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SUMMARY

Bcl2 inhibition has excellent antitumor activity against hematologic malignancies. However, the clinical re-

sults in lymphomas harboring BCL2 gene rearrangements have been disappointing, and the mechanism of

this intrinsic resistance remains unknown. Herein, we report that Bcl2 inhibition rapidly repressed p53 with

poor response in BCL2-rearranged lymphoma cells. However, concurrent inhibition of aurora kinase (Aurk)

overcame this primary resistance to Bcl2 inhibition by restoring the p53/p21 proapoptotic axis via a post-

transcriptional increase in p53. Two independent BCL2-rearranged lymphoma murine models showed com-

plete tumor regression in all animals treated with combined Bcl2/Aurk inhibition, whereas mice treated with

single-agents demonstrated rapid progression. Transcriptome analysis confirmed that BCL2-rearranged

lymphomas rapidly downregulated the p53 target CDKN1A (p21) in response to Bcl2 inhibition in vivo. How-

ever, concurrent inhibition of Aurk restored the TP53/CDKN1A pathway, sensitizing the tumors to Bcl2 inhib-

itor-mediated apoptosis. These data lay the groundwork for evaluation of this combination in the clinical

setting.

INTRODUCTION

Bcl2 is an antiapoptotic protein that, along with its family mem-

bers, controls normal B cell maturation and mitochondrial-medi-

ated intrinsic cell death.1–3 Dysregulation of Bcl2 family mem-

bers is a hallmark of B cell lymphoma and is clinically targeted

in the treatment of many hematological malignancies.4–6 Specif-

ically, venetoclax, a selective and potent inhibitor of Bcl2, has

shown excellent clinical activity in various types of non-Hodgkin

lymphoma (NHL) and has been approved by the US Food and

Drug Administration (FDA) for the treatment of relapsed or refrac-

tory chronic lymphocytic leukemia (CLL) or small lymphocytic

lymphoma (SLL). However, its efficacy has mostly been disap-

pointing in BCL2-rearranged lymphomas harboring classic

BCL2 gene rearrangements, including follicular lymphoma (FL),

diffuse large B cell lymphoma (DLBCL), double-hit lymphoma

(DHL), and triple-hit lymphoma (THL).7 A recent clinical trial eval-

uating venetoclax in combination with rituximab with or without

bendamustine in relapsed or refractory FL further revealed a

limited clinical benefit of venetoclax in these BCL2-rearranged

lymphomas.8

The mechanism by which BCL2-rearranged lymphomas

evade Bcl2 inhibition remains largely elusive with significant clin-

ical implications.9,10 Studies have shown that some tumor cells,

such as CLL and mantle cell lymphoma (MCL), acquire resis-

tance to Bcl2 inhibition via upregulation of antiapoptotic pro-

teins, such as Bcl-xL and Mcl1, which results in treatment failure

after prolonged exposure to venetoclax.11 In addition, changes

in cell metabolism and mitochondrial reprogramming have

been suggested to play a key role in acquired drug resistance

to venetoclax in other tumor cells.12,13 Moreover, alterations in

expression and/or function of the tumor suppressor p53 have

been demonstrated to induce resistance to apoptosis via Bcl2

inhibition.13
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Aurora kinases (Aurk) are serine/threonine kinases involved in

mitotic regulation, with an additional functional role in the regula-

tion of tumor suppressor proteins including p53, and inhibition of

Aurk has been associated with the potent upregulation of pro-

teins involved in the TP53 proapoptotic axis.14,15 Aurk inhibitors

have been tested in clinical trials; however, the use of Aurk inhi-

bition alone, or in combination with standard chemotherapies,

has not produced improved results. Therefore, we identified

Aurk as a potential druggable target to overcome primary and

innate resistance to venetoclax in BCL2-rearranged lymphomas.

RESULTS

Venetoclax induces p53 downregulation in BCL2-

rearranged lymphomas

To investigate the response of BCL2-rearranged lymphoma cells

to venetoclax, we sought representative BCL2-rearranged lym-

phomas with or without concurrent rearrangements of MYC

(MYC+) and/or BCL6 (BCL6+) verified by fluorescence in situ hy-

bridization (FISH) analysis. All BCL2-rearranged cell lines demon-

strated increased Bcl2 protein expression compared to the con-

trol cell lines, which do not harbor BCL2 rearrangement,

although they showed varying degrees of Bcl2 protein expression

at baseline (Figure S1A). We selected WSU-NHL (single hit;

BCL2+/MYC-/BCL6-), DoHH2 (DHL; BCL2-+/MYC+/BCL6-),

and VAL (THL; BCL2-+/MYC+/BCL6+) and determined their

sensitivity to single-agent venetoclax. Mino MCL) cells, which

do not harbor BCL2 rearrangement, were used as a reference

A

B

Figure 1. Venetoclax mediates repression

on TP53 and p21 in BCL2-rearranged lym-

phoma cell lines

(A) Sensitivity of BCL2-rearranged cell lines (WSU-

NHL, DoHH2, VAL) vs. the control Mino cells to

venetoclax as determined by ATP levels after

indicated treatment doses and hours. ATP levels

were quantified and normalized to vehicle control,

and each data point is mean of triplicate wells and

graphs are representative of three independent

experiments. Data are represented as mean ± SD.

(B) Changes in proapoptotic proteins after 24 h of

venetoclax treatment in BCL2-rearranged lym-

phoma cell lines vs. the control Mino cells.

Densitometric analyses of the immunoblots were

preformed using ImageJ software and are listed

below representative image of each target protein.

The data are presented as the ratios of target

protein/β-actin. Data are representative of at least

two independent experiments. See also Figure S1.

cell line because they are known to be

sensitive to venetoclax.15,16 As expected,

Mino cells were highly susceptible to ven-

etoclax, with an IC50 of approximately

5 nM (Figure 1A). BCL2-rearranged lym-

phoma cells responded to venetoclax

to varying degrees, but all tested

BCL2-rearranged cell lines demonstrated

inherent resistance to Bcl2 inhibition

by venetoclax in vitro, with IC50 values 6- to 10-fold higher than

that of Mino cells. Immunoblotting revealed that, in BCL2-rear-

ranged lymphoma cells, venetoclax induced a downregulation

of the TP53-axis, decreasing the expression of p53 and its tran-

scriptional targets p21 and Puma (Figure 1B). The level of p53

decreased with or without Q-VD-OPh, a pan-caspase inhibitor,

indicating that the protein levels did not decrease because of

increased apoptosis (Figure S1B). Mcl1 and Bcl-xL remained

largely unchanged in BCL2-rearranged lymphoma cells

(Figure S1C). Based on these data, we hypothesized that the

observed repression of the proapoptotic TP53-axis might be

responsible for the primary venetoclax failure, which is well docu-

mented in BCL2-rearranged lymphomas.

Aurk inhibition sensitizes BCL2-rearranged lymphomas

to venetoclax

Aurk inhibitors have been reported to be potent inducers of the

TP53-axis in various malignancies.14,15 Post-translational resto-

ration or stabilization of the p53 protein via Aurk inhibition has

been well documented.17–20 Therefore, we investigated various

inhibitors of Aurk to determine whether Aurk inhibition can over-

come the primary failure of venetoclax by restoring the TP53 pro-

apoptotic axis in BCL2-rearranged lymphomas. BCL2-rear-

ranged lymphoma cells were subsequently evaluated for

viability after treatment with venetoclax with or without

MLN8237 (Aurk-A inhibitor), LY3295668 (Aurk-A inhibitor), or

AZD2811 (Aurk-B inhibitor). All Aurk inhibitors showed minimal

to moderate cytotoxic activity in BCL2-rearranged lymphomas
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(Figures 2A and 2B). Notably, when an Aurk inhibitor was com-

bined with venetoclax, significant synergistic effects were

observed compared to treatment with single agents alone

(p < 0.0001). The combination index (CI) values were less than

1 at various concentrations, indicating that the combinations

were highly synergistic. Two additional NHL cells harboring

BCL2 rearrangements, SU-DHL-4 and SU-DHL-6, were tested

with the VEN+MLN8237 combination, with viability assays con-

firming the synergistic effects observed in the other BCL2-rear-

ranged lymphomas (Figures S4A and S4B). Conversely, veneto-

clax had no significant cytotoxic activity in BCL2-/MYC+ Raji or

Ramos cells,21 which lack BCL2 rearrangements; the incorpora-

tion of an Aurk inhibitor with venetoclax had minimal to no addi-

tive or synergistic effects on Raji (Figures 2A and 2B) or Ramos

Figure 2. AURK-A, AURK-B, or MDM2 inhibitor in combination with Venetoclax induces synergism in BCL2-rearranged lymphoma cells

(A) Cells were treated for 48 h with MLN8237 (MLN, 50 nM), AZD2811 (AZD, 40 nM), LY3295668 (LY, 250 nM), and/or venetoclax (VEN, 40 nM) in WSU-NHL

(BCL2+/MYC-/BCL6-), DoHH2 (BCL2+/MYC+/BCL6-), and VAL (BCL2+/MYC+/BCL6+) cells. Raji cells (BCL2-/MYC+) were shown in comparison. Statistical

significance was determined by multiple unpaired t-test. Data are represented as mean ± SD.

(B) Focused cytotoxicity assays of MLN8237, venetoclax, or combination treatment in resistant BCL2-rearranged cells WSU-NHL, DoHH2, and VAL. BCL2-wild-

type Raji cells were shown in comparison. ATP levels were quantified and normalized to vehicle control, and each data point is mean of triplicate wells and graphs

are representative of three independent experiments. Data are represented as mean ± SD.

(C) Synergism analysis using Combenefit in DoHH2 and VAL cells.

(D) Focused cytotoxicity assays of venetoclax, RG-7388, or combination treatment of VEN+RG-7388 in VAL and DoHH2. Cells were treated for 48 h with RG-7388

(50 nM), venetoclax (40 nM), or combination (50 nM RG-7388/40 nM VEN) in VAL and DoHH2 cells. Values are normalized and an average of three independent

experiments. Statistical significance was determined by one-way ANOVA with multiple comparisons. Data are represented as mean ± SD. (****p < 0.0001,

***p < 0.001, **p < 0.01, and *p < 0.05). See also Figures S3 and S4.
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(data not shown) cells. Synergism analysis using Combenefit22

revealed that the combination of venetoclax and MLN8237

(VEN+MLN8237) at a 4:5 ratio induced profound synergistic

cytotoxic activity in tested BCL2-rearranged lymphoma cells

(Figure 2C). Mdm2 inhibition, another pathway with the potential

to restore the TP53-axis, was also evaluated. RG-7388, an

Mdm2 inhibitor, showed similar synergistic effects when com-

bined with venetoclax, further supporting the importance of the

TP53-axis in overcoming primary resistance to venetoclax in

BCL2-rearranged lymphoma (Figure 2D). In contrast, Mcl1 inhi-

bition by S63485 did not show any significant cytotoxic effects

on BCL2-rearranged lymphoma cells as a single agent or in com-

bination with venetoclax, consistent with the western blot data

demonstrating no change in Mcl1 expression (Figure S2). The

proapoptotic effect of VEN+MLN8237 was further assessed us-

ing annexin-V assays, and these data confirmed that the combi-

nation treatment led to increased levels of apoptosis in BCL2-re-

arranged lymphoma cells (Figure S3). Based on these data

and the robust preclinical and clinical data available on

MLN8237,23–25 the VEN+MLN8237 combination was chosen

for further in-depth analysis.

Aurk inhibition reverses TP53-axis repression and

induces biphasic G0/G1 and G2/M cell-cycle arrest in

BCL2-rearranged lymphomas

Bcl2 inhibition by venetoclax was associated with the downregu-

lation of the TP53-axis in BCL2-rearranged cells as early as 6 h

post-exposure (Figure S5A), corroborative with previous reports

on the direct role of TP53 in mitochondrial cell death.26,27 Vene-

toclax had no significant effect on TP53-axis in the control Raji

cells, which lack BCL2 rearrangement. Although MLN8237 alone

did not induce significant cytotoxicity (Figure 2), it was associ-

ated with marked upregulation of the TP53-axis in BCL2-rear-

ranged lymphoma cells (Figures 3A, S5A, S5B, and S6A). This ef-

fect was evident both as a single agent and in combination with

venetoclax. MLN8237 treatment also led to the upregulation of

the p53 regulator Mdm2 (Figures 3A, S5A, S5B and S6A). More-

over, transcriptional targets of p53 were upregulated by treat-

ment with MLN8237. In both DoHH2 and VAL cell lines, which

carry the wild-type TP53 gene, p21 protein levels increased

markedly after treatment with MLN8237 (Figures 3A and S5B).

PUMA, another direct target of TP53, was induced by

MLN8237 in BCL2-rearranged lymphomas, including DOHH2

and WSU-NHL cells (Figure S6B). The induction of p53 and

p21 by other Aurk inhibitors was also observed (Figure S6C).

Immunoblotting for caspase-3 cleavage in DoHH2 cells treated

with the VEN+MLN8237 combination showed more substantial

cleavage and activation of caspase-3 compared to groups

treated with either agent alone (Figure 3B). Notably, Myc

A

B

C

Figure 3. MLN8237 induces p53 and p21 expression in BCL2-re-

arranged lymphoma cells

(A–C) Immunoblotting of cell lysates for p53 and its target proteins in BCL2-

rearranged lymphoma cells (A) Effect of MLN8237 (MLN, 50 nM) and ven-

etoclax (VEN, 40 nM) on p53, its downstream targets, and MDM2 protein

expression in DoHH2.

(B) Effect of MLN8237 (50 nM) and venetoclax (40 nM) on caspase-3 cleavage.

(C) Effect of MLN8237 (50 nM) and venetoclax (40 nM) on antiapoptotic Bcl2

family member proteins. Please note, PUMA (A) and MCL1 L and S (C) were run

on the same gel and thus share the same β-actin loading control. Densito-

metric analyses of the immunoblots were performed using ImageJ software

and are listed below representative image of each target protein. The data are

presented as the ratios of target protein/β-actin. Data are representative of at

least two independent experiments. See also and Figures S2, S5, S6, S7, S8.
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A

B C

D E

Figure 4. MLN8237 upregulates p53-axis via stabilization of p53 post-translationally

(A) RT-qPCR detection of TP53 mRNA in venetoclax (VEN, 40 nM), MLN8237 (MLN, 50 nM), or VEN+MLN combination treated DoHH2 cells at 6, 12, and 24 h time

points. No significant changes in TP53 mRNA levels observed at any of the time points with any of the treatment groups, indicating no changes in TP53 expression

at the transcriptional level. Data are represented as mean ± SD.

(legend continued on next page)
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degradation occurred much later (∼48 h) after treatment with

MLN8237 or in combination (Figure S7A). There was no decrease

in MYC mRNA observed in tumors from MLN8237 treated mice

(Figure S7B), implying that the TP53 upregulation preceded

MYC downregulation induced by Aurk inhibition, and MYC likely

had no major role during the early stage of rapid tumor cell killing

by the VEN+MLN8237 combination. As previously reported,

venetoclax had no direct impact on Bcl2 protein expression,

and we further extended this finding to Bcl-xL (Figure 3C).

In addition, we evaluated the effects of Bcl2 and Aurk inhibition

on the cell cycle in BCL2-rearranged lymphomas. As p21

expression is strongly related to G1 cell-cycle arrest,28,29 we

tested the DNA content of BCL2-rearranged cells treated with

MLN8237, venetoclax, or VEN+MLN8237 for cell cycle analysis.

Interestingly, BCL2-rearranged lymphoma cells showed minimal

to no shift to G2/M phase with no evidence of polyploid cells

when treated with MLN8237 at 50 nM (Figure S8). This was an

interesting finding because MLN8237 had a profound effect on

DNA content and polyploidy in Raji cells at the same concentra-

tion (Figure S8C). Notably, higher concentrations of MLN8237

(≥200nM) led to a more traditional G2/M arrest in BCL2-rear-

ranged lymphoma cells (Figure S8). Thus, MLN8237 induced

biphasic G0/G1 and G2/M arrest at different concentrations in

BCL2-rearranged lymphomas. In the current study, enhanced

G0/G1 arrest via upregulation of p21 could also be responsible

for priming BCL2-rearranged lymphomas to venetoclax, which

mediates apoptosis in the G0/G1 phase.18,30

Aurk inhibition upregulates TP53-axis via stabilization of

p53

To determine whether TP53 downregulation by BCL2-rear-

ranged lymphomas occurs through transcriptional or post-trans-

lational mechanisms upon first exposure to venetoclax, we

evaluated TP53 mRNA transcript levels in response to therapy.

Real-time reverse-transcription PCR (RT-PCR) on in vitro sam-

ples and RNA sequencing (RNA-seq) analysis of in vivo treated

tumors showed no significant changes in TP53 mRNA expres-

sion levels in response to venetoclax, MLN8237, or VEN+MLN

combination (Figures 4A and 4B, respectively), indicating that

venetoclax-induced TP53-axis downregulation in BCL2-rear-

ranged lymphoma does not occur at the transcriptional level of

TP53. Aurk is known to be involved in the regulation of the

TP53-axis through phosphorylation-mediated post-translational

modification of the p53 protein, and inhibition of Aurk has been

shown to increase p53 protein levels in some tumor cells.19,31

To further confirm that Aurk inhibition restores TP53-axis func-

tion post-translationally, we performed a bioluminescence reso-

nance energy transfer (BRET) assay to evaluate the p53:

Mdm2 protein-protein interaction in response to venetoclax,

MLN8237, or VEN+MLN combination. Treatment with veneto-

clax enhanced the interaction between p53 and Mdm2, which

is responsible for the increased degradation of p53 (Figure 4C).

Conversely, MLN8237 decreased the interaction between p53

and Mdm2 both as a single agent and in combination with ven-

etoclax. MLN8237, when combined with venetoclax, reversed

the enhanced p53:Mdm2 interaction observed in BCL2-rear-

ranged lymphoma cells treated with venetoclax alone.

TP53 knockdown abrogates the synergistic effect of

VEN+MLN8237 combination

We subsequently generated TP53-knockdown DoHH2 cells us-

ing TP53 shRNA to further identify the role of TP53-axis in

VEN+MLN8237 combination. Immunoblotting revealed a robust

reduction in p53 protein in the knockdown cells, while no signif-

icant changes were noted in scrambled shRNA control cells,

confirming the effective knockdown of TP53 by shRNA with

near-complete abrogation of p53 expression (Figure 4D).

Notably, no changes in Bcl2 and p21 proteins were observed

in TP53-knockdown DoHH2 cells compared with parental cells.

Cytotoxicity assays demonstrated that TP53-knockdown abro-

gated the synergistic effect of VEN+MLN8237 combination

(Figure 4E). Addition of MLN8237 to venetoclax failed to induce

p53/p21 in TP53-knockdown cells, further supporting the impor-

tance of the intact TP53-axis in overcoming primary resistance

to Bcl2 inhibition in BCL2-rearranged tumors (Figure 4D).

VEN+MLN8237 combination was effective in all tested cells

with BCL2-rearrangement irrespective of their TP53 mutational

status although the sensitivity of the combination was attenuated

in some cells containing mutated TP53 (Table S1), indicating that

the mutated TP53 can be rescued as long as they do not have

loss-of-function mutations (Figure S4). These data collectively

suggest that induction of the TP53-axis directly sensitizes

BCL2-rearranged lymphoma cells to venetoclax, which provides

the basis for the synergism between venetoclax and MLN8237.

VEN+MLN8237 combination induces rapid and

complete regression of BCL2-rearranged tumors in vivo

To test the efficacy of VEN+MLN8237 combination in BCL2-re-

arranged lymphoma cells, we first used a BCL2-rearranged lym-

phoma subcutaneous (SC) xenograft model harboring DoHH2

cells. The mean tumor volume of vehicle-treated control mice

was 1,420 mm3 on day 16 after treatment initiation (Figure 5A).

Mice receiving single-agent MLN8237 or venetoclax showed a

modest delay in tumor progression, with mean tumor volumes

(B) TP53 mRNA levels based on RNA-seq of DoHH2 cells treated with venetoclax, MLN8237, or VEN+MLN8237 combination for 72 h. Data are represented as

mean ± SD.

(C) NanoBRET in COS-7 cells expressing p53 HaloTag and NanoLuc Mdm2 treated with vehicle, MLN8237 50 nM, venetoclax 40 nM, or VEN+MLN combination.

Cells treated with venetoclax exhibit an increase in p53:Mdm2 interaction evidenced by an increased BRET signal, while MLN8237 and VEN+MLN treated cells

demonstrate a decreased p53:Mdm2 interaction. Data are represented as mean ± SD.

(D) Immunoblots showing p53 knockdown in DoHH2 cells mediated by TP53 shRNA. Bcl2 and p21 levels are unaffected. Scramble shRNA transduced cell line is

used as control.

(E) Effect of MLN8237 (50 nM) and venetoclax (40 nM) on TP53 KD DoHH2 cells viability. Statistical significance was determined by multiple paired t test where

**p < 0.01. Data are represented as mean ± SEM. Densitometric analyses of the immunoblots were performed using ImageJ software and are listed below

representative image of each target protein. The data are presented as the ratios of target protein/β-actin. Data are representative of at least two independent

experiments.
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of 283 mm3 and 460 mm3, respectively, on day 16. In contrast,

VEN+MLN8237 combination was associated with rapid tumor

regression within seven days of treatment, with a median tumor

volume of 0 mm3 on day 16. The differences in tumor volumes

were statistically significant between the combination group

and the groups treated with either agent alone (p < 0.02). Tumor

volume differences translated to significantly improved survival

rates with a 100-day survival rate of 100% (n = 8) in mice treated

with VEN+MLN8237 combination (p < 0.0001), while mice in all

other groups were euthanized by day 45 due to tumor progres-

sion (Figure 5B). There was no significant toxicity associated

with the VEN+MLN8237 combination based on the recorded

body weight in animals (Figure S9A).

The combined therapeutic approach was next evaluated in a

more aggressive disseminated BCL2-rearranged lymphoma

model. NCG mice were intravenously injected with BCL2-rear-

ranged VAL cells via the tail vein to create widely disseminated

tumors. As seen in the SC xenograft model, VEN+MLN8237

combination rapidly cleared disseminated VAL lymphoma cells

and led to complete remission in all (n = 8) treated mice, as evi-

denced by the absence of CD20+/CD45+ cells in the spleen and

bone marrow by flow cytometric analysis (Figures 6A and S10A).

In contrast, all mice in the control or single-agent groups showed

evidence of disease progression at the time of tissue collection.

Notably, the one surviving mouse in the MLN8237 group had a

bulky abdominal tumor mass, while all mice in VEN+MLN8237

combination group showed no evidence of minimal residual dis-

ease documented by flow cytometric analysis with a tumor-free

survival rate of 100% on day 100 (p < 0.0001, Figure 6B). Similar

A

B

Figure 5. Venetoclax plus MLN8237 combination effectively induces

complete tumor regression in BCL2-rearranged xenografted lym-

phoma model

(A) Combination therapy with venetoclax and MLN8237 induced complete

tumor regression in SCID mice xenografted with BCL2-rearranged DoHH2

tumor cells after 3 weeks (15 days) of treatment. Data are represented as

mean ± SEM.

(B) Tumor-free survival of mice treated with MLN8237 plus venetoclax com-

bination. Animals were monitored for 80 days after the end of treatment.

Statistical significance was determined by survival curve comparison with log

rank (Mantel-Cox) test (n = 8 per group; ****p < 0.0001). See also Figures S9

and S12.

A

B

Figure 6. Venetoclax plus MLN8237 combination effectively clears

disseminated BCL2-rearranged lymphoma model with no evidence

of minimal residual disease

(A) BCL2-rearranged VAL tumor burden in spleen and bone marrow of NCG

mice at the end of follow-up (vehicle, MLN8237, or venetoclax monotherapy)

or at day 100 (venetoclax plus MLN8237 combination group). Presence of

human CD45+CD20+ indicates engraftment and dissemination of tumor cells.

Data are represented as mean ± SEM.

(B) Survival curves of mice harboring disseminated tumors, treated with vehicle,

MLN8237, venetoclax, or the combination. One mouse (†) in the MLN8237

monotherapy group on day 100 was found to have a bulky abdominal tumor

mass at the time of sacrifice. Statistical significance was determined by survival

curve comparison with log rank (Mantel-Cox) test (n = 6–8 per group;

****p < 0.0001 and **p < 0.01). See also Figures S10, S11, and S12.
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to the CB17-SCID SC xenograft model, none of the NCG mice

receiving VEN+MLN8237 combination displayed signs of weight

loss throughout the course of the study (Figure S9B), and no ev-

idence of hind limb paralysis was present in the combination

group. Lastly, the serum complete metabolic panel evaluating

the renal and hepatic functions, as well as histopathology of

the normal organs, further demonstrated that VEN+MLN8237

combination was not associated with any discernible toxicity in

the treated animals (Figures S10A, S10B, and S11). Additionally,

the safety of VEN+MLN8237 combination was evaluated in an

immunocompetent BALB/c mouse model using complete blood

counts, a complete metabolic panel, and a T cell repertoire panel

by flow cytometry. VEN+MLN8237 combination was not associ-

ated with any significant hematological, renal, or hepatic toxicity

after 2, 4, and 8 weeks of treatment in immunocompetent mice

(Figure S12A). Flow cytometric analysis of T cell populations

showed no dramatic changes in the T cell repertoire with

stable CD4+ and regulatory T cells, although there was a mild

decrease in CD8+ T cells after treatment with VEN+MLN8237

(Figure S12B). Taken together, these data indicate that the com-

bination of VEN+MLN8237 results in synthetic lethality in vivo

and leads to the rapid and complete regression of BCL2-rear-

ranged lymphomas with no discernible toxicity across animal

models.

Next generation sequencing identifies transcriptome

changes in response to venetoclax and MLN8237 in

BCL2-rearranged lymphoma

A sub-study xenograft experiment was performed to evaluate

changes in mRNA expression in response to venetoclax,

MLN8237, or VEN+MLN8237 combination in vivo, and tumors

were collected after 3 days of treatment with venetoclax,

MLN8237, or VEN+MLN8237 combination. The tumors treated

with venetoclax monotherapy demonstrated 37 differentially ex-

pressed genes (fold-change >2 and FDR <0.05) in comparison

with the vehicle control (Figure 7A). The comparison between

venetoclax and VEN+MLN8237 resulted in the identification of

43 genes that were differentially expressed (fold change>2 and

FDR <0.05), as shown in the volcano plot (Figure 7B). We then

filtered genes from venetoclax and VEN+MLN8237 combination

groups to identify the genes that were bidirectional in venetoclax

and the combination. This analysis yielded 41 genes, of

which 33 were upregulated and eight were downregulated in

VEN+MLN8237 combination group. Most notably, CDKN1A

(p21) transcript levels were decreased by > 2-fold in venetoclax

monotherapy compared to the vehicle control, while the concur-

rent inhibition of Aurk-A by MLN8237 upregulated CDKN1A (p21)

expression by > 4-fold compared to the venetoclax monother-

apy group. Notably, CDKN1A was one of the most significantly

upregulated genes in MLN8237 monotherapy compared to

that in the control (p < 0.05, data not shown). Ingenuity pathway

analysis revealed that the combination of VEN+MLN8237

induced marked upregulation of the TP53/p21-axis (Figure 7C).

The data also showed upregulation of BAX mRNA expression

in vivo, in agreement with previous in vitro data showing an

increased level of Bax associated with VEN+MLN8237 combina-

tion (Figure S5B). A comprehensive analysis of tumors treated

with VEN+MLN8237 combination revealed upregulation of the

TP53 axis-associated genes CDKN1A (p21), BBC3 (PUMA),

DDB2, BTG2, TRIM22, PLXNB2, and BAX. Of note, there were

no significant differences in MYC mRNA expression in the single

drug treatment arms although there was a slight decrease in

MYC mRNA in the combination group (Figure S7B). However,

the timing of MYC downregulation happened at a much later

time point (>48 h), which was outside the window for the

observed synergistic effect as shown in previous experiments

in vitro.

DISCUSSION

Venetoclax has emerged as an integral part of cancer therapy in

various hematologic malignancies; however, intrinsic and ac-

quired resistance to Bcl2 inhibition remains a major obstacle in

advancing this promising therapeutic approach.9,32 The lack of

expected efficacy in BCL2-arranged lymphomas has been espe-

cially disappointing, and the mechanism by which BCL2-rear-

ranged lymphomas evade Bcl2 inhibition has remained largely

unknown, although the potential mechanisms of secondary or

acquired resistance to venetoclax have been extensively studied

in other tumor types, such as CLL, MCL, and acute myeloid leu-

kemia (AML). One of the central mechanisms of acquired resis-

tance to venetoclax involves alterations in the members of the

apoptotic machinery, such as Bcl-xL and Mcl1,33,34 and acquisi-

tion of genetic mutations in BCL2G101V or D103Y has been associ-

ated with reduced binding affinity of the Bcl2 protein after pro-

longed exposure to venetoclax in CLL cells.35–37 However,

more recently, studies on AML and CLL have highlighted the

role of the TP53 network in acquired resistance to veneto-

clax.12,13,38,39 In this study, we investigated the mechanism of

intrinsic resistance to Bcl2-inhibition in BCL2-rearranged

lymphomas. Our study demonstrates that BCL2-rearranged

lymphomas evade Bcl2 inhibition via rapid and profound down-

regulation of the TP53-axis.

Dysregulation of the TP53-axis occurs in various cancers,

including lymphoid malignancies.40 While levels of p53 can

determine if cells undergo cell-cycle arrest or cellular apoptosis

after stress, the apoptotic threshold is largely elevated in many

tumor cells via aberrant expression of TP53.41,42 Our transcrip-

tome analyses with venetoclax-treated BCL2-rearranged lym-

phoma revealed near-immediate and profound repression of

the TP53-axis, including CDKN1A (p21). Guieze et al. investi-

gated the mechanism of acquired resistance to Bcl2 inhibition

in CLL, and primarily, they demonstrated the role of mitochon-

drial reprogramming in resistance to Bcl2 inhibition. Moreover,

RNA-seq analysis of BCL2-rearranged OCI-Ly1 lymphoma cells

from the same study showed that CDKN1A was one of the

most downregulated genes in venetoclax-resistant tumor cells

compared to those sensitive to venetoclax.13 Although this

finding was not further investigated, the data support our find-

ings that CDKN1A (p21) is significantly downregulated in

BCL2-rearranged tumors in response to venetoclax. In addition,

there is increasing evidence that TP53 downregulation may play

a critical role in resistance to Bcl2 inhibition in AML. Nechiporuk

et al. identified TP53 as one of the key genes involved in veneto-

clax resistance in AML cells, suggesting that inactivation of TP53

led to resistance to venetoclax. In addition, AML patient samples
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Figure 7. RNA sequencing of BCL2-rearranged

tumor grafts identifies transcriptome changes

driven by BCL2 and/or AURK inhibition

(A) Volcano plot showing differential transcriptome ex-

pressions between vehicle (reference) and venetoclax

(VEN) monotherapy.

(B) Volcano plot showing differential transcriptome

expressions between venetoclax monotherapy (refer-

ence) and venetoclax plus MLN8237 (MLN) combina-

tion therapy.

(C) Ingenuity pathway analysis showing p21 (CDKN1A)

as the primary network differentially affected in the

venetoclax plus MLN8237 combination group. Red in-

dicates increase and green indicates decrease in

mRNA levels in the tumor grafts. See also and

Figures S5, S6, S7.
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with low p53 expression were associated with increased resis-

tance to venetoclax.12 Likewise, our TP53-knockdown model

showed that an intact TP53-proapoptotic axis is critical for over-

coming primary resistance to venetoclax in BCL2-rearranged

lymphomas. However, unlike previous leukemia studies,18,38

ours did not identify any significant changes in Bak or Mcl1

expression levels in resistant BCL2-rearranged lymphoma cells.

The resistance mechanisms are likely heterogeneous in different

tumor types with inactivation of the TP53-proapoptotic axis

functioning as the common denominator in resistance to

venetoclax.

TP53 is an attractive target for anticancer therapy because of its

function in cellular responses to various oncogenic stimuli,

including the cell cycle, apoptosis, and senescence.43,44 Many

transcriptional and post-transcriptional mechanisms maintain

tight regulatory control of TP53 expression, including the TP53:

Mdm2 interaction, and targeting these pathways to counteract

TP53-axis inactivation has therapeutic potential. Although there

are a few p53 activators and Mdm2 inhibitors in preclinical or early

clinical stages of development,45,46 our in vitro data indicated that

Mdm2 inhibition can overcome resistance to venetoclax. To date

no effective therapy against tumors with aberrant TP53 has been

proven in phase 3 clinical trials. Aurks, a family of serine/threonine

kinases, control mitotic regulation, and inhibition of Aurk has been

shown to result in cell-cycle arrest in the G2/M phase with forma-

tion of polyploid cells and cellular death.14,28,29,45–47 Aurk inhibi-

tion is also known as one of the most potent methods for

increasing p53 expression in various tumors.14,15,48–50 Aurk can

directly inhibit DNA binding and transactivation activity of p53 in

a Ser-215 phosphorylation-dependent manner and reduce

expression of TP53 downstream targets.51 The Mdm2-mediated

degradation of phosphorylated p53 by Aurk-A/B has also been re-

ported.19,20 More recently, Aurks and p53 were shown to coun-

teract each other by disrupting the protein stabilization process.52

Moreover, small-molecule inhibitors against Aurks are in

advanced stages of clinical development, thus making these mol-

ecules excellent candidates for restoring p53 expression in BCL2-

rearranged tumors with innate resistance to Bcl2 inhibition.24,25

The safety of MLN8237, a small molecule AurkA inhibitor, has

been vigorously tested in advanced phase clinical trials, including

multiple randomized phase 2 and 3 trials, with no evidence of un-

expected toxicity as a single agent or in combination with other

targeted therapy and chemotherapy drugs.23–25 Hence,

MLN8237 is an excellent candidate for drug repurposing, espe-

cially when used in combination with other targeted small-mole-

cule inhibitors.

Our data demonstrated that inhibition of Aurk induces potent

activation of proapoptotic proteins involved in the TP53-axis in

BCL2-rearranged lymphomas, similar to previous reports in solid

tumors and multiple myeloma.14,15 Importantly, Aurk inhibition

effectively counteracted the observed p53 repression in BCL2-

rearranged lymphomas in response to venetoclax. This was

further supported by our RNA-seq data on BCL2-rearranged tu-

mors harvested from mice treated with venetoclax vs. VEN

+MLN8237 combination. Specifically, there was a > 4-fold in-

crease in CDKN1A expression and restoration of the TP53/p21

axis in BCL2-rearranged lymphoma cells treated with VEN

+MLN8237 compared to venetoclax monotherapy. BCL2-rear-

ranged lymphoma cells were extremely sensitive to VEN

+MLN8237 combination, as previously shown by Kong et al. in

double-hit lymphoma.53 This is also in agreement with the data

presented by Pan et al., who showed synthetic lethality of com-

bined p53 activation and Bcl2 inhibition in AML.18 The current

study indicates that resistant cells become highly dependent

on TP53 downregulation for survival after Bcl2 inhibition, and

the reversal of this process by Aurk inhibition leads to synthetic

lethality in BCL2-rearranged lymphomas. Our data also showed

increased Bax expression in response to VEN+MLN8237 combi-

nation; thus, both p21 and Puma/Bax, the two major down-

stream pathways of p53, may play a key role in the synthetic

lethality. The relative contribution of p21 and Bax to the synergis-

tic interaction between Bcl2 and Aurk-inhibition remains unclear

and needs to be further elucidated in future studies. In addition,

VEN+MLN8237 combination was effective even in TP53 mutated

cells although TP53 knockdown abrogated the synergistic effect

of this combination, suggesting that the mutated TP53 can be

rescued as long as they do not have loss-of-function mutations.

In the current study, the combination of VEN+MLN8237 induced

rapid and complete regression of tumors and led to long-term tu-

mor-free survival in all treated animals in two independent BCL2-

rearranged lymphoma models. In addition, VEN+MLN8237

combination was well tolerated, with no discernible toxicity in

multiple animal models, including immunocompetent mice.

In summary, our data demonstrate that BCL2-rearranged lym-

phomas respond to Bcl2 inhibition via rapid and profound down-

regulation of the TP53-axis, responsible for their primary refrac-

tory nature to venetoclax. This offers a plausible explanation for

the relative lack of clinical activity associated with venetoclax in

BCL2-rearranged lymphomas, including FL and DLBCL. Con-

current inhibition of Aurk effectively restores the TP53-proapo-

ptotic axis in resistant tumor cells, priming BCL2-rearranged

lymphomas to be extremely sensitive to the combined Bcl2

and Aurk inhibition. Furthermore, VEN+MLN8237 combination

demonstrated excellent efficacy and favorable toxicity profiles

in multiple BCL2-rearranged animal models, thus laying the

groundwork for further evaluation of this combination in the clin-

ical setting.

Limitations of the study

The mechanisms underlying the Bcl2-inhibition-driven regulation

of p53 expression remain incompletely understood, and further

investigation is needed. Although in vitro and in vivo models

showed very promising results, these models cannot fully repro-

duce the complexity of human physiology. As such, while this

combination of Bcl2 and Aurk inhibition shows potential as a

therapeutic approach, its clinical safety and efficacy in humans

require clinical trials. Despite these limitations, our findings sug-

gest that the combination of Bcl2 and Aurk inhibition could serve

as an important tool for the treatment of high-risk lymphoma.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

c-Myc (9E10) Bio-Rad Cat # MCA2200GA, RRID:AB_566935

Bcl2 (100) Santa Cruz Biotechnology Cat # sc-509, RRID:AB_626733

p-Bcl2 (ser70) (5H2) Cell Signaling Cat # 2827S, RRID:AB_659950

BCLxL (54H6) Cell Signaling Cat # 2764S, RRID:AB_2228008

Rabbit polyclonal Mcl1 ThermoFisher Scientific Cat # PA5-86174, RRID:AB_2802967

Mcl1 (B-6) Santa Cruz Biotechnology Cat # sc-74436, RRID:AB_1126069

Rabbit polyclonal BAX Cell Signaling Cat # 2772S, RRID:AB_10695870

BAX (6A7) Santa Cruz Biotechnology Cat # sc-23959, RRID:AB_626728

BAK (D4E4) Cell Signaling Cat # 12105S, RRID:AB_2716685

Rabbit polyclonal PUMA Cell Signaling Cat # 4976S, RRID:AB_2064551

BIM (C34C5) Cell Signaling Cat # 2933S, RRID:AB_1030947

P53 (DO-1) Santa Cruz Biotechnology Cat # sc-126, RRID:AB_1030947

P21 Waf1/Cip1 (12D1) Cell Signaling Cat # 2947S, RRID:AB_823586

Mdm2 (SMP14) Santa Cruz Biotechnology Cat # sc-965, RRID:AB_627920

Rabbit polyclonal Caspase3 Cell Signaling Cat # 9662S, RRID:AB_331439

Cdc42 (B-8) Santa Cruz Biotechnology Cat # sc-8401, RRID:AB_627233

Aurora A (D3E4Q) Cell Signaling Cat# 14475, RRID:AB_2665504

Phospho-Aurora A (Thr288)/Aurora B

(Thr232)/Aurora C (Thr198) (D13A11)

Cell Signaling Cat# 2914, RRID:AB_2061631

β-Actin (ACTBD11B7) Santa Cruz Biotechnology Cat # sc-81178, RRID:AB_2223230

m-IgGκ BP-HRP Antibody Santa Cruz Biotechnology Cat# sc-516102, RRID:AB_2687626

Goat polyclonal Secondary Antibody to

Rabbit IgG - H&L (HRP)

Abcam Cat# ab97051, RRID:AB_10679369

Vybrant DyeCycle Violet Stain ThermoFisher Scientific Cat #V35003

7AAD BD Biosciences Cat # 559925

RRID:AB_2869266

APC Annexin V BioLegend Cat # 640941

PE anti-human CD20 BioLegend Cat # 302346

RRID:AB_2564144

FITC anti-human CD45 BioLegend Cat # 304006

RRID:AB_314394

PE/Dazzle 594 anti-mouse CD45 BioLegend Cat # 103146

RRID:AB_2564003

BID Cell Signaling Cat # 2022S

RRID: AB_10692485

Bacterial and virus strains

Lentivirus containing pLV[Exp]-U6>hTP53[shRNA#1]-

U6>hTP53[shRNA#2]-U6>hTP53[shRNA#3]-

CMV>EGFP:T2A:Puro

Vector Builder Cat # LVS(VB201101-1148emb)-C

(VB201101-1148emb)

Lentivirus containing pLV[Exp]-U6>Scramble_

shRNA#1-CMV>EGFP:T2A:Puro

Vector Builder Cat # LVS(VB201101-1155xds)-C

(VB201101-1155xds)

Chemicals, peptides, and recombinant proteins

ABT199 (Venetoclax) Selleck Chemicals Cat #S8048

MLN8237 (Alisertib) Selleck Chemicals Cat #S1133
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Continued
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AZD1152-HQPA/AZD2811 (Barasertib) Selleck Chemicals Cat #S1147

LY3295668 (AK-01) Selleck Chemicals Cat #S8782

Puromycin Millipore Sigma Cat #P8833-25MG

Qiazol Lysis Reagent Qiagen Cat # 79306

RG-7388 (Idasanutlin) Selleck Chemicals Cat #S7205

ABT199 (Venetoclax) MedChemExpress Cat # HY-15531

MLN8237 (Alisertib) MedChemExpress Cat # HY-10971

S63845 Selleck Chemicals Cat #S8383

Cycloheximide solution, 100 mg/mL in DMSO,

0.2micron filtered

ThermoFisher Scientific Cat # AAJ66004XF

FuGENE HD Transfection Reagent Promega Cat #E2311

Z-VAD-FMK R&D Systems Cat # FMK001

ReBlot Plus Strong Antibody Stripping Solution, 10x Millipore Sigma Cat # 2504

Critical commercial assays

Pierce BCA Protein Assay Kit ThermoFisher Scientific Cat # 23227

CellTiter-Glo Cell Viability Assay Promega Cat #G7571

CellTiter-Glo 2.0 Cell Viability Assay Promega Cat #G9242

Clarity ECL Substrate Bio-Rad Cat # 1705060

Clarity Max ECL Substrate Bio-Rad Cat # 1705062

Muse Annexin V Dead Cell Assay Kit Millipore Sigma Cat # MCH100105

Deposited data

RNA-seq Data GEO (Gene Expression Ombibus)

Accession Viewer

GSE200410

Experimental models: Cell lines

WSU-NHL DSMZ DSMZ No. ACC 58

RRID:CVCL_1793

DoHH2 DSMZ DSMZ No. ACC 47

RRID:CVCL_1179

VAL DSMZ DSMZ No. ACC 586

RRID:CVCL_1819

Mino DSMZ DSMZ No. ACC 687

RRID:CVCL_1872

Raji ATCC ATCC No. CCL-86

RRID:CVCL_0511

Ramos ATCC ATCC No. CRL-1596

RRID:CVCL_0597

COS-7 ATCC ATCC No. CRL-1651

RRID:CVCL_0224

SU-DHL-4 ATCC ATCC No. CRL-2957

RRID:CVCL_0539

SU-DHL-6 ATCC ATCC No. CRL-2959

RRID:CVCL_2206

Experimental models: Organisms/strains

SCID mice (CB17/Icr-Prkdcscid/IcrIcoCrl) Charles River Laboratories Strain Code 236

NCG mice (NOD-Prkdcem26Cd52Il2rgem26Cd22/NjuCrl) Charles River Laboratories Strain Code 572

BALB/c mice Charles River Laboratories Strain Code 028

Recombinant DNA

NanoBRET PPI Control Pair (P53, Mdm2) Promega Cat #N1641
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All animal experiments were conducted under a protocol approved by the Institutional Animal Care and Use Committee (IACUC) of

Atrium Health. 4–6 week old female CB17-SCID and NCG mice were purchased from the Charles River Laboratories (Wilmington,

MA, USA).

Cell lines

DoHH-2 (DSMZ Cat# ACC-47, RRID:CVCL_1179), VAL (DSMZ Cat# ACC-586, RRID:CVCL_1819), WSU-NHL (DSMZ Cat# ACC-58,

RRID:CVCL_1793), and Mino (DSMZ Cat# ACC-687, RRID:CVCL_1872) cell lines were purchased from DSMZ (Brunswick, DEU). The

Burkitt lymphoma cell lines Raji (CLS Cat# 300359/p25072_RAJI, RRID:CVCL_0511) and Ramos (CLS Cat# 302007/p32087_Ramos,

RRID:CVCL_0597) were purchased from ATCC (Manassas, VA, USA). Cells were cultured in RPMI1640 medium supplemented with

10% heat-inactivated FBS (R&D Systems, Minneapolis, MN, USA), 10,000 IU/mL penicillin-streptomycin (Fisher Scientific, Waltham,

MA, USA), and 200mM L-glutamine (Fisher Scientific) at 37◦C and 5% CO2.

METHOD DETAILS

Cytotoxicity assays

Cells in the exponential growth phase were plated at 3× 105 cells/mL in 96-well plates and treated with venetoclax (40 nM), MLN8237

(50 nM), a combination of the two, or dimethyl sulfoxide (DMSO) vehicle, as indicated by the figures and corresponding figure leg-

ends, for 24, 48, or 96-h timepoints. Cell viability was assessed by ATP quantification using CellTiter-Glo assays (Promega, Madison,

WI, USA) according to the manufacturer’s instructions and was read on a SpectroMax plate reader. Additional cytotoxicity and

apoptosis assays were performed using the Muse Annexin V & Dead Cell Kit (EMD Millipore, Burlington, MA, USA) following the man-

ufacturer’s protocol, and analyzed using a Guava Muse Cell Analyzer (EMD Millipore).

Cell cycle and apoptosis assay

Concurrent cell cycle and apoptosis assays were performed using Vybrant Dyecycle Violet stain and annexin-V (ThermoFisher Sci-

entific, Waltham, MA, USA) and analyzed using flow cytometry. Briefly, 1 x 106 cells were collected after 24–48 h of indicated treat-

ment and washed once via centrifugation (300g, 5 min) with HBSS. Supernatants were carefully decanted without disturbing the cell

pellet. Cells were then resuspended in 1mL of PBS with 1X annexin binding buffer and 1 μL of Dyecycle stain plus 5 μL of 7AAD

(BD Biosciences Cat# 559925, RRID:AB_2869266) and 5 μL of annexinV-AF488 (BD Biosciences, San Jose, CA, USA). Cells were

then placed in an incubator at 37◦C for 30 min before analysis on a LSRFortessa flow cytometer (BD Biosciences) at LCI Immune

Monitoring Core. Flow cytometric data were analyzed using Kaluza software (Kaluza, RRID:SCR_016182).

Immunoblotting

Cell lysates were prepared using RIPA Lysis and extraction buffer (Thermo Fisher Scientific) supplemented with 1x phosphatase and

protease inhibitor tablets (Sigma-Aldrich, St. Louis, MO, USA) at a density of 1 × 106 cells/100 μL. Cell lysates were quantified using

BCA assays (Thermo Fisher Scientific), and equal amounts of denatured protein samples were loaded onto 4–20% SDS-PAGE gels

(Bio-Rad, Hercules, CA, USA) for electrophoresis. After electrophoresis, the proteins were transferred to nitrocellulose membranes,

Continued
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Software and algorithms

GraphPad Prism 9.0 GraphPad Software, Inc GraphPad Prism, RRID:SCR_002798

https://www.graphpad.com/

scientific-software/prism/

Kaluza Analysis 2.1 Beckman Coulter Life Sciences Kaluza, RRID:SCR_016182

https://www.beckman.com/

flow-cytometry/software/kaluza

Combenefit Jodrell, Cancer Research UK https://www.cruk.cam.ac.uk/research-groups/

jodrell-group/combenefit

ImageJ Wayne Rasband, NIH ImageJ, RRID:SCR_003070 https://imagej.nih.gov/

ij/download.html

Ingenuity Pathway Analysis Qiagen Ingenuity Pathway Analysis, RRID:SCR_008653

https://digitalinsights.qiagen.com/products-

overview/discovery-insights-portfolio/

analysis-and-visualization/qiagen-ipa/
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blocked in 5% non-fat milk for 1 h, and incubated overnight at 4◦C with the indicated primary antibody (dilution as recommended by

manufacturers) in 5% non-fat milk. The following day, the membranes were washed 4x for a total of 30 min and then incubated with

HRP-labeled secondary antibodies for 2 h at room temperature. After another four washes, signals were developed using Clarity

Western ECL substrate or Clarity Max Western ECL substrate (Bio-Rad). Images were captured using a UVP GelDoc-It Imaging Sys-

tem and accompanying software to scan the immunoblots (Analytik Jena, Jena, DEU). To re-probe a membrane, immunoblots were

incubated with 1x ReBlot Stripping Solution (Millipore Sigma) for 30 s, followed by 3 washes for 5 min each. Membranes were then

blocked in 5% milk for 30 min and incubated with antibodies as described. Determination of band intensity was performed using

ImageJ software (ImageJ, RRID:SCR_003070).

NanoBRET Bioluminescence Resonance Energy Transfer (BRET) assay

2× 106 COS-7 cells were transfected in T75 flasks using FuGENE HD Transfection Reagent with 5 μg p53 HaloTag Fusion Vector and

1 μg of NanoLuc-Mdm2 Fusion Vector (PROMEGA catalog N1614) for ∼24 h at 37◦C and 5% CO2. The cells were washed once with

PBS and tyrpsinized in 2 mL of 0.05% trypsin-EDTA. 2 mL of cell culture media was used to neutralize trypsin, and the cells were spun

at 125xg for 5 min. Cells were resuspended at 2 × 105 cells/mL in Opti-MEM Reduced Serum Media, no phenol red, and 4% FBS.

Cells were aliquoted for treatment with vehicle, venetoclax, MLN8237, or their combination. Treated cells were then divided into two

pools, so that each sample set would receive either 100 nM 618 ligand or DMSO. Cells were seeded in white-walled 96-well plates in

triplicate with 100 μl per well and incubated for ∼24 h at 37◦C and 5% CO2. NanoBRET Nano-Glo Substrate was prepared following

the manufacturer’s instructions, and the plates were read for donor emission (460nm) and acceptor emissions (618 nm) on a

SpectroMax plate reader.

Real-time PCR and mRNA quantification

Cells were pelleted after the indicated treatments, washed once with PBS, lysed in TRIzol buffer, and stored at − 80◦C until further

processing at the LCI Molecular Biology Core. Total RNA was isolated using the miRNeasy Mini Kit (Qiagen). RNA concentration

was determined using the Qubit High Sensitivity RNA HS assay kit (Thermo Fisher Scientific, Waltham, MA, USA). RNA integrity was

verified using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). First-strand complementary DNA was

synthesized using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). The reverse transcription reaction was performed

on an ABI ProFlex PCR System (Applied Biosystems, Foster City, CA, USA) at 42◦C for 30 min and stopped by heating to 85oC for

5 min. Fifty nanograms of the final product was used as a template for PCR. qRT-PCR was performed using TaqMan Probe-Based

Detection (Applied Biosystems) according to the manufacturer’s instructions on an ABI 7500 Fast Real-Time PCR System.

Taqman gene expression assays were used (BCL2: Hs00608023_m1, MYC: Hs00153408_m1, BAX: Hs00180269_m1, BAK:

Hs00832876_g1, TP53: Hs01034249_m1, Applied Biosystems) together with Taqman Gene Expression Master Mix (Applied Bio-

systems). The template was amplified by 40 cycles of denaturation at 95oC for 15 s, annealing of primers and probe, and extension

at 60◦C for 1 min in triplicates. Fluorescence data were acquired during the combined annealing/extension step. RT-negative re-

actions were performed on each plate to confirm the absence of DNA contamination. Fold changes in mRNA were quantified by the

comparative Ct method after normalization to β-actin (ACTB: Hs01060665_g1) internal control and vehicle (drug) control using the

2ΔΔCT method.

Murine xenograft studies

Subcutaneous (SC) lymphoma xenografts were established by injecting 1 × 106 DoHH2 cells into the right flank of anesthetized SCID

mice. Animals were randomized 14–28 days after inoculation, when tumor sizes reached 10–15 mm in diameter. Disseminated

models were produced by injecting 2 × 105 VAL cells into the lateral tail vein of NCG mice, and the animals were randomized into

the treatment groups 5 days after injection. For both models, mice were randomized into four different treatment groups (vehicle,

MLN8237, venetoclax, and VEN+MLN8237) of 6–8 mice per group. Treatment doses were administered to mice as MLN8237

(40 mg/kg/d via oral gavage), venetoclax (50 mg/kg/d via oral gavage), or a combination of both MLN8237 and venetoclax. The con-

trol group received the vehicle formulation (5% DMSO, 50% PEG 300, 5% Tween80 + 40%ddH2O via oral gavage). Treatments were

performed five days a week for three weeks. Mice were monitored for an additional 80-day for response and survival evaluation. In

one sub-study, SC xenograft tumors were excised after three days of treatment for RNA sequencing. Animals were monitored daily

for tumor volume, and body weight was measured twice weekly. Mice were euthanized if the xenografts exceeded 10% of their total

body weight, caused clear discomfort or impaired ambulation, or if a mouse lost more than 20% of its baseline body weight. Some

non-grafted NCG animals (3/group) were administered the indicated drugs to evaluate toxicity. After three weeks of treatment, blood,

serum, and vital organs were harvested and evaluated for toxicity. Serum biochemistry analysis and H&E staining of 10% formalin-

fixed tissues were performed at the IDEXX laboratory (Westbrook, ME, USA). Anti-human CD45 (HI30) (BioLegend Cat# 304006,

RRID:AB_314394), anti-human CD20 (2H7) (BioLegend Cat# 302346, RRID:AB_2564144), and anti-mouse CD45 (30-F11)

(BioLegend Cat# 103146, RRID:AB_2564003) antibodies (BioLegend, San Diego, CA) were used to evaluate disseminated tumors

in xenografted mouse tissues by flow cytometry. The IACUC approved protocol for this study specified the tumor burden humane

endpoint as any tumor measuring greater than 2 cm at the largest diameter. (IACUC approved protocol #02-18-02A titled ‘‘Combined

Inhibition of Signaling Pathways for Treatment of Non-Hodgkin Lymphoma’’).
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Next generation sequencing and quantification of mRNA in tumor grafts

Transcriptome profiling was performed using RNA sequencing of excised tumors in the Molecular Biology Core Laboratory at the LCI.

Sequence alignment and curation were performed by bioinformaticians at the Center for Biostatistics at the LCI. Briefly, excised

tumor tissues were snap-frozen until total RNA was isolated using the miRNeasy Mini Kit (Qiagen) according to the manufacturer’s

instructions. RNA integrity was evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies). Ribosomal RNA was selectively

depleted using RiboZero Globin (Illumina, San Diego, CA). Next-generation sequencing libraries were prepared using an Illumina

TruSeq Stranded Total RNA kit (Illumina). RNA was fragmented using divalent cations at elevated temperatures, following purifica-

tion. The cleaved RNA fragments were copied into first-strand cDNA using reverse transcriptase and random primers. Strand spec-

ificity was achieved by replacing dTTP with dUTP during the second-strand cDNA synthesis. The products were amplified using PCR

and purified to create the final cDNA library. The libraries were sequenced on an Illumina NextSeq 500 using High-Output Kits v2.5

(150 cycles).

RNA sequence files in fastq format were transferred from the Illumina BaseSpace Hub to the SevenBridges platform for sequence

alignment with human (GRh38) and murine (mm10) reference genomes using STAR aligner for deduplication and to exclude

sequences of murine origin amplified due to contamination from xenograft harvest. Paired-end reads that exclusively fit the human

references were processed for further analysis. Significantly expressed genes were clustered across treatment groups in an unsu-

pervised manner and further used in Ingenuity pathway analysis (IPA) (Ingenuity Pathway Analysis, RRID:SCR_008653) to identify

networks of importance and other interactions relevant to the disease and treatment.

Creation of p53 knockdown cell lines using lentivirus

Lentiviral vectors containing scrambled or TP53 shRNA were packaged into viral particles by VectorBuilder (Guangzhou, China). Viral

particles were used to infect DoHH2 cells in culture media at a multiplicity of infection (MOI) of 20–30. Immediately after the addition of

viral particles, the cells were centrifuged at 1000 g for 1 h, and the supernatant was removed, and the cells resuspended in fresh

culture medium. After 72 h, cultures were treated with the selection antibiotic puromycin (0.6 μg/ml) for 48–72 h period. Selected cells

were expanded and used in subsequent experiments. Knockdown of the p53 protein was confirmed by immunoblotting.

Statistics

All in vitro experiments were performed with at least three technical or experimental replicates unless otherwise specified. GraphPad

Prism (GraphPad Prism, RRID:SCR_002798) was used to fit the nonlinear regression for dose-response curves. The log rank test was

used to analyze survival data from xenograft experiments. Synergy/antagonism analyses were performed using Cancer Research UK

Cambridge Institute’s Combenefit (Cambridge, UK).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics were performed using Graph Pad Prism 10 Software. Tests included multiple unpaired t-test, one-way ANOVA with multiple

comparisons, and survival curve comparison with log rank (Mantel-Cox) test. Densitometry values from western blots were measured

vis ImageJ software. Tests used and significance metrics, such as statistical tests used, the exact value of n, definition of center, and

dispersion and precision measured, are described in figure legends. Significance is shown in figures as ****p < 0.0001, ***p < 0.001,

**p < 0.01, *p < 0.05, or ns (not significant).
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