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Abstract

INTRODUCTION: Diffuse large B cell lymphomas (DLBCLSs) are aggressive malignancies of
which ~40% fail to respond or become refractory to treatment. Mechanisms that mediate these
poor outcomes are unknown. Most DLBCLs originate from specialized B cells participating in
the germinal center (GC) reaction. GCs are transient structures within which antigen-activated

B cells undergo proliferative bursting and somatic hypermutation of their immunoglobulin

genes to improve affinity against the encountered antigen. High proliferation activity depletes
GC B cells of essential biosynthetic precursors. Hence, GC B cells must endure an intense
Darwinian competition process, during which they vigorously compete for access to positive
selection signals from a limiting number of T follicular helper (Tgy) cells. Only few B cells

that win this competition receive Try cell help, which triggers transient expression of the Myc
proto-oncogene and biosynthetic growth programs. Unfortunately, GC B cells acquire abundant
off-target mutations, making them prone to malignant transformation. Hence, GC B cell selection
by Tgn cells requires rigorous, but still largely unknown, control mechanisms to prevent unwanted
clonal expansion and malignant transformation of abnormal cells.

RATIONALE: Missense mutations of BTG (B cell translocation gene 1) are specific to GC-
derived B cell lymphomas, suggesting that their oncogenic function is cell-context specific.
BTG1 mutations help to genetically define a class of DLBCLs that manifest especially poor
clinical outcomes and extensive dissemination. This prompted us to explore how B7GI mutations
contribute to the pathogenesis of these clinically challenging tumors.

Science. Author manuscript; available in PMC 2023 September 22.

Page 2



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Mlynarczyk et al. Page 3

RESULTS: We generated mice for the B cell-conditional expression of the most frequent B7G1
mutation [GIn36—His (Q36H)]. Btg1Q36H cells almost completely outcompeted their wild-type
counterparts, specifically in the GC. This competitive fitness manifested as a stronger induction
of MY C-dependent growth programs. Wild-type BTG1 associated with many mRNAs, including
those for MYCand MYC target genes, a function that was significantly lost by BTG1Q36H,
Mutant BTG1 expression enhanced MYC mRNA loading onto polysomes and induced slightly
more-rapid MYC protein induction kinetics and a higher fraction of MY C-positive B cells in
murine and human systems. These data suggested a lower threshold for BTG1 mutant cells to
respond to Try-positive selection signals. Accordingly, Btgl mutant GC B cells experienced faster
cell cycle S phase transit and earlier entry into subsequent proliferative bursts. In Bcl2-driven
lymphoma mouse models, Btg1?36H markedly accelerated disease onset, shortened survival,

and yielded particularly invasive DLBCL-like lymphomas. Btg1?36H [ymphomas were highly
clonal and heavily mutated, reflecting a lymphomagenesis trajectory with increased selection and
mutation rounds over time. In patients, B7G1 mutations scored as strong genetic DLBCL drivers
and independently associated with significantly inferior clinical outcomes.

CONCLUSION: Our data suggest that BTG1 serves as a critical gatekeeper controlling a

key fitness checkpoint for natural selection of intensely competing B cells during the adaptive
immune response. The precise targeting of BTG1 function by missense mutations causes a

subtle biochemical impact, whose specific engagement during repetitive rounds of GC B cell
positive selection likely explains its substantial oncogenic fitness effect. This reveals the fragility
of constraints required to prevent competing B cells from recalling features of uncontrolled

natural selection among unicellular organisms and highlights a fine-tuned balance between
protection against infection and cancer risk. This effect is reminiscent of the Myc-dependent
supercompetition first described during Drosophila development. Future therapeutic strategies
could potentially take advantage of such evolutionary vulnerabilities to target cancer cell fitness. O

Graphical Abstract
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Supercompetition in germinal centersleadsto aggressive B cell lymphomas. GC B cells
vigorously compete against each other to receive limiting T cell help, which activates MYC-
dependent growth programs in preparation for subsequent proliferative bursting. BTG1 mutant
GC B cells respond to T cell help signals with faster MY C induction kinetics and more-rapid
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entry into the next proliferative phase, which, over many GC rounds, allows them to outcompete
wild-type cells, leading to highly fit and disseminated B cell lymphomas.

Abstract

Multicellular life requires altruistic cooperation between cells. The adaptive immune system is

a notable exception, wherein germinal center B cells compete vigorously for limiting positive
selection signals. Studying primary human lymphomas and developing new mouse models, we
found that mutations affecting B7GI disrupt a critical immune gatekeeper mechanism that strictly
limits B cell fitness during antibody affinity maturation. This mechanism converted germinal
center B cells into supercompetitors that rapidly outstrip their normal counterparts. This effect was
conferred by a small shift in MYC protein induction kinetics but resulted in aggressive invasive
lymphomas, which in humans are linked to dire clinical outcomes. Our findings reveal a delicate
evolutionary trade-off between natural selection of B cells to provide immunity and potentially
dangerous features that recall the more competitive nature of unicellular organisms.

During the humoral immune response, germinal center (GC) B cells undergo iterative rounds
of natural selection to generate high-affinity B cell receptors. This process involves somatic
hypermutation and clonal expansion of GC B cells and strictly depends on B cells competing
to receive positive selection signals from T follicular helper (Tgy) cells (1, 2). Tgy cell help
allows a few GC B cells to survive and differentiate into memory B cells or plasma cells,

or instead undergo additional rounds of proliferative bursting and mutagenesis. Transient
induction of Myc- and mammalian target of rapamycin complex 1 (mTORC1)-biosynthetic
programs is required to accumulate biomass in preparation for the subsequent proliferative
burst (3-5).

The mutagenic and proliferative nature of GC B cells places them at considerable risk for
malignant transformation (6, 7). Hence, most immune system neoplasms arise from B cells
that have transited the GC reaction. The most common of these are diffuse large B cell
lymphomas (DLBCLSs), which have classically been separated into germinal center B-like
(GCB) and activated B-like (ABC) DLBCLs according to their transcriptional profiles

(8). DLBCLs were more recently segregated into genetically defined entities with distinct
biological characteristics and mutational profiles (9-11). Among these, the most clinically
challenging, MCD/cluster 5, is an ABC-DLBCL subtype featuring extranodal dissemination
and high fraction of proliferating cells. Recurrent somatic mutations in MYD88and CD79B
drive proliferation of these lymphomas through chronic activation of Toll-like receptor and B
cell receptor signaling, whereas 7BL1XRI1 mutations endow them with a post-GC memory
B cell phenotype (12, 13). However, the basis for their marked fitness and aggressive
phenotypes remains unknown.

Possible clues to these phenotypes may be gleaned from mechanistic deconvolution of other
recurrent mutations. For example, somatic missense mutations of B7G1 (B cell translocation
gene 1) occur in up to 70% of MCD-DLBCL cases (11). BTG1 has been reported to

regulate gene expression by interacting with transcription factors, mRNA stability regulatory
proteins (CNOTS), or the arginine methyltransferase PRMT1 (14-18). Although BTG1

loss results in minor perturbations of early B cell development (19), and a few BTG1
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mutants show differential CNOT interaction and tethered-mRNA stability effects in yeast
and human embryonic kidney 293T (HEK293T) cells (20), the role of BTG1 in mature B
cells and how B7G1 lymphoma mutations contribute to lymphomagenesis remain unknown.
Furthermore, B7G1 is not deleted in DLBCLSs, suggesting that mutations are not simple
loss-of-function alleles (11). In this study, we probed the effect of B7G1 mutation on

GC biology and malignant transformation. B7G1 mutation conferred a supercompetitive
phenotype to GC B cells through a discrete acceleration of their response to Try cell help,
resulting in the formation of highly aggressive lymphomas. Our findings illustrate how
subtle biochemical perturbations in GC B cells can confer marked competitiveness and
oncogenic transformation potential in concert with microenvironmental cues such as Tgy
cell help.

BTG1 somatic mutations in DLBCLSs are genetic drivers

We surveyed the genomic profiles of 25,670 cancer patients, including publicly available
DLBCL datasets (9, 21-29). BTG somatic mutations were detected in 11% of DLBCL
cases (= 272/2407), which is frequent given their high genetic heterogeneity, but were rare
in other tumor types, suggesting specific BTG1 function in this context (fig. S1A). Within
DLBCLs, B7GI mutation was enriched in the more clinically unfavorable ABC-DLBCLs
(P=0.0184; fig. S1B), especially those defined as MCD/cluster 5 lymphomas, with 40%
of all BTG1 mutant DLBCLs being MCD (fig. S1C). BTG1 mutations scored among

the top DLBCL drivers in a rigorous genetic driver analysis taking into account multiple
genomic and epigenomic covariates (Fig. 1A and table S1). Most B7G1 mutant alleles
corresponded to heterozygous missense mutations clustered within the N terminus, which
contains several conserved functional motifs (30) (Fig. 1B and table S2). Alpha helix 2 (a2)
was most heavily mutated, especially at GIn36, which was most frequently (86%) replaced
by a histidine [GIn36—His (Q36H); Fig. 1, B and C, and fig. S1D]. Q36H and additional
BTGI N-terminal mutations can alter the conformational distribution of BTG1 within the
a2-ad region, as determined by in silico atomistic molecular dynamics simulation (31).

Btg1Q36H generates supercompetitor GC B cells

DLBCLs originate from B cells having transited the GC reaction. To determine the
functional impact of B7G mutation during the humoral immune response, we generated

a mouse model for conditional expression of mutant Btgl from the Rosa26 locus
(R26/51-B101Q36H) referred to hereafter as Q36H (fig. S2, A to C). We then reverted

the Q36H mutation to wild type to generate a wild-type knock-in (WTKI) control line
(R2651BYIWt: fig S2 D to G). Q36H and WTKI mice were crossed to the CdZ5C™® strain to
induce Btg1Q36H or Btg1WTK! expression in B cells (32). Recombination and expression of
Q36H and WTKI alleles was validated in B cells at DNA, RNA, and protein levels (fig. S2,
H to M). Notably, the total abundance of BfgI transcripts was not increased upon expression
of Btg1Q36H or Btg1WTK! from the Rosa26 locus, indicating an absence of Btgl dosage
effect (fig. S2, J and K). Q36H or WTKI expression in B cells did not perturb early B cell
development in the bone marrow nor steady-state mature B cell populations in secondary
lymphoid tissues and peritoneal cavity (fig. S3).
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To investigate the GC response, we immunized Q36H (R26!:Bl91Q36H/+- oy Lre/#)

WTKI (R26S!-BUIWU+- cq1Cre/#) and CRE-control (R26"*; Cd19°7¢/*) or CREneg-control
(R26/5-BWQ1Q36H*- 1g+*+) mice with sheep red blood cells (SRBCs), a T cell-dependent
antigen, and analyzed spleens 10 days later. The GC response to SRBCs remained
unchanged in Q36H and WTKI animals (fig. S4). Using a different T cell-dependent
antigen [(4-hydroxy-3-nitrophenyl)acetyl (NP) conjugated to ovalbumin (OVA)] to assess
antigen-specific responding cells, we further observed no change in Q36H versus CRE mice
over the course of the GC reaction (fig. S5).

Most GC-derived lymphoma oncogenes affect GC size, composition, or output. Hence,

the absence of such effects in the Btg1@36H setting was puzzling. However, these aspects

do not necessarily reflect possible selective advantages within B cell clones. To directly

test competitive fitness of Q36H GC B cells in vivo, we crossed our mice to the B1-8M
allele. B1-8"i encodes a B cell receptor with high NP affinity in B cells with a lambda
immunoglobulin light chain (~10 to 15% of murine B cells) that facilitates their entry

into GCs upon NP immunization (33). We adoptively transferred a 50:50 ratio of B1-
8N/Q36H (B1-8"i*/~; R26'sI-BWIQ36H/+. Cy1gCrel+: CDA45,1/2) and B1-8"/CREneg-control
(B1-8hi#/~; pogsl BOlQ36H/+ cy1gt/*+; CDA45.1) resting B cells into wild-type CD45.2 (non-
B1-8M) recipients (Fig. 2A). Q36H GC B cells showed a progressive competitive advantage
over time, reaching up to ~90% of total GC B cells by day 14 (Fig. 2A and fig. S6A).

Q36H did not confer a competitive advantage to non-GC B cells (fig. S6A), and the GC
fitness gain was not associated with changes in GC polarity (fig. S6B). A similar advantage
of B1-8"/Q36H GC B cells occurred when competing against B1-8"/CRE-controls instead
(B1-8"*~; R26'*; Cd19~me!*: CD45.1; fig. S6C). In contrast, B1-8"/WTKI cells did

not show a competitive advantage in GC B cells over non-GC B cells (fig. S6D). To
confirm that the Q36H fitness advantage was not due to the extra R26891 copy or Cd1d°™e
knock-in, we directly placed B1-8M"/Q36H and B1-8"/WTKI cells in competition. Q36H
again outcompeted WTKI cells in the GC compartment, whether gating or not on antigen-
specific (lambda*NP™) cells and even given a lower Q36H abundance in the starting NB or
non-GC B compartment (Fig. 2B and fig. S7A). To assess Q36H GC B cell fitness in the
context of a polyclonal immune response (without B1-8"—engineered antigen specificity),
we transferred resting B cells from Q36H, WTKI, or CRE-controls into wild-type recipients
and measured GC contribution of each genotype versus recipient cells. Q36H cells showed
greater expansion within the GC compartment (18% average) as compared with WTKI and
CRE at day 21 (~5%; Fig. 2C). Such expansion was similar in NP-specific GC B cells

and did not occur in the NB compartment (fig. S7, B and C). In these experiments, CdlZ9~"e-
mediated recombination efficiency was as expected (32), and the Q36H GC B cell advantage
was accompanied by a measurable and significant enrichment of Q36H recombined alleles
in GC B versus NB cells (fig. S7D). We next assessed proliferation in competing Q36H

and CRE B cells in T cell-independent B cell activation by NP-Ficoll immunization. We
observed similar proportion and carboxyfluorescein succinimidyl ester (CFSE) proliferation
dye dilution of antigen-specific (lambda*NP*) Q36H and CRE B cells over time (fig. S7E).
Thus, Btg1Q36H provided a competitive fitness advantage specifically to GC B cells during
T cell-dependent immune responses, independently of antigen affinity. Given the lack of
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GC-specific phenotype in mice expressing Btg1WTK! in B cells, we focused subsequent
functional experiments on mice expressing Btg1Q36H.

Btg1?36H induces MYC-associated biosynthetic programs in GC B cells

To gain insight into the competitive advantage conferred by mutant Btgl, we next performed
RNA sequencing (RNA-seq) in Q36H and CRE-control GC B cells (fig. S8A). As noted
earlier, total abundance of Big1 transcripts was similar in both groups (fig. S8B). Only
~15% of Btgl transcripts carried the Q36H mutation (fig. S8C), which is comparable to
the fraction of mutant BTG1 transcripts (17 to 45%) in BTG1Q36H DLBCL patients (7=

6; fig. S8D). We detected no significant differences in gene expression profiles using both
unsupervised and supervised analyses, except for the expected reduction in R0sa26 due to
the knock-in (fig. S8, E and F). Bulk RNA-seq represents a composite of heterogeneous
GC B cells in their various transitional states, which could mask effects occurring in
subpopulations of cells. We therefore performed gene set enrichment analysis (GSEA)
using MSigDB Hallmark and Canonical Pathway gene set collections (34-36) to determine
whether we could detect subtler transcriptional perturbation in groups of coordinately
regulated genes. We identified positive enrichment of 94 signatures [false discovery rate
(FDR) < 0.05], most of them related to activation of biosynthetic pathways, mitochondrial
function, and MY C target genes (Fig. 3A and table S3). A network connectivity analysis
revealed that MYC targets were among the highest connected signatures, suggesting a
central role for MYC (Fig. 3A).

Myec is induced transiently together with mTORC1 activation upon receiving strong

Ten cell help during selection in the anatomically defined GC light zone (LZ) (3-5).

Myc and mTORC1 biosynthetic programs trigger GC B cell growth, a prerequisite for
their subsequent clonal expansion in the GC dark zone (DZ). Accordingly, we observed
significant enrichment for signatures induced by Tg cell help in LZ-to-DZ recycling GC
B cells, as well as MYC and mTORC1 programs in Q36H versus CRE (Fig. 3B and

table S4). The same signatures were significantly enriched among human BTG1 mutant
DLBCL patients as compared with BTG wild-type DLBCLSs in two independent cohorts
(excluding BTG2 mutant patients; Fig. 3B and fig. S8G). Among ABC-DLBCLs, BTG1
mutant cases also showed higher expression of these signatures (fig. S8H). For functional
studies, we generated isogenic human DLBCL cells with ectopic and equivalent expression
of BTG1Q36H versus BTGIWT (fig. S8, I and J). In this model, BTG1236H expression
yielded a similar enrichment of LZ-to-DZ recycling, MYC, and mTORCL1 signatures (fig.
S8K). Furthermore, genes differentially induced [fold change (FC) > 1.5; FDR < 0.01;
table S4] in BTG1Q36H versus BTG1WT DLBCL cells were significantly and exclusively
enriched for MYC and MAX DNA binding motifs (fig. S8L). The corresponding BTG1Q36H
signature was also significantly enriched in BTG1 mutant DLBCL patients (FDR < 0.001;
fig. S8M), indicating consistency of BTG1 mutant effects between murine GC and human
DLBCL cases. In line with enhanced biosynthetic rates, Btg1Q36H GC B and BTG1Q36H
DLBCL cells showed increased RNA content and cell size (Fig. 3, C and D, and fig. S8, N
and O). These data suggested that B7G1 mutation enhances biosynthetic fitness programs
normally associated with positive selection and Myc/mTORCL1 activation during the GC
reaction, an effect that is maintained in established DLBCLSs.
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MY C-related signatures could be enriched because of either higher expression of Myc or
expansion of Myc-positive (Myc*) GC B cells. To address this question, we crossed our
Q36H mice to the Myc®FP reporter line, in which endogenous Myc protein is fused to green
fluorescent protein (GFP) (37). To better focus our analysis on GC B cells, we used the
CyIC™ line (38) to drive Btg1Q36H expression (Fig. 3E). The proportion of MycCFP* GC

B cells was significantly higher in Q36H versus CRE-control mice (Fig. 3F), yet MycGFP+
cells in Q36H and CRE mice manifested similar MycCFP protein and Myctranscript levels
(fig. S8, P and Q). As expected, RNA-seq analysis on MycCFP+ versus MycCFP~ GC B cells
showed strong enrichment of the LZ-to-DZ recycling, MYC, and mTORC1 signatures in
both Q36H and CRE (fig. S8R). However, comparing MycCGFP* versus MycCFP- cells from
Q36H versus CRE mice revealed up-regulation of 201 transcripts in Q36H MycCGFP* (Fig.
3G and table S4). These genes were significantly enriched for Myc immediate early direct
target genes (39), as well as genes activated by Tgy cell help through cytokine signaling
(Fig. 3H). Thus, the fitness advantage of Btgl mutant GC B cells was linked to increased
proportion of Myc-expressing cells and enhanced activation of early Myc programs, without
alteration of steady-state Myc expression levels per cell.

Q36H impairs BTG1 association with MYC and other transcripts involved in LZ-to-DZ

recycling

We next explored how BTG1Q36H gpecifically influences MYC expression and Ty cell
help—related transcriptional programs. The BTG1 family proteins TOB1 and TOB2, which
share the conserved N-terminal domain with BTG1, were recently shown to interact

with RNAs (40). We thus performed RNA immunoprecipitation (RIP) assays using V5-
tagged BTGIWT, BTG1Q36H or enhanced GFP (EGFP) proteins as baits in our DLBCL
cells (fig. S9A). As compared with EGFP negative control, BTGIWT enriched ~3000
unique mRNA species, whereas BTG1236H enriched only ~700 (fig. S9B). This effect
was largely due to loss of BTG1WT-associated mRNAs (fig. S9C). Significantly reduced
pull-down with BTG1Q36H-v/5 versus BTG1WT-V/5 was observed for 732 transcripts,
which notably included the MYC mRNA (log2FC > 2, g < 0.05; Fig. 4A and table S5).
These transcripts were highly enriched for LZ-to-DZ recycling and Myc®FP* signatures
and marginally enriched for the centrocyte signature (which includes the small Myc*
population), but not for other GC or post-GC subpopulations (Fig. 4B). We further
validated BTG1WT-A7YC mRNA association and reduced enrichment with BTG1Q36H in
independent RIP experiments by quantitative polymerase chain reaction (qPCR; Fig. 4C).
We next tested whether BTG1 directly binds RNA by ultraviolet (UV) cross-linking and
immunoprecipitation (CLIP) of RNAs interacting with V5-tagged BTGIWT, BTG1Q36H,
and EGFP as compared with canonical RNA-binding proteins Musashi-2 (MSI2) and
human antigen R (HUR). No RNA was enriched with EGFP, and very little RNA and

no enrichment for RNA-protein complexes right above the expected size of VV5-tagged
BTG1WT or BTG1Q36H was observed, as opposed to MSI2 and HuR (fig. S9D).

These data suggested that BTG1WT indirectly associates with transcripts involved in Tgy
cell help and MY C programs to attenuate their expression, a function that is lost by BTG1
lymphoma mutants. In line with this, expressing BTG1WT in our isogenic DLBCL cells
resulted in depletion of the LZ-to-DZ recycling, MYC, and mTORC1 signatures (fig. S9E)
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and reduced cellular RNA abundance, as compared with vector-control cells (fig. S9F).

We categorized differentially expressed genes according to their behavior in BTG1WT and
BTG1Q36H DLBCL cells. Many transcripts were regulated in a similar fashion (fig. S9G).
However, genes repressed by BTG1WT but not BTG1Q36H were largely restricted to the LZ-
to-DZ recycling, MYC, and mTORCL1 signatures, and complementarily, genes induced by
BTG1WT but not BTG1Q36H were mostly enriched for MY C-repressed and anti-mTORC1
signatures (fig. S9G and table S6). Hence, wild-type BTG1 normally associates with MYC
and transcripts relevant to LZ-to-DZ recycling GC B cells, an effect that is impaired by
mutational disruption of its N-terminal domain.

BTG1Q36H |owers the threshold for MYC protein synthesis

We wondered whether loss of MYC mRNA association upon BTG1 mutation might alter
MY C protein induction kinetics, perhaps enabling cells to reach high MYC plateau levels
more rapidly and yielding the observed increased fraction of MYC* cells. BTG1 can
regulate mRNA stability in T cells (41). However, MYC mRNA half-life was comparable
in BTG1236H and BTG1WT DLBCL cells exposed to transcription inhibitor actinomycin

D (fig. S10A). To investigate MYC protein expression kinetics, we placed BTG1936H and
BTG1WT isogenic DLBCL cells under serum deprivation and performed Western blots for
MYC and BTG1 (by means of the V5 tag) at serial time points between 15 min and 2
hours after re-feeding (fig. S10B). MY C was induced >1.5-fold between 15 and 30 min

in BTG1Q36H byt did not change significantly in BTG1WT-expressing cells (fig. S10B).
MYC mRNA abundance remained unchanged under similar conditions (fig. S10C). To
further investigate the increased MYC protein levels, we treated our DLBCL cells with
cycloheximide (CHX) to inhibit protein synthesis, which revealed no effect of BTG1Q36H
on MYC protein stability (fig. S10D). We then performed an MG132 treatment time course
to inhibit protein degradation. This showed an earlier and higher accumulation of MYC
protein levels in BTG1Q36H cells (a 4.5-fold peak at 2 hours MG132 versus dimethyl
sulfoxide (DMSO) in BTG1Q36H cells compared with a 3.8-fold peak at 4 hours MG132
versus DMSO in BTGIWT cells; fig. S10E). Both BTG1WT and BTG1236H protein levels
decreased upon reaching high MY C protein levels, consistent with reports that Myc can
down-regulate Btgl (42) (fig. S10E). Accordingly, BtgZ mRNA levels were reduced in
MycCFP* versus MycCFP~ GC B cells (fig. S10F). To measure MYC protein levels per
cell, we performed MYC flow cytometry analyses in similar MG132 time courses. The
fraction of MYC* cells was larger (~1.5-fold) in BTG1Q36H cells than in BTG1WT cells
throughout the time course and was accompanied by a mild and faster up-regulation of MYC
protein abundance in MYC™ cells (Fig. 4D and fig. S11A). MYC mRNA levels remained
comparable between BTG1936H and BTG1WT cells (fig. S11B). These observations suggest
that BTG1236H Jowered the threshold for MYC protein synthesis, resulting in a greater
fraction of cells expressing MYC. Three additional DLBCL-recurrent BTG1 mutants (S43N,
A49T, and T39I) accelerated MY C protein induction in a similar fashion (fig. S11C), and
this effect was also observed when we expressed BTG1Q36H versus BTGIWT in freshly
immortalized primary human GC B cells (43) (fig. S11, D to G).

To directly measure MYC mRNA engagement with the translational machinery, we carried
out polysome profiling in our isogenic BTGIWT and BTG1Q36H DLBCL cells. We
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confirmed that polysomal fractions were enriched for ribosomal proteins (e.g., RPS3; fig.
S12A). BTG1Q36H cells showed higher RNA abundance in polysomal fractions as compared
with BTGIWT cells, indicative of increased overall translation (Fig. 4E and quantification

in Fig. 4F). BTG1Q36H cells also contained a significantly greater abundance of MYC
transcripts within polysomal fractions (Fig. 4G and fig. S12B). Collectively, these data
suggested that wild-type BTG1 association with MYC mRNA may restrict MYC translation,
an effect that is specifically disrupted by B7GI mutations. We hypothesized that this might
reduce the threshold for Ty cell help—dependent MY C induction, thereby enhancing the
response of GC B cells to Ty cell help signals.

More-rapid S phase completion and DZ commitment by Btg1Q36H |Z-to-DZ recycling cells

The degree of Tgy cell help, and therefore Myc induction, determines the ability and speed
of GC B cells to transit through S phase and subsequently undergo proliferative burst in the
DZ (44, 45). Hence, we predicted that enhanced Myc kinetics due to BfgZ mutation would
enable GC B cells to more efficiently progress through S phase and into the DZ proliferative
program. To evaluate whether and how such effects might manifest in the heterogeneous
GC milieu, we performed targeted single-cell RNA-seq (/7= 496 immune-related genes;
table S7) on competing B1-8"/Btg1?36H and B1-8"/CREneg control GC B cells sorted at
day 10 after NP immunization, when Q36H cells outcompete control cells by ~70 to 30%
(Fig. 5A and fig. S6A). A general overview (2982 cells across three biological replicates)
revealed a similar general distribution of individual cell gene expression profiles, without
bias toward genotype or biological replicate (fig. S13, A and B). Individual cells were
assigned to specific GC B cell subpopulations (DZ, LZ, or LZ-to-DZ recycling) according to
their distinctive signatures and marker transcript levels (Fig. 5B).

LZ-to-DZ recycling cells enter S phase but generally do not engage G2/M until transiting
into the DZ and expressing the corresponding centroblast (CB) transcriptional program (44).
Accordingly, S and G2/M phase signatures were mostly confined to the DZ compartment
(fig. S13C). To compare cell cycle progression of Q36H versus control GC B cells, we
plotted their frequency according to cell cycle program expression, across a pseudotime
scale starting from G1 phase (Fig. 5C). We found a significant increase in Btg1Q36H cell
density from S phase entry and throughout G2/M (£ =0.0071; Fig. 5C). As expected, cells
expressing the LZ-to-DZ recycling program localized at the G1-to-S transition and extended
into G2/M along this pseudotime axis (pseudotime units 9 to 14; Fig. 5D). We then projected
the DZ and G2/M signatures onto the same axis. GC B cells at the LZ-to-DZ recycling
pseudotime transition showed earlier induction and greater proportion of Btg1Q36H cells
having initiated DZ (P= 0.0117; Fig. 5E) and G2/M (P = 0.0202; Fig. 5F) programs. Along
these lines, we identified 28 genes with differential expression in Btg1?36H versus control
cells, which mainly corresponded to changes in the proportion of cells expressing these
genes (chi-square P < 0.05) and with most genes being related to cell cycle and lymphoma
(fig. S13D). Therefore, Btg1?36H |_Z-to-DZ recycling GC B cells engaged the proliferative
DZ program earlier and in greater proportions.

These single-cell profiles raised the question of whether Btgl mutant GC B cells may
complete S phase more rapidly or at a higher rate. To explore this, we measured cell
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cycle kinetics in competition experiments. To distinguish between entry, mid-late, and post
S phase cells, we injected 5-ethynyl-2"-deoxyuridine (EdU) and 5-bromo-2”-deoxyuridine
(BrdU) at 1.5 hours and 0.5 hours before euthanasia, respectively (46) (Fig. 5G). We
validated the expected advantage of Btg1?36H GC B cells under these conditions, with

no change in DZ:LZ polarity nor advantage among non-GC B cells (fig. S13, E and F).

We observed no difference in S phase entry (BrdU™* only) in either centrocyte (CC) or
centroblast (CB) populations (Fig. 5G). In contrast, there was a significant increase in
Btg1@36H CC and CB progressing through mid-late S phase (BrdU*EdU*) and in Btg1Q36H
CB post S phase (EdU™* only; Fig. 5G). These observations suggested that Btgl mutant

GC B cells transited and completed S phase more rapidly than control cells. To distinguish
whether such effects were specific to the LZ-to-DZ recycling GC B cells, we next performed
in vivo Edu incorporation assays in our Q36H/ g1/ My CFP mice to detect S phase—
experienced cells in MycCFP+ versus Myc® P~ GC B populations. To avoid losing the small
number of MycGFP* GC B cells during EdU staining, sorted cells were fixed and stained

by immunofluorescence on slides (Fig. 5H and fig. S13G). A significantly higher proportion
of EdU* cells was detected in Q36H versus CRE MycCFP* GC B cells (P= 0.0304; Fig.
5H), whereas there was no change in Q36H versus CRE MycCFP~ cells. This suggested that
Btg1@36H induced an S phase transit advantage specifically to LZ-to-DZ recycling GC B
cells.

Competitive advantage conferred by Btg1Q36H |inks to faster LZ-DZ kinetics

Our data so far suggest that BtgZ mutation provides a GC fitness advantage by reducing the
threshold to Tgy cell help response, as manifested by facilitated Myc protein induction, DZ
program commitment, and S phase completion. To determine whether these changes could
explain the Btg1Q36H fitness advantage, we used established in silico mathematical models
that reflect different aspects of GC temporal and clonal selection dynamics, including B
cell receptor and CD40 signaling, antigen uptake, and Myc and mTORC1 induction (47).
Comparing multiple different combinatorial perturbations of these signals, we found that
providing GC B cells with a modest increase in the speed of Tgy cell help response,
corresponding to a 1.12-fold increase in the rate of Myc induction and mTORC1 activation,
recapitulated the Btg1?36H competitive advantage observed in vivo (fig. S14A). However,
under noncompetitive conditions, this model predicted higher GC and CB proportions for
Btgl mutant (fig. S14A), two features that were not observed in vivo (see figs. S4 and S5).
Taking into account our observation of a more rapid S phase completion, we determined
that shortening the S phase by 21%, in addition to providing 1.12-fold faster Tg cell help
response, recapitulated the competitive advantage of Btg1Q36H GC B cells without altering
GC volume and polarity under noncompetitive conditions, more accurately reflecting the
Btg1@36H in vivo phenotypes (fig. S14B). These parameters further predicted that Btgl
mutant GC B cells would undergo an increased number of GC rounds over the course of the
GC reaction (P< 2 x 10716 at day 10; Fig. 6A).

To test this scenario functionally, we synchronized competing Q36H and WT GC B
cells receiving targeted Try cell help in vivo and tracked their LZ-to-DZ kinetics. T cell
help can be elicited by injecting an OVA-conjugated anti-DEC205 antibody (a DEC205-
OVA), which binds to the B cell surface receptor DEC205 and delivers OVA to the
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major histocompatibility complex class 1 (MHC-I1) presentation pathway, inducing strong
interactions with OVA-specific Tgy cells (44) (Fig. 6B). We adoptively transferred

3% Q36H (B1-8"*/~; DEC205!*; R26s1:BI91Q36H+- o Lrel+: CD45.1) and 7% WT
(fluorescent B1-8N*/=; DEC205**; CD45.1) resting B cells, to reach a 50:50 proportion

of Q36H and WT cells at 6 to 7 days into the GC reaction. The remaining 90% were
B1-8"*/=; DEC2057=; CD45.1/2 cells that lack the DEC205 receptor and do not receive
targeted Tgy cell help, to better reflect physiological conditions where Tgy cell help is only
available to a small fraction of GC B cells (Fig. 6C). In this three-way competition system,
the different transferred cell populations were distinguished using a combination of congenic
and fluorescent markers. Recipient CD45.2 mice were primed with OVA before the B cell
transfer to generate OVA-specific Tgy cells. The day after transfer, mice were boosted with
NP-OVA to recruit OVA-specific recipient Tgy cells and NP-specific B1-8" transferred B
cells into the GC reaction.

We delivered Ty cell help to competing DEC205** Q36H and WT cells 6 to 7 days

into the GC reaction by injecting a DEC-OVA. We then measured the proportion of GC

B cells in LZ (CC) and DZ (CB) over time (0, 36, 48, and 72 hours) after Ty cell help
delivery (Fig. 6, C and D). In line with previous work (44), DEC205~/~ cells remained
enriched in the LZ over this time course, showing a stable DZ:LZ ratio, and did not expand
after anti-DEC205-OVA injection, whereas DEC205*/* cells moved to the DZ (as CB) and
expanded between 48 and 72 hours (Fig. 6, D and E, and fig. S14, C and D). Within
DEC205** cells, Tgy cell help induced a more robust increase in DZ:LZ ratio for Q36H
GC B cells as compared with WT, peaking at 48 hours (P=0.0187; Fig. 6E and fig.

S14D). These results reflected a greater DZ reentry for Btg1Q36H GC B cells upon receiving
Trn cell help signals. Collectively, these data suggested that subtle acceleration of Tgy cell
help—related Myc induction and S phase completion led to a progressive and marked fitness
advantage of GC B cells, by conferring greater DZ reentry potential and an opportunity to
undergo increased GC repetitive rounds (Fig. 6F).

Btg1Q36H expression induces highly aggressive and rapidly progressive lymphomas

We next explored whether Btg1?36H is a bona fide lymphoma oncogene. Given that MCD/
cluster 5 DLBCLs derive from B cells having transited the GC reaction, we induced
Btg1Q36H expression using CyZC". MCD-DLBCLs typically express high BCL2 levels
(11). We crossed our mice to the VavP-Bc/2 lymphoma mouse model (48, 49) to reflect
this biology. We generated cohorts of Bcl2, Bcl2+Q36H, Q36H, CREneg, and CRE mice
through bone marrow hematopoietic stem cell transplantation into syngeneic wild-type
recipients (Fig. 7A). Bcl2+Q36H animals displayed shorter survival than did Bcl2 animals
(P=10.0005; Fig. 7B). Notably, survival outcomes were indistinguishable between Q36H-
only mice and CREneg or CRE control groups (P> 0.47; Fig. 7B). As opposed to
Bcl2+Q36H, Bcl2+WTKI animals did not experience more-rapid mortality rates than Bcl2
animals, in a similar transplantation cohort using fetal liver hematopoietic stem cells (fig.
S15, Ato C).

To determine whether mutant Btgl accelerated disease onset, we analyzed a subset of
seemingly healthy Bcl2+Q36H and Bcl2 animals (r7=5 per group) at 8 months after
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transplantation. Bcl2+Q36H mice manifested increased splenomegaly (£ = 0.0257; Fig.
7C and fig. S15D). Histologically, Bcl2 spleens showed a prominent follicular pattern but
otherwise largely intact architecture, whereas Bcl2+Q36H animals manifested distortion
and expansion of B cell follicles (B220%) and GC areas (PNA*; Fig. 7D). GC B cells
(FAS*CD38") were increased in proportion to B cells (B220™; fig. S15E), were larger

(fig. S15F), contained a higher fraction of mTORC1-activated cells [phosphorylated S6
(pS6™); fig. S15G], and were more clonal (IgVH PCR on cDNA,; fig. S15H) in Bcl2+Q36H
versus Bcl2 spleens. Unsupervised analysis of RNA-seq performed in these lymphoma
cells showed markedly distinct transcriptional profiles (fig. S151). Mutant BTG1-induced
signatures such as positively selected GC B cells and MY C targets were significantly
enriched (FDR < 0.001 and 0.005, respectively), suggesting maintenance of BTG1 mutant
effects (fig. S15J). Lymph node architecture was severely disrupted in Bcl2+Q36H mice,
with expansion of extrafollicular areas containing enlarged and proliferative (Ki67*)
lymphoma cells, as compared with Bcl2 (Fig. 7E). Most notably, Bcl2+Q36H mice
displayed invasion of malignant B cells into extranodal tissues such as the liver, kidney,
and lung, whereas Bcl2 mice only manifested minor perivascular infiltrates in these tissues
(Fig. 7F and fig. S15K).

To assess Btg1Q36H effect on the genetic trajectory during lymphomagenesis, we performed
B cell receptor (BCR) sequencing (fig. S16, A and B). All lymphomas harbored somatic
hypermutation activity, typical of their GC origin (fig. S16C). Bcl2+Q36H lymphoma B
cells manifested significantly greater mutational burden (fig. S16D) and clonal expansion
when compared with Bcl2, as represented by their lower Simpson’s index and expanded
phylogenetic trees (Fig. 7G and fig. S16, E and F). Furthermore, Bcl2+Q36H clonal lineages
presented lower estimated replacement-to-silent mutation rate ratios (dN/dS) than Bcl2,
which is indicative of purifying selection and consistent with more cycles of division and
mutation in germinal centers (50) (fig. S16G). In line with this, mathematical modeling (fig.
S14B) predicted a higher number of divisions in selected mutant versus wild-type GC B
cells over the course of the GC reaction (fig. S16H). Collectively, lymphoid architecture
disruption and invasion of extralymphoid tissues by more proliferative, dysplastic, highly
mutated, and clonally expanded tumor cells indicated more advanced and phenotypically
malignant disease in Bcl2+Q36H mice, with the genetics indicating that Btg1@36H B cells
underwent more rounds of selection and somatic hypermutation, in line with their fitness
advantage.

Further along these lines, moribund Bcl2 mice presented with low-grade follicular
centrocyte-like lymphoma patterns, whereas moribund Bcl2+Q36H mice featured sheets

of larger lymphoid cells, reminiscent of DLBCL with many cells showing immunoblastic or
plasmacytoid appearance (Fig. 7H). These differential features were observed in the spleen,
as well as extranodal tissues (Fig. 7H). Bcl2+Q36H mice also uniquely manifested cases of
extreme disease invasiveness into peripheral organs (fig. S161), underlining the impact of
Btg1@3¢H in driving phenotypically high-grade aggressive lymphomas, with features similar
to human cases.

Consistent with these aggressive phenotypes, we observed inferior clinical outcomes for
BTG mutant patients within ABC-DLBCLs from publicly available cohorts (9, 23, 24)
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(P=0.0011; Fig. 71). Univariable Cox regression further showed significant association
between B7GI mutational status and inferior overall survival among ABC-DLBCLs (P=
0.0013; Fig. 7J and fig. S16J). Notably, a multivariable Cox regression analysis, including
DLBCL genetic subtype (LymphGen), gender, International Prognostic Index (IPI), and
BTG1 mutation status as covariates, showed that B7GI mutation remained significantly
associated with overall survival (P=0.0190; Fig. 7J and fig. S16J). Collectively, these data
indicated that B7GI mutation presents potent oncogenic properties. Consistent with its role
in providing supercompetitive fitness to GC B cells, mutant BTG1 conferred an aggressive
and tissue-invasive phenotype to B cell lymphomas, resulting in extranodal spread and
inferior clinical outcomes.

Discussion

Multicellular life requires individual cells to sacrifice competitive fitness to ensure
homeostasis and survival. Mechanisms that enable “altruistic” cooperation between cells
include restraining cell proliferation and preventing acquisition of somatic mutations among
other functions and are often viewed as weakened in cancer (51). However, certain
nonaltruistic, competitive processes take place in normal embryonic development (52). The
archetypal example of supercompetition was first described during Drosophila development,
whereby cells with greater Myc expression outgrow and may also cull neighbor cells with
slightly lower Myc levels (53, 54). The GC reaction provides an intriguing microcosm of
the cancer “return to unicellularity” concept in normal nonembryonic physiology, whereby
restraints on proliferation and somatic mutations are attenuated and a Myc-dependent
competitive process of clonal diversification and selection takes place. Critical to keeping
this process under control, expression of Myc is permitted only transiently in GC B cells,
together with mTORC1 activation, to provide time-limited biosynthetic capabilities (5).

The absolute arbiter of Myc induction in GC B cells is the intensity of Tgy cell help
signals received on the basis of affinity for cognate antigen. The resulting range of Myc
“doses” can determine initial S phase duration and how many divisions a selected GC

B cell undergoes (45, 55). Our findings suggest that in addition to Myc dosage, the

rate of Myc protein induction may influence GC B cell fitness, because it is associated
with earlier S phase completion, greater DZ reentry, and earlier activation of proliferative
programs. Naive B cell activation models also suggest a critical function for Myc induction
kinetics in determining B cell expansion and cell fate (56). However, the competitive gain
conferred by mutant Btgl was restricted to the GC B cell compartment. Thus, analogous to
embryonic supercompetition, GC B cells with slightly superior Myc induction kinetics have
the potential to outcompete and dominate the GC reaction through clonal expansion.

Given these scenarios, it is plausible that B cells would have evolved ways to control
immune signaling thresholds for Myc induction, especially because GC B cells are exposed
to an environment rich in growth-promoting cytokines and ligands. Our data suggest

that wild-type BTG1-mediated restriction of MYC translation may represent one such
mechanism, acting as a safeguard or gatekeeper against unrestrained “unicellular-like”
fitness. Mutant BTGL1 released MY C from this restrictive effect, thus converting GC B
cells into supercompetitors that transformed into extremely aggressive lymphoma cells.
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Moreover, Btgl mutant cells aberrantly retained MY C signatures while activating DZ
and G2/M programs, suggesting that biosynthetic growth and proliferation abnormally
coexisted rather than being strictly separated. Future studies will determine whether
this supercompetition effect is further associated with eliminating wild-type cells,
perhaps depriving them from positive selection signals or resource utilization in their
microenvironment. The impact of BTG1 mutation on the magnitude of Tgy cell help
response and MY C induction Kinetics was quite subtle, implying that competing GC B
cells operate at the most extreme limits of multicellular homeostasis, a small perturbation
of which is sufficient to tip the balance toward malignancy. The iterative nature of the
GC reaction may further amplify this subtle effect over time. These findings suggest a
delicate evolutionary trade-off between defending vertebrate organisms from infections
versus facilitating certain “atavistic” features in B cells that recall the more intense and
dynamic features of unicellular life.

In T cells, BTG1 was reported to maintain quiescence through global mRNA degradation
(41) and interaction with CCR4-NOT (15, 20, 57), a deadenylase complex regulating
MRNA stability. In HEK293T cells, certain BTG1 lymphoma mutants manifested impaired
interaction with CCR4-NOT (20). However, mutant BTG1 did not affect /YC mRNA levels
or mRNA stability in GC or DLBCL cells. The BTG family member TOBL1 potentially binds
mRNAs through 3" untranslated region (3"UTR), 5"UTR, and coding sequences, suggesting
functions beyond mRNA stability regulation (40). However, BTG1 lacks TOB1 C-terminal
domain or any known RNA binding domain and instead associated with RNAs indirectly.
Given that BTG1 mutants facilitated translation of MYC and potentially other proteins, we
hypothesize that wild-type BTG1 association with MYC mRNAs restricts MYC translation,
until reaching a critical Tgy cell help strength threshold, whereas mutant BTG1 lowers

this threshold through impaired association with MYC mRNAs. These effects are likely
mediated through interaction with as of yet unknown RNA binding proteins that might

be destabilized by the altered protein conformation induced by mutations such as Q36H
(31). This would confer a partial dominant-negative effect, whereby mutant BTG1 could
occupy wild-type BTGL1 space, preventing its ability to form functional RNA regulatory
complexes while preserving other BTG1 functions. The dominant effect of these mutations
is further underlined by the relatively low fraction of B7GZ mutant transcripts in primary
human DLBCLs and our animal models. Although B7G1 is described as a putative tumor
suppressor gene in several cancer types (58), it behaved instead as a proto-oncogene in
DLBCL. This is indicated by its functional gain-of-fitness effects and focal mutational
pattern, but only rare truncating mutations or loss of heterozygosity. Other genes can act
both as tumor suppressors and proto-oncogenes depending on the cellular context (59, 60).
For example, the poly-comb protein EZH2 is a tumor suppressor deleted in leukemia, as is
BTGI1 (61), but is an oncogene with gain-of-function mutations in B cell lymphoma (6).

Myc can suppress Btgl expression through induction of miR-17-92 (42), suggesting a
positive feedback mechanism. Indeed, we observed that BTG1 expression was reduced in
Myc-positive GC B cells or upon induction of MYC in DLBCL cells, and miR-17-92
deficiency impairs GC responses (62). In line with antagonistic effects, MYCand BTG1
mRNA levels are inversely correlated during cell cycle progression in stimulated peripheral
blood lymphocytes and NIH3T3 cells (63). However, there may be additional mechanisms
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through which MYC can repress BTG1 expression, given that in our DLBCL cells, V5-
tagged BTG1 lacked the 3" UTR binding sites for miR-17-92. Btg1 transcript levels are
evidently tightly controlled in GC B cells because expression of Btg1Q36H or Btg1WT from
the RosaZ6 locus did not affect overall Btg1 transcript abundance.

Finally, the lymphomagenic potential of mutant BTG1-induced fitness was underlined by
its powerful cooperative effect with BCL2 overexpression, both of which are associated
with the MCD-DLBCL subtype. The competitive advantage conferred by mutant BTG1
might be especially deleterious in cells with constitutive Toll-like receptor and B cell
receptor signaling due to MYD88and CD79B mutations. Alternatively, the aberrant
memory and clonal precursor cells induced by MYD88and TBL1XRI1 mutations (12,

13, 64) could gain potential fitness advantage for reentry into subsequent GC reactions.
Finally, the supercompetitor phenotype conferred by B7G1 mutations seems to manifest
clinically, because B7G1 mutation independently associated with inferior outcome among
ABC-DLBCLs. It is thus warranted for future studies to explore potential therapeutic
vulnerabilities that could be exploited for treatment of these lethal tumors.

Potential limitations

The lymphomagenic potential of Btg1@36H or Btg1WT was evaluated in separate
experiments without affecting our conclusions, because they were evaluated in comparison
to their respective positive and negative controls in each experiment (Fig. 7B and fig. S15B)
in comparable experimental setups (fig. S15C). In some mouse experiments, we assessed
mutant Btg1Q36H effects using animals that did not carry the Ca79°" allele. This is not
expected to be an issue for the following reasons: (i) We observed a gain-of-function
phenotype (i.e., gain of competitiveness) rather than a loss-of-function effect, and Cre-
associated toxicity would, on the contrary, impair GC B cell competitiveness through cell-
killing effects (65). (ii) Cre knock-in at the CdZ9locus results in only one functional CaZ9
allele (32). Given its function as a BCR co-receptor, CaZ29°™ knock-in would be expected
to reduce B cell activation and competitiveness. (iii) Throughout the manuscript, and

using multiple orthogonal approaches, Q36H was shown to provide a similar competitive
advantage to GC B cells against any tested control, including Cre-positive and Cre-negative
cells (e.g., Fig. 2, A to C, and figs. S6, A and C, S7, A and B, and S13E).

Materials and methods

Mouse models

Animal care was in strict compliance with institutional guidelines established by Weill
Cornell Medicine, Guide for the Care and Use of Laboratory Animals (66), and the
Association for Assessment and Accreditation of Laboratory Animal Care International. All
mouse procedures were approved by the Research Animal Resource Center and Institutional
Animal Care and Use Committee of Weill Cornell Medicine (protocol #2011-0031). All
mouse experiments were conducted using age- and sex-matched animals 8 to 14 weeks old,
unless specified otherwise. All experiments included male and female animals in all groups,
except for adoptive transfers, with all recipient mice being males. No sex-based influence or
bias was detected in the observations made in this work.
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Conditional knock-in Btg1@36H mice (/26/s!-B191Q36H) were generated by ingenious
Targeting Laboratory Inc. (Ronkonkoma, NY, USA) via insertion of a stop cassette in
intron 1 of the Rosa26 locus followed immediately by a mutated murine Brg196H cDNA-
T2A- Luciferase sequence (fig. S2A). Murine Btgl and human B7G1 cDNA sequences are
slightly different, but their protein sequence is 100% identical. The targeting vector was
constructed as follows: The murine Btg1Q36H cDNA-T2A-L uciferase sequence was first
cloned into the Mlul site of a pSa-stop-bGH polyA vector to generate the construct pSa-
stop- Btg1Q36H cDNA-T2A- Luciferase-bGH polyA. The stop cassette was LoxP-PGK/gb2
promoter-neo/kana resistance gene-PGK polyA-2X SV40 polyA signal-LoxP. The final
cassette therefore consisted of a splice acceptor, a LoxP-flanked stop cassette, Btg1?36H
cDNA-T2A-Luciferase, and a bGH polyA signal. Then, the entire cassette was inserted
into the Xbal site (Xbal was disrupted by this insertion) of the pPROSA26-1 vector using
the Recombineering technology. The resulting targeting vector contained a short homology
arm with a 1.08-kb Rosa26 genomic sequence upstream of the cassette and a 4.34-kb-long
homology arm downstream of the cassette. The targeting vector was confirmed by restriction
analysis and sequencing after each modification. iTL IC1 (C57BL/6) embryonic stem cells
were electroporated with this targeting vector, stable G418-resistant clones were derived and
microinjected into BALB/c blastocysts. Resulting chimeras with a high-percentage black
coat color were mated to wild-type C57BL/6N mice to generate F1 heterozygous offspring.
Tail DNA was analyzed from pups with black coat color. Short homology arm integration,
long arm junction, and targeted allele sequence were confirmed by PCR followed by gel
electrophoresis and Sanger sequencing (Genewiz).

Conditional Btg1WTKI mice (/26'!-B191Wt) \were generated at the MSKCC Mouse Genetics
Core Facility by introducing a single-nucleotide substitution to revert the Q36H mutation of
the cDNA sequence in R26'!:B191Q36H mice to a wild-type allele, by CRISPR-Cas9—
mediated genome targeting (fig. S2, D and E). Oocytes from 3- to 5-week-old
R26!s!.Btg1Q36H/Is|.Bg1Q36H o poglsl BIg1Q36H/* gnerovulated females and spermfrom >2-
month-old R26's!-B91Q36H/sI.Bg1Q36H males were used for in vitro fertilization. Resulting
zygotes were injected with a mix of Cas9 protein (Integrated DNA Technologies), CRISPR
RNA (crRNA, 5"-GGCTCTGGCTGAAAGTCTGC-3"), trans-activating CRISPR RNA
(tracrRNA, 5’-
AAACAGCAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUG
GCACCGAGUCGGUGCU-3"), and a 105-base pair (bp) donor oligo for homologous
recombination (HR oligo, 5'-
ATCTCCAAGTTCCTCCGCACCAAGGGGCTCACGAGCGAGCGACAGCTGCAGACT
TTCAGCCAGAGCCTGCAGGAGCTGCTGGCAGAACATTACAAACATCACTGG-3'),
which contained a C>G substitution (in bold in the above sequence) to revert H36 (CAC) to
Q36 (CAG). The mutated C in Btg1?36H was also the third base of the protospacer adjacent
motif (PAM) sequence on the reverse strand and therefore did not exist in the endogenous
Btg1 sequence or in the Rosa26 wild-type reverted R26/SI-BI9IWt gljele, preventing Cas9
recutting of the reverted allele. The C>G substitution also created a new Pvull site, which
we used to genotype the pups. After injection, two-cell embryos were implanted into day 0.5
pseudo-pregnant females. Pups were then checked by PCR on genomic DNA and Pvull
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digestion (fig. S2, E and F). Potential founders were further checked by Sanger sequencing
(Genewiz).

The following strains were obtained from The Jackson Laboratory (Ben Harbor): C57BL/6J
(CD45.2, stock 000664), B6.SIL-Piorc® Pepc®/Boyd (CD45.1, SJL**, stock 002014),
Cd19°™@ (32) (stock 006785), g€ (38) (stock 010611), MycCFP (37) (stock 021935),
B1-8" (33) (stock 007594), DEC2057~ (67) (stock 005528), PA-GFP (44) (stock 022486),
and mRFPI (68) (stock 005884). The VavP-Bc/2 (48) model was developed by J. M. Adams
(Walter and Eliza Hall Institute of Medical Research, Australia).

PCR-based genotyping of the R26/s-BI91Q36H ang p2glsI-BIOIWL gjeles was performed on
mouse tail lysates. Tail tips were lysed in DirectPCR lysis reagent (Viagen 102T) plus
proteinase K during overnight incubation at 55°C with shaking, followed by 45 min
incubation at 85°C (no shaking) to inactivate proteinase K. After a short spin, supernatant
was used for PCR using Taq polymerase (Roche). The forward primer annealed to the
Rosa26 short homology arm upstream of the cassette and was combined with two reverse
primers. The first one annealed to the 5’ LoxP site of the targeted allele, and the second one
annealed to the Rosa26long homology arm downstream of the cassette and amplified only
the nontargeted allele (because of a >5 kb distance with the forward primer in the targeted
allele). Details about primers are included in table S8. The PCR program was 94°C for 2
min, [94°C for 30 s, 65°C for 30 s, and 72°C for 1 min] for 40 cycles, and 72°C for 7 min.
Genotyping for £26-B191Q36H ang pogs!-Blglwt gjjeles, as well as all other mouse alleles
used in this study, was also done by Transnetyx using reverse transcription quantitative
polymerase chain reaction (RT-gPCR).

RNA extraction

gPCR

Cells were collected from culture and resuspended in TRIzol (Invitrogen 15596018), or cells
were sorted directly into TRIzol LS (one third more concentrated TRIzol reagent, Invitrogen
10296028), and total RNA was extracted. Purified RNA was resuspended in molecular-grade
RNase-free water and analyzed on Nanodrop and Qubit Fluorometric Quantification for
quality check and concentration measurement, respectively.

cDNA synthesis was performed with equal amounts of total RNA for all samples in each
experiment, using the Verso cDNA Synthesis kit (Thermo Fisher AB1453B). RT-gPCR was
performed using same volume of cDNA for all samples, on a QuantStudio6 Flex Real-Time
PCR System (Thermo Fisher) with Fast SYBR Green Master Mix (Thermo Fisher 4385614).
Each biological replicate (either independently generated DLBCL lines or individual mouse
samples) was further analyzed in triplicate wells to assess technical variability, of which
only the mean was used to calculate the mean £SD between biological replicates. mRNA
expression levels of genes of interests were normalized to that of 7BPand/or GAPDH, as
specified, using the delta-delta Ct method. Details about primers used are included in table
S8.
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Presence of Cre-recombined alleles

Cre-mediated recombination of R261-B91Q36H ang pogs!-Blwt gjleles was validated on
gDNA extracted from sorted naive B cells and germinal center B cells or from B220*-
enriched B cells as indicated, using Puregene Gentra cell kit (QIAGEN 158388). B220* B
cells were enriched by positive selection with anti-B220 magnetic beads (Miltenyi Biotec
130-049-501). We performed PCR on gDNA using primers that specifically amplified the
recombined targeted allele and Phusion HF polymerase (NEB M0530). The PCR program
was 98°C for 30 s, [98°C for 15 s, 70°C for 30 s, and 72°C for 30 s] for 30 cycles, and 72°C
for 10 min. PCR products were resolved by agarose gel electrophoresis and visualized on

a ChemiDoc Touch imaging system (BioRad) using SYBR Safe DNA stain (Thermo Fisher
$33102). The same primers were used to confirm expression of Cre-recombined alleles

on total RNA extracted from B220*-enriched B cells, reverse transcribed, and analyzed

by gRT-PCR. Forward primer annealed to the Rosa26 short homology arm upstream of

the cassette and reverse primer to the kozak sequence and Btgl coding sequence from the
R2651:BW91Q36H o pogsl.BYIwt 5t the Rosa26 locus (fig. S2, A and D), to ensure only
recombined targeted alleles and transcripts were amplified from gDNA and total RNA,
respectively. Primer details are included in table S8.

Efficiency of Cre-recombination

The proportion of recombined R26/-B91Q36H 3jlele was measured in the competitive setup
using adoptive transfer of B cells with an endogenous BCR repertoire into WT recipient
mice. We sorted Q36H naive B cells (NB) as live B220*1gD*CD45.2 and germinal center

B cells (GC B) as live B220*FAS*CD38~CD45.2 from the spleens of CD45.1 recipient
mice at day 21 after immunization, when Q36H GC B cells are outcompeting WT recipient
cells. gDNA was extracted using Puregene Gentra cell kit (QIAGEN 158388) with volumes
adapted for low material. For each sample, a minimum of 240 pg gDNA per well, as
measured by Qubit dsSDNA HS (Invitrogen Q32854), was used for g°PCR amplification using
two sets of primers, the first one specifically amplifying the recombined alleles (same as
above for PCR on gDNA or for gPCR on cDNA) and the second one specifically amplifying
the non-recombined alleles, sharing the forward primer with the first set, but with the reverse
primer annealing to the STOP cassette (fig. S7D). Primer details are included in table S8.

A standard curve for each of these primer sets was generated, using their corresponding
double-stranded DNA (dsDNA) amplicons to the amount of 103 to 108 absolute copy
number per well. The efficiency of Cre-mediated recombination was calculated as the
absolute copy number of recombined alleles over the absolute copy number of recombined
plus non-recombined alleles.

IgH rearrangement

For clonal variance analysis in the lymphomagenesis study cohort, GC B cells from
Bcl2-only and Bcl2+Q36H mice were sorted as live B220*FAS*GL7™ cells from PNA*
enriched splenocytes on BD Influx or BD FACSAria I1, 8 months after transplantation.
We extracted RNA and synthesized cDNA using equal amounts of RNA for all samples,
as described above. In parallel, we processed centroblasts sorted from a wild-type mouse
that had been immunized 9 days before with 2% SRBC, to use as a nontumor control. We
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then performed PCR on equal volume of cDNA for all samples with GoTaq Flexi DNA
Polymerase (Promega M8295) to amplify the VHQ52-JH4 and VH7183-JH4 regions of the
lgH locus, using a set of forward primers that annealed to the framework region of one of
the most abundantly used IgVVH gene families and a reverse primer annealing to the JH1-4
gene segments, as described before (69). Each sample was amplified in duplicates, both of
which were resolved by agarose gel electrophoresis on adjacent lanes and visualized on a
ChemiDoc Touch imaging system using SYBR Safe DNA stain. The PCR program was
95°C for 2 min, [95°C for 45 s, 60°C for 45 s, and 72°C for 2 min] for 40 cycles, and 72°C
for 10 min. Primer details are included in table S8.

Immunizations

To induce GC formation in draining lymph nodes, mice were immunized by subcutaneous
injection of the highly substituted hapten NP conjugated to the carrier protein ovalbumin
(OVA), NP(16-19)-OVA (Biosearch Technologies N-5051), either into the hind footpad for
popliteal lymph nodes collection, or into the base of tail for inguinal lymph nodes collection.
We did not observe differences in GC response after NP-OVA immunization in popliteal
versus inguinal lymph nodes. In noncompetitive setup, non-B1-8" mice were injected

with 50 pg of NP(16-19)-OVA. In competitive setup, recipients of B1-8i adoptively
transferred B cells were injected 24 hours after transfer with 20 ug of NP(16-19)-OVA
subcutaneously for T-dependent stimulation, or with 50 ug of NP(44)-Ficoll (Biosearch
Technologies F-1420) intraperitoneally for T cell-independent stimulation. Conjugated NP-
OVA or NP-Ficoll was absorbed in alum adjuvant (Thermo Fisher 77161) at a 1:3 ratio of
alum:immunogen prior to injection.

To induce germinal center (GC) formation in spleens, mice were immunized by
intraperitoneal injection of 500 ml of 2% SRBCs resuspended in sterile 1X Dulbecco’s
phosphate-buffered saline (DPBS) from a solution of sheep blood in Alsever’s (Cocalico
Biologicals 20-1334A), or by intraperitoneal injection of 80 ug NP(30-32) conjugated to
the carrier protein keyhole limpet hemocyanin (KLH) (Biosearch Technologies N-5060)
absorbed in alum adjuvant (Thermo Fisher 77161) at a 1:1 ratio of alum:immunogen prior to
injection.

For the experiments with in vivo targeted delivery of T cell help, recipients of a mixture

of B1-8"; DEC205* and B1-8"; DEC2057~ adoptively transferred B cells were primed
by intraperitoneal injection of 50 ug OVA (Biosearch Technologies O-1000) absorbed in
alum at a 1:2 ratio of alum:immunogen 2 to 4 weeks prior to the transfer and received a
boost immunization by subcutaneous injection of 50 ug NP(19)-OVA without alum into the
hind footpad 24 hours after transfer. At the indicated times at days 6 and 7 after boost,

mice received 5 g of anti-DEC-OVA chimeric antibody diluted in phosphate-buffered saline
(PBS) by subcutaneous injection into the hind footpad, and popliteal lymph nodes were
analyzed at day 9 after boost. Anti-DEC-OVA was produced by transient transfection of
HEK?293T cells as previously described (70).

Science. Author manuscript; available in PMC 2023 September 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mlynarczyk et al.

Page 21

Competitive adoptive cell transfers

Spleens from mice of the indicated genotypes were mashed and filtered through a 40

um cell strainer. After treatment with red blood cell lysis solution (QIAGEN 158904),
splenocytes were filtered into PBS supplemented with 0.5% bovine serum albumin (BSA)
and 2 mM EDTA (PBE). Resting B cells were isolated by negative selection with magnetic
cell separation using anti-CD43 beads (Miltenyi Biotec 130-049-801). To determine the
proportion of NP-binding B1-8" cells, we stained a fraction of cells with 5 pg/ml NP(16)-
PE (Biosearch Technologies N-5070) and analyzed them by flow cytometry. We then
adoptively transferred a total number of isolated B cells corresponding to 0.3 x 10° to

0.5 x 10% NP-binding B cells per recipient, by intravenous injection through the retro-orbital
venous sinus, at the proportions indicated in the experimental schematic for each relevant
figure. Alternatively, for the transfer of non-B1-8" mature B cells, we directly adoptively
transferred a total number of 20 million isolated B cells per recipient by intravenous
injection through the retro-orbital venous sinus.

To measure the proliferation rate of adoptively transferred B cells responding to NP-Ficoll
immunization, isolated resting B1-8" B cells from both genotypes were mixed at equal
proportions of NP-binding cells, stained with CellTrace CFSE (Invitrogen C34554) at a final
concentration of 5 pM in PBS for 10 min at 37°C, and washed with PBE prior to injection
into recipients.

Bone marrow and fetal liver cell transplantation

For lymphomagenesis studies, we transplanted bone marrow cells (Bcl2*/~Q36H cohort) or
fetal liver cells (Bcl2*/~WTKI cohort) from donors of the indicated genotypes into lethally
irradiated C57BL/6J females (two doses of 450 rad, on a RS 2000 Biological Research
X-ray Irradiator, Rad Source Technologies). Bone marrow cells were harvested from the
tibias and femurs of donor mice, filtered through a 40 um mesh, treated with red blood

cell lysis solution (QIAGEN 158904), counted, and frozen down as viable cells at a density
of <15 million cells/ml. Genotype of donor mice was double checked by PCR and gel
electrophoresis before thawing and transplantation. Fetal livers were isolated from E14.5
embryos and dissociated between the frosted, sandblasted ends of two sterile glass slides
(VWR 48312-024). Fetal liver cells were filtered through a 35 pm mesh, counted, and
frozen down as viable cells. Genotyping was performed on embryo head lysates prepared the
same way as tail tip lysates, by PCR and gel electrophoresis.

Bone marrow or fetal liver cells were then thawed and cultured at 5 million/ml for 2

hours at 37°C in RPMI with 10% fetal bovine serum (FBS), 50 U/ml penicillin, 50 pg/ml
streptomycin, freshly added beta-mercaptoethanol at 55 uM, interleukin-3 (IL-3) at 6 ng/ml
(R&D Systems 403-ML), SCF at 10 ng/ml (R&D Systems 455-MC), IL-6 at 10 ng/ml
(PeproTech 216-16) and IL-7 at 5.4 ng/ml (R&D Systems 407-ML). Cells were then
collected, washed three times with 1X DPBS, counted, and resuspended in 1X DPBS

for intravenous injection of 1 million bone marrow cells or 0.24 million fetal liver cells

in 100 pl per lethally irradiated recipient, through the retro-orbital venous sinus. After

2 months, fully engrafted mice were immunized monthly by intraperitoneal injection of
500 ml of 2% SRBC in sterile 1X DPBS for 3 or 8 months, as specified, to induce GC
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formation. With the exception of mice euthanized at 8 months where indicated, all mice
involved in lymphomagenesis studies were monitored until any one of several criteria for
euthanizing were met, including severe lethargy, more than 10% body weight loss, or
palpable splenomegaly that extended across the midline.

Live and in situ mouse imaging

Luciferase reporter imaging in live animals carrying the R26/SI-Bl1Q36H o poglsl.Biglwt
allele and in situ imaging was performed on an 1VIS SpectrumCT In Vivo Imaging

System instrument (PerkinElmer) using the Living Image software (PerkinElmer). Mice
were injected intraperitoneally with 2.5 mg of luciferin substrate (200 pl at 12.5 mg/ml,
Promega P1043) and anesthetized with 2% isoflurane. Bioluminescence signal (radiance, in
photons per second per square centimeter per steradian) was acquired 15 min after injection
of luciferin. For each experiment, images were set to the same scale and total luminescence
signal (flux, in photons per second) was quantified using one region of interest per mouse in
the Living Image software. For in situ imaging, mice were euthanized, immediately injected
intraperitoneally with 2.5 mg of luciferin substrate, opened in the intraperitoneal area to
expose the spleens and surrounding lymph nodes, and imaged within 2 min of euthanasia.

H&E staining and immunohistochemistry

Mouse organs were fixed in 10% neutral buffered formalin (Sigma) for 24 to 48 hours and
transferred to 70% ethanol. Tissues were then embedded in paraffin, processed, and stained
at the Laboratory of Comparative Pathology [Weill Cornell Medicine (WCM)/Memorial
Sloan Kettering Cancer Center (MSKCC)]. Briefly, 5 um sections were deparaffinized

and stained with hematoxylin and eosin (H&E) or processed for immunohistochemistry

by heat antigen-retrieval in citrate buffer at pH 6.4, followed by treatment with 3%
hydrogen peroxide in methanol to block endogenous peroxidase (HRP) activity. Indirect
immunohistochemistry was then performed using biotinylated peanut agglutinin (PNA,
Vector Laboratories B1075) or anti-species-specific biotinylated secondary antibodies,
followed by avidin-horseradish peroxidase and development with DAB substrate (\ector
Laboratories). Sections were counterstained with hematoxylin. The following primary
antibodies were used: anti-B220 (BD 550286) and anti-Ki67 (Cell Signaling Technology
12202). Slides were scanned using a Zeiss Mirax Slide Scanner, and photo-micrographs
were examined using Aperio eSlide Manager (Leica Biosystems). QuPath software (71) was
used to quantify GC areas.

Flow cytometry analysis and cell sorting

Spleens were mashed and bone marrow cells were flushed from tibias and femurs.
Splenocytes and bone marrow cells were filtered through a 40 um cell strainer and treated
with red blood cell lysis solution (QIAGEN 158904). Resulting single-cell suspensions
were resuspended in PBE with 0.5 pug/ml rat anti-mouse CD16/CD32 (clone 2.4G2, BD)
and incubated for =5 min on ice to block Fc receptors. Lymph node cells were directly
mashed into the Fc block mix using pellet pestles (Sigma Z359947). Peritoneal B cells were
collected by injecting 9 ml of PBS with 0.5% BSA into the peritoneal cavity followed by

a subcostal incision and aspiration of the peritoneal cell suspension. After centrifugation,
cells were stained for 20 min on ice, in a mix of fluorochrome-conjugated anti-mouse
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antibodies diluted either in PBE, or in a 50:50 mixture of Brilliant Stain Buffer (BD
566349) and PBS with 0.5% BSA but without EDTA when the mix contained =2 BV- or
BUV-conjugated antibodies, to avoid staining artifacts resulting from interaction between
these fluorescent dyes. For phosphorylated S6 (pS6) staining, incubation was precisely
timed to prevent time-related variations in dephosphorylation by endogenous phosphatases,
as previously described (5). Cells were first stained for surface markers and then fixed

and permeabilized. Fixation and permeabilization using Cytofix/Cytoperm (BD 554722)
was timed to occur exactly 30 min after euthanasia for each mouse. We then stained with
anti-pS6 diluted in Perm/Wash (BD 554723) for 2 hours. All cells were then washed twice
before analysis. DAPI (4”,6-diamidino-2-phenylindole; Thermo Fisher D1306) was added
just before acquisition at final 0.5 pg/ml for the exclusion of dead cells. Data were acquired
on BD FACS Canto Il, BD Fortessa, BD Symphony A5 or BD Symphony A3 and analyzed
using FlowJo software package (TreeStar).

For MY C flow cytometry analyses in cell lines, two or three independently generated and
validated SU-DHLA4 stable lines for each indicated genotype were set at 1 million cells

per ml in fresh complete RPMI and incubated at 37°C for 46 hours, for cells to have

just doubled. For MYC flow cytometry analyses in human primary GC B cells freshly
immortalized, cells were plated at 1 million cells per ml onto fresh feeders and incubated
at 37°C for 3 or 4 days. MG132 (Selleck S2619) was then added to cells at 5 pM final
MG132. Samples were collected at the indicated times after treatment and immediately
fixed for 1 hour at room temperature or overnight at 4°C for all samples, depending on
experiments (this did not affect results) using the True-Nuclear Transcription Factor Buffer
Set (Biolegend 424401). Cells were then washed twice in 1X perm buffer and kept at 4°C.
Fixed and permeabilized cells were blocked with 2% normal goat serum (Cell Signaling
Technology 5425) diluted in perm buffer, for 15 min at room temperature. We then stained
cells with AF647 anti-MY C (rabbit, clone Y69, Abcam ab190560, diluted to 0.71 ug/ml) for
30 min at room temperature in the dark. Alternatively, we stained cells with unconjugated
anti-MYC (rabbit, clone Y69, Abcam ab32072, diluted to 0.45 pg/ml), washed twice with
perm buffer, and incubated with AF647 anti-rabbit secondary antibody (Life Technologies
A21246, diluted to 2 pg/ml) for another 30 min at room temperature in the dark. We

used the following isotype control 1gGs at the same concentration as their corresponding
anti-MYC antibodies: Abcam ab199093, clone EPR25A, for the AF647 anti-MYC antibody;
and Abcam ab172730, clone EPR25A, for the unconjugated anti-MY C antibody. After two
washes in perm buffer, we resuspended cells in perm buffer and analyzed them.

For cell sorting from spleen and lymph nodes, cell suspensions were prepared and stained

as for flow cytometry analysis, except that splenocytes were pre-enriched either for B220* B
cells by positive selection with anti-B220 magnetic beads (Miltenyi Biotec 130-049-501)

or for GC B cells by positive selection with PNA magnetic beads (Miltenyi Biotec
130-110-479) where specified. The indicated populations were then isolated on a BD
FACSAria Il or a BD Influx sorter at the Flow Cytometry core (WCM) or in the laboratory.

The following antibodies were used: APC-Cy7 anti-B220 (clone RA3-6B2, BiolL.egend
103224, dilution 1:500), BV786 anti-B220 (clone RA3-6B2, BD 563894, dilution 1:300),
FITC anti-human CD2 (clone RPA-2.10, BD 556608, dilution 1:100), BV605 anti-CD5
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(clone 53-7.3, BD 563194, dilution 1:500), APC-Cy7 anti-CD19 (clone 6D5, BioLegend
115530, dilution 1:200), FITC anti-CD19 (clone 1D3, BD 553785, dilution 1:500), PE-Cy7
anti-CD21 (clone 7E9, BioLegend 123420, dilution 1:500), FITC anti-CD23 (clone B3B4,
BD 553138, dilution 1:500), PE-Cy7 anti-CD25 (clone PC61, BD 561780, dilution 1:500),
APC anti-CD38 (clone 90, eBioscience 17-0381-81, dilution 1:500), BUV395 anti-CD38
(clone 90, BD 740245, dilution 1:500), BUV395 anti-CD45.1 (clone A20, BD 565212,
dilution 1:200), PerCP-Cy5.5 anti-CD45.1 (clone A20, eBioscience 45-0453-82, dilution
1:200), AF647 anti-CD45.2 (clone 104, BioLegend 109818, dilution 1:500), APC anti-
CD45.2 (clone 104, BioLegend 109814, dilution 1:400), PE-Cy7 anti-CD45.2 (clone 104,
eBioscience 25-0454-82, dilution 1:300), biotin anti-CD83 (clone Michel-19, BioLegend
121504, dilution 1:200), BV605 anti-CD86 (clone GL-1, BioLegend 105037, dilution
1:200), PE-Cy7 anti-CD86 (clone GL-1, BioLegend 105014 or BD 560582, dilution 1:200),
BUV737 anti-CD138 (clone 281-2, BD 564430, dilution 1:500), APC anti-c-Kit/CD117
(clone 2B8, BD 561074, dilution 1:500), biotin anti-CXCR4 (clone 2B11, BD 551968,
dilution 1:200), PE anti-CXCR4 (clone 2B11, BD 561734, dilution 1:100), BV421 anti-FAS
(clone Jo2, BD 562633, dilution 1:300), PE-Cy7 anti-FAS (clone Jo2, BD 557653, dilution
1:500), AF647 anti-GL7 (clone GL7, BD 561529, dilution 1:500), AF647 anti-MYC (rabbit,
clone Y69, Abcam ab190560, diluted to 0.71 pg/ml), unconjugated anti-MYC (rabbit, clone
Y69, Abcam ab32072, diluted to 0.45 ug/ml) and AF647 anti-rabbit secondary antibody
(Life Technologies A21246, diluted to 2 pug/ml), BV510 anti-IgD (clone 11-26c¢.2a, BD
563110, dilution 1:500), PE anti-1gD (clone 11-26¢.2a, BD 558597, dilution 1:500), PerCP-
Cy5.5 anti-IgD (clone 11-26¢.2a, BioLegend 405710, dilution 1:500), APC anti-IgG1 (clone
A85-1, BD 560089, dilution 1:500), BV421 anti-lgG1 (clone A85-1, BD 562580, dilution
1:500), BV650 anti-1gG1 (clone RMG1-1, BioLegend 406629, dilution 1:500), APC anti-
IgM (clone 11/41, eBioscience 17-5790-82, dilution 1:500), BV711 anti-IgM (clone 11/41,
BD 743327, dilution 1:500), BV421 anti-Ig lambda light chain (11, 12, 13, clone R26-46, BD
744523, dilution 1:400), AF647 anti-pS6 (S6 phosphorylated at S235/236, clone D57.2.2E,
Cell Signaling Technology 4851, dilution 1:200), APC streptavidin (BioLegend 405207,
dilution 1:300) and PE-Cy7 streptavidin (eBio-science 25-4317-82, dilution 1:400).

To assess progression through S phase of the cell cycle, we performed dual nucleotide
pulse and staining as previously described (46). Briefly, mice were injected intravenously
with 1 mg of EdU (Thermo Fisher E10187) and 1 hour later with 2 mg BrdU (Sigma
B5002). Thirty minutes after the second injection, lymph nodes were harvested, and single
cell suspensions were prepared. After cell surface staining as described above, cells were
fixed and permeabilized using BD Cytofix/Cytoperm and BD Permeabilization Buffer Plus.
EdU and BrdU incorporation into DNA was assayed using the Click-iT EdU Pacblue Flow
Cytometry Assay Kit (Thermo Fisher C10418) and AF647 mouse anti-BrdU (clone 3D4,
BD 560209), respectively.

EdU staining on a slide

Mice were injected intravenously through the retro-orbital venous sinus with 1 mg EdU
(200 pl at 5 mg/ml) 1 hour before euthanasia. Spleens were processed and splenocytes
stained and sorted as described above. Myc®FP*+ and MycCFP~ GC B cells were sorted
on a BD FACSAria Il into PBE and immediately spun onto positively charged glass
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slides (VWR 48311-703) by cytospin using an Aerospray Pro slide stainer/cytocentrifuge
(ELITechGroup) and left to air dry for 2 hours. Cells were fixed with 4% paraformaldehyde
for 15 min at room temperature, washed three times with PBS, and left to dry overnight at
room temperature. Cells were then washed using PBS plus 3% BSA and permeabilized
using 0.5% triton-X for 20 min. EAU was detected using Click-iT Plus EdU Cell
Proliferation Kit for Imaging, AF647 dye (Thermo Fisher C10640). This included a staining
step with DAPI at 1 ug/ml final. Aqueous mounting media (Fluoromount, Sigma F4680) and
coverslips (VWR micro cover glass) were applied to slides right after staining, and imaging
was performed immediately.

Images were acquired on a Zeiss LSM 880 laser scanning confocal microscope with a

10x objective lens using 405 nm and 633 nm laser excitation for DAPI and AF647,
respectively, using the Zen software (Zeiss). Alternatively, images were acquired on an
Evos FL Digital inverted fluorescence microscope (Life Technologies) with a 10x objective
lens, a high-sensitivity monochrome camera (Sony ICX285AL CCD) and DAPI and Cy5
Evos light cubes to detect DAPI and AF647, respectively. Representative images shown
were acquired on the Evos instrument. All images were viewed and processed using the Fiji
software (72). Cyan and magenta lookup tables (LUTSs) were applied to DAPI and AF647
channels, respectively, for visualization.

Generation of stable DLBCL cells

Al constructs (EF1a-hBTG1, EF1a-hBTG19%H, EF1a-EV, EF1a-hBTG1-V5, EFla-
hBTG1?36H.v/5 and EF1a-EGFP-V5) were cloned into the pLEX_307 vector (a gift from
D. Root, Addgene 41392), which drives constitutive lentiviral expression of the open reading
frames (ORFs) as fusion proteins with a C-terminal V5 epitope tag under the control of

the EF1-alpha promoter, as well as puromycin resistance. ORFs with a stop codon were
used to express nontagged proteins, and ORFs lacking a stop codon were used to express
V5-tagged proteins. Human BTG1 ORF with stop codon was obtained in pPENTR221 vector
(Transomic) and used to PCR amplify BTG1 ORF without stop codon. Q36H mutation

was introduced into BTG1 with or without stop codon by site-directed mutagenesis using
Phusion HF polymerase (NEB) followed by Dpnl digestion. An empty control vector

(EV) was generated by Notl/Ascl double digestion of an ORF-containing pENTR/D-TOPO
vector, followed by blunting with T4 DNA polymerase and ligation. EGFP ORF without
stop codon was obtained in pENTR221 [a gift from D. Root, Addgene 25899 (73)]. All

of the above entry vectors were recombined into the pLEX_307 destination vector using

the Gateway LR Clonase Il enzyme mix (Invitrogen 11791-020). T39I, S43N, and A49T
mutations were introduced into BTG1-V5 by site-directed mutagenesis using Phusion HF
polymerase (NEB) followed by Dpnl digestion. Identity of all vectors was verified by
Sanger sequencing (Genewiz).

For lentivirus production, 2.5 million HEK293T cells cultured in complete Dulbecco’s
modified Eagle medium [DMEM (Thermo Fisher 11965118); 10% FBS, 2 mM glutamine,
50 U/ml penicillin, and 50 pg/ml streptomycin] were plated in a 10-cm-diameter plate for 24
hours before cotransfection with the expression construct, pMD2.G, and psPAX2 vectors at
a 4:1:3 ratio using Fugene HD (Promega E2311) for a total of 8 pg DNA per plate. After
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12 to 16 hours, medium was replaced. Virus-containing medium was collected at 48 and

72 hours after transfection, pooled, filtered, concentrated using PEG-it (System Biosciences
LV825A-1), and resuspended at 20X in 1X DPBS. Virus was used right away or stored
aliquoted at —80°C.

SU-DHLA4 cells cultured in complete RPMI (10% FBS, 2 mM glutamine, 50 U/ml penicillin,
50 pg/ml streptomycin, and 10 mM HEPES) were transduced at a multiplicity of infection
of 1 by adding concentrated virus to freshly plated cells. After 72 hours incubation, medium
was replaced with fresh medium containing 1 ug/ml puromycin, and cells were selected for
7 days, with fresh addition of puromycin-containing medium every other day. Expression of
the constructs was validated by gRT-PCR and Western blot (WB) from an equal number of
cells from cell suspension cultures.

Generation of stable human primary GC B cells

Fresh human tonsils were collected from the Department of Pathology at Weill Cornell/New
York Presbyterian (IRB protocol 0804009763). To generate human primary GC B cells
stably expressing BTG1WT versus BTG1Q36H, we adapted a procedure previously described
in detail (43). This involved isolating GC B cells from human tonsils, immortalizing

them through BCL2/BCLSG retroviral transduction (the CD2* marker was used to identify
immortalized cells), and stably expressing V5-tagged BTGIWT, BTG1Q36H or EGFP
through lentiviral transduction and puromycin selection (fig. S11D).

Tonsillar GC B cells were purified using human B cell negative selection isolation Kit

I (Miltenyi Biotec 130-051-151) with addition of IgD-BIOT (SouthernBiotech 9030-08,
dilution 1:100) and CD44-BIOT (SouthernBiotech 9400-08, dilution 1:100) antibodies to
remove naive and memory B cells. Purified GC B cells were cultured in RPMI (20%, 2
mM glutamine, 50 U/ml penicillin, 50 pg/ml streptomycin) at a concentration of 1 million
cells per ml, on irradiated (30 Gy) YK6-CD40Lg-1L21 feeder cells that carry puromycin
resistance (0.2 million cells per ml). GC B cells were replated every 3 to 4 days on freshly
irradiated YK6 feeder cells.

For virus production, Lenti-X 293T cells were plated in a 10-cm? dish 16 hours before
transfection at 0.2 million cells per ml in DMEM (10%, 2 mM glutamine, 50 U/ml
penicillin, 50 pg/ml streptomycin). For retrovirus production (BCL2-BCL6), vectors were
mixed as followed: 1 pg of pHIT60 (gag-pol), 1 pug of phCMV-GaLV MTR [a gift from D.
Hodson, Addgene 163612 (74)] and 4 pug of MSCV-BCL6-t2A-Bcl2 [a gift from D. Hodson,
Addgene 135305 (74)] and incubated for 45 min in 1 ml Opti-MEM with 18 pl of Trans-IT
(Mirus Bio MIR 2300) before addition to the Lenti-X 293T dish. For lentivirus production
(V5-tagged BTGIWT, BTG1Q36H EGFP), 8.3 ug of gag-pol vector pPCMVDeltaR8.91, 2.8
ug of envelop vector phCMV-GaLV MTR [a gift from D. Hodson, Addgene 163612 (74)],
and 11 pg of BTG1 constructs in pLEX_307 vector (described above for cell lines) were
incubated for 45 min in 1 ml Opti-MEM with 33 ul of Trans-IT (Mirus Bio, MIR 2300) and
added to the Lenti-X 293T dish. Viruses were collected and filtered (0.45 pm) 72 hours later
and frozen or directly used for infection of GC primary cells.
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For infection, 2 million GC B target cells with feeder cells were directly resuspended in
virus suspension at a virus:media ratio of 1:4 for retrovirus or 3:4 for lentivirus, with
addition of 8 pg/ml of polybrene (Santa Cruz sc-134220) and 25 pM HEPES. Cells and
virus mixtures were plated in 12-well plates and centrifuged at 1500g for 90 min at 32°C.
Virus-containing medium was replaced with fresh medium (RPMI 20%, 2 mM glutamine,
50 U/ml penicillin, 50 pg/ml streptomycin) immediately after centrifugation for retroviral
infection and at least 4 hours after centrifugation for lentiviral infection (43). Seventy-two
hours after lentiviral infections, cells were treated with 1 pg/ml puromycin for 10 days to
select for transduced cells. BCL2-BCLS6 positivity was continuously monitored by anti-CD2
flow cytometry. Experiments were performed when >95% puromycin-selected cells were
obtained within CD2* GC B cells.

mMRNA stability assay

Three independently generated and validated SU-DHL4 stable lines for each indicated
genotype were set at 1 million cells per ml in fresh complete RPMI and incubated at 37°C
for 24 hours, for cells to be growing exponentially and at similar medium composition at
the time of treatment. Cells were then collected (0 hours) or actinomycin D (Cell Signaling
Technology 15021) was added at 10 pg/ml final and cells were collected at the indicated
time points after treatment. Upon collection, cells were spun and directly resuspended

in TRIzol for RNA extraction, followed by cDNA synthesis and gRT-PCR analysis as
described above.

RNA immunoprecipitation (RIP)

Two or three independently generated and validated SU-DHL4 stable lines were used for
each indicated genotype per experiment. Thirty-five million cells per sample were set at 1
million cells per ml in fresh complete RPMI and incubated at 37°C for 24 hours, for cells

to be growing exponentially and at similar medium composition at the time of treatment.
Cells were collected, washed twice with cold 1X DPBS, and lysed in 175 pl Magna RIP
lysis buffer (from Millipore 17-700) with frequent vortexing for 10 to 30 min on ice.
Lysates were directly processed for RIP using magnetic beads, following the Magna RIP kit
instructions (Millipore 17-700) or kept at —80°C until processing. Anti-V5 mouse antibody
(7.5 ug; Abcam 27671) was used to pull down BTGIWT-V5 BTG1Q36H-v/5 or EGFP-V5
(negative control). Ten percent of lysate was saved pre-RIP as input RNA, 175 pl lysate was
RIPed, and the remaining lysate volume was saved for protein quantification by Bradford
to analyze by Western blot as input protein. Post-RIP, 6% of the beads suspension was
saved during the last wash to analyze by Western blot as RIP protein. RNAs were purified
from the beads and input RNA samples according to the Magna RIP kit instructions and
resuspended in 25 pl molecular grade RNase-free water. Equal RNA amounts were then
used for cDNA synthesis and gRT-PCR as described above. In the first experiment, RIP
was done in technical duplicates for each independent line (35 million cells each, two
independent lines per genotype). We observed highly similar pull-down efficiency between
technical duplicates (compare a and b replicates, fig. S9A), and thus subsequent experiments
were done with three independent lines and one RIP per genotype.
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Western blot

Cell volume

Three independently generated and validated SU-DHL4 stable lines for each indicated
genotype were set at 1 million cells per ml in fresh complete RPMI and incubated at 37°C
for 24 hours, for cells to be growing exponentially and at similar medium composition at
the time of treatment. For the starvation analyses, after the initial 24 hours incubation, cells
were resuspended in fresh complete RPMI without FBS, incubated for 4 hours at 37°C,
followed by resuspension in fresh complete RPMI (with 10% FBS) for 15 min, 30 min,

1 hour, and 2 hours, at which times cells were collected, spun, and directly lysed in lysis
buffer (50 ul per million cells set up). For the newly protein synthesis analyses, after the
initial 24 hours incubation, DMSO or MG132 (Selleck S2619) was added to cells for 5 uM
final MG132 (and 0.01% DMSO final for all samples), and samples were collected at the
indicated times after treatment, spun, and directly lysed in lysis buffer (50 ul per million
cells plated). For the protein stability analyses, after the initial 24 hours incubation, CHX
(stock kept in —80°C at 20 mg/ml in H,O, Santa Cruz Biotechnology 66-81-9) was added
to cells at 40 ug/ml final, and samples were collected at the indicated times after treatment,
spun, and directly lysed in lysis buffer (50 pl per million cells plated). After development
and signal quantification as described below, nonlinear regression curves were generated
using exponential one phase decay equation with plateau constraint to zero.

Lysis buffer composition was 20 mM HEPES KOH pH 7.5, 50 mM b-glycerophosphate, 1
mM EDTA pH 8.0, 1 mM EGTA pH 8.0, 0.5 mM Na3V04, 100 mM KCl, 10% glycerol,
and 1% Triton X-100, supplemented with complete protease inhibitor cocktail (Roche).
Protein concentration was determined by Bradford (Thermo Fisher 23236) and equal
protein amounts were separated by 10 or 12% SDS—polyacrylamide gel electrophoresis.
After electrophoretic transfer to BioTrace NT pure nitrocellulose blotting membrane (PALL
66485), membranes were stained with Ponceau, rinsed and blocked with 5% nonfat dry milk
(Biorad 1706404) unless indicated otherwise, in PBS containing 0.1% Tween-20. Proteins
were probed by overnight incubation at 4°C with the following antibodies: anti-V5 for
Western blot after RIP (rabbit, Sigma V8137, dilution 1:2000), anti-V5 for all other Western
blots (mouse, abcam 27671, dilution 1:2500), anti-alpha-tubulin (mouse, Sigma T6199,
dilution 1:5000), anti-beta-actin (mouse, Sigma 5441, dilution 1:15,000), anti-MYC (rabbit,
Cell Signaling Technology 5605, 1:1000), or anti-RPS3 (rabbit, Cell Signaling Technology
9538, 1:3000 in 5% BSA). Membranes were then incubated with HRP-conjugated anti-
mouse or anti-rabbit secondary antibody (Cell Signaling Technology 7076 or 7074)

or with IRDye 800CW anti-rabbit antibody (LI-COR 926-32211) for RPS3 detection.
Development was done with ECL (Thermo Fisher 32106) for HRP-conjugated antibodies
or directly for IRDye 800CW, either on a ChemiDoc Touch imaging system, ChemiDoc MP
Imaging System (BioRad) or using Amersham Hyperfilm (Thermo Fisher 45001508) and

a developer. Protein band intensities were quantified using the chemi-luminescence images
acquired on the ChemiDoc and the Image Lab software v6.1.0 (Bio-Rad).

measurement on Coulter counter

Three independently generated and validated SU-DHL4 stable lines for each indicated
genotype were set at 1 million cells per ml (in triplicates or quadruplicates) in fresh
complete RPMI and incubated at 37°C for 24 hours. Cells were then resuspended, and
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an aliquot of cell suspension was used immediately for cell volume (mean fL) analysis on a
Multisizer 4e Coulter particle analyzer (Beckman Coulter B43905).

Polysome profiling

Three independently generated and validated SU-DHL4 stable lines for each indicated
genotype were set at 1 million cells per ml in fresh complete RPMI and incubated at

37°C for 48 hours. Equal numbers of cells for each line (30 million or 100 million cells,
depending on experiment replicate) were treated with CHX at 100 pg/ml for 10 min at

37°C. Cells were then lysed on ice for 10 min in 400 pl lysis buffer containing 20 mM

Tris HCI pH 7.4, 100 mM KCI, 5 mM MgCls, 1% TritonX-100, 100 pg/ml CHX, 10 mM
DTT, EDTA-free protease inhibitors (Roche 11873580001,) and 500 U/ml RNasin RNase
inhibitor (Promega N2611). Lysates were cleared by centrifugation at 15,000¢g, 4°C for 15
min. Cleared lysate aliquots were saved as inputs, and remaining cleared lysates were loaded
onto a linear 20 to 50% sucrose gradient in 40 mM Tris HCI pH 7.5, 300 mM KClI, 20

mM MgCls,, and 100 pg/ml CHX. Samples were then centrifuged at 42,000 rpm for 3 hours
at 4°C using a TH641 rotor (Sorvall) in a Sorvall wX+ Ultra Series Centrifuge (Thermo
Scientific). After centrifugation, fractions were collected using a BioComp Gradient Station
ip. RNA content was measured at A260 concurrent with fraction collection using Triax Flow
Cell v1.50A software. AUCs and analyses thereof were calculated using Prism 8 software.

After collection, fractions were prepared for RNA precipitation by adding one-tenth of
fraction volume of 3 M NaOAc and 1 volume of fraction volume of isopropanol and
incubated at —80°C overnight. Precipitated RNAs were extracted and purified using the
Direct-zol RNA Miniprep kit and protocol (Zymo Research, R2050). After adding ERCC
spike-ins (Thermo Fisher 4456740) per same volume of RNA for all samples (input and
fractions) to be able to normalize for potential differences in efficiency of RT or gPCR
amplification, we used equal volumes of samples for RT and gPCR. For MYC, we generated
a standard curve using MYC dsDNA amplicons at 102 to 108 absolute copy number per
well. Details about primers used are included in table S8.

For WB analysis, fractions were prepared for protein precipitation by adding cold tri-
chloroacetic acid (TCA) at 15% final and incubated at —20°C overnight. Samples were
thawed on ice and centrifuged for 30 min at 15,000g, 4°C. Pellet was resuspended in

1 ml of cold 15% TCA to fully remove sucrose and salt and centrifuged again for 15

min at 15,000g, 4°C. The pellet was washed twice with 500 ul acetone and centrifuged
for 10 min at 15,000g, 4°C. Samples were then dried using speedvac and resuspended

in 1X LDS (Thermo Fisher BO007) diluted in RIPA buffer [50mM HEPES pH 7.4,

150 mM NaCl, 1% sodium deoxycholate, 0.1% SDS, 10 mM sodium pyrophosphate,

10 mM b-glycerophosphate, 1% NP-40, supplemented with 1 mM MgCl,, phosphatase
inhibitor cantharidin (Gold Biotechnology C-975-500), benzonase (EMD Millipore 71205-
3)] and protease inhibitor cocktail as follows: 115 mM sodium molybdate dihydrate
(Gold Biotechnology M-781-100), 100 mM sodium orthovanadate (Gold Biotechnology
S-930-25), 100 mM sodium fluoride (Alfa Aesar AAA1301930), 200 mM imidazole
(Gold Biotechnology 1-902-25), and 400 mM sodium tartrate dihydrate (Alpha Aesar
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AAA1618730). Samples were then boiled at 75°C for 15 min and analyzed by Western
blot.

UV cross-linking and immunoprecipitation (CLIP) and RNA radiolabeling

Immunoprecipitation and radiolabeling of RNAs bound to VV5-tagged proteins were
performed as previously described (75) with the following modifications: 20 million cells
were seeded 24 hours prior to cross-linking. Cells were centrifuged at 300g for 5 min,
washed in 10 ml of 0.22 mm filtered media, then centrifuged again and resuspended at a
final concentration of 4 million cells per ml in 0.22 pm filtered media. Cells were then
cross-linked with 150 mJ/cm? at 254 nm using a 254 nm UV cross-linker instrument
(HL-2000 HybriLinker, UVP) and centrifuged, and pellets snap frozen on dry ice.

Cross-linked cell pellets were resuspended in cold lysis buffer: 50 mM Tris-HCI pH 7.5, 300
mM NacCl, 0.5% Nonidet-P40 (IGEPAL CA-630), supplemented with complete EDTA-free
protease inhibitor (1 tablet per 25 ml, Roche 11873580001) and 1X phosphatase inhibitor
(100X Halt cocktail, Thermo 8440) prior to use. Cells in lysis buffer were sonicated using

a Branson Digital Sonifier Model 450 fitted with 3.125-mm tapered micro tip probe on ice
at 10% amplitude (2-s ON, 10-s OFF cycle, total 30 s). A Western blot was performed on
lysate aliquots to quantify the levels of \VV5-tagged proteins. Western blot lysates were first
treated with 5 U/ml RNasel for 10 min at 37°C to completely digest RNA. Cell lysates were
normalized according to the levels of VV5-tagged proteins. DNase | (0.002 U/ul; Thermo
Scientific EN0521) and RNase I (0.02 U/ml; Thermo Scientific AM2294) were used to
digest DNA and RNA in the cell lysate for 3 min at 37°C.

Anti-V5 antibody (2.5 pg; mouse, Abcam 27671, dilution 1:2500) was used for
immunoprecipitation (IP) of cross-linked RNA-protein complexes per sample. V5 antibodies
were first bound to Pierce Protein A/G Magnetic Beads (Thermo Scientific 88802) in

lysis buffer for 1 hour at 4°C. IP was performed in lysis buffer at 4°C overnight. As
previously described (75), bound RNA-protein complexes were washed twice with stringent
high-salt buffer (50 mM Tris-HCI pH 7.4, 1 M NaCl, 1 mM EDTA, 1% NP-40, 0.1%

SDS, 0.5% sodium deoxycholate) and twice with low-salt buffer (20 mM Tris-HCI pH 7.4,
10 mM MgCl,, 0.2% Tween-20). Half the IP lysate was used for Western blot to verify
levels of VV5-tagged proteins (anti-V5, Sigma V8137, dilution 1:2000). Western blot lysates
were treated with 0.2 U/ml RNasel for 10 min at 37°C to completely digest RNA. In the
remaining half of the IP lysate, RNA bound to pulled down proteins was labeled with 0.25
U/ul T4 PNK (New England Biolabs M0201) and 0.25 pCi/pl [y-32P]-ATP (Perkin Elmer
BLU002Z500UC). RNA-protein complexes were eluted from the beads in 1X NuPage LDS
Sample Buffer (Invitrogen NP0008) plus 10 mM DTT and run on an SDS-PAGE gel,

before transfer onto a nitrocellulose membrane. The membrane was then exposed using
autoradiograph film.

RNA-, RIP-, and BCR-sequencing sample preparation

RNA was extracted using TRIzol as described above, quantified with Qubit, and analyzed
for integrity using RNA Pico Chips (Agilent 5067-1513) on an Agilent 2100 Bioanalyzer
(Agilent Technologies). Samples with RNA integrity number (RIN) = 8 were further
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processed. On the basis of the available amount, 2 to 100 ng RNA was used for cDONA
synthesis and gRT-PCR to validate samples identity pre-library preparation. Equal amounts
of RNA were used for all samples for each experiment for library preparation. Libraries
were validated on the Agilent 2100 Bioanalyzer before sequencing and quantified using
Quant-iT dsDNA HS Assay (Thermo Fisher Q33120). Each library was generated with

a unique index sequence, and libraries were pooled with the same ratio for all samples

for sequencing, except for the RIP as described below. Library preparation, sequencing
and postprocessing of raw data was performed at the Epigenomics Core and Genomics
Resources Core facilities (WCM).

For SU-DHL4 RNA-seq, three independent stable lines were freshly generated as described
above, selected with 1 ug/ml puromycin for 4 days, enriched for viable cells by gradient
separation (Fico/Lite-LymphoH, R&D Systems 140150), and 200,000 viable cells were used
for RNA extraction. For library preparation, 200 ng RNA per sample was used.

For GC B cell bulk RNA-seq, live B220"FAS*™ GL7* cells were sorted from B220™ enriched
splenocytes on BD Influx as described above, from four CRE and five Q36H mice. Per
sample, 123,000 to 344,000 GC B cells were sorted, of which 120 to 236 ng RNA was
extracted.

For both SU-DHL4 and GC B cell bulk RNA-seq, libraries were prepared using lllumina
TruSeq stranded-mRNA sample kit and subjected to single read 50 bp sequencing on an
Illumina HiSeq 2500.

For Myc®FP*+ and MycCFP~ GC B cells RNA-seq, live B220*FASTCD38~ MycCFP+ or
MycCFP- cells were sorted from B220* enriched splenocytes on BD Influx as described
above, from two CRE and three Q36H mice. Per sample, 4000 to 8850 MycCFP+ GC B

cells and 155,000 to 250,000 MycCFP~ GC B cells were sorted, of which 1.9 to 3.8 ng
(MycGFP+) and 60 to 300 ng (Myc®FP~) RNA was extracted. Eleven PCR cycles and 0.95
ng RNA were used for all samples for library preparation using the Ultra-low input RNA kit
(Takara SMART-Seq v4), and samples were subjected to single read 50 bp sequencing on an
[llumina HiSeq.

For Bcl2+Q36H and Bcl2 lymphoma B cells RNA-seq, 300,000 GC B cells from Bcl2

and Bcl2+Q36H mice were sorted as live B220* FAS*GL7* cells from PNA* enriched
splenocytes on BD Influx or BD FACSArria Il at 8 months after transplantation. Per sample,
150 ng RNA was used for library preparation using lllumina TruSeq stranded-mRNA
sample kit followed by single read 50 bp sequencing on an lllumina HiSeq.

For SU-DHL4 RIP-sequencing, input and RIP RNAs were obtained from two independently
generated stable lines, each RIPed in duplicates from 35 million cells each as described
above. We recovered ~7 to 14 pg RNA from input samples and 500 to 1700 ng RNA from
RIP samples. We added ERCC RNA spike-ins (Thermo Fisher 4456740) per same volume
of RNA for all input or for all RIP samples to be able to normalize for possible global
changes in starting RNA amount and pull down RNA amount between samples. Of these,
we used 250 ng RNA in 50 pl for each of the input and RIP samples for library preparation
using TruSeg-stranded-mRNA sample kit. We used 22 nmol library for all input and RIP
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samples, except for the EGFP-V5 RIP samples, for which we added a maximum of 11 nmol
each (2:1 ratio, normalized during analysis). Samples were subjected to paired-end 50 bp
sequencing on a NovaSeq SP at 700 million reads to achieve 29 million reads per sample.

For BCR sequencing analysis, we used remaining splenocytes from Bcl2 and Bcl2+Q36H
mice at 8 months after transplantation that were not used for PNA enrichment and GC

B cells sorting, had been treated with red blood cell lysis solution (QIAGEN 158904),
and viably frozen in FBS with 10% DMSO. We thawed these splenocytes and extracted
gDNA using Puregene Gentra cell kit (QIAGEN 158388). gDNA (1.5 pg) was sent to
Adaptive Bio-technologies for ImmunoSeq assay to sequence a 125-bp-long VDJ region
around the IgH complementarity-determining region 3 (CDR3; see fig. S16B). Briefly,
the somatically rearranged IgH CDR3 was amplified using a two-step amplification,
bias-controlled multiplex PCR approach (76). The first PCR consisted of forward and
reverse amplification primers specific for every V and J gene segment and amplified the
hypervariable CDR3 of the immune receptor locus. The second PCR added a proprietary
barcode sequence and Illumina adapter sequences.

RNA-sequencing analysis

For all RNA-seq analyses, results were aligned to mm10 or hg19 using STAR (77) and
annotated to RefSeq using the Rsubread package (78). Differential expression was called
using edgeR generalized linear model with TMM normalization (79, 80) with thresholds

of FC >1.5 and Benjamini-Hochberg corrected £< 0.01. Murine Bcl2 and Bcl2+Q236H
tumors were additionally modeled using a batch correction for the respective cell sorter and,
because of sex imbalance between conditions, only autosomal genes were used for analysis.

Gene set enrichment was assessed using the GSEA algorithm, a computational method
based on the Kolmogorov-Smirnov test (34). GSEA network analysis was performed by
running GSEA using the Hallmark and Canonical Pathways gene sets from MSigDB.
Jaccard similarity index was calculated for all pairs of leading-edge genes from significantly
enriched signatures (FDR < 0.05; table S3). Network was then generated using the R igraph
package (81), adjusting size of node for degree of connectivity.

Unsupervised pathway analysis was performed using information-theoretic pathway
analysis approach as described previously (82). Briefly, pathways that are informative

about nonoverlapping gene groups were identified. Pathways annotations were used

from the Biological Process annotations of the Gene Ontology database (http://
www.geneontology.org), Human Protein Reference Database (http://www.hprd.org),
MSigDB C2 (http://www.gsea-msigdb.org/gsea/msigdb/human/genesets.jsp?collection=C2),
and signature categories from the Staudt Lab Signature database (83). Only human-curated
annotations were used from the Gene Ontology database, and only pathways with five genes
or more, and with 300 genes or less were evaluated. This pathway analysis estimates how
informative each pathway is about the target gene groups and applies a randomization-based
statistical test to assess the significance of the highest information values. We used the
default significance threshold of £< 0.005. We estimated the FDR by randomizing the input
profiles iteratively on shuffled profiles with identical parameters and thresholds, finding

that the FDR was always lower than 5%. For each informative pathway, we determined
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the extent to which the pathway was over-represented in the target gene group, using the
hypergeometric distribution, as described previously (82).

Unsupervised hierarchical clustering was performed on RNA-seq using most variable

genes (95th percentile for standard deviation across all samples). Euclidean distance was
calculated using log-transformed expression values for GC B cell RNA-seq from CRE and
Q36H samples [log(TPM+0.1)] and log-transformed FPKM expression values adjusted for
sorter batch effect using the ComBat function of the R package sva (84, 85) with parametric
empirical Bayes adjustment for the Bcl2 and Bcl2 +Q36H lymphoma RNA-seq. Hierarchical
clustering was then performed using Ward’s minimum variance method.

Motif analysis

HOCOMOCO (v11) motifs (86) were assessed for enrichment in gene promoter (TSS £
2kb) using CentriMO tool from the MEME framework (87, 88). Comparative enrichment
was evaluated within genes found unregulated in BTG1936H versus genes that were
expressed in SU-DHLA4 cells (FPKM > 0.1) and were non-differentially expressed. We
performed exact test to evaluate the significance of the number of best matches in the region
in the primary set compared with the number of best matches in the same region in the
control set of sequences.

RIP sequencing analysis

RIP sequencing results were aligned to a merged hg19-ERCC genome using STAR and
annotated to RefSeq using the Rsubread package. Read counts between samples were
normalized to ERCC spike-ins using the RUVg method (89). Differential RIP abundance
was called by a linear additive model using edgeR, adjusting for ERCC spike-ins and
subtracting input transcript level. Transcripts found to be lost in BTG1936H versus BTGIWT
pull-downs were filtered to remove any transcripts that were present less than twofold in
BTG1WT RIP versus input.

Targeted single-cell RNA sequencing

We sorted competing Q36H (CD45.1/2) and CREneg control (CD45.1) GC B cells (DAPI™
B220*CD4"FAS*CD38") as well as Tgy cells (DAPI"B220~CD4*CXCR5M PD-1M) from
n=4mice on a BD Influx sorter as described above. Samples were tagged, counted, and
multiplexed into three replicates at a Q36H: CREneg:TFH ratio of 60:28:12. BD Rhapsody
data were generated according to the manufacturer’s protocol. Briefly, a total of 25,000

to 30,000 cells was loaded per BD Rhapsody Cartridge, into two cartridges for single-cell
capture, followed by reverse transcription and exonuclease | treatment, library preparation,
and sequencing on a NextSeq500, using 75 bp paired-end sequencing. The targeted panel
of n=496 genes (table S7) comprised BD Rhapsody mouse immune response panel (BD
633753, n=397) plus a custom set of genes implicated in GC or lymphoma biology (7=
99) designed with help from BD. Fastq files were uploaded to Seven Bridges Genomics.
Data were demultiplexed and sequences were analyzed with BD’s Rhapsody pipeline (BD
Rhapsody Analysis Pipeline 1.4 Beta) on Seven Bridges (www.sevenbridges.com). This
pipeline included RSEC and DBEC filtration of UMI counts and generated a sparse matrix
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file of features by barcodes. This sparse matrix data were read into R using the R package
Seurat v3.0.2 (90). Data were then scaled and log normalized.

We focused on GC B cell clusters for downstream analysis, on the basis of CdZ9expression
and absence of Ca4 or Cd8expression. Linear dimensional reduction was performed

by calculation of PCA from the most variable genes. Cells were then clustered using a
resolution value of 0.5 and visualized by UMAP determined from dims 1:10. Module scores
were calculated using the AddModuleScore function with a control value of 5. Individual
genes and module scores were projected and used for appropriate classification of clusters.
Single cells were assigned to populations (DZ, LZ, or LZ-to-DZ recycling) on the basis of
high score of gene markers and module scores per cluster.

Single-cell trajectory analysis

Cell cycle phase identities were assigned by the Seurat CellCycleScoring function. RNA
trajectory analysis was performed using the R package Slingshot v1.2.0 (91). This package
was used to create a “pseudotime” based on a combination of PCAs 1 and 2 calculated by
Seurat, using cells identified as S phase cells as the anchor point. Cells that belonged to a
pre-memory B cell cluster on the basis of Ca38expression were excluded, and lineage plots
were generated by projecting pseudotime onto cells mapped by PCAs 1 and 2. Pseudotime
density plots were generated using cell cycle phase identity and the ggplot2 v3.2.1 geom_
density function. The difference in density between genotypes was determined by using the
density function in R on the pseudotime density plot for each genotype and subtracting

the CREneg density Y values from the Q36H density Y values. These differences were

then plotted by ggplot2 geom_col function. Difference in density distribution was tested

by Wilcoxon rank sum test on the pseudotime values for each genotype. Scatterplots were
created by plotting pseudotime on the x axis and module scores on the yaxis. Average score
and confidence interval per genotype were plotted with the geom_smooth function.

WGS driver analysis

Whole-genome sequencing (WGS) alignments for 101 DLBCL and matched normal sample
pairs were retrieved as hg19-aligned BAM files from the European Genome Archive (https://
ega-archive.org/, EGAD00001002123) and stripped of alignment information via Picard
tools RevertSam, according to GATK best practices (https://software.broadinstitute.org/gatk/
best-practices) to generate unmapped BAM files. The unmapped BAM files subsequently
underwent alignment to hg38 and somatic variant calling for SNVs, indels, and structural
variants (SVs) via the Sarek pipeline v2.5.1 (https://github.com/nf-core/sarek). Briefly, the
Sarek pipeline (92) applies BWA mem alignment, duplicate removal, base recalibration,
somatic SNV/indel calling via Strelka2 (93), somatic SV calling via Manta (94), and variant
annotation with VEP (95). In summary, this pipeline yielded VVCF files containing 1.36
million SNVs across 101 DLBCL cases, which were used for downstream analyses.

FishHook (https://github.com/mskilab/fishHook) was used to model background mutational
processes and nominate DLBCL mutational hotspots across the cohort of 101 DLBCL cases
(see above). FishHook takes as input mutation calls (e.g., VCF), a set of hypothesis intervals
(.bed files), an eligible territory (.bed file), and a set of genomic covariates (.bed, .bw files)
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and outputs a model of mutation density and hypothesis intervals associated with a P value
and enrichment score. Briefly, fishHook (96) models genome-wide somatic mutation density
in tumor genomes across the intersection of an eligible territory (e.g., coding sequences,
mappable genomic regions) and set of hypothesis intervals (e.g., genes) as a function of
genomic covariates, which can represent sequence context composition, chromatin features,
or the fractional overlap with reference genomic annotations. The maximum likelihood

fit of a fishHook model, implemented as a gamma-Poisson regression, assigns weights to
covariates and an expected mutation density to each hypothesis interval. An enrichment
value is computed at each hypothesis interval as the ratio of observed to expected mutation
density. The model is further used to define a cumulative distribution function (CDF) for
mutation density at each interval. Each interval is then assigned a one-sided P value as the
probability that the mutation density is greater or equal than the observed density.

FishHook was applied to analyze the distribution of 1.36M DLBCL SNVs across 24,498
protein coding genes (GRCh38) using coding sequences as the eligible territory a set of
genomic covariates representing B cell-specific transcriptional and chromatin state. To
generate the set of covariates, we annotated .bed files of protein coding genes with the
number of ATAC-seq peaks from human purified GC B cells (unpublished data) within 100
kb, the number of GC B cell H3K27ac ChlP-seq defined super-enhancers within 100 kb, and
the number of TSS within 100 kb for genes expressed >1 TPM in human GC B cells (RNA-
seq). Super-enhancers were called from previously reported H3K27ac ChlP-seq data from
human purified GC B cells (97) using the ROSE method (98).The resulting fishHook model
with three covariates was fit to annotate genes with Pvalues and enrichment scores (table
S1). We labeled genes with (Benjamini-Hochberg) FDR < 0.01 as significant. We generated
Q-Q plots by pairing observed —log10 transformed quantiles of observed P values () axis)
with their corresponding —log10 transformed quantiles from the uniform distribution (x
axis). A genomic inflation factor A was computed as the slope of a least-squares regression
line fitting these data while intercepting the origin. The value of A (<1.05) was consistent
with minimal statistical inflation (99).

BCR sequencing analysis

Initial immunoSeq BCR sequencing data processing was performed using the immunoSeq
Analyzer 3.0 (Adaptive Biotechnologies). Only sequences associated with at least five
templates were retained for further analysis. BCR repertoire sequencing data was then
analyzed using the Immcantation (www.immcantation.org) framework. VVDJ genes for each
sequence were aligned to the IMGT GENE-DB database accessed 22 June 2021 (100) using
IgBlast v1.17.1 (101) and Change-O v1.1.0 (102). Only IMGT V-gene sequences obtained
from C57BL/6 mice were included in the reference database. Nonproductive BCRs were
removed. Sequences were grouped into clonal clusters, which contain B cells that relate to
each other by somatic hypermutations from a common VDJ ancestor. Sequences were first
grouped by common IGHV gene annotations, IGHJ gene annotations, and junction lengths.
Using the hierarchicalClones function of scoperv1.2.0 (103), sequences within these groups
differing by a length normalized Hamming distance of 0.1 within the CDR3 region were
defined as clones using single-linkage hierarchical clustering (104). This threshold was
determined through manual inspection of distance to nearest neighbor plots using shazam
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v1.1.0 (105). Within each clone, germline sequences were reconstructed with D segment
and N/P regions masked (replaced with “N” nucleotides) using the createGermlines function
within dowser (106).

Somatic hypermutation was calculated as the Hamming distance between each sequence
and its predicted unmutated germline ancestor. Because immunoSEQ data contains only

the partial V-gene sequence, only between 69 and 108 nucleotides of region FWR3 were
used in this calculation. To quantify B cell clonal diversity, we calculated Simpson’s
diversity for each sample using the alphaDiversity function of alakazamv1.2.0 (102).
Lower values of Simpson’s diversity indicate a greater probability of two random sequences
belonging to the same clone, consistent with more large clones. To account for differences
in sequence depth, samples within each comparison were down sampled to the same number
of sequences, and the mean of 1000 such resampling repetitions was reported. Samples
with fewer than 30 sequences were excluded. Clonal lineage trees were built using dowser
v1.0.0 (106) and IgPhyML v1.1.4 (50). Because predicted germline junction sequences are
masked, only V-gene sites were used to build lineage trees and estimate substitution model
parameters. Codons split by insertions relative to the IMGT germline reference sequences
were masked using the maskSequences function in dowser. Lineage tree topologies, branch
lengths, and subject-wide substitution model parameters using maximum likelihood under
the GY94 model (107). Using fixed tree to-pologies estimated from the GY94 model, we
then estimated branch lengths and subject-wide parameter values under the HLP19 model
(50). Only clones containing at least two unique sequences and a total >100 sequence reads
were included. Trees were visualized using dowserand ggtree v3.3.1.901 (108).

In silico GC modeling

An agent-based GC model with molecular events of GC B cell selection based on DisseD
theory (47) was used to perform in silico simulations. The model uses elements described
before (109-111) and differential equations describing evolution of the signaling molecules
mTOR, Myc, and FoxO. A three-dimensional lattice with chemokine gradients is used

to represent the GC area and incorporates randomly distributed Tgy cells and follicular
dendritic cells. Founder GC B cells enter the GC area with a fixed rate for an initial time
period, undergo six divisions, and eventually acquire a LZ phenotype. LZ B cells interact
with follicular dendritic cells, resulting in the acquisition of antigen with an affinity-based
probability. A four-dimensional shape space (112) is used to represent the B cell affinity,
where the position of a B cell with respect to a predefined optimal position denoting the
antigen corresponds to the affinity of the cell. Successful antigen collection is followed by
interactions with Try cells. When multiple B cells are bound to the same Tgy cell, the Ty
cell polarizes toward and signals the B cell with the highest amount of antigen collected.
Acquisition of antigen and interaction with Tgy cell induces changes in the levels of mTOR,
Myc, and FoxO molecules. Time period of interaction with follicular dendritic cells and Tgy
cells ends, and a fate decision is initiated, either at the time when mTOR reaches a threshold
value or when the time exceeds a maximum time period of 18 hours. GC B cells with Myc
and mTOR levels reaching predefined threshold values are selected. Selected cells return to
the DZ phenotype and divide a certain number of times, as determined by Myc levels at the
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time of selection by Tgy cells. Detailed description of the GC model and parameter values
are provided in the supplementary text of (47).

Two models were considered to recapture the behavior of BTG1 mutant GC B cells. In

the first model, we considered a faster up-regulation of mMTOR and Myc: The rate of

mTOR and Myc up-regulation in Btgl mutant GC B cells upon contact with TFH cells was
increased 1.12 times as compared with WT cells. In the second model, we considered a
faster up-regulation of mTOR and Myc, coupled with a shorter S phase duration: In addition
to the 1.12 times faster up-regulation of mTOR and Myc, Btgl mutant GC B cells were
assumed to undergo accelerated S phase progression. Average S phase duration of mutant
GC B cells was shortened by 21% as compared with WT cells.

Each of the two models were tested with different simulation setups, corresponding to the
competitive and noncompetitive in vivo experiments. In the competitive setup, founder GC
B cells at the start of the simulation were assigned as either Btgl mutant or WT with a
probability of 0.5, for equal starting proportions of mutant and WT GC B cells. Positions of
GC B cells in the shape space were chosen at a distance of 2 from the optimal position, to
mimic the high affinity of B1-8" cells. For the noncompetitive setup, separate simulations
were performed with 100% cells being WT or Btg1l mutant GC B cells, and affinities

were randomly chosen. Each simulation was repeated 300 times, and the mean and SD
values were calculated. To quantify the relative difference between mutant and WT, mutant
readouts were normalized with corresponding WT readouts. In vivo experimental data were
normalized in a similar way for comparison to in silico simulation results. Simulations were
performed with C++, and statistical tests were performed using R.

Survival analyses on human ABC-DLBCL cases

Statistics

Kaplan-Meier estimator was used to estimate the overall survival probability followed by
log-rank test to compare the difference between B7G1 mutational status. Univariable and
multivariable Cox regression were used to assess the overall survival difference between
BTG1 mutational status, adjusting for IP1, LymphGen call, and sex. All analyses were
performed in statistical software SAS v9.4 (SAS Institute).

For all statistical analyses, sample size (1) for each experimental group, the nature of
replicates, and details for statistical tests used were specified either in the figure legend,
main text, or the methods section.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Quantile-quantile plot of observed and expected Pvalues from a gamma-Poisson

distribution for single nucleotide variants across 101 germline-

matched whole genome-

sequenced DLBCLs. Mutated genes with FDR < 0.001 are depicted with a red dot. (B)
BTG1 protein and frequency, type, and location of mutations in /7= 272 unique cases out
of n=2407 DLBCLs. LxxLL motifs mediate interaction with nuclear receptors. (C) BTG1
homology model (residues 1 to 129) based on a structural reference of BTG2 (Protein
Data Bank 1D 3DJU) showing mutation frequency. N- and C-terminal ends are denoted.
Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D,
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Fig. 2. Btg1Q36H generates supercompetitor GC B cells.
(A) In vivo competitive assay schematic and representative flow cytometry plots for gating

Q36H and CREneg from transferred germinal center (GC) B and non-GC B cells. Graph
represents pooled mice from three independent experiments, each with 7= 2 or 3 mice per
time point. Mean £ SD, paired ftest (two-tailed). (B) Competitive assay between mature B
cells expressing Btg1Q36H versus Btg1lWT from Rosa26 (R26) knock-in alleles that differ by
a single nucleotide. Representative flow cytometry plots for gating antigen-specific (Ag-spe,
lambda*NP*) naive B (NB, CD138"B220*IgD*) and GC B (FAS*CD38~) WTKI and Q36H
cells at day 14 after immunization. Graph represents pooled mice from two independent
experiments, representative of three [day 7 (d7) and d14] or two (d10) independent
experiments, each with 7= 3 to 5 mice per time point. Mean + SD, paired ¢test (two-tailed).
(C) Experimental schematic for the adoptive transfer of B cells with an endogenous B cell
receptor repertoire to compete with wild-type recipient cells. Representative flow cytometry

Science. Author manuscript; available in PMC 2023 September 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Mlynarczyk et al.

Page 47

plots on live B cells (DAPI-B220%) at day 21 after NP-KLH immunization, for gating
transferred cells (CD45.2) of the indicated genotypes within GC B cells. Graph represents
mice combined from three independent experiments, with 9 to 14 mice total per genotype
and time point. Mean £ SD, unpaired #test (equal SD, two-tailed). s.c., subcutaneously.
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Fig. 3. Mutant BTG1 induces MY C-related biosynthetic programs.
(A) Gene set enrichment analysis (GSEA) network showing canonical and hallmark gene

sets positively enriched in Q36H versus CRE up-regulated genes [normalized enrichment
score (NES) = 1.25; FDR < 0.05]. Distance between two enriched gene sets was calculated
as the Jaccard index (size intersection: size union) using leading-edge genes. The circle
size represents the degree of connectivity to which each gene set is attached to others.

(B) GSEAs showing LZ-to-DZ recycling GC B, MYC, and mTORC1 activation signatures
enrichment in Q36H versus CRE mouse GC B cells (left) and in BTG1 mutant versus

WT DLBCL cases in the BC Cancer Agency (BCCA) cohort (right) (23). LZ-to-DZ
recycling GC B signature is DECP_UPREG [7= 221 mouse genes (left); 7= 201 human
orthologs (right)]; MYC signature is SCHUHMACHER_MYC_TARGETS_UP [7=80
mouse orthologs (left); 7= 75 genes represented in the BCCA dataset (right)]; mTORC1
signature is PENG_RAPAMYCIN_RESPONSE_DN [7=242 mouse orthologs (left); n=
230 genes represented in the BCCA dataset (right)]. Enrich., enrichment score. (C) Graph
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showing quantification of RNA extracted from 200,000 mouse GC B cells. One experiment,
n=4and 5 mice per genotype. Mean * SD, unpaired #test (equal SD, two-tailed).

(D) Representative flow cytometry histograms showing cell size measurement as forward
scatter area (FSC-A) in GC B (FAS*CD38") and non-GCB (FAS~CD38") cells (left). Graph
showing geometric mean (gMean) of FSC-A from one experiment, 7=5 and 6 mice per
genotype, representative of at least three independent experiments (right). Mean + SD,
unpaired ttests (two-tailed). (E) Experimental schematic and representative flow cytometry
plots showing MycCFP* cells (green) in centroblasts (CB) and centrocytes (CC). (F) Bar plot
showing proportion of MycCFP+ cells in CC. One experiment with 7= 3 and 4 mice per
genotype, representative of at least three independent experiments. Mean + SD, unpaired ¢
test (two-tailed). (G) Genes (7= 201) depicted with red dots present higher expression (FC
> 1.2) in GFPMYC* versus GFPMYC~ GC B cells comparing Q36H mice () axis) to CRE

mice (xaxis). (H) Hypergeometric mean analysis for the 201 genes identified in (G). The
Myc immediate early signature consists of Myc-dependent genes induced by 8 hours in Myc
WT/flox B cells (39). Genes in this and other gene signatures are included in supplementary
table S4.
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Fig. 4. Q36H mutation disrupts BTG1-MYC mRNA association and enhances MY C protein
synthesiskinetics.

(A) Heatmap showing n= 732 BTG1WT-associated (BTG1WT RIP/input log2FC > 2, g

< 0.05) and BTG1Q36H-|ost (BTG1Q36H/BTG1WT log2FC > 2, g < 0.05) transcripts by
RIP-seq, using V5 antibody in SU-DHL4 DLBCL cells overexpressing V5-tagged BTGIWT
or BTG1Q36H A7yCand leading edge genes from positively enriched LZ-to-DZ recycling
GC B, MYC, and mTORC1 signatures in BTG1236H versus BTG1WT are labeled. (B)
Signatures enriched for up-regulation of the 7= 732 BTG1WT-associated and BTG1Q36H-
lost transcripts as determined by hypergeometric mean analysis. (C) RIP-gPCR for MYC
mRNA in indicated SU-DHL4 V5-tagged DLBCL cells. Mean * SD of enrichment in RIP
over input samples, normalized to BTGIWT-V5, Three independent experiments, each with
n=2 or 3 independently generated lines per genotype. Unpaired #test (equal SD, two-tailed,
versus EGFP or as indicated). (D) Representative MY C flow cytometry histograms of
SU-DHL4 DLBCL cells expressing V5-tagged BTGIWT (WT-V5) or BTG1Q36H (Q36H-
V5) and treated with 5 uM MG132 for 0 or 2 hours. Proportions of MY C-positive cells
(MYC™) are indicated. Staining with isotype control is included. Graphs show proportion

of MYC* cells (left) or MYC protein levels within MYC™ cells (right) as measured by

flow cytometry in three independent experiments, each with 7= 2 or 3 independently
generated lines per genotype, shown as fold change relative to WT-V5 0 hour mean

value per experiment. Mean * SD, two-way analysis of variance (ANOVA) for Q36H-V5
versus WT-V5. gMeanFI, geometric mean fluorescence intensity. (E) Polysome profile of
BTG1WT-V5 and BTG1Q36H-v/5 expressing SU-DHL4 cells. Mean (line) + SD (shade) from
n= 3 independently generated lines per genotype except fractions 4 to 9: n=2 Q36H

lines owing to technical loss of one line. One experiment representative of two independent
experiments. (F) Bar plot shows the area under the curve (AUC) for indicated portions of the
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polysomal traces from (E), as percent of the total AUC average per genotype. Mean + SD,
unpaired ttest (equal SD, two-tailed). (G) Absolute MYC mRNA levels from fractions in
(E) and (F), pooled as indicated. 7= 2 independently generated lines per genotype. Mean +
SD, unpaired ftest (equal SD, two-tailed).
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Fig. 5. Faster S phase completion and DZ program commitment in Btng36H LZ-to-DZ
recycling cells.
(A) Experimental design for targeted single-cell RNA sequencing for /7= 496 genes in

competing Q36H and CREneg GC B cells from 7= 4 mice pooled into three biological
replicates. (B) Dark zone (DZ), light zone (LZ), and LZ-to-DZ recycling GC B cells were
defined on the basis of signatures enrichment and of Mk767and Cd86 marker expression
levels, projected onto the uniform manifold approximation and projection (UMAP)
distribution of cells (7= 2982). Centroblast (CB) and centrocyte (CC) signatures correspond
to genes down-regulated or up-regulated in CC versus CB, respectively. MycGFP* signature
represent genes up-regulated in MycC® P+ versus MycCGFP~ CRE control GC B cells from
Fig. 3E; mTORC1 signature is PENG_RAPAMYCIN_RESPONSE_DN; DECP signature

is LZ _DECP_upreg and Myc immediate early signature consists of Myc-dependent genes
induced by 8 hours in Myc WT/flox B cells. Genes in these signatures are included in table
S4. (C) Distribution of cells enriched for G1, S, and G2/M signatures (top) and of Q36H
and CREneg GC B cells differential density across a Slingshot cell cycle pseudotime axis.
Difference in distribution of Q36H and CREneg cells by Wilcoxon test. (D to F) Distribution
of Q36H and CREneg GC B cells based on their enrichment for (D) LZ-to-DZ recycling
GC B signature, (E) DZ signature, or (F) G2/M signature, across the Slingshot cell cycle
pseudotime axis. (D) Pseudotime units 9 to 14 correspond to LZ-to-DZ recycling GC cells
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(score > 0). [(E) and (F)] Pie charts represent Q36H or CREneg GC B cells with (E) a DZ
score > 0 or (F) a G2/M score > 0, as a proportion of LZ-to-DZ recycling cells (pseudotime
units 9 to 14) from (D). Chi-square Pvalue. (G) Experimental design for in vivo cell cycle
profiling by EdU/BrdU dual staining of competing Q36H and CTRL GC B cells (top).
Representative flow cytometry plots for CC and CB in S phase, mid-late S phase, and post
S phase (middle). Graphs show data pooled from three independent experiments, with /7=

3 or 4 mice each (bottom). Mean + SD, paired ¢test (two-tailed). (H) Experimental design
to measure S phase-experienced Q36H and CRE MycCFP* cells in vivo by EdU staining
coupled with immunofluorescence (IF). Representative IF images are shown. Bar plot shows
quantification from two independent experiments, each with 7= 2 or 5 mice per genotype.
Each dot represents one individual field of view with a minimum five cells per field of view.
Mean + SD, unpaired ¢test (two-tailed).
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Fig. 6. Accelerated LZ-DZ recycling kineticsin Btng36H GC B cells.
(A) In silico readout for the number of LZ-DZ cycles undergone by competing Btgl mutant

versus WT GC B cells at day 10 after immunization, using the GC mathematical model in
which mutant GC B cells are provided with 1.12 times faster T cell help response (faster
up-regulation of Myc and mTORCZ1) and 21% shorter S phase. Each dot is a readout from
a single simulation (7= 300). Difference by Wilcoxon test considering the mutant and WT
readout from the same simulation as paired samples. (B) Schematic of the system used to
deliver targeted Tgy cell help to competing GC B cells in vivo. (C) Experimental design for
the targeted delivery of Tg cell help to competing DEC205** WT and Q36H GC B cells
in vivo and tracking their centroblast (CB) versus centrocyte (CC) identity over time. (D)
Representative gating flow cytometry plots for C. (E) Graph shows pooled data for (C) and
(D), from two experiments, each with 7= 3 to 5 mice per time point. Paired #test, two-tailed.
(F) Schematic model. More-rapid GC LZ-DZ cycles in Btgl mutant (MUT) GC B cells,
because of faster response to Try cell help via accelerated Myc protein induction, more
rapid S phase completion and earlier commitment to DZ transcriptional program, explain
the progressive competitive fitness gain of Btg1@3¢H GC B cells over the course of the GC
reaction. Rec, LZ-to-DZ recycling.
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Fig. 7. Mutant BT G1 drives formation of highly aggressive B cell lymphomasin mice and
humans.

(A) Experimental design for testing contribution of the R26'S!-B191Q36H/* gjlele to Bcl2-
driven lymphomagenesis. (B) Kaplan-Meier curves depicting overall survival of groups
described in (A) in days after transplantation, assessed by either time of death or euthanasia
upon sickness development. Log-rank (Mantel-Cox) test performed as indicated. (C) Image
of n=5 spleens per group at 8 months after transplantation. (D) Consecutive spleen
sections from Bcl2 and Bcl2+Q36H mice at 8 months after transplantation stained with
H&E or by immunohistochemistry (IHC) for B cells (B220 antibody) or GC B cells (PNA).
Representative of 7=5 mice per genotype. (E) Consecutive lymph node sections from Bcl2
and Bcl2+Q36H mice at 8 months after transplantation stained with H&E or by IHC for
proliferating cells (Ki67). Representative of 7=5 mice per genotype. (F) Consecutive liver
sections from Bcl2 and Bcl2+Q36H mice at 8 months after transplantation stained with
H&E or by IHC for B cells (B220). Representative of /7= 4 mice per genotype. (G) B cell
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lineage trees from BCR sequences analysis (ImmunoSeq) in Bcl2 and Bcl2+Q36H mice at 8
months after transplantation. The B cell clone with the most sequence reads for each mouse
(mouse number indicated in the bottom) is shown. Branch lengths represent the estimated
number of somatic hypermutations between nodes. Scale bar denotes 10 mutational events.
Trees from 7= 2 mice, representative of 7=5 mice per genotype (fig. S16F), are shown.
(H) H&E staining on indicated tissue sections from Bcl2 and Bcl2+Q36H moribund mice.
Representative of 7= 6 mice per genotype. Low-grade follicular lymphoma-like centrocytes
shown in Bcl2 mice. In Bcl2+Q36H mice, white arrowheads depict large immunoblastic
cells; yellow, plasmacytoid cells; and orange, a large-size DLBCL-like cell. (I) Kaplan-
Meier curves depicting overall survival of ABC-DLBCL patients combined from publicly
available cohorts (9, 23, 24), based on their BTG status. Log-rank test was performed.
Censored events are indicated below the graph. (J) Univariate and multivariate analyses in
ABC-DLBCL cases from the same combined cohorts as in (I). HR, hazard ratio with 95%
confidence interval. Pvalue from Wald chi-square test for HO:HR = 1.
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