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Abstract

Microtubules are among the most successful targets for anticancer therapy because
they play important roles in cell proliferation as they constitute the mitotic spin-
dle, which is critical for chromosome segregation during mitosis. Hence, identifying
new therapeutic targets encoding proteins that regulate microtubule assembly and
function specifically in cancer cells is critical. In the present study, we identified a
candidate gene that promotes tumor progression, ribonucleic acid export 1 (RAE1),
a mitotic checkpoint regulator, on chromosome 20q through a bioinformatics ap-
proach using datasets of colorectal cancer (CRC), including The Cancer Genome Atlas
(TCGA). RAE1 was ubiquitously amplified and overexpressed in tumor cells. High ex-
pression of RAE1 in tumor tissues was positively associated with distant metastasis
and was an independent poor prognostic factor in CRC. In vitro and in vivo analysis
showed that RAE1 promoted tumor growth, inhibited apoptosis, and promoted cell
cycle progression, possibly with a decreased proportion of multipolar spindle cells in
CRC. Furthermore, RAE1 induced chemoresistance through its anti-apoptotic effect.
In addition, overexpression of RAE1 and significant effects on survival were observed
in various types of cancer, including CRC. In conclusion, we identified RAE1 as a novel
gene that facilitates tumor growth in part by inhibiting apoptosis and promoting cell
cycle progression through stabilizing spindle bipolarity and facilitating tumor growth.
We suggest that it is a potential therapeutic target to overcome therapeutic resist-
ance of CRC.
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1 | INTRODUCTION

Microtubules are an important molecular target in the search for new
treatments for cancer.! These molecules are involved in different cel-
lular processes, such as cell signaling, secretion, and motility, and they
play an important role in cell proliferation because they constitute the
mitotic spindle, an essential structure for chromosome segregation
during mitosis. Agents acting on microtubule-associated proteins in-
terfere with their functions and, thus, can be highly effective in cancer
treatment.>* By interfering with microtubule dynamics during mitosis,
these compounds induce mitotic dysfunction and apoptotic cell death.”
Hence, identifying new therapeutic molecular targets that regulate mi-
crotubule assembly and function specifically in cancer cells is critical.

Pan-cancer genomic database analyses revealed that the arm-
level amplification frequency and driver gene density are positively
correlated, suggesting that the amplification of chromosome arms
is a hallmark and a driving force during the evolution of cancer.®
Moreover, we showed that amplification of the long arm of chro-
mosome 20 (Ch.20q) exists in all regions of a single tumor. These
data were based upon multiregional copy number analysis of tumor
tissues in colorectal cancer (CRC), one of the most common types
of cancer worldwide.”® Those findings suggest that amplification of
Ch.20q is a fundamental and predominant event and that this re-
gion harbors driver genes that affect the tumorigenesis of CRC. The
harbored genes could be promising targets to overcome therapeutic
resistance conferred by CRC tumor heterogeneity.6

We recently established a screening system using a bioinfor-
matics approach with public datasets to identify candidate genes
promoting tumor growth in CRC. Using this system, we identified
elF5-mimic protein 1 (5MP1), CRMP5-associated GTPase (CRAG),
phosphoserine phosphatase (PSPH), and DEAD-Box Helicase 56
(DDX56) on chromosome 7p, and general transcription factor 2| re-
peat domain-containing protein 1 (GTF2IRD1) on chromosome 7q as
potential genes that accelerate tumor development in CRC.”*® This
system enables us to comprehensively search specifically for poten-
tial therapeutic targets that are overexpressed via DNA copy num-
ber amplification in CRC cells.

In this report, we describe our use of the screening method
and the identification of ribonucleic acid export 1 (RAE1) as a novel
gene facilitating tumor growth and a potential therapeutic target
on Ch.20q in CRC. RAE1 protein has been shown to bind microtu-

1415 and play a crucial role as a mitotic checkpoint regulator.16

bules
Furthermore, using in vitro and in vivo experiments, we explored the

clinical and oncogenic features of RAE1 in CRC.

2 | MATERIALS AND METHODS
2.1 | Public datasets

We obtained 623 RNA sequencing data, DNA copy number data
and clinical assessments of CRC patients in TCGA from the Broad
(http://gdac.broadinstitute.org). We also

Institute’s Firehose

attained RAE1 mRNA expression and DNA copy number data for 57
CRC cell lines from the Cancer Cell Line Encyclopedia (https://porta
Is.broadinstitute.org/ccle/home). We obtained mutation annotation
data of 2547 CRC patients from the Catalogue of Somatic Mutations
in Cancer (COSMIC) database (https://cancer.sanger.ac.uk/cosmic).

2.2 | Patients with colorectal cancer and
collection of clinical samples

All protocols used in this study were approved by the local ethics
review board of Kyushu University. A total of 102 patients with CRC
who underwent surgical resection of a primary tumor at Kyushu
University Beppu Hospital (or the affiliated hospitals) were enrolled
in this study. Clinicopathological factors and clinical stage were clas-
sified using the American Joint Committee on Cancer (AJCC) 8th
edition TNM staging system. All patients were treated in accord-
ance with the Japanese Society of Cancer of the Colon and Rectum
Guidelines for the Treatment of Colorectal Cancer. Written informed
consent was obtained from all patients. Resected tumor tissues,
paired normal tissues, and formalin-fixed paraffin-embedded sec-

tions from CRC patients were obtained as previously described.”

2.3 | Selection of candidate genes

We extracted candidate genes from 537 genes on Ch.20q from
TCGA that satisfied the following three criteria, as described pre-
viously:10 (a) overexpressed (>2-fold) in tumor tissues compared to
normal tissues; (b) DNA copy number and mRNA expression levels
were positively correlated (correlation coefficient cut-off set at .7);
and (c) high mRNA expression group is significantly associated with
poor prognosis (P < .05). Genes selected using this strategy were
found to be candidate genes that promote tumor progression in
CRC, induced by Ch.20q amplification (Figure S1).

2.4 | Pan-cancer analysis

Raw counts and quantile normalized mRNA data for all cancer types
were obtained from TCGA. Those cancer types that had fewer than 10
normal tissues for comparison were excluded from our analysis. nRNA
expression in the following cancers was compared to mRNA expression
in the respective non-cancerous tissues: bladder urothelial carcinoma
(BLCA), breast invasive carcinoma (BRCA), colon adenocarcinoma and
rectal adenocarcinoma (COADREAD), esophageal carcinoma (ESCA),
head and neck squamous cell carcinoma (HNSC), kidney renal clear
cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), liver
hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung
squamous cell carcinoma (LUSC), ovarian serous cystadenocarcinoma
(QV), pancreatic adenocarcinoma (PAAD), prostate adenocarcinoma
(PRAD), stomach adenocarcinoma (STAD), thyroid carcinoma (THCA),

and uterine corpus endometrial carcinoma (UCEC).
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2.5 | Celllines and cell culture

The human CRC cell line SW480 was obtained from the JCRB cell
bank; CACO2 cells were obtained from the RIKEN BioResource
Research Center; and RKO cells were obtained from the ATCC. All
cell lines were cultured in appropriate medium supplemented with
10% FBS at 37°C in an atmosphere containing 5% CO,,.

2.6 | RNA extraction and RT-quantitative PCR

RNA was extracted from frozen tissue specimens and cell
lines using ISOGEN-II (Nippon Gene), and the RT-quantitative
(QPCR) was carried out as previously described.’?> Gene expres-
sion was quantified using the following oligonucleotide primers:
RAE1: 5'-AGAGAGGGGCCTGATTGTCT-3' (sense) and 5-TTATCTTT
GGCGGGGTTCGG-3' (antisense), GAPDH: 5'-AGCCACATCGCTCA
GACAC-3' (sense) and 5'-GCCCAATACGACCAAATCC-3' (antisense).
Gene expression was normalized to GAPDH expression as an internal
control in each sample.

2.7 | Immunohistochemical analysis

Immunohistochemistry of RAE1 in CRC tissue samples was carried
out as previously described.’” A rabbit polyclonal anti-RAE1 anti-
body (20491-1-AP; ProteinTech) was used as the primary antibody,
diluted 1:250 fold. Tumor histology was independently reviewed by

two researchers, including an experienced pathologist (T.T.).

2.8 | Smallinterfering RNA-mediated knockdown
experiments

Ribonucleic acid export 1-specific siRNA (#s16106, #s16107, Thermo
Fisher) and negative control siRNA were purchased from Thermo Fisher.
Transfection of CRC cells with siRNA oligonucleotides was performed
using Lipofectamine RNAIMAX (Thermo Fisher) according to the manufac-

turer’s instructions. Transfected cells were used for downstream analysis.

2.9 | Generation of colorectal cancer cells in which
RAE1 was stably knocked down or overexpressed

The target sequence of shRAE1 is 5-CCTCAGCAGTAACCAAG
CGAT-3'. Stable knockdown cells and CRC cells overexpressing RAE1
were generated according to standard protocols using pcDNA6.2-
GW/EmGFP-shRAE1 vector and pcDNA3.3-RAE1 vector. The
shRAE1 of SW480 cells were selected with 10 pg/mL blasticidin
treatment followed by sorting for GFP by flow cytometry (FACS).
The pcDNA3.3-RAE1-expressing RKO cells were selected by ex-
posure for 2 weeks to 1000 pg/mL Geneticin (Gibco). Control cells

were generated by transfecting cells with each empty vector.
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2.10 | Murine xenograft model

All animal procedures were performed as described previously.®
Tumor sizes were calculated using the following formula: tumor

volume = length x width? x .5.

2.11 | Western blot analysis

Western blot analysis was carried out as previously described.'®
The blots were detected using the FUSION SOLO S (VILBER) to ob-
tain the optimal image for protein band quantification. Antibodies
against RAE1(20491-1-AP) were purchased from ProteinTech.
Antibodies against minichromosome maintenance complex compo-
nent 2 (MCM2), p21, and B-actin were purchased from Santa Cruz
Biotechnology, and Apoptosis Western Blot Cocktail (ab136812)

was purchased from Abcam.

2.12 | MTT assay, colony formation assay, and
cytotoxicity assay

MTT assay, colony formation, and cytotoxicity assay were per-
formed in vitro according to standard protocols, as described

previously.” 1!

2.13 | Apoptosis assay

Apoptosis assays were performed in vitro according to standard
protocols, as described previously,10 using the Annexin V-FITC
Apoptosis Detection Kit (Abcam) in triplicate.

2.14 | Cell cycle assay

Cells were synchronized at the G1 phase of the cell cycle via serum
starvation for 72 hours and re-stimulated by changing the medium
to that containing 10% FBS as described previously.’® The cells
were harvested, washed twice with PBS, and fixed in 70% ethanol
at -20°C. The fixed cells were incubated with .25 mg/mL RNase
for 10 minutes at 37°C. Subsequently, the cells were washed with
PBS and stained with propidium iodide (Sigma Aldrich). The cell
cycle distribution was determined using the SH800 cell sorter (Sony
Biotechnology).

2.15 | Immunofluorescence microscopy and
quantification of mitotic defects

Cells were cultured on chamber slides. For knockdown studies,
SW480 and CACO2 cells were transfected for 72 hours with RAE1-

specific siRNA or control siRNA. For overexpression studies, RKO
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cells stably overexpressing RAE1 and control cells were treated
with DMSO or paclitaxel (2 nmol/L) for 6 hours. Cells were fixed
as described previously.?”?° Immunostaining was performed using
the following antibodies at the indicated dilutions: rabbit anti-
pericentrin at 1:2000 (Abcam) and mouse anti-a-tubulin at 1:2000
(Sigma). Fluorescent image acquisition was performed using a
fluorescence microscope (BZ-X700; Keyence) with a 20x objec-
tive. Analysis of mitotic defects was performed as described previ-
ously.'? Defects in mitosis were analyzed in all mitotic cells based
on five to six photographs, each containing 5-20 cells, from three
independent experiments. Mitotic cells containing more than two
spindle poles (determined by tubulin and pericentrin staining) were
defined as multipolar.

2.16 | Gene set enrichment analysis

Associations between RAE1 expression and previously defined gene
sets were analyzed by gene set enrichment analysis (GSEA) using
RAE1 expression profiles from a dataset from TCGA.?* Biologically
defined gene sets were obtained from the Molecular Signatures

Database v5.2 (http://software.broadinstitute.org/gsea/msigdb/

2.17 | Statistical analysis

Patient data from TCGA and our CRC dataset were divided into high
RAE1 mRNA expression and low RAEI mRNA expression groups
using the minimum P-value approach.?? Associations between vari-
ables were tested with the Mann Whitney U test, Student’s t test, or
Fisher’s exact test. Overall survival (OS) curves were plotted accord-
ing to the Kaplan-Meier method and compared using the log-rank
test. Univariate and multivariate analyses were carried out using the
Cox proportional hazards model to identify independent variables
predictive of OS. Statistical analyses were performed using JMP
Pro 14 software (SAS Institute) and R v3.6.3 (The R Foundation for
Statistical Computing). Statistical significance was set at P < .05.

3 | RESULTS

3.1 | Ribonucleic acid export 1 potentially promotes
tumor progression on Ch.20q in colorectal cancer

First, to identify a novel potential gene that facilitates tumor growth

in CRC, we performed bioinformatics analysis using a dataset from

index.jsp). TCGA. The copy numbers of certain chromosomal arms, such as 7p,
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TABLE 1 Correlation between RAE1 mRNA expression of tumor tissues and clinicopathological factors

(A) CRC patients in this study

Variable High expression (n = 55) Low expression (n = 47) P-value
Age (y)

Mean + SD 66.4+10.7 66.8 +10.7 .66
Gender

Male 37 26 .30

Female 18 21

Tumor size (cm)

<3 13 11 1.00
23 42 36

Histology
Well/mod 49 44 .65
Poorly 6 3

T stage
1,2 19 13 .59
34 36 34

Lymphatic invasion
= 34 25 .50
+ 21 22

Vascular invasion
- 42 37 96
+ 13 10

Lymph node metastasis
= 26 28 .29
+ 29 19

Distant metastasis
- 46 43 .37
+ 9 4

(B) CRC patients in TCGA dataset

Variable High expression (n = 386) Low expression (n = 211) P-value
Age (y)
Mean + SD 66.1+12.1 66.0 +13.8 97
Gender
Male 215 107 .26
Female 171 104
T stage
1,2 302 170 .60
3,4 83 41

Lymphatic invasion

- 202 124 .31
+ 140 70

Vascular invasion
= 252 141 .28
aF 87 38

(Continues)
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TABLE 1 (Continued)

(B) CRC patients in TCGA dataset

Variable High expression (n = 386) Low expression (n = 211) P-value
Lymph node metastasis
- 206 131 .057
+ 177 80
Distant metastasis
- 282 161 <.05
+ 65 19
Abbreviation: CRC, colorectal cancer.
TABLE 2 Univariate and multivariate analyses of clinicopathological factors affecting overall survival in our CRC patients
Univariate (95% P- Multivariate (95%
Variables HR Cl) value HR Cl) P-value
Age (265/<65y) 1.96 .87-4.45 .10
Gender (male/female) 2.56 95-6.91 <.05
Tumor size (cm) (23/<3) 4.54 1.06-19.42 <.05 1.64 .33-8.12 .99
Histological type (por, muc/well, mod) 4.36 1.47-12.92 <.01 1.95 48-7.87 .35
T stage (3,4/1, 2) 6.20 1.45-26.40 <.05 3.48 .69-17.62 13
Lymphatic invasion (+) 4.01 1.69-9.51 <.01
Vascular invasion (+) 4.80 2.11-10.93 <.01
Lymph node metastasis (+) 3.99 1.57-10.14 <.01 1.38 49-3.88 .54
Distant metastasis (+) 21.01 8.31-53.12 <.01 13.29 4.39-40.28 <.01
RAE1 expression (+) 3.94 1.47-10.58 <.05 6.02 1.80-20.11 <.01

Cl, confidential interval; CRC, colorectal carcinoma; HR, hazard ratio; mod, moderately differentiated adenocarcinoma; muc, mucinous
adenocarcinoma; por, poorly differentiated adenocarcinoma; well, well-differentiated adenocarcinoma.

7q, 13p, 13q, and 20q, were frequently altered in CRC (Figure 1A).
Furthermore, this event is spatiotemporally shared in CRC devel-
opment as we have previously reported.”® Thus, we attempted to
identify novel potential genes that accelerate tumor development
located on Ch.20q. We focused on RAE1 as a microtubule-regulating
gene using the dataset from TCGA through the screening param-
eters described in the Materials and Methods (Figure S1).

Next, RT-gPCR was used to compare RAE1 mRNA expression in
tumor tissues and normal colon tissues in 102 CRC patients in our
dataset. RAE1 mRNA expression was significantly higher in CRC
tissues compared to normal colon tissues, as well as in the dataset
from TCGA (P < .005) (Figure 1B). Increased DNA copy numbers
of RAE1 (log, copy number ratios > .1) were observed in 465/611

(76.1%) of the CRC tissues in the dataset from TCGA. Copy numbers
of RAE1 were positively correlated with RAE1 mRNA expression in
the dataset from TCGA (R = .78, P < .001) and the CRC cell line data-
set (Cancer Cell Line Encyclopedia) (R = .77, P < .001) (Figure 1C).
Immunohistochemical analysis showed staining for RAE1 in tumor
cells and only weak to moderate staining in non-cancerous colon
cells (Figure 1D). Magnified images showed that RAE1 immunos-
taining was localized within the cytoplasm and the cell membrane of
tumor cells, and the cell membrane was highlighted more strongly in
tumor cells than in normal cells. The frequency of mutations in RAE1
was only 2.0% in the COSMIC database (Figure 1E).

Collectively, these results suggest that RAE1 is a gene that poten-
tially promotes tumor progression induced by genomic amplification.

FIGURE 2 RAE1 is a potential therapeutic target in colorectal cancer (CRC). A, Statistical evaluation of 276 genes coding microtubule-
associated proteins and mitotic kinases using The Cancer Genome Atlas (TCGA) dataset. Each gene is represented as a dot. The horizontal
and vertical coordinates indicate the log,-fold change in mRNA expression in tumor tissues compared to normal tissues and the Pearson
correlation coefficient between the copy number and mRNA expression. Red plots indicate genes in which the high expression group is
associated with poor prognosis (P < .05). B, mnRNA expression of RAE1, AURKA, AURKB, PLK1, and KIF11 in paired CRC tissues and normal
colon tissues in TCGA dataset. C, Correlation between DNA copy number and mRNA expression of AURKA, AURKB, PLK1, and KIF11 in
TCGA dataset. D, Kaplan-Meier overall survival curves for CRC patients according to mRNA expression of AURKA, AURKB, PLK1 and KIF11 in

TCGA dataset (n = 597)
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FIGURE 3 RAE1 knockdown induces apoptosis and prevents cell cycle progression in colorectal cancer (CRC) cells. A, Gene set
enrichment analysis (GSEA) using The Cancer Genome Atlas (TCGA) dataset. FDR, false discovery rate; NES, normalized enrichment score.
B, Protein expression using western blot analysis for RAE1, cleaved PARP, and MCM2 in RAE1-knockdown cells and control cells. p-actin was
used as the loading control for relative protein quantification. The normalized intensities of each protein are shown. C, Protein expression
using western blot analysis for RAE1 and cleaved PARP in the rescued cells. D, Left, Apoptosis assays of CACO2 (upper) and SW480 (lower)
cell lines transfected with the indicated siRNA. Right, Quantification of the cell distributions in apoptosis (Annexin V-FITC"). **P < .01;

***P < .005. E, Cell cycle analysis by flow cytometry after re-supplementation with FBS in control cells and RAE1-knockdown cells. *P < .05;
**P < .01; ***P < .005. F, Western blot analysis of RAE1 and p21 in control and RAE1-knockdown cells
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Furthermore, the data indicate that the amplification of RAE1 on
Ch.20q is a fundamental and predominant event in CRC tumorigen-

esis and/or tumor progression.

3.2 | Clinicopathological and prognostic
significance of RAE1 mRNA expression in colorectal
cancer patients

We examined the association between RAE1 mRNA expression and
clinicopathological factors in CRC patients from our hospital, but
there was no significant association between RAE1 mRNA expres-
sion and clinicopathological features, probably due to the limited
sample size (Table 1A). In contrast, in the dataset from TCGA, in-
creased RAE1 mRNA expression was correlated with distant me-
tastasis (P < .05) in the pathological, malignant CRC phenotype
(Table 1B).

Next, we assessed the prognostic and clinical significance of
RAE1 mRNA expression in CRC. First, we evaluated the survival
rates according to RAE1 mRNA expression in patients with CRC.
The overall survival rate in patients in the high RAE1 mRNA expres-
sion group was significantly lower than that in patients in the low
expression group, both in TCGA and our CRC dataset (Figure 1F).
Furthermore, multivariate Cox regression analysis showed that
high RAE1 mRNA expression was an independent poor prognostic
factor in our CRC dataset (HR = 8.61, 95% Cl = 2.41-30.7, P < .001)
(Table 2).

3.3 | RAEI1 is a potential therapeutic target in
colorectal cancer

To investigate whether RAE1 could be a therapeutic target,
we performed a comprehensive analysis of 276 genes encod-
ing microtubule-regulating proteins'?2%-%! using TCGA data and
evaluated their potential efficacy as a therapeutic target. We
calculated the fold change in mMRNA expression of each gene in
tumor tissues compared to normal tissues, the correlation be-
tween mRNA expression and DNA copy number, and whether
the high expression group was associated with poor prognosis.
Notably, among the genes whose expression in tumor tissues
was 2-fold higher than in normal tissues, RAE1 was identified as
the gene most strongly affected by copy number amplification
and the only gene where high mRNA expression in tumor tis-
sues was associated with poor prognosis (Figure 2A). In contrast,
AURKA, AURKB, Kinesin Family Member 11 (KIF11), and Polo-like
kinase 1 (PLK1), which are currently being targeted with chemo-
therapeutic drugs,32'34 had lower correlations between mRNA
expression and copy number than RAE1 and no significant ef-
fect on the survival of CRC patients in the dataset from TCGA
(Figure 2B, C, D).

These observations provide evidence that RAE1 is a promising

therapeutic target among microtubule-regulating genes.
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3.4 | RAE1 expression is negatively correlated
with the apoptosis pathway

To explore oncogenic pathways correlated with RAE1 expression
in CRC, we performed GSEA using a dataset from TCGA. Notably,
RAE1 expression was negatively correlated with the expression of
gene sets involved in the apoptosis pathway (Figure 3A).

3.5 | Knockdown of RAE1 induced apoptosis in
colorectal cancer cell lines

Next, we performed western blot experiments to investigate
whether RAE1 knockdown could permit apoptosis. RAE1-knockdown
cells showed increased levels of cleaved poly (ADP-ribose) polymer-
ase (PARP), a molecular marker of apoptosis, compared with con-
trol cells (Figure 3B). Furthermore, the rescue of RAE1 expression
decreased cleaved PARP levels (Figure 3C). MCM2 is a molecular
marker of proliferation. RAE1-knockdown cells showed increased
levels of MSM2, possibly as a result of compensatory behavior. Next,
an apoptosis assay with siRAE1 transfected SW480 and CACO2 cells
using FACS was conducted. Knockdown of RAE1 resulted in an in-
creased percentage in the incidence of apoptosis (Figure 3D). These
findings indicated that knockdown of RAE1 could slightly induce ap-
optosis in CRC cell lines.

3.6 | Knockdown of RAE1 prevented cell cycle
progression from the G1 to S phase in colorectal
cancer cell lines

To investigate whether RAE1 knockdown prevents cell cycle pro-
gression, we performed cell cycle analysis in SW480 cells with stable
knockdown of RAE1. Compared with shControl, shRAE1 resulted in
a lower proportion of cells in S phase at 6 and 12 hours after re-
stimulation by changing the medium to that containing 10% FBS.
These results indicated that RAE1 knockdown prevents G1/S transi-
tion. In addition, we performed western blot analysis to investigate
whether RAE1 knockdown prevents G1/S transition in CRC cells.
SW480 cells with stable knockdown of RAE1 showed increased ex-
pression of p21, which plays a crucial role in repairing DNA damage
at the G1/S cell cycle checkpoint. Taken together, these results sug-
gest that RAE1 knockdown halts cell cycle progression from the G1
to S phase.

3.7 | RAE1 promotes colorectal cancer tumor
growth in vitro and in vivo

Changes in the proliferation of CRC cell lines by RAE1 knockdown or
overexpression were examined using MTT and colony formation as-
says. We used SW480 and CACO2 cell lines for knockdown analysis

because of their high expression levels of RAE1. RKO cells were used
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for overexpression analysis because of their low expression levels of
RAE1 (Figure S2A). Knockdown of RAE1 by both siRNA and shRNA
treatment decreased the expression of RAE1 (Figures 4A, S2B). RAE1
knockdown suppressed cell proliferation (Figures 4B, C, S2C, D).
Rescue experiments were performed to eliminate the possibility that
the decrease in proliferation ability was due to shRNA-mediated off-
target effects. RAE1 stable knockdown cells were transfected with
a vector expressing RAE1 and western blot analysis confirmed that
RAE1 expression was rescued in RAE1 knockdown cells (Figure 4D).
Rescue of RAE1 expression also enhanced the proliferative capac-
ity of these cells (Figure 4E). Next, we established RKO cells stably
overexpressing RAE1 (Figure 4F). RAE1 overexpression increased cell
proliferation (Figure 4G, H). MTT assays showed slight differences in
cell proliferation compared to colony formation assays, as shown in
Figure 4B, E and G. This may be because the proliferation ability was
evaluated in a short time compared to colony formation assays.

We conducted in vivo analysis using SW480 cells with sta-
ble knockdown of RAE1. RAE1 knockdown significantly decreased
the volume of CRC tumors in xenograft mice models (Figure 4l).
Immunohistochemical analysis of xenograft tumors showed that
tumor tissues from SW480 cells with stable knockdown of RAE1 dis-
played weaker RAE1 staining than controls (Figure 4J).

Taken together, these results suggest that RAE1 promotes the
growth of CRC tumors, in part by inhibiting apoptosis and promoting
cell cycle progression.

3.8 | RAE1 overexpression stabilized
spindle bipolarity

RAE1 is a critical requirement for normal spindle formation in mitosis
such that RAE1 depletion causes multipolar spindle cells.*® In addi-
tion, multipolar spindles in cancer cells lead to failure of mitosis and
cell apoptosis.®® Thus, we hypothesized that RAE1 overexpression
inhibits cell apoptosis by stabilizing bipolar spindles in CRC cells. We
conducted immunofluorescent staining of spindles and centrosomes
with anti-a-tubulin and anti-pericentrin antibodies to investigate
the impact of RAE1 expression on spindle formation (Figure 5A),
quantifying the percentage of multipolar spindle cells. In line with
previous studies,'® knockdown of RAE1 significantly increased
multipolar spindle cells in CRC cells (Figure 5B).

Low concentrations of paclitaxel can arrest multipolar spindle
cells in mitosis.3® Thus, we quantified the percentage of multipolar

spindle cells formed upon paclitaxel treatment using RKO cells
stably overexpressing RAE1. RAE1 overexpression slightly inhib-
ited the formation of multipolar spindles (4%) and remarkably
decreased the proportion of multipolar cells, from 28% to 9%, in
the presence of low dose paclitaxel (Figure 5C, D). These results
suggest that RAE1 overexpression can stabilize spindle bipolarity
in CRC cells.

3.9 | RAE1 overexpression induced chemoresistance

To determine whether RAE1 overexpression inhibited drug-induced
apoptosis, we performed apoptosis assays using CRC cells after
treatment with anticancer drugs. RKO cells stably overexpressing
RAE1 underwent significantly less apoptosis upon paclitaxel treat-
ment, as well as actinomycin D treatment (Figure 6A, B). Next, we
conducted western blot analysis using RKO cells stably overexpress-
ing RAE1. We did not observe a significant difference in cleaved
PARP levels between RAE1-overexpressing RKO cells and control
cells. In contrast, overexpression of RAE1 significantly decreased
cleaved PARP levels after treatment with paclitaxel, which is likely
explained by the inhibition of drug-induced apoptosis (Figure 6C).

To examine the relationship between RAE1 expression and sen-
sitivity to anticancer drugs, RKO cells stably overexpressing RAE1
were treated with different concentrations of paclitaxel or actino-
mycin D. As shown in Figure 6D, RKO cells stably overexpressing
RAE1 were less sensitive to both paclitaxel and actinomycin D.
Furthermore, knockdown of RAE1 significantly increased sensitivity
to paclitaxel (Figure 6E). These results suggest that RAE1 overex-
pression could promote resistance to chemotherapy through inhibi-
tion of drug-induced apoptosis of CRC cells.

3.10 | RAEI1 is overexpressed in various cancers

Expression of RAE1 mRNA in various cancer types and normal tis-
sues was compared using the dataset from TCGA. RAE1 expression
was higher in 13 different cancer tissues, as well as in CRC, com-
pared to the expression levels in the respective non-cancerous tis-
sues (Figure 7A, B). Furthermore, the high RAE1 expression group
showed poor prognosis in various types of cancer (Figure 7C). These
results indicate that RAE1 may be a common gene that facilitates

tumor growth in various cancers.

FIGURE 4 RAE1 expression is associated with cell growth of colorectal carcinoma. A, RAE1 mRNA expression using RT-quantitative
PCR (RT-gPCR), and protein expression using western blot analysis in RAE1-knockdown cells and control cells. *P < .05. B, MTT assays
using RAE1-knockdown cells. ***P < .005. C, Colony formation assays using RAE1-knockdown cells. ***P < .005. D, RAE1 protein levels
in indicated cells. RAE1 protein expression using western blot analysis of the rescued cells. E, MTT assay using indicated cells. *P < .05.
F, RAE1 mRNA expression using RT-qPCR and protein expression using western blot analysis in RAE1-overexpressing cells and control
cells. ***P < .005. G, MTT assay using RAE1-overexpressing cells. ***P < .005. H, Colony formation assay using RAE1-overexpressing
cells. *P < .05 |, In vivo analysis using a xenograft model. Tumor size in RAE1-knockdown cells and control cells. *P < .05; **P < .01;

***P < .005. J, Immunohistochemical staining for RAE1 in tumor tissues from control and RAE1-knockdown cells. Original magnification,

x400
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FIGURE 5 RAE1 is associated with spindle bipolarity in mitosis. A, Inmunofluorescence photographs of CACO2 cells stained with
anti-a-tubulin (green) and anti-pericentrin (red) antibodies. Nuclei are stained with DAPI (blue). B, Quantification of mitotic-defective cells
with multipolar spindles in RAE1-knockdown cells. *P < .05; **P < .01. C, Immunofluorescence photographs of control cells (left) or RAE1-
overexpressing cells (right) treated with 2 nmol/L paclitaxel before staining. D, Quantification of mitotic-defective cells with multipolar
spindles in indicated cells. **P < .01



KOBAYASHI ET AL. _ 3185
Cancer Science Ry e

(A) APachtaxel 10 nM 100 nM

£

o) =

c o

5 O -

2|0

S X m

3 o G

S

o w

o <
o

Annexin V
Actinomycin D
0 uM 0.01 uM 0.1 uM 1uM 10 yM
A " T-q1039% Gaz 067 Tariex Gaz 1003] " Tano6s% Tz oA ™ Taniom Gz o] " Tarozew Gz 1136
-
o) =
£ Q
3,1
§ x o FoT =  p S s
8 :
o "
<) w .,
o <
o . .
14,81
Annexin V
RKO
(B) Paclitaxel Actinomycin D o (€)
15 o CORtiGl — ?50 aControl *** - Control RAE1 Control RAE1
S o RAE1 ok = 40 aRAE1 Paclitaxel - = + +
~ /M
210 830 3 bt _RAET
5 - ‘g’_ normalized intensity 1.00 3.71 1.00 3.56
25 A £%° Cleaved PARP [T mwis]| [ S |
10 normalized intensity 1.00  1.02 100 060
0 0
0 01 1 10 100 0 00101 1 10
Concentration (nM) Concentration (UM)
(B) Paclitaxel Actinomycin D (E) Paclitaxel
?120 kkk  hkk i ’;\100 ? Kk kkk
5100 R 80 — Control 5100 -
'2‘ 42‘ —— RAE1 Ep 80 + *kk
= o0 Z 60 = T
3 60 3 - g o
> 40 FRFE gesen > 40 > 40 hC t |
= = = - shContro
o) 0] 9]
S 20 - Control S 20 O 20 ~ ShRAE1
-~ RAE1
0 0 0
0 0.01 0.1 1 2 10 100 1000 0 00101 1 2 10 100 0 00101 1 2 10 100
Concentration (nM) Concentration (uM) Concentration (nM)

FIGURE 6 RAE1 induces chemoresistance. A, Apoptosis assays using RAE1-overexpressing cells and control cells. Cells were cultured in
paclitaxel (upper) or actinomycin D (lower) for 24 h with the indicated final concentration. B, Quantification of cell distribution in apoptosis
in indicated cells (Annexin V-FITC). *P < .05; **P < .01; ***P < .005. C, Western blot analysis for RAE1 and cleaved PARP in control cells or
RAE1-overexpressing cells treated with 2 nmol/L drug (paclitaxel +) or no drug (paclitaxel -). D, Sensitivity of RAE1-overexpressed cells to
paclitaxel (left) or actinomycin D (right). Cell viability was measured by MTT assays in RAE1-overexpressing cells and control cells treated
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FIGURE 7 Pan-cancer analysis of
RAE1. A, Pan-cancer analysis of RAE1
expression in The Cancer Genome Atlas
(TCGA) dataset. The log,-fold change in
RAE1 mRNA expression in tumor tissues
compared to that in normal tissues and
the -log,, false discovery rate (FDR)

in each tumor type are shown. B, The
mRNA expression of RAE1 in various
cancers. ***P < .005. C, Kaplan-Meier
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4 | DISCUSSION

In this study, through a bioinformatic analysis, we identified RAE1
as a novel gene that accelerates tumor development in CRC. We
demonstrated that high expression of RAE1 was associated with
distant metastasis and constituted an independent poor prognos-
tic factor. Moreover, we found that RAE1 promoted tumor growth
and induced chemoresistance of CRC cells in part by inhibiting
apoptosis and promoting cell cycle progression, presumably by
stabilizing spindle bipolarity (Figure S3). To the best of our knowl-
edge, this is the first study to explore the function of RAE1 as a
gene that facilitates tumor growth and as a prognostic biomarker
of CRC.

The overexpression of RAE1 due to copy number amplifica-
tion of Ch.20q is a universal event present in all CRC cells, as
we have reported previously.”® In addition, overexpression of
RAE1 and its consequent significant effect on survival has been
observed in various types of cancers, including CRC. Therefore,
RAE1 should be more intensely explored as a potential thera-
peutic target in various human cancers. This approach might
overcome the therapeutic resistance conferred by tumor hetero-
geneity. In addition, amplification of RAE1 might be a feasible
clinical molecular target for genomic medicines based on the
precision medicine initiative.

New therapeutic agents that target spindle-regulatory proteins,
such as KIF11, AURKA, AURKB, and PLK1,323 are being developed
to inhibit the function of the mitotic spindle without affecting micro-
tubule function in non-dividing cells. These agents are believed to
induce cancer-specific antitumor activities without serious side ef-
fects. However, their efficacies have not been comparable to those
of vinca alkaloids or paclitaxel in clinical studies.’” One possible
explanation for this in vivo inefficiency is the complexity of human
cancers attributable to intratumor heterogeneity.?>*® Interestingly,
our comprehensive analysis using a dataset from TCGA showed that
RAE1 had a larger fold change of mRNA expression level between
tumor tissues and normal tissues and a more significant effect on the
survival of patients with CRC than these molecules. These findings
suggest that RAE1 could be a more promising therapeutic target than
these genes.

In mitosis, RAE1 binds to microtubules, structural main-
tenance of chromosomes subunit 1 (SMC1), and the nuclear
mitotic apparatus protein (NUMA).®? RAE1 increases the mi-
crotubule crosslinking valency of NuUMA and stabilizes mi-
crotubules at their minus ends by interacting with these
molecules.'® In contrast, RAE1 depletion induces a mitotic de-
fect, resulting in multipolar spindle cells*® and aberrant multi-
nucleated cells that eventually undergo apoptotic death.*%4!
Moreover, CRC cells with multipolar spindles were arrested
at GO/G1.%? Consistent with these data, our results, includ-
ing cell cycle analysis, provide evidence that RAE1 knockdown
leads to cells with multipolar spindles, and some of these cells
enter apoptosis, whereas others survive but do not proceed
from the G1 to S phase. We also demonstrated that RAE1
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overexpression inhibited apoptosis by stabilizing spindle bi-
polarity in CRC cells. However, our results appeared to show
small differences in apoptosis and cell cycle progression be-
tween RAE1 knockdown cells and control cells. Further study
is required to clarify the other mechanisms for acceleration of
tumor growth by RAE1.

We found that RAE1 contributed to the chemoresistance of CRC
cells. Low concentrations of paclitaxel suppress the rate at which
microtubules grow and shrink without substantially increasing the
microtubule polymer mass, thereby arresting cells with multipo-
lar spindles.>® We observed that RAE1 overexpression decreased
paclitaxel-induced mitotic defects. This result may explain why RAE1
can induce resistance to paclitaxel; that is, by increasing the stability
of bipolar spindle cells. Furthermore, our results showed that RAE1
overexpression induced resistance to paclitaxel as well as actino-
mycin D, which does not target the mitotic spindle. These results
suggest that RAE1 overexpression may inhibit non-specific apopto-
sis induced by other anticancer drugs and lead to chemoresistance.
Taxanes are not generally used as the standard of care due to their
low antitumor activity in CRC.**** However, our findings suggest
that focusing on RAE1 could expand the mitotic spindle as a poten-
tial therapeutic target and lead to new cancer chemotherapeutic
strategies.

In conclusion, we have identified a novel gene that promotes
tumor progression, RAE1, on Ch.20q in part by inhibiting apop-
tosis and promoting cell cycle progression, possibly by stabiliz-
ing spindle bipolarity and, consequently, facilitating CRC tumor
growth. Furthermore, we provide clinical and biological evidence
that the mitotic checkpoint regulator RAE1 could be a therapeutic
target to overcome therapeutic resistance of CRC. Recently, as a
component of the nuclear pore complex, RAE1 has been reported
to control MAPK signaling® and to interact with ORF6 in SARS-
COV-2/COVID-19.¢47 As a component of the nuclear pore com-
plex, RAE1 may play several important roles in mMRNA export and
signaling activation, not only in cancer cells but also in normal cells

and viruses.
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