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Abstract: Despite significant advances, skin cutaneous melanoma (SKCM) is a common life-threatening cancer
worldwide. Recently, pseudogenes have been discovered to be functional in many physiological processes and the
pathogenesis of various diseases, including cancer. However, their relevance to SKCM remains largely unknown.
In this study, seven upregulated pseudogenes were identified based on TCGA data. Among them, MTND4P12 was
negatively correlated with the overall survival of SKCM patients. After constructing a pseudogene-miRNA-mRNA reg-
ulatory network, MTND4P12 was found to regulate the expression of oncogene AURKB by serving as a ceRNA. Both
genetic and chemical inhibition of AURKB reduced viability and induced apoptosis of melanoma cells. Interestingly,
DNA repair pathway seems to be involved in the anti-tumor effect of AURKB inhibition. Indeed, a synergistic thera-
peutic effect of AURKB inhibition and PARP inhibitor was confirmed both in vitro and in vivo. In conclusion, AURKB
plays an oncogenic role and is a novel therapeutic target in SKCM. The combination of AURKB inhibition and PARP

inhibitor has a synergistic effect, representing a promising treatment for SKCM.
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Introduction

Skin cutaneous melanoma (SKCM) is a com-
mon malignant tumor worldwide, with an esti-
mated age-standardized incidence of 2.8-3.1
per 100,000 [1]. Its occurrence is still rapidly
increasing annually throughout the world, fast-
er than many other malignancies [2]. The prog-
nosis for advanced melanoma remains poor,
with a 5-year survival rate of less than 10% for
patients with distant metastases [3]. Melano-
ma originates from neural-crest derived pig-
mented melanocytes [4], and the malignant
transformation of melanocytes is a complex
process with multigenic etiology. Ultraviolet
radiation exposure and severe sunburns are
certainly significant risk factors for the patho-
genesis of melanoma [5]. Despite consider-
able progress in treating SKCM patients, bet-
ter therapies are still urgently needed, consid-
ering the high mortality for advanced patients.

Competing endogenous RNAs (ceRNAs), first
proposed by Salmena and colleagues [6], refer

to transcripts containing the same miRNA
response element that can regulate each other
at the post-transcription level by competing for
shared miRNAs. CeRNA networks link the func-
tion of protein-coding mRNAs with that of non-
coding RNAs (ncRNAs) such as microRNAs (miR-
NAs), long non-coding RNAs (IncRNAs), pseudo-
genic RNAs and circular RNAs (circRNAs). An
increase in the ncRNA level can function as
RNA sponges for miRNAs and release repres-
sion on target genes, leading to an increase in
target gene expression.

Pseudogenes are defined as defunct copies of
protein-coding genes that emerge during the
evolutionary process from random replications
and mutations [7], which have been considered
as “junk DNAs” for a long time [8]. However,
growing evidence shows that pseudogenes play
a significant role in the initiation and progres-
sion of cancers by serving as ceRNAs, affecting
both their cognate and unrelated genes [9]. For
instance, pseudogene PTENP1 functions as
miR-499-5p sponge to manipulate the expres-
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sion of parental gene PTEN in mice [10]. Pseu-
dogene OCT4-pg4d regulates OCT4 expression
by sponging miR-145 to promote hepatocar-
cinogenesis [11].

In this study, we identified MTND4P12 to
be an oncogenic pseudogene upregulated in
SKCM. It upregulates the expression of onco-
gene AURKB by serving as a ceRNA. In vitro
study indicates that AURKB is a promising tar-
get for SKCM treatment, and the DNA repair
pathway plays a significant intermediary role in
the anti-tumor effect of AURKB inhibition. AU-
RKB inhibitor and PARP inhibitor have a syner-
gistic therapeutic effect on SKCM cells, thus
providing a new strategy for SKCM treatment.

Materials and methods

Identification of differentially expressed pseu-
dogenes

The screen process can be found in Figure 1.
RNA-Seq expression data of pseudogenes in
SKCM were downloaded from the dreamBase
database [12]. The cut-off for differentially
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expressed pseudogenes in SKCM was set at
|log, Fold Change| > 6.0, P < 0.05.

Construction of the pseudogene-miRNA-mRNA
regulatory network

miRNAs binding to pseudogenes were identi-
fied using starBase v2.0 [13]. Target genes of
identified miRNA were retrieved from miRTar-
Base [14]. Pseudogene-miRNA-mRNA ceRNA
network was visualized using Cytoscape v3.8.0
[15].

Protein-protein interaction network construc-
tion and hub genes analysis

The protein-protein interaction network of mi-
RNA target genes was analyzed using STRING
v11.0 and visualized by Cytoscape v3.8.0 [15].
Genes with top ten degree were identified as
hub genes using Centiscape 2.2 plugin of
Cytoscape v3.8.0 [16].

Kaplan-Meier survival analysis

For pseudogenes, Kaplan-Meier overall surviv-
al analysis and log-rank test were used to eval-
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uate the statistical significance of survival dif-
ferences between the two groups using GEPIA
[17]. The cut-off value between the two groups
was ‘Median’.

Gene expression analysis

The relative expression levels of target genes
in SKCM were validated by GEPIA [17], using
|[logFC| = 1 and P < 0.01 as the cut-off criteria.
The results are presented as box plots.

Gene ontology & KEGG pathway enrichment
analysis

Pathway enrichment analysis for enriched tar-
get genes was conducted using ClueGO v2.5.7
plugin [18] of Cytoscape v3.8.0. GO items and
KEGG pathways with P < 0.05 were considered
significant.

Differential expression analysis and functional
enrichment of AZD1152 treatment and control
samples

The raw data were obtained from the GSE38-
466 dataset deposited in the GEO (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE38466). The dataset includes 42 human
melanoma cell samples, including 38 treat-
ment samples and 4 control samples. The plat-
form is GPL10558 lllumina HumanHT-12 V4.0
expression beadchip. The DEGs were identified
using the GEO2R tool [19]. Genes with P < 0.05
and |log, Fold Change (FC)| > 1 were consid-
ered as DEGs between the AZD1152 treatment
and control groups. For functional analysis of
the identified DEGs, the DEGs were imported
into the metascape [20] for enrichment and
visualization. GO functional enrichment analy-
sis and KEGG pathway enrichment analysis
were conducted [21]. P < 0.05 and P < 0.01
were considered significant in GO and KEGG
analysis.

GSEA analysis

Genome-wide expression profiles at the level of
gene sets, which include genes with the com-
mon biological function, were analyzed by GS-
EA (http://software.broadinstitute.org/gsea/in-
dex.jsp).

Cell culture and drug treatment

B16 and A375 melanoma cells were cultured in
DMEM medium (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum
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(Invitrogen) and 1% penicillin-streptomycin at
37°C and 5% CO, in a humidified incubator.
Olaparib and AZD2811 (Selleck) were dissolved
in dimethyl sulfoxide (DMSO). The final con-
centrations of the drugs and duration of treat-
ments are indicated in the figure legends.

Cell viability assay

The cells were treated with different concentra-
tions of AZD2811 (0, 3.125, 6.25, 12.5, 25 and
50 umol/L) for 72 h and 96 h. The cell viability
of B16 and A375 melanoma cells was mea-
sured by the MTS cell proliferation assay.

Small interfering RNA transfection

The knockdown of AURKB was performed
by small interfering RNA transfection. B16
melanoma cells were transfected with small
interfering RNA (siRNA) targeting AURKB
(#1: 5-CCUUUGGGCAAAGGCAAAUTT-3’, #2: 5*-
CCACAAGAAGAAGGUAAUUTT-3") by Lipofecta-
mine2000 (Invitrogen), according to the manu-
facturer’s protocol.

Western blot analysis

Cells were washed with ice-cold PBS, scraped,
lysed, and sonicated in radioimmunoprecipita-
tion (RIPA) buffer supplemented with 1 mM
phenylmethylsulfonyl fluoride (Beyotime) and
phosphatase inhibitor cocktail (Roche, Basel,
Switzerland). The protein concentration was
measured using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific, Reinach, Swit-
zerland). The proteins were subjected to 12%
sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and then electrotransferred to
a polyvinylidene fluoride membrane (Millipore,
Burlington, MA, USA) at 100 V for 2 h. The
membranes were blocked in 5% non-fat milk
in Tris-buffered saline containing 0.1% Tween-
20 (TBST) at room temperature for 2 h. After
washing with TBST, the membranes were incu-
bated for 8 h at 4°C with primary antibodies.
The membranes were incubated in horsera-
dish peroxidase-labeled goat antirabbit sec-
ondary antibody (1:5000; Proteintech) for 1 h
at room temperature. The signal was detected
by enhanced chemiluminescence (Millipore).

Flow cytometry

Annexin V-FITC/PI labeling was performed to
detect apoptosis according to the manufac-
turer’'s recommendations (Invitrogen). At least
10,000 cells were analyzed by flow cytometry
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Table 1. Information of upregulated pseudogenes with log, Fold Change (FC) more than six in skin

cutaneous melanoma

i:ij:ogene Ensembl ID Genome location Transcript biotype P:erszt Cr::;)rlscge H;:g(r)d P-value
SRPOP1 ENSTO0000445874  chr10:91,806,043-91,807,533 Processed pseudogene SRP9 11.2 1.2 0.26
RP4-800G7.1 ENSTO0000461005 chr7:149,191,043-149,191,223 Processed pseudogene  RPL36A 7.79 1 0.91
CH17-264B6.3 ENST00000275546 chr7:73,065,529-73,077,353 Unprocessed pseudogene  PMS2 6.93 0.91 0.49
C1DP1 ENSTO0000426049  ¢chr10:32,510,628-32,511,819 Processed pseudogene CiD 6.7 0.79 0.081
MTND4P12 ENSTO0000498999 chr5:134,926,660-134,928,036 Processed pseudogene ~ MTND4 6.27 1.3 0.039
LDHAP3 ENST00000448312 chr2:41,819,648-41,821,649 Processed pseudogene LDHA 6.25 0.9 0.42
RP11-359E7.3 ENST00000634073 chr10:121,557,729-121,587,837  Processed pseudogene VMA21 6.04 0.86 0.25

to determine the percentage of apoptotic cells.
The results are presented as the percentage of
apoptotic cells.

Drug combination study in vitro

For drug combination study, approximately
3000 cells per well were seeded in the 96-
well plates, and then treated with a single
AZD2811, olaparib or with the combination of
the two, and each compound for another 72
hours. Cell viability was measured using the
MTS assay. The combination index (Cl) and
fraction affected (Fa) values were calculated
using Compusyn software [22].

SKCM xenograft model and drug treatment

Six-week-old female nu/nu mice and male
C57BL/6 mice were obtained and maintained
in a specific pathologic-free environment. 12x
106 and 4.1x10° viable B16 cells were inocu-
lated subcutaneously in nude mice and C57-
BL/6 mice, and tumor incidence and growth
were monitored after inoculation. Mice bearing
xenograft tumors were randomly divided into
four subgroups, which were scheduled to re-
ceive the following treatments: 50 mg/kg ola-
parib, 50 mg/kg AZD2811, a combination of
both agents and vehicle as control. Tumor vol-
ume was measured after each treatment. The
tumor volume of nu/nu mice was measured at
day 1, day 5, day 7, day 9, day 12 and day 14
after B16 cells inoculation and the tumor vol-
ume of C57BL/6 mice was measured at day 7,
day 10, day 12, day 14, day 17, day 19, day 21
and day 24 after B16 cells inoculation.

Results

Identification of upregulated pseudogenes in
SKCM

To investigate the potential roles of functional
pseudogenes in SKCM, differentially expressed
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pseudogenes in SKCM compared with normal
tissues were identified using dreamBase [23].
Based on the cut-off criteria (|log FC| > 6.0, P
< 0.05), seven upregulated pseudogenes we-
re identified in SKCM (Table 1). Among the-
se pseudogenes, only high expression of
MTND4P12 was identified to be significantly
correlated with worse survival rate in SKCM
(Figure 2), suggesting that MTND4P12 may
play an essential role in the pathogenesis of
SKCM.

Construction of pseudogene-miRNA-mRNA
regulatory network

Since pseudogenes mainly function as ce-
RNAs, we screened potential miRNAs binding
to pseudogene MTND4P12 and negatively
correlated with the expression of MTND4P12
using starBase [13]. Hsa-let-7e-5p and hsa-
miR-1193 were finally identified to be candi-
date miRNAs (Figure 3; Supplementary Table
1). Target genes of hsa-let-7e-5p and hsa-
miR-1193 were further explored by strong and
weak experimental method using miRTarBase
[14]. In total, 697 genes were identified to be
direct targets of candidate miRNAs (Supple-
mentary Table 2). The pseudogene-miRNA-
MRNA regulatory network was then visualized
using Cytoscape [15] (Figure 4A). Thus, MTN-
D4P12 may exert biological functions through
regulating these target genes.

Functional enrichment analysis of miRNA tar-
get genes

To investigate the potential functions of
MTND4P12 in cancer development, we per-
formed GO and KEGG pathway enrichment
analysis using ClueGo [18]. Several GO terms
were enriched such as DNA binding, RNA bind-
ing, gene expression and mitotic cell cycle
(Figure 4B-D). KEGG pathway analysis indicat-
ed that miRNA target genes were enriched in
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Figure 2. The expression and survival analysis of MTND4P12 in skin cutaneous melanoma. Overall survival (A), disease free survival analyses (B) and the expression
of MTND4P12 in skin cutaneous melanoma (C) were performed using the GEPIA online platform. The solid line represents the survival curve and the dotted line
represents the 95% confidence interval. Patients with expression above the median are indicated by red lines, and patients with expression below the median are
indicated by blue lines. Log-rank P < 0.05 was considered to indicate a statistically significant difference. HR: hazard ratio. Box plots derived from gene expression
data in GEPIA comparing expression of MTND4P12 in skin cutaneous melanoma tissue and normal tissues, *P < 0.05.
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Figure 3. Identification of hsa-let-7e-5p and hsa-miR-1193 as candidate miRNAs regulated by MTND4P12. A. Co-Expression Analysis for hsa-let-7e-5p and
MTND4P12. B. Co-Expression Analysis for hsa-miR-1193 and MTND4P12.
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Figure 4. Bioinformatics analysis of miRNA target genes. (A) Top 100 Target genes for these miRNAs were retrieved
from miRtarbase. Pseudogene-miRNA-mRNA interaction network was visualized using Cytoscape v3.8.0. (B-D) Gene
ontology (GO) enrichment analysis of miRNA target genes. Colors represent the GO groups, each node is a GO bio-
logical process (B), GO Cellular component (C), GO Molecular function (D), the edges show the connectivity between
each node based on the connection of the genes and the size of nodes depends on the number of genes that are
grouped. (E) KEGG pathway enrichment analysis of miRNA target genes. Colors represent the KEGG groups and the
size of nodes depends on the number of genes that are grouped.

several pathways such as pathways in cancer,
FoxO signaling pathway, p53 signaling pathway
and proteoglycans in cancer (Figure 4E). These
findings indicate that MTND4P12 is involved in
carcinogenesis.

AURKB was identified as a target gene of
MTND4P12

To further analyze the functional roles of
MTND4P12, a protein-protein interaction net-
work was generated using STRING [24], and
hub genes were selected using Centiscape 2.2
[16] (Figure 5A). Genes with top ten degree
(MYC, CDC5L, STAT3, CCND1, PLK1, PPP2R1A,
CREBBP, EZH2, AURKB and RPSA) were identi-
fied as hub genes (Table 2). Prognostic out-
comes of ten hub genes in SKCM were ana-
lyzed using GEPIA [17] (Table 3). It was found
that high mRNA expression level of STAT3
was significantly associated with good overall
survival (P=0.034; Table 3), high mRNA ex-
pression levels of PLK1, PPP2R1A, CREBBP
and AURKB were significantly associated with
poor overall survival (P=0.00041, P=0.0029,
P=0.0012, P=0.0047, respectively; Table 3).
Pearson correlation analysis between MTND4-
P12 and ten hub genes expressions in SKCM
showed that only the correlation between AU-
RKB and MTND4P12 expression levels was
significantly positive (Table 2). AURKB mRNA
expression levels were further validated higher
in SKCM compared with normal tissues in
GEPIA (Figure 5B). These findings indicate th-
at MTND4P12 regulates AURKB expression by
serving as ceRNA in SKCM.

AURKB inhibition reduced viability and in-
duced apoptosis of B16 melanoma cells in
vitro

To validate the biological relevance of AURKB
in melanoma, we treated melanoma cells with
AURKB inhibitor, AZD2811, for 72 h and 96 h,
respectively. It was observed that AZD2811 sig-
nificantly inhibited cell viability in a time- and
dose-dependent manner (Figure 6A). Moreover,
AURKB siRNA treatment significantly increa-
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sed cleaved-CASP3 and cleaved-PARP1 protein
expression in melanoma cells compared with
the control (Figure 6B). In addition, flow cyto-
metric analysis of early and late stage apopto-
sis revealed that AURKB siRNA treatment sig-
nificantly increased apoptosis of melanoma
cells compared with the control (Figure 6C).
These findings suggest that the inhibition of
AURKB could reduce viability and induce apop-
tosis of melanoma cells in vitro.

DNA repair pathway played an essential role
in mediating the anti-tumor effect of AURKB
inhibition

To further explore the mechanism by which
AURKB regulates the viability of melanoma
cells, we performed gene expression compari-
sons of human melanoma cells treated with
AURKB inhibitor, AZD2511, for 48 h and the
control group, based on the GSE38466 datas-
et from GEO database. The results revealed
that 111 and 83 genes were upregulated and
downregulated, respectively (Supplementary
Table 3). GO enrichment analysis showed the
predominance of genes related to DNA replica-
tion, DNA repair and inter-strand cross-link
repair (Figure 7A). Besides, several KEGG path-
ways were significantly enriched, such as DNA
replication, Fanconi anemia pathway and
homologous recombination (Figure 7B). These
data highlighted the importance of AURKB in
DNA repair pathway. To give further insight into
the relationship between the DNA repair and
AURKB, we conducted the Gene set enrich-
ment analysis (GSEA). It was found that the
“Regulation of Double Strand Break Repair via
Homologous Recombination” gene set was sig-
nificantly enriched in control group with higher
expression of AURKB (Figure 7C). Thus, we
speculate that AURKB regulates SKCM cells
viability through DNA repair pathways.

AURKB inhibitor and PAPR inhibitor synergisti-
cally promoted apoptosis of melanoma cells

Inspired by these findings, we sought to explore
the therapeutic potential of the combination of

Am J Cancer Res 2020;10(10):3458-3474
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Table 2. Ten hub genes identified by Centiscape 2.2

Gene names Degree Closeness Betweenness Gene descriptions R* P-value
MYC 92 0.000726  42223.56959 MYC Proto-Oncogene, BHLH Transcription Factor -0.05 2.81E-01
CDC5L 60 0.000672  27760.35872 Cell Division Cycle 5 Like -0.149 1.20E-03
STAT3 58 0.000663  15201.15151 Signal Transducer and Activator of Transcription 3 -0.05 2.81E-01
CCND1 56 0.000664  9247.362858 Cyclin D1 -0.018 7.02E-01
PLK1 54 0.000667 14629.18024 Polo Like Kinase 1 0.071 1.22E-01
PPP2R1A 53 0.000663  16111.20213 Protein Phosphatase 2 Scaffold Subunit Aalpha 0.024 6.03E-01
CREBBP 50 0.000646  16371.64887 CREB Binding Protein -0.106 2.14E-02
EZH2 47 0.000629  7417.059528 Enhancer of Zeste 2 Polycomb Repressive Complex 2 Subunit  -0.014 7.68E-01
AURKB 43 0.000643  7336.007453 Aurora Kinase B 0.104 2.36E-02
RPSA 42 0.000625 6433.209 Ribosomal Protein SA -0.046 3.19E-01

*Pearson correlation analysis between MTND4P12 and ten hub genes expressions in skin cutaneous melanoma.

Table 3. Prognostic values of ten hub genes in skin cuta-
neous melanoma

HRs with  Prognostic

Gene names RNAseq IDs 95% Cls out%omes P-value
MYC 4609 1.3 Poor 0.08
CDC5L 988 1 No difference  0.74
STAT3 6774 0.75 Good 0.034
CCND1 595 1.1 Poor 0.33
PLK1 5347 1.6 Poor 0.00041
PPP2R1A 5518 1.5 Poor 0.0029
CREBBP 1387 1.6 Poor 0.0012
EZH2 2146 1.1 Poor 0.52
AURKB 9212 15 Poor 0.0047
RPSA 3921 1.1 Poor 0.7

tively, these findings reveal that PARP
inhibitor and AURKB inhibitor syner-
gistically promote melanoma cell ap-
optosis.

Combinational treatment of olaparib
and AZD2811 impaired tumor growth
in vivo

We next exploited xenograft mouse
models to validate the therapeutic ef-
fects of olaparib and AZD2811 in vivo.
It was found that treatment with olapa-
rib or AZD2811 alone partially inhibit-
ed tumor growth, whereas the com-
bination of the olaparib and AZD2811

PARP inhibitor and AURKB inhibitor against
melanoma. Our data from the drug combina-
tion tests revealed that olaparib, a PARP inhibi-
tor, had a strong synergistic anti-growth effect
with AURKB inhibitor (Figure 8A). After treating
melanoma cells with AZD2811 and olaparib
alone or in combination, cleaved caspase-3
and cleaved PARP1 were increased, accompa-
nied by the increase of DNA damage and repair
marker, y-H2AX (Figure 8B). In agreement with
these results, flow cytometry data showed th-
at the combination of olaparib and AZD2811
resulted in much more cells undergoing apop-
tosis as compared to single agent alone, as evi-
denced by 20.25% apoptosis ratio in combina-
tion group while 2.36% and 5.2% in olaparib or
AZD2811 group, respectively (Figure 8C and
8D). In addition, the similar effect can be ob-
served in another melanoma cell line A375,
confirming that the synergy between AURKB
inhibitor and PARP inhibition is not cell line

specific (Supplementary Figure 1A, 1B). Collec-
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significantly inhibited tumor growth in

C57BL/6 mice and nude mice, with
approximately 80% tumor volume reduction
relative to control in C57BL/6 mice (Figure
9A and 9B, Supplementary Figure 1C). Taken
together, these findings from the preclinical
SKCM animal models indicate that olaparib
and AZD2811 can synergistically inhibit grow-
th of melanoma in vivo.

Discussion

Our results reveal that the pseudogene MT-
ND4P12, associated with poor prognosis in
SKCM, can regulate the expression of onco-
gene AURKB through the ceRNA mechanism.
Notably, the combination of AURKB inhibitor
and PARP inhibitor robustly inhibited tumor
growth and promoted apoptosis both in vitro
and in vivo. These findings offer a strong ratio-
nale for the future clinical application of AU-
RKB inhibitors for patients with SKCM com-
bined with PARP inhibitors that has been ap-
proved for the treatment of various cancers
including SKCM.
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Figure 6. Inhibition of AURKB induced apoptosis of B16 melanoma cells. A. The cell viability of B16 cells by MTS cell proliferation assay at 72 h and 98 h after the
treatment of AZD2811. B. siRNA-mediated AURKB inhibition potentiates apoptosis. B16 cell lysates were subjected to western blotting for the detection of cleaved
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Figure 7. GO enrichment analysis, KEGG pathway enrichment analysis and Gene Set Enrichment Analysis (GSEA) of
target genes upon AURKB inhibition. GO enrichment analysis (A) and KEGG pathway enrichment analysis (B) of tar-
get genes upon AURKB inhibition in human melanoma cells. The color intensity of bars indicated the P-value of the
corresponding term. GSEA of target genes upon AURKB inhibition in human melanoma cells (C). GSEA plot for gene
set GO_REGULATION_OF_DOUBLE_STRAND_BREAK_REPAIR_VIA_HOMOLOGOUS_RECOMBINATION. Heatmap of
core enrichment genes for gene set GO_REGULATION_OF_DOUBLE_STRAND_BREAK_REPAIR_VIA_HOMOLOGOUS_
RECOMBINATION. “AZD1152” stands for AZD1152 treatment for 48 h.
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Figure 8. Drug combination identifies PARPI acting synergistically with AURKB inhibition in melanoma cells. A. Sen-
sitivity of B16 to AZD2811, Olaparib alone or AZD2811 plus Olaparib. Survival fraction (left) and Isobologram analy-
sis (right) are shown. The diagonal, dotted line indicates additivity, and the red symbol shows dose requirements
to achieve 50% cancer cell inhibition. Data points below the line of additivity indicate synergy, data points above
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denote antagonism. B. Western blotting analysis (left) showing the effects of AZD2811 (28 uM), Olaparib (38 pM),
and AZD2811+0laparib on the expression of cleaved caspase-3 and PARP1. Western blotting analysis (right) show-
ing YH2AX expression in si-AURKB transfected B16 before and after the treatment of Olaparib. Tubulin as a loading
control. C. Flow cytometry analysis of early and late apoptosis in treated B16 cells with AZD2811 (28 uM), Olaparib
(38 uM) and AZD2811+0laparib. D. Percentage of apoptotic cells are shown. Data represent means + SD. *P <
0.05, **P < 0.005, ****P < 0.0001.
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Figure 9. Combinational treatment of olaparib and AZD2811 impaired tumor growth in vivo. A. The combination
of PARPi and AURKB inhibition synergistically suppressed the growth of B16 melanoma in C57BL/6 mice. Data
represent means + SD. ***P < 0.0005. ****P < 0.0001. B. The representative tumors of tumor-bearing mouse in
the control group and the medicated groups are shown. Saline solution (control), AZD2811 only, Olaparib only and

AZD2811+0laparib were administered to C57BL/6 mice with skin cutaneous melanoma.

The oncogenic role of AURKB has attracted tre-
mendous researches in recent years. AURKB
belongs to the highly conserved Aurora family
of mitotic kinases, encoding serine/threonine
kinase [25]. AURKB overexpression can result
in aneuploidy, probably contributing to cancer
initiation or progression [26]. AURKB is also
involved in promoting cell cycle by regulating
cycle-related targets, thus promoting tumor cell
survival [27]. In line with our study, anti-prolifer-
ative effects of AURKB inhibition have been
observed in animal tumor models of several
human cancers, including breast, ovarian, pan-
creatic, colorectal, lung cancers and hepatocel-
lular carcinoma [28-32]. These findings strong-
ly indicate a possible therapeutic role of AURKB
inhibition in cancer patients. Currently, AURKB
inhibitors have already been evaluated for their
potential in the clinical management of can-
cers (https://clinicaltrials.gov/show/NCT0111-
8611).

Synthetic lethality is a concept in which the
simultaneous loss of function of two different
genes results in cell death while the loss of just
one gene continues to be compatible with cell
viability [33]. For example, PARP inhibitors
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(PARPI) display synthetic lethality in cells with
impaired homologous recombination (HR)-
mediated DNA repair function, such as tumors
with BRCA1/2 mutation [34]. Unfortunately,
BRCA1/2 mutation-occur in solely a small per-
centage of tumors, significantly restricting the
clinical efficacy of PARPi-based therapies [35,
36]. Therefore, the development of new para-
digms to elicit PARPi synthetic lethality in
HR-competent cancers remains an intriguing
treatment strategy. Herein, we found that DNA
repair pathways were involved in the AURKB
regulation process by bioinformatics approach-
es. Given this finding, we conducted the drug
combination test of AURKB inhibitor and PARP
inhibitor in SKCM cells. We found significant
synergistic effects, which might due to incre-
ased DNA damage after AURKB inhibition. A
similar conclusion was obtained when L.R. Mit-
chell et al. investigated the effects of AURKB
inhibitor, AZD1152, on radio-sensitization of
prostate cancer cells [37]. Their results demon-
strated that more AZD1152-treated cells sus-
tained DNA damage than irradiated controls 30
minutes post-radiation [37]. It has been report-
ed that AURKB can phosphorylate p53 to accel-
erate its degradation through polyubiquitina-
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tion-proteasome pathway [38], and p53 can
inhibit homologous recombination repair by its
interaction with RAD51 and RAD54 [39]. The
inhibition of AURKB, as a result, will lead to the
impairment of homologous recombination de-
pendent DNA repair due to the accumulation of
p53, resulting in increased DNA damage and
conferring synthetic lethality to PARP inhibition.
Another study showed that inhibition of AURKB
sensitized cells to both cisplatin and oxaliplatin
[38]. Therefore, it is conceivable that a ratio-
nally designed combination based on AURKB
inhibitor and other anti-cancer drugs, especial-
ly the new generation drug PARP inhibitor, may
be a reasonable and feasible strategy for
enhancing therapeutic efficacy and reducing
undesirable side effects in melanoma patients.

In summary, the present study indicates that
the pseudogene MTND4P12 can regulate the
expression of oncogene AURKB through the
ceRNA mechanism in SKCM. Our findings also
reveal the potent and synergistic therapeutic
effects of AURKB inhibitor and PARP inhibitor,
offering a novel promising strategy for SKCM
treatment.
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Supplementary Table 1. Candidate miRNAs targeting MTND4P12
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Pseudogene miRNA mirAccession Coefficient P-value

MTND4P12 hsa-miR-766-5p MIMAT0022714 0.025 5.91E-01
MTND4P12 hsa-miR-1185-5p MIMATO005798 -0.006 9.07E-01
MTND4P12 hsa-miR-3679-5p MIMAT0018104 0.037 4.34E-01
MTND4P12 hsa-miR-6823-3p MIMATO027547 0.036 4.44E-01
MTND4P12 hsa-miR-3605-5p MIMAT0017981 0.025 5.92E-01
MTND4P12 hsa-miR-580-3p MIMAT0003245 0.058 2.21E-01
MTND4P12 hsa-miR-574-5p MIMATO004795 -0.001 9.99E-01
MTND4P12 hsa-miR-6746-3p MIMAT0027393 -0.017 7.18E-01
MTND4P12 hsa-miR-24-3p MIMATO000080 -0.013 7.86E-01
MTND4P12 hsa-miR-3174 MIMAT0015051 0.075 1.13E-01
MTND4P12 hsa-miR-491-5p MIMATO002807 0.037 4.29E-01
MTND4P12 hsa-miR-3163 MIMATO015037 0.016 7.38E-01
MTND4P12 hsa-miR-4458 MIMAT0018980 0.041 3.86E-01
MTND4P12 hsa-let-7a-5p MIMATO000062 -0.021 6.61E-01
MTND4P12 hsa-let-7b-5p MIMATO000063 -0.028 5.58E-01
MTND4P12 hsa-let-7¢-5p MIMATO000064 0.015 7.55E-01
MTND4P12 hsa-let-7e-5p MIMATO000066 -0.097 3.92E-02
MTND4P12 hsa-let-7i-5p MIMATO000415 0.068 1.48E-01
MTND4P12 hsa-miR-3184-5p MIMAT0015064 0.036 4.41E-01
MTND4P12 hsa-miR-196a-5p MIMATO000226 0.045 3.38E-01
MTND4P12 hsa-miR-196b-5p MIMATO001080 0.095 4.34E-02
MTND4P12 hsa-miR-4784 MIMAT0019948 0.035 4.54E-01
MTND4P12 hsa-miR-3150b-3p MIMAT0018194 0.117 1.31E-02
MTND4P12 hsa-miR-4525 MIMAT0019064 -0.067 1.58E-01
MTND4P12 hsa-miR-1193 MIMAT0015049 -0.114 1.59E-02
MTND4P12 hsa-miR-4677-3p MIMAT0019761 0.075 1.14E-01
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Supplementary Table 2. Candidate mMRNAs targeting hsa-let-7e-5p and hsa-miR-1193

miRNA Target Gene Experiments Support Type

hsa-miR-1193 PVR PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 LRRC1 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 GAGE1 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 CAPZA1 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 TOMM20 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 AP3D1 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 POC1A PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 FSTL4 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 METTL1 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 EFNB1 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 XKR4 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 WASL PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 TWIST1 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 SOX4 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 PDPR PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 NRAS PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 KLHDC3 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 FAM217B PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 CCNF PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 CCND1 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 CALM3 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 BCLOL PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 AGO2 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 POGZ PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 H3F3A PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 RAB11FIP4 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 SYNPO2L PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 Clilorf74 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 C6orf132 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 YARS PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 YOD1 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 ARGLU1 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 CDK2AP2 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 TBC1D4 PAR-CLIP Functional MTI (Weak)
hsa-miR-1193 ABI2 PAR-CLIP Functional MTI (Weak)
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RAB19
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STX3
TMED4
uspP47
CDKAL1
HMGA1
CHTOP
ZNF774
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SLC11A2
TMED5
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ITGA3
SLC38A7
SAR1A
PHACTR4
MTX3
CPA4
COX6B1
FPR1
ATXN2
ZNF799
DNAJC28
ZNF417
ZNF443
PRSS22
NHLRC2
KIAA1328
IPO9
EDEM3
CTPS1
AMD1
NAP1L1
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CELF2
VPS13D
RPL10
SPCS2
DCAF8
CTC1
NAAGO
PHF3
TUBA1B
SHANK1
SKA2
SPTBN1
ND2
MED13L
RCOR3
MACF1
PCBP2
UBAP2L
CDCA3
CABLES1
BTRC
C120rf49
TIMP3
RCC1L
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DYRK2
ND3
PIGS

ALG13

RPN2

RPL12

NME4
IVD

JAZF1
ND4

VARS

RNF26

LHFPL2

ARCN1

Cox1
SLC12A4
AEBP2
GATB

UROC1

BSDC1
PTK2

CDC5L
EN2
SSB
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ZNF236
SEMA4B
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KIAAO355
RPSA
DCAF6
UHRF1BP1
OTUB1
PIGP
LMLN
PPP2R1A
HIPK1
SERF2
RBM4
RBM14
HMGB1
GMPS
DIAPH1
STAM
YWHAQ
APPL1
MARCH5
SQLE
TIMM50
NDUFA3
NDUFS5
NRSN2
SALLL
COX3
RABL6
SUPT4H1
PACS2
MTMR14
LuzP1
PFAS
suz12
PAPD4
QSOX1
SPATA13
DHX57
KATNB1
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COL6AL
DHX15
MTCH2

KIAA0100
SUGP2
NCLN
ATXN2L
PES1
GNG5
ARHGAP19
MTFR1
IRS2
IRS4
PPP1R10

ZNF284

YWHAE
SCD
FDPS
KRBOX4
BRI3
CHD7
PYCR1

SMAP2

WDFY3
CRK
SRSF2
PGD
RMND5A

ZNF652

PSMAG
SLC38A2
LRRC41
RANBP2
SVIL
CCNG1

ZNF256
COPG1

PDCD11
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CNBP
UspP37
UBE2V2
UBE2H
LMNA
STAT3
TRPV1
MATR3
HNRNPC
HSGST2
WDR48
RBMS8A
SCYL1
C190rf48
FOXD4L6
PIGN
SPCS3
TNFAIP1
MS4A10
MSMO1
ARID1A
NCKIPSD
NCBP1
COX16
NUDT8
PHKA1
TXNRD1
ELMSAN1
CTSA
PRRC2A
SPAG9
AGMAT
NCKAPSL
ZFP62
EIFAEBP2
POLR3D
PRPF8
ATPG

CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
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Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
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Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI (Weak)
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )
Functional MTI ( )



hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
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ZFANDS
BAZ1B
KATNAL1L
BMP2K
SPN
PA2G4
RPRD2
TUBB4B
TRRAP
SLCO4A1
NOCT
USE1
STARD7
CLTC
TERF1
PAX3
CCDC97
HLA-C
GTPBPS
VGLL4
ANKRD40
HNRNPUL1
ND1
DSP
ZNF805
RBBP4
OCLN
AMPD2
MKI67
SUB1
RSL1D1
SEC23IP
RNMT
SGSM3
ZFP3
GLUL
POLD1
WDR4

CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
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Functional MTI (Weak)
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Functional MTI (Weak)
Functional MTI (Weak)
Functional MTI (Weak)
Functional MTI (Weak)
Functional MTI (Weak)
Functional MTI (Weak)
Functional MTI (Weak)
Functional MTI (Weak)
Functional MTI (Weak)
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hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
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PPP1R2
RAI2
PLCXD1
UTP15
THADA
ZNF451
CREBBP
ZNF770
CLDN4
ZKSCAN7
NICN1
RPLP2
DCBLD2
CA5B
COx14
PSD3
RPL27A
CwC15
NT5DC2
OR7D2
HIF1AN
NUDT15
CDH18
FAM160B1
DzIP1
TDRD7
TCF4
ENSA
GTF3C1
TNFRSF1A
CCDC113
MY09B
COX10
PRAMEF13
MRPS2
RACGAP1
CCDC106
CYP2B6

CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
CLASH
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hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p
hsa-let-7e-5p

PSME4
SETD1A
PLK1
TNFAIP3
IGF1R
MMP9
IGF1
ARID3A
LIN28A
AURKB
SMC1A
EIF3J
HMGA2
MPL
FASLG
AGO1
WNT1
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CLASH Functional MTI (Weak)
CLASH Functional MTI (Weak)
Microarray//qRT-PCR//Western blot Functional MTI
Luciferase reporter assay//Western blot Functional MTI
Luciferase reporter assay//qRT-PCR//Western blot Functional MTI
Luciferase reporter assay//qRT-PCR//Western blot Functional MTI
Luciferase reporter assay//qRT-PCR//Western blot Functional MTI
Luciferase reporter assay//qRT-PCR//Western blot Functional MTI
Luciferase reporter assay//Microarray//qRT-PCR//Western blot Functional MTI
Luciferase reporter assay//Microarray//qRT-PCR//Western blot Functional MTI
Luciferase reporter assay//Reporter assay; Other Functional MTI
Luciferase reporter assay//Reporter assay Non-Functional MTI
Luciferase reporter assay//qRT-PCR Functional MTI
Luciferase reporter assay Non-Functional MTI
Luciferase reporter assay Functional MTI
Immunohistochemistry//Immunoprecipitaion//Luciferase reporter assay//Northern blot//qRT-PCR//Western blot Functional MTI
Flow//Immunoblot//Luciferase reporter assay//Microarray//qRT-PCR Functional MTI

20



Targeting AURKB for SKCM treatment

Supplementary Table 3. List of differentially expressed genes (DEGs) between AZD2511 treatment and control group

Gene symbol Gene title logFC Adj P-value P-value t-statistic
Upregulated
GINS2 GINS complex subunit 2 1.96 3.48E-14 2.94E-18 2.42E+01
CDC45 cell division cycle 45 1.88 2.93E-13 4.33E-17 2.15E+01
E2F2 E2F transcription factor 2 1.8 8.61E-13 2.73E-16 1.98E+01
CCL2 C-C motif chemokine ligand 2 1.72 2.93E-13 3.72E-17 2.17E+01
CDCA5 cell division cycle associated 5 1.65 3.54E-13 6.74E-17 2.11E+01
CHAF1B chromatin assembly factor 1 subunit B 1.63 1.03E-11 8.69E-15 1.70E+01
POLA2 DNA polymerase alpha 2, accessory subunit 1.59 4.23E-12 2.15E-15 1.81E+01
RRM2 ribonucleotide reductase regulatory subunit M2 1.58 2.04E-10 4.36E-13 1.42E+01
ATAD2 ATPase family, AAA domain containing 2 1.5 5.31E-12 3.21E-15 1.78E+01
FAM83D family with sequence similarity 83 member D 1.48 7.13E-12 4.97E-15 1.74E+01
MCM5 Minichromosome maintenance complex component 5 1.47 3.20E-12 1.49E-15 1.84E+01
DTL Denticle less E3 ubiquitin protein ligase homolog 1.46 7.37E-12 5.36E-15 1.73E+01
CDT1 chromatin licensing and DNA replication factor 1 1.46 4.30E-11 6.14E-14 1.55E+01
AURKB aurora kinase B 1.45 5.31E-12 3.33E-15 1.77E+01
DNAJCO DnaJ heat shock protein family (Hsp40) member CO 1.45 8.92E-12 7.35E-15 1.71E+01
RAD51AP1 RAD51 associated protein 1 1.45 1.07E-10 1.97E-13 1.47E+01
DDIAS DNA damage induced apoptosis suppressor 1.44 6.74E-12 4.56E-15 1.75E+01
GINS3 GINS complex subunit 3 1.44 5.58E-11 8.96E-14 1.53E+01
MCM2 minichromosome maintenance complex component 2 1.41 1.17E-11 1.11E-14 1.68E+01
Clorf112 chromosome 1 open reading frame 112 1.38 4.98E-12 2.84E-15 1.78E+01
STIL SCL/TAL1 interrupting locus 1.35 5.81E-11 9.46E-14 1.52E+01
CENPU centromere protein U 1.35 6.57E-10 2.07E-12 1.32E+01
BARD1 BRCA1 associated RING domain 1 1.35 2.56E-09 1.16E-11 1.21E+01
NCAPG non-SMC condensin | complex subunit G 1.34 3.29E-11 4.26E-14 1.58E+01
MCM10 minichromosome maintenance 10 replication initiation factor 1.34 4.30E-11 6.27E-14 1.55E+01
RNASEH2A ribonuclease H2 subunit A 1.33 1.63E-11 1.66E-14 1.65E+01
TK1 thymidine kinase 1 1.33 1.65E-10 3.21E-13 1.44E+01
KIFC1 kinesin family member C1 1.33 2.47E-10 5.89E-13 1.40E+01
CXCL1 C-X-C motif chemokine ligand 1 1.33 8.44E-09 5.10E-11 1.13E+01
SKA3 spindle and kinetochore associated complex subunit 3 1.32 2.40E-11 2.73E-14 1.61E+01
MCM6 minichromosome maintenance complex component 6 1.31 2.95E-11 3.75E-14 1.59E+01
PRIM1 primase (DNA) subunit 1 1.29 6.17E-11 1.03E-13 1.52E+01
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MCM4
ID3
CDC20
TACC3
RAD54L
POLE2
TRIP13
MELK
CCNA2
ASF1B
SUV39H1
POLQ
RPA2
CDCA3
PLK4
DSCC1
IL6
HIRIP3
KIF11
GEMIN4
CCNF
MCM3
CDCA8
USP1
CHAF1A
CDK1
KIF22
S100A3
FANCG
SKP2
NUP85
SPDL1
CBX2
MASTL
POLA1
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minichromosome maintenance complex component 4
inhibitor of DNA binding 3, HLH protein

cell division cycle 20

transforming acidic coiled-coil containing protein 3
RAD54-like (S. cerevisiae)

DNA polymerase epsilon 2, accessory subunit
thyroid hormone receptor interactor 13

maternal embryonic leucine zipper kinase

cyclin A2

anti-silencing function 1B histone chaperone
suppressor of variegation 3-9 homolog 1

DNA polymerase theta

replication protein A2

cell division cycle associated 3

polo like kinase 4

DNA replication and sister chromatid cohesion 1
interleukin 6

HIRA interacting protein 3

kinesin family member 11

gem nuclear organelle associated protein 4

cyclin F

minichromosome maintenance complex component 3
cell division cycle associated 8

ubiquitin specific peptidase 1

chromatin assembly factor 1 subunit A

cyclin dependent kinase 1

kinesin family member 22

S100 calcium binding protein A3

Fanconi anemia complementation group G

S-phase kinase-associated protein 2, E3 ubiquitin protein ligase

nucleoporin 85

spindle apparatus coiled-coil protein 1

chromobox 2

microtubule associated serine/threonine kinase like
DNA polymerase alpha 1, catalytic subunit

1.27
1.27
1.27
1.26
1.26
1.25
1.25
1.25
1.24
1.24
1.23
1.23
1.23
1.22
1.22
1.22
121
121
121
1.2
1.2
1.2
1.2
1.2
1.2
1.19
118
147
147
1.16
1.16
1.16
1.15
1.13
113

1.65E-11
3.56E-10
3.92E-10
6.17E-11
2.55E-10
4.64E-11
2.17E-10
2.21E-10
3.47E-10
1.78E-09
4.13E-11
8.74E-11
1.61E-09
8.74E-11
2.04E-10
2.94E-09
1.22E-10
1.66E-09
1.84E-09
4.40E-11
2.64E-10
2.98E-10
9.06E-10
1.57E-09
1.64E-09
3.14E-09
6.57E-10
1.73E-10
3.14E-10
6.76E-10
1.43E-09
1.43E-09
4.62E-10
4.71E-10
4.92E-10

1.70E-14
9.71E-13
1.08E-12
1.03E-13
6.31E-13
7.16E-14
4.81E-13
5.05E-13
9.40E-13
7.23E-12
5.68E-14
1.54E-13
6.31E-12
1.55E-13
4.40E-13
1.39E-11
2.30E-13
6.65E-12
7.63E-12
6.51E-14
6.64E-13
7.62E-13
3.06E-12
6.09E-12
6.48E-12
1.50E-11
2.05E-12
3.56E-13
8.09E-13
2.14E-12
B5.27E-12
5.34E-12
1.30E-12
1.33E-12
1.41E-12

1.65E+01
1.36E+01
1.36E+01
1.52E+01
1.39E+01
1.54E+01
1.41E+01
1.41E+01
1.37E+01
1.24E+01
1.56E+01
1.49E+01
1.25E+01
1.49E+01
1.42E+01
1.20E+01
1.46E+01
1.24E+01
1.24E+01
1.55E+01
1.39E+01
1.38E+01
1.29E+01
1.25E+01
1.25E+01
1.20E+01
1.32E+01
1.43E+01
1.38E+01
1.31E+01
1.26E+01
1.26E+01
1.35E+01
1.34E+01
1.34E+01



POC1A
RFWD3
HIST1H4C
AUNIP
TOP2A
UBE2T
SPC25
LRR1
CDCA2
CKAP2L
C170rf53
CCDC34
ORC6
CEP55
C160rf59
LMNB2
IL7R
MCMBP
TPX2
NUSAP1
RMI1
MID1
BUB1
FAM19A3
FANCI
ZWINT
CHEK1
TIMELESS
TEX30
GTSE1
GMNN
CDKN3
KNTC1
TIPIN
FN3KRP

23

Targeting AURKB for SKCM treatment

POC1 centriolar protein A

ring finger and WD repeat domain 3

histone cluster 1, H4c

aurora kinase A and ninein interacting protein
topoisomerase (DNA) Il alpha

ubiquitin conjugating enzyme E2 T

SPC25, NDC8O0 kinetochore complex component
leucine rich repeat protein 1

cell division cycle associated 2

cytoskeleton associated protein 2 like
chromosome 17 open reading frame 53
coiled-coil domain containing 34

origin recognition complex subunit 6
centrosomal protein 55

chromosome 16 open reading frame 59

lamin B2

interleukin 7 receptor

minichromosome maintenance complex binding protein
TPX2, microtubule nucleation factor

nucleolar and spindle associated protein 1

RecQ mediated genome instability 1

midline 1

BUB1 mitotic checkpoint serine/threonine kinase
family with sequence similarity 19 member A3, C-C motif chemokine like
Fanconi anemia complementation group |

ZW10 interacting kinetochore protein
checkpoint kinase 1

timeless circadian clock

testis expressed 30

G2 and S-phase expressed 1

geminin, DNA replication inhibitor

cyclin dependent kinase inhibitor 3

kinetochore associated 1

TIMELESS interacting protein

fructosamine 3 kinase related protein

1.12
112
112
112
112
111
111
111
111
111
111
11
11
1.09
1.09
1.08
1.08
1.08
1.08
1.08
1.07
1.07
1.07
1.07
1.07
1.07
1.06
1.06
1.06
1.06
1.06
1.05
1.05
1.04
1.04

2.68E-10
3.32E-10
4.74E-10
7.17E-10
1.46E-09
3.97E-10
6.36E-10
1.43E-09
2.27E-09
3.24E-09
4.44E-09
9.34E-10
1.91E-09
5.68E-10
1.46E-09
3.30E-10
9.89E-10
1.02E-09
1.06E-09
1.47E-09
5.46E-10
7.22E-10
1.08E-09
1.49E-09
1.81E-09
2.11E-09
1.46E-09
2.00E-09
2.16E-09
7.35E-09
1.62E-08
7.46E-10
8.32E-10
5.54E-10
2.64E-09

6.80E-13
8.70E-13
1.35E-12
2.30E-12
5.54E-12
1.11E-12
1.98E-12
5.27E-12
1.00E-11
1.56E-11
2.27E-11
3.20E-12
8.05E-12
1.73E-12
5.46E-12
8.59E-13
3.41E-12
3.55E-12
3.73E-12
5.58E-12
1.60E-12
2.35E-12
3.82E-12
5.72E-12
7.44E-12
9.04E-12
5.51E-12
8.47E-12
9.34E-12
4.25E-11
1.15E-10
2.46E-12
2.78E-12
1.64E-12
1.22E-11

1.39E+01
1.37E+01
1.34E+01
1.31E+01
1.26E+01
1.36E+01
1.32E+01
1.26E+01
1.22E+01
1.19E+01
1.17E+01
1.29E+01
1.23E+01
1.33E+01
1.26E+01
1.37E+01
1.29E+01
1.28E+01
1.28E+01
1.26E+01
1.33E+01
1.31E+01
1.28E+01
1.25E+01
1.24E+01
1.23E+01
1.26E+01
1.23E+01
1.22E+01
1.14E+01
1.08E+01
1.31E+01
1.30E+01
1.33E+01
1.21E+01



RMI2
AURKA
RANGAP1
C190rf48
SAAL1L
BLM
CCDC138
FOXM1
HJURP
Downregulated
GDF15
TRIB3
DNAJB9
DDIT3
HMGCS1
HSPAS
ITIHG
C110rf96
PTPRZ1
MSMO1
FABP7
PLA1A
CPVL
INSIG1
ATF4
DDIT4
WIPI1
RPS6KA2
ASNS
WARS
CRELD1
SQLE
A2M
PSAT1
GOLGB1
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RecQ mediated genome instability 2
aurora kinase A

Ran GTPase activating protein 1
chromosome 19 open reading frame 48
serum amyloid A like 1

Bloom syndrome RecQ like helicase
coiled-coil domain containing 138
forkhead box M1

Holliday junction recognition protein

growth differentiation factor 15

tribbles pseudokinase 3

DnalJ heat shock protein family (Hsp40) member B9
DNA damage inducible transcript 3
3-hydroxy-3-methylglutaryl-CoA synthase 1

heat shock protein family A (Hsp70) member 5
inter-alpha-trypsin inhibitor heavy chain family member 6
chromosome 11 open reading frame 96

protein tyrosine phosphatase, receptor type Z1
methylsterol monooxygenase 1

fatty acid binding protein 7

phospholipase A1 member A

carboxypeptidase, vitellogenic like

insulin induced gene 1

activating transcription factor 4

DNA damage inducible transcript 4

WD repeat domain, phosphoinositide interacting 1
ribosomal protein S6 kinase A2

asparagine synthetase (glutamine-hydrolyzing)
tryptophanyl-tRNA synthetase

cysteine rich with EGF like domains 1

squalene epoxidase

alpha-2-macroglobulin

phosphoserine aminotransferase 1

golgin B1

1.03
1.03
1.03
1.02
1.02
1.02
1.01
1.01
1.01

-2.59
-2.08
-1.93
-1.92
-1.8
-1.71
-1.71
-1.61
-1.5
-1.5
-1.49
-1.45
-1.43
-1.41
-1.4
-1.38
-1.37
-1.36
-1.33
-1.33
-1.32
-1.3
-1.29
-1.29
-1.29

7.22E-10
1.79E-09
3.26E-09
1.61E-09
2.23E-09
6.99E-09
2.61E-09
3.74E-09
3.86E-09

3.44E-16
1.70E-12
3.54E-13
4.92E-13
5.14E-13
5.14E-13
8.50E-12
1.94E-12
1.76E-11
2.28E-10
2.77E-11
8.50E-12
4.57E-12
1.87E-11
1.64E-09
2.42E-11
5.43E-10
4.64E-11
3.29E-11
4.64E-11
3.81E-11
1.63E-11
3.29E-11
2.94E-09
6.88E-09

2.34E-12
7.30E-12
1.58E-11
6.26E-12
9.82E-12
3.96E-11
1.20E-11
1.87E-11
1.96E-11

7.27E-21
7.20E-16
6.73E-17
1.14E-16
1.41E-16
1.41E-16
6.83E-15
8.62E-16
1.90E-14
5.35E-13
3.46E-14
6.82E-15
2.50E-15
2.06E-14
6.46E-12
2.81E-14
1.58E-12
7A7E-14
4.35E-14
7.04E-14
5.16E-14
1.65E-14
4.38E-14
1.38E-11
3.87E-11

1.31E+01
1.24E+01
1.19E+01
1.25E+01
1.22E+01
1.14E+01
1.21E+01
1.18E+01
1.18E+01

-3.14E+01
-1.90E+01
-2.11E+01
-2.06E+01
-2.04E+01
-2.04E+01
-1.72E+01
-1.88E+01
-1.64E+01
-1.40E+01
-1.59E+01
-1.72E+01
-1.80E+01
-1.63E+01
-1.25E+01
-1.61E+01
-1.33E+01
-1.54E+01
-1.58E+01
-1.54E+01
-1.56E+01
-1.65E+01
-1.58E+01
-1.20E+01
-1.14E+01



MCF2L
LBH
TAC1
COG6
RFTN2
ENPP2
TRIMO
SCRG1
FAM198B
CYFIP2
TRIM51
PRR4
MGP
MEG3
SEC24D
PDGFRL
LDB2
SLC22A18
CHI3L2
BRSK1
MMP16
HYOU1
DHCR7
IRS2
PCK2
SLC2A3
TRPMS8
SPATA13
LOXL4
CTH
STAT2
NCALD
COL9A1
SARS
COL15A1
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MCEF.2 cell line derived transforming sequence like
limb bud and heart development

tachykinin precursor 1

component of oligomeric golgi complex 6

raftlin family member 2

ectonucleotide pyrophosphatase/phosphodiesterase 2
tripartite motif containing 9

stimulator of chondrogenesis 1

family with sequence similarity 198 member B
cytoplasmic FMR1 interacting protein 2

tripartite motif-containing 51

proline rich 4 (lacrimal)

matrix Gla protein

maternally expressed 3 (non-protein coding)
SEC24 homolog D, COPII coat complex component
platelet derived growth factor receptor like

LIM domain binding 2

solute carrier family 22 member 18

chitinase 3 like 2

BR serine/threonine kinase 1

matrix metallopeptidase 16

hypoxia up-regulated 1

7-dehydrocholesterol reductase

insulin receptor substrate 2

phosphoenolpyruvate carboxykinase 2, mitochondrial
solute carrier family 2 member 3

transient receptor potential cation channel subfamily M member 8
spermatogenesis associated 13

lysyl oxidase like 4

cystathionine gamma-lyase

signal transducer and activator of transcription 2
neurocalcin delta

collagen type IX alpha 1 chain

seryl-tRNA synthetase

collagen type XV alpha 1 chain

-1.27
-1.27
-1.23
-1.22
-1.21
-1.21
-1.21
-1.21
-1.2
-1.18
-1.16
-1.16
-1.15
-1.15
-1.15
-1.14
-1.14
-1.14
-1.13
-1.13
-1.13
-1.12
-1.12
-1.12
-1.12
1.1
1.1
1.1
-1.09
-1.09
-1.08
-1.08
-1.07
-1.07
-1.06

1.01E-10
2.10E-10
1.73E-10
1.07E-10
4.79E-11
1.73E-10
2.04E-10
6.20E-10
2.11E-09
1.73E-10
1.75E-10
1.16E-09
2.42E-09
3.40E-09
5.53E-09
2.23E-10
2.48E-10
1.75E-09
5.43E-10
5.63E-10
3.41E-09
5.63E-10
8.32E-10
1.19E-08
1.21E-08
1.00E-08
1.72E-08
8.90E-08
2.35E-10
6.49E-09
1.31E-09
2.57E-09
1.89E-09
6.99E-09
2.34E-09

1.82E-13
4.56E-13
3.48E-13
1.96E-13
7.49E-14
3.54E-13
4.38E-13
1.91E-12
9.05E-12
3.49E-13
3.63E-13
4.15E-12
1.09E-11
1.67E-11
2.97E-11
5.19E-13
5.98E-13
7.04E-12
1.58E-12
1.70E-12
1.68E-11
1.70E-12
2.76E-12
7.70E-11
791E-11
6.17E-11
1.24E-10
9.16E-10
5.57E-13
3.61E-11
4.78E-12
1.17E-11
7.91E-12
3.96E-11
1.04E-11

-1.48E+01
-1.41E+01
-1.43E+01
-1.47E+01
-1.54E+01
-1.43E+01
-1.42E+01
-1.32E+01
-1.23E+01
-1.43E+01
-1.43E+01
-1.27E+01
-1.22E+01
-1.19E+01
-1.16E+01
-1.41E+01
-1.40E+01
-1.24E+01
-1.33E+01
-1.33E+01
-1.19E+01
-1.33E+01
-1.30E+01
-1.10E+01
-1.10E+01
-1.12E+01
-1.08E+01
-9.73
-1.40E+01
-1.15E+01
-1.26E+01
-1.21E+01
-1.23E+01
-1.14E+01
-1.22E+01



INMT
SYVN1
SCN4B
CBS
PMP2
TMEMB39A
CAMK2B
YPELS
MAGED2
CRELD2
MXD4
TRIL
SPATA18
NPPC
TMED10
ZMAT3
SC5D
KANK1
NINJ2
ARMCX3
SDF2L1
SEMA5A
SSPO
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indolethylamine N-methyltransferase -1.06
synoviolin 1 -1.05
sodium voltage-gated channel beta subunit 4 -1.05
cystathionine-beta-synthase -1.05
peripheral myelin protein 2 -1.05
transmembrane protein 39A -1.05
calcium/calmodulin dependent protein kinase Il beta -1.04
yippee like 5 -1.04
MAGE family member D2 -1.04
cysteine rich with EGF like domains 2 -1.04
MAX dimerization protein 4 -1.04
TLR4 interactor with leucine rich repeats -1.04
spermatogenesis associated 18 -1.04
natriuretic peptide C -1.04
transmembrane p24 trafficking protein 10 -1.04
zinc finger matrin-type 3 -1.03
sterol-C5-desaturase -1.03
KN motif and ankyrin repeat domains 1 -1.02
ninjurin 2 -1.01
armadillo repeat containing, X-linked 3 -1.01
stromal cell derived factor 2 like 1 -1.01
semaphorin 5A -1.01
SCO-spondin -1.01

6.38E-09
9.34E-10
2.50E-09
1.08E-08
1.61E-08
4.73E-08
7.02E-10
7.31E-10
1.02E-09
1.32E-09
4.90E-09
5.36E-09
1.30E-08
2.16E-08
2.97E-08
1.86E-09
2.66E-09
1.78E-08
1.82E-09
2.94E-09
8.44E-09
1.19E-08
1.92E-08

3.54E-11
3.19E-12
1.13E-11
6.80E-11
1.13E-10
4.12E-10
2.24E-12
2.40E-12
3.57E-12
4.84E-12
2.54E-11
2.84E-11
8.62E-11
1.64E-10
2.38E-10
7.76E-12
1.24E-11
1.29E-10
7.48E-12
1.38E-11
5.10E-11
7.75E-11
1.43E-10

-1.15E+01
-1.29E+01
-1.21E+01
-1.11E+01
-1.08E+01
-1.01E+01
-1.31E+01
-1.31E+01
-1.28E+01
-1.26E+01
-1.17E+01
-1.16E+01
-1.10E+01
-1.06E+01
-1.04E+01
-1.24E+01
-1.21E+01
-1.08E+01
-1.24E+01
-1.20E+01
-1.13E+01
-1.10E+01
-1.07E+01
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Supplementary Figure 1. Anti-melanoma effect from the combination of PARPi and AURKB inhibition validated
in A375 cell line and nude mice model. A. Flow cytometry analysis in A375 cells treated with AZD2811, Olaparib
and AZD2811+0laparib, and percentage of apoptotic A375 cells are shown. Data represent means + SD. ****P
< 0.0001. B. The cell viability of A375 cells by MTS cell proliferation assay. Data represent means + SD. ****P <
0.0001. C. The tumor size in the control group and the medicated groups of nude mice. Saline solution (control),
AZD2811 only, Olaparib only and AZD2811+0laparib were administered to nude mice with skin cutaneous mela-
noma. Data represent means + SD. *P < 0.05. **P < 0.005.
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