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Human T-lymphotropic virus type 1 (HTLV-1) is a retrovirus that
causes malignant and inflammatory diseases in ∼10% of infected
people. A typical host has between 104 and 105 clones of HTLV-1-
infected T lymphocytes, each clone distinguished by the genomic
integration site of the single-copy HTLV-1 provirus. The HBZ gene
is constitutively expressed from the minus strand of the provirus,
whereas plus-strand expression, required for viral propagation to
uninfected cells, is suppressed or intermittent in vivo, allowing
escape from host immune surveillance. It remains unknown what
regulates this pattern of proviral transcription and latency. Here
we show that CTCF, a key regulator of chromatin structure and
function, binds to the provirus at a sharp border in epigenetic
modifications in the pX region of the HTLV-1 provirus, in T cells
naturally infected with HTLV-1. CTCF is a zinc-finger protein that
binds to an insulator region in genomic DNA and plays a funda-
mental role in controlling higher-order chromatin structure and
gene expression in vertebrate cells. We show that CTCF bound
to HTLV-1 acts as an enhancer blocker, regulates HTLV-1 mRNA
splicing, and forms long-distance interactions with flanking host
chromatin. CTCF binding sites have been propagated through-
out the genome by transposons in certain primate lineages, but
CTCF binding has not previously been described in present-day
exogenous retroviruses. The presence of an ectopic CTCF binding
site introduced by the retrovirus in tens of thousands of genomic
locations has the potential to cause widespread abnormalities in
host cell chromatin structure and gene expression.
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Introduction:

Retroviruses integrate a double-stranded DNA copy of their
genome – the provirus – into the genome of the cell they in-
fect. Human T-lymphotropic virus type 1 (HTLV-1) is an ex-
ogenous retrovirus, widespread in the tropics. Most infected
people are asymptomatic carriers, but ∼10% develop a ma-
lignant or inflammatory disease. Adult T-cell leukemia (ATL)
is a leukemia of HTLV-1-infected CD4+ T -cells. ATL cells
frequently contain chromosomal abnormalities and the disease
is refractory to conventional chemotherapy. HTLV-1-associated
myelopathy/tropical spastic paraparesis (HAM/TSP) is a chronic
inflammatory disease of the spinal cord. HTLV-1 spreads within
the individual both by cell-to-cell transmission and by clonal
proliferation of infected cells: HTLV-1 gene products induce pro-
liferation and enhance survival of infected cells (1, 2). In addition
to the viral genes that encode enzymes and structural proteins,
HTLV-1 encodes several regulatory and accessory genes in the
pX region, between the env gene and the 3’LTR. The HBZ gene
is constitutively expressed from the minus strand of the integrated
provirus (3), whereas plus-strand expression, required for viral
propagation to uninfected cells, is suppressed or intermittently
expressed in vivo, allowing escape from host immune surveillance

(2, 4). It is unknown how HTLV-1 maintains this chromatin state
and strand-selective transcription.

One mechanism used by HTLV-1 to suppress transcription
of the plus strand is methylation of the 5’LTR, whereas there is
little DNA methylation in the 3’LTR (5). The DNA methylation is
sharply reduced at the middle of the provirus (6). This observation
raised the question whether there is a regulatory mechanism that
divides the methylated 5’ part from the unmethylated 3’ part of
the provirus, perhaps to allow the constitutive expression of the
HBZ gene that appears to be required for clonal persistence of
HTLV-1 (3, 7).

A chromatin insulator is a DNA region that separates tran-
scriptionally active and inactive regions by binding to certain pro-
teins. The best-characterized insulator-binding protein in higher
eukaryotes is CTCF, an 11 zinc-finger protein, highly conserved
from fly to human (8), which binds to tens of thousands of
sites in the human genome and regulates chromatin structure,
transcriptional activation, repression, silencing, imprinting, and
alternative splicing (9). We therefore set out to test the hypothesis
that CTCF binds to the HTLV-1 provirus at an epigenetic border,
and regulates proviral transcription.

Significance

The retrovirus HTLV-1 causes inflammatory and malignant
diseases in humans. To maintain latency and avoid immune
detection in vivo, HTLV-1 minimizes expression of genes on the
plus-strand of the integrated provirus, but allows constitutive
expression of the minus-strand gene, which maintains clonal
persistence. It is not understood how this gene expression is
regulated. We show that CTCF, a master regulator of chromatin
structure and gene expression, binds to HTLV-1, forms loops
between the provirus and the host genome, and alters expres-
sion of proviral and host genes. Since a typical HTLV-1-infected
host carries >104 infected T-cell clones, each containing a
provirus integrated in a different genomic site, CTCF binding
gives HTLV-1 the potential to cause widespread abnormalities
in the human genome.
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Fig. 1. Epigenetic border in the pX region of the
HTLV-1 provirus. (A) HTLV-1 provirus showing the
4 main viral coding regions (gag, pol, env and pX,
above provirus), the regions analysed by real-time
qPCR in the ChIP assay (below provirus), and the
viral transcripts, tax and sHBZ. (B-E) Distribution of
H3K4me3, H3K36me3, H3K9Ac,andH2A.Z (B and C),
and DNA methylation (D and E) over HTLV-1 provirus
in a primary non-malignant clone (TBX-4B) (B and D)
and an ATL cell line (ED) (C and E). ChIP signal is shown
as % of input DNA. An IgG of unrelated specificity
was used as a negative control. Representative results
from three independent experiments are shown. (F)
Schematic distribution of epigenetic modifications in
HTLV-1 provirus in relation to the CTCF-binding site.
(G) Distribution of H3K36me3 over HIV-1 provirus in a
latently infected cell line (U1).

Results

An epigenetic border in the HTLV-1 provirus

We used chromatin immunoprecipitation (ChIP) assays to
identify epigenetic marks over the HTLV-1 provirus (Fig. 1A),
including H3K36me3 and H3K9Ac, each associated with actively
transcribed genes; H3K4me3, characteristic of enhancer and pro-
moter regions; and H2A.Z, a histone variant frequently observed
in promoter and enhancer regions (10). The results showed a
sharp border in each of these epigenetic modifications in the pX
region of the provirus, in both a non-malignant primary T-cell
clone (Fig. 1B) and an ATL cell line (Fig.1C). The epigenetic
border was more sharply defined in the ATL cell line, in which
sHBZ is transcribed but plus-strand transcription is significantly
suppressed (Fig. S1), than in non-malignant T-cell clones, in
which both tax, a plus-strand transcript, and sHBZ, a minus-
strand transcript, are actively transcribed. The same pattern was
also observed in three other HTLV-1-infected T-cell lines (Fig. S2
A-C) and in peripheral blood mononuclear cells (PBMCs) freshly
isolated from patients with ATL (Fig. S3 A-F). In addition, a bor-
der was observed in DNA methylation, consistent with previous
observations (6) (Fig. 1 D and E). The results are summarized
schematically in Fig. 1F. The observed pattern of epigenetic mod-
ifications was consistent with the observation that transcription
of the proviral minus-strand exceeds that of the plus-strand both
ex vivo4 and frequently in HTLV-1-infected clones in vitro (Fig.
S1). In contrast, in the provirus of another human retrovirus,
HIV-1, the mark H3K36me3 showed a progressive rise, with no

border (Fig. 1G): this result was expected, because H3K36me3
is characteristic of actively transcribed gene bodies, increasing
toward the 3’ end of the gene (10). These observations, together
with previous reports (5, 6) suggested the presence of a regulatory
mechanism that establishes the distinctive pattern of epigenetic
modifications respectively in the 5’ and 3’ portions of the HTLV-1
provirus.

The host insulator-binding protein CTCF binds to the HTLV-
1 provirus in vivo

Insulator elements demarcate the boundary between tran-
scriptionally active (euchromatic) and inactive (heterochromatic)
regions of the genome (11) and prevent enhancers from activating
inappropriate promoters. We therefore tested the hypothesis that
CTCF binds to HTLV-1 at the observed boundary in epigenetic
modifications (Fig.1). First, we searched for the consensus CTCF
DNA-binding motif ((9); Fig. S4 A-C) in the HTLV-1 genome,
and identified several candidate binding sites (Fig. 2A); the site
in pX showed the highest similarity to the consensus sequence.
CTCF ChIP assays revealed CTCF binding in pX (viral CTCF-
binding site; vCTCF) but not in the other proviral regions tested
(Fig. 2 B and C); similar results were obtained in fresh PBMCs
from patients with either HAM/TSP (Fig. 2D) or ATL (Fig. 2E),
demonstrating that CTCF binds to the pX region of HTLV-1
in natural infection in vivo. In contrast, CTCF did not bind to
the provirus of HIV-1 (Fig. 2F), consistent with the absence of
a border in the epigenetic mark H3K36me3 within the HIV-1
provirus (Fig. 1G).
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Fig. 2. Identification of CTCF binding site (vCTCF) in HTLV-1 genome.
(A) Similarity scores were calculated using the method shown in Fig. S4 to
identify potential CTCF-binding sites in the HTLV-1 genome (NCBI Genbank:
AB513134). The 4 positions with a score >80 (shown in red) were all in the
plus-strand (sense). (B-E) CTCF specifically localized at the putative CTCF-
binding site of the pX region. Results of CTCF-ChIP assay in a non-malignant
HTLV-1-infected T-cell clone, 11.63 (B); an ATL cell line, ED (C); PBMCs from
a patient with HAM/TSP (D); PBMCs from an ATL patient (E); and an HIV-
1-infected cell line (U1) (F). Representative results are shown from three (B
and C) or two (D and E) independent experiments respectively. TC-1; positive
control region for CTCF-binding in the human genome.

ChIP-seq analysis showed a sharp peak of CTCF binding in
the region of the epigenetic border

To define CTCF binding and the epigenetic border in the
HTLV-1 provirus with greater precision, we performed ChIP-
seq analysis of a cell line (ED) derived from a patient with
ATL, which contains a single-copy HTLV-1 provirus. Since the
5’LTR and 3’LTR are identical in sequence, sequence reads that
lie within the LTR cannot be specifically mapped. LTR reads
were therefore randomly mapped to either the 5’ or the 3’ LTR.
The results showed a single peak of CTCF binding in the pX
region, consistent with the ChIP-qPCR result (Fig. 3, Fig. S5). The
pattern of histone modifications and the histone variant H2A.Z
also changed at the CTCF-binding region, in each case extending
a short distance beyond the binding site, as observed by others
(12).

CTCF binds directly to HTLV-1 pX DNA in a sequence-
dependent manner

CTCF exerts its pleiotropic functions by interacting with
various co-factors (8, 13), suggesting that CTCF might bind in-
directly to HTLV-1. To test this, we performed an electrophoretic
mobility shift assay (EMSA) using recombinant CTCF and three
synthetic oligonucleotides, each corresponding to a candidate
CTCF-binding site in the HTLV-1 genome and one from the
well-characterized CTCF-binding DNA region H19/DMR, the
differentially methylated region of the H19 gene (14, 15) (Fig.
S6A); each oligonucleotide contained a different variant of the
consensus sequence for CTCF binding (Fig. S6B). The results
showed specific binding of CTCF to vCTCF in the HTLV-1 pX

Fig. 3. Epigenetic landscape of HTLV-1 provirus analyzed by ChIP-seq. Enrich-
ment of CTCF, H3K4me3, H3K36me3, H3K9Ac and H2A.Z in ED cells is shown.
These data are aggregated from two biological replicate experiments; each
replicate showed a similar epigenetic profile. LTR sequences are shaded in
orange. LTR reads were randomly mapped to 5’LTR or 3’LTR, because their
sequences are identical, Peaks of each signal were analyzed by the MACS
algorithm and are shown as black bars above the histogram. The significance
of enrichment of each signal over input-DNA peaks was calculated with a
cut-off P value of 10-5. The ChIP-seq profile of the flanking human genome
is shown at larger scale (∼100kb) in Fig. S5.

region but not to either the LTR or env (Fig. S6C). Competition
assays confirmed these results (Fig. S6D). The introduction of
six nucleotide substitutions in the consensus CTCF-binding se-
quence in vCTCF abrogated the ability of the oligonucleotide to
compete with the wild-type pX sequence in binding to CTCF,
showing that CTCF binds directly to HTLV-1 DNA in the pX re-
gion in a sequence-dependent manner (Fig. S6E). The consensus
sequence for the CTCF-binding site in pX is conserved both in
the HTLV-1 sequences in GenBank (Fig. S7A) and in all cases of
ATL and asymptomatic carriers examined (Fig. S7B).

HTLV-1 pX has enhancer-blocking activity
CTCF bound to DNA between an enhancer and a promoter

can block the activation of the promoter by the enhancer. A 1kb
DNA fragment of pX containing the CTCF-binding site showed
strong enhancer-blocking (EB) activity, similar to the positive
control, H19/DMR (Fig. 4A). EB function was observed with
pX inserted in either orientation between the enhancer and the
promoter, and was reduced, but not eliminated, when the pX
fragment was inserted outside the enhancer-promoter region,
suggesting that pX contains a bidirectional insulator function
(Fig. 4A). The EB activity was detected using either the 1kb, 300
bp, or 100 bp fragments of the pX sequence, each containing the
CTCF-binding region (Fig. 4B); the progressively stronger EB
effect observed with longer fragments suggests that additional
host factors bind the provirus near the CTCF site. In contrast,
there was no EB activity with the HTLV-1 env sequence, which
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Fig. 4. HTLV-1 pX region exerts CTCF-dependent enhancer-blocking activity.
(A) pIHL-pX-E and pIHL-rpX-E plasmids were constructed by inserting a
fragment of approximately 1000 bp, containing the CTCF binding site from
the pX region, inserted in either sense or antisense orientation between
the promoter and the enhancer in pIHLE reporter vector. The H19 DMR
insulator was used as a positive control for insulator function. For pIHLE-
pX, the pX fragment was inserted downstream of the enhancer in pIHLE
reporter vector. Firefly luciferase activities were normalized to renilla lu-
ciferase and are shown as relative light units (RLU). (B) Plasmids pIHL-pX300-
E and pIHL-pX100-E were constructed by inserting fragments, containing
the pX CTCF binding site, of ∼300 and ∼100 bp, respectively. pIHL-env-
300-E was constructed by inserting a 300 bp-fragment from HTLV-1 env
region. (C) For pIHLE-pX300 and pIHLE-pX100, the pX fragment was inserted
downstreamof the enhancer. Plasmids linearizedwith the restriction enzyme
MluI were used in the assay. (D) Plasmids pIHLpXmut1-E and pIHLpXmut2-E
were generated by inserting a DNA fragment of 100bp containing the CTCF
binding site with the same nucleotide substitutions as shown in Fig. S6B. In
pIHL-pXdel-E, the core CTCF binding site was deleted. Luc, luciferase gene;
Prom, promoter of H19 gene; DMR, H19 DMR insulator; Enh, SV40 enhancer.
Data shown are representative of three independent experiments. (t-test; *P
< 0.05; **P < 0.01; ***P < 0.001; ns – not significant).

does not bind CTCF. A degree of promoter suppression was
observed even when the pX sequence was located beyond the
promoter-enhancer (Fig. 4A). In these experiments we used cir-

Fig. 5. Effect of mutations in thevCTCF sequence on proviral transcription
and a histone modification, H3K36me3. (A) Introduction of mutations in
thevCTCF sequence (using CRISPR-Cas9) abolished the CTCF binding to the
pX region. Representative CTCF-ChIP-qPCR results of ED-WT and ED-△vCTCF-
BS (viral CTCF-binding site)cells are shown. (B) Representative qRT-PCR result
of viral transcripts from HTLV-1 provirus. 18S rRNA was also quantified as
an internal control. Data shown are representative of two independent
experiments. Tax expression is inhibited in ED cells by dense DNAmethylation
in the 5’LTR and by a premature stop codon in the tax gene. (N.D. – not
detectable) (C) H3K36me3-ChIP-seq results from WT and △vCTCF-BS ED cells
(two independent experiments in each case). Since the 5’LTR and 3’LTR are
identical in sequence, the LTR reads were randomly mapped to either the
5’ or the 3’ LTR. Black arrow indicates viral CTCF-binding site. Red rectangle
indicates the region immediately downstream of the CTCF-binding site. (D)
Representative qRT-PCR result of viral transcripts from HTLV-1 provirus. 18S
rRNAwas quantified as an internal control. Data shown are representative of
two independent experiments on each of three independent sets of clones
after long-term cultivation in the presence of IL-2 (100 IU/mL). Statistical
significance was assessed by Student’s t-test; (*P < 0.05; ns – not significant).

cular plasmids, in which the enhancer might affect the promoter
either upstream or downstream. We therefore repeated the EB
assay after linearizing the plasmids. The results showed that
300bp or 100bp pX fragments exerted EB activity only when
inserted between the promoter and the enhancer (Fig. 4C). The
EB activity of the pX region was significantly reduced by mutation
of the the CTCF binding site (Fig. S6B), indicating that CTCF
plays an important role in the EB function (Fig. 4D).

CTCF influences proviral transcription and RNA splicing
To investigate the effect of CTCF on proviral transcription,

we transfected an ATL cell line (MT-1) with short hairpin RNA
(shRNA) to knock down CTCF expression (Fig. S8A and B).
There was a slight suppressive effect of CTCF-KD on the proviral
transcriptome (Fig. S8C). Further analysis by qRT-PCR with
transcript-specific primers (Fig. S8D) revealed significant repres-
sion of the HTLV-1 p30 gene (Fig. S8E). We further analyzed
the effect of mutations in the viral CTCF-binding region by using
the CRISPR-Cas9 system in another ATL cell line, ED. We con-
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Fig. 6. HTLV-1 alters local higher-order chromatin structure and gene
expression in host genome. (A) CTCF ChIP-seq data reveal binding of CTCF
to the HTLV-1 provirus and the flanking host genome across a 60kb region
in ED cells. The green and red arrowheads denote the orientation of the
respective CTCF binding sites (inferred from theDNA sequence) in the cellular
genome (cCTCF-BS) and the provirus (vCTCF-BS). (B) The frequency of long-
range chromatin interactions were assessed by quantitative 3C analyses on
6 independent libraries (3 ED-WT and 3 ED-△vCTCF-BS), using primers within
the NlaIII fragments containing the cCTCF-BS (green rectangle in Fig. 6A) and
vCTCF-BS (red rectangle in Fig. 6A) and the TaqMan probe encompassing the
ligation junction of two fragments. Results are mean ± standard error. The
mean interaction frequency in the mutant was significantly lower than that
in the WT (3 biological replicates of each).* P=0.0186; ns - not significant
(Welch two-sample t-test). (C) Schematic figure of host genes near the
integration site of HTLV-1 in ED cells. CTCF-binding regions in ED cells are
also shown as vertical bars below the figure. Red bar shows CTCF-binding site
within HTLV-1 provirus; green bar shows the interacting host CTCF site shown
in Fig. 6A. (D) Representative result of qRT-PCR analysis. Expression levels of
GIT2, TCHP, and C12orf76 genes were analyzed in ED-WT and ED-△vCTCF-BS
cells after long-term cultivation in the presence of IL-2. Representative results
from two independent experiments are shown. The level of expression of
GIT2 and TCHP was significantly lower in the △vCTCF-BS line than the WT. **
P < 0.01; * P < 0.05; ns – not significant (Student’s t-test).

firmed the loss of CTCF-binding by mutating 6 key nucleotides
(Fig. S6B; vCTCF-mut1) in the proviral core CTCF binding site
(Fig. 5A). Initially there was no significant change in expression
of tax or HBZ (Fig. 5B), but a slight change was evident in the
border of H3K36me3 (Fig. 5C). Since HBZ expression plays a
critical role in the proliferation of ATL cells (3), ED cells with low
HBZ expression may be counterselected during in vitro growth.
To reduce the dependency of ED cell proliferation on HBZ, we
cultured the cells in the presence of IL-2. After 4 weeks, the loss of
CTCF binding (ΔvCTCF-BS) resulted in a significant decrease in
sHBZ transcription (Fig. 5D). The tax gene was not reactivated;
the provirus of ED cells appears to be epigenetically stabilized
by DNA hypermethylation in the 5’LTR (Fig. 1E). Together with
the results shown in Fig.1-5, Fig. S1-3 and S8, these data indicate
that CTCF plays a role in the regulation of HTLV-1 proviral
transcription and RNA splicing.

HTLV-1 alters local higher-order chromatin structure and
gene expression in the host genome

To test the hypothesis that the HTLV-1 provirus forms CTCF-
mediated chromatin interactions with the flanking host genome,
we used the chromosome conformation capture (3C) assay to
analyse chromatin from ED cells containing either wild-type
HTLV-1 or the mutant HTLV-1 ΔvCTCF-BS, in which CTCF
binding was abrogated (Fig. 5A). A strong CTCF ChIP-seq signal
(cellular CTCF; cCTCF) was observed in the host genome, 48kb
upstream of the proviral integration site (Fig. 6A). Quantitative
3C analysis demonstrated that the cCTCF sites made long-range
interactions with the wild-type provirus significantly more fre-
quently than with theΔvCTCF-BS mutant (Fig. 6B). These CTCF
sites are oriented towards the provirus, which is integrated in
the genome in the negative orientation (Fig. 6A). The viral and
host CTCF binding sites are therefore oriented towards each
other; convergent CTCF binding sites appear to be required for
chromatin loop formation (16-18). We also examined the effect
of ΔvCTCF-BS on local host gene expression, TCHP, GIT2, and
C12orf76 (Fig. 6C). Transcription of two host genes near an
upstream CTCF-binding site was affected by vCTCF-BS mutation
(Fig. 6D). These results show that the integrated HTLV-1 provirus
can form CTCF-dependent chromatin loops with the flanking
host genome and may cause CTCF-dependent changes in host
gene expression.

Discussion

We show that the chromatin insulator protein CTCF binds di-
rectly to the HTLV-1 provirus. CTCF-binding sites have been
propagated throughout the genome by transposons in certain
non-human primate lineages (19), and CTCF has been shown
to regulate latency programs in the herpesviruses EBV (20) and
KSHV (21). However, CTCF binding has not been described
in present-day exogenous retroviruses. The diverse functions as-
cribed to CTCF include enhancement or repression of transcrip-
tion; promoting or blocking communication between enhancers
and promoters; acting as a barrier to the propagation of epige-
netic changes; and regulation of mRNA splicing (22, 23). We
show here that knock-down of CTCF changed the pattern of
splicing of the p30 transcript, in which the CTCF-binding site is
present near the splicing junction (Fig. S8D and E). The actions
of CTCF at a given location depend on the local context, involving
selective interactions between CTCF and both transcriptional co-
factors and the primary DNA sequence (24). Homodimerization
of CTCF bound to two genomic sites can cause chromatin looping
(8), forming structural chromatin loops (∼1Mb in size), known
as topologically associating domains (TADs), which are largely
shared between cell types, and smaller functional loops (sub-
TADs). Sub-TADs, typically contained within TADs, appear to
regulate transcription by bringing a distant enhancer near the
respective promoter(8, 16, 18, 25). However, while CTCF plays
a central role in establishing chromatin structure, epigenetic bor-
ders and transcriptional activity, removal of CTCF does not in-
variably lead to changes in chromatin looping (26) and epigenetic
marks flanking the border (12). Further, gene expression can be
changed in cis at some distance from the abrogated CTCF binding
site (12, 27). The epigenetic pattern and chromatin structure may
be maintained in the absence of CTCF by cohesin or by other
DNA-binding factors such as transcription factors, other zinc
finger proteins (e.g. ZNF143 ), or RNAs (8, 13). We show here
that CTCF binding to HTLV-1 plays a role in enhancer blocking
(Fig.4) and proviral gene expression (Fig.5), but abolition of
CTCF binding did not cancel the effect completely (Fig. 4D and
Fig. 5C), suggesting that other cofactors also contribute to these
mechanisms.

Binding of CTCF to the HTLV-1 provirus may serve several
functions that benefit the virus, among which we identify 3 possi-
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bilities which are not mutually exclusive. First, by forming a bar-
rier to epigenetic modifications, CTCF may cause or perpetuate
differential transcription of the 5’ and 3’ parts of the provirus,
resulting in persistent expression of HBZ, which is required for
clonal persistence (2, 7), while promoting escape from the strong
host immune response to the plus-strand gene products Tax, Pol
and Gag (4) by temporary silencing of the plus-strand genes (3,
5, 6). The results reported here and the previous observation of
partial DNA methylation in the provirus (3, 5, 6) suggest that
CTCF establishes an epigenetic border in the provirus, which may
be stably maintained thereafter by DNA methylation. Second,
CTCF may block aberrant activation of the 5’ and 3’ viral pro-
moters by the enhancer present in the 3’ and 5’ LTR respectively.
Third, CTCF might tether the provirus to the nucleolar periphery
(28), allowing cell-cycle-dependent proviral silencing and thereby
promoting immune escape. This possibility is consistent with our
observation (29) of selective survival in vivo of HTLV-1 proviruses
integrated in acrocentric chromosomes, which are associated with
the nucleolar periphery. The impact of the HTLV-1 provirus on
higher-order host chromatin structure and the consequent effects
on gene expression are adventitious, because they depend on the
proviral integration site: they are therefore unlikely to system-
atically benefit the virus. The consequences of CTCF binding
will differ between clones of HTLV-1-infected cells, because the
proviral integration site is unique to each clone. A chromatin loop
that brings either the 5’ or the 3’ LTR adjacent to a host gene
may dysregulate cell growth and cause or contribute to malignant
transformation of the cell (30, 31). HTLV-1-infected individuals

typically possess >104 infected T-cell clones, each containing one
provirus in a unique genomic location (32). HTLV-1 therefore
has the potential to cause widespread abnormalities in chromatin
structure and gene expression of the human genome by inserting
ectopic CTCF-binding sites: these abnormalities may in turn con-
tribute to the HTLV-1-associated diseases ATL and HAM/TSP
(33).

Materials and Methods
This study was conducted according to the principles expressed in the
Declaration of Helsinki and approved by the review boards of the respective
institutions. Full details of the materials and methods used are provided in
Supporting Information, including cell culture, qRT-PCR, EMSA, ChIP assay,
methylated DNA immunoprecipitation (MeDIP) assay, enhancer-blocking
assay, shRNA knockdownof CTCF, RNA-seq, CRISPRmodification of the HTLV-
1 genome, quantitative 3C, and identification of candidate CTCF binding sites
in the HTLV-1 genome.
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