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ABSTRACT
Binding sites of the chromatin regulator protein CTCF function as important landmarks in the 
human genome. The recently characterized CTCF-binding sites at LINE-1 repeats depend on 
another repeat-regulatory protein CGGBP1. These CGGBP1-dependent CTCF-binding sites serve 
as potential barrier elements for epigenetic marks such as H3K9me3. Such CTCF-binding sites are 
associated with asymmetric H3K9me3 levels as well as RNA levels in their flanks. The functions of 
these CGGBP1-dependent CTCF-binding sites remain unknown. By performing targeted studies on 
candidate CGGBP1-dependent CTCF-binding sites cloned in an SV40 promoter-enhancer episomal 
system we show that these regions act as inhibitors of ectopic transcription from the SV40 
promoter. CGGBP1-dependent CTCF-binding sites that recapitulate their genomic function of 
loss of CTCF binding upon CGGBP1 depletion and H3K9me3 asymmetry in immediate flanks are 
also the ones that show the strongest inhibition of ectopic transcription. By performing a series of 
strand-specific reverse transcription PCRs we demonstrate that this ectopic transcription results in 
the synthesis of RNA from the SV40 promoter in a direction opposite to the downstream reporter 
gene in a strand-specific manner. The unleashing of the bidirectionality of the SV40 promoter 
activity and a breach of the transcription barrier seems to depend on depletion of CGGBP1 and 
loss of CTCF binding proximal to the SV40 promoter. RNA-sequencing reveals that CGGBP1- 
regulated CTCF-binding sites act as barriers to transcription at multiple locations genome-wide. 
These findings suggest a role of CGGBP1-dependent binding sites in restricting ectopic 
transcription.
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Introduction

CTCF binding sites serve as insulators and chro
matin barrier elements [1,2]. CTCF binds to insu
lators and organizes the genome into chromatin 
regulatory domains. Regulatory elements within 
one chromatin regulatory domain interact more 
frequently than with regulatory elements across 
different domains [3–5]. By partitioning the gen
ome into regulatory domains, CTCF, along with 
Cohesin, establishes cell-type-specific gene expres
sion patterns [6,7]. The two loci pioneering the 
characterization of the insulator function of 
CTCF were the beta-globin locus control region 
and the Igf2-H19 locus [8–12]. CTCF-binding 
sites, along with those of other associated chroma
tin regulatory proteins, serve as the boundaries of 
the chromatin loops and higher-order chromatin 
structures such as the Topologically Associated 
Domains (TADs) [13–15]. CTCF thus allows the 

enhancer-promoter communication within TADs 
and prevents the inter-TAD interactions of the 
gene-regulatory elements [15–17]. Further, CTCF 
acts as a barrier element by marking the bound
aries of heterochromatin domains that are 
enriched with repressive histone marks such as 
the constitutively silencing H3K9me3 (may be 
bound to HP1) and temporary silencing marks 
H3K27me3 (may be bound to Polycomb repres
sors) [18–20]. CTCF also prevents the spread of 
heterochromatin into the gene-rich euchromatin 
[20,21].

A subset of CTCF-binding sites is dependent on 
a less well-studied protein CGGBP1 [22,23]. 
Recently described CGGBP1-dependent CTCF- 
binding sites function as chromatin barrier ele
ments [23]. They restrict H3K9me3 signal spread 
and function as boundaries of H3K9me3-rich and 
H3K9me3-depleted regions [23]. This property of 
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CGGBP1-dependent CTCF-binding sites appar
ently does not affect H3K27me3 and H3K4me3 
levels [23] as much. H3K9me3 is a major gene 
silencing epigenetic mark which is also employed 
for chromatin compaction and prevention of noisy 
transcription. This epigenetic mark is predomi
nant in the Giemsa-positive gene-poor regions 
and hence aids in condensation of such DNA 
and rendering it unavailable for active transcrip
tion [24,25]. H3K9me3 plays a prominent role in 
repeat silencing and retrotransposon inactivation 
[26,27]. The different kinds of repeats marked by 
H3K9me3 include satellite repeats, tandem repeats 
and DNA transposons [27,28]. H3K9me3 plays 
a vital role in maintaining genomic integrity by 
preventing the genomic integration of the LTR 
and non-LTR retrotransposons, specifically, inter
spersed repeats such as Alu-SINEs and L1-LINEs 
[26,27]. Interestingly, the CGGBP1-dependent 
CTCF-binding sites are also mostly L1 repeat- 
rich and CTCF motif-poor. CTCF occupancy at 
these sites depends on CGGBP1 levels [23]. This 
regulation of CTCF binding to repeat-derived 
binding sites by CGGBP1 does not seem to require 
the formation of a protein–protein complex 
between the two proteins. A comparison of 
CTCF occupancy between three different 
CGGBP1 levels (normal, depleted and overex
pressed) suggests that there is cooperative facilita
tion of CTCF-repeat binding by CGGBP1 [23]. 
However, since CGGBP1 itself is a repeat-binding 
protein, this cooperativity of CGGBP1-CTCF 
binding is lost upon CGGBP1 overexpression just 
the way it is lost upon CGGBP1 depletion [23]. 
The repeat-origins of CTCF-binding sites are 
established. In the primates, the Alu-SINEs have 
diverged into a large number of CTCF-binding 
sites in the human genome [29]. However, 
CGGBP1-dependent CTCF-binding sites seem to 
have a preference for L1-LINEs. Remarkably, the 
CGGBP1-dependent CTCF-binding sites in L1 
repeats concentrate on motif-like subsequences 
that are common between Alus and L1 elements 
[23]. Thus, even with disparate evolutionary ori
gins, L1 and Alu repeat function as sites where the 
CGGBP1-CTCF axis operates to regulate the pat
terns of H3K9me3 patterns. The functional signif
icance of the CGGBP1-dependent CTCF-binding 
sites however remains unclear. This is especially 

interesting given the evolutionary unrelatedness of 
CTCF and CGGBP1. The former is conserved in 
vertebrates whereas the latter is present only in 
amniotes. One significance of the CGGBP1 regula
tion of CTCF binding is highlighted by our recent 
work that CGGBP1 levels regulate cytosine methy
lation at CTCF-binding motifs in a non-stochastic 
manner [22,30].

The proteins with which CTCF and CGGBP1 
form complexes shed some light on the possible 
functions of CGGBP1-dependent CTCF-binding 
sites and the mechanisms through which they are 
regulated. CGGBP1 itself is a component of the 
enhancer-binding protein complexes containing 
YY1 and CTCF [31]. The histone methyltrans
ferases SUV4 and SUV39 family member enzymes 
form complexes with Cohesin ring family mem
bers and thus associate with CTCF [32]. The HMT 
SUV39H2 is also associated with CGGBP1 [33,34]. 
Although a fraction of CTCF and CGGBP1 do co- 
immunoprecipitate with each other, such indirect 
interactions seem to direct the coregulation 
between CTCF and CGGBP1 at CGGBP1- 
dependent CTCF-binding sites [23]. 
Nucleophosmin forms complexes with both 
CTCF and CGGBP1 [35,36]. Interestingly, bound
aries of the L1-rich lamina associated domains 
(LAD) show contrasting levels of CTCF occupancy 
outside and within the LAD. This LAD boundary- 
specific pattern also depends on the functions of 
CGGBP1. However, the CTCF-CGGBP1 com
plexes detected in situ do not localize to the 
nuclear periphery [23].

CGGBP1 has been implicated in the regulation of 
transcription of interspersed repeats. It is also 
required for normal RNA Polymerase 2 activity. 
Upon growth stimulation of normal human fibro
blasts, the transcript elongation by RNA Polymerase 
2 seems to depend on the levels of CGGBP1 
[23,34,37–39]. Circumstantial evidence suggests that 
this H3K9me3 asymmetry in the flanks of CGGBP1- 
dependent CTCF-binding sites may lead to asymme
trical RNA abundance in 10 kb long flankins [23]. 
CTCF-binding sites exert a transcription repressive 
effect in cis. CTCF was first reported as 
a transcriptional repressor of the chicken c-myc 
gene [40,41]. Further studies have found transcrip
tional activator activity of the CTCF [40,42] as well. 
The regulatory functions of CTCF-binding sites are 
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determined by its interacting proteins and the loca
tion of CTCF-binding sites relative to the transcrip
tion site of a gene [40,41,43].

Thus, there seems to be a functional link 
between CGGBP1-dependent CTCF-binding sites, 
regulation of specific histone modifications includ
ing H3K9me3, RNA Polymerase 2 occupancy and 
transcription. Here we have investigated the effects 
of CGGBP1 depletion on these properties of can
didate CGGBP1-dependent CTCF-binding sites. 
By using an episomal system that drives transcrip
tion from the SV40 promoter under the control of 
the SV40 enhancer, we show that CGGBP1 deple
tion promotes ectopic transcriptional activity from 
the SV40 promoter. We report that the early tran
scriptional activity downstream of the SV40 pro
moter remains unaffected by CGGBP1 depletion. 
However, the upstream late transcription, which 
normally depends on the SV40 enhancer, is 
induced upon CGGBP1 depletion. This generates 
an ectopic strand-specific transcription from the 
SV40 promoter. By using different CTCF-binding 
sites juxtaposed with the SV40 promoter we have 
found that this effect of CGGBP1 depletion is 
linked to the presence of CGGBP1-dependent 
CTCF-binding sites. These results shed light on 
the mechanisms of action of CGGBP1-dependent 
CTCF-binding sites and highlight the role of 
CGGBP1 in transcription regulation that can 
bypass the enhancer-dependence of promoters.

Results and discussion

Genomic CGGBP1-dependent CTCF-binding sites 
and characterization of LoB5, a candidate 
CGGBP1-dependent CTCF-binding site

The locations of the 879 CGGBP1-dependent 
CTCF-binding sites were analyzed with respect to 
the known TSSs (Fantom database). These 
CGGBP1-dependent CTCF-binding sites were 
located at long distances from the TSSs (185 kb ± 
388.021 kb) in the gene-poor regions and did not 
seem to be involved in cis-regulation of gene 
expression. We could detect transcripts generated 
from some of the paired TSS pairs of the same 
genes (such that the TSS pairs were located on 
either side of the CGGBP1-dependent CTCF- 
binding site) which were the closest to the 
CGGBP1-dependent CTCF-binding sites (Table 1 

and Fig S1). However, there was no consistent 
effect of CGGBP1 depletion on transcript levels 
of these genes (Figure 1a). A survey of transcript 
levels derived from five such TSSs revealed that 
although some pairs of TSSs do display 
a differential activity of the two TSSs in CT that 
is lost in KD, such an effect was not observed 
consistently in the selected TSS pairs (Figure 1a). 
For some genes (NRXN2 and OPRL) the transcript 
level differences were in line with the RNA 
Polymerase 2 occupancy observed at the same 
regions suggesting that to some extent the tran
script levels reflect the activity of RNA Polymerase 
2 at these TSSs (Figure 1b).

One of the known functions of these CTCF- 
binding sites is the maintenance of differential 
levels of H3K9me3 in the flanks such that the 
differences depend on the levels of CGGBP1. The 
cis length range in which H3K9me3 asymmetry 
has been studied earlier is 10 kb. It was not clear 
however whether these TSSs were under the influ
ence of H3K9me3 silencing or not. We selected 
some CGGBP1-dependent CTCF-binding sites 
with the highest reported asymmetries in the 
cumulative H3K9me3 signals in their 10 kb flanks 
and verified two important parameters at them for 
further studies: (i) CGGBP1-dependence of CTCF 
occupancy at them, and (ii) H3K9me3 asymmetry 
in their immediate flanks. Three of these regions 
that we pursued are called LoB3, LoB5 and GoB4. 
The genomic locations and contexts of these 
CGGBP1-dependent CTCF-binding sites are 
shown in figure S2 (Fig S2, A to C). We identified 
one region, called LoB5, where we could consis
tently perform specific PCR amplification. At 

Table 1. The table shows the gene symbols for and the loca
tions of their TSSs from the nearest CGGBP1-regulated CTCF- 
binding sites. These combinations were selected based on the 
presence of a CGGBP1-regulated CTCF-binding site between 
their alternative TSSs.

Genes with TSSs 
separated by 
CGGBP1- 
dependent 
CTCF-binding 
site

Type of 
change in 

CTCF-binding 
upon CGGBP1 

depletion

Upstream 
distance 

between the 
TSS and CTCF- 

binding site 
(kb)

Downstream 
distance 

between the 
TSS and CTCF- 

binding site 
(kb)

NRXN2 Loss 13.5 8.1
PBX1 Loss 21.5 13.6
OPRL Loss 1.6 2.8
SPTBN1 Gain 12.7 87.7
COMT1 Gain 5.8 2.9

CELL CYCLE 2389



b

a

Figure 1. RNA levels and RNA Polymerase 2 occupancy at the TSSs of selected genes tabulated in Table 1. A: The RNA levels at the 
TSSs of the genes are calculated by the double delta Ct method. Beta-actin (ACTB) has been used as a quantitation control in all 
PCRs. The Y-axis shows the ddCt values on a log2 scale. The location of the TSSs relative to the nearest CGGBP1-regulated CTCF- 
binding sites are indicated by suffixes “upstream” or “downstream”. B: RNA Polymerase 2 occupancy at the same TSSs as shown in 
A shows that apart from NRXN2, none of the TSSs showed a correspondence between RNA levels and RNA Polymerase 2 occupancy. 
For PBX1 the Ct values obtained were too low to be used reliably for ddCt analysis and were eliminated. The levels of amplification 
from the input DNA was used as a quantitation control against respective ChIP. The Y-axis shows the ddCT values on a log2 scale.
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LoB5, CTCF occupancy was lost upon CGGBP1 
depletion (Figure 2a). The other two regions LoB3 
and GoB4 showed a weaker loss and gain of CTCF 
binding, respectively, upon CGGBP1 depletion 
(Figure 2, B and C). Also, the H3K9me3 levels 

were asymmetric in LoB5 flanks only in the pre
sence of CGGBP1 and were lost upon CGGBP1 
depletion (Figure 2d). The immediate flank tran
scription at LoB5 also exhibited expected asymme
try in CT as well as KD (not shown). Although 
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Figure 2. LoB5 shows the expected loss of CTCF occupancy and H3K9me3 asymmetry upon CGGBP1 depletion. A-C: LoB5, GoB4 and 
LoB3 sites were cloned in the pGL3-control vector. The cloned plasmid was transfected in HEK293T cells with normal and depleted 
levels of CGGBP1 separately. Total CTCF occupancy at CTCF binding sites (Endogenous and episomal) was compared between CT and 
KD for LoB5, GoB4 and LOB3. The Ct value for CTCF enrichment was normalized with input and CTCF enrichment is plotted in 
arbitrary units. Statistical significance was determined by using the unpaired t-test (p-value = 0.05). CTCF binding is strongly reduced 
at the LoB5 site in KD (a). Depletion of CGGBP1 leads to decreased occupancy of CTCF at the GoB4 site (b) and increased occupancy 
at the LoB3 site (c). D-F: H3K9me3 levels in the immediate flanks of the endogenous CTCF binding sites were compared between CT 
and KD. The Ct value for H3K9me3 enrichment was normalized with input and H3K9me3 enrichment is represented in arbitrary units 
(Y-axis). Statistical significance was determined by using the unpaired t-test (p-value = 0.05). H3K9me3 levels show significant 
asymmetry in the immediate flanks of the endogenous LoB5 CTCF binding site in CT (p-value < 0.05). The decrease in H3K9me3 
levels in the downstream region causes loss of H3K9me3 asymmetry in KD (d). A non-significant asymmetry in H3K9me3 levels is 
observed in the immediate downstream flanks of the GoB4 CTCF binding site in CT. However, H3K9me3 levels show mild but 
significant asymmetry in KD (e). The immediate flanks of the LoB3 sites maintained similar levels of H3K9me3 in CT and KD (f).
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GoB4 and LoB3 showed some CGGBP1- 
dependence of CTCF-binding, they did not reca
pitulate the expected H3K9me3 levels in flanks 
(Figure 2, E and F). Thus, LoB5 presented us 
with a region where the CTCF and H3K9me3 
ChIP-seq data could be independently verified. 
These findings suggested that LoB5 could be used 
as a model region to explore the role of the CTCF- 
CGGBP1 axis at such candidate barrier elements.

We cloned LoB5 in an episomal vector system 
pGL3-Control. The LoB5 element was inserted 
upstream of the SV40 promoter in 
KpnI-XhoI sites (Figure 3a; the figure also shows 
the locations of the various regions and primer 
binding sites used further on in various experi
ments). Unlike the endogenous LoB5 locus that 
is distant from TSSs, in this construct, the LoB5 
element was artificially juxtaposed against an RNA 
Polymerase 2 promoter. We tested if the LoB5 
element in the episomal system retained its prop
erties of CGGBP1-dependent CTCF-binding and 
H3K9me3 asymmetry in immediate flanks. ChIP- 
qPCRs revealed that LoB5 is a potent CTCF- 
binding site in CT. Upon CGGBP1 knockdown 
CTCF-binding at episomal LoB5 was lost 
(Figure 3b). This was verified using primer pairs 
that amplified the endogenous LoB5 and episomal 
LoB5 exclusively or commonly. Similarly, con
structs containing LoB3 and GoB4 were also sub
jected to CTCF ChIP-qPCRs in CT and KD but 
the expected loss of binding of CTCF upon 
CGGBP1 depletion was not observed on those 
clones (Figure 3, C and D). The H3K9me3 levels 
in the upstream and downstream regions of episo
mal LoB5 showed the same effect of CGGBP1 
depletion as was observed for the genomic endo
genous LoB5 locus (Figure 3e). Again for LoB3 
and GoB4 constructs, the H3K9me3 levels in the 
flanks of the inserts did not mimic the expected 
genomic H3K9me3 patterns (Figure 3, F and G). 
The lack of H3K9me3 in the episomal system 
could be due to the artificial and minimalist nature 
of the episomal system as compared to the endo
genous LoB5 locus. The LoB regions reported by 
us earlier spanned distances of 10 kb or more, 
potentially containing silencer elements, from 
where H3K9me3 levels could spread till the LoB 
unidirectionally. The episomal system is devoid of 
any silencer-like elements and it could underlie 

this difference between the genomic LoB5 locus 
and its episomal version. We thus focussed on 
the LoB5 construct as an episomal system to 
study the functions of LoB5 as a model CGGBP1- 
dependent CTCF-binding site.

Regulation of LoB5-SV40 promoter activity by 
CGGBP1

We next tested if CGGBP1 levels affected the 
LoB5-SV40 promoter activity. In this episomal 
system, the SV40 promoter activity is driven by 
an upstream enhancer located ~2 kb away 
(Figure 3a) [44–48]. Compared to the empty vec
tor (SV40 promoter), the LoB5-SV40 promoter did 
not show any significant difference in the promo
ter activity as measured by Firefly Luciferase activ
ity (Fig S3). In these experiments, we used Renilla 
Luciferase as an internal control for the normal
ization of systemic variables (Fig S3).

The SV40 promoter is a bidirectional promoter 
[49,50]. Its basal downstream activity is driven by 
the 21 bp element that contains the CAAAT box 
and is proximal to the TSS [49,50]. The upstream 
transcriptional activity is dependent on the 70 bp 
repeat elements located distal to the TSS [51]. We 
first measured the transcript levels of the Luciferase 
gene. Luciferase transcript levels were not changed by 
CGGBP1 depletion (Figure 4a). Since CGGBP1 deple
tion also caused a loss of CTCF-binding, these find
ings reinforced that CGGBP1, and potentially CTCF 
as well, do not act as cis regulators of SV40 promoter 
activity. The upstream enhancer drives the SV40 pro
moter [50] and insertion of foreign DNA upstream of 
the SV40 promoter in pGL3-Control has been used as 
a tool to identify potential insulator sequences that 
can block the communication between enhancer and 
the promoter. However, these findings also suggested 
that there is no insulator-like activity of the LoB5 
element in the episomal system.

Next, we measured transcript levels from var
ious other regions of the episome. We found that 
just like the Luciferase gene, at the LoB5-SV40 
promoter, AmpR gene, Ori and f1Ori there were 
no significant changes in transcript levels in KD 
compared to CT (Figure 4b). However, the SV40 
enhancer showed a mild decrease (Figure 4b).

We further investigated if CGGBP1 depletion 
affected the occupancy of RNA Polymerase 2 at 

2392 D. PATEL ET AL.



b dc

e gf

a

Figure 3. Characterization of CGGBP1-regulated CTCF binding sites in the episomal system. A: Schematic representation of the pGL3- 
control episomal vector system. Candidate LoB and GoB sites along with approximately 250 bp flanking sequences were cloned 
upstream of the SV40 promoter. The schematic shows the LoB5 CTCF binding site along with primers used to determine CTCF 
binding, transcript levels, RNA-Polymerase II, H3K9me3 and H3K27me3 levels at different regions of the episome. B-D: CTCF 
occupancy at episomal LoB and GoB sites were compared between CT and KD by using primer P3 (cloned CTCF sites forward) 
and P6 (SV40 promoter reverse). The Ct value for CTCF enrichment was normalized with input and CTCF enrichment is plotted in 
arbitrary units. Statistical significance was determined by using the unpaired t-test (p-value = 0.05). Episomal LoB5 CTCF binding has 
shown a strong decrease in CTCF binding in KD (b). CTCF occupancy at the episomal GoB4 site increases significantly (c), similarly, 
the LoB3 site in the episome shows a significant increase in CTCF binding upon CGGBP1 depletion (d). E-G: H3K9me3 levels at f1Ori 
and SV40 promoter located upstream and downstream respectively of the episomal CTCF binding sites were compared between CT 
and KD. The Ct value for H3K9me3 enrichment was normalized with input and H3K9me3 levels are represented as arbitrary units 
(y-axis). Statistical significance was determined by using the unpaired t-test (p-value = 0.05). H3K9me3 levels are comparable 
upstream and downstream of the episomal LoB5 site in CT and KD (e). The upstream (f1Ori) of the episomal GoB4 CTCF binding site 
display comparatively reduced levels of the H3K9me3 than the SV40 promoter in CT. The asymmetric distribution of the H3K9me3 is 
potentiated in KD (f). Comparable levels of H3K9me3 are observed at f1Ori and SV40 promoter in CT. A strong decrease in H3K9me3 
levels at f1Ori increases asymmetry of H3K9me3 levels in the immediate flanks of the episomal LoB3 site in KD.
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Figure 4. Regulation of the LoB5-SV40 promoter activity by CGGBP1. A: pGL3-LoB5 construct was transfected in HEK293T cells with 
normal and depleted levels of CGGBP1. Transcript levels were compared at different episomal regions between CT and KD. SV40 
Promoter and FF luciferase show a non-significant increase in transcript levels upon removal of CGGBP1. B: Similarly, SV40 promoter, 
immediate upstream located f1Ori and AmpR regions also show a non-significant increase in transcript levels in the absence of 
CGGBP1. However, the SV40 enhancer exhibits a strong decline in transcriptional activity, while Ori remains immune to any 
significant transcriptional changes upon CGGBP1 depletion. C: RNA Polymerase II occupancy was compared across the episomal 
landscape between CT and KD. In agreement with transcript levels, the SV40 promoter and FF luciferase do not show significant 
changes in RNA Polymerase II levels. However, f1Ori and AmpR, the immediate upstream regions of the episomal LoB5 site, show 
a significant decrease in RNA Polymerase II levels in KD. Similarly, RNA Polymerase II levels at SV40 enhancer and Ori portray 
a significant reduction in KD. D: Ratios of relative RNA abundance to RNA Polymerase II were calculated at different locations on the 
LoB5 episomal system. The ratios were the lowest at the SV40 promoter and the luciferase gene regions. Unlike other regions, the 
luciferase gene body showed the lowest ratio of RNA to RNA Polymerase II.
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all these regions. Unexpectedly, the RNA 
Polymerase 2 occupancy was reduced in KD as 
compared to CT at all the regions except the LoB5- 
SV40 promoter and the Luciferase gene 
(Figure 4c). We then calculated a ratio of tran
script abundance and RNA Polymerase 2 occu
pancy to gauge the transcript productivity of 
RNA Polymerase 2 presence on the DNA. We 
found that f1Ori had the highest transcript abun
dance to RNA Polymerase 2 occupancy ratio fol
lowed by the SV40 enhancer (Figure 4d). This 
indicated that upon CGGBP1 depletion, transcrip
tional activity at f1Ori increases. At the same time, 
the coupling between the SV40 enhancer and the 
LoB5-SV40 promoter, which is expected to drive 
the promoter activity, was not retained in KD. 
Upon CGGBP1 knockdown, the increase in the 
transcriptionally active RNA Polymerase 2 pre
sence at SV40 enhancer did not produce 
a concomitant increase in Luciferase gene tran
script levels. However, a highly similar increase 
in RNA Polymerase 2 occupancy and transcript 
abundance at f1Ori and SV40 Enhancer suggested 
that upon CGGBP1 depletion, the SV40 Enhancer 
and LoB5-SV40 promoter couple to drive tran
scription upstream toward the f1Ori.

Restriction of bidirectional transcription from 
LoB5-SV40 promoter by CGGBP1

For the possibility of transcription of f1Ori by 
the LoB5-SV40 promoter to materialize, the RNA 
Polymerase 2 activity from the SV40 promoter 
must overcome the transcription pause signal 
located between the MCS and the f1Ori 
(Figure 3a). Thereby, transcripts must be gener
ated that span the region from the LoB5-SV40 
promoter to the f1Ori.

PCRs on randomly primed cDNA using primers 
located in f1Ori and SV40 revealed that transcripts 
spanning f1Ori and SV40 promoter are formed for 
LoB3, LoB5 as well as GoB4 (Fig S5A). The ampli
fication was observed from DNase-digested RNA 
templates but not observed upon digestion with 
RNaseH or RNaseI (not shown). Interestingly, the 
CGGBP1-dependence of this SV40 promoter- 
f1Ori transcript was observed very strongly for 
LoB5, weakly for GoB4 and not at all for LoB3 
(Fig S5A). The same length of SV40 promoter- 
f1Ori transcript was obtained using oligo-dT for 
cDNA synthesis followed by PCR using primers 

located in f1Ori and SV40 Promoter (Fig S5B). 
These results suggested that the SV40 promoter- 
f1Ori transcript is polyadenylated at a location 3´ 
to the f1Ori. The depletion of CGGBP1 thus allows 
RNA Polymerase 2 to breach the transcription 
pause and polyA sites located between SV40 pro
moter and f1Ori (Fig S5A). As a control, we tested 
if the polyA signal and RNA Polymerase 2 pause 
site between the 3ʹ end of the Luciferase gene and 
SV40 enhancer is also breached. Using strand- 
specific cDNA synthesized using P5 or P10 (Fig 
S5A), we were not able to amplify any products 
using one primer in SV40 enhancer and another in 
SV40 promoter (not shown). Thus, the direction
ality of the SV40 promoter toward the Luciferase 
gene was not altered but ectopic transcription 
from the SV40 promoter through LoB5 toward 
f1Ori occurred upon CGGBP1 depletion.

To further characterize the direction of tran
scription of the SV40-LoB5-f1Ori we performed 
strand-specific PCRs. cDNA was prepared from 
the terminal primers located in f1Ori or SV40 
promoter and the PCRs were performed using 
both these primers. The entire ~ 2 kb long pro
duct was amplified from cDNA synthesized using 
f1Ori forward primer only (Fig S5B). The cDNA 
generated using the SV40 promoter reverse pri
mer did not give rise to any product (Fig S5B). 
The f1Ori forward-primed cDNA showed stron
ger amplification of the SV40-LoB5-f1Ori product 
in KD and only minimal amplification was 
detected in CT (Fig S5B). The 1.97 kb long PCR 
product was sequence-verified using two opposite 
outgoing primers in the LoB5 (data not shown). 
Further, by using the cDNA generated using the 
f1Ori terminal primer, we performed PCRs for 
terminal fragments in the 2 kb SV40-LoB5-f1Ori 
transcript (Fig S5C). The f1Ori levels were much 
less compared to the levels at the SV40 promoter 
(Fig S5C). These findings indicated that the SV40 
promoter-f1Ori transcript synthesis begins at the 
SV40 promoter and due to incomplete synthesis 
of transcripts and truncations before f1Ori, the 
levels of the 3´ end of the transcript are lower 
than those at the 5´end.

Together, these findings showed that upon 
CGGBP1 depletion the SV40 promoter activity is 
driven to synthesize the SV40-LoB5-f1Ori tran
script that is in the opposite direction and on the 
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strand complementary to the Luciferase gene sense 
strand. Interestingly, depletion of CGGBP1 
allowed this atypical transcription to occur despite 
the presence of the TTS that normally restricts 
transcription. However, this ability of RNA 
Polymerase 2 to breach the pause site was 
observed only for the SV40-upstream region that 
contained LoB5. For the downstream TTS located 
between the Luciferase gene and SV40 enhancer, 
no ectopic transcription was observed.

The LoB5 element recapitulates some of its key 
endogenous properties in the episomal system. 
The LoB5 belongs to a set of regions that exhibit 
CGGBP1-dependent CTCF-binding and are rich 
in L1 repeats. These findings raised the possibility 
that the SV40 T-antigen binding sites in the L1- 
rich CGGBP1-dependent CTCF-binding sites 

genome-wide could exhibit ectopic transcription 
in the absence of CGGBP1. L1 repeats and L1 
repeat-derived sequences also constitute the pri
mary CGGBP1-dependent CTCF-binding sites. To 
assess the extent to which CGGBP1-dependent 
CTCF-binding sites affect transcription bound
aries at endogenous loci genome-wide, we per
formed RNA-seq on CT and KD. Our approach 
focussed on identifying transcription boundaries 
in CT that are breached in KD bidirectionally.

A comparison of CT and KD RNA profiles 
showed two prominent features. First, the weak 
short range transcription sites in CT (812 filtered 
sites) were transcribed into longer contiguous 
transcripts in KD albeit at a lower level showing 
a loss of transcription boundaries in KD (Figure 5, 
A and B). As a converse, at a filtered set of 403 

a b

c d

e f

Figure 5. RNA-seq reveals CGGBP1-regulated CTCF binding patterns at transcription restriction sites. (a and b) The short-range 
weakly transcribing regions in CT (blue) showed stronger transcription in a longer range upon depletion of CGGBP1 in (KD, red) for 
both minus (a) and plus (b) strands respectively. (c and d) The regions of our genome which exhibit stronger and long-range 
transcription under normal levels of CGGBP1 (CT, blue) were found to be restricted to short-range transcription upon CGGBP1 
knockdown (KD, red) on the minus (c) and plus (d) strands respectively. (e and f) The weakly transcribing regions of the genome in 
presence of CT were marked by the presence of CTCF-binding that acted as barrier to transcription in the upstream of the start (e) 
and end (f) sites of the transcripts which was not maintained in KD. The plots show a general disruption of CTCF binding pattern at 
these transcription restriction sites.

2396 D. PATEL ET AL.



sites with string transcription in CT, a restriction 
of transcription was observed in KD (Figure 5, 
C and D). Second, by comparing the transcription 
boundaries in CT that are breached in KD with 
CTCF occupancy in CT and KD, we observed that 
the transcription boundaries are restricted by spe
cific CTCF occupancy patterns in CT. These 
CTCF-binding patterns were disrupted in KD 
(Figure 5, E and F). The transcription start and 
end sites both exhibited a presence of CTCF occu
pancy immediately upstream of the point of tran
scription restriction in CT as compared to KD. 
These results suggested that transcription at ecto
pic transcription sites at multiple locations in the 
genome is restricted by CGGBP1-dependent 
CTCF-binding sites. These CGGBP1-dependent 
CTCF-binding sites are mainly the L1 repeats. 
Interestingly, the L1 repeats are also strong bind
ing sites for the SV40-Large T antigen and tran
scription factors, such as SP1, which are required 
for bidirectional transcription [52,53]. Our results 
suggest that the regulation of bidirectional tran
scription from L1 repeats by SP1 reported earlier is 
a broader process regulated in part by the 
CGGBP1-CTCF axis as well.

Materials and methods

Cell culture

All the experiments on cells were performed in the 
HEK293T cells. These cells were cultured in serum 
(10% FBS) supplemented DMEM (AL007A). 
CGGBP1 depletion in these cells was achieved by 
lentiviral transduction of the lentiviral shmiR con
structs (four different sites in the ORF) targeting 
CGGBP1 (KD) or Control-shmiR (CT) obtained 
from Origene as described earlier [23] and not 
shown. The process of lentiviral production involved 
co-transfection of the third-generation packaging 
plasmids (from Addgene): pRSV-Rev (12,253), 
pMDLg/pRRE (12,251) and pMD2.G (12,259) and 
lentiviral constructs (from Origene) in equimolar 
ratios. For efficient transfection, Fugene (Promega) 
was used (3 µl/µg of DNA). Higher transduction 
yield was obtained with the help of Polybrene 
(Sigma), used at 1:10,000 dilution of 10 mg/ml stock. 
Further, these cells were selected using 0.4 mg/ml of 
puromycin for stable transduction.

For the downstream experiments in HEK293T cells 
containing normal levels of CGGBP1 (CT) or 
depleted levels of CGGBP1 with the three different 
episomal constructs LoB5, LoB3 and GoB4 respec
tively along with the pRV-CMV plasmid (transfection 
control).

Cloning of CGGBP1-dependent CTCF-binding 
sites into pGL3-Control vector

LoB5, LoB3 and GoB4 regions along with 
approximately 250 base flanking sequences were 
cloned between KpnI and XhoI restriction enzyme 
sites in the pGL3-control vector [23]. The LoB and 
GoB peaks and immediate flanking 250 base 
regions were amplified from genomic DNA of 
HEK293T cells by using primers described in 
Table 1. Clones were confirmed by Sanger sequen
cing (not shown). The PCR amplified genomic 
regions were double digested with KpnI and 
XhoI. Similarly, the pGL3-Control vector was dou
ble digested with KpnI and XhoI and cloned in 
pGL3-control. The primer sequences were as fol
lows (all sequences 5ʹ to 3ʹ): LoB5 Cloning 
Forward (AAA GGT ACC ACG AAG TTG AGG 
GTG ACC AG), LoB5 Cloning Reverse (ATA ACT 
CGA GTC AGA CCA GGG GTT TGT CTC), 
GoB4 Cloning Forward (AAA GGT ACC CCT 
AAC CGG AAA ACC ACT CA),

GoB4 Cloning Reverse (ATA ACT CGA GTG 
CAT TGC CAG TTT ATC CAA), LoB3 Cloning 
Forward (ATA ACT CGA GGG GAG CAT CTT 
GGT CTG TGT), LoB3 Cloning Reverse (AAA 
GGT ACC GAG ACC TGA GGA GCA AGT GG.

Chromatin immunoprecipitation (ChIP)

Non-targeting or CGGBP1-targeting shRNA 
expressing lentivirus-transduced HEK293T cells 
(as described above) were grown in DMEM sup
plemented with 10% FBS. pGL3-LoB3, pGL3-LoB5 
or pGL3-GoB4 constructs were transfected [3 µg 
per 10 cm plates] into CT and KD cells. A pRL- 
CMV plasmid (E2231, Promega) [2 µg per 10 cm 
plates] was co-transfected with these constructs as 
a transfection control. HEK293T cells were har
vested after 48 h of transfection and subjected to 
RNA-isolation and ChIP-qPCR.

ChIP for the respective antibodies was per
formed as previously described [23]. Cells were 
harvested after crosslinking for 10 min at 37°C 
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with 1% formaldehyde and quenching with 
Glycine (125 mM). Cells were washed with PBS 
twice and lysed in an SDS lysis buffer containing 
a cocktail of 1x protease phosphatase inhibitors 
(PI78441, Invitrogen). Based on our previous 
experience, the chromatin thus obtained was soni
cated for 21 cycles of 30 seconds ON/30 seconds 
OFF to obtain DNA fragments in the range of 0.5 
kb – 1 kb length. The clear fraction of sonicated 
chromatin was obtained after centrifugation 
(16,000 rcf, 5 minutes, 4°C). 30 µl of fragmented 
chromatin was kept aside as input and the remain
ing (150 µl) was further diluted in ChIP-dilution 
buffer (0.01% SDS, 1.1% Triton X- 100, 1.2 mM 
EDTA, 16.7 mM Tris-HCl, pH 8.1, 167 mM NaCl) 
containing 1X protease phosphatase inhibitors 
cocktail. The chromatin was pre-cleared by incu
bating with protein G sepharose beads for 4 hrs at 
4°C followed by overnight incubation with 
a targeted primary antibody with mild tumbling 
at 4°C. Subsequently, the protein G sepharose 
beads were added and incubated for 1 hour fol
lowed by gentle centrifugation. The pelleted beads 
were washed with different buffers in the following 
order: low-salt IP wash buffer (0.1% SDS, 1% 
Triton X-100, 2 mM EDTA, 20 mM Tris–HCl 
and 150 mM NaCl), high-salt IP wash buffer 
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 
20 mM Tris–HCl and 500 mM NaCl), LiCl IP 
wash buffer (0.25 M LiCl, 1% IGEPAL, 1% sodium 
deoxycholate, 1 mM EDTA and 10 mM Tris–HCl) 
and two washes of TE buffer (10 mM Tris–HCl 
and 1 mM EDTA). The immunoprecipitated DNA 
was eluted using an elution buffer (1% SDS and 0.1 
M NaHCO3) and was reverse-crosslinked (addi
tion of 20 μl of 5 M NaCl and incubation at 65°C 
for 6 hrs). Further, the DNA was subjected to 
Proteinase K (P2308, Sigma) digestion for 1 hour 
(addition of 10 μl of 0.5 M EDTA pH 8.0 and 20 μl 
of 1 M Tris-HCl pH 6.8 followed by 2 μl of 10 mg/ 
ml Proteinase K. The DNA was purified following 
the column-based purification protocol (A1460, 
Promega). Following were the different primary 
antibodies used in the ChIP assays for the indi
cated target proteins: anti-CTCF(2.5 μg each of 
SC-28198 and SC-271514 from SatnaCruz for 
two confluent 10 cm dishes), anti-RNA 
Polymerase 2 (3 μg of 05–623 from Merck for 
two confluent 10 cm dishes), anti-H3K9me3 

(3 μg of SC-130356 from SantaCruz per 10 cm 
confluent plate), anti-H3K27me3 (2 μg of ab6002 
from Abcam per 10 cm confluent plate).

Luciferase assays

Lentiviral transduced HEK293T cells with normal 
and depleted levels of CGGBP1 were seeded in 96 
well plates. LoB (pGL3-LoB3 and pGL3-LoB5), 
GoB (pGL3-GoB4) or pGL3-control empty vectors 
were transfected [100 ng per well] in CT and KD 
cells. The pRL-CMV plasmid (E2231, Promega) 
[25 ng per well] was co-transfected as transfection 
control. HEK293T cells were harvested after 72 h 
of transfection. The dual-luciferase assay was per
formed as per manufacturer protocol (E2920, 
Promega). Cells were washed with PBS and 
100 µl of 1x Passive lysis buffer. 100 µl of 
Luciferase Assay Substrate resuspended in 
Luciferase Assay Buffer II was added to each 
well. Firefly luciferase activity was measured at 
550 to 570 nm wavelength and followed by 
100 µl of 1X Stop & Glo Reagent (part of the kit 
E1910, Promega) was added to each well. Renilla 
Luciferase activity was measured at 470 to 490 nm 
wavelength.

RNA extraction

RNA was isolated by using the TRIzol reagent as per 
the manufacturer’s instructions. RNA was isolated 
from pGL3-control construct transfected cells (as 
described above). Cells were washed with DEPC trea
ted ice-chilled PBS twice and lysed by using TRIzol. 
Cells were scraped and cell lysate was collected in 
1.5 ml Eppendorf. Chloroform (250 μl) was added 
to lysed cells and vigorously mixed and centrifuged at 
10,000 rpm for 5 min. The aqueous layer was carefully 
transferred to the new tube and 550 μl isopropanol 
was added to the aqueous phase. The immunopreci
pitated RNA was washed with 1 ml 75% ethanol in 
DEPC treated H2O and RNA was dissolved in 40 μl of 
DEPC treated water. The isolated RNA was digested 
with DNaseI (M0303S, 4 Units) at room temperature 
for 15 minutes. DNaseI digested RNA was isolated by 
using the TRIzol method.
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cDNA synthesis

For cDNA synthesis using random primer the 
following method was used:

cDNA synthesis was performed by using the 
SuperScript VILO cDNA Synthesis Kit (Invitrogen 
11,754,050) as per the manufacturer’s protocol. RNA 
(2 μg) was incubated with 1X VILO Reaction Mix 
and 1X SuperScript Enzyme Mix. The reaction mix 
was incubated at room temperature for 15 minutes 
and followed by incubation at 42° C for 60 minutes.

For cDNA synthesis using oligo-dT or primers 
P1 or P6 the following method was used:

DNaseI digested RNA from LoB- and GoB- con
structs-transfected CT and KD cells were used for 
cDNA synthesis. RNA ((2 μg) was incubated with 
primer at 65° C for 5 minutes and snap-chilled 
immediately. M-MLV Reverse-transcriptase 
(Promega M1701, 200 Unit) in 1x reverse transcrip
tase buffer was added to primer annealed RNA and 
incubated at 40° C for 60 minutes.

Strand-specific PCR

cDNA synthesis by using an oligo-dT primer or 
strand-specific primer P1 (f1Ori Forward) and P6 
(SV40 Promoter Reverse) were used as the template 
for PCR using primer P1 (f1Ori Forward) and P6 
(SV40 Promoter Reverse). The specific amplifica
tions were compared by Agarose gel electrophoresis.

Sanger sequencing of PCR products

The PCR products obtained from the strand- 
specific PCR were subjected to the Sanger sequen
cing using sequencing primers P4 and P5 
(Figure 5a).

Statistical analysis
All the statistical analyses were performed on 

Graphpad Prism 8 and open office.

Genome browser views

The genome-browser views of the three different 
CGGBP1-dependent CTCF-binding sites were 
obtained using Integrated Genomic Viewer (IGV). 
Repeat sequences were identified in 10kb flanks of 
the CGGBP1-dependent CTCF-binding sites by 
using RepeatMasker. The genomic coordinates of 

the identified repeat elements were used to generate 
bigwig signal files by using the deepTools tool.

ChIP-qPCR

All quantitative PCR reactions were performed at 
57°C annealing temperature and the specific tem
plate amplification was confirmed by agarose gel 
electrophoresis. Following are the PCR conditions: 
95°C-5 minutes, (95°C- 20 seconds, 55°C- 20 sec
onds, 72°C-30 seconds, 80°C-30 seconds (signal 
capturing)) x45 followed by melting curve analysis 
(55 to 95°C constant signal recording). The list of 
primers used for ChIP-qPCRs or RT-PCRs is 
described in supplementary Table S1 (Table S1).

RNA sequencing

RNA was extracted from CT and KD HEK293T cells. 
Poly(A)-tailing of RNA was performed using E. coli 
Poly(A) Polymerase (NEB# M0276) followed by 
rRNA depletion using NEBNext rRNA Depletion 
Kit (NEB#E7405S). The Poly(A) RNA thus obtained 
was used further for library preparation for sequen
cing on MinION (Oxford Nanopore Technologies). 
The library preparation for sequencing was carried 
out following the manufacturer’s protocol for PCR- 
cDNA Sequencing Kit (SQK-PCS109). Base calling 
and quality filtration were done in real-time using 
Guppy in MinKNOW.

RNA-seq analysis

The quality-thresholded reads output by Guppy 
were subjected to trimming of sequencing adap
ters using porechop2. The fasta format sequences 
generated by porechop2 were mapped onto the 
hg38 genome using Hisat2 with these parameters 
(−5 35 − 3 35 – sensitive -f – ignore-quals – 
sensitive; including trimming the ends for 35 
bases). The coordinates of the mapped reads 
were obtained through conversions of sam to 
bam (samtools view) followed by sorting (sam
tools sort) and converting to bed (bedtools bam
tobed). The fragments were segregated into plus 
and minus strands followed by merging (bedtools 
merge) the fragments to generate contiguous 
regions. The downstream analysis pipeline of 
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the RNA-seq data is described as the schematic 
diagram as a supplementary figure (Figure S5).

Plotting RNA-seq signals

RNA-signal files were generated for CT and KD using 
deeptools bamCoverage. computeMatrix option was 
used to generate matrix followed by plotting the aver
age-type summary plot (plotProfile) or heatmap 
(plotHeatmap) functions in deeptools.
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