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Histone acetylation dynamics modulates
chromatinconformationandallele-specific
Interactions at oncogenic loci

Stephanie Sungalee 27, Yuanlong LA##’, Ruxandra A. Lambuta Natalya Katanayeva '2,
Maria Donaldson Colliet, Daniele Tavernari %3* Sandrine RoullandGiovanni Ciriello 23“and
Elisa Oricchio 2 -

In cancer cells, enhancer hijacking mediated by chromosomalalterations and/or increaseddeposition of acetylated histone

H3 lysine 27 (H3K27ac) can support oncogene expression. However, how the chromatin conformation of erfaoosster
interactions is affected by these eventsis unclear. In the present study, by comparingchromatin structure and H3K27adev-

els in normal and lymphoma B cells, we show that enhargepmoter-interacting regions assume different conformations
accordingto the local abundanceof H3K27ac Geneticor pharmacologicaldepletion of H3K27aadecreaseshe frequencyand

the spreading of these interactions, altering oncogene expression. Moreover, enhancer hijacking mediated by chromosomal
translocations influences the epigenetic status of the regions flanking the breakpoint, prompting the formation of distirict-i
chromosomal interactions in the two homologous chromosomes. These intéoms are accompanied by allelepecific gene
expression changes. Overall, our work indicates that H3K27ac dynamics modulates interaction frequency between regulatory

regions and can lead to allelspecific chromatin configurations to sustain oncogene expression.

ncogenic transcriptional programs. Mutations affecting

he activity of epigenetic modifiers are common in multiple

ypes, contribute to changing the landscape of DNA meth -
ylation and histone post-translational modifications *, and influence
chromatin organization 2% The three-dimensional (3D) struc-
tural organization of chromatin is determined, on one side, by the
binding of architectural proteins (CTCF and cohesin) that medi-
ate dynamic extrusion and formation of loop domains and, on the
other side, by the acquisition of histone post-translational modifica -
tions, which contribute to segregatingthe chromatin into compart-
ments and subcompartments’®. The broad distinction into A and B
compartments discriminates between chromatin regions enriched,
respectively, for active or inactive histone marks %%,

In cancer cells, changes in DNA methylation can reduce DNA
binding by chromatin architectural proteins, such as CTCF, favoring
the formation of spurious interactions between previously insulated
regions, and enabling oncogene expressiort®. Mutated chromatin
modifiers can alter the distribution of histone marks acrossthe
genome' and, more specifically within topologically associating
domains®. In addition to somatic mutations and epigenetic chan ges,
tumor development is accompanied by the acquisition of chromo-
somal alterations that causethe rearrangements of coding and non-
coding regions.

Enhancersare distal noncoding regulatory sequencesthat con-
trol gene expression by interacting with gene promoters'? In can-
cer cells, copy-number alterations, chromosomal translocations
and extrachromosomal DNA containing enhancer regions can

C ncer cells modify their epigenome to establish and maintain

promote the formation of aberrant enhancer—-promoter interac-

tions and transcriptional activation of oncogenes®-*¢ However,

oncogenicenhanceractivity canalsobe observedin the absence
of chromosomal alterations, and it is associated with the increase
and/or spreading of H3K27ac at enhancer regions’'¢. The ability

of enhancersto regulate gene expression depends on their epigen-

etic status'®: active enhancersare usually marked by H3K27acand

H3K4me1l, whereasloss of H3K27acand gain of H3K27me3results

in poised or repressed enhancers®. Thus, changes in H3K27ac
correlate with enhancer activity and gene expression.

The transcriptional kinetics of specific genescan be regulated by
intrinsic properties of promoters, transcription factor binding and
epigenetic status of the enhancers™=, It is interesting that physi-
cal interactions between enhancersand promoters createa permis-
sive chromatin conformation that appears to be sufficient to induce
gene expression in the absence of lineagespecific transcription fac-
tors?’. However, interactions between enhancers and promoters do
not existin abinary configuration (that is, the interaction either
occurs or does not), but they can assume diverse conformations that
might influence gene expressior. In the present study, we inves-
tigated how, in cancercells, changesin H3K27acalter chromatin
interactions by repositioning enhancerregions acrossdifferent sub-
compartments, and by changing local interactions between enhanc
ersand promoters. In addition, we analyzed the effect of enhancer
hijacking on chromosomal translocations on genomic regions
proximal to the breakpoints. We show that aberrant distribution of
H3K27ac contributed to the formation of allele -specific interactions
and monoallelic oncogeneexpression.
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Results

Repositioning of enhancer regions acrosssubcompartments. The
3D conformation of chromatin and its compartmentalization are
closely associated with the presence of histone posttranslational
modifications 822", However, the broad partition into A and B com -
partments doesnot fully capture chromatin statediversity and a
more refined classification into subcompartments has been shown to
better capture this diversity &%, To understand whether and to what
extent changes in H3K27ac lead to repositioning of enhancer regions
from one subcompartment to another, we integrated H3K27ac
chromatin immunoprecipitation sequencing (ChlP—seq) profiles
with high -throughput chromatin conformation capture (Hi -C) data
in normal B cells at two distinct stagesof differentiation 2°=* (that
is, germinal center (GC) B cells and lymphoblastoid B cells),and in
malignant B cells transformed from GC cells (Fig. 1a). To unbiasedly
identify active enhancerregions that underwent H3K27acchanges
during B-cell differentiation and oncogenic transformation, we ana-
lyzed ChlP—seq data in a cohort of samples including five diffuse
large B-cell lymphoma (DLBCL) cancer cell lines, five GC normal
primary samplesand a large cohort of normal lymphoblastoid B cells
isolated from peripheral blood ( n = 76). Candidate enhance regions
detected in these samples were matched when they overlapped and
condensedin 9,250matched enhancerregions (MERS), 1,6440f
which were classified as representative of these cohorts because they
were shared by multiple samples in each cohort (Supplementary
Table 1). Multidimensional scaling of H3K27ac signal intensities in
the full set of 9,250 MERs segregated samples based on their biologi
cal classification and independently of the sample source (Extended
Data Fig. 1a). Consistentwith the cell of origin of the tumor, the
levels of H3K27acin MERs were more correlated between GC and
DLBCL samples than between each of them and normal lympho-
blastoid cells (Extended Data Fig. 1b). Next, we integrated ChIP-seq
with Hi-C data obtained from two DLBCL cell lines (WSU-DLCL2
and Karpas-422),one GC sample and the lymphoblastoid cells
GM12878(Supplementary Tables1 and 2). For eachHi-C experi-
ment, we used the Calder algorithm ?¢to infer subcompartment
domains”®, and clustered them into eight subcompartments (four
A and four B subcompartments). Subcompartment domains within
eachchromosome were ranked between 0 and 1 basedon the clus-
tering procedure. Subcompartment domains ranked closeto O cor-
responded to domains in repressive B subcompartments, whereas
ranks closeto 1 corresponded to domains in active A subcompart-
ments. Representative enhancer regions of the analyzed cohorts
(n= 1,644)were mapped to their corresponding subcompartment
domains to assess whether changes in H3K27ac during Beell dif -
ferentiation and oncogenic transformation were associatedwith
enhancerrepositioning (that is, change of subcompartment and/or
domain rank; Fig. 1b). Subcompartment domain ranks in the two
DLBCL cell lines were highly correlated and more associatedwith
GC cellsthan with lymphoblastoid B cells (Extended Data Fig. 1c),
consistentwith trends observed for H3K27ac profiles (Extended
Data Fig. 1b). Importantly, changes in subcompartment domain
ranking between each DLBCL cell line and either GC or lympho -
blastoid cells were always significantly correlated with H3K27ac
fold -changes(Extended Data Fig. 1d,e)and thesesubcompartment
changeswere highly consistent between comparisons (Fig. 1cand
Extended Data Fig. 1f,g). It is interesting that, among enhancers that
moved toward active subcompartments in DLBCL cell lines com -
pared with GM12878 (rank difference > 0; Fig. 1c), we found that
some of them were in active subcompartments only in lymphoma
cells, whereas others were already in agive subcompartments in
GC B cells (rank difference ~0).This indicated that repositioning
events either were specifically associated with the tumorigenic state of
cells(tumor -specificrepositioning) or reflected the cell of ori- gin
of the tumor and stalled cell differentiation (lineage-associated
repositioning; Supplementary Table 3).

To explore in more detail the epigenetic status of a subsetof
these repositioned enhancers, we selected the most extreme repo
sitioning eventswith respectto the GM12878cell line (rank dif -
ference >0.4 or 1 0.4), which were significantly overlapping
between the two lymphoma cell lines (Extended Data Fig. 1h).
Subcompartment ranks associatedwith theseenhancersclearly
distinguished lineage -associated and tumor-specific reposition-
ing. Indeed, lineage-specific repositioned enhancers fi = 9) were
in active subcompartments in both lymphoma cell lines and GC
cells,whereasthey were found in the repressive subcompartments
in GM12878(Fig. 1d). It is interesting that theseeventsincluded
a cluster of enhancersproximal to BCL6gene,which is required
for GC formation and frequently upregulated in lymphoma cells®,
or other genesinvolved in hematopoietic differentiation, suchas
CHDY7 (ref. *) or ZEB2 (ref. *%) Conversely, tumor -specific repo-
sitioned enhancersshifted toward positive (n= 12) or negative
(n= 11) subcompartments specifically in lymphoma cells compared
with both GM12878 and GC B cells (Fig. 1ef). Enhancers that
were repositioned in active compartments, specifically in tumor
cell lines, were found in proximity to cell-cycle regulators, such as
CDC23and CDC258 the p53 negative regulator MDM2 and NKX2
transcription factors, which have beenfound aberrantly expressed
in B-cell lymphoma 5%, Differences in subcompartment localiza-
tion were always associatedwith changesof H3K27acat the cor-
responding enhancerregions (Fig. 1g-i). To further corroborate
theseresults in independ ent human tumor samples,we generated
and analyzed ChlP-seq and Hi-C data from two primary DLBCL
patient samples (patient 1 and patient 7), which have been engrafted
in immunocompromised animals *’. As for the lymphoma cell lines,
differences in subcompartments compared with GC or GM12878
cells were positively correlated (Extended Data Fig. 1i), and the
most extreme repositioning events (rank difference >0.4or 1 0.4)
significantly overlapped (Extended Data Fig. 1j). Repositioning of
enhancerregions could again be classified in tumor -specific and
lineage-associated repositioning events (Fig. 1jand Supplementary
Table 3). Importantly, most of the repositioning events observed in
either lymphoma cell lines or patient sampleswere detectedin at least
two samples (Fig. 1k), with approximately half of them being found
already in GC cells (that is, being associated with the cell of origin of
the tumor). A notable example among lineage-specific reposition -
ing events,which were shared among all four lymphoma samples,
was a cluster of enhancersproximal to the BCL6locus (Fig. 11).
These enhancers were found in the most active subcompartment
in all tumor samplesand GC cells, but not in GM12878,consis-
tent with the presenceof H3K27acat theseloci. Overall, changesof
H3K27acduring B-cell differentiation or oncogenictransformation
were associated with lineage-associated or tumor-specific reposi-
tioning of enhancer regions across chromatin subcompartments.

Modulation of EPIs. Enhancersare distant regulatory elements
that control gene expressionby forming interactions with the cog-
nate gene promoter; theseinteracting regions can assumediffer -
ent conformations %. Hence, we explored the dependency between
the amount of H3K27ac at enhancerregions and the formation
of enhancerpromoter interactions (EPIs).For this purpose, we
focused on the representative enhancerregions (n = 1,644) that
we determined in DLBCL, GC and normal lymphoblastoid B
cells. First, we used the HiC -DC algorithm * to estimate signifi -
cantly frequent Hi-C contactsbetween eachcandidate enhancer
region and gene promoters within 2 Mb of that enhancer. In total,
HiC -DC tested 69,030candidate EPIsin eachof the six samples
(GC, GM12878,two lymphoma cell lines and two primary patient
samples) analyzed by Hi-C, and identified between 2,500 and 4,500
significant EPIsin each model (HiC-DC P < 0.001; Extended Data
Fig. 2a). Significant EPIs were more likely to occur between enhane
ersand promoters within the samesubcompartment domain than
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Arrows indicate differentiation and tumor development trajectories. b, Graphic representation of repositioning of enhancer regions between A and B
compartmentshat accompanyhangesn H3K27acc, Comparisorof compartmentdomainrankdifferencescomputedwith Caldebetween(left)
Karpas422 and GC cellg éxis) and Karpa422 and GM12878/(axis) and between (right) WSDLCL2 and GC cells (x axis) and\dSCL2 and
GM12878 Y axis). Each dot is an MER coloded by the difference in H3K27ac between Karpa2 (left) or WSUDLCL2 (right) and GM12878 (red:
higher H3K27ac in lymphoma cell lines than in GM12878; blue: lower H3K27ac in lymphoma cell lines than in GM1L28@8)partment domain rank
(xaxis) of @hancer regions in cancer cell lines (WBILEL2 (W) and Karp422 (K)) and normal B cells (GC and GM12878 (GM)). From left to right:
enhancer regions exhibiting lineageecific repositioningd), and enhancer regions exhibiting turgpecificrepositioning toward inactive Jeor active

(f) subcompartments. Each dot is an enhancer region and color coded by subcompartment assigrimRaprgsentative examples of H3K27ac €hIP
seq tracks of enhancer regions and their position in the compartmaak in the indicated samples (top bar) indicating lineage associated repositioning
on chr.8 ¢), and tumor specific repositioning chr.12 (h) and chr.14, Compartment domain rank éxis) of enhancer regions in lymphoma primary
patient samples (pa¢ints 1 and 7) and normal B cells (GC and GM12878cdurrence of repositioned enhancer regions in the indicated samples
compared with GM12878. Shared repositioning events are observed in at least two sanpii€27ac ChiBeq tracks of the indicated region on chr.3
and its position in the compartment rank in the indicated samples. The-§#tdBcale is reported as normalized reads per million (n.r.p.m.) for cell lines
and referenceadjusted reads per million (r.r.p.nx)10'2 for patient samples. The position of this region in the larger genomic locus, comprisiBE e
LPPand TPRGAgenes, is shown at the bottom.
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expected (Extended Data Fig. 2b). Next, we performed a differential cells after 48h of treatment with the A-485inhibitor (0.5 &M) to test

interactome analysis to estimate significant differences in contact
frequency between EPIsin lymphoma cell lines and in normal B
cells (GC and GM12878;Fig. 2a and Supplementary Data 1-2).
Significantly different EPIswere associatedwith subcompartment
repositioning of enhancer regions. Indeed, the subset of enhancer
regions that exhibited the most extreme repositioning (rank differ -
ence>0.4or i 0.4)made significantly more frequent interactions
with gene promoters when found in the active subcompartments
than when in repressive subcompartments (Fig. 2b,cand Extended
Data Fig. 2c). Moreover, the number of significantly different EPIs
increased with growing differences of H3K27ac at enhancers (Fig. 2d
and Extended Data Fig. 2d). It is interesting that the sametrend
was observed for the ‘size’ of interacting regions in theseEPIs,
defined here asthe number of genomic bins that exhibited signifi -
cant interactions between one enhancerand one promoter (Fig. 2e
and Extended Data Fig. 2e). Theseresults indicate that changesof
H3K27ac at enhancer regions are associated with EPI formation and
that this associationis not binary, but the amount of H3K27acposi-
tively correlated with the frequency and size of interactions between
enhancerand promoter regions (Fig. 2f).

Depletion of H3K27ac weakens EPIs. To directly assesshe effect
of histone acetylation on chromatin interactions, we pharmacologi -
cally blocked the catalytic activity of the histone acetyltransferases
(HATs) p300and CBP,using the selective small-molecule inhibitor

A-485 (ref.*9) (Fig. 3a). Short-term treatment with A -485 induced
genome-wide reduction of H3K27acin lymphoma cells (Fig. 3aand
Extended Data Fig. 2f), but did not affect H3K9ac (Fig. 3a) or sig-
nificantly influence cell proliferation and survival (Extended Data
Fig. 2g). Thus, we performed Hi-C on WSU-DLCL2 and Karp as-422



whether changesin H3K27ac influence EPI formation (Fig.
3b). It is interesting that a decreaseof H3K27ac led to an
overall loss of chromatin interactions in the A compartment,
consistent with H3K27ac enrichment in this compartment, but
no differences were found in the B compartment (Extended Data
Fig. 2h). Next, we spe- cifically tested the effect of A-485 on EPIs
that were found signifi- cantly more frequently in Karpas -422 (i
= 239) and WSUDLCL2 (n= 494)than in lymphoblastoid B cells
(Supplementary Table 4). Differential interactome analyses
between treated and untreated cells found that the large
majority of these EPIs showed a decrease in frequency of
interactions (Fig. 30), including a large fraction of significantly
less frequent interactions (45% in Karpas422 and 68% inWSU-
DLCL2). Among EPIsthat significantly changed on treat- ment,
we found several interactions among enhancers andpromot - ers
of lymphoma -associatedgenes,such as BCL6 BCL11A MYC
and MAP2K1 (Supplementary Table 4), which regulate B-cell
dif - ferentiation and tumor cell proliferation. Differential

expression analysis between treated and untreated cells showed
that less fre- quent EPIs were associated with decreased gene
expression in 62.5% (Karpas-422) and 66.5%(WSU-DLCL?2) of the
casesand transcrip- tional changesassociatedwith lessfrequent
EPIsoften excited a twofold downregulation (logz(fold -change)<
i1) of gene expres sion (Fig. 3d and Supplementary Table 5).
Downregulated genes as a result of EPI loss included oncogenic loci
relevant to lymphoma pathogenesis,suchasBCL6 BCL11Aand
MYC (Fig. 3d). Hence, we decided to use these regions for in
depth and high-resolution analyses aimed at defining the
consequencef changing H3K27ac on the chromatin structure.

H3K27ac abundance shapesthe conformation of EPIs.BCL11Ais
azinc finger protein that negatively controls the expression of fetal
hemoglobin in erythroid cells*®*. In non-Hodgkin's lymphoma, the
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chr.2p12-16 genomic region, including BCL11Aand REL, is fre-
quently amplified “>*°, and aberrant accumulation of BCL11A in the
nucleus has beenobservedin B-cell malignancies*. To understand
how BCL11Aexpressionis regulated by EPIsin lymphoma, we
mapped significant interactions (q< 0.1, in a 20kb bin) between the
BCL11Apromoter and upstream and downstream regions in lym -
phoma cells. We found multiple bins with significant interactions
between BCL11Aand an upstream H3K27ac-positive enhancer
region (chr.2: 60,578-60,584kb; Fig. 4aand Extended Data Fig. 3a).
This representsalineage-specific enhancerin Bcells, becausein
erythroid cells the expression of BCL11Ais regulated by a differ -
ent intragenic enhancer'®*, ChIP-seqanalysesof H3K27acin lym -
phoblastoid B-cell samples, GC samples,lymphoma cell lines and
patient samples revealed variable levels of H3K27ac at this enhancer
(Extended Data Fig. 3b). The abundance of H3K27ac positively cor-
related with BCL11Aexpression (Spearman’s correlation= 0.75 and P
= 5.8x 10" in lymphoblastoid cells (Extended Data Fig. 3c), and
with significant overexpression of BCL11Ain DLBCL compared
with lymphoblastoid samples (Extended Data Fig. 3d). Treatment
with A -485 reduced H3K27ac in this region (Fig. 40 and was associ
ated with fewer significant EPIs(Fig. 4b and Extended Data Fig. 3a)
and low BCL11Aexpression (Extended Data Fig. 3e). Conversely,
the subcompartment domain boundaries and CTCF-binding sites
were not affected by treatment with A-485(Fig. 4a,band Extended
Data Fig. 3f,g), suggesting that the amount of H3K27ac can modu -
late the EPI frequency, without changing other components of the
chromatin architecture. To analyze EPIchangesin this region at
higher resolution, we performed UMI -4C analyses using bait prim-
ersdesigned on the BCL11Aenhancer.We confirmed severalinter-
actions spanning the region between the enhancerand BCL11A
beyond specific enhancer-promoter contacts(Fig. 4¢).
Treatment with A-485reduced the overall number of interac-
tions within theseregions, but some points of contact between the
enhancer (viewpoint) and the region containing the promoter were
retained (chr.2: 60.770-60.78%b) (Fig. 4c). To allay nonspecific



effects due to genome-wide maodifications of H3K27acinduced
by A-485 treatment, we used an epigenetic, targeted editing
approach to modify the acetylation status of the BCL11A
enhancer. We engineered an independent lymphoma cell
line, Su-DHL -4, to constitutively express dCas9 coupled with
KRAB, which depletes H3K27ac, and transduced the cells with
sgRNAs targeting BCL11A enhancer. Only one out of three
tested sgRNAs (sgRNAZ2) signifi- cantly changed BCL11A
expression (Fig. 4d and Extended Data Fig. 4a) and reduced
H3K27acatthe enhancerlocus (Fig. 4eand Extended Data Fig.
4b), but it did not affect the acetylation status of flanking regions
(Extended Data Fig. 4c). Then, using UMF4C, we compared the
chromatin conformation in cells with and without expression of
the sgRNA2. In naive Su-DHL -4 cells, we confirmed frequent
interactions within the entire region between the enhancer and
BCL11A promoter, whereas in cells expressing dCas9-KRAB—
sgRNA2 we showed a global reduction in the number of
interactions within this region, with only focal points of contact
being preserved (Fig. 3f). Next, we tested whether accumulation
of H3K27ac in this region could be sufficient to promote the
formation of new inter- actions between the BCL11A enhancer
and promoter. We selected leukemia K562 cells of myeloid
origin becausethey do not express BCL11A and they exhibit
neither H3K27acnor significant EPIsin the region between the
enhancer and BCL11A (Extended Data Fig. 4d,e). We
engineered K562 cells with dCas9-EP300to pro- mote the
deposition of H3K27ac at the BCL11A enhancer. In K562 cells
expressing dCas9-EP300 with sgRNA2 targeting the enhancer
locus, we detected the formation of new interactions in the
region between the enhancer and BCL11A(Fig. 4g). These
changes in chromatin conformation were accompanied by
mild accumula- tion of H3K27ac detected by targeted ChIP—
guantitative (gq)PCR spanning the enhancer locus (Fig. 4hand
Extended Data Fig. 4b).Moreover, although BCL11Awas silenced
in K562 cells, we detected low messenger RNA expression of
BCL11Aby both targeted reverse transcriptase-gPCRand RNA -
seqin K562 cellsengineeredwith dCas9-EP3068-sgRNA2 (Fig.
4i and Extended Data Fig. 4f). These



results demonstrated that ectopic presence of H3K27ac facilitated
the formation of de novo interactions within this region and could
promote gene expression.

Last, to gain insight on why maintenance of a high level of
H3K27acand multiple EPIscould be beneficial for lymphoma cells,
we knocked out BCL11Ain WSU-DLCL2 cells (Extended Data
Fig. 49). Loss of BCL11Aexpression did not affect lymphoma cell
proliferation, but it induced significant downregulation of multiple
genes (89% of significantly differentially expressed genes; Fig. 4land
Supplementary Table 6). Genesetenrichment analyseshighlighted
that several of thesegeneswere regulators of B-cell differentiation,
and in particular they were associatedwith the GC light -zone dif -
ferentiation * (Fig. 4m, Extended Data Fig. 4h and Supplementary
Table 6). This suggested thatBCL11A expression is important
in lymphoma cells for stalling B-cell differentiation programs.
In-depth analysesof the BCL11Alocus and associatedenhancer
indicated that changesof H3K27ac can modulate the interactions in
the region between the enhancerand promoter.

H3K27ac effect on EPIsand EEls. BCL6is a key regulator of B-cell
maturation in the GC and acts as an oncogene in lymphoma®?. In GC
cells, BCL6expression s regulated by a large enhancer region“® (E1:
chr.3:187,626-187,720kb) and in lymphoma BCL6is constitutively

expresseddefining the GC origin of thesetumors. We compared
EPIs at theBCL6locus in lymphoblastoid, GC and lymphoma cells.

H3K27ac could be detected in the E1lregion in GC and lymphoma

samples but not in lymphoblastoid samples (Extended Data Fig. 5a).
In GM12878,we confirmed lack of H3K27acat the E1 enhancer
and of significant EPIsbetween the BCL6 promoter and E1 (Fig. 5a).
Conversely, E1I-BCL6 interactions were detectedin both GC and
lymphoma cells (Fig. 5b,cand Extended Data Fig. 5b), in agreement
with the enhanceracetylation status in this region. Moreover, in
lymphoma cellsin which H3K27acin E1lwas higher than in GC
cells, additional significant interactions were formed between E1

and multiple downstream H3K27ac peaks (E2, E3, E4) spanning
the LPPlocus, creating a hub of frequently interacting enhancers
(Fig. 5c and Extended Data Fig. 5b). A-485 treatment reduced the
number of significant interactions with BCL6promoter and among
the multiple enhancers(Fig. 5d and Extended Data Fig. 5¢).Loss of
contactswas associatedwith reduced BCL6expressionin both lym-
phoma cell lines (Extended Data Fig. 5d). We used UMI -4C with

two independent sets of bait primers, one mapping to E1 and the
secondto BCL6 promoter, to analyze at high resolution BCL6EPIs
and enhancerenhancer interactions (EEIs). E1 interacted preferen
tially with BCL6promoter and the E2 enhancer,whereas BCL6 pro-
moter formed multiple interactions with the downstream enhancers

(Fig. 5€). Treatment with A-485reduced the number of interactions

in this region, although afew EPIsand EElswere retained (Fig. 5€).
High -resolution chromatin conformation analyses of both the
BCL11Aand BCL6loci showed that modulating H3K27ac both
changes the frequency of interaction and extends interacting regions
among enhancers and between enhancersand promoters.

H3K27ac is necessaryto form new EPIs on translocation. In a
fraction of DLBCL patients, the region containing E1-E4 enhanc
ers on chr.3 is translocated to chr.8, in proximity to the MYC
locus*’#¢, and it promotes upregulation of MYC expression*.
Hi-C and whole-genome sequencing (WGS) of WSUDLCL2
cells revealed that these cells harbor a chromosomal translocation
t(3:8) between chr.8 ard chr.3 (Fig. 51) similar to the one observed
in DLBCL patients. In detail, we detected a copy-number gain
containing the large enhancer region on chr.3 (chr.3: 187,481,146
198,295,55%p), but not including BCLSG, along with a heterozy-
gote loss of the chr.8 region (chr.8: 129,106,6521.39,148,752p)
downstream of MYC (Extended Data Fig. 5e). Copynumber
variant analysis showed that the duplicated region of chr.3was
translocated to chr.8, forming a derivative chromosome t(3:8)
(Extended Data Fig. 5f), while maintaining the diploid status of
the enhancerregion regulating BCL6in cis. Hence, we investigated
how changesin H3K27ac affect the chromatin conformation in
the translocated chromosome. Using Hi-C, we observed several
interactions spanning the chromosomal translocation breakpoint
(Fig. 5f) and, by mapping significant interactions in the region, we
detected the formation of specific contacts betweenMYC and the
chr.3-translocated fragment (Fig. 5g). We confirmed the presence
of these new interactions using UMI-4C, in particular between
MYC promoter and the E1 region on chr.3 proximal to the break-
point (Fig. 5h). Vice versa, using two independent viewpoints,
one on the MYC promoter and one on a previously described
MYC enhancer region®™®, and by mapping only intrachromosomal
interactions, we could not detect long-range interactions between
MYC and the chr.8 region beyond the breakpoint (Extended Data
Fig. 5g). Treatment with A-485reduced chr.8—chr.3 (Fig. 5h) and
chr.8—chr.8 interactions, while retaining some points of contact
with the PVT1promoter region (Extended Data Fig. 5g). These
changes in interactions were associated with downregulation of
MYC expression (Fig. 5). Thus, the formation of new interactions
between juxtaposed genomic regions by chromosomal transloca
tion was mediated by H3K27ac (Fig. 5j), and chromatin interac-
tions areinstrumental in maintaining oncogeneexpression.

H3K27ac and allele-specific chromatin conformation. The
translocation t(3;8) allows the formation of new interactions
between chr.8 and chr.3 mediated by H3K27ac.We asked whether
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Fig. 4 | Depletion of H3K27ac modulates the conformation of the BCeiii@ncerpromoter loop. gb, Representation of 2Rb interacting regions
between the indicated genomic coordinates color coded based on theitue (top), and the corresponding ChiBq track of H3K27ac (r.r.p.m10'3),
CTCHKr.p.m.) and CTCForientation (bottom) in WSUDLCLZells untreated (a) and treated with A-485 inhibitor (b). c, ChlRseqtrack of H3K27ac
(blue, r.r.p.mx 103 and UMI4C domainogram representing the mean number of contacts (percentage of the maximum) on the ch~@0 8Mb
regionin WSUDLCLZellstreated with A-485 (0.5 & for 48h) or DMSOas control. d, Quantificationof BCL11Aexpressionchangesin SuDHL-4 cells
expressing dCas8RABsgRNA2r(= 6) compared with the cells expressing dG&IRAB (vector, n 6). Data are presented as mears.d. The Ralue

was calculatedby unpaired,two-tailed Student’st-test. e, ChIRseqtrack of H3K27adr.r.p.m.x 10'3) on the chr.2:60.4-60.8Mb regionin SuDHI-4
cellsexpressingdCas9KRARVvector) or dCas3KRABsgRNA2f, UMI-4Cdomainogramrepresentingthe mean number of contacts(percentageof the
maximum)in SuDHL-4 cells expressingdCas3KRABvector) or dCas3KRABsgRNAZwith the correspondingH3K27adr.r.p.m.x 10'3) ChlRseqtracks.

g, ChiRseq track of H3K27ac (gray, n.r.p.m.) and 4M&Idomainogram representing the mean number of contacts (percentage of the maximum) on the

chr.2: 60.4-60.8Mb region in K562 cells expressingdCas3EP300(vector) or dCas9EP308sgRNA2h, Quantificationwith multiple primers spanning
the enhancerregion (Epl to Ep8) of H3K27aachangesn K562cellsexpressingdCas9EP300sgRNAZNn = 3) comparedwith the samecellsexpressing
dCas9EP30Qvector,n= 3). Dataare presentedasmeant s.d. TheP valueswere calculatedby unpaired,two-tailed Student'st-test. NSindicatesP> 0.1.
i, Quantification of BCL1l&kpression changes in K562 cells expressing dERSD0sgRNA2(= 4) compared with the same cells expressing d€as9

EP300 (vector a 4). Data are presented as mears.d. j, Volcano plot with differentially expressed genes between BONMT1and knockout WSDLCL2
cells.l, Representative example of one of the top scoring genesets containing multiple genes of GC light zone. FDR, falseatiésd¢dkz&ynormalized

enrichmentscore.



the presenceof anew enhancerregion could also influence chr.8—
chr.8 chromatin interactions before the breakpoint. Hence, we
resolved the chromatin conformation of the two homologous

copies of chr.8 before the breakpoint by phasing UMI-4C reads
spanning chr.8—chr.8interactions. To distinguish the chromatin
structure of the two chromosomes, first we built the chromosome

haplotype based on single-nucleotide polymorphisms (SNPs), then
we assigned UMI -4C readsto eachcopy of chr.8 and pooled reads
harboring at leastone phased SNP within 20-kb regions (Extended
Data Fig. 6a). We confirmed, with two setsof primers (forward and

reverse),that all interactions between chr.3 and chr.8 were always
supported by only one of the two haplotype blocks (Fig. 6a).

Next, we resolved the chromatin conformation of the regions
upstream of the breakpoint in the two chr.8 homologous chro-
mosomes. We independently analyzed reads obtained with mul -
tiple bait primers, mapping either to the MYC promoter (chr.8:
128,747,000428,748,47Mmp) or to a 60-kb downstream region
(chr.8: 128,806,943128,807,001bp). The segregation of reads
betweenthe two haplotypes revealed that the MYC allele on the
wild -type (WT) chromosome formed the majority of its interactions
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Fig. 5 | Enhancer region on chr.3 regulates the expressi@CafandMYC a—d, Representation of 28b interacting regions between the indicated
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ascontrol and the correspondingH3K27adChiRseqtrackin untreated cells. Theeyerepresentsthe position of the primer usedasbait. i., Quantification
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n=5). Data ar@resented as mea#a s.d.ThePvaluewas calculated using ampaired, twotailed Student’s-test. j, Graphic representationf chromatin
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. . . . in the WT allele and formed new specificinteractions with afur - ther
with agenomic region (R1)that is located .160'18Okb downstream distant region (R2) that was 220-240kb downstream of MYC (chr8:
of the gene (chra: 129’020"'_29'040(b’ F'g_' 6b). O_n the translo- 129,100429,120kb), in proximity to the breakpoint (Fig. 6¢). To
cated chromosome, MYC allele retained interactions observed



understand whether these differences in chromatin interac- ChlIP—seq reads. It is of interest that the phasing analysis revealed

tions between the two MYC alleles could be linked to epigenetic  that H3K27acwas presentin the R2region on the translocated,

differences between the two chromosomes, we phased H3K27ac  but not on the WT, chr.8 (Fig. 6d). In addition, we noticed that few
H3K27ac peaks proximal to the MYC promoter region were exclu-
sively present on the translocated MYC allele (Fig. 6d and Extended
Data Fig. 6b). Conversely, in other regions upstream of the break
point, H3K27ac was similarly distributed between the t wo copies
of chr.8 (Fig. 6d), and alsoin lymphoma cells (Karpas-422)that
do not harbor the (3;8) translocation (Extended Data Fig. 6c). To



identify regions of preferential interactions with the allele-specific
enhancer (ask) at R2, we designed UMI4C viewpoint primers
mapping to the asEregion on chr.8 and to the Elregion on chr.3.
With these primers, we observed that the asE interacted with E1 on
chr.3and with MYC promoter (Fig. 6€). Similarly, the E1region on
chr.3interacted with both the asEand the MYC promoter on chr.8
(Fig. 6€). Thus, the t(3:8) translocation was associated with detec-
tion of allele-specific H3K27ac regions on chr.8 and the formation
of chr.8—chr.8 allele-specific chromatin interactions.

Last, we observedthat MYC was expressedexclusively from
the translocated allele (Fig. 6f). Indeed, WGS reads mapped to
both alleles, whereas 100% of RNAsequencing (RNA-seq) reads
contained the SNP corresponding to the allele on the translo-
cated chromosome, suggesting monoallelic expression of the gene
(Fig. 6f). In addition, phasing analysis of ChIP —-seq reads showed
that H3K36me3, a marker of the transcribed regions, was consistent
with phasing of H3K27acand present only on the MYC allele on
the t(3:8) chromosome (Fig. 6f and Extended Data Fig. 6b). This
was not the casein other regions (Extended Data Fig. 6d,e)or in
cellswithout t(3:8) (Extended Data Fig. 6¢-f). Hence, allele-specific
chromatin and epigenetic conformation were associated with
allele-specific MRNA expression.

Allele -specific conformation and epigenetic changes.
Chromosomal translocations involving the highly active immuno -
globulin (Ig)H enhancer(lgH -E) region on chr.14are frequently
observed in lymphoma patients®’. The enhancerson chr.14 are
hijacked to boost the expression of oncogenes,such asMYC by
t(14:8), BCL6 by t(14:3) or BCL2by t(14:18) translocations. In
t(14:18),monoallelic expression of the translocated BCL2has been
reported and it contributes to aberrant upregulation of BCL2 expres-
sion in B-cell malignancies®. We detectedthe translocation t(14:18)
in both WSU-DLCL2 cells and patient 1 with the breakpoint in the
BCL2 3 8UTR region, as described in multiple lymphoma cases®’,
whereas this translocation was not present in normal B cells (GC
or GM12878)or patient 7 (Extended Data Fig. 7a). Thus, we ana-
lyzed how t(14:18) influenced the interactions and H3K27ac pro-
files of the BCL2-translocated and WT allele (Fig. 7a). Similar to
what was done for the t(3:8), we reconstructed the Hi-C map of the
t(14:18}translocated chromosome in WSU-DLCL2 and patient 1
(Fig. 7b,c). Several significant interactions were detected between
chr.14 and the region including the BCL2 promoter on chr.18
(Fig. 7d,e). By mapping the corresponding H3K27ac signal, these
interactions corresponded to peaks of H3K27ac at the IgHE region
(Fig. 7d,e). Thus, we phased Hi -C and H3K27ac ChIP-seqreads to
distinguish between the BCL2WT and BCL2-translocated t(14:18)
allelesin WSU-DLCL2 cells. It is interesting that we observed, in
the WT allele, that the region containing the BCL2 promoter inter-
actedwith aregion that is 120kb downstream of the gene (Fig. 7f).
Conversely, BCL2 promoter on the t(14:18) allele formed specific
interactions with the BCL2 3 8UTR region proximal to the breakpoint
(Fig. 79). As it was observed for the t(3:8) MYC locus, allele-specific

interactions between BCL2 promoter and the BCL23 6UTR region
were associated with the presence of an allelespecific H3K27ac sig
nal in this region in both WSU-DLCL2 cells and patient 1 (Fig. 7h).
Thus, the BCL2promoter of the translocated allele formed specific
interactions with the 3 8UTR of the gene, assuming a distinct corn
formation with respectto the WT allele (Fig. 7i). Overall, in both
t(14:18)and t(3:8),the acquired proximity of an enhancerregion
influenced the epigenetic status and chromatin conformation of
the regions proximal to the breakpoints, leading to allele -specific
structural, epigenetic and transcriptional profiles.

Discussion

On a broad scale, enrichment for distinct histone marks is associ
ated with A and B compartments, which determine and separate
transcriptionally active and inactive chromatin regions'®>°°, A
more fine-grained description of chromatin compartmentalization
revealed subcompartments enriched for distinct histone marks®. In
transformed cells, hyperacetylation driven by a fusion oncoprotein
(BRD4-NUT) was shown to be associatedwith the formation of
aunique subcompartment, suggesting that histone acetylation can
promote the formation of new chromatin interactions 2. In the pres-
ent study, we showed that differences in H3K27achetween normal
and cancer cells correlate with subcompartment repositioning of
enhancer regions. Moreover, H3K27ac changes seem to modulate
the frequency and extent of contacts between enhancers and their
target gene promoters. It appeared that in tumor cells accumula-
tion and spreading of H3K27acat specific enhancersserved to ‘zip’
theseregions in aconformation characterized by increasedcon-
tact frequency and number of interacting regions, which influence
oncogeneexpression. Importantly, modifications of H3K27ac levels
due to chromosomal rearrangements, stalling of cell differentiation, or
pharmacological and geneticalterations of HAT activity modify the
frequency of interactions of these chromatin structures and can
influence geneexpression. We observedthat, in leukemic cells, the
targeted activity of dCas9—EP300 on the enhancer region prompted
the formation of chromatin interactions with the proximal gene pro -
moter, but was accompanied by modest changes in gene expressionlt
is difficult to determine a temporal or causal order among epi-
genetic, chromatin structure and expression changes. Indeed, it has
been shown that direct inhibition of transcription does not necessar -
ily affect chromatin conformation . Moreover, histone-modifying
enzymes can affect gene expression through noncatalytic func-
tions°%¢, Thus, the functional relationship between gene expression
and epigenetic modifications is complex and further mechanistic
studies are required to explain this dependency.

In cancer, genomic lesions affecting coding regions, such as
mutations or chromosomal alterations, have a direct impact on gene
expression, whereas chromosomal rearrangements targeting non-
coding regions have beenassociatedwith enhancer hijacking ***°. It
is interesting that we found that enhancer hijacking by chromosomal
translocations modifies not only interactions between two regions
of distinct chromosomes, but also the chromatin conformation
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Fig.6| Allelespecificepigeneticmarksand chromatininteractionsat the MY Clocus.a, Numberof contactsbetweenone copyon chr.8(chr.8:128.6-
129.1Mb) and the chr.3translocatedregion detected by UMI-4Cusingmultiple forward (Fwdand F) and reverse(Revand R) bait primers. Thenumber
of readsin 20-kb binsis indicated.b,c, Numberof contactsin the WT chromosomebetweenMYCWT (b) and translocatedallele t(3:8) (c; bait primers1
and 2) and the chr.8: 128-629.1:Mb region and number of contacts between a regiorkb@bait primers 3 and 4) upstream of M&i@l the chr.8: 128:6

129.:Mb region. The number of reads in-RD bins is indicated. The specific bins are labeled with R1 (region 1) and R2 (region 2). On the right, a graphic

representation of the chromosome conformations chr.8 WT or translocated. d, H3K27as&htiRacks (n.r.p.m.) of the chr.8: 128129.1Mb regions

and the zoomin of chr.8: 128.73128.77Mb and chr.8: 129.04129.110Mb. The distribution of the total signal is in gray, the distribution of the signal in the

WT chromosome is in blue and the distribution of signal of the translocated chromosome is inU&tl-4C domainogram using a bait primer on the asE
region (top) and a bait on the E1 region on chr.3 (bottom) representing th@Jbti contacts) spanning the breakpoint after chromosomal translocation
between chr.8 and chr.3 in WEDLCL2 cells, and the oesponding phased H3K27ac Gisiy track for chr.8 (r.r.p.mx 10'%) and total H3K27ac for chr.3
(n.r.p.m.). The eye represents the position of the primer used as b&udntification of the number of reads spanning the chr.8: 128,750,540 SNPs on
MY Ccodingregion harboringan adenine(A) or a guanine(G) detected by WGS ,RNAseqand ChIRseq of H3K27amr H3K36me3n WSUDLCLZells.



and the epigenetic status of the region proximal to the breakpoint influenced the epigenetic status and the chromatin conformation
in homologous chromosomes. The presence of allelespecific  of the neighboring region. In nonpathological conditions, multiple
H3K27ac marks suggested that the translocated enhancerregion  genesshow allele expression bias acrossindividuals ' and among
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Fig. 7 | Allelespecific epigenetic marks and chromatin interactions atBi@ 2ocus.a, Graphicrepresentationof the chromosomaltranslocation
t(14:18).b,c, Reconstruction of Hi-contact maps of the derivative chromosome t(14;18) in the region spanning the breakpoint after chromosomal
translocation in WSUDLCL2h) and patiet 1 (). The chr.14 intrachromosomal contacts are in yellow, chr.18 intrachromosomal contacts in blue and
interchromosomal interactions between chr.14 and chr.18 in red. The dotted lines indicate the region represerded & dle, Representation of 2@b
regions significantly interacting are color coded based on thealtes in the derivative chromosome t(14;18) and reconstruction of the corresponding
H3K27acChIRseqtracksin WSUDLCLZells(n.r.p.m.;d) and patient 1 (r.r.p.m.x 10'? e). P valuesobtainedwith the HIGDCmethod are represented.
f,g, Representatiorof allelespecificHi-Cinteractionsin the region containingthe BCL2NT allele and BCLZranslocatedt(14:18)allele. h, Quantification
of the HiC reads starting from the b bins containing the BCh2omoter in the WT and translocated t(14:18) allele (top) and distribution of H3K27ac
ChlRseqtracksin the correspondingW T and translocatedt(14:18) chromosomein WSUDLCLZellsand patient 1 (bottom). The H3K27adlistribution

of the total signal is in gray. The number of reads in eaekb2in is indicated, iGraphic representation of chromatin conformation of B@I[Rand
translocated allelesn the two copiesof chr.18.



different lineagesderived from the samestem cells®>. The unbal-
anced expression between the two alleles hasbeenassociatedwith
a different distribution of histone acetylation and DNA methyla -
tion 6°%2, Basedon our results, it will beinteresting to investigate
whether, in theseregions, two homologous chromosomesassumea
distinct chromatin conformation.

Overall, in cancercells, beyond chromosomal translocations,
other chromosomal alterations such asinsertions or heterozygous
deletions could induce the acquisition of distinct epigenetic marks
and chromatin interactions in the two homologous chromosomes.
Disentangling the effects of these alterations on distinct alleles could
help explain their oncogenic potential and reveal the emergenceof
allele-specific configurations as a broad mechanism to deregulate
gene expressionin cancercells.
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Methods

The present study complies with all ethical regulations. Geneticmanipulation of
the cell lines was approved from OFSPreferenceno. A151466/2.

Cell lines, normal GC B cells and patient- derived cells. Lymphoma cell lines
WSU-DLCL2, Karpas-422 and K562 were obtained from DSMZ, and SuDHL -4
and OCI-Ly7 from a previous collaboration. All cell lines were authenticated

with short tandem repeat profiling (Microsynth AG). Cell lines were maintained
in Gibco RPMI 1640medium (Thermo Fisher Scientific, catalogno. 61870036)
supplemented with 10%Gibco fetal bovine serum (Thermo Fisher Scientific,
catalog no. 10270106)nd 1% Gibco penicillin —streptomycin (Thermo Fisher
Scientific, catalog no. 15140122). Cells were maintained at appropriate densities
and propagated in a humidity -controlled, sterile incubator at 37°C and 5% CO,.
GC B cellsisolated from ahealthy spleendonor were FACSsorted on an Influx cell
sorter using the following antibodies: FITC anti- IgM (314506), APCCy7 anti-CD3
(344817) APC-Cy7 anti-CD14 (325619) phycoerythrin (PE)anti-CD10 (312203),
PE-Cy7 anti-CD20 (302312) and BV785 antCD38 (303529) from BioLegend,
and BV421 anti-CD27 (562513), allophycocyanin (APC) anttlgD (561303) and
PE-CF594anti-CD19 (562294 )rom BectonDickinson, and Fixable viability dye
eFluor510 (Life Technologies), andthen were fixed for Hi- C and ChiP preparation
immediately after sorting. The dilution of each antibody was tested and used
according to the manufacturer’s instructions. Patient 1(31,357)and patient 7
(13,796)sampleswere obtained from the Dana-Farber collection and expanded
in NOD -SCID (severe combined immunodeficient) animals as described in
Battistello et al.*”. Tumor cells were isolated using a Mouse Cell Depletion Kit
(Miltenyi Biotec, catalog no. 130104694). The treatment condition with A-485
inhibitor is reported in the Supplementary Note.

Hi -C and UMI -4C. Hi-C and UMI -4Clibrary preparation was performed as
described in refs. “®% exceptfor the GC cells, for which, due to the limited
number of purified Bcellsobtained (~1x 1), the Hi-C libraries were prepared
using Arima- HiC (Arima Genomics), following the manufacturer’s protocol. For
all the other samples, two million cells were fixed in 2% formaldehyde solution
(AppliChem, catalogno. UN2209),and the reaction was quenched with 2uM
glycine (VWR Chemicals, catalog no. 101196X).Cells were incubated in lysis
buffer (10mM Tris-HCI, pH 8.0(Invitrogen, Thermo Fisher Scientific, catalog
no. 15568025)10mM NaCl (Sigma-Aldrich, catalogno.59222C)0.2%IGEPAL
CA-630(Sigma-Aldrich, catalogno. 18896),1x cOmplete Proteaselnhibitor
Cocktail (Sigma-Aldrich, catalog no. 11697498001)) for 3@nin at 4 °C. The nuclei
were spun down, resuspended in NEB3.1 buffer (New England Biolabs, catalog
no. B7203S) and 0.1% sodium dodecylsulfate (SDS; Carl Roth, catalog no. CN30)
final concentration, and incubated at 65 °C for 10min. The SDS was quenched by
the addition of 1% Triton X -100 (AppliChem, catalog no. A1388). The chromatin
was then digested with 100U of restriction endonucleaseMbol (New England
Biolabs, catalog no. R0147) overnight at 37C. Digested fragments were filled in
with 0.4 mM biotin (Invitrogen, Thermo Fisher Scientific, catalog no. 19524016),
10mM dCTP, 10mM dGTP, 10mM TTP (Promega, catalog no. U1330)using
50U pl 't of DNA polymerase |, large Klenow fragment (New England Biolabs,
catalog no. M0210) and incubated at room temperature for 4h. Proximity ligation
of the biotin -filled endswas performed by the addition of 5U pl'*of T4 DNA
Ligase (Thermo Fisher Scientific, catalog no. EL0011), 056 bovine serum albumin
(New England Biolabs, catalog no. B9000Sknd 1% Triton X-100to the samples,
which were incubated at room temperature for an additional 4 h. Crosslinks were
reversed by treatment with 300 mM NaCl and 1% SDS overnight at 68°C. Samples
were treated with 50pugml '*of RNaseA (Thermo Fisher Scientific, catalog no.
ENO0531) for 30min at 37 °C, followed by incubation with 400 pgml 't of proteinase
K (Promega, catalog no. V3021) at 65C for 1h. DNA was precipitated with 1.6 x
volumes of 100% ethanol and 0. volume of 3 M sodium acetate, pH 5.2 (Thermo
Fisher Scientific, catalogno. R1181)and incubation at i 80°C for 1h. DNA was
purified with 70%ethanol and fragmented by sonication (Covaris E220).DNA was
double size selected with 0.575, followed by 1.2x , volumes of Ampure XP beads
(Beckman Coulter, catalogno. A6388)to obtain fragments sizesof 300-700bp.
Biotin -bound fragments were isolated on Dynabeads MyOne Streptavidin T1
beads (Thermo Fisher Scientific, catalog no. 65602) by incubation in binding buffer
(10mM Tris-HCI, pH 7.5(Thermo Fisher Scientific, catalog no. 15567027) L mM
ethylenediaminetetraacetic acid (Invitrogen, Thermo Fisher Scientific, catalog no.
AM9260G), 2M NacCl) for 30min atroom temperature. After biotin pull -down,
the Hi-C and UMI -4Clibrary preparation stepsdiverge. For Hi-C, bead-bound
DNA is subjected to end polishing though the addition of 25 mM each of a dNTP
mix (Thermo Fisher Scientific, catalog no. R1122), ) ul'* of T4 DNA polymerase
(New England Biolabs, catalogno. M0203S),5U pl '*of DNA polymerase |, large
Klenow fragment (New England Biolabs, catalog no. M0O210L), 10U pl 't of T4
polynucleotide kinase (New England Biolabs, catalog no. M0201L) in 1x T4 DNA
ligase reaction buffer (New England Biolabs, catalog no. B0202S), and incubation
for 30min atroom temperature. The dA tail was added to the fragments by
incubation with 10mM dATP (Promega, catalog no. U1330)and 5U pl ' of
Klenow fragment 3 & & éexonuclease (New England Biolabs, catalog no. M0212L)
for 30min at 37°C. lllumina Indexed TruSegadapterswere ligated to the DNA
fragments with T4 DNA ligase and incubated at room temperature for 2h. Finally,

the bead-bound libraries were amplified using KAPA HiFi HotStart ReadyMix
PCR Kit (KAPA Biosystems, catalog no. KK2600), and universal lllumina forward
and reverse primers (Supplementary Table 7). Libraries were purified with 1.8 x
volumes of Ampure XP beadsand subjectedto pair-end sequencing,2x 150bp, on
the lllumina NovaSeq6000or NextSeq500.

For UMI -4C,DNA fragment endswere repaired by incubation atroom
temperature for 30min with 25mM eachof the dNTP mix, 3U pl'* of T4 DNA
polymerase, 5U pl 't of DNA polymerase |, large Klenow fragment in 1x T4 DNA
ligase reaction buffer. Repaired fragments were subjectedto poly(A) -tail addition
by mixing the sample with 10 mM dATP and 5 U pl'* of Klenow fragment 3 6 ¢ 6
exonucleaseand incubation at 37°C for 30min. Exonucleaseactivity was stopped
by heatinactivation at 75°C for 20min and 5 éend dephosphorylation was
performed by treatment with calf intestinal alkaline phosphatase (New England
Biolabs, catalog no. M0290) for 1h at 50°C. Ligation of lllumina Indexed TruSeq
adapters was achieved with T4 DNA ligase and incubated at room temperature
for 2h. DNA libraries were obtained using a nested PCRamplification approach.
Two types of primers were designed: downstream (DS) primers located at loci
of interest, 5-15bp away from the Mbol restriction site, and primers located
upstream to the DS primers. Multiple viewpoints were selectedfor primer design at
each locus (Supplementary Table 7). For the first PCR reaction, beasbound DNA
was amplified for 10-16cyclesusing KAPA HiFi HotStart ReadyMix PCRKit,
a 10uM mix of all US viewpoints and 10 puM lllumina universal reverse primer.
The output was cleanedup with 1.8x volumes of Ampure XP beadsand subjected
to the secondPCRreaction. DNA was mixed with KAPA HiFi HotStart ReadyMix,
a104uM mix of all DS primers and 10uM lllumina universal reverse primer, and
amplified for 10cycles.Final libraries were purified with 1.8x volumes of Ampure
XP beadsand pair-end sequenced,2x 75bp, on the lllumina NextSeq5000r
HiSeq4000platforms.

ChlIP-seq. Detailed description of the ChIP-seqsample preparation, analyses,
peaks and enhancer regions calling are reported in the Supplementary Note.

Chromatin conformation capture analyses. Processing of HC data.Four
replicates for WSU-DLCL2 and four for Karpas -422, treated with A-485 for 48h,
were generated. The sequencing data were processed as previously described
Briefly, for each library replicate, coordinate- sorted (SAMtools v.1.6) and PCR
duplicate (Picard tools v.2.5.0)-cleaned bamfiles were generated after alignment
of the reads to the human hg19 referencegenome (Bowtie v.2-2.2.9)and filtering
for uniquely mapping reads (SAMtools v.1.6). Custom Python and R scripts
were usedto processchimeric pairs with ‘unambiguous’ reads, for which one of
the two reads mapped to two different subsequences. Those were recovered in
a second round of alignment using bwa mem v.0.7.12 and processed as above.
Readpairs from eachreplicate were binned in 20kb windows to give one matrix
of interactions per sample. Normalized matrices were generated using ICE
normalization from HiC -pro®.

Compartmentalling. Hi -C contact maps binned at 40kb were analyzed using
the Calder algorithm . Briefly, Calder computes a similarity measure between
eachpair of bins of the Hi -C map basedon Fisher's z-transformed correlations
of whole -chromosome interactions. Each chromosome is then partitioned into
compartment domains, defined asaDNA region with high intraregion similarity
and low similarity with adjacent regions. Compartment domains are then
hierarchically clustered based on interdomain interactions and independently

of linear proximity (that is, proximity along the genome sequence). Hierarchy
branches are internally reordered, without disrupting the clustering structure, to
match subcompartments among different chromosomes. Finally, a normalized
rank value is assignedto eachdomain (betweenOand 1),to identify its position
within the dendrogram. Domain ranks are correlated with histone mark intensities
and A/B compartment classification . Normalized rank values close to 0 indicate
domains in the B compartment, whereas those close to 1 indicate domains in the
A compartment. The classification in eight compartments was generated by cutting
the domain hierarchy at the third level of the dendrogram, starting from the top
(the hierarchy is built asabinary tree).

Comparison®f MER statusin differentcelllines.Representative MERs (n= 1,644)
defined asdescribedin the Supplementary Note were compared among GM12878,
GC cells,Karpas-422and WSU-DLCL2 basedon their levels of H3K27acand
compartment domain ranks (Fig. 1 and Extended Data Fig. 1). To eachMER a
compartment domain rank was assigned based on the rank of the compartment
domain in which the MER was located. The repositioning ( “position or
Yeompartment rank) of a domain between two cell lines was simply computed as
the difference of the domain ranks assignedto that domain in thetwo cell lines.
13K27acwas computed asthe difference of mean H3K27acobserved at that
MER in the cell lines compared. For scatterplot comparisons of “£ompartment
ranks and “3K27ac(Fig. 1lcand Extended Data Fig. 1d,f,g), we considered
only MERs in which H3K27ac was >0 in at least one of the two cell lines being
compared and, for eachcell line, we normalized non-0H3K27acvalues to range
betweenOand 1.In this way, “tompartment ranks and “#i3K27acarein the
same (i 1,1)range.



To compute the correlation between 2ompartment ranks and “£H3K27ac
(Extended Data Fig. 1e),for eachpair of cell lines with, respectively, k1 and k2
numbers of MERs with H3K27ac >0 in one cell line and H3K27ac= 0 in the other
cell line, we computed 100correlation values by subsampling k MERs from the cell
line with the largest between k1 and k2 such thatk= min(k1, k2). In this way, each
cell line had the samenumber of non-0 MERs. The sameprocedure was applied to
compute the Ry radius (that is, the radius of the circle comprising 90%of points
in the scatterplot—Extended Data Fig. 1d) and to compute MER correlations after
random permutation of the MER labels. Correlation values observed and expected
by randomization distributions are shown in Extended Data Fig. 1e.

Repositioning events in Fig. 1d-f were selected as the intersection between
repositioning events with  “position >0.4 or i 0.4 in the comparisons of Karpas422
versus GM12878and WSL-DLCL2 versus GM12878.The threshold of 0.4was
chosento selectthe top ~10%repositioning eventsin thesecomparisons. Overlap
of repositioning eventsand Fisher's test (Extended Data Fig. 1h,j) were performed,
considering asuniversal MERs in which the “3K27acand fposition were not 0.

Hi -C significant interactions. We used HiC-DC* to compute the statistical
significance of chromatin interactions at bin level (20-kb resolution). Hi -C
paired-end reads were mapped to the hg19 reference genome as described in
previous sections. The degree of freedom in the hurdle negative binomial regression
model was set as 6. We determined the sample size parameter by trying 20 values
in the (0.5,1) range with equal distance, choosing the maximum value that did not
result in optimization failure in R. Other parameters of HiC -DC were setasdefault.

We observed that the interaction P values resulting from HiC -DC were
systematically lower for Hi- C datasets with ahigher number of paired -end reads. To
correct for this bias, we conducted chromosome-wise downsampling of paired-end
readswithin eachcomparison group included in our differential interactome
analysis, such that eachchromosome had the samenumber of paired-end reads
in the data group. We defined four groups for different comparisons: group 1:
GM12878, K562, Karpas422, WSUDLCL2 and GC; group 2: WSU-DLCL2 before
and after A-485treatment; group 3: Karpas-422before and after A-485treatment;
and group 4: GM12878,GC, patients 1and 7. The downsampling vectors used in
each analysis are provided in Supplementary Table 2.

EPIs and differential EPI analysis (Diffint). ~ Significant EPIs were determined
asasubsetof significant HiC -DC interactions. For this analysis, we tested
interactions between eachof the 1,644representative MERs and gene promoters
that were found atamaximum distance of 2Mb from eachMER. Precisely, for
each enhancer, we considered HIGDC nominal P values in a rectangle of mx 2
pixels, where mis the number of bins encompassingthe enhancerregion and
two bins were considered for each promoter, one corresponding to the locus of
the transcription start site and a secondadjacentone selectedin the direction

of the enhancerto capture a broader signal. For eachEPI, we kept track of the
minimal P value in the mx 2 rectangle and the number of pixels with P< 0.001.
An EPIwas considered significant when at least one pixel had a P value < 0.001.
The percentageof significant EPIsfalling within the samecompartment domain
(observed) was compared with its expectedvalue, defined by the overall percentage
of candidate EPIsthat fell within the samecompartment domain (Extended
Data Fig. 2b). For agiven pair of cell lines or two conditions of the samecell
line, differential interaction analysis (DiffInt) was performed among all pairs of
EPIs that were significant in at least one of the two cell lines/conditions being
compared. The interaction strength Sof eachEPI was defined asthe mean of i
log,i(transformed HiC- DC P values) in the mx 2 rectangle. We then computed the
difference of interaction strength between two cell lines/conditonsas “S=S,1 S,
and tested " Sfor significant deviation from O with respect to a background
distribution. We generated thebackground distribution by computing ~ Sfor
all possible m x 2 rectangles within a 2-Mb window across all chromosomes. An
empirical, two -tailed P value was obtained from this background distribution as
p=P( Y > | " Suugoumal). Significant differences were retained when P< 0.05.In
eachcomparison, we also kept track of the ‘direction’ of the significant difference
(11or1),that is, whether agiven EPlwas found significantly more frequently in
the cell line/condition 1 or 2. (For example, the direction of the Diffint analysis is
used to generate the barplots in Fig. 3c) Diffint in lymphoma cell lines before and
after A-485treatment was performed in a nonbiased fashion on all candidate EPIs,
but then focused on EPIs that we previously found significantly more frequently

in lymphoma cell lines than in GM12878(lymphoma EPIs).Last, we compared
the number and size of significantly different EPIs that were more frequent in
lymphoma cell lines than in GM12878or GC, asafunction of the difference of
H3K27acat the enhancerregion. We iteratively considered only EPIssuch that the
difference of H3K27ac between lymphoma cell lines and GM12878 or GC was> 0,
0.1,0.2,0.3,0.4,0.5,0.60r 0.7.For eachthreshold, we computed the percentage
of significantly different EPIswith direction = 1 (more frequent in lymphoma)
and took the ratio between this value and the overall percentage of significantly
different EPIs with direction = 1 (Fig. 2d and Extended Data Fig. 2d). Similarly,
we defined the size of a given EPl asthe number of pixels of the mx 2rectangle
studied for each EPI that had an HiC-DC P< 0.001 (that is, number of significant
pixels). For each " H3K27ac threshold defined above, we derived the mean EPI
sizeof EPlwith direction = 1.

Phasing sequencing reads of chr.8 and chr.18. To attribute the read to each copy
of chr.8 in WSU-DLCL2, first single -nucleotide variants (SNVs) were identified
from the WGSdata by freebayesv.1.1.0-60-gc15b070(https://github.com/ekg/
freebayeg) and phasedinto two haplotypes, namely hapl and hap2, by Eaglev.2.4
(ref. %) using hg19 1000Genomesproject phase 3 asareferencepanel. Details
for WGS analysesand SNP calling canbefound in the Supplementary Note. In a
second step, HapCUT?2 (ref.*%) was used to resolve the haplotype of WSU-DLCL2
cell line from combined WGSand Hi -C data. PhasedSNVs from step 1, which
were missing from the haplotype blocks obtained from the read phasing in step 2,
were added to the corresponding blocks. Thoseblocks were then used in the
downstream analysis. To phasethe readson the chr.18locus from Hi-C datain
WSU-DLCL2 cells,we used aslightly different strategy to increasecoverage.We
first identified SNVsat the BCL2locus by considering the exclusive reads mapping
the interaction between the translocated copy of chr.18 and chr.14. Then, pairend
reads for each allele containing an SNV were attributed to putative hapl (the
translocated chromosome copy) or hap2 (the WT copy) according to whether it is
present on the majority (> 50%) of the chr.18 reads. These phased SNVs were used
to separate H3K27ac ChiRseq, RNA-seq and Hi-C reads into hapl or hap2. With
this information, we built two haplotype -specific mini-Hi-C maps by extracting
contactswith both the forward and reversereads of the interaction pair coming
from the same haplotype. For phasing ChIP-seq data of patient 1, SNVs were
identified from the pooled reads of H3k27ac ChIP —seq data and Hi-C data using
freebayes, and phased into hapl and hap2 using Eagle as described previously.

UMI -4C data processing and UMI -4 and Hi -C phasing. The UMI -4C data for
the different experiments were processed using ‘umi4cPackage® or ‘UMI4Cats’ ¢’
Rpackagesimplementing the sameanalysis pipeline. Unique molecular identifiers
(UMis) for the different replicates were pooled for eachcell line and condition.
To analyze chr.8-chr.3 interactions, read name and alignment coordinates,
independent of the primer/bait of origin, supporting either chr.8-chr.8 or chr.8-
chr.3interactions, were obtained from the fendchain files. The read sequences
were then extracted from the bamfiles produced by the umi4cPackageanalysis and
assigned to hapl or hap2 blocks, based on the variants they exhibited. The reads,
onceassignedto a haplotype block, were further categorized astranslocated if they
were involved in a chr.8—chr.3 interaction. This allowed definition of variants and
haplotype blocks from the translocated chromosome, and consequently variants
and blocks belonging to the nontranslocated chromosome. Phasing of RNA-seq
and ChiP-seqdatais reported in the Supplementary Note.

Reporting Summary. Further information on research design is available in the
Nature ResearchReporting Summary linked to this article.

Dataavailability

RNA -segand H3K27ac ChIP-seqdata were obtained asfollows: for
lymphoblastoid cells from ref. ®®and the ArrayExpress Archive (http://mww.
ebi.ac.uk/arrayexpress), accessionnos. E-MTAB -3656and E-MTAB -3657,

for GM12878 from ENCODE accession nos. GSE78554nd GSM733771, for
SU-DHL -4, accession nos. GSM12271%nd GSM1703927 for OCI-LY7,
accession nos. GSM1227198nd GSE86708for DoHH2 ENCODE accession nos.
GSM2366283and GSE86743for Karpas-422 accession noGSE86733H3K27ac),
for primary centrocytes and centroblasts, accession nosGSE62246and GSE89688,
for five primary follicular lymphoma and two GC diffuse large B  -cell lymphoma
BLUEPRINT, accessionno. EGAD00001001502WGSdata and RNA -seqdata
were obtained for lymphoma cell lines and for 30 primary DLBCLs and their
matched controls from dbGaP (phs000235.v13.p2)WGS data and RNA-seq
data for Burkitt's lymphoma or DLBCL with t(8;14) were downloaded from the
Malignant Lymphoma MMML ICGC portal. RNA -seq data were generated for
Karpas-422 and WSUDLCL2 that were nontreated and treated by A -485 and for
three independent clones WSU-DLCL2 with BCL11Aknockout (data are deposited
in the Gene Expression Omnibus databaseat accessionno. GSE168471)CTCF
ChIP-seqdata were obtained from ENCODE for GM12878and we generated
the data for Karpas-422and WSU-DLCL2 that were nontreated and treated by
A-485(accessionno. GSE168470)H3K36me3 ChiP-seqdata were generated for
WSU-DLCL2 (accessionno. GSE168472)Hi -C data for nontreated WSU-DLCL2
and Karpas-422were obtained from Donaldson-Collier et al.’and generated for the
treated replicates for the present study (accession no. GSE168470). Source data are
provided with this paper.

Codeavailability
Code availability for Calder method: https:/github.com/CSOgroup/CALDER .
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Extended Data Fig. [lSee next pagdor caption.



Extended Data Fig. 1 | Genomweide analyses of H3K27ac changes and chromatircenipartmentsa. t-SNE plot based on the levels of H3K2722260
MERsN lymphoblastoidsamples(n = 76, blue, GM12878in dark blue), GC,(n = 5 green),and GCGDLBCI(n = 5, red). b. Heatmapand clustering of 5

cell lines based on the Pearson’s correlation coefficients (values are indicated and color coded) between H3KRBaMIERS (n =1644).

c. Heatmap and clustering of 4 cell lines analyzed iy bised on the Pearson’s correlation coefficients (values are indicated and color coded) between
compartmentdomainranksof MERSn = 1644).d. Foreachpair of cell lines a scatterplotcomparisonshowsthe differenceof compartmentdomain

ranks computed by CALDERugs) and of H3K27ac levelsafyis) computed for each enhancer region (dots). Enhancer regions exhibiting concordant
changes are colecoded (red positive diffemces> 5%, blue negative differences 15%). For each comparison, the radius of the circle comprising 90%
of the points (R) is shown. eFor each comparison, Pearson’s correlation coefficieakis) between differences of compartment domain ranks and

of H3K27acDistributionof correlationvalues(colored)are comparedo expecteddistributions(gray) f-g. Comparisorof compartmentdomainrank
differences computed with CALDER between (f) Kad@2sand GC cells-éxis) and Karpaé22 and GM12878 {sxis) and between (g) WSDLCL2
and GC cells faxis) and WSIDLCL2 and GM128784dyis). Each dot is a merged enhancer region color coded by the difference of H3K27ac
betweenKarpas422 (left) or WSUDBLCLZright) and GCh. Overlapof repositionedenhancemregionstowardsa more active (red) or inactive(blue)
sub-compartments in Karpaé22 and WSADLCL2 cells with respect to GM1287&aRies and oddsatio (OR) were computed by twsided Fisher’s

exact testi. Comparison of compartment domain rank difaces computed with CALDER between (left) Patient 1 and GC -eafis)(and Patient 1 and
GM12878 (yaxis) and between (right) Patient 7 and GC celéxi(®) and Patient 7 and GM12878ais).j. Overlap of repositioned enhancer regions
towards a more active (red) or inactive (blue) ssdmpartments in Patient 1 and Patient 7 with respect to GM1284&l&es and oddsatio (OR) were
computed by twosided Fisher's exact test.



ExtendedDataFig.2 | Seenext pagefor caption.



Extended Data Fig. 2 Genomewide analysesof enhancerpromoter interactions (EPis)and changesin H3K27aca. Graphicalrepresentationof
enhancerpromoter interactions (EPIs, top) analysis. The total number of tested and significant EPIs is reported for each cell line. b. Fraction of significant
EPI that are expected (top) and that were observed (bottom) to occur between enhancers and promoters within the same compartment domain.
c. Percentage of significantly different EPIaxis) which are more frequent either in GC than in the indicated lymphoma samples (blue bars) or in
lymphomasamplesthan in GC(red bars).Resultsare shownfor enhancer regionsthat were repositionedfrom inactiveto active compartment(left)

or from active to inactive compartment (right) in lymphoma samples with respect to GC. etHamige between the observed and expected number
of significantly more frequent EPIsdyis) in Karpad22 than in GM12878 (left) and in GC (right) with respect to the difference in H3K27ac in these
regions.e. Number of significant interactions per EPI (that is, number of bins of terkp with significantly frequent interactiohstween the
enhancerand promoter regions)(x-axis)with respectto the differencein H3K27adn theseregions.Resultsare shownfor EPIghat were more frequent
in Karpas422 than in GM12878(top) or in GC(bottom). f. Representativevesternblot image (n= 2 independentexperiments)detectingthe H3K27ac
and histone3 treated with DMSO (vehicle) or 0.M&nd 0.5 B A-485 for 48h in the indicated lymphoma cell linesQgantification of cell survival of
Karpas422 and SuDHI-4 cellstreated with 0.5 & and 1 &M A-485 or DMSOh. Densityplot of the p-valuesinferred by HiGDCfor eachinteractionin
WSUDLCL2andKarpas422Hi-Cmapsconnectingoinsat most2 Mb apart. P-valuesbelow0.05(left of blackdashedine)indicatesignificantcontacts.



ExtendedDataFig.3| Seenext pagefor caption.



ExtendedDataFig.3| Chromatinconformationanalyse®f BCL11Aegionuponpharmacologicadlepletionof H3K27aca. Representatiorof 20kb
interactingregionson chr.2:60.46-60-86 Mb colorcodedbasedontheir g-valuein Karpas422cellsuntreatedandtreated with A-485inhibitor (top)
andcorrespondingChlRsequencingdrack of H3K27a¢NRPM)botton). b. Representatie H3K27a€hlPsequencindracksfor the indicatedgenomic
locus of lymphoblastoid samples, GC, lymphoma cells and lymphoma patients (NRPM) 1RaiieRatient 7 are reported as RRPM X216 Spearman
correlationplot of H3K27at¢evelsandBCL11&xpressionin 70lymphoblastoidssamplestwo-tailed p valueis calculatedrom the t-statisticsof the
corresponding correlation value. BCL11/Axpression levels in GQLBCL patients (r89) and lymphoblastoid cells (1'¥9). The thick central line of each
box plot represents the median expression value, the bounding box corresponds to th& 25fgercentiles, and the whiskers extend up to 1.5 times the
interquartile range. pvalue was calculated with two tailedést. e. Quantification of expression changes of BClLifdakh treatment with A485 0.5 B for
48hin Karpas422(n= 6)andWSUDLCL2Zn= 3) comparedto the samecellstreated with DMSQ(vehicleKarpas422n= 5andWSUDLCL2= 3).The
black dots represent the number of independent experiments. Data are presented as mean \@lepralue were calculated using unpaired ttailed
t-testf. Hi-Ccontactmapsof chr.2:60.16-61.46Mb regionin Karpas422and WSUDLCL2ellsuntreatedandtreated with A-485.Thelinesin black
delineatethe compartmentdomains Thepositionof relevantgenessindicated.g. CTCEhiRseqtracksof chr.2:60.16-61.46Mb regionin Karpas422
andWSUDBLCL 2reated anduntreatedwith A-485(RPM).Thedetectionof CTCRndtheir orientationisreported.



Extended Data Fig. 4Chromatin conformation analyses of BCL1ddion upon genetic modification of H3K27acQaantification oBCL11Axpression
changesin SuDHL4 cells expressingdCasKRABgRNA1dCasKRABgRNA2 dCasKRABgRNA3comparedto cells expressingdCasKRAB.

n= 3 independent biological replicates. Data are presented as mean vaii® pvalue were calculated by unpaired twailed t-test. b. H3K27ac ChIP
sequencingiracksin SuDHL:4 labelledwith the position of the primers usedfor ChIRgPCRand quantification of H3K27ady ChIRgPCRwith the
indicated primers. a 3 independent biological replicates. Data are presented as mean vafi@.ivalue were calculated by unpaired tviaied ttest

¢. H3K27adChIPsequencingracksin SuDHI-4 on the regionson chr.2 (60.85-61.45Mb) flankingthe BCL11Aegion (RRPMx10'3). d. Hi-C contact
map and ChlPsequencingrack of H3K27aqdRPM)in K562cellsin the indicatedgenomicregion. e. Representatiorof 20kb interacting regionson
chr.2: 60.4660-86 Mb color coded based on their q value in K562 celRepresentation of the number of reads spanning BCekbA2 detected by
RNAsequencingin K562 cells expressingdCas9EP300and dCas9%EP306sgRNA2g. Representativewesternblot image (n=2) of BCL11Aand tubulin
in WSUDLCLZ2Zells(control) and three independentBCL11Anockeut clones(KO#2 KO#12 KO#25) h. Barplot of the representativegeneset enriched
categoriesthat significantlyscored.



Extended Data Fig. 5 | Analyses of the chromatin structure in B81MYCloci.a. Representative ChIP sequencing tracks of H3K27ac in lymphoblastoid
cells, GC, DLBCL tumor cells, and in primarylymphoma samples (NRPM), Patient 1 and Patient 7 are reported a¥.RRP Refir@sentation of

20kb interactingegionsin chr.3187.4-188.7Mb colorcodedbased ortheir q value(top) in Karpas422 untreated(b) or treatedwith A-485inhibitor

(c) and correspondingH3K27adChIRPsequencingNRPM)d. Quantificationof expressionchangesof BCLBupon treatment with A-4850.5 &V for 48h

in Karpas422 (r= 6) and WSKDLCL2 @6) compared to the same cells treated with DMSO (vehigl&)nThe black dots represent the number of
independent experiments. Data are presented as mean val&D+pvalue were calculated using unpaired ttailed t-test. e. Representation of copy
number changes detected on chr. 8 and chr. 3 and graphical representation of the derivative chromosome i{B:8nterchromosomal contact

maps of chr.8 and chr.3 in the region spanning the breakpoint in-BSTL 2 cellg. ChiPsequencing track of H3K27ac (blue, NRPM) and4@MI
domainogram with two different baiprimers representing the mean number of contacts (% of the maximum) on chr.8 spanning the breakpoint in WSU
DLCL2 cells treated with485 (0.5 ® for 48h) or DMSO as control.
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Extended Data Fig. 6Epigenetic marks distributed to each copy of chromosome 8 based on their haplotypehematic representation of the phasing

protocol used to define the haplotypes of the two copies of chr. 8. b.H3K27ac and H3K36me3 signal distributiotype @lF) and translocated
chromosome(TRA)in WSUDLCLZells between chr.8:128,745128,755Mb region c. H3K27adChlPtracks of chr.8 indicatedregionin Karpas422.In

grey the total number of reads, in blue the number of reads with SNPs mapping on the haplotype 1 and red the number of reads with SNPs mapping on the
haplotype 2 (NRPM). d. Representation of the reads distribution in whole genome sequencing (WGS), H3K27ac and H3K36me3 ChIP sequencing in the
indicated genomic regions. In grey, genomic positions without detected SNPs and in two color bars genomic position with detected 3{¢7aceand

H3K36me3 ChlP tracks in the chr.8 indicated region (NRPM). In grey the total number of reads, in blue the reads with SNPs mapping on the haplotype

1 and red the number of reads with SNPs mapping on the haplotyp&2ahtification of the number of reads spanning the chr8:129,047,325 SNP

harboring an adenine (A) or a guanine (G) detected by whole genome sequencing (WGS) ssehRéhting (RNAeq) in Karpad22 cells.



ExtendedDataFig.7 | Chr.14-18 inter-chromosomainteractionsin sampleswith and without translocation.a-d. H-Cinter-chromosomalcontact maps of
chr.14andchr.18in the regionspanninghe breakpointin WSUBLCL2ells(a), Patient1(b), GC(c) and Patient7 (d).
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