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SUMMARY
The transcription factor forkhead box O1 (FOXO1), which instructs the dark zone program to direct germinal
center (GC) polarity, is typically inactivated by phosphatidylinositol 3-kinase (PI3K) signals. Here, we inves-
tigated how FOXO1 mutations targeting this regulatory axis in GC-derived B cell non-Hodgkin lymphomas
(B-NHLs) contribute to lymphomagenesis. Examination of primary B-NHL tissues revealed that FOXO1 mu-
tations and PI3K pathway activity were not directly correlated. Human B cell lines bearing FOXO1mutations
exhibited hyperactivation of PI3K and Stress-activated protein kinase (SAPK)/Jun amino-terminal kinase
(JNK) signaling, and increased cell survival under stress conditions as a result of alterations in FOXO1 tran-
scriptional affinities and activation of transcriptional programs characteristic of GC-positive selection. When
modeled in mice, FOXO1mutations conferred competitive advantage to B cells in response to key T-depen-
dent immune signals, disruptingGChomeostasis. FOXO1mutant transcriptional signatureswere prevalent in
human B-NHL and predicted poor clinical outcomes. Thus, rather than enforcing FOXO1 constitutive activity,
FOXO1 mutations enable co-option of GC-positive selection programs during the pathogenesis of GC-
derived lymphomas.
INTRODUCTION

Germinal centers (GCs) are transient microanatomical structures

that support the positive selection and expansion of B cell clones

with increasing antigen receptor affinities (Mesin et al., 2016; Vic-

tora and Nussenzweig, 2012). During this process, B cells

compete to capture help from T follicular helper cells in the light

zone of the GC, which is provided by strong co-stimulatory im-

mune signals (Victora and Nussenzweig, 2012). ‘‘Affinity-

selected’’ B cells then travel to and expand in the dark zone of

the GC, where they hypermutate their antigen receptors and re-

turn to the light zone for a new round of selection. Iterations of

this cycle in each GC are necessary to produce refined B cell
Im
repertoires and ensure the success of adaptive immune re-

sponses (Mesin et al., 2016; Victora and Nussenzweig, 2012).

A majority of B cell non-Hodgkin lymphomas (B-NHLs) originate

from GC B cells (Basso and Dalla-Favera, 2015) and accumulate

somatic genetic alterations that lead to dysregulation of

signaling circuits and gene programs essential to GC physiology

(Basso and Dalla-Favera, 2015; Mlynarczyk et al., 2019; Shaffer

et al., 2012). Understanding the precisemechanistic contribution

of these alterations to B-NHL pathogenesis is critical to define

better clinical stratification and therapeutic strategies.

The transcription factor FOXO1 (forkhead box O1) coordinates

gene networks defining B cell fate and transcriptional responses

downstream of key immune receptors (Dengler et al., 2008; Lin
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Figure 1. Correlates between FOXO1 mutations, subcellular localization, and PI3K/AKT signaling status in human DLBCL

(A) Distribution of 37 FOXO1 mutations found in a series of 345 primary DLBCL (BCC lymphoma collection), colored by categories (Arthur et al., 2018; Ennishi

et al., 2019). ‘‘Other’’ refers to in-frame deletions or frameshift mutations.

(B) Representative images of DLBCL samples stained for FOXO1 (left, subcellular distribution) and p-AKT S473 (right, immunohistochemical-IHC scores) via

immunohistochemistry. Scale bars, 100 mm.

(C) Left: summary of FOXO1 subcellular distribution in WT or mutant FOXO1 DLBCL cases. Cases with no detectable FOXO1 protein are scored as ‘‘negative.’’

Chi square test, not significant. Right: FOXO1 subcellular distribution in mutant cases is shown, subdivided into ‘‘T24’’ (mutations in M1 or R19-L27 segment) and

non-‘‘T24’’ mutations.

(D) p-AKT scores in WT or mutant FOXO1 patient samples stratified by FOXO1 mutation status. ns, non-significant (Mann-Whitney U test).

(legend continued on next page)
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et al., 2010). FOXO1 instructs the dark zone program required for

the establishment of GC polarity by controlling expression of

chemokine receptors (i.e., CXCR4) and immune activation

genes. These functions are critical for B cell affinity maturation

(Dominguez-Sola et al., 2015; Inoue et al., 2017; Sander et al.,

2015). Immune receptor signaling cascades (i.e., B cell receptor)

promote AKT-mediated FOXO1 phosphorylation, nuclear

export, and inactivation (Su et al., 2011; Yusuf et al., 2004).

Recurrent missense somatic mutations targeting FOXO1 can

be found in a significant fraction of GC-derived, aggressive var-

iants of B-NHL (29%–54%Burkitt lymphomas,�10%of de novo

and 36% relapsed or refractory diffuse large B cell lymphomas,

and �15% transformed follicular lymphomas; Grande et al.,

2019; Morin et al., 2013, 2016; Pasqualucci et al., 2014; Zhou

et al., 2019). Although loss-of-function alterations in FOXO1

are found in a variety of solid tumors and in Hodgkin’s lymphoma

(Paik et al., 2007; Xie et al., 2012), current models suggest that in

B-NHL, FOXO1 mutations are pro-oncogenic gain-of-function

alleles, resulting in impaired phosphatydil-inositol 3-kinase

(PI3K)/AKT-phosphorylation-mediated FOXO1 inactivation and

constitutive FOXO1 signaling (Kabrani et al., 2018; Trinh et al.,

2013). Moreover, the presence of FOXO1 mutations is associ-

ated with worse clinical outcomes and disease progression in

some studies (Morin et al., 2016; Pasqualucci et al., 2014; Trinh

et al., 2013), and FOXO1 programs can sustain lymphoma B cell

survival (Kabrani et al., 2018; Trinh et al., 2013). However, the

mechanistic contributions of FOXO1 mutations to altered GC

physiology and links to lymphomagenesis remain poorly

understood.

Here, we examined how FOXO1 B-NHL mutations impact

normal and tumoral GC B cell phenotypes. We found that these

mutations encode for partially hypomorphic protein variants that

mimic signaling and transcriptional features of positively

selected B cells, favoring the competitive expansion of FOXO1

mutant B cells during GC responses.

RESULTS

FOXO1mutations and PI3K/AKT signaling do not predict
FOXO1 subcellular distribution in GC-derived
lymphomas
To review the overall distribution and identities of FOXO1 muta-

tions in GC-derived, aggressive B-NHL, we compiled a compre-

hensive meta-analysis of publicly available series of genomics

data in Diffuse Large B cell lymphoma (DLBCL) and Burkitt lym-

phoma (BL) (n = 2,903; Figure S1, Table S1, and references

therein). Consistent across all studies and lymphoma types

was the identification of a mutational hotspot (�48% of all muta-

tions) clustered around Arg19-Leu27, comprising a known Pro-

tein Kinase B-Akt (AKT) phosphorylation motif surrounding T24

(‘‘T24-like’’; Figure S1; Supplemental information). The predicted

outcome of these missense mutations is the disruption of T24

phosphorylation and FOXO1 nuclear retention (Su et al., 2011;

Van Der Heide et al., 2004).
(E) Distribution of FOXO1 subcellular localization in patient samples according t

within the top and bottom quartiles of p-AKT scores, respectively.

(F) Quantification of p-AKT levels in patient samples with or without FOXO1 mut

Violin plots (C–E) show median with upper and lower quartiles (Mann-Whitney U
We sought to find evidence of this notion by performing immu-

nohistochemical analysis of a large panel (n = 345) of curated

DLBCL patient samples (Arthur et al., 2018; Ennishi et al.,

2019), representative of the frequency (�10%) and distribution

pattern of FOXO1 mutations in DLBCL patients (Figures 1A and

S1). We found that the patterns of FOXO1 subcellular distribution

were largely equivalent in bothwild-type (WT) andFOXO1mutant

cases (Figures 1B and 1C), regardless of the presence of muta-

tions specifically targeting the AKT site at T24, or other segments

of the protein (non-T24; Figure 1C). High or low phospho-AKT

(Ser473) scores—surrogates of PI3K pathway activity (Figures

1B–1D)—were equally distributed among WT, T24, and non-

T24mutant cases (Figure 1D), and no significant associations be-

tween p-AKT scores and FOXO1 localization were found (Fig-

ure 1E). In fact, similar percentages of WT or FOXO1 mutant

cases were cytosolic (�14%), including cases with T24-like mu-

tations, suggesting that thesemutations are not unequivocal pre-

dictors of FOXO1 nuclear retention. These observations were

equivalent acrossDLBCL subtypes (Figure 1F). Overall, we found

a lack of correlation between PI3K/AKT signaling status, FOXO1

mutations, and subcellular localization, suggesting that selection

of FOXO1 mutations during lymphomagenesis cannot be ex-

plained solely by the effects of PI3K/AKT on FOXO1.

Altered signaling dictates how FOXO1 mutant proteins
localize and respond to PI3K
To investigate the functional outcomes of the most prevalent

B-NHL FOXO1 mutations in B cells, we used CRISPR-Cas9-

mediated gene editing to engineer isogenic mutant clones in a

GCB-like DLBCL cell line (SUDHL4), which carries WT FOXO1

alleles. We produced clones carrying p.Thr24Ile (T24I) and

p.Ser22Pro (S22P) heterozygous mutations, as well as several

clones carrying a p.Met1Leu (M1L) homozygousmutation, which

is particularly common in GCB-like DLBCL. The M1L mutation

results in a truncated protein that starts at Met71 and lacks res-

idues 1–70, including R19-L27 (Trinh et al., 2013). Sequencing

and karyotyping confirmed identity and allele balance in the re-

sulting isogenic lines (Figures S2A and S2B).

We first analyzed the subcellular distribution of FOXO1 protein

in WT and homozygous M1L isogenic SUDHL4 clones via immu-

nofluorescence (Figures 2A and 2B). Under normal growth con-

ditions, FOXO1 was predominantly cytosolic in WT SUDHL4

cells, although blockade of PI3K signaling with a pan-PI3K inhib-

itor (GDC-0941) resulted in ubiquitous FOXO1 nuclear accumu-

lation (Figures 2A and 2B) and loss of FOXO1 phosphorylation at

T24 (Figure 2C). In contrast, FOXO1 M1L mutant protein was

evenly distributed between nucleus and cytosol. The cytosolic

fraction of mutant protein (unphosphorylated at T24; Figure 2C)

fully relocated to the nucleus upon PI3K inhibition (GDC-0941;

Figures 2A and 2B), implying that M1L FOXO1 is still modulated

by PI3K signaling under basal conditions. When we tested the

response to B cell receptor crosslinking with anti-immunoglob-

ulin M (IgM) and IgG antibodies—enforcing acute activation of

PI3K and ERK signaling, we found that both WT and mutant
o mutational status and p-AKT score. ‘‘High’’ and ‘‘low’’ correspond to cases

ations, separated into DLBCL subtypes (GCB, ABC, or unclassified).

test). See also Figure S1 and Table S1.
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Figure 2. Signaling rewiring by FOXO1 mutants alters FOXO1 distribution in response to upstream signals

(A) Relocalization of FOXO1 proteins in WT or FOXO1M1L/M1L isogenic SUDHL4 cells (immunofluorescence) in response to exposure to anti-IgM and IgG, PI3K

inhibitor (GDC-0941), or the combination for 30 min (see STAR Methods). Starvation induced by switching cultures to Hank’s balanced salt solution (HBSS) plus

1% IMDM for 2 h. Images representative of 4 to 5 experiments (two technical replicates per clone, two clones per variant, including two WT single clone control

lines). Scale bar, 100 mm.

(B) Nuclear scores for FOXO1 extracts from immunofluorescence (IF) data in (A) (see STARMethods). A minimum of 100 cells were counted for each experiment.

Mean ± SD is shown.

(C) Immunoblot of FOXO1 WT or M1L SUDHL4 cells, treated as described in (A). Findings were confirmed using a WT clonal control line.

(legend continued on next page)
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M1L FOXO1 protein fully relocated to the cytosol. These effects

were fully blocked by addition of GDC-0941 (Figures 2A–2C;

GDC). Thus, under strong PI3K signals (Figure 2C), mutant

M1L FOXO1 can respond ‘‘canonically’’ to this pathway, inde-

pendent of T24 phosphorylation. This effect is likely explained

by the presence of additional AKT phosphorylation sites in

FOXO1 (Ser256 and Ser319) also governing FOXO1 subcellular

localization (Calnan and Brunet, 2008).

Opposite to the effects of PI3K/AKT signaling, starvation is

known to trigger cellular stress responses that engage stress-

associated protein kinases (JNK and p38, hereby referred to as

SAPKs), silence AKT activity (Fruman et al., 2017; Wang et al.,

2005), and enforce FOXO1 nuclear localization and activity (Ess-

ers et al., 2004; Huang and Tindall, 2007). In WT SUDHL4 cells,

severe starvation resulted in the accumulation of FOXO1 protein

in the nucleus (nuclear score�52; Figures 2A and 2B), coinciding

with loss of S473 AKT phosphorylation, activation of SAPK/JNK

(p-T183/Y185) and p38 mitogen-activated protein kinase

(MAPK) (p-T180/Y182) signaling, and phosphorylation of ATF2

at Thr71 (T71)—a typical consequence of JNK activation upon

amino acid starvation (Chaveroux et al., 2009; Figure 2C). Star-

vation enforced significantly higher FOXO1 nuclear scores in

FOXO1 mutant cells (score �100; Figures 2A and 2B), despite

equivalent or slightly lower levels of JNK/ATF-2 phosphorylation

(Figure 2C). This difference is likely due to the addition of FOXO1

protein relocated from the cytosol to a fraction that is already nu-

clear in basal conditions.

Close examination of these results indicated that JNK,

p38alpha, and ATF2 were abnormally phosphorylated in

FOXO1 mutant (M1L) cells grown in complete medium (Fig-

ure 2C, lanes 1 and 6), concurrent with unusually high levels of

AKT phosphorylation. Specific inhibition of PI3K signaling

(GDC-0941) further altered this balance by abnormally magni-

fying SAPK (JNK/p38), particularly after BCR crosslink (Fig-

ure 2C, lanes 2–4 versus 7–9). Minor differences in p-ERK levels

were also visible following BCR crosslink. Additionally, in cells

recovering from starvation upon serum addition (Figure S3A),

AKT phosphorylation was quickly restored in WT and mutant

cells but with faster and hyperactive kinetics in mutant cells (Fig-

ure S2C, lanes 2–4 versus 5–8). Although JNK (p-JNK and p-

ATF2) and p38 (p-p38) signaling quickly faded in WT cells upon

serumaddition, they remained stable inmutant cells (Figure S2C;

30–60 min). Phosphorylation of ribosomal protein S6 (p-S6), a

surrogate of mTOR activity, did not show any measurable differ-

ences (Figure S2C). Thus, the normal balance between PI3K and

SAPK/JNK signaling (Vivanco et al., 2007) is altered in FOXO1

mutant B cells.

We extended these findings to a panel of FOXO1 mutant

isogenic SUDHL4 cell clones with homozygous (M1L) and het-
(D) Immunoblot analysis of WT or mutant FOXO1 isogenic SUDHL4 CRISPR clon

Iscove’s Modified Dulbecco’s Medium (IMDM) with 10% fetal bovine serum (FBS

(E) Densitometry analysis of (D). Phosphorylated protein levels normalized to total

WT cells. See also Figure S3.

(F) Immunofluorescence analysis of FOXO1 protein distribution in WT or FOXO1M

representative of 4 to 5 experiments are shown (two technical replicates per clo

bar, 10 mm.

(G) Summary of FOXO1 nuclear scores (as per immunofluorescence in F; see STA

SD is shown.

Unpaired t test: *p < 0.05; **p < 0.01; ***p < 0.001.
erozygous (S22P and T24I) mutations (Figure 2D). All mutant

cells showed abnormal co-hyperactivation of PI3K/AKT

and SAPK signaling in basal growth conditions. In complemen-

tary experiments, reconstitution of FOXO1 null (SUDHL4, via

CRISPR-Cas9) or FOXO1-depleted cells (short hairpin RNA

[shRNA]; SUDHL4, SUDHL10, and OCI-LY7—all FOXO1 WT)

with mutant (M1L, S22P, and T24I), but not WT, FOXO1 caused

rapid co-hyperactivation of PI3K/AKT and SAPK signaling, coin-

cident with complete (T24I) or substantial loss (S22P) of FOXO1

phosphorylation at T24 (Figures S2D and S2E). Collectively,

these results indicate that acquisition of FOXO1 mutations in

GC-like B cells leads to anomalous co-hyperactivation of

PI3K/AKT and SAPK/JNK pathways and altered feedback

signaling responses. Altering the balance between these signals

by hyperactivating PI3K (see Figures 2A–2C) or pharmacolog-

ical inhibition of JNK signaling restored FOXO1 M1L cytosolic

localization. Particularly, specific inhibition of JNK (JNK-IN-8;

Szczepankiewicz et al., 2006) led to a robust (>30%) increase

in the fraction of SUDHL4 mutant cells with cytosolic FOXO1

without measurable effects on WT cells (Figure 2E), indicating

that this pathway, known to enforce FOXO nuclear translocation

in multiple systems (Calnan and Brunet, 2008; Wang et al.,

2005), contributes to the nuclear retention of FOXO1 mutant

proteins.

Hyperactivation of PI3K and SAPK in FOXO1 mutant B
cells promotes resistance to stress signals
The balance between PI3K/AKT and SAPK/JNK is altered in re-

sponses to cellular stress, e.g., upon nutrient starvation, and

these responses rely on FOXO1 activity (Eijkelenboom and Bur-

gering, 2013; Fruman et al., 2017) to determine cell fate and sur-

vival (Fulda et al., 2010; Hotamisligil and Davis, 2016). Hence, to

test the impact of altered signaling in FOXO1 mutant cells, we

used a co-culture system evaluating cellular fitness under star-

vation (Figure 3A). In these assays, WT cells were gradually

depleted upon activation of caspase-3 (6 h) and eventually

died after prolonged starvation (48 h; Figures 3B, 3C, and

S3A–S3C), but this response that was clearly delayed in

FOXO1 mutant cells (Figures 3D, 3E, S3B, and S3C). Because

isolated cultures of WT or mutant cells showed similar differ-

ences in caspase-3 activation (6 h; Figures S3D and S3E), we

concluded that the phenotype depended on cell intrinsic mech-

anisms. The dynamics of AKT phosphorylation and JNK/SAPK

(and p38alpha) signaling in response to starvation were also

altered in mutant cells (Figure S3F), suggesting a disruption of

normal feedback regulation. Notably, although inhibition of either

PI3K or SAPK/JNK had minor but statistically significant effects

on FOXO1 mutant B cells, their combined inhibition increased

caspase-3 activation to levels equivalent to those observed in
es (homozygous M1L/M1L; heterozygous WT/S22P and WT/T24I), cultured in

). Findings were validated using multiple WT single clone controls.

protein, and data from all three mutant cell lines normalized to FOXO1 levels in

1L/M1L isogenic SUDHL4 cells in response to JNK-IN8 (1 mM; 30 min). Images

ne, two clones per variant, including two WT single clone control lines). Scale

RMethods). Aminimum of 100 cells were counted for each experiment. Mean ±

Immunity 54, 1807–1824, August 10, 2021 1811
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Figure 3. Abnormal hyperactivation of PI3K and SAPK/JNK signaling confers increased resistance to starvation-induced apoptosis in

FOXO1 mutant SUDHL4 cells

(A) Schematics of cell competition assay: CRISPR-edited SUDHL4 clones were transduced with lentiviral particles encoding mCherry (wild-type cells [WT]) or

GFP (mutant cells [Mut]). GFP+ andmCherry+ cells weremixed in 1:1 ratio and co-cultured in full medium (Ctrl, IMDMwith 10%FBS) or starvationmedium (HBSS

with 1% IMDM). GFP:mCherry ratios were determined by flow cytometry. A WT (mCherry):WT(GFP) co-culture was used as control.

(B) Representative flow cytometry analysis of SUDHL4 WT:M1L co-cultures in full medium or under starvation (48 h). See also Figure S4.

(C) Summary of results of co-culture experiments. Ratios between GFP+ over mCherry+ cells are shown. Each dot represents one independent experiment.

WT(GFP+):WT(mCherry+) co-cultures were used as control. Average ± SD is shown. Unpaired t test: ns, not significant;*p < 0.05; **p < 0.01; ***p < 0.001.

(D) Representative flow cytometry analysis of caspase-3 activation in FOXO1 WT and mutant SUDHL4 clones (6 h co-culture). Results from multiple clones,

including two individual WT single clone-derived cells, are summarized in (E). See also Figure S4.

(E) Summary of data from (D). Each dot represents one independent experiment. Mean ± SD is shown (Student’s t test, two-tailed). Unpaired t test: ns, not

significant; *p < 0.05; **p < 0.01; ***p < 0.001.
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WT cells upon severe starvation (Figures S3G–S3I). Thus, hyper-

active PI3K/JNK signals provided FOXO1 mutant cells with a

functional advantage under cellular stress.

Dysregulated transcriptional repertoires hyperactivate
PI3K/SAPK in FOXO1 mutant B cells
To further understand the mechanistic basis for these functional

differences, we analyzed the transcriptional programs (RNA

sequencing [RNA-seq]) and chromatin distribution (chromatin

immunoprecipitation sequencing [ChIP-seq]) of WT and mutant

FOXO1 proteins in isogenic SUDHL4 clones. Despite apparent

differences in subcellular distribution (Figures 2A and 2B), both

protein variants had low levels of chromatin association in basal

growth conditions. Brief starvation induced selective recruitment

of comparable amounts of WT and mutant (M1L) FOXO1 pro-

teins to chromatin (Figure 4A), suggesting that any functional dif-

ferences could be of qualitative nature. We used these specific

conditions (brief starvation) to survey FOXO1 genomic binding

(ChIP-seq).
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Overall, WT and mutant (M1L) FOXO1 proteins showed com-

parable genome-wide distribution, with a majority of bound re-

gions located at regulatory elements within gene bodies

(�49%; i.e., intronic regions) and intergenic regions (�31% of

peaks). Only a small fraction of protein was found within pro-

moter regions (�19%–20%; Figure S4A). This pattern resembled

that of FOXO1 in normal human GC B cells (Dominguez-Sola

et al., 2015). Although the repertoires were largely overlapping

(4,113 peaks; �88% of FOXO1 M1L bound peaks; see Table

S2), a sizeable number of regions were specific to each

FOXO1 variant (2,818 WT-only peaks or �33% of all WT bound

regions; 564 mutant-only peaks or 12% of bound regions; Fig-

ure 4B). Equal read densities at overlapping regions (4,113 com-

mon peaks; Figure S4B) confirmed this notion. A majority of

these differential regions were exclusive to WT FOXO1 (�80%

of all differential peaks) and showedmarked reductions in bound

FOXO1mutant protein (�2-fold average loss; 35 versus 65; arbi-

trary read units), suggesting that these may in effect represent

low-affinity sites (Figure 4C). Common-bound regions were
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Figure 4. Defective mutant FOXO1 transcriptional repertoires dysregulate signal transduction pathways in GC B cells

(A) Immunoblot analysis in chromatin-enriched fractions of WT or M1L mutant SUDHL4 isogenic clones grown in complete medium or upon starvation (2 h). Total

lysates (first two lanes) are included for reference. Result is representative of 2 independent experiments, validated using a single-cell WT clone.

(legend continued on next page)
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typically enriched in a high-affinity canonical Forkhead/FOXO1

consensus motif (GTAAACA or TGTTTAC; p = 1E�1,330; Fur-

uyama et al., 2000; Figure 4D), and WT and mutant FOXO1 pro-

teins showed equivalent transactivation potencies when bound

to this site (Figure S4C). In contrast, regions preferentially bound

by mutant M1L FOXO1 appeared to have a much stricter

sequence requirement, especially at certain nucleotide positions

otherwise tolerated by WT FOXO1 (GTAAACA; p = 1E�143; Fig-

ure 4D) at what may constitute lower affinity sites.

We next performed RNA-seq analyses in cells grown under

basal conditions, aiming to capture gene expression differ-

ences underlying the signaling features of FOXO1 mutant cells.

Using supervised analysis, we identified 448 genes differentially

expressed between WT and mutant SUDHL4 B cells (251 up

in WT, 197 up in mutants; DESeq2 p adj < 0.05; Figure 4E;

Table S3). Differences in gene expression were highly corre-

lated with differences in chromatin occupancy, defined by sta-

tistically significant differences in FOXO1 ChIP-seq read den-

sities at associated regulatory regions (p < 1E�4 and p <

1E�3, respectively; Kolmogorov-Smirnov (KS) test; Figure 4E,

right panels).

We then applied diverse pathway analysis tools to first interro-

gate the list of genes differentially expressed and bound by WT

or mutant FOXO1 proteins (102 genes; �23% of all differentially

expressed genes; Table S3). This list was significantly enriched

in genes encoding proteins in kinase signaling pathways, partic-

ularly PI3K and SAPK/JNK (Table S3; Figures 4E and 4F), typi-

cally co-opted by B-cell-receptor- and cytokine-mediated

signaling pathways. Among all signaling genes, the pleckstrin

homology (PH) domain and leucine rich repeat protein phospha-

tase 1 gene (PHLPP1) stood out due to its reported role in the

control of PI3K signaling and activity as a tumor suppressor

(Chen et al., 2011). PHLPP1 belongs to the serine/threonine

phosphatase family of isoenzymes (PHLPP1 and PHLPP2), and

it can directly dephosphorylate and inactivate AKT to suppress

the PI3K pathway (Baffi et al., 2021; Brognard et al., 2007; Gao

et al., 2005). In FOXO1 mutant SUDHL4 isogenic B cells,

PHLPP1 mRNA and protein expression were reduced >50%,

regardless of mutation identity or allele dosage (Figures 4G

and 4H). Reduced PHLPP1 expression coincided with the loss

of FOXO1 binding at a distal regulatory element (putative
(B) Overlap between ChIP-seq peaks (MACS2; cutoff p < 10�5) found in WT

mergePeaks function. See also Figure S5A and Table S2.

(C) The heatmaps depict sequencing read densities for FOXO1 WT and M1L uniq

HOMER mergePeaks function. See also Figure S5B and Table S2.

(D) Most significant enriched motifs in WT only, M1L only, or common peak reg

HOMER). See also Table S2.

(E) Left: comparative RNA-seq analysis of FOXO1WT (n = 2) and mutant (n = 5) SU

normalized ChIP-seq read densities for FOXO1 proteins in peaks corresponding

Kolmogorov-Smirnov test. See also Table S3.

(F) Gene Ontology analysis (hypergeometric distribution test, Investigate Gene

comparing WT and FOXO1 M1L cells (n = 102). See also Table S3.

(G) qPCR data for PHLPP1mRNA expression inWT parental line (n = 1), WT single

10% FBS (p < 0.0001; unpaired; two-tailed Student’s t test). Equivalent results w

(H) Immunoblot for PHLPP1 protein in WT and mutant FOXO1 SUDHL4 cell lysat

(I) ChIP-seq tracks fromWTorM1L FOXO1 proteins at the PHLPP1 gene locus. Re

shows reads per kilobase per million. The H3K27ac ChIP-seq track (SUDHL4 ce

(J) Left: immunoblot analysis ofWTSUDHL4 cells 72 h post-dox induction of non-t

experiments is shown. Right: densitometry quantification is shown. Phosphoryla
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enhancer) located �60 kb upstream of the PHLPP1 gene pro-

moter (Figure 4I). PHLPP1 depletion in SUDHL4 B cells via

RNA interference resulted in reproducible increases in AKT

(Ser473) and ATF2 (Thr71) phosphorylation, indicative of hyper-

activation of PI3K and SAPK/JNK pathways (Figure 4J), which is

consistent with previous studies (Baffi et al., 2021). These obser-

vations suggest a transcriptional basis for the concurrent hyper-

activation of PI3K and SAPK/JNK signaling in FOXO1 mutant B

cells. Transcriptional deregulation of additional genes encoding

PI3K and SAPK pathways components (Figure 4E; Table S3)

could also contribute to this state. Thus, an important conse-

quence of mutant FOXO1 activity is the transcriptional rewiring

of cellular signaling (PI3K and SAPK/JNK) in B cells.

Constitutive activation of GC-positive selection
programs in FOXO1 mutant B cells
Among all 448 differentially expressed genes, we found enriched

signatures related to cell death (Figure 5A; Table S3), consistent

with the delay in caspase-3 activation observed in mutant cells

under severe starvation (Figures 3 and S3). The largest enrich-

ments, however, corresponded to gene signatures related to

regulation of immune responses, immune activation, and signal

transduction (Figure 5A; Table S3)—including key genes and

gene modules involved in antigen processing and presentation

(CD74, CIITA, and multiple histocompatibility leukocyte antigen

[HLA] genes), interferon and cytokine-chemokine signaling

(e.g., CXCR5), and ICOS/ICOSL signaling (e.g., ICOSLG; Table

S3). Gene sets related to CD40 and B cell receptor (BCR)

signaling were particularly co-enriched (Figure 5B; Table S3),

as we could confirm using additional reference datasets (Basso

et al., 2004; Figures 5B and 5C).

CD40 and BCR initiate non-overlapping gene expression pro-

grams in GC B cells (Basso et al., 2004), as well as non-redun-

dant signaling cascades (Luo et al., 2018), including PI3K/AKT

and SAPK/JNK (Berberich et al., 1996; Gallagher et al., 2007;

Li et al., 1996; Sakata et al., 1995). Consistent with previous

studies (Luo et al., 2018), we found that activation of BCR and

CD40 in SUDHL4 cells engaged separate signaling modules:

although PI3K (i.e., p-AKT) and ERK (p-ERK) were strictly

dependent on BCR stimulation, CD40 initiated signals through

the canonical nuclear factor kB (NF-kB) pathway and SAPK/JNK
or M1L FOXO1 SUDHL4 cells. Overlap was determined using the HOMER

ue ChIP-seq peaks, centered around peak centers, as determined through the

ions, as defined by de novo motif enrichment (findMotifsGenome function in

DHL4 clones (448 differentially expressed genes; DESeq2, p adj < 0.05). Right:

to differentially expressed genes are shown. p values were calculated using

Set tool, MSigDB) of genes both differentially expressed and bound when

clone-derived lines (n = 4), and mutant (n = 6) FOXO1 SUDHL4 cells cultured in

ere observed upon serum starvation (data not shown).

es, cultured in full media (10% FBS).

ad density tracks from pooled replicates are shown (n = 2WT; n = 2M1L). y axis

lls) is from GEO: GSE132365.

argeting andPHLPP1-specific shRNAs. Blot representative of two independent

ted protein in PHLPP1 knockdown cells normalized to levels in control cells.
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Figure 5. FOXO1 mutants mimic positive selection programs and CD40/BCR activation in GC B cells

(A) Gene ontology analysis of 448 genes differentially expressed (DESeq2, p adj < 0.05) between WT and mutant FOXO1 SUDHL4 cells. Top 10 gene ontologies

are shown (hypergeometric distribution, Investigate Gene Set tool, MSigDB). See also Table S3.

(B) Enrichment plots (gene set enrichment analysis [GSEA]) for CD40 and antigen receptor (BCR) gene sets in FOXO1 mutant SUDHL4 cells (see also Table S3).

(C) Heatmap showing results from single-sample GSEA (ssGSEA) onWT andmutant FOXO1 SUDHL4 cells, upon interrogating leading edge (LE) genes related to

IgM, CD40, or IgM+CD40 stimulation in Ramos cells (Basso et al., 2004) and enriched upon treatment of parental SUDHL4 cells with CD40L and anti-IgM and IgG

antibody (Table S3).

(D) Immunoblot analysis of SUDHL4 cells stimulated with anti-IgM and IgG, CD40 ligand, or both for 30 min.

(E) Venn diagram showing overlap of genes differentially expressed in SUDHL4 cells after stimulation with CD40L and anti-IgM and genes bound by FOXO1 and

differentially expressed in FOXO1 WT versus mutant SUDHL4 cells (p value, hypergeometric distribution test). See also Table S3.

(legend continued on next page)
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(30 min; Figure 5D). SAPK/JNK phosphorylation was maximal

when CD40 and BCR were co-engaged, indicating a strong

(not additive) functional synergy. Thus, concurrent hyperactiva-

tion of SAPK/JNK and AKT phosphorylation, analogous to that

seen in FOXO1 mutant SUDHL4 B cells, only occurred upon

BCR and CD40 co-stimulation. The transcriptional responses

to BCR and CD40 co-stimulation in SUDHL4 cells (Table S3)

also significantly overlapped with those driven by acquisition of

FOXO1 mutations (Figure 5E).

Although FOXO1 is a major component of the BCR signaling

pathway (Rickert, 2013; Srinivasan et al., 2009; Su et al., 2011),

no current reports establish a direct participation of FOXO1 in

CD40 signaling. To test this possibility, we monitored the

response of SUDHL4 cells to recombinant CD40 ligand

(CD40L) over time (Figures 5F–5H). CD40 ligation triggered rapid

and robust activation of SAPK/JNK signaling, which subsided af-

ter 2 h when PI3K signaling became predominant (Figure 5F).

Notably, the ‘‘transition’’ from SAPK to PI3K signaling paralleled

changes in FOXO1 subcellular localization, which quickly accu-

mulated in the nucleus early after CD40 activation (30 min;

�35% of cells), coinciding with a peak in SAPK/JNK activity,

and subsequently returned to the cytosol under high PI3K and

low SAPK/JNK activity (Figures 5G and 5H). Thus, CD40

signaling can also directly influence FOXO1 subcellular localiza-

tion, associated with temporal oscillations in SAPK/JNK and

PI3K/AKT signaling.

Ongoing CD40+BCR signaling and immune activation pro-

grams identify light zone GC B cells undergoing positive selec-

tion (Ersching et al., 2017; Victora et al., 2010), detectable as

MYC+ GC B cells in reporter mice (Calado et al., 2012; Domi-

nguez-Sola et al., 2012; Ersching et al., 2017; Huang et al.,

2008) or traceable upon targeted antigen delivery via the surface

lectin DEC-205 (Ersching et al., 2017; Victora et al., 2010). We

found that a vast majority of gene sets associated to positive se-

lection in normal mouse GCB cells isolated with these strategies

were also differentially enriched in SUDHL4 FOXO1 mutant cells

(Figures S5A and S5B; Table S3). In parallel, biochemical (Fig-

ure S5C) and immunofluorescence (Figure S5D) analyses

showed that SAPK/JNK and PI3K/AKT signaling were co-acti-

vated in light-zone GCB cells. A small number of these cells con-

tained particularly high levels of SAPK/JNK activation (high p-

ATF2 T71). In mice, increased levels of active SAPK (p-JNK

and p-ATF2) and PI3K signaling (p-AKT) were detectable in

MYC+ (GFP+; positively selected) cells, concurrent with markers

of active mTOR signaling (Figures S5E and S5F), which is typi-

cally upregulated upon positive selection (Ersching et al.,

2017). Thus, SAPK/JNK and PI3K/AKT signaling are co-acti-

vated upon positive selection during normal GC responses.

Collectively, all these results indicate that the phenotypic fea-

tures of FOXO1 mutant B cells—gene expression signatures

and signaling milieu—mimic those of canonical GC B cell re-

sponses to positive selection.
(F) Immunoblot analysis of SUDHL4 cells stimulated with CD40L. Lysates from SU

representative of 3 independent experiments, validated using a single clone-der

(G) Immunofluorescence analysis of FOXO1 subcellular distribution in WT SUDHL

Representative images are shown (3–5 independent experiments), including vali

(H) Quantification of immunofluorescence analysis (F). Data are displayed as the p

per replicate (n = 3–5). Unpaired t test: *p < 0.05; **p < 0.01; ****p < 0.0001.
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Hypersensitivity of FOXO1 mutant mouse B cells to
T-dependent, positive selection signals
To understand the significance of our findings in the context of

normal B cell responses, we used CRISPR-Cas9 gene editing

to engineer a mouse model where a M1L mutation was intro-

duced in the first coding exon of the murine Foxo1 locus (Fig-

ure S6A; STAR Methods). As seen in human DLBCL, this M1L

mutation resulted in a truncated protein expressed at levels

equivalent to those of WT Foxo1 (Figure S6B). Foxo1 is indis-

pensable for early B cell development and peripheral immune

function in mice (Dengler et al., 2008). In Foxo1M1L mice, early

B cell development in the bone marrow was largely normal,

with only a minor but significant reduction in the percentage of

mature B cells (55% versus 49%; p < 0.05; Figure S6C) and

changes in the relative frequencies of splenic T1, T2, and T3 tran-

sitional B cells (Figure S6D), which could explain the small reduc-

tion in mature B cells. The relative percentages of follicular, tran-

sitional, andmarginal zone B cells were equivalent to those inWT

littermates (Figure S6E).

To determine the functional impact of Foxo1 mutations in

mature B cells, we first tested the response to ex vivo CD40

and BCR stimulation (Figures 6A and 6B), because these two

programs appeared to be constitutively active in human

FOXO1 mutant B cells (Figure 5). Stimulation of mouse splenic

B cells with low concentrations of an activating anti-CD40 anti-

body (clone HM40-3) and interleukin-4 (IL-4) to mimic T cell

help showed that a larger fraction of mutant B cells started pro-

liferation and went through additional rounds of cell division (1.5-

to 2-fold increase in division index versus WT B cells; Figures 6A

and 6B). Foxo1 mutant B cells also outperformed WT B cells in

response to B cell receptor activation via crosslinking with

limiting amounts of anti-IgM and IgG antibodies plus IL-4 (Fig-

ures 6A and 6B). Minor but additive effects were achieved

whenwe combined anti-CD40 and anti-IgM and IgG. Responses

to CD40, BCR, and IL-4 appeared to be proportional to allele

dosage (Figures 6A and 6B). In contrast, no differences were de-

tected when we exposed B cells to T-independent cues (Figures

6C and 6D) engaging Toll-like receptor signaling (Chaplin et al.,

2011; Ogata et al., 2000). Thus, Foxo1mutant B cells outperform

WTB cells in response to subthreshold levels of antigen receptor

and T-dependent immune signals.

Competitive advantage and expansion of Foxo1M1L

mutant B cells during GC responses and early
lymphomagenesis
Entry and expansion of B cells in GCs relies on their ability to

‘‘capture’’ positive selection signals (Mesin et al., 2016; Victora

and Mesin, 2014), delivered through a combination of immune

cues, including BCR and CD40. To determine how the pheno-

typic differences detected in ex vivo assays translated in vivo,

we first immunized Foxo1M1L and WT mice to induce polyclonal

GC responses. Notably, the percentage of GC B cells in the
DHL4 cells cultured in complete growth medium are used as control. Data are

ived WT SUDHL4 cell lines.

4 cells in response to CD40L. White arrows point at cells with nuclear FOXO1.

dation with an isogenic WT SUDHL4 clonal line. Scale bar, 10 mm.

ercentage of cells with nuclear FOXO1. A minimum of 100 cells were counted
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Figure 6. Enhanced sensitivity to T-dependent immune signals and competitive expansion of Foxo1M1Lmutant B cells duringGC responses

(A) Representative flow cytometry analysis of cell proliferation in Foxo1WT/WT, Foxo1WT/M1L, and Foxo1M1L/M1L B cells stimulated for 72 h with different cytokine

plus agonist antibody combinations (see also STAR Methods for details). Division indices are shown in the top left corner of each graph.

(legend continued on next page)
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spleen was higher in Foxo1M1L mice (1.5-fold in heterozygous,

p < 0.02; 2.5-fold in homozygous mice, p = 1e�3; Figures 6E

and 6F), consistent with increases in the number and size of

GCs (�1.5-fold; Figures S6F and S6G). Foxo1 mutant GCs also

showed altered dark-to-light zone ratios, with a relative expan-

sion of the dark zone B cell compartment (2:1 to 3:1 ratio; WT

versusmutant, respectively; p < 0.01; Figure S6H). This observa-

tion was consistent with the known role of Foxo1 in controlling

light to dark zone transit in the GC (Dominguez-Sola et al.,

2015; Inoue et al., 2017; Sander et al., 2015) and the abnormal

expansion of Foxo1 mutant GCs. We did not find significant dif-

ferences in the total number of T follicular helper (Tfh) cells (Fig-

ures S6I and S6J).

To understand whether the phenotypes of Foxo1M1L B cells

translated in competitive advantages in vivo, we producedmixed

bone marrow chimeras in which we combined equal numbers of

WT (CD45.1/2) and either wild-type (control) or Foxo1M1L CD45.2

donor bone marrow cells (Figure 6G). We then immunized all

recipient mice and determined the relative abundance of

CD45.1/2 and CD45.2 cells in both GC and non-GC B cell pools

(‘‘competitive competency’’; see STAR Methods for details; Fig-

ure 6H). By day 12 post-immunization, homozygous Foxo1M1L B

cells had effectively outcompeted their WT counterparts in the

GC (competitive competency �1.6-fold; Figures 6H and 6I).

Adoptively transferred Foxo1M1Lmature B cells also successfully

outcompeted WT B cells during GC responses to (4-Hydroxy-3-

nitrophenylacetyl-Chicken Gamma Globulin) NP-CGG conju-

gate immunization in Ighel-MD4 hosts (�2.2-fold; p < 0.01; Fig-

ures 6J–6L; STAR Methods)—indicating that this competitive

advantage was due to B cell intrinsic effects.

Finally, we sought to determine whether such competitive

advantage modified the course of disease in a lymphoma-prone

background. VavP-Bcl2 transgenic mice typically develop indo-

lent malignancies resembling human follicular lymphoma (FL)

(Egle et al., 2004); and acquisition of FOXO1 mutations in human

FL correlates with histologic transformation into DLBCL (Bouska

et al., 2017; Pasqualucci et al., 2014). We transduced bone

marrow cells from VavP-Bcl2 donor mice with retroviruses en-
(B) Division index summaries (4–6 biological replicates per each group in A). Ave

(C) Representative flow cytometry analysis of cell proliferation in B cells stimulated

indices for each population are shown.

(D) Division index summaries (n = 6 LPS; n = 4 RP105). Average ± SEM is shown

(E and F) Analysis of germinal center responses upon sheep red blood cell (SRB

(E) Representative contour plots, flow cytometry analysis of GC B cell fractions (

(F) Results are summarized in graph; each symbol represents a single mouse. M

(G–I) Analysis of competitive GC B cell expansion in mixed bone marrow chimer

(G) Schematic representation of experimental strategy. Irradiated host C57BL/6m

or Foxo1M1L/M1L (CD45.2), mixed at 1:1 ratio with wild-type CD45.1/.2 progenitor

(H) Representative flow cytometry plots showing gating of GC B cells (B220+, FAS

mixed chimeras.

(I) (Top panel) Representative flow cytometry histograms showing the distribution

compartments. (Bottom panel) Competitive competencies for CD45.1� cells in G

(J–L) Analysis of competitive GC B cell expansion upon B cell adoptive transfer i

(J) Schematic representation of experimental strategy (see STAR Methods for ad

(K) Gating strategy. GC B cells are gated as GL7hiFashi. IghelMD4 B cells are I

conjugates (Goodnow et al., 1988; Mason et al., 1992). Transferred in large numbe

Malo panels).

(L) (Top panel) Representative flow cytometry results, distribution of CD45.1+ (W

GC B cell fractions. (Bottom panel) Competitive competencies for CD45.1� dono

For all statistical tests, *p < 0.05; **p < 0.01; ***p < 0.001.
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coding for only GFP (EV) or WT or FOXO1 M1L plus GFP and

used these cells to reconstitute hematopoiesis in lethally irradi-

ated C57BL/6 mice, which were then repeatedly immunized

upon engraftment and analyzed prior (�100 days post-reconsti-

tution; Figure S7A) to the onset of overt disease (�300 days;

Jiang et al., 2017; Teater et al., 2018). Compared to control

C57BL/6 mice, all groups showed enlarged spleens and

abnormal expansion of lymphoid compartments (Figures S7B

and S7C) at expense of numerous (>3 per white pulp nodule),

expansive centrocyte-rich PNA+ follicles with conserved follic-

ular dendritic cell networks and Ki67+ B cells (Figure S7C, left

panel). Minor differences in disease burden or histopathological

features were found among groups (Figure S7C, right panel).

Although the polyclonal nature of the lymphoid compartment

(Figure S7D) was consistent with the histopathology and indica-

tive of early-stage disease (Egle et al., 2004), we detected a sig-

nificant increase in the fraction of FAShi B cells in the M1L group

(Figures S7E and S7F), particularly FAShiGL7lo B cells—an

abnormal B cell subset typically enriched in other Bcl2 coopera-

tive models (Cai et al., 2020). The increased percentage of GFP+

cells within this population suggested that deregulated expres-

sion of FOXO1 favored the expansion of Bcl2+ B cells (�69%

versus 32%, p < 0.0001; Figures S7G and S7H). Most notably,

FOXO1 M1L VavP-Bcl2 B cells differed from FOXO1 WT and

EVB cell pools in their signalingmilieu, showing abnormal co-hy-

peractivation of PI3K (p-AKT) and SAPK/JNK (p-ATF2) signaling,

as we had observed in human B cell lines (Figures S7I–S7K).

Such signaling changes appeared to be favored during the

expansion of precancerous B cells in vivo, along with subtle

signs of disease acceleration.

In summary, the combination of in vitro and in vivo analyses in

mouse models indicated that Foxo1 mutations confer B cells

with effective functional and competitive advantages during im-

mune activation in response to relevant GC signals, causing

in vivo abnormal amplification of GC responses and favoring

expansion of Foxo1 mutant B cells with altered signaling (AKT

and SAPK hyperactivation) during early stages of disease in a

FL lymphoma model.
rage ± SEM is shown (unpaired Student’s t test).

for 72 h with lipopolysaccharides (LPS) (1 mg/mL) or RP105 (1 mg/mL). Division

(unpaired Student’s t test).

C) immunization (spleen, 12 days post-immunization).

B220+/GL7hi/Fashi).

ean ± SD is shown (unpaired Student’s t test; see also Figures S6F–S6H).

as.

ice were reconstitutedwith bonemarrow progenitors isolated from Foxo1WT/WT

s, immunized, and analyzed 12 days later.
hi, and GL7hi) and non-GC B cells (B220+, Faslo, and Gl7lo) in splenocytes from

of CD45.1+ (CD45.1/2) and CD45.1� (CD45.2) B cells in GC and non-GC cell

C B cell fractions are shown (see STAR Methods for details).

n IghelMD4 mice.

ditional details).

gD/Ma+ and respond poorly to (4-hydroxy-3-nitrophenyl)acetyl (NP)-peptide

rs, donor B cells are preferentially recruited to GCs (compare IgD/Mahi and IgD/

T) and CD45.1� (Foxo1WT/WT or Foxo1M1L/M1L) B cells in IgD/Ma�GC and non-

r cells are shown (n = 3 per group).
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Figure 7. Functional FOXO1 mutant meta-

genes are conserved in human DLBCL and

predict clinical outcome

(A) Definition of a functional classifier from RNA-

seq data generated in WT versus mutant FOXO1

SUDHL4 isogenic clones. The leading edges of

gene sets enriched at false discovery rate (FDR) <

0.25 in any group (WT versus mutant) were clus-

tered into metagenes (Table S4; STAR Methods).

Pathways significantly represented within these

metagenes are shown as ssGSEA scores in the

heatmap below.

(B) Consensus clustering of GCB-type DLBCL

patient samples (n = 138) in two functional classes

using ssGSEA scores for each metagene. The p

value indicates the enrichment of mutant FOXO1

cases in class 1 versus class 2 (Fisher’s exact

test).

(C and D) Kaplan-Meier curves for survival prob-

ability (univariate analysis). DLBCL patients were

stratified by functional class or mutational identity

(n = 183). p values, log rank test.
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Conservation of functional FOXO1 mutant gene
signatures predicts clinical outcomes in diffuse large B
cell lymphoma
Gene expression signatures can be used to identify patterns of

pathway deregulation in tumors (e.g., B-NHLs) and inform clas-

sifications of conceptual, functional, clinical, and therapeutic sig-

nificance (Aggarwal et al., 2009; Alizadeh et al., 2000; Bild et al.,

2006; Huang et al., 2003; Victora et al., 2012). We thus reasoned

that a ‘‘functional classifier’’ could better capture the aberrant

activation of FOXO1 mutant gene signatures—reminiscent of

GC B-cell-positive selection programs in primary DLBCL cases.

To generate this functional classifier (Figure 7A), we used a

non-negative matrix factorization approach known as ‘‘leading

edge metanalysis’’ (Godec et al., 2016; Reese et al., 2016; Tan

et al., 2016), which helped us reduce 456 immune and B cell

signaling gene sets into a small number of metagenes (n = 6), re-

flectingmajor biological themes linked tomutant FOXO1 activity.

These metagenes were representative of key B cell programs,

including CD40 signaling, immune activation, innate and inter-

feron responses, and cell biosynthesis (Figure 7A; Table S4),

typically initiated upon positive selection (Figure 5). We then esti-

mated the activity of each of these metagenes in a set of primary

DLBCL cases with available mutational, RNA-seq, and clinical
Immu
outcome data (Schmitz et al., 2018),

centering our analysis on DLBCL cases

of the GC B-cell-like type (n = 138)—

closely related to the origin of SUDHL4

cells and enriched in N-terminal FOXO1

mutations. Clustering of DLBCL cases

based on their metagene enrichment

scores identified two ‘‘functional’’ classes

(class 1: 63 cases; class 2: 75 cases; Fig-

ure 7B; Table S4; STAR Methods). A ma-

jority of DLBCL cases carrying FOXO1

mutations clustered together in one class

(class 2, 16 versus 3; p = 5 3 10�3;

Fisher’s exact test). Class 2 also included
a sizeable number of cases without FOXO1 mutations, suggest-

ing the possibility that other mutational makeups may support

functional outcomes comparable to those driven by FOXO1 mu-

tations (Figure 7B; Table S4). Similar results were obtained in a

second series of DLBCL primary cases (n = 183; Arthur et al.,

2018; Ennishi et al., 2019). These two functional classes associ-

atedwith significant differences in clinical outcomes in an univar-

iate analysis, with class 2 showing lower overall survival than

class 1 (p = 0.05; median OS class 1: 12.47 years versus class

2: 6.96 years; Figure 7C). Unlike in previous reports (Trinh

et al., 2013), FOXO1mutations were not predictive of clinical out-

comes unless associated to a functional signature (Figure 7D).

We did not find any significant associations between these clas-

ses and DLBCL genetic subtypes (BN2/EZB/MCD/N1; Schmitz

et al., 2018). Overall, these results show that the functional con-

sequences of FOXO1 mutations, in the form of gene expression

programs, can identify DLBCL functional groups with clinical

predictive value.

DISCUSSION

Recent studies have suggested that the selection of missense

mutations targeting FOXO1 in aggressive B-NHL reflect the
nity 54, 1807–1824, August 10, 2021 1819
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need for tumoral cells to maintain considerable amounts of nu-

clear FOXO1 and escape PI3K inhibition. The apparent depen-

dency of tumoral cells onmutant FOXO1 for their growth and sur-

vival suggested the notion that ‘‘hyperactive’’ FOXO1 variants

are required to support lymphomagenesis (Kabrani et al., 2018;

Trinh et al., 2013; Zhou et al., 2019). Rather, we demonstrate

that these mutations create partially hypomorphic FOXO1 pro-

tein variants with altered transcriptional repertoires and biolog-

ical activities, driving phenotypes analogous to positively

selected GC B cells. These findings reconcile conflicting obser-

vations and provide new insights into the contributions of FOXO1

to the control of GC responses and lymphomagenesis.

A large fraction (�50%) of FOXO1 missense mutations in B-

NHL encode amino acid residues surrounding T24 (R19-L27), a

known AKT phosphorylation site (Calnan and Brunet, 2008).

These mutations abrogate or severely impair T24 phosphoryla-

tion. The R19-L27 region is also lost (truncation) in M1L FOXO1

mutant proteins. The current notion is that all these mutant pro-

teins would escape negative regulation by PI3K/AKT (Kabrani

et al., 2018; Trinh et al., 2013), which promotes FOXO1 nuclear

export and inactivation (Calnan and Brunet, 2008). Indeed, loss

of T24 phosphorylation in engineered B cells results in FOXO1

nuclear accumulation (Kabrani et al., 2018). However, this

concept is disputed by the lack of significant correlation between

the subcellular distribution of FOXO1 protein and PI3K pathway

activity in our analysis of primary DLBCL cases and equivalent

findings in BL (Zhou et al., 2019). In fact, we find that FOXO1

mutant proteins do respond to PI3K signaling.

These discordant observations may underlie transcription and

signaling effects of mutant FOXO1 proteins (Eijkelenboom and

Burgering, 2013; Puig and Tjian, 2005). The concurrent hyperac-

tivation of both AKT and SAPK/JNK kinases in FOXO1 mutant B

cells disrupts the usual counterbalance between these two path-

ways, particularly relevant under low PI3K/AKT signals (SAPK/

JNK would be dominant) or when FOXO1 phosphorylation by

AKT is splintered by cancer mutations, and effectively contrib-

utes to the nuclear retention of FOXO1 mutant proteins. Specific

processes where balance between PI3K and SAPK/JNK

signaling determines cell fate, such as starvation, immune acti-

vation, and cancer progression (H€ubner et al., 2012; Vivanco

et al., 2007), may be particularly permissive to the expansion of

FOXO1 mutant B cells. Consistently, we find that abnormal co-

activation of AKT and JNK/ATF2 is favored during early malig-

nant transformation in combined VavP-Bcl2/Foxo1M1L chimeras.

One notable finding is that FOXO1 mutant proteins behave as

partial hypomorphs, exemplified by the reduced affinity for spe-

cific target genes, differences in DNAmotif selection, and altered

transcriptional repertoires. These changes result in activation of

immune gene programs directly regulated by Foxo1 in mouse

GC B cells and abnormally hyperactivated in Foxo1-null GCs

(Dominguez-Sola et al., 2015; Inoue et al., 2017; Sander et al.,

2015); and these effects are dominant—independent of allele

dosage. Post-translational modifications and, notably, T24 mu-

tations can likely impact FOXO1 affinity and/or transcriptional

outputs at target genes (Brent et al., 2008; Langlet et al., 2017;

Matsuzaki et al., 2005), particularly the ability to repress tran-

scription (Nakae et al., 2000).

Overall, the complex phenotype of FOXO1 mutant B cells is

strongly reminiscent of positive selection. FOXO1 effectively
1820 Immunity 54, 1807–1824, August 10, 2021
captures and integrates signals from CD40 and BCR, relayed

by PI3K/AKT and SAPK/JNK via phosphorylation, to initiate

key immune gene expression programs. Our observations sug-

gest that FOXO1 is a hub for signals leading to positive selection

and that dysregulation of this activity upon mutation may facili-

tate the aberrant selection, survival, and expansion of B cells in

absence of strong, synergistic signals. Such properties would

endow FOXO1 mutant B cells with a significant competitive

advantage during GC responses, as we demonstrate in mixed

chimeras and adoptive transfer experiments.

A substantial fraction of genomic abnormalities in GC-derived

B-NHL are predicted to impact pathways and processes essen-

tial to GC biology (Basso and Dalla-Favera, 2015; Mlynarczyk

et al., 2019). We used functional ‘‘metagenes’’ (Godec et al.,

2016; Reese et al., 2016) to find indication of FOXO1mutant tran-

scriptional activities in primary DLBCL cases, with strong corre-

lations with FOXO1 mutational status and clinical outcome.

These same ‘‘mutant’’ programs were also identified in a size-

able number of FOXO1 unmutated cases, indicating that other

genomic abnormalities may alter biological processes controlled

by FOXO1 in GCB cells. Thus, equivalent functional outcomes—

specifically, the activation of programs resembling positive se-

lection—may have been selected during lymphoma pathogen-

esis through alternate mutational histories, a notion amenable

to future investigation. The bypass of affinity-selection check-

points may represent a major pathogenic mechanism in GC-

derived B-NHLs: using this strategy, mutant GC B cells would

gain critical competitive advantage for their selective expansion

during early lymphomagenesis.

Limitations of the study
The underlying mechanism by which mutations centered

around the T24 site alter FOXO1 DNA binding affinities was

not examined; neither did we explore whether mutations target-

ing the DNA binding domain may co-opt similar mechanisms

to cause equivalent phenotypes to those described here.

Dedicated models and molecular and structural studies will

be required to solve these questions. We also note that,

although our experiments imply that FOXO1 mutant pheno-

types are B cell intrinsic, we cannot rule out that some of the

effects also require T cell help (e.g., altered dark-to-light zone

ratios, which were not examined in the cell transfer experi-

ments). Moreover, unnoticed defects during B cell development

(for example, during the establishment of central tolerance)

could also underlie some of these phenotypes. Access to con-

ditional models, as opposed to the constitutive model reported

here, would help address these points and facilitate more

comprehensive follow-up studies, particularly on the role of

FOXO1 mutations during lymphomagenesis. Such studies

could also help refine the functional signature defined in this

manuscript, perhaps by including potential correlations with

the analysis of SAPK/JNK signaling in primary DLBCL cases.

Although useful to conceptualize disease pathogenesis and

stratify patients, this functional signature only associated with

clinical outcome in univariate analysis —in multivariate ana-

lyses, outcome effects are heavily influenced by International

Prognostic Index (IPI) and DHIT (double-hit) scores, noting

that high IPI or DHIT cases are more common in class 2

(data not shown).
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Antibodies

Rabbit monoclonal anti-FOXO1 (clone C29H4) Cell Signaling Technology 2880; RRID:AB_2106495

Rabbit monoclonal anti-p-AKT (S473) (clone 14-5) Dako M3628

HRP Labeled Polymer Goat Anti-Rabbit Dako K4002

Rabbit monoclonal anti p-FoxO1 (T24)/FoxO3a(T32)/

FoxO4(T28) (clone 4G6)

Cell Signaling Technology 2599; RRID:AB_2106814

Mouse monoclonal anti-FOXO1(clone D8T1S) Cell Signaling Technology 97635; RRID:AB_2800285

Rabbit monoclonal anti-p-AKT (S473) (cloneD9E) Cell Signaling Technology 4060; RRID:AB_2315049

Rabbit monoclonal anti-p-JNK/SAPK (T183/Y185)

(clone 81E11)

Cell Signaling Technology 4668; RRID:AB_823588

Rabbit poluclonal anti- p-ATF2 (T71)/pATF7 (T53) Cell Signaling Technology 24329

Rabbit monoclonal anti-p-p38 (T180/Y182) (clone D3F9) Cell Signaling Technology 4511; RRID:AB_2139682

Rabbit monoclonal anti AKT (clone C67E7) Cell Signaling Technology 4691; RRID:AB_915783

Rabbit polyclonal anti-JNK/SAPK Cell Signaling Technology 9252; RRID:AB_2250373

Rabbit monoclonal anti-ATF2 (D4L2X) Cell Signaling Technology 35031; RRID:AB_2799069

Rabbit monoclonal anti p38 MAPK (D13E1) Cell Signaling Technology 8690; RRID:AB_10999090

Rabbit monoclonal anti- p-ERK1/2 (T202/Y204)

(clone 197G2)

Cell Signaling Technology 4377; RRID:AB_331775

Rabbit polyclonal anti-ERK Cell Signaling Technology 9102; RRID:AB_330744

Mouse monoclonal anti-ACTIN Sigma-Aldrich A5441; RRID:AB_476744

Mouse monoclonal anti-TUBULIN (clone DM1A) Cell Signaling Technology 3873; RRID:AB_1904178

Rabbit polyclonal anti-PHLPP1 Bethyl Laboratories A300-660A; RRID:AB_2283757

Rabbit polyclonal anti-FOXO1A (ChIP Grade) Abcam 39670; RRID:AB_732421

Rabbit monoclonal anti-CD21 (clone EP3093) Abcam 75985; RRID:AB_1523292

Rat monoclonal anti-AID (clone mAID-2) eBioscience 14-5959-82; RRID:AB_10669583

Rabbit monoclonal anti-BCL6 (clone D65C10) Cell Signaling Technology 5650; RRID:AB_10949970

Rabbit monoclonal anti-ATF-2 (clone D4L2X) (IHC/IF) Cell Signaling Technology 35031; RRID:AB_2799069

Rabbit monoclonal anti- p-ATF2 (T71)/ATF-7

(T53)(clone E4A5G) (IHC/IF)

Cell Signaling Technology 27934

Rabbit monoclonal anti-Ki67 (clone D3B5) Cell Signaling Technology 12202S; RRID:AB_2620142

Rat monoclonal anti-B220 (clone RA3-6B2) (IHC) eBioscience 14-0452-82; RRID:AB_467254

PNA-Biotin Vector Laboratories B-1075; RRID:AB_2313597

Rat monoclonal anti-B220 (clone RA3-6B2) eBioscience 45-0452-82; RRID:AB_1107006

Hamster monoclonal anti-CD95/Fas (mouse)

(clone Jo2)

BD Biosciences 557653; RRID:AB_396768

Rat monoclonal anti-GL7 anti (hu/mo) (clone GL7) eBioscience 53-5902-82; RRID:AB_2016717

Rat monoclonal anti-CD86 (mouse) (clone B7-2) eBioscience 17-0862-81; RRID:AB_469418

Rat monoclonal anti-CXCR4 (mouse/hu) (clone 2B11) eBioscience 48-9991-82; RRID:AB_2574143

Mouse monoclonal anti-p-JNK (T183/Y185)

(human/mouse) (clone N9-66)

BD Biosciences 562480; RRID:AB_11153134

Rabbit monoclonal anti-p-ATF2 (clone 11G2) Cell Signaling Technology 13850

Rabbit monoclonal anti-p-AKT (clone D9E) Cell Signaling Technology 5315; RRID:AB_10694850

Rat monoclonal anti-CD21/CD35 (clone 7E9) Biolegend 123419; RRID:AB_1953276

Rat monoclonal anti-CD23 (clone B3B4) Biolegend 101615; RRID:AB_2103307

Rat monoclonal anti-PD-1 (clone 29F.1A12) Biolegend 135205; RRID:AB_1877232

Rat monoclonal anti-CXCR5 (clone L138D7) Biolegend 145513; RRID:AB_2562208
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Rat monoclonal anti-IgM (mouse) (clone RMM-1) Biolegend 406507; RRID:AB_315057

Rat monoclonal CD93 (mouse) (clone AA4.1) Biolegend 136509; RRID:AB_2275879

Rat monoclonal anti-CD3 (clone 17A2) Biolegend 100203; RRID:AB_312660

Rat monoclonal anti-CD4 (clone RM4-4) Biolegend 116013; RRID: AB_2563024

Mouse monoclonal anti-CD45.1 (mouse) (clone A20) eBioscience 48-0453-82; RRID:AB_1272189

Rabbit polyclonal anti histone H3 Bethyl Laboratories A300-823A; RRID:AB_2118462

Rabbit monoclonal anti-p-Ikba (S32) (clone 14D4) Cell Signaling Technology 2859; RRID:AB_561111

Mouse monoclonal anti-Ikba (clone L35A5) Cell Signaling Technology 4814; RRID:AB_390781

Mouse monoclonal anti-CD95/Fas (human) (clone DX2) BD Biosciences 747413; RRID:AB_2872101

Rat anti-Cd16/Cd32 (TruStain fcX, mouse) (clone 93) Biolegend 101320; RRID:AB_1574975

Rabbit IgG, polyclonal Isotype Control (ChIP-Seq) Abcam 37415; RRID:AB_2631996

Rabbit monoclonal anti-Cleaved Caspase-3 (Asp175)

(clone D3E9)

Cell Signaling Technology 9602; RRID:AB_2687881

Digital Goat anti-Rabbit-HRP Kindle Biosciences R1006; RRID:AB_2800464

Digital Goat anti-mouse-HRP Kindle Biosciences R1005; RRID:AB_2800463

Cy3-AffiniPure F(ab’)2 Fragment Donkey Anti-

Rabbit IgG (H+L)

Jackson ImmunoResearch 711-166-152; RRID:AB_2313568

Bacterial and virus strains

Stable competent E.Coli New England Biolabs C3040H

10-beta competent E.coli New England Biolabs C3019H

Chemicals, peptides, and recombinant proteins

Cal-101 Chayman Chemical 15279

SP600125 AdooQ Bioscience 129-56-6

JNK-IN8 AdooQ Bioscience A12749

LY294002 Cayman Chemical 70920

GDC-0941 (Pictilisib) Selleckchem S1065

anti-human IgG + IgM goat polyclonal Jackson ImmunoResearch

Laboratories

109-005-044

Goat Anti-Mouse IgM, u chain specific Jackson ImmunoResearch

Laboratories

115-006-020

MegaCD40L (human) Enzo Life Sciences ALX-522-110-C010

anti-mouse CD40 (clone HM40-3) Invitrogen 16-0402-85 (RRID AB_468946)

DAPI Solution Thermo Fisher Scientific 62248

fluoromount-G Electron Microscopy Services 17984-25

Magna ChIP Protein A+G Magnetic Beads Millipore Sigma 16-663

Cell Proliferation Dye eFluor 450 eBioscience 65-0842-85

KwikQuant Ultra Digital-ECL Substrate Solution Kindle Biosciences R1002

ImmPRESS Polumer Anti-rabbit IgG Reagent Vector Laboratories MP-7401

TSA Plus Cyanine 3 Perkin Elmer NEL744001KT

Cytofix/Cytoperm Fixation/Permeabilization BD Bioscience BD554714

NcoI-HF Restriction Enzyme New England Biolabs R3193

Pierce Protease and Phosphatase Inhibitor Thermo Fisher Scientific A32961

Biotin-binder Dynabeads Life Technologies #11047

Lenti-X concentrator Clonetech 631231

TRIzol LS Reagent Thermo Fisher Scientific 10-296-010

Retro-X Concentrator Clonetech 631456

Recombinant Murine IL-3 Peprotech 213-13

Recombinant Murine IL-4 Peprotech 214-14-20

Recombinant Murine IL-6 Peprotech 216-16

(Continued on next page)
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Murine SCF Peprotech 250-03

Hexadimethrine Bromide (Polybrene) Sigma-Aldrich H9268

Neomycin Sulfate Goldbio N-620-100

DietGel 76A ClearH20 72-07-5022

Goat Normal Serum Jackson ImmunoResearch

Laboratories

005-000-121

Critical commercial assays

2x SYBR Green qPCR Master Mix BiMake B21202

Avidin/biotin Blocking Kit Vector Laboratories SP-2001

Bolt 4-12% Bis-Tris Gels Thermo Fisher Scientific NP0321

Genomic Tail Lysis Kit BiMake B40013

Gibson Assembly Master Mix New England Biolabs E2611

Kapa Hifi Hotstart Roche KK2501

MagniSort Mouse B Cell Enrichment Life Technologies 8804-6827-74

MicroTube for Sonication Diagenode C30010010

Nano-Glo Dual Luciferase Reporter Assay Promega N1610

NEBNext NGS DNA Library Preparation New England Biolabs E7500, E7645

PureLink RNA Mini Kit Thermo Fisher Scientific 12183018A

SignalStain Antibody Diluent Cell Signaling Technologies 8112S

SignalStain Boost IHC Detection Reagent (HRP,

Rabbit)

Cell Signaling Technologies 8114S

SuperScript IV VILO Master Mix Thermo Fisher Scientific 11756050

Universal Plus mRNA-Seq Nugen 0508-32

Vectastain ABC AP Detection kit Vector Laboratories AK-5000

Vector Blue Substrate kit, AP Vector Laboratories AK-5300

Zenon Rabbit IgG Labeling Kit Thermo Fisher Scientific Z25352

2x SYBR Green qPCR Master Mix BiMake B21202

Deposited data

RNA-Seq and ChIP-Seq raw and processed

data, Wildtype and FOXO1 mutant SUDHL4 clones

This study Gene Expression Omnibus (GEO)

GSE143775

H3K27ac ChIP-seq track (SUDHL4 cells) PMID: 31519498 Gene Expression Omnibus (GEO)

GSE132365

Human reference genome NCBI build 37, GRCh37 Genome Reference Consortium http://www.ncbi.nlm.nih.gov/

projects/genome/assembly/grc/human/

Gene expression datasets DEC205+ positively

selected cells

Ersching et al., 2017 Gene Expression Omnibus (GEO),

record GSE98778

Gene expression datasets, MYC+ GC B cells Dominguez-Sola et al., 2012 Gene Expression Omnibus (GEO),

record GSE38304

DLBCL Patient Dataset #1 Schmitz et al., 2018 dbGaP phs001444

DLBCL Patient Dataset #2 Arthur et al., 2018;

Ennishi et al., 2019

ega-archive EGAS00001002657

Experimental models: Cell lines

Human: HEK293T/17 ATCC CRL-11268

Human: SU-DHL-4 DSMZ ACC 495

Human: SU-DHL-10 DSMZ ACC 576

Human: OCI-LY7 DSMZ ACC-688

Experimental models: Organisms/strains

Mouse: B6.SJL The Jackson Laboratory JAX: 002014

Mouse: GFP-c-Myc KI The Jackson Laboratory JAX: 21935

(Continued on next page)
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Mouse: B6.Foxo1M1L mice This study (see STAR Methods) N/A

Mouse: C57BL6/J The Jackson Laboratory JAX: 000664

Mouse: IghelMD4 The Jackson Laboratory JAX: 002595

Oligonucleotides

ssODN CRISPR targeting mouse embryos

(M1 > L): GGAGCGACACTCGGGTCGCC

CGCTCCGCGCCCCCGGTGGCCGCGTC

TCCCGGTACTTCTCTGCTGGTGGGGG

AGGGGCGGGGGCAaCtTGGCCGAAG

CGCCCCAGGTGGTGGAGACCGAC

CCGGACT

This study N/A

guide RNA sequence for mouse FOXO1

M1 > L targeting: CACCTGGGGCGC

TTCGGCCA

This study N/A

Primer, T7 endonuclease assay; MmFoxo1-

E1-T7-F1: GGTGACCCAGCGAAGTTAAG

This study N/A

Primer, T7 endonuclease assay; MmFoxo1-

E1-T7-R1: GATGGCCTTGGTGATGAGGT

This study N/A

guide RNA human FOXO1, Met 1 targeting:

GGCGGGGGTCACCATGGCCG

This study N/A

guide RNA human FOXO1 Ser 22 and Thr 24

targeting: CGGACTTCGAGCCGCTGCCC

This study N/A

guide RNA human FOXO1, 50 end for null

allele: GAGCAACCTGAGCTTGCTGG

This study N/A

guide RNA human FOXO1, 30 end for null

allele: GGAGAGCGAGGACTTCCCGC

This study N/A

ssODNs CRISPR donor, human FOXO1

M1L: GTTCTCCCCCTCTTGGCTC

TCCTGCGGCTGGGGGAGGGGCGGG

GGTCACCcTtGCCGAaGCGCCTCAGG

TGGTGGAGATCGACCCGGACTTCGA

GCCGCTGCCCCGGCC

This study N/A

ssODNs CRISPR donor, human FOXO1

T24I: CGGCGTCGGGGTTGGCAGCC

GCGCTGCCCGACGGCGCCGGGCTG

GAGGTGGCCGAGTTGGACTGGCTA

AACTCCGGCCTGGGCAGCGGCCAG

aTGCACGAGCGCGGaCGGGGCAGCGG

CTCGAAGTCCGGGTCGATCTCCACCAC

This study N/A

ssODNs CRISPR donor, human FOXO1

S22P: CGGGGTTGGCAGCCGCGCTGC

CCGACGGCGCCGGGCTGGAGGTGG

CCGAGTTGGACTGGCTAAACTCCGG

CCTGGGCAGCGGCCAGGTGCACGgGC

GCGGaCGGGGCAGCGGCTCGAAGTC

CGGGTCGATCTCCACCAC

This study N/A

Primer, T7 endonuclease assay; HsFOXO1_T7

Primer_F: GAGGAGCCTCGATGTGGATG

This study N/A

Primer, T7 endonuclease assay; HsFOXO1_T7

Primer_R: GAGTCCACTCACCTTCCAGC

This study N/A

Primer: SUDHL4 T7 cut sequencing_R:

TGCGGGAAGTCCTCGCTCTC

This study N/A

shRNA control (Renilla Luciferase):

TATCATTAACTGTTTCTCTGTA

This study N/A

(Continued on next page)
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shRNA human PHLPP1 #1:

TTACATATCTGATATGTTAGGG

SplashRNA tool http://splashrna.

mskcc.org

N/A

shRNA human PHLPP1 #2:

TATCATTAACTGTTTCTCTGTA

SplashRNA tool http://splashrna.

mskcc.org

N/A

shRNA human FOXO1 #5275:

TATAAATTAAGAACTCTTAGGA

SplashRNA tool http://splashrna.

mskcc.org

N/A

qPCR primer PHLPP1 F:

TGCTCACTCCAACTGCATCGAG

Origene Technologies #HP219264

qPCR primer PHLPP1 R:

GGTTTCCAGTCAGGTCTAGCTC

Origene Technologies #HP219264

qPCR primer TBP F:

TAATCCCAAGCGATTTGCTG

PMID 28092697 N/A

qPCR primer TBP R:

CAGTTGTCCGTGGCTCTCTT

PMID 28092697 N/A

qPCR primer POL2RA F:

AAGTTCAACCAAGCCATTGCG

PMID 25526394 N/A

qPCR primer POL2RA R:

GACACACCAGCATAGTGGAAGG

PMID 25526394 N/A

Primer: Mouse IGH VDJ, segment

VH7183-F: GCAGCTGGTGGAGTCTGG

PMID: 15994971 N/A

Primer: Mouse IGH VDJ, segment

VHQ52-F: TCCAGACTGAGCATCAGCAA

PMID: 15994971 N/A

Primer: Mouse IGH VDJ, segment JH4E-R:

AGGCTCTGAGATCCCTAGACAG

PMID: 7953531 N/A

Recombinant DNA

RT3-REVIR PMID: 29568061 A gift from

Johannes Zuber

Addgene plasmid # 111168

pHRSIN-dE-SFFV-GFP-P2A-SBP-dLNGFR-WPRE Matheson et al., 2014 N/A

pMSCV Vector PMID 20008935 A gift from

Lin He

Addgene plasmid # 24828

pCL-Eco PMID 8764092 A gift from

Inder Verma

Addgene plasmid # 1237

pMD2.VsVg A gift from Didier Trono Addgene plasmid # 12259

psPAX2 A gift from Didier Trono Addgene plasmid # 12260

pNL3.1 (Nluc-min) Nanoluc Luciferase

vector

Promega #N1031

pX330-U6-Chimeric_BB-CBh-hSpCas9 PMID 23287718 A gift from

Feng Zhang

Addgene plasmid # 42230

pcDNA3-FOXO1 (WT and variants) This study pcDNA3 backbone originally purchased

from Invitrogen

Software and algorithms

ImageJ V 2.0.0 Rueden et al., 2017 https://imagej.nih.gov/ij/

MACS version 2.1.1.20160309 Zhang et al., 2008 https://github.com/taoliu/MACS

HOMER V 4.8 Heinz et al., 2010 http://homer.ucsd.edu/homer/

DeepTools2.0 Ramı́rez et al., 2016 https://deeptools.readthedocs.io/en/

develop/index.html

Python version 3.0 Python Software Foundation https://www.python.org

GSEA v 4.0 Subramanian et al., 2005 https://software.broadinstitute.org/

gsea/index.jsp

DESEQ2 Love et al., 2014 http://bioconductor.org/packages/

devel/bioc/vignettes/DESeq2/inst/doc/

DESeq2.html

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

HierarchicalClusteringV8 Genepattern Server https://cloud.genepattern.org/gp/

pages/protocols/ClassDiscovery_hier.html

LEM (Leding Edge Metanalysis) Godec et al., 2016 https://github.com/lamarck2008/LEM

QuPath v 0.1.2 Bankhead et al., 2017 https://qupath.github.io/

NIS Elements software Nikon https://www.microscope.healthcare.

nikon.com/products/software/nis-elements

SplashRNA Algorithm Pelossof et al., 2017 http://splashrna.mskcc.org/

Voom Normalization Law et al., 2014 https://rdrr.io/bioc/limma/man/voom.html

FlowJo (V10.5.3) BD Bioscience https://www.flowjo.com/

tophat/2.1.0 Trapnell et al., 2009 https://ccb.jhu.edu/software/tophat/

index.shtml

cufflinks/2.2.1 Trapnell et al., 2010 http://cole-trapnell-lab.github.io/cufflinks/

HTSeq Anders et al., 2014 https://htseq.readthedocs.io/en/

release_0.11.1/

samtools/0.1.19 Li et al., 2009 http://samtools.sourceforge.net/

bowtie2/2.2.8 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

ggsurvplot / ggplot2 (survminer R package) https://doi.org/10.1007/978-

0-387-98141-3

https://github.com/kassambara/survminer/

Illustrator 2021 Adobe Systems Inc. N/A

Photoshop 2021 Adobe Systems Inc. N/A

Prism 9 Graphpad https://www.graphpad.com/scientific-

software/prism/

Other

CFX384 Real-Time PCR Detection System BioRad 1855484

X-A2 Digital Camera FujiFilm N/A

DynaMag-2 Thermo Fisher Scientific 12321D

Eclipse E200 Microscope Nikon N/A

Neon Transfection Kit Invitrogen MPK5000

LSRII-Aria Cell Sorter BD N/A

LSRFortessa Analyzer BD N/A

FACSCalibur Analyzer BD N/A

Bioanalyzer 2100 Agilent N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, David

Dominguez-Sola (david.dominguez-sola@mssm.edu).

Materials availability
Plasmids and viral vectors generated in this study will be deposited in Addgene. In the meantime, these reagents will be made avail-

able upon reasonable request.

The B6.Foxo1M1L mouse line, and SUDHL4 isogenic FOXO1 mutant cell lines generated in this study are available upon request.

Data and code availability
All RNA-seq and ChIP-seq datasets have been deposited in theGene Expression Omnibus (GEO) database under accession number

GSE143775 (reference series).

Themodified computational pipeline for Leading EdgeMetanalysis, updated to run in Python3, is available from the corresponding

author upon request. All Western Blot raw images have been deposited in Mendeley Data: https://data.mendeley.com/datasets/

xfv7v9k45r/1.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse strains
All mice used in this study were in pathogen-free conditions, at 22�C and 30%–70% humidity in a 12-h light/dark cycle and provided

ad libitum access to food and water. All experiments conformed to the ethical principles and guidelines of our Institutional Animal

Care and Use Committee at Mount Sinai (IACUC approval number 2014-0015). CD45.1 B6 congenic mice (B6.SJL-Ptprca Pepcb/

BoyJ) were purchased from the Jackson Laboratory (#002014). The Myc-GFP mice (GFP-c-Myc KI, B6;129-Myctm1Slek/J; Jackson

Laboratory #021935) were a kind gift of Dr. Barry P. Sleckman (Huang et al., 2008). MD4mice (C57BL/6-Tg(IghelMD4)4Ccg/J), which

express a transgenic B cell receptor specific for hen egg lysozyme, were purchased from the Jackson Laboratory (#002595).

B6.IghelMD4 and congenic CD45.1/2 mice were bred in house.

All materials, including IVCs, lids, feeders, bottles, bedding, and water were autoclaved before use. Same sex litter mates were

housed together in individually ventilated cages, up to five per cage. Male and female mice were aged 8-12 weeks at the start of ex-

periments unless otherwise stated. Sample sizes were not calculated a priori. Given the nature of the comparisons, we did not

randomize mice into experimental groups or blind the investigators to group allocation.

Cell lines
SUDHL4 (DSMZ #ACC 495) and SUDHL10 (DSMZ # ACC 576) cell lines were a kind gift of the laboratory of Dr. Riccardo Dalla-Favera

(Columbia University Medical Center, New York, NY, USA). The OCI-LY7 cell line was purchased from DSMZ-German Collection of

Microorganisms and Cell Cultures GmbH (cat #ACC-688). All stocks were frozen after 2-3 passages. SUDHL4, SUDHL10 and OCI-

LY7 are wild-type for FOXO1 DLBCL, GCB-like). The identity of all cell lines and SUDHL4 isogenic clones was confirmed bymultiplex

cell authentication (Genetica Cell Line Testing). The cytogenomic analysis of SUDHL4 parental andCRISPR-edited isogenic lineswas

done at the Mount Sinai Tumor Cytogenomics core. All cell lines were cultured in Iscove Modified Dulbecco’s Medium (IMDM; Life

Technologies, Cat #12440-061) supplemented with 10% fetal bovine serum (FBS, Invitrogen #10437) and 1% Penicillin/Strepto-

mycin (Life Technologies, Cat #15140163).

Human tissue samples
Fresh tonsil tissues were obtained from routine tonsillectomies at the Children’s Hospital of Columbia- Presbyterian Medical Cen-

ter or the Mount Sinai Hospital. All samples were exempt from the requirement for informed consent as they corresponded to re-

sidual material obtained after diagnosis, from anonymous donors without identification of samples, in compliance with Regulatory

Guideline 45 CFR 46.101 (b)(4) for Exempt Human Research Subjects of the US Department of Health and Human Services and

with protocols approved by the Institutional Ethics Committee. Deidentified paraffin sections of tonsils correspond to archived tis-

sues after diagnosis in the Department of Pathology at Mount Sinai Hospital, New York. These samples are in compliance with

Regulatory Guideline 45 CFR 46.101 (b)(4) for Exempt Human Research Subjects of the US Department of Health and Human

Services.

METHOD DETAILS

Generation of Foxo1 M1L mice
The B6.Foxo1M1L mouse line was generated by CRISPR-Cas9-directed gene editing C57BL/6 zygotes. Briefly, we injected Alt-R

Cas9 ribonucleoprotein complexes, made of Alt-R Cas9 Nuclease 3NLS, and annealed active guide RNA (crRNA+tracrRNA at a

1:1 ratio), and a single-strand oligonucleotide donor (ssODN) containing the p.Met1 < Leu mutation into one-cell stage C57BL/6

zygotes (20 ng/mL of guide RNA and 20 ng/mL of Cas9 protein and 20ng/uL ssODN), following the manufacturer’s protocol (Inte-

grated DNA Technologies, Coralville, IA, USA). Guide RNA and ssODN donor sequences were designed using the DESKGEN

CRISPR tool (http://www.deskgen.com; Desktop Genetics Ltd.). We discarded guide RNAs with poor off-target scores and tested

3 potential candidate guides for their activity. We chose a guide RNA with cut site at chr3 [+52,268,805:-52,268,805];

GRCm38.81), [50CACCTGGGGCGCTTCGGCCA30]. This guide cut 1nt from the p.Met1 codon, and no predicted off-targets

located in coding regions and a single predicted off-target with 2 mismatches located at chr11: 78153102-78153125, in an intronic

segment of the KCTD21-AS1 gene. We designed an asymmetric ssODN donor (36/91 bp arms) that included an ATG > TTG mu-

tation, equivalent to the pMet1 > Leu mutation observed in B-NHL, and a second mutation to abrogate the PAM site, here in lower-

case (GGCAaCtTGGCC; start codon is underlined). Additionally, these two mutations destroy a NcoI restriction site, which was

used for genotyping. The successful targeting frequency was of 15% (heterozygous founders) and 5% (homozygous). We crossed

selected founders to C57BL/6 mice and confirmed germline transmission for 4 of them. All mice used in this manuscript were

derived from two separate founders. Mutant founders were identified by digestion with NcoI-HF (New England Biolabs) of PCR

products containing the targeted region (see below), and further validated by Sanger sequencing (Eton Bioscience, USA).

Offspring and experimental animal cohorts were genotyped by qPCR (Transnetyx). Primers used for sequencing can be found

in the Key resources table.

Heterozygous and homozygous Foxo1M1L mice were born at normal Mendelian ratios and had normal lifespans (median follow-

up = 78 weeks, range 62-88 weeks). Additional phenotypic details are described in Figure S7.
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Mouse immunizations
To induce T cell dependent immune responses, we immunized 8 to 12-week-old mice with Sheep red blood cells (SRBCs, Cocalico

Biologicals #20-1334A) twice (day 0, 2x10^8 SRBCs and day 5, 1x10^9 SRBCs) by intraperitoneal injection and analyzed at day 12

(Compagno et al., 2017). SRBCs had been washes and resuspended in 0.25 mL of 1X PBS. Age and sex matched C57BL/6J mice

were used as controls in some cases (the Jackson Laboratory, #000664). An equal percentage of male and females were included in

all experiments. Immunizations and downstream analyses were performed by separate investigators.

Generation of FOXO1 mutant SUDHL4 cells via CRISPR/Cas9 targeting
sgRNA and ssODN designs

All guide RNAs and ssODNdonorswere designed using theDeskGenCRISPR tool (DesktopGenomics Ltd).We used the same guide

RNA to generate clones carrying T24 and S22 mutations (50CGGACTTCGAGCCGCTGCCC30). This guide RNA directs Cas9 to cut

�18nt 50 of T24 site, and 12nt 50 of S22 chr13 [+40,666,161: �40,666,161; GRCh38]. The cut is > 10nt away from the substitution

site, but other guides with closer cuts performed poorly in T7 assays or had too many predicted off-target sites. This guide RNA

has no predicted off-target effects with less than 3 mismatches in coding or non-coding regions. For HDR-mediated repair, we pro-

vided an asymmetric (36/91) ssODN donor that contained a mutated PAM sequence (CGG to CGT, silent mutation at p.Arg19, R19).

To introduce Met1 > Leu (M1L) mutation, we selected one gRNA with PAM at p.Glu3 (50GGCGGGGGTCACCATGGCCG30). This
sgRNA has one predicted off-target mapping at exon 14 of the ARHGEF17 gene [chr11: 73362603-7336262], with 2 mismatches

within seed region. Four additional off-targets were predicted within coding regions, all with 3 mismatches; and 4 with 2 seed mis-

matches predicted to target non-coding sequences. The ssODN donor was designed to mutate methionine 1 (M1) to Leucine (ATG >

CTT), equivalent to the mutations found in DLBCL. We also added a silent point mutation at p.Glu3 (PAM region), from GAG to GAA.

FOXO1 sgRNAs were subcloned into a modified vector backbone based on the pX330 plasmid (pX330-U6-Chimeric_BB-CBh-

hSpCas9, a gift from Feng Zhang (Cong et al., 2013; Ran et al., 2013) (Addgene plasmid # 42230 ; http://n2t.net/addgene:42230 ;

RRID:Addgene_42230), altered to introduce a eGFP-Puromycin-P2A cassette in-frame 50 to Cas9 (pX330-Cas9-eGFP; a gift of Alek-

sandra Oblewska and Brian Brown, Icahn School of Medicine at Mount Sinai). All guide RNAs were subcloned between two BbsI

sites. GFP expression was used to identify successfully electroporated cells.

To generate FOXO1 null (KO) SUDHL4 isogenic clones, we designed two guide RNAs targeting FOXO1 after p.Met71, preventing

usage of this methionine as alternative translation start site: sg1: 50GAGCAACCTGAGCTTGCTGG30; sg2: 50GGAGAGCGAGG

ACTTCCCGC30 (directed cleavage around residues 77 and 84, respectively). These two guides had no predicted off-target sites

in coding regions with less than 3 seed mismatches. Both guide RNAs were combined during electroporation without donor ssODN.

Electroporation

GFP-Cas9-gRNA containing plasmids and ssODN donors were mixed at a 1:50 molar ratio. Per electroporation, 7.6x10^5 SUDHL4

cells were resuspended in 100 uL of R buffer and 5 ug total DNA electroporated using a Neon device (Life Technologies/

ThermoFisher) using manufacturer’s instructions and the following conditions: 1350 V; 1 pulse; 30 ms in a 100 uL tip. Three indepen-

dent electroporations were pooled per well. After electroporation cells were cultured in IMDM/10% FBS without antibiotics for 24 to

48 h in 5% CO2 incubator at 37�C.

Single cell sorting via Flow Cytometry.
To enrich for targeted clones, SUDHL4 single cells were resuspended in complete growth medium and sorted into individual wells

based on viability (7-AAD exclusion) and GFP expression using LSRII-Aria Cell Sorter (Beckton-Dickinson) with a 96-well plate auto-

mated stage. One cell was seeded in a well containing 100 uL of IMDM/10% FBS + Pen/Strep (96-well plate). A range of 200-400

single-cells were seeded per variant. Single cell clones were expanded and screened for correct targeting by restriction digestion

first, then Sanger sequencing. For M1L clones, successful editing was further confirmed by Western Blot using FOXO1 specific

antibodies. In parallel, we generated SUDHL4 wild-type isogenic controls from the parental SUDHL4 lines by serial dilution and

expansion of single cells in 96-well dishes. Four randomly selected clones were used in most experiments, as detailed in the figure

legends.

Immunoblot analyses
For cell lysis, we used 1% SDS lysis buffer (50 mM Tris, pH 8.0, 1 mM EDTA, 100 mM NaCl, 5 mM DTT, and 1% SDS) containing

protease and phosphatase inhibitors (Thermo Fisher Scientific). Protein lysates were resolved in Novex Bolt 4%–12% Bis-Tris

gels (Life Technologies/Thermo Fisher Scientific) and transferred to nitrocellulose membranes. All membranes were blocked with

5% milk in TBS-T (Tris-buffered saline with 0.1% Tween) for 1 h at room temperature and incubated overnight at 4C with various

primary antibodies diluted in TBS-T plus 3%BSA (see supplemental materials), washed 3 times in TBS-T, then incubated with horse-

radish peroxidase-conjugated secondary antibodies (Kindle Biosciences #K1005, #K1006) and developed using KwikQuant Ultra

Digital ECL (Kindle Biosciences #K1002). Luminescent signals were detected using a FujiFilm X-A2 digital camera. Raw images

were then converted to black and white using Adobe Photoshop CS6 V13.0.6.

Cell fractionation and isolation of chromatin enriched fractions
After harvesting, we washed cells once in cold PBS with protease and phosphatase inhibitors (Thermo Fisher Scientific), then resus-

pend in CSK buffer (10mMHEPES-Na, pH7.9, 100 mMNaCl, 1.5 mMMgCl2, 300 mM sucrose, and 0.5% Triton X-100) with protease
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and phosphatase inhibitors, then incubated for 10 min on ice. Nuclear pellets were collected by centrifugation (5000 rpm, 5 min at

4�C). We then washed the pellets twice in CSK buffer and resuspended in EDTA-EGTA buffer (20 mM HEPES-Na, pH 8.0, 3 mM

EDTA, 0.2 mM EGTA, 50 mM NaF, 0.1 mM Na3VO4) with protease and phosphatase inhibitors, followed by a short incubation

(4 min on ice), and centrifugation (5000 rpm, 3 min at 4�C). We washed the resulting pellets twice in the same EDTA-EGTA

buffer, to obtain a compact chromatin-enriched pellet. These pellets were flash-frozen and stored at �80�C until processing for

immunoblot.

Flow cytometry analyses
Mononuclear cells or enriched B cell fractions were stained in FACS (1X PBS, 0.5% BSA, 2 mM EDTA buffer) with specific combi-

nations of fluorescent-labeled antibodies. We used DNA dyes and physical parameters to exclude non-viable cells. For intracellular

phospho staining for flow cytometry analysis, we first stained for cell-surface markers in FACS buffer; then fixed and permeabilized

these cells by incubating in BD Cytofix/CytopermTM Buffer (BD #554722) for 30 min on ice. Cells were washed in 1x BD Perm/Wash

Buffer (#554723) and incubated with BD Cytoperm Permeabilization Buffer Plus for 10 min on ice; washed again with BD Cytofix/Cy-

topermTM Buffer, re-fixed with BD Cytofix/Cytoperm Buffer (5 min on ice), washed again in 1x BD Perm/Wash Buffer and then finally

labeled with phospho-specific antibodies diluted in 1x BD Perm/Wash Buffer at room temperature for 1 h. We then washed the cells

twice 1x BDPerm/Wash Buffer and resuspend all samples in flow cytometry buffer. We acquired > 1million events per mouse using a

FACSCalibur or BD Fortessa (BD Bioscience). We used FlowJo software, Mac version v10.5.3 (Flowjo LLC, BD) for data analysis. The

antibodies used for flow cytometry as listed in the Key resources table.

Cell isolation with Streptavidin-Binding-Peptide for cell competition studies
To generate differentially labeled cell pools for cell competition experiments, we first transduced SUDHL4 cells (FOXO1 wild-type or

FOXO1 mutant isogenic clones) with pHRSin-GFP-LNGFR-SBP (FOXO1 wild-type or mutant) or pHRSin-mCherry-LNGFR-SBP

(wild-type) lentiviral particles. The expression of a non-functional dLNGFR receptor fused to Streptavidin binding peptide (SBP)

(Matheson et al., 2014) allows to enrich at purity for successfully transduced cells using Biotin-binder Dynabeads (Life Technologies,

#11047). The volume of streptavidin beads used was proportional to the number of GFP+ or mCherry+ cells after transduction. We

washed all cells three times with Incubation Buffer (IB: PBS without calcium/magnesium, 2 mM EDTA, Biotin-free 0.1% BSA), resus-

pended them (107cells/ml in IB buffer) and incubated the cell suspension with Dynabeads (20:1 bead:target-cell ratio) rotating for

30 min at 4�C. Bead-bound cells were captured using a DynaMag2 magnet (Invitrogen) (2–3 minute incubation). SBP+ cells were

released by resuspending pre-warmed ‘‘release’’ buffer (IMDM/10% FBS supplemented with 25 mM biotin) and incubating for

15 min at room temperature while rotating. We collected the released cells from the supernatant, after incubating the suspension

in a DynaMag2 magnet. Cell purity was determined by flow cytometry. GFP+/SBP+ or mCherry+/SBP+ cells were seeded in com-

plete medium and recovered for at least 72 h at 37�C before co-culture.

Co-culture assays
Equal numbers of GFP+ and mCherry+ cells (1:1 ratio) were mixed and mixed suspensions washed twice in HBSS and seeded at

5x105 cells/mL in control (IMDM/10% FBS) or starvation medium (HBSS/1% IMDM w/o FBS). Co-cultures were maintained for

the indicated times prior to analysis (as detailed in the figure legends). Flow cytometry data acquisition (GFP:mCherry ratios and acti-

vated caspase3 content; see below) was done using FACSCalibur or BD Fortessa (BD Bioscience) cytometers. FlowJo software,

Mac version v10.5.3 (Flowjo, LLC - BD) was used for data analysis.

Virus packaging and cell transduction
MSCV-based retroviruses were generated by co-transfectingMSCV-based retroviral vectors with the EcoPak plasmid (packaging) at

a 1:1 ratio. Lentiviral particles were generated by co-transfecting pHRSin vectors with pMD2.G (VsVg) and psPAX2 (D8.9) plasmids

(1:0.25:0.75 ratio, respectively) in HEK293T via reverse transfection with polyethyleneimine (PEI, 15 mg of DNA per 10cm dish, 1:4

DNA:PEI ratio). We collected viral supernatants at 48 and 72 h after transfection, cleared them by centrifugation and 100x concen-

trated using Retro-X or Lenti-X concentrator (Clontech, # 631231), following manufacturer’s instructions. All viral concentrates were

stored at�80�C until use. Cells were transduced in the presence of polybrene (4 ug/mL) via spinoculation (2,500 rpm, 32oC, 90 min)

twice within at 24-hour period.

Cleaved-caspase3 analysis
SUDHL4 FOXO1 WT and Mutant cells were cultured in competition or as independent cultures in complete medium or starvation

(HBSS/1% IMDM) for 6 hwith or without PI3K inhibitor CAL101 (20 mM,CaymanChemical) and JNK inhibitor JNK-IN8 (20 mM, AdooQ

Bioscience)). Cells were harvested, washed once in 1x PBS, fixed in 4% paraformaldehyde for 20 min at room temperature, wash

once more in 1x PBS and permeabilized in 90% ice cold methanol on ice for 30 min. We washed the cells 3 more times in cold

flow cytometry buffer (1X PBS, 0.5% BSA, 2 mM EDTA buffer) and stained with an AF647-conjugated anti-Cleaved Caspase-3 anti-

body (Cell Signaling Technologies) for 1 h at room temperature. Cells were washed twice and resuspended in flow cytometry buffer.

Data were acquired on FACSCalibur or BD Fortessa (BD Bioscience) cytometers and analyzed with FlowJo software, Mac version

v10.5.3 (Flowjo, LLC - BD).
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Ex-vivo B cell proliferation assays
We isolated enriched B cell fractions from mouse spleens using the MagniSort� Mouse B cell Enrichment Kit (Life Technologies,

#8804-6827-74), according to manufacturer instructions. Purified B cells (> 95% purity) were washed with cold PBS and labeled

with 10 uM eF450 Cell proliferation dye (eBioscience, #65-0842-85) for 10 min at 37�C. The reaction was then blocked by

adding cold B cell medium (RPMI, supplemented with 10% FBS, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate,

50 uM b-mercaptoethanol; Life Technologies) and incubating 5 min on ice. Cells were washed and resuspended in B cell medium

at 1x10^6/mL, plated in 12 or 6-well plates and stimulated using different cytokine/ligand combinations, as detailed in the legends.

Specifically: anti-CD40 (12.5 ng/mL, clone HM-40-3, Life Technologies); mouse IL-4 (20 ng/mL, Peprotech); anti-mouse IgM F(ab)2 (3

ug/mL; Jackson ImmunoResearch); Lipopolysaccharides from Escherichia coli O55:B5 (1 ug/mL, Sigma-Aldrich); or anti-mouse

CD180 (RP105) (1 ug/mL, Biolegend). In all cases, we stimulated the cells for 72 h before analysis. Dilution of eF450-CPD was as-

sessed by flow cytometry using a BD Fortessa cytometer (BD Bioscience) and data analyzed with FlowJo software, Mac version

v10.5.3 (Flowjo, LLC - BD).

Generation of mixed bone marrow chimeras
We isolated total bone marrow cells from the long bones of age and sex matched CD45.1/.2 mice (Jackson Labs) and either

FOXO1+/+ or FOXO1M1L/M1L CD45.2 mice (�8-10 wks old). After red blood cell lysis (ACK lysis buffer, Lonza) and washes in medium,

wemixed these cells at a 1:1 ratio, washed, and resuspended in 1x PBS. A total of fivemillion bonemarrow cells were transferred into

lethally irradiated recipient 10 wk-old C57BL/6 female mice (CD45.2) via retroorbital injection. All recipient mice had been irradiated

with a split dose (5.5 + 5.0 Gy separated 4 h) 24 h prior to cell transfer (RS-2000 small animal irradiator, Rad Source) and were main-

tained for two weeks in antibiotic drinking water (2g/L Neomycin, Goldbio) and supplemented with nutritionally fortified food (76a

DietGel, ClearH2O) after irradiation. Ten weeks post transfer we immunized all mice (d0, d5) with sheep red blood cells (Cocalico

Biologicals) and then analyzed at day 12. We used flow cytometry to determine the relative abundance of CD45.1/.2 cells to

CD45.2 cells in germinal center (B220+, CD95hi, GL7hi), which was normalized to the ratio in non-GC B cells (B220+, CD95lo,

GL7lo) to control for differences in engraftment between mouse haplotypes. A measure of ‘‘competitive competency’’ was defined

by normalizing the percentage of CD45.2+ cells within theGCB cell pool (GL7hi/Fashi) to that in the non-GC naive B cell compartment,

as per previous studies (Basu et al., 2013; Lu et al., 2017).

Adoptive B cell transfer chimeras in IghelMD4 recipient mice
Splenic B cells from age and sex matched CD45.1/.2 mice (Jackson Labs) and either FOXO1+/+ or FOXO1M1L/M1L mice were isolated

by negative selection (Magnisort Mouse B cell enrichment kit, Life Technologies) andmixed 1:1 in 1x PBS.We then transferred a total

of 20 million B cells into recipient IgHEL/MD4 transgenic mice (Jackson Labs) via retroorbital injection. In MD4mice, > 95% of B cells

express a transgenic B cell receptor specific for hen egg lysozyme and fail to recognize NP-peptide conjugates. One day after B cell

transfer, we immunized MD4 recipient mice with 100 mg of NP-CGG (Biosearch Technologies) precipitated 1:1 in alum (Alhydrogel;

Invivogen). Ten days post immunization, we isolated splenocytes and used flow cytometry to determine the ratio of donor CD45.1/.2

cells to CD45.2 cells in non-germinal center and germinal center (IgDa-, B220+, CD95hi, GL7hi) compartments. The CD45.2 to

CD45.1/.2 ratio in donor non-GCB cells (IgDa-, B220+, CD95lo, GL7lo) was used to normalize the germinal center ratios. In our hands,

CD45.1/.2 cells were rapidly depleted in IghelMD4 mice after transfer, and this could be alleviated by depleting CD8+ T cells with an

anti-CD8 (Bioxcell): 200 ug (i.p.) two days before B cell transfer, 100 ug every 4 days after B cell transfer until analysis. We confirmed

that this maneuver did not affect normal germinal center responses in C57BL/6 mice. ‘‘Competitive competencies’’ were determined

as in the mixed bone marrow chimera experiments described above, as per previous studies (Basu et al., 2013; Lu et al., 2017).

Mouse tumor studies with combined VavP-Bcl2 x Foxo1 transgenes
We isolated and cultured overnight bone marrow cells from two young (11-wk) VavP-Bcl2 transgenic female mice (Egle et al., 2004),

mixed and cultured at 2x10^6/mL in B cell medium supplemented with mIL-3 (Peprotech, 10 ng/mL), mIL-6 (Peprotech, 10ng/mL),

mSCF (Peprotech, 50ng/mL) and m-Flt3L (Peprotech, 50ng/mL). We then transduced these cells with MSCV-IRES-GFP retroviruses

encoding for wild-type FOXO1, D70 FOXO1 (N-term 70 aa truncation equivalent to FOXO1 M1L) or only GFP, twice within 24 h by

spinoculation (1000 x g, 32�C, 60–90 min) in presence of polybrene (8 ug/mL) at high multiplicity of infection (MOI). The percentage

of GFP+ cells upon transduction and prior to injection was�15%–20% for all samples. These cells were used to reconstitute lethally

irradiated 12 wk-old C57BL/6J female recipient mice (1.5 million in 150 uL 1x PBS per mouse— see ‘‘mixed bone marrow chimeras’’

protocol for additional details). Eight weeks after reconstitution, we immunized (i.p.) all mice with 500uL of a 2% suspension of sheep

red blood cells in 1x PBS, and re-immunized after 1 month. We analyzed all mice at �100 days post-reconstitution.

Immunofluorescence analysis of FOXO1 subcellular distribution in cell lines
Cell culture: SUDHL4 cells were seeded in fresh IMDM + 10% FBS at 0.5*10^6 cells/mL with JNK-IN8 (1 uM, AdooQ Bioscience),

soluble CD40L (megaCD40L, 100 ng/mL, Enzo Life Sciences), anti-IgM (20ug/mL, Jackson ImmunoResearch), PI3K inhibitor (10

uM, GDC-0941, Selleckchem) or starvation medium (Hanks Buffered Saline Solution + 1% IMDM).
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Cytospin preparation and immunofluorescence staining
We adapted a previously described protocol (Richter et al., 2018). Briefly, cells were mixed 1:1 with a 20% sucrose solution in IMDM

(or HBSS for serum starvation), then loaded into cytospin funnels (Cytospin 4 device, Thermo Shandon) with pre-wet filters. Cells

were centrifuged for 3 minat 800 rpm, then fixed for 20 min at room temperature with a solution containing 3.13% Glyoxal fixative

(Sigma-Aldrich), 20% ethanol, 0.75% acetic acid (pH = 4-5). Cytospins were washed in PBS, then blocked/permeabilized in PBS/

0.3%BSA/0.3% Triton X-100 for 1 h at room temperature. After overnight incubation with anti-FOXO1 antibody (C29H4, Cell

Signaling Technologies, 1:200) at 4�C, slides were washed with PBS-Tween, incubated in ImmPress anti-rabbit secondary antibody

for 1 h at room temperature, then washed again in PBS-Tween. Slides were incubated with Tyr-Cy3 reagent (1:1000) (Perkin Elmer)

for 3 min, then washed in deionized water, stained with DAPI (Thermo Fisher Scientific), and mounted for image acquisition. All

images were captured using a Nikon Eclipse E400 microscope (TRITC/Cy3 filter) and NIS-2000 v2.0 Elements software. For quan-

tification of FOXO1 localization, cells were visually counted as either ‘‘mostly nuclear (nuc),’’ ‘‘mixed nuclear/cytoplasmic (mix)’’ or

‘‘mostly cytoplasmic (cyto).’’ Nuclear FOXO1 scores for each sample were then calculated using the formula: nuc + 0.5(mix)/ total

cell number.

Immunofluorescence analysis of ATF2 expression in tonsil FFPE sections
For the immunofluorescence analysis of formalin-fixed, paraffin-embedded (FFPE) human tonsils, we used a previously described

protocol (Dominguez-Sola and Cattoretti, 2017). Briefly, we prepared 3-mm-thick FFPE sections, which were dewaxed and rehy-

drated. We then performed heat-induced epitope retrieval in citrate buffer (pH 6.0, + 0.5% Tween) and blocked endogenous biotin

using the Avidin-Biotin Blocking Kit (Vector Labs). All tissue sections were further blocked in PBS containing 0.1%Tween, 3% BSA

and 5% donkey serum (Jackson ImmunoResearch), followed by incubation overnight at 4�C in a humid chamber with specific anti-

bodies against total ATF-2 protein, or T71-phosphorylated ATF-2 (see Key resources table for details) diluted in SignalStain Diluent

(Cell Signaling Technologies). After repeated washes in TBS-0.1% Tween (TBS-T), we incubated the sections for 1 h at room tem-

perature with fluorochrome-conjugated secondary antibodies (donkey anti-rabbit Cy3, Jackson ImmunoResearch), then washed

(TBS-T). We next blocked any available anti-rabbit secondary sites with 10% rabbit serum in TBS-T for 1 h at room temperature;

and incubated the slides with an anti-CD21 rabbit antibody (2 h at room temperature in a humid chamber), previously labeled

with biotin using the Zenon labeling kit (ThermoFisher Scientic), as per manufacturer’s instructions. After several washes with

TBS-T, we incubated each slide with streptavidin-Alexa405 for 30 min at room temperature; washed (TBS-T) and mounted with cov-

erslips (Fluoromont-G slide mounting medium, Electron Microscopy Sciences). Immmunofluorescence images were captured using

a Nikon Eclipse E400microscope and the NIS-2000 Elements v 2.0 software (Nikon). All images were artificially colored, resized, and

merged using Adobe Photoshop CS3 software (Adobe).

Immunohistochemical analysis of patient lymphoma samples
Tissue microarrays (TMAs) were constructed by using duplicate 0.6-mm cores from diagnostic (Arthur et al., 2018) and analyzed by

immunohistochemistry using standard protocols (Dominguez-Sola and Cattoretti, 2017). Briefly, heat-induced epitope retrieval was

performed in EDTA buffer (pH9.0) for phospho-AKT S473 or Citrate buffer (pH6.0) for FOXO1, followed by blocking endogenous

peroxidase activity in PBS plus 3% H2O2. Phospho-AKT S473 staining was performed manually using a rabbit monoclonal

anti-pAKT S473 antibody (Dako #M3628), by overnight incubation at 4�C. After several washes, slides were incubated with an

anti-Rabbit-HRP polymer secondary antibody (Rabbit Envision, Dako, Denmark) and developed using amino-ethyl-carbazole

(AEC) as substrate (AEC kit, Vector Labs). FOXO1 staining was performed on the Ventana platform (Roche, Basel, Switzerland) using

routine staining protocols (Arthur et al., 2018). All slides stained for both markers were reviewed and scored by an expert hemato-

pathologist (P.F.).

Scoring

Both p-AKT and FOXO1 histoscores were defined as the product of intensity (1-3) and percentage of positive cells (0%–100%). The

final histoscore ranged from 0 to 300, with negative cases having no signal or very low (< 20) histoscores. For FOXO1, both nuclear

and cytoplasmic scores were annotated. The final designation into nuclear, nuclear-cytoplasmic or cytoplasmic was generated upon

clustering all cases according to the ratio between nuclear and cytoplasmic scores. Briefly, the log10 value of the nuclear score was

divided by the log10 value of the cytoplasmic score and used to annotate the cases as ‘cytoplasmic’ (ratio < 0.5), ‘nucleo-cyto-

plasmic’ (ratio 0.5-1.5) or ‘nuclear’ (ratio > 1.5).

Immunohistochemical analysis of mouse lymphoid tissues and quantitative studies
Immunohistochemical analyses of FFPE mouse tissues was performed as previously reported (Dominguez-Sola and Cattoretti,

2017), with minor modifications. Briefly, we prepared FFPE tissue blocks after overnight fixation with 10% buffered formalin at

room temperature, then quick washes in distilled water and incubation in 70% ethanol (overnight) prior to paraffin embedding and

tissue block preparation. All FFPE sections were dewaxed and rehydrated all paraffin sections and treated with heat-induced epitope

retrieval with citrate buffer (pH 6.0) plus 0.5% Tween. We blocked endogenous peroxidase activity and biotin (when required, using

Avidin-Biotin blocking kit, VectorLabs) and then in PBS containing 0.1%Tween, 3% BSA and 5% goat serum (Jackson

ImmunoResearch). Each section was then incubated with specific primary antibodies (from different species when combining two

makers, e.g., Ki67+B220 or CD21+PNA) diluted in SignalStain antibody diluent (Cell Signaling Technologies) overnight at 4�C, in a
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humid chamber. After several washes (TBS+0.1%Tween), we incubated the sections with species-specific secondary antibodies

conjugated to HRP (SignalStain Boost IHC Detection Reagent, Cell Signaling Technologies) or biotin (anti-Rat) for 45 min at room

temperature, and developed immune complexes using AEC substrate (AEC staining kit, Sigma-Aldrich) or Vectastain ABC kit and

Vector Blue AP substrate (Vector Labs). IHC image acquisition was performed using a whole slide scanner (Nanozoomer S60, Ha-

mamatsu Photonics) at 40X magnification. Details on all antibodies and kits is provided in the Key resources table.

Quantification and Image Analysis of GCs:
Image analysis was performed using the open-source software QuPath (Bankhead et al., 2017). We use tissue annotation features to

define the region of interest (ROI) and tomeasure thewhole section and germinal center areas (magic wand feature), as highlighted by

BCL6 expression. Only germinal centers with regular shape and with clusters of > 20 B cells were included in the analysis. We

measured an average of 30 germinal centers per mouse (range 15-38). Number and size of germinal centers were determined using

the annotation measurement tool. Size of GC was expressed as square pixel size (px^2) and both GC number and size were ex-

pressed relative to the total area of each corresponding section. Measurements above or below 3 standard deviations away from

the mean value were considered outliers and excluded from the analysis.

RNA isolation and quality control
SUDHL4 cells were resuspended in IMDM+10%FBS at 0.5x106 cells/mL and incubated for 12 h prior to harvesting for gene expres-

sion analyses. We then washed the cells once in cold PBS and lysed in 500 uL TRIzol Reagent (Thermo Fisher Scientific). RNA isola-

tion was immediately performed using standard protocols and chloroform extraction. The top (aqueous) phase was transferred to a

new tube, and an equal volume of cold 100% Ethanol was added. This mix was loaded into an RNase easy column (PureLink RNA

Mini kit, ThermoFisher Scientific) for RNA isolation extraction and eluted with RNase-free water. RNA concentration wasmeasured in

a NanoDrop spectrophotometer and RNA integrity determined in Agilent Bioanalyzer.

RT-qPCR
cDNA was synthesized from total RNA using the SuperScript IV VILO kit (Thermofisher Scientific). For RT-qPCR, we used 10 ng of

cDNA per reaction and various primer combinations (in triplicate) mixed in 2x SYBR PCRmastermix (Bimake). Quantitative PCR was

performed in a Bio-RadCFX384 Real-Time PCRDetection System. Results were calculated using the (2-DDCT) method, normalizing to

TBP and POL2RA. Primer sequences are listed in the Key resources table.

Gene expression analyses by RNA-sequencing
To generate libraries for RNA-seq we used total RNA (300ng) with a RIN score > 8 was and the Nugen Universal Plus mRNA-seq kit

(NuGen). Libraries weremultiplexed and sequenced on an Illumina NextSeq to aminimum of 25million single-end reads. Fastq reads

were aligned to human genome reference hg19 using TopHat (Trapnell et al., 2009) with options –read-mismatches 2 –read-edit-dist

2 –max-multihits 10. We used Cufflinks (Trapnell et al., 2010) to assign alignments to genes and generate normalized fpkm values,

which we used for principle component analysis and unsupervised hierarchical clustering using GenePattern (Reich et al., 2006). To

generate raw read counts from BAM alignment files we used Htseq-count (Anders et al., 2015). Read counts were used as input for

differential expression analysis using DESEQ2 (Love et al., 2014). Genes were considered to be differentially expressed if they had a

q-value below 0.05. The significant genes from DESEQ2 were used to run pathway enrichment analyses using the Molecular Signa-

tures Database (MSigDB) from the Broad Institute.

For Gene Set Enrichment Analysis (GSEA v4.0) (Subramanian et al., 2005), raw counts from RNA-seq data were first normalized

using the VoomNormalize (v2) module (Law et al., 2014) in GenePattern, with default parameters. We then used the normalized

data as input to run GSEA with ‘Enrichment Statistic’ -weighted and ‘Metric for Ranking Genes’ -Diff_of_classes.

Chromatin immunoprecipitation sequencing (ChIP-seq)
For this assay, we used starved cells. Briefly, SUDHL4 cells (10^7) were washed twice with Hanks’ Buffered Saline Solution (HBSS),

then resuspended in HBSS with 1% IMDM and incubated at 37C for 3 h. Cells were then harvested, washed once in PBS and resus-

pended in 20 mL of PBS with 1% formaldehyde and incubated for 15 min at room temperature with gentle agitation. Crosslinks were

quenched with 0.125M glycine for 5 min, washed cells twice with ice cold PBS with protease and phosphatase inhibitors, then trans-

ferred to a DNA/protein lo-bind Eppendorf tube. Nuclei were then isolated by resuspending the cell pellet in a buffer containing 10mM

Tris pH 8.0, 10 mM NaCl, and 0.2% NP-40 and incubating on ice for 30 min. Nuclei were pelleted by centrifugation at 7400 rpm, 4�C
for 30 s. The nuclear pellet was resuspended in a buffer containing 50 mM Tris pH 8.0, 10 mM EDTA, and 1% SDS and left on ice for

30 min with gentle vortexing every 5 min. Each sample was then transferred to a 1.5 mL sonication microtube (Diagenode) and son-

icated at low-power setting on a Diagenode Bioruptor (Diagenode) until chromatin fragments were 200-600 bp on average.

250 ug of chromatin were diluted (1:4) in IP dilution buffer containing 20 mM Tris pH 8.0, 2 mM EDTA, 150 mM NaCl, 1% Triton

X-100, and 0.01%SDS, and precleared by incubation withMagna ChIP protein A+GDynabeads (Millipore Sigma 16-663) pre-coated

with ChIP-grade rabbit IgG (Abcam #37415), for 3 h at 4C. The diluted chromatin was then separated from the beads using a magnet

and transferred to a new tube. We reserved 10% of the pre-cleared, sonicated chromatin as ‘‘input,’’ stored at �80C. To the rest of

the sample, we added 5 ug of FOXO1 ChIP-seq grade antibody (Abcam #39670) and all tubes were incubated rotating overnight at

4�C.We addedMagna ChIP protein A+G beads and incubated, while rotating, for an additional 3 h at 4�C.Wewashed the beads with
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buffers of increasing stringency, resuspended the beads in DNA elution buffer containing 1%SDS and 0.1MNaHCO3, and incubated,

shaking for 1 h at 65�C. We transferred the supernatant containing DNA-immunocomplexes into a new tube and reversed crosslinks

by incubating overnight at 65�C in the presence of NaCl andRNase. The entire sample of ChIPDNA and 10 ng of input DNAwere used

to synthesize libraries using theNEBNext NGSDNA Library Preparation kit (NewEngland Biolabs cat #E7645 and #E7500), according

to manufacturer’s instructions.

ChIP-seq data analysis
Before aligning and analyzing the ChIP-seq data, we combined the reads from technical duplicates. We aligned reads to the UCSC

hg19 genome using Bowtie2 (Langmead and Salzberg, 2012), allowing for 2 mismatches. After removing duplicates using SAMtools

(Li et al., 2009), all samples had aminimum of 25million uniquely mapped reads. Peak calling was done inMACS2 (Zhang et al., 2008)

over the input at a threshold of FDR < 0.05. We used HOMER (Heinz et al., 2010)mergePeakswith default function to find shared and

differential peaks between samples. Peaks overlapping between SUDHL4-M1L clone #39 and SUDHL4-M1L clone #47 were

deemed as shared ‘‘M1L peaks’’ and used in the comparison with those found in WT SUDHL4 samples. All heatmaps and read den-

sity plots were generated with Deeptools2.0 (Ramı́rez et al., 2016) computeMatrix and plotHeatmap functions. For de novomotif dis-

covery, we used theHOMER findMotifs function selecting a 150 bp region around the peak center; and the annotatepeaks function for

peak annotation.

FOXO1 luciferase reporter assays
The FOXO1 reporter construct contains a tandem of three Daf-16 binding elements (DBE), 50CATTTGTT30 or 50GTAAACAA30 sepa-
rated by a 4bp stuffer (50CTAT30); as previously described (Furuyama et al., 2000; Zanella et al., 2009). The DBE core sequence differs

from the 50CAAAACA30 core sequence in the insulin-responsive element (IRE) and is recognized by all FOXO proteins with higher

affinity than IREs (Obsil and Obsilova, 2011). We subcloned the 3x DBE tandem via Gibson assembly into pNL3.1, which encodes

for Nanoluc (Nluc) luciferase (Promega #N1031) driven by aminimal promoter. We also generated control, mutated constructs based

containing a 3x tandem of mutated DBE sites (50GTAAGCAA30) as in previous reports (Tsai et al., 2007). All reporter assays were per-

formed by transient co-transfection of HEK293T cells with pcDNA3-FOXO1 (wild-type or variants), pNL3.1-3xDBE (ormutant version)

and a pGL4.26 control reporter (Firefly Luciferase), using polyethylenimine (PEI). Cells were maintained in DMEM+1% serum

throughout the experiment and lysed at 48h post-transfection. Reporter activity was measured using Nano-Glo Dual-Luciferase Re-

porter Assay System (Promega, #N1610). Relative reporter activity was calculated by normalizing Nanoluc reporter levels to Firefly

control and the activity of the DBE mutant reporter, which controlled for effects unrelated to the target DBE sequence.

Gene knockdown experiments
shRNAs were designed using the splash algorithm (Pelossof et al., 2017) and subcloned into the RT3-REVIR backbone (Fellmann

et al., 2013) via Gibson Assembly (New England Biolabs) using the restriction sites EcoRI/XhoI. All shRNA-RT3-REVIR constructs

and packaging vectors were transiently transfected in HEK293T cells to generate lentiviral particles, which were used to transduce

lymphoma cell lines at high multiplicity of infection. Stably transduced cell pools were expanded under antibiotic selection (puromy-

cin). shRNA expression was induced by adding 1.5 ug/mL doxycycline to the culture medium, and cells were harvested and lysed in

denaturing conditions and presence of protease and phosphatase inhibitor cocktails (Pierce/ThermoFisher, #88669), 72h post-

induction.

Isolation of light (LZ) and dark zone (DZ) germinal center B cells from human tonsils
Tonsils were processed bymechanical disruption of the tissue and cells were isolated using Ficoll-Paque PLUS (#45-001-749, Fisher

Scientific) by gradient centrifugation. LZ and DZ human tonsillar GC fractions were sorted from mononuclear cell suspensions as

previously detailed, using a combination of magnetic and fluorescence-activated cell sorting (Victora et al., 2012). Cell suspensions

were kept on ice at all times in PBS+0.5% BSA supplemented with phosphatase inhibitor cocktail, and LZ and DZ fractions sorted

into cold PBS-0.5% BSA. Purity of each fraction was confirmed to be > 95%.

Primary lymphoma tumor datasets
We compiled RNA-seq, whole-exome sequencing and survival data of two separate large primary DLBCL case series previously re-

ported by Staudt and cols. and Morin, Scott and cols. The first dataset (Schmitz et al., 2018) (n = 481 cases) is stored at the dbGaP

repository (the Database of Genotypes and Phenotypes), dbGaP accession number (phs001444; Genomic Variation in Diffuse Large

B cell Lymphomas), and was accessed under project #20252. The second dataset, from British Columbia Cancer (BCC) had been

previously detailed in Arthur et al. (2018) and Ennishi et al. (2019) is stored at the European Genome-phenome Archive (https://ega-

archive.org), EGAS00001002657. Access was provided by D. Scott. This dataset comprises 347 primary cases. These datasets were

available in the form of alignment files (BAM format). Raw gene expression counts were calculated using featureCounts 1.6.3 (Liao

et al., 2014) using the BAM files as input; and subsequently normalized to transcripts per million (TPM).

Survival Analysis: Survival analyses were completed using the ‘survival’ package available in R. Kaplan-Meier curves were gener-

ated with the ggsurvplot function included in the survminer R package (Kassambara et al., 2017; see Key resources table).
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Leading Edge Meta-analysis and case stratification
Leading Edge Meta-analysis (LEM) was performed as previously described, with minor modifications (Godec et al., 2016; Reese

et al., 2016; Tan et al., 2016). Briefly, we used Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 2005) to compile a list

of signatures enriched with FDR < 25% in each phenotype (wild-type or FOXO1 mutant SUDHL4) from a total of 456 signatures

related to immune responses and B cells (see Table S4). Using the Leading-Edge Analysis tool in the GSEA package, we generated

a ‘W’ matrix of ‘‘leading edges’’ including all those genes responsible for the enrichment of each signature in each phenotype (704

genes and 52 signatures; see Table S4). We loaded this matrix as input in the ‘‘Leading EdgeMetanalysis’’ pipeline, publicly available

in the Github repository (https://github.com/lamarck2008/LEM). The code in original pipeline was updated with minor modifications

to run with Python3. The updated pipeline is available upon request. LEMwas run with options -n 100 -s 2 -e 5 for step 1, -r 4 for step

2, and a cutoff of 3 for step 4. LEM uses non-negative matrix factorization (NMF) to identify a small number of co-regulated groups of

genes (’metagenes’), which are a biologically meaningful representation of the original gene sets (Tan et al., 2016). LEMof the 52 input

leading edges identified a total of 6 metagenes (4+2) (Table S4; Figure 8). We then used single-sample GSEA (Barbie et al., 2009) to

calculate the enrichment score of each metagene in a set of 138+ GCB-like DLBCL selected from two primary DLBCL datasets

(Arthur et al., 2018; Ennishi et al., 2019; Schmitz et al., 2018), using log2(TPM+1) normalized RNA-seq data. The ssGSEAProjection

(v4) tool is available at the GenePattern server (Reich et al., 2006). ssGSEAProjection was used with default parameters, no sample

normalization. This produced a projection matrix with scores for each metagene/sample pair. We then used Consensus Clustering

(Monti et al., 2003) to discover sample clusters based on the activity of the LEMmetagenes (ConsensusClustering tool, GenePattern

Server. Parameters: kmax = 7, 2000 resampling iterations, hierarchical clustering by columns, Euclidean correlation, average linkage,

row-column normalization - 1000 iterations). This analysis resolved the dataset in two clusters for best fit (k = 2).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed by using GraphPad Prism Software (version 6 or 8). We used statistical tests appropriate for

each experimental setup, with at least 3 independent experiments with multiple biological replicates (isogenic clones or single mice).

Details for number of experiments, biological replicates, dispersion and precision measures, as well as each statistical test used are

detailed in the corresponding figure legends. Sample size for animal experiments was determined with G*Power software (80%

Power, alpha 0.5). Significance levels are reported as *p < 0.05; **p < 0.01, ***p < 0.001.
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