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Disrupting myddosome assembly in diffuse large B-cell lymphoma
cells using the MYD88 dimerization inhibitor ST2825
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Abstract. Diffuse large B-cell lymphoma (DLBCL), the most
common type of non-Hodgkin's lymphoma, is classified into
germinal center and activated B cell (ABC) subtypes. The
myeloid differentiation primary response gene 88 (M'YD88)
L265P mutation is the most prevalent oncogenic mutation
among patients with ABC DLBCL, the subtype that has the
more inferior outcome. MYDS88 oligomerization driven by the
L265P mutant augments myddosome assembly and triggers
the activation of nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) signaling, highlighting MYD88
oligomerization as a potential therapeutic target for this malig-
nancy. The synthetic peptidomimetic compound ST2825, which
has previously been used as an anti-inflammatory agent, has
been reported to inhibit MYD88 dimerization. In the present
study, the anticancer effects of ST2825 were investigated using
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L265P-expressing ABC DLBCL cell lines. Using confocal
microscopy and high-molecular-weight fraction experiments, it
was revealed that L265P-associated myddosome assembly was
disrupted by ST2825. The results also revealed that disrupting
myddosome assembly promoted the death of ABC DLBCL
cells harboring the L265P mutation, as well as downregu-
lating survival signals, including the inhibition of NF-kB and
the suppression of IL-10 and interferon-f production. Further
co-immunoprecipitation studies demonstrated that MYD88
bound to BTK in L265P-DLBCL cells, and that this binding
was abrogated following ST2825 treatment. Furthermore, the
combination of myddosome-assembly disruption and BTK or
BCL-2 signaling inhibition led to synergistic ABC DLBCL cell
death, and more robust inhibition of NF-«xB activity or increased
apoptosis, respectively. The results of the present study provide
evidence that the synthetic peptidomimetic compound ST2825,
which targets myddosome assembly, may serve as a pharma-
cological inhibitor. ST2825 has the potential for clinical use
in patients with L265P DLBCL, and other B-cell neoplasms
driven by activated MYDS8S signaling.

Introduction

Diffuse large B-cell lymphoma (DLBCL) is an aggressive
form of B-cell lymphoma, which is the most common type of
non-Hodgkin's lymphoma (NHL), and comprises ~30% of all
NHL neoplasms. Over half of all DLBCLs are curable using
standard chemotherapy (cyclophosphamide, doxorubicin,
vincristine and prednisone) combined with rituximab (R-CHOP),
while approximately one third of cases will relapse or become
refractory following first line therapy (1,2). The two primary
subtypes of DLBCL, termed germinal center B cell (GCB) and
activated B cell (ABC) have been identified via gene expres-
sion profiling studies (3). The distinct genetic characteristics of
these two subtypes suggest that they arise from different stages
of lymphoid differentiation, with the GCB subtype deriving
from the lymphoid cells residing in the germinal center, and the
ABC subtype from B cells at a plasmablastic stage. This results
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in different clinical features and prognoses, where following
R-CHOP combination treatment, the prognosis of patients with
the ABC subtype is poorer than those with the GCB subtype,
who possess a 3-year progression-free survival (PFS) rate of
40 vs. 75%, respectively (4). The pathogenic hallmark of ABC
DLBCL is the constitutive activation of the NF-kB pathway,
which is often caused by mutations occurring following the
upstream activation of the B-cell receptor (BCR) and Toll-like
receptors (TLR) pathways (5). These activating mutations were
identified in subsets of patients with ABC DLBCL, and include
mutations in CD79B, caspase recruitment domain-containing
protein 11 (CARDI11) in the BCR pathway (6,7) and myeloid
differentiation primary response gene 88 (MYDS8S) in the TLR
pathway (8).

The human TLRs, first reported in the 1990's, are func-
tionally involved in both innate immunity and the initiation
of adaptive immune responses (9). MYDS8S is a key adaptor
molecule for the majority of TLR and IL-1 receptor (IL-1R)
signaling cascades. The MYDS88 protein contains both a
Toll/interleukin-1 receptor (TIR) domain that can bind to the
TIR domain of TLRs, and a death domain (DD), which provides
a docking site for IL-1R-associated kinases (IRAKSs). It has been
demonstrated that six MYD88 molecules, four IRAK4 and four
IRAKI1 or IRAK2 molecules are able to associate via their DDs
to form a high-molecular-weight (HMW) (>180 kDa) complex,
the myddosome. The myddosome platform is essential for the
activation of the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-«xB) pathway via a cascade of phosphory-
lation events that originate from the phosphorylation of IRAK4,
the most upstream kinase in this cascade (10,11). Highly recur-
rent somatic mutations in MYD88 were first demonstrated in
ABC DLBCL by Ngo et al (8), with a specific point mutation
(L265P) occurring most frequently; L265P was observed in
~29% of ABC DLBCL cases, but rarely in GCB DLBCL. The
high prevalence of MYD88 L265P in patients with Waldenstrom
macroglobulinemia (WM) has also been reported in previous
publications, with an observed mutation frequency rate of 87%
(observed in 1,324 of 1,520 patients with WM, from 25 publica-
tions) (12). In addition, MYD88 L265P has also been identified
in other types of B-cell neoplasm, with mutation frequency
rates in monoclonal gammopathy of undetermined significance
of the IgM class (IgM MGUS; 52%), primary DLBCL of the
central nervous system (CNS; 70%), cutaneous DLBCL of
leg-type (54%) and testicular DLBCL (74%) (12). Consistent
with previous studies, the majority of these subtypes of DLBCL
are of ABC origin. Ngo et al (8) further demonstrated that
MYDB88 L265P was a gain-of-function driver mutation, which
promoted ABC DLBCL cell survival by assembling a myddo-
some complex and the phosphorylation of IRAK kinases; this
resulted in constitutive NF-xB activation, type I interferon
(IFN) signaling and IL-6/IL-10-engaged autocrine activation of
the JAK-STAT 3 pathway (8).

In ABC DLBCL cells, interactions between MYD88
L265P-mutated and wild-type (WT) TIR domains enhance
MyD88 oligomerization, which serves a key role in myddosome
complex formation, resulting in the recruitment of IRAKs and
induced NF-«kB signaling activation (13). ST2825, a synthetic
peptidomimetic compound, interferes with the association
between M'YDS88 proteins, potentially by targeting the interface
between the TIR domains (14). Although MYDS88 L265P is

WANG et al: DISRUPTING MYDDOSOME ASSEMBLY IN DLBCL WITH MYDS88 DIMERIZATION INHIBITOR ST2825

essential in promoting the survival of ABC DLBCL cells, the
therapeutic strategies for targeting MYD88 remain largely
undetermined. In the present study, the ability of ST2825 to
disrupt MYD88 oligomerization-induced myddosome assembly
was investigated in ABC DLBCL cells, in addition to the subse-
quent ability to inhibit NF-«B signaling and tumor cell survival.

Materials and methods

Reagents. ST2825 was purchased from MedChemExpress. The
Bruton's tyrosine kinase (BTK) inhibitor ibrutinib, and B-cell
lymphoma-2 (BCL-2) inhibitor ABT-199 were purchased from
Selleck Chemicals. All drugs were dissolved in 100% dimethyl
sulfoxide (DMSO). For all samples in all of the experiments,
the final DMSO concentrations were diluted to 0.1% with cell
culture media, including the vehicle controls.

Cell lines and cell culture. SU-DHL-4, OCI-LY10 and TMDS8
cell lines were purchased from the Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences. The MYDS88
L265P mutation of each cell line was identified using Sanger
sequencing. The cells were cultured in RPMI-1640 supple-
mented with 10% fetal bovine serum (FBS; Gibco; Thermo
Fisher Scientific, Inc.). The HEK293T cell line was cultured in
Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo
Fisher Scientific, Inc.) with 10% FBS. All cell lines were cultured
at 37°C in a 5% CO, incubator.

Evaluation of cell viability and apoptosis. Cell viability was
assessed using WST-1 reagent (Roche Diagnostics) as instructed
by the manufacturer. Briefly, ~2x10* cells/well were seeded into
96-well plates and treated with either the vehicle (DMSO) or
ST2825 at serial concentrations for 24, 48 or 72 h. After treat-
ment, 10 ul WST-1 reagent was added to each well, followed
by a 4-h incubation at 37°C. Cell viability was calculated by
measuring the absorbance at 440 nm using a 96-well plate reader,
and the data were normalized to that of the vehicle-treated cells.
For drug combination experiments, cell viability was determined
72 h after treatment with the indicated drugs. Flow cytometric
analysis of apoptosis was performed using an Annexin V-FITC
Apoptosis Detection kit (Sigma-Aldrich; Merck KGaA) 48 h
after ST2825 treatment (5 or 10 #M) according to the manufac-
turer's protocol; the results were acquired using a flow cytometer
(BD Influx; BD Biosciences) and analyzed using BD FACSuite
software version 1.0.6. For drug combination experiments, the
apoptotic cell populations were analyzed 48 h after treatment
with the indicated drugs. The nuclear morphology of the apop-
totic cells was further examined using DAPI staining. Cells were
collected and coated onto slides after washing with PBS three
times. The cells were then fixed in 4% paraformaldehyde at room
temperature for 15 min and then permeabilized with 0.1% Triton
X-100 at 37°C for 5 min. The cells were subsequently stained
with 5 ug/ml DAPI in a dark room at 37°C for 15 min. After
three washes with PBS, the cells were visualized using a fluores-
cence microscope (Eclipse 80i; Nikon Corporation) under a 40x
oil immersion objective.

Western blot analysis. Western blot analysis was performed as
previously described (15). Cells were lysed with RIPA lysis buffer
supplemented with proteinase and phosphatase inhibitors (Cell
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Signaling Technology, Inc.) at 4°C for 20 min. The supernatants
were collected after centrifugation at 13,000 x g for 15 min (4°C),
and the protein concentration was determined using a bicincho-
ninic acid (BCA) protein assay kit (Thermo Fisher Scientific,
Inc.). Equal amounts of protein extract (30 ug per lane) were
loaded for separation onto a 10% SDS-PAGE gel and transferred
to PVDF membranes (EMD Millipore), before blocking in 5%
non-fat milk/TBST at room temperature for 1 h. Then, the
membranes were incubated overnight at 4°C with primary anti-
bodies (all purchased from Cell Signaling Technology, Inc., and
used at a dilution of 1:1,000) against MYD88 (cat. no. 4823S),
BTK (cat. no. 8547S), phospho-BTK (cat. no. 5082S), inhibitor of
NF-xB (IxB; cat. no. 4812S) and phospho-IkB (cat. no. 2859S),
followed by incubation with anti-rabbit horseradish peroxidase
(HRP)-conjugated secondary antibody (cat. no. sc-2030; Santa
Cruz Biotechnology, Inc.; 1:5,000) for 1 h at room temperature.
The B-actin antibody (cat. no. ab8227; Abcam) was used at a
1:1,000 dilution. Detection was performed using an enhanced
chemiluminescence substrate (ECL; EMD Millipore), and the
signals were visualized and analyzed using the Bio-Rad Gel
Imaging System and the Cool Imager™ workstation IT (Viagene,
Biotech, Inc.).

MyDS8S8 protein aggregation in DLBCL cell lines (OCI-LY10
and TMDS) was analyzed using fractionated cell lysates.
Following overnight treatment with DMSO or 10 yuM ST2825,
5x10° cells were incubated in each well of a 6-well plate and then
collected and lysed using cell lysis buffer (Beyotime Institute
of Biotechnology) supplemented with PMSF and Benzonase
(Sigma-Aldrich; Merck KGaA). The protein concentration was
determined using a BCA protein assay kit (Thermo Fisher
Scientific, Inc.) and equal amounts of cell lysates (60 ug)
were then fractionated by centrifugation (16,000 x g, 10 min);
the supernatant fractions were regarded as whole cell lysates
(WCL) and the pellet fractions as insoluble HMW aggregates.
The pellets were then washed with PBS and dissolved by
boiling in SDS sample buffer with shaking. Western blotting
was conducted using the aforementioned anti-MYDS88 (Cell
Signaling Technology, Inc.) and anti-B-actin (Abcam) antibodies
and goat anti-rabbit HRP-conjugated secondary antibody at the
indicated dilutions.

Co-immunoprecipitation. Cells from each line were lysed using
cell lysis buffer for western and immunoprecipitation (Beyotime
Institute of Biotechnology) supplemented with 1 mM PMSF.
The samples were centrifuged at 13,000 x g for 15 min, and
the protein concentration was determined using a BCA protein
assay kit (Thermo Fisher Scientific, Inc.). Then protein A/G
coated magnetic beads (Bio-Rad Laboratories, Inc.) were incu-
bated with 5 pug IP antibodies against MYDS88 or BTK (Cell
Signaling Technology, Inc.) at room temperature with rotation
for 10 min. After washing with PBS-T, the antibody-conjugated
beads were added into the antigen-containing lysate, and rotated
for 1 h at room temperature. Immunoprecipitates were then
washed three times with PBS-T, separated on a magnetic stand
and eluted using Laemmli loading buffer for further immuno-
blotting analysis.

Confocal microscopy. HEK293T cells were seeded into 12-well
plates (2x10° cells/well) 24 h before transfection to achieve a
confluency of 50-70%. Cells were then transiently transfected
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with 2 ug mCitrine-TIR WT or mCitrine-TIR L265P plasmids
using Lipofectamine™ 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. After
24 h, the cells were treated with DMSO or 10 uM ST2825 and
incubated for a further 48 h. Following incubation, the cells
were observed using a laser scanning Nikon A1R confocal
microscope under a 40x oil immersion objective (numerical
aperture, 1.4). An excitation of 488 and 520-570 nm emission
were used for visualization. The plasmids for mCitrine-TIR WT
or L265P mutant were provided by Dr Roman Jerala (13).

NF-kB reporter assays. CMV-Renilla luciferase lentivirus
(Cignal Lenti CMV Renilla Control; Qiagen, Inc.) was used as an
internal control for normalization, and NF-kB reporter lentivirus
with firefly luciferase expression (Cignal Lenti NF-xB Reporter;
Qiagen, Inc.) was used as the experimental reporter. The two
lentiviruses were used to co-transfect the OCI-LY10 and TMD8
cells. Briefly, OCI-LY10 and TMDS cells were resuspended in
0.5 ml lentivirus-containing medium (containing 250 1 Cignal
Lenti NF-kB Reporter and 250 pl Cignal Lenti CMV Renilla
Control) at a concentration of 1x10° cells/ml in a 24-well tissue
culture plate in the presence of polybrene (8 ug/ml). The plates
were centrifuged at 800 x g for 90 min at 32°C. The cells were
then washed and resuspended in fresh medium for an additional
72 h. Then puromycin and hygromycin were used together for
selection. For the drug experiments, cells were subsequently
seeded at a density of 4x10° cells/ml and treated for 12 h with
the vehicle, ST2825, ibrutinib or a combination of ST2825 and
ibrutinib at the indicated concentrations. Luciferase activity was
measured in 96-well plates using the Dual-Luciferase Reporter
Assay system (Promega Corporation) according to the manu-
facturer's protocol.

Cytokine measurement. The two ABC DLBCL cell lines
were cultured in fresh media and treated for 24 h with 5 or
20 uM ST2825 or DMSO. The concentrations of IL-10 and
IFN-B in the culture supernatants were measured by ELISA
(cat.no.DY217B-05 and DY814-05, respectively; R&D Systems,
Inc.) according to the manufacturer's protocol. All experiments
were performed in triplicate.

Synergism analysis. Synergism of the drug combinations
(including ST2825 combined with ibrutinib or ABT-199)
was evaluated using CalcuSyn software (Premier Biosoft
International), which is based on the median-effect principle
applied by Chou and Talalay (16). The combined effects and
combination index (CI) for each dose combination were calcu-
lated and are presented as a heat map. Drug synergism, addition
and antagonism were defined by CI values of <1.0, 1.0 and >1.0,
respectively.

Statistical analysis. Statistical analysis of the experimental
data was performed using GraphPad Prism software version 6
(GraphPad Software, Inc.), and the data are presented as the
mean =+ standard deviation, unless otherwise indicated. The
unpaired t-test was used to assess the statistical significance
of the differences between two groups, and one-way analysis
of variance with Dunnett's or Tukey's test was used for those
between multiple groups. P<0.05 was considered to indicate a
statistically significant difference.
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Results

MYDSS oligomerization augmented via the L265P-mutated
TIR domain is blocked by ST2825. To determine whether oligo-
merization of the MyD88 TIR-L265P mutants could be blocked
by ST2825, MyD88 TIR WT or mutant linked to the fluorescent
protein mCitrine were expressed in HEK293T cells. Consistent
with the results of a previous report (13), mCitrine-TIR mutants
were strongly aggregated, whilst this was not the case for the WT
mCitrine TIR. Furthermore, the aggregation of mCitrine-TIR
mutants was markedly inhibited following treatment with
ST2825 (Fig. 1A).

The HMW fraction was separated from the cellular lysates
via centrifugation, and western blotting was used to determine
the presence of MyD88 aggregates in the pelleted HMW frac-
tions. MyD88 aggregation was detected in the HMW fraction
in DLBCL cell lines with the L265P mutation (OCI-LY10 and
TMDS8). The changes in MyD88 aggregation following treatment
with ST2825 were then investigated by comparing the ratios of
endogenous MyD88 levels between pelleted HMW fractions
and whole cell lysates. Fig. 1B and C illustrate a significantly
lower pellet:lysate ratio in the ST2825-treated cells compared
with the DMSO treated cells, thus indicating that the degree
of MyD88 aggregation was significantly decreased following
ST2825 treatment. A previous study indicated that the forma-
tion of MYD88-mutant-containing aggregates coincided with
that of myddosome complexes (13). According to these data, it
may be that augmented MyD88 oligomerization is blocked by
ST2825 in ABC DLBCL cells, resulting in the disruption of
myddosome assembly.

Disruption of myddosome assembly inhibits cell survival and
promotes apoptosis in ABC DLBCL cells with the L265P
mutation. WST-1 assays were used to evaluate the impact of
ST2825-induced myddosome assembly disruption on tumor
cell survival. As presented in Fig. 2, ST2825 exerted greater
cytotoxicity on MYD88-mutated (OCI-LY10 and TMDS) vs.
WT (SU-DHL-4) B-cells. Compared with the DMSO control
groups, the cell viability of OCI-LY10 cells treated with
ST2825 for 72 h was decreased in a concentration-dependent
manner, with ~50% inhibition at 5 uM ST2825, ~60% at 10 uM
and ~70% at 20 uM (P<0.01; Fig. 2A). Similar results were
observed in TMDS cells (P<0.01; Fig. 2B). However, the growth
inhibition effects of ST2825 on SU-DHL-4 cells were only
~20-25% at 10 or 20 uM after 72 h of treatment, though these
results were still significant. Flow cytometry revealed that the
percentage of apoptotic cells (including early and late apoptotic
cells) was significantly increased in OCI-LY10 and TMDS cells
48 h after treatment with ST2825 (P<0.01; Figs. 2D and S1),
while no significant difference was observed in SU-DHL-4
cells. Consistent with these results, the characteristic apoptotic
morphological changes (condensed and fragmented nuclear)
were observed by DAPI staining in OCI-LY 10 and TMDS cells
treated with ST2825, while there were no obvious morpho-
logical changes in SU-DHL-4 cells (Fig. 2E).

Activated MYDS8S8 signaling pathway driven by the L265P
mutation is inhibited by ST2825. Since the disruption of
myddosome assembly inhibited survival and induced apoptosis
in MYD88-L265P DLBCL cells, the present study investigated
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the underlying molecular mechanism responsible for this effect.
Gain-of-function driver mutation L265P engages the NF-xB
pathway by facilitating the phosphorylation and degradation
of IkB proteins (8). Treatment of ABC DLBCL cell lines with
ST2825 resulted in decreased ratios of phosho-/total IkB in
both OCI-LY10 and TMDS cells (Fig. 3A). To further inves-
tigate NF-kB activity, NF-kB reporter assays were performed.
ST2825 decreased transcription of the NF-kB-dependent
luciferase reporter in OCI-LY10 and TMDS cells (Fig. 3B). In
addition to the NF-«kB pathway, JAK-STAT3 signaling was also
demonstrated to contribute to cell survival in ABC DLBCL.
MYDS88 L265P mutations promote JAK-STAT3 signaling via
the increased production of IL-6 and IL-10 in ABC DLBCL
tumors. Furthermore, the activation of MYDS88 signaling in
MYD88-L265P DLBCL cells can induce IFN-f production,
which may be involved in the immune modulation of the
ABC DLBCL cell microenvironment (8). The present study
demonstrated that treatment with ST2825 significantly reduced
the secretion of IL-10 and IFN-f (Fig. 3C and D), while such
inhibition was not observed for IL-6 secretion (data not shown).

BTK is associated with MYDS88, which is altered following treat-
ment with ST2825 in MYDS88 L265P-expressing ABC DLBCL
cells. Chronically active BCR signaling, responsible for the
constitutive activation of the NF-kB pathway, is important for cell
survival in ABC DLBCL. The BCR signaling component BTK
serves a key role in triggering NF-kB activation in the majority
of ABC DLBCLs (6,17). According to the sequencing results of
155 ABC DLBCL biopsy samples, Ngo et al (8) identified that
the most common mutations were found in MYD88, CD79B/A,
A20 and CARDI1. These mutations partially overlapped, and
the overlap between the MYD88 L265P and CD79B/A muta-
tions had the highest frequency. Among cases with a MYDS88
L265P mutation, 34% had a simultaneous CD79B/A mutation,
which was reversed among cases with a CD79B/A mutation;
even more had a simultaneous MYDS88 L265P mutation (43%).
These data indicate that there may be crosstalk between chroni-
cally-active BCR and M'YDSS signaling (8). In a previous study,
co-immunoprecipitation experiments revealed that in HEK293
cells, ectopically expressed BTK associated with MYD88 (18).
In addition, it was also reported that BTK interacted with
MYD8S in lipopolysaccharide-stimulated macrophages to
promote the activation of MYD88-dependent pathways (19). In
the present study, co-immunoprecipitation experiments where
performed to investigate whether endogenous MYD88 interacts
with BTK in ABC DLBCL cells, with activation of the MYDS&8
signaling pathway driven by the L265P mutation. Robust
MYDS88 co-immunoprecipitation with BTK was observed in
L265P-expressing ABC DLBCL cells (OCI-LY10 and TMDS)
(Fig. 4A). This binding between BTK and MYD88 was also
confirmed through reverse pull-down studies (Fig. 4B). It was
further demonstrated that the binding of BTK with MYD88
was inhibited following treatment with ST2825 in OCI-LY10
and TMDS cells (Fig. 4C). In addition, treatment with ST2825
decreased the ratio of phos-/total BTK expression in OCI-LY10
and TMD8 ABC DLBCL cell lines (Fig. 3A).

Disruption of myddosome assembly synergizes with BTK
inhibition to enhance ABC DLBCL cell death. MYDS88 and
BCR signaling often converge at IxB, leading to constitutive
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Figure 1. ST2825 inhibits MYD88 oligomerization in L265P-expressing cells. (A) HEK293T cells were transfected with WT mCitrine TIR or an mCitrine-TIR
L265P mutant. After 24 h of transfection, the cells were incubated for a further 24 h with DMSO or 10 xM ST2825. Following incubation, the cells were fixed
and visualized under a confocal microscope at x400 magnification. The representative images are provided from =3 independent experiments. (B, C) The cell
lysate and pellet fractions were separated by centrifugation and analyzed using SDS-PAGE followed by anti-MyD88 and anti-f-actin immunoblotting. Relative
MYD88 and B-actin expression levels were quantified and plotted as the f-actin-normalized ratios of the MYD88 pellet vs. lysate. Comparison of the pellet
vs. lysate ratio in (B) OCI-LY10 and (C) TMDS cells following treatment with DMSO or ST2825. Data are representative of three independent experiments
expressed as the mean + standard deviation, and a single representative immunoblot. “P<0.01. MYD88, myeloid differentiation primary response gene 88; TIR,
Toll/interleukin-1 receptor; WT, wild-type; WCL, whole cell lysate; IB, immunoblot.
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Figure 2. Inhibition of MYD88 oligomerization is associated with decreased survival and increased apoptosis in MYD88-dependent DLBCL cells. (A-C) Cell
viability assay using DLBCL cells treated with ST2825 or DMSO. (D) Apoptosis in DLBCL cells treated with ST2825 or DMSO for 48 h was detected by
flow cytometry following annexin V/propidium iodide staining. Statistical analysis was conducted using one-way ANOVA with Dunnett's post hoc test.
(E) Morphological alterations of the apoptotic cells were detected via DAPI staining. Data are presented as the mean + standard deviation from experiments
with three replicates. "P<0.05; “P<0.01; ““P<0.001. MYD88, myeloid differentiation primary response gene 88; DLBCA, diffuse large B-cell lymphoma.

activation of the NF-xB pathway in ABC DLBCL cells. In
addition, a recent study demonstrated that MYD88, the BCR
and TLRY form a multi-protein supercomplex, which drives
pro-survival-associated NF-kB signaling in ibrutinib-responsive
DLBCL cells (20). Furthermore, the present study identified the
direct interaction between BTK and MYDS88 in ABC DLBCL
cell lines. Thus, the potential dual inhibition of MYD88 and
BTK signaling and its synergistic effects on ABC DLBCL cell
death were investigated. The combination of ST2825 and the
BTK inhibitor ibrutinib promoted OCI-LY 10 and TMDS cell
death (Figs. 5A and B, S2A and B). The inhibitory effect for
each combination at different doses was visualized using a heat
map. Analysis of the CI indicated that ST2825 and ibrutinib
were synergistic at most doses, though greater synergistic effects
were observed at higher doses of ST2825 (=1.3 uM) for both
OCI-LY10 and TMDS cells (Figs. 5C and S2C). The enhanced
cytotoxicity was associated with stronger inhibition of NF-xB
activity in tumor cells treated by dual inhibition, compared with
that of each drug alone (Figs. 5D and S2D).

Disruption of myddosome assembly synergizes with BCL-2
inhibition to enhance ABC DLBCL cell death. BCL-2 upregu-
lation is prevalent in B-cell lymphoma and promotes tumor cell
survival by blocking apoptosis (21,22). In addition, high BCL-2
expression levels were associated with poor clinical outcome
in patients with ABC DLBCL (23). Given that BCL-2 serves
a key role in the underlying oncogenic mechanism of B-cell
lymphoma, BCL-2-targeted therapy has developed rapidly in
recent years (24). In the present study, combination treatment
with ST2825 and the BCL-2 inhibitor ABT-199 enhanced
OCI-LY10 and TMDS cell death (Figs. 6A and B, S3A and B).
Analysis of the CI indicated that ST2825 and ibrutinib were

synergistic at higher doses of ST2825 (=1.3 uM) and ABT-199
(=0.5 #kM) in OCI-LY10 cells (Fig. 5C). Similar results were
revealed in TMDS cells (Fig. S3C). This combination treat-
ment also consistently promoted apoptosis, as indicated by
the increased number of apoptotic cells (including early and
late apoptotic cells) detected by flow cytometry, compared with
treatment with the individual drugs alone (Figs. 6D, S3D and S4).

Discussion

Recurrent MYD88 L265P mutations have been demonstrated
in numerous types of B-cell neoplasm, including IgM MGUS,
WM, DLBCL, mucosa-associated lymphoid tissue lymphoma
and chronic lymphocytic leukemia (12). MYD88 L265P has
been demonstrated to be the most frequently occurring muta-
tion in the ABC subtype of DLBCL (20-40%), whereas it is
rarely observed in the GCB subtype (8,17,25,26). A study in
Spain reported that the MYD88 L265P mutation was signifi-
cantly associated with inferior PFS and overall survival in
patients with DLBCL (P<0.01), and was identified as a signifi-
cant risk factor for mortality (hazard ratio, 2.4) via multivariate
Cox regression analysis (27). More recently, two studies identi-
fied four or five subtypes of DLBCL based on distinct genetic
features and pathogenetic mechanisms, via comprehensive
genetic analyses. The results of both studies demonstrated
that the subtype associated with more frequent mutations in
MYDSS indicated a less favorable patient outcome (25,26).
MYDB88 L265P was identified as an oncogenic driver muta-
tion, with enhanced phosphorylation of IRAK kinases and
activation of the NF-kB and JAK-STAT3 signaling pathways,
resulting in the promotion of cell survival in numerous B-cell
neoplasms, including ABCDLBCL (8,12,28). Furthermore, mice
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Figure 3. Effects of ST2825 on the MYDSS8 signaling pathway in ABC DLBCL cells with the MYD88 L265P mutation. (A) ABC DLBCL lines (OCI-LY10
and TMDS8) were treated with 10 #M ST2825 or DMSO for 6 h. The protein expression levels of phosphorylated BTK and IxB, total BTK and IxB, and B-actin
were determined via western blotting. Upper: Western blot results are representative of three independent experiments; lower: Both the phosphorylated and
total BTK (or IkB) expression levels were normalized to the B-actin control, and presented as a ratio of the phospho/total BTK (or IkB). (B) NF-kB-dependent
luciferase activity in ABC DLBCL lines treated with ST2825 or DMSO for 24 h. Data are presented as the mean + standard error of the mean from three inde-
pendent experiments. (C) Secretion of IL-10 from ABC DLBCL cells treated for 24 h with ST2825 or DMSO. (D) Secretion of IFN-f from ABC DLBCL cells
treated for 24 h with ST2825 or DMSO. Statistical analysis by one-way ANOVA with Dunnett's post hoc test. Data are presented as the mean =+ standard devia-
tion from experiments with three replicates. "P<0.05; “"P<0.01; *"P<0.001. MYD88, myeloid differentiation primary response gene 88; DLBCA, diffuse large
B-cell lymphoma; ABC, activated B cell; BTK, Bruton's tyrosine kinase; IxB, inhibitor of nuclear factor kappa B kinase; IFN, interferon; p-, phosphorylated.

occasionally developed ABC-DLBCL-like clonal lymphomas region in-between (31). During normal immune responses,
following conditional expression of MYDS88 L265P in B cells TLRs are primarily stimulated by foreign ligands such as the
specifically (29,30). MYDSS is a central adaptor to the TLRs/  chemical components of infecting microbes. Following ligand
IL-1R signaling pathway, which contains three distinct domains: ~ binding, MYDSS is recruited to the activated receptor, resulting
A C-terminal TIR domain, an N-terminal DD and a short linker  in heterodimerization with the receptor and homodimerization


https://www.spandidos-publications.com/10.3892/or.2019.7282

1762

A OCI-LY10

WANG et al: DISRUPTING MYDDOSOME ASSEMBLY IN DLBCL WITH MYDS88 DIMERIZATION INHIBITOR ST2825

TMD8

IP: 1gG
77 kDa

MYD8&s

- -

Input

lgG MYD88 Input

anald - IB: BTK

s3x0a - on— y S B MYDSS

B OCI-LY10 TMDS8
IP: 1gG BTK Input lgG BTK Input
33 kDa - - IB: MYD88
77 kDa - —— - S 1B: BTK
C OCI-LY10 TMDS8
ST2825 - & = +
DMSO + - + -
IP:  1gG MYD8S  MYD88 Input I9G MYD88 MYD88 Input
- .- - o7
77 kDa

Figure 4. Association between BTK and MYD8S identified via co-immunoprecipitation, and altered following treatment with ST2825 in MYD88
L265P-expressing ABC DLBCL cells. (A) Immunoprecipitation of cell lysates was performed via pull-down with an anti-MYD88 antibody followed by
IB with an anti-BTK antibody. (B) In a reciprocal experiment, pull-down was performed with and anti-BTK antibody and IB with anti-M'YD88 antibodies.
(C) Immunoprecipitation of BTK with MYD88 was conducted following a 6-h treatment with 20 M ST2825 or DMSO in MYD88 L265P mutant-ABC
DLBCL cells (OCY-LY10 and TMD8). The data present a representative of at least two independent experiments. MYD88, myeloid differentiation primary
response gene 88; BTK, Bruton's tyrosine kinase; ABC, activated B cell; DLBCA, diffuse large B-cell lymphoma; IB, immunoblot; IP, Immunoprecipitation;
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with another MyD88 molecule via TIR-TIR interactions (32,33).
These MYDSS oligomers further recruit the IRAKs via DDs,
promoting myddosome formation and triggering subsequent
downstream NF-xB and JAK-STAT3 signaling. The MYDS88
L265P mutation, located in the TIR domain, reinforces dimer-
ization between the mutant and WT TIR domains and augments
MYDS8S oligomerization. In contrast to native MYDS88 oligo-
mers, those containing L265P mutants can trigger myddosome
assembly and constitutive activation of NF-kB signaling in the
absence of external stimuli (13,34). The disruptive power of the
proline residue potentially contributes to augmented oligomer-
ization of MYDS88 mutant TIR domains. The leucine-to-proline
substitution at position 265 in the (3-sheets (at the hydrophobic
core of MYDS88) would disrupt the secondary structure of the
TIR domain, thus stabilizing the core of the TIR domain dimer
interface (12,35). The BB-loop, interacting with the aE-helix,
is critical for MYDS88 TIR-TIR interactions (35,36). ST2825,
a synthetic peptidomimetic that interacts with the BB-loop,
competently inhibits MYD88 WT TIR-TIR interactions (14).
Furthermore, it was observed that ST2825 was able to disrupt

the aggregation of MYDS88 mutant TIR domains in the present
study, thus resulting in decreased cell viability and increased
apoptosis of MYDS88 L265P-expressing ABC DLBCL cells.

The NF-kB transcription factor family (which can be acti-
vated by the MYD88 L265P mutation) serves a crucial role in
ABC DLBCL cell survival (8,37). IkBa has been regarded as a
critical component of the NF-«kB signaling pathway. The present
study demonstrated that IkBa phosphorylation was blocked by
inhibiting MYD88 oligomerization in L265P-expressing ABC
DLBCL cells treated with ST2825. Consistent with these results,
decreased NF-kB activity was observed following ST2825
treatment using a luciferase NF-«kB reporter assay. Furthermore,
the present study also revealed that ST2825 decreased the secre-
tion of IL-10 and IFN-f (the production of which are mediated
by MYD88), which may be involved in the immune modulation
of the ABC DLBCL microenvironment (8).

BTK, a mediator from BCR activity to NF-kB, serves an
essential role in chronically-active BCR signaling, which
supports tumor cell survival in ABC DLBCL cells (6,17). As
reported by Yang et al (38), it was also observed that MYDS88
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Figure 5. Synergistic effects of BTK inhibitor and myddosome assembly inhibitor on ABC DLBCL cells. (A, B) OCI-LY10 cells were treated for 72 h with
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NF-«B, nuclear factor kappa-light-chain-enhancer of activated B cells.

interacted with BTK in L265P ABC DLBCL cell lines, and
that the binding between MYD88 and BTK was abrogated
by ST2825. Furthermore, the present study demonstrated
that the use of ST2825 inhibited BTK activity in MYD88
L265P-expressing ABC DLBCL cell lines. Collectively, the
present study demonstrated that when bound to BTK, MYDS88
L265P could influence the activity of the former. Given the
association between MYD88 and BTK, and their critical onco-
genic roles in L265P-expressing ABC DLBCL cells, the present
study investigated the effects of the dual inhibition of MYDS88
and BTK. The data revealed that the combined use of ST2825
and ibrutinib resulted in synergistic killing effects, which were
associated with enhanced inhibition of NF-kB activity.

Based on the pathways regulated by MYD88 L265P activity,
there are several therapeutic strategies that have been designed
to halt this specific oncogenic process. The targets of these ther-
apies include BTK, IRAK1/4, JAK and myddosome assembly.
The BTK inhibitor ibrutinib, the only U.S. Food and Drug
Administration approved drug capable of influencing the L265P
driven pathway (potentially by abrogating the MYD88-BTK
complex), inhibits the survival of L265P-expressing cell lines,
which is consistent with the observations of the present study.
A phase 1/2 clinical trial demonstrated that ibrutinib produced
total responses in 37% of 38 patients with ABC DLBCL (17).
The patients with concurrent MYD88 and BCR component

mutations appeared to be more sensitive to ibrutinib, while
those with MYD88 mutations independent of chronically-active
BCR signaling exhibited resistance to ibrutinib. This indicates
that novel drugs that are more specific to MYD88 signaling
require further investigation. A number of IRAK inhibitors
have demonstrated convincing abilities to inhibit the growth
of L265P-expressing cell lines in pre-clinical models (39-41).
However, MYDS88 dimerization may present a more favorable
target considering its proximity to the origin of hyperactivity,
particularly as IRAKSs are not involved in all MyD88-dependent
signaling. Mini-peptides that have been designed to compete
with MYDS88 TIR domain interactions disrupted myddosome
signaling and blocked WM cell proliferation (42,43). Notably,
ST2825 is a synthetic compound, created to mimic a portion
in the BB-loop of the MYD88 TIR domain, which can inhibit
MYD88 dimerization (14). In the present study, the use of
ST2825 disrupted myddosome assembly and contributed to
growth inhibition, as well as attenuating NF-xB activity in
L265P ABC DLBCL cell lines.

The MYDS88 L265P mutation frequently occurs alongside
other genetic events in ABC-DLBCLs, such as CD79B muta-
tions (44-46), loss of the tumor suppressor TNFAIP3 or the
overexpression of BCL-2 (30,34). It has also been revealed
that to induce lymphoma formation, MYD88 L265P may
need to occur in addition to other genetic alterations, while


https://www.spandidos-publications.com/10.3892/or.2019.7282

1764
A ST2825 (uM)
0 01 04 13 4 12
0 0 106 162 331 456
2 o012 191 168 209 351 427
(o]
2 025 259 249 302 393
'_
2 o5 458
1
2
C ST2825 (uM)
0.1 04 13 4 12
S 012 149 1592 1009 1458 0.891
2 025 1302 1123 0969 121 1.167
a 05 0697 089 0916 0617 073
< 1415 1183 0645 049
2 0703 05583 062 0562
[ - T
0 1 2

Combination index

B

WANG et al: DISRUPTING MYDDOSOME ASSEMBLY IN DLBCL WITH MYDS88 DIMERIZATION INHIBITOR ST2825

OCI-LY10
ST2825 (uM)
100+
g b
o 80- = 0.1
c f - 0.4
2 601 - 13
2 .4
< 40-
z - 12
s
g 201
o
© 0 . )
0.1 1 10
ABT-199 (uM)
%] OCI-LY10
501 x
0D 40
2 40
°a
L o
S & 801
g2
g g 20+
23
= 10+ -
0-
DMSO  ST2825 ABT-199 ST2825+
ABT-199

Figure 6. Synergistic effect of BCL-2 inhibitor and myddosome assembly inhibitor on ABC DLBCL cells. (A, B) OCI-LY10 cells were treated for 72 h with
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ABC, activated B cell; DLBCA, diffuse large B-cell lymphoma; MYDS88, myeloid differentiation primary response gene 88; CI, combination index.

MYDS88 mutations alone are potentially not sufficient. It has
been reported that MYD88 L265P and CD79B mutations
cooperate to block peripheral deletions and promote sponta-
neous plasmablast differentiation in B cells (46). In addition,
TNFAIP3 loss enhances NF-kB signaling driven by MYDS88
L265P, and contributes to ibrutinib resistance in lymphoma cell
lines. Furthermore, MYD88 mutations cooperate with BCL-2
overexpression to promote self-reactive B cell accumulation
and lymphomagenesis in vivo (30,34). These findings provide
a framework for the rational design of combination therapy
with dual inhibitors, targeting multiple signaling pathways. The
present study demonstrated that the dual inhibition of MYDS88
oligomerization (ST2825) and BTK activity (ibrutinib) results
in synergistic cell death by decreasing NF-kB activity. It was
also observed that combined treatment targeting both the
myddosome (ST2825) and BCL-2 (ABT-199) lead to synergistic
toxicity and increased apoptosis in ABC DLBCL cell lines.

To the best of our knowledge, the present study is the first to
report that myddosome assembly is disrupted by the synthetic
small-molecule compound ST2825 in MYDS88 L265P ABC
DLBCL cells, resulting in proliferation inhibition, increased
apoptosis and decreased NF-«B activity. The interplay between
the MYDS88 mutant and BTK further confirms that oncogenic

MYDS88 L265P cooperates with BCR signaling to promote
tumor cell survival. It was subsequently revealed that combined
ST2825, either with the BTK inhibitor ibrutinib, or the BCL-2
inhibitor ABT-199, resulted in synergistic cell death in ABC
DLBCL cells. Therefore, targeting myddosome assembly
may be a promising therapeutic strategy for MYD88-mutated
ABC DLBCL. Future studies may focus on developing more
ST2825-like synthetic peptidomimetic compounds with
improved efficacy and safety.
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