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Interactome mapping defines BRG1, a component of the
SWI/SNF chromatin remodeling complex, as a new partner of
the transcriptional regulator CTCF
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The highly conserved zinc finger CCCTC-binding factor
(CTCEF) regulates genomic imprinting and gene expression by
acting as a transcriptional activator or repressor of promoters
and insulator of enhancers. The multiple functions of CTCF are
accomplished by co-association with other protein partners
and are dependent on genomic context and tissue specificity.
Despite the critical role of CTCF in the organization of genome
structure, to date, only a subset of CTCF interaction partners
have been identified. Here we present a large-scale identifica-
tion of CTCF-binding partners using affinity purification and
high-resolution LC-MS/MS analysis. In addition to functional
enrichment of specific protein families such as the ribosomal
proteins and the DEAD box helicases, we identified novel high-
confidence CTCF interactors that provide a still unexplored
biochemical context for CTCF’s multiple functions. One of the
newly validated CTCF interactors is BRG1, the major ATPase
subunit of the chromatin remodeling complex SWI/SNF, estab-
lishing a relationship between two master regulators of ge-
nome organization. This work significantly expands the current
knowledge of the human CTCF interactome and represents an
important resource to direct future studies aimed at uncovering
molecular mechanisms modulating CTCF pleiotropic functions
throughout the genome.
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CTCF* is a ubiquitously expressed transcription factor with
pleiotropic functions driven by recognition and binding of a
preferentially unmethylated CpG-rich consensus sequence
within several genomic sites. Regulatory functions of CTCF as
an enhancer-blocking insulator were first discovered at the
B-globin (1) and the imprinted H19-Igf2 loci (2—4). These pio-
neering studies revealed the ability of CTCF to act as an insu-
lator, thereby preventing the interaction between enhancers
and promoters and regulating transcription at selected gene
loci. A transcriptional repressor role for CTCF was also re-
ported to be mediated by its binding to different sequences in
mouse, human, and chicken MYC promoters (5, 6). Later, the
genome-wide mapping of CTCF-binding sites revealed that it
can recognize a wide variety of DNA target sequences (7-9),
being the high occupancy sites conserved across cell types (10).

Over the past years, a broader view of CTCF as a unique
versatile zinc finger protein has emerged, adding knowledge
on CTCF functions in transcriptional activation/repression,
enhancer-blocking and/or chromatin barrier insulation, hor-
mone-responsive silencing, genomic imprinting, transcription
pausing, alternative mRNA splicing, and, more recently, as an
architectural protein regulating higher-order chromatin struc-
ture and genome topology (11-17). Indeed, recent advances
in chromosome conformation capture and high-throughput
chromosome conformation capture methods significantly in-
crease our understanding of CTCF roles in mediating long-
range interactions as the basis of the genome partitioning into
topologically associating domains (TADs), defined as units of
chromosomes exhibiting a high frequency of interaction within
domains compared with the adjacent domains. Interestingly,
CTCF-binding sites have been found to be enriched at TAD
boundaries along with transcription start sites (TSSs), further
supporting its role as a chromatin organizer (18). On the con-
trary, Ramirez et al. (19), in contrast to earlier studies, recently
found that in flies the CTCF DNA-binding motif is rarely asso-

*The abbreviations used are: CTCF, CCCTC-binding factor; TAD, topologically
associating domain; TSS, transcription start site; AP-MS, affinity purifica-
tion of proteins coupled to MS; GO, gene ontology; IP, immunoprecipita-
tion; Pol, polymerase; HCD, higher-energy collisional dissociation; FDR,
false discovery rate; PSM, peptide spectral match.
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Protein interaction landscape of human CTCF

ciated with TAD boundaries and that specific DNA motifs can
allocate different boundary proteins, thus guiding genome
architecture. In particular, a DNA-guided chromatin assembly
model has been proposed based on the recognition of boundary
elements by specific proteins, which help loading TADs assem-
bly factors onto chromatin (19).

Several efforts have been made to unravel mechanisms at the
basis of CTCF pleiotropic functions to achieve a deep under-
standing of how this unique transcription factor can execute
diverse functions in different contexts and cell types. Nakahashi
et al. (20) demonstrated that CTCF associates with a wide array
of DNA modules via combinatorial clustering of its 11 zinc
fingers. An additional strategy widely recognized to modulate
CTCEF recruitment at various genomic loci is the interaction
with other proteins that affects its functional specificity in a
genomic context- and tissue-specific manner (12-16, 21, 22).
Indeed, an array of classical biochemical techniques has been
used to identify binding partners of CTCF including traditional
co-immunoprecipitation strategies and binding to CTCF bait
in yeast two-hybrid assays; for other proteins, co-localization
with CTCF genome-wide by conventional ChIP, ChIP-on-
ChIP, or ChIP-Seq experiments have also been reported (12—
16, 21, 22). By these approaches, it has been demonstrated that
CTCF exerts its function by specific co-associations with a
plethora of other proteins belonging to distinct functional
groups such as DNA-binding proteins (e.g Ying yang YY-1,
YBI1, and Kaiso), DNA and RNA helicases (e.g CHDS8 and
DEAD box RNA helicases p68), histones (e.¢. H2A and H2A.Z),
and other regulatory proteins including poly(ADP-ribose)
polymerase, nucleophosmin, topoisomerase II, RNA polymer-
ase II, and transcription factor II-I (15, 21). In addition, coop-
eration of CTCF with cohesin has emerged to be crucial in
determining genomes spatial organization into chromatin
loops (23, 24) and TADs (18, 25-27).

It is therefore clear that the identification of novel CTCE-
binding partners is of central interest to shed light on mecha-
nisms driving well-known CTCF functions and to open novel
perspectives on still unexplored roles of this multivalent tran-
scription factor. Indeed, despite the biological importance of
CTCEF, our general knowledge of the human CTCF interaction
network is limited to selected CTCF protein partners, mainly
involved in specific functions such as binding and modification
of DNA or chromatin. Recent advances in MS instrumentation
and computational tools resulted in the identification of high-
confidence interaction proteomes of several biologically rele-
vant protein groups by large-scale affinity purification of pro-
teins coupled to MS (AP-MS) approaches, markedly improving
our knowledge of protein interaction networks and functions
(28-35).

Here we present a global interaction study of human CTCF
by high-resolution nano-LC- electrospray ionization—-MS/MS.
We identified 90 high confidence protein—protein interactions
that constitute a network of proteins with specific functions in
chromatin binding, promoter-specific chromatin binding,
transcription, and more. In addition to confirming a number of
well-known CTCEF interactors, our study reveals co-associa-
tions of CTCF with still uncharacterized protein partners that
are important for genome organization such as BRGI, the

862 J Biol. Chem. (2019) 294(3) 861-873

major ATPase subunit of the chromatin remodeling complex
SWI/SNF. This work significantly expands the current knowl-
edge of the human CTCF interactome and represents an
important resource to direct future studies aimed at uncovering
molecular mechanisms modulating CTCF pleiotropic func-
tions throughout the genome.

Results

Purification and identification of CTCF-interacting complexes
by high-resolution MS

Despite the master role of CTCF in regulating gene expres-
sion and genome structure, a large-scale study to identify CTCF
interaction partners by high-resolution LC-MS/MS analysis
has not been previously reported. Here, we applied an AP-MS
approach to characterize the human CTCF interactome in
WiT49 cell lines overexpressing CTCF. A schematic outline
of the AP-MS procedure used in this study is shown in Fig. 1.
Following the transfection of the WiT49 cell line with the
pcDNA3 bearing the full-length CTCF DNA encoding
sequence, CTCF overexpression was verified by quantitative
RT-PCR (Fig. S1). Protein complexes were purified by
immunoprecipitation on whole cell lysates and protein A
affinity pulldown. Then, after tryptic digestion, peptides
were subjected to MS/MS in technical replicates by using a
nano-LC Orbitrap system. By applying very stringent filter-
ing criteria including the presence in replicate injections
and/or identification with more than one unique peptide, 90
high-confidence proteins, putatively belonging to the CTCF
interactome, were identified (Table 1). Details of the identi-
fications are reported in Table S1.

Two proteins of our selected CTCF-interacting proteins (i.e.
Nucleophosmin (NPM1) and rRNA 2’-O-methyltransferase
fibrillarin (FBL)) are among the CTCF interactors included in
the curated BioGRID interaction repository database, as well as
other proteins that have also been previously associated with
CTCF such as the DEAD box proteins 5 and 17 (DDX5 and
DDX17) also known as RNA helicases p68 and p72 (36). We
also identified several other known CTCF interactors such as
DNA topoisomerase 2 (TOP2B), poly(ADP-ribose) polymerase
1, and Cullin-associated NEDD8-dissociated protein 1 (CAND1)
that were not further considered lacking the filtering criteria used
in this study. Other previously known CTCE-binding partners
were not identified in our screen, likely because of their low abun-
dance that could have prevented their detection by MS. However,
we cannot exclude that the failure to identify these proteins could
be due to the association of CTCF with different binding partners
more relevant in our cell model.

Clustering of CTCF-binding partners based on known protein
interactions and functions

The clustering and visualization of protein—protein interac-
tion networks is critical for the functional interpretation of MS
data and for targeting validation on novel binding partners of
biological relevance. To this aim, candidate CTCF-interacting
proteins were mapped on a single interconnected network
by the NetworkAnalyst software using the literature-curated
IMEx Interactome database. The ClusterMaker2 Cytoscape
plug-in was used for clustering and visualizing network nodes
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Figure 1. Schematic workflow of the immunoprecipitation-MS approach to identify the CTCF-interacting proteins. Protein complexes were purified by
WiT49 whole cell extract by a two-step affinity purification with an anti-CTCF followed by protein A/G pulldown. Following elution and tryptic digestion, the
resulting peptides were subjected to nano-LC-MS/MS in technical replicates for protein identification. Selected preys were then validated by co-immunopre-

cipitation and Western blotting (WB).

into modules for the detection of previously annotated com-
plexes. By this approach, 76 of the 91 candidate proteins were
mapped on a network including a large cluster containing sev-
eral ribosomal proteins (Fig. 2, blue) connected to several
smaller ones including a cluster of several ATP-dependent
RNA helicases (Fig. 2, yellow). An unbiased gene ontology-
based classification was then applied to investigate functions of
proteins associated with CTCF in the pulldown experiment. To
this end, the ClueGO cytoscape plug-in was used to generate a
functionally grouped gene ontology (GO)/pathway term net-
work of enriched molecular function categories for the identi-
fied proteins based on kappa statistics. Identified proteins were
assigned to 13 groups that were mapped on a functionally clus-
tered network (Fig. 3 and Table S2). Not surprisingly, the larger
cluster of the output network for enriched categories revealed
that a subset of identified proteins was involved in several spe-
cific functions related to the RNA transcription process, as well
as to chromatin DNA binding and promoter-specific chroma-
tin binding. An additional enriched molecular function ontol-
ogy group in the CTCF interactome is that related to ATP-
dependent helicase activity. To provide further insights into
proteins associated with GO terms, we visualized these terms
with their associated proteins in a heat-map layout showing the
individual proteins, resulting in the identification of enriched
molecular functions (Fig. S2). This analysis points out the over-
lapping presence of several DEAD or DEAH box helicases in
several groups. Among these, we identified EIF4A1, DDX3X,
DHX9, DDX5, DDX17, of which the last two already known
CTCF-interacting proteins (36). We also revealed the presence
of the transcription activator BRG1, also known as ATP-depen-
dent chromatin remodeler SMARCA4, which is together with
BRM (also known as SMARCA?2), one of the two mutually
exclusive core ATPase subunits of the switch/sucrose non-fer-
mentable (SNF/SWI) chromatin remodeling complex. Inter-
estingly, we also detected the AT-rich interactive domain—
containing protein 1 (ARID1A), another component present in
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only some variants of the SWI/SNF complex. Because a po-
tential interaction of BRG1 and CTCF has been long postu-
lated but still not experimentally demonstrated (37-39), we
focused our attention on this interaction and select BRG1
for further investigations. To exclude that the interaction
between BRG1 and CTCF was mediated by nucleic acids, we
performed pulldown assays in the presence or absence of
Benzonase nuclease to degrade DNA/RNA followed by tar-
geted LC-MS/MS analyses. The presence of BRG1 in the
CTCF IP was not changed following Benzonase digestion,
suggesting that the interaction between the proteins is DNA/
RNA-independent (Figs. S3—S20).

Validation by co-immunoprecipitation of interactions of CTCF
with BRG1 and DDX5

Co-immunoprecipitation (co-IP) followed by immunoblot
was performed to further validate the interaction of CTCF with
BRG1. DDX5 was also selected to validate the specificity of
interaction based on previous evidence that report DDX5 as a
common interaction partner of both BRG1 and CTCF (36, 40).
Both BRG1 and DDX5 were co-immunoprecipitated with anti-
CTCF but not with anti-IgG (Fig. 44). By CTCF IP followed by
Western blotting, we also confirmed that Benzonase treatment
did not affect the interaction of CTCF with BRG1 (Fig. S21).
Moreover, we performed reciprocal co-IP assays using whole
cell lysate from WiT49 cells and antibodies against BRG1 (Fig.
4B) and DDX5 (Fig. 4C). The reciprocal co-IP analysis demon-
strated that CTCF co-purified with endogenous BRG1 and
DDXS5 proteins. These results further support AP-MS data and
confirm specific interactions of the selected candidate proteins
with CTCF.

Genomic co-occupancy by CTCF, BRG1, and DDX5

To provide further insights into the functional interaction of
CTCF with BRG1 and DDX5, we wondered whether common
DNA-binding sites were shared by these proteins. We then
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Table 1

List of high-confidence proteins identified by nano-LC-MS/MS
Accession Description Coverage No. of peptides Gene name
P49711-1 Transcriptional repressor CTCF 9.5 5 CTCF
P35579-1 Myosin-9 54.5 91 MYH9
P35580-3 Isoform 3 of myosin-10 48.6 75 MYH10
P78527 DNA-dependent protein kinase catalytic subunit 17.2 53 PRKDC
000571 ATP-dependent RNA helicase DDX3X 41.7 21 DDX3X
Q08211 Atp-dependent RNA helicase A 20.1 20 DHX9
P17844 Probable ATP-dependent RNA helicase DDX5 37.6 18 DDX5
P46940 Ras GTPase-activating-like protein IQGAP1 15.6 17 IQGAP1
P51532-1 Transcription activator BRG1 11.2 15 SMARCA4
Q00839 Heterogeneous nuclear ribonucleoprotein U 23.2 14 HNRNPU
P05783 Keratin, type I cytoskeletal 18 53.5 13 KRT18
P52272 Heterogeneous nuclear ribonucleoprotein M 22.5 13 HNRNPM
Q92841 Probable ATP-dependent RNA helicase DDX17 28.4 11 DDX17
P23396-1 40S ribosomal protein S3 46.5 11 RPS3
P49411 Elongation factor Tu, mitochondrial 37.6 11 TUFM
P63244 Guanine nucleotide-binding protein subunit 82-like 1 39.7 10 RACK1
P25705-1 ATP synthase subunit «, mitochondrial 20.6 9 ATP5A1
P15880 40S ribosomal protein S2 39.2 9 RPS2
P61247 40S ribosomal protein S3a 39.8 9 RPS3A
P46781 40S ribosomal protein S9 37.1 9 RPS9
P54886 81-Pyrroline-5-carboxylate synthase 15.2 9 ALDH18A1
P11021 78-kDa glucose-regulated protein 19.6 9 HSPA5
P61313-1 60S ribosomal protein L15 38.7 8 RPL15
P22087 rRNA 2'-O-methyltransferase fibrillarin 23.7 8 FBL
P62701 40S ribosomal protein S4, X isoform 27.8 8 RPS4X
Q00325-2 Isoform B of phosphate carrier protein, mitochondrial 25.8 8 SLC25A3
P11142-1 Heat shock cognate 71-kDa protein 18.7 8 HSPAS
P06576 ATP synthase subunit 3, mitochondrial 25.1 8 ATP5B
P31943 Heterogeneous nuclear ribonucleoprotein H 29.6 7 HNRNPH1
P40429 60S ribosomal protein L13a 30.5 7 RPL13A
P62280 40S ribosomal protein S11 45.6 7 RPS11
P62263 40S ribosomal protein S14 39.1 7 RPS14
P10809 60-kDa heat shock protein, mitochondrial 19.9 7 HSPD1
Q02543 60S ribosomal protein L18a 31.8 6 RPL18A
P61353 60S ribosomal protein L27 39.7 6 RPL27
P62266 40S ribosomal protein S23 49.0 6 RPS23
P27635 60S ribosomal protein L10 27.6 6 RPL10
P36542-1 ATP synthase subunit y, mitochondrial 29.2 6 ATP5C1
014497 AT-rich interactive domain-containing protein 1A 4.5 6 ARIDIA
P46777 60S ribosomal protein L5 23.9 6 RPL5
P84098 60S ribosomal protein L19 18.9 5 RPL19
P18621-3 Isoform 3 of 60S ribosomal protein L17 22.8 5 RPL17
P62829 60S ribosomal protein L23 39.3 5 RPL23
P46779-3 Isoform 3 of 60S ribosomal protein L28 19.5 5 RPL28
P62826 GTP-binding nuclear protein RAN 24.5 5 RAN
Q53GQO Very-long-chain 3-oxoacyl-CoA reductase 22.4 5 HSD17B12
Q15233 Non-POU domain-containing octamer-binding protein 14.4 5 NONO
P50454 Serpin H1 20.8 5 SERPINH1
P49207 60S ribosomal protein L34 23.9 5 RPL34
P34897-1 Serine hydroxymethyltransferase, mitochondrial 11.5 5 SHMT2
P42677 40S ribosomal protein S27 40.5 5 RPS27
Q07666 GAP-associated tyrosine phosphoprotein p62 18.3 5 KHDRBS1
P60660 Myosin light polypeptide 6 424 5 MYL6
P62277 40S ribosomal protein S13 37.1 5 RPS13
P05141 ADP/ATP translocase 2 37.6 4 SLC25A5
P50914 60S ribosomal protein L14 19.5 4 RPL14
P06748 Nucleophosmin 26.9 4 NPM1
P62249 40S ribosomal protein S16 28.1 4 RPS16
P62910 60S ribosomal protein L32 29.6 4 RPL32
QI9NZ01-1 Very-long-chain enoyl-CoA reductase 12.7 4 TECR
Q9H9B4 Sideroflexin-1 14.3 4 SFXN1
P62244 40S ribosomal protein S15a 30.8 4 RPS15A
P18077 60S ribosomal protein L35a 22.7 4 RPL35A
095864 Fatty acid desaturase 2 13.3 4 FADS2
P61619 Protein transport protein Sec61 subunit alpha isoform 1 8.8 4 SEC61A1
Q16643-3 Isoform 3 of Drebrin 12.1 4 DBN1
P60842 Eukaryotic initiation factor 4A-I 13.5 4 EIF4A1
Q99623 Prohibitin-2 16.1 4 PHB2
P57088 Transmembrane protein 33 14.6 3 TMEM33
P61254 60S ribosomal protein L26 15.9 3 RPL26
P04844-1 Ribophorin II 7.8 3 RPN2
P62913 60S ribosomal protein L11 18.5 3 RPL11
P51148-2 Isoform 2 of Ras-related protein Rab-5C 14.1 3 RAB5C
P60866-2 Isoform 2 of 40S ribosomal protein S20 23.9 3 RPS20
P62899-2 Isoform 2 of 60S ribosomal protein L31 25.0 3 RPL31
QIUNF1 Melanoma-associated antigen D2 13.4 3 MAGED2
Q96CS3 FAS-associated factor 2 12.6 3 FAF2
P16615 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 5.0 3 ATP2A2
P18085 ADP-ribosylation factor 4 25.0 3 ARF4
Q9UBM?7 7-Dehydrocholesterol reductase 6.3 3 DHCR?7
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Table 1—continued
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Accession Description Coverage No. of peptides Gene name
P46782 40S ribosomal protein S5 16.7 3 RPS5
P45880-1 Voltage-dependent anion-selective channel protein 2_1 12.9 3 VDAC2
015260-1 Surfeit locus protein 4 115 3 SURF4
P62854 40S ribosomal protein $26 18.3 2 RPS26
P62847-4 Isoform 4 of 40S ribosomal protein S24 4.2 2 RPS24
Q14739 Lamin-B receptor 4.4 2 LBR
P04843 Ribophorin I 3.8 2 RPN1
P08238 Heat shock protein HSP 908 3.5 2 HSP90AB1
P14618 Pyruvate kinase PKM 6.8 2 PKM
Q15555 Microtubule-associated protein RP/EB family member 2 8.6 2 MAPRE2
(HspaoaB1)~{ HsPAS ) s

\SERPINH1

| _KHDRBS1
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Figure 2. High-confidence interaction partners of CTCF. 76 of the 91 candidate CTCF-interacting proteins were mapped on a single interconnected network
constructed by NetworkAnalyst using the literature-curated IMEx Interactome database and visualized as clusters identified by using the ClusterMaker2
plug-in of Cytoscape 3.6.0. The Markov clustering algorithm was used for network clustering.

reanalyzed ChIP-Seq data on genome-wide binding profiles of
the three proteins in HeLa cells (Table S4) to assess their chro-
matin co-occupancy and to determine whether they co-local-
ized to the same genomic regions. At first, we performed pair-
wise comparisons of the genomic sites occupied by each protein
(Fig. 5, A-C).

Consistent with the physical interaction revealed by AP-MS,
we found significant co-localizations for all the analyzed com-
parisons (p value < 0.005). In particular, when CTCF and BRG1
sites were compared, we found that ~9% of BRG1 sites were
shared with 6% of CTCEF sites (Fig. 5A4). Similarly, comparison
between CTCF and DDX5 revealed that 11% of DDX5 sites
were co-occupied by ~7% of CTCEF sites (Fig. 5B). A higher
number of overlapping sites were shared by BRG1 and DDX5,
with 26% of DDX5 sites also bound by 22% of BRG1 sites
(Fig. 5C). We also identified a set of 497 sites simultaneously
co-occupied by CTCF, DDX5, and BRG1 with ~44% of
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sites co-occupied by BRG1 and CTCF also bound by DDX5
(Fig. 5D).

To further characterize localizations of the three proteins, we
investigated the distribution of both co-occupied sites (Fig. 6,
blue bars) and sites occupied by CTCF alone (Fig. 6, green bars)
with respect to distances from TSSs. Co-localized regions for
CTCF-BRG1, CTCF-DDXS5, and CTCF-BRG1-DDX5 were
enriched in a window of 0-2 kb around TSSs with respect
to sites occupied by CTCF alone (p value < 2.2°7'¢). Interest-
ingly, the CTCF-BRG1-DDX5 intersection was significantly
enriched around TSSs even with respect to both CTCF-BRG1
(p value < 2.2°7'®) and CTCF-DDX5 (p value < 6.4°~°%), thus
suggesting a higher enrichment at promoter regions of sites
co-occupied by all the three proteins with respect to overlap-
ping sites of pair-wise comparisons.

Moreover, we also found an over-representation (p value <
2.2°719) with respect to CTCF sites alone, of CTCF-BRG],

J. Biol. Chem. (2019) 294(3) 861-873 865


http://www.jbc.org/cgi/content/full/RA118.004882/DC1

Protein interaction landscape of human CTCF

RNA binding

ubiquitin-protein / ubiquitin-protein
ferase regulator transferase inhibitor,
Cluster 2 "“"‘ 8
HIMW activi W
Group 9 ( )
ubiquitin ligase inhibitor
— adhity
— - -
o AW/se/aany. coupled B
/ %o transmpmbrane
" movemertof ions,
( o vcl.munn\rTmmnnm ‘ mRN
\ “ATPase ion /
\\ proton-transporting ATP ATPase coupled lo
\\ synthase activity, transmembrane
- = transporter activity
C|u5ter 3 !DIJI\D"J' echanist gt
- cationtransporting _
ATPase activit: o
Group 10 ( ) e
__—"MHC protein complex
binding cadherin binding
/MHC class Il protein 8 androgen receptor binding \
[ complex binding mMRNA 5"-UTR binding )
\ steroid hormone receptor small ribosomal subunit /
\ mRNA binding binding RNA binding /
N
~ ADP binding unfolded protein binding s
Groups 0-7 ( ) — oxidoreductase activity, e

acting on the CH-CH group
of donors

ATP-dependeht RNA

Cluster 1
Group 13 ( )

Group 12 ( )

Group 11 ( )

Group 8  ( e—)

Not unique GO terms ((])

prométer spesific
chrbiatin binding e
transcriptional actival

BoHI(A) binding actiity, RNA polymerase Il™_

transcription factor
poly-pyrimidingfract
bindi

binding RNA polymerase Il
transcriptlon coactivator
/

activity
chromatin DNA binding

basal ANA Folymerase Il
transctipsfon machinery
inding

/
/

poly-purine tract binding

A 3-UTR binding

basal transcription

helicase adtivity
\ machinery binding

N
5,
purine NTP depehiety
helicase activity Single-stranded RNA
binding
RNA hel i
RSN double-stranded RNA
ribosome binding binding
ribonucleoprotein
complex binding

Figure 3. Functlonally grouped network of enriched molecular function categories for the identified proteins generated by using the ClueGO
cytoscape plug-in. The proportion of shared proteins between terms was evaluated using kappa statistics. GO terms are represented as nodes
whose size represents the term enrichment significance. Partially overlapping functionally related groups are represented as squares, whereas non-
overlapping terms are represented as circles. Clusters including more than two terms are numbered as clusters 1 (green), 2 (blue), and 3 (yellow). The
group number resulting from ClueGO associations of GO terms is indicated for each cluster (Table S2). Nonclustered terms including groups 0-7 are
colored pink.

A B C

g = 2 a

£ 5 o £ B =

S o o U 5 a o 9

2 £ > S £ » g
150- <— BRGL 150- <— BRGL
100- ” 100-
75-| - 75-
150- L IEE

<&— CTCF 150-

100- 100- <— CICF
75- 75-
75-| — 75-
o W o R
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noprecipitated samples were blotted with anti-CTCF and anti-DDX5 antibodies. Anti-BRG1 was used as positive control. Input, 2% of the cell lysate used for
immunoprecipitation. C, anti-DDX5-immunoprecipitated samples were blotted with anti-CTCF and anti-BRG1 antibodies. Anti-DDX5 was used as positive

control. Input, 4% of the cell lysate used for immunoprecipitation.

CTCF-DDX5, and CTCF-BRG1-DDX5 co-localized regions
with trimethylation of histone H3 at lysine 4 (H3K4me3) and
trimethylation of histone H3 at lysine 36 (H3K36me3) that are
associated with active transcription. Accordingly, for the same
co-localized regions, we observed an under-representation
(p value < 2.2°7'°) of the histone mark of gene repression
H3K27me3. Overall, these results suggest the co-occupancy of
CTCF, BRG1, and DDX5 on transcriptionally active chromatin
regions (Table S3).

Discussion

The transcription factor CTCF plays a pivotal role in a myr-
iad of genomic processes, including transcription, imprinting,
and long-range chromatin interactions. It is widely recognized
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that the versatility of this multitasking master regulator is at
least in part determined by co-association with genomic con-
text-specific binding partners (14, 21). Protein—protein inter-
action maps have proven to be very useful for understanding
the protein molecular functions.

Here, we present the first global CTCF-associated protein
interactome map performed by high-resolution MS. Our
study confirms previously reported interactions and reveals
novel potential CTCF-binding partners, suggesting that the
CTCF annotated interaction proteome is far from being
complete.

Consistent with other studies, we identified several ribosomal
proteins together with the nucleolar protein Nucleophosmin, a
molecular chaperone involved in the transport of ribosome sub-
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Figure 5. ChIP-Seq co-localizations between CTCF, BRG1, and DDX5. The Venn diagrams show the overlap of CTCF and BRG1 (A), CTCF and DDX5 (B), BRG1

and DDX5 (C), and CTCF, BRG1, and DDX5 (D) ChIP-seq peaks.

units and histones from the cytoplasm to the nucleus and nucleoli
(41). It has been demonstrated that Nucleophosmin interacts with
CTCEF at the insulator sites in vivo (41). CTCF/Nucleophos-
min association has been also hypothesized to be responsible
for the co-purification with ribosomal proteins (41). We also
confirmed by both MS identification and by co-IP experi-
ments the interaction of CTCF with the DEAD box RNA
helicase p68 (DDX5). This complex has been also reported to
include the steroid receptor RNA activator and is essential
for CTCF function as an enhancer-blocking insulator in vivo
(36). Interestingly, together with DDX5 we also identified
the highly homologous protein DDX17 (p72), previously
reported to be associated with CTCF (36) and several addi-
tional members of the DEX(D/H) box family, such as DHX9
(RNA helicase A) and DDX3X. These proteins are engaged in
multiple processes of RNA biology including pre-mRNA
processing (i.e. cap formation, splicing/alternative splicing,
and polyadenylation), ribosome biogenesis, RNA turnover,
export, and translation (as reviewed in Refs. 42 and 43). In
addition, a growing body of evidence suggests the involve-
ment of several DEX(D/H) box proteins as transcriptional
regulators (42, 43). Intriguingly, these roles in the transcrip-
tional machinery appear to be independent from their RNA
helicase or unwindase activity. Indeed, it has been reported
that they may either stabilize the transcriptional initiation
complex or act as bridging factors that facilitate the recruit-
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ment of other transcription factors/co-activators such as
CBP, p300, and RNA polymerase (Pol) II to responsive
promoters (44). RNA helicases p68/p72 and the noncoding
steroid receptor RNA activator have been also found associ-
ated with MyoD and are directly involved in its co-activation
by promoting the assembly of a transcription initiation com-
plex including the TATA-binding protein TBP and the RNA
Pol II (40). The catalytic subunit of the ATPase SWI/SNF
chromatin remodeling complex, BRG1, that physically inter-
acts with p68/p72 (40) also takes part in this mechanism.
Our AP-MS analysis, for the first time, reveals that BRG1 is
co-associated with CTCF. The high-confidence interaction
was verified in replicate independent experiments and was
further validated by co-IP and reverse co-IP by performing a
BRG1 immunoprecipitation and probing the immunoblot
with a CTCF antibody. Consistent with the fundamental role
of chromatin remodeling complexes in regulating chromatin
accessibility for gene expression, a genome-wide screen of
SWI/SNF component (i.e. Inil, BAF155, BAF170, and BRG1)
binding sites demonstrated an extensive overlap with pro-
moters, enhancers, and many regions occupied by Pol II and
CTCE sites (37). More recently, in addition to the transcrip-
tional role of BRG1 at gene promoters, a more complex sce-
nario is emerging identifying BRG1 as a dynamic component
of higher-order chromatin organization enriched at TAD
boundaries (38, 39). BRG1 has also been involved in the
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Figure 6. Associations between co-localized regions: genes as a function
of the distance to TSS (+2 kb). Co-occupied sites are reported as blue for
CTCF-BRGT1 (A), CTCF-DDX5 (B), and CTCF-BRG1-DDX5 (C). In all graphs, sites
occupied by CTCF alone are reported as green bars.

maintenance of nuclear structure integrity and in mediating
specific long-range chromatin interactions through interac-
tions with transcription factors and other co-factors (37, 45).
In this context, it was suggested that BRG1 plays a role at
TAD boundaries by regulating nucleosome occupancy and
possibly CTCF localization. Indeed, an intersection of CTCF
ChIP-seq data set carried out using MCF-10A cells (46) with
BRG1 peaks revealed that ~10% of all BRG1 peaks and 12%
of BRGI1 peaks specifically located at TAD boundaries
directly overlapped with CTCF (38). Moreover, a relation-
ship between BRG1 knockdown and the reduction of nucleo-
some occupancy around the CTCF sites was also observed in
mouse fibroblast cells (38). Similar effects were noticed for
BRG1 knockdown around TSS of known genes (47). Despite
the fact that cross-talk between BRG1 and CTCF has long
been hypothesized and supported by genome-wide
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approaches, attempts to co-purify these factors by AP-MS
were to date unsuccessful. In eukaryotic cells, a balance
between tight packaging and accessibility of the chromatin is
usually achieved by specific proteins that dynamically mod-
ify chromatin structure. BRG1 and CTCF are regarded as
master regulators of chromatin architecture. Indeed, BRG1
is involved in the fine tuning of DNA accessibility in an ATP-
dependent manner, whereas CTCF is widely recognized as a
global genome organizer able to coordinate high-order chro-
matin structures and to regulate gene expression (12,13, 15).
Our data point toward a cooperation between the two pro-
teins that may be crucial in determining their functional
specificity. Interestingly, our data suggest an unanticipated
interplay in transcriptional regulation between CTCF, BRG], and
DDX5 because we found that regions simultaneously co-occupied
by the three proteins are significantly enriched at promoter
regions.

The high-resolution map of CTCE-binding sites in human
genome revealed that only ~20% of CTCF sites are near tran-
scription start sites (8). Unlike general transcription factors, the
localization of CTCF sites distal to TSS has been suggested to be
consistent with its putative role as an insulator-binding protein
(8). Nevertheless, much evidence for a direct role of CTCF in
transcription regulation on individual genes has been demon-
strated (48, 49). Moreover, Pefia-Hernandez et al. (50) reported
that the interaction between CTCF and transcription factor II-I
was essential in directing CTCF to the promoter regions of
genes involved in metabolism. We also noticed, a significant
over-representation, with respect to CTCF sites, of CTCF,
BRG1, and DDX5 co-localized regions with H3K4me3 and
H3K36me3. These histone marks are usually enriched at TSS/
promoter regions with open chromatin structure and known to
be positively correlated with gene transcriptional activation.
Accordingly, we observed an under-representation of CTCEF,
BRG1, and DDXS5 co-localized regions with the repressive his-
tone modification H3K27me3 associated with silent genes.
Taken together, our findings suggest that the CTCF sites where
the transcription factor co-localizes with BRG1 and DDX5
mostly include a subset of genome-wide CTCF sites located
around the TSS and associated with histone marks of transcrip-
tionally active chromatin. Overall, it can be supposed that,
whatever the effect of CTCF on transcription (e.g. repression,
activation/transactivation, or pausing), these different outputs
can only occur through cooperation with other proteins in-
volved in remodeling chromatin architecture such as BRG1.
Additional proteins of the transcriptional machinery such as
DDX5 may contribute to the diversification of CTCF functions
by means of alternative complexes formation possibly involved
in the recruitment of other transcription factors/co-activators
to promoters.

Although the roles of several identified proteins are still
undefined, our study highlights the capability of AP-MS to fill
the gaps in our knowledge about novel CTCF interactors con-
tributing to fine-tuning of its multiple functions. The presented
CTCEF interaction proteome represents a knowledge base for
further elucidating individual protein interaction with CTCF
and for instructing future functional experiments to uncover
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molecular bases responsible for the high versatility of this
unique transcription factor.

Materials and methods
Cell culture, cloning, and transfections

The WiT49 cell line derived from a Wilms tumor primary
lung metastasis (51) was cultured in Iscove’s modified Dul-
becco’s medium, supplemented with 10% fetal calf serum,
100 units/ml penicillin, and 100 mg/ml streptomycin at
37 °C in a humidified 5% CO, atmosphere. The cDNA
encoding the full-length CTCF gene was cloned into the
pcDNA3 expression vector, under the control of the consti-
tutively expressed cytomegalovirus promoter. For plasmid
transfection, WiT49 cells were transfected with the
pcDNA3-CTCF plasmid or with the empty control vector
using Lipofectamine 3000 according to the manufacturer’s
protocol (Thermo Fisher Scientific). Stably transfected cells
were selected with 1 mg/ml G418 (Life Technologies) and
maintained in 0.6 mg/ml G418.

RNA extraction and RT-PCR analysis

Total RNA was isolated from stably transfected WiT49 cell
lines using the TRI reagent (Sigma) according to the manufac-
turer’s protocol. Total RNA (1 ug) was reverse-transcribed by
using the QuantiTect reverse transcription kit (Qiagen). Real-
time PCR was performed using the SYBR Green I DNA-binding
dye technology (Bio-Rad) on a C1000 thermal cycler (Bio-Rad).
Primer sequences were as follows: 5'-GCAGAGGGAGAGGA-
AGAGGA-3' (forward) and 5 -TATGGGTATCCGGCGTA-
GTC-3’ (reverse) for the CTCF gene and 5'-CAATTCCCCA-
TCTCAGTCGT-3' (forward) and 5'-GCAGCAGGACACT-
AGGGAGT-3' (reverse)fortheglyceraldehyde-3-phosphatede-
hydrogenase gene. The results were expressed relative to the
glyceraldehyde-3-phosphate dehydrogenase internal control
gene.

Sample preparation for MS analysis

WiT49 cells overexpressing CTCF from ten 150-mm plates
were harvested by trypsinization and washed with PBS. The
cells were lysed for 45 min at 4 °C in lysis buffer (200 ul of lysis
buffer/plate) containing 10 mm Tris-HCI, pH 7.4, 350 mm NaCl,
1 mm EDTA, 1% Triton X-100, 10% glycerol and then clarified
at 15,000 X g for 15 min at 4 °C. For Benzonase digestion, the
cells were lysed in 10 mm Tris-HCI, pH 7.4, 350 mm NaCl, 1 mm
MgCl,, 1% Triton X-100, 10% glycerol and incubated for 30 min
at room temperature in the presence or absence of 250 units of
Benzonase (Sigma—Aldrich). Aliquots of lysates (10 ul) were
analyzed by 1% agarose gel electrophoresis and ethidium bro-
mide staining to verify DNA/RNA degradation (data not
shown). Protein concentration was determined by Bradford
assay. For IP, protein lysates (1-2 mg for benzonase-treated/
untreated samples) were diluted in IP buffer up to 1 ml (50 mm
Tris-HCI, pH 7.4, 150 mm NacCl, 0.25% sodium deoxycholate)
and incubated for 1 h at 4 °C with DiaMag protein A—coated
magnetic beads (40 ul, Diagenode). After the preclearing step,
the samples were incubated overnight at 4 °C with polyclonal
anti-CTCF (Diagenode C15010210, 10 wg) and polyclonal rab-
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bit anti-IgG (Diagenode C15410206, 10 ug) as negative control.
Immunoprecipitated proteins were then incubated for 3 h
under rotation at 4 °C with the DiaMag protein A— coated mag-
netic beads (40 ul, Diagenode) prewashed in the IP buffer. The
beads were collected on a magnetic stand, washed three times
with 100 wl of 100 mm NH,HCO,, pH 8.0, and resuspended in
100 wl of the same buffer. The proteins were reduced with 10
mwm DTT (final concentration) at 55 °C for 1 h and, following a
wash step with 100 ul of NH,HCO,, carbamidomethylated
with 7.5 mM iodoacetamide (final concentration) at room tem-
perature in the dark for 15 min. Following a further wash step
with 100 ul of NH,HCO,, enzymatic hydrolyzes were per-
formed by the addition of 0.2 ug of tosyl phenylalanyl chlorom-
ethyl ketone—treated trypsin to the reduced and alkylated mix-
ture. Digestions were performed by incubation at 37 °C for 16 h.
After digestions, the samples were centrifuged at 10,000 X g for
15 min, and supernatants were dried under vacuum in a Speed-
Vac vacuum (Savant Instruments, Holbrook, NY). The samples
were then resuspended in 40 ul of H,0, 0.1% TFA and centri-
fuged at 10,000 X g for 15 min. Aliquots of the supernatant (3
wl) were analyzed by high resolution nano-LC—tandem mass
spectrometry.

High resolution nano-LC-tandem mass spectrometry

Mass spectrometry analysis was performed on a Q Exactive
Orbitrap mass spectrometer equipped with an EASY-Spray
nano-electrospray ion source (Thermo Fisher Scientific) and
coupled to a Dionex UltiMate 3000RSLC nano system (Thermo
Fisher Scientific). Solvent composition was 0.1% formic acid in
water (solvent A) and 0.1% formic acid in acetonitrile (solvent
B). Peptides were loaded on a trapping PepMap™100 w Car-
tridge Column C18 (300 um X 0.5 cm, 5 wm, 100 A) and
desalted with solvent A for 3 min with at a flow rate of 10
ul/min. After trapping, eluted peptides were separated on an
EASY-Spray analytical column (15 cm X 75 wm inner diameter
PepMap RSLC C18, 3 um, 100 A), heated to 35 °C, at a flow rate
of 300 nl/min by using the following gradient: 4% B for 3 min,
from 4 to 22% B in 50 min, from 22 to 35% B in 10 min, and from
35 to 90% B in 5 min. A washing (90% B for 5 min) and a re-
equilibration (4% B for 15 min) step was always included at
the end of the gradient. Eluting peptides were analyzed on
the Q-Exactive mass spectrometer operating in positive
polarity mode with capillary temperature of 280 °C and a
potential of 1.9 kV applied to the capillary probe. Full MS
survey scan resolution was set to 70,000 with an automatic
gain control target value of 3 X 10° for a scan range of 375—
1500 m/z and maximum ion injection time of 100 ms. The
mass (m/z) 445.12003 was used as lock mass. A data-depen-
dent top five method was operated during which higher-
energy collisional dissociation (HCD) spectra were obtained
at 17,500 MS2 resolution with an automatic gain control
target of 1 X 10° for a scan range of 200-2000 m1/z, maxi-
mum injection time of 55 ms, 2 m/z isolation width, and a
normalized collisional energy of 27. Precursor ions targeted
for HCD were dynamically excluded for 15 s. Full scans and
Orbitrap MS/MS scans were acquired in profile mode,
whereas ion trap mass spectra were acquired in centroid
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mode. Charge state recognition was enabled by excluding
unassigned and singly charge states.

MS data processing

The acquired raw files were analyzed with the Proteome Dis-
coverer 2.1 software (Thermo Fisher Scientific) using the
SEQUEST HT search engine. The HCD MS/MS spectra were
searched against the Homo sapiens Uniprot_sprot database
(release 2015_11_11, 42,084 entries) assuming trypsin (full) as
digestion enzyme and two allowed number of missed cleavage
sites. The mass tolerances were set to 10 ppm and 0.02 Da for
precursor and fragment ions, respectively. Oxidation of methi-
onine (+15.995 Da) and N-terminal acetylation (+42.011 Da)
were set as dynamic modifications and carbamidomethylation
of cysteine (+57.021 Da) as static modification. False discovery
rates (FDRs) for peptide spectral matches (PSMs) were calcu-
lated and filtered using the target decoy PSM validator node in
Proteome Discoverer. The target decoy PSM validator node
specifies the PSM confidences on the basis of dynamic score-
based thresholds. It calculates the node-dependent score
thresholds needed to determine the FDRs, which are given as
input parameters of the node. Target decoy PSM validator was
run with the following settings: maximum delta Cn 0.05, a strict
target FDR of 0.01, a relaxed target FDR of 0.05, and validation
based on g value. The protein FDR validator node in Proteome
Discoverer was used to classify protein identifications based on
g value. Proteins with a g value of <0.01 were classified as high-
confidence identifications, and proteins with a g value of
0.01-0.05 were classified as medium-confidence identifica-
tions. Only proteins identified with high confidence were
retained with an FDR of 1%. The resulting list of CTCEF-inter-
acting proteins was finally uploaded into the Contaminant
Repository for Affinity Purification (CRAPome, www.crapome.
org) (63)° database to further investigate the presence of poten-
tial contaminants within the identified protein list. The
obtained results were not used as an exclusion criterion but as
an estimate of probability and significance for each interacting
protein. The criteria used for inclusion as potential CTCF-in-
teracting protein were the presence in replicate injections with
more than one unique peptide and the absence in control IgG
IP sample. Proteins identified by searching MS/MS spectra
against a custom common contaminant database were also not
considered.

Bioinformatic analyses

The list of CTCF interactors identified by LC-MS/MS was
imported into the NetworkAnalyst software for integrative
analysis of protein data through statistical, visual, and network-
based approaches (52). The literature-curated IMEx Interac-
tome database from InnateDB (53) was selected for the
protein—protein interaction analysis. The resulting zero-order
network was visualized and further analyzed using Cytoscape
3.6.0 (54). The Markov clustering algorithm implemented in
the Cytoscape plug-in clusterMaker2 was used for network
clustering (55). Molecular function enrichment analysis was

® Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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performed by using the ClueGO cytoscape plug-in to generate a
functionally grouped GO/pathway term network of enriched
molecular function categories for the identified proteins based
on kappa statistics (56).

ChlIP-seq data analysis

The ChIP-seq data used in this study are from previous pub-
lications and are listed in Table S4 (36, 37, 57). The numbers
of consensus peaks for CTCF, BRG1, DDX5, H3K4me3,
H3K36me3, and H3K27me3 is summarized in Table S4. The
freely available LiftOver tool (https://genome.ucsc.edu/)® was
used when necessary to convert the genome coordinates
from NCBI36/hgl18 to GRCh37/hg19. The analyses were car-
ried out using the GRCh37/hg19 coordinates. The consensus
regions for CTCF, BRG1, DDX5, H3K4me3, H3K36me3, and
H3K27me3 were defined in terms of co-localizations (i.e.
overlaps with distance equal to zero) between replicate
tracks when available. The CTCF consensus peaks were con-
sidered as reference. The Bioconductor package ChIP-
peakAnno was used to quantify the co-localizations by com-
puting the number of overlapping/not overlapping regions
and the corresponding lists for each comparison (58, 59).
The significance of the co-localizations was assessed by a
permutation test using the shuffle function of the Biocon-
ductor package ChIPseeker (60). Co-localized regions were
annotated with respect to gene positions, and the gene anno-
tation was performed using the package ChIPseeker. The
parameters were set up to annotate the regions with the
closest gene (in terms of TSS) within a window of 3 kbp.
The Ensembl release GRCh37.p13 was considered as a reference
database and imported in R using the Bioconductor package
biomaRt (https://bioconductor.org/packages/releasebioc/html/
biomaRt.html) (64, 65).° The Fisher’s exact test implemented in R
was used to evaluate the statistical significance of associations
(true odds ratio > 1 to test for over-representation and true odds
ratio < 1 to test for under-representation). Statistical significance
was reported in terms of p values.

Co-IP and Western blotting analyses

Stably transfected WiT49 cell line overexpressing CTCF
grown in 150-mm plates were harvested by trypsinization and
washed with PBS. The cells were lysed for 45 min at 4 °C in 200
wl of lysis buffer (10 mm Tris-HCL, pH 7.4, 350 mm NaCl, 1 mm
EDTA, 1% Triton X-100, 10% glycerol) and clarified at 15,000 X
g for 15 min at 4 °C. Following determination of protein con-
centration by Bradford assay, 2 mg of total protein lysates was
diluted in the IP buffer (50 mm Tris, pH 7.4, 150 mm NaCl,
0.25% sodium deoxycholate) at 2 mg/ml final concentration
and incubated overnight at 4 °C (61) with the following anti-
bodies: rabbit polyclonal anti-CTCF (Diagenode C15010210,
10 pg), monoclonal rabbit anti-BRG1 (Abcam ab110641, 0.5
pg), monoclonal rabbit anti-DDX5 (Abcam ab126730, 1.7 ug),
and polyclonal rabbit anti-IgG (Diagenode C15410206, 10 ug).
40 ul of DiaMag protein A— coated magnetic beads (Diagenode
C03010020-150) were added to samples, and after further
incubation for 3 h under rotation at 4 °C, the beads were col-
lected and washed with IP buffer, and the bound proteins were
eluted by boiling samples in 2X Laemmli buffer for 10 min. The
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samples were then resolved by Mini Protean TGX gels (Any-
kDa, Bio-Rad catalog no. 4569033) and transferred onto poly-
vinylidene difluoride membranes (Bio-Rad catalog no. 170-
4156) for immunoblotting detection (62) with anti-CTCF
(1:1000), anti-BRG1 (1:5000), and anti-DDX5 (1:5000). Follow-
ing incubation with the anti-rabbit HRP-conjugated antibody
(Bio-Rad catalog no. 170-6515, 1:3000), protein bands were
revealed by adding the Clarity™ Western ECL substrate (Bio-
Rad catalog no. 170-5061) and acquired by using the ChemiDoc
XRS System (Bio-Rad).
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