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Abstract

Double hit (DH) or double expressor (DE) diffuse large B-cell
lymphomas (DLBCL) are aggressive non-Hodgkin's lymphomas
(NHL) with translocations and/or overexpressions of MYC and
BCL-2, which are difficult to treat. Aurora kinase (AK) inhibition
with alisertib in DH/DE-DLBCL induces cell death in �30%,
while �70% are aneuploid and senescent cells (AASC), a mitotic
escape mechanism contributing to drug resistance. These AASCs
elaborated a high metabolic rate by increased AKT/mTOR and
ERK/MAPKactivity via BTK signaling through the chronic active B-
cell receptor (BCR) pathway. Combinations of alisertib þ ibru-
tinib or alisertib þ ibrutinib þ rituximab significantly reduced
AASCs with enhanced intrinsic cell death. Inhibition of AKþ BTK
reduced phosphorylation of AKT/mTOR and ERK-1/2, upregu-
lated phospho-H2A-X and Chk-2 (DNA damage), reduced Bcl-6,

and decreased Bcl-2 and Bcl-xL and induced apoptosis by PARP
cleavage. In a DE-DLBCL SCIDmouse xenograft model, ibrutinib
alone was inactive, while alisertibþ ibrutinib was additive with a
tumor growth inhibition (TGI) rate of �25%. However, TGI for
ibrutinib þ rituximab was �50% to 60%. In contrast, triple
therapy showed a TGI rate of >90%. Kaplan–Meier survival
analysis showed that 67% of mice were alive at day 89 with triple
therapy versus 20% with ibrutinib þ rituximab. All treatments
were well tolerated with no changes in body weights. A novel
triple therapy consisting of alisertib þ ibrutinib þ rituximab
inhibits AASCs induced by AK inhibition in DH/DE-DLBCL
leading to a significant antiproliferative signal, enhanced intrinsic
apoptosis and may be of therapeutic potential in these lympho-
mas. Mol Cancer Ther; 16(10); 2083–93. �2017 AACR.

Introduction
Diffuse large B-cell lymphoma (DLBCL) is the most common

aggressive type of B-NHL. Double hit (DH)-DLBCL is a sub-
group with both MYC (t(8;14)(q24;q32)) and BCL-2 (t(14;18)
(q32;q21)) gene translocation and protein overexpression (1).
Double-expressor (DE)-DLBCL is a subgroup with both MYC
and BCL-2 protein overexpression without translocation of
these genes (2). Overexpression is characterized by �40% cells
positive for MYC with �70% cells positive for BCL-2 by
immunohistochemistry (IHC; ref. 3). Approximately 20% to
25% of newly diagnosed patients with DLBCL have DH/DE-
DLBCL (4). Standard therapies with R-CHOP–like regimens
have inferior overall and progression-free survival outcomes in
patients with DH/DE-DLBCL (2, 5–8). There is clearly an

unmet and challenging need for more effective therapies for
DH/DE-DLBCL.

MYC is a transcription factor located on chromosome 8q24 that
regulates 10% to 15% of the human genome including aurora
kinases (AK) regulating apoptosis, growth, proliferation, and cell
cycle (1, 9, 10). As direct pharmacologic inhibition of MYC has
remained elusive, inhibiting AKs is a novel approach for treating
DH/DE-DLBCL (10, 11). AKs are a family of mitotic serine/
threonine protein kinases that play important roles in eukaryotic
cell division. AK A localizes to centrosomes and functions in
centrosomematuration and proper formation ofmitotic spindles
(12, 13). AK A is able to transform rodent cells and lead to tumor
formation in xenograftmice (14, 15). Importantly, in humans, AK
A is overexpressed in numerous solid and hematologic malig-
nancies (16). Several groups have shown AKs to be overexpressed
in aggressive B-/T-NHL including DLBCL (17), MCL (18), periph-
eral T-cell lymphoma [not otherwise specified; PTCL (NOS);
refs. 19, 20) and are thought to be a key component of the
"proliferative" signature. In addition, we demonstrated that AK
A and B mRNA levels are predictive of a poor prognosis in MCL
(21). Xenograft mouse models of both MCL and DLBCL dem-
onstrated that the AK inhibitor alisertib (MLN8237) alone had
antitumor activity with a tumor growth inhibition (TGI) of�30%
(21–23). A phase II study of alisertib in relapsed/refractory B- and
T-cell NHL patients showed a response rate of �30% (24). AK
inhibition is an effective therapy, however, induction of aneu-
ploidy and senescence cells (AASC) during therapy (1 week on/2
weeks off) allows cells to reenter the cell cycle during the off
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therapy and proliferate, a drug resistant mechanism. Hence,
mitigating AASCs induced by alisertib is key to enhancing its
anti-NHL efficacy.

Bruton's tyrosine kinase (BTK) downstream of the BCR plays
key roles in B-cell maturation, activation, proliferation and sur-
vival (25–27), and overexpression of BTK prominent in ABC, and
DH-DLBCL promotes survival and proliferation (28–30). ERK is
downstream of ERK/MAPK pathways that has a critical role in B-
cell development, maintenance, and progression (31, 32). On the
other hand, mTOR is downstream of PI3K/AKT pathway and
maintains cellular homeostasis by controlling protein synthesis
and glycolytic metabolism (33, 34). Both ERK andmTOR expres-
sion is regulated by BTK, an upstream regulator of the chronic
active BCR pathway.

Here, we demonstrate that alisertib-induced AASCs are large in
size and are metabolically active. We hypothesized that abrogat-
ing alisertib-induced AASCs will be effective if BTK was simulta-
neously inhibited as alisertib induced AASCs require active ERK/
MAPK and PI3K/AKT/mTOR pathways for maintaining high-
cellular metabolic demand. We show that alisertib þ ibrutinib
prevents alisertib induced AASC formation, and this effect is
further amplified by inhibiting CD20 with rituximab, an indirect
BCL2 and BCL-xL inhibitor (35–38). We next tested double and
triple therapies in a U2932 DE-DLBCL mouse xenograft model
and showed that ibrutinib alone was ineffective, however, aliser-
tibþ ibrutinib (AI) and rituximabþ ibrutinib (RI) had a (TGI) of
�25%and�60%, respectively. Triple therapy (AIR)had a TGI rate
of >90% (P < 0.001) with a superior Kaplan–Meier survival.
Harvested tumors showed loss of Myc and Bcl-2 expression
supporting triple therapy efficacy in this DE-DLBCL model.

Materials and Methods
Cells and reagents

DH/DE-DLBCL cell lines U2932, VAL, OCI-Ly18, and U2904
were maintained in RPMI 1640 medium (Mediatech) supple-
mented with 10% fetal bovine serum at 37�C in a humidified
atmosphere containing 5% CO2. Alisertib and ibrutinib were
purchased (Selleck Chemicals). Rituximab was a kind donation
from the West Clinic (Memphis) and UACC (Tucson, AZ). The
compounds were dissolved in 10 mmol/L in DMSO as a stock
solution and then further diluted to desired concentrations for in
vitro experiments. The cell lines were obtained as follows: U2932
in 2012, VAL in 2013, U2904 in 2016, and OCI-Ly18 in 2016.

Cell proliferation inhibition (MTS assay)
DH/DE-DLBCL cells were seeded at 10,000 per well in 96-well

culture plates and allowed to grow for 24 hours followed by the
desired treatment with increasing concentrations of the indicated
agents for 4 days. Viable cell densities were determined using a
CellTiter 96 Cell Proliferation Assay (Promega). Absorbance read-
ings at 490 nm were analyzed against the control group for each
drug treatment to determine cell viability. The studies were
performed in triplicates �4 and IC50 values were estimated by
Calcusyn software (Biosoft). For combination studies of alisertib
and ibrutinib, an equipotent ratio was calculated to determine a
combined graded combination treatment. A control group was
established for each drug treatment in six replicates. The effects of
the combined treatments were determined by the combination
index (CI) and isobologram methods derived from the median-
effect principle of Chou and Talalay (39).

Cells metabolic rate measurement
DH/DE-DLBCL cells were treated with indicated agent for

specific time periods. Cellular metabolic activities were deter-
mined using a CellTiter 96 Cell Proliferation Assay (Promega)
by measuring absorbance readings at 490 nm. Cell numbers per
well were calculated directly using ImageJ software. Finally, met-
abolic rate per cell was calculated by dividing cellular metabolism
by cell number. All studies are performed in triplicates.

Tissue microarray and immunohistochemistry analysis
We evaluated DLBCL samples (n ¼ 41) in a tissue microarray

from the SWOG S0515 (40) trial for aurora A and BTK expression
with validated antibodies [aurora A (Calibiochem, cat#PC742)
and BTK (PA514770, Thermo Fisher Scientific; IRB approved
protocol]. TMA was created by punching 1-mm cores (in dupli-
cate) from representative areas of paraffin-embedded tissue
blocks as identified by pathologist review of the corresponding
hematoxylin and eosin stained sections. The cores were then
embedded into a single-recipient block and cut at 5-mm thickness
for IHC. Normal "reactive" LN and Tonsil were used as controls.
The staining was scored blindly by an expert hematopathologist
(C. Spier) and rated as 1þ, 2þ, and 3þ. IHC was performed
using Aurora A rabbit polyclonal antibody diluted 1:40 and
BTK antibody. Tissue sections were stained on a Discovery XT
Automated Immunostainer (Ventana Medical Systems, Inc.).
All steps were performed on this instrument using VMSI val-
idated reagents, including deparaffinization, cell conditioning
(antigen retrieval with a borate-EDTA buffer), primary antibody
staining, detection, and amplification using a biotinylated
streptavidin HRP and DAB (diaminobenzidine) system and
hematoxylin counterstaining. Aurora A and BTK were detected
separately using a goat anti-rabbit secondary antibody. Follow-
ing staining on the instrument, slides were dehydrated through
graded alcohols to xylene and cover slipped with mounting
medium (Richard Allan, Cat #4112).

Polyploidy and senescence assays
Flow cytometry–based assays were utilized to quantify polyploi-

dy and senescence in live cells. Polyploidywas basedonmembrane
permeable dye Hoechst-33342 staining and senescence on hydro-
lysis of a membrane permeable molecule, 5-dodecanoylamino-
fluorescein di-b-D galactopyranoside (C12-FDG) and b-galactosi-
dase enriched in senescent cells. After hydrolysis and laser excita-
tion, the C12-FDG emits green fluorescence and is detected by
flow cytometry. The overall scheme of the experiment entails that
DH/DE-DLBCLcells are seeded24hoursprior to the treatmentwith
alisertib � targeted agent. On the day of the experiment, cells are
incubated with bafilomycin A1, then with C12-FDG followed by
Hoechst-33342 and propidium iodide, and analyzed on the flow
cytometer. The region of interest is determined on the plot FSC
versus SSC to exclude dead cells and cellular debris. The untreated
cells are run in the flow cytometer and the red cursor is set. Treated
cells are run in BD-LSR-II and the senescent cells appear above the
red cursor (41) and analyzed with FlowJo software (FlowJo, LLC).
In parallel (same sample, same treatment), the cells are stained
using the b-galactosidase assay.

Phospho-kinase profiling
U2932 cells were treated with alisertib 3 mmol/L for 7 days to

optimize polyploidy. Control and treated cell lysates were
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incubated utilizing the Proteome Profiler Human Phospho-
Kinase Array Kit, each spotted in duplicate with antibodies against
43 different kinases and 2 related total proteins (R&D Systems).
The semi-quantitative experiment was performed twice with 4
data points per p-protein. Image analysis after correction for
background and controls estimates the %p-protein pre- and
postalisertib and compared with the averaged value.

TUNEL assay for DNA breaks detection
Cells were treated with alisertib, alisertib þ ibrutinib, and

alisertib þ ibrutinib þ rituximab. Cells were then fixed with
1% (w/v) paraformaldehyde in PBS followed by 70% (v/v)
ethanol at �20�C. Cells were treated with terminal deoxynucleo-
tidyl tranferase enzyme (TdT), fluorescein isothiocyanate (FITC),
deoxyuridine triphosphate (FITC-dUTP) for labelingDNAbreaks,
and PI/RNase A solution for counterstaining total DNA as per
APO-DIRECT Kit (TONBO bioscience) and run in BD-LSR-II and
analyzed with FlowJo software (FlowJo, LLC).

Apoptosis assays
Annexin V staining was used to detect apoptosis. Treated cells

were harvested and rinsedwith cold PBSonce. After centrifugation
for 5 minutes, cells were suspended in 500 mL of 1� Annexin V
binding buffer (BioVision, Annexin V–FITC Reagent Kit,
Cat.#1001-1000) and then 5 mL of Annexin V–FITC and 5 mL of
propidium iodide (BioVision, Annexin V–FITC Reagent Kit) were
added. After incubation for 5minutes at room temperature in the
dark, the samples were analyzed by flow cytometry. All studies
are performed in triplicate. PARP cleavage was utilized to detect
apoptosis by immunoblotting (see below).

Immunoblotting
DH/DE-DLBCL cells are lysed in 1X RIPA buffer and supple-

mented 1:100 protease/phosphatase inhibitor cocktail (Cell Sig-
naling Technology). Protein concentrations are determined using
the Bio-Rad protein assay kit (Hercules), and 30 mg of protein was
resolved by electrophoresis on a 10%SDS-PAGE. The proteins are
transferred onto a nitrocellulose membrane and nonspecific
binding is blocked by incubating with 5% nonfat milk in TBS-
T buffer (0.01 mol/L Tris–Cl, 0.15 mol/L NaCl, 0.5% Tween-20,
pH 8.0) at room temperature for 1 hour. The membrane was
subjected to the indicated antibodies and fluorescence detected
using a LI-COROdyssey Infrared Imaging System. Anti-phospho-
Btk (Tyr223; AB #68217) was purchased from Abcam. C-Myc (SC
#40), Anti-Bcl-2 (SC #783) antibody was purchased from Santa
Cruz Biotechnology. Anti-aurora A (CST #14475) and anti-aurora
B (CST #3094), Anti-phospho-aurora A (Thr288; CST #3079),
anti-Akt (CST #4691), anti-phospho-Akt (Ser473; CST #4060),
S6 (CST #2317), p-S6 (CST #2211), anti-phospho-Bcl-2 (CST
#2827), Bcl-6 (CST #5650), anti–Bcl-xL (CST #2762), anti-Btk
(CST #8547), anti-ERK1/2 (CST #4695), anti–phospho-ERK1/2
(CST #4370), anti–phospho-Histone H2A.X (CST #5438),
anti-PARP (CST #9542), anti-GAPDH (14C10; CST #2118), and
anti–b-actin (CST #3700) antibodies were purchased from Cell
Signaling Technology.

Mouse xenograft model
Animal care and treatment were performed at the University of

Arizona (Experimentalmouse shared resource, EMSR). SCIDmice
were injectedwith1�107U2932 cells inMatrigel subcutaneously

into the right hind flank.When tumors reached a volume of�200
mm3, mice were divided randomly (pair-matched) into different
groups with 12 mice per cohort. The mice were treated with
alisertib (A, 30 mg/kg p.o., q.d. for 3 weeks), rituximab (R, 10
mg/kg i.v., once/week, �4), and ibrutinib [I, 10 mg/kg p.o., q.d.
for 3 weeks] alone at indicated dosages or different combinations
(AI, IR, AIR) with the above doses and schedules. The length (L)
and width (W) of the subcutaneous tumors were measured by
calipers and the tumor volume (TV) was calculated as TV ¼ (L �
W2)/2. Mice were sacrificed at the end of treatment (3 mice per
cohort), end of study (all remaining mice), or if tumor volume
reached�2,000mm3at any timeduring the study. Excised tumors

Figure 1.

AK-A and BTK are both upregulated in patient samples and in DH/DE-DLBCL
cell lines. A, IHC shows Aurora-A and BTK expression in DLBCL patients
(S0515). B,Western blotting shows c-Myc, AK-A, Bcl-2, and BTK overexpressed
in DH/DE-DLBCL cell lines.
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(end of the treatment) were either fixed in paraffin for IHC
analysis or snap frozen for Western blotting and expression
profiling studies.

Statistical analysis
In vitro experiments were performed in triplicate. The data were

expressed asmean� SD. The difference between twomean values
was evaluated using the Student t test and considered to be
statistically significant when P � 0.05. Statistical analysis of the
mouse xenograft model data was performed by estimating the
tumor growth for each mouse by fitting the least squares regres-
sion line of the tumor volume by day. The cube root of the
observed tumor volumes was used to induce linearity in the raw
data values. The slope of the regression line measures the tumor
growth rate. Analysis of variance was used to test for the overall
treatment effects on tumor growth inhibition (TGI). Tukey's
studentized range test was used to assess the significance of
pairwise differences between the groups adjusted for multiple
comparisons. Survival of the mice was measured from the date of
pair matching to sacrifice (event) or end of study (censored). The
Kaplan–Meiermethodwas used to estimate survival. The log-rank
test was used to compare survival between the respective treat-
ment groups. P value adjustments were made for multiple com-
parisons using SidakSD multiple comparison test. Analysis was
performed using Prism (Graphpad). All P values � 0.05 were
considered statistically significant.

Results
AK-A and BTK are both upregulated in patient samples and in
DH/DE-DLBCL cell lines

Forty-one CD20þ DLBCL samples in a TMA from the SWOG
S0515 trial (40) were evaluated for expression of AK-A and BTK
with a "reactive" lymph node control. AK-A expression had
reactivity with 2þ staining (nuclear) in �25% (10 out of 41)
samples. Of those AK-A positive samples 60% were positive for
BTK (6 out of 10). BTK showed positivity (bothmembranous and
cytoplasmic) with 2þ staining in �40% (16 out of 41) samples.
Of those BTK-positive samples, 37.5% were positive for AK-A
(6 out of 16; Fig. 1A). In the DH/DE-DLBCL cell lines U2932,
U2904, VAL, and OCI-Ly18 all coexpress AK-A and BTK as well as
c-Myc and Bcl-2 indicative of DH/DE-DLBCL (Fig. 1B).

AASCs are responsible for treatment failure with single-agent
AK-A inhibition

Inhibition of AK A results in apoptosis of�30%of B-NHL cells
(Fig. 2A), which is similar to response rates observed in lympho-
ma trials (24). Approximately 70% cells escape death in mitosis,
which are responsible for treatment failure or drug resistance. In
order to determine the reason(s) for treatment failure, DH/DE-
DLBCL cell lines were treated with 50 nmol/L alisertib (approx-
imate IC50 for all cell lines determined by MTS assay) and

Figure 2.
Aurora inhibition results in AASCs responsible for treatment failure. U2932
cells are treated with 50 nmol/L alisertib and analyzed by flow cytometry show
(A) alisertib as a single agent induces cell death in �30% of cells. B, Aneuploid
cells have an increase in cell size and are metabolically active. C, Aneuploid
cells form the major proportion of cells that avoid cell death. D, Aneuploid cells
are also representative of senescence.
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Figure 3.

Aurora inhibition induces a DNA damage response promoting senescence. U2932 cells were treated with 3.0 mmol/L alisertib for 7 days to optimize
aneuploidy followed by phospho-kinase profiling shows A, Upregulation of a DNA damage response, C, Induction of senescence (E) Activation of BCR signaling.
B, U2932 and VAL cells treated with 50 nmol/L alisertib for 4 days followed by Western blotting confirms upregulation of the DNA damage response.
D, U2932 and VAL cells treated with 2.5 mmol/L alisertib for 7 days followed by Western blotting confirm inductions of senescence. F, U2932 and VAL cells
treated with 50 nmol/L alisertib for 4 days followed by Western blotting shows the BCR signaling pathways is active in alisertib-treated cells. G, The activated
BCR pathway is inhibited by ibrutinib (mmol/L), a BTK inhibitor.
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investigated for metabolic activity of treated cells which increased
with time: 1.5-fold (day 2), 2.3-fold (day 4), and 3.7-fold (day 6),
and corresponded to increased size of treated cells versus control
which correlated with increased number of aneuploid cells (Fig.
2B). Unusually high metabolic rates of polyploid cells require
high mTOR and/or ERK activity. We determined that cells that
survived alisertib therapy are predominantly aneuploid com-
pared with cells undergoing apoptosis, which had 2n status (Fig.
2C). In order to quantify the fraction of senescent cells, we utilized
the C12-FDG flow assay (41), which demonstrated �25% of
alisertib treated cells enter senescence. Further investigation
showed that these senescent cells were aneuploid with respect
toDNA content (Fig. 2D). Thesefindings show that AASCsmaybe
responsible for alisertib treatment failure or resistance and can be
mitigated by deciphering the underlying mechanisms of aneu-
ploidy and senescence.

Aurora inhibition induces a DNA damage response promoting
senescence

To examine underlying mechanisms of alisertib-induced
AASCs, we performed phospho-kinase profiling in U2932 cells.
This semi-quantitative experiment was performed twice with 4
data points per p-protein. The p-protein response to alisertib
showed increased phospho-p53 (S-15) and phospho-Chk-2
(Fig. 3A) indicating AK-A modulates p53 activity (42) and
promotes p53 phosphorylation inducing a DNA damage
response guiding cells toward apoptosis likely mediated by
Chk-2 (43) which was confirmed by Western blotting (Fig. 3B).
Phosphorylation of p38a decreased (Fig. 3C), which is indic-
ative of cells exiting the cell cycle, thereby enhancing a senes-
cence phenotype (44) evident by upregulation of p27 and
downregulation of p-p38 by Western blotting (Fig. 3D). Phos-
phorylation of Hck and Akt increased (Fig. 3E), which are
directly downstream of BCR signaling (45), indicating AK-A
inhibition induces a DNA damage response but BCR signaling
overcomes the aurora inhibitory effect (Fig. 3F).

IgM cross-linking of the BCR leads to activation of downstream
signaling of p-BTK/BTK and p-AKT/AKT. Addition of ibrutinib
inhibits activation of BTK and AKT in a dose-dependent manner
(Fig. 3G). Total BTK and AKT protein levels are unchanged
indicating decreased pTyr223 is due to inhibition of phosphor-
ylation andnot toBTKdegradationor downregulation.Moreover,
HCK is a target of the BTK inhibitor ibrutinib (29, 46), providing a
strong rationale for combination therapy of alisertib with ibru-
tinib to inhibit BCR signaling.

Triple therapy with alisertib þ ibrutinib þ rituximab mitigates
alisertib induced AASCs in DH/DE-DLBCL and induces
apoptotic cell death through DNA damage

To determine the effect of combination of treatment DH/DE-
DLBCL, cell lines were treated with alisertib, ibrutinib, rituximab,
and combinations with respective drug concentrations. Triple
therapy significantly increased the dead cell population (>75%
(62.7% þ 13.6%)) compared with single or double therapies. In

Figure 4.

Triple therapy with alisertib þ ibrutinib þ rituximab mitigates alisertib-
induced AASCs in DH/DE-DLBCL and induces apoptotic cell death through DNA
damage. U2932 cells were treatedwith 50 nmol/L alisertib, 2.0 mmol/L ibrutinib,

10 mg/mL cross-linked rituximab and their combination for 4 days. Flow
cytometry data show that with triple therapy: A, the aneuploid population is
reduced; B, the senescent population is also reduced; C, induces significant
apoptosis; and D, DNA breaks evident by TUNEL assay. All these experiments
were performed at least three times, representative data were presented here.
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Figure 5.

AK plus BTK blockade inhibits the chronic
active BCR pathway and induces apoptosis
in DH/DE-DLBCL. U2932 cells were
treated with 50 nmol/L alisertib, 2.0 mmol/L
ibrutinib, and their combination for
4 days. Western blotting shows (A)
downregulation of the MAPK and
PI3K/AKT/S6 pathways but upregulation of
the DNA damage response, (B)
quantification of protein expression (% of
DMSO control) after normalization with the
housekeeping protein GAPDH. C, Single
agent alisertib induces aneuploidy due to
activation of the mTOR/AKT/S6 and
ERK/MAPK pathways. Combination
therapy is able to overcome aneuploidy and
senescence (D).

Inducing Apoptosis in DH/DE-DLBCL

www.aacrjournals.org Mol Cancer Ther; 16(10) October 2017 2089

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/10/2083/1852496/2083.pdf by guest on 19 M
ay 2023



addition, triple therapy was significantly effective in reducing
the aneuploidy cell population compared with single agent ali-
sertib [30.90% (13.6% þ 17.3%)] vs. 58.44% [1.94% þ 56.5%);
Fig. 4A]. In contrast, triple therapy significantly lowered the
senescence population [2.88% (1.35%þ 1.53%)] comparedwith
single-agent alisertib [21.93% (3.13%þ 18.8%); Fig. 4B]. Togeth-
er, our data show that triple therapy prevents AASCs, thereby
mitigating alisertib failure.

To investigate cell death mechanisms, each treatment modal-
ities were evaluated for cellular necrosis versus apoptosis. It was
evident that apoptosis is the cause of cell death. Triple therapy
induces a significantly higher percentage of apoptosis com-
pared with single therapy or double therapies (Fig. 4C). TUNEL
assay further showed that triple therapy induces DNA breaks
in �70% of cells, which is significantly higher than other
drug combinations (Fig. 4D). These finding led us to further
investigate pathways responsible for inducing apoptosis with
triple therapy.

AK plus BTK blockade inhibits the chronic active BCR pathway
and induces apoptosis in DH/DE-DLBCL

AK is a direct target of the ERK/MAPK pathway and its
chronic upregulation is induced by hyperactivation of this
pathway (47). Inhibiting AK A induces DNA damage, which
is not sufficient for promoting significant apoptosis due to
mutated TP53 and over expression Bcl-6, which inhibits p53
in U2932 cells, whereas in VAL cells which have wild-type
TP53 were more sensitive than U2932. However, antiapoptotic
proteins Bcl-2 and Bcl-xL are overexpressed in U2932 cells that
retain mitochondrial outer-membrane potential. In addition,
upregulated BTK constitutively activates AKT/mTOR/S6 and
MAPK/ERK pathways, which ultimately results in metabolically
active aneuploid cells during AK inhibition (Fig. 5C). Coin-
hibition of AK plus BTK decreases the phosphorylation of
ERK-1/2 and AKT/mTOR/S6, leading to a reduction of NF-kb.
Combination therapy likely mitigates aneuploidy with atten-
dant increased DNA breaks is demonstrated by upregulation of
phospho-H2A-X. This combination also reduces the expression
of Bcl-6, antiapoptotic proteins Bcl-2 and Bcl-xL that ultimately
results in a compromised mitochondrial outer-membrane
potential evident by increased PARP cleavage (endo apoptotic
pathway; Fig. 5A, B, and D). Adding rituximab to alisertib/
ibrutinib in vivo further amplifies apoptosis (Fig. 6).

Triple therapy is safe and effective in a DE-DLBCL mouse
xenograft model

Based on our in vitro data, we conducted a mouse xenograft
model with the U2932 cell line to evaluate triple therapy
(alisertib þ ibrutinib þ rituximab) versus single agent or other
combinations. We excluded single agent alisertib and rituximab
as they were evaluated in the same mouse model from a
previous study (23). In the U2932 mouse model, ibrutinib
alone was not active and alisertib alone had a TGI of �10%.
However, alisertib þ ibrutinib was additive with a TGI of
�25%. In contrast, ibrutinib þ rituximab showed a TGI of
�50%–60% over ibrutinib alone indicating blocking BTK and
CD20 is an effective therapeutic modality in DE-DLBCL. How-
ever, alisertib þ ibrutinib þ rituximab showed a TGI of >90%
indicating significant synergy (P < 0.001; Fig. 6A). All treat-
ments were well tolerated with stable body weights (<5% body

Figure 6.

Triple therapy is safe and effective in a DE-DLBCL mouse xenograft model.
U2932 xenograft SCID mice (n ¼ 12/cohort) treated with saline (control),
ibrutinib 12.5 mg/kg), MLN8237 (30 mg/kg), rituximab (10 mg/kg), and their
combination. MLN8237 or ibrutinib was given once daily � 3 weeks p.o.,
rituximab once every week � 4 weeks i.v. Tumors grew to �200 mm3 prior to
initiating treatment. The arrows point to start and end of treatments. A, Tumor
burden (volume) represented as mean � SEM. B, Kaplan–Meier survival
curve (C) Western blotting of harvested mouse tumors show triple therapy
effectively reduces Myc and Bcl-2 protein levels.
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weight loss). Kaplan–Meier survival showed 67% of mice alive
at day 89 in the triple therapy group versus 20% for ibrutinib þ
rituximab. No mice from the other treatment groups survived
past day 52 (Fig. 6B). Western blotting of tumors harvested at
the end of treatment showed that triple therapy abolished Myc
and Bcl-2 expression which is not prominent in cell lines as the
rituximab anti–B-NHL effect is more prominent in vivo. In
addition, p-Akt was also significantly reduced (Fig. 6C). Con-
current targeting of AKA, BTK, and CD20 is safe and effective in
DE-DLBCL.

Discussion
The current standard of care for de novo DLBCL is rituximab

(Rituxan) plus CHOP-like (cyclophosphamide, doxorubicin,
vincristine, and prednisone; R-CHOP) therapies irrespective
of cell of origin or genetic heterogeneity (48). AKs (A and B)
are important drivers of proliferation in NHLs (49) and are
amenable to targeted therapy. Preclinical studies (19–23) and
clinical trials (24, 50) with a specific AK A inhibitor alisertib
demonstrated significant antitumor activity with a good safety
profile. However, response to single agent alisertib is not
sustained due to alisertib-induced AASCs that escape mitotic
apoptosis. The maximum tolerated dose of alisertib is 50 mg
p.o. b.i.d. 1 week on and 2 weeks off (24). During the off 2
weeks of alisertib, these AASCs reenter the cell cycle and
resume proliferation and/or remain senescent, a common
mechanism of drug failure attributable to many chemother-
apeutic agents.

We explored how alisertib-induced AASCs could be
inhibited by selectively targeting BTK and CD20, thus pro-
moting apoptosis in DH/DE-DLBCL. We show that AK inhi-
bition with alisertib induces a DNA damage response. Ibru-
tinib, an irreversible BTK inhibitor, alone is able to inhibit
p-BTK and p-AKT, thereby ERK and mTOR, respectively. This
provided the rationale for combining alisertib with ibrutinib
to inhibit alisertib induced AASCs by inhibiting the chronic
BCR pathway. In addition, as BTK and AK-A are both coex-
pressed in DLBCL (patient samples and cell lines), concur-
rent treatment with ibrutinib plus alisertib, inhibited AASC
formation, inactivated p-AKT, p-ERK, and p-BTK and pro-
moted apoptosis through the intrinsic pathway. Together,
the data indicate that in DH/DE-DLBCL alisertib-induced
AASCs, a phenotypic drug resistant state that can be abro-
gated by inhibiting BTK and CD20 by activating the intrinsic
apoptotic pathway.

Phospho-proteomic analysis of alisertib-treated U2932
cells, which harbor a pathogenic TP53 mutation, showed that
AK inhibition promotes p53 phosphorylation at pS15 induc-
ing a DNA damage response that upregulates Chk-2 (43)
promoting senescence. AK-A, a direct target of the ERK/MAPK
pathway, decreased pMAPK14 (p38a) when treated with ali-
sertib (47). In addition, HCK is concurrently activated and is a
direct target of ibrutinib that supports an alisertib-induced
AASC phenotype.

A DH/DE-DLBCL mouse xenograft model of U2932 evalu-
ated ibrutinib versus alisertib þ ibrutinib � rituximab. In this
model, Ibrutinib alone was inactive. Alisertib þ ibrutinib was
additive with a TGI of �25% versus alisertib of�10% TGI (23).
In contrast, Ibrutinib þ rituximab showed a TGI of �50% to
60% over ibrutinib alone indicating blocking BTK and CD20 is

an effective therapeutic modality in DH/DE-DLBCL. However,
alisertib þ ibrutinib þ rituximab showed a TGI of >90%
indicating significant synergy (P < 0.001). All treatments were
well tolerated with stable body weights (<5% body weight
loss). Kaplan–Meier survival showed 67% of mice alive at day
89 in the triple therapy group versus 20% for ibrutinib þ
rituximab. No mice from the other groups survived beyond
day 52. Together, the data indicate that although rituximab þ
ibrutinib is more active than alisertib þ ibrutinib, the addition
of alisertib to rituximab þ ibrutinib is highly synergistic,
emphasizing the role of alisertib as an important antilym-
phoma drug in DH/DE-DLBCL. The mechanistic implications
are that targeting the chronic active BCR pathway and CD20
critical to cell survival and proliferation can be targeted to
eliminate AASCs induced by alisertib.

We have demonstrated that single agent alisertib treatment
leads to AASCs, a mechanism that blunts its anti-DLBCL
response. Previously, we showed alisertib sensitized and
synergized DH/DE-DLBCL cells to vincristine plus rituximab
(23). Here, we demonstrate that alisertib synergizes with
ibrutinib plus rituximab by eliminating alisertib induced
AASCs. Hence, we propose that alisertib plus vincristine plus
ibrutinib when combined with rituximab would be an opti-
mal therapeutic strategy in DH/DE-DLBCL patients relapsing
after R-CHOP–like therapies. A clinical trial concept has been
written for an investigator-initiated clinical trial in relapsed
and refractory aggressive DLBCL based on the successfully
completed alisertib þ vincristine þ rituximab study (23)
which shows that this combination was well tolerated and
had anti–B-NHL activity.
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