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SUMMARY

DUSP2 is known as a nuclear dual-specificity phosphatase, highly restricted to immune cells. Its expression is
induced by antigenic and mitogenic stimuli and has been implicated inimmune cell differentiation and functions.
However, its role in immune cell mitotic proliferation and hematologic malignancies has not been rigorously
examined. Here, we show DUSP2 is highly expressed in human B-cell, T cell, and other hematologic malig-
nancies. Ablating DUSP2 expression in lymphoma cell lines decreases growth and viability. In mice, transgenic
Dusp2 expression promotes B-cell and T cell proliferation, and malignant transformation. Mechanistically,
DUSP2 promotes cell cycle progression by activating CDK1 through dephosphorylation at inhibitory Tyr15
and Thr14, which is mediated not by its own phosphatase activity, but instead by a structural motif that recruits
CDC25 phosphatases. This work reveals an unexpected oncogenic role for DUSP2 in lymphoid malignancies
and the function of a structural motif, which represents an appealing target site for therapeutic intervention.

INTRODUCTION and serine/threonine residues. In humans, the DUSP family com-

prises 23 members. All DUSPs contain a common phosphatase
Dual-specificity phosphatases (DUSPs) are a subset of protein  domain with a core Cys-Xs-Arg (CXsR) catalytic motif.” A subset
tyrosine phosphatases that can dephosphorylate both tyrosine  of DUSPs contain an N-terminal region comprising two CDC25
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homology 2 motifs (CH2A and CH2B)? and an intervening cluster
of basic amino acids known as the kinase-interactive motif (KIM)
that binds mitogen-activated protein kinases (MAP kinases or
MAPKs); these DUSPs are generally referred to as typical
DUSPs or MAPK phosphatases (MKPs) and are localized in the
nucleus, cytoplasm, or both."® Accruing data show that these
typical DUSPs may also dephosphorylate non-MAPK proteins,
such as STAT3, histone H3, LCK, and others.*>® By acting on
various MAPK and non-MAPK targets, DUSP family phospha-
tases regulate diverse cellular processes.

Among the DUSP family members, DUSP2 (also called phos-
phatase of activated cells 1 [PAC-1]) is the most highly restricted
to immune cells.””*® Its expression is rapidly induced by anti-
genic or mitogenic stimulation in various immune cells, such as
T cells, B cells, mast cells, and other Ieukocytes.7‘9 Current un-
derstanding of DUSP2’s function and mechanism(s) of action is
limited, and apparently contradictory findings have been re-
ported. Early in vitro work in the Jurkat T cell line showed that
DUSP2 can dephosphorylate the MAPK member ERK,'® and
based on this finding, DUSP2 was proposed to negatively con-
trol mitogenic signaling and T cell effector functions.'" Yet, a
study in Dusp2-knockout mice revealed a positive role for
Dusp2 in regulating mast cell growth and viability and macro-
phage effector functions.® That work suggested that Dusp2 de-
phosphorylates (and deactivates) the MAPK member JNK, with
the latter negatively regulating ERK through crosstalk, ' resulting
in positive regulation of ERK activity by Dusp2.% More recently,
other studies in Dusp2-knockout mice indicated roles of Dusp2
in modulating Th17 T cell differentiation via dephosphorylation
of STAT3" and in regulating T cell effector function in a phospha-
tase-independent manner.'® Considering that (1) DUSP2 may
exert differential regulation of MAPK family members in different
types of cells,” and the functional impact of MAPKs themselves
is often cell type and context dependent'* ' and (2) DUSP2 may
regulate other substrates beyond MAPKs, much more work re-
mains to be done to understand DUSP2’s complex biology in
the immune system.

So far, little is known of DUSP2’s role in the mitotic processes
and malignancies of immune cells. Only a few studies have at-
tempted to elucidate DUSP2’s function in cancers, but these
were carried out exclusively in non-hematologic cancer cell
lines, where DUSP2 appears to play a tumor suppressor role
by dephosphorylating ERK.'®"” This view of a growth-suppress-
ing role apparently conflicts with the long-known high expression
of DUSP2 in human T cell leukemia virus (HTLV)-transformed
T cells and in various mouse B-cell lymphomas.”*"'® Following
this lead in studying DUSP2 in B- and T-lineage cells, we reveal
an unexpected mechanism by which DUSP2 promotes lymphoid
cell proliferation and malignant transformation.

RESULTS

DUSP2 is highly expressed in a wide array of
hematologic malignancies

We inspected DUSP2 expression in a wide range of human can-
cers by mining publicly accessible data. First, we assessed
DUSP2 transcript levels in a large collection of human cancer
cell lines; this analysis revealed a much higher expression in he-
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matologic malignancies of B, T, and myeloid lineages, compared
with non-hematologic cancers (Figure 1A). The high expression
within several types of B-cell malignancies—mantle cell lym-
phoma, diffuse large B-cell lymphoma (DLBCL), Burkitt lym-
phoma, Hodgkin lymphoma, B-cell lymphoblastic leukemia,
and others—prompted us to analyze additional B-cell lym-
phoma/leukemia datasets where normal B cells were available
as control. DUSP2 transcripts were highly elevated in essentially
all cases of human B-cell malignancies, compared with normal
resting (naive) B cells (Figure 1B)."?' We also analyzed
DUSP2 expression in normal B cells at several functional differ-
entiation stages, including germinal center (GC) B cells (centro-
blasts and centrocytes) and post-GC B cells (memory and
plasma cells), in comparison with naive B cells. DUSP2 expres-
sion waxes and wanes along with the GC reaction (Figure 1B), a
physiological process whereby B cells mount antigen-specific
responses via clonal expansion, affinity maturation, and func-
tional differentiation (see discussion). We compared DUSP2
expression in activated B cell (ABC)-like DLBCLs versus
germinal center B cell (GCB)-like DLBCLs, two major subtypes
of DLBCL,?® but detected no differential expression (data not
shown).?*7?° Overall, these analyses show that DUSP2 is highly
expressed in a wide array of human hematologic malignancies,
in addition to the previously reported HTLV-associated adult
T cell leukemia.”'®

The causes of constitutive DUSP2 expression in the various
hematologic malignancies are largely unknown, except in adult
T cell leukemia where the HTLV-encoded oncoprotein Tax is
known to play a major role."® Among B-cell malignancies,
DLBCL is the most common lymphoid malignancy in adults
and has been characterized in great detail, providing us with op-
portunities to search for potential mechanism(s) of DUSP2 high
expression in this disease. We queried publicly available data
and our recent genomic analysis of 304 primary DLBCLs® but
found no evidence of DUSP2 copy number gain in primary
DLBCLs or any DLBCL cell lines in the CCLE database (data
not shown). DUSP2 is targeted infrequently by somatic muta-
tions (in 4%-7% human DLBCLs?*?°), and these mutations lie
outside of key functional motifs of the protein and do not cluster
at any amino acid position (data not shown). Analysis of the
Dusp2 coding sequence in 12 lymphomas in our mouse model
of DLBCL pathogenesis®® identified also infrequent, sporadic
mutations (2 missense and 1 silent; Figures S1A and S1B); and
functional assessment of the derived mutants revealed no differ-
ence from the wild-type protein (see below).

Because we could not identify a genetic cause within the
DUSP2 locus accounting for the universal DUSP2 high expres-
sion in DLBCL, we speculated that DUSP2 is transcriptionally
upregulated. DLBCL malignancy is fueled by constitutive
signaling through B cell receptor (BCR) and/or NF-kB path-
ways.®' Activation of these pathways in primary B cells using
anti-IgM for BCR activation, or anti-CD40 or LPS treatment for
NF-xB activation induced Dusp2 expression (Figure S2); and in-
hibition of these pathways (by chemical and genetic means) in
human DLBCLs is known to result in decreased DUSP2 expres-
sion®>®® Thus, it is likely that the constitutive DUSP2 high
expression in DLBCLs is at least partly due to chronic BCR
and/or NF-xB signaling.
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Figure 1. DUSP2 is highly expressed in various hematologic malignancies

(A) DUSP2 expression profiles in various types of cancers from the Cancer Cell Line Encyclopedia (CCLE) database. MCL, mantle cell ymphoma; B-NHL, B-cell
non-Hodgkin lymphoma; DLBCL, diffuse large B-cell lymphoma; BL, Burkitt ymphoma; TLL, T-lymphoblastic leukemia/lymphoma; TNHL, T cell non-Hodgkin
lymphoma; PCM, plasma cell myeloma. Number of cell lines per tumor type is shown in parentheses.

(B) DUSP2 expression in a representative panel of different human B-cell ymphomas (right) and normal B cells at the indicated differentiation stages (left). Data
were derived from the GSE12453 dataset. cHL, classical Hodgkin lymphoma; NLPHL, nodular lymphocyte-predominant HL; TCRBL, T cell rich B-cell ymphoma;
FL, follicular lymphoma; CB, centroblasts; CC, centrocytes; PC, plasma cells. p value by two-sided Mann-Whitney U test.

Lymphoma cell addiction to DUSP2 expression

The constitutively high expression of DUSP2 in various hemato-
logic malignancies and the absence of genetic alterations in the
DUSP?2 locus in most human DLBCLs appear incompatible with
previous studies in non-hematologic cell lines, which suggested
that DUSP2 plays a tumor-suppressing role.'®"” We therefore
decided to investigate the function of DUSP2 in hematologic ma-
lignancies, with a focus on the B-cell lineage.

We used CRISPR to generate deletion or insertion mutations
of Dusp2 in a mouse (GCB type) DLBCL cell line 775 that was
derived from a Bcl6 transgenic mouse® and expresses wild-
type Dusp2 alleles. A single guide RNA targeting Dusp2 coding
exon 1 created mostly frameshift mutations. However, when
the cells were transplanted into immunodeficient hosts, the cells
that grew out carried only deletions of three nucleotides (in-
frame), which likely caused minimal changes to the protein

sequence. This suggested that the majority of cells with frame-
shift mutations that caused loss of protein expression were
negatively selected (Figures 2A and 2B). Furthermore, shRNA-
mediated knockdown of DUSP2 in representative human
DLBCL cell lines (DHL4, GCB type; HBL1 and TMD8, both
ABC type) resulted in marked cell apoptosis (Figures 2C and
S3A). We also noted that knockdown of DUSP2 led to decreased
cell proliferation, as indicated by delayed CellTrace dilution
(Figure 2D). Together, these data indicate that DUSP2 expres-
sion is crucial for lymphoma cell growth and viability in vitro
and in vivo.

Ectopic expression of Dusp2 enhances lymphoma and
primary lymphocyte proliferation

We ectopically expressed wild-type (WT) Dusp2 in the mouse
DLBCL cell line 775 and found that it notably enhanced
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Figure 2. DUSP2 expression is crucial for ymphoma cell growth and
viability

(A and B) Mouse DLBCL 775 cells treated by CRISPR-Cas9/gRNA (sg1), pre-
or post-transfer in immunodeficient mice, per the scheme in (A) were
sequenced for the targeted Dusp2 exon region and the rates of indel mutations
of 3N and non-3N in pre- or post-transfer cells were calculated and shown (B).
Data are pooled from two independent experiments.

(C and D) Human DLBCL cell lines were transduced with shRNAs against
DUSP2 or vector control, and immediately after the 2-day drug selection were
assayed for apoptosis by Annexin V/PI staining (C, showing FACS plots and
summary data) and proliferation by CellTrace dilution (D, showing FACS plots;
gated on viable cells). Data are representative of two independent experi-
ments. Error bars denote mean + SD of 3 replicate assays in a representative
experiment. ns, not significant; *p < 0.05, *p < 0.01, **p < 0.001,
****p < 0.0001, unpaired two-tailed Student’s t test.

lymphoma cell viability and proliferation in vitro (Figures 3A, 3B,
and S3B); it also significantly promoted tumor growth upon
transfer of the cells into immunodeficient hosts, compared with
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the vector control (Figures 3C and 3D). Our parallel testing (in
the 775 cells) of the mouse lymphoma-derived mutants
Dusp2%%V and Dusp2¥2%®" (see Figure S1) in the above assays
revealed no functional difference from WT Dusp2 (data not
shown), suggesting that these Dusp2 mutations represent pas-
senger mutations. As in the mouse system, ectopic expression
of WT DUSP2 in human DLBCL cells led to enhanced prolifera-
tion (Figures 3E and S3C).

These results in mouse and human DLBCL cell lines demon-
strate that DUSP2 has growth-promoting function and suggest
that DUSP2 overexpression might promote B-cell transforma-
tion. To test this hypothesis, we generated a Rosa26 knock-in
allele allowing expression of WT Dusp2 with a GFP reporter
through excision of a transcriptional/translational Stop cassette
via Cre/LoxP-mediated recombination (Dusp25'°P'; Figure 3F).
To assess whether enforced Dusp2 expression in primary B cells
has pro-proliferative function, as it does in transformed B cells,
we crossed Dusp25°Pf mice and control YFPSPf mice® to
CD19-cre mice,®® and then harvested reportert B cells for
ex vivo and in vitro analyses. Although enforced Dusp2 expres-
sion in primary B cells was not sufficient to trigger their prolifer-
ation, it markedly enhanced their proliferation upon mitogenic
stimulation with anti-CD40 plus IL-4 or LPS (Figure 3G). Of
note, the pro-proliferative effect of Dusp2 is not restricted to
the B-cell lineage, as it was also observed in primary T cells
upon mitogenic/antigenic stimulation with anti-CD3 plus anti-
CD28 (Figure 3H; in this assay primary T cells were isolated
from Dusp25PF or YFPSPf! control mice and treated with
TAT-Cre to turn on conditional alleles in vitro).

Constitutive Dusp2 expression promotes
lymphomagenesis
We next sought to assess whether enforced Dusp2 expression in
B cells causes lymphomagenesis. Given that most B-cell lym-
phomas, including DLBCL, arise from transformation of GC B
cells, we targeted Dusp2 expression to GC B cells by crossing
Dusp2s'°°f" mice (and control YFPSPF' mice) to Cyl-cre
mice®®; the Cy7-cre transgene allows conditional alleles to be
turned on/off in GC B cells by immunizing the mice with sheep
red blood cells (SRBCs).***" Assessing Dusp2 mRNA revealed
a significant increase in GC B cells and a remarkable increase
in post-GC memory B cells in mice carrying the Dusp2 knock-
in allele compared with control mice (Figure S3D). Considering
the possibility that enforced Dusp2 expression alone may not
suffice to induce lymphomagenesis, we also tested whether
Dusp2 cooperates with a well-characterized Bcl6 transgene
(luBcl6; modeling the Bcl6 translocation, a major genetic event
implicated in ~30% of human DLBCLs****%) in lymphomagene-
sis. The Bcl6 transgene was also chosen based on our finding
(Figures 3A-3D) that ectopic Dusp2 expression enhances the
growth and malignancy of the cell line 775, a Bcl6 transgene-
driven mouse DLBCL line established in our previous work.*°
The experimental and control mice were immunized with
SRBCs twice, at the ages of 2 and 3 months, and monitored
for lymphoma development. Sampling two mice each of the
Cy1-cre;luBcl6;Dusp25°P* and Cy1-cre;luBcl6 cohorts approxi-
mately 2 months after the last immunization revealed that the two
Cy1-cre;luBcl6;Dusp25°P mice had markedly enlarged spleens
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Figure 3. Ectopic expression of Dusp2 promotes lymphoma and primary lymphocyte proliferation

(A and B) The 775 cells were transduced with MSCV encoding Dusp2 or vector control (all carry an IRES-GFP reporter), and 2 days later assayed for apoptosis by
active caspase-3 staining (A) and proliferation by CellTrace dilution (B). GFP* cells were gated for the analyses.

(C and D) The 775 cells were transduced as in (A), GFP* cells were FACS sorted and transferred into immunodeficient mice (as depicted in C, top). 24 days later,
recipients were euthanized and tumor growth in the spleen was assessed by spleen size and weight (C, bottom), histological and immunohistochemical analyses
(D). Scale bars, 100 pm; inset scale bars, 40 pm.

(E) Human DLBCL DHL4 cells were transduced to express DUSP2 or vector control, stained with Hoechst 33342 and analyzed by FACS. FACS plots and the
calculated proliferation indexes are shown.

(F) Schematic representation of the strategy for targeting the conditional Dusp2 allele into Rosa26 locus.

(G) Splenic B cells were isolated from CD19-cre;YFPS'PF or CD19-cre;Dusp25™°P™ mice, treated with the indicated stimuli and assayed for proliferation by
CellTrace dilution. FACS plots and the calculated percentages of cells with >2 divisions at day 5 are shown.
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(legend continued on next page)
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with a DLBCL-like disease, characterized by a diffuse growth
pattern of large cells, while the two Cy7-cre;luBcl6 mice ex-
hibited only slightly enlarged spleens with mild follicular hyper-
plasia, compared with age-matched normal C57BL/6 mice
(Figures S4A and S4B). PCR analysis of IgH gene rearrange-
ments detected a clonal B cell population in the spleen of each
of the Cy1-cre;luBcl6;Dusp2°Pf mice, but not the two Cy1-
cre;luBcl6 mice (Figure S4C). These data suggest that enforced
Dusp2 expression may promote lymphomagenesis, at least
when combined with the Bcl6 transgene. Indeed, this was
confirmed by analysis of larger numbers of mice monitored up
to the age of 80 weeks (18 months). Within the observation
period, Cy1-cre;luBcl6;Dusp25°°"" mice displayed significantly
earlier onset and higher incidence of fatal lymphomas than
Cy1-cre;luBcl6 mice (81% vs. 41%). Only a low fraction (2/26)
of Cy1-cre;Dusp2°Pf mice succumbed, at late ages (around
18 months), to DLBCL-like disease (Figure 4A; Table S1); none
of the control Cy1-cre; YFPSPF mice succumbed to any disease
(Figure 4A).

The lymphomas in both Cy1-cre;luBcl6;Dusp25°P* and Cy1-
cre;luBcl6 groups involved the spleen and lymph nodes (some-
times non-lymphoid organs as well), and most of the cases
exhibited a DLBCL-like disease (Figures 4A-4C; Table S1).*°
Analysis of IgH gene rearrangements revealed the lymphomas
were of clonal B cell origin (Figure 4D). Immunohistochemical
analysis showed that the lymphomas in Cy7-cre;luBcl6;
Dusp25°PF mice were B220*GFP™, confirming their expression
of the knock-in Dusp?2 allele (Figure 4E). Furthermore, sequence
analysis of the rearranged IgH V regions from clonal B cell tu-
mors revealed somatically mutated Ig genes in four of the five
Cy1-cre;luBcl6;Dusp25°Pf! tumors and two of the three Cy1-
cre;luBcl6 tumors (Table S2), suggesting that most of the tu-
mors derived from GC or post-GC B cells. The rearranged
IgH V region was successfully cloned from one of the two
Cy1-cre;Dusp25°PF tumors, and sequence analysis revealed
a high frequency of mutation (Table S2), suggesting a GC or
post-GC B cell origin of the tumor.

Collectively, these data indicate that although enforced Dusp2
expression alone induces a low rate of B-cell transformation, it
significantly accelerates lymphomagenesis in cooperation with
deregulated Bcl6. Thus, Dusp2 overexpression plays an onco-
genic role in B-cell ymphomagenesis.

DUSP2 activates the cell cycle regulator CDK1 through
dephosphorylation of Tyr15 and Thri14

The finding of an oncogenic role for DUSP2 in B-cell malignancy
prompted search for the underlying molecular mechanism.
MAPK family members—ERK, p38, and JNK—are the most
studied DUSP2 substrates, and the literature shows that
DUSP2 exerts differential regulation of individual MAPK mem-
bers in different types of cells.>'%“° Likewise, we found that
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ectopic DUSP2 expression led to pronounced dephosphoryla-
tion of ERK and p38 in 293T cells (human embryonic kidney
cells), but barely any change in these substrates in DHL4 and
HBL1 cells (human DLBCL cells); the latter cells also showed lit-
tle, if any, dephosphorylation of JNK upon ectopic DUSP2
expression (Figure S5A). Of note, the basal phosphorylation of
MAPK members varies dramatically, from undetectable to high
levels, in different DLBCL cell lines (Figure S5A).*" In mouse pri-
mary B cells, enforced Dusp2 expression had only a transient ef-
fect on ERK phosphorylation at the early phase of B cell activa-
tion (Figure S5B). Collectively, these data suggest that the
oncogenic function of DUSP2 in B cells may not be executed
through regulation of MAPKSs.

Further experimentation using DUSP2 site-specific mutants
showed that abolishing DUSP2’s ability to regulate MAPKs
does not affect its pro-growth/viability function in DLBCL cells.
Ectopic DUSP2 expression can substantially rescue DLBCL
cells from death caused by inhibition of key BCR signaling com-
ponents® (Figure 5A); this finding, together with other data sug-
gesting DUSP2 is a transcriptional target of BCR signaling (see
above), implies that the pro-growth/viability function of chronic
BCR signaling is partly relayed by DUSP2. In these same cells,
ectopic expression of a DUSP2 mutant AKIM that abolishes
interaction with MAPKs (ERK, p38, and JNK), or the C257S sub-
stitution that abrogates phosphatase activity to MAPKSs (as well
as STAT3),*® both rescued DLBCL cells from BCR inhibition to
similar extents as WT DUSP2 (Figure 5B; see validation of the
mutants in Figure S5C). These results indicate that DUSP2’s
pro-growth/viability function is mediated through as-yet-un-
known target(s).

We used immunoprecipitation (IP) followed by mass spec-
trometry to identify DUSP2-associated proteins in DLBCL cells.
Among the identified proteins, CDK1 (also known as CDC2;
Figure 5C; Table S3) drew our particular attention because (j) it
is the key initiator of mammalian cell mitosis and can also drive
all other cell cycle phases, in complex with partner cyclins®*~*%;
(i) its function is known to be activated by dephosphorylation at
two inhibitory sites—Tyr15 and Thr14—by CDC25 dual-speci-
ficity phosphatases®’; (i) DUSP2 has a CDC25 homology
domain (see Figure S1B). Thus, if DUSP2 acted like CDC25 to
activate CDK1, that could explain its pro-proliferative effect.®
We confirmed the physical association between DUSP2 (with a
FLAG tag) and CDK1 in co-IP assays with an anti-CDK1 antibody
(Figures 5D and 5E).

We then tested whether DUSP2 regulates CDK1 activity
by dephosphorylating Tyr15 and Thr14. Indeed, ectopic
expression of DUSP2 in DLBCL cells resulted in reduced phos-
phorylation of Tyr15 (pY15) and Thr14 (pT14) on CDK1
(Figure 5F). Conversely, shRNA-mediated knockdown of
DUSP2 led to markedly increased phosphorylation at these sites
(Figure 5@G). Therefore, the pro-proliferative effect of DUSP2 (see

(H) Splenic CD4™* T cells were isolated from YFPS' P or Dusp25'°P mice, treated with TAT-Cre in vitro, followed by anti-CD3 plus anti-CD28 stimulation for 3 days,
and then assayed for proliferation by CellTrace dilution. Analyses were gated on YFP/GFP reporter-positive cells. FACS plots and the calculated percentages of

cells with >4 divisions are shown.

Data in (A)-(E) and (G)—(H) are representative of two independent experiments. Bars in (C) denote mean of biological replicates in each group in a representative
experiment; in (E), (G), and (H) denote mean + SD of 3 replicate assays in a representative experiment. *“p < 0.01, ***p < 0.001, ***p < 0.0001, unpaired two-tailed

Student’s t test.
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Figure 4. Enforced expression of Dusp2 cooperates with Bcl6 in B-cell ymphomagenesis

(A) Kaplan-Meier survival curves of mice of the indicated genotypes. p value by log rank test.

(B and C) Representative pictures of the spleen and mesenteric lymph nodes (mLN) (B) and H&E staining of spleen sections (C) from control Cy 1-cre; YFPS"PF and
tumor-bearing Cy1-cre;luBcl6 and Cy1-cre;luBcl6;Dusp25'°P™ mice. Scale bar, 1 mm; inset scale bar, 50 um.

(D) PCR analysis of rearranged IgH VDJs in representative biopsies from the indicated mice, as compared to a normal spleen. A polyclonal B cell population is
denoted by the presence of four major bands, corresponding to rearrangements utilizing the four JH segments; a monoclonal population is reflected by the

amplification of a single or predominant band (red arrowhead).

(E) Representative immunohistochemical staining of B220 (upper) and GFP (lower) on spleen sections from control Cy7-cre; YFPS°°F and tumor-bearing Cy1-

cre;luBcl6 and Cy1-cre;luBcl6;Dusp25tPr

mice. Scale bars, 1 mm; inset scale bars, 100 pm.

Data in (B), (C), and (E) are representative of analyses done in 4-6 mice of each genotype.

Figures 3B-3E, 3G, and 3H) could be explained by its ability to
enhance CDK1 activation through dephosphorylation of Tyr15
and Thr14."° DUSP2 knockdown, on the other hand, led to
reduced cell proliferation, as indicated by an S-phase reduction
and G1 cell accumulation (suggesting a partial G1/S arrest;
Figure 5H), as well as an M-phase reduction (Figure 5I) and
increased ratio of cells in G2/M vs. S phase (Figure 5H) that sug-
gest a partial G2/M arrest. The finding that elevated pY15/pT14
CDK1 (inactive state) correlates with G1/S and G2/M arrest
(Figures 5G-5I) is in line with the view that CDK1 not only is
essential for G2/M transition but also has a role in G1/S transi-
tion.*>~***7 Furthermore, mitotic failure may culminate in cellular
demise as seen in Figure 2C."® In keeping with our earlier finding
that the pro-growth/viability function of DUSP2 in DLBCL cells is
not mediated through the KIM motif and the catalytic site C257
(Figure 5B), we found that DUSP2’s ability to bind and regulate
CDK1 is preserved when these motifs are functionally abro-
gated, as exemplified in the 293T experimental system
(Figures 5J and 5K). Taken together, these data suggest that
DUSP2 promotes proliferation/viability by activating CDK1
through dephosphorylation of Tyr15 and Thr14, in a manner in-
dependent of its classical phosphatase activity.

DUSP2 regulates CDK1 through a novel N-terminal DxxS
motif, which recruits CDC25 phosphatases

In seeking to further understand how DUSP2 regulates CDK1
dephosphorylation at Tyr15 and Thr14, we considered two pos-
sibilities: either DUSP2 directly catalyzes the dephosphorylation
via a cryptic phosphatase motif (distinct from the classical CXsR
motif) or DUSP2 acts indirectly by recruiting/enhancing CDC25s
(CDC25A/B/C), the only known phosphatases specialized in de-
phosphorylating Tyr15 and Thr14 of CDK1.

DUSP2 possesses a CDC25 homology region in its N-terminal
half (see Figure S1B and below). This prompted us to search that
region for any conserved sequence motif with catalytic potential.
While the vast majority of protein tyrosine phosphatases (PTPs)
utilize a cysteine as the enzymatic nucleophile, a subgroup of
PTPs use an aspartate as the nucleophile and require divalent
cations.”® Interestingly, a previous sequence alignment analysis
comparing CDC25 and DUSP2 (PAC-1) pinpointed two
conserved Asp-containing motifs in the latter®® (Figure 6A). To
test the possible involvement of the two DUSP2 candidate mo-
tifs—DxR31.33 and DxxSgs.95—in CDK1 dephosphorylation, we
constructed DUSP2 variants by mutating the most conserved
residues of these motifs. Both the D31N/R33A and D92N/S95A
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Figure 5. DUSP2 activates CDK1 through dephosphorylation of Tyr15 and Thri4, in a manner independent of its currently known functional
motifs

(A) DHLA4 cells were transduced with a lentiviral vector encoding DUSP2 or vector control, treated with DMSO (vehicle control) or PI3K inhibitor LY294002 or SYK
inhibitor R406 for 2 days, and then assayed for apoptosis by active caspase-3 staining. Cell death in various groups relative to that in DMSO-treated vector control
group is shown.

(B) DHLA4 cells were transduced with lentiviral vectors encoding DUSP2, DUSP22KXM, DUSP2°257S, or vector control, treated with the PI3K inhibitor LY294002 for
2 days, and then assayed for apoptosis by active caspase-3 staining by FACS. Here, WT and all variants of DUSP2 carry a C-terminal FLAG tag; parallel ex-
periments with non-tagged WT DUSP2 show nearly identical results to Flag-tagged WT DUSP2 and thus are not shown.

(C) Lysates of human DLBCL cells transduced to express DUSP2 with or without FLAG tag were immunoprecipitated with anti-Flag beads, resolved by SDS-
PAGE, followed by silver staining; red rectangle-marked areas were excised for mass spectrometry analysis. Right (outlined text), three identified peptide se-
quences mapping to CDK1.

(D) 293T cells were transfected to express DUSP2-Flag, vector control, or left untransfected, and cell lysates were subjected to immunoprecipitation (IP) with anti-
CDK1, followed by immunoblotting (IB) with anti-Flag. H, antibody heavy chain; L, light chain.

(E) 293T cells expressing DUSP2-Flag were subjected to IP with anti-CDK1 or isotype control IgG2a, followed by IB with anti-Flag.

(F) Human DLBCL cells were transduced to express DUSP2 or vector control and subjected to IB analysis with antibodies detecting phospho-Y15 (pY15),
phospho-T14 (pT14), or total CDK1, or actin as loading control. Numbers below bands indicate quantifications (normalized to the respective loading controls)
relative to the control sample.

(G) Human DLBCL cells were transduced with shRNAs against DUSP2 or control shRNA, and subjected to IB analysis with antibodies as in (F).

(legend continued on next page)
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variants retained the ability to regulate MAPK ERK and JNK
(Figure S6A), excluding detrimental structural changes due to
these site-specific mutations. We found that, in 293T cells,
ectopic expression of the D31N/R33A variant, like the WT
DUSP2, resulted in enhanced dephosphorylation of CDK1, while
the D92N/S95A variant appeared to lose such function
(Figure S6B).

Further quantitative analysis in DLBCL cells established the
essential role of the DxxS motif for DUSP2 regulation of CDK1
dephosphorylation. To enable a quantitative measurement of
CDK1 Tyr15 phosphorylation in single cells, we employed an intra-
cellular flow cytometry assay using a pY15 CDK1 antibody. The
antibody specificity was demonstrated by abrogation of binding
by a blocking peptide. We found that, in contrast to WT DUSP2
and other variants, the D92N/S95A variant completely lost the
ability to dephosphorylate CDK1 when it was ectopically ex-
pressed in DLBCL cells (Figures 6B, 6C, and S6C).

Having identified the essential role of the DxxS motif in regu-
lating CDK1 dephosphorylation, we sought to test whether this
was through direct phosphatase activity. We produced high-pu-
rity bacterial recombinant proteins consisting of the DUSP2
N-terminal half (aa 2-157, containing the DxxS motif), the full-
length protein with a C257S mutation (abolishing the Cys257-
associated phosphatase activity), or the C-terminal half (aa
158-314, containing the classical phosphatase motif CXsR) as
a control. Using the standard phosphatase substrate pNPP (in
the presence of varying divalent cations; see STAR Methods),
we could not detect any in vitro phosphatase activity from the re-
combinant N-terminal half or the C257-mutated full-length pro-
tein, while the C-terminal half, as expected, had readily detect-
able activity (data not shown). Although the possibility of an
inactive tertiary structure of the bacterially produced protein
cannot be formally excluded, our failure to detect any phospha-
tase activity in DUSP2’s N-terminal half is in line with the general
notion that this region is catalytically inactive.

We then tested whether DUSP2 regulates CDK1 dephosphor-
ylation by recruiting/enhancing CDC25s. If so, we reasoned that
DUSP2’s DxxS motif might mediate the interaction with CDC25s
or CDK1. Indeed, by co-IP assays, we demonstrated physical
interaction of DUSP2 with both CDK1 and CDC25s (such as
CDC25B or CDC25C). The interaction with CDC25s, but not
with CDK1, strictly required the DxxS motif (Figure 6D). Both in-
teractions appeared weak, in line with the transient nature of the
interaction of phosphatases (and complexes) with their protein
substrates.”® In line with the finding in Figure 6D, confocal imag-
ing analysis in HelLa cells transfected with wild-type DUSP2
versus the D92N/S95A mutant detected significantly more co-
localization signals of CDC25C with wild-type DUSP2 than with
the mutant (Figure 6E). Furthermore, using the recombinant
full-length DUSP2 protein (with the C257S mutation that is irrel-
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evant in DUSP2 regulation of CDK1) in an in vitro binding assay,
we found that DUSP2 facilitated CDC25 binding to cyclin-CDK1
(Figure 6F). Accordingly, in an in vitro phosphatase assay DUSP2
was found to enhance CDC25-mediated dephosphorylation of
pY15-CDK1 (Figure 6G).

Taken together, these findings indicate that DUSP2 promotes
CDK1 activation by acting as an adaptor to enhance/stabilize the
interaction of CDK1 with CDC25s. There is a possibility that such
interaction causes conformational changes to increase the
phosphatase activity of CDC25s on CDK1. Furthermore, our re-
sults identify the DUSP2’s N-terminal DxxS motif as its interac-
tion site with CDC25s.

DISCUSSION

We show that DUSP2 is highly expressed in a wide range of hema-
tologic malignancies. Modeling DUSP2 overexpression in vivo in
mouse B cells reveals that it promotes proliferation and malignant
transformation. DUSP2 exerts its pro-proliferative effect via acti-
vation of CDK1 by removing the inhibitory Tyr15 and Thr14 phos-
phorylation, which is mediated not by its own phosphatase activ-
ity, but instead by an N-terminal DxxS motif that recruits CDC25s,
the phosphatases specialized in such function.*® Our results
further demonstrate that DUSP2 overexpression similarly potenti-
ates T cell proliferation, suggesting a general role for DUSP2 inim-
mune cell proliferative expansion, as well as transformation.

The establishment of an oncogenic role for DUSP2 in B-cell
malignancies stands in contrast to the previously suggested tu-
mor-suppressing role in non-hematologic cancers. The latter
notion was proposed on the basis of DUSP2 negatively regu-
lating MAPKs. Perhaps, DUSP2 regulation of MAPKs has a
more prominent role in non-hematologic cancers than in B-cell
malignancies. In the present work, we find a pronounced func-
tion of DUSP2 is to regulate cell cycle progression via activating
CDK1. It is noteworthy that the role of DUSP2 overexpression in
the transformation of B cells is likely more complex than that of a
simple driver of cell proliferation: because of enhanced activity,
CDK1 (in complex with partner cyclins) pushes cells to bypass
the mitotic checkpoint and potentially other checkpoints, which
might result in increased mutation rate and genomic instability.*”
Additionally, DUSP2 may regulate other cellular processes
through as-yet-uncharacterized targets (Table S3). By these
mechanisms, DUSP2 cooperates with other genetic and epige-
netic events,”'° such as BCL6 translocation exemplified in
the mouse model, to drive B-cell transformation.

The mechanisms underlying DUSP2 high expression in hema-
tologic cancers remain largely undefined. It appears that the
overexpression of DUSP2, much like that of CDC25s in can-
cers,®°* is fueled by various transformation-associated tran-
scription factors of cellular or viral origin. In DLBCL, this is due,

(H and I) Human DLBCL cells were transduced with shRNAs as in (G) and subjected to cell cycle analysis by BrdU incorporation and 7-AAD staining (H), or
phospho-histone H3 (p-HH3) Ser10 staining (a specific marker for mitotic cells; I). In (H), FACS plots and the calculated percentages of cells in S phase and the
ratios of cells in G2/M:S phase are shown; in (I), FACS plots and summary data are shown.

(J and K) 293T cells were transfected to express the indicated DUSP2 variants and subjected to IP with anti-CDK1, followed by IB with anti-Flag and anti-CDK1 (J),

or directly subjected to IB analysis with the indicated antibodies (K).

Data in (A), (B), and (D)—(K) are representative of two independent experiments performed in the indicated cell lines. Error bars denote mean + SD of 3 replicate
assays in a representative experiment. *p < 0.05, **p < 0.01, **p < 0.001, unpaired two-tailed Student’s t test.
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Figure 6. DUSP2 regulates CDK1 through a novel motif, which recruits CDC25s

(A) Top, domain organization of CDC25s and DUSP2. DUSP3, a member of the atypical DUSPs harboring no CDC25 homology region, was included for
comparison. Bottom, alignment of CDC25s with the N-terminal region of DUSP2. The alignment was compiled on the basis of that reported by Hofmann et al.*%;
“+” marked sequences manually added on the basis on local sequence homology. Two conserved motifs and highly conserved residues within the motifs are
marked by colors. Hs, human; Mm, mouse; Rn, rat.

(B) Detection of pY15-CDK1, by intracellular FACS analysis, in DHL4 cells transduced to express DUSP2, DUSP2P92N/S%5A o vector control. After fixation and
permeabilization, cells were incubated with pY15-CDK1 antibody (Ab) or rabbit IgG isotype control (Iso) or pY15-CDK1 antibody plus pY15-CDK1 blocking
peptide (peptide), followed by FACS analysis.

(C) Summary and quantification of pY15-CDK1 levels measured by FACS in DHL4 cells transduced to express the indicated DUSP2 variants.

(D) 293T cells were transfected to express DUSP2, DUSP2P92N/S954 or vector control, and subjected to IP with anti-Flag, followed by IB with anti-CDC25B,

(legend continued on next page)
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at least in part, to the constitutive BCR and/or NF-kB signaling
(see results section); in adult T cell leukemia, to the HTLV-en-
coded transactivator Tax.'® There is little evidence of direct ge-
netic mechanisms causing DUSP2 overexpression: analyses of
large numbers of DLBCL biopsies and cell lines detected virtually
no copy number gain at the DUSP2 locus and only a low fre-
quency of sporadic mutations. Recently, a high rate of DUSP2
mutation was reported in nodular lymphocyte-predominant
Hodgkin lymphomas (NLPHL), yet none of the mutations tar-
geted known functional motifs (there was also no detectable cor-
relation between DUSP2 mutation status and phosphorylation of
ERK, JNK, or p38).°° Similarly, high rates of DUSP2 mutation
were reported in several other forms of B-cell lymphoma.®®~°%
Whether DUSP2 mutations in these B-cell lymphomas
are functionally significant or simply indicative of a high mutation
burden (potentially influencing immunogenicity) remains to be
elucidated.

Our data indicate that Dusp2 expression can also enhance pri-
mary B- and T-lymphocyte proliferation (Figures 3G and 3H).
However, Dusp2 expression has been shown to be transient,
occurring within the first 24 h following B- and T cell activa-
tion*"° (Figure S2), while cell division usually occurs after
40 h*° (Figure 3G). The correlation between Dusp2 expression
and primary lymphocyte proliferation emerges at later time
points, where Dusp2 transcription is consistently elevated in
the fast-proliferating cells (Figure 6H). This is in line with the
finding of high DUSP2 expression in GC B cells, which are in a
proliferative state, compared with resting (naive) B cells
(Figure 1B). Taken together, our data and the literature suggest
that Dusp2 exhibits biphasic expression in antigen/mitogen-acti-
vated lymphocytes. In the early phase of activation, Dusp2
evidently dephosphorylates MAPK ERK through its phosphatase
function”"'° (Figure S5B), with an unclear effect on cellular prolif-
eration, as the cells are still some time away from division. In the
later, proliferation phase, Dusp2 serves to promote cell cycle
progression by enhancing CDK1 activation through a DxxS motif
unrelated to its phosphatase function that recruits CDC25s to
dephosphorylate CDK1. More detailed understanding of the
interaction among DUSP2, CDC25, and CDK1 will require
advanced structural work® and additional biochemical ana-
lyses. Furthermore, it is worth noting that although the observed
effects of DUSP2-knockdown on lymphoma cell cycle progres-
sion (Figures 5H and 5I) are consistent with the recent finding
that CDK1 is not only essential for G2/M transition but also has
a role in G1/S transition,”” there is a possibility that DUSP2
also interacts with other targets to regulate the latter process.
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The CDC25-CDK1 axis for cell cycle regulation functions
from single-celled eukaryotic organisms all the way to mam-
mals.®"®? The data presented in this work indicate that
DUSP2 provides a new layer of cell cycle regulation to the
fundamental CDC25-CDK1 axis, in immune cells. Given that
the cell cycle machinery has been mostly studied in unicellular
yeasts, early embryos of frogs and fruit flies, and some
mammalian cell lines,®® but barely, if ever, in immune cells,
this finding is of particular significance. It also suggests physi-
ological importance of DUSP2 in the immune system: perhaps
it endows immune cells with a superior ability for rapid expan-
sion, which is a must for successful defense against aggressive
pathogens, albeit not necessary for immune cell develop-
ment.*® This possibility warrants further investigation.

Overall, this work reveals an oncogenic role and its molecular
mechanism for constitutive DUSP2 expression in B-cell malig-
nancies, and suggests a similar role in other hematologic malig-
nancies. DUSP2 lies downstream of multiple oncogenic
signaling pathways to promote cell cycle progression, facilitating
the transformation and maintenance of malignant cells, and thus
represents an appealing therapeutic target. In this regard, the
DxxS motif, discovered in the present work, provides a potential
target site for developing small-molecule inhibitors that may spe-
cifically ablate DUSP2’s CDK1-activating function while preser-
ving its MAPK-suppressing activity.

Limitations of the study

Our study has several limitations that should be acknowledged
and addressed in future investigations. Our attempts to validate
commercially available antibodies against mouse or human
DUSP2 did not identify a suitable one. As such, we were unable
to assess endogenous DUSP2 protein expression in activated
immune cells and various hematologic malignancies. Lacking a
DUSP2-specific antibody also prevented us from investigating
the regulatory mechanisms governing DUSP2 protein stability.
These important questions warrant further study.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will
be fulfilled by the lead contact, Baochun Zhang (baochun_zhang@dfci.
harvard.edu).

Materials availability
Materials generated in this study, particularly plasmids harboring DUSP2
variants and the Dusp25™P"" mouse line, are available upon request from

-CDC25C, and -CDK1.

(E) HelLa cells transfected with Flag-tagged WT DUSP2 or the D92N/S95A mutant were subjected to confocal imaging analysis (see STAR Methods). Scale bars,
10 pm. Pearson’s correlation coefficient was calculated and shown in the graph below; each dot represents a single cell.

(F) Binding reaction mixtures of the indicated recombinant proteins were subjected to GST pull-down (IP), followed by IB with anti-CDK1, -CDC25C, and -Flag.
Numbers below bands indicate quantifications (normalized to the respective CDK1 signals) relative to the indicated control reaction (shown as mean + SD;
p = 0.001, unpaired t test).

(G) In vitro dephosphorylation of pY15-CDK1 by recombinant CDC25C with or without DUSP2. Numbers below bands indicate quantifications relative to the
indicated control reaction (shown as mean + SD; p = 0.03, unpaired t test).

(H) Mouse splenic B cells were treated with LPS for the indicated periods of time and analyzed by RT-PCR for Dusp2 expression.

Data in (B)-(D) are representative of two independent experiments, where WT and all variants of DUSP2 carry the FLAG tag; in (F)-(G) representative of three
independent experiments; in (E) and (H) representative of two independent experiments. Error bars denote mean + SD of 3 replicate assays in a representative
experiment. ns, not significant; **p < 0.01, **p < 0.001, unpaired two-tailed Student’s t test.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-Flag (clone M2) Sigma-Aldrich Cat#F1804
Anti mouse CD19-PB (clone 6D5) Biolegend Cat#115526
Anti mouse CD4-AF700 (clone GK1.5) Biolegend Cat#100430
Anti mouse CD8-PE (clone 53-6.7) Biolegend Cat#100707
Anti mouse CD25-PerCP (clone PC61) Biolegend Cat#102027
Anti mouse CD38-APC (clone 90) Biolegend Cat# 102711

Anti Fas PE-Cy-7 (clone Jo2)

BD Pharmingen

Cat#557653; RRID:AB_396768

Anti-IgM Jackson ImmunoResearch Cat#115-006-020; RRID: AB_2338469
Anti-CD40 (clone HM40-3) Biolegend Cat#102902
Anti-B220 Abcam Cat#ab550286
Anti-GFP Abcam Cat#ab6556
Anti-CDK1 (clone 17) Santa Cruz Cat# SC-54
Anti-pY15-CDK1 Cell Signaling Technology Cat#9111T
Anti- pT14-CDK1 Cell Signaling Technology Cat#2543
Anti-p-ERK Cell Signaling Technology Cat#4370
Anti-p-JNK Cell Signaling Technology Cat#9251
Anti-p-p38 Cell Signaling Technology Cat#9216
Anti-ERK Cell Signaling Technology Cat#9102
Anti-JNK Cell Signaling Technology Cat#9252
Anti-p38 Cell Signaling Technology Cat#9212
Anti-phospho-Histone H3 Ser10 Cell Signaling Technology Cat#9701
Anti-CDC25C Cell Signaling Technology Cat#4688
Bacterial and virus strains

MSCV encoding WT Dusp2, various Dusp2 This paper N/A

mutants or the vector control

Chemicals, peptides, and recombinant proteins

Recombinant IL-4 R&D systems Cat#404-ML
CDK1 Antibody (Y15) Blocking Peptide Abgent Cat#BP7517e
Lipopolysaccharides from Escherichia coli Sigma-Aldrich Cat#L.2880-100MG
055:B5

CellTrace™ violet Invitrogen Cat# C34557
LY294002 (PI3-K Inhibitor) ECHELON BIOSCIENCES Cat#B-0294-5
R406 Laboratory of Margaret Shipp N/A
GST-tagged CDK1/CyclinB1 Sigma-Aldrich Cat#SRP5009
CDC25C Euprotein Cat#EP8545981
Critical commercial assays

Annexin-V/PI staining Kit BD Biosciences Cat#560931
Active Caspase-3 Apoptosis Kit; BD Biosciences Cat#571606
QuikChange site-directed mutagenesis Stratagene Cat#200523
ThermoScript RT-PCR System Invitrogen Cat#11146-024
SYBR™ Green Universal Master Mix Applied Biosystems Cat#4309155
SilverQuest™ Silver Staining Kit Thermofisher Cat#LC6070
FITC BrdU Flow Kit BD Biosciences Cat#559619

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Hoechst 33342 solution Thermo Fisher Scientific Cat#62249

Deposited data

Gene expression in primary human
lymphomas

Gene expression profiling of DLBCL patient
samples

Gene expression profiles of human DLBCLs
Gene expression of human DLBCLs

Gene expression in human cancer cell lines

Brune et al.”°

Lenz et al.>*

Chapuy et al.”®

DepMap Portal
CCLE

GEO: GSE12453

GEO: GSE10846

GEO: GSE98588
https://depmap.org/portal/
https://portals.broadinstitute.org/ccle

Experimental models: Cell lines

DHL4 Laboratory of Margaret Shipp N/A

HBL-1 Laboratory of Margaret Shipp N/A

TMD8 Laboratory of Margaret Shipp N/A

775 Zhang et al.*° N/A

293T ATCC CRL-3216

HelLa ATCC CCL-2
Experimental models: Organisms/strains

Mouse: Rag2~’~common y chain™/~ Taconic 4111
(Rag2™’yc™"")

Mouse: C57BL/6 Jackson Laboratory JAX 000664
Mouse: CD19-cre Jackson Laboratory JAX 006785
Mouse: Cy1-cre Jackson Laboratory JAX 010611
Mouse: YFPStPF! Jackson Laboratory JAX 006148
Mouse: luBcl6 Laboratory of Riccardo Dalla-Favera® N/A

Mouse: Dusp2°toPF! This paper N/A
Oligonucleotides

DUSP2-specific shRNA 1 Sigma-Aldrich TRCN0000235434
DUSP2-specific shRNA 2 Sigma-Aldrich TRCNO0000355665
DUSP2-specific shRNA 3 Sigma-Aldrich TRCN0000235435
DUSP2-specific shRNA 4 Sigma-Aldrich TRCNO0000235436
See Table S4 for sequences of primers used This paper N/A

in this work

Recombinant DNA

Plasmid: pX330-T2A-BFP Laboratory of Klaus Rajewsky N/A

Plasmid: pX330-sgDusp2-T2A-BFP This paper N/A

encoding Cas9

Plasmid: pmaxGFP Lonza N/A

Plasmid: pLVX-IRES-ZsGreen1 Takara Bio Cat#632187

Software and algorithms

GraphPad Prism (v 9.1.2)
Flowjo software (v 10)
ZEISS Arivis Pro

GraphPad Software
Tree Star
Carl Zeiss Microscopy GmbH

https://www.graphpad.com
https://www.flowjo.com

https://www.zeiss.com/microscopy/en/
products/software/arivis-pro.
html#LanguageSwitchOverlayCloseButton

Other
CD1d tetramer NIH Tetramer Facility N/A
Puromycin Sigma-Aldrich P8833-10MG
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse models

To generate conditional Dusp2 transgenic mice, the Dusp2 coding sequence, preceded by the CAG promoter and a loxP-flanked
Neo™-STOP cassette, followed by IRES-eGFP sequences, was cloned into the Rosa26 locus.®* Transgenic mice (Dusp25F)
were generated from C57BL/6 ES cells. CD19-cre, Cy1-cre, luBcl6, and YFPS'PF alleles (all on the C57BL/6 background) have
been described.***%*® Rag2~~common y chain~'~ (Rag2~'~yc ") mice were bred in our mouse colony or purchased from Taconic.
Mouse cohorts for tumor development were immunized intravenously with 1x10° SRBCs (Cedarlane) in PBS for two times, starting at
8-10 weeks old, one month apart, and then monitored twice a week for tumor development and euthanized if signs of tumor devel-
opment occurred. All animals were bred and maintained in the animal facilities at the Dana-Farber Cancer Institute (DFCI), under spe-
cific pathogen-free conditions. Both male and female mice were used in all experiments; however, they were not analyzed separately,
and the study was not designed to assess the influence of sex on the experimental outcomes. All animal care and procedures fol-
lowed NIH guidelines and were approved by the DFCI Institutional Animal Care and Use Committee.

Cell culture

The human DLBCL cell lines used in this work have been described previously.** The cell lines DHL4 and TMD8 were cultured in RPMI
1640 medium (Gibco) supplemented with 10% fetal calf serum and 2 mM glutamine; HBL-1 cells were cultured in RPMI 1640 medium
supplemented with 10% fatal calf serum, 2 mM glutamine and 1% sodium pyruvate. The mouse DLBCL cell line 775, derived from a
Cy1-cre;luBcl6 mouse in our previous work,*° and primary mouse B and T cells were cultured in DMEM medium (Gibco) supple-
mented with 10% fetal calf serum, 1X non-essential amino acids, 10 mM HEPES and 50 pM p-mercaptoethanol. The 293T and
HelLa cells were cultured in DMEM supplemented with 10% fatal calf serum, 10 mM HEPES, 1 mM sodium pyruvate, and 1X non-
essential amino acids. All cells were maintained at 37°C in 5% CO,. All cell lines tested negative for mycoplasma.

METHOD DETAILS

Expression analyses of DUSP2 in human tumors

DUSP2 transcript abundance was assessed in the following DLBCL datasets obtained either from GEO (GSE12453°%; GSE10846°*;
GSE98588°°) or from the DepMap Portal (https://depmap.org/portal/). Multiple probe sets per gene were collapsed by its median.
DUSP2 expression was visualized with Graph Pad Prism V7.0c for Mac as boxplot (Tukey). Differences between groups were as-
sessed with the two-sided Mann-Whitney-U-test. mRNA expression (Affy) of DUSP2 was also assessed in a wide array of human
cancer cell lines through the Cancer Cell Line Encyclopedia (https://portals.broadinstitute.org/ccle)®® and visualized with Graph
Pad Prism V7.0c for Mac.

Flow cytometry and cell sorting

Lymphoid single-cell suspensions were stained with the following monoclonal antibodies specific for mouse CD19 (6D5), CD4
(GK1.5), CD8 (53-6.7), CD25 (PC61), CD38 (90), Fas (Jo2) from BD Biosciences, Biolegend or eBioscience, and for pY15 CDK1
(10A11) from CST. Topro3 (Invitrogen) staining was used to exclude dead cells. Intracellular staining for pY15 CDK1 was done
with the Foxp3 staining buffer set (eBioscience), with or without pre-incubation with blocking peptide (BP7517¢e, Abgent). All samples
were acquired on a FACSCanto Il or LSRFortessa (BD Biosciences) and analyzed by Flowjo software (Tree Star). For CD4 T cell sort-
ing experiments, the CD1d tetramer (NIH Tetramer Facility) was employed to exclude natural killer T cells. FACS sorting was per-
formed using a FACSAria Il (BD Biosciences).

Proliferation and apoptosis assays

Mouse splenic B cells were purified by CD43-depletion using magnetic-activated cell sorting (Miltenyi), and then cultured in the pres-
ence of 20 pg/mL LPS (Sigma), 10 pg/mL anti-IgM (Jackson ImmunoResearch), or 1 pg/mL anti-CD40 (HM40-3; eBioscience) plus
25 ng/mL IL-4 (R&D systems). Mouse splenic CD4" T cells were purified by FACS sorting, treated with TAT-Cre as previously
described,®® followed by stimulation with plate-bound anti-CD3 (145-2C11, 10 pg/mL) and anti-CD28 (37.51, 2 pg/mL) (eBioscience).
To monitor cell division, the mouse splenic B and T cells, mouse lymphoma cell line 775, and human DLBCL lines (HBL1, TMD8 and
DHL4) were labeled with CellTrace violet (Invitrogen), per the manufacturer’s instructions. Cells undergoing apoptosis were detected
by Annexin-V/PI staining (BD Biosciences) or active Caspase-3 staining (using the Active Caspase-3 Apoptosis Kit; BD Biosciences).
All samples were analyzed by Flow Cytometry.

CRISPR-Cas9 editing of Dusp2 locus in tumor cells

Mouse lymphoma cells (cell line 775) were electroporated with pX330-sgDusp2-T2A-BFP encoding Cas9 and a single-guide RNA
targeting the mouse Dusp2 coding region (the sg1-mDusp2 sequence is provided in Table S4), together with a reporter plasmid
pmaxGFP. 36 h later, GFP* cells were purified by FACS sorting; an aliquot of cells was frozen down (pre-transfer cells) and the
rest were transplanted into Rag2~'~yc ™'~ mice (1 x 10° cells/recipient). At 4-5 weeks post-transfer, the tumor cells (CD19*) were
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harvested from recipients. Pre- and post-transfer cells were subjected to Sanger sequencing analysis for the targeted Dusp2 region
(primer sequences for cloning this region are provided in Table S4).

RNA interference

Human DLBCL cells (DHL4, HBL1 and TMD8) were seeded at a density of 2 x 10° cells/well in medium containing polybrene (at a final
concentration of 8 pg/mL) in 24-well tissue culture plates (500 puL/well), inoculated with 500 pL/well of lentivirus supernatant contain-
ing either the negative control vector pLKO.1 or vectors carrying DUSP2-specific shRNAs (sh1, TRCN0000235434; sh2,
TRCNO0000355665; sh3, TRCN0000235435; sh4, TRCN0000235436; all from Sigma), and centrifuged at 460 g for 90 min. After over-
night incubation, the cells were cultured in 1 mL of fresh media containing puromycin (2 pg/mL for DHL4 and HBL1; 1 pg/mL for TMD8
cells) for 2 days of selection. Knockdown efficiency was determined by real-time PCR (primer sequences are provided in Table S4).

Ectopic expression

Mouse lymphoma cells (cell line 775) were transduced with MSCV encoding WT Dusp2, various Dusp2 mutants or the vector control
(all carry an IRES-GFP reporter). The transduced cells (GFP*) were either subjected to in vitro analyses or transplanted into
Rag2~'~yc™'~ mice (1 x 10° cells/recipient) to assess their in vivo growth. Human DLBCL cells were transduced with pLVX-IRES-
ZsGreen1 encoding WT DUSP2 (with or without a C-terminal FLAG tag), various DUSP2 variants (with a C-terminal FLAG tag) or
the vector control (all carry an IRES-GFP reporter), and subjected to in vitro analyses. DUSP2 variants were cloned by
QuikChange site-directed mutagenesis (Stratagene).

Histology and immunohistochemistry

For histological examination, tissues were fixed with 10% formalin (Sigma), and 5 pm paraffin-embedded sections were stained with
hematoxylin and eosin (H&E). Immunohistochemical staining was performed on the Leica Bond automated staining platform with
anti-B220 (#ab550286, Abcam) and anti-GFP (#ab6556, Abcam) antibodies using the Leica Biosystems Refine Detection Kit with cit-
rate antigen retrieval.

Analysis of tumor clonality

Genomic DNA was isolated from tumor tissues or WT splenic B cells (as control). IgH-V gene rearrangements were amplified by PCR
with a single reverse primer binding to a sequence within the Jy4 intronic region and a set of forward primers to detect most V, gene
families (V1-FR3, V5-FR3, V3-FR3, V7-FR3, and V9-FR3 in a 6:3:1:1:1 ratio)®” (primer sequences are provided in Table S4).

IgH somatic mutation analysis
IgH somatic mutation analysis was performed as described previously.*°

Quantitative RT-PCR

Total RNA was extracted using TRIzol reagent, and cDNA was synthesized using the ThermoScript RT-PCR System (Invitrogen) per
the manufacturer’s instructions. For real-time PCR we used Power SYBR Green, followed by analysis with the StepOnePlus system
(Applied Biosystems). Samples were assayed in triplicate, and values normalized to those of hGAPDH (in the human), mHPRT or
mGAPDH (in the mouse) (primer sequences are provided in Table S4).

Mass spectrometry

Human DLBCL cells (cell line HBL1) transduced with DUSP2-Flag, DUSP2 or vector control were lysed in lysis buffer (150 mM NaCl,
0.5% NP-40, 10% glycerol, 1 mM PMSF and a ‘cocktail’ of protease inhibitors). 10 mg of proteins of each lysate were immunopre-
cipitated with 20 pg of anti-Flag antibody (F1804, Sigma); immunoprecipitates were run on an SDS-PAGE gel, followed by staining
with Pierce Silver Stain for Mass Spectrometry (#24600), per the manufacturer’s instructions. Excised gel segments were submitted
for mass spectrometry analysis at the Taplin Mass Spectrometry Facility at Harvard Medical School.

Co-immunoprecipitation

293T cells transfected with pLVX-IRES-ZsGreen1 encoding various DUSP2 variants or the vector control were lysed in lysis buffer
(150 mM NaCl, 0.5% NP-40, 10% glycerol, 1 mM PMSF and a “cocktail” of protease inhibitors). The lysates were immunoprecipi-
tated with anti-CDK1 (SC-54, Santa Cruz), anti-Flag (F1804, Sigma) or control IgG. The immunoprecipitates were washed six times
with the lysis buffer and subjected to SDS-PAGE, followed by immunoblot analysis.

Immunoblot analysis

Protein extracts were fractionated on 10% or 15% SDS-PAGE, transferred onto PVDF membranes, and immunoblotted with the
following primary antibodies specific for Flag (F1804, Sigma), CDK1 (SC-54, Santa Cruz), pY15-CDK1 (#9111, CST), pT14-CDK1
(#2543, CST), p-ERK (#4370, CST), p-JNK (#9251, CST), p-p38 (#9216, CST), ERK (#9102, CST), JNK (#9252, CST), p38
(#9212, CST).
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Cell cycle analysis

In one set of experiments, 48 h after transduction with shRNAs targeting DUSP2, human DLBCL cells were labeled with bromodeox-
yuridine (BrdU) for 30 min before harvesting; BrdU incorporation and DNA content were analyzed with the FITC BrdU Flow Kit (BD
Biosciences) per the manufacturer’s instructions. In another set of experiments, 48 h after transduction with lentiviral vector encoding
DUSP?2 or vector control, human DLBCL cells were stained with the Hoechst 33342 solution (Thermo Fisher Scientific) per the man-
ufacturer’s instructions. All samples were analyzed by Flow Cytometry.

Cell mitosis analysis

DHL4 cells were harvested, fixed with 4% formaldehyde, and then permeabilized in 90% methanol. After washing, the cells were
stained with an antibody (#9701, CST) specific to phospho-Histone H3 Ser10 (a specific marker for mitotic cells) per the manufac-
turer’s instructions, and analyzed by Flow Cytometry.

Chemical nhibition with LY294002 or R406

LY294002 (10 pM) or R406 (1 pM) was added to cell culture medium and cells were maintained in a 37°C incubator for 48 h, as
described previously.*” Cellular apoptosis was detected using the Active Caspase-3 Apoptosis Kit (BD Biosciences) per the manu-
facturer’s instructions.

In vitro phosphatase assay

cDNA sequences encoding the human DUSP2 N-terminal half (aa 2-157), the ‘full-length protein’ (aa 2-314) with a C257S mutation,
or the C-terminal half (aa 158-314), followed by a Flag-coding sequence, were subcloned into the pGEX-6P-1 expression vector (GE
Healthcare), which produced the recombinant proteins with a GST tag at the N terminus. The proteins were expressed in BL21-
CodonPlus (DE3)-RIPL cells (Agilent), purified by Glutathione Sepharose 4B (GE Healthcare) followed by Superdex 200 gel filtration
chromatography (GE Healthcare), and then cleaved of the GST tag with PreScission Protease 3C. The cleaved C-terminal half
construct (aa 158-314) was further purified by Q ion exchange column (GE Healthcare) while the other cleaved proteins were purified
by Heparin affinity chromatography (GE Healthcare); all final products were in 20 mM Tris-HCI pH7.5, 150 mM NaCl, 1 mM DTT. For
phosphatase assay, the reaction mixture containing 1 pg purified DUSP2 variant in 200 pL buffer (50 mM Tris-HCI pH6.8, 50 mM
NaCl, 1 mM DTT, 10 mM MgCl, or CaCl,) with 20 mM p-nitrophenylphosphate (pNPP) substrate was incubated for 60 min at
37°C. The reaction was terminated by adding 800 pL of 0.2 M NaOH and 50 mM EDTA, and the p-nitrophenol production was deter-
mined by measuring A410.

In vitro protein binding assay

This assay was performed as previously described®® with modifications. Briefly, recombinant GST-tagged CDK1/CyclinB1
(SRP5009, Sigma), CDC25C (EP8545981, Euprotein), and the full-length DUSP2 with C257S mutation (as described above; the
C257S mutation is irrelevant in DUSP2 regulation of CDK1) were mixed at a molar ratio of 1:2:2 and incubated in Kinase Buffer
(10 mM MgCl, 10 mM NaF, 1 mM DTT, 400 pM ATP) for 1 h. Then, the reaction mixtures were added to GST resin and incubated
for 30 min. The bound proteins were eluted and analyzed by SDS-PAGE with anit-CDK1 (SC-54, Santa Cruz), anti-CDC25C
(#4688, CST), and anti-Flag (F1804, Sigma).

Immunofluorescence staining and confocal microscopy

Hela cells grown on glass coverslips were transfected with plasmids encoding Flag-tagged WT DUSP2 or the D92N/S95A mutant. At
24 h after transfection, cells were washed and fixed with 4% paraformaldehyde for 10 min at room temperature, permeabilized with
0.2% Triton X-100 in 10% FBS-containing PBS for 10 min, and blocked with 10% FBS in PBS for 60 min. Cells were stained with
Alexa Fluor 488-conjugated anti-DYKDDDDK Tag (Flag; clone L5; Biolegend Cat# 637317) and PE-conjugated anti-CDC25C (clone
H-6; Santa Cruz Cat# sc-13138) antibodies for overnight at 4°C. Next, the cells were washed by 10% FBS-containing PBS. Cover-
slips were mounted using ProLong Gold Antifade Mountant with DAPI (Thermo Fisher Scientific #P36966). Confocal images were
acquired by Zeiss under identical microscope settings across all samples. Of note, in some cells CDC25C exhibited mainly cyto-
plasmic staining while in other cells both cytoplasmic and nuclear staining as shown in control HelLa cells. Because DUSP?2 is pri-
marily a nuclear protein, the colocalization analysis in HelLa cells transfected with Flag-tagged WT DUSP2 or the D92N/S95A mutant
was restricted to Flag-positive cells with nuclear CDC25C staining. Colocalization and Pearson’s correlation coefficient were
analyzed using ZEISS Arivis Pro and ImageJ software.®®"°

pY15 CDK1 immunoprecipitation and in vitro phosphatase assay

6 x 10° DHL4 cells were treated with 1.5 mM hydroxyurea’" for 24 h. Cells were harvested and lysed in lysis buffer supplemented with
PMSF, and pY15 CDK1 was immunoprecipitated using anti-CDK1 antibody (sc-54 clone #17) overnight at 4°C. Immune complexes
were captured using Dynabeads Protein G (ThermoFisher Scientific #10003D) and washed with phosphatase buffer. The beads were
divided into equal aliquots, and incubated with recombinant human CDC25C (SinoBiological #C04-20CG) and/or the full-length
DUSP2 (with the C257S mutation which is irrelevant in DUSP2 regulation of CDK1) at 30°C for 45 min in phosphatase buffer
(25 mM Tris-HCI pH 7.4, 100 mM NaCl, 1 mM DTT, and 1 mM EDTA, without phosphatase inhibitors). Reactions were terminated
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by addition of 2X SDS sample buffer and boiling. Samples were analyzed by Immunoblot with antibodies against pY15-CDK1 and
total CDK1.
QUANTIFICATION AND STATISTICAL ANALYSIS
GraphPad Prism 9 software was used for statistical analysis, data visualization, and data processing. Unless otherwise indicated,

data were analyzed using unpaired two-tailed Student’s t test; a value of p < 0.05 was considered significant ("p < 0.05,
**p < 0.01, **p < 0.001, and ***p < 0.0001; ns, not significant). Survival curves were compared using the log rank test.
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