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ovel Synergistic Combination
f Mitotic Arrest and Promotion
f Apoptosis for Treatment of
ancreatic Adenocarcinoma
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Abstract
The BCL-2 family of proteins, including anti-apoptotic members BCL-2, BCL-XL and MCL-1, are part of a complex
network that controls apoptosis. BH3-mimetics such as ABT-263 inhibit anti-apoptotic BCL-2 proteins and have
been developed as potential cancer therapeutics. Aurora Kinase A (AKA) is over-expressed in pancreatic cancer
(PC) and controls G2-M transition during mitosis and AKA inhibitors have been developed that induce mitotic
arrest. We hypothesized that mitotic arrest induced by AKA inhibition may sensitize PC to accelerated apoptosis by
a BH3-mimetic. Our results demonstrated that ABT-263 plus MLN8237 treatment showed greater activity than
either single drug alone, as well as strong synergism, in the inhibition of growth of pancreatic cell lines (AsPC-1,
PANC-1, MIA PaCa-2, HPAF-II) and PC patient-derived organoids (PDOs). The higher efficacy of combination
treatment was attributable to the higher levels of induction of apoptosis and reduction of MCL-1 in PC cells and
PDOs. In addition, combination therapy was more effective than single drug in the suppression of tumor growth in
AsPC-1 xenograft mouse models. Together, our findings suggest that combination therapy with ABT-263 and
MLN8237 should be considered for further exploration as a novel treatment of deadly PC disease.
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ncreatic cancer is aggressive and is the fourth leading cause of cancer-
lated death in the United States [1]. Due in part to a lack of an effective
reening method, 60% to 70% of patients present with metastatic
sease at time of diagnosis. In advanced disease, the median survival rate
3-4 months without therapy [2]. Surgical resection is the only
eatmentmodalitywith the potential for cure but themajority of patients
esent with unresectable or metastatic disease. In advanced disease,
eatment consists of chemotherapy with or without palliative radiation
erapy. Gemcitabine, a deoxycytidine nucleoside analog, has been a
andard-of-care chemotherapeutic agent for advanced pancreatic cancer
r the past two decades despite limited efficacy [3]. FOLFIRINOX, a
mbination regimen of fluorouracil, leucovorin, irinotecan, and
aliplatin, has provenmore efficacious than gemcitabine alone; however
edian overall survival for newly-diagnosed advanced pancreatic cancer
mains under a year and tolerability is limited by toxicity [4,5].
There is a need for novel, more effective, and better-tolerated
erapeutics for treatment of pancreatic cancer. Cancer cells exhibit
th genetic and epigenetic changes that promote anti-apoptotic over
o-apoptotic signals, thus favoring survival. Modulation of the BCL-
family of proteins has been well characterized as one mechanism by
hich cancer cells develop the ability to withstand genotoxic stressors
d promote tumor maintenance, metastatic progression, and therapy
sistance [6–9]. BH3-domain mimetics have been developed to
hibit select anti-apoptotic BCL-2 family members. Venetoclax,
rmerly known as ABT-199, is a BH3-mimetic and small molecular
hibitor of BCL-2 which in combination with rituximab has proven
ccessful in treating relapsed chronic lymphocytic leukemia. Further
vestigations are ongoing in examining its role in other hematologic
alignancies including acute myeloid leukemia and non-Hodgkin
mphoma [10–14]. Unfortunately, similar therapies have yielded
sappointing results in various solid tumors [15,16]. Increased
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derstanding of the mechanisms of resistance to BH3-domain
imetics has created opportunities to more strategically design drug
mbinations. KRAS oncogene mutations are prevalent in multiple
ncers including N90% of pancreatic adenocarcinoma. Studies have
own that RAS-mutated cancer cells exhibit a pro-survival balance
ong the BCL-2 family members [17]. This can be exploited by
lective susceptibility of KRAS-mutated cancer cells to combination
H3-mimetics with strategic partner drugs to create synthetic
thality [18,19]. Potent BH3-domain mimetics under clinical
velopment such as ABT-263 (navitoclax) inhibit anti-apoptotic
CL2 family members (BCL2, BCL-Xl and BCL-W) [20,21];
wever, they fail to inhibit the Bcl-2 family member MCL-1 whose
pression is a potential mechanism of resistance to BCL-2 inhibitors
2,23].
There is evidence that the protein level of MCL-1 decreases during
itotic arrest through degradation. Although cytotoxic chemotherapy
ugs like taxanes induce cancer cell death by causing mitotic arrest,
ey also cause dose-limiting toxicity due to other effects on non-
ncer cells unrelated to mitotic arrest such as myelosuppression and
ripheral neuropathy. The next generation of mitosis inhibitors have
en developed to target proteins specifically expressed during
itosis. Aurora Kinase A (AKA) is a serine/threonine kinase
tricately involved in centrosome maturation and spindle assembly
d thus is highly expressed during G2 through mitosis and is located
duplicated centrosomes as well as spindle microtubules [24,25].

KA is overexpressed in multiple malignancies including pancreatic
ncer [26,27] and has been shown to cause centrosome amplifica-
on, aneuploidy, and chromosomal instability [26,28]. Inhibition of
KA using an siRNA to AKA in pancreatic cancer cells causes
creased mitotic arrest [29]. There was also an increase in the sub-G1
action suggesting an increase in apoptosis [29]. These effects
enotypically resulted in decreased proliferation and tumorigenicity
9]. Two phase I studies of MLN8237, an oral AKA inhibitor, have
monstrated modest single agent activity in solid tumors [30,31].
enetoclax has previously been tested in combination with
LN8237 and was found to induce widespread apoptosis in
YCN-amplified neuroblastoma via the reduction of MCL-1 [32].
this study, we tested the efficacy of ABT-263 combined with
LN8237 as a potential new treatment option for pancreatic cancer.

aterials and Methods

ell lines, Organoids, and Reagents
Four pancreatic cell lines generously provided by Dr. Richard Bold
d Dr. Julie Sutcliffe's laboratories (University of California, Davis,
avis, CA) were studied: AsPC-1, HPAF-II, MIA PaCa-2 and
ANC-1. AsPC-1 were maintained in RPMI 1640 media with
utamine (Invitrogen) supplemented with 2% penicillin/streptomy-
n and 10% heat-inactivated fetal bovine serum (FBS) (JR
ientific). The other cell lines were maintained in Dulbecco's
odified Eagle's High Glucose media with glutamine and sodium
ruvate (DMEM, GE Healthcare Hyclone) supplemented with 1×
EM Vitamin Solution (Invitrogen) and 1× MEM Non-Essential
mino Acids solution (Invitrogen), and 10% FBS. All cell lines were
cubated at 37°C in 5% CO2.
Pancreatic organoids were developed from patient tumor speci-
ens following an established protocol [33]. Briefly, tumor tissue was
inced and digested with collagenase II (5 mg/ml, GIBCO) in
mplete organoid feeding media at 37 degrees for 4 hours. The
aterial was further digested with TrypLE (GIBCO) for 15 minutes
37 degrees, embedded in growth factor reduced Matrigel, and
ltured in complete organoid media. The complete organoid media
nsisted of the following ingredients: AdDMEM/F12 media
pplemented with HEPES (1× Invitrogen), Glutamax (1×, Invitro-
n), penicillin/streptomycin (1×, Invitrogen), B27 (1×, Invitrogen),
rimocin (1 mg/ml, InvivoGen), N-acetyl-L-cysteine (1 mM, Sigma),
nt3a-conditioned media (50% v/v), RSPO1-conditioned media
0% v/v), recombinant Noggin protein (0.1 mg/ml, Peprotech),
idermal growth factor (EGF,50 ng/ml, Peprotech), Gastrin (10
, Sigma), fibroblast growth factor 10 (FGF10, 100 ng/ml,

eprotech), Nicotinamide (10 mM, Sigma), and A83–01 (0.5 mM,
ocris).
MLN8237 and ABT-263 were purchased from Selleck Chemi-
ls. MLN8237 and ABT-263 were dissolved in dimethyl
lfoxide, stored at −80°C, and further diluted in media for in
tro studies.

rowth Inhibition Assays
Cells were seeded at 2×103-5×103 cells/well in 96-well flat-bottom
ates and allowed to attach overnight prior to treatment. Cells were
eated with either MLN8237 (0.001-10 μM) or ABT-263 (0.1-10
M) for 72 hours in triplicate wells including an untreated control.
ells were then assayed by the Celltiter-Glo Assay (Promega)
cording to the manufacturer's protocol and dose-response curves
r triplicate experiments were generated via Prism software
raphPad) to assess 50% inhibitory concentration (IC50) values.
he MLN8237 + AB-263 combination was explored in the cell
oliferation assay using a dose range of MLN8237 (0.01-10 μM)
d three fixed doses of ABT-263 (0.1, 1, 10 μM) for the
mbination and single-agent controls. To assess the interaction of
LN8237 with ABT-263, median-effect analysis was used according
Chou-Talalay method [34]. The AsPC-1, MIA PaCa-2, PANC-1,
d HPAF-II cell lines were seeded in black 96-well plates at 2×103-
103 cells/well and concurrently exposed to four dose combinations
MLN8237 (MLN) (0.05, 0.25, 0.5, and 2.5 μM) and ABT-263
BT) (0.1, 0.5, 1, 5 μM) at a constant ratio of 1:2 for 72 hours.
riplicate wells were used for all treatments and the untreated control.
rviving cell populations were quantified by the Celltiter-Glo Assay
cording to the manufacturer's protocol and combination indexes
I) were generated using CompuSyn software (ComboSyn) to
termine whether the combination treatments were synergistic
Ib 1). ED50 and ED75 values were reported for triplicate
periments.
Organoids were used for proliferation assays with either single cells
small organoids. In order to dissociate organoids into single cells,
ganoids were triturated in media through a fire-polished glass
pette, and then enzymatically dissociated with TrypLE (Life
echnologies) until they appeared as single cells under the
icroscope. Cells were counted, and diluted in a mixture of complete
edia, Rho Kinase Inhibitor Y-27632 (10.5 mM final concentration,
gma), and Growth factor reduced Matrigel (GFR-Matrigel, 10%
nal concentration). The drugs were added after 24 hours and cell
ability was measured 72 hours after drug treatment using the
ellTiter-Glo assay. Organoids were also passed and plated into 25ul
GFR-Matrigel. Triplicate wells per time point were used. Cell

ability was measured every 24 hours after drug treatment using the
ellTiter-Glo assay for up to 96 hrs. Luminescence data were
alyzed with GraphPad Prism.
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low Cytometry
Annexin V staining was performed using the FITC Annexin V
poptosis Detection Kit I (BD Biosciences) to evaluate apoptotic
fects following combined treatment with MLN8237 and ABT-
3. AsPC-1 cells were plated at 1×106-1.8×106 cells per 100 mm
sh and treated the following day with MLN8237 (0.1 and 0.5
M) and ABT-263 (1 μM) as single agents and in combination.
ells were harvested 24 hours later with Accutase solution
illipore) and stained with FITC-Annexin V and propidium
dide according to the manufacturer's protocol. Heat-treated cell
mples (incubated at 55 degrees for 20-30 minutes) were included
addition to the standard staining and untreated controls.

nnexin V staining was measured and analyzed by a Stratedigm
400 flow cytometer and Cell CapTure Analysis software
tratedigm).

munoblotting
Cell lysates were prepared by washing once with cold PBS followed
lysis with RIPA buffer with protease inhibitors. Protein

ncentration was determined using the Pierce BCA protein assay
t (Thermo Scientific) according to the manufacturer's protocol.
S-PAGE was performed with 20-46 μg of protein loaded for each

mple. Protein was transferred to nitrocellulose membranes (Bio-
ad) and probed overnight with primary antibodies at 4°C. Blots
ere then incubated for 1 hour at room temperature with the HRP-
njugated secondary antibodies, anti-mouse IgG and anti-rabbit IgG
romega), and visualized by chemiluminescence with Amersham
CL (GE Healthcare). Levels of MCL-1, Bcl-xL (BD Biosciences);
cl-2, Cleaved Caspase-3, cleaved Caspase-7 (Cell Signaling
echnology); and PARP (Santa Cruz Biotechnology) were deter-
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gure 1. ABT-263 combined withMLN8237 shows greater cell growth i
ngle drug treatment.Pancreatic cancer cell lines AsPC-1, PANC-1,
LN8237 (B), or combination (C,D) for 72 hours and then analyzed for
ven in a dose range of 0.1-10 μM (A) andMLN8237 alone given in a dos
eated with MLN8237 in a dose range of 0.01-10 μM and fixed ABT-26
ined. β-Actin (Sigma-Aldrich) or GAPDH (Santa Cruz Biotech)
as used as a loading control.

stablishment of Pancreatic Xenograft Model with AsPC-1
ells for Combination Therapy
Four-week-old female athymic mice were purchased from The
ckson Lab. In order to establish tumors in mice, 2 x 106 cells were
spended in total of 100 μL PBS/Matrigel (1:1) and implanted
bcutaneously into the dorsal flank on both sides of the mice. We
ose to test six or more per cohort to provide sufficient statistic
wer based on our power calculation. When the tumor volume was
proximately 80 mm3, the mice were randomized and divided into
ur groups for treatments: vehicle control, MLN8237 (20 mg/kg),
BT-263 (100 mg/kg), MLN8237 (20 mg/kg) combined with ABT-
3 (100 mg/kg). ABT-263 was formulated in 10% ethanol, 30%
lyethylene glycol 400, and 60% Phosal 50 PG. MLN8237 was
rmulated in 10% 2-hydroxypropyl-β-cyclodextrin with 1% sodium
carbonate. The drugs were given by oral gavage. MLN8237 was
ven once daily for 3 days on, 4 days off (days 1-3 of 7-day cycle) for
cycles. ABT-263 was given once daily for 5 days on, 2 days off (days
5 of 7-day cycle) for 3 cycles. Tumor growth was monitored by
lipers with volume calculated using the equation: (1/2 × (length ×
idth2)). Body weight during the study was also monitored. At the
d of the studies mice were sacrificed and tumors were dissected and
eighed. Tumors were harvested fixed in formalin and embedded in
raffin prior to sectioning.

&E Staining and IHC of Pancreatic Organoids
The organoids were fixed with 10% neutral buffered formalin,
bedded in paraffin, and sectioned onto slides. Slides were subjected
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nhibition and synergistic cell death of pancreatic cancer cells than
HPAF-II and MIA PaCa-2 cells were treated with ABT-263 (A),
cell viability. All four cell lines were treated with ABT-263 alone
e range of 0.001-10 μM (B). AsPC-1 (C) and PANC-1 (D) cells were
3 doses of 0, 0.1 μM, 1 μM, 2.5 μM or 5 μM.

Image of Figure 1
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hematoxylin and eosin (H&E) staining or immunohistochemistry
HC) staining following standard protocols. For IHC staining, the
mples were incubated with the primary anti-Ki67 antibody (Cell
gnaling Technology). Images were then taken with an Olympus
icroscope (100×).

tatistics
Cell culture-based experiments were performed three times or
ore unless indicated otherwise. The data are presented as mean
lues ± SD from three independent experiments. Statistical analysis
as performed using one-way or two-way ANOVA using GraphPad
rism. Difference was considered significant when P value was less
an 0.05 (P b .05).
fo
fo
ra
w
ac
(S
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esults

BT-263 Combined with MLN8237 Shows Synergistic Cell
rowth Inhibition In Vitro and Suppresses Tumor Xenograft
rowth In Vivo
Among the 4 pancreatic cancer cell lines treated with ABT-263,
PAF-II was the most sensitive with an IC50 between 0.5-1 μM
igure 1A). AsPC-1 and MIA PaCa-2 cell lines were moderately
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gure 2. Combination of ABT-263 and MLN8237 suppresses pa
bcutaneously into nude mice to establish mouse xenograft tumors. M
eated with either vehicle control, ABT-263 alone, MLN8237 alone, or
lume was measured by digital caliper weekly and revealed statistica
oup (***P b .001, control vs. combination; **P b .05 ABT-263 vs. com
sts). Values are mean ± SD (N = 5 per group). B) At the end of 4 week
ler showing decreased size of tumors in the combination group.
gnificant decrease in weight of tumors from the combination group (*
aluate safety of the different treatments, mouse weight was monito
tween the treatment groups with overall increase in body weight in
nsitive with IC50 values ranging from 1-5 μM, while the IC50 for
ANC-1 cells fell between 5-10 μM (Figure 1A). In the same 4
ncreatic cancer lines treated with MLN8237, MIA PaCa-2 cells
hibited the greatest response to treatment with an IC50 ranging
om 0.05-0.1 μM while the other three cell lines AsPC-1, PANC-1
d HPFA-II required a dose of 10 μM or higher (Figure 1B). The
lls were treated concurrently at a dose range for MLN8237 (0.01-
μM) and fixed doses for ABT-263 (0.1, 1, 2.5 and 5 μM) for 72
urs. In AsPC-1 cells, ABT-263 combined with MLN8237
hanced growth inhibition with 1 μM of ABT-263 with 0.1 μM
LN8237 leading to more than 50% percent inhibition (Figure 1C).
ANC-1 cells also showed enhanced sensitivity to the combination
eatments (Figure 1D).
To assess the synergistic activity of ABT-263 and MLN8237, the
ur pancreatic cancer cell lines were exposed to single agent doses and
ur concurrent treatments of MLN8237 and ABT-263 at a constant
tio of 1:2 for a period of 72 hours. Combination index (CI) values
ere formally generated using CompuSyn. The CI values for both
tual and projected effect levels were calculated based on these results
upplementary Table 1). All four cell lines tested demonstrated
nergistic activity (CIb 1) for the combined treatment at ED50 and
D75, although PANC-1 exhibited greatest synergy at both the ED50
trol

237

263
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eeks after drug treatments

ncreatic xenograft tumor growth.AsPC-1 cells were injected
ice were randomly assigned to one of four treatment groups and
combination of ABT-263 plus MLN8237 for 4 weeks. A) Tumor
lly significant reduction in growth of tumors in the combination
bination; two-way ANOVAwith Bonferroni's multiple comparison
s, tumors harvested and imaged under bright light with reference
C) Quantification of the final tumor weights show statistically
P b .05; one-way ANOVA with Bonferroni post-tests). C and D) To
red during treatment and there were no significant differences
all treatment groups.

Image of Figure 2
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Figure 3. ABT-263 combined with MLN8237 shows greater cell growth inhibition in pancreatic cancer organoids. Four patient-derived
pancreatic cancer organoid (PDO) models were treated with ABT-263 (A), MLN8237 (B), or combination (C, D) for 72 hours and then
analyzed for cell viability. All four PDOmodels were treated with ABT-263 alone given in a dose range of 0.1-10 μM (A) andMLN8237 alone
given in a dose range of 0.001-10 μM (B). PDO#1 (C) and PDO#2 (D) were treated withMLN8237 in a dose range of 0.01-10 μMand fixed
ABT-263 doses of 0, 0.1 μM, or 1 μM. Compared to either drug alone (A, B), combination treatment in both PDO#1 and #2 shows greater
inhibition of cell growth.
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d ED75 (CI = 0.01564 and CI = 0.000668) (Supplementary
gure 1).
To test the effect of the combination on tumor growth in vivo,
sPC-1 cells were injected into nude mice to establish a pancreatic
nograft model. Combination treatment with both ABT-263 and
LN8237 showed slower tumor growth resulting in small tumor
eight and volume compared to single treatment with either drug
one (Figure 2). Mice body weights remained similar despite
eatment (Figure 2D). Blood biochemistry profiles were also
amined, and no difference was observed (data not shown).

ombined Treatments of ABT-263 and MLN8237 Show
reater Inhibition on Cell Growth and Colony Formation in
ancreatic Cancer Organoids
In order to test the efficacy of the combination therapy in patient
mor specimens grown in 3-dimensional space, we utilized four
stinct pancreatic organoid lines established from patients. Single
ug studies demonstrated those organoids had a low sensitivity to
BT-263 similar to the pancreatic cancer cell lines AsPC-1 and
NC-1 cells, with an IC50 between 5-10 μM (Figure 3A).
ncreatic cancer organoids were also resistant to MLN8237 with
IC50 greater than 10 μM (Figure 3B). However, both pancreatic
ncer organoids tested were sensitive to 1 μM ABT-263 combined
ith MLN8237 (N0.1 μM) (Figure 3, C and D). The sensitivity
ttern of the organoids was similar to pancreatic cancer cell lines.
rowth inhibition was also evaluated qualitatively using microscopy
er a time-course. The combination of 1 μM ABT-263 and 0.1 μM
LN8237 greatly inhibited the cell growth of the organoids as early
48 hours with sustained effect at 72 and 96 hours of treatment
hereas single drug could not inhibit the cell growth even after 72
urs. Based on visual inspection under microscopy, there appeared
be more unhealthy cells in the dual treatment cohort compared
ith controls (Figure 4).

ombination of MLN8237 and ABT-263 Induces Activation
Apoptosis in Pancreatic Cancer Cells and Disruption of
rganoid Formation
Based on the mechanism of action of the studied drugs, we
pothesized that the effect of cell growth inhibition from the drug
mbination was a result of enhanced apoptosis. Immunoblots for
optosis markers cleaved Caspase 3 or 7 were conducted following
e drug treatments in both pancreatic cancer cells lines and
ncreatic cancer organoids. Caspase-3 cleavage was tested in
sPC-1, MIA PaCa-2, PANC-1 and HPAF-II cells, and increased
eaved caspase-3 was seen with combined treatment relative to the
ngle agent controls in all cell lines (Figure 5A). In the organoids, the
ug combination also induced apoptosis as demonstrated by
creased expression of cleaved caspase-7 compared with single drug
eatment (Figure 6A). Annexin V staining was performed on AsPC-1
igure 5B). The population of early apoptotic cells increased
gnificantly in the AsPC-1 cell line following combined treatments
r 24 hours (17.16% vs. 2%-5%) compared to the single agent
ntrols (Figure 5B). Taking advantage of the morphology of
ganoids, the pancreatic organoids were processed for histology
udies after drug treatment. The combination treatment resulted in a
llapsed lumen structure in organoids when evaluated using H + E
aining which was consistent with the morphology changes viewed
light microscopy (Figure 4). These results were consistent with
parent increased induction of apoptosis as measured by induction
cleavage of PARP and Caspase-3 (Figure 6A). Using the 3-
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Figure 4. Combined treatments of MLN8237 and ABT-263 suppresses organoid proliferation and colony formation in pancreatic cancer
organoids. PDO #1 and #2 were treated with vehicle control, ABT-263 alone, MLN8237 alone, or combination. Cell viability was
measured at 24-, 48-, 72- and 96-hour time points. Greatest inhibition of cell viability was achieved with combination in both PDO #1 and
#2 B) Representative images of PDO #1 and #2 were taken by a digital camera under 10× microscopy and after 48 hours of treatment
which revealed increased necrotic appearing organoids treated with combination.
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mensional organoid model also allowed us to determine that there
peared to be persistent Ki67 staining in the periphery of the
ganoids suggesting differential response within the organoid
ructure (Figure 6B).

LN8237 Enhances ABT-263 Activity Through Modulation
BCL2 Proteins in Organoid Pancreatic Cancer Cells
Treatment with MLN8237 alone decreased MCL-1 but had
riable effect on BCL-xL. One potential mechanism of resistance to
BT-263 is through up-regulation of BCL-2 proteins including
CL-xL and MCL-1 [35]. PDO-1 and PDO-2 both demonstrated
creased MCL-1 and to a lesser extent BCL-xl expression after
eatment with 1 μM ABT-263 (Figure 7A). This up-regulation of
CL-1 induced by ABT-263 was abrogated by addition of
LN8237. Degradation of MCL-1 can be induced by mitotic arrest
d MLN8237 alone appeared to cause cell cycle arrest in PDO-2, as
idenced by accumulation of Cyclin A/B (Figure 7B), and G2/M cell
cle arrest in pancreatic cancer cell lines (Supplementary Figure 2).

iscussion
ancreatic cancer continues to be one of the deadliest cancers. It is
ojected to become the second-most common cause of cancer-
lated death in the United States by the year 2020. Although there
ve been successful new multi-drug regimens approved, these have
en limited to chemotherapy drugs with frequently overlapping
xicities. Targeted therapies combined with chemotherapy have
rgely been unsuccessful in improving outcomes compared to
emotherapy alone. There has not always been clear preclinical
tionale to combining specific targeted therapies with chemotherapy
d trials have largely failed to capture specific insight into why the
dition of particular targeted therapies has failed. Simply adding
rgeted therapies to chemotherapy also fails to address the standard
xicities associated with chemotherapy. However, targeted therapies
ven without chemotherapy has also been challenging as there are
ultiple examples of targeted therapies yielding no signal in early
ase clinical trials when tested as monotherapy.
We chose in this study to approach the problem by testing our
pothesis that pancreatic cancer cells are vulnerable to a rational
mbination of two non-chemotherapy drugs that work synergisti-
lly by inducing mitotic arrest and accelerating apoptosis. One of the
ost recently approved chemotherapy drugs for pancreatic cancer is
e taxane nab-paclitaxel that targets rapidly dividing cancer cells by
using mitotic arrest through stabilization of microtubules. Dose-
iting toxicity associated with this drug is sensory neuropathy and
yelosuppression which is attributable to the nonspecific effects of
e drug on microtubules beyond mitosis. Unfortunately, sensory
uropathy is also the dose-limiting toxicity of oxaliplatin which is
rt of the standard of care first line treatment regimen FOLFIR-
OX. Therefore, many patients who receive FOLFIRINOX in the

ont line are not candidates to receive nab-paclitaxel at time of
ogression. We chose to study inhibition of aurora kinase A as one of
veral new approaches to induction of mitotic arrest similar to
xanes. AKA is specifically expressed and present during mitosis and
critical to progression of cancer cells through mitosis. Therefore,
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ugs like MLN8237 which inhibit AKA specifically can achieve the
me therapeutic intent of mitotic arrest as taxanes with less systemic
xicity. Although some cancer cells that undergo mitotic arrest
bsequently undergo apoptosis, other cancer cells can escape mitotic
rest. This is one mechanism of resistance to drugs that induce mitotic
rest as their sole mechanism of action. We hypothesized that we could
crease the percentage of cancer cells that undergo apoptosis after
itotic arrest by also exposing cancer cells to the BH3-mimetic
BT263, which blocks anti-apoptotic members of the Bcl2 family of
oteins. Like many other drugs in the same class of BH3-mimetics,
BT263 fails to inhibit all of the anti-apoptotic Bcl2-proteins, notably
CL-1 which is hypothesized as a pathway of resistance to ABT263
onotherapy. Mitotic arrest with MLN8237 leads to degradation of
CL-1 thus bypassing this potential resistance mechanism.
Our in vitro results reveal overall poor sensitivity to monotherapy
ith either MLN8237 or ABT263. Unsurprisingly, there is
riability in sensitivity between cell lines tested with Mia PaCa-2
lls demonstrating greatest sensitivity to MLN8237 whereas HPAF-
cells were the most sensitive to ABT-263. However, all four
ncreatic cancer cell lines tested demonstrated an increased
nsitivity to the combination of both MLN8237 and ABT-263
mpared to monotherapy and this effect appeared to be due to
nergy between the two drugs. This observed effect of combination
erapy was preserved in in vivo tests of AsPC-1 xenografts with
eater tumor growth inhibition in the mice treated with both drugs
mpared to either drug alone. Furthermore, the therapeutic
mbination appeared safe and well-tolerated based upon the mice
ood biochemistry profiles. We further confirmed this enhanced
tivity of combination MLN8237 with ABT-263 in a patient-
rived model system using patient-derived pancreatic cancer
ganoids. Similar to the pancreatic cancer cell lines, we observed
terogeneity in sensitivity of the PDOs to the drugs given
dividually and again observed that combination of MLN8237
d ABT-263 induced greater cell growth inhibition than single drug
eatment. Despite clear synergy in the cell line assays as assessed by
hou-Talalay method, the response to combination therapy in the in
vo mouse model and in vitro organoid model were less robust.
Our hypothesized mechanism of action for the observed cell
owth inhibition was an increase in apoptosis. We observed
creased apoptosis in both pancreatic cancer cell lines and the
DOs using qualitative analysis of increased presence of apoptosis
arkers like cleaved Caspase 3/7 as well as quantitative analysis for
e percentage of apoptotic cells using Annexin V staining. Light
icroscopy of the PDOs allowed us to reveal differential regions of
duction of apoptosis within the organoid structure. These
periments highlight some of the unique potential opportunities
ovided by the PDO model system to not only capture inter- and
tra-tumoral heterogeneity but also to observe 3-dimensional
terations in cell organization and structure of patient-derived cancer
lls grown as organoids. Our results demonstrate the utility of
tient-derived organoids as a clinically relevant model system to
udy pancreatic cancer [33,36].
Lastly, we investigated the role of the individual BCL2 proteins in
e observed synergy between treatment with an AKA inhibitor and
H3-mimetic. Although we did observe MCL-1 decrease in response
treatment with MLN8237, it was not consistently associated with
nfirmation of mitotic arrest. The potential explanations for this
clude 1) technical issues of measuring MCL-1 globally when the
lls induced in mitotic arrest is not uniform and 2) MLN8237 may
fect MCL-1 via a mechanism independent of mitotic arrest. Bcl-2
hibition in other clinical settings, notably hematologic malignan-
es, have also proven effective when combined with other therapies
ch as rituximab, bendamustine, and hypomethylating agents
1,12,14]. Furthermore, the combination Bcl-2 inhibition with
LN8237 appears efficacious for double hit lymphoma in vitro [37].
hus, dual therapy of Bcl-2 inhibitors with a second therapeutic class,
cluding AKA inhibitors, are promising for a variety of malignancies
cluding pancreatic cancer.
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onclusion
urrent systemic therapies such as gemcitabine-based regiments and
LFIRINOX for metastatic pancreatic cancer are limited by

xicity, and median survival is still under 1 year. Thus, there is a
ed for identifying targeted and better tolerated agents. Single agent
H3 mimetics that inhibit Bcl-2 family members appear to have
ited efficacy in treating solid organ tumors, potentially in part due
failure to inhibit MCL-1 which is a potential resistance

echanism. Our studies show that addition of an AKA inhibitor to
H3 mimetic leads to mitotic arrest and degradation of MCL-1
sulting in synergistic cell death in pancreatic cell lines with
nfirmation of increased efficacy in both patient-derived pancreatic
ganoid models and mouse xenografts.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.tranon.2019.01.009.
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