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The myocyte enhancer factor 2B (MEF2B) transcription factor is frequently
mutated in germinal center (GC)-derived B-cell lymphomas. Its ammino (N)-
terminal mutations drive lymphomagenesis by escaping interaction with
transcriptional repressors, while the function of carboxy (C)-terminal muta-
tions remains to be elucidated. Here, we show that MEF2B C-tail is physiolo-
gically phosphorylated at specific residues and phosphorylation at serine (S)
324 is impaired by lymphoma-associated mutations. Lack of phosphorylation
at S324 enhances the interaction of MEF2B with the SWI/SNF chromatin
remodeling complex, leading to higher transcriptional activity. In addition,
these mutants show an increased protein stability due to impaired interaction
with the CUL3/KLHLI2 ubiquitin complex. Mice expressing a phosphorylation-

deficient lymphoma-associated MEF2B mutant display GC enlargement and
develop GC-derived lymphomas, when crossed with Bcl2 transgenic mice.
These results unveil converging mechanisms of action for a diverse spectrum
of MEF2B mutations, all leading to its dysregulation and GC B-cell

lymphomagenesis.

Diffuse large B cell lymphoma (DLBCL) and follicular lymphoma (FL),
are the most common forms of mature B cell malignancies'. Although
the majority of patients (about 60%) are curable with current R-CHOP
(rituximab, cyclophosphamide, doxorubicin, vincristine, and pre-
dnisone) immunochemotherapy, the remaining are not cured and
about -20% of DLBCL patients are subject to early relapses with poor
outcomes>’. DLBCL and FL originate from the germinal centers (GCs),
histological structures that form in the secondary lymphoid organs
and where B cells undergo multiple rounds of immunoglobulin (Ig)
gene editing, in the dark zone (DZ), followed by affinity-driven

selection, in the light zone (LZ), in order to generate memory B cells
and antibody secreting plasma cells*”.

In the last two decades, numerous efforts have contributed to
dissecting the heterogeneity of GC-derived lymphomas and the com-
plex networks that are hijacked during malignant transformation. Two
major DLBCL subtypes were identified based on gene expression
profiling: the Germinal Center B cell-like (GCB) DLBCL, displaying
transcriptional similarities to normal GC B cells; and the Activated B
Cell-like (ABC) DLBCL, expressing genes that are induced by B cell
receptor (BCR) signaling and activation and associated with a more
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unfavorable prognosis®’. The analysis of mutations affecting the
DLBCL coding genome has allowed a genetic classification showing
several subgroups of prognostic significance®*. Recently, the identi-
fication in DLBCL of a pervasive mutational mechanism, which targets
the non-coding regulatory domains affecting the transcriptional reg-
ulation of multiple genes, including established oncogenes (such as
BCL6, BCL2, and CXCR4), has added a further layer of complexity®.

Among the genes that are genetically targeted during lympho-
magenesis the transcription factor MEF2B is somatically mutated in 11%
of FL and 10% of DLBCL, with a prevalence in the EZB-DLBCL genetic
subgroup® >, MEF2B belongs to the MEF2 (myocyte enhancer factor
2) family of transcription factors that includes three additional mem-
bers MEF2A, MEF2C, and MEF2D. MEF2 family members were initially
identified as transcriptional modulators of myocyte differentiation and
muscle development”™. The N-terminus portion of MEF2 family
members includes highly similar MADS and MEF2 domains that are
involved in DNA binding and protein dimerization, while the
C-terminus is divergent among MEF2 proteins and it is believed to play
a role in transcriptional activation'?. In mature B cells, MEF2B is
exclusively expressed at the GC stage with two isoforms, isoform A
(isoA) and isoform B (isoB), which differ in their C-terminal regions
from amino acid (aa) 257 to the end”?*. MEF2B contributes to GC
physiology by promoting BCL6 expression and regulating an array of
genes involved in cell cycle, DNA replication and repair, apoptosis,
differentiation, and GC B cell confinement®?*, In vivo Mef2b deletion in
GC B cells reduces GC formation and deletion of all Mef2 family
members completely abrogates GC formation, indicating a functional
redundancy between MEF2B and other MEF2 members®.

By analyzing lymphoma-associated MEF2B mutations, we pre-
viously identified a group of highly recurrent MEF2B N-terminal
mutations which lead to escape from multiple layers of negative reg-
ulation by impairing interaction with the HUCA (HIRA/UBN1/CABIN1/
ASFla) complex and class Ila histone deacetylases (HDACs)**. The
most frequent lymphoma-associated N-terminal MEF2B mutant
(D83V)#10132225 shows hypomorphic features, including reduced DNA
binding and protein stability, yet it acts dominantly due to its
deregulated constitutive activity”**. Mice conditionally expressing
Mef2b®®" in GC B cells displayed enlarged GCs due to LZ expansion
and, when crossed with Bcl2 transgenic mice, to mimic a common
genetic lesion co-occurring with MEF2B mutations in human lym-
phoma, developed tumors recapitulating the phenotypic features of
human FL and DLBCL?*.

The C-terminus half of MEF2B is also targeted by genetic altera-
tions, accounting for one-third of MEF2B-mutated cases and including
nonsense, frameshift, and missense mutations that are scattered and
rarely recurrent. The C-terminal mutations seem to affect the C-tail and
its post-translational modifications®>*. However, the extent and
function of post-translational modifications and their connections to
the C-terminal mutations remain largely unexplored.

In this study we examine the function and consequence of the
C-terminal mutations and their contribution to lymphomagenesis.

Results

Lymphoma-associated mutations targeting the C-terminus

of MEF2B

The MEF2B mutational landscape in DLBCL and FL displays a bimodal
distribution pattern with highly recurrent missense mutations target-
ing the N-terminal domain of the MEF2B protein (aal-88), and scat-
tered mutations of different types, including missense, frameshift, and
nonsense, in the C-terminus (Fig. 1a)*'>"°. Previously, we have func-
tionally characterized N-terminus mutants and reported that muta-
tions targeting the C-terminus appeared to interfere with the
expression of MEF2B isoform A (isoA) in favor of isoform B (isoB) or to
eliminate the C-tail of the protein®*. Based on the analysis of the
currently available expanded collection of sequencing data (1,412

DLBCL and 142 FL primary cases)* ', we confirm here that MEF2B
C-terminal mutations represent ~-30% of the total and are hetero-
geneous for position and type. A sizable fraction of them (n=11/45;
24.4% of MEF2B C-terminal mutants, hereafter referred to as isoform-
switch) affect the isoform balance by encoding mutant proteins that
resemble the wild-type (WT) isoB, which, although less abundant (20%
of the MEF2B transcripts), displays higher transcriptional activity and
stability compared to isoA (Fig. 1a and Supplementary Fig. 1)?%. A
second group of mutations (n=18/45, 40%) lead to C-tail truncated
forms of the MEF2B protein by introducing frameshifts that result in
early termination (G121fs, R129fs, P132fs, Y144fs, P148fs, F170fs, and
A288fs), or by generating stop codons (R127X, L147X, Q164X, R171X,
Y201X, R219X, and R297X) (Fig. 1a and Supplementary Fig. 1). Lastly,
the C-terminal region is also targeted by a fraction of missense muta-
tions (n=16/45, 35.5%), the function of which remains to be
explored (Fig. 1a).

Although more frequent in GCB-DLBCL, MEF2B mutations are
detected in both DLBCL subtypes®'>' (Fig.lb). Nonetheless, the
C-terminal mutations appear to segregate by type in the DLBCL sub-
groups with truncating mutations (both frameshift and stop codon)
significantly enriched in the ABC-DLBCL, and missense and isoform-
switch mutations mostly associated with GCB-DLBCL cases (Fig. 1b).

Overall, these alterations appear to replace (isoform-switch
mutations) or eliminate (truncating mutations) the C-tail of MEF2B
isoA protein. These observations, together with our previously
reported data showing that phosphorylation of MEF2B C-tail nega-
tively modulates MEF2B transcriptional activity”, suggest a critical
functional role of the MEF2B C-terminal region.

MEF2B is phosphorylated in GC B cells
Our previous observation that MEF2B can be phosphorylated®, was
confirmed and expanded to normal and malignant GC B cells using a
phos-tag gel approach (Fig. 2a). In order to characterize the full pattern
of MEF2B phosphorylation and map the phosphorylation sites, we
performed Flag and HA sequential immunoprecipitation (IP) followed
by mass spectrometry (MS) analysis in a DLBCL cell line (SUDHL10)
that was engineered to express Flag-HA double-tagged MEF2B isoA.
We identified recurrent phosphorylation at T196 (present in both isoA
and isoB), and at the isoA-specific aa S310, T313, and S324 (Supple-
mentary Fig. 2a), which were all confirmed in normal GC B cells
(Fig. 2b). Considering the fraction of phosphorylated/unpho-
sphorylated peptides, we estimated that phosphorylation at S310 and
$324 accounted for the large majority of phosphorylated peptides
(>95%) (Fig. 2b). We then engineered SUDHLIO cells to express Flag-HA
double-tagged phosphorylation-deficient isoA mutants (serine or
threonine residues were mutated to alanine) and analyzed changes in
MEF2B phosphorylation pattern by phos-tag gel. Consistent with the
MS results, the S310A and S324A mutants displayed dramatic changes
in the phosphorylation pattern compared to MEF2B WT-isoA, whereas
expression of T1I96A and T313A mutants seemed not to alter the overall
phosphorylation features (Fig. 2c). These results were confirmed by
phos-tag analysis in multiple DLBCL cell lines that were engineered to
express the S310A and S324A mutants (Supplementary Fig. 2b).
Consistently, antibodies generated to specifically recognize
MEF2B phosphorylation at S310 and S324 detected the phosphory-
lated WT protein upon IP (Supplementary Fig. 2c), but not the S310A or
$324A phosphorylation-deficient MEF2B mutants (Fig. 2d). As expec-
ted, treatment of the protein lysate with lambda-phosphatase com-
pletely abrogated the detection (Fig. 2d). Using the phospho-specific
antibodies, we confirmed that endogenous MEF2B protein is phos-
phorylated at S310 and S324 in both malignant and normal GC B cells
(Fig. 2e). Phosphorylation at S310 and S324 occurs independently, as
shown by IP followed by MS analysis or immunoblotting with phospho-
specific antibodies in cell lines expressing the S310A or S324A mutants
(Fig. 2d and Supplementary Fig. 2d).
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Fig. 1| Lymphoma-associated C-terminal mutations target the C-tail region of
MEF2B isoform A. a Distribution of MEF2B missense (green), nonsense (black), and
frameshift mutations that are predicted to generate truncated proteins (truncating,
gray) or proteins with an isoform B tail (isoform-switch, orange) in primary cases of
DLBCL (147/1,412;10.4%) and FL (16/142; 11.3%). The y-axis indicates the number of
MEF2B mutated cases reported in®'>!°, The bottom schemes represent MEF2B
isoform-A (isoA) and -B (isoB) proteins, respectively. The mutations are aligned
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with the targeted amino acid in isoA. The distinct C-tails of isoA and isoB are
displayed in purple and orange respectively. b Percentage of N-terminal and
C-terminal MEF2B mutations in primary cases, grouped according to the Cell-Of-
Origin classification (ABC, Activated B Cell-like; GCB, Germinal Center B cell-like;
Unclass, unclassified). The *p value was measured by Fisher’s Exact test (two-tailed).
Source data are provided as a Source Data file.

In conclusion, MEF2B is abundantly phosphorylated at S310 and
$324 in GC B cells.

MEF2B C-terminal mutations impair S324 phosphorylation

To further investigate the relationship between C-terminal frameshift
or missense mutations and phosphorylation, we compared the pre-
dicted MEF2B mutant proteins to MEF2B isoA C-tail, which includes
$310 and S324. All frameshift truncated proteins were predicted to lack
the region of interest with the minimum common deletion starting at
position 297 of isoA (Fig. 3a). In addition, frameshift mutations that
lead to an isoform-switch, replaced the isoA tail with the isoB sequence
and therefore lacked the S310 and $324 phosphorylation sites (Fig. 3a).
Thus, frameshift mutations resulted in truncated mutants or in isoB-
like proteins, both of which lacked the isoA-specific C-terminal phos-
phorylation region. The majority (12/14) of the truncated mutants
displayed low or no protein expression, when exogenously expressed
in DLBCL cell lines (Supplementary Fig. 3 and “Discussion”).

Several missense mutations appeared to target the phosphoryla-
tion region, in particular the aa surrounding the S324 site
(Fig. 3b)**'%% In order to test the effects of these missense mutations
on S324 phosphorylation, we generated SUDHL10 and OCI-Ly7 cell
lines expressing double-tagged MEF2B missense mutant proteins and
analyzed their phosphorylation profile by phos-tag assay in compar-
ison to the MEF2B WT-isoA and the phospho-deficient mutants (S310A
and S324A). The results showed that R322C and P325L mutants display
a phosphorylation pattern similar to S324A mutant, suggesting
impaired phosphorylation at S324 (Fig. 3c). No mutants displayed a

pattern resembling the S310A mutant, suggesting that missense
mutations are targeting phosphorylation at S324, but not at S310
(Fig. 3c). The cell lines expressing the MEF2B mutants were analyzed by
immunoblotting using the pMEF2B%*** antibody, upon Flag IP, con-
firming abrogation (R322C and P325L) or reduction (P330L) of S324
phosphorylation by MEF2B mutants (Fig. 3d). In order to exclude that
the impaired detection was due to reduced affinity of the pMEF2B%2*
antibody because of the mutations affecting residues in the phos-
phorylation motif, we performed MS analysis in SUDHL10-Flag-HA-
MEF2B-R322C cells and confirmed the lack of phosphorylation at $324
(Supplementary Fig. 2d).

Taken together, our data show that MEF2B C-terminal mutations
eliminate, replace, or target the C-tail region that is phosphorylated at
S$324, suggesting a relevant role for S324 phosphorylation in the
modulation of MEF2B function.

Enhanced binding to SWI/SNF complex and transcriptional
activity of mutants

In order to investigate whether MEF2B phosphorylation at S324 affects
MEF2B protein complex formation, we performed MS analysis upon
MEF2B immunoprecipitation in SUDHLIO cells expressing MEF2B WT-
isoA, WT-isoB, or P325L. The list of interactors was filtered for common
contaminants and for proteins with low abundance (intensity values in
all the analyzed samples less than 1E + 04). The results confirmed the
interaction of MEF2B WT-isoA with previously reported interactors,
including the HUCA complex, HDAC4, HDACS5, and HDAC7>%, A
subset of interactors (653/1,996; 33%) displayed affinity changes that
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Fig. 2 | MEF2B isoform A is mainly phosphorylated at $S310 and $324 in normal
and malignant GC B cells. a Phos-tag gel analysis of MEF2B phosphorylation in
DLBCL cell lines and normal GC B cells isolated from human tonsil. Controls
(MEF2B and Actin) were resolved on a Tris-Glycine gel. Actin was used as loading
control; lambda phosphatase (APP)-treated lysate was used as negative control for
phosphorylation detection. b Schematic representation of MEF2B phosphorylation
sites as identified by mass spectrometry (MS) analysis upon Flag and HA sequential
immunoprecipitation (IP) in SUDHLIO cells expressing Flag-HA MEF2B WT-isoA and
upon MEF2B IP in normal GC B cells isolated from human tonsil. Percentages
associated to each phosphorylation site represent the fraction of phosphorylated
peptides detected in normal GC B cells. ¢ Phos-tag analysis of SUDHL10 DLBCL cell
line that was engineered to express Flag-HA MEF2B WT-isoA or phosphorylation-
deficient mutants T196A, S310A, T313A, S324A and S310A + S324A (AA). Controls

SUDHL10 OCI-Ly7 GC B cells

(MEF2B and Vinculin) were resolved on a Tris-Glycine gel. Vinculin was used as
loading control; APP treated lysate was used as negative control for phosphoryla-
tion detection. d Flag (MEF2B) IP followed by immunoblotting (IB) to detect S324-
or S310-phosphorylated MEF2B in SUDHL10 and OCI-Ly7 cells expressing Flag-HA
MEF2B WT-isoA or phosphorylation-deficient mutants. Vinculin was used as load-
ing control; APP-treated lysate was used as negative control for phosphorylation
detection. e MEF2B IP followed by IB to detect S324- or S310-phosphorylated
MEF2B in nuclear extracts of SUDHL10 and OCI-Ly7 DLBCL cells, and normal GC B
cells isolated from human tonsil. Lamin B1 was used as a nuclear fraction control;
IgG IP was used as negative control. Asterisk, non-specific band. The experiments
were repeated twice in (a) and (d); three times in (e); six times in (c) with similar
results. Source data are provided as a Source Data file.

were consistent in both MEF2B WT-isoB and P325L compared to
MEF2B WT-isoA (Supplementary Data 1).

Among the interactors that displayed higher binding affinity to
MEF2B WT-isoB and P325L, we identified the switch/sucrose non-
fermentable (SWI/SNF) chromatin remodeling complex®?°, as a
notable candidate among the protein complexes for which multiple
subunits were detected (Supplementary Data 1). The SWI/SNF complex
is involved in chromatin unwinding and therefore it may contribute to
promote MEF2B transcriptional activity. Additional IP assays followed
by MS analysis in normal GC B cells and in engineered DLBCL cell lines
expressing MEF2B WT-isoA or P325L confirmed the enhanced inter-
action between MEF2B phospho-deficient mutant and multiple sub-
units of the SWI/SNF chromatin remodeling complex, including the

SMARCA4 ATPase subunit (Supplementary Data 2). To further validate
the interaction between MEF2B and SMARCA4, we performed co-IP for
the endogenous proteins and identified their interaction in the nucleus
of both malignant and normal GC B cells (Fig. 4a). Nuclear/cytoplasm
fractionation in normal GC B cells and in DLBCL cell lines confirmed
that MEF2B and SMARCA4 are detected exclusively in the nucleus
(Supplementary Fig. 4a). In addition, protein proximity labeling in
SUDHLIO cells engineered to express MEF2B fused with a biotinylating
enzyme (MEF2B-TurBoID)® confirmed the interaction of MEF2B/
SMARCA4 in GC B cells (Supplementary Fig. 4b).

In order to investigate the transcriptional program modulated by
MEF2B in cooperation with the SWI/SNF complex, we analyzed the
chromatin binding profiles of MEF2B and SMARCA4 in normal human
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GC B cells by Cut&Run followed by sequencing. MEF2B binding profile
identified by Cut&Run was largely overlapping (-55% peaks) with our
previous characterization by ChIP-seq (-66% of ChIP-seq peaks were
identified by Cut&Run). Of note, co-occupancy of MEF2B and
SMARCA4 was detected in -74% of SMARCA4 and -50% of MEF2B-
bound regions (Fig. 4b), which were annotated as promoters (50%;

OCl-Ly7

identified as —2Kb/+1Kb from the TSS), intragenic (20%) and intergenic
(30%) regions. Overall, we identified 5,661 genes that were associated
with the MEF2B/SMARCA4 co-bound regions and were expressed in
mature B cells (Supplementary Data 3). Pathway enrichment analysis
for these genes using the Hallmark, KEGG and Biocarta databases®,
largely recapitulated the overall MEF2B program, including genes
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Fig. 3 | MEF2B C-terminal missense and frameshift mutations impair $324
phosphorylation. a The scheme shows the amino acid alignment of MEF2B WT-
isoA with MEF2B WT-isoB and the predicted truncated and isoform-switch mutants.
The identified phosphorylation sites are marked by triangles (rose red, sites with
phosphorylation >95%; gray, phosphorylation <1%). b Schematic representation of
the phosphorylation region in MEF2B isoA aa sequence. Phosphorylated aa are
labeled in rose red. Amino acid changes found in lymphoma cases are reported on
the top using green dots, each representing one patient®'?'°?’, ¢ Phos-tag analysis
of MEF2B phosphorylation in SUDHL10 and OCI-Ly7 DLBCL cell lines that were
engineered to express Flag-HA MEF2B WT-isoA, lymphoma-associated missense
mutants (R307P, 1318S, K319M, R322C, P325L and P330L) or phosphorylation-

deficient mutants (S310A, S324A and S310A + S324A, labeled as AA). Controls (HA
and Vinculin) were resolved on a Tris-Glycine gel. Vinculin was used as loading
control; APP-treated lysate was used as a negative control for phosphorylation
detection. d Flag (MEF2B) IP followed by IB with phospho-specific pMEF2B%**
antibody in SUDHLIO and OCI-Ly7 cells that were engineered to express Flag-HA
MEF2B WT-isoA or lymphoma-associated missense mutants (R307P, I318S, K319M,
R322C, P325L and P330L). Vinculin was used as loading control. Quantifications
were normalized to the immunoprecipitated MEF2B (HA). Fold changes were cal-
culated relative to the MEF2B WT sample. The experiments displayed in (c) and (d)
were repeated 4 times with similar results. Source data are provided as a Source
Data file.
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Fig. 4 | MEF2B interacts with the SWI/SNF complex. a Detection of MEF2B/
SMARCA4 interaction by MEF2B immunoprecipitation (IP) followed by immuno-
blotting (IB) using nuclear extracts of SUDHLIO cells or normal GC B cells isolated
from human tonsil. Lamin B1 was used as a nuclear fraction control. Normal GC B
cell samples are identical to those used in Fig. 2e. The experiment was repeated
twice. b Heat maps showing the read density and distance plots displaying the
distribution of MEF2B or SMARCA4 bound regions in relationship to each other
closest peak, as detected in normal GC B cells by Cut&Run-seq analysis. In the heat

maps, data is normalized to number of reads per bin/sum of all reads per bin (in
millions). ¢ Genomic binding profile of MEF2B and SMARCA4 at BCL6, CCND3,
CXCR4, CD83, CD86 and CD79A loci, as detected by Cut&Run-seq analysis in normal
GC B cells. Significantly bound regions that were recurrently detected in both
biological replicates (2 independent donors) are displayed as bars under the read
profiles. MEF2B/SMARCA4 overlapping bound regions are displayed as black bars
at the bottom (MEF2B/SMARCA4 overlap). Genomic coordinates based on hg38.
BPM, bins per million map reads. Source data are provided as a Source Data file.

involved in cell cycle, DNA repair, apoptosis, and GC confinement
(Supplementary Data 4)*. The same analysis on the genes associated
with MEF2B in the absence of SMARCA4 did not reveal enrichment for
additional pathways (Supplementary Data 4). SMARCA4 co-localizes
with MEF2B in previously identified MEF2B-bound regions of the BCL6
locus both in the promoter and in the upstream super-enhancer
(Fig. 4¢)**. In addition, the SMARCA4/MEF2B co-bound targets
included several DZ (i.e., CXCR4, CCND3) and LZ (i.e., CD83, CD86)
markers, as well as genes involved in signaling pathways that are
relevant for the affinity-based selection occurringin the LZ, including B
cell receptor, NF-kB, and MAPK pathways (Fig. 4c and Supplemen-
tary Data 4).

Consistent with the MS analysis, co-IP in SUDHL1O cells expressing
the phospho-deficient mutants (S324A and the lymphoma-associated
R322C, P325L, and P330L) and in OCI-Ly7 isogenic clones edited to
endogenously express S324A or P325L showed an increase in the
amount of SMARCA4 that was immunoprecipitated by MEF2B mutants
compared to the MEF2B WT-isoA, suggesting that the lack of phos-
phorylation promotes the interaction between MEF2B proteins and

SMARCAA4 (Fig. 5a, b and Supplementary Fig. 4c, d). As expected, the
phospho-mimic S324E mutant did not show enhanced binding to
SMARCAA4 in both the overexpression and endogenous cell systems
(Fig. 5a, b and Supplementary Fig. 4c, d). In addition, the double
mutant S324E/P325L (EL), in which the phospho-mimic S324E was
combined with the phospho-deficient P325L mutant, behaved like the
single S324E mutant (Fig. 5a and Supplementary Fig. 4c). The enhanced
interaction with the SWI/SNF chromatin remodeling complex may
contribute to the increased transcriptional activity that is associated
with the phospho-deficient mutants, as shown by luciferase reporter
assay using an artificial reporter including canonical MEF2B binding
sites (3XMEF2) (Fig. 5¢).

Consistently, both the WT-isoB protein and the isoform-switch
mutants expressing iso-B-like C-tails, which lack the S324 phosphor-
ylation site, displayed enhanced interaction with SMARCA4 both in the
over-expression and endogenous cell systems (Fig. 5d, e and Supple-
mentary Fig. 4e, f). In addition, similar to the missense mutants, all
these proteins showed an increased transcriptional activity compared
to MEF2B WT-isoA (Fig. 5f). Collectively, these data show that MEF2B
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Fig. 5 | Phosphorylation-deficient MEF2B mutants display enhanced binding
affinity to SWI/SNF complex and increased transcriptional activity. a Detection
of MEF2B/SMARCA4 interaction by Flag (MEF2B) immunoprecipitation (IP) fol-
lowed by immunoblotting (IB) from SUDHLIO cells expressing Flag-HA-MEF2B-WT-
isoA or missense mutants (EL, S324E + P325L). Lamin B1, loading control. Quanti-
fications were normalized to the immunoprecipitated MEF2B (HA). Fold changes
relative to MEF2B-WT. b MEF2B IP followed by IB from isogenic OCI-Ly7 control
(Neutral) and MEF2B missense mutant clones. IgG, IP negative control. Quantifi-
cations were normalized to the immunoprecipitated MEF2B. Fold changes relative
to the neutral clones. ¢ Luciferase activity driven by synthetic wild-type (3xMEF2-
WT) or mutated (3xMEF2-Mut) MEF2 binding sites, as measured in HEK293T cells
transfected with empty vector (EV) or plasmids expressing MEF2B-WT-isoA (n=15,
5 experiments) or the missense mutants S324A (n =15, 5 experiments), S324E (n =6,
2 experiments), P325L (n =15, 5 experiments), EL (n= 6, 2 experiments), R322C
(n=9, 3 experiments) and P330L (n=9, 3 experiments). Data are shown as average
fold change + SD relative to MEF2B-WT-isoA of indicated independent experi-
ments, each performed in triplicates. Significance assessed by two-tailed Mann-

3xMEF2 WT 3xMEF2 Mut

Basic

Whitney test. d Flag (MEF2B) IP followed by IB from SUDHL1O cells expressing Flag-
HA-MEF2B-WT-isoA, MEF2B-WT-isoB or isoform-switch mutants. Lamin B, loading
control. Quantifications were normalized to the immunoprecipitated MEF2B (HA).
Fold changes relative to MEF2B-WT-isoA. e MEF2B IP followed by IB from isogenic
OCI-Ly7 control (Neutral) and MEF2B isoform-switch mutant clones. IgG, IP nega-
tive control. Quantifications were normalized to the immunoprecipitated MEF2B.
Fold changes relative to the neutral clones. f Luciferase activity of synthetic WT or
mutated 3xMEF2-luc reporter in HEK293T cells transfected with EV or plasmids
expressing MEF2B-WT-isoA (n =18, 6 experiments), -isoB (n =18, 6 experiments) or
isoform-switch mutants T240fs (n =9, 3 experiments), P243fs (n=9, 3 experi-
ments), P256fs (n=9, 3 experiments), L260fs (n=9, 3 experiments), L269fs (n=9, 3
experiments), P273fs (n=6, 2 experiments), T274fs (n=9, 3 experiments) and
P287fs (n=9, 3 experiments). Data shown as average + SD relative to MEF2B-WT-
isoA of indicated independent experiments, each performed in triplicates (two-
tailed Mann-Whitney test). The experiments reported in (a) and (d) were repeated
three times with similar results. Source data are provided as a Source Data file.

phosphorylation at S324 contributes to the dissociation between
MEF2B and the SWI/SNF complex. C-terminal mutants, which cannot
be phosphorylated at S324, display an enhanced interaction with
SMARCA4 and increased transcriptional activity.

Stabilization of mutants by dissociation from the CUL3/KLHL12
complex

Among the interactors displaying lower affinity for MEF2B WT-isoB
and P325L mutant, our analysis identified several subunits of the CUL3
ubiquitin E3 ligase complex, including Broad-Complex, Tramtrack and
Bric a brac domain (BTB) adaptor proteins (Supplementary Data 1). In
order to refine this analysis and identify proteins interacting with both

MEF2B and CUL3, we performed MS analysis upon sequential immu-
noprecipitations of Flag (MEF2B) and CUL3 in the SUDHL10-Flag-HA-
MEF2B WT-isoA cells. The results confirmed and expanded the list of
MEF2B interactors that belong to the CUL3 ubiquitin E3 ligase complex
(Supplementary Data 5). Of note, we identified several adaptor pro-
teins the most abundant of which was the KLHL12 BTB-containing
protein (Supplementary Data 5)****. These results suggest that KLHL12
may act as the adaptor protein, which recruits MEF2B in the CUL3 E3
ligase ubiquitin complex for ubiquitin-mediated degradation.

The native interaction between MEF2B, KLHL12 and CUL3 was
confirmed in nuclear extracts by co-IP in both malignant and normal
GC B cells (Fig. 6a). Nuclear/cytoplasm fractionation in normal GC B
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Fig. 6 | Stabilization of MEF2B C-terminal missense mutants by dissociation
from the CUL3/KLHL12 complex. a Detection of MEF2B/CUL3/KLHLI12 interaction
by MEF2B immunoprecipitation (IP) followed by immunoblotting (IB) from
SUDHL10 and normal GC B cells. Lamin B1, nuclear fraction control. Asterisks, non-
specific bands. GC B cell samples are same as in Fig. 2e. b Flag (MEF2B) IP followed
by IB in SUDHLIO cells expressing Flag-HA-MEF2B-WT-isoA or missense mutants.
Lamin B1, loading control. Quantifications were normalized to the immunopreci-
pitated MEF2B (HA). Fold changes relative to MEF2B-WT. Samples in the left panel
are same as in Fig. 5a. ¢ MEF2B IP followed by IB using nuclear extracts of isogenic
OCI-Ly7 control (Neutral) and MEF2B missense mutant clones. IgG, IP negative
control. Quantifications were normalized to the immunoprecipitated MEF2B. Fold
changes were calculated relative to the neutral clones. Samples are same as in
Fig. 5b. d Ubiquitination assay upon Flag (MEF2B) IP followed by IB of HEK293T
cells co-transfected with expression vectors for Flag-HA-MEF2B-WT-isoA or mis-
sense mutants, and V5-Ub, Myc-KLHL12 and Myc-CUL3. Total ubiquitin and K48
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ubiquitin chain type were detected. The samples derive from the same experiment
but different gels for Ub(K48) in the IP samples and V5 (pan-Ub) in the input
samples were processed in parallel. e MEF2B relative expression level, upon CHX
treatment (12 h) in SUDHLI10 cells expressing Flag-HA-MEF2B-WT-isoA (n=13) or
the missense mutants S324A (n=6), S324E (n=3), P325L (n=8), EL (n=3), R322C
(n=3)and P330L (n=3). Numbers (n) refer to independent experiments. Complete
CHX pulse-chase experiment in Supplementary Fig. 7b. Average fold change + SD
relative to MEF2B-WT-isoA (two-tailed unpaired T test). f MEF2B relative expression
level, upon CHX treatment (12 h) in isogenic OCI-Ly7 control (Neutral; n=6) and
MEF2B-P325L mutant (n=6) clones. Complete CHX pulse-chase experiment in
Supplementary Fig. 7c. Average fold change + SD relative to neutral clones of two
independent experiments (3 neutral compared to 3 P325L clones in each experi-
ment; two-tailed unpaired T test). The experiment in (a), (b), and (d) were repeated
three times with similar results. Source data are provided as a Source Data file.

cells and in DLBCL cell lines confirmed expression of CUL3 and KLHL12
in both the cytoplasm and nucleus (Supplementary Fig. 5a). Protein
proximity labeling in SUDHLI1O cells expressing MEF2B-TurBoID pro-
tein confirmed the interaction of MEF2B/KLHL12/CUL3 (Supplemen-
tary Fig. 5b).

In order to map the interaction of MEF2B and KLHL12, we per-
formed co-IP assays on cells co-transfected with full-length or deletion
mutants of both MEF2B and KLHL12 proteins (Supplementary Fig. 5c).
The results showed that MEF2B full-length binds to both the
N-terminus and the C-terminus of KLHLI12, with the N-terminus of
MEF2B being associated with the N-terminus of KLHL12. Although the
MEF2B C-terminus by itself did not show binding to KLHLI2 in this
assay, the fact that (i) we detected binding between KLHL12 C-terminus
and MEF2B full-length, (ii) the MEF2B"**" mutant displayed reduced
binding affinity to KLHL12, and (iii) the canonical binding of KLHL12 to
approximately ten amino acids of its substrates occurs through the

C-terminus®~*’, prompted us to test an oligopeptide surrounding the
$324 phosphorylation region. Indeed, the binding of KLHLI2
C-terminus in the MEF2B C-terminus was efficiently detected using this
oligopeptide (M7 in Supplementary Fig. 5c). These results suggest that
the interaction between KLHL12 and MEF2B requires the MEF2B
N-terminus to retain the proper configuration of the C-terminus, and
the ~270 aa C-terminus is a highly dynamic entity to be stabilized by
interaction of merely ten residues with the KLHL12 Kelch domain.
Thus, we mapped the interaction of MEF2B and KLHL12 to both the
MEF2B N-terminal domain and the C-terminal phosphorylation region
containing S324 (aa304-333), which displayed binding to KLHLI12
N-terminus (BTB-BACK domain) and C-terminus (Kelch domain),
respectively (Supplementary Fig. 5¢).

In order to confirm that MEF2B is recruited by KLHLI2 into the
CUL3 E3 ligase complex for ubiquitin-mediated degradation, we co-
expressed MEF2B with the KLHL12-AMF mutant (A60OE, M61E and
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F62A) that cannot interact with CUL3*. The results showed that
KLHL12-AMF mutant was unable to bind CUL3 and, when co-expressed
with MEF2B, failed to mediate MEF2B degradation (Supplementary
Fig. 5d, e).

Co-IP in SUDHLIO cells expressing the phospho-deficient
mutants (S324A or the lymphoma-associated R322C, P325L and
P330L) and in OCI-Ly7 isogenic clones edited to endogenously
express S324A or P325L confirmed the impaired interaction with
KLHL12 and CUL3, while the phospho-mimic S324E mutant behaved
similarly to the MEF2B WT-isoA protein (Fig. 6b, ¢ and Supplemen-
tary Fig. 6a, b). MEF2B ubiquitination, detected both in SUDHL10
cells and in transient transfection assays, was reduced in the
phospho-deficient mutants consistent with the impaired interaction
with the KLHL12/CUL3 complex (Fig. 6d and Supplementary
Fig. 6¢, d). Accordingly, we detected poly-ubiquitin chains linked to
K48, a known signal for protein degradation by the
proteasome®’(Fig. 6d). Ubiquitination not associated with protein
degradation (i.e., K63-linked) was not detected (Supplementary
Fig. 6e). Consistently, a significant increase of MEF2B protein stability

and half-life was detected in SUDHLI1O cells expressing the S324A,
R322C, P325L or P330L mutants and in the OCI-Ly7 isogenic clones
edited to endogenously express P325L (Fig. 6e, f and Supplementary
Fig. 7). We note that although the S324E/P325L double mutant dis-
plays a protein stability similar to the WT (Fig. 6e), it remains defi-
cient in its binding to KLHL12 and CUL3 (Fig. 6b), suggesting that
alternative adaptor proteins may be involved in restoring the protein
degradation of this artificial mutant.

The impaired interaction and ubiquitin-mediated degradation was
not limited to the missense mutants affecting MEF2B phosphorylation at
$324. In line with the fact that MEF2B WT-isoB lacks the S324 phos-
phorylation site, both the WT-isoB protein and the isoform-switch
mutants displayed impaired interaction with KLHL12 and CUL3 both in
the over-expression and endogenous cell contexts (Fig. 7a, b and Sup-
plementary Fig. 8a, b). Similar to the missense mutants, the isoform-
switch mutants showed a reduced ubiquitination, and extended half-life
compared to MEF2B WT-isoA (Fig. 7c-e and Supplementary Fig. 8c-e).

In conclusion, these results show that MEF2B phosphorylation at
$324 favors the interaction with CUL3/KLHL12, while both lymphoma-
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Fig. 7 | Stabilization of MEF2B C-terminal isoform-switch mutants by dis-
sociation from the CUL3/KLHL12 complex. a Detection of MEF2B/CUL3/KLHL12
interaction by Flag (MEF2B) immunoprecipitation (IP) using nuclear extracts of
SUDHLI1O cells expressing Flag-HA-MEF2B-WT-isoA, -isoB or isoform-switch
mutants. Lamin B1 was used as loading control. Quantifications were normalized to
the immunoprecipitated MEF2B (HA). Fold changes were calculated relative to the
MEF2B WT-isoA sample. b MEF2B IP followed by immunoblotting (IB) using nuclear
extracts of isogenic OCI-Ly7 clones including controls (Neutral) and cells expres-
sing MEF2B isoform-switch (P256fs and P273fs) mutants. IgG IP was used as nega-
tive control. Quantifications were normalized to the immunoprecipitated MEF2B.
Fold changes were calculated relative to the neutral clones. Samples are the same as
in Fig. Se. ¢ Ubiquitination assay upon Flag (MEF2B) IP followed by IB using total
extracts of HEK293T cells co-transfected with expression vectors for Flag-HA-
MEF2B-WT-isoA, -isoB or isoform-switch mutants (P243fs, L269fs, and P273fs), and

V5-Ub, Myc-KLHL12 and Myc-CUL3. Total ubiquitin and K48 ubiquitin chain type
were detected. The samples derive from the same experiment but different gels for
Ub(K48), in the IP samples, and V5 (pan-Ub), in the input samples, were processed
in parallel. d Relative MEF2B protein levels, as measured upon CHX treatment for
12 h in SUDHLIO cells expressing Flag-HA-MEF2B-WT-isoA (n = 6) or isoform-switch
mutants (n =3 each). Numbers (n) refer to independent experiments. The complete
CHX pulse-chase experiment is reported in Supplementary Fig. 8d. Data shown as
average fold change + SD compared to MEF2B-WT-isoA (two-tailed unpaired T
test). e MEF2B relative expression level, as measured upon CHX treatment for 12 h
inisogenic OCI-Ly7 control (Neutral; n = 3) and MEF2B isoform-switch mutant (n=3
each) clones. Complete CHX pulse-chase experiment in Supplementary Fig. 8e.
Data shown as average fold change + SD relative to neutral clones (two-tailed
unpaired T test). The experiments in (a) and (c) were repeated three times with
similar results. Source data are provided as a Source Data file.
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Fig. 8 | The Mef2b™" lymphoma-associated mutant enhances GC formation
in mice. a Amino acid sequence alignment of human MEF2B S324 phosphorylation
region with the orthologous mouse Mef2b sequence. Human P325 and the con-
served murine P297 aa are displayed in bold. b Percentage of splenic GC B cells
(B220%/GL7"/CD95") in Mef2b**;CyI-Cre®®* (WT), Mef2b"*"/*;Cy1-Cre®®* (HET) and
Mef2b"7/P7L,Cyl-Cre®®* (HOMO) mice, as measured by flow cytometry 10 days
post-SRBC immunization. ¢ Top, immunohistochemistry for the GC marker PNA on
representative spleen sections. Scale bars, 500 pm. Bottom, average GC size and
numbers, as measured by quantification of PNA staining on spleen tissue sections in
a subset of the mice displayed in (b). d Ratios between dark zone (DZ: CXCR4"/
CD86") and light zone (LZ: CXCR4'"°/CD86") GC B cells (B220"/GL7"/CD95") from
WT, HET and HOMO mice. e DZ and f LZ B cell numbers normalized by spleen
weight in a subset of the mice displayed in (d). g Gene set enrichment analysis

(14) wWT HOMO

(18)

(15) (17)

(GSEA) in WT versus HOMO GC B cell RNA-seq data using previously reported
mouse and human DZ versus LZ gene signatures*. NES, normalized enrichment
score. h CD86 mean fluorescence intensity (MFI) in GC B cells (B220*/GL7"/CD95")
measured by flow cytometry analysis and displayed as fold change relative to WT
mice. i GSEA in WT versus HOMO GC B cell RNA-seq data using the top 300 genes
displaying co-binding of MEF2B and SMARCA4 in their regulatory regions as
identified by Cut&Run-seq analysis in human GC B cells isolated from tonsil tissue.
The enrichment is measured by ranking all the assessed transcripts in the RNA-seq
profiles and evaluating any distribution bias along the ranked gene list. NES, nor-
malized enrichment score. Dot plots display average + SD for the number of ani-
mals reported in parentheses. The p values in dot plots were determined by one-
way ANOVA with Dunnett’s Multiple Comparison Test. Source data are provided as
a Source Data file.

associated missense and isoform-switch frameshift mutants escape
CUL3/KLHLI2 complex-mediated ubiquitination and degradation.

Mef2b"*" lymphoma-associated mutant enhances GC forma-
tion in mice

In order to understand the role of MEF2B phosphorylation at S324 and
its lymphoma-associated impairment in GC development and lym-
phomagenesis, we generated a mouse model conditionally expressing
the Mef2b"?” mutant, the orthologous of human MEF2B™*" (Fig. 8a).
Toward this end, the coding region of Mef2b exon 2 and part of intron 2
were replaced by a cassette including the mouse Mef2b WT coding
sequence (CDS; refer to NM_001045484.2) flanked by loxP sites and
followed by the mutated Mef2b CDS (encoding Mef2b"®" mutant)
linked, by a P2A self-cleavage sequence, to EGFP (Supplementary
Fig. 9a). Upon crossing with GC-specific CyI-cre mice*’, the expression
of WT Mef2b in GC B cells is replaced by the Mef2b"*" mutant, which is
co-transcribed with EGFP. Expression of the mutated transcripts in GC
B cells was confirmed by RT-PCR followed by Sanger sequencing
(Supplementary Fig. 9b). As expected, EGFP was detected exclusively
in GC B cells of heterozygous (HET; Mef2b"*"*";Cy1-Cre’®*) and homo-
zygous (HOMO; Mef2b™7##7L :Cy1-Cre’®*) mutant mice, proportionally
to allelic dosage, but not in WT (Mef2b*;CyI-Cre®®*) mice (Supple-
mentary Fig. 9c-e).

Analysis of splenic B cells 10 days after sheep red blood cells
(SRBC) immunization showed a significant increase of GC B cells in the
mutant (HET and HOMO) mice compared to WT mice (Fig. 8b and
Supplementary Fig. 9f, g), while no changes were detected in non-GC B
cell populations, including follicular B cells, marginal zone B cells and
plasma cells (Supplementary Fig. 9h-j). The GC B cell increase was due
to an enlargement of the GC structures, not to an increased number of
GCs, as shown by quantification of GC areas and numbers upon
immunohistochemical staining of peanut agglutinin (PNA) (Fig. 8c).
Analysis of the DZ and LZ GC B cell subpopulations showed a sig-
nificant reduction in the DZ/LZ ratio, due to LZ expansion in the
mutant mice (Fig. 8d-f and Supplementary Fig. 9f, k). Class-switch
recombination was normal in the mutant mice, while their ability to
generate high-affinity antibodies appeared slightly reduced (Supple-
mentary Fig. 91, m). No significant gender effect was detected since
both the male and female cohorts showed statistically significant and
consistent differences in GC size, DZ/LZ ratios, and LZ cell number,
although the female cohort failed to reach significance regarding the
increased percentage of GC B cells.

In order to characterize the transcriptional changes driven by
expression of Mef2b™’t, we performed gene expression profiling of
GC B cells sorted from SRBC-immunized WT and mutant (HET and
HOMO) mice (at least 3 mice/genotype). We identified 137 genes that
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were significantly differentially expressed between WT and HOMO
mice with a fold change >1.2 (65 up- and 72 down-regulated in HOMO
compared to WT; q < 0.05; Supplementary Data 6). This gene signature
was consistently enriched in the expression profiles of HET mice
(Supplementary Fig. 10a). Consistent with the LZ expansion pheno-
type, Gene Set Enrichment Analysis (GSEA) in WT vs HET or HOMO
expression profiles using previously reported DZ and LZ signatures
both in mouse and human*' showed significant enrichment for the LZ
signatures in the mutant mice (Fig. 8g and Supplementary Fig. 10b). In
particular, CD86, a marker of the LZ compartment, was significantly
upregulated in the GC B cells of mutant mice (Supplementary Data 6),
which was consistent with increased protein levels, as detected by
cytofluorimetric analysis (Fig. 8h). Consistent with the LZ expansion,
the plasma cell master regulator Prdm1*>** was among the genes that
were downregulated in mutant mice (Supplementary Data 6).

In order to evaluate the effects of the enhanced interaction
between Smarca4 and the phospho-deficient Mef2b mutant in vivo, we
performed GSEA in the mouse transcriptomic data using the targets
that we identified as co-bound by SMARCA4 and MEF2B in human GCB
cells. The results showed a significant enrichment for SMARCA4/
MEF2B targets in the genes up-regulated in the mutant mice, con-
sistent with their enhanced transcriptional expression when Mef2b
cannot be phosphorylated (Fig. 8i). Consistent with the pathway
enrichment analysis for SMARCA4/MEF2B targets in human GC B cells
(Supplementary Data 4), shared targets are enriched for genes asso-
ciated with the LZ compartment also in the murine GC B cells.

A few targets which displayed MEF2B/SMARCA4 co-binding in
normal GC B cells (Supplementary Data 3) and were transcriptionally
affected in the murine mutant GC B cells were tested for changes in
expression in the DLBCL OCI-Ly7 isogenic clones expressing endo-
genous P325L. Consistent with the observations in mouse GC B cells,
we detected transcriptional up-regulation of CD86, CD180, MAP3KS,
PAX5 and RASGRP3 in the OCI-Ly7 isogenic clones expressing endo-
genous P325L when compared to neutral control clones (Supplemen-
tary Fig. 10c). These results suggest that the enhanced transcriptional
effects of MEF2B phospho-deficient mutant are detectable both in
normal and malignant GC B cells.

Overall, these data indicate that the expression of Mef2b™"t in GC
B cells pathologically alters the GC development by enforcing LZ
expansion, which, in multiple instances, has been shown to represent a
phenotype preceding malignant transformation”***,

Mef2b"*™ mutant promotes GC B cell lymphomagenesis in mice
To investigate the role of Mef2b*®™ in tumor development, mice were
chronically immunized with SRBC (every 2 months, for six times in
total) and monitored for signs of disease over a time frame of 17-18
months. The expression of Mef2b"™ mutant alone did not promote
lymphoma development and had no impact on the tumor-free survival
(Supplementary Fig. 11a, b). Since MEF2B mutations (including the
phospho-deficient mutants) significantly co-occur with BCL2 re-
arrangements in human DLBCL and FL3'%*¢, the Mef2b mutant mice
were also crossed with Bcl2-Ig transgenic mice'’. We observed that
Bcl2-Ig transgenic mice (Mef2b"*;CyI-Cre®*; Bcl2-Ig’®) developed FL (4/
19, 21%), but also more commonly plasmablastic lymphoma (PBL, 8/19,
42%), and in a few cases, multiple concomitant tumors (Fig. 9a and
Supplementary Fig. 11a), as determined based on morphological fea-
tures and analysis of T cell (Cd3), B cell (B220 and Pax5), GC (Bcl6) and
plasma cell (Irf4) markers in the tumor tissue (Fig. 9b). In addition,
expression of exogenous (human) BCL2 was confirmed in the tumors
from Bcl2-Ig transgenic and compound mice (Fig. 9b). Tumors were
clonal, as shown by the presence of clonally rearranged immunoglo-
bulin loci (Supplementary Fig. 11c).

PBLs originate from B cells committed to the plasma cell lineage,
and as expected, do not express GC B cell markers, including Bcl6 and
Mef2b (Fig. 9b). This also applies to the mutant Mef2b"*™, which is

under the control of the endogenous promoter and regulatory
regions. As expected, Mef2b™°"" (EGFP) expression was detected in FL
and DLBCL, but not in PBL tumors (Fig. 9b). Thus, the PBL tumors are
not driven by Mef2b and do not reflect its function for lymphoma-
genesis. In contrast, the compound mice displayed a significantly
higher incidence of DLBCL (32% in HET; Bcl2 and 60% in HOMO; Bcl2 vs
12% in WT; Bcl,; Fig. 9a). Accordingly, when considering GC tumors
only, the compound HET; Bcl2 mice showed a shorter tumor-free
survival that reached statistical significance for the HOMO; Bcl2 mice
(Fig. 9¢). No differences were observed regarding the tumor types and
their histological features when comparing the Mef2b™"" with the
previously published Mef2b®** cohorts?.

Although expression of the mutant Mef2b"®™* did not enhance
overall lymphomagenesis, the increased incidence of Mef2b-
expressing tumors and the associated reduction in tumor-free-
survival suggest that expression of Mef2b™”" mutant, in combina-
tion with Bcl2-deregulation, promotes malignant transformation of GC
B cells.

Discussion

The lymphoma-associated MEF2B mutational pattern is unusually
heterogeneous, including missense, frameshift, and nonsense muta-
tions, which are unevenly distributed along the MEF2B gene. We have
previously demonstrated that the large majority of mutations target-
ing the N-terminus act through a convergent mechanism impairing
MEF2B interaction with negative modulators (HUCA complex and class
lla histone deacetylases) and leading to its deregulated constitutive
activity’>®. In this study we expanded this view demonstrating that
multiple and distinct (by type and location) C-terminal mutations
impair phosphorylation at S324, which negatively regulates MEF2B
transcriptional activity and protein stability. Of note, the mutations
impairing MEF2B phosphorylation at S324 never directly affect this
amino acid, rather they disrupt the phosphorylation motif. We spec-
ulate that the lack of mutations affecting S324 is related to the fact that
not all nucleotides have the same probability to be targeted by
mutations. Based on these results, about 70% of MEF2B mutated cases
are predicted to express a stable and/or deregulated mutant MEF2B
protein.

Our data show that MEF2B interacts with the SWI/SNF chromatin
remodeling complex, and that this interaction is regulated by $324
phosphorylation. This observation places MEF2B as a sequence-
specific recruiter of chromatin modifiers that act as positive (SWI/
SNF) or negative (HDACs) modulator of transcription. We cannot
exclude that MEF2B may also recruit the SWI/SNF complex when it
functions as a mediator, not directly binding to DNA?. The chromatin
modifications downstream the MEF2B-mediated SWI/SNF (or HDACs)
recruitment may have an impact in exposing or closing surrounding
regions and therefore promote or impair the binding and function of
additional transcription factors.

A key feature of MEF2B biology is the formation of complexes and
this process appears to be hijacked by all types of functionally char-
acterized mutations. Notably, it appears that different complexes, and
therefore functions, are altered by distinct mutations. Indeed, the
N-terminal mutants, which are impaired in their interaction with
negative modulators of transcription”””*, are not affected in their
complex formation with the SWI/SNF chromatin remodeling complex.
On the other side, interaction between the C-terminal mutants and the
HUCA complex and class Ila histone deacetylases is retained. N- and
C-terminal mutants show also differences in protein stability, with a
reduction observed in the N-terminal mutants and, conversely, an
increased stability for the C-terminal mutants that are impaired in their
interaction with the CUL3/KLHLI12 E3 ligase complex. Of note, all these
features are combined to generate MEF2B mutant proteins that are
less stable but insensitive to negative modulation of their transcrip-
tional activity (N-terminal mutants) or more stable and with an
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Fig. 9 | Expression of Mef2b"”" mutant promotes GC B cell ymphomagenesis
in mice. a Distribution of B cell ymphomas across genotypes. Colored bars indi-
cate different diagnoses, namely follicular lymphoma (FL), diffuse large B cell
lymphoma (DLBCL), and plasmablastic lymphoma (PBL). The numbers in the bars
refer to the number of tumors (note that some mice bear more than one tumor
type). The p values were determined by Fisher’s Exact test (two-tailed). b H&E

staining and immunohistochemical analysis of selected markers in representative
tumors from mice diagnosed with FL, DLBCL, or PBL. EGFP is the tracking marker of
Mef2b*™, High magpnification scale bar, 10 um. These immunohistochemical ana-
lyses were performed for all tumors. ¢ Tumor-free survival curve. The p values were
determined by Gehan-Breslow-Wilcoxon Test (two-tailed) across genotypes.
Source data are provided as a Source Data file.

enhanced ability to promote transcription (C-terminal mutants).
Regardless of their specific aberrant features, all these mutants appear
to contribute to the pathogenesis of lymphoma without significant
differences. These observations point to the presence of multiple
mechanisms converging on de-regulation of the MEF2B oncogenic
activity, with implications for the distinct approaches to be used if
therapeutic targeting of MEF2B will be considered.

An aspect of extreme importance will be the identification of the
structure of the full-length MEF2B protein. The N-terminal domain of
MEF2B protein, spanning residues 1-91, is structurally ordered, as
shown by the three-dimensional model of the full-length MEF2B gen-
erated by AlphaFold*® and by the crystal structures that have already
been reported*’=.. Conversely, there is no crystal structure for the
MEF2B C-terminus, which is predicated to be disordered, most likely
due to the prevalence of proline residues that impose a flexible loop
conformation as opposed to stable f3-strand or a-helix topology. More
importantly, the abundant presence of proline residues in the
C-terminus suggests that this region is involved in protein-protein
interactions®. The identification herein of a direct interaction between
KLHL12 and MEF2B at both the N- and C-terminus provides an essential
element to make the full-length MEF2B protein ordered and amenable
to structural studies.

While most C-terminal mutations, including missense and fra-
meshift ones, could be functionally characterized, a fraction of
C-terminal mutants remain of difficult interpretation since they gen-
erate truncated forms of the protein, most of which appear to be
unstable when expressed in DLBCL cell lines (no data are available
from primary specimens). This type of mutants raises the possibility
that haplo-insufficiency may contribute to lymphomagenesis, as pre-
viously suggested”. However, this hypothesis is not supported by the
fact that (i) Mef2b deletion in mouse GC B cells induces a compensa-
tory response from other Mef2 family members, suggesting that GC B
cells require MEF2 activity; (ii) hemizygous expression of Mef2b in
mouse GC B cells induces a decrease of DZ GC B cells, rather than a pre-
neoplastic LZ expansion®. Thus, the experimental evidence in mouse
models clearly suggests that Mef2b is essential for GC B development
and maintenance, while its loss or hemizygous expression has a
negative impact. A possible explanation for the C-terminus truncating
mutations is suggested by their significant enrichment in the DLBCL-
ABC subtype, the cell-of-origin of which is to be found in late GC B cells
committed to post-GC differentiation®*>. These cells down-regulate
the GC program, including expression of MEF2B, therefore in some
cases, MEF2B truncating mutations may occur at a stage in which
MEF2B function is not required.
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GC lymphomagenesis is a complex multi-factorial process and
modeling the effects of candidate oncogenes and onco-suppressors
in vivo requires a long latency and often the presence of other pro-
oncogenic (i.e., anti-apoptotic) alterations***>¢, Indeed, the onco-
genic potential of Mef2b mutants is best revealed in combination with
Bcl2 deregulation for both the phospho-deficient mutant and the
previously described N-terminal D83V mutant®. We note that the Bc2-
Ig transgenic model used here*” develop a significantly high fraction of
PBL. However, our data clearly show that expression of a
phosphorylation-defective Mef2b mutant, in combination with Bcl2
deregulation, promotes GC B cell malignant transformation toward FL
and DLBCL, but not PBL, suggesting that Mef2b expression is required
for tumor initiation and maintenance. Accordingly, BCL2 rearrange-
ments co-occur significantly with MEF2B phospho-deficient mutations
in human DLBCL and FL, while the much less frequent mutations tar-
geting SMARCA4 are mutually exclusive with those affecting MEF2B,
although this does not reach statistical significance due to the low
number of cases (Supplementary Table 1).

Overall, these results unveil converging mechanisms of action for
a diverse spectrum of MEF2B mutations, all leading to its dysregulation
and GC B-cell ymphomagenesis. These assorted mechanisms provide
multiple opportunities for the development of targeted therapeutic
approaches.

Methods

This research complies with all ethical regulations. All in vivo experi-
ments and procedures conformed to ethical principles and guidelines
revised and approved by the Institutional Animal Care and Use Com-
mittee at Columbia University. This study includes the use of anon-
ymized human tonsil tissue collected as residual material after
diagnosis and therefore exempt from consent, as confirmed by the
Columbia University Human Research Protection Office & Institutional
Review Board. No material was obtained/analyzed through interac-
tion/intervention/patient enrollment. Additional human data used in
this study were previously published. As such the study represents
“secondary research using data or biospecimens not collected speci-
fically for this study” and has been defined as exempt human subject
research in accordance with 45 CFR 46.

Mouse models and strains

Mice expressing the Cre recombinase under the control of the Cyl
promoter and Bcl2-Ig transgenic mice were previously described*®*’.
All mouse strains were backcrossed into C57BL/6 background.
Immunological responses were evaluated in immune-competent mice
at -3 months of age. Animals assigned to the tumor cohorts were
monitored twice a week for tumor incidence and survival over a period
of 17-18 months and were killed for analysis when visibly ill or at the
end of the study. Although our approved protocol allows tumor sizes
up to 20 mm, we sacrificed animals with masses of 10 mm or smaller.
Both females and males were included in the experiments. Mice were
housed in a dedicated pathogen-free environment with controlled
temperature, humidity, and dark/light cycle.

Generation of Mef2b™” conditional mouse model

The conditional Mef2b"" C57BL/6 mouse was generated by Cyagen
(Santa Clara, CA, USA). Briefly, the coding region of exon 2 plus partial
intron 2 of Mef2b was replaced with the WT Mef2b coding DNA
sequence (CDS; NCBI reference sequence: NM_001045484.2) flanked
with two loxP sites and followed by a sequence encoding rabbit beta
globin polyA signal. Downstream of the polyA cassette was inserted
the Mef2b coding sequence carrying a C>T (nucleotide 890 of CDS)
mutation (P297L amino-acid change) in exon 9. The mutated Mef2b
coding region was linked to a sequence encoding enhanced green
fluorescent protein (EGFP) by a 2 A sequence of porcine teschovirus-1
(P2A). In the targeting vector, the neomycin cassette was flanked by

self-deletion anchor (SDA) sites. C57BL/6 ES cells were used for gene
targeting, and correct homologous recombination was confirmed by
Southern blotting and PCR followed by sequencing. Then, the targeted
mouse ES cells were injected into blastocysts derived from C57BL/6
mice to generate chimeras. The following primers were used for gen-
otyping and amplifying the fragment with the Mef2b"”" mutation
(Supplementary Fig. 9a):

F1: 5-CTTACCATCAGGCTCCACAGATT; R1: 5-CTTCAACATCTCC
TGCTTGCTTTA; F2: 5-CCACATTGCCTTGCATTTATTGAG; R2: 5-
AAGACCATTTGACTTTGGCCTG; R3: 5-CCCATGGTGGCTATAACTTCG
TATAAT.

Mouse immunization and analysis

In order to induce GC responses, both female and male 3-month-old
mice were immunized by intraperitoneal injection of 1x 10° sheep red
blood cells (SRBCs, Cocalico Biologicals) or 100 pg of 4-hydroxy-3-
nitrophenyl-acetyl (NP) conjugated to keyhole limpet hemocyanin
(KLH, BioSearch) in complete Freund’s Adjuvant (Sigma-Aldrich) and
analyzed on day 10-12 post-immunization. To generate larger amounts
of GC B cells (i.e., for gene expression profile studies), we performed
two sequential injections of SRBCs (day 0, 1x 108 SRBCs; day 5, 1x10°
SRBC) and collected cells at day 12. This protocol yielded about three
to four folds more GC B cells (-12-15% of the B cell fraction). For sorting
GC B cells, B cells were first isolated from spleen by B cell isolation kit
(130-090-862, Miltenyi Biotec), following manufacturer’s instructions.
Then, the B cells were subjected to staining for the B cell and GC
markers B220 (561086, BD Biosciences), GL7 (144613, BioLegend), and
PNA (L32460, Thermo Fisher Scientific) and sorting on an Influx
instrument (BD Biosciences). Only EGFP* GC B cells were sorted from
Mef2b™™ K1 mice.

Spleens and other lymphoid tissues were isolated and divided into
fragments, which were processed for histological staining and flow
cytometry analysis. The mononuclear cells were isolated by crushing
the tissue through 40 um cell strainers in ice-cold 1Xphosphate-buf-
fered saline (PBS) + 0.5% bovine serum albumin (BSA) followed by red
blood cell lysis.

For flow cytometry analysis, mononuclear cell suspensions were
stained for 20 min on ice with antigen-specific fluorochrome-con-
jugated antibodies. Samples were acquired on an Attune (Thermo
Fisher Scientific) or Canto (BD Biosciences) instruments. FlowJo Soft-
ware (V10.10.0, TreeStar) was used for data analyses and plot render-
ing. To calculate the absolute numbers of cells within splenic B cell
subsets, spleen fragments were weighted, and erythrocyte-depleted
mononuclear cell suspension were counted by Trypan blue exclusion
using the Countess Automated Cell Counter (Thermo Fisher Scien-
tific). The total number of counted splenic B cells was normalized
according to the weight of the specimen and then multiplied by the
fraction of each subpopulation, as identified by the cytofluorimetric
analyses.

Mouse analyses were performed on sub-cohorts including 2-4
mice/genotype, which were obtained from 2-4 litters born at the
same time.

Immunohistochemistry

3-pm-thick formalin-fixed and paraffin-embedded (FFPE) sections were
used for histological staining, performed based on established
protocols®. The GC number, GC size, and spleen areas were measured
by Aperio ImageScope software (Leica).

The tumor diagnosis in mice was performed by histopathological
analysis of tissue sections according to the following criteria: i) folli-
cular lymphoma (FL) was diagnosed based on the presence of nodular
proliferation of B220" (553086, BD Biosciences)/BCL6" (5650, Cell
Signaling Technology) B cells with centrocytic morphology (char-
acterized by angulated/cleaved nuclei and inconspicuous nucleoli) and
admixed centroblastic cells (round-ovoid nuclei and prominent
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nucleoli) detectable to varying degrees; ii) diffuse large B cell lym-
phoma (DLBCL) was diagnosed based on diffuse proliferation of
medium to large B220"/PAX5" (sc-1974, Santa Cruz) B cells with round-
ovoid nuclei, vesicular chromatin and distinct nucleoli; iii) plasma-
blastic lymphoma (PBL) was diagnosed in cases showing sheets of
large cells with prominent nucleoli and exhibiting expression of IRF4
(sc-6059, Santa Cruz) and absent B (B220, PAXS5), GC (BCL6) or T cell
(CD3) markers.

Southern blotting

High molecular weight genomic DNA was extracted from frozen tis-
sues by DNeasy Blood & Tissue Kit (Qiagen) and 5 pg were digested
with the FastDigestion EcoRI (Thermo fisher scientific) for 3 h at 37 °C.
The digested DNA was resolved on 0.8% agarose gel overnight fol-
lowed by transfer to nitrocellulose membrane according to standard
procedures. Hybridization was performed at 37 °C overnight using a
32p-labeled JH4 specific probe, as previously reported”.

Expression vectors

The plasmids pCMV-HA-MEF2B WT-isoA, pCDNA3-Flag-HA-MEF2B
WT-isoA, pCDNA3-Flag-HA-MEF2B WT-isoB, pCCL-Flag-HA-MEF2B
WT-isoA,  pCCL-Flag-HA-MEF2B ~ WT-isoB ~ were  previously
reported?”. pCCL-V5-TurbolD was generated by subcloning the pre-
viously reported sequence encoding the V5-tagged TurbolD* into the
pCCL vector. The pCCL-V5-TurbolD-MEF2B WT-isoA was generated by
subcloning MEF2B into the pCCL-V5-TurbolD construct. pCDNA3-Flag-
HA-MEF2B and pCMV-HA-MEF2B mutants were generated by site-
direct mutagenesis. pCCL-Flag-HA-MEF2B mutants were constructed
by subcloning from the pCDNA3-Flag-HA-MEF2B mutants. pCDNA3-
EGFP were generated by subcloning EGFP cDNA into pCDNA3 vector
(Invitrogen). pCDNA3-EGFP-MEF2B WT-isoA, pCDNA3-EGFP-MEF2B
isoA fragments, pCDNA3-EGFP-MEF2B WT-isoB and pCDNA3-EGFP-
MEF2B isoB were generated by subcloning into the pCDNA3-EGFP
plasmid fragments obtained by PCR amplification from pCDNA3-Flag-
HA-MEF2B WT-isoA and pCDNA3-Flag-HA-MEF2B WT-isoB. CUL3 cDNA
(NM_003590.5) was amplified and inserted into pCDNA3 vector. Ubi-
quitin cDNA (NM_021009.7) together with V5 tag were amplified and
inserted into pCDNA3 vector. KLHLI2 cDNA (NM_001303051.2) was
amplified and inserted into the pCMV-HA vector (Clontech). pCMV-
Myc-KLHL12 and pCDNA3-Myc-CUL3 were generated by subcloning
into the pCMV-Myc vector (Clontech) PCR amplicons obtained from
pCMV-HA-KLHL12 and pCDNA3-Flag-CUL3. pCMV-HA-KLHLI12-AMF
and pCMV-Myc-KLHL12-AMF were generated by site-direct mutagen-
esis. pPCMV-HA-SMARCA4 was generated by subcloning into pCMV-HA
vector the PCR-amplified insert from pQCXIH BRGI-Flag (Addgene:
#19148). All the plasmids were confirmed by Sanger sequencing.

Human normal GC B cell isolation

Human normal GC B cells were obtained from tonsils at Columbia
University Medical Center. Specimens were exempt from informed
consent being residual material after diagnosis and fully anonymized.
The GC B cell isolation was performed as previously described*.
Briefly, the tonsillar mononuclear cells (MNCs) were isolated by Ficoll-
Isopaque centrifugation upon smashing the tonsil tissues. Then, GC B
cells were purified by magnetic cell separation with anti-CD77-FITC
antibody (BioLegend) and magnetic anti-FITC beads (Miltenyi Biotec),
according to the manufacturer’s instructions (Miltenyi Biotec). The
purity of GC B cells was confirmed by flow cytometry analysis with
staining of anti-CD38-PE antibodies (BD Biosciences). The samples
with at least 90% of GC B cell purity were used for downstream
experiments.

Cell lines
HEK293T cells were grown in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal calf serum, 100 mg/ml penicillin,

and streptomycin. The DLBCL cell lines BJAB, DB, FARAGE, HBL1, HLY1,
Karpas 422, OCI-LY1, OCI-LY3, OCI-LY7, OCI-LYS, RCKS, RIVA, SUDHL2,
SUDHL4, SUDHL6, SUDHL7, SUDHL1O (ATCC), SUDHL10*, TMDS,
U2932, VAL, WSU-DLCL2 and WSU-NHL were cultured in Iscove’s
modified Dulbecco’s medium (IMDM) supplemented with 10% FCS,
100 mg/ml penicillin and streptomycin. Cell lines were maintained at
37 °C in humidified incubators in the presence of 5% CO2. All the cell
lines tested negative for mycoplasma contamination. DB and SUDHL4
cell lines carry MEF2B mutations leading to the expression of the
MEF2B%¥" protein®. All remaining cell lines are wild-type for MEF2B.

Cell transfection and lentiviral transduction

For transient expression in HEK293T cells, polyethylenimine (PEI)
(Polysciences) was used as previously described?. Briefly, DNA and PEI
with amount ratio of 1:6 were incubated in 150 mM NacCl for 15 min at
room temperature. DNA-PEI particles were gently added to pre-seeded
HEK293T cells. After 6-h incubation at 37 °C, the transfection medium
was removed and replaced with fresh DMEM medium. At 48 h post-
transfection, cells were harvested for downstream analysis. Lentiviral
transduction was done to establish stable cell lines as performed
previously*. Viral supernatants were obtained by co-transfection of
HEK293T cells with lentiviral vectors with EGFP expression, a lentivirus
packaging vector (A8.9), and a plasmid encoding vesicular stomatitis
virus envelope glycoprotein (VSVg). The indicated DLBCL cell lines
were infected with the viral supernatants for two rounds, and then the
infected cells were subjected to EGFP* cell sorting on a SH800 Cell
Sorter (Sony).

Generation of cell lines carrying endogenous mutations
The Alt-R CRISPR-Cas9 System (Integrated DNA Technologies) was
used to edit OCI-Ly7 cells by introducing missense (5324A, S324E, and
P325L) and isoform-switch (P256fs and P273fs) mutations in the IEF2B
locus, as well as irrelevant mutations in intron 1 of PPPIRI2C gene
(neutral control), as reported previously”. Briefly, a ribonuclear pro-
tein (RNP) complex including specific crRNA and homology-directed
repair (HDR) donor template, a tracerRNA labeled with ATTO 550 and
Alt-R SpCas9 Nuclease V3 was formed according to the manufacturer’s
protocol. The Neon NXT Electroporation System (Thermo Fisher Sci-
entific) was used to deliver the RNP complex into OCI-Ly7 cells (elec-
troporation condition: 1700 V, 20 ms and 1 pulse; buffer R). After 24 h,
the top 70% of ATTOS550-positive cells were sorted on an Influx Cell
Sorter (BD Biosciences) and single-cell plated. Recovered single-cell
clones were selected and analyzed by Sanger sequencing upon geno-
mic DNA isolation and PCR amplification for the specific mutated
region. In brief, clone pellets were resuspended in 100 L of lysis buffer
(10 mM Tris-HCL pH 7.5; 10 mM NaCl; 10 mM EDTA; 0.5% Sarcosyl)
containing 0.5 mg/mL Proteinase K and incubated at 55 °C overnight.
Genomic DNA was precipitated by adding 100 uL of cold EtOH/75 mM
NaCl mixture followed by centrifugation at 956 g for 20 min at 4 °C.
Finally, precipitated DNA was washed twice with cold 70% EtOH and
centrifuged at 956 g at 4 °C for 10 min, air dried for 15 min and resus-
pended in molecular grade water for downstream analyses. PCR
amplification of the targeted regions was performed using Taq poly-
merase and touch-down PCR conditions. Correct editing of recovered
clones was assessed by using Mutation Surveyor (v.4.0.8).

The sequences of crRNAs and HDR donor templates are as
following:

crRNA for MEF2B P325L: CAAGTCTGAGCGCCTCTCTC

HDR donor template for MEF2B P325L:

AGGGGAAGGTCTTAGGAAAGTCGCCGGGGCCCCCGGGGGCAA-
GAGAGAGGCGCTCAGACTTGATGCTGACTGGGGGGGTCGGCGG

crRNA for MEF2B S324A and S324E: CAAGTCTGAGCGCCTCTCTC

HDR donor template for MEF2B S324A:

GGAAGGTCTTAGGAAAGTCGCCGGGGCCCCCGGGGGCTGGAGC-
GAGGCGCTCAGACTTGATGCTGACTGGGGGGGTCGGCGGG
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HDR donor template for MEF2B S324E:

GGAAGGTCTTAGGAAAGTCGCCGGGGCCCCCGGGGGCTGGTTC-
GAGGCGCTCAGACTTGATGCTGACTGGGGGGGTCGGCGGG

crRNA for MEF2B P256fs: GGTTAGGGGATGTACCTGGG

HDR donor template for MEF2B P256fs:

CGCTTCCCAGGTGGGGCAGGGCAGGTTAGGGGATG-
TACCTGGGGGCCTCCGGGGAGGAAGGGGAAGCTCCCCAGTGGGGGT

crRNA for MEF2B P273fs: CTTGTTGCAGCCCCCCACCC

HDR donor template for MEF2B P273fs:

CCTGGGAGACCCTCCACCGCCCCCTGGCTTGTTGCAGCCCCCA
CCCTGGCCCCCTGGCAGCCCTCGAGGGGTGATGGGCCCCC

crRNA for PPPIRI2C intron mutation: CCAGCGAGTGAAGAC
GGCAT

HDR donor template for PPPIR12C intron mutation:

GAAGGCCATCCTAAGAAACGAGAGATGGCACAGGCCCCAGAA
GGAGAAGGAAAAGGGAACCCAGCGAGTGAAGACGCCATGCGGTT
GGGTGAGGGAGGAGAGATGCCCGGAGAGGACCCAGACACGGGGA
GGATCCGCTCAGAGGACATC

The sequences of primers used for PCR amplification of the edited
regions are as following:

S324A, S324E, P325L Forward: CTGGCTTCCTTCCCTTCCTC

S324A, S324E, P325L Reverse: CGTCACTGTTGGGTCTTCTC

P256fs Forward: CCTCTCTTCTCACCAAGCCA

P256fs Reverse: CACTTACCTGGGCTGGGAG

P273fs Forward: GTACATCCCCTAACCTGCCC

P273fs Reverse: CAAAATAGCTGCCCATCCGT

PPP1R12C Forward: GGGTGTCCAGGCAAAGAAAG

PPPIR12C Reverse: CCTTCAGGTTCCGTCTTCCT

Luciferase reporter assay

The luciferase reporter constructs (3XMEF2 WT-Luc and 3XxMEF2
Mutant-Luc) were generated by cloning into the pGL4.26 vector
(Promega) in our lab as previously described”. HEK293T cells were
transiently transfected by PEI (Polysciences) with pCMV-HA-MEF2B
WT or mutant plasmids along with the pGL4.26-3xMEF2 reporter
construct and a renilla luciferase control reporter (pGL4.54-renilla). At
48 h post transfection, cells were harvested and lysed. Luciferase
activity was measured using the Dual-Luciferase Reporter Assay Kit
(E1960, Promega), according to the manufacturer’s instructions in a
Glomax plate reader (Promega).

Immunoprecipitation and immunoblotting

Whole-cell protein extracts were isolated using the following immu-
noprecipitation (IP) buffer: 50 mM Tris-HCI pH 7.5, 150 mM NaCl,
0.2mM EDTA pH 8.0, 0.05% NP40, 0.2% TritonX-100, 30 mM beta-
glycerophosphate, 0.5mM PMSF, 50 mM sodium fluoride, 1mM
sodium orthovanadate and protease inhibitor cocktail (Sigma-
Aldrich). For nuclear extraction, cells were lysed with cytoplasmic
extraction buffer (10 mM HEPES pH 7.5, 1.5mM MgCl,, 10 mM KClI,
1mM DTT, 0.5% NP40, and protease inhibitor cocktail) for 10 min on
ice. Upon centrifugation for 10 min at 500 x g, the supernatant was
transferred to a new tube as the cytoplasmic fraction and subjected to
further centrifugation at 20000 x g for 10 min. The nuclei pellet was
washed with cytoplasmic extraction buffer three times (500 x g for
10 min), and then nuclear extraction buffer (10 mM HEPES, 1.5 mM
MgCl,, 420 mM NaCl, 1 mM DTT, 20% Glycerol and protease inhibitor
cocktail) was added to lyse for 30 min on ice. The nuclear fraction was
obtained with centrifugation at 20000 x g for 15 min.

Lysates were incubated overnight at 4 °C with anti-Flag (A2220,
Sigma-Aldrich) or anti-HA affinity beads (F2426, Sigma-Aldrich) or
indicated antibodies. In the latter case lysates were supplemented with
Protein G beads (17-0618-01, Cytiva) for 2 h at 4 °C. Beads were washed
5 times in a modified IP buffer containing 400 mM NaCl. Immuno-
complexes were eluted with 2.5 mg/ml MEF2B, Flag, or HA peptides
(Synthesized by Genemed Synthesis, Inc.; San Antonio, TX, USA) or in

100 mM Glycine (pH 2.5) buffer. If proteins were eluted by 100 mM
Glycine, neutralization was further performed by adding 20% (volume
of Glycine solution) 500 mM Tris-HCI (pH 8). Eluted samples were
concentrated by Vivaspin Protein Concentrators (Cytiva) or Amicon®
Ultra Centrifugal Filters (Millipore), if elution volume was greater than
30 ul. The protein lysates or IP eluents were resolved on Tris-Glycine
mini gels (Thermo Fisher Scientific), and subsequently transferred on a
0.45 um nitrocellulose membrane. Membranes were blocked for 1h in
TBS (20 mM Tris, pH7.4 and 150 mM Nacl) with 0.05% Tween-20 and
5% non-fat dry milk. The membranes were incubated overnight at 4 °C
with the primary antibodies against MEF2B (custom® and NBP3-
03920, Novus Biologicals; 1:1000 dilution), pMEF2B%° (custom;
1:1000 dilution), pMEF2B%*** (custom; 1:1000 dilution), Actin (A5441,
Sigma-Aldrich; 1:3000 dilution), Vinculin (SAB4200080, Sigma-
Aldrich; 1:2000 dilution), Lamin B1 (12586, Cell Signaling Technology;
1:1000 dilution), HA (3724, Cell Signaling Technology; 1:1000 dilution),
Myc (sc-40, Santa Cruz; 1:1000 dilution), Flag (P2983, Sigma-Aldrich;
1:1000 dilution), EGFP (2956, Cell Signaling Technology; 1:1000 dilu-
tion), Ubiquitinylated proteins (04-263, Sigma-Aldrich; 1:1000 dilu-
tion), K48-linkage Specific Polyubiquitin (8081, Cell Signaling
Technology; 1:1000 dilution), K63-linkage Specific Polyubiquitin (5621,
Cell Signaling Technology; 1:1000 dilution), V5 (13202, Cell Signaling
Technology; 1:1000 dilution), SMARCA4 (49360, Cell Signaling Tech-
nology; 1:1000 dilution), CUL3 (A301-109A, Bethyl Laboratories;
1:1000 dilution) and KLHL12 (9406, Cell Signaling Technology; 1:1000
dilution). After washing, the membranes were incubated with horse-
radish peroxidase-conjugated secondary antibodies (NA931 and
NA934, Cytiva; 1:5000 dilution) or Trueblot secondary antibodies (18-
8816-33 and 18-8817-33, Rockland; 1:5000 dilution) for 1h at room
temperature. Detection was performed by ECL or Dura Reagent
(Thermo Fisher Scientific) followed by film exposure. ImageJ software
was used to quantitate band density.

TurbolD-mediated biotinylated protein pull-down

SUDHLIO cells stably expressing V5-TurBolD or V5-TurBolD-MEF2B
WT-isoA were treated with 50 uM biotin (B4639, Sigma-Aldrich) for
24 h. Then, the cells were subjected to nuclear fraction isolation, as
described in the Immunoblotting section. The nuclear extracts were
incubated with Streptavidin Magnetic Beads (88817, Thermo Fisher
Scientific) at 4 °C overnight. Subsequently, the beads were subjected
to three rounds of washing (1st round: 2% SDS; 2nd round: 50 mM pH
7.5 HEPES, 0.5M NaCl, 1 mM EDTA, 0.1% Deoxycholic acid and 1% Tri-
ton x100; 3rd round: 10 mM pH 7.5 Tris-HCI, 0.25 M LiCl, 1mM EDTA,
0.1% Deoxycholic acid and 1% NP40). Finally, the beads were boiled
before proceeding to electrophoresis on Tris-Glycine gels followed by
immunoblotting.

Phos-tag gel analysis

Whole cell lysates were extracted by EDTA- and phosphate-free lysis
buffer (50 mM Tris-Hcl pH 7.4, 150 mM Nacl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, EDTA-free cOmplete protease inhibitor and
phosSTOP phosphatase inhibitor). The samples were loaded into the
7.5% SuperSep Phos-tag™ gels (192-18001, Wako Chemicals) and elec-
trophoresis was performed at 100 V on ice using freshly prepared Tris-
MOPS buffer (50 mM Tris, 50 mM MOPS, 0.5% SDS and 5 mM sodium
bisulfite). After electrophoresis, the gel was soaked three times in
NuPAGE transfer buffer (Thermo Fisher Scientific) for 10 min/each.
Protein transfer to 0.45um PVDF membrane (Millipore) was per-
formed using the wet-tank method (Bio-Rad) at 150 mA for 16 h in the
cold room. Antibody incubation and signal detection were performed
using standard immunoblotting procedures.

Protein half-life measurement
SUDHLIO cells stably expressing N-terminal double-tagged Flag-HA-
MEF2B WT or mutants were treated with 100 pg/ml cycloheximide
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(Sigma-Aldrich) at different time points and collected at the same time.
To confirm proteasome-mediated degradation, 5 uM MG132 (Cayman
Chemicals) was added in combination with cycloheximide treatments
for 12 or 24 h. Cells lysates were resolved by Tris-Glycine gels and
analyzed by immunoblotting with anti-HA and anti-vinculin antibodies.
MEF2B half-life was quantified using the exponential regression func-
tion of densitometry values measured using the ImageJ processing
software.

Ubiquitination assay

HEK293T cells were transfected with indicated plasmids by PEI, and
then cultured for 48 h. 4 h before cell harvest, 10 pM MG132 was added
into the medium for ubiquitin accumulation. For ubiquitin detection in
DLBCL cells, SUDHLIO cells stably expressing N-terminal double-tag-
ged Flag-HA EV or Flag-HA-MEF2B isoA-WT were treated with 5puM
MG132 for ~16 h. Both the HEK293T and SUDHL1O cells were subjected
to lysis and then denatured at 95°C for 15 min using a modified IP
buffer containing 2 uM NEM (N-Ethylmaleimide; Sigma-Aldrich) and 1%
SDS. Subsequently, sonication was performed to shear genomic DNA
(Bioruptor, Diagenode). The SDS in the cell lysate was quenched by
adding 10% Triton-100 and diluted to 0.1% SDS with IP buffer con-
taining 2 uM NEM. Flag IP was performed overnight, and the beads
were boiled before electrophoresis on Tris-Glycine gels followed by
immunoblotting.

RNA extraction, cDNA synthesis, and RT-PCR
Total RNA was extracted using the Trizol Reagent (Thermo Fisher
Scientific), RNeasy Kit (Qiagen), or the Nucleospin RNA XS RNA Isola-
tion Kit (Macherey-Nagel), according to the manufacturer’s instruc-
tions. cDNA synthesis was performed with 1-3 ug of total RNA using the
SuperScript Il First-Strand Synthesis System (Thermo Fisher Scientific).
PCR products were analyzed by electrophoresis on agarose gel.
Quantitative retrotranscription q(RT)-PCR was performed using SYBR
Green PCR Master Mix (Thermo Fisher Scientific) on a 7500 Fast Real-
Time PCR System (Thermo Fisher Scientific). The primer sequences are
as following:

Exogenous Flag-HA-MEF2B:

Forward: GATCCAAGCCACCATGTACC; Reverse: CAGAGCACGCT
CAGCTCATA

CD8é:

Forward: TTGATAATGGGATGAATGGAAGGA; Reverse: CGTAGG
ACATCTGTAGGCTAAG

CD180:

Forward: CACCTCCTGGGATCAGATGT; Reverse: TGGTAGAGTGT
CAGGGATTTCA

MAP3KS:

Forward: GGCCGCAGATGCAATCTTCTTA; Reverse: TGGCTTTGC
AGATACTGCGTT

PAXS:

Forward: GTCCCAGCTTCCAGTCACAG; Reverse: CGGAGACTCC
TGAATACCTTCG

RASGRP3:

Forward: GGGAAAAGCCTGTCTGCTGTT; Reverse: GCTCCAGAA
AAGTGAGGTGCT

GAPDH:

Forward: CATTTCCTGGTATGACAACGAA; Reverse: AGGGGTCTA
CATGGCAACTG

RNA-seq

Total RNA extracted from sorted murine GC B cells were quantified
and subject to quality controls using a Bioanalyzer (Agilent). ~200 ng
RNA was used for library preparation and sequencing by Azenta Life
Sciences (South Plainfield, NJ, USA). RNA-seq reads were mapped to
the Mus musculus (mml10/GRCm38) genome reference using the
hisat2 prebuilt genome index®. Genome-mapped reads were aligned

to exons on the mm10 (or GRCh38) transcriptome reference® based
on the information in the genomic BAM files, using featureCounts®’ to
produce abundance tables. We sanitized the transcriptome references
(exon only) by removing read-through genes, anti-sense elements,
miRNA, and rRNA. The count tables were subsequently normalized to
produce transcript per million (TPM) tables. Differentially expressed
genes were determined using DESeq2®® with the following filters:
FDR < 0.05 (after Benjamini-Hochberg correction) and absolute fold
change (FC) >1.2.

Cut and run
Nuclei were isolated from GC B cells freshly purified from human tonsil
using a nuclear extraction buffer (20 mM pH 7.9 HEPES, 10 mM KClI,
0.1% Triton X-100, 20% glycerol, and 1 mM MnCI2). Cut&Run sample
preparation was performed using the CUTANA ChIC/CUT&RUN Kit
version 3.1 (14-1048, EpiCypher), following the manufacturer’s
instructions. Briefly, activated ConA Beads (EpiCypher) were added to
the nuclei samples followed by incubation with 0.5 pg of IgG (13-0042,
EpiCypher), SMARCA4 (49360, Cell Signaling Technology), MEF2B
(custom), H3K27Ac (C15410196, Diagenode) and H3K4me3 (13-0041,
EpiCypher) antibodies to capture protein/DNA complexes. Subse-
quently, pAG-MNase (EpiCypher), added to all samples, was activated
by CaCl2 to cleave target chromatin. DNA purification was performed
using CUTANA™ DNA Purification Kit to capture DNA fragments
>50 bp. Library preparation was performed with 5ng of CUT&RUN
enriched DNA (or the total sample volume if DNA output was less than
5ng) using the CUTANA™ CUT&RUN Library Prep Kit version 1.0 (14-
1001, EpiCypher) following the manufacturer’s instructions.

After quantification, using QubitTM fluorometer with 1X dsDNA
HS Assay Kit (Invitrogen), as per manufacturer’s instructions, and
analysis of the library fragment size, using the High Sensitivity DNA Kit
(Bioanalyzer), libraries were pooled and sequenced using HiSeq 3000/
4000 Illumina paired-end sequencing. Paired-end samples were
aligned to the GRCh38 genome using hisat2®* with the following
options: hisat2, no mixed, no discordant, phred33, minins 10, and
maxins 700. After alignment, the BAM files were converted to BED files
using bedtools bamtobed with the bedpe option. The BED files were
filtered to keep properly paired fragments <1000 bp in length. MACS3
was used to find peaks in the filtered BED files using the matching IgG
samples as controls with the following options: macs3 callpeak, format
BEDPE, and keep dup all g hs q 0.05.

Sample preparation for mass spectrometry (MS) analysis

The protein samples for MS analysis were purified from normal GC B
cells and SUDHLI1O cells stably expressing the N-terminal double-tag-
ged Flag-HA-MEF2B WT or mutants according to the IP procedure. The
IP eluate for interactor identification was separated on 4-12% Tris-
Glycine gel (Thermo Fisher Scientific) for Coomassie blue (Thermo
Fisher Scientific) staining, and all the bands were excised. For protein
modification analysis, the IP eluates were subject to electrophoresis
using 10% Tris-Glycine gel (Thermo Fisher Scientific) and ~42KDa
bands were excised. The excised protein gel slices were used for in-gel
digestion as previously described®, with minor modifications. Gel sli-
ces were washed with 1:1 Acetonitrile and 100 mM ammonium bicar-
bonate for 30 min then dehydrated with 100% acetonitrile for 10 min
until shrunk. The excess acetonitrile was then removed, and the slices
dried in a speed vacuum at room temperature for 10 min. Gel slices
were reduced with 5mM DTT for 30 min at 56 °C in an air thermostat,
cooled down to room temperature, and alkylated with 11 mM IAA for
30 min with no light. Gel slices were then washed with 100 mM of
ammonium bicarbonate and 100% acetonitrile for 10 min each. Excess
acetonitrile was removed and dried in a speed-vacuum for 10 min at
room temperature and the gel slices were re-hydrated in a solution of
25 ng/pl trypsin in 50 mM ammonium bicarbonate for 30 min on ice
and digested overnight at 37 °C in an air thermostat. Digested peptides
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were collected and further extracted from gel slices in an extraction
buffer (1:2 ratio by volume of 5% formic acid:acetonitrile) at high
speed, shaking in an air thermostat. The supernatants from both
extractions were combined and dried in a speed vacuum. Peptides
were dissolved in 3% acetonitrile/0.1% formic acid.

Liquid chromatography with tandem mass spectrometry (LC-
MS/MS) for interactor identification

Peptides were separated within 80 min at a flow rate of 400 nl/minona
reversed-phase C18 column with an integrated Captive Spray Emitter
(25 cm x 75 um, 1.6 um, lonOpticks). Mobile phases A and B were using
0.1% formic acid in water and 0.1% formic acid in ACN. The fraction of B
was linearly increased from 2 to 23% within 70 min, followed by an
increase to 35% within 10 min and a further increase to 80% before re-
equilibration. The timsTOF Pro was operated in PASEF mode®® with the
following settings: Mass Range 100 to 1700 m/z, 1/KO range 0.6 to 1.6,
Ramp time 100 ms, lock duty cycle to 100%, Capillary Voltage 1600V,
Dry Gas 3 1/min, Dry Temp 200 °C, PASEF settings: 10 MS/MS Frames
(1.16 s duty cycle), charge range 0-5, the active exclusion for 0.4 min,
Target intensity 20,000, Intensity threshold 2500, CID collision energy
59 eV. A polygon filter was applied to the m/z and ion mobility plane to
select features most likely representing peptide precursors rather than
singly charged background ions.

LC-MS/MS data analysis for interactor identification

Acquired PASEF raw files were analyzed using the MaxQuant environ-
ment v. 2.0.3.0 and Andromeda for database searches at default
settings®’. The default is used for the first search tolerance and main
search tolerance (20 ppm and 4.5 ppm, respectively). MaxQuant was
set up to search with the reference human proteome database
(UP000005640) downloaded from UniProt. MaxQuant performed the
search trypsin digestion with up to 2 missed cleavages. Peptide, site,
and protein false discovery rates (FDR) were all set to 1% with a mini-
mum of 1 peptide needed for identification. The following modifica-
tions were used for protein identification and quantification:
Carbamidomethylation of cysteine residues (+57.021Da) was set as
static modifications, while the oxidation of methionine residues
(+15.995 Da), deamidation (+0.984) on asparagine and glutamine were
set as a variable modification. Results obtained from MaxQuant were
used to identify MEF2B complex formation. Moreover, the common
protein contaminants including keratins, trypsin, serum albumin, and
actin were excluded as previously reported®®.

LC-MS/MS analysis for MEF2B phosphorylation

The dried peptides were dissolved in 10 pl of 3% acetonitrile/0.1% for-
mic acid and 500 ng analyzed on an Orbitrap Fusion mass spectro-
meter coupled to a Dionex Ultimate 3000 (Thermo Fisher Scientific)
using the PRM method®. Peptides were separated on an EASY-Spray
C18 25cm column (Thermo Fisher Scientific). Peptides elution and
separation were achieved at a non-linear flow rate of 300 nl/min using
a gradient of 5%-30% of buffer B (0.1% v/v formic acid, 100% acetoni-
trile) for 100 min with a temperature of the column maintained at
40 °C during the entire experiment. The Thermo Scientific Orbitrap
Fusion Tribrid mass spectrometer was used for peptide tandem mass
spectroscopy (MS/MS). MS data were acquired with combined two
scan events corresponding to a full scan and a tMS2 method targeting
the specific MEF2B-unmodified and phospho modified peptides. The
target value for the full scan MS spectra was 1x10%ions in the
450-900 m/z range with a maximum injection time of 60 ms and
resolution of 120,000 at 200 m/z. The tMS2 method were acquired
with an isolation width of 1.6 m/z, a resolution of 30,000 on an Orbi-
trap, a target AGC value of 1.0 x 10%, fragmented by higher-energy C-
trap dissociation with a normalized collision energy of 27 eV, and a
maximum injection time of 110 ms.

Data analysis was performed using Thermo Xcalibur v4.5.445.18
and the area under the curve of selected precursor ions summed to
determine the abundance of the respective MEF2B-unmodified and
modified phospho peptides.

Enzyme-linked immunosorbent assay (ELISA)

ELISA for NP-specific antibodies using plates coated with NP5 or NP25
in BSA (Biosearch Technologies; n5050) was done as previously
described’. Peripheral blood was obtained before immunization and
14d after immunization. The levels of serum IgG were measured by
ELISA using unlabeled anti-mouse Ig antibodies (Southern Biotech) as
capture reagent, Alkaline phosphatase (AP)-labeled anti-mouse Ig
subclass-specific antibodies (Southern Biotech) as developing
reagents, and 4-methyl umbelliferyl phosphate as AP substrate.

Statistics

GraphPad Prism v.9.0 software was used for statistical analyses. One-
way analysis of variance (ANOVA) paired with Dunnett’s Multiple
Comparison Test, Mann-Whitney test, unpaired two-tailed T-test, or
one-sample T-test were used to assess statistically significant differ-
ences between groups. Fisher's Exact test was used to assess sig-
nificance of MEF2B mutation distribution and tumor incidence.
Detailed information of the statistical test, number of replicates, and
number of animals (defined as n) used in each experiment, as well as
the definition of center and dispersion are reported in the figures and
in the legends. Significance was associated to a p <0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datasets generated during the current study are available in the
GEO repository as super-series GSE234684 or separately under
accession numbers GSE234657 (RNA-seq data of mouse GC B cells) and
GSE234656 (Cut&Run data of human normal GC B cells) and in the
ProteomeXchange Consortium via the PRIDE repository with dataset
identifier PXD043998 (mass spectrometry proteomics data). Source
data are provided with this paper.
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