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PURPOSE. Aurora kinase B (AURKB) plays a pivotal role in the regulation of mitosis and
is gaining prominence as a therapeutic target in cancers; however, the role of AURKB in
retinoblastoma (RB) has not been studied. The purpose of this study was to determine
if AURKB plays a role in RB, how its expression is regulated, and whether it could be
specifically targeted.

METHODS. The protein expression of AURKB was determined using immunohistochem-
istry in human RB patient specimens and immunoblotting in cell lines. Pharmacolog-
ical inhibition and shRNA-mediated knockdown were used to understand the role of
AURKB in cell viability, apoptosis, and cell cycle distribution. Cell viability in response to
AURKB inhibition was also assessed in enucleated RB specimens. Immunoblotting was
employed to determine the protein levels of phospho-histone H3, p53, p21, and MYCN.
Chromatin immunoprecipitation–qPCR was performed to verify the binding of MYCN on
the promoter region of AURKB.

RESULTS. The expression of AURKB was found to be markedly elevated in human RB
tissues, and the overexpression significantly correlated with optic nerve and anterior
chamber invasion. Targeting AURKB with small-molecule inhibitors and shRNAs resulted
in reduced cell survival and increased apoptosis and cell cycle arrest at the G2/M phase.
More importantly, primary RB specimens showed decreased cell viability in response to
pharmacological AURKB inhibition. Additional studies have demonstrated that the MYCN
oncogene regulates the expression of AURKB in RB.

CONCLUSIONS. AURKB is overexpressed in RB, and targeting it could serve as a novel
therapeutic strategy to restrict tumor cell growth.

Keywords: aurora kinase B, retinoblastoma, optic nerve invasion, AURKB inhibition, ther-
apeutic target, MYCN

Retinoblastoma (RB) is a malignant intraocular tumor in
children that accounts for 4% of all childhood cancers.1

Although treatment outcomes have improved in developed
countries, RB is still a major health concern in low- and
middle-income nations, from which more than 80% of the
world’s cases are reported.2 For a significant number of chil-
dren with RB (35%), enucleation is still the preferred treat-
ment option.3 Extraocular spread and death are common
in African countries,4 and histological risk factors includ-
ing optic nerve and choroidal invasion are frequently found
in Asian RB patients.5 Chemotherapy with drugs such as
vincristine, etoposide, carboplatin, melphalan, and topote-
can is usually administered for treatment of RB; however, not

all children respond to therapy, and those who do respond
may suffer long-term side effects.6,7 Further, some chil-
dren develop secondary malignancies such as acute myeloid
leukemia and osteosarcoma.8,9

RB initiation and progression require biallelic inacti-
vation of the RB1 gene and subsequent events such as
alterations in pathways involving MYCN, E2F3, DEK, and
MDM4.10 Recently, a different subset of RB with no appar-
ent RB1 mutations has been found to harbor amplification
of the MYCN oncogene.11 RB1 plays a major role in the
regulation of cell cycle progression. Other mitotic regula-
tors such as Polo-like kinase 1 (PLK1) have been shown
to be overexpressed in different tumors12 and associated
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with histological risk factors, such as choroidal invasion
and poor differentiation in RB.13 PLK1 inhibition further
enriches hyperthermia sensitivity, known to be important
for focal therapy in RB.14 Recently, a few key proteins
involved in cell cycle regulation such as aurora kinases
have gained significance as plausible therapeutic targets in
cancer.15,16

Aurora kinases are serine/threonine kinases that control
mitosis (aurora kinases A and B) and meiosis (aurora kinase
C).16,17 Aurora kinase B (AURKB) is part of the chromosomal
passenger complex, and it facilitates chromosome conden-
sation and segregation and promotes cytokinesis.18 Overex-
pression of AURKB causes aneuploidy, resulting in genomic
instability and increasing the likelihood of tumor develop-
ment (reviewed in Reference 16). Moreover, targeting aurora
kinases has been shown to be beneficial in preclinical tumor
models (reviewed in References 15 and 17). Currently, the
role of AURKB in RB has not yet been determined. In this
study, we tested the hypothesis that AURKB is overexpressed
and linked to RB pathogenesis. First, the aberrant expres-
sion of AURKB in RB was evaluated using immunologi-
cal approaches. Three inhibitors of AURKB (GSK1070916,
ZM447439, and barasertib) were then selected, and their
effect on RB cell survival, apoptosis, and cell cycle distribu-
tion was assessed. Finally, the regulation of AURKB expres-
sion by the MYCN oncogene was studied. Amplification
and/or expression of the MYCN oncogene is considered to
be important in the pathogenesis of retinoblastoma after
RB1 inactivation.19,20

MATERIALS AND METHODS

Ethics Approval

This study was approved by the institutional ethics commit-
tee of LV Prasad Eye Institute, Bhubaneswar, India, and
adhered to the tenets of the Declaration of Helsinki.

Cell Culture

Commercially available human RB cell lines, Y79 and WERI-
RB1, were procured from the American Type Culture Collec-
tion (Manassas, VA, USA) and maintained in RPMI-1640
(PAN-Biotech, Aidenbach, Germany) supplemented with
10% fetal bovine serum (FBS; Thermo Fisher Scientific,
Waltham, MA, USA) and 1% (v/v) antibiotics (penicillin–
streptomycin–amphotericin B mixture; PAN-Biotech). The
patient-derived cells (LRB1 and LRB2) described previ-
ously21 and RB primary tumor cells isolated from enucle-
ated eyes were maintained in a similar manner as the
RB cell lines. Human retinal pigment epithelium cell line
ARPE-19 (American Type Culture Collection) was grown
in Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-
12 (DMEM/F-12; PAN-Biotech) containing 10% FBS. Human
embryonic kidney (HEK) 293T (American Type Culture
Collection), MCF-7, and HCT-116 cells were cultured in
DMEM (PAN-Biotech) supplemented with 10% FBS. MCF-7
and HCT-116 cells were a kind gift from Dr. Srinivas Patnaik’s
laboratory, KIIT School of Biotechnology, Bhubaneswar. The
cell lines were utilized within 3 months of revival from
frozen vials, and the presence of Mycoplasma was tested
as described previously.22

Immunoblotting

Immunoblotting was performed as described previously.23

The primary antibodies used in the study were rabbit
anti-AURKB monoclonal antibody (1:40000 dilution; Abcam,
Cambridge, MA, USA), mouse anti-p53 monoclonal antibody
(1:500 dilution; Santa Cruz Biotechnology, Dallas, TX, USA),
mouse anti-β-actin monoclonal antibody (1:5000 dilution;
Sigma-Aldrich, St. Louis, MO, USA), rabbit anti-phospho-
histone-H3 (Ser10) monoclonal antibody (1:1000 dilution;
Cell Signaling Technology, Beverly, MA, USA), rabbit anti-
p21 Waf1/Cip1 (p21) monoclonal antibody (1:1000 dilu-
tion; Cell Signaling Technology), rabbit anti-histone H3 poly-
clonal antibody (1:1000 dilution; Cell Signaling Technology),
and rabbit anti-MYCN monoclonal antibody (1:1000 dilution;
Cell Signaling Technology).

mRNA Expression Analysis of AURKB

Total RNA was isolated from different cell lines using TRIzol
Reagent (Thermo Fisher Scientific). Equal quantities of RNA
were reverse-transcribed using a cDNA synthesis kit (Bio-
Rad Laboratories, Hercules, CA, USA) and subjected to quan-
titative polymerase chain reaction (qPCR) analysis in the
presence of specific primers—AURKB F, TCCTCTTCAAGTC-
CCAGATAGA; AURKB R, TAGATCCTCCTCCGGTCATAAA;
and SYBR green master mix (Bio-Rad Laboratories). Beta 2
microglobulin (B2M) served as control (B2M F, TATCCAGCG-
TACTCCAAAGA; B2M R, GACAAGTCTGAATGCTCCAC).

Immunohistochemistry

A total of 51 enucleated RB tissue specimens were evaluated
for the detection of AURKB protein expression. Formalin-
fixed, paraffin-embedded tissue sections were placed on
glass slides coated with (3-aminopropyl)triethoxysilane
(Sigma-Aldrich), and immunohistochemistry (IHC) was
performed using the EnVision FLEX Mini Kit (Agilent, Santa
Clara, CA, USA) according to the manufacturer’s proto-
col. The rabbit anti-AURKB monoclonal antibody was used
at 1:250 dilution. Images were captured with an APERIO
CS2 slide scanning microscope (Leica Microsystems, Wetzlar,
Germany). Also, images were taken with a 100× objective on
an Olympus BX53 microscope (Olympus, Tokyo, Japan) for
scoring and data analysis.

Scoring of IHC Slides

AURKB expression in the tissue specimens was given an
immunoreactivity score based on the intensity and extent
of expression. This method of scoring has been described
previously.24 The intensity of expression (i) was quantified
using the following scores: 0 = negative, 1 = weak, 2 =
medium, 3 = high. The extent of expression was evaluated
as percentage of positively stained area in comparison to the
entire tumor area, and the following scores were assigned:
0 for < 1%, 1 for 2% to 10%, 2 for 11% to 50%, 3 for 51% to
75% and 4 for >75% area showing expression. The final IHC
score was determined as follows: �i = 0 to 3 (i × score based
on extent of expression). The results of the above expression
would show a minimum IHC score of 0 to a maximum of 12.
An IHC score of 10 to 12 was considered strong expression;
7 to 9, moderate expression; and 3 to 6, weak expression.
An IHC score of <3 was taken as no expression.
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shRNA-Mediated Knockdown

The knockdown of AURKB was carried out in Y79 and
LRB1 cells using a lentiviral approach. The shRNA constructs
used in the study were KD-1 (TRCN0000000777) and KD-2
(TRCN0000010547) (Dharmacon, Lafayette, CO, USA). Addi-
tionally, the shRNA constructs KD-3 (TRCN0000020695) and
KD-4 (TRCN0000020698) (Dharmacon) were used for MYCN
knockdown. Lentiviruses containing constructs targeting
AURKB or scrambled controls were generated by transfect-
ing HEK293T cells using Lipofectamine 3000 (Thermo Fisher
Scientific). Viral supernatant was used for transducing Y79
or LRB1 cells in the presence of polybrene (4 μg/mL; Sigma-
Aldrich). The transduced cells were selected in medium
containing puromycin (3 μg/mL, Sigma-Aldrich), and the
knockdown efficiency was confirmed by immunoblotting.

Pharmacological Inhibition of AURKB and
Measurement of Cell Viability

AURKB was inhibited in RB cells by treating them
with commercially available AURKB inhibitors: barasertib
(AZD1152-HQPA), GSK1070916, and ZM447439 (Apex Bio,
Houston, TX, USA). Cell viability was performed using the
trypan blue dye (Sigma-Aldrich) exclusion method. The
decrease in cell viability in response to inhibitor treatment or
shRNA-mediated knockdown was compared with untreated
or scrambled controls.

Apoptosis Assay

The percent apoptosis in inhibitor-treated and AURKB-
knockdown RB cells was analyzed using a BD FACSCanto II
Flow Cytometer (BD Biosciences, San Jose, CA, USA) using
annexin V and propidium iodide (PI) staining as per the
manufacturer’s instructions (Miltenyi Biotec, Bergisch Glad-
bach, Germany).

Cell Cycle Analysis

The changes in cell cycle distribution upon AURKB inhibi-
tion were examined using PI staining. Briefly, 1 million cells
were washed with Dulbecco’s phosphate buffered saline
(DPBS; PAN-Biotech) and fixed in 70% cold ethanol. After 1
hour of fixation and required washes, samples were treated
with 50 μL of RNase (QIAGEN,Hilden, Germany) from a 100-
μg/mL stock and incubated at 37°C for 30 minutes. Finally,
200 μL of PI was added to the samples before analysis using
a CytoFLEX S Flow Cytometer (Beckman Coulter, Brea, CA,
USA).

In Silico Analysis of AURKB Gene Promoter

The promoter sequence for the AURKB gene (2 kb upstream
of transcription start site) was retrieved using Ensembl
(release 100)25 and analyzed for the presence of MYCN bind-
ing motifs as reported previously.26–28

Chromatin Immunoprecipitation–qPCR

Chromatin immunoprecipitation (ChIP)–qPCR was
performed to study whether MYCN binds on the promoter
region of AURKB. Briefly, Y79 cells (40 × 106) were
crosslinked with formaldehyde and neutralized with glycine.
The cell pellet was washed with cold PBS and resuspended

in nuclei extraction buffer (5-mM PIPES, pH 8.0; 85-mM
KCl; and 0.5% NP-40) for 8 minutes on ice. The nuclei pellet
was resuspended in radioimmunoprecipitation assay buffer
and sonicated at 4°C for 15 minutes to generate chromatin
fragments in the range of 100 to 600 bp. Chromatin (150 μg)
was immunoprecipitated with ChIP-grade MYCN antibody
(1:50 dilution; Cell Signaling Technology). The crosslinks
of eluted protein/DNA complexes were reversed using
NaCl and treated with proteinase K and RNase followed
by purification using PCR purification kit (QIAGEN). The
ChIP–qPCR primers are listed in Supplementary Table S1.
Percent enrichment was calculated relative to negative
control primers designed to amplify the region away from
the AURKB promoter sequence.

Statistical Analysis

The baseline and disease characteristics were assessed using
descriptive statistics. The expression of AURKB and clin-
icopathological associations were determined using the
χ2 test and Student’s t-test. The pharmacological, shRNA-
knockdown, and ChIP–qPCR experiments were analyzed by
Student’s t-test.

RESULTS

AURKB Is Significantly Overexpressed in Human
RB Tumor Specimens and Cell Lines

The protein expression of AURKB was determined by
immunoblotting and was found to be elevated in human RB
cell lines compared to control retina (Fig. 1a). The levels
of expression were comparable among the different RB cell
lines. We have used commercially available Y79 cell line
and patient-derived LRB1 cells in further experiments. To
compare the expression of AURKB in RB with other tumor
cell lines, we measured mRNA expression in MCF-7 (breast
cancer) and HCT-116 (colon cancer) cells. Additionally, the
expression of AURKB was determined in ARPE-19 cells. Of
all the cell lines tested, RB cells had comparably higher
expression of AURKB (Supplementary Fig. S1).

Next, we evaluated the expression of AURKB in human
RB tissue specimens (n = 51) by immunohistochemistry.
Of the 51 specimens, three samples were excluded from
the study as there was extensive necrosis and calcifica-
tion, with only focal viability. Out of the remaining 48
specimens, 16 were from patients who had received neo-
adjuvant chemotherapy. The baseline characteristics of the
patients are described in the Table. Immunohistochemical
staining revealed positive AURKB staining in 36 samples
(75%), among which there were 21 males and 15 females.
The IHC slides were scored on the basis of intensity and
extent of positive staining. Of the 36 specimens, weak,
moderate, and strong expression was seen in 11 (30.56%),
16 (44.44%), and 9 (25%) specimens, respectively (Fig. 1b).
Representative images of stained tissue specimens (top
panel) and their respective distribution of stained cells
(bottom panel) are shown in Figure 1c. Additionally, AURKB
expression in the tumor area was compared to the adjacent
conserved healthy retina, and it was observed that expres-
sion levels were negligible in the conserved retina (Fig. 1c).
Further, the clinicopathological features were correlated
with the presence of AURKB expression (Table). The statis-
tical analysis showed a significant correlation between
optic nerve invasion and positive AURKB expression
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FIGURE 1. AURKB is overexpressed in RB. (a) AURKB protein expression in RB cells compared to control retina (CR) as determined by
immunoblotting. (b) The IHC score of AURKB expression among human RB patient specimens (n = 48). (c) Representative images of
conserved retina showing no expression of AURKB and tumor specimens exhibiting weak, moderate, or strong expression (top panel). The
bottom panel shows the distribution of percent stained cells in tumor specimens showing weak (n = 11), moderate (n = 16), or strong
(n = 9) AURKB expression.

(P < 0.05). In addition, the expression of AURKB was asso-
ciated with anterior chamber invasion (P < 0.05). There
was no statistical significance for other clinicopathological
features (Table).

Pharmacological Inhibition of AURKB Leads to
Decreased RB Cell Viability

AURKB inhibition as a potential treatment strategy was
investigated in RB cells (Y79, LRB1, and LRB2). The
inhibitors used in the study were GSK1070916, barasertib,
and ZM447439. Cell viability was assessed after 72 hours.
It was seen that AURKB inhibition reduced cell viability in
Y79 and LRB1 cells (Fig. 2a) and in LRB2 cells (Supplemen-
tary Fig. S2). For example, Y79 cells showed a 60.77% ±
3.44% reduction in cell viability relative to control at a 20-nM
concentration of GSK1070916. In contrast, LRB1 cells were
more sensitive to GSK1070916 and showed a 65.40% ±
1.44% reduction in cell viability at 7-nM. The IC50 values
of all the inhibitors for each cell line were calculated
(Supplementary Table S2). Overall, a consistent reduction
in cell viability was detected with an increase in concentra-
tion of AURKB inhibitors. The specificity of AURKB inhibi-
tion was evaluated by measuring the phospho-histone H3
(Ser10) levels, and a profound decrease was observed in
inhibitor-treated cells compared to control cells (Fig. 2b).

The changes in cell viability in response to GSK1070916
were further tested on primary human RB patient spec-
imens and were observed to be significantly reduced in
treated cells (Fig. 2c). The effect of AURKB inhibition using
GSK1070916 was also tested on a control human retinal
pigment epithelial cell line (ARPE-19) and was found to be
negligible at the concentrations that were effective against
the human RB patient specimens, demonstrating a thera-
peutic window for targeting AURKB in RB (Supplementary
Fig. S3).

Targeting AURKB in RB Promotes Apoptosis and
Cell Accumulation at the G2/M Phase

The extent of apoptosis upon AURKB inhibition was
analyzed by using a flow cytometer. The inhibitor concen-
trations used in the study were IC50 and 10 times the IC50 as
determined earlier (Supplementary Table S2). It was noticed
that apoptosis increased in contrast to control in inhibitor-
treated Y79 cells (Fig. 3a) and LRB1 cells (Supplementary
Fig. S4a) in a dose-dependent manner. Additionally, the
levels of p53 and p21 Waf1/Cip121 (p21) proteins were eval-
uated in inhibitor-treated RB cells by employing the same
concentrations of inhibitors that were used in the apopto-
sis experiments. The protein expression of p53 and p21 was
observed to be increased in both Y79 cells (Fig. 3b) and LRB1



The Role of Aurora Kinase B in Retinoblastoma IOVS | March 2021 | Vol. 62 | No. 3 | Article 16 | 5

TABLE. Correlation of Clinicopathological Features with Positive AURKB Expression in RB Patient Specimens

N

Positive
AURKB

Expression

Negative
AURKB

Expression
Statistical

Test P Significance

Baseline characteristics
Age at diagnosis (mo), n Student’s t-test 0.22 NS
Median 36 36 24
Mean 32.94 ± 22.39 35.25 ± 24.9 26 ± 10.02
Range 2–108 2–108 12–36

Gender, n χ2 test 0.61 NS
Male 27 21 6
Female 21 15 6

Laterality, n χ2 test 0.81 NS
Unilateral 41 31 10
Bilateral 7 5 2

Association of histopathological features
with AURKB expression
Choroid invasion, n χ2 test 0.50 NS
Present 24 19 5
Absent 24 17 7

Optic nerve invasion, n χ2 test 0.01 SS
Present 34 29 5
Absent 14 7 7

Anterior chamber invasion, n χ2 test 0.04 SS
Present 10 10 0
Absent 38 26 12

Scleral invasion, n χ2 test 0.83 NS
Present 9 7 2
Absent 39 29 10

P < 0.05 represents statistical significance. SS, statistical significance; NS, no significance.

cells (Supplementary Fig. S4b). Next, we evaluated the role
of AURKB in RB cell cycle progression. The cells treated with
AURKB inhibitors were stained with PI and analyzed by a
flow cytometer. The drug concentrations used in the experi-
ment were IC50, 2× IC50, and 10× IC50 (Supplementary Table
S2). It was determined that AURKB inhibition resulted in a
G2/M phase arrest in the cell cycle for Y79 cells (Fig. 3c) and
LRB1 cells (Supplementary Fig. S4c).

shRNA-Mediated Knockdown of AURKB Results
in Decreased Cell Viability

To substantiate the role of AURKB in RB, shRNA-mediated
lentiviral knockdown was performed in Y79 and LRB1
cells. The cells transduced with scrambled shRNA was
used as control. The efficiency of AURKB-knockdown was
confirmed by immunoblotting, and the levels of p53 were
found to be elevated in AURKB-knockdown cells (Fig. 4a,
top panel). Next, changes in cell viability were assessed
in knockdown and scrambled control cells each day for 5
days. A marked reduction in cell viability was observed in
knockdown cells compared to scrambled controls in Y79
and LRB1 cells (Fig. 4a, bottom panel). The results were
consistent for both of the shRNA constructs used in the
study. Further, there was a higher percentage of apoptosis
in the cells with AURKB-knockdown in comparison with the
cells that were transduced with a scrambled shRNA construct
(Fig. 4b). In Y79 cells, 26.6% ± 6.4% and 25.76% ± 7.05%
apoptosis was detected with KD-1 and KD-2 constructs,
respectively, in comparison to 10.46% ± 2.31% apoptosis
in the scrambled control cells (Fig. 4b). Similar to inhi-
bition experiments, a G2/M phase cell cycle arrest was

noticed in Y79 cells transduced with shRNA construct KD-1
(Fig. 4c).

Regulation of AURKB Expression by the MYCN
Oncogene

The MYCN oncogene is considered to be important in
retinoblastoma development and progression after RB1 inac-
tivation. MYCN is also known to play a role in the tran-
scriptional regulation of various proteins.10,19,20 To examine
the role of MYCN in the regulation of AURKB expression,
we first analyzed the promoter sequence of AURKB for the
presence of MYCN binding motifs. The AURKB promoter
sequence was downloaded using Ensembl (release 100)25

and scanned for the presence of MYCN binding motifs
based on a previously published study26 and the Eukary-
otic Promoter Database.27,28 The analysis identified five
MYCN binding motifs upstream of the transcription start site
(Fig. 5a), suggesting a possible role for MYCN in the regula-
tion of AURKB expression.

To decipher a likely crosstalk between MYCN and
AURKB, we studied the expression of AURKB in RB
cells with MYCN-knockdown, as well as the expression of
MYCN in AURKB-knockdown cells. We detected diminished
AURKB protein levels in both Y79 and LRB1 cells compared
to scrambled controls in MYCN-knockdown cells (Fig. 5b).
However, we did not observe any significant change in
the protein expression of MYCN in RB cells with AURKB-
knockdown (Fig. 5c).

To further understand if MYCN binds to the promoter
region of AURKB, we performed ChIP experiments in
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FIGURE 2. Reduction in cell viability upon pharmacological inhibition of AURKB in RB cells. (a) Cell viability of RB cells after 72 hours
of treatment with AURKB inhibitors. The error bars represent standard deviation (*P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t-test).
(b) Immunoblots showing phosphorylation of histone H3 (Ser 10) in AURKB-inhibited RB cells. (c) Cell viability of patient-derived primary
tumor cells after 72 hours of treatment with GSK1070916.

Y79 cells using ChIP-grade MYCN antibody, followed by
qPCR using specific primers that would amplify the regions
containing MYCN binding motifs. The results showed that
the MYCN binding motif in the promoter region at –1064
from the transcription start site was enriched compared to
negative control (Fig. 5d).

DISCUSSION

Our study demonstrates that AURKB is markedly over-
expressed in human RB patient specimens and further
reveals that morphologically healthy-looking conserved
retina adjoining the tumor is devoid of AURKB expression.
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FIGURE 3. AURKB inhibition increases apoptosis and induces cell accumulation at the G2/M phase of cell cycle. (a) Total apoptosis in Y79
cells upon treatment with different AURKB inhibitors. (b) The p53 and p21 protein expression levels in inhibitor-treated Y79 cells. (c) Cell
cycle distribution of Y79 cells treated with AURKB inhibitors. The cells treated with GSK1070916 were compared with Untreated 1 (*), and
the remaining samples were compared with Untreated 2 (#). The error bars represent the standard error of the mean (*/#P < 0.05, **/##P <

0.01 by Student’s t-test).

Since it is challenging to target loss-of-function mutations
such as RB1 inactivation, identification of druggable proteins
involved in tumorigenesis can provide alternative therapeu-
tic targets. The presence of elevated AURKB levels in human
RB specimens compared to conserved retina suggests that
AURKB inhibition could be a potential treatment strategy.
The overexpression of AURKB has been implicated in a vari-
ety of malignancies (reviewed in Reference 15). For exam-
ple, in non-small cell lung cancer, AURKB was found to be
elevated in contrast to epithelial cells.29,30 Likewise, induced
AURKB protein expression has been established in various

other cancers, including acute lymphoblastic leukemia and
acute myeloid leukemia.31 The role of AURKB in tumors was
initially supported by its overexpression-mediated tumorige-
nesis in murine models.32 At the molecular level, AURKB
modulates the repression of p21Cip1 via p5333 and, along
with histone deacetylases, mediates cell proliferation via the
AKT/mTOR signaling pathway.34 Additionally, the altered
expression of AURKB has been implicated in the genomic
instability of cancer cells.29

Optic nerve, choroidal, scleral, and anterior chamber
invasion are important histological risk factors for disease
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FIGURE 4. AURKB-knockdown in RB results in inhibition of cell growth, elevated apoptosis, and cell accumulation at the G2/M phase.
(a) Confirmation of AURKB-knockdown and levels of p53 in RB cells with AURKB-knockdown (top panel). Cell viability in knockdown
cells compared to scrambled control cells (bottom panel). Y79 cells with AURKB-knockdown were analyzed for (b) total apoptosis and
(c) cell cycle distribution. The error bars denote SD (*P < 0.05, **P < 0.01, ***P < 0.001 determined by Student’s t-test).

prognosis in RB.35 In this study, we determined that over-
expression of AURKB correlated with optic nerve and ante-
rior chamber invasion. The association of AURKB with optic
nerve and anterior chamber involvement indicates its possi-
ble role in RB invasion and metastasis. Similarly, AURKB
overexpression was shown to be linked with tumor invasion,
lymph node metastasis, and poor prognosis in non-small cell
lung cancer.36

The significance of AURKB upregulation for RB cell
survival has been demonstrated by the knockdown and
pharmacological inhibition experiments in this study. This
is especially relevant as AURKB inhibitors are in differ-
ent phases of clinical development15,17,37 and can be trans-
lated for human application. Testing the inhibition of drug
targets in primary RB tissues is crucial, as currently there
are no suitable animal models that can replicate human
RB.38 Because the tissue size is very small in RB, we could
only employ one of the inhibitors. We used the inhibitor
GSK1070916 to inhibit AURKB in RB patient specimens,
as it was effective at a lower concentration compared to
other inhibitors. The inhibition of AURKB decreased cell
viability significantly in RB patient specimens but had little
to no effect on normal retinal pigment epithelial cells at
the same concentrations. Further, the patient sample that
had the highest AURKB expression responded compara-
tively better to AURKB inhibition than the other speci-
mens; however, whether the response to AURKB inhibition
depends on the level of expression requires further inves-
tigation. Overall, our data suggest that we can specifically
target AURKB to restrict RB cell growth. Consistent with
impaired cell growth, this study demonstrates that AURKB
inhibition led to increased apoptosis along with elevated
levels of p53 and G2/M phase cell cycle arrest. The role of

AURKB in decreasing p53 activity has been studied previ-
ously.39,40 Recent studies involving small cell lung cancer
with RB1 mutations demonstrated a profound dependence
on AURKB for their survival. The AURKB inhibition in these
RB1 mutated tumors significantly affected their cell growth,
possibly through a synthetic lethal relationship between RB1
mutations and AURKB inhibition.41 Moreover, AURKB was
implicated in therapy-related drug resistance and treatment
relapse in B-cell acute lymphoblastic leukemia.42 AURKB
inhibition was further proposed as an intervention strategy
in drug-resistant tumor cells, particularly against non-small
cell lung cancer cells with drug-resistant mutations in the
epidermal growth factor receptor.43

The molecular activators that regulate AURKB expression
are not completely understood. We have identified consen-
sus binding motifs for MYCN on AURKB promoter, which
indicates that MYCN might regulate AURKB expression. The
amplification and/or expression of MYCN has been consid-
ered to be an essential event in RB pathogenesis after RB1
mutations.19,20,44 Based on these observations, we designed
a study to investigate the impact of MYCN-knockdown on
AURKB expression. There was a consistent reduction in the
expression of AURKB in response to MYCN-knockdown in
RB cells. Further, ChIP–qPCR showed that MYCN binds on
the promoter region of AURKB, and the extent of the bind-
ing is comparable to binding at other known gene promoter
sequences.45,46 The regulation of AURKB expression by
MYCN is particularly interesting, as it relates overexpression
of AURKB to RB pathogenesis. A few other pathways have
also been found to regulate AURKB expression in tumor
cells. For example, MDM2, through AURKB expression, was
shown to mediate cell cycle in prostate cancer cells.47 Like-
wise, in neuroblastoma, AURKB was identified as a direct
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FIGURE 5. The expression of AURKB is regulated by MYCN in RB cells. (a) Presence of MYCN binding motifs on AURKB gene promoter. The
genomic contig NC_000017.11 and sequences from 8210574 to 8212573 were used. The +1 denotes the transcription start site. (b) AURKB
protein levels in RB cells with MYCN-knockdown, and (c) MYCN protein levels in RB cells with AURKB-kncockdown. (d) ChIP–qPCR
showing enrichment of the MYCN binding motif on the AURKB promoter.

transcriptional target of MYCN in MYCN-amplified neurob-
lastoma.48 The regulation of AURKB by MYCN would further
hint at the possibility of therapeutic targeting of AURKB in
MYCN-amplified RB tumors in addition to retinoblastoma
with RB1 mutations.

Overall, our study indicates that the expression of AURKB
is elevated in RB and positive AURKB expression is signif-
icantly correlated with optic nerve and anterior chamber
invasion. More importantly, our study has demonstrated that

AURKB could be specifically targeted in RB. Additionally, our
results demonstrate a possible regulation of AURKB expres-
sion by MYCN.
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