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Germinal Centers and Lymphomagenesis

Basso & Dalla-Favera, Nat Rev Immunology, 2015
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AlID-mediated hypermutation is required for lymphomagenesis

] Pasqualucci et al., Nature Genetics
Germinal center 2008
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Common and distinct targets of genetic lesion
in DLBCL COO molecular subtypes
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Histone/chromatin modification
Acetyl-transferases (CREBBP, EP300); Methyl-transferases (KMT2D)

BCL6 deregulated activity
BCL6 translocations, MEF2B mutations

Escape from immune surveillance (CTL + NK)
B2M mutations, HLA-I loss, CD58 mutations

Shared (EZB, BN2, A53 etc)
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« BCL2 translocations
 MYC translocations
 EZH2 mutations
 GNA13/S1PR2 mut

« TNFRSF14 mutations
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Genomic classification of DLBCL

Antigen

Naive B cells

Germinal center
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Dark zone dendritic cell
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(ABC) DLBCL

BN2 (n=98)

Schmitz et al, NEJM 2018

PFS probability

Alizadeh, Nature, 2000
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Comparison P Value
4-Way 8.88x10°6
EZBvs. MCD  6.07x10°3
EZB vs. N1 5.62x10°3
1.0+ EZB vs. BN2 0.98
N1 vs. BN2 0.001
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Protein coding genes represent <2% of the human genome: what
about the non-coding genome?

LTR retrotransposons 8%

DNA transposons 3% SINEs 13%

simple sequence repeats 3%

segmental
duplications 5%

miscellaneous LINEs 20%

heterochromatin 8%

protein coding
genes 1.5%

miscellaneous
unique sequences 12%

introns 26%



Genome-wide analysis of non-coding regulatory
mutations in Diffuse Large B-cell Lymphoma



|dentification of functional non-coding mutations (enhancer/super-
enhancer)

ChlIP-seq H3K27Ac
. 29 DLBCL cell lines
2 GC B cell samples

Enhancers

v

Identification of Active Enhancers

/Super-Enhancers (E/SEs) 93 DLBCL primary
29 DLBCL cell lines cases (T/N pairs)
WGS WGS
L N

vvvvvvvvvvvvvvvvvv

!

(Discovery Panel)

1,50 DLBCL Identification of recurrently 1_69 DLBCL
primary cases mutated E/SEs primary cases
WGS Targeted-seq
|

Validation of recurrent mutational hotspots

BCL6-iSE, BCL2-SE, CXCR4-SE Bal et al.. Nature. 2022
(Extension Panel) , ,
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Shared and subtype-specific SEs in DLBCL
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SE regions are hypermutated in DLBCL cell lines
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Hypermutated E/SEs:

« >=3 mut with intermutation distance <=1kb

« Mutation frequency significantly higher with respect to background
(mutations in the rest of the genome)

** p<0.01,paired t-test
*** p<0.001,paired t-test



SEs are hypermutated in DLBCL primary cases
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Mutational signatures in SEs display AID hallmarks

Relative contribution

C>A C>G C>T T>A T>C >G
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Candidate genes linked to recurrently mutated SEs are enriched in

lymphoma oncogenes

P =10+

(Grera

<
ZWId
.
qor . XPESIL gt
a0
b
ZydiS hltu @
z1o8 —H |5
Zppaw A1
g4yl T -
YLD ——] &
1w
13 [v
HOl B RRED =
L19ed4Z _.‘ A
Azumamm 2
V2109 L
LA 919 —7 o
dWYT i<
VR -5
£3u1a -
LIVIVIN LJJ -
I
1312 %
LdaN4 "w m
4 19 @
SXvd —+ | O
o S
13 o
yia- =
5! S
14 '~
—v
3
LAId | 2¢HOVE 15 e
SaZHLISIH o
€802 o3
4l m 0
H |e
HOHY L
|
9108 —qysers 3
™
0L1d8S0 m
¥
12=10) ¢o] 3
Mol zasna 13 [
I
—1\&
zoLg 3
ZSdo vy —H
14 -
i
- \'4
I
1
o o o o
» [(o} [sp]
(0LbBoJ-) anjeA -b
E —~
((p®2)
(9]
o<
O ~—
T D
+= O
S5 w0
E®
- O ™
mn/_ -—
= 1 ~
T N
—
3\ =8
L - - 3 h
X ~—
O w
O C NS
IS 3
o
Z0) c
w ¥
O
4
<

) n
) i)
= 4
- 3}
3 |2
e
=
o
[« B < B > I <= I <= I <o BN < I <= T <= Y < T < I < T == I == ]
OO T M AN «~— OO T MO N ™

so|dwes pajejnwiadAH 9,

LddOA
eMVZI3
gyl ANy
INLAY
V1101
LVOQ-VTH
zzdsna ‘vl

ISI3
0983NZ'011d9SO

1SO0S
6VNIdy3S

Candidate
target genes:

(Imielinski et al, Cell 2017)
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A highly recurrent mutational hotspot in the BCL6 intragenic SE

AID motif
Cases tested:
B primary cases (WGS, n=75)
B primary cases (Sanger, n=176)
B cell lines (WGS, n=23)
(BCL6 Tx excluded)
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*Shen JC at al., PNAS, 2019



Recurrent mutations in BCL6 intragenic SE target BLIMP-1 binding site

a. EMSA 203T-HA-BLIMP-1  293T-HA-BLIMP-1 b. ChIP'qPCR (CD40 stimulated Ce"S)
HA ab
Labeled Probe[

WT +
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+
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BLIMP-1 consensus

LTTTOATTIEE

WT +769 TCGCGCTCTCGCTCTTTCTGC +789
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Downregulation of BCL6 expression is
required for the initiation of post-GC differentiation

CD40L

NI1|<B
MAPK/ERK ,
PI3K/AKT IRF4 \\TLFg/\

l \_/
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BCL6 gene
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Correction of mutations in BCL6 SE leads to counter-selection

a. CRISPR/Cas9-editing of endogenous site b. Clones Recovery
4 MUTANT =  WT N\
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Recurrent mutations in BCL2 intragenic SE target NR3C1 binding site

1 Kb NR3C1

* Glucocorticoid receptor and transcription factor

H3K27Ac
My
o -
[9)]
m

* Truncating mutations in 6% relapsed B-ALL

_ * Low expression linked to poor prognosis and tumor
' progression in B-ALL by upregulation of BCL2

1%%._#’\_'_#./\/\/\4\ * Inversely correlated with BCL2 expression in the GC

| SRGIACAL2ATCTACES VR,

+179 GAGGATCATGCTGTACTTAA +198

MAF
o

MAF

CA ACA - -------
A TAR Aageld .
AG AGTG A Naive GC DZ LZ Memory
A C TG
S 18
A TT - BCL6
tOTT BCL2
o1 NR3C1
T
1 m |
& 2 0

AID motif

(BCL2Tx cases excluded)



Mutations in BCL2 intragenic SE abrogate NR3C1 binding in DLBCL cells

NR3C1 ChiP-gPCR

TMD8 (WT) LY10 (M)
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Correction of mutations in BCL2 iISE leads to counter-selection

a. CRISPR/Cas9-editing of endogenous site

BCL2POS

BCL2NEG
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b. Clones Recovery
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c. BCL2 mRNA expression
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Multiple genetic lesions contribute to BCL2 deregulation in lymphoma

Germinal Center B cells

Naive B cell Plasma cell

BCL2 gene




A mutational hotspot in the CXCR4 SE abrogates DNA-binding and
transcriptional activation by the glucocorticoid receptor (NR3C1)
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CXCR4
* Transmembrane receptor for the CXCL12/SDF1 chemokine

Involved in MAPK activation and AKT signaling

Essential role in cell migration and GC DZ/LZ organization
Oncogenic truncating mutations in Waldenstroem Macroglobulinemia
Coding mutations found in few DLBCL cases
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Correction of mutations in the CXCR4 SE
iInduces counter-selection of lymphoma cells

b C
HLY1
4 MUTANT =»  WT N\
> N B S 413 MControl EM-WT  EWT-M L 20
T | CXCR4 =Y KL 1 o
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\n: BEI—A— A = / @ % QEC 0.5 i
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— Neutral A G—» cC—— N °>’<z( .
<€ |gene BEI—G— &, c ) E% =
(0]
0

WT, Mutation N KI_3



SE-mutations identify complementary mechanisms
deregulating target gene expression

BCL6-B1BS M BCL6 Tx BCL2-NR3C1-BSM  BCL2 Tx
(78) (104) (41) (90)
S
20 12
CXCR4-NR3C1BS M NR3C1 coding M
(15) (13)
B1BS M = Blimp1 binding site mutations 0

NR3C1-BS M = NR3C1 binding site mutations
Tx, translocations



Summary

* Super-enhancers (SE) are hypermutated in DLBCL
* SE Mutations are caused by AID

* Mutated SE are often linked to proto-oncogenes, potentially
leading to their dysregulation

* Recurrent SE mutation hotspots in the BCL6, BCL2 and CXCR4
loci cause their dysregulated expression

* ~80 SE are mutated (3-70 per case) in 93 cases tested, which
identify new altered pathways of pathogenetic and clinical
relevance
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AlD-mediated aberrant somatc hypermutation

in DLBCL
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¢ Distribution within ~2Kb from TSS

% Requires active transcription at
target gene

% Requires AID

% Overlaps with translocation
breakpoint regions

% Due to malfunction of physiologic
SHM mechanism
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Model for the generation of genetic lesions in B-NHL

Pasqualucci et al., Nature Genetics 2008

Germinal center

O

®))

O

O

n

>

-

o

Chromosomal Aberrant

S, Translocations SHM
% (lg-cMYC, Ig-BCL6) (multiple oncogenes)
c

®

Q




