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Abstract

Background & Aims—Chronic inflammation contributes to the pathogenesis of gastric
tumorigenesis. The Aurora kinase A gene (AURKA) is frequently amplified and overexpressed in
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gastrointestinal cancers. We investigated the roles of AURKA in inflammation and gastric
tumorigenesis.

Methods—We used quantitative real-time reverse transcription PCR, immunofluorescence,
immunohistochemistry, luciferase reporter, immunoblot, co-immunoprecipitation, and in vitro
kinase assays to analyze AGS and MKN28 gastric cancer cells. We also analyzed Tff1-/- mice,
growth of tumor xenografts, and human tissues.

Results—We correlated increased expression of AURKA with increased levels of tumor necrosis
factor-a and inflammation in the gastric mucosa of Tff1-/- mice (r = 0.62; £=.0001). MLN8237,
an investigational small-molecule selective inhibitor of AURKA, reduced nuclear staining of
NFKBp65 in human gastric cancer samples and mouse epithelial cells, suppressed NFKB reporter
activity, and reduced the expression of NFKB target genes that regulate inflammation and cell
survival. Inhibition of AURKA also reduced growth of xenograft tumors from human gastric
cancer cells in mice and reversed the development of gastric tumors in Tff1-/- mice. AURKA
was found to regulate NFKB activity by binding directly and phosphorylating IkBa in cells.
Premalignant and malignant lesions from the gastric mucuosa of patients had increased levels of
AURKA protein and nuclear NFKB, compared with healthy gastric tissue.

Conclusions—In analyses of gastric cancer cell lines, human tissue samples, and mouse models,
we found AURKA to be upregulated during chronic inflammation to promote activation of NFkB
and tumorigenesis. AURKA inhibitors might be developed as therapeutic agents for gastric
cancer.

Keywords
stomach cancer; mouse model; gene regulation; TNFa

Introduction

Gastric adenocarcinoma remains the fourth most common malignancy worldwide and the
second leading cause of cancer-related deaths.1:2 Although various chemotherapeutic drugs
have been utilized, drug resistance has significantly attenuated the effectiveness of
chemotherapy, leading to poor survival rates in patients with gastric cancer.® Chronic
inflammation and constitutive activation of NF-kB signaling are important factors in gastric
tumorigenesis in mouse models and human disease. -5 In fact, activation of NF-kB
signaling has been implicated in the tumorigenesis of gastric cancer. > 7 A complex
signaling cascade leading to NF-kB activation is mediated by phosphorylation of IkB by
IKKa and IKK. 8 2 Phosphorylation of the IkBa protein induces its ubiquitination and
subsequent degradation in the proteasome. Upon the degradation of IkB proteins, the IKB-
bound NF-kB is released and translocated to the nucleus to drive expression of several pro-
inflammatory and pro-survival target genes in cancer cells. 8 10-13

Aurora Kinase A (AURKA) is a serine threonine kinase that plays an important role in
mitosis 14 and ensuring correct spindle assembly in normal cells.1® Aberrant AURKA
amplification and/or overexpression are frequent findings in adenocarcinomas of the breast,
pancreas, ovary, colon, stomach, and esophagus. 14 16-18 |n Addition, Myc oncoproteins
have been reported to transcriptionally up-regulate AURKA expression in tumors.1® The
overexpression of AURKA in cancer cells mediates several oncogenic functions that involve
activation of survival and growth signaling pathways such as PI3K/AKT and f-catenin. 20
Furthermore, AURKA overexpression plays an important role in attenuating both p53 and
p73 tumor suppressor functions.16:21 Several studies have indicated that overexpression of
AURKA contributes to chemotherapeutic drug resistance and tumor recurrence.22-24 These
tumorigenic features of AURKA have triggered the development of several small molecule
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AURKA inhibitors. 14 MLLN8237, also known as alisertib, is an investigational small
molecule that selectively inhibits AURKA. This inhibitor has shown promising therapeutic
efficacy in pre-clinical studies® 25 and has been tested in multiple Phase | and Phase 11
clinical trials for advanced solid tumors and hematological malignancies. 25-27

In this study, we have established the association of AURKA overexpression with
inflammation in gastric tumorigenesis using in vivo, ex-vivo and in vitro models.
Collectively, the results indicate that AURKA directly binds and phosphorylates IkB,
thereby playing a key role in regulating the NF-kB-mediated pro-inflammatory and pro-
survival responses in gastric tumorigenesis.

Materials and Methods

Detailed methods for Cell culture and reagents, AURKA expression and plasmids, /17 vitro
kinase assay and protein pull-down experiment, Western blotting, Immunoprecipitation,
Immunofluorescence, Human tissue microarrays and immunohistochemistry, Luciferase
reporter assay, clonogenic survival assay, AURKA silencing by Small interfering RNA
(SiIRNA), RNA extraction and real-time RT-PCR, Ex vivo culture of 7ffZ-knockout mouse
gastric primary epithelial cells, /n vivotumor xenograft model, and Mouse imaging can be
found in the Supplementary Methods.

Tff1-knockout gastric cancer mouse model

The T#f1-knockout ( 7/f7~/~) and normal 7771 wild-type mice28 were used in this study.
TffI-knockout (n=20) and wild-type (n=16) mice between 2 — 4 months of age were used to
examine the association between AURKA expression and inflammation before the incidence
of gastric neoplasms. At this age, the mice develop gastritis or gastritis with elongation of
gastric glands. To evaluate the effects of AURKA inhibition using MLN8237 on gastric
tumorigenesis, we utilized older 7/fZ-knockout mice (12 — 14 month). At this age these mice
generally develop high grade dysplasia or gastric adenocarcinoma. For analysis of NF-kB
targets, we utilized a short term treatment of the 777Z-knockout mice (n=10) with MLN8237
for 8 days and compared the results to non-treated group (n=10). For testing the therapeutic
outcome of MLN8237, we treated an additional set of 777Z-knockout mice for 12 weeks
(n=10) and compared the results to untreated mice of similar age (n=20). A group of six of
these MLN8237 treated mice were subjected to [18F]FLT imaging as described in
Supplementary Methods. At the end of the indicated treatments, all animals were sacrificed
and stomach tissue samples were collected and examined by our pathologists for histological
changes using H&E staining.

Statistical Analysis

Two t-fest samples, Wilcoxon Rank Sum Test and linear regression modeling methods, were
used to compare the statistical difference between two groups. Multivariate model, ANOVA
and Kruskal-Wallis rank sum test were used to examine the associations between variables.
The correlation between two parameters was determined by the Spearman correlation and
kappa test. Data were expressed as mean + standard deviation of 3 independent experiments.
The correlation between AURKA and chronic inflammation scores, and between AURKA
and TNF-a was determined by Spearman correlation. Statistical significance of the /in vitro
studies was analyzed by a Student’s t testand analysis of variance. The differences were
considered statistically significant when the p value was <0.05.
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Results

AURKA overexpression is associated with inflammation in the gastric mucosa of the Tff1-
knockout gastric cancer mouse model

The development of gastritis was observed in all samples from 77fZ-knockout mice
irrespective of age and was detectable as early as 8 weeks of age, before the development of
dysplastic lesions. Mild elongation of gastric glands was present at the age of 8 weeks. At
the age of 16 weeks, approximately half of the 77fZ-knockout mice develop low-grade
dysplasia but none has high-grade dysplasia. At the age of 12 month, more than half of the
mice have high-grade dysplasia with multifocal intraepithelial or intramucosal carcinomas
which progress, in some cases, into the submucosa through gaps in the muscularis mucosa
and form invasive adenocarcinomas 6.

We investigated the role of AURKA in regulating inflammation and gastric tumorigenesis in
TffI-knockout gastric cancer mouse model that exhibited up-regulation of several pro-
inflammatory genes.® The IHC analyses of non-dysplastic lesions with gastritis from the
TffI-knockout mice stomach showed remarkably stronger AURKA staining than wild-type
(Figure 1A). Using gRT-PCR analysis, we found that AURKA mRNA expression was
significantly higher in the gastric mucosa of the 777Z-knockout mice than wild-type
(p<0.001), at 2 and 4 months of age (Figure 1B). We next tested if AURKA expression was
associated with inflammation scores in the 77/7Z-knockout mouse model. Indeed, histological
evaluation suggested a direct correlation between chronic inflammation scores and AURKA
overexpression in this model (coefficient r = 0.62; P = 0.0001) (Figure 1C). In corroboration
of these results, we found that the pro-inflammatory 7nf-a mRNA expression was
significantly higher in the 77fZ-knockout mice than wild-type (p<0.02), at 2 and 4 months of
age (Figure 1D, left panel). Additionally, we observed a direct correlation between 7Tnfa
and AURKA mRNA expression (coefficient r= 0.54; P=0.0007) (Figure 1D, right panel).
Collectively, these results suggested a strong association between aberrant AURKA
overexpression and chronic inflammation.

AURKA regulates NF-kB activation in gastric cancer cell models

Constitutive activation of NF-kB signaling is an important step of tumorigenesis in human
gastric cancer and in the 77fZ-knockout gastric cancer mouse model.6 As shown in Figure
1A, gastric mucosa from these mice displayed aberrant overexpression of AURKA. To
investigate whether pharmacological inhibition of AURKA could attenuate inflammation
through suppression of NF-kB, we isolated gastric antrum mucosa cells of 7/fZ-knockout
animals and treated them ex vivowith 0.5 pmol/L MLN8237 (selective AURKA inhibitor)
for 3h. Immunofluorescence data showed that MLN8237 significantly reduced the levels of
nuclear NF-kBp65 (p<0.001) (Figure 2A). Similarly, the /n vitro results demonstrated that
MLN8237 effectively inhibited the translocation of NF-kBp65 to the nucleus in both AGS
and MKN28 cell lines (p<0.01, Figure 2B—C). Further, western blot analysis demonstrated
higher levels of AURKA expression in MKN28 than in AGS cells (Figure 2D). In fact,
MKNZ28 cells exhibited higher levels of AURKA and p-NF-kBp65 (S536), indicative of
more activation of NF-kB, than AGS cells (Figure 2D). These results suggested a possible
role for AURKA in regulating NF-kB activity in gastric cancer cells. We next utilized the
NF-kB luciferase reporter, as a measure of NF-kB activity, following overexpression or
inhibition of AURKA. The data indicated that overexpression of AURKA in both AGS and
MKNZ28 cells significantly induced the NF-kB reporter (p<0.01 and p<0.001, respectively),
indicative of activation of NF-kB (Figure 3A-B, left panels). A similar induction was
achieved using TNF-a, a cytokine known to activate NF-kB signaling (Figure 3A-B, left
panels). On the other hand, inhibition of AURKA with MLN8237 significantly reduced NF-
KB reporter activity to levels similar to those achieved using the NF-kB inhibitor (Bay 11—
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7085) in both cell lines (Figure 3A-B, right panels). To confirm the role of AURKA in
promoting NF-kB activation, we induced NF-kB with TNF-a in the presence or absence of
MLN8237 in AGS and MKN28 cells. The reporter data showed that AURKA
pharmacological inhibition completely blocked TNF-a-induced NF-kB activation in both
cell lines (Supp. Figure 1A-B). To examine the molecular signaling of AURKA-dependent
activation of NF-kB, we transiently overexpressed AURKA in AGS cells (Figure 3C).
Indeed, overexpression of AURKA induced a remarkable increase in NF-kBp65 and p-NF-
KBp65 (S536) protein levels (Figure 3C). One of the key steps in the activation of NF-kB
depends on phosphorylation and degradation of IkBa. Western blot analysis indicated that
overexpression of AURKA in AGS cells increased the p-IkBa (S32) and decreased total
IkBa protein levels (Figure 3C). These molecular changes were reversed by MLN8237-
dependent AURKA inhibition in AGS cells (Figure 3C). To further confirm that the down
regulation of p-NF-kBp65 (S536) and p-1kBa (S32) was due to AURKA inhibition and not
a result of MLN8237 off-target activity, we genetically knocked down AURKA in AGS
cells using siRNA. Our data showed that AURKA knockdown significantly decreased both
p-NF-kBp65 (S536) and p-1kBa (S32) protein levels (Figure 3D). Notably, there was no
change in p-IKK o/ levels after AURKA knockdown (Supp. Figure 2), suggesting that NF-
KB regulation by AURKA is mainly mediated by IkBa. We validated these results in
MKN28 cells by inhibiting AURKA with MLN8237 at doses as low as 250 nmol/L (Figure
3E). The AURKA inhibition was associated with a remarkable decrease in p-1kBa (S32)
combined with a reduction in the levels of p-NF-kBp65 (S536) (Figure 3E). Together, these
data strongly suggest that AURKA activates NF-kB through IkBa regulation, whereby
inhibition of AURKA could be effective in suppressing this critical pathway in gastric
cancers.

AURKA directly interacts and phosphorylates IkBa

Based on our aforementioned results we decided to investigate whether AURKA directly
binds and phosphorylates IkBa subunit or not. The results of the /n vitro kinase assay, using
purified human recombinant AURKA and IkBa proteins, confirmed that AURKA can
directly phosphorylate IkBa (Ser32) at a concentration as low as 2.5 ng/ul (Figure 4A).
Notably, this effect was not seen using glutathione peroxidase 7 (GPX7) recombinant
protein (negative control). To confirm the ability of MLN8237 to interfere with IkBa
phosphorylation, we performed an additional /n vitro kinase assay with increasing
concentrations of MLN8237 (1 to 500 nmol/L). The results indicated that MLN8237 can
effectively block IkBa phosphorylation by AURKA starting at a concentration of 5 nmol/L
(Figure 4B). To investigate if this phosphorylation was due to direct interaction and activity
of AURKA, we re-performed the /n vitro kinase assay with or without MLN8237 and
evaluated phosphorylation of AURKA and IkBa by Western blot analysis (Figure 4C). In
parallel, we pulled down the /7 vitro kinase assay products using antibodies against AURKA
or IkBa. Western blot analysis indicated that AURKA directly binds IkBa (Figure 4D).
Interestingly, although MLN8237 was able to block IkBa phosphorylation (Figure 4C), it
did not affect the binding in our /n vitro kinase assay (Figure 4D), suggesting that AURKA
and IkBa interaction is independent of AURKA activity. To further confirm the AURKA-
IkBa interaction, we pulled-down the endogenous AURKA and IkBa proteins in MKN28
cells. Protein analysis by Western Blot indicated the existence of AURKA and IkBa in the
same complex (Figure 4E). Together, these data demonstrate that AURKA can directly
interact and phosphorylate IkBa, revealing a novel mechanism for activation of the NF-kB
pathway in gastric cancers that overexpress AURKA.

Inhibition of AURKA with MLN8237 reduces survival of gastric cancer cells

We next examined the biological impact of inhibiting AURKA with MLN8237 in gastric
cancer cells. The long-term clonogenic survival assay (10 days) demonstrated a significant
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reduction in the number of viable cell colonies in both MKN28 and AGS cells following a
single overnight treatment with increasing concentrations of MLN8237 (Supp. Figures 2A—
D). This inhibitory effect was significant at doses starting at 250 nmol/L of MLN8237
(p<0.001). NF-kB regulates several key pro-survival molecules including XIAP in cancer
cells. 7 Accordingly, Western blot and real-time PCR data showed that treatment with
MLN8237 (500 nmol/L) for 48h reduced the XIAP protein (Supp. Figures 2B-E) and
MRNA (Supp. Figures 2C—F) levels in MKN28 and AGS cells. We also examined the levels
of cleaved caspase-3, a marker of apoptosis, in MKN28 and AGS cells in response to
MLN8237. Our Western blot data showed that caspase-3 is cleaved in both cell lines (Supp.
Figures 2B-E), indicative of activation of apoptotic cascade. These results clearly indicate
that AURKA inhibition reduces survival of gastric cancer cells.

Pharmacological inhibition of AURKA induces antitumor activity in Tff1-knockout mouse
and xenograft gastric tumor models

Because AURKA was overexpressed in gastric tissues of the 777Z-knockout mouse model
(Figure 1A), we tested if AURKA inhibition could affect tumor growth and development /in
vivo. First, we treated tumor-bearing 12-month-old 777Z-knockout mice with MLN8237
daily for 8 days, and examined the effects of AURKA inhibition on the regulation of NF-kB
signaling. Western Blot data showed that p-NF-kBp65 (S536) levels were down regulated in
response to MLN8237 (Figure 5A). Additionally, gRT-PCR data indicated that pro-
inflammatory (7nf-a, /-1aand /I-1f) and pro-survival (Bc/l-xL, Mcl1 and Xiap) NF-kB
downstream target genes were all significantly down-regulated in gastric tissues in response
to MLN8237 (Figure 5B&C). Together, these data demonstrate direct /77 vivo validation of
the therapeutic role of MLN8237 in gastric tumors that overexpress AURKA with
constitutive activation of NF-kB. Next, we treated tumor-bearing 12-month-old 7771-
knockout mice with MLN8237 daily for 3 months, and examined gastric tumorigenesis. The
[18F]FLT microPET imaging data showed that the gastric tumors were undetectable in
response to MLN8237 (Figure 6A). This was validated upon mice euthanasia and visual
examination where gastric tumors were either substantially reduced in size or completely
disappeared in the MLN8237-treated animals (Figures 6B). The IHC data showed a
significant decrease in Ki-67 expression, indicative of less proliferation activity, in 8-day or
12-week MLN8237-treated groups as compared to control animals (Supp. Figure 4A-B).
Histology analysis indicated a significant decrease (p<0.01) in the percentage of high-grade
dysplasia (HGD) and adenocarcinoma (AC) in the MLN8237- treated group versus control
animals (Supp. Table 2). To further confirm that AURKA inhibition affects tumor growth,
we employed a xenograft tumor model using AGS cells. Indeed, treatment with MLN8237
significantly reduced tumor volume (p<0.01) (Figure 6C), accompanied with a marked
decrease in mRNA levels of the pro-survival NF-kB target gene X/AP (Figure 6D). In
addition, immunohistochemistry analysis showed significant reduction in expression of the
proliferation marker, Ki-67, (Figure 6E), and increased levels of cleaved caspase-3 (Figure
6F) in response to MLN8237 as compared to non-treated animals.

Aberrant overexpression of AURKA in the multi-step progression of human gastric cancer

To evaluate the role of AURKA and NF-kB in human gastric tumorigenesis, we examined
their expression levels in human gastric tissues at different stages of tumor development.
The IHC data showed weak staining of AURKA and NF-kB in intestinal metaplasia (Figure
7A), and strong staining in moderately (Figure 7B) or poorly differentiated (Figure 7C)
adenocarcinomas. A summary of the AURKA CES versus histology index parameters is
shown in Figure 7D. The linear regression model was applied to check the relationship
between AURKA (Figure 7D) or NF-kB (Supp. Figure 5) CES scores and 5 histology index
levels (normal, gastritis, intestinal metaplasia, dysplasia, and adenocarcinoma). The analysis
showed a significant association between the histology index and AURKA (p<0.001) or NF-
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KB (p<0.01). Results from multivariate model, ANOVA and Kruskal-Wallis rank sum test,
did not show significant associations between the AURKA CES score and tumor size, grade
or stage. Using the Kruskal-Wallis chi-squared test, there was a non-significant trend with
lymph node metastasis (p = 0.10) and tumor stage (p = 0.13).

Discussion

Chronic inflammation and activation of NF-kB pathway are critical steps in gastric
tumorigenesis in human and mouse models. 4-8 Our understanding of the role of
overexpression of AURKA in inflammation and gastric cancer is limited in absence of a
comprehensive evaluation of the histological progressive cascade of gastric tumorigenesis.
Accordingly, we have performed a systematic study to define the histological, molecular and
signaling components that could establish a link between AURKA overexpression and
inflammation using /n vitro and /n vivo gastric cancer models.

Using the 7ffZ-knockout mouse model of gastric neoplasia, which exhibits constitutive
activation of NF-kB in the gastric mucosa®, we observed aberrant overexpression of
AURKA in gastric mucosa as early as eight weeks of age. The increased expression of
AURKA was significantly associated with higher chronic inflammatory scores. The link to
inflammation was further strengthened by demonstrating a direct correlation between
increased expression of AURKA and TNF-a. Because of the constitutive activation of NF-
KB in the gastric mucosa of this mouse model®; we examined the molecular impact of
AURKA inhibition on NF-kB signaling. We showed that pharmacological inhibition of
AURKA with the small molecule inhibitor (MLN8237) attenuated the nuclear localization
of NF-kB in ex vivo experiments. These findings are the first to demonstrate a direct
association between AURKA, chronic inflammation, and activation of NF-kB in gastric
mucosa /n vivo.

To gain insight into how AURKA regulates NF-kB, we employed /n vitro gastric cancer cell
models to identify the molecular components that link AURKA to NF-kB and inflammation.
The overexpression of AURKA significantly increased phosphorylation and activation of
NF-kB, an effect that was reversed upon inhibition of AURKA. Therefore, these data
indicated that the /n7 vitro models could recapitulate the /n vivo mouse model. In the absence
of cellular stimuli, NF-kB transcription factors are bound to inhibitory IkB proteins and are
thereby sequestered in the cytoplasm. Two highly similar protein kinases, IKKa and IKKp,
can phosphorylate 1B, which is considered a convergence step for most signal transduction
pathways that lead to activation of NF-kB. 829 Several reports showed that AKT
phosphorylates the IKKa/p proteins3%-31 and more significantly the IKKa kinase than

IKKB 32-34  |eading to phosphorylation and degradation of 1kB. Although we have
previously reported that AURKA can regulate the PI3K/AKT in gastrointestinal cancers2?,
we could not detect significant changes in the phosphorylation of IKKa/f in response to
inhibition or knockdown of AURKA. While an earlier study suggested that AURKA down-
regulates IkBa indirectly through activation of the PI3K/AKT pathway3®, our data
demonstrate, for the first time, that AURKA directly binds and phosphorylates the IkBa
subunit, leading to activation of NF-kB. Interestingly, inhibition of AURKA completely
abrogated TNF-a-induced activation of NF-kB independent of IKKa/B. Our data strongly
suggest that in addition to the direct regulation of IkBa, AURKA is a positive regulator of
NF-kBp65 protein expression. Even though Inhibition of AURKA blocked phosphorylation
of IkBa, it had no effect on the protein interaction between AURKA and IkBa. Hence, our
data suggest that AURKA-induced activation of the NF-kB pathway is dependent on IkBa
phosphorylation by AURKA. Phosphorylation of IkB proteins leads to their subsequent
recognition by ubiquitinating enzymes and degradation. The proteasomal degradation of IkB
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proteins releases IkB-bound NF-kB, which translocates to the nucleus to drive expression of
target genes. 8

We investigated the anti-tumor activity of AURKA in two /77 vivo models. AURKA
inhibition significantly reduced tumor growth and cell proliferation, and increased apoptosis
in a xenograft mouse model. Similarly, treatment for three months with MLN8237 led to
complete disappearance or reduction in gastric tumors in 77fZ-knockout mice. While
AURKA inhibition is known to reduce cancer growth in /n vitro and in vivo experimental
models 16:18: 36 our findings suggest that inhibition of AURKA can attenuate the
tumorigenic progression through regulation of NF-kB; a finding that could have clinical
implications in tumors with AURKA overexpression and constitutive activation of NF-kB.
Several studies have shown that NF-kB plays a major role not only in tumor development
and progression but also in mediating acquired resistance to chemotherapeutic agents.10:37
Conversely, other reports suggested that NF-kB has a tumor suppressor function as it is
required for p53-dependent apoptosis.® However, upon loss of the tumor suppressor genes
function, NF-kB becomes a tumor promoter.3% While inhibition of NF-kB has been
considered as an effective approach in circumventing therapeutic drug resistance 38, clinical
trials have shown disappointing results possibly due to the involvement of NF-kB in
regulating several fundamental physiological functions of normal cells such as immune
response. 37- 40 Therefore, there is still a critical need to have selective inhibition of NF-kB
that can target cancer cell-specific oncogenic functions with minimal toxic side effects on
other normal physiological functions. In this regards, AURKA inhibition could offer a novel
approach that is not limited to suppress AURKA oncogenic functions, but also interfere with
NF-kB-dependent gastric tumorigenesis and cancer cell survival. Indeed, a one week
inhibition of AURKA using MLN8237 in the 77fZ-knockout mice exhibiting overexpression
of AURKA and activation of NF-kB, down-regulated several NF-kB downstream pro-
inflammatory and pro-survival genes.

The aforementioned data suggest a key role for AURKA in the development of gastric
tumors in the 7/fZ-knockout mouse model, which might be applicable to human gastric
cancer. Hence, we examined the protein expression pattern of AURKA in human gastric
tissue samples. Indeed, our findings demonstrated a significant increase in AURKA
expression level in histological stages as early as gastritis, a finding that persisted across
intestinal metaplasia, dysplasia and adenocarcinomas. This suggests that AURKA
overexpression is important in the early and advanced stages of tumor development, a
finding that could have important clinical implications and better understanding of the
biology of gastric cancer.

In summary, we have established an important link between AURKA and chronic
inflammation, a key step in gastric tumorigenesis. The aberrant overexpression of AURKA
could promote gastric tumor development by regulating NF-kB activity through direct
binding and phosphorylation of IkBa. This finding highlights the importance of AURKA in
gastric tumorigenesis and argues for testing the therapeutic potential of MLN8237 in clinical
trials that include gastric cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. AURKA expression levels directly correlate with inflammation in Tff1-knockout mouse
model
A) Immunohistochemical staining of 777Z-knockout mouse (KO) (2 months of age) stomach

tissue shows increased AURKA protein levels as compared to wild-type mice (WT). B)
Real-time RT-PCR analysis of 77fZ-knockout mouse gastric tissue showed significant
increase in AURKA expression levels at 2 and 4 months of age relative to wild-type
(p<0.001). C) AURKA mRNA expression levels are significantly associated with
inflammation scores in 77fZ-knockout animals (p=0.0001). D) Pro-inflammatory cytokine
Tnf-a mRNA expression was significantly up-regulated in 77fZ-knockout mice at 2 and 4
months of age (p<0.02) (left panel), and directly correlated with increased AURKA mRNA
levels (p=0.0007) (right panel).
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Figure 2. AURKA regulates NF-kBp65 nuclear translocation ex vivo and in vitro

A) Antrum epithelial cells were extracted from 77fZ-knockout mice. Selectively cultured
epithelial cells were treated with vehicle (ctrl) or MLN8237 (500 nmol/L) and subjected to
immunofluorescence analysis of NF-kBp65. Original magnification is shown at x100.
Treatment with MLN8237 significantly reduced nuclear NF-kBp65—positive staining
relative to vehicle-treated control (p<0.001). B—C) NF-kBp65 immunofluorescence in AGS
(B) and MKN28 (C) cells after 30 min treatment with NF-kB inhibitor Bay 11-7085 (10
pmol/L) or AURKA inhibitor MLN8237 (500 nmol/L). Nuclear localization of NF-kBp65 is
shown in green. DAPI (blue) was used as a nuclear counterstain. Graphs indicate the
quantification of nuclear NF-kBp65—positive staining in at least 200 counted cells presented
as a percentage. D) Western blot analysis of AURKA, p-NF-kBp65 (S536), and NF-kBp65
proteins in AGS and MKN28 cell lines suggesting a correlation between AURKA and p-NF-
KBp65 (S536) protein levels.
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Figure 3. AURKA activates NF-kB through regulation of |KBa

A-B) Left panels show NF-kB Luciferase reporter assay in AGS (A) and MKN28 (B) cells
infected with control or AURKA adenoviruses with or without TNF-a treatment (50 ng/ml).
Right panels show NF-kB Luciferase reporter assay in AGS (A) and MKN28 (B) cells
treated with either Bay k11-7085 (10 umol/L) or MLN8237 (500 nmol/L). The % relative
luciferase units (RLU) results indicate that AURKA can enhance NF-kB luciferase reporter
activity. C) Western blot analysis of the indicated proteins in AGS cells infected with
control or AURKA adenoviruses and treated with vehicle or MLN8237 (5 pmol/L). D)
Western blot analysis of the indicated proteins in AGS cells after knocking down AURKA
with siRNA. E) Western blotting for the indicated proteins in MKNZ28 cells treated with the
selected doses of MLN8237 or Bay 11-7085 (10 umol/L). The results indicate that NF-kB
activation by AURKA is mediated by IkBa.
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Figure 4. AURKA directly binds and phosphorylates IkBa in vitro

A) The in vitro kinase assay with IkBa and increasing concentrations of AURKA
recombinant proteins was performed. Assay products were analyzed by Western blotting for
p-1kBa (S32), IkBa, and AURKA proteins. GPX7 protein was used as a negative control.
B) The /n vitro kinase assay for AURKA, IkBa, and increasing concentrations of MLN8237
was carried out, and the proteins were subjected to Western blot analysis. C) /n vitro kinase
assay for AURKA and IkBa with or without MLN8237 (500 nmol/L) was performed and
followed by Western blotting for p-AURKA (T288), AURKA, p-IkBa (S32), and IkBa. D)
Following the /n vitro kinase assay (panel C), AURKA or IkBa pull-down products were
subjected to Western blot analysis. The data indicate that AURKA directly binds and
phosphorylates IkBa protein. E) Endogenous AURKA or IkBa pull-down proteins were
subjected to Western blot analysis of AURKA in MKN28 cells. *, 1gG heavy chain.
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Figure 5. AURKA inhibition induces anti-inflammatory and anti-survival signalingin vivo

A) Proteins extracted from 8-day MLN8237-treated 77fZ-knockout mice or control animals
were analyzed by Western Blot for p-NF-kBp65 (S536) and NF-kBp65 proteins. B) Real-
time RT-PCR analysis demonstrated the expression levels of pro-inflammatory and pro-
survival NF-kB target genes in the 7/fZ-knockout animals in control or in 8 days MLN8237
treated animals. AURKA inhibition significantly attenuated mMRNA expression of these

genes.
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Figure 6. MLN8237 treatment reduces tumor growth in vivo

A) A representative microPET coronal view of a mouse injected with [18F]FLT and imaged
before and after the MLN8237 treatment. The tumors are invisible after 12 weeks post
treatment. Because of the high uptake, kidneys showed typical [L8F]FLT staining. B)
Representative images of the antrum and H&E staining of gastric mucosa of 7/fZ-knockout
mice. While tumors were visibly large in control (upper left panel), they became
undetectable or small after 3 months of treatment (lower left panel). H&E staining indicated
adenocarcinoma in control animals (upper middle and right panels) whereas MLN8237-
treated animals exhibited low grade dysplasia (lower middle and right panels). C) AGS
tumor xenografts were treated with MLN8237 (30 mg/kg) for 28 days. Tumor volume was
dramatically reduced in the treated group as illustrated in the graph (p<0.01) (left panel).
After collection of tumors at the end of experiment, representative tumors from the control
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or MLN8237 treated groups are shown (right panel). D) Real-time RT-PCR analysis of
XIAP in xenograft tumors in control or ML8237- treated animals. E) Representative images
of immunohistochemical analysis of Ki-67 protein expression in MLN8237-treated or
control xenografts. F) Representative images of Immunohistochemical analysis of cleaved
caspase-3 protein expression in MLN8237-treated or control xenografts.
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Figure 7. Expression of AURKA and NF-kB is associated with human gastric cancer
development and progression

A) IHC staining for AURKA and NF-kB on consecutive replicates of the same tissue
sample. Normal gastric glands with negative AURKA and NF-kB immunostaining are
indicated by arrow-heads whereas glands with intestinal metaplasia showing positive
AURKA and NF-kB staining are indicated with arrows. B) IHC staining for AURKA and
NF-kB on consecutive replicates of moderately differentiated gastric adenocarcinoma
showing strong immunostaining for AURKA and NF-kB. C) The same as in panel B
showing a case of poorly differentiated gastric adenocarcinoma. D) The graph summarizes
the AURKA immunohistochemical staining results on gastric tissue microarrays. Horizontal
bars indicate the median whereas red dots depict the mean. Normal, normal gastric glands;
GAS, gastritis; IM, intestinal metaplasia; Dys, dysplasia; AdCa, adenocarcinoma. AURKA
was significantly overexpressed in all stages of gastric tumorigenesis (p<0.001).
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