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Abstract

The NF-«kB protein p65/RelA plays a pivotal role in coordinating gene expression in response to diverse stimuli, including viral infections. At

the chromatin level, p65/RelA regulates gene transcription and alternative splicing through promoter enrichment and genomic exon occupancy,
respectively. The intricate ways in which p65/RelA simultaneously governs these functions across various genes remain to be fully elucidated. In
this study, we employed the HTLV-1 Tax oncoprotein, a potent activator of NF-«B, to investigate its influence on the three-dimensional organization
of the genome, a key factor in gene regulation. We discovered that Tax restructures the 3D genomic landscape, bringing together genes based

on their regulation and splicing patterns. Notably, we found that the Tax-induced gene—gene contact between the two master genes NFKBIA

and RELA is associated with their respective changes in gene expression and alternative splicing. Through dCas9-mediated approaches, we

demonstrated that NFKBIA-RELA interaction is required for alternative splicing regulation and is caused by an intragenic enrichment of p65/RelA

on RELA. Our findings shed light on new regulatory mechanisms upon HTLV-1 Tax and underscore the integral role of p65/RelA in coordinated
regulation of NF-kB-responsive genes at both transcriptional and splicing levels in the context of the 3D genome.
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Introduction

The process of gene expression involves multiple steps, includ-
ing transcription and splicing, that work together to shape
the transcriptome and ultimately determine cell behavior. The
gene-to-gene coordination between transcription and alterna-
tive splicing events is thus required for proper cell response to
stimulus. Cellular pathogens such as viruses can disturb this
coordination, leading to both quantitative and qualitative al-
terations in transcriptome diversity, which can ultimately dis-

turb cellular homeostasis and promote viral replication and
persistence. A better understanding of mechanisms involved
in coordinating transcription and splicing is thus necessary to
comprehend the cellular response to viral infections.

The retrovirus Human T-cell Leukemia Virus type 1 (HTLV-
1) primarily infects T lymphocytes, leading to a range of dis-
eases, including adult T-cell leukemia/lymphoma (ATLL) and
various inflammatory diseases (1). HTLV-1 replication ini-
tially involves cell-to-cell transmission followed by clonal ex-
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pansion of infected cells which is responsible for the persis-
tence of the virus and associated diseases (2). One of the key
viral proteins involved in HTLV-1 infection is the oncoprotein
Tax that has been first described as a transcriptional activa-
tor interacting with a variety of host cell proteins, including
the NF-«B family of transcription factors. By hijacking NF-xB
signaling, Tax deeply affects crucial mechanisms involved in
immune response, cell survival, and inflammation, and plays
a critical role in HTLV-1 pathogenesis (3).

At the molecular level, Tax interacts with multiple NF-«B
and IkB proteins, including p65/RelA (4), p50 (5), c-Rel (4),
p100 (6-8), p105 (9), IkBa (10,11) and NEMO (10,12). Tax
activates the NF-kB pathway by promoting the degradation
of the inhibitory protein IkBx, which controls the oscillating
dynamics of NF-«kB signaling (13,14). Tax induces a consti-
tutive nuclear translocation of p65/RelA, resulting in chronic
activation of target genes. Through post-translational modi-
fications (15), Tax is able to form nuclear bodies enriched in
NF-kB p65/RelA and splicing factor SRSF2/SC335 that have
been proposed to participate in Tax-mediated activation of
gene expression via NF-kB pathway (16,17). In this setting,
we have recently demonstrated that when Tax is expressed,
p65/RelA not only impacts promoters but is also enriched at
gene bodies and induces alternative splicing changes, thereby
broadening the influence of NF-«B on transcriptome diversity,
both quantitatively and qualitatively (18). The transcription
factor p65/RelA interacts with various splicing factors (18-
22), including DDX17 which regulates splicing of GC-rich
exons when recruited by p65/RelA in close proximity to the
genomic target exon (18). It is noteworthy that Tax-induced
alternative splicing primarily impacts genes that are not modi-
fied at the gene expression level (18,23). Further, experimental
tethering of p65/RelA to its genomic target exon is sufficient
to locally affect alternative splicing, indicating that p65/RelA
acts on splicing regardless of its activity on the target gene
promoter (18). Given the tightly controlled coordination of
NF-«kB-regulated genes to mediate cellular functions and re-
sponses to stimuli, these findings raise questions whether these
two distinct activities of p65/RelA are coordinated.

The transcriptional coordination of NF-kB-responsive
genes is regulated through a complex interplay of mecha-
nisms that includes the oscillating dynamics of NF-kB signal-
ing (13,14,24), the differential DNA affinity of homo- or het-
erodimers formed by NF-«B subunits (25,26), the recognition
of kB sites and flanking sequences (26-28), as well as spe-
cific co-factors and post-translational modifications of NF-kB
(29,30). Moreover, the 3D conformation of chromatin has re-
cently emerged as a critical determinant of NF-kB-mediated
gene expression regulation (31). NF-kB p65/RelA is able
to promote DNA looping through interactions with various
transcription and chromatin remodeling factors (32,33). NF-
kB signaling upon TNF-« has been associated with the for-
mation of specialized transcription factories, also called NF-
kB factories, where responsive-coding and -miRNA genes are
transcribed in a coordinated manner (34). Such long-range in-
teractions of co-transcribed genes can occur in a hierarchical
relationship that contributes to the temporal coordinated reg-
ulation of responsive genes (35).

Of note, 3D chromatin conformation has also been in-
volved in co-transcriptional alternative splicing regulation, in
combination with other various factors such as RNA bind-
ing proteins, elongation rate of transcription, and chromatin
remodeling factors (33-41). Active chromatin has been ob-
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served highly concentrated in the nuclear center and around
nuclear speckles (NS), which are dynamic subnuclear struc-
tures enriched in splicing factors and other RNA processing
proteins (42). NS are enriched in GC-rich genomic sequences
in their close vicinity (43). In particular, it appears that exon-
intron units with high-GC content are preferentially localized
in the nuclear center in association with NS, compared to their
low-GC counterparts (44,45). Importantly, high- and low-GC
exon-intron units display different splicing patterns, and their
experimental shifting from one genomic location to another
affects both their transcription and splicing regulation, indi-
cating that the nuclear location of the gene determines its reg-
ulation in alternative splicing (45). In line with this, the forma-
tion of multigene complexes via trans-chromosomal contacts
in foci enriched in splicing factor RBM20 has been shown
to function as a splicing factory, suggesting that gene interac-
tion networks may act as hubs regulating both transcription
and alternative splicing of cell-signaling responsive genes (46).
The question thus arises whether 3D chromatin conformation
could play a role in coordinating transcription and alternative
splicing events promoted by p65/RELA upon Tax expression.

Here, we provide molecular evidence that Tax induces dras-
tic changes in the 3D conformation of the cell genome that
are accompanied by differential gene expression and alterna-
tive splicing modifications. In particular, we show that a trans-
chromosomal interaction involving NFKBIA and RELA genes
is required for Tax-induced skipping of exon E6 of RELA,
leading to the expression of an isoform of p65/RelA with a
unique gene expression activation pattern. Engineering-based
approaches via dCas9 demonstrate that NFKBIA-RELA con-
tacts are caused by the DNA binding of p65/RelA at the close
vicinity of the genomic RELA E6, without affecting target
gene expression. These results provide insight into the inter-
play between HTLV-1, NF-«B signaling, and 3D genome con-
formation in reprogramming cellular function, demonstrating
how the formation of a p65/RelA dependent multigene com-
plex coordinates NF-«kB-related transcription and alternative
splicing events.

Materials and methods

Cell culture and transfections

The human embryonic kidney (HEK) 293T-LTR-GFP cell
contains an integrated GFP reporter gene under the con-
trol of the viral HTLV-1 long terminal repeat (LTR).
HEK293T-LTR-GFP were cultured in DMEM + 4.5 g/l p-
glucose + pyruvate + GlutaMAX™, supplemented with 10%
heat-inactivated FBS and 1% Penicillin/Streptomycin. The
transfection efficiency of cells with Tax, Tax-M22, and dCas9-
T2a-GFP constructs was assessed by measuring GFP fluo-
rescence with EVOS® FL Imaging System. RNA guides for
dCas9 (sgRNA) (Supplementary Table 1) were designed us-
ing UCSC ‘CRISPR targets’ tracks and sequences with overall
highest prediction scores and lowest off-targets. The sgRNAs
were cloned into the BsmBI sites of the CRIZI plasmid (gen-
erously gifted by Philippe Mangeot, CIRI, Lyon, France). For
dCas9-p635 cloning, WT-p65 was amplified from HEK-293T-
LTR-GFP ¢cDNA and cloned into the BamHI and Xbal sites
of dCas9-empty-GFP plasmid (generously gifted by Reini E.
Luco, Institut Curie, Orsay, France). The expression vectors
pRELA-WT and pRELAAEG6 were produced using sequences
amplified from HEK293T ¢DNA and the V5 sequence was
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added in 5'. Sequences were then cloned in pX]J41 plasmid
using Notl and BamHI restriction sites. All sequences were
verified by Sanger sequencing.

Transfections were performed using pSGSM-Tax-WT,
pSGSM-Tax-M22, pLV hU6-sgRNA hUbC-dCas9-KRAB-
T2a-GFP  (addgene plasmid #71237), sgRNA-CRIZI,
pBabe-Puro-IKBalpha-wt  (Addgene plasmid #15290),
dCas9-p65, dCas9-empty, siRNA-siGL2 and -NFKBIA
(SASI_Hs01_00118495 on NMO020529, Merck) using Jet-
prime (Polyplus Transfection) following manufacturer’s
instructions, and cells were harvested 48 h post-transfection.

HTLV-1-chronically infected lymphocytes C91PL and non-
infected Jurkat (both kindly gifted by Renaud Mahieux CIRI,
Lyon, France) were cultivated in RPMI 1640 medium (Gibco,
Life Technologies) supplemented with 25 mM HEPES, 10%
heat-inactivated FBS and 1% penicillin/streptomycin.

RNA-seq analysis

RNA-seq data have been previously published (18) and
deposited on NCBI GEO under the accession number
GSE123752. Briefly, poly-A transcripts were extracted at 48 h
post-transfection from 293T-LTR-GFP cells transfected with
pSGS5M-Tax or pSGSM empty vectors. RNA-seq libraries
were prepared from biological triplicates and sequenced us-
ing the illumina HiSeq 2500. Paired-end pairs of reads
were then analyzed using the pipeline FaRLine and the Fas-
terDB database (47). HTSeq-count (v0.7.2) (48) and DESeq2
(v1.10.1) (49) were used calculating gene expression level and
for computing differential gene expression levels, respectively.
The significance thresholds were set to 5% for APSI (differen-
tial percentage of spliced-in sequence) (p < 0.01, Fisher’s exact
test) and 0.6 for log,-gene expression changes (P < 0.05, Wald
test using Benjamini and Hochberg method), respectively. Rel-
ative genomic distance analysis between alternative splicing
events (ASE) and differential gene expression was carried out
using reldist from Bedtools. Control set of ASE was generated
using the shuffle function of Bedtools.

Hi-C assays and data processing

The Hi-C experiment and library preparation were conducted
following the in situ method described by Rao and col-
leagues with slight modifications (50). Briefly, HindIII en-
zyme was used to digest cells overnight at 37°C with 500 U,
followed by biotin filling and proximity ligation for 4 h at
18°C with 2000U T4 DNA Ligase. After reverse-crosslinking,
DNA was purified and sheared to ~300 bp fragments us-
ing Covaris 5220 sonicator. The biotin-containing fragments
were then immobilized on MyOne Streptavidin T1 beads.
The NEXTflex adaptors were ligated, and the fragments were
PCR amplified for 8 cycles using the KAPA HiFi Library
Amplification Kit. Double-size selection was performed us-
ing AMPure XP beads to isolate fragments between 300
and 800 bp. Sequencing of Hi-C libraries was performed
on Illumina HiSeq4000 with 2 x 50 bp paired-end reads
(Genomeast, IGBMC, Illkirch, France). The raw reads were
independently mapped to the hgl9 reference genome using
the HiC-Pro pipeline (version v3.1.0), and the output statis-
tics, including the total number of sequenced reads and the
number of valid interactions after filtering, are presented in
Supplementary Figure S1.

The Hic explorer pipeline (v3.7.2) was used to process the
Hi-C data and plot the matrices (51,52). The matrices were

first normalized to each other (hicNormalize), then corrected
(hicCorrectMatrix) for removing bins with low numbers of
reads and balanced using ICE (53) at resolutions of 10k, 50k,
100k and 500k bp. Corrected matrices were plotted (hicPlot-
Matrix) on a log scale at a resolution of 500k. The differential
matrix was obtained using a log2ratio comparison between
Tax and CTL cells on corrected matrices at the 500k reso-
lution (hicCompareMatrices). The ratio between short-range
and long-range contacts was computed using hicPlotSVL with
the threshold distance set to 1e6 nucleotides.

The inference of A/B compartments and changes in com-
partmentation between Tax and CTL matrices were analyzed
using the pipeline dcHiC with matrices at a resolution of 100k
(54). The full genome compartment strength was calculated
as (AA + BB) / (AB + BA) from the log, ratio of observed
versus expected contacts sorted by their eigen vector values
(hicCompartmentalization). A saddle plot was generated
with cooltools (https://github.com/open2c/cooltools) using
cis-contacts from matrices at a resolution of 50k. The eight
subcompartments were assigned by the pipeline CALDER
with matrices at a resolution of 10k and the binning vari-
able set to 50k (55). The Deeptools’ PlotEnrichment (56)
function was then used to validate CALDER predictions
regarding their subcompartment enrichment levels in histone
marks H3K27ac, H3K4me3 and H3K9me3 publicly avail-
able for HEK293T cells in ENCODE (ENCFF706GDY,
ENCFF219COP, ENCFF800LFN, ENCFF063WXN,
ENCFF626VTP and ENCFF295FIO). Comparison of both
compartment and subcompartment orientations between Tax
and CTL conditions was carried out using Bedtools (57).
Sankey diagram was built in R using the networkD3 package.
Genomic regions corresponding to both subcompartment
transition and inter-chromosomal changes upon Tax were
obtained using bedtools intersect function with coordinates of
Tax vs CTL log,ratio contact matrix computed at 50kbp and
those of the subcompartment changes grouped as follows: A.1
(A.1.1 + A1.2), A2 (A.1.1 + A1.2), B.1 (B.1.1 + B.1.2) and
B.2 (B.2.1 + B.2.1). Gene ontology analysis and motif enrich-
ment in promoters involved in 3D chromatin contacts in Tax
expressing cells was performed with ShinyGO 0.76.3.

The identification of topologically associating domains
(TADs) was carried out using the HicFindTADs function of
the hicexplorer software with a matrix resolution of 50k. A
minimum and maximum window length of 150k and 500k,
respectively, were set for the analysis, and a g-value threshold
of false discovery rate (FDR) was set to 0.05. The putative
boundary and surrounding bins were differentiated by setting
a minimum differential threshold (delta) to 0.01. The similar-
ity of TAD boundaries between the control (CTL) and Tax-
expressing cells was assessed by using the Bedtools’ Jaccard
statistic with a tolerance window of 50 kb. Intra-TAD and
inter-TAD interactions were analyzed by merging the TAD
domains obtained from both CTL and Tax conditions using
the hiCMergeDomains function of Hicexplorer. The CTCF
binding sites (ENCODE ENCFF895A0X) were used to de-
lineate TAD boundaries, considering that boundaries within
20 kb of each other were merged as one. The TAD bound-
aries were subsequently validated with the FANC algorithm
(58), showing a significant overlap in boundary identifica-
tion (83% (3296 out of 3985, P-value < 10~4, Fisher test)).
The merged TAD boundaries were then utilized to calculate
the intra-TAD and inter-TAD differential contacts between
Tax and CTL matrices (hicDifferential TAD). Significant intra-
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TAD and inter-TAD interactions were defined thanks to the
Wilcoxon rank-sum test with a P-value threshold set to 0.035.
Bedtools intersect function allowed assigning gene deregula-
tions to differential chromatin interactions between Tax ver-
sus CTL (logz(obs/exp) at 50k). Network analysis of ASE,
DGE, and chromatin contacts was performed with Cytoscape
(3.9.1). Pile-up analysis was carried out with coolpup.py (59)
using expected/observed signal (bin size 30 kb) surround-
ing (1Mbp) the TAX-regulated genes. Randomly picked genes
were obtained by bedtools (sample). The level of contact en-
richment was estimated by the average value of interactions
in the central 100 x 100 pixel square.

Western blot

Cells were washed twice with 1x PBS, harvested and incu-
bated with lysis buffer (10 mM Tris—=HCI pH 8, 50 mM NaCl,
5 mM EDTA, 1% NP-40, 1% SDS, 1 mM DTT, supplemented
with protease inhibitors and 10 mM NaF) for 30 min on ice.
Total proteins were sonicated on a Bioruptor Plus (Diagenode)
(position high, 5 x 30'/30" cycles), and cell debris were pel-
leted and discarded. 20 ug of total proteins were used for SDS-
PAGE electrophoresis on NuPAGE™ 4-12% Bis-Tris Protein
Gels and transferred on nitrocellulose membranes using the
Trans-Blot® TurboTM Blotting System. Membranes were sat-
urated in 1x TBS-Tween containing 5% non-fat milk for 1 h
and were incubated overnight at 4°C with primary antibodies
diluted in 1x TBS-Tween containing 5% non-fat milk. The
primary antibodies used were the following: RELA (sc-109,
Santa Cruz), Tax (1A3, Covalab), Vinculin (ab129002, ab-
cam), IkBa (L35A5 Cell Signaling Technology). Membranes
were washed three times in 1x TBS-Tween and incubated
with HRP-conjugated secondary antibodies for 1 h before
washing for three times. HRP substrate (Immobilon Forte
(Millipore)) was deposed onto the membrane before reading
chemiluminescence on a Chemidoc (BioRad).

RNA extraction, PCR and real-time quantitative PCR

Total RNAs were extracted using TRIzol (Invitrogen). 2.5
ng of total RNA was treated with dsDNase (Thermo Scien-
tific) and retro-transcribed using Maxima First Strand cDNA
Synthesis (Thermo Scientific) according to manufacturer’s in-
structions. PCRs were performed with GoTaq polymerase
(Promega, Madison, WI, USA) using 7.5 ng cDNA as template,
were run on agarose gel electrophoresis and read using Gel-
doc (BioRad). Quantitative PCR were performed with SYBR®
Premix Ex Taqg TM II (Tli RNaseH Plus) on LightCycler 480
IT using 7.5 ng of cDNAs. Melting curves were checked for
non-specific product absence. Relative expression levels were
calculated using the AACt method on technical duplicates or
triplicates, normalized to GAPDH expression, with controls
set to a value of 1 (AACt). The inclusion rates of alternative
exons were determined using the formula 2-24%(regulated
exon)/2~ A% (constitutive exon). The PCR was conducted un-
der the following thermocycling conditions: an initial denatu-
ration at 95°C for 30 s, followed by 40 cycles of denaturation
at 95°C for 10 s and annealing/extension step at 64°C for 10
s,and a final cycle at 95°C for 5 s and 65°C for 60 s. Oligonu-
cleotide sequences are listed in Supplementary Table S1.

Chromatin immunoprecipitation

2 x 107 cells were crosslinked with 1% formaldehyde for 10
min at room temperature. Crosslinking was quenched by addi-
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tion of glycine to a final concentration of 0.125 M. Cells were
harvested and incubated 30 min at 4°C in lysis buffer (1%
Triton X-100, 0.1% Sodium Deoxycholate, 0.1% SDS, 140
mM NaCl, 50 mM HEPES-KOH pH 7.5, 1 mM EDTA, sup-
plemented with protease inhibitor and phosphatase inhibitor).
Nuclei were pelleted and resuspended in shearing buffer (10
mM Tris=HCI pH 8.0, 1 mM EDTA, 2 mM EDTA, 0.1%
SDS, supplemented with protease inhibitor and phosphatase
inhibitor). Chromatin was sheared to an average fragments
size of 100-500 bp using Covaris S220 (Peak Power: 140;
Duty Factor: 5; cycles/burst: 200, 20 min). Immunoprecipita-
tions were performed using 25 pg of chromatin diluted in di-
lution buffer (1% Triton X-100, 0.01% SDS, 150 mM NaCl,
10 mM Tris—=HCI pH 8, 1 mM EDTA, supplemented with pro-
tease inhibitor and phosphatase inhibitor), and incubated with
5 ug of anti-RELA (#36369, Active Motif), anti HA (H3663,
Sigma-Aldrich) or control Rabbit or Mouse IgG (10500C and
10400C respectively, ThermoFisher) overnight at 4°C under
rotation. chromatin-antibodies complexes were recovered by
incubation with 30 ul of Dynabeads® Protein A/G 1:1 mix
(ThermoFisher) for 2 h at 4°C under rotation. Complexes
were washed for 5 min at 4°C under rotation with the fol-
lowing buffers : Wash 1 (1% Triton X-100, 0.1% NaDOC,
150 mM NacCl, 10 mM Tris—=HCI pH 8), Wash 2 (1% NP-40,
1% NaDOC, 150 mM KCI, 10 mM Tris—=HCI pH 8), Wash
3 (0.5% Triton X-100, 0.1% NaDOC, 500 mM NaCl, 10
mM Tris—-HCI pH 8), Wash 4 (0.5% NP-40, 0.5% NaDOC,
250 mM LiCl, 20 mM Tris-HCI pH 8, 1 mM EDTA), Wash
5 (0.1% NP-40, 150 mM NacCl, 20 mM Tris-HCI pH 8, 1
mM EDTA) and twice with Tris-EDTA buffer (10 mM Tris pH
8.0, 1 mM EDTA). The immunoprecipitated chromatin was
eluted in elution buffer (1% SDS, 200 mM NaCl, 100 mM
NaHCOj3) and crosslink was reversed by adding 100 pg pro-
teinase K and incubating overnight at 65°C. Immunoprecip-
itated chromatin was purified by phenol-chloroform extrac-
tion, and quantitative PCR was performed using SYBR® Pre-
mix Ex Taq (Tli RNaseH Plus) (Takara) on a LightCycler 480
II (Roche, Mannheim, Germany), using manufacturer’s rec-
ommended thermocycling conditions. Values were expressed
as fold enrichment relative to the signal obtained for the con-
trol IgG immunoprecipitation. Primers used for quantitative
ChIP experiments are available in Supplementary Table S1.

Chromosome conformation capture (3C)

1 x 107 cells were cross-linked with 1% formaldehyde (Ther-
moFisher) for 10 min at RT. Formaldehyde cross-linking was
stopped by addition of glycine for 5 min to a final concentra-
tion of 0.125 M. Cells were washed twice with cold PBS and
harvested. Cells pellets were lysed for 20 min on ice using ly-
sis buffer (50 mM Tris-HCI pH 7.4, 150 mM NacCl, 0.5%
NP-40, 1% Triton X-100, 5 mM EDTA and supplemented
with protease inhibitor cocktail). Nuclei were harvested by
centrifugation and washed in 1.2 X restriction buffer (depend-
ing on the restriction enzyme used) and resuspended in 500 ul
of the same buffer. For nuclear membrane permeabilization,
SDS was added to a final concentration of 0.3% followed by
incubation at 37°C for 1 h under agitation (800 rpm). SDS
was neutralized by addition of Triton X-100 to a final con-
centration of 2.5% at 37°C for 1h h at 900 rpm. Digestion
was realized by addition of 50 U Dpnll or Apol at 37°C for
3h at 900 rpm followed by another 50 U and overnight incu-
bation at 37°C at 900 rpm. Digestion efficiency was assessed
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on a reverse cross-linked and purified aliquot by agarose gel
electrophoresis (data not shown). Restriction enzyme was in-
activated by incubation at 65°C for 20 min at 900 rpm. Di-
gested chromatin was proximity-ligated by diluting restriction
reaction in 7 ml of 1x ligation buffer. Ligation was performed
by addition of 50 U T4 DNA ligase and 3h incubation at 16°C
at 750 rpm followed by another 50 U and overnight incuba-
tion at 16°C at 750 rpm. Ligation efficiency was assessed on
a reverse cross-linked and purified aliquot by agarose gel elec-
trophoresis (data not shown). Cross-link was reversed by ad-
dition of 30 ug proteinase K and overnight incubation at 65°C
at 900 rpm. 3C templates were purified by phenol/chloroform
extraction and ethanol precipitation.

3C-PCR were performed using semi nested primers
(Supplementary Table S1) and two rounds of PCR. for the
first round, 50 ng of 3C template was used and amplified us-
ing Phusion Green HSII High-Fidelity PCR Master Mix and
a final primer concentration of 0.5 uM using the following
program: 3 min of denaturation at 98°C, followed by 20x
(98°C for 10 s, primer-specific annealing temperature for 30
s, 72°C for 45 s) and 10 min final extension at 72°C. The first-
round of 3C-PCR was analyzed by gel agarose electrophore-
sis to check the absence of any significant amplification band
before performing second-round 3C-PCR. Second-round 3C-
PCR was performed using the same primer as the first round
for RELA viewpoint, and a different primer closer to the
restriction site for NFKBIA viewpoint. One pl of the first
round PCR was amplified using Phusion Green HSII High-
Fidelity PCR Master Mix and a final primer concentration
of 0.5 uM using the following program: 3 min of denat-
uration at 98°C, followed by 25x (98°C for 10 s, primer-
specific annealing temperature for 30 s, 72°C for 45 s) and
10 min final extension at 72°C. Optimal annealing tempera-
tures were determined using Thermofisher Phusion tm calcula-
tor (www.thermofisher.com/tmcalculator). 3C-PCR products
were analyzed by gel agarose electrophoresis.

Circular chromosome conformation capture
(4C-seq) and data processing

For circular chromosome conformation capture, the same
protocol as for 3C was performed. 50 ug of 3C template
was digested by 50 U second restriction enzyme (Csp6l, Ther-
moFisher) in 1x Buffer B (ThermoFisher) for 2 h at 37°C
at 500 rpm. Digestion efficiency was assessed on a purified
aliquot by agarose gel electrophoresis (data not shown). Re-
striction enzyme was inactivated by incubation at 65°C for
20 min at 900 rpm. The second ligation was performed under
diluted conditions by addition of 50 U T4 DNA ligase and 2
h incubation at 16°C at 750 rpm followed by another 50 U
and 2 h incubation at 16°C at 750 rpm. Ligation efficiency
was assessed on a reverse cross-linked and purified aliquot by
agarose gel electrophoresis (data not shown). 4C templates
were purified by phenol/chloroform extraction and ethanol
precipitation followed by an additional JetSeq™ Clean purifi-
cation.

4C sequencing primers (Supplementary Table S1) were de-
signed as previously described (60) and tested on a small por-
tion of 4C template with increasing templates amounts to de-
termine linear range, efficiency, minimal primer dimer ampli-
fication, and optimal annealing temperature of each primer
pairs. 4C libraries were prepared in two steps of PCR. The
first step consisted in an amplification of ligation fragments

specific of each viewpoint using 100-400 ng template depend-
ing on primer linearity. Expand™ Long Template PCR System
(Roche) was used with the following thermocycling program:
2 min of denaturation at 94°C, followed by 16x (94°C for
15 s, primer-specific annealing temperature for 1 min, 68°C
for 3 min) and 7 min final extension at 68°C. All first step
PCR primers are listed in Supplementary Table S1. Multi-
ple PCR reactions were performed, pooled together and pu-
rified using JetSeq™ Clean purification according to manu-
facturer’s instructions. The second PCR step (used to add il-
lumina adapters, indexes and sequencing sequences) was per-
formed on 5 ul of purified first step PCR products using Ex-
pand™ Long Template PCR System (Roche) with the follow-
ing thermocycling program: 2 min of denaturation at 94°C,
followed by 20x (94°C for 15 s, 60°C for 1 min, 68°C for
3 min) and 5 min final extension at 68°C. All second step
PCR primers are listed in Supplementary Table S1. 4C tem-
plates were purified using JetSeq™ Clean purification accord-
ing to manufacturer’s instructions. Libraries quantity and pu-
rity were determined on a 2200 Tapestation (Agilent) with a
D500 ScreenTape (Agilent). Sequencing of 4C libraries was
performed on Illumina Nextseq 550 with 150 bp single-end
reads (Genomeast, IGRMC, Illkirch, France).

Computational analysis of 4C-seq data was performed
for each replicate and viewpoint using the fourSig pipeline
(61) with the following parameters: window.size = 35, itera-
tions = 1000, fdr = 0.001, and fdr.prob = 0.01. For each
viewpoint, triplicate outputs were normalized to each other
using multiBamsummary and Bamcompare from deepTools
(56). Differential chromatin contacts between CTL and Tax
conditions were determined using the Fisher test. Figures were
generated using pygenometrack (version 3.6) (62).

Results

Tax reshapes the 3D genome

To test whether 3D chromatin conformation could play a role
in coordinating transcription and alternative splicing events
promoted by p65/RELA upon the viral oncogene HTLV-
1 Tax, we first evaluated the impact of Tax on 3D chro-
matin organization. To this end, we performed an unbi-
ased chromatin interaction mapping using Hi-C analysis of
HEK293T cells with and without Tax expression. Hi-C data
were analyzed using the HiC-pro pipeline (63), which ensured
high-quality experiments as evidenced by high mapping rates
(Supplementary Figure S1). We identified over 160 million
interactions, including over 20 million trans-chromosomal
contacts, in both control (CTL) and Tax-expressing cells
(Supplementary Table S2). Consistent with previous stud-
ies on chromosome territories (64,65), the Hi-C contact
maps demonstrated higher frequencies of cis- versus trans-
chromosomal interactions (Figure 1A). While the Hi-C maps
from CTL and Tax-expressing cells showed similar bulk prop-
erties (Figure 1A and Supplementary Figure S2), we noticed
a decrease in short-range (<1 Mb) and an increase in long-
range (>1 Mb) interaction frequencies upon Tax expression
(Supplementary Figure S3A-B). These changes were particu-
larly evident in differential heatmaps (Figure 1A, right panel).

Principal component analysis (PCA) of the Hi-C con-
tact matrices allowed us to assess the effect of Tax on ge-
nomic compartments A and B, which correspond to eu-
chromatin and heterochromatin regions, respectively (Figure
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Figure 1. Tax reshapes the 3D chromatin conformation of the genome. (A) Heatmap showing the normalized Hi-C interaction frequency map of
chromosomes in control cells (CTL) and cells expressing the Tax protein (Tax). The upper panel depicts all chromosome matrices with diagonal line
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1B). The eigen vectors calculated from CTL and Tax sam-
ples were highly correlated (Pearson test, R = 0.948, P-
value < 0.0001) (Supplementary Figure S3C), indicating no
widespread changes in genomic locations of A and B com-
partments between the two experimental conditions, with ho-
motypic compartment interactions (AA and BB) being pre-
dominant (Figure 1C). However, Tax-expressing cells pre-
sented increased heterotypic compartment interactions and
decreased AA contacts (Figure 1C), indicating that Tax weak-
ens compartmentalization for the A compartment. Compar-
ative analysis of compartment distribution between CTL and
Tax-expressing cells revealed 13% compartment switching (A
to B and B to A, Figure 1D), suggesting that the viral oncopro-
tein structurally affects both large heterochromatin and eu-
chromatin regions.

Trans-chromosomal interactions have been linked to the
definition of sub-compartment domains associated with dis-
tinct epigenetic regulation (50). Subcompartments A1 have
been identified as highly active chromatin regions closely lo-
calized to nuclear speckles (66,67), while B1 and B2 are
typically enriched in repressive marks, such as H3K27me3
and H3K9me3 (50,55). We used the CALDER algorithm
(55) to infer eight subcompartments in both CTL and Tax-
expressing cells (Figure 1E and Supplementary Figure S3E, F).
Using publicly available ChIP-seq datasets for HEK 293T
cells, we confirmed that the predicted subcompartments A.1.1
and A.1.2 in control cells were markedly enriched in ac-
tive marks H3K27ac and H3K4me3, while compartments
B.2.1 and B.2.2 corresponded to H3K9me3 embedded re-
gions (Supplementary Figure S3E). We then compared the
subcompartment annotations between the two experimen-
tal conditions by considering 4 large subcompartments: A.1
(A 1.1 + A.1.2), A2 (A.1.1 + A.1.2), B.1 (B.1.1 + B.1.2) and
B.2 (B.2.1 + B.2.1). Subcompartment transitions were ob-
served in Tax expressing cells, as demonstrated in Figure 1E
and Supplementary Figure S3F. These transitions involved
shifts from active to inactive subcompartments, with some
coinciding with differential trans-chromosomal interactions
(Figure 1F). Overall, these data indicated that Tax promotes
a substantial reorganization of the 3D genome that likely fol-
lows dynamic chromatin regulation.

We next investigated the effects of Tax on topologically as-
sociating domains (TADs). To this end, we employed the HiC-
explorer pipeline to assess the TAD-separation score, which
measures the degree of separation between the left and right
regions in each Hi-C matrix. We set the minimum distance
between two boundaries to 50 kb and used publicly avail-
able CTCF binding sites for aiding identification of puta-
tive TAD boundaries (ENCFF895A0X). Our analysis revealed
3539 TADs shared by control cells and Tax-expressing cells,

indicating that TAD boundaries were largely unmodified be-
tween samples (Figure 1G). Nevertheless, we observed that
40.3% and 23.4% of TADs had differential chromatin con-
tacts at both intra- and inter-TAD levels, respectively (Figure
1H). Notably, we found a statistically significant increase in
inter-TAD contacts in Tax-expressing cells (one-way ANOVA,
P = 0.004; Figure 11), indicating that Tax functions as a potent
modifier of host 3D chromatin architecture.

Tax-induced 3D chromatin contacts associate with
changes in both gene expression and alternative
splicing

We next sought to assess the functional significance of Tax-
induced 3D chromatin remodeling. Gene expression profiles
including alternative splicing events of CTL and Tax(+) cells
have been previously published (18). Using stringent thresh-
olds to analyze differential gene expression (DGE) (glm-
adjusted P-value < 0.05, Log,-fold change > 0.6) and alter-
native splicing events (ASE) (P < 0.01 adjusted Fisher test,
APSI > 0.05), we identified 523 genes with altered whole gene
expression and 1104 genes producing alternatively spliced
transcripts upon Tax expression (Figure 2A). A total of 1345
Tax-induced alternative splicing events was identified, consist-
ing largely in skipped exon (SE) (Figure 2B). In line with pre-
viously published data (18,23), genes regulated by TAX at the
DGE and alternative splicing levels populated distinct func-
tional pathways (Supplementary Figure S3G), and a minor-
ity of Tax-regulated genes (5%, 23/523) was affected at both
gene expression and splicing levels (Figure 2A), suggesting that
Tax-induced transcription and alternative splicing are two dis-
tinct and complementary mechanisms that profoundly modify
the host transcriptome upon HTLV-1 infection.

We examined the relative 2D/linear distribution of Tax-
regulated genes across the genome and found that genes
producing alternatively spliced transcripts tended to be lo-
cated closer to differentially expressed genes than expected
by chance (Figure 2C). This suggested that while p65/RelA-
driven alternative splicing and promoter activation of individ-
ual genes may operate independently (18), these two mecha-
nisms could be locally and spatially interrelated. The coordi-
nates of Tax-regulated genes (DGE + ASE) significantly over-
lapped with TADs that exhibit differential contacts (Figure
2D), leading us to examine whether Tax-induced gene regu-
lations could colocalize with differential 3D chromatin inter-
actions. To this end, we cross-compared the differential Hi-
C contact matrix with genome coordinates of Tax-regulated
genes and found that the majority of Tax-regulated genes ap-
pears to be intertwined in a highly interconnected network of
3D chromatin contacts that occur at both cis-chromosomal
and trans-chromosomal levels (Supplementary Figure S4). Us-

representing the intra-chromosomal contacts, while the off-diagonal regions show the inter-chromosomal interactions. The lower panel zooms at 500 kb
resolution across entire chromosome 11. The right panel represents the differential heatmap between Tax and CTL conditions, with the log, ratio
indicated by the color scale. (B) compartment A and B in both Tax and CTL conditions. Compartment A and B are respectively shown in red and blue.
The panel demonstrates all possible switch between compartment A and B (cyan square). The x-axis shows the genomic coordinates, and the y-axis
represents the normalized compartment score. (C) Saddle plot of Hi-C data showing the homotypic (A-A and B-B) and heterotypic (A-B and B-A)
cis-interaction frequencies. The right panel shows the differential saddle plot between Tax and CTL in log, ratio contacts. (D) Percentage of switching
compartments in cells expressing Tax (Tax) compared to control cells (CTL). (E) Sankey plot showing the proportion of genomic segments that switch
between each subcompartment in Tax and CTL conditions. (F) Circos plot showing differential trans-chromosomal contacts (log,FC > 2) identified by
Hi-C data involved in the switching of subcompartments from control cells to Tax-expressing cells. (G) Venn diagram showing the overlap of TADs
boundaries identified in control cells and cells expressing Tax. (H) Percentage of TADs showing differential intra-TAD and interTAD contacts upon Tax
expression. (I) Boxplots of the observed over expected (obs/exp) interaction frequencies for intra-TAD and inter-TAD interactions in control cells and Tax

expressing cells. The obs/exp ratios are expressed as logarithmic value.
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Figure 2. Tax-induced 3D chromatin contacts associate with changes in both gene expression and alternative splicing. (A) Venn diagram illustrating the
genes affected by Tax expression in alternative splicing events (AS) and those that are differentially expressed (DGE). The gene expression threshold is
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ing pile-up analysis to quantify the overall interaction strength
between genomic loci of TAX-regulated genes, we confirmed
their specific enrichment in contacts in both CTL- and TAX-
expressing cells, while no such enrichment was observed with
randomly selected genes (Figure 2E). Cells expressing TAX
showed a modest increase in the score of contact enrichment,
suggesting that TAX may strengthen some interactions among
its regulated genes. In line with this, using differential Hi-
C matrix binned to 30 kb, we identified 73% deregulated
genes (including both DGE and ASE, 1173/1604) distributed
in 1451 differential 3D chromatin interactions (Log, FC > 0.5)
(Supplementary Figure S4). Of those, 237 chromatin contacts
involved genes affected in expression, consistent with previ-
ously described genomic interaction hubs clustering multiple
genes co-regulated in transcription (34,35,39). Additionally,
1047 chromatin contacts involved genes undergoing alterna-
tive splicing, of which 731 were spatially gathered with genes
differentially expressed, suggesting that multigene complexes
might coordinate both transcription and alternative splicing
of co-regulated genes (Supplementary Figure S4).

To further improve this Hi-C prediction, we conducted 4C
assays to investigate physical interactions between genes ex-
pressing alternative spliced isoforms and distant genes that
were concomitantly deregulated at the gene expression level
by Tax. We selected three distinct viewpoints (4C baits) in
genes CCNL1, SEC31B and RFX2, which were identified
above as Tax-regulated targets for alternative splicing of ex-
ons E4, E9 and E18, respectively (Figure 2F-H) (18). Using
these viewpoints in triplicate 4C assays, we were able to ensure
that the chromatin contact frequencies remained reliable and
consistent across different replicates within each experimen-
tal condition (as illustrated in right panels (grey lines) of Fig-
ures 2F-H). The comparison of the contact landscapes of each
viewpoint between cells expressing Tax and control cells indi-
cated that the genes CCNL1, SEC31B and RFX2 exhibited a
higher frequency of interactions with distal genes that were
upregulated by Tax. More specifically, CCNLI showed in-
creased connections with PTX3 located 295 kb downstream,
SEC31B with ABCC2 at a distance of 750 kb, and RFX2 with
FUT3 positioned 268 kb downstream (Figure 2F-H). Over-
all, these results provide compelling evidence that Tax triggers
long-range chromatin interactions that involve genes undergo-
ing differential expression and/or alternative splicing regula-
tion.

Tax-induced NF-«B activation promotes gene-gene
contacts

Because previous work had highlighted a central role of the
NF-kB pathway in Tax-regulated transcription and alterna-
tive splicing, we hypothesized that this pathway could also
promote the 3D chromatin interactions described above. We

thus assessed whether specific gene subsets, including NF-
kB-regulated genes, were enriched in chromatin interactions
generated by Tax. Gene ontology analysis of Tax-regulated
genes (including both DGE and ASE) identified in 3D chro-
matin contacts indeed pointed to a significant enrichment in
TNF-a and NF-«B signaling pathways, while remaining terms
were related to oncoviral infection including that of HTLV-
1 (Figure 3A). In line with this, analysis of transcription fac-
tor motifs in promoter sequences involved in chromatin con-
tacts revealed a significant enrichment in NF-kB motifs (Fig-
ure 3B), suggesting a potential link between NF-«B signaling,
alterations in 3D chromatin structure, and gene regulation
in response to TAX. These results were reminiscent of pre-
vious studies reporting the formation of multigene complexes
in which interacting genes are especially activated by NF-xB
upon TNF-« stimulation (34,35). Accordingly, we sought to
assess by chromosome conformation capture (3C) whether
such NF-kB multigene complexes also occurred in Tax ex-
pressing cells. To this end, we developed a 3C assay and an
inverse PCR (IPCR) assay (with no crosslinked chromatin)
used as negative control. Validating our approach and rul-
ing out false positive products derived from ligation of free
DNA fragments, the 3C analysis, but not IPCR assay, de-
tected a previously described TNF-«-related gene-gene inter-
action between SAMD4A and GCHI1 genes (~0.3 Mb dis-
tance on chromosome 14) (Figure 3C) (34). Similar results
were obtained in cells expressing Tax, indicating that Tax
mimics TNF-x-activated cis-contacts (Figure 3C). In both ex-
perimental conditions, the SAMD4A-GCHI1 interaction coin-
cided with a significant increase in SAMD4A expression (Fig-
ure 3C, right panel), thereby suggesting that, as described for
TNF-«, Tax promotes the formation of multigene complexes
in which genes are coregulated in transcription.

Building on previous evidence of trans-chromosomal con-
tacts between chromosomes 11 and 14 induced by TNF-«
(34,35), we further investigated whether these contacts might
also involve genes regulated by Tax. Given their pivotal roles
in NF-«B signaling, viral persistence, and ATL development,
we focused our attention on NFKBIA (chr14:35870716-
35873960) and RELA (chr11:65421067-65430443) that en-
code the inhibitor IkBa and the effector p65/RelA of NF-
kB signaling, respectively (68). Of note, among the numerous
genes encoding members of the TAX protein-protein interac-
tome and often affected by ATLL-related mutations (65,66),
only NFKBIA and RELA were found in chromosomes 11 and
14 (68,69). RNA-seq data showed that NFKBIA was signif-
icantly upregulated upon Tax expression, while RELA dis-
played no significant changes in gene expression but was reg-
ulated at the alternative splicing level by the exon skipping of
exon 6 (Supplementary Table S3). We confirmed these RNA-
seq predictions by RT-qPCR assays in HEK cells expressing

set at logyfc = 0.6 with a P-value of <0.05 (glm test), and the significant threshold for Apsi is set at 5% with a P-value of < 0.01 (Fisher test). (B)
Number of different types of AS events (ASE) that occur upon Tax expression. (C) Bedtools analysis (reldist) of the relative distance of gene submitted to
alternative splicing modification to genes differentially expressed upon Tax. Control set was generated using shuffle function of bedtools that randomly
permutes the genomic locations among the genome hg19. (D) Venn diagram displaying the number of Tax-regulated genes (DGE + ASE) that are located
in differential TADs (Figure 1H). A hypergeometric statistical test was used to determine the significance of the overlap. (E) Pile-ups (bin size 30 kb) of
expected/observed signal surrounding (1 Mb) the 1604 TAX-regulated genes and 1604 randomly picked genes in CTL and TAX expressing cells. A total
of 100 central pixels were used for calculating enrichment for off-diagonal pileups. (F-H) chromatin contacts evidenced in triplicated 4C analysis of
CCNLT1 (E), SEC31B (F) and RFX2 (G), which were used as anchors (VP stands for viewpoint). Gene expression levels are shown for CTL (blue) and
Tax(+) (red) conditions. The differentially expressed genes (DGE) and alternative splicing events (ASE) are specified above annotated genes (hg19), and
Tax vs CTL values are indicated. The right panels show a zoom of the highlighted region (blue). The standard deviation across the three replicates of 4C
assays is displayed in grey, and asterisks indicate significant changes in 4C signal (P-value < 0.05, Fisher test).
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Tax as well as in HTLV-1-transformed C91PL cells (Figure 3D
and Supplementary Figure S5A). Of note, the protein level of
p65/RelA in HEK cells appeared unaffected by Tax, whereas
that of IkBax was downregulated, which was consistent with
its proteasomal degradation described upon Tax expression
(Supplementary Figure S5B) (70,71). In contrast to the wild-
type Tax, the ectopic expression of TaxM22, a mutant defi-
cient for NF-kB activation, failed to influence both NFKBIA
expression and RELA exon skipping (Figure 3D), indicating
that both transcriptomic events affecting NFKBIA and RELA
upon Tax expression relied on NF-«B activation.

We next sought to test whether the concomitant dereg-
ulation of NFKBIA and RELA corresponded to increased
trans-chromosomal contacts between chromosomes 11 and
14 upon Tax expression. To this end, we developed semi-
nested 3C assays using both promoters of RELA and NFK-
BIA as anchors (Figure 3E). This approach revealed a sin-
gle PCR signal in Tax expressing cells, indicative of RELA-
NFKBIA contacts, absent in control cells and in cells express-
ing TaxM22 (Figure 3F). In comparison, there was no change
in PCR signals deriving from an intragenic fragment of RELA
used as loading control, as well as from an intra-GAPDH
chromatin loop used as 3C control (34). These data demon-
strated that Tax induced, in an NF-kB dependent manner,
chromatin contacts between NFKBIA and RELA genes local-
ized on chromosomes 14 and 11, respectively. Parallel valida-
tion of Hi-C data through 3C assays corroborated this NF-
kB dependent effect of TAX on gene-gene contacts involving
other NF-kB-sensitive splicing-regulated genes (18), such as
CCNL1, CASK and MYCBP2 (Supplementary Figure S4 and
5C).

To determine whether the formation of a Tax-induced
multigene complex involving NFKBIA and RELA participates
in regulating the alternative splicing of RELA transcripts, we
aimed to examine the RELA E6 skipping event in cells that are
impaired for NFKBIA-RELA interaction. To this end, we used
the dCas9-KRAB system (72), already identified as an effective
steric barrier of chromatin contacts (73), to disrupt the con-
tact between NFKBIA and RELA genes. Four distinct guide
RNAs were designed to tether the dCas9-KRAB construct to
the RELA-interacting genomic region of NFKBIA (Figure 3E).
Quantitative ChIP (qChIP) experiments confirmed the spe-
cific tethering of dCas9-KRAB onto the NFKBIA target when

"

compared to a gRNA-free experiment (Supplementary Figure
S5D). As expected, this coincided with a decreased NFK-
BIA expression (Supplementary Figure S5D). Semi-nested 3C
assays next demonstrated that the influence of Tax on the
RELA-NFKBIA interaction was compromised under these
conditions (Figure 3G). Tethering the dCas9-KRAB on NFK-
BIA promoter did not interfere with the expression level of
RELA but it significantly reduced the effect of Tax on RELA
E6 exon skipping (Figure 3H). In contrast, the downregula-
tion of NFKBIA expression via siRNA had no impact on the
skipping of RELA E6 in both control and TAX-expressing
cells, thus excluding the potential influence of IkBx on the al-
ternative splicing of RELA E6 (Supplementary Figure SSE, F).
In line with this, we ascertained that the overexpression of
ectopic IkBax had no impact on the negative effect of dCas9-
KRAB (Supplementary Figure S5G-H), indicating that the loss
of Tax-induced skipping of RELA E6 through dCas9-KRAB
tethering to NFKBIA is likely due to steric hindrance, and/or
potentially altered transcriptional machinery of NFKBIA, that
disrupted contacts between NFKBIA and RELA rather than
a reduced cellular abundance of IkBa. Collectively, these data
define trans-chromosomal contacts between chromosomes 11
and 14 as an underlying mechanism for the concomitant Tax-
driven regulation of NFKBIA expression and alternative splic-
ing of RELA transcripts.

Intragenic p65/RELA occupancy of RELA leads to
RELA-NFKBIA contacts and alternative splicing of
RELA EB.

In light of our previous findings that p65/RelA occupancy of
genomic exons can influence gene expression through alter-
native splicing (18), we next conducted qChIP assays to as-
sess the chromatin distribution of p65/RelA across RELA and
NFKBIA in cells with or without Tax expression. As shown
in Figure 4A, Tax induced an average 2-fold enrichment of
p65/RelA binding on the NFKBIA promoter, whereas it had
no significant effects on RELA promoter occupancy. These
data reflected the effects of Tax on the gene expression levels
of NFKBIA and RELA (Figure 3D). In addition, we observed
a significant increase in p65/RelA occupancy at the genomic
exon E6 of RELA of Tax-expressing cells compared to con-
trol cells, suggesting that exon E6 belongs to exon subsets that
are regulated by p65/RELA (Figure 4A). Moreover, disrupt-

genes (DGE + ASE). (B) DNA motifs enrichment analysis in the promoter regions of genes involved in 3D chromatin contacts in Tax-expressing cells
using ShinyGO. (C) Chromosome Conformation Capture (3C) analysis of SAMD4A and GCH1 upon either 24 h TNF « exposure or Tax expression is
depicted. The 3C templates were prepared using Hindlll, and PCR was conducted using equal weights of DNA. The resulting gels were subjected to gel
electrophoresis and SYBR green staining. The presence of a band indicates a high contact frequency between the respective primer targets. Internal
SAMDA4A primers were used as loading control amplimers. GAPDH primers were used for amplifying an intra-GAPDH loop as previously described (34).
IPCR (inverse PCR) was conducted as 3C experiments with no chromatin crosslinking steps and was used to rule out signal providing from intra-looping
of Hindlll-undigested fragments. The 3C products were analyzed on agarose gels stained by SYBR green. The figure shows representative 3C and IPCR
images from three independent experiments. The right panel shows the relative gene expression levels induced upon TNF & exposure and Tax
expression. (For all panels, asterisks correspond to statistical significance calculated using Fisher’s exact test (p-value threshold: *0.05, **0.01,
**%0.001, ****0.0001). (D) Effects of TaxWT and mutant Tax-M22, deficient for NF-kB activation, on gene expression levels of NFKBIA and RELA and on
skipping of RELA exon EB. (E) Design of semi-nested 3C experiments targeting NFKBIA and RELA. Black arrows represent primers used for
semi-nested 3C PCR, and grey arrows represent RELA primers used for loading control. (F) Semi-nested 3C analysis of chromatin contacts between
RELA and NFKBIA in CTL, Tax and TaxM22-expressing cells. The resulting 3C products were analyzed in an agarose gel stained with Sybr-green. GAPDH
primers were used for amplifying an intra-GAPDH loop as Figure 3C. The figure shows representative 3C images from three independent experiments.
Of note, the apparent ‘complete loss’ of interaction signals should be considered indicative of a significant reduction in interaction frequency, rather than
a complete absence, due to the quantitative limitations of the semi-nested 3C method. (G) Effect of dCas9-KRAB tethered to the NFKBIA promoter on
NFKBIA-RELA contacts. Semi-nested 3C analysis of contacts between RELA and NFKBIA was conducted in CTL and Tax-expressing cells transected
with the dCas9-KRAB expression vector along with the vector expressing the four gRNAs or its empty counterpart. The resulting 3C products were
analyzed in an agarose gel stained with Sybrgreen. The figure shows representative 3C images from three independent experiments. (H) Functional
impact of dCas9-KRAB-mediated inhibition of NFKBIA-RELA contacts on gene expression levels of RELA and exon skipping of exon RELA EB6.
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Figure 4. Enhanced exon skipping of RELA E6 and increased chromatin contacts between RELA and NFKBIA upon p65/RelA recruitment to the gene
body of RELA. (A) Quantitative ChIP analysis of p65/RelA occupancy of NFKBIA promoter, RELA promoter, and genomic exon E6 of RELA in cells with
and without Tax expression, and with or without disruption of NFKBIA-RELA contacts by dCas9-KRAB. Histograms show the mean fold enrichment
relative to input DNA, with error bars indicating SEM. (B) Design of semi-nested 3C experiment for analyzing NFKBIA-RELA contacts in cells expressing
dCas9-p65/RelA tethered to the genomic exon E6 of RELA using 4 distinct gRNAs. (C) Validation of dCas9-p65/RelA tethering to the genomic exon
RELA E6 by qChlIP against the HA tag and p65/RelA. HEK cells were transfected with the expression vector of HA-dCas9-p65/RelA or the empty vector
expressing HA-dCas9-empty (with no p65/RelA fused). (D) Effect of genomic RELA E6-tethered dCas9-empty and dCas9-p65/RelA on exon skipping of
RELA E6. RT-qPCR analysis was performed using RNA extracted from cells expressing HA-dCas9-empty or HA-dCas9-p65/RelA and with or without Tax
expression. (E) Effect of tethered dCas9-empty and dCas9-p65/RelA into genomic exon E6 on gene-gene contacts between NFKBIA and RELA.
Semi-nested 3C experiments were carried out in cells expressing dCas9-p65/RelA tethered to the genomic exon E6, as illustrated in panel B. Cells with
and without Tax expression were used as controls. The figure shows representative 3C image from three independent experiments. For all panels,
asterisk correspond to statistical significance assessed using the Fisher test (* P < 0.05).

ing NFKBIA-RELA contacts with the dCas9-KRAB in Tax-
expressing cells led to a marked reduction in p65/RelA re-
cruitment at the NFKBIA promoter, along with a significant
decrease in p65/RelA occupancy of genomic exon E6, while
there was no significant impact on p65/RelA occupancy of
the RELA promoter (Figure 4A). These findings suggest a di-
rect relationship between p65/RelA, alternative splicing, and
gene-gene contact regulation.

We previously demonstrated that experimental chromatin
enrichment of p65/RelA in proximity to its genomic exon
target can effectively lead to alternative splicing modifica-
tion (18). To further investigate the role of p65/RelA in al-
ternative splicing and 3D chromatin contacts, we designed
dCas9 constructs fused or not to p65/RelA to assess the
effect of p65/RelA locally tethered to the genomic RELA
E6 (Figure 4B). We validated the specific tethering of the
dCas9 constructs to this region using qChIP assays, com-

pared to a dCas9-empty construct (Figure 4C). At the RNA
level, this dCas9-mediated local p65/RelA enrichment re-
sulted in exon skipping of E6 (Figure 4D), confirming that
RELA E6 is an NF-kB responsive exon. Additionally, semi-
nested 3C analysis of NFKBIA-RELA interactions revealed
that E6-tethered dCas9-p65/RelA was sufficient to promote
gene-gene interactions between NFKBIA and RELA (Figure
4E). Comparable outcomes were observed with the gene pair
PTX3 and CCNL1, which interact following TAX expres-
sion, coinciding with PTX3 upregulation and increased inclu-
sion of CCNL1 exon E4 (Figure 2F). CCNL1 E4 is recog-
nized as NF-«kB-regulated exon (18), and the interaction be-
tween CCNL1 and PTX3 appeared dependent on TAX’s abil-
ity to activate NF-kB signaling, as demonstrated by 3C assays
(Supplementary Figure S5C). As observed for the NFKBIA-
RELA gene pair, targeting dCas9-p635 to the genomic region
of CCNL1 E4 induced gene-gene contacts between CCNL1
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and PTX3, along with the alternative splicing of CCNL1 E4
(Supplementary Figure S6). Interestingly, while TAX expres-
sion led to increased inclusion of CCNL1 E4 (18), tethering
dCas9-p635 to this region resulted in exon skipping, thereby
suggesting that TAX, besides activating NF-«B signaling, may
also influence NF-«kB-driven splicing decisions. Overall, these
data identify p65/RelA as an effector of multigene complex
formation where NF-kB responsive genes are coordinated in
their regulation at both transcriptional and alternative splic-
ing levels.

Discussion

The 3D genome conformation is crucial for gene regulation,
and understanding how viruses manipulate it can reveal fun-
damental principles of gene regulation and cell behavior. Here,
we present evidence that the HTLV-1 viral oncoprotein Tax re-
models the 3D chromatin architecture of its host cells. Using
Hi-C and 4C analyses, we found that Tax-induced changes in
long range chromatin interaction frequencies, compartmen-
talization, and inter-TAD interactions coincided with differ-
ential gene expression and alternative splicing. We demon-
strated that gene-gene interactions led to coordinated splic-
ing and transcriptional events upon NF-«B activation. In par-
ticular, Tax-induced NF-kB activation induces contacts be-
tween genes regulated at the expression level and others reg-
ulated at the alternative splicing level, as demonstrated by
the interactions between NFKBIA and RELA, and PTX3 and
CCNLI1, respectively. Disruption of gene-gene interactions in-
fluence exon regulation at the RNA level, whereas targeted in-
tragenic recruitment of dCas9-p65/RelA promotes gene-gene
interaction and alternative inclusion of the targeted exon. Of
note, it is conceivable that the dynamic formation of TAX-
induced gene-gene contacts may not be limited to direct in-
teractions between NF-«B responsive genes, involving more
intricate and indirect interactions, potentially including re-
gions of the genome not directly associated with gene regu-
lation. Future studies should employ multiple contact assess-
ment techniques, such as multiple contact 4C (MC-4C) (74),
to better address this point. Overall, our findings suggest that
p65/RelA plays a role in assembling multigene complexes,
coordinating transcription and alternative splicing regulation
of NF-kB-responsive genes. This highlights a new mechanism
coordinating transcriptional and post-transcriptional changes
through the NF-«B pathway and shows how HTLV-1 Tax im-
pacts molecular mechanisms linking 3D genome conforma-
tion to transcriptome diversity.

Numerous cellular signaling pathways are known to influ-
ence alternative splicing (75,76), in addition to their effects
on gene transcription. However, the specific mechanisms re-
sponsible for fine-tuning cellular responses to stimuli are not
yet fully understood. In this context, studies examining the
dynamics of 3D genome conformation have revealed the im-
portance of multigene complex formation in gene coregula-
tion upon cell signaling (34,35,40), where long-range interac-
tions between cotranscribed genes help to organize transcrip-
tion within transcriptional clusters by establishing hierarchi-
cal relationships between gene loops. In light of our findings,
we propose a model in which Tax-induced NF-«B activation
leads to a persistent accumulation of p65/RelA at promot-
ers and enhancers. This process could lead to the formation
of structures similar to transcriptional hubs, assembling NF-
kB-responsive genes for coordinated transcription, as previ-
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ously reported (34,35,40). Simultaneously, based on the same
physicochemical properties, genes with p65/RelA bound to
genomic exons might be attracted to NF-«B factories with-
out any consequence on their transcriptional activity, due to
the absence of NF-«B factors at their promoters. However,
these multigene complexes could create a suitable environ-
ment for facilitating p65/RelA-dependent alternative splicing
regulation.

Accordingly, the exon target specificity and the result-
ing splicing outcome may then depend on the p65/RelA
protein-protein interactome, in which the presence of various
RNA helicases like DDX17, DDX5, DHX9, DDX3X, G3BP1,
DHX15,DDX1 and DDX21 is notable, as well as other splic-
ing regulators including SF3B130 (19) and FUS (22,77). In-
terestingly, these factors have been recently linked to reg-
ulatory splicing subnetworks associated with genes located
in the center of nucleus and composed of GC-rich intron-
exon units (45). This observation is consistent with the fea-
tures of splicing events initiated by Tax, which predominantly
affect GC-rich exons (18). As an additional layer, splicing-
associated chromatin signatures (SACS) have been shown to
potentially recruit distinct splicing regulators to pre-mRNA of
genes within the same functional pathway (78,79). Given its
capacity to recruit diverse chromatin remodelers and splicing
factors, p65/RelA emerges as a strong candidate for facilitat-
ing SACS. Since histone modifications influence both local and
global 3D genome organization (80), p65/RelA could act as a
key initiator of intricate and interconnected mechanisms that
govern gene movements and splicing decisions upon NF-kB
activation. Future studies should examine these points, focus-
ing on characterizing the p65/RelA interactome and its role
in alternative splicing regulation in the context of 3D genome.

Although the long-term effects of Tax-induced NF-«B acti-
vation have been widely studied, it remains unclear whether
this activation leads to unique expression patterns of NF-
kB-responsive genes that are specific to Tax. Our study re-
veals that Tax-induced NF-«kB activation leads to gene-gene
contact-dependent regulation of alternative splicing for exon
E6 of RELA in both HEK and HTLV-1 transformed cells,
resulting in the expression of a spliced isoform lacking E6.
This isoform encodes a shorter p65/RelA protein of approx-
imately 44 kDa (p65/RelAAEG6), which, unlike its wild-type
counterpart, does not independently alter the expression levels
of NF-«kB-responsive genes. However, when Tax is expressed,
ectopic expression of p65/RelAAE6 appears to repress A20
and BCL3 while upregulating IL8 (Supplementary Figure
SSF-H). These findings suggest that NFKBIA-RELA contacts
upon Tax-induced NF-«B activation allow the generation of
a RELA spliced isoform that might contribute to refining Tax
activation-specific gene expression profiles.

Recent studies have reported that other oncogenic viruses,
including human papillomavirus (HPV) (81), Epstein-Barr
virus (EBV) (82), and hepatitis B virus (HBV) (83), reshape
the 3D structure of their host cell genome, potentially con-
tributing to complex mechanisms underlying gene perturba-
tions that lead to cancer development. Regarding HTLV-1,
its integration has been demonstrated to alter the 3D genome
structure by forming loops between the proviral CTCF bind-
ing site and host genome regions located in cis (84). It has
been proposed that the integration of an HTLV-1 provirus
into a genomic region that typically occupies a transcription-
ally repressive compartment in the nucleus, such as lamina-
associated domains (LADs), could favor the survival of HTLV-
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1-infected cellular clones iz vivo (85). However, some gene
promoters associated with the nuclear lamina have been
shown to escape transcription repression (86), suggesting a
more complex and dynamic regulation in peripheral region of
the nucleus. Given our findings that Tax can promote changes
in long-range chromatin interactions affecting both cis- and
trans-chromosomal regions, future investigations should ex-
amine how bursts of Tax expression influence the magnitude
of proviral-genome contacts and their consequences on the
clonal selection of infected cellular clones and the develop-
ment of HTLV-1-associated diseases.

In summary, our study demonstrates that the HTLV-1 viral
oncoprotein Tax remodels the 3D chromatin architecture of
its host cell, influencing gene-gene interactions and coordinat-
ing transcription and alternative splicing events upon NF-kB
activation. This sheds new light on the orchestration of the in-
terplay between 3D genome conformation and transcriptome
diversity, building upon earlier works from our group and oth-
ers that demonstrated the role of intragenic chromatin loops
in regulating transcription and alternative splicing (41,87-89).
Our findings raise the question whether similar mechanisms
could pertain to other cellular signaling pathways, such as
TGFpB that has been linked to TGFp factories and splicing
regulation through a SMAD3:HNRNPE1 axis (34,90). Fur-
ther investigations are needed to fully understand the complex
relationship between cellular signaling pathways, chromatin
architecture, coordinated transcriptional and alternative splic-
ing regulation, and the impact of HTLV-1.

Data availability

The raw data for 4C, Hi-C and RNA-seq have been de-
posited in NCBI’s Gene Expression Omnibus and are ac-
cessible through GEO Series accession number GSE233887,
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Supplementary data
Supplementary Data are available at NAR Online.
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