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Abstract

Purpose—Aurora kinase A (AURKA\) is overexpressed in several cancer types, making it an
attractive druggable target in clinical trials. In this study, we investigated the role of AURKA in
regulating EIF4E, cap-dependent translation, and resistance to mTOR inhibitor, RAD001
(everolimus).

Experimental design—Tumor xenografts and in vitro cell models of upper gastrointestinal

adenocarcinomas (UGCs) were used to determine the role of AURKA in activation of EIF4E and
cap-dependent translation. Overexpression, knockdown, and pharmacologic inhibition of AURKA
were used /n vitroand in vivo.

Results—Using /n vitro cell models, we found that high protein levels of AURKA mediate
phosphorylation of EIF4AE and upregulation of c-MY C. Notably, we detected overexpression of
endogenous AURKA in everolimus-resistant UGC cell models. AURKA mediated
phosphorylation of EIF4E, activation of cap-dependent translation, and an increase in c-MYC

protein levels. Targeting AURKA using genetic knockdown or a small molecule inhibitor, alisertib,

reversed these molecular events, leading to a decrease in cancer cell survival in acquired and
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intrinsic resistant cell models. Mechanistic studies demonstrated that AURKA binds to and
inactivates protein phosphatase 2A (PP2A), a negative regulator of EIF4E, leading to activation of
EIF4E and resistance to everolimus in an AKT-, ERK1/2-, and mTOR-independent manner. Data
from tumor xenograft mouse models confirmed that everolimus-resistant cancer cells are sensitive
to alisertib.

Conclusion—Our results indicate that AURKA plays an important role in activation of EIFAE
and cap-dependent translation. Targeting AURKA-EIF4E-c-MYC axis using alisertib is a novel
therapeutic strategy that can be applicable for everolimus-resistant tumors and/or subgroups of
cancers that show overexpression of AURKA and activation of EIF4Eand c-MYC.

Introduction

Aurora Kinase A (AURKA) is a serine threonine kinase that is frequently amplified and/or
overexpressed in several cancer types, including upper gastrointestinal adenocarcinomas
(UGCs)(1-3). Interestingly, the aberrant overexpression of AURKA in cancer cells is
associated with gain of novel oncogenic functions that extend beyond its normal
physiological functions in forming and stabilizing mitotic spindles during cell division (4).
Overexpression of AURKA in cancer cells leads to inhibition of tumor suppressors such as
p53 and p73 (5-7). Recent studies have shown that overexpression of AURKA in cancer
cells denotes aberrant interactions and novel oncogenic functions mediated by its kinase
activity that include activation of oncogenic pathways such as NF-xB, HDM2, B-catenin,
and STAT3 (1, 2, 8-12). High levels of AURKA mediate resistance to traditional first line
chemotherapeutic agents such as docetaxel and 5-FU in colorectal and breast cancers (13,
14). Because of its diverse oncogenic functions, AURKA has become an attractive druggable
target. Alisertib, also known as MLN8237, is an investigational small molecule inhibitor of
AURKA that has shown promising efficacy in pre-clinical studies (15, 16) leading to its
entry into multiple clinical trials for patients with hematologic malignancies and solid
tumors (3, 17, 18).

The mammalian target of rapamycin (mTOR) signaling pathway controls several important
biological functions such as translation, metabolism, cell growth, and division (19).
Eukaryotic translation initiation factor (EIF4E) is a downstream target of mTOR that plays
an essential role in regulating cap-dependent translation and promoting cancer cell survival
(20-23). Activation of AKT and EIF4E has been shown to play a role in mediating
resistance to rapamycinin non-small lung cancer cells (24). Multiple studies indicated the
existence of negative and positive feedback loops between AKT and EIF4E (25), and
between c-MYC and EIF4E (26), which add to the complexity of EIF4Eregulation. A
classical pathway of EIF4E activation involves mitogen-activated protein kinase (MAPK)-
interacting kinases (MNK) 1 (27) and MNK?2 (28). However, the mechanisms by which
EIF4E can be activated independent of mTOR and MAPK are poorly understood.

Chemotherapeutic resistance is a challenging problem in esophageal and gastric cancers (29,
30). Although patients receiving first line therapy may initially respond to treatment, many
of them relapse and require a second line of therapy where options are often limited (31).
Chemotherapeutic resistance can be attributed to an inherent intrinsic ability of cancer cells
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to resist the effect of anti-cancer drugs or the development of acquired resistance through
mechanisms that include alternations in the target pathways and activation of pro-survival
molecules (32). In a large meta-analysis study that included twenty-one studies with a total
of 3475 participants, triplet therapy was suggested to be superior to doublet therapy in
patients with advanced gastric or esophageal cancer. However, the survival benefit is limited
with increased risks for thrombocytopenia, infection, and mucositis (33). Having several
factors contribute to development of UGCs and the existence of only few treatment options
add extra challenge to our ability to treat them. Currently, the only approved targeted
therapies for advanced or metastatic gastroesophageal adenocarcinomas are trastuzumab and
ramucirumab (34), which reflect the need to test other available targeted therapies.

In this study, we demonstrated for the first time that AURKA can phosphorylate and activate
EIF4E. We also found that cell models of intrinsic and acquired resistance against
everolimus have activation of AURKA-EIF4E with an increase in c-MYC protein level. We
demonstrate that AURKA activates EIF4E and cap-dependent translation through binding to
and inhibiting protein phosphatase 2A (PP2A), a negative regulator of EIF4E. Targeting
AURKA-EIF4E-c-MYC axis using alisertib reduced cancer cell survival /n vitro and
induced tumor regression in a xenograft model of everolimus resistance, suggesting a novel
therapeutic strategy for UGCs where other therapeutic options have failed.

Materials and Methods

Cell culture and reagents—Human esophageal FLO-1 and SK-GT-4 and gastric
MKNA45 adenocarcinoma cell lines were maintained in culture using Dulbecco's modified
Eagle's medium (DMEM, GIBCO, Carlsbad, CA) supplemented with 5% fetal bovine serum
(Invitrogen Life Technologies, Carlshad, CA) and 1% penicillin/streptomycin (GIBCO). All
cell lines were authenticated using short tandem repeat (STR) profiling (Genetica DNA
Laboratories, Burlington, NC). AKT inhibitor, MK2206, MEK inhibitor, trametinib,
AURKA inhibitor, alisertib, and mTOR inhibitor, RADOO1 (everolimus) were purchased
from Selleck chemicals (Houston, TX). p-AURKA (T288), AURKA, p-EIF4E (S209),
EIF4E, p-mTOR (S2448), mTOR, p-4EB-P1 (S65), 4EB-P1, p-AKT (S473), AKT, MNK, p-
MNK (T197/202), and PP2A antibodies were purchased from Cell Signaling Technology
(Beverly, MA). MYC, p-PP2Ac (Y307), P-ERK 1/2 (T202/Y204), ERK antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz Biotechnology Inc. Santa Cruz, CA),
and B-Actin antibody from Sigma-Aldrich (GmbH). Mouse or rabbit secondary antibodies
were purchased from Promega (Madison, WI).

AURKA overexpression and plasmid—The expression plasmid for AURKA was
generated by PCR amplification of the full-length coding sequence of AURKA and cloned
in frame into pcDNAZ3.1 (Invitrogen Life Technologies). A synthetic Flag-tag sequence was
added at the N-terminus of AURKA.. Cloning of AURKA was confirmed by sequencing and
restriction enzyme digestion. Flag-tagged coding sequence of AURKA was sub-cloned into
Xba | and BamH | sites of the adenoviral shuttle vector (p)ACCMV), and the recombinant
adenovirus was generated by co-transfecting HEK-293AD (ATCC) cells with the shuttle and
adenoviral backbone (pJM17) plasmids using the Calcium Phosphate Transfection Kit
(Applied Biological Materials, Inc., Richmond, BC).
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Development of acquired RADOOL1 resistance cell models—FLO-1 and SK-GT-4
cells were treated with increasing doses of RADOO1 (starting at 100 nM up to 10 umol/L)
for six months. 1C50 for RADOO1 was evaluated in parental and resistant cells by using
CellTiter-Glo and clonogenic survival assays. Single cell colonies 1 (C1) and 2 (C2) that
were developed from RADOO1 resistant FLO-1 cells (FLO-1 RAD-R) were used for further
investigations. RADOQO01 resistant SK-GT-4 cells (SK-GT-4 RAD-R (Pool)) were used as a
second resistance cell model in this study.

Western blotting—Cells were scraped and centrifuged at 4°C. Pellets were re-suspended
in RIPA buffer containing protease inhibitor cocktail and phosphatase inhibitor, sodium
orthovanadate, (Santa Cruz Biotechnology Inc.) on ice. Protein concentration was measured
using a Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA). Proteins (25 pg) from
each sample were subjected to SDS/PAGE and transferred onto nitrocellulose membranes
(PerkinElmer, Waltham, MA). Membranes were blocked with 5% bovine serum albumin
(BSA, Sigma-Aldrich). To detect target proteins, membranes were probed with specific
primary antibodies. Next day, membranes were washed for 10 minutes with TBS-T for 3
times, followed by incubation with anti-rabbit or anti-mouse secondary antibodies. Protein
bands were detected using chemiluminescence reagents (Millipore, Billerica, MA).

Immunoprecipitation—Cells were scraped and centrifuged. Pellets were washed with
cold Phosphate Buffered Saline (PBS), pH7.4 and re-centrifuged. 500 pL of cell lysis buffer
(0.5% Triton x-100, 150 mmol/L NaCl, 5 mmol/L EDTA, and 50 mmol/L Tris supplemented
with protease and phosphatase inhibitors) was added to the cells. Cell lysates were sonicated
and centrifuged at maximum speed (13000 rpm) for 15 minutes at 4°C. Immunoprecipitation
was performed using Dynabead Protein G (Invitrogen Life Sciences) according to the
manufacturer’s instructions. AURKA antibody and IgG (Santa Cruz Biotechnology Inc.)
were cross-linked to Dynabead Protein G separately. The cell lysate was added to the cross-
linked beads and incubated for 90 min with rocking at room temperature. The Dynabeads
were then pelleted using a magnet and washed 3 times with washing buffer. Captured
proteins were recovered from the beads by elution buffer, followed by adding 7 pL of 4x
protein-loading buffer to each sample and boiling for 5 min. Samples were resolved by SDS/
PAGE and subjected to Western blotting. The membrane was incubated with AURKA or
PP2A antibodies overnight and then with mouse IgG light chain specific antibody (Cell
Signaling Technology) for 1 h, and followed by anti-mouse secondary antibody.

Luciferase reporter assays—A dual- Renilla-firefly-luciferase pcDNA3-rLuc-
PoliolRES-fLuc reporter (a kind gift from Dr. John Blenis at Harvard Medical School) was
used to measure cap-dependent/independent translation (35). 4XEMS-Luc reporter (a kind
gift from Dr. Stephen R. Hann at Vanderbilt University School of Medicine) was used to
measure the c-MYC transcriptional activity (36). Cells were seeded in 24-well plates. The
next day, cells were transiently transfected with 500 ng of either the Poliol/RES-fLuc or
4XEMS-Luc reporters and 12.5 ng of p-galactosidase plasmid in all experiments using
lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. Twenty-four
hours after transfection, cells were either transfected with SiAURKA or treated with alisertib
(0.5 pumol/L) with or without RADOO01 (1 umol/L) treatment for 24 h. Luciferase activity was
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measured using the Dual-Luciferase Reporter Assay kit (Promega) according to the
manufacturer’s instructions. Firefly luciferase activities were normalized to p-galactosidase
levels.

Clonogenic cell survival assay—FLO-1 Parental, FLO-1 RAD-R pool, FLO-1 RAD-R
(C1 & C2), SK-GT-4, and SK-GT-4 RAD-R (pool) cells were seeded at 1000 cells/well in
six-well plates for 24 h and subsequently treated with 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 15, 25, or
50 umol/L of RADO01 for 24 h. Following treatments, the wells were washed with PBS and
cells were incubated in drug-free DMEM cell culture medium for ten days. Subsequently,
the media were removed and cells were fixed with 2% Paraformaldehyde solution for 10
min. The cells were then gently washed with PBS and stained overnight with crystal violet
(0.05% Crystal Violet in 50% Methanol). Next day, excess dye was gently washed off with
PBS, plates were photographed. Colony formation and cell survival were evaluated by
quantifying the dye signal in each well with ImageJ image analysis software (https://
imagej.nih.gov/ij/).

Cell viability ATP-Glo assay—Cells were seeded at 1000 cells per well in 96-well plates
and treated with 0.075, 0.150, 0.315, 0.625, 1.25, 2.5 and 10 umol/L of RADO0O01, alisertib or
combination for five days. Cell viability was measured by using the CellTiter-Glo Cell
Viability Assay (Promega, Madison, WI) according to the manufacturer's protocol. Changes
in absorbance were recorded in a FluolarStar luminescence microplate reader (BMG
Labtech).

Protein Phosphatase assay—Cells were washed twice in Tris buffer (pH 7.5) and total
cellular proteins were extracted in a lysis buffer containing 20 mmol/L imidazole-HClI, 2
mmol/L EDTA, 2 mmol/L EGTA, pH 7.0 with 10 ug/mL each of aprotinin, leupeptin,
pepstatin, 1 mmol/L benzamidine, and 1 mmol/L PMSF without phosphatase inhibitors. The
PP2A activity was measured using a non-radioactive immunoprecipitation malachite green
phosphatase assay kit (Millipore). Okadaic acid (OA, BioVision Milpitas, CA) treatment
was performed at 50 nmol/L overnight (16 h). All procedures were performed according to
the manufacturer's protocol, and changes in absorbance were recorded at 650 nm in a
FluolarStar luminescence microplate reader (BMG Labtech).

Gene silencing by small interfering RNA—Cells were transfected with siScramble
(Coralville, lowa), sSiAURKA (Ambion, Grand Island, NY), SiEIF4E (Ambion), or siPP2Ac
(Santa Cruz Biotechnology) in 5% FBS using Lipojet transfection kit (SignaGen
Laboratories, Gaithersburg, MD) according to the manufacturer's instructions. Cells were
harvested 48 h after transfection.

Translational chromatin immunoprecipitation analysis (TrIP-Chip assay) -
Isolation of polysome-associated mRNA transcripts—Isolation of polysome-
associated mRNA using TrIP-Chip assay was performed as described previously (37). In
brief, cells were harvested with 0.05% trypsin-EDTA and washed twice with ice-cold PBS
containing 100 pg/ml cycloheximide. Next, 1 x 107 cells were incubated with 800 l
DMEM, supplemented with 10% FBS and 100 pg/ml cycloheximide, at 37°C for 5 min.
Next, 200 pl of cross-linker reagent dithiobis (succinimidyl propionate) (DSP) (Life
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Technologies) were added and followed by incubation at 37°C for 5 min. Excess DSP was
quenched with 1 mol/LM Tris-HCI (pH 7.4). The cells were then washed three times with
ice-cold PBS containing 100 pg/ml cycloheximide. The pellet was incubated in 500 pl of
low salt buffer (LSB, 20 mmol/L HEPES, pH7.4, 100 mmol/L KCI, 2 mmol/L MgCI2, 1
mmol/L dithiotheritol) for 20 min, followed by addition of 200 pl of lysis buffer (1x LSB
containing 1.2% Triton-X100). Half of the lysate was incubated with the 1gG-coated beads
at 4°C for 2 h. The second half of the lysate was incubated with HSP70/HSP73 antibody-
conjugated magnetic beads. The polysome complexes containing translationally active
MRNA transcripts were isolated and eluted from beads conjugated with HSP70/HSP73
using the Array Pure Nanoscale RNA Purification Kit (Epicentre, W1, USA).

RNA extraction and real-time RT-PCR—EXxtraction of total RNA from cells was
performed as described previously (8). Quantitative real-time reverse transcriptase PCR
(QRT-PCR) was performed using a Bio-Rad CFX Connect Real-time System (Bio-Rad),
with the threshold cycle number determined by Bio-Rad CFX manager software version 3.0.
Reactions were performed in triplicate, and the threshold cycle numbers were averaged. The
MRNA expression results were normalized to HPRT1 housekeeping gene as described
previously (8). For polysomal mRNA, the expression of c-MYC was normalized using
ribosomal RNA 18S subunit as internal control. The primers used in gRT-PCR analysis are
shown in Supplementary Table 1.

In vivo tumor xenograft model—MKN4S5 cells (5 x 10°) suspended in 200 uL. DMEM/
growth factor-reduced Matrigel mixture (50% DMEM supplemented with 10% FBS and
50% Matrigel) were injected subcutaneously into the flank regions of female SCID Hairless
Congenic (SHC) Mice (Charles River Laboratories, Inc., Stone Ridge, NY). The tumors
were allowed to grow until 200 mm? in size before starting treatments with alisertib (40
mg/kg, orally, four times weekly), RAD001 (5 mg/kg, orally, twice a week), or in
combination for six weeks. Tumor xenografts were measured every alternate day, and tumor
size was calculated according to the following formula: tumor volume = (length x width2)/2.
Each treatment group included at least 15 tumor xenografts. The Vanderbilt Institutional
Animal Care and Use Committee approved all animal work.

Immunohistochemistry—Following completion of animal treatments, the xenograft
tumors were isolated and the immuno-histochemical (IHC) staining of Ki-67 and cleaved
caspase 3 proteins was performed as described previously (38). Images were taken by using
an Olympus BX51 microscope (Olympus Co. Center Valley, PA). The protein expression
levels were evaluated by using the IHC toolbox plugin in ImageJ software (https://
imagej.nih.gov/ij/plugins/ihc-toolbox/index.html).

Statistical Analysis—Two samples t-test, was used to compare the statistical difference
between two groups. Data were expressed as mean + standard deviation of 3 independent
experiments. Statistical significance of the /n vitro studies was analyzed by a Student's t test
and analysis of variance. The differences were considered statistically significant when the p
value was < 0.05.
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AURKA mediates phosphorylation EIF4AE and activation of cap-dependent
translation—EIF4E plays an important role in cap-dependent translation. To investigate
whether elevated AURKA expression can mediate phosphorylation of EIF4E, we transiently
overexpressed AURKA in FLO-1 and SK-GT-4 cell lines. The results demonstrated a
remarkable increase in the protein levels of phospho-EIF4E (S209) and c-MYC in both cell
lines (Figure 1A &1C). Surprisingly, we did not detect obvious changes in total or phospho-
protein levels of mMTOR, 4EBP1, and MNK, suggesting that regulation of EIF4E by AURKA
is independent of these signaling molecules (Figure 1A & 1C). To determine if the increase
in phospho-EIFAE regulates cap-dependent translation, we utilized the dual-Renifla-firefly-
luciferase pcDNA3-rLuc-PoliolRES-fLuc reporter to measure cap-dependent/independent
translation (35). The results confirmed that AURKA-mediated phosphorylation of EIF4E
increased the activity of cap-dependent translation reporter in FLO-1 (Figure 1B) and SK-
GT-4 cells (Figure 1D).

Acquired resistance to everolimus requires overexpression of AURKA and
phosphorylation of EIFAE independent of AKT and MAPK—Because of the role of
EIF4E and cap-dependent translation in drug resistance and our findings that these are
activated by AURKA independent of mTOR, we postulated that these mechanisms may be
important for resistance to mTOR inhibitors. To develop cell models of acquired resistance
to everolimus, FLO-1 and SK-GT-4 parental cell lines were treated with increasing
concentrations of RADOO1 (everolimus), starting from 0.1 up to 10 umol/L, for six months.
Using clonogenic cell survival assay, resistant pools from both cell lines showed
significantly higher 1C50 of RADO0O01, as compared with parental cells (FigurelE & 1G
andSupplementary Figure S1). Single cell clones (FLO-1 RAD-R C1 & C2) were then
developed from FLO-1 resistant pool (FLO-1 RAD-R pool). Clonogenic cell survival assays
for these clones showed even higher IC50 for RAD001 (FLO-1 RAD-R C1, >15 umol/L;
FLO-1 RAD-R C2,4 pmol/L) (Figure 1E & S1A-F). Western blot analysis demonstrated
overexpression of AURKA and an increase in phospho-EIF4E (S209) and c-MYC protein
levels in resistant cells, as compared to parental cells (Figure 1F & 1H). Notably, we did not
detect substantial differences in p-mTOR (52448) or p-4EBP1 (S65) protein levels between
parental and resistant cells. In addition, the RADOO1-resistant FLO-1 and SK-GT-4 cells
showed an increase in the protein levels of two possible regulators of p-EIFAE;p-AKT
(S473) and p-ERK (S217/221)(Figure 1F & 1H). Quantitative real-time RT-PCR (gPCR)
analysis did not show a significant increase in mMRNA expression levels of AURKA in all
resistant cells in comparison with parental cells, suggesting a post-transcription regulation of
AURKA in resistant cells (Supplementary Figure S2). Of note, an earlier report indicated
that resistance to mTOR inhibitor, rapamycin, involves activation of EIF4Ein non-small lung
cancer cells (24). Together, our results suggest that AURKA-mediated activation of
EIF4Ecould play an important role in mediating resistance to RADOO1.

Given the known roles of AKT and ERK in regulating EIFAE phosphorylation and activity,
we investigated if pharmacologic inhibition of AKT or ERK can suppress phospho-EIF4E in
RADO0O01-resistant cells. Cells were treated with 0.1, 0.5, and 1 umol/L of AKT inhibitor,
MK?2206, or with 0.05, 0.1, and 0.5 pmol/L of MEK1/2 inhibitor, trametinib, for 6 h. We
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achieved successful inhibition of AKT and MEK1/2 as shown by decreased phosphorylation
of AKT (Figure 2A) and ERK1/2 (Figure 2B). However, the EIFAE phosphorylation and c-
MY C protein levels were not decreased, suggesting that the regulation of EIFAE by AURKA
is independent of AKT and MAPK signaling pathways in RADOO1 resistant cells.

AURKA induces EIF4E phosphorylation and cap-dependent translation in
RADOQO1 resistant cells—Given the reported gain of oncogenic signaling functions of
AURKA in cancer cells and its recognition as a promising novel druggable target in
gastrointestinal cancers (1, 8, 14), we investigated whether targeting AURKA can reverse its
effects on the phosphorylation of EIF4E and c-MYC protein levels in resistant cells.
AURKA knockdown markedly decreasedEIF4E phosphorylation and c-MYC protein levels
in FLO-1 and SK-GT-4 resistant cells, whereas RADOQOL treatment had no effect (Figure 2C
and Supplementary Figure S3). Similar results were obtained using alisertib, a small
molecule inhibitor of AURKA (Figure 2D). Because of the known role of MNK in
phosphorylating EIFAE, we tested if AURKAmediated phosphorylation of EIFAE through
MNK. Using AURKA knockdown or inhibition with alisertib, we did not detect changes in
the protein levels of phospho-MNK(T197/202), albeit the remarkable decrease in phospho-
EIF4E (Supplementary Figure S4). These results are consistent with our findings in Figure
1A-D where overexpression of AURKA did not change the protein levels of MNK and p-
MNK (T197/202). They are also consistent with our results in Figure 2A & 2B, which
demonstrated lack of effects of inhibition of AKT and MAPK pathways on phospho-EIF4E
(S209) in resistant cells that express high levels of AURKA.

To further confirm the role of AURKA in regulating EIF4E-cap-dependent translation in
resistant cells, we utilized a cap-dependent and independent protein-translation reporter
assay as in Figure 1. The data showed that RADOQO1 resistant cells exhibited a higher cap-
dependent protein translation activity than parental cells (p<0.01, Figure 3A & 3B), which
are in agreement with increased p-EIF4E (S209) protein levels in resistant cells. In addition,
the data indicated that inhibition or knockdown of AURKA with alisertib or SIRNA,
respectively, significantly decreased cap-dependent protein translation activity (p<0.01,
Figure 3A & 3B). Because of the observed increase in c-MYC protein levels in RAD001
resistant cells, we utilized the4XEMS-Luc reporter, which contains transcription binding
sites of c-MYC, as a measure of c-MYC transcription activity (36). The results confirmed an
increase in c-MYC transcription activity in RADOOL1 resistant cells, as compared to parental
cells (p<0.05, Figure 3C & 3D). Conversely, inhibition or knockdown of AURKA
significantly decreased c-MY C transcriptional activity in RADOO1 resistant cells (p<0.05,
Figure 3C & 3D). Because EIF4E cap-dependent translation plays an important role in
MRNA translation of c-MYCand CCND1, we used the translational chromatin
immunoprecipitation (TrIP-ChIP) assay, which captures actively translated polysomal
mMRNAs, followed by gPCR analysis. Indeed, we detected a significant decrease in the levels
of translated polysomal mRNA ofc-MYCand CCND1, as compared to their total RNA
levels, in response to knockdown of AURKA in FLO-1 cells (p<0.01) (Figure 3E). Together,
our data demonstrate that AURKA positively regulates EIF4E phosphorylation and cap-
dependent protein translation activity in resistant cells independent of AKT and MAPK
pathways.
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AURKA-induced activation of EIF4E is mediated by PP2A—Our results neither
showed a role for AKT, MEK/ERK, or MNK in regulating EIF4E in RADOO1-resistant cell
models (Figure 2 and Supplementary Figure S4) nor an interaction between AURKA and
EIF4E (Supplementary Figure S5); therefore we investigated whether AURKA-dependent
phosphorylation of EIF4E requires the regulation of PP2A activity. It was previously shown
that the catalytic subunit of PP2A, PP2Ac, is a negative regulator of EIF4E (39). We first
confirmed PP2A capability to negatively regulate EIF4E in our cell model. Treatment with
PP2A inhibitor, okadaic acid, increased PP2Ac phosphorylation at Y307 residue, which is
indicative of inhibition of the catalytic subunit activity (Supplementary Figure S6). At the
same time, PP2A inhibition increased EIF4E phosphorylation (S209) (Supplementary Figure
S6A) in FLO-1 parental and RAD-R (C1) cells. These data confirm that PP2A is a negative
regulator of EIFAE phosphorylation in our model. Importantly, the expression level of PP2A
catalytic unit, p-PP2Ac (Y307), was markedly higher in the FLO-1 and SK-GT-4 resistant
cells, as compared to parental cells (Figure 4A & 4E). Consistent with the increased
phosphorylation of p-PP2Ac (Y307), we detected a significant reduction in the PP2A
activity (Figure 4B & 4F). Furthermore, AURKA inhibition by alisertib decreased PP2Ac
phosphorylation at Y307 in FLO-1 parental and resistant cells (Supplementary Figure S6B),
suggesting restoration of PP2A activity, which was accompanied with a decrease in p-EIF4E
and c-MYC protein levels (Supplementary Figure S6B). Indeed, the phosphatase activity
assay data confirmed that AURKA negatively regulates PP2A activity. AURKA inhibition or
knockdown significantly restored PP2A activity in the resistant cells (Figure 4C, 4D, 4G &
4H). To further establish that PP2A mediates EIF4Eactivation by AURKA, we examined
EIF4E phosphorylation following knockdown of AURKA, PP2Ac, or the combination.
Western blot data demonstrated that knocking down PP2Ac alone resulted in increased
phosphorylation of EIF4E in resistant cells (Figure 41 & 4J), confirming PP2A as a negative
regulator of EIF4E. Although knocking down AURKA downregulated p-EIF4E (S209),
combined knockdown of AURKA and PP2Ac prevented this effect, suggesting that PP2A is
required for EIFAE activation by AURKA (Figure 41 & 4J). In an attempt to identify the
mechanism by which AURKA inhibits PP2A, we examined the potential protein binding
between PP2Ac and AURKA in parental and resistant cells. Our Western blot analysis of
immunoprecipitated proteins indicated that AURKA binds PP2Ac in parental and resistant
cells (Figure 4K & 4L). Together, these data strongly suggest that AURKA-induced
activation of EIF4E is mediated by PP2A. AURKA negatively regulates PP2A, in part,
through protein binding in parental and resistant cells.

Targeting AURKA with alisertib is an alternative effective therapeutic
approach in RADO01 acquired and intrinsic resistant cells—Our aforementioned
data strongly suggest that AURKA inhibition bypasses RADO0O01 resistance in UGC cell
models. To confirm this finding, we performed cell viability ATP-Glo assay on FLO-1 RAD-
R (C1) and SK-GT-4 RAD-R (Pool) cells treated with serial dilutions of RADOO1 alone,
alisertib alone, or the combination of the two drugs for five days. Our data indicated that
although these cells are highly resistant to RADO01, they are sensitive to alisertib: FLO-1
RAD-R (C1) (IC50 = 0.05 umol/L) and SK-GT-4 RAD-R (Pool) (IC50 = 0.29 pmol/L) cells.
The combined treatment of alisertib and RADO001 did not show any synergistic or additive
effect (Figure 5A & 5C). Notably, the sensitivity to alisertib was comparable in parental and
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RADOO01 resistant cells, suggesting that acquired resistance to RAD001 does not alter the
inherent sensitivity to alisertib in parental cells (Figure 5B & 5D).

Next, we sought to find out if these results could be validated in intrinsic RADOO1 resistance
cell model. Therefore, we assayed several human UGC cell lines for their sensitivity to
RADO001 and found that MKN45 cells are resistant with 1C50 of 8.1 umol/L (Figure 5E). Of
note, MKN45 cells were sensitive to alisertib with IC50 of 0.14 umol/L (Figure 5E).
Western blot data showed that inhibition of AURKA with alisertib decreased p-AURKA
(T288), p-EIF4E (S209), and c-MYC protein levels (Figure 5F). Similar results were
obtained following knockdown of AURKA by siRNA in MKN45 cells (Figure 5G).
Additionally, AURKA knockdown or inhibition decreased cap-dependent translation and c-
MY C transcriptional activity in MKN45 cells as measured by reporter assays (Figure 5H &
51). These results clearly indicate that inhibition of AURKA with alisertib is an alternative
effective therapeutic approach in RADO0O01 acquired and intrinsic resistance cells.

Alisertib is effective in reducing tumor growth of RADOQO1 resistant cells—To
investigate whether inhibiting AURKA with alisertib provides a potential clinical advantage
in the treatment of RADOO0L1 resistant tumors, we used a tumor xenograft mouse model of
RADO001-resistant MKN45 cancer cells that were tested as shown in Figure 5E — I. After
implantation, xenografted tumors were allowed to reach 200 mm? before initiation of
treatment of animals. Our data showed that alisertib abolished tumor growth and
significantly reduced tumor size (p<0.001, Figure 6A). On the other hand, tumors treated
with RADOO1 continued to grow, though at a slower rate, as compared to control (Figure
6A). The combination treatment of RAD001 with alisertib did not have an advantage
overalisertib alone (Figure 6A & 6B). Immunohistochemistry analysis of tumor xenografts
demonstrated the highest cleaved caspase-3 and lowest of Ki-67 protein expression levels in
groups treated with alisertib (Figure 6B & 6C).

Amplifications and overexpression of AURKA at the 20q region are frequently detected in
gastric and esophageal adenocarcinomas (6, 40). Overexpression of AURKA in cancer cells
leads to inhibition of tumor suppressors such as p53 and p73 (5, 9, 41). Recent studies have
shown that constitutive overexpression of AURKA in cancer cells leads to activation of
several oncogenic signaling pathways, suggesting it as an important signaling hub in cancer
cells (reviewed in (42, 43)). Of note, the aberrant overexpression of AURKA in cancer is
associated with the gain of oncogenic functions that extend beyond its normal physiological
functions in forming and stabilizing mitotic spindles during cell division. It has been
reported that AURKA can activate NF-xB, HDM2, B-catenin, and STAT3 signaling
networks in cancer cells (1, 9, 44-46). In this study, we have shown, for the first time, a
novel oncogenic function of AURKA in cancer cells. Our results indicate that AURKA can
regulate EIF4E and cap-dependent translation.

Chemotherapeutic resistance is a challenging clinical problem in gastro-esophageal cancers
(29, 30). Although patients receiving first line therapy may initially respond to treatment,
many of them develop recurrence within weeks or months after initial response requiring a
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second line treatment for disease progression where limited options are available (31).
Currently, the only approved targeted therapies for advanced or metastatic gastroesophageal
adenocarcinomas are trastuzumab and ramucirumab (34), which reflect the need to test other
available targeted therapies. Studies on RADOO01 resistant cancer models have suggested
activation of EIFAE as a possible mediator of RADO001 resistance (20-22). Phosphorylation
of EIF4E activates the cap-dependent translation machinery, leading to upregulation of
EIFAE targets such as c-MYC (26). However, these reports fall short of describing the
mechanism by which EIF4E is regulated in RADOOL1 resistant cancer models. Herein, we
show, for the first time, an increase in AURKA overexpression in RADOO1 resistant cancer
cells that drives phosphorylation of EIF4E and cap-dependent translation by a mechanism
that requires regulation of PP2A by AURKA.

Because of its diverse oncogenic functions, AURKA has become an attractive druggable
target. To explore how AURKA mediates RADO0OL1 resistance, we investigated EIF4E
regulation by AURKA. Our results indicated that resistant cells expressed higher levels of
AURKA and phospho-EIF4E, as compared to parental cells. Several reports highlighted the
roles of EIF4E in regulating vital biological functions such as translation and cell death, and
therefore promote tumorigenesis (20-22). Additionally, increased EIFAE expression has
been associated with mTOR inhibitor resistance (24). Thus, targeting AURKA-EIF4E axis
in resistant cancers is a reasonable alternative rational approach to achieve a therapeutic
response. Although knocking down AURKA decreased p-EIF4Eprotein levels, our data
indicated lack of direct interaction between EIF4E and AURKA, suggesting that AURKA-
induced activation of EIFAE could be mediated by an effector molecule downstream of
AURKA.

Earlier reports indicated that AKT can regulate mTOR pathway by inhibition of tuberous
sclerosis complex 2 (TSC2), which affects mTOR/4EBP1/EIF4E signaling (47, 48), while
other reports showed that AKT is regulated by EIFAE (25), suggesting a feedback loop
between AKT and EIF4E. Additionally, it has been reported that MAPK signaling pathway
can control EIF4E phosphorylation (27). However, in our resistant models, inhibition of
AKT or MEK/ERK did not decrease EIFAE phosphorylation. Phosphorylation of EIFAE at
Ser209 has been shown to be essential for EIF4E oncogenic activity. Earlier studies have
shown that MNK kinase, downstream of MAPK pathway, can phosphorylate EIF4E at
Ser209 (49, 50). Our results suggest that overexpression or inhibition of AURKA can affect
the phosphorylation of EIFAE without changing MNK phosphorylation levels. Interestingly,
we found that resistant cells displayed higher protein levels of p-PP2Ac (Y307) than
parental cells, which denotes an inhibition of the PP2A activity. We show that AURKA can
modulate the PP2A activity and the PP2A-EIF4E axis, whereby AURKA inhibition or
knockdown restores PP2A activity and suppresses EIF4E phosphorylation. Furthermore,
knockdown of both AURKA and PP2Ac restored theEIFAE activity, indicating that AURKA
activation of EIFAE requires inhibition of PP2A in resistant cells. As an additional evidence
of AURKA regulation of PP2A activity, our results demonstrated an interaction between the
two proteins in resistant cells and the requirement of PP2A for AURKA-mediated
phosphorylation and activation of EIF4E.
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EIF4AE-mediated cap dependent translation regulates several important oncogenes that
control stress and inflammatory responses, cell survival, proliferation, and apoptosis (23).
Among these, c-MYC plays a central role in tumorigenesis, stem cell properties of cancer
cells, and resistance to chemotherapeutics (51). Of note, it has been shown that AURKA
upregulates c-MYC mRNA expression through activation of B-catenin and STAT3
transcription factors in cancer cells (8, 44). Furthermore, a recent report has shown that
AURKA-MYC interactions stabilize MYC to promote tumor cell survival presenting
AURKA as an actionable drug target in MY C-amplified/overexpressed tumors (52). In this
context, our data establishes the role of AURKA-EIF4E axis in regulating c-MYC
translation and activity. These findings altogether suggest a multifaceted complex regulation
of c-MYC by AURKA in cancer cells. We also can not ignore the possible effects of
targeting AURKA on cell cycle and signaling pathways where inhibition of AURKA has
been shown to lead to mitotic catastrophe (2), inhibition of NF-kB (45), p-catenin (44), and
STAT3 (45). As such, our findings add to the complexity of AURKA signaling in cancer
cells and support placing it as a critical signaling hub that promotes cancer cell survival and
resistance to therapy.

Using an /n vivo tumor xenograft mouse model, we further validated the efficacy of targeting
AURKA in cancer cells that have intrinsic resistance toRAD001. While RADOOL1 treated
tumor groups grew at slower rate, as compared to controls, the alisertib treated tumors not
only stopped growing but also significantly diminished in size. Notably, the combination of
alisertib and RADOO1 had no advantage in further reducing tumor growth, suggesting that
this combination is not a desirable approach as it could cause more toxicity to patients
without a notable improvement in clinical response.

In conclusion, our results demonstrate a novel AURKA-EIFAE-MYC signaling axis in
cancer cells. Based on our data, we suggest targeting AURKA as a novel approach that can
be applied in tumors showing high levels of AURKA with activation of EIF4E, c-MYC, or
resistance to mTOR inhibitors in upper gastrointestinal cancers and possibly other cancer

types.
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Translational Significance

Upper gastrointestinal cancers (UGCs) are characterized by poor patient survival and
resistance to chemotherapy. We and others have previously shown that Aurora kinase A
(AURKA) is frequently overexpressed in UGCs, making it an attractive druggable target
in clinical trials. Herein, we report for the first time that AURKA activates EIF4E and
cap-dependent translation. We also show that resistance to everolimus, an inhibitor of
mMTOR, is mediated by AURKA-dependent activation of EIFAE and c-MYC. We propose
targeting AURKA as a novel therapeutic strategy applicable for mTOR inhibitors
resistant tumors as well as those exhibiting activation of EIF4E and c-MYC.
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Figure 1. AURKA activates EIF4E and cap-dependent translation and becomes upregulated in
cell models of acquired resistance to RADOO1 (everolimus)

Overexpression of AURKA using adenoviral particles in FLO-1 (A & B) and SK-GT-4 (C
& D) cells increased p-EIF4E (S209) and c-MYC protein levels, and the activity of a dual
Renilla-firefly-luciferase pcDNA3-rLuc-PoliolRES-fluc reporter that measures cap-
dependent/independent translation. E) FLO-1 Parental, FLO-1 RAD-R (Pool), FLO-1 RAD-
R (C1), and FLO-1 RAD-R (C2) were subjected to clonogenic cell survival assay in
response to everolimus. 1C50 of resistant cells is significantly higher than that of parental

cells. G) Clonogenic cell survival of SK-GT-4 parental and RAD-R (Pool) cells in response
to RADOOlindicated a significant increase of 1C50 of resistant cells relative to parental cells.
Western blot analysis of FLO-1 parental, FLO-1 RAD-R (Pool), FLO-1 RAD-R (C1),
FLO-1 RAD-R (C2) (F), SK-GT-4 (Parental), and SK-GT-4 RAD-R (Pool) cells (H) showed
an increase in p-EIF4E (S209), p-AKT (S473), p-ERK1/2 (S217/221), and c-MYC protein
levels in resistant cells relative to parental cells.
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Figure 2. AURK A-induced phosphorylation of EIF4E and up-regulation of c-MYC is
independent of AKT and MAPK/ERK pathwaysin RADOOL resistant cells

A) FLO-1 RAD-R (C1) and SK-GT-4 RAD-R (Pool) resistant cells were treated with AKT
inhibitor (MK2206) for 6 h, and subjected to Western blot analysis. B) The same cells were
treated with MEK1/2 inhibitor (Tramitinib) for 6 h and analyzed by immunoblotting. Data
showed that inhibition of AKT or MAPK/ERK signaling pathways had no effect on p-EIF4E
(S209) and c-MYC protein levels. C) Knockdown of AURKA in RADOO1 resistant FLO-1or
SK-GT-4 cells downregulated p-EIF4E (S209) and c-MYC proteins, with or without
RADO001 treatment. D) Pharmacological inhibition of AURKA using alisertib led to
downregulation of p-EIF4E (S209) and c-MYC proteins in FLO-1 and SK-GT-4 resistant
cells, with or without RADOO1 treatment.
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Figure 3. AURKA mediates activation of cap-dependent protein trandation and c-MYC
transcriptional activity in RADOO1 resistant cells

AURKA inhibition by alisertib (A) or knockdown by siRNA (B) significantly downregulated
cap-dependent translation in FLO-1 RAD-R (C1) and SK-GT-4 RAD-R (Pool) cells as
compared to their respective parental cells. AURKA inhibition by alisertib (C) or
knockdown by siRNA (D) significantly downregulated c-MY C transcriptional activity, as
measured by 4xEMS luciferase reporter, in FLO-1 RAD-R (C1) and SK-GT-4 RAD-R
(Pool) cells, relative to their respective parental cells. E) After knocking down of AURKA
by siRNA, FLO-1 cells were subjected to translational chromatin immunoprecipitation
(TrIP-Chip) assay and followed by gPCR analysis of total (input) and ploysomal RNA levels
of AURKA, ¢c-MYC, and CCND1. Data showed that knockdown of AURKA led to a
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significant decrease in the translated polysomal c-MYCand CCND1 RNA levels relative to
their total RNA levels.
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Figure 4. PP2Ac mediates EI F4E regulation by AURKA inRADOQO1 resistant cells

A)Western blot analysis indicated higher p-PP2Ac (Y307) protein levels, indicative of
inhibition of phosphatase activity, in the FLO-1 (A) and SK-GT-4 (E) resistant cells than
their respective parental cells. The PP2A activity assay confirmed that both FLO-1 and SK-
GT-4 resistant cells displayed a significant reduction in the PP2A activity (B & F).
Alisertibor AURKA knockdown enhanced PP2A activity in FLO-1 RAD-R (C1) (C & D)
and SK-GT-4 RAD-R (G & H) cells. Dual knockdown of AURKA and PP2Ac in FLO-1
parental and RAD-R (C1) (1) and SK-GT-4 parental and RAD-R (pool) (J) indicated that

Clin Cancer Res. Author manuscript; available in PMC 2018 July 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Katsha et al.

Page 22

PP2A mediates AURKA regulation of EIFAE. AURKA immunoprecipitation and Western
blot analysis in FLO-1 Parental and FLO-1 RAD-R (C1) cells (K) and SK-GT-4 Parental
and SK-GT-4 RAD-R (Pool) cells (L) indicated a protein interaction between AURKA and
PP2Ac.
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Figure 5. Treatment with alisertib reduces cell viability of RADOOL resistant cells
FLO-1 RAD-R (C1) cells (A) or SK-GT-4 RAD-R (Pool) cells (C) treated with alisertib or

in combination with RADO01 were subjected to cell viability assay. Alisertib significantly
inhibited the ability of RADOO1 resistant cells to form colonies with or without RADO001 co-
treatment. Parental FLO-1 cells (B) and SK-GT-4 cells (D) were treated with alisertib and
subjected to cell viability assay. E) Human gastric MKN45 cell line displayed intrinsic
resistance to RADO001 and sensitivity to alisertib as indicated by cell viability assay.
Inhibition of AURKA with alisertib (F) or knockdown with siRNA (G) downregulated p-
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EIF4E (S209) and c-MYC protein levels as assayed by Western blotting. H) AURKA
inhibition (left panel) or knockdown (right panel) significantly downregulated cap-
dependent translation in MKN45 cells, as determined by a dual Renilla-firefly-luciferase
pcDNAS3-rLuc-PoliolRES-fluc reporter that measures cap-dependent/independent
translation. I) AURKA inhibition (left panel) or knockdown (right panel) significantly
downregulated c-MYC transcriptional activity in MKN45 cells, as measured by the 4XEMS
luciferase reporter.
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Figure 6. Alisertib treatment reducestumor growth in intrinsic RADOOL resistant xenogr aft

mouse model

A) Animals injected with MKNA45 cells, and the tumors were allowed to grow until 200 mm3
in size, then treated with RADOOL1, alisertib or their combination for 5 weeks. Data indicated
that alisertib alone or in combination with RADOO0L1 significantly reduced tumor size in
comparison with untreated or RADO001 alone treated groups. Although tumors in RAD001
treatment alone grew at a significantly slower rate than those in untreated group, they

continued to grow, confirming
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Immunohistochemistry analysis for cleaved caspase-3 expression, marker of apoptosis, and
Ki-67 expression, marker of proliferation, in representative tumors of treated groups. D) A
schematic diagram showing a proposed mechanism of RADOO1 resistance. AURKA
expression promotes RADOQO01 resistance through inhibition of PP2A, which leads to
activation of EIFAE. Inhibition of AURKA by alisertib restores PP2A activity, thereby
inhibiting EIF4E and inducing death in RADOO1 resistant cancer cells.
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