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Abstract

Diffuse large B-cell lymphoma (DLBCL) is the major type of aggressive B-cell lymphoma. High-
grade B-cell lymphoma (HGBCL) with MY/ BCL 2 double-hit (DH) represents a distinct entity
with dismal prognosis after standard immunochemotherapy in the current WHO lymphoma
classification. However, whether 7P53 mutation synergizes with MYC abnormalities (MYC
rearrangement and/or Myc protein overexpression) contributing to HGBCL-like biology and
prognosis is not well investigated. In this study, patients with DLBCL with MYC/TP53
abnormalities demonstrated poor clinical outcome, high-grade morphology, and distinct gene
expression signatures. To identify more effective therapies for this distinctive DLBCL subset,
novel MY C/TP53/BCL-2-targeted agents were investigated in DLBCL cells with MYC/TP53 dual
alterations or HGBCL-MYC/BCL2-DH. A BET inhibitor INCB057643 effectively inhibited cell
viability and induced apoptosis in DLBCL/HGBCL cells regardless of MYCIBCL 2 TP53 status.
Combining INCB057643 with a MDM2-p53 inhibitor DS3032b significantly enhanced the
cytotoxic effects in HGBCL-DH without 7253 mutation, while combining with the BCL-2
inhibitor venetoclax displayed potent therapeutic synergy in DLBCL/HGBCL cells with and
without concurrent 7P53 mutation. Reverse-phase protein arrays revealed the synergistic
molecular actions by INCB057643, DS3032b and venetoclax to induce cell-cycle arrest and
apoptosis and to inhibit AKT/MEK/ERK/mTOR pathways, as well as potential drug resistance
mechanisms mediated by upregulation of Mcl-1 and RAS/RAF/MEK/ERK pathways. In summary,
these findings support subclassification of DLBCL/HGBCL with dual MY C/TP53 alterations,
which demonstrates distinct pathobiologic features and dismal survival with standard therapy,
therefore requiring additional targeted therapies.

Implications: The clinical and pharmacologic studies suggest recognizing DLBCL with
concomitant 7253 mutation and MY C abnormalities as a distinctive entity necessary for precision
oncology practice.

Visual Overview: http://mcr.aacrjournals.org/content/molcanres/19/2/249/F1.large.jpg.
Graphical Abstract
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is a morphologically, clinically, and genetically
heterogeneous entity, representing about 40% of B-cell lymphomas worldwide (1, 2).
Although the 5-year overall survival (OS) with first-line rituximab, cyclophosphamide,
hydroxydaunorubicin, vincristine, and prednisone (R-CHOP) has reached 60%,
unfortunately, 40% of patients with DLBCL had refractory or relapsed disease (RR-
DLBCL) with very poor clinical outcomes (3). The most extensively utilized prognostic
markers, including the International Prognostic Index (IPI) and cell-of-origin have limited
capability to recognize high-risk patients with RR-DLBCL. Predictive biomarkers and novel
therapies for RR-DLBCL have been actively explored with little success.

Myc is a master transcription regulator that modulates cell proliferation, differentiation,
survival, and metabolism (4). Because of the pivotally regulatory role of Myc in the cellular
signaling circuitry, MYC gene rearrangement (MYC-R) leading to high expression of Myc
(Mychigh) is often regarded as a hallmark of malignant diseases and associated with poor
prognosis (5, 6). However, MYC alteration (MYC-R or Mychid") alone is insufficient and
requires additional prosurvival factors to cooperatively induce neoplastic transformation,
because overexpressed Myc could also induce p53-mediated apoptosis (7). It has been well-
established that DLBCL with concurrent MYCand BCLZ2 and/or BCL 6 rearrangements,
known as “double-hit” or “triple-hit” lymphoma (DHL/THL) occurring in 5% to 10% of
DLBCL, predicts dismal progression-free survival (PFS) and OS (8), and has been
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recognized as a distinct entity (HGBCL-DH or -TH) in the 2016 World Health Organization
classification of lymphoid neoplasms (9, 10). Lymphoma with MYC/BCL-2 double-
expression (DE) is more frequent than HGBCL-MYC/BCL2-DH and also associated with
poor prognosis (11).

The T7P53gene encodes the p53 tumor suppressor and is the most frequently mutated gene
in human malignancies (12). Our studies demonstrated that 7253 mutations occurs in about
22% of DLBCL and predicts significantly poor survival independent of cell-of-origin (13—
15). TP53 mutations are associated with overexpression of mutant (Mut) p53 proteins with
loss-of-function of wild-type (Wt) p53 and oncogenic gain-of-function (12, 16), predicted
significantly worse survival (17). Considering the role of Wt-p53 in Myc-induced apoptosis,
it is logical that Mut- 7”53 cooperates with MY C abnormalities to confer worse prognosis in
DLBCL. This new double-hit concept was suggested by a former study with limited cases
showing that MYC-R and a second hit (Mut- 7P53 or BCL2-R) depended on each other in
predicting poor survival (18). MY/ TP53 dual-alteration was seen in approximately one
third of MYC-R and HGBCL-DH patients (18-20). p53 over expression (p53Migh)
concurrent with MYC-R or Mychi9" has also been evaluated in previous studies in which the
dual abnormality predicted poor OS in DLBCL, regardless of BCL-2 expression status (21,
22).

In this study, we systemically investigated the additive impact of TP53 alterations (Mut-
7P53or p53M9h) on prognosis and gene expression profiles to that of MYC alteration
(MYC-R or Mychi9") in 487 patients with DLBCL and further explored the potential of
targeted therapies. To target MYC, we used a novel BET inhibitor INCB057643 (23),
because BET inhibitors have shown profound inhibitory effects on MY C expression and
tumor growth, and can overcome resistance to venetoclax (BCL-2 inhibitor) in DHL models
(24). To target 7P53 mutation and mutant p53 expression, which is considered
“undruggable” in cancer (12), we tried a MDM2 inhibitor DS-3032b (25, 26) and the BCL-2
inhibitor venetoclax (27, 28), because high BCL-2 expression is frequent in DLBCL
mediating resistance to the cytotoxicity of BET inhibitors (29). Reverse-phase protein array
(RPPA) was utilized as a proteomics approach to understand the action of these three
targeted agents and synergy of combination treatment.

Materials and Methods

Patients and samples

Four hundred and eighty patients with de novo DLBCL treated with standard R-CHOP
regimen from collaborative medical centers were studied as a part of the DLBCL
Consortium Program. Seven patients with both MY C-R and Mut- 7P53, identified through
routine clinical practice, were additionally included. The current study was approved by the
Institutional Research Board from each of the participating medical centers and performed
in accordance with the Declaration of Helsinki.
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IHC, FISH, and TP53 mutational analysis

Evaluation of genetic alterations and protein expression has been described previously (11,
14, 17, 30-32). Formalin-fixed paraffin-embedded (FFPE) biopsies were organized prior to
R-CHOP treatment and tissue microarray was constructed for study. IHC analysis was
performed for the following markers with corresponding antibodies: MYC (clone Y69,
Epitomics), BCL-2 (clone 124, DAKO), p53 (clone DO-7, DAKO), and Ki-67 (clone
MIB-1, DAKO). The cut-off values were 40% for MY C, 50% for BCL-2, 30% for p53
(average of the two cutoffs in previous studies; refs. 14, 17), and 70% for Ki-67 as
previously determined.

FISH analysis was performed on FFPE sections to detect MYC rearrangement using a Vysis
LSI MYC dual-color break-apart rearrangement probe (Abbott Molecular) following the
manufacturer’s instructions. Images were captured and reviewed using Cytovision software
(Applied Imaging). At least 200 tumor cell nuclei were scored and a cutoff of more than 5%
of positive cells was used to determine the presence of MYC rearrangement.

TP53 mutations were detected using the AmpliChip p53 Research Test (Roche Molecular
Systems), which is a microarray-based assay that detects mutations in exons 2-11 (14).

Gene expression profiling analysis

Gene expression microarray data (GEO accession number GSE#31312; ref. 33) as a part of
the DLBCL Consortium Program are available for 440 cases in this study. The microarray
data were normalized by the RMA method and differentially expressed genes (DEG) were
identified using the Student #test with P value cutoff of 0.001.

Cells and reagents

Two DLBCL-NOS cell lines (GR, HBL1) and six HGBCL-DH cell lines (MZ, TMD8, OCI-
LY10, OCI-LY9, RC, and MCA) were kind gifts from MD Anderson Cancer Center
Laboratory (Drs. Pham and Ford; refs. 34—-36). We performed targeted next-generation
sequencing, IHC, and FISH to determine the TP53, MYC, and BCL2 alteration status in all
DLBCL cell lines. Cells were cultured in RPMI11640 (CORNING) supplemented with 10%
to 15% FBS (Gibco, Life Technologies) with 100 U/mL penicillin and 100 pg/mL
streptomycin at 37°C in a humidified atmosphere with 5% CO5. All cultured cell lines were
routinely tested for Mycoplasma spp. using a MycoSEQ Mycoplasma Detection kit
(Invitrogen). Stocks of authenticated cell lines were cryopreserved, and all cell lines used
here were obtained from these authenticated stocks and passaged for <6 months in culture
for the performed experiments. INCB057643 and DS3032b were supported separately by
Incyte and Daiichi Sankyo under approved material transfer agreement. Venetoclax
(ABT-199) was purchased from Selleckchem.

Cell viability assay

The DLBCL/HGBCL cell lines were separately seeded at 5,000 to 10,000 cells per well in
384-well plates. After treatment with single or combination drugs for 72 hours, cell
viabilities were determined by the CellTiter-Glo Luminescent Cell Viability Assay,
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according to the manufacturer’s instructions (Promega). The experiments were performed at
least three times with triplicates independently.

Apoptosis assay

Annexin V/PI (eBioscience) dual-staining was utilized to detect apoptotic cells according to
the manufacturer’s instructions. Briefly, cells were incubated in a 24-well plate at a density
of 5 x 10° cells/well and treated with indicated concentrations of INCB057643 alone or
cotreatment with venetoclax or DS3032b for 48 hours. After harvesting and washing, cells
were resuspended in 100 pL 1x binding buffer containing 5 uL Annexin V and 5 pL Pl
solution for 15 minutes in the dark at 4°C and then analyzed by flow cytometry using a
FACS canto (BD).

Cell-cycle assay

Cell cycle was assayed by Click-iT EdU Flow Cytometry Assay Kits. According to the
manufacturer’s instruction, upon exposure with designated doses of drugs for 24 hours, cells
were then exposed to 10 pmol/L EdU incubating another 2 hours in 37°C with 5% CO»
incubator. Next, cells were further washed, fixed, and permeabilized, and followed by
staining with the click reaction. Before analyzing by flow cytometer, 5 ug/mL PI was added
into the prestained EdU cells. Finally, cells were detected and analyzed using a flow
cytometer.

Western blot analysis

Whole-cell extracts were subjected to SDS-PAGE on a 4% to 15% gel (Bio-Rad) and then
transferred proteins onto PVDF membranes. After blocking nonspecific binding for 1 hour
using 1x TBS 1% Casein blocker (Bio-Rad), the membranes were probed with specific
primary antibodies overnight at 4°C and then incubated with a secondary HRP-conjugated
mAb (1:5,000, Cell Signaling Technology) for 1 hour at room temperature. Proteins were
visualized using an ECL system. Antibodies against Aurora A (rabbit; 1:1,000); p53 (mouse;
1:1,000); p-PLK1 (rabbit; 1:1,000); PLK1 (rabbit; 1:1,000); CDC2, (mouse; 1:1,000); p-
CDC2 (rabbit; 1:1,000); Myc (rabbit; 1:1,000); p21 (rabbit; 1:1,000); cleaved-PARP (rabbit;
1:1,000); and Bcl-2 (mouse; 1:1,000) were all purchased from Cell Signaling Technology.

RPPA analysis

RPPA analysis and antibody validation were performed by The MD Anderson Cancer
Center Functional Proteomics RPPA Core Facility. Briefly, DLBCL cells were separately
seeded at 1 x 106 cells per well in 6-well plates for treating with the vehicle or the drug
group for 24 hours. After terminating the treatment, cells were washed twice with ice-cold
PBS, respectively. In the following steps, total protein lysates were prepared by suspending
lymphoma cells in lysis buffer (1% Triton X-100, 50 mmol/L HEPES, 150 mmol/L NacCl,
1.5 mmol/L MgCl,, 1 mmol/L EGTA, 100 mmol/L NaF, 10 mmol/L NaPPi, 10% glycerol, 1
mmol/L PMSF, 1 mmol/L NazVOy,, and 10 pg/mL aprotinin, pH 7.4). Protein concentration
was determined by Quick Start Bradford protein assay and adjusted to a concentration of 1.5
ug/uL. Cell lysate samples were serially diluted 2-fold and arrayed on nitro-cellulose-coated
slides (Grace Bio Lab). Total 5808 array spots were arranged on each slide and sample spots

Mol Cancer Res. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Deng et al. Page 7

were probed with 439 unique antibodies covering major oncogenic and signaling pathways
in cancer by tyramide-based signal amplification approach, stained and scanned on Aushon
2470 Arrayer and Huron TissueScope scanner. The signal densities were quantified by
Array-Pro-Analyzer (Aushon Bio-Systems), relative protein levels determined by
interpolating standard curve, and normalized for protein loading.

RPPA analysis for significantly changed protein expression with drug treatment were by
Cluster 3.0 (http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm) and Java
TreeView (http://jtreeview.sourceforge.net) software. Heatmaps for differential expression
were generated by R.

Statistical analysis

Kaplan—Meier survival curves and the log-rank (Mantel-Cox) test were used to assess
survival differences between groups. Multivariate survival analysis was performed on IBM
statistics SPSS 19 using the Cox proportional hazards regression model. Differences with P
< 0.05 were considered to be statistically significant. For the experimental results in cell
viability and apoptosis, the statistical significance was determined by two-sided ftest. *, **,
*** and **** indicate £< 0.05, <0.01, <0.001, and <0.001, respectively.

Results

Clinical and pathologic features associated with MYC/TP53 dual abnormalities

Clinicopathologic and molecular features of the patients included in the study are
summarized in Supplementary Table S1. FISH detected MYC-R in 10.9% and AmpliChip
detected Mut- 7P53in 22.5% of the cohort. IHC determined Mychi9" and p53hidh in 64.6%
and 22.2% of the cohort, respectively. The frequency of cases with Mychi9h Mut- 7753,
Mychighps3high A7yYC-R Mut- 7P53, and MYC-R p53hidh dual-abnormalities was 14.4%,
16.5%, 2.6%, and 4.2%, respectively. With the addition of 7 MYC-R Mut- 7P53 cases
identified in routine clinical practice, the frequency of MYC-R Mut- TP53rose to 4.7%
(Supplementary Table S2).

By Fisher exact test, cases with Mychi9h Mut- 7253, Mychighps3high or A7y C-R p53high
compared with corresponding other cases had higher frequencies of MYC/BCL-2-DE (56%,
54%, and 46%, respectively), while MYC-R Mut- TP53 and Mychi9hp53nigh cases had higher
frequencies of HGBCL-MYC/ BCL2-DH (33% and 7.9%, respectively) (Supplementary
Table S1). Clinically, Mychighp53hiah as associated with =2 extranodal involvement, IPI
>2, and high Ki-67; Mychi9h Mut- 7P53 was associated with high Ki-67; MYC-R p53Migh
was associated with bulky tumor and GCB subtype; and MYC-R Mut- 7P53 dual
abnormality was associated with elevated serum LDH level, bulky tumor, =2 extranodal
involvement, and GCB subtype. All these dual MY C/TP53 alteration subtypes were
associated with not achieving complete response to R-CHOP therapy (Supplementary Table
S1). Pathologically, 15 patients with MYC-R Mut- 7P53 dual abnormality and 20 patients
with MYCR p53"9h showed morphologic features of HGBCL, similar to HGBCL with
MYCIBCL2-DH or HGBCL-NOS. The lymphoma cells were diffuse in pattern and
predominantly intermediate in size with brisk mitotic figures and apoptotic bodies. Foci of
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microscopic necrosis were present. The biopsies showed morphologic features of Burkitt or
Burkitt-like lymphoma. Representative images are provided in Supplementary Fig. S1.

Synergistic prognostic effect of Myc overexpression and TP53 alterations

To illustrate the prognostic effect of MY C and TP53 dual abnormalities in DLBCL, we first
analyzed the Mychighp53high qual expression. Patients with dual Myci9hp53high expression
had poor survival (median OS, 38.4 months; median PFS, 30.0 months), which was
significantly worse than the Myc!®%p53!°W (double-negative) subset (Supplementary Fig. S2,
P<0.0001). The other two subgroups, Mychighp53!oW (single Mychigh abnormality) and
MycloWp53high (single p53Ni9h abnormality), had relatively better survival the
Mychighps3high dual-abnormality, but not statistically significant. The additive effect of
p53Ni9h to that of Mychi9h was especially significant in the ABC-subtype, whereas was
comparably weaker in the GCB-subtype (Supplementary Fig. S2).

Among the 78 patients with dual Mychi9hp53hiah 49 patients had Mut- 7253 (Mychigh Mut-
7P53) and 29 patients had Wt- 7253, Different from Mychi9hp53high the Mychigh Mut- 72753
dual-abnormality (69 cases) predicted significantly inferior OS and PFS than all the other
three Myc/ TP53 subgroups irrespective of GCB/ABC subtype (Fig. 1). In the overall cohort,
the median OS and PFS of patients with MycM9" Mut- 7253 dual abnormality was 25.8 and
22.4 months, respectively, which were significantly worse compared with those of all other 3
Myc/ 7P53 groups, Mychi9h Wit- 7253 (82.1 and 71.0 months, respectively), Myc!o% Mut-
7P53 (undefined), and Myc!oW Wt- 753 (undefined) patients (Fig. 1).

Synergistic prognostic effect of MYC-R and TP53 alterations

Next, we examined whether p53 overexpression and 7253 mutation rendered additive
negative effects to MYC-R. While dual p53"9" A7YC-R compared with single p53Ni9h or
MYC-R alteration did not show significantly additive worse impact (Fig. 2A), patients with
Mut- TP53 MY C-R dual alterations had significantly worse survival compared with patients
with either 7P53 mutation or MYC-R alteration alone (Fig. 2B). The median OS and PFS of
MYC-R Mut- TP53 patients were strikingly low (9.3 and 8.98 months, respectively).
Although 7P53 mutation conferred significantly adverse prognostic impact in the absence of
MYCR (Fig. 2C), the Mut- 7P53non-MYC-R group (single TP53 abnormality) had
significantly better median OS/PFS (73.1/56.5 months) than the MYC-R Mut- 7P53 dual
abnormality group (2= 0.0009 and 0.0044, respectively; Fig. 2B-D).

Supplementary Table S3 summarized the significant prognostic factors by univariate
analysis, including B symptoms, high IP1, ABC subtype, and MY C/TP53 alterations.
Multivariate analysis showed that MYC-R Mut- 7P53 dual abnormality and high IPI still
were independent prognostic factors for both OS and PFS.

Synergistic effect of MYC and TP53 alterations on gene expression

Gene expression profiling (GEP) data were analyzed to gain insight into the molecular
mechanisms underlying the poor prognosis of Mut- 7P53and MY C dual-abnormalities. We
first sought to understand the additive biology effect of Mut- 7P53to MYC-R by identifying
significant DEGs between DLBCLs with concurrent MYC-R/Mut- TP53 alterations and
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DLBCLs with MYC-R alone (MYC-R Wt- TP53). With an FDR threshold of 0.05, 135
DEGs were identified (Supplementary Fig. S3A). Genes downregulated in the Mut- 7P53
group include several positive regulators of apoptosis (STK17B, IL24, and RASSF5),
ADPRHLZ2 (which plays key role in DNA damage response), PTEN, WDR81 (negative
regulator of PI3K activity), T-cell receptor/CD3 complex and MHC class Il molecules. Gene
upregulated in the Mut- 7P53 group include RAD54B, UNG, DDX11-AS1, and £2F2, which
have functions in DNA repair, transcription, and cell-cycle control (Table 1).

To dissect the role of MYC-R in the MYC-R Mut- TP53 dual-abnormality, GEP data were
compared between the Mut- 7P53 MY C-R and Mut-7P53non-MYC-R groups
(Supplementary Fig. S3B). With an FDR threshold of 0.05, 189 genes were upregulated and
290 genes were downregulated in the MYC-R group. Among these, 187 genes had >3 fold
changes in expression; MYC and many genes involved in the cell cycle, biosynthesis, and
metabolisms were upregulated, whereas multiple genes involved in DNA repair and/or DNA
damage response (MBD4, ARPCZ, UBB, and ADPRHL2), cell-cycle arrest (RASSF2),
apoptosis (FAS, SH3GLBI1, DRAMZ, DAPK1, VMPI1, SRGN, RASSFZ, and RASSF5),
degradation, and immune responses (8 HLA/MHC genes and CD3D) were downregulated,
consistent with the oncogenic role of MYC. Different from these oncogenic signatures,
ZNF385B with role in p53-mediated apoptosis and NCR3LG1, which activates natural Killer
cells via NCR3 interaction, were upregulated in the MYC-R group, whereas several negative
regulators of apoptosis were downregulated, including MCL1, CFLAR, PEA15,
TNFRSFI1B, BIRC3, BCLZ2A1, RFFL, and PARP14 (Table 1).

To further understand the synergistic effects of MY/ TP53alterations, patients with both
MYC-R and Mut- 7P53 (double-positive) were compared with those with neither of these
alterations (double-negative), which showed a more prominent gene signature than when
compared with patients with single MYC-R or Mut- 7P53 alteration. Largely, the 213 DEGs
identified with an FDR threshold of 0.0005 were a combination of the dissected “MYC-R
signature” and “Mut- 7P53 signature” with improved significance plus a few additional
genes, including NLRC5, TINF2, CLIP1, CCR7, and MIR155HG downregulated and BMP3
and D/P2C upregulated in Mut- 7P53 MY C-R patients (Supplementary Table S4). Both
antiapoptotic genes (MCL1, CFLAR, BCL2A1, HIPK3, and BIRC3) and proapoptotic/
autophagy genes were downregulated (FAS, CASP4, SH3GLBI, LITAF, RASSF4, RASSF5,
RASSFZ, VMP1, and DAPK1), whereas proapoptotic COKNZA and ZNF3858 were
upregulated in MYC-R Mut- TP53 patients.

A similar method was used to dissect the additive role of Mychigh in the Mychigh Mut- 7753
dual-abnormality and to understand the combined effects of Mychi9" and Mut- 7253,
Comparing Mychigh Mut- 7253 (double-positive) with Myc!®" Mut- 7253 (single-positive)
patients identified a Mychi9h signature of 56 DEGs with an FDR threshold of 0.05 and a fold
change cutoff of >2 (Supplementary Fig. S3C); comparing Mycni9h Mut- 7253 with Myclow
Wt- 7P53 (double-negative) patients identified an integrated “Mychi9" Mut- 7253 signature,
which significantly enhanced the “Myci9"” signature, 227 DEGs with FDR < 0.0001
(Supplementary Fig. S3D). Compared with the MYC-R and MYC-R Mut- 7P53 signatures,
the Mycnigh and Mychigh Mut- 7253 signatures were more related to DNA replication, cell
cycle, mitosis, survival after DNA damage or replication stress, antiapoptosis (MAA40,
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PEG10, BIRCS, EI24, SNHG1, and HKZ2), and miRNA (M/R17HG upregulated and
MIR155HG downregulated; Table 1; Supplementary Table S4).

Cytotoxicity and proteomic effects of INCB057643 in DLBCL with MYC aberrations

The prognostic and GEP analysis indicated a significant unmet clinical need in DLBCL/
HGBCL with concurrent MY C/TP53 alterations. To investigate more effective therapeutic
regimens, we first evaluated the cytotoxicity of INCB057643 in 8 MYC-driven (MYC-R or
Mychigh) DLBCL cell lines, including 4 lines with Mut- 7253 (2 lines also had BCL2-R) and
4 with Wt- 7P53 (all had concurrent BCL2-R; Supplementary Table S5). These cell lines
were highly sensitive to INCB057643 treatment with 1Csq values below 1 pmol/L, except the
GR cell line with 1C5q of 3.67 pmol/L (Fig. 3A and B). They all showed increased apoptosis
after INCB057643 treatment for 48 hours relative to controls, in a dose-dependent manner
(Fig. 3C). Cell-cycle distribution analysis indicated that treatment with INCB057643 for 24
hours induced G,—M phase arrest (Supplementary Fig. S4).

RPPA was utilized as a proteomics approach to investigate the biological mechanisms of
INCB057643 in 3 HGBCL-DH cell lines, including two with Wt- 7P53 (OCI-LY 19 and RC)
and one with Mut- 7P53 (TMD8). After exposure lymphoma cells to INCB057643 for 24
hours, proteins were extracted for proteomic analysis with a panel of 439 antibodies.
Normalized expression data went through supervised or unsupervised hierarchical clustering
analysis. Ninety proteins were found down- or upregulated >1.32 fold upon INCB057643
treatment in 3 analyzed HGBCL cells (Fig. 3D; Supplementary Fig. S5; Table 2), many of
which could be attributable to downregulation of the AKT/mTOR and RAF/MEK/ERK
pathways (37). Fourteen proteins were consistently modulated by INBC057643 treatment in
all lymphoma lines (Fig. 3E): 10 proteins including Aurora-A and Chk1_pS296 were
significantly downregulated, which were involved in mitosis, cell cycle, DNA replication,
protein synthesis, metabolism, and growth/survival signaling; 4 proteins, including
H2AX_pS139 (involved in double-strand DNA break repair), DNA_POLG, BRD4, and
IRS2, were upregulated in the three DLBCL/HGBCL lines. In addition, INBC057643
upregulated Bim (the target of BCL-2 oncogenic activity) and p21 (CDKN1A, involved in
p53-mediated DNA damage response) in OCI-LY19 cells, while downregulated Cyclin-B1
and Rb_pS807_S811 in OCI-LY19 and RC cells, CD20 and PMS2 (mismatch repair) in RC
cells, and CD4 in TMDS8 cells. However, in TMD8 cells Raf pS299, Erk5 pT218 Y220,
pP90RSK_pT573, S6_pS235_S236, S6_pS240_S244, and c-Jun_pS73 were upregulated after
the treatment, suggesting activation of the RAF/ERK pathway (Table 2).

Synergistic effects of INCB057643 and DS3032b in HGBCL-DH with Wt-TP53

MDM2 negatively regulates p53 by mediating p53 ubiquitination and degradation. A novel
MDM?2 inhibitor DS3032b was investigated as monotherapy and in combination with
INBCO057643 in the 8 MYC-driven lymphoma cells with different 7253 mutation status.
Expression of p53 was greatly increased by DS3032b in 4 HGBCL-MYC/BCL2-DH cell
lines with Wt- 7P53 (OCI-LY 10, OCI-L19, MCA, and RC) but not in those with Mut- 7P53
(TMD8 and MZ, Supplementary Fig. S6A). In Wt- 7P53 cell lines (all HGBCL-DH),
DS3032b consistently induced loss of cell viability with ICgq values varying from 62.71 to
237.08 nmol/L and promoted apoptosis in a dose-dependent manner and Gy—G1-phase cell-
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cycle arrest (Supplementary Fig. S6B-S6E). In contrast, DS3032b did not show such
therapeutic effects in all the 4 Mut- 7P53 cell lines (Supplementary Fig. S6B and S6D).

RPPA demonstrated 19 upregulated and 31 downregulated proteins in four Wt- 7P53 cell
lines (OCI-LY10, OCI-LY19, MCA, and RC). In all cell lines, DS3032b treatment
significantly upregulated p53, PUMA, and p21 expression, whereas downregulated 6
proteins with roles in DNA replication (Cdc6 and RRM2), DNA repair (Rad51), mitosis
(FOXML1), and cell-cycle regulation (Chk1 and Weel) resembling the effect of INCB057643
(Table 2). In one to two cell lines, DS3032b downregulated Myc, Aurora-A, Aurora-B,
PLK1, Cyclin-B1, p90RSK_pT573, MAPK_pT202_Y204, MSH6 (mismatch repair), and
Mcl-1 (anti-apoptotic), and upregulated Bax (pro-apoptotic), Axl (activating Akt), and
Akt_pS473.

DS3032b was then combined with INCB057643 and their synergy was evaluated. In
HGBCL-MYC/BCL2-DH cells with Wt- 7P53, combination treatment significantly inhibited
cell viability and enhanced apoptosis compared with INCB057643 or DS3032b
monotherapy (Fig. 4A and B). However, combination with DS3032b did not show additional
therapeutic effect in cells with Mut- 7P53 (Supplementary Fig. S7).

Synergistic effects of INCB057643 and venetoclax in DLBCL/HGBCL regardless of TP53
mutation status

To overcome the therapeutic resistance conferred by 7253 mutation, venetoclax was
evaluated as monotherapy and in combination with INCB057643. \enetoclax alone showed
cytotoxicity in lymphoma cells regardless of MY/ BCL2 TP53 status, but had more
prominent effect in Wt- 7P53 than Mut- 7P53 cells. RPPA was used for three cell lines (OCI-
LY19, RC, and TMD8), and found downregulation of 20 proteins and upregulation of 15
proteins, largely involved in inducing apoptosis and DNA damage response and inhibiting
cell-cycle progression (Table 2). Of the 35 venetoclax-modulated proteins, 15 and 11 were
modulated also by INCB057643 and DS3032b, respectively, whereas 7 proteins (p21, Mcl-1,
Stat3, Axl, S6_pS235_S236, S6_pS240_S244, and p90RSK_pT573) were oppositely
modulated by INCB057643 and/or DS3032b. In RC and MCA cells, venetoclax and
DS3032b alone (but not INCB057643) significantly upregulated cleaved caspase-7
expression. Interestingly, venetoclax upregulated H2AX _pS139 and Mcl-1 in all cell lines
and p21 was downregulated in 2 of 3 RPPA-tested cell lines (OCI-LY19 and RC). In OCI-
LY 19 and/or TMDS8 cells, many proteins involved in the RAS/RAF/MEK/ERK pathway
(including the downstream Mcl-1, Bad_pS112, p90RSK_pT573, S6_pS235_S236,
S6_pS240_S244, CREB_pS133, and c-Jun_pS73) were upregulated after venetoclax
treatment (Table 2).

Remarkably, combined venetoclax and INCB057643 treatment demonstrated synergy and
effectively reduced cell viability in MY C-abnormal lymphoma cells regardless of Wt- 7P53
(Fig. 4C and D) or Mut- 7P53 (Fig. 5A and B) status. The synergism was observed in all
tested MY C-driven lymphoma cells with or without Mut- 7253, indicated by combination
index <1, which was calculated according to the Chou-Talalay method (Figs. 5B and 4D).
All Mut- 7P53 cells showed synergistic proapoptotic response to the combination therapy
(Fig. 5C). Western blotting confirmed that INCB057643 treatment alone markedly inhibited
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Myc, Aurora-A, p-PLK1, and p-CDC2 expression in Mut- 7P53 cells, whereas p21
expression was enhanced in three of the four Mut- 7253 cell lines (Fig. 5D; Supplementary
Fig. S8). Myc, Aurora-A, p-PLK1, and p-CDC2 inhibition were further decreased by
combination with venetoclax, although venetoclax alone had limited or no effects on these
proteins. Similar to INCB057643, venetoclax also resulted in increased cleaved-PARP in
Mut- 7P53 cells, and such effects were markedly enhanced with INCB057643 addition (Fig.
5D). BCL-2 expression showed minimal changes with venetoclax or INCB057643
monotherapy and in combination (Supplementary Fig. S8).

Discussion

We and others have shown that 7253 mutation has significant adverse prognostic effects in
DLBCL (13-15), and that aberrant MY C activation due to MYC-R or dysregulated signaling
synergizes with oncogenic BCL2-R or BCL-2 overexpression (11, 30-32) owing to the
cooperation between cell proliferation driven by MYC and antiapoptosis mediated by
BCL-2. Because Myc/MYC-R can biologically induce Wt-p53—-mediated apoptosis (38),
Mut- 7P53 could function as a second-hit synergizing with MY C abnormalities suggested by
previous reports (21-23), but this novel double-hit requires validation and refinement. In this
study, 7P53and MYC (Myc/MYC) dual alterations were indeed biologically synergistic and
predicted worse prognosis in DLBCL than single 7P53 or MYC alteration. DLBCL with
concurrent MYC-R and 7P53mutation or MYC-R and p53Mi9h showed morphologic
features of HGBCL, similar to HGBCL-MYC/ BCL2-DH and HGBCL-NOS. Furthermore,
DLBCL cells with MYC/ 7P53 dual alterations, biologically resembling HGBCL-MY(C/
BCL2-DH and MY C/BCL-2-DE, could be effectively treated with combined BET and
BCL-2 inhibitors.

Four pathologic dual alterations, including Mychighp53high mychish Mut- 7753 MYC-R
p53Midh and MYC-R Mut- TP53 were assessed for prognostic significance. These subtypes
were associated with unfavorable clinical factors and/or high Ki-67 proliferation index.
TP53 mutation rendered more additive negative prognostic effects than p53 overexpression
when combined with MYC-R or Mychi9h. The MYC-R Mut- TP53 dual abnormality
(frequency, 2.6%-4.7%) had the worst adverse prognostic effect. Approximately 33% of
MYC-R Mut- TP53 patients harbored MYC/BCL2-DH, accounting for 27% to 42% of
HGBCL-MYCI BCL2-DH cases. Compared with MYC-R Mut- 7253, Mychidh Mut- 7P53
dual-abnormality occurred more frequently (14.4%). Mychi9h Mut- 7253 patients had
significantly poorer survival than patients with single-alteration, Mycih or Mut- 7P53.
Approximately 56% of Mychi9h Mut- 7253 cases displayed Mych9"BCL-2Mi9" phenotype,
accounting for approximately 24% of MYC/BCL-2-DE cases.

More effective therapies need to be developed for DLBCL/HGBCL with MYC/TP53 dual
alterations or MY/ BCL2-DH with dismal prognosis (39, 40). A number of BET inhibitors
targeting MYC expression have been assessed in clinical trials (41, 42). We evaluated the
cytotoxicity and proteomic effects of INCB057643, which in a clinical trial showed
favorable pharmacokinetic and pharmacodynamics profile allowing maximization of
therapeutic index with an optimal and tolerable dose (23). Our data indicated that
INCB057643 reduced DLBCL/HGBCL cell viability and enhanced apoptosis in a dose-
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dependent manner and had efficacy in all DLBCL/HGBCL cell lines regardless of MYC-R,
BCL2-R, and TP53 mutation status. Proteomic analysis showed that INCB057643 treatment
in DLBCL cells downregulated Myc and molecules that are important for proliferation, cell
cycle (e.g., Chkl, Chk1l_pS296, Cyclin-B1, Cyclin-D3), mitosis (e.g., Aurora-A/B, Cdc6,
Cdc2), metabolism (ACC_pS79, IR-b, ERRalpha, mTOR_pS2448), and protein synthesis
(e.g., elF4G), some of which being part of the MYC GEP signatures (e.g., AURKA,
CHEKJ) in patients with dual MY C/TP53 alterations, whereas upregulated proteins
involved in DNA double-strand break repair (H2AX_pS139), cell-cycle arrest (p21),
translation inhibitor (Pdcd4), or apoptosis (Bim, FOXO3) in some cell lines. Previous
studies showed that Myc positively regulates AURKA/Aurora-A and Aurora-B expression
(43); Aurora-A in turn stabilizes Myc protein mediated via PLK1 and promotes inactivation
and degradation of p53, in addition to having a central role in mitotic control (44, 45). The
Aurora-A axis has emerged as an attractive target actionable in p53-deficient cancer (44, 46),
which may underscore the mechanism of INCB057643 action in addition to Myc inhibition.

However, MYC-R GEP signatures dissected from the MYC-R Mut- 7P53 patients showed
some proapoptotic components, and by RPPA analysis INCB057643 treatment also
decreased expression of PHLPP which promotes apoptosis and MLKL which plays a key
role in TNF-induced necroptosis in all MY C-driven DLBCL cell lines, suggesting that
therapeutic inhibition of MY C should be combined with proapoptotic agents to maximize
the therapeutic effect. We first tried a potent MDM2-p53 inhibitor DS3032b, which is being
investigated in phase I/l clinical trials and can re-active TP53 signaling, decrease
proliferation, and increase apoptosis in neuroblastoma regardless of the presence of MYCN
amplification(25,26).DS3032b was effective in our HGBCL-MYC/ BCL2-DH cell lines with
Wit- 7P53, and the mechanism of action revealed by RPPA analysis included enhancing
apoptosis via increasing Wt-p53, Bax, and PUMA proteins whereas decreasing Mcl-1,
inducing Go—G1cell-cycle arrest via increasing p21 and H2AX _pS139, and decreasing cell
viability via decreasing proteins involved in DNA replication/repair and mitosis (e.g., Cdc6,
RRM2, Rad51, FOXM1, Rb_pS807_S811). In one cell line tested, Aurora-A/B were
decreased, consistent with the role of p53 in negatively regulating AURKA/Aurora-A
expression (47). When combined with INCB057643, DS3032b enhanced the therapeutic
potency in all HGBCL-MYC/ BCL2-DH cell lines with Wt- 7P53, which has significant
implications for HGBCL-MYC/BCL2-DH, in that the median OS was less than 2 years with
standard therapy (48, 49).

Next, to target 7253 mutation, which is considered “undruggable” in cancer (12), we used
venetoclax to counteract BCL-2—mediated antiapoptotic activities in cells with Mut- 7P53.
Venetoclax has been approved by FDA for treatment of chronic lymphoid leukemia with 17p
deletion or 7P53 mutation (50). Our /n vitro study showed that venetoclax had potent
cytotoxic effects in DLBCL/HGBCL cells with more pronounced effect in those with Wit-
T7P53. Combined venetoclax and INCB056743 treatment showed synergistic cytotoxicity,
enhanced Aurora-A inhibition, and cleaved PARP induction in DLBCL with dual Mychigh
Mut- 7P53 (GR and HBL1) or MYC-R Mut- 7P53 (MZ and TMD8, which are also HGBCL-
MY(CIBCL2-DH). However, these effects need to be confirmed /in vivo, as in a phase I/11
study, the overall response rate to venetoclax was only 18% in RR-DLBCL (27).
Immunotherapy combination may also be necessary, considering downregulation of genes
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related to MHC and immune responses in patients with dual MY C/Mut- 7P53 abnormalities
in our GEP analysis.

The molecular mechanisms for the synergy between venetoclax and INCB056743 include
enhanced apoptosis due to concurrent inhibition of BCL-2/Bim interaction by venetoclax
and Bim upregulation by INCB056743 (in OCI-LY 19 cells), consistent with the results for
another two BET inhibitors in a recent study (29), as well as a few opposing modulations by
these two inhibitors (summarized in Visual Overview). Venetoclax downregulated p21
expression whereas INCB057643 upregulated p21 in several cell lines. In contrast to
INCB057643 downregulating a large number of proteins involved in the AKT/mTOR
pathway, venetoclax treatment upregulated RAS/RAF/mTOR signaling proteins in a
HGBCL-MYC/BCL2-DH (OCI-LY19) cell line and a MYCIBCLZ2IMut- TP53-TH (TMD8)
cell line, and induced Mcl-1 expression (MTOR regulates Mcl-1 expression) in all tested cell
lines, which may represent a potential resistance mechanism for single-agent venetoclax
treatment (24). INCB057643 treatment downregulated RAF/mTOR proteins in OCI-LY 19,
but upregulated RAF/ERKS5 signaling proteins in TMD8, suggesting RAF inhibitors can be
used in combination therapies for HGBCL-M Y/ BCL2IMut- TP53-TH. The opposing/
neutralizing modulations of INCB057643 on AKT/mTOR signaling could also contribute to
the synergistic effect of DS3032b and INCB057643 combination in some cell lines, as
single-agent DS3032b treatment was associated with increased p-AKT in RC cells and AxI
in OCI-LY10 and RC cells.

In conclusion, this study defined a new subset of DLBCL/HGBCL with concomitant MY C/
TP53alterations that exhibits significantly worse survival and unique high-grade
morphologic features. Combined MY C/BCL-2-targeted therapy (INCB057643 and
venetoclax) could be an alternative therapy for DLBCL with MYC/ 7P53 dual-abnormality
and HGBCL-MYC/ BCL2-DH. HGBCL-MY(CI BCL2-DH patients without 7P53 mutation
can also select for combined INCB057643 and DS3032b treatment. Therapeutic synergy
may result from concurrent inhibition of mitotic and mTOR pathways and increased
proapoptotic activities or proteins, and could be further enhanced by inhibiting the
RAS/RAF pathway. These encouraging results provide clinically meaningful and
therapeutically important implications for high-grade aggressive B-cell lymphomas.
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Refer to Web version on PubMed Central for supplementary material.
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Prognostic effects of 7253 mutation (Mut- 7P53) in patients with and without Myc
overexpression (Mychi9n). Mychigh and Mut- 7253 dual abnormality was associated with
significantly inferior OS and PFS in overall cohort (A) and the ABC (B) and GCB (C)

subtypes.
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Prognostic effects of 7253 mutation (Mut- 7P53) and p53 overexpression (p53M9h) in
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MYC-R and p53Nidh displayed poor OS and PFS but showed little additive negative effect to
that of single MYC-R or p5319h abnormality. B, Concurrent Mut- 7P53and MYC-R
synergistically worsened the OS and PFS in DLBCL. C and D, 7P53 mutation had
significantly adverse impact independent of MYC-R status.
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Figure 3.
Cytotoxicity and proteomic effects of a BET inhibitor INCB057643 in DLBCL/HGBCL cell

lines with MYC rearrangement or Myc overexpression and with or without 7P53 mutation.
A total of 8 DLBCL/HGBCL cell lines were selected for study, including 4 Wt- 7P53 (OCl-
LY10, OCI-LY19, MCA, RC) and 4 Mut- 7P53 (GR, HBL1, MZ, and TMDS8) cell lines. A,
Cell viability of lymphoma cells was significantly inhibited after exposure with
INCB057643 for 72 hours using CellTiter-Glo 2.0 Assay. B, ICgq values of INCB057643 in
8 DLBCL/HGBCL cell lines as calculated by GraphPad Prism 8. C, Percentage of apoptotic
cells by Annexin V/PI double staining flow cytometry analysis after treatment with
INCB057643 for 48 hours. Values indicate mean + SD for at least three independent
experiments performed in triplicate. D, Heatmaps illustrating significantly increased or
decreased protein expression measured by the RPPA assays after INCB057643 treatment
(2.5 pmol/L for 24 hours) in RC and TMD8 cell lines. E, Venn diagrams (right) illustrate the
common and unique modulations in three evaluated cell lines (OCI-LY19, RC, and TMDS8).
RPPA assays were performed for three independent experiments.
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Cotreatment of INCB057643 with DS3032b or venetoclax showed significant and
synergistic cytotoxicity on HGBCL-DH cells with Wt- 7/3. OCI-LY 10, OCI-LY19, MCA,
and RC all are HGBCL cells with concurrent MYC-R, BCL2-R, and Wt- 7P53 (A) DS3032b
combined with INCB057643 induced remarkable cell viability loss in OCI-LY 10, OCI-
LY19, MCA, and RC cells. B, INCB057643 and DS3032b combination induced higher
percentage of apoptosis than single-agent measured in all cells. C, Combined venetoclax and
INCB057643 synergistically inhibited cell viability. D, The combination index (Cl) of
INCB057643 and venetoclax was calculated by CompuSyn software according to the Chou—
Talalay method, where Cl < 1 indicates synergy. Cell viability was assessed by CellTiter-Glo
2.0 Assay at 72 hours. Apoptosis was determined by Annexin V/PI staining at 48 hours. *, P
<0.05; **, P<0.01; ***, £<0.001; ****, P< 0.0001; ns, not significant. Values indicate
mean + SD for at least three independent experiments performed in triplicate.
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Figure 5.
Combination therapy with INCB057643 and venetoclax in DLBCL/HGBCL cells with

concurrent MY C alterations and Mut- 7P53. A, Cotreatment with venetoclax and
INCBO057643 synergistically inhibited cell viability in four DLBCL/HGBCL cell lines with
concurrent 7253 mutations and A YC-R (MZ and TMD8) or Myci9h (GR and HBL1). B,
The combination index (CI) of INCB057643 and venetoclax was calculated by CompuSyn
software according to the Chou-Talalay method, where CI < 1 indicates synergy, = 1 is
additive, and > 1 is antagonistic effect. C, Apoptosis in GR, HBL1, MZ, and TMD8 was
measured by Annexin V/PI staining after treatment with venetoclax, INCB057643 and the
combination for 48 hours at designated concentration. The data are presented as mean + SD
for at least three independent experiments performed in triplicate. “ns” indicates not
significant; *, P< 0.05; **, £<0.01; **** P<0.0001. D, Western blot analysis to validate
RPPA results, including proteins with roles in mitosis and cell growth (Myc, Aurora-A,
PLKZ1, and CDC?2), apoptotic indicator cleaved PARP, caspase-3, p53, and p53-targeted p21.
B-Actin was probed as loading control. Four DLBCL/HGBCL cell lines with mutant 7P53
were exposed to single-agent or combined venetoclax (3.125 nmol/L for GR; 6.25 nmol/L
for HBL1; 25 nmol/L for MZ; and 3.125 nmol/L for TMD8) and INCB057643 (2.5 umol/L
for GR; 1.25 umol/L for HBL1, MZ, and TMD8) treatment for 24 hours. Combined
INCB057643 and venetoclax treatment decreased expression of Myc, Aurora-A, and the
phosphorylation of downstream targets CDC2 and PLK1, and increased cleaved PARP and
p21 expression.
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