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TBL1XR1 Mutations Drive Extranodal Lymphoma by
Inducing a Pro-tumorigenic Memory Fate
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Highlights

e TBL1XR1 mutation skews the humoral immune response
toward producing memory B cells

e TBL1XR1 mutant memory cells feature aberrant cyclic
reentry to new germinal centers

e Mutant TBL1XR1 acts by triggering aberrant targeting of
SMRT complex to BACH2

e TBL1XR1 mutation gives rise to extranodal ABC-DLBCLs
derived from memory B cells
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In Brief

A subset of B cell ymphomas is driven by
mutations that impair plasma cell
differentiation and instead bias cell fate
toward immature memory B cells, which
preferentially re-enter germinal center
reactions to drive lymphomagenesis.
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SUMMARY

The most aggressive B cell ymphomas frequently manifest extranodal distribution and carry somatic muta-
tions in the poorly characterized gene TBL71XR1. Here, we show that TBL71XR1 mutations skew the humoral
immune response toward generating abnormal immature memory B cells (MB), while impairing plasma cell
differentiation. At the molecular level, TBL1XR1 mutants co-opt SMRT/HDACS repressor complexes toward
binding the MB cell transcription factor (TF) BACH2 at the expense of the germinal center (GC) TF BCLS6, lead-
ing to pre-memory transcriptional reprogramming and cell-fate bias. Upon antigen recall, TBL1XR1 mutant
MB cells fail to differentiate into plasma cells and instead preferentially reenter new GC reactions, providing
evidence for a cyclic reentry lymphomagenesis mechanism. Ultimately, TBL71XR1 alterations lead to a striking
extranodal immunoblastic lymphoma phenotype that mimics the human disease. Both human and murine
lymphomas feature expanded MB-like cell populations, consistent with a MB-cell origin and delineating an
unforeseen pathway for malignant transformation of the immune system.

INTRODUCTION

Diffuse large B cell ymphomas (DLBCLs) are the most common
class of lymphomas (Beham-Schmid, 2017) and likely represent
a heterogeneous group of diseases arising from different im-
mune system processes. Gene expression profiling studies clas-
sified DLBCLs into two major subtypes: germinal center B cell
(GCB) and activated B cell (ABC)-DLBCLs. GCB-DLBCLs reflect
the transcriptional signature of B cells that are transiting through
the germinal center (GC) reaction (Wright et al., 2003). GCs form
transiently in response to T cell-dependent antigens and are
composed of rapidly proliferating B cells that simultaneously

undergo immunoglobulin somatic hypermutation (SHM). After
transiting to a T cell-rich GC “light zone,” GCB expressing the
highest affinity immunoglobulins undergo plasma cell (PC) differ-
entiation, while others transition to forming memory B cells (re-
viewed in Cyster and Allen, 2019). ABC-DLCBLs are described
as manifesting a “post-GC” transcriptional signature, and evi-
dence of chronic active B cell receptor (BCR) signaling and nu-
clear factor kB (NF-kB) activation is linked to somatic mutations
in the BCR and toll-like receptor (TLR) signaling pathways (Phe-
lan et al., 2018; Wright et al., 2003). However, the cell of origin
(COO) and mechanisms of malignant transformation of ABC-
DLBCLs remain poorly understood. From a clinical perspective,
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this is problematic, because these are among the most incurable
and aggressive lymphomas (Beham-Schmid, 2017).

DLBCLs were more recently classified into putative distinct
entities based on constellations of genetic lesions (Chapuy
et al.,, 2018; Reddy et al., 2017; Schmitz et al., 2018). Two
independent studies identified a novel genetically defined
ABC-DLBCL subtype (“MCD” or “Cluster 5 [C5]” lymphomas)
associated with unfavorable clinical outcomes, somatic acti-
vating mutations of MYD88, CD79B, and recurrent mutation of
the poorly characterized gene TBL1XR1 (Chapuy et al., 2018;
Schmitz et al., 2018). TBL1XR1 mutations are likely founder
events, based on variant allele frequency (Chapuy et al., 2018).
From the clinical and biological perspective, a striking feature
of these lymphomas is their unusual extranodal distribution
(Chapuy et al., 2018; Schmitz et al., 2018), invading sites like
the CNS and testes (Chapuy et al., 2016; Gonzalez-Aguilar
etal., 2012). Neither GCB nor PC normally home to these tissues,
raising questions about the pathogenesis and origin of these tu-
mors within the complex milieu of the immune system.

Congenital missense mutations in TBL1XR1 similar to those in
lymphoma have also been linked to early-childhood develop-
mental disorders, such as Pierpont syndrome (Heinen et al,,
2016; Laskowski et al., 2016), suggestive of TBL1XR1’s broad
biological relevance. From the biochemical standpoint,
TBL1XR1 is a core component of the SMRT/NCOR1 transcrip-
tional repressor complexes (Yoon et al., 2003). These complexes
also contain HDACS3, which enables the complex to repress tran-
scription (Hatzi et al., 2013). Little is known about the exact role
of TBL1XR1, which has been alternatively described as (1)
enhancing the functionality (Tomita et al., 2004), or (2) driving
the disassembly (Perissi et al., 2004) of these complexes. Which-
ever the case, it is notable that in GCB the majority of SMRT/
NCOR1 complexes are bound and recruited by the transcrip-
tional repressor BCL6 (Hatzi et al., 2013), which is essential for
GC formation. Indeed, most recurrent mutations in DLBCL
directly or indirectly enhance BCL6 functionality (reviewed in
Hatzi and Melnick, 2014), a driving force on which most of these
tumors rely for their survival (Cardenas et al., 2016; Cerchietti
etal., 2010). TBL1XR1 mutations are thus highly intriguing, given
their potential to affect SMRT/NCOR1 complexes, as well as
BCL6, and the complete lack of information on how this might
play out from the molecular and biological perspectives. Herein,
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we explore the mechanism of action of TBL7XR1 mutations, their
impact on the humoral immune response, and whether they pro-
vide critical insight into the origin and immunological nature of
aggressive extranodal MCD/C5 DLBCLs.

RESULTS

Thi1xr1 Mutation Impairs Germinal Center Development
TBL1XR1 somatic mutations occur in ~5%-10% of DLBCL and
follicular lymphoma (FL) cases, mainly as heterozygous
missense alleles (Figure 1A). In line with recent studies (Chapuy
et al., 2018; Schmitz et al., 2018), our analysis of three indepen-
dent DLBCL cohorts confirmed that mutations occur more
frequently in ABC-DLBCL (Table S1; Data S1A), are highly en-
riched in the MCD subtype (Data S1B), and often co-occur
with MYD88 mutations (Data S1C). TBL1XR1 mutations largely
occur within its WD40 domain (Figures 1A and 1B) and affect
aromatic residues exposed on the same surface of the barrel
structure (Figure 1B) that are predicted to mediate protein-pro-
tein interactions (PPI) (Wang et al., 2015).

Faced with the lack of a clear hotspot, we decided to model
the D370Y allele in mice given it occurs both in lymphomas
and congenital developmental disorders (Laskowski et al.,
2016), suggestive of its biological relevance. The Tbl1xr1 locus
was engineered for conditional expression of D370Y (Figures
S1A and S1B). Because TBL1XRTMYT lymphomas are derived
from GC or post-GC B cells (Chapuy et al., 2018), we crossed
Thl1xr1P37% mice to the Cy1Cre strain (Casola et al., 2006) to
restrict D370Y expression to (pre)GCB and GC-derived cells.
Sorted GCB manifested the correct Tbl1xr1 genotype (Fig-
ure S1C) and showed no difference in overall Tb/1xr1 mRNA or
protein abundance (Figures S1D and S1E).

Given a previous report suggesting that TBL1XR1 might limit
SMRT functionality (Perissi et al., 2004), we hypothesized that
TBLIXR1MYT would further enhance the activity of BCL6-
SMRT complexes. We immunized Tb/1xr1237°YWT (D370Y/WT)
or Thl1xr1WTWT (wild-type [WT]) mice with the T cell-dependent
antigen sheep red blood cells (SRBC) and sacrificed them at the
peak of the GC reaction. Unexpectedly, although B cell abun-
dance remained unaltered in D370Y/WT mice (Figure 1C; Data
S1D and S1E), these animals showed significant decrease in
the absolute number (p value = 0.0008; Data S1E) and proportion

Figure 1. Tbl1xr1 Mutation Impairs GC Development

(A) TBL1XR1 mutations in DLBCL (Arthur et al., 2018; Ma et al., 2019; Reddy et al., 2017) and FL (Krysiak et al., 2017; Ma et al., 2019; Ortega-Molina et al., 2015).
TBL1XR1-SMRT interacting region (Zhang et al., 2002) and PPI mutated positions are indicated. See also Data S1A-S1C and Table S1.
(B) Exposed (>25% accessible surface) or buried residues affected by missense DLBCL mutations in TBL1XR1 WD40 domain (4LG9; https://doi.org/10.2210/

pdb4lg9/pdb).

(C and D) FC analysis of splenic (C) total B cells or (D) GCB. See also Data S1D-S1F.
(E) Spleen sections H&E from animals treated as in (C). Insets show zoom of outlined areas. Scale, 500 um (top), 100 um (bottom).

(F) B220 or PNA IHC in consecutive spleen sections from (E). Scale, 100 um.

(G and H) Number of GC per spleen section (G) or GC size (H) as (left) number of cells or (right) area, based on PNA staining. Dots represent individual (G) animals

or (H) GCs. Results for 5 animals per genotype.

(I) FC analysis of D370Y/WT and WT/WT relative contribution to total B cells and GCB, based on CD45 allelic frequencies. See also Data STH-S1J.

(J) Use of the Rosa26YFPstop reporter.

(K) FC analysis of splenic GCB. Left to right: n = 4, 5, 5, 4 per genotype. See also Data STK-S1L.

(L) FC analysis of splenic GCB.

Values represent mean + SEM. Data reproducible with three repeats. NS, not significant; *p < 0.05; **p < 0.01; **p < 0.001, using unpaired (C, D, and K) or paired
(I) two-tailed Student’s t test, or Mann-Whitney U-test (G and H) or one-way ANOVA with Tukey’s post-test (L).
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(p value = 0.0006; Figure 1D) of FAS*GL7* GCB. Similar results
were observed gating GCB as FAS*CD38~ (Data S1F). Animals
showed no disruption of splenic architecture (Figure 1E). Immu-
nohistochemistry (IHC) staining for B cells (B220) and GCB (pea-
nut agglutinin, PNA) revealed normal follicular structures with
smaller GCs in D370Y/WT mice, but conserved GC numbers
per spleen (Figures 1F-1H). Dark zone (DZ) centroblasts (CB)
and light zone (LZ) centrocytes (CC) ratios were similar to WT
(Data S1G).

Although D370Y/WT GC were smaller, it is possible that these
GCB could be fitter when in direct competition. We performed
mixed chimera experiments where equal numbers of
Cd45.2;Tbl1xr137%YWT or Cd45.1/2;Tbi1xr1"""T bone marrow
(BM) cells were transplanted into lethally irradiated syngeneic re-
cipients. Following immunization, the relative proportions of
Cd45.1 and Cd45.1/2 B220* cells were roughly equal, but
D370Y/WT GCB manifested significant disadvantage compared
to WT (Figure 1l), regardless of the initial ratio of transferred cells
(Data S1H). Immunization with hapten-protein conjugates
yielded similar results (Data S1l). Observations were also not
dependent on the Cd45 allelic variant, because identical results
were obtained with Cd45.1;Tbl1xr1P37°YWT (Data S1J).

To study the possibility of a premature/delayed GC burst as
explanation for the reduced GC size, we crossed D370Y/WT
mice to include a Rosa26lox-stop-loxYFP (Rosa26YFP) allele,
which reports on Cre activity (Figure 1J; Data S1K). D370Y/WT
mice presented reduced GCB abundance at all time points (Fig-
ure 1K; Data S1L), and GCs completely resolved by day 25.
Collectively, these data indicate that Tb/7xr1 mutation impairs,
rather than enhances, the GC reaction (perhaps by hindering
BCLS6 function), while maintaining normal kinetics.

Thbi1xr1 Mutations Phenocopy TBL1XR1 Complete Loss
The absence of a clear hotspot suggests that TBL1XR1 muta-
tions behave as loss-of-function (LOF). Along these lines, focal
TBL1XR1 deletions are also detected in DLBCL patients (Data
S1M) (Schmitz et al., 2018), albeit at lower frequency than
missense mutations. We then generated a Cy7Cre-inducible
Thbl1xr1 knockout (KO) mouse (Figures S1F-S1l) and again
observed that although total B cell abundance was unchanged
(Figures S1J and S1L), there was significant GCB reduction in
immunized Tbl1xr1¥°/%° (KO/KO) mice (Figures S1K and S1L;
Data S1N). There was no disruption of splenic architecture or
lymphoid follicles (Figure S1M), although there was significant
reduction in GC size, but not GC number (Figures STN-S1P).
Mixed chimera experiments confirmed that KO/KO GCB are at
disadvantage against WT (Figure S1Q). The kinetics of the GC re-
action in KO/KO mice were similar to WT, but were again consis-
tently hypoplastic (Figure S1R). Finally, KO/KO GCs showed
normal ratios of LZ-DZ GCB (Data S10).

The fact that KO/KO phenocopies D370Y/WT supports the
idea that Th/1xr1 mutations confer LOF and suggests mutations
may have a dominant negative (DN) character. Along these lines,
GC formation appeared normal in heterozygous Thi1xr1Xo/WT
mice (Figure 1L) and did not recapitulate the phenotype induced
by D370Y/WT, which instead was virtually identical to KO/KO.
This strongly suggests that TBL7XR1 mutants function as DN
LOF alleles.
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Tbi1xr1 Mutation Impairs GC Proliferation

Apoptosis is prevalent in the GC, with up to half GCBs dying
every 6 h (Mayer et al., 2017). D370Y/WT manifested similar fre-
quency of apoptotic/dead cells to WT GCB, by AnnexinV/DAPI
FC (Figure 2A; Data S1P) or TUNEL staining (Figure 2B). Similar
findings were observed for KO/KO (Figure S2A). On the other
hand, there was significant reduction in D370Y/WT GCB positive
for the proliferation marker PCNA (Figure 2C). Abundance of T
follicular helper cells (Tgy), which express CD40 ligand and
induce GCB proliferation, was comparable in mutant and WT
mice (Figure S2B). To assess for intrinsic defects in response
to CD40 stimulation, we performed ex vivo activation of mixed
D370Y/WT and WT naive B (NB) cells in organoid cultures (Bé-
guelin et al., 2017) (Figure S2C). D370Y/WT and WT B cells ac-
quired GC surface markers to approximately the same extent
(Figure S2D), without significant differences in proliferation rate
(Figure S2E). Hence, proliferation of D370Y/WT B cells is not
impaired when given unrestricted CD40 stimulation.

To assess cell-cycle kinetics, we tested ethynyldeoxyuridine
(EdU) incorporation in immunized D370Y/WT or WT mice. In
line with PCNA staining, EAU* GCB were significantly depleted
in D370Y/WT (Figure 2D), with a significant increase in GCB at
the GO-1 stage, and reciprocal reduction in S and G2/M (Fig-
ure 2E). Similar results were observed for KO/KO (Figures S2F
and S2G). As an orthogonal approach, D370Y/WT animals
were crossed with R26-Fucci2aR reporter mice (Figure 2F;
Data S1Q). In line with previous studies (Stewart et al., 2018),
most CC in WT mice were at GO-1, and D370Y/WT had no signif-
icant impact on cell-cycle distribution (Figure 2G). As expected,
WT CB showed high abundance of G2/M cells and fewer cells in
GO-1 (Figure 2H). In contrast, D370Y/WT CB manifested signifi-
cant reduction in the proportion of G2/M and late M cells, as well
as increase in GO-1 (Figure 2H). BCL6 represses cell-cycle
checkpoint genes in GCB (Hatzi and Melnick, 2014), but
D370Y/WT or KO/KO CC showed no induction of these genes
(Figure S2H), suggesting that proliferation effects are driven by
a different mechanism. Impairment in proliferation largely ex-
plains the reduced abundance of GCB in Th/1xr1 mutant and
KO/KO mice.

Tbi1xr1 Mutation Induces ABC-DLBCL-like Signatures
Suggestive of Antagonism with BCL6

Although most DLBCL mutations engineered in mice induce GC
hyperplasia (Beguelin et al., 2013; Dominguez et al., 2018; Hash-
wah et al., 2017; Hatzi et al., 2019), the Tb/1xr1 phenotype was
opposite and counter-intuitive as a lymphoma lesion. To gain
mechanistic insight, we performed RNA sequencing (RNA-seq)
in sorted D370Y/WT GCB. Unsupervised analysis revealed that
D370Y/WT induces a distinct transcriptome (Figures S3A and
S3B). Supervised analysis identified a D370Y/WT specific signa-
ture (|logoFC| > 1.5; false discovery rate [FDR] <0.05), skewed
toward gene de-repression (Figure 3A; Table S2). Pathway anal-
ysis revealed enrichment for ABC-DLBCL associated signatures
(Figure 3B; Table S2), as well as pathways involved in chemo-
taxis, immune cytokine, and NF-kB signaling, all of which are
repressed in GCB by BCL6-SMRT (Figure 3B). Accordingly, we
observed significant enrichment for genes repressed through
BCL6-SMRT enhancer binding, genes induced by BCL6 small
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Figure 2. Tbl1xr1 Mutation Impairs GCB Proliferation

(A) FC analysis of AnnexinV/DAPI staining of splenic GCB. See also Data S1P.

(B) IHC staining in consecutive spleen sections. Contour delineates GC area based on PNA stain. Insets show zoom of outlined areas. Arrows point representative
TUNEL* GCB. Graph shows frequency of TUNEL" GCB per GC, where each dot is a GC. Results for 5 animals per genotype. Scale, 50 um (left and center),
10 um (right).

(C) FC analysis of splenic PCNA* GCB. NB from a WT mouse illustrates non-proliferating cells.

(D) FC analysis of EdU incorporation by splenic GCB. NB from a WT mouse illustrates non-proliferating cells.

(E) FC analysis of splenic GCB cell cycle in (D), based on EAU/DAPI staining. Data for n = 5 per genotype.

(F) Use of the R26-Fucci2aR reporter.

(G and H) FC analysis of cell-cycle distribution of (G) CC or (H) CB. See also Data S1Q.

Values represent mean + SEM. Data reproducible with two repeats. p values calculated using unpaired (A, C, D, G, and H) or paired (D and E) two-tailed Student’s
t test, or Mann-Whitney U-test (B).
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Figure 3. Tbl1xr1 Mutation Induces PreMB Expansion

(A) Differentially expressed genes in splenic D370Y/WT GCB. Genes of interest are highlighted. See also Figures S3A-S3C and Table S2.
(B) Pathway enrichment for genes in (A). See also Table S2.

(C and D) FC analysis of (C) CCR6" or (D) IL-9R* splenic GCB.

(legend continued on next page)
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interfering RNA (siRNA) and CREBBP target genes (CREBBP
normally reverses BCL6-SMRT effects in the LZ) (Jiang et al.,
2017) (Figure 3B). This suggests that TBL1XR1 plays a critical
role in supporting the function of the BCL6-SMRT complex.
Repression of EBI2 (GPR183) and S1PR1 by BCLS6 is largely
responsible for GCB confinement to lymphoid follicles (Arnon
et al., 2013; Pereira et al., 2009), whereas they reactivate in cells
exiting the GC. D370Y/WT GCB upregulated Gpr183 and S1pr1
(Figures 3A, S3C, and S3D), raising the possibility that
TBL1XR1MYT drive GCB to manifest post-GC phenotypes.

Thbl1xr1 Mutation Induces Expansion of the PreMB
Compartment

D370Y/WT GCB showed upregulation of Cd38 (Figures 3A and
S3C), a gene that in mice is upregulated in MB, but not in PC
(Oliver et al., 1997; Ridderstad and Tarlinton, 1998). Upregulation
of CD38 is also a feature of precursor MBs (preMB) in the GC
(Laidlaw et al., 2017). PreMB were alternatively defined as LZ
GCB with augmented expression of CCR6 (Suan et al., 2017),
a receptor upregulated in D370Y/WT and KO/KO GCB (Figures
3A, 3C, S3C, and S3E). A third study defined preMB as cell-cycle
arrested interleukin (IL)-9R* GCB (Wang et al., 2017b), traits pre-
sent in D370Y/WT and KO/KO mice (Figures 3A, 3D, S2G, S3C,
and S3F). Accordingly, we observed enrichment of the D370Y/
WT signature among transcriptional profiles of preMB cells in
these reports (Figures 3E, S3G, and S3H).

Immunophenotypic analysis of D370Y/WT GCs revealed
marked and significant increase in preMB at all studied time
points (p value = 0.0045) (Figures 3F and S3I), and also with inde-
pendent antigens (Figure S3J). PreMB expansion was also seen
for KO/KO (Figure 3G; Data S1R), but not for Tb/1xr1*®YWT (Data
S18), supporting that TBL1XR1 mutations act as DN LOF. Given
that D370Y/WT and KO/KO GCB showed significant //9r upregu-
lation, which plays a role in MB formation (Wang et al., 2017b),
we tested whether IL-9 blockade would rescue the observed
phenotype (Figure 3H). Strikingly, blockade of IL-9R function re-
verted the KO/KO-driven preMB expansion (Figure 3l). Although
total B cells were not affected by IL-9 blockage (Figure 3J), there
was partial rescue of GC impairment in KO/KO mice (Figure 3K),
concomitant with increased GCB proliferation (Data S1T).
Hence, preMB expansion downstream of TBL1XR1 deficiency
remains dependent on key MB signaling pathways.

Tbi1xr1 Deficiency Biases GC Fate toward MB Cells and
away from the PC Lineage

We next explored whether preMB expansion translated into bias
toward MB. D370Y/WT GCB transcriptome showed strong
enrichment for MB gene signatures, but no enrichment for PC
genes (Figures 4A and 4B) (Luckey et al., 2006). In agreement,

¢? CellPress

GCB expression of the master PC TF BLIMP1 was not affected
by Tbl1x1 mutation or loss (Figures S4A and S4B). To confirm
these findings, we used a mixed chimera approach with Ro-
sa26YFP;Tbl1xr1737°""WT versus Rosa26YFP;Tbl1xr1V"T cells
to track GC and post-GC cells (Figure 4C; additional mice
were administered CD40-blocking antibodies). D370Y/WT sple-
nocytes revealed a lower percentage of YFP* cells (Figure 4D).
As expected, most YFP* cells corresponded to GCB
(B220"CD138 GL7*FAS™), which were reduced in the D370Y/
WT compartment (Figures 4E and S4C; Data S1U). On the
other hand, D370Y/WT cells showed significant increase in MB
(B220*CD138 FAS”°GL7-CD38*IgD™), and a concomitant
reduction in plasmablasts (PB) (B220*CD138*) and PC
(B220~CD138") (Figures 4E and S4C). Experiments with Ro-
$a26YFP;Tbi1xr1%¥°K° mice yielded the same phenotype (Fig-
ures S4D and S4E).

GCB with intermediate affinity BCRs tend to become MB cells
after T cell help, whereas high-affinity GCBs receive strong T cell
help, causing GCBs to differentiate into PCs or recycle to the DZ
(Shinnakasu et al., 2016). CD40-blocking antibodies in mixed
chimeras (Figure 4C) led to profound reduction in GCBs, as ex-
pected (Baumjohann et al., 2013), to the point where differences
in YFP* cell abundance among D370Y/WT and WT were lost
(Figures 4F and 4G). Reduction of CD40 input drove the majority
of the remaining D370Y/WT GC-derived B cells to the MB
compartment. In contrast, the majority of residual WT cells
were IgD* activated B cells (“aB”) that presumably had not yet
entered the GC reaction. No PCs were identified in this setting
from D370Y/WT, suggesting that the MB cell fate is hardwired
into the mutant B cells (Figure 4G).

Because PC formation is a rather late event in the GC (Weisel
et al., 2016), we evaluated whether commitment bias was also
detectable at later time points. To this end, used an adoptive
transfer system to quantify antigen-specific MB and PC
24 days after immunization (Figure 4H; Data S1V). Assessment
of NP-specific populations again showed that D370Y/WT biased
cell fate toward MB, at the expense of PC (Figure 4H). Finally,
assessment of long-lived PC (LLPC) in the BM, 70 days after im-
munization of Rosa26YFP;Thbl1xr1P37°Y'"T mice, revealed that
although the abundance of total LLPC was unaltered, D370Y/
WT had less GC-derived LLPC than WT mice (Figure 4l).

TBL1XR1 Mutations Cause a BCL6-to-BACH2 Molecular
Switch

TBL1XR1 is a core component of the SMRT/NCOR1 complex,
which in GCB is recruited to chromatin by BCL6 (Hatzi et al.,
2013). We found that TBL1XR1 is also present in chromatin-
bound BCL6 complexes, by RIME- liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) (Figure S5A; Table S3).

(E) GSEA of D370Y/WT GCB against preMB (EFNB1*S1PR2'°) GCB (GSE89897). See also Figures S3G and S3H.
(F and G) FC analysis of EFNB1* and preMB populations in splenic GCB in (F) D370Y/WT.or (G) KO/KO mice, as compared to WT/WT controls. See also Figures

S31-S3K and Data S1R.

(H) Experimental scheme and timeline for (I)—(K).

(I) FC analysis of preMB in splenic GCB.

(J and K) FC analysis of splenic (J) total B cells or (K) GCB.

Values represent mean + SEM. Data reproducible with two repeats. P values calculated using unpaired two-tailed Student’s t test (C, D, F, and G), or one-way

ANOVA with Tukey’s post-test (I)-(K).
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Interaction of endogenous TBL1XR1 with the SMRT/HDAC3
complex and BCL6 was confirmed by coimmunoprecipitation
(colP) (Figure S5B). In other systems, TBL1XR1 can have
SMRT-independent functions (Li and Wang, 2008). We therefore
performed proximity ligation-mass spectrometry (BiolD) for
TBL1XR1WT interacting partners in GC-derived cell lines (Fig-
ure S5C). The majority of significantly interacting proteins for
TBL1XR1"T were restricted to components of the SMRT com-
plex (Figure 5A; Table S3). In addition to these, only BCL6 and
another BTB-domain containing TF (BACH?2), appeared as sig-
nificant hits (Figure 5A), largely ruling out alternative functions
for TBL1XR1"T in GC-derived B cells.

To assess whether TBL7XR1 mutations alter its interactome,
we conducted additional assays modeling one of the most recur-
rent DLBCL mutations (TBL1XR1Y446S) (Figure 1A). Surprisingly,
although the interaction with SMRT/HDAC3 complex was pre-
served, the only significant change in the TBL1XR1"YT interac-
tome was ~6-fold gain of interaction with BACH2, at the expense
of BCL6 (Figure 5B). Similar results were obtained in an ABC-
DLBCL cell line (Figures 5C and S5C; Table S3) and in HEK293
cells (not shown). Assessment of three independent TBL1XR1
mutants by colP confirmed gain of interaction with BACH2 (Fig-
ure 5D) and loss of interaction with BCL6 (Figure S5D) without
alteration of total protein levels (Figures S5D and S5E).

In accordance with these data, genes de-repressed in D370Y/
WT GCB in vivo, matched those repressed by BCL6 (Figure 5E).
Because Tbl1xr1 mutation did not affect BCL6 expression levels
(Figure S5F), this suggested interference at the functional level.
To test this, we crossed D370Y/WT mice to the /uBcl6 strain,
which constitutively expresses BCL6 in GCB and manifests GC
hyperplasia (Cattoretti et al., 2005). Indeed, /uBcl6 mice mani-
fested GC hyperplasia after immunization (Figures 5F and 5G;
Data S1W), which, in the presence of the Thi1xr1P37%Y, was
rescued back to the levels of the WT control (Figures 5F and
5G). As reported above in a WT background, /uBcl6-
Thl1xr1P37%YWT GCB manifested a preMB-like transcriptome
(Table S4; Data S1X) and actual preMB expansion (Data S1Y).
In agreement with our biochemical data, we observed enrich-
ment for a BACH2-driven signature in /uBcl6-Tbi1xr12370YWT
GCB (Figure 5H) and significant depletion of the BCL6 program
(Figure 51). BACH2 is reported to be a key TF in MB formation
(Shinnakasu et al., 2016), and our data suggest that TBL1XR1
mutations mistarget the SMRT complex to BACH2, thus
inducing preferential transcriptional rewiring toward MB, while
preventing PC formation by maintaining BACH2 repression of
BLIMP1 (Data S1Z) (Huang et al., 2014; Ochiai et al., 2006).

Transcriptional profiling of KO/KO GCB likewise enriched both
preMB and /uBcl6-Tbl1xr1P37°YWT signatures (Figures S5G and
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S5H; Table S4). More importantly, it recapitulated the upregula-
tion of BCL6 targets (Figure 5J), and engagement of BACH2-
driven program (Figur