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Abstract

High expression of MYC and its target genes define a subset of germinal center B-cell diffuse
large B-cell lymphoma (GCB-DLBCL) associated with poor outcomes. Half of these high-grade
cases show chromosomal rearrangements between the MYC locus and heterologous enhancer-
bearing loci, while focal deletions of the adjacent non-coding gene PVT1 are enriched in MYC-
intact cases. To identify genomic drivers of MYC activation, we used high-throughput CRISPR-
interference (CRISPRi) profiling of candidate enhancers in the MYC locus and rearrangement
partner loci in GCB-DLBCL cell lines and mantle cell lymphoma (MCL) comparators that lacked
common rearrangements between MYC and immunoglobulin (Ig) loci. Rearrangements between
MYC and non-Ig loci were associated with unique dependencies on specific enhancer subunits
within those partner loci. Notably, fitness dependency on enhancer modules within the BCL6
super-enhancer (BCL6-SE) cluster regulated by a transcription factor complex of MEF2B, POU2F2,
and POU2AF1 was higher in cell lines bearing a recurrent MYC::BCL6-SE rearrangement. In
contrast, GCB-DLBCL cell lines without MYC rearrangement were highly dependent on a
previously uncharacterized 3’ enhancer within the MYC locus itself (GCBME-1), that is regulated
in part by the same triad of factors. GCBME-1 is evolutionarily conserved and active in normal
germinal center B cells in humans and mice, suggesting a key role in normal germinal center B
cell biology. Finally, we show that the PVT1 promoter limits MYC activation by either native or
heterologous enhancers and demonstrate that this limitation is bypassed by 3’ rearrangements

that remove PVT1 from its position in cis with the rearranged MYC gene.
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Introduction:

Diffuse large B-cell lymphoma (DLBCL) is a clinically heterogeneous cancer for which distinctive
biological subgroups have been defined 13. The most aggressive subgroup known as “double-hit
signature” (DHITsig+)* or “molecular high-grade” (MHG)? is characterized by a germinal center B
cell phenotype and high expression of MYC and MYC target genes. The best-characterized
mechanisms of MYC hyperactivity in DLBCL are long distance rearrangements that juxtapose MYC
to well-studied immunoglobulin (lg) locus enhancers®’, driving MYC expression above
physiological levels®. MYC rearrangements to non-Ig loci are assumed to activate MYC by a similar
“enhancer hijacking” mechanism, but our functional understanding of these events is limited.
Even less is known about how MYC is activated in the roughly half of DHITsig/MHG-DLBCL that
lack detectable MYC locus rearrangements by fluorescence in situ hybridization (FISH)*° or
cryptic insertions of heterologous enhancers into the MYC locus as identified by whole-genome-
sequencing in a small proportion of additional cases®. To address these questions, we performed
high-throughput CRISPR-interference (CRISPRi) screens targeting candidate enhancers in the
MYC locus and rearrangement partner loci, revealing regulatory principles of MYC-non-Ig
rearrangements, and showing that a previously uncharacterized enhancer active in normal

germinal center B cells serves as a common dependency of MYC-intact GCB-DLBCL.

Materials and Methods

Cell Lines and lentivirus production:
See Supplementary Table 1 for details of cell line source, validation and media. VSV-G -

pseudotyped lentivirus was generated in 293T cells by standard methods.

ChiIP-Seq and ATAC-Seq

H3K27ac ChlIP-Seq was performed as previously described?®?, with formaldehyde crosslinking,
nuclear isolation, sonication in 0.3% SDS lysis buffer with a Q800R2 Sonifier (QSonica), dilution
10 0.1% SDS, and rotation at 4°C overnight with 2 ug of antibody (H3K27ac, #39133, Active Motif).
Transcription factor ChIP-Seq was performed as previously described!! with 2-5 ug of antibody

was used per immunoprecipitation (POU2F2, sc-233X, Santa Cruz; POU2AF1, sc-955X, Santa
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Cruz; p300, A300-358A, Bethyl). ATAC-Seq was performed as previously described!® with nuclei

isolated from 50,000 cells for each sample. See Supplementary Methods for details.
CRISPRI assays

Doxycycline-inducible KRAB-dCas9-expressing cell lines were generated as previously
described?®?. Briefly, GCB-DLBCL and MCL cell lines were co-transduced with lentivirus produced
from TRE-KRAB-dCas9-IRES-GFP (Addgene #85556) and EFla_TetOn3G (Clontech) and serially
sorted to derive populations that were uniformly GFP-negative before and GFP-positive after
doxycycline induction. Cell lines were validated by showing differential loss of viability when
transduced with sgRNAs targeting essential genes (RPL34 and RPL8) versus non-targeting
controls upon doxycycline induction. For the cell line DB, we derived cells stably transduced with
a constitutive KRAB-dCas9 vector, UCOE-SFFV-KRAB-dCas9-P2A-mCherry, generated through
ligation of the promoter region from pMH001 (Addgene #85969) in place of the promoter of pHR-
SFFV-KRAB-dCas9-P2A-mCherry (Addgene #60954) following Agel and Mlul digestion.

For single sgRNA studies, 20-mer seed sequences with a prepended “G” were restriction
cloned into BsmBI-digested sgOpti (Addgene #85681). Inducible dCas9-KRAB expressing cells
were transduced in triplicate with sgOpti lentivirus and divided at 24 hours into media with 1
ug/mL puromycin with or without 500 ng / mL doxycycline. Viable cellularity was quantified at
day 7 with CellTiter-Glo reagent (Promega) according to manufacturer’s instructions. For gene
expression studies, 1 million cells per well were transduced with sgRNA lentivirus, transferred at
24 hours to media with 1 ng/ml puromycin and 500 ng/ml doxycycline, and harvested 3 or 5 days
after transduction for RNA extraction and qRT-PCR. For dual sgRNA studies, sgRNA seed
sequences were cloned into derivatives of sgOpti bearing tagBFP (pMW-tagBFP) or tagRFP
(PMW-tagRFP) reporters. Inducible KRAB-dCas9-bearing cell lines were transduced with two
sgRNA lentiviral supernatants bearing different reporters, sorted for cells with dual reporter
expression, and were then induced with 100-500 ng/mL doxycycline for three days (gene

expression) or 7 days (viable cellularity).

High-throughput CRISPRI screening
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Tiling screens covering candidate MYC enhancer regions were conducted with a published
sgRNA library'? designed to cover broad regions of the MYC locus. For the NFR-focused sgRNA
library targeting the MYC and rearrangement partner loci, 500 bp-intervals centered on ATAC-
Seq peaks and associated with a high H3K27ac / ATAC-Seq activity score®? in at least one of 26
mature B-cell ymphoma cell lines were merged across cell lines. FlashFry'* was used to identify
and score sgRNAs within these intervals, which were filtered to retain sgRNAs with low predicted
off-target and high predicted on-target effects, and downsampled to 35 sgRNA per 1 kb. sgRNA
library cloning was performed as described®®. CRISPRi screening was performed in doxycycline-
inducible KRAB-dCas9 expressing cell lines as previously described, with 2-3 replicates per tiling
screen and 3-4 replicates per NFR-focused screen. For the DB screen conducted in a cell line with
non-inducible dCas9-KRAB, the same protocol was followed except that equal numbers of the
parental cell line were transduced in parallel and harvested following selection as "T0" replicates.
Tiling sgRNA screens were analyzed as previously described'?. NFR-focused screen analysis was
performed with MAGeCK-RRA software'®, applied separately to NFR-targeting and gene-
targeting sgRNA sets. The ‘mageck test’ option ‘“norm-method control’ was used to normalize
log2fold changes to the non-targeting control sgRNAs. See Supplementary text for additional

details of CRISPRi library design and experimental procedures.

Transcriptional reporters:

Enhancer sequences were PCR amplified from genomic DNA, cloned by Gibson assembly into
the STARR-seq firefly luciferase validation vector ORI _empty (Addgene: 99297). Vectors
ORI_SV40 (Addgene:99309) and ORI _neg.cont (Addgene: 99315) were used as positive and
negative controls. Site-directed mutagenesis (Q5 site-directed mutagenesis kit E0554S; NEB) was
used to delete 7 nucleotides (‘TTTGCAT’) corresponding to the indicated OCT2 binding motif
from NFR 195B. Cell lines were electroporated (Neon, Thermo Scientific) with luciferase and
Renilla control (pRL-SV40) plasmids in 1:10 ratio. Two replicate electroporations were each
divided into three wells for 48h of culture and readout using the Dual-Glo Luciferase kit

(Promega; E2940) in a Bio-Tek Synergy HT Microplate Reader.
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Structural variant analysis
4C-Seq was performed and analyzed as previously described!’~*°. Fresh-frozen cell line pellets
were sent to Bionano Genomics for optical mapping. Structural variant read maps were visualized

with BioNano Access software v1.7.2. See Supplementary text for additional details.

Western Blotting:

Western blot analyses were performed by standard protocols with the following antibodies:
MEF2B (HPA004734, Atlas), EBF (sc-137065, Santa Cruz Biotechnology), E2A (sc-349X, Santa Cruz
Biotechnology), Bobl (sc-955X, Santa Cruz Biotechnology), Oct-2 (sc-233X, Santa Cruz
Biotechnology), Bcl-6 (sc-7388, Santa Cruz Biotechnology), c-Myc (5605S, Cell Signaling
Technology) and CTCF (3418S, Cell Signaling Technology).

Results:
Functional mapping of native and “hijacked” MYC-activating enhancers
We identified DLBCL cell lines with known MYC locus rearrangements to non-immunoglobulin

locil12021

or with no evidence of MYC locus aberrations (Supplementary Table S1), and defined
enhancers with high predicated activity based on H3K27ac ChIP-Seq and ATAC-Seq in the MYC
locus and rearrangement partner loci specific to each cell line (Figure 1A and Supplementary
Table S2). We designed a custom sgRNA library targeting the nucleosome-free regions (NFRs) of
candidate enhancers, as well as promoter-targeting sgRNAs?? for transcription factor genes
expressed in B cells, along with positive and negative essentiality controls and extended coverage
of the MYC and BCL6 promoter regions.

We selected lymphoma cell lines without MYC rearrangements for initial CRISPRi screening
with both a published MYC locus tiling sgRNA library'? and our more efficient NFR-focused library
targeting both MYC and rearrangement partner loci. One NFR and two tiling CRISPRi screens in
two MCL cell lines confirmed dependency on 5 Notch / RBPJ-activated MYC enhancers®?3
(Figure 1B, Supplementary tables $3-S4). Tiling and NFR-focused CRISPRi screens in the GCB-
DLBCL cell line Karpas-422 reproducibly identified essential enhancers that in contrast to the MCL

cell lines were located exclusively in the 3’ region of the MYC locus (Figure 1B, Supplementary
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tables $3-S4). None of our tiling screens showed evidence for essential enhancers in the “Blood
Enhancer Cluster” (BENC) that lies at the far 3’ end of the MYC TAD and is essential for
hematopoietic stem cells, myeloid leukemia, B-cell progenitors, and some B-lymphoblastic

24-26 hut lacks acetylation in mature B cell populations and lymphomas, indicating that

leukemias
this region is dispensable for mature B-cell ymphomas (Supplementary Figure S1A).

We performed CRISPRi screens with the NFR-focused library in a total of two MCL cell lines
(one with MYC rearrangement) and six GCB-DLBCL cell lines (four with MYC rearrangement).
Essential gene promoter-targeting sgRNAs showed significant depletion in all eight screens
(Supplementary Figure 1B). We used the MAGeCK RRA algorithm to score the significance and
log2-fold-change of all NFRs across all eight screens (Figure 1C, Supplementary table S2),
revealing that the dependency landscape of each cell line was dominated by NFRs from specific
genomic regions. In all five MYC-rearranged cell lines, the most essential NFRs were within the
corresponding MYC rearrangement partner loci, while MCL and DLBCL cell lines lacking MYC

rearrangements were most dependent on the previously mentioned 5’ enhancers and previously

uncharacterized 3' MYC locus enhancers respectively.

Intra-chromosomal MYC rearrangements generate selective de novo enhancer dependencies
in “hijacked” partner loci

Two cell lines, the MCL cell line JeKo-1 and the GCB-DLBCL cell line OcilLy-1, showed
intrachromosomal rearrangements between the MYC locus and regions of chromosome 8
outside of the MYC topologically-associated domain (TAD). In Jeko-1, a chromosomal fusion on
the 3’ side of the MYC gene linked the MYC locus (8924.21) to 8p23.1, while input chromatin
(low-coverage whole-genome sequencing) indicated a copy number gain of the fused regions
(Figure 2A). CRISPRiI revealed strong dependency on a single enhancer NFR within this partner
region, NFR 108, that showed no fitness effect in any other cell line. Although NFR 108 is strongly
acetylated in JeKo-1, other strongly acetylated elements in the partner locus such as the adjacent
NFR 107 showed minimal fitness effect, highlighting the ability of CRISPRi screening to detect

selective functional relationships that would not have been predicted by chromatin data alone.


https://doi.org/10.1101/2023.05.02.538892

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.02.538892; this version posted May 3, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The GCB-DLBCL cell line OciLy-1 bears a more complex MYC rearrangement involving two
regions of chromosome 8q outside the MYC TAD, and with evidence of subsequent chromosomal
amplification (Figure 2B). Together, these fused regions produce a chain of strongly acetylated
enhancers stretching 300 kb from the MYC fusion point. CRISPRi identified one tightly packed
cluster of four NFRs located within the space of 5 kb (NFRs 138-141) in rearrangement partner
locus 1 (RP1-OcilLy-1), as well as weaker and more diffuse essentiality effects across several
elements in rearrangement partner locus 2 (RP2-Ocily-1).

To confirm that essential rearrangement partner enhancers activate MYC expression, we
performed additional CRISPRi studies. Epigenetic repression of NFR 108 lead to a sharp decrease
in MYC transcript levels after 3 days of dCas9-KRAB induction in JeKo-1, but not Ocily-1 (Figure
2C, Supplementary Figure S2A), confirming NFR 108 as a driver of MYC expression via enhancer
hijacking in JeKo-1. However, the equivalent assay in Oci-Ly1 with single sgRNAs targeting either
of the two most essential NFRs identified in the OcilLy-1 screen (NFR 139 and NFR 213) failed to
significantly repress MYC levels, suggesting that these multi-modular enhancers show functional

2728 in the short-term validation assay. Indeed, we found that flow-

compensation for one another
sorted OcilLy-1 populations expressing sgRNAs targeted to NFRs in each of the two partner
regions gave substantially stronger MYC repression upon dCas9-KRAB induction than repression
of either enhancer alone (Figure 2D).

Since oncogenic MYC activation in JeKo-1 appeared to be selectively driven by a single
enhancer (NFR 108) that lacks an essential role in other cell lines, we wondered if this cell line
might show increased dependency on trans-regulators of that enhancer. ENCODE ChIP-Seq data
from the mature B cell line GM12878 showed that EBF1 was among the factors binding most
strongly to NFR 108, which contains a centrally-located EBF1 binding motif (Figure 2E and
Supplementary Figure $2B). While EBF1 is a key component of the mature B cell gene regulatory
network and EBF1-targeting sgRNAs were depleted in all cell lines, they showed the strongest
depletion in JeKo-1 (Figure 2F). The other screened MCL cell line, SP-49, showed unique
dependency on RBPJ, which encodes the core DNA binding component of the Notch
transcriptional complex, consistent with dependency of that cell line on the 5 B-NDME in the

native MYC locus. Indeed, knockdown of EBF1 lead to significant downregulation of MYC
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transcript levels in Jeko-1 but not SP-49, while RBPJ knockdown showed the opposite pattern
(Figure 2G). These findings suggest that MYC rearrangements to specific partner enhancers may

shape global trans-factor dependencies.

A recurrent rearrangement places MYC under the control of BCL6 gene-activating mechanisms.

The t(3;8)(927;924) rearrangement that fuses the MYC locus to that of BCL6, another key
lymphoma oncogene, is a recurrent aberration in GCB-DLBCL (Ohno et al., 2017). A well-
characterized distal super-enhancer cluster (BCL6-SE) lies 150 kbp upstream of the BCL6
gene!2°-31 Pprior topological evidence indicated that this rearrangement activates MYC via
enhancer hijacking of BCL6-SE elements!'?!, but the specific elements responsible for MYC
activation have not been identified. We performed CRISPRi screens on three lymphoma cell lines,
WSU-DLCL2, DB, and SUDHL-4, that bear structurally distinct variants of the MYC::BCL6-SE
rearrangement. We used previously identified genomic breakpoints?®, 4C-Seq, and optical
mapping data to generate parsimonious models for the structure of these rearrangements
(Figure 3A and Supplementary Figure S3A-B), which vary from a simple fusion in WSU-DLCL2 to
a complex event including multiple copies of the BCL6-SE and additional segments of
chromosomes 11 and 1 in SUDHL-4. Topological interactions between the MYC promoter and
BCL6-SE were identified in all three cell lines (Supplementary Figure S3C and previously shown
for WSU-DLCL22Y). All rearrangement partner regions were included in our NFR-targeting CRISPRI
library, thus providing an opportunity to evaluate how complexity affects the function of a
recurrent enhancer-hijacking rearrangement.

CRISPRi screening results in all three MYC::BCL6-SE+ cell lines were remarkably similar (Figure
1C and Figure 3B-C). The most essential enhancer in all three cell lines was NFR 31 in the BCL6-
SE, with other BCL6-SE enhancers also showing significant effects. No strongly essential enhancer
was identified in the MYC locus in these cell lines, nor in either of the additional partner loci in
SUDHL-4 (Figure 1C and Supplementary Figure 3D). Essentiality effects in all three cell lines were
dominated by NFRs that showed selective strong binding of factors previously implicated in
enhancer-dependent BCL6 activation'*3, including the ternary complex members MEF2B, OCT-

2, and OCA-B, and the acetyltransferase p300 (Figure 3B-C). BCL6 is also an essential gene in
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many GCB-DLBCL cell lines, as confirmed by depletion of sgRNAs across the BCL6 promoter region
(Supplementary Figure S3E), but the fitness effects of sgRNAs targeting the most critical BCL6-SE
NFRs were stronger in all three MYC::BCL6-SE+ GCB-DLBCL cell lines than in the other three GCB-
DLBCL cell lines. The heightened dependency on BCL6-SE elements in MYC::BCL6-SE+ DLBCL was
unlikely to be due to differences in TF binding, as ChIP-Seq binding patterns were similar in
MYC::BCL6-SE+ DLBCL and DLBCL without MYC locus rearrangement (Supplementary Figure S3F).

Assays with single sgRNAs targeting essential BCL6-SE NFRs showed only modest effects on
MYC expression in MYC::BCL6-SE+ GCB-DLBCL cell lines (Supplementary Figure S3G), again
suggesting short-term compensatory effects of the multi-modular enhancer, but the combination
of sgRNAs targeting two different BCL6-SE NFRs resulted in significantly decreased cell growth
(Figure 3E) and decreased expression of both MYC and BCL6 (Figure 3F) in both WSU-DLCL2 and
SUDHL-4. CRISPRi knockdown of MEF2B, POU2F2 (OCT2), and POU2AF1 (OCA-B) encoding the
BCL6-SE-activating factors®®, led to similar decreases in both MYC and BCL6 expression in
MYC::BCL6-SE+ cell lines (Figure 3G), confirming that the t(3;8)(927;924) rearrangement and
variants result in lymphomas for which MYC expression and ongoing cell growth are highly
dependent on the distal cis- and trans-regulatory mechanisms that normally regulate germinal

center-specific expression of BCL6.

A novel 3’ enhancer is required for growth and MYC expression in GCB-DLBCL lacking MYC
rearrangement

NFR-targeted CRISPRi screens in non-MYC-rearranged GCB-DLBCL cell lines Karpas-422 and
Sudhl-5 both identified NFR-195, a site 437 kb downstream (3’) of the MYC promoter, as the most
essential distal element, with sgRNAs targeting the adjacent NFR 196 showing lesser effects
(Figure 4A-B). Two other 3’ enhancers, NFR 181 and NFR 202, showed weaker essentiality signal
in Karpas-422 tiling and NFR CRISPRi screens, with all three essential enhancers corresponding to
regions of locally increased topological interactions with the MYC promoter by 4C-Seq
(Supplementary Figure S4A). NFR 195 was strongly acetylated in two other non-MYC-rearranged
GCB-DLBCL cell lines, HT and BJAB, and in primary patient GCB-DLBCL biopsies but almost entirely
lacked acetylation in MYC-rearranged DLBCL cell lines and patient biopsies (Figure 4A-B and

Supplementary figure S4B-C), analogous to the lack of acetylation seen at the 5’ enhancers in
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MYC-rearranged MCL®. Low-throughput CRISPRi assays confirmed that NFR 195 is essential in
HT and BJAB (Figure 4C), and that repression of NFR 195 led to lower MYC transcript levels in all
four NFR 195-dependent cell lines (Figure 4D).

H3K27ac ChIP-Seq data from normal human lymphoid populations3? and cell-type-aggregated
single-cell ATAC-Seq data from normal human tonsils3® showed selective chromatin acetylation /
accessibility at NFR 195/196 in normal germinal center B cells (Figure 4B, 4E-F and
Supplementary Figures $S4B-D). Sequence elements within these NFRs show strong evolutionary
conservation, including in mice, and the homologous mouse element also shows GC B cell-
specific chromatin accessibility (Immgen project3*) (Figure 4G and Supplementary Figure 4E).
Together, these findings indicate that NFR 195 / 196 is a physiological germinal center B cell-
specific MYC enhancer, hereafter ‘germinal center B cell MYC enhancer 1’ (GCBME-1), whose

function is required to sustain many non-MYC-rearranged GCB-DLBCL.

The ternary complex of MEF2B, OCT2, and OCA-B sustains GCBME-1-dependent MYC
transcription

MYC locus amplification without rearrangement was previously noted by whole-genome
sequencing in three DHSig+ primary DLBCL biopsies, one of which (Patient 9) showed further
focal amplification of the genomic region containing the GCBME1°. We saw no evidence of MYC
or GCBME-1 amplification in input chromatin from the GCME1-dependent cell lines, although the
BJAB cell line shows an interstitial 122 kb deletion within the PVT1 gene body (Supplementary
figure 4G). However, MYC-intact cell lines such as Sudhl-5 and HT show strong expression of the
MYC target gene signature comparable to aggressive DHITsig+ primary tumors* and MYC
transcript levels seen in GCBME-1-dependent cell lines overlap the levels seen in MYC-rearranged
DLBCL and MYC-rearranged Burkitt lymphoma cell lines (Supplementary figure 4F), indicating
that the GCBME1-dependent cell lines also show hyperactivity of MYC transcriptional activation.
We examined H3K27ac ChIP-Seq and ATAC-Seq reads mapping to NFR-195 and NFR-196 in the
four GCBME1-dependent cell lines, and most nucleotide variants were present at allelic ratios
near 50% (Supplementary Figure 4H), indicating that enhancer acetylation was biallelic and

therefore activated in trans.
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To look for signatures of differential trans-factor activity in GCB-DLBCL cell lines, we expanded
our prior genome-wide analysis of B cell cancer enhancer acetylation'® to 40 B cell cancer cell
lines that spanned the developmental spectrum, including 13 GCB-DLBCL cell lines. Principal
component analysis of enhancer acetylation separated cell lines by major biological subtype
(Supplementary figure S5A). HOMER motif analysis of the enhancer clusters (Supplementary
figure S5B-C and Supplementary Table S5) confirmed enrichment of motifs for B cell stage-
specific TFs in enhancers active in the corresponding tumor subtype. Specific enhancer clusters
also revealed motif signatures of genetically activated TFs, such as RBPJ in Notch-rearranged
mantle cell lymphoma. Among clusters with specifically increased acetylation in GCB-DLBCL cell
lines, we noted that enhancers with strongest activation in the GCBME-1-dependent and
MYC::BCL6-SE+ cell lines were highly enriched for the OCT2 motif (Figure 5A), while enhancer
clusters most strongly acetylated in other MYC-rearranged GCB-DLBCL showed strong
enrichment for the motif of the bHLH factor E2A, but not OCT2. Accordingly, western blot showed
high protein levels for the OCT2 ternary complex member MEF2B in GCB-ME1-dependent and
MYC::BCL6-SE+ cell lines compared to other MYC-rearranged cell lines (Figure 5B), while E2A
showed generally the opposite pattern (Supplementary figure 5D).

The genes encoding OCT2 (POU2F2, chr19q13.2) and its coactivator OCA-B (POU2AF1,
chrl1g23.1) lie within regions of frequent large-scale copy gain (Chapuy et al., 2018) and less
frequent focal amplification (Hodson et al., 2016) in DLBCL. Strikingly, three of the four GCME1-
dependent GCB-DLBCL cell lines contained focal copy gains affecting of one of these genes, with
POU2AF1 amplified in Karpas-422 and HT, (Figure 5C), and POU2F2 showing a focal copy gain in
BJAB (Hodson et al., 2016). Western blot confirmed higher expression of the corresponding
proteins in gene-amplified cell lines (Supplementary figure 5D). Overall, the three GCME1-
dependent cell lines with RNA-Seq data in DepMap show higher expression of POU2F2 and
POUZ2AF1 transcripts than most other DLBCL cell lines (Figure 5D). Gene promoter-targeting
sgRNAs in our CRISPRi screens confirmed that POU2F2, POU2AF1, and MEF2B were among the
most essential TF genes in both GCBME-1-dependent and MYC::BCL6-SE+ DLBCL cell lines (Figure
5E), while POU2F2 and MEF2B were dispensable for Ocily-1.
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Strong ChlIP-Seq binding peaks for p300 acetyltransferase and all three members of the OCT2
/ OCA-B / MEF2B ternary complex were noted at multiple subunits of the GCBME-1 enhancer
cluster (Figure 5F, Supplementary Figure 5E), suggesting that high expression of these factors
contribute to MYC activation through the native enhancer. Knockdown of POU2F2, POU2AF1,
and MEF2B by CRISPRi and shRNA led to decreased MYC transcript and protein levels in GCBME-
1 dependent cell lines (Figure 5G), with POU2AF1 knockdown showing the strongest and most
consistent effects. Interestingly, while effects of ternary complex factor knockdown led to closely
correlated decreases in MYC and BCL6 expression in MYC::BCL6-SE+ cell lines (Figure 3F), we saw
more divergent effects in two of the GCBME-1-dependent cell lines, with stronger effects of
POU2AF1 knockdown on MYC versus BCL6 expression (Figure 5G).

We next sought to identify conserved elements within GCBME-1 that might mediate direct
binding by the ternary complex. We divided NFRs 195 and 196 into sub-regions based on dips of
H3K27ac signal, peaks of TF ChIP-Seq signal and clusters of evolutionarily conserved elements
(Figure 5F and Supplementary Figure 5G-H). Of these, 195B corresponded to the region of
strongest sgRNA depletion in all Karpas-422 and SUDHL-5 CRISPRi screens, showed strong binding
of all three TFs and p300, and unlike regions 196A&B was conserved in nearly all mammals.
Luciferase reporter constructs confirmed that region 195B was a strong transcriptional driver in
SUDHL-5 cells, while 195A and 196A showed weaker effects (Figure 5H). Deletion of an
evolutionarily conserved OCT2 binding motif in NFR 195B significantly reduced transcriptional
reporter activity in two GCBME-1-dependent cell lines (Figure 51), supporting NFR 195B as a key

response element that confers ternary complex-dependent MYC activation.

A recurrently deleted cis-element inhibits MYC activation by native and hijacked enhancers
Non-MYC-rearranged high-grade GCB-DLBCL patient samples are enriched for focal deletions
removing the promoter (PVT1-P) of the non-coding RNA gene PVT1 (Hilton et al., 2019). Since
PVT1-P was previously shown to act in cis as a competitive antagonist of MYC activation by 3’
enhancers in breast cancer cells (Cho et al., 2018), loss of PVT1-P activity could represent a
mechanism of increased MYC activation by native B cell enhancers. Indeed, both our tiling and

NFR-focused CRISPRi screens identified significant enrichment of sgRNAs targeting PVT1-P in
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GCBME-1-dependent cell lines (Figure 6A-B), with weaker effects seen in MCL cell lines driven by
5’ MYC enhancers. Importantly, PVT1-P also appeared to affect regulation of MYC by
heterologous 3’ enhancers, as we also saw a fitness-enhancing effect of PVT1-P silencing in the
MYC::BCL6-SE+ cell lines SUDHL-4 and WSU-DLCL2, in which the MYC locus breakpoint is
downstream of PVT1-P (Figure 6A-B, Supplementary Figure S6A). In contrast, we saw no growth-
promoting effect of PVT1-P silencing in OCl-Ly1, Jeko-1, or DB, in which 3’ fusion breakpoints
occur between the MYC gene and PVT1-P, excluding the latter from the fusion chromosome. We
confirmed that CRISPRi silencing of the PVT1 promoter increases MYC transcript levels in cell lines
dependent on the 3’ GCBME-1 (Figure 6C), with most PVT1-P-targeting sgRNAs also increasing
MYC expression in cell lines dependent on 5’-enhancers or on a rearrangement placing the BCL6-

SE in cis with PVT1-P and MYC (Figure 6D, Supplementary Figure S6B).

Discussion

MYCis a master regulator of gene programs central to rapid cellular proliferation and anabolic
metabolism in diverse tissues®, but its upstream mechanisms of transcriptional activation are
highly lineage- and state-specific, with this regulatory specificity encoded by a massive diversity
of tissue-specific enhancers located throughout the 3 Mbp MYC topological domain'%192426:36,37,
Precise regulation of MYC is critical in normal germinal center B cells, where transient
upregulation of MYC is critical for driving repeated cycles of immunoglobulin gene mutation,
selection, and affinity maturation3®. Common polymorphisms associated with altered risk for
mature B-cell leukemias and lymphomas occur in the vicinity of state-specific B cell MYC

enhancers3®4!

, and slight MYC transcript stabilization conferred by mutant BTG1 leads to
profound effects on B cell selection and lymphomagenesis*2. Although the 3’ region of the MYC
locus downstream of the PVT1 promoter has been noted to contain numerous candidate mature
B-cell enhancers in mice*®* and humans!! based on chromatin state and topological interactions
with the MYC promoter, to our knowledge the GCBME-1 enhancer is the first element in this
region that has been functionally proven to drive MYC expression in B cells. While GCBME-1 is

unlikely to be the only distal element that controls the highly dynamic regulation of MYC

transcription during the normal germinal center reaction, our identification of this evolutionarily
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conserved element may open new opportunities for functional elucidation of MYC transcriptional

in germinal center biology and immunity.

Identification of GCBME-1 as a common dependency of GCB-DLBCL cell lines lacking MYC
rearrangements suggests alternative mechanisms that may drive increased MYC expression in
MYC-intact DLBCL. The POU2AF1 gene is located on chromosome 11q, and is often included in
the recurrent chromosomal gain seen in “high grade B-cell lymphoma with 11q aberration”, a
lymphoma subtype defined by a high-grade Burkitt lymphoma-like morphology, phenotype, and
gene expression program, but with a characteristic pattern of amplification and deletion on
chromosome 11q and no MYC locus rearrangement**. The GCBME-1-dependent cell lines SUDHL-
5 and HT bear characteristic 11g abnormalities, and have been previously characterized as
models for this entity*®, although only HT shows POU2AF1 amplification. Further work is
indicated to determine whether other genes dysregulated by the recurrent 11q aberration may
contribute to MYC activation by GCBME-1. Although MYC protein levels in GCBME-1-dependent
lymphoma cell lines tended to be lower than in many MYC-rearranged cell lines (Supplementary
figure 5D), our findings show that GCBME-1 activity and MYC transcription are rate-limiting steps
for the fitness of these lymphomas, suggesting that targeting mechanisms of GCBME-1 activation

could be a useful therapeutic approach.

Our study also provided novel insights into mechanisms of MYC activation via rearrangement
to non-immunoglobulin loci, confirming that such events can create new cancer-specific
dependencies on individual enhancer elements or super-enhancer arrays in partner loci, as well
as their cognate trans-factors. The BCL6 locus appears to be the most common non-
immunoglobulin partner locus of MYC rearrangements, resulting in “pseudo-double-hit”
rearrangements that can be mis-interpreted as separate rearrangements of MYC and BCL6 by
standard clinical FISH studies. Our findings confirm that the MEF2B / OCT2 / OCA-B ternary
complex-bound subunits of the distal BCL6-SE / locus control region are the critical drivers of MYC
activation in such rearrangements, and that these MYC::BCL6-SE+ lymphomas retain strong
dependency on the highly germinal center state-specific BCL6-SE, while expression of BCL6 itself
can be released from normal regulatory controls by diverse DLBCL-associated lesions, including

BCL6 “promoter swap” rearrangements and mutations in the BCL6 first intron / intragenic super-
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enhancer®6, By re-wiring MYC regulation to enhancers that rely on distinct combinations of
stage-specific trans-factors, specific MYC rearrangements may constrain the resulting lymphoma

to specific developmental states and epigenetic dependencies.

Acknowledgements

R.J.H.R was supported by grants from the National Cancer Institute (K08-CA-208013 and R01-CA-
245059), the American Society of Hematology (Scholar Award), and The V Foundation for Cancer
Research (V2018-001). J.M.E. was supported by NIH NHGRI (K99HG009917 and ROOHG009917),
the Harvard Society of Fellows, Gordon and Betty Moore, and the BASE Research Initiative at the
Lucile Packard Children’s Hospital at Stanford University. The authors wish to thank Yuanyuan
Chang and Joyce Lee at Bionano Genomics for assistance with optical mapping data generation
and analysis, and Bradley E. Bernstein, Mark Y. Chiang, and Sami N. Malek for helpful feedback
on the manuscript.

Author contributions and competing interests

A.l.and A.G. performed research, analyzed data, and wrote the paper, R.K., A.A.,D.R,, J.G., C.N.H,,
J.S.R.,, M.W,, M.R. and R.A. performed research, I.M.G supervised research and contributed vital
new reagents, C.P.F. and J.M.E. supervised research and analyzed data, T.S., A.R., and M.P.C.
analyzed data, R.J.H.R. designed research, supervised research, analyzed data, and wrote the

paper.

J.M.E. is an equity holder and consultant for Martingale Labs, a provider of polygenic genomic
risk scores for healthcare that was not directly or indirectly involved in this research.


https://doi.org/10.1101/2023.05.02.538892

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.02.538892; this version posted May 3, 2023. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References:

1.

10.

11.

12.

13.

14.

15.

16.

17.

Alizadeh AA, Eisen MB, Davis RE, et al. Distinct types of diffuse large B-cell ymphoma
identified by gene expression profiling. Nature. 2000;403(6769):503-511.

Chapuy B, Stewart C, Dunford AJ, et al. Molecular subtypes of diffuse large B cell lymphoma
are associated with distinct pathogenic mechanisms and outcomes. Nature Medicine.
2018;24(5):679-690.

Schmitz R, Wright GW, Huang DW, et al. Genetics and Pathogenesis of Diffuse Large B-Cell
Lymphoma. N Engl J Med. 2018;378(15):1396—-1407.

Ennishi D, Jiang A, Boyle M, et al. Double-Hit Gene Expression Signature Defines a Distinct
Subgroup of Germinal Center B-Cell-Like Diffuse Large B-Cell Lymphoma. Journal of clinical
oncology : official journal of the American Society of Clinical Oncology. 2019;37(3):190-201.
Sha C, Barrans S, Cucco F, et al. Molecular High-Grade B-Cell Lymphoma: Defining a Poor-
Risk Group That Requires Different Approaches to Therapy. Journal of clinical oncology :
official journal of the American Society of Clinical Oncology. 2019;37(3):202-212.

Banerji J, Olson L, Schaffner W. A lymphocyte-specific cellular enhancer is located
downstream of the joining region in immunoglobulin heavy chain genes. Cell.
1983;33(3):729-740.

Pettersson S, Cook GP, Briiggemann M, Williams GT, Neuberger MS. A second B cell-specific
enhancer 3’ of the immunoglobulin heavy-chain locus. Nature. 1990;344(6262):165-8.
Gostissa M, Yan CT, Bianco JM, et al. Long-range oncogenic activation of Igh-c-myc
translocations by the Igh 3’ regulatory region. Nature. 2009;462(7274):803-7.

Hilton LK, Tang J, Ben-Neriah S, et al. The double-hit signature identifies double-hit diffuse
large B-cell ymphoma with genetic events cryptic to FISH. Blood. 2019;134(18):1528-1532.
Kodgule R, Goldman JW, Monovich AC, et al. ETV6 Deficiency Unlocks ERG-Dependent
Microsatellite Enhancers to Drive Aberrant Gene Activation in B-Lymphoblastic Leukemia.
Blood Cancer Discovery. 2023;4(1):34-53.

Ryan RJH, Drier Y, Whitton H, et al. Detection of Enhancer-Associated Rearrangements
Reveals Mechanisms of Oncogene Dysregulation in B-cell Lymphoma. Cancer Discovery.
2015;5(10):1058-1071.

Fulco CP, Munschauer M, Anyoha R, et al. Systematic mapping of functional enhancer-
promoter connections with CRISPR interference. Science. 2016;354(6313):769-773.

Fulco CP, Nasser J, Jones TR, et al. Activity-by-contact model of enhancer—promoter
regulation from thousands of CRISPR perturbations. Nature Genetics. 2019;51(12):1664—
1669.

McKenna A, Shendure J. FlashFry: A fast and flexible tool for large-scale CRISPR target
design. BMC Biology. 2018;16(1):4-9.

Wang T, Lander ES, Sabatini DM. Single guide RNA library design and construction. Cold
Spring Harbor Protocols. 2016;2016(3):283—-288.

Li W, Xu H, Xiao T, et al. MAGeCK enables robust identification of essential genes from
genome-scale CRISPR/Cas9 knockout screens. Genome Biology. 2014;15(12):554.

van de Werken HIG, de Vree PJP, Splinter E, et al. Chapter Four - 4C Technology: Protocols
and Data Analysis. Methods in Enzymology. 2012;513:89-112.


https://doi.org/10.1101/2023.05.02.538892

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.02.538892; this version posted May 3, 2023. The copyright holder for this preprint (which

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

van de Werken HIJG, Landan G, Holwerda SJB, et al. Robust 4C-seq data analysis to screen
for regulatory DNA interactions. Nature Methods. 2012;9(10):969-972.

Ryan RJH, Petrovic J, Rausch DM, et al. A B Cell Regulome Links Notch to Downstream
Oncogenic Pathways in Small B Cell Lymphomas. Cell Rep. 2017;21(3):784-797.

Chong LC, Ben-Neriah S, Slack GW, et al. High-resolution architecture and partner genes of
MYC rearrangements in lymphoma with DLBCL morphology. Blood Advances.
2018;2(20):2755-2765.

Sungalee S, Liu Y, Lambuta RA, et al. Histone acetylation dynamics modulates chromatin
conformation and allele-specific interactions at oncogenic loci. Nat Genet. 2021;53(5):650—
662.

Sanson KR, Hanna RE, Hegde M, et al. Optimized libraries for CRISPR-Cas9 genetic screens
with multiple modalities. Nat Commun. 2018;9(1):5416.

Fabbri G, Holmes AB, Viganotti M, et al. Common nonmutational NOTCH1 activation in
chronic lymphocytic leukemia. Proceedings of the National Academy of Sciences.
2017;114(14):E2911-E2919.

Bahr C, von Paleske L, Uslu VV, et al. A Myc enhancer cluster regulates normal and
leukaemic haematopoietic stem cell hierarchies. Nature. 2018;553(7689):515-520.

Huang Y, Mouttet B, Warnatz H-J, et al. The Leukemogenic TCF3-HLF Complex Rewires
Enhancers Driving Cellular Identity and Self-Renewal Conferring EP300 Vulnerability. Cancer
Cell. 2019;36(6):630-644.€9.

Shi J, Whyte WA, Zepeda-Mendoza CJ, et al. Role of SWI/SNF in acute leukemia
maintenance and enhancer-mediated Myc regulation. Genes Dev. 2013;27(24):2648-2662.
Frankel N, Davis GK, Vargas D, et al. Phenotypic robustness conferred by apparently
redundant transcriptional enhancers. Nature. 2010;466(7305):490-493.

Lin X, LiuY, Liu S, et al. Nested epistasis enhancer networks for robust genome regulation.
Science. 2022;377(6610):1077-1085.

Bunting KL, Soong TD, Singh R, et al. Multi-tiered Reorganization of the Genome during B
Cell Affinity Maturation Anchored by a Germinal Center-Specific Locus Control Region.
Immunity. 2016;45(3):497-512.

Chu C-S, Hellmuth JC, Singh R, et al. Unique immune cell coactivators specify locus control
region function and cell stage. Mol Cell. 2020;80(5):845-861.e10.

Ramachandrareddy H, Bouska A, Shen Y, et al. BCL6 promoter interacts with far upstream
sequences with greatly enhanced activating histone modifications in germinal center B cells.
Proceedings of the National Academy of Sciences. 2010;107(26):11930-11935.

Pradel LC, Vanhille L, Spicuglia S. The European Blueprint project: towards a full epigenome
characterization of the immune system. Med Sci (Paris). 2015;31(3):236—238.

King HW, Wells KL, Shipony Z, et al. Integrated single-cell transcriptomics and epigenomics
reveals strong germinal center-associated etiology of autoimmune risk loci. Science
Immunology. 2021;

Heng TSP, Painter MW, Immunological T, Project G. The Immunological genome project:
networks of gene expression in immune cells. Nature immunology. 2008;9(10):1091-1094.
Kress TR, Sabo A, Amati B. MYC: connecting selective transcriptional control to global RNA
production. Nature reviews. Cancer. 2015;15(10):593-607.


https://doi.org/10.1101/2023.05.02.538892

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.02.538892; this version posted May 3, 2023. The copyright holder for this preprint (which

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Chen PB, Fiaux PC, Zhang K, et al. Systematic discovery and functional dissection of
enhancers needed for cancer cell fitness and proliferation. Cell Reports. 2022;41(6):111630.
Herranz D, Ambesi-Impiombato A, Palomero T, et al. A NOTCH1-driven MYC enhancer
promotes T cell development, transformation and acute lymphoblastic leukemia. Nat Med.
2014;20(10):1130-1137.

Dominguez-Sola D, Victora GD, Ying CY, et al. The proto-oncogene MYC is required for
selection in the germinal center and cyclic reentry. Nat Immunol. 2012;13(11):1083-1091.
Cerhan JR, Berndt SI, Vijai J, et al. Genome-wide association study identifies multiple
susceptibility loci for diffuse large B cell ymphoma. Nature Genetics. 2014;46(11):1233—
1238.

Crowther-Swanepoel D, Broderick P, Di Bernardo MC, et al. Common variants at 2q37.3,
8024.21, 15qg21.3 and 16924.1 influence chronic lymphocytic leukemia risk. Nature genetics.
2010;42(2):132-136.

Enciso-Mora V, Broderick P, Ma Y, et al. A genome-wide association study of Hodgkin’s
lymphoma identifies new susceptibility loci at 2p16.1 (REL), 8924.21 and 10p14 (GATA3).
Nature genetics. 2010;42(12):1126-1130.

Mlynarczyk C, Teater M, Pae J, et al. BTG1 mutation yields supercompetitive B cells primed
for malignant transformation. Science. 2023;379(6629):eabj7412.

Qian J, Wang Q, Dose M, et al. B Cell Super-Enhancers and Regulatory Clusters Recruit AID
Tumorigenic Activity. Cell. 2014;159(7):1524-1537.

Salaverria I, Martin-Guerrero |, Wagener R, et al. A recurrent 11q aberration pattern
characterizes a subset of MYC-negative high-grade B-cell lymphomas resembling Burkitt
lymphoma. Blood. 2014;123(8):1187-1198.

Pasqualucci L, Migliazza A, Basso K, et al. Mutations of the BCL6 proto-oncogene disrupt its
negative autoregulation in diffuse large B-cell lymphoma. Blood. 2003;101(8):2914-2923.
Bal E, Kumar R, Hadigol M, et al. Super-enhancer hypermutation alters oncogene expression
in B cell ymphoma. Nature. 2022;607(7920):808-815.


https://doi.org/10.1101/2023.05.02.538892

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.02.538892; this version posted May 3, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 1

B.

26 lymphoma cell lines MYC + BCL6 tiling (646 sgRNA)

C.

MYC TAD "
: Non-targeting (866 sgRNA
' NFRs (ATAC-seq) O AE SEE SIRMA) ®®®
: Control regions (392 sgRNA) é‘)® T=0
MYc ' Activity (H3K27ac + g ..
e ATAC-Seq Gene-targeting (7(ﬁ A0
MYC Rearrangement — . T~ s "
Partner ' A Pan-essential genes ,\”\ /\ } + - Fitness
- ' (100 sgRNA) gRNA  DOXinducible  Selection
cr—'ﬁ@= : TF genes expressed in s9 dCas9-KRAB @ @
b H B cells (2,875 sgRNA) Library expressing cells @
Myc =='  High Activity NFRs 1875 5g P 9 T=14 ®®®®
Enhancer NFR targeting (233 NFRs / 11,022 sgRNA) m ®®®
chr8 128,1‘00 kb ‘ 128,3|00 kb ‘ 128,8|00 kb 129,0\00 kb 129,%00 kb 129,4|00 kb 129,6|00 kb
' - —h [
Log2FC . PCAT2 CASC19 CASC21 MYC PVT1 MIR1208 LINC00824
Granta-519 (MCL) or D g - w;‘_T"“). N e R e et e -
Tiling CRISPRI 3 Y
3L
SP-49 (MCL)  Of -v*r * G Sdastt N . S 1
Tiling CRISPRi 3
1 =
SP-49 (MCL)  OF 1 , — e .
NFR CRISPRi 3 |
Karpas-422 0'8 i 4 sk Y e S S S P figttspAndp ot posan L PP
(DLBCL) Y bl ] |
Tiling CRISPRi  -15|
Karpas-422 Y - ‘ — . N — : .
(DLBCL) ' k r r [
NFR CRISPRI Bl
NFR 148 NFR 150 NFR 181 NFR 195/196 NFR 202
I I
MYC 5’ interacting region MYC genic region MYC 3’ interacting region
SP-49A SU-DHL-$ Karpas-422 region
ag)) (MCL; MY C-intact) (DLBCL; MYC-intact) (DLBCL; MYC-intact) e chr3_BOL6 5%enh
L] L]
% 0.01 — 4 A SRl U5 A s TR e chr8_MYC_5'enh
2 % :‘ 72 fr_41 miC_1es e chr8_MYC_genic
:\TJ nfr_150>nfr_149 fr_31 nfr_31 ‘
) -2.0qenfr 148 nir_194 n nfr_202 e chr8_MYC_3'enh
E °*nfr_196 nfr_195 e chr8_RP_JeKol
; -4.0 e chr8_RP1_OCILy1
(0_/3 Jnfr 195 e chr8_RP2_OCILy1
oc - - - - x v N T T T T T T T T chr11_RP1_SUDHL4
o 0O 50 100 150 200 O 50 100 150 200 O 50 100 150 200

Rank by significance (MAGeCK RRA, bi-directional)

chr1_RP2_SUDHL4

JeKo-1 OCl-Ly1 SU-DHL-4 WSU-DLCL2 DB
87 (MCL; MYC-R to chr8) (DLBCL; MYC-R to chr8) (DLBCL; MYC-R to BCL6) (DLBCL; MYC-R to BCL6) (DLBCL; MYC-R to BCL6)
S 0.51 .
g ° 4 ‘
z 0.0+ s - — TMM ?Wi!d_ Mﬁa—
oy nfr_107 ¢—Nfr_69 nfr 71
N -0.54n{r_110 “enfr_41 enfr_44 :nfr i nir_195fr_71
o ‘nfr_104 S nfr_215 - nfr_47 f 4 ; ‘47 nfr_69
@ _10 . ° ° .n i .
L " entr_108 03 nfr_141 nfr_41 nir_41 nfr_31
@ -1.51 onfr 138 e nfr_31
) nfr_139 e nfr_31
Cc20t— e —— ——————— —————— ———————
o 0 50 100 150 200 0 50 100 150200 O 50 100 150 200 O 50 100 150 200 O 50 100 150 200

Rank by significance (MAGeCK RRA, bi-directional)


https://doi.org/10.1101/2023.05.02.538892

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.02.538892; this version posted May 3, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 1. Overview of CRISPRi screening in lymphoma cell lines

A. Design strategy for sgRNA library and CRISPRi screen (NFR CRISPRI) targeting candidate
enhancers in the MYC locus and rearrangement partner regions, transcription factor genes, and
controls. B. Comparison of CRISPRi screening results in the MYC locus with the tiling sgRNA library
(y-axis shows log2-fold change averaged over a 20 sgRNA sliding window) and NFR-focused
sgRNA library (y-axis shows shows log2-fold of individual sgRNAs) in mantle cell lymphoma
(Granta-519, SP-49) and GCB-DLBCL (Karpas-422) cell lines. C. Plot of sgRNA depletion or
enrichment (MAGeCK RRA log2-fold-change) for targeted intervals in eight lymphoma NFR
CRISPRi screens. Target intervals are ranked along the X axis by lowest negative selection FDR p-
value (left to right, intervals with log2-fold change <0) or lowest positive selection FDR p-value
(right to left, intervals with log2-fold change >0). Intervals are color-coded by genomic region.
See B for position of MYC target regions. MYC rearrangement partner (RP) target regions other
than BCL6 are named for the cell line in which the region is rearranged to MYC. See

Supplementary Table 2 for positions of all target intervals.
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Figure 2. MYC activation via intra-chromosomal enhancer-hijacking rearrangements

A. H3K27ac ChlIP-Seq and CRISPRi screening results for the MYC locus and fusion partner locus in
JeKo-1 cells. Input chromatin coverage shows regions of genomic amplification, and arrows
connect identified chromosomal fusion breakpoints. B. H3K27ac ChIP-Seq and CRISPRi screening
results for the MYC locus and fusion partner locus in Ocily-1 cells. Input chromatin coverage
shows regions of genomic amplification, and arrows connect identified chromosomal fusion
breakpoints. C. MYC transcript levels (QRT-PCR) after CRISPRi repression of selected enhancers in
JeKo-1 cells (**** p<0.0001, t-test of pooled replicates for both nfr 108 sgRNAs versus both
control sgRNAs). D. MYC transcript levels (QRT-PCR) after CRISPRi repression of indicated targets
in OcilLy-1 cells. Each cell population was transduced with one tagBFP- and mCherry-reporter
expressing sgRNA vector. FACS was used to obtain uniform dual-transduced populations prior to
doxycycline induction of dCas9-KRAB (**** p<0.0001, t-test of replicates for dual control versus
dual enhancer-targeting samples). E. Detail of sgRNA CRISPRi scores in JeKo-1 (H3K27ac) and B-
lymphoblastoid cell line (CTCF and EBF1) ChIP-Seq data at NFR 108. F. Depletion of EBF1 and RBPJ
promoter-targeting sgRNAs in 8 lymphoma CRISPRi screens. Circles are sized proportionally to -
log2(fdr), with neg|fdr used for log2FC < 0 and pos|fdr used for log2FC > 0. Filled circles represent
neg|fdr < 0.01. G. MYC transcript levels (qRT-PCR) after CRISPRi knockdown of indicated target
genes in selected cell lines (**** p<0.0001, t-test of pooled replicates for both EBF1 or RBPJ

promoter-targeting sgRNAs versus both control sgRNAs).
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Figure 3. Activation of MYC by ternary complex-bound modules of the BCL6 super-enhancer

A. Parsimonious models for structural rearrangements involving the MYC and BCL6 locus in three
DLBCL cell lines, based on optical mapping and 4C-seq data. Red lines indicate intra- or inter-
chromosomal fusions. See Supplementary Figure 3 for details. B. CRISPRi sgRNA depletion or
enrichment (log2-fold-change) for BCL6 distal super-enhancer regions in the MYC::BCL6-SE+ cell
line Sudhl-4. Also shown is ChIP-Seq signal for p300, H3K27ac and ternary complex transcription
factors MEF2B, OCT2, and OCA-B in Karpas-422. C. Plot of NFR-level sgRNA depletion or
enrichment (MAGeCK RRA log2-fold-change, y-axis) for targeted intervals in the BCL6 distal
super-enhancer in six GCB-DLBCL cell lines. Circles are sized proportionally to -log2(fdr), with
neg|fdr used for log2FC < 0 and pos|fdr used for log2FC > 0. Filled circles represent neg|fdr <
0.01. Note significant and strong fitness signal for ternary factor-bound enhancers in all three
MYC::BCL6-SE+ cell lines (names in red box). D. Chance in viable cellularity for doxycycline-
inducible dCas9-KRAB expressing MYC::BCL6-SE+ DLBCL cell lines expressing the two indicated
sgRNA lentivectors. Cells were transduced with both vectors, sorted for dual tagBFP and mCherry
expressing cells, and then grown with or without doxycycline for seven days. Y axis shows the
ratio of cellTiterGlo signal for dox treated / untreated cells (**** p<0.0001, t-test of replicates
for dual enhancer-targeting sgRNA-transduced versus dual control sgRNA-transduced). E.
Differential expression of MYC and BCL6 (qRT-PCR) for populations of MYC::BCL6-SE+ DLBCL cell
lines expressing doxycycline-inducible dCas9-KRAB and two sgRNA vectors as in D (*** p<0.001,
t-test of replicates for dual enhancer-targeting sgRNA-transduced versus dual control sgRNA-
transduced, color-coded by measured transcript per legend). F. Change in MYC expression (qRT-
PCR) in MYC::BCL6-SE+ DLBCL cell lines expressing doxycycline-inducible dCas9-KRAB after
transduction with indicated sgRNAs targeting MEF2B, POU2F2, and POU2AF1 (**** p<0.0001,
*** p<0.001, * p<0.05, t-test of pooled replicates for both TF gene promoter-targeting sgRNAs

versus both control sgRNAs, color-coded by measured transcript per legend).
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Figure 4. MYC-intact GCB-DLBCL is dependent on a 3’ developmental MYC enhancer

A. H3K27ac ChlIP-Seq signal and CRISPRi sgRNA depletion or enrichment (log2-fold-change) from
MYC-intact GCB-DLBCL cell lines. Yellow highlight shows the location of GCBME-1. B. Comparison
of H3K27ac ChIP-seq data and CRISPRi sgRNA depletion in GCB-DLBCL cell lines for genomic
regions containing GCBME-1 (NFRs 195-196) and the BCL6-SE element NFR 31. Also shown at top
are H3K27ac ChlIP-Seq data from normal human centroblasts and naive B cells (Farh et al 2014)
and GCB-DLBCL patient biopsies (DLBCL-003 to -011; Ryan et al 2015). Note lack of GCBME-1
acetylation in DLBCL biopsies and cell lines with MYC rearrangement (MYC-R, indicated at right).
C. Change in viable cellularity for two additional MYC-intact DLBCL cell lines (doxycycline-
inducible dCas9-KRAB expressing) after transduction with indicated sgRNAs targeting MYC or
BCL6 locus NFRs (** p<0.01, *** p<0.001, t-test of pooled replicates for both NFR 195-targeting
sgRNAs versus both control sgRNAs). D. Change in MYC transcript levels (qRT-PCR) for MYC-intact
DLBCL cell lines (doxycycline-inducible dCas9-KRAB expressing) after transduction with indicated
sgRNAs targeting MYC or BCL6 locus NFRs (**** p<0.0001, t-test of pooled replicates for both
NFR 195-targeting sgRNAs versus both control sgRNAs). E. H3K27ac ChlIP-Seq signal from primary
B cell populations (Blueprint consortium) at GCBME-1, showing acetylation specific to germinal
center B cells (GCB) at the GCME1 enhancer (NFRs 195-195). Conservation (Phastcons) and
CRISPRi signal shown for comparison. “Homology analysis” shows position of intervals evaluated
for conservation in other mammalian genomes. F. Single-cell ATAC-Seqg-derived pseudobulk
chromatin accessibility signal for normal tonsil B cell populations (King et al 2021) showing
increased chromatin accessibility for germinal center B cells (GCB) at the GCBME-1. G. ATAC-seq
data from sorted murine B cell populations, centered on sequences syntenic to human NFR 195.
Note accessibility specific to germinal center B cell centroblasts (GCB-CB) and centrocytes (GCB-
CC). Intervals with substantial homology between hg38 and mm10 are indicated at bottom. Note
that sub-regions of human NFR 195 (“a” and “b”) are conserved in mouse, while human NFR 196

(“c” and “d”) lacks an identifiable homolog in mouse.
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Figure 5. Hyperactivity of the OCT2 / OCA-B / MEF2B complex in GCBME-1-dependent

lymphomas

A. Heatmap showing differential acetylation of enhancer clusters with increased acetylation in
GCB-DLBCL cell lines. MYC rearrangement status is coded as follows: white, no rearrangement;
gray, positive for MYC::BCL6-SE rearrangement; black, positive for other MYC rearrangement.
Heatmaps strips at right show significance of motif enrichment for the OCT2 and E2A (TCF3)
motifs in HOMER known motif analysis; black arrowheads indicate that a similar motif was
identified as the most significantly enriched motif in that cluster by de novo motif analysis. See
Supplementary Figures 5B-C for the corresponding data for all enhancer clusters and all cell lines.
B. Western blot of nuclear extracts from GCB-DLBCL cell lines for MEF2B and CTCF (loading
control). C. Genomic copy gains (log scale) for POU2AF1 in B-cell lymphoma cell lines (DepMap).
GCBME-1-dependent cell lines are indicated. D. POU2F2 and POU2AF1 transcript levels in B-cell
lymphoma cell lines (DepMap). GCBME-1-dependent cell lines are indicated. E. Plot of sgRNA
depletion or enrichment (MAGeCK RRA log2-fold-change) for optimized gene promoter-targeting
sgRNAs in lymphoma CRISPRi screens (B cell expressed transcription factors, B-cell-specific
essential genes, and pan-essential genes). Target intervals are ranked along the X axis by lowest
negative selection FDR p-value (left to right, intervals with log2-fold change <0) or lowest positive
selection FDR p-value (right to left, intervals with log2-fold change >0). Genes with abs(log2FC) >
0.5 and fdr < 0.05 are colored blue. TF genes of interest are indicated. F. Detail of ATAC-Seq,
H3K27 ChIP-Seq, and ChlP-Seq for the OCT2, OCA-B, MEF2B, and p300 in the GCBME1 enhancer
cluster. CRISPRi screen NFR intervals are as indicated, with conserved subregions A and B of NFRs
195 and 196 indicated below. Inset at bottom shows further detail of the Phastcons conserved
element track for sub-region 195B (see Supplementary Figure 5G for further detail), with the
position of the conserved OCT2 motif indicated. G. Change in MYC expression (qRT-PCR) in
GCBME1-dependent DLBCL cell lines expressing doxycycline-inducible dCas9-KRAB after
transduction with indicated sgRNAs targeting MEF2B, POU2F2, and POU2AF1 (**** p<0.0001,
*** p<0.001, ** p<0.01, * p<0.01, t-test of pooled replicates for both TF gene promoter-targeting

sgRNAs versus both control sgRNAs, color-coded by measured transcript per legend).
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H. Transcriptional reporter assay in SUDHL-5 cells for sub-regions of the GCBME-1 cloned into the
STARR-Seq_Ori luciferase vector. Firefly luciferase signal for each sample was normalized to
internal transfection control (Renilla luciferase signal) and then to the normalized signal for the
no-insert control vector (Ori_neg). I. Transcriptional reporter assay in the indicated GCBME-1-
dependent cell lines for constructs bearing the NFR 195B enhancer region, with or without OCT2

motif deletion, normalized as in H.
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Figure 6. The recurrently deleted PVT1 promoter is a cis-repressor of GCBME-1 dependent MYC

activation

A. Depletion or enrichment (log2-fold-change) for sgRNAs targeting the MYC and PVT1 promoter
regions in MYC locus tiling (20 sgRNA sliding window) and NFR-focused CRISPRi screens (log2-
fold-change of individual sgRNAs). Cell line names are color-coded as follows: Blue, MYC-intact
GCB-DLBCL; Red, MYC::BCL6-SE+ GCB-DLBCL with the breakpoint downstream of the PVT1
promoter; Green, MYC-intact MCL; Black, DLBCL and MCL cell lines with MYC rearrangement
breakpoint between the MYC gene and the PVT1 promoter. Rearrangement breakpoints shown
at bottom are from Ryan et al 2015 and Chong et al 2018. B. Volcano plots of MAGeCK analysis
on NFR CRISPRi screens (cropped to highlight enriched regions), showing enrichment of sgRNAs
targeting the PVT1 promoter (nfr 156). Cell line names are color-coded by subtype and
rearrangement as in A. C. PVT1 and MYC transcript levels (QRT-PCR) in GCBME-1-dependent cell
lines (doxycycline-inducible dCas9-KRAB expressing) after transduction with indicated sgRNAs
targeting the MYC or PVT1 promoters (**** p<0.0001, t-test of pooled replicates for both NFR
195-targeting sgRNAs versus both control sgRNAs) D. Summary of MYC activation mechanisms

identified in MYC-rearranged and MYC-intact mature B cell lymphoma cell lines.
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Supplementary Methods
ChiP-Seq

For H3K27ac ChIP-Seq, five million cells were cross-linked in PBS + 1% formaldehyde for 10
minutes with periodic inversion, quenched for 5 minutes with glycine added to a final
concentration of 125 mM, washed twice in PBS plus protease inhibitors (Pl; Roche cOmplete),
and pellets were frozen at -80C. Pellets were thawed and nuclei isolated via a cytoplasmic lysis
buffer (20 mM Tris-HCl pH 8.0, 85 mM KCl, 0.5% NP 40 + Pl) and centrifugation at 400g for 5 min
at 4°C. Nuclei were resuspended in cold SDS lysis buffer (0.3% SDS, 10mM EDTA, 50mM Tris-HCl,
pH 8.1 + Pl), homogenized by passage through a 27g needle. Sonication was performed with a
Q800R2 Sonifier (QSonica) set to amplitude 70 alternating between 45s on and 15s off for a total
of 8min 30s on. Samples were then diluted 1:3 in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-
100, 1.2mM EDTA, 16.7mM Tris-HCl, pH 8.1, 167mM NaCl +PlI), and rotated at 4°C overnight with
2 ug of antibody (H3K27ac, #39133, Active Motif). Chromatin complexes were bound for 4 hours
on Protein G Dynabeads (Thermo). Subsequent washing, DNA elution, purification, and lllumina
library preparation steps were performed as previously described?®.

For transcription factor ChIP-Seq, the protocol used was previously detailed? and differs from
that above as follows: 20 million cells were crosslinked in media + 1% formaldehyde 37°C,
sonication was performed in higher SDS buffer (1% SDS, 10mM EDTA, 50mM Tris-HCl, pH 8.1 +
PI) with a Branson probe sonifier for sonication. 2-5 ug of antibody was used per

immunoprecipitation.

ATAC-seq:

ATAC-Seq was performed as previously described?. Nuclei were isolated from 50,000 cells for
each sample using Nuclei EZ prep-Nuclei Isolation Kit (Sigma-Aldrich). The transposition reaction
mix (25 pL of 2x TD buffer, 2.5 pL of Tn5 transposase (lllumina), 15 pL of PBS and 7.05 plL of
nuclease-free water) was added to nuclei and incubated at 37°C for 1 hour in an orbital shaker at
300 RPM. 50 pL Qiagen buffer PB was added to each sample to stop the reaction and DNA was
isolated with AMPure XP beads (Beckman Coulter). Fifteen cycles of PCR were performed with

transposed DNA using the dual index primers and NEBNext PCR Master Mix, followed by AMPure
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XP purification. After quantification and fragment size analysis, libraries were sequenced on

Illumina NextSeq.

NFR CRISPRI library design

To design the NFR-focused sgRNA library, we defined target regions within the MYC locus to
include the MYC / PVT1 promoter region (chr8_MYC_genic) as well as 5’ (chr8_MYC_5’enh) and
3’ (chr8_MYC_3’enh) regions that include all strongly acetylated elements in the subject cell lines
and interact topologically with the MYC promoter (see MYC promoter 4C-Seq data from the
Karpas-422 cell line in this study and published 4C-Seq data from REC-1 cell line3. We covered the
entire topologically-associated domain (TAD) upstream of BCL6 (chr3_BCL6_5’enh). We also
included two additional rearrangement partner (RP) regions linked to the MYC and BCL6 genes
in the SUDHL4 cell line based on optical mapping and 4C-Seq (chrll _RP1_SUDHL4 and
chrl_RP2_SUDHL4), and regions of chr8 rearranged to the MYC locus in the Jeko-1
(chr8 RP_JeKo1l) and OcilLyl (chr8 RP1_OCILyl and chr8 RP2_OCILy1l) based on PEAR-ChIP.
Within these regions, ATAC-Seq peaks from 26 DLBCL and MCL cell lines were used to define
candidate nucleosome-free regions (NFRs), which were extended to 500 bp from the peak center.

”4 was calculated as the geometric mean of normalized

The estimated enhancer “activity score
H3K27ac and ATAC-Seq reads in each peak for each cell line and peaks with activity <15 were
discarded. Remaining peaks across the 26 cell lines were merged into a consensus set of NFRs
with high predicted enhancer activity in at least one cell line; overlapping peaks were merged.
All candidate sgRNAs within the target region NFRs were identified and scored with FlashFry
> and sgRNAs were retained that met the following scoring criteria: Doench20140nTarget > 0.1,
Hsu2013 > 50, JostCRISPRi_specificityscore > 0.1, dangerous_GC == "NONE", dangerous_polyT ==
"NONE", dangerous_in_genome == "IN_GENOME=1", otCount < 500. Remaining sgRNAs in each
interval were downsampled to not more than 35 per 1 kb.
The final libraries also contained 646 sgRNAs covering extended tiling regions over the MYC and
BCL6 promoters and proximal gene bodies, and 392 guides targeting non-enhancer control

regions in the MYC and BCL6 loci. We also included CRISPRi-optimized sgRNAs (5 per gene) from

the Dolcetto library® targeting the promoters of 50 pan-essential genes, 38 genes selectively
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essential in B-cell ymphoma based on DepMap CRISPR knockout screens’, and 575 transcription
factor genes expressed in B cell cancer cell lines. 866 non-targeting sgRNAs were included as
negative controls.

Pools of oligos with the sequence 5-TATCTTGTGGAAAGGACGAAACACCG-{20-mer-seed}-
GTTTAAGAGCTATGCTGGAAACAGCATAG-3’ were ordered from CustomArray or Twist
Biosciences. 24ng of the oligo pool was PCR amplified using NEBNext master mix and 1uM each
of sgRNA_Library Fwd/Rev primers. PCR products were purified with 1.5X AMPureXP beads and
cloned into BsmBI-digested sgOpti by Gibson assembly with NEBuilder HiFi DNA Assembly master
mix per manufacturer’s protocol and a 5-fold molar excess insert to vector ratio. 1 uL of assembly
reaction was electroporated with a Bio-rad Gene Pulser Xcell system into Endura competent cells,
and culture outgrowth, determination of transfection efficiency, and plasmid purification were

performed as described?®.

Optical mapping

Fresh-frozen cell line pellets were sent to Bionano Genomics for high-molecular weight DNA
extraction, direct labelling with DLE-1, DNA backbone counterstaining, and imaging on a Saphyr
chip. Optical map images were converted to BNX format after which de novo assembly and
structural variant detection were performed using Bionano Genomics pipelines. Structural
variant read maps involving the MYC, BCL6, and partner loci were visualized with BioNano Access

software v1.7.2.

4C-Seq

4C-Seq analysis was performed on Karpas-422, DB, and SUDHL-4 cells as previously described3?,
with the 4-cutter restriction enzymes Dpnll (primary) and CviQIF (secondary). Viewpoint primers
for the MYC promoter and the BCL6-SE element NFR 31 are listed in Supplementary Table 1.
Heatmaps of 4C interaction frequencies across a range of resolutions in genomic loci of interest
were generated with 4C Seq Pipe?®. To visualize interactions across the MYC::BCL6-SE fusion in

DB and Sudhl-4, 4C Seq pipe was run with a custom Dpnll-CviQlF-digested hgl9 reference


https://doi.org/10.1101/2023.05.02.538892

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.02.538892; this version posted May 3, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

containing a ch8 / chr3 fusion chromosome (chr8 position 1-128,760,000, followed by chr3
position 187,480,000 to terminus).

Genome-wide enhancer acetylation and motif analysis

Genome-wide clustering of enhancer modules / NFRs based on differential acetylation was
performed on ATAC-Seq and H3K27ac ChlIP-seq datasets as previously described for 26 cell lines,
!, here expanded to 40 B cell cancer cell lines. Briefly, ATAC-Seq peaks from all 40 cell lines were
resized to 200 bp, then merged into a union set of consensus 200 bp intervals via GenomicRanges
“reduce” and “resize”. Next, read-count normalized H3K27ac ChlP-seq signal was quantified for
each cell line in a 1,000 bp window around each peak. Intervals located < 2 kb upstream or < 1 kb
downstream of an annotated TSS and intervals associated with low H3K27ac signal in all cell lines
were removed, and the matrix of cell line acetylation values for each peak were square root
transformed, centered, scaled and used for principal component analysis of cell lines and and k-
means clustering of enhancers (k=60). HOMER findMotifsGenome was run on each resulting
enhancer cluster for known and de novo motif analysis, with the set of all enhancers used as a

background (option -b).

Enhancer sequence conservation and motif analysis

To systematically identify conserved intervals in mm10 that correspond to hg19 NFRs, we
used a UCSC hg19-mm10 genomic alignment net file to identify the mm10 position corresponding
to the center-most base in each hgl9 NFR (merged ATAC-Seq peaks as described above) that is
mappable to mm10. Mapped intervals were then extended to 200 bp for visualization. To extract
conserved sequences from multiple vertebrate species corresponding to the GCBME-1 NFRs,
evolutionarily conserved sub-regions were manually defined based on clusters of predicted
evolutionarily conserved elements in hg38 (Phastcons vertebrate 100-way). We then extracted
ungapped sequences aligned to the hg38 intervals consisting of the longest mappable region with
base matching ratio > 0.1 for each of 70 vertebrate species for which pairwise MULTIZ chain files
to hg38 were available. HOMER known motif analysis was then applied to the syntenic interval

for each species, and specific motifs and motif families of interest were selected for visualization.
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Enhancer variant analyses:
Sequence variants in the GCME enhancer (hgl19-chr8:129,180,000-129,190,000) were
identified with bcftools mpileup in DLBCL H3K27ac ChIP-Seq bam files. The ratio of reference to

alternate bases was calculated for loci represented in at least 10 reads.
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Supplementary Figure 1

S1A. Top: Complete MYC locus, showing regions targeted by the NFR CRISPRi library at bottom.
The boundaries of the MYC topologically associated domain (TAD) correspond to CTCF peaks
(ENCODE ChIP-Seq) indicated by arrows, as identified by Hi-C!!. Note that one of the
rearrangement partner regions identified in Ocily-1 (Lyl_R2) lies just outside the MYC TAD.
Bottom: Detail of H3K27ac ChIP-Seq data and CRISPRi scores (log2-fold change, 20 sgRNA sliding
window) from tiling CRISPRi screens performed in three mature B-cell lymphoma cell lines (this
study) and K562 cells'! in the region of the blood enhancer cluster (BENC) previously shown to
play a key role in early hematopoietic and lymphoid development. S1B. Summary of CRISPRi
scores for positive control (pan-essential gene promoter targeting) and negative control (non-
targeting) sgRNAs for each of 8 NFR-targeting CRISPRi screens. Note that essentiality effect sizes
in the DB and Karpas-422 screens may be underestimated due to lower CRISPRi efficiency than

other cell lines.


https://doi.org/10.1101/2023.05.02.538892

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.02.538892; this version posted May 3, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Supplementary Figure 2
A.

—~ 1.0
(&)
S o5
o9 - = -
8_0 0.0 - = T
c -
©c o 05
SO
S~ -2.5-|- .
= ,,
T N~~~y
™
SESSISSHI8S

g
B i hg19: chr8 8,600 kb . 8,610 kb .
GM12878 EBF1 | ] , A

GM12878 CTCF |
JeKo1_H3K27ac [ ;e o ool AR,

NFR 107

A
NFR 108 ——
.p"frl] IH |“r;|

1

ar -

Jeko-1 NFR
CRISPRI 5

10 kb} | hg19

8,600,000| 8,605,000| 8,610,000|
Transcription Factor ChlP-seq Clusters (161 factors) from ENCODE with Factorbook Motifs

8,615,000|

MAFK [ RBBP5
MAFF | CTBP2
SP1
TEAD4 [ 1
MTA3
NFIC

ATF2
FOXM1
SP1
IRF4
EP300
sl gg
BCL11A
REST
raxsll Ga
RUNX3H G
BATF
EBF1ll G

ELF1 |
SPI1

CTCF ceePB|]
FOXM1 WRNIP1
CTCF - G (+ many others)
TEAD4 STATSA
MAX MTA3 I G
MYC NFATC1

ZNF143[l G1K TAF1
POU2F2 POLR2A
yvill G SINSA G
MAZ MAX I G
FOXP2 Mxi1 B G
svc3ll GHLK RELARH ¢
IRF4 ceerslll G

RAD21 [ll GILKSAGTHLI
ELF1 2:191 | fce ‘—E B F 1
RCOR1 STAT3
RUNX3H G TBL1XR1
RUNX3 [T
NFYB |
er300lll GG
BHLHE40 [l G
IRF4
USF1 |
CHD2[ G
MAZ
MEF2C |
NFICH G
Usr2lll G
MEF2A |
runx3ll G
YY1
SP1
ELF1
Foxm1 |l G
Tcrizll G
ATF2H G
BCL3
pvLl G
Tcr3fll g
TBP
BATFH G
PBX3[ G
BCL11A
SMC3

Paxsll GG
pnioro Ml n

BHLHE40[]


https://doi.org/10.1101/2023.05.02.538892

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.02.538892; this version posted May 3, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Supplementary Figure 2

S2A. MYC transcript levels (qRT-PCR) after transduction with sgRNAs targeting selected NFRs in
Ocily-1 cells with doxycycline-inducible KRAB-dCas9. S2B. ChIP-Seq signal and CRISPRi sgRNA
depletion / enrichment in the indicated cell lines in the vicinity of NFR 108. Selected TF binding
peaks are shown at bottom as identified by ENCODE ChIP-Seq. Green lines indicate matching
Factorbook motifs for the corresponding factor and grayscale corresponds to peak strength (see
UCSC genome browser for schema). Peaks labelled with “G” were identified in EBV-transformed

peripheral blood B cells (GM12878).
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Supplementary Figure 3 (part 1)
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Supplementary Figure 3 (part 2)
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Supplementary Figure 3 (part 3)
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Supplementary Figure 3

S3A. Optical mapping data from three MYC::BCL6-SE+ lymphoma cell lines showing maps used
for parsimonious model of genomic rearrangements (see Figure 3A). S3B. Circos plots showing
genome-wide rearrangements as identified by optical mapping in three MYC::BCL6-SE+
lymphoma cell lines. S3C. 4C-seq interaction heatmaps for the MYC::BCL6-SE+ cell lines DB (BCL6-
SE viewpoint shown) and Sudhl4 (MYC promoter viewpoint show). 4C reads were mapped to a
custom genomic map representing a fusion of the MYC and BCL6 loci on the 3’ side of the MYC
gene (position shown by dotted line). H3K27ac ChIP-Seq and CRISPRi signal (log2-fold-change)
are shown for the corresponding cell lines. S3D. Genome browser detail for regions of
chromosomes 11 and 1 rearranged to the MYC and BCL6 loci in Sudhl-4 cells, showing H3K27ac
ChIP-Seq signal and CRISPRi screen sgRNA depletion and enrichment in the indicated populations.
Note lack of essential distal enhancer detection. Note that sgRNAs targeting the promoters of
essential genes TOMM10 and GGPS1 are depleted in all cell lines regardless of rearrangement.
S3E. CRISPRi screen sgRNA depletion and enrichment for MYC and BCL6 promoter regions in 8
NFR-focused CRISPRi screens (sgRNAs tiled over both promoters, individual sgRNA depletion
shown) and 3 MYC locus tiling sgRNA screens (20 sgRNA sliding window). S3F. Genome browser
view of the BCL6 super-enhancer region, showing CRISPRi screen sgRNA depletion and
enrichment for all 6 GCB-DLBCL screens and ChlP-Seq signal for p300, ternary complex TFs, and
H3K27ac in multiple GCB-DLBCL cell lines. MYC::BCL6-SE+ cell line names are colored red and
GCBME-1-dependent cell line names are colored blue. Genomic coordinates are the same as
Figure 3B (hg19 chr3:187610000-187730000 and chr3:187950000-187970000). S3G. Change in
MYC transcript levels (QRT-PCR) in MYC::BCL6-SE+ DLBCL cell lines expressing doxycycline-
inducible dCas9-KRAB after transduction with indicated sgRNAs targeting MYC or BCL6 locus NFRs
(**** p<0.0001, ** p<0.01, t-test of pooled replicates for both sgRNAs targeting the same BCL6-

SE NFR versus both negative control sgRNAs.
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Supplementary Figure 4

S4A. 4C-seq generated in Karpas-422 (4CSeq Pipe analysis) showing genomic interaction
frequency with a MYC promoter viewpoint. The heatmap at bottom displays median normalized
contact intensities at resolutions of 1 kB to 50 kB, while the black trace at top shows median
normalized contact intensity at a single resolution. CRISPRi sgRNA depletion / enrichment in
SUDHL-5 and Karpas-422 are shown at bottom. S4B. H3K27ac ChIP-Seq data across the MYC locus
in primary normal B cells and mature B-cell neoplasms (Blueprint consortium), showing
relationship to essential MYC enhancers validated in multiple MYC-intact MCL cell lines (green)
or multiple MYC-intact GCB-DLBCL cell lines (GCBME-1, yellow). S4C. H3K27ac ChIP-Seq data
across the MYC locus in DLBCL and MCL cell lines as well as primary normal B cells and primary
DLBCL biopsies (Ryan et al 2015), showing relationship to essential MYC enhancers (highlighted
as in B). Region is the same as shown in S4Aa. Sample names are color coded as follows: GCB-
DLBCL = green, ABC-DLBCL = orange, other / unclassified large B cell lymphoma = blue, MCL =
orange. MYCrearrangement status is indicated at right. S4D. Extended view of MYC 3’ interacting
regions for normal B cell population H3K27ac ChIP-Seq data (Blueprint consortium) and scATAC-
Seqg-derived pseudobulk populations (King et al 2021). CRISPRi signal, location of NFRs screened
by CRISPRi, and NFRs conserved between human and mouse (see methods) are indicated at
bottom. The GCB-ME1 element is highlighted in yellow. S4E. ATAC-Seq data for sorted mouse B
cell populations (Immgen consortium) across the region of the murine MYC locus syntenic to the
human region shown in S4C. NFRs conserved between human and mouse are indicated at
bottom. The murine element homologous to the human GCB-ME-1 is highlighted in yellow. Note
that this element is selectively accessible in murine germinal center centroblasts (“B.GC-CB.Sp”)
and germinal center centrocytes (“B.GC-CC.Sp”) S4F. MYC expression levels in B cell cancer cell
lines (DepMap), with DLBCL and MCL cell lines grouped by known MYC rearrangement (MYC::R)
or no demonstrated MYC rearrangement (Other). S4G. Genome copy number data showing lack
of GCBME-1 amplification. H3K27Ac read-pairs show presence of a deletion within the PVT1 gene
body in BJAB. S4H. Allelic frequency of sequence variants detected in H3K27ac ChlIP-Seq data
(>10 total reads) in the acetylated region including GCBME-1 (hgl9 / chr8:129,180,000-
129,190,000).
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TARRAAAGC ARG SGTCATGAGAT: 77 GHBEIBABGARAA CGGACTT CAGAGTCAGGCACHOCTEEOTRAGTCATTT'
CGEAC AR 7 C TR IMGARAN TCCACTTCACACTCACGTACHECTGEICHIMGHORTT C TACTGCTTCAGAGCTTTGAGACCTER AacTacA N A TGC CTCCTCTTAGTGTCGATCAGAAAATCATC NG CHGCOMIBERA C G AA TTAGTCTCTGCCCTGC
GAMGARAATCTGARAGTATTTAA: ARG » C A TEGIATCANAN' ACCTGGTTTTAGTCATT RGN ;GCAATTAGTGTGTGCCCTGCTC
’l‘_GAATG’I‘AA’I‘GGAT(;GTCGCCAATT’l‘TGAACAGTGATA_IATAEMGAA}\ATT’l‘Gmc’I‘ATGTAAAAAGAGTMMmT’lTKl'L'IC’I‘G(—l'nT(K;{K;GA’I‘TT’l‘C'l"l‘(:'l'TG’ITCTAMTTTTCTA’I‘AGK_AGCTTAG- \GACAGATTT HCECAGGTEeIETCC
GBS ™ CGCOAGGREEITCC
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-2 RAACGCARAT
T ENSEEN T CCATCTARAGCACGAACCCCGATTTTCA NN C TC TC A TC A ACA KRG CARAGTATAE CBEALGANGTAC
e CAMGARAATCTGARAGTAT: T E - wewer % cacercerTPIACICT: e
CAAAMGCAGGTTGTAAGATAGARTGTATCTATGACCCTCANT O GGG AN GARARRGTGARAGEA T T A SHNSTRARNE +oBGAGGARGINA ™ GTTTAGTCGTTATGARBAT
TAGA] rrrccaci ATCTEAGTCATCAAT RSN 7 EGARGARA
‘TrcaaRTGICAGCT CARTATAATGTACACTTICTCAATITIGATCARTGH GEGCASSRARICOTTATCAAA

SCENGEAREI " MCACTTATCARART
GAAGAARATCTGARAGTG GGAAGEARGTATAGTTTAGCGATTATGAAAATGGACTTCAGRATCAGCC RN OGP AACTH
TCHREN A AAAGAGAA TGTAATTTGEA] T_l'mTATTCATTCAMTm&TAAGAmTMmN’HTATCTC_ GCCEEAPICCTEIIC AT TC TAAATTTTCTCATCCERCEEARGEAT TGTC!
‘oA KA GHRRRNARE G2 TCTATTATGTCATCCCGAT T o 2 CTCATGAGAT CRSNNENNN  7»EAGARA T CoAAAATAREN

TGAAATGCAGGTTTAAAAAGCGAATGTAACTGTGA! CATTTATCTATG
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GTTATTTCAATGTTGTTAAAGTCEMARECTCTTTTCERERCATCCACATCHCTGCTGACHCATICTEGARECACTTTGACTAAAACCCCCAGATAT TP TCATACTGGCCATGTCTCCTCTATTCTCCGGT TGTGCTT TG TCTTATT TTTTTGGACTTAAGTGAACTTAT TATTGAG CHEEAGEINGEAC c TR NNMSNEINC ;2 6AA TAAGC T TGTAA TT T SNENGNANAGTTGCTGATTANA T7C TACTATAA TSGR T TEBMANONEA C 76 ™A GAGCCACACEEMAGHNNNNN G A NN cc 11T RO RGAGTGAGTGeTTC TG
CICATICTGEAACCAC CHERAEGRGGAN ARG 22 TAAGCT T T SRGHGHAMARAGIFGOTGARTAR TCTACTATAA T GGGNGRGRRN " OGMRGAGH G TAGAGCCACAGEGBRMGHRRR A ARG T T TTCOIGMGRGGAARGAGGAGTGOTTCTG
CHGAGAGERGaAT A 7ANMBRRGN0 G2 AT GC TG TAAT T OAGHRARA G PIGOTGATTARA TTCTACTATAA] _T1_0Tmemccm-mm-rcmwmwmwmw
-"-m_GAmemmmn—mmmmn_m_m G T T
RERGHEETGGH o SRR 12271 G CTIGTA T R RGHRMA GTIGOTGATTAN
CHERORGERGENT TANRRRNNC G2 TAAGCCTTGTAA T HGAGRARA GGG AN
CHGAHGGRGaATcA CTANGHBRMARRRC XA TAAGCCTTOTAAT T GRGAGTAANAA GG TGATTAR
CHGAHGGRGaATcACTARGRBBRBRIC G2 TAAGCC TG AN T SRONGANARAGITGCTGATTAR

cABAEAIG G HGRGAGGRGoMR AN 1 GAATAAGCCTTGTA T SN GHRANA G GOTCATTAR RGN SNSRI FGRCIGGANIGHGIGACACTICTG
CHGHGHGGTGGASAC rRRARC c2 GAATAAGCCTTATAN T T GGONGRARANGORGOIGAITAR A TTC TAC TATAATCTGGCAGTCAGAAG T TOURRIORBACTCGGCGAGCCACAGACC N MNGIGN TG
cHGHGHGE GG oA NSRBI 712 cCCTTCTA T GGG TGO CATTAN CEACASHEANGUARARSCNRGA ORBIGGARER AT T CTCATCIGEAANGAGTGACTGCTTIC
TAGGOAGGTGAAT: GGGANGAGAY ;T EBOCARONOA T CAGAGCCCCTEGHAGRAAA o rcABORBRRON 2 7 CTACA IEAOOAGOTGORC
CHGACAGTGGAT SOOI 7 CGTCTECAAGAGTGACTEONCTTG
TICTRICTTICHTICITT TAGCAGGTSGAT CRRTCACACCAG o ARG CTCATCIGEA
MTAGCAGGTGGARG ATGHGGARBTAC: CORGATBHGRATACACSTGCTGOTGCTA
CCTTICATICTCT: CHGGCAGCTCEAT A GHCHTGTCGAACAGTCAGTGGICTTS
CATACCAGETGTG! CAGGOAGGTGRATG AR 212G TIGTATTCCCACT e AR e FRERIGHBNC CRHICTGGAAAGAGTGACTGOICTAG
GGG GHGTIGH T TTCTTACCTTARTTTTTTTGGACTGGAGTG A NGARONGAGGGHGIANGAGAAACCTGAGCA T SRRTRGA G0N ARG 2 SO < TGN GHANFGOAGA
A TTTEATTCATCAGACACGIGTAT T RGHGGRGT AAGCTCCAG! GLTCCICTGS
AGACAGGTGAG CAIGASGRAGRCC clmaTR o SRR 1) DENTONCGAAACACTCACTICIC
TIGOACGTEN CAGACAGGTGEATC CAARTCACACCAea oo ENGRRRGRG GCOCAGGeaTeTTANAATCCTcH NG cTrCTCA: SHARCICOAMAGHCTGACICG
CHGACAGGTGEAT A RERGERNGHR TGN xRN 11 OGO ANGRGAGTICTS
CAGACAGGTGGAT MGASAAGELC A .o SERGONN c7c1c1: BRCNRGIGGACAGTGACTION
GTCCTTTCAAGBERGRICARGTTCAAT TTGTTCTCCTETCATCCACATCHBBC TG TaACTEATICT AGCCAGGTGGAT cAGAGRARGGC CCAGGGETAGTATAATARN A BEEBORN ccr A FRORTGIGGAAAGAGTCACTIC
Gﬂcmmmmmmsmeums_mmmc‘cmmu. AGACAGGTGAR' —CCT’I‘GTAAGH‘GGGRGTGAGMGHGCTGBTCMACCTB_W_;CGNR—TCCHTTCAGCTI—G
AGACAGGTGAK TGN ONGRGRNGORN 71 CTTRCTGGARAGAGIGACHICHG
TGCTFIATIGCAC CHGACAGGTGGAT A BHRGAGCC
CGCRTTATTGOTC T CATIE “CAACAGGTGAAT ‘TATGHGEARGTE GCARCTICTCCTG
CCARCAGGTGRATC ATGAGGARGTC: _ﬁ-mcmcu_mmmmmm
ecerrrea EGRNGRIGH HiicrocTeaciATie COTTTACTOCTCCTITATTGCTC: CUGHCAGGTGGAT A CHGEAGT GGGGATARARCGCA TG HESENGRNE T TCAASHENTONGON A GAGCAACT
rcc HGRGOTCMMMIN TCTCTCTCATCCACATCRIBCTGCTGACHEATC: CAGACAGGTGGATC TATGAGEARGTG —cwmm_mm_mmﬂmmmmmmm
TTCTTTCARAGTTTGTAAGTCHGRBMBIBRICTCCTGTCATCCACATCHBBCTGCTCACTORRG CAGACAGGTGRAGC TGAGGARGIG: TCACACGCAT GEGBTAIARANSGCACcABIBANINTCCTCACTGANATAGTGACTTTGCTG
TCCTIGCTGACTCATICT GACTGABACCCC “AGACAGETGGAT ENTCAGGAAGHCC GEGHGBIEA G2 GGGACSCTACGACATGGGGGCCGGGGATCATCA CHGNABNBGONR T 7171
ROCAGETGACTCATICTGGAACCAC O ARG 2 oA THARCAGGAAGC GO . SRGHTGHGOH2 1A GCPACTTCTGCCT
TB6CTGCTGACTCATICT CHGAOAGEAGAACARGARAGITGAGCATTCAANTCATACCACTGACC ARG . 2 A \BOOIGHGAA T GAAGGTGAGAAGTTGC TATCATGAGCGCACCTATMBRBBOTACAGAGCCCCAGAGGARATARAAGA CAcABGUNNN T rrcc A HOANORGAARABAGRIE T ICTCCTG
TECERGCIEAGCATIC) C CHEACAGGTOGAC A HGAEORAGHG TEATCACGHGEGE! coBNGGRG 221 SEERGGNR 7T SGATOICORNGHGIAG " CTCCTC
crrrrsrcarteracrreaceercaratcrerTerceror i rciBcrecTeacieARIGTCTACCcACTTTGACTAACCTCCCTAGCCoo OGO G GGG GCT AT CAGACAGETCEGC! oA EHGERAGTO AGARATTGCTGATCACATT
ficrocTeacHEATeT ARGAOAGETEGC ARCRCATTGGG T RGN AGGGAAACTRRRNRGONIGH
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Supplementary Figure 5 (part 5 GCBME-1 NFR 196A
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CCTTTAGCCAGAATGATCCTTCCCCATTCAAGGAGAAAAGGGCACAGGCCCACEACCARRTATCTCCCTCAATGACAAANICCATEAGTICAARCACAT TINSISRANASNEAEAAACACTATTTCAGAGCACC A NN CITCTECT T TCTT TT TTCTTTTGAGAATGGGTGGAAGGCCTTCAGAGATGGTGCT
CCTTTAGCCAGAATGATCCTTCCCAATTCAAGGAGAAAABCECACACCECEACEABCARATATGTCCC TGAATGACAAATTGCCTCAGTCAAAGACA T T INISRMMMIEAEA A ACCCTATTTCAGAGGAGCA NN C I CPGEE TTC TTTTTTCTTTTGAGAATGGGTGGAAGGCCTTCAGAGATGGTGCT
CCTTTAGCCAGAATGATCCTTCCCCATTCAAGGAGAAAAGCECACACCOCOACCAGCARATATGTGCCTGAATGACAAANTIGCATCACTCAAAGA CA T T NISMANANEAEA A ACCCTATTTCAGAGGAGGA NG S ICTEEE TTCTTTTTTCTTTTGAGAATGGGTGGAAGGCCTTCAGAGATGGTGCT
CCTTTAGCCAGAATGATCCTTCCCCATTCAAGGAGAAAGECCACACCECOACCACCARATATCTCCEIIARTGACA A TTCCCTEACTCAAAGCACAT TIEISARARIGANA A A CCGCCATTTCAGAGCACCA NS G T CIEEE T TC TTTTTTCTTT TGAGAATGGGTGGAAGGCCTTCAGAGATGGTGCT
CCTTTAGCCAGAATGATCCTTEEONINEAREE" A A A CECECACACCOCOACCABEARATATGTGCCTGAATGACAAATICCATCAGTCARACA CA T TIISRRANIEAEA A ).CGCTATTTCAGAGGAGCA NS T FETEEN TTCTTTTTTCTTTTGAGAATGGGTGGAAGGCCTTCAGAGATGGTGCT
CCTTTAGCCAGACTGATCCTTCCCCATTCAAGGAGAAAGGECACACEECOACCABCARATATCTGCCTGAATGACAAANICEATCAGTCARAGACAT THlMBRNARIEREA A A CGCTATTTCAGAGGAGGAAGGTGCT TCEEIGHEEE T TC TTTTTTCTTTTGAGAATGGGTGGAAGGCCTTCAGAGATGGTGCT
CCTTTAGCCAGACTGATCCTTCCCCATTCAAGGAGAAA BECEACACCECORCEABCARATATGTGCCTGAATGACAAATTCOATCAGTCARAGACAT TSNS A AACGCTATTTCAGAGGAGGAAGGTGGTTCEIIGHEEN TTC TTTTTTCTTTTGAGAATGGGTGTAAGGCCTTCAGAGATGGTGCT
CTTTTAGCCAGACTGATCCTTCCCCATTCAAGGAGAAAGCECACAGEEOCACCABGAARTATGTGCCTGAATGACAAAFIGCATCAGTCAAAGACAT THNGRMNMIEAEA A CGCTATTTCAGAGGAGGAAGGTGGTTCEBBGHGEE T TC TTTTTTCTTTTGAGAATGGGTGGAAGGCCTTCAGAGATGGTGCT
CCTTTAGCCAGACTGATCCTTCCCCATTCAAGGAGAA_GTGCCTGAATGACAAA_ACAT’I_AAACGCTATTTCAGAGGAGGAA TGCTTCERRGRGEHTTC TTTTTTCTTTTGAGAATGGGTGGAAGGCCTTCAGAGATGGTGCT
CCTTTAGCEACANGEATCEITIBEEEATTCAAGGGGAAAGAGTACAGACCCACCACCARAPACGIGEET G ACAAATIGCATCAGTCAAACA CRETIATGAMARMEABAAATCCTATTTCAGAGGAGGAAGGTAGTTCEIBEHEEH T TCTTTTCTTC TTTTGAGAATGGGTGAAAGCCTTTCAGAGTTGGTGTT
CCTTTAGCCAGAAGAATGATCCT'I_GGAAAGAGTACAGACCC—GTGCCTGAATGACAAG_A_AAATGCTATTTCAGAGGAGGAAGGTAGTTG_TTCTTTTCTTCTTTTGAGAATGGGTGGAAGCCCTTCAGAGATGGTGTT
CCTTTAGCTAGAATGATCCTTCCCCATTCAAGGGGAAAGGGGATAAGCCC—TACGTCTGAATGACAAA_G(—TGACAAATGTTATTTTAAAATCTATAG'K;TCBCTEGMGGGCAGG_TTTTTTTTTCTTTTGAGAATGGGTGGAAGCCCTTCAGAGAT%TGAT
CCTTTGCTTGGAATAAT TCTTCCACCCAAAAGCCGCACHEOOACETCEARATACEIEO0 TCAAACHOACTOACCIGAGTTACACACTTCAGAAAATGACACTCT TTTCECARTCTCCACTTCTCCAGACCAAGAAGGCTGACTTGAGAA.

CCTTTGGCTAGAACCATCCTTCCCCATCCANBNEBEMENIEECCCAGGCC 'GTCCAAATICOATCACTICARAGGCACGTCTGAAAATGACCAACAT THIBIIARANGA TATCCTCTCTCCACGACCAGGAAGCCATTT G_TCCCTTTTCTTTTCTTTTTTTTTTTT—GAGAGTGGGTAGAAGTCT
CCCCTGGCTAGAGTGCGCCTTCCCCATCCAAGGGGAAACGGGGCAGGCCCCGGCAGAAATACATGTCCGAATGACATCEICEETCAGTCARAGG T ABIIGHGANAR TGACCCACATTATTTTAAAACGTATACATACTGTCTCCAGACGAAGA ‘GAGGGTGGGGAAAAGTCCTTCAGAGATGCTGTT
CCTTTGGCTAGAATGATCCTTCCCCATCCAAGGGGAAAEEGACAGEECCACEAGCARATATCTCTC TCGATCACAAAT TECATCAGTCARAGCCABIIGHGARARTCACCAACATTATTTGAAAACATATACTGTCTCCGGACCABCARGEARGTT CEIIGIGEN T TCTCTT TTCTTTTGAGAGTGAGTAGATGTCCTTCAGAGATGGTGTT
CCTTTGGATAGAATGATCCTTCCCCATCCAAGGGGAAATEECACACEOCCACCACCARATARGCTGECEAGATEAGAAATTCCATGAATCAAGCCASIIGHGARAAT GACCAATATTATTTTAAAACATATACTGTCTGCAGAGGAGGAAGGCAAT TCEIIGIGEH T TGACTCTTCTTTTGAGAGTGGGTAGAAGCCCTTCAGGGGTGATGTT
CCTTTGGATAGAATGATCCTTCCCCATCCAAGGGGAAATGEEACACCCCCACCABCARATARGTCICCACATEACA A A TICOATCAGTCARCEACASTIETGARAR TGACCAATATTATTTTAAAACGTATACTGTCTGCAGAGGAGCC NS C T TETEEE T TCCCTCTTCTTTTGAGAGTGAGTGGAAGCCCTTCAGAGGTGATATT
TCTTTGGCTAGAATGCTCCTTCCCCATCCAAGGGGCAATGGGACAGGCCCABEEEEARATATGTCTGGATGACAAATTEOACGRAGTREAAA TG T TABTIGHGAARATGACCAACATTATTTTAAAACATGTACT it
CCTTTGGCTAGAATGATECTTCETCATCCAAGGGGTAATGGGACAGGCCCABGEEEARRTATGTGTGTGGATGACAAANTGEATEAGTCAAATC T TREICEICARNATCAGCAGEAT TATTTTAAAATGTATACTGTCTGCAGAGGAGG 'GAGA( AAAGCCCTTCAGAGATGGAGTT
CCTTTGGCCAGAATGATECTTCCTCTTCCARCAGCANACARCACRGEEC TACGCCEARATATGTCTCTGGATGACCAANIGCATGAGICARAGG TACT TATGGAGATGACCAACAT T AN ACCACATATGEOATCC( CC}X_I‘TCTTGTTTTCTTTTGAGAGGAGATGAAAGTCCTTCAGAGATGGTACT
CCTTTGGCTAGAATGM_CC_GACAGA(:C(—TGTGTCTGGATGACAAA—TA_TGACCAACATTATTT‘I_CSC(:AGAGGAGGA—TTCTTTTTTCT'r'1‘TGAGGGTGGGTGGAAGTCCTTCAGAGATGGTGTT

'TGGCTCAAACGATECTTCCTCTTCCAACACCARACGECACAGACCCACEOCEARATAAGTGTCTTGATGACAAAGGECATCACTCAAAGCGCABIIGHGARARTGATCAACATTATT T TAAANCATARGEOAACCCCACACCACCA NN T ICHEEN T TCTTTTCTCTTTTGAGAGTGGGTGGAAGTCCTGCAGAGACGGTGTT
CCTACAGCTCGAACGAT_C CENSREERRNIEG A CAGACCCAGECEEARATAA GTCTCTCGATCACAAATGOATCACTCARAC T AGTFGIGARANTGACCAACATTATT T TARARCATATCOCAACCCCACACCACCARGEOACATEOIIOREON T TCTTTTCTCTTT TGAGAGTGGCTGCAAGTCCTTCAGAGTTGCTGTT
CTGTGGGTTAGAACGATECPTCEICTTCCAAGEGECAAAAGCCACAGGCCCAGECEEARRCATGIGIGIECCTGACAAAT TETATCACTCARAGGTACT TGTGCAAATGACCAACCTTATTTTAAAACATAGGCTE! AGCAGGAAGGCGGCTGEIIEHEEHTCCCTTAT TTTTTAGAGAGTGGATGGGAGTCCTGCAGAGATAG
TCCTTAGCTACAATGAACTTTCTACTTC_GGTCAGGACCGAGTGGACGTTTGTGTCTGGAGGACAAATTG_GATACTTAAGAAA—T TTAAAACATATACTGACTCCATGAGAGGAAGGAAT TG "TTCCCCAGA

CTCTTGGAATGAATGATCCTTCTC] 'CCACCCCAGEAGEARRTGIGTCTCGATGACAAATTGEATCACTCARAAGACABITGHGARARNTGACCAAGGT TATTTTAAAACACTCTCCACEACACCANCOACTIEEITOTEER T TCCTTTT TTCTTT TGAGAGTGGGTGGAAGTCTTTTGGAGGCAGTGTT
GCCTTAGCTAGAACCATCCTTCCCATCC_CCAGG—GTCTGGATGACAAA_GTC_TGATAAATGlm;;u AAATATATACTGTCTC \GCAAGAC ATTCETICIGEITTCTTCTCAGAGTGGCTGGAAGCCC TTEAGATGEETTT
GCCTTAGCTAGAACCATCCTTCCCATCCAAGGGGAAATGGGTCAGGCCGAGGCAGAAATATGTGTCTGGATGACAAA_G CEBIGICARRATGACAAATGTTTTTTTAAAATATATACTCTCT! c&GMmAGAAGGCA—TTTCTTTTGAGAGTGGGTGAAAGCCCT'L_ATT
CCAGAACCATCGTTTCCCACCCANBNBBMNMIEGGCCCACCCCCAGGCAGAAGTCTCTGTCTCGATGACAAANIGOATGAGICAAAGCT CCTTCTGCAAATGACCAATGTGATTTTAAAATATTAACTCTCTCCACACCABEARGAAGC GGGTGGAAGCCCT
CCTGTAACTAGAACCATCCT'I_GGGCAGACCTAGGCAGAAATATGTATCTAGATGACAAATC_GTACTTATACAAATGACAAM_TATATGCTGTCTQCAGAGGAG_TTCTTTTTTCTTcTGAGAGTCAGTGGAAACCCTTCAGGAATGGTGTT
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AGAGTTCAGC GG T CACTAACAAACARARTAR A CSAGCAGAAACATTGTCARGGCGAACGARACTCATAGACTAGACTOGCTCATCAC B BERIGNE A CCCTCCC TG TTTTHTCCCCCTAGAGRRAGCT
CTACTGACTATICTTTTGCTCTTTAATCA BAATGRGOHGAGGIGATA CTACTTGTCAGGCACTCTGC TATGTGCTTAAGAGCTCTGGTCRTCAGTGATTARAA TC NGO  c. TN (BERBORBaIaaIae TG aCsRRARGACCeaeTeACCTGCTCecAcAAAGAT T o2 TGCCATGACT i TeeccacancaceccaACcalillcrrerTercaceeoianaaaEas T cccrereacToooooMNNN A TCGTTICARANTACCAATTTTCTA
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‘rncercace G e rrcc e N NRCRACA A TGoCONMARNON A CTCTOTACTTAGCAGL mhﬂ_ﬂﬂmﬂﬂm_ﬂmm%wm%@mmm&mﬂ_
roarrractrercacTrToce NN T2 CCATATTCCCCTCAGCAAGAGGARRFTATTCGCTCTCACTTT TarcereoHGAGRIGRRG TCTCCTACTTAAGGTTICTACTIGGTTICTS TGGTCATGIGGATT: ICAATCTGe0C CAAATGAGGTCACACC
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Supplementary Figure 5

S5A: Principal component analysis plots generated from normalized H3K27ac ChIP-Seq signal
associated with 98,426 consensus distal NFRs (candidate enhancers) in 40 B cell cancer cell lines.
NFRs were defined as consensus ATAC-Seq peaks from datasets generated in the same 40 B cell
cancer cell lines. S5B: K-means clustering (k=60) of normalized H3K27ac ChlIP-Seq signal at 98,426
distal candidate enhancer NFRs / 40 B cell cancer cell lines. S5C: Heatmap showing median
H3K27ac z-score for each of the 60 enhancer clusters shown in S5B. Cell line cancer type and
subtype are indicated at top. Bars at right show results of known motif enrichment analysis
(HOMER) for elements in each cluster. Main figure 5A is a subset of data shown here (clusters
18-32, mature B-cell lymphoma cell lines). S5D: Western blot of nuclear extracts showing
expression of B cell transcription factors in GCBME1-dependent, MYC::BCL6-SE-dependent, and
other lymphoma cell lines. MEF2B and CTCF blots shown in Figure 5B are shown again here (with
additional cell lines) for comparison. S5E. Overview of TF binding, ATAC-Seq, and acetylation for
DLBCL enhancer regions identified as essential in Karpas-422 and / or SUDHL5. S5G. Motif
conservation analysis of NFR 195A and 195B within the GCBME-1. Vertebrate sequences syntenic
to the human hg38 region were identified from multiz chain-nets, and ungapped regions were
retrieved from the corresponding genomes. HOMER findMotifs was used to identify all above-
threshold motifs. Motifs belonging to selected TF binding domain families and individual factors
were selected or visualization on the basis of genome-wide enrichment in B cell active enhancers
and presence of conserved motifs in the selected sequenced. S5H. Motif conservation analysis

of NFR 196A and 196B within the GCBME-1, generated as described above.
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Supplementary Figure 6

S6A. Positions of MYC locus breakpoints for the five MYC-rearranged lymphoma cell lines
screened by CRISPRi in relation to the PVT1-P, GCBME-1 (yellow highlight) and essential /
acetylated elements in the 3’ MYC locus. B. Effect of sgRNAs targeting the PVT1 promoter on
PVT1 and MYC transcript levels (QRT-PCR) in lymphoma cell lines bearing doxycycline-inducible
KRAB-dCas9. Cell line names are color-coded as follows: Blue, MYC-intact GCB-DLBCL; Red,
MYC::BCL6-SE+ GCB-DLBCL with the breakpoint downstream of the PVT1 promoter; Green, MYC-
intact MCL; Black, DLBCL and MCL cell lines with MYC rearrangement breakpoint between the
MYC gene and the PVT1 promoter.


https://doi.org/10.1101/2023.05.02.538892

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.02.538892; this version posted May 3, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Supplementary Tables:

Table S1: Oligonucleotide sequences and cell line information

Table S2: Analysis of NFR and gene—focused CRISPRi screens in 8 lymphoma cell lines
Table S3: Analysis of MYC locus tiling CRISPRi screens

Table S4: HOMER motif analysis on enhancer clusters identified in 40 B-cell cancer cell lines
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