This is consistent with the binding-enhancing role of the AC
TACA motif observed in ChIP-seq experiments (28). Nonethe-
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less, not all of the promoters demonstrate this behavior. Introduc-
tion of the ACTACA sequence at the RNU6-2 promoters showed
no significant increase in ZNF143 occupancy. It is possible that
this promoter already contains other sequences or cofactors that
provide maximal ZNF143 binding, thus masking any effect from
the ACTACA submotif. Consistent with this hypothesis, the
ZNF143 binding site at the RNU6-2 promoter was previously
shown to contain an Octl binding sequence and to be coopera-
tively bound by Octl and ZNF143 (42). The OPHN1 promoter
shows similar levels of depletion for mutations in both the AC
TACA and TCCCA submotifs, which is in agreement with the
dramatic loss of ZNF143 chromatin occupancy at this promoter
upon THAP11 or HCFCI knockdown (J. B. Parker, unpublished
data).

In addition to the ZNF143 occupancy-enhancing role of the
ACTACA submotif, this sequence is essential for THAP11 and
HCEC1 recruitment. Introduction of the ACTACA sequence into
existing SBS1 motifs, effectively converting them to SBS2 se-
quences, resulted in de novo recruitment of THAP11 and HCFCI.
This was the case for not only RNA polymerase II-transcribed
genes (DNAJC10 and TFAM genes) but also RNU6-2, which is
transcribed by RNA polymerase III. Importantly, increased
THAP11/HCFC1 recruitment did not result in decreased ZNF143
binding; conversely, ZNF143 binding was increased at the TFAM
and DNAJC10 promoters. Thus, unlike the competitive binding
of THAP11 and ZNF143 demonstrated in EMSAs (28), the data
presented here, along with our previously reported observations
(21), provide strong evidence that THAP11 and HCFC1 bind co-
operatively with ZNF143 in vivo in an ACTACA sequence-depen-
dent manner. Such cooperative binding may account for the
higher number of ZNF143 ChIP-seq read counts at SBS2-contain-
ing peaks than at SBS1-only peaks (28). In support of our findings,
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the unusual structure of the THAP11 DNA-interacting L4 loop,
which is shorter than those of other members of the THAP family
of proteins (43, 44), and data from isothermal titration calorime-
try (ITC) experiments (36) suggest that THAP11 may not have a
strong, specific association with DNA and could require partner-
ing with other transcription factors for stable chromatin binding.

The ACTACA sequence has been detected in bioinformatic
(23) and ChIP-seq (28, 45) analyses as an extension of the core
ZNF143 binding motif and not as a separate, associated motif,
suggesting that the ACTACA sequence does not tend to occur at
various distances from the SBS1 motif in vivo and, thus, may have
a strict spacing requirement. By manipulating the position, spac-
ing, and orientation of the ACTACA sequence and the SBS1 motif,
we provide direct evidence that all of these factors are critical for
THAP11 and HCFCI binding. Positioning of the ACTACA se-
quence anywhere other than 2 nucleotides 5’ of the SBS1 motifled
to a failure in the recruitment of THAP11 and HCFC1 to chroma-
tin. We hypothesize that ZNF143 makes direct protein-DNA con-
tacts with the SBS1 motif, while THAP11 and HCFCI are re-
cruited by ZNF143 and establish additional protein-DNA
interactions with the ACTACA submotif. Due to the THAP11
protein’s atypical THAP domain and its predicted weaker affinity
for DNA, THAP11 chromatin occupancy may be greatly depen-
dent on ZNF143. In agreement with this hypothesis, we observe
that mutation of either the ACTACA submotif, which we predict
to directly impact THAP11 binding, or the TCCCA sequence in
the SBS1 motif, which would affect ZNF143 chromatin occu-
pancy, has the same detrimental effect on THAP11 and HCFC1
recruitment.

Finally, to investigate the biological role of the ACTACA sub-
motif in vivo and to determine the relevance of our chromo-
somally integrated promoter model, we mutated the ACTACA
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sequence in the SBS2 motifs at the endogenous OPHNI and
AP2S1 promoters using a CRISPR-Cas9 approach. Importantly,
we introduced a 6-nucleotide mutation, without introducing any
additional exogenous sequences, into the surrounding genomic
context and were able to assay the direct effects of our mutation in
a native environment. Similarly to our chromosomally integrated
promoter constructs, we observed a dramatic depletion of THAP11,
HCEFC1, and ZNF143 for both alleles in OPHNI1 mutant cells.
Importantly, both of these mutations resulted in a near-complete
loss of OPHNI1 expression along with a loss of histone marks as-
sociated with active transcription. Interestingly, we did not ob-
serve a potent loss of the THAP11/ZNF143/HCFC1 complex at
the AP2S1 promoter upon mutation of the ACTACA motif.
Closer examination of the locus revealed a potential cryptic SBS2
binding site ~100 bp away from our target sequence, which con-
tains 2-nucleotide mismatches in the ACTACA submotif but may
be sufficient to maintain THAP11/ZNF143/HCFCI1 chromatin
occupancy at this locus. It is also possible that the ACTACA re-
quirement for THAP11/ZNF143/HCFC1 complex binding is gene
specific. This hypothesis would be consistent with the dispensabil-
ity of the ACTACA motif for ZNF143 binding on a genome-wide
scale, based on previously reported ChIP-seq observations (28),
since this motif is present at only half of the ZNF143-bound sites
but is critical for ZNF143 binding at the OPHN1 promoter. It
remains unclear why mutation of the ACTACA motif on the ret-
rovirally integrated constructs yielded a more potent loss of
THAP11/ZNF143/HCEFCI, since the cryptic SBS2 site was also
present in this sequence. We believe that this observation further
supports the need to investigate transcription factor binding not
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only within the cellular environment but also in the correct
genomic context. Nonetheless, even with a marginal loss of
THAP11/HCFC1/ZNF143, we observed an increase in AP2S1
gene expression, suggesting that proper THAP11/ZNF143/HCFC1
recruitment is important for transcriptional regulation. Notably,
the CRISPR-Cas9 approach allowed us to assay, as a biological
readout, the transcriptional state of the OPHN1 and AP2S1 genes
after THAP11/ZNF143/HCFC1 complex depletion (or partial de-
pletion in the case of AP2S1) without the potential global second-
ary effects of knocking down THAP11, ZNF143, or HCFCI.

In summary, our in vivo approaches identified the ACTACA
sequence as a necessary and sufficient motif for recruiting
THAP11 and HCFCI to ZNF143-occupied promoters. Addition-
ally, our observations provide further evidence for cooperative
THAP11, ZNF143, and HCFCI chromatin occupancy and dem-
onstrate a biological need for the DNA sequence and chromatin
occupancy by these proteins in the direct transcriptional regu-
lation of genes such as the OPHNI1 gene. The studies presented
here demonstrate the unique nature and regulation of individ-
ual genes and provide the basis for future work involving ge-
nome editing and chromosomally integrated constructs, in or-
der to develop more general and unique conclusions about
THAP11/ZNF143/HCFC1 complex recruitment to chromatin
and its biological effects using additional target genes. We ex-
pect that similar studies will be performed with other systems
to determine the necessity and sufficiency of requirements of
DNA target sequences for in vivo chromatin recruitment of
transcriptional regulatory factors.
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