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SASS6 overexpression is associated with mitotic chromosomal
abnormalities and a poor prognosis in patients
with colorectal cancer
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Abstract. Spindle assembly abnormal protein 6 homolog
(SASS6) plays an important role in the regulation of centriole
duplication. To date, the genetic alteration of SASS6 has not
been reported in human cancers. In the present study, we
examined whether SASS6 expression is abnormally regulated
in colorectal cancers (CRCs). Increased SASS6 mRNA and
protein expression levels were observed in 49 (60.5%) of the
81 primary CRCs and 11 (57.9%) of the 19 primary CRCs,
respectively. Moreover, the upregulation of SASS6 mRNA
expression was statistically significant (P=0.0410). Next, using
DLD-1 colon cancer cells inducibly expressing SASS6, SASS6
overexpression was shown to induce centrosome amplification,
mitotic abnormalities such as chromosomal misalignment and
lagging chromosome, and chromosomal numerical changes.
Furthermore, SASS6 overexpression was associated with
anaphase bridge formation, a type of mitotic structural abnor-
mality, in primary CRCs (P<0.01). SASS6 upregulation in
colon cancer was also revealed in the Cancer Genome Atlas
(TCGA) data and was shown to be an independent predictor of
poor survival (multivariate analysis: hazard ratio, 2.805; 95%
confidence interval, 1.244-7.512; P=0.0112). Finally, further
analysis of the TCGA data demonstrated SASS6 upregulation
in a modest manner in 8 of 11 cancer types other than colon
cancer, and SASS6 upregulation was found to be associated
with a poor survival outcome in patients with kidney renal cell
carcinoma and lung adenocarcinoma. Our present findings
revealed that the upregulation of SASS6 expression is involved
in the pathogenesis of CRC and is associated with a poor
prognosis among patients with colon cancer. They also suggest
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that SASS6 upregulation is a genetic abnormality relatively
common in human cancer.

Introduction

Chromosome instability (CIN) is characterized by chro-
mosomal numerical and/or structural changes and can be
caused by chromosomal missegregation during mitosis (1,2).
CIN is observed in diverse human cancers and is associated
with a poor patient prognosis in some types of cancer (3-5).
Centrosome amplification is one factor that contributes to CIN
through chromosomal missegregation in cancerous cells (6-8).
The centrosome, a major microtubule-organizing center,
is composed of a pair of centrioles and surrounding protein
aggregates, and each cell is maintained so that it has one or
two centrosomes during the cell cycle (7,9). When centrosome
amplification (=3 centrosomes in a cell) occurs, it causes an
increase in aberrant mitotic spindle formation, merotelic
kinetochore-microtubule attachment errors and lagging
chromosome formation. Such mitotic abnormalities can cause
chromosome segregation errors leading to CIN (6-10).
Spindle assembly abnormal protein 6 homolog (SASS6)
is a centrosomal protein that, together with PLK4, CEP135,
CENPJ (also known as CPAP) and STIL, is involved in
regulating the number of centrosomes in human cells (11-14).
The forced overexpression of SASS6 leads to centrosome
amplification (11,12,15,16). Notably, the abnormal expression
of PLK4, resulting in the induction of centrosome amplifica-
tion, has been reported in several types of cancers (17,18).
Moreover, genetic abnormalities of various types in other
genes that play roles in centrosome regulation, such as
AURKA amplification and SKA1 overexpression, have also
been reported in human cancers (19,20). At present, however,
abnormalities in SASS6 expression or SASS6 somatic muta-
tions have not been reported for any human cancers. Since
CIN is frequently observed in colorectal cancer (CRC) (3,5),
we hypothesized that SASS6 abnormalities may be involved in
the induction of CIN in CRC. Therefore, in the present study,
we first examined whether SASS6 is aberrantly expressed
in human primary CRCs. Since the upregulation of SASS6
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expression was detected in CRCs, we next showed that SASS6
overexpression induced centrosome amplification, mitotic
abnormalities, and CIN in colon cancer cells. SASS6 upregu-
lation in colon cancer was also revealed using data from the
Cancer Genome Atlas (TCGA) database and was found to be
associated with a relatively poor survival outcome in analyses
using both the TCGA and Gene Expression Omnibus (GEO)
data. Finally, SASS6 expression was shown to be upregulated
in a modest manner not only in colon cancer, but also in 8
other distinct cancer types, although the incidence of somatic
SASS6 mutations was exremely low.

Materials and methods

Tissue samples. CRC tissues and corresponding normal
colorectal tissues were obtained from primary CRC patients
treated at Hamamatsu University Hospital (Japan) for use in
a quantitative reverse-transcription-polymerase chain reaction
(QRT-PCR) analysis (n=81) and western blot analysis (n=19).
The present study design was approved by the Institutional
Review Board of the Hamamatsu University School of
Medicine.

qRT-PCR. Total RNA was extracted using an RNeasy kit
(Qiagen, Valencia, CA, USA) or an Isogen kit (Nippon Gene,
Tokyo, Japan) and converted to cDNA using the SuperScript
First-Strand Synthesis system for RT-PCR (Invitrogen,
Carlsbad, CA, USA). The expression levels of the SASS6 and
GAPDH mRNA transcripts were measured using real-time
qRT-PCR with the cDNA, a set of primers, the QuantiTect
SYBR-Green PCR kit (Qiagen), and a LightCycler instrument
(Roche, Palo Alto, CA, USA). The following PCR primers
were used for the SASS6 transcripts: 5'-CCA GAA TAC CTT
CCC TCA TTC G-3' and 5'-GTT GCT CCT GAC TGA ACA
TCT CC-3". The PCR primer sequences for the GAPDH tran-
scripts were previously described (21). The relative amounts of
SASS6 transcript were normalized to those of the GAPDH
transcript. The T/N values were calculated by dividing the
normalized transcript amounts in the cancerous tissue (T) of
primary cancers by the amounts in the corresponding non-
cancerous tissue (N).

Western blot analysis. Tissues or cultured cells were lysed
in a buffer containing 50 mM HEPES-KOH (pH 7.5),
150 mM NaCl, 0.1% sodium dodecyl sulfate, 1% Triton X-100,
0.5% sodium deoxycholate, 100 mM sodium fluoride, 1 mM
sodium orthovanadate and protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO, USA). Western blot analysis
using an anti-SASS6 polyclonal antibody (Novus Biologicals,
Littleton, CO, USA) or an anti-f-tubulin monoclonal antibody
(clone 2-28-33; Sigma-Aldrich) was performed as described
previously (21). Immunoreactivity was visualized using an
ECL chemiluminescence system (GE Healthcare Bio-Science,
Piscataway, NJ, USA). ImagelJ software (National Institutes
of Health, Bethesda, MD, USA) was used to measure protein
expression levels.

Establishment of stable inducible cell lines. The human colon
cancer cell line DLD-1 was obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). The cells
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were maintained at 37°C in RPMI-1640 medium supplemented
with 10% fetal bovine serum and penicillin/streptomycin
under a 5% CO, atmosphere. DLD-1 cells were transfected
with a cumate switch inducible vector for SASS6 expression,
which was constructed using a GFP-SASS6 plasmid (13)
kindly provided by Prof. T.K. Tang as a PCR template, together
with the piggyBac transposase vector (System Biosciences,
Mountain View, CA, USA). To establish stable inducible cell
lines, positively transposed cells were selected using 1 ug/ml
puromycin (Clontech, Palo Alto, CA, USA). Since the inducible
piggyBac vector features a tight cuamate switch combined with
the EF1-CymR repressor-T2 A-Puro cassette to establish stable
cell lines, the addition of cumate solution (System Biosciences)
to the puromycin-selected cells led to the induction of SASS6
expression.

Indirect immunofluorescence analysis. Cells were fixed with
methanol and permeabilized with 1% Nonidet P-40 solu-
tion. After blocking with normal goat serum, the cells were
probed with anti-y-tubulin monoclonal antibody (GTUSS;
Sigma-Aldrich). Indirect immunofluorescence labeling was
performed by exposure to the Alexa Fluor 594-conjugated
secondary antibody (Molecular Probes, Eugene, OR, USA),
and the nuclei were stained with 4',6-diamidino-2-phenylin-
dole (DAPI) (Sigma-Aldrich). The cells were examined under
a fluorescence microscope (Olympus BX-51-FL; Olympus,
Tokyo, Japan) equipped with epifluorescence filters and
a photometric CCD camera (Sensicam; PCO Company,
Kelheim, Germany).

Fluorescence in situ hybridization (FISH) analysis.
Trypsinized cells were treated with 0.075 M KCl hypotonic
solution and fixed in Carnoy's fixative. The fixed cell suspen-
sion was spread onto glass slides, and the slides were then
hybridized with a Spectrum Orange-labeled probe for the
centromere locus on chromosome 17 [Centromere enumera-
tion probe 17 (CEP17); Joko, Tokyo, Japan], as previously
described (22). DAPI was used for nuclear staining. The cells
were examined under a fluorescence microscope as described
in the previous section.

Counting of anaphase bridges in primary CRC.Formalin-fixed
paraffin-embedded tissue sections were stained with hema-
toxylin and eosin (H&E), and a chromatin bridge between two
anaphase plates was counted as an anaphase bridge under a
microscope.

Collection of publicly available gene expression and somatic
mutation data. Gene expression data for 5,376 samples and
somatic mutation data for 4,025 samples of 12 cancer types
(TCGA public data available in April 2014) were collected from
the TCGA data portal (https://tcga-data.nci.nih.gov/tcga/). The
patients' clinical data were also collected. The expression data
were obtained as processed RNA-sequence (RNA-seq) data in
the form of RNA-seq by Expectation Maximization (RSEM),
which is based on a generative probabilistic model of maximum
expectation (23). The somatic mutation data were obtained in
the form of a mutation annotation format (MAF) file. Cancers
from the following organs were analyzed: urinary bladder
(BLCA), breast (BRCA), head and neck (HNSC), kidney
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Figure 1. Upregulation of SASS6 expression level in primary CRC. (A) Upregulation of the SASS6 mRNA expression level in primary CRC. The mRNA
expression level of SASS6 was compared in cancerous tissues from 81 primary CRCs and corresponding non-cancerous colorectal tissues using a real-time
qRT-PCR analysis. After normalizing the amounts of SASS6 transcripts to the amounts of GAPDH transcripts, the T/N values were calculated by dividing the
amount of normalized transcripts in the cancerous tissue by the amount in the corresponding non-cancerous tissue. The differences between the normalized
SASS6 mRNA levels in the cancerous tissues and the corresponding non-cancerous tissues were then statistically analyzed using the Wilcoxon matched pairs
test (P=0.0410). (B) Upregulation of SASS6 protein expression level in primary CRC. Representative results of the western blot analysis using anti-SASS6
antibody for the examination of the SASS6 protein expression level (left panel). After normalizing the amount of SASS6 protein to the amount of -tubulin,
the T/N values were calculated by dividing the amount of normalized protein in the cancerous tissue by the amount in the corresponding non-cancerous tissue.

The T/N values are shown as a box-chart in the right panel (average, 1.42).

(KICH, KIRC and KIRP), lung (LUAD, LUSC), prostate
(PRAD), thyroid gland (THCA) and uterine corpus (UCEC).

Microarray-based gene expression data for 177 CRCs and
the corresponding patient clinical data, which were previously
published by Smith ez al (24), were also downloaded from the
GEO at the National Center for Biotechnology Information
(NCBD).

Statistical analysis. The statistical analysis was performed
using an unpaired t-test, Mann-Whitney U test, or Wilcoxon
matched pairs test. Overall survival curves were constructed
using the Kaplan-Meier method, and the log-rank test was used
to evaluate the differences between the curves. The hazard
ratio (HR) was calculated using the Cox proportional hazard
model in both univariate and multivariate analyses. JMP version
9.0 software (SAS Institute, Cary, NC, USA) was used for the
analyses. P<0.05 was considered statistically significant.

Results

Upregulation of SASS6 mRNA and protein expression in a
subset of primary CRCs. To investigate the status of SASS6
expression in human primary CRCs, we examined the
expression of SASS6 mRNA in 81 primary CRCs using a
real-time qRT-PCR analysis and calculated the ratio of the
level of SASS6 mRNA expression in the cancerous tissues to
that in the corresponding non-cancerous tissues (T/N ratio).

An increased SASS6 expression level (T/N value >1) was
observed in 49 (60.5%) of the 81 primary CRCs (Fig. 1A). In
particular, 21 (25.9%) of the 81 cases had a T/N value =2 for
the SASS6 expression level. Moreover, a significant differ-
ence in the SASS6 expression level was detected between
the cancerous tissues and the corresponding non-cancerous
tissues when examined using statistical analysis (P=0.0410,
Wilcoxon matched pairs test). These results suggested that
the expression of SASS6 mRNA transcripts is upregulated
in primary CRC. We next examined the expression of SASS6
protein in 19 primary CRCs using a western blot analysis with
the anti-SASS6 antibody and calculated the ratio of the level
of SASS6 protein expression in the cancerous tissues to the
level in the corresponding non-cancerous tissues (T/N ratio).
A semiquantitative analysis showed an increased SASS6
protein expression level (T/N value >1) in 11 (57.9%) of the
19 primary CRCs, with an average T/N value of 1.42 (Fig. 1B).
Both the mRNA and protein results described above indicate
that SASS6 expression was upregulated in a subset of primary
CRCs.

Induction of centrosome amplification, mitotic abnor-
malities, and chromosomal numerical changes by SASS6
overexpression in colonic cells. To investigate the effect of
SASS6 overexpression in colonic cells, we used the piggyBac
transposon vector system (25) to establish human colonic
cells capable of inducibly expressing SASS6. First, DLD-1
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Figure 2. Induction of centrosome amplification, mitotic chromosome abnormalities and chromosomal numerical changes in response to SASS6 overexpres-
sion in colon cancer cells. (A) Detection of SASS6 proteins in cumate-inducible stable DLD-1 colon cancer cell lines designed to express SASS6 in the
presence of cumate; the SASS6 proteins were detected using western blot analysis with an anti-SASS6 antibody. Lysates from empty vector-transposed cells
and cells inducibly expressing SASS6 were analyzed. $-tubulin protein was also analyzed as an internal control. (B) Induction of centrosome amplification
in DLD-1 cells as a result of SASS6 overexpression. At 72 h after cumate addition, the cells were immunostained with mouse anti-y-tubulin monoclonal anti-
body (red). The nuclei were stained with DAPI (blue). The number of centrosomes per cell was counted, and the counts are shown in the right bar graph. A t-test
was performed for the statistical analysis (P<0.001). (C) Induction of mitotic chromosome abnormalities in response to SASS6 overexpression in DLD-1
cells. At 72 h after cumate addition, the cells were fixed and the nuclei were stained with DAPI (blue). The percentages of metaphase cells with misaligned
chromosomes were determined, and the percentages are shown in the left bar graph. The percentages of anaphase/telophase cells with chromosome bridges
and/or lagging chromosomes were also determined, and the percentages are shown in the right bar graph. A t-test was used to perform the statistical analysis
in each comparison (P<0.001). (D) Induction of chromosomal numerical changes in response to SASS6 overexpression in colon cancer cells. At 72 h after
cumate addition, the DLD-1 cells were replated in fresh medium without cumate, cultured for an additional 72 h, and then subjected to FISH analysis using a
Spectrum Orange-labeled probe for the centromere locus on chromosome 17, CEP17. Cells before cumate induction were also subjected to FISH analysis. The
nuclei were stained with DAPI (blue). The percentages of cells with an abnormal chromosome 17 number were determined, and the percentages are shown in
the right bar graph. A r-test was used to perform the statistical analysis (P<0.01).

colon cancer cells were transfected with a piggyBac cumate
switch inducible vector for the expression of SASS6 together
with the piggyBac transposase vector; positively transposed
cells were then selected using puromycin. We also prepared
cells transfected with an empty (parental) piggyBac cumate
switch inducible vector and transposase vector. The expres-
sion of SASS6 protein was confirmed in cells transposed with
the SASS6 vector after cumate induction using western blot

analysis with the anti-SASS6 antibody (Fig. 2A). Then, we
examined the centrosome number in the SASS6-transposed
cells after cumate induction using an immunofluorescence
analysis of y-tubulin, a major centrosomal protein (26,27).
The frequency of cells containing =3 centrosomes was
significantly higher among the SASS6-overexpressing cells
than among the empty vector-transposed cells (average:
0.9 vs. 13.3%, P<0.001, t-test) (Fig. 2B). This result suggests
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Figure 3. Increased frequency of anaphase bridges in primary CRCs with SASS6 overexpression. (A) Representative images of anaphase bridges detected
in primary CRCs stained with H&E. A normal anaphase is shown in the left panel, and anaphase bridges are shown in the middle and right panels. The T/N
ratio of each CRC is provided under the panel. (B) Box-plot analysis of anaphase bridge formation in primary CRCs. A statistically significant difference in
the incidence of anaphase bridge formation was detected between a lower SASS6 expression group (T/N<2) and a higher SASS6 expression group (T/N=2)

(P<0.01, Mann-Whitney U test).

that the upregulation of SASS6 expression causes centrosome
amplification in colonic cells. Next, we attempted to determine
whether the increased frequency of centrosome amplification
in the SASS6-overexpressing colonic cells resulted in mitotic
chromosomal abnormalities. When mitotic phase cells were
examined after cumate induction, the percentage of metaphase
cells with misaligned chromosomes was significantly higher
for the SASS6-overexpressing cells (average: 3.4 vs. 21.3%,
P<0.001, t-test) (Fig. 2C). Moreover, the percentage of
anaphase/telophase cells with a chromosome bridge and/or
lagging chromosomes was also significantly higher for the
SASS6-overexpressing cells (average: 2.5 vs. 15.1%, P<0.001,
t-test) (Fig. 2C). These results suggested that SASS6 overex-
pression is associated with mitotic abnormalities in colonic
cells. Next, to investigate the effect of SASS6 overexpression
on the number of chromosomes, the chromosome 17 number
per cell was compared before and after cumate induction
using FISH analysis with CEP17. The results showed that the
percentage of cells with an abnormal chromosome 17 number
was higher for the SASS6-overexpressing cells (average:
3.3 vs. 7.5%, P<0.01, t-test) (Fig. 2D), suggesting that SASS6
overexpression is associated with changes in the chromosomal
number (such as CIN) in colonic cells. Based on the above
findings, SASS6 overexpression was thought to contribute to
centrosome amplification, mitotic abnormalities and CIN in
colonic cells.

Increased anaphase bridge formation in primary CRCs with
SASS6 overexpression. We next investigated whether mitotic
chromosomal aberrations were also associated with SASS6

overexpression in primary CRCs. The presence of bridge
formation in anaphase cells was examined using H&E-stained
sections from the 81 CRCs that were used in the SASS6
mRNA expression analysis. A T/N ratio of 2 was used as the
cut-off value, such as for defining a higher SASS6 expression
group (T/N =2) and a lower SASS6 expression group (T/N
<2). As a result, a significantly higher frequency of anaphase
bridge formation was observed in the higher SASS6 expres-
sion group, compared with the lower SASS6 expression group
(median: 14 vs. 10%, P<0.01, Mann-Whitney U test) (Fig. 3).
These results suggest that SASS6 overexpression is associated
with anaphase bridge formation, which is a type of mitotic
chromosomal aberration, in primary CRC.

Association between SASS6 overexpression and a poor
survival outcome in colon cancer. Next, to obtain solid
evidence of SASS6 overexpression in CRC, we examined
the SASS6 expression level of another cohort of colon cancer
from the TCGA dataset (28). The SASS6 expression level,
as determined using an RNA-seq analysis, was significantly
higher in colon adenocarcinoma (n=260) than that in the
non-cancerous colonic tissues (n=41) (P<0.0001, Mann-
Whitney U test) (Fig. 4A). These results support our conclusion
that SASS6 is overexpressed in CRC.

Next, we investigated whether the SASS6 level is associated
with survival in patients with colon cancer. A Kaplan-Meier
analysis for a total of 257 colon adenocarcinoma patients
showed that the prognosis of patients with colon adenocarci-
noma exhibiting a relatively high SASS6 expression level was
significantly poorer than the prognosis of patients with colon



732 SHINMURA et al: SASS6 OVEREXPRESSION IN COLORECTAL CANCER

A

T 600
[0 -
50| P<00001
o g
% 400
Q
o .
S 300
Q .
w
0 200 189
[7}] .
< 100 - % 99
N (n=41) T (n=260)
B 1.0 '\ C 1.0 T
- 1 ) ~ "o |
084 084 . 1
Boel Low .1 ™ Low
> 0.6 Ny S 0.6 s
i ' | 2]
g 0.4 - g 0.4 - ]
w -1 ngh [7] - ngh
0.2 - 0.2 -
0 . Log-rank P value = 0.0401 0 - Log-rank P value = 0.0443
v T v T v T v T T T T T T T T
0 1000 2000 3000 4000 0 20 40 60 80 100 120 140

Time (day) Time (day)

Figure 4. Association of SASS6 overexpression with a poor survival outcome in colon cancer. (A) Upregulation of SASS6 mRNA expression in colon adeno-
carcinoma using data from the TCGA database. A box-plot analysis showed a statistically significant difference in the level of SASS6 mRNA expression
measured using RNA-seq (RSEM data) between the non-cancerous colonic tissues and colon adenocarcinomas (P<0.0001, Mann-Whitney U test). (B) Impact
of SASS6 overexpression on overall survival in colon adenocarcinoma patients (n=257) from the TCGA database. The survival curves were generated using the
Kaplan-Meier method. A cut-off value of 1.5-fold the mean SASS6 expression value in non-cancerous colonic tissue was used, and the patients were divided
into a low SASS6 expression group and a high SASS6 expression group. (C) Impact of SASS6 overexpression on overall survival in colon cancer patients
(n=177) from the GEO database (24). The survival curves were generated using the Kaplan-Meier method. An expression level of 6.68 in the microarray-based
data was used as a cut-off value, and the patients were divided into a low SASS6 expression group and a high SASS6 expression group.

Table I. Cox proportional hazard analysis of potential predictors of a poor prognosis in colon adenocarcinoma patients (n=257)
using data from the TCGA database.

Univariate analysis Multivariate analysis

Variable HR (95% CI) P-value HR (95% CI) P-value
Gender
Male 1.619 (0.867-3.137) 0.1317
Female 1
Age (years)
>60 1.525 (0.740-3.551) 0.2656
<60 1
Stage
I, 1v 1.999 (1.054-3.914) 0.0337 2.372 (1.236-4.694) 0.0093
I,II 1 1
SASS6 expression®
High 2.415 (1.090-6.396) 0.0284 2.805 (1.244-7.512) 0.0112
Low 1 1

HR, hazard ratio; CI, confidence interval. *A cut-off value of 1.5-fold the mean SASS6 expression value in the non-cancerous colonic tissues

was used.

adenocarcinoma exhibiting a relatively low SASS6 expression
level (P=0.0401, log-rank test) (Fig. 4B). To rule out potential

factors that may have confounded the SASS6 expression results,
we conducted univariate and multivariate analyses for overall



ONCOLOGY REPORTS 34: 727-738, 2015

733

Table II. Cox proportional hazard analysis of potential predictors of a poor prognosis in colorectal cancer patients (n=177) using

data from the GEO database.

Univariate analysis

Multivariate analysis

Variable HR (95% CI) P-value HR (95% CI) P-value
Gender
Male 1.179 (0.741-1.899) 0.4901
Female 1
Age (years)
=60 0.881 (0.548-1.451) 0.6106
<60 1
Stage
1L, IV 4.220 (2.454-7.733) <0.0001 4.140 (2.406-7.589) <0.0001
LI 1 1
SASS6 expression®
High 2.302 (1.084-5.954) 0.0283 2.134 (1.003-5.522) 0.0489
Low 1 1

HR, hazard ratio; CI, confidence interval. *An expression level of 6.68 was used as a cut-off value for the microarray-based data.

survival, using the Cox proportional hazard model (Table I).
An advanced stage (IIT and IV) and a high SASS6 expression
level were associated with significantly elevated risks of a poor
survival outcome in both the univariate and multivariate anal-
yses. The HR of the former and latter factors in the multivariate
analyses were 2.372 [95% confidence interval (CI), 1.236-
4.694, P=0.0093] and 2.805 (95% CI, 1.244-7.512, P=0.0112),
respectively. We also assessed the prognostic impact of SASS6
overexpression on colon cancer in another cohort collected by
Smith et al (24). A Kaplan-Meier analysis of the expression
and clinical data for a total of 177 colon cancer patients whose
data were included in the GEO showed that SASS6 overex-
pression was associated with a poorer survival outcome in the
patients with colon cancer (P=0.0443, log-rank test) (Fig. 4C).
Moreover, multivariate analysis examining overall survival
using the Cox proportional hazard model showed that SASS6
overexpression was associated with a significantly increased
risk of a poor survival outcome (HR, 2.134; 95% CI, 1.003-
5.522; P=0.0489) (Table II). Thus, the results of these two
cohort studies both suggest that SASS6 overexpression is an
independent predictor of a poor survival outcome in patients
with colon cancer.

SASS6 overexpression in diverse human cancers. Next, to
investigate the SASS6 expression level in various human
cancers, we examined the SASS6 expression level determined
using an RNA-seq analysis across a panel of 11 distinct cancer
types utilizing the TCGA data. The results showed that SASS6
expression was significantly upregulated in a modest manner
in the cancerous tissues of the following 8 cancer types,
compared with non-cancerous tissues (Mann-Whitney U test):
bladder urothelial carcinoma (P<0.0001), breast invasive carci-
noma (P<0.0001), head and neck squamous cell carcinoma
(P<0.0001), kidney renal clear cell carcinoma (P<0.0001), lung

adenocarcinoma (P<0.0001), lung squamous cell carcinoma
(P<0.0001), prostate adenocarcinoma (P=0.0012), and uterine
corpus endometrial carcinoma (P<0.0001) (Fig. 5). The result
suggested that SASS6 expression is upregulated in diverse
human cancers.

Association between SASS6 overexpression and a poor
survival outcome in cancers other than colon cancer. We next
investigated whether the SASS6 level was also associated with
survival in patients with cancer other than colon cancer. A
Kaplan-Meier analysis showed that SASS6 overexpression was
associated with a poorer outcome in patients with kidney renal
clear cell carcinoma (P=0.0011) (Fig. 6A) and those with lung
adenocarcinoma (P=0.0208) (Fig. 6B). Moreover, a multivar-
iate analysis using the Cox proportional hazard model showed
that SASS6 overexpression was associated with a significantly
increased risk of a poor outcome in patients with kidney
renal clear cell carcinoma (HR, 1.515, 95% CI, 1.039-2.162,
P=0.0316) (Table III) and those with lung adenocarcinoma
(HR, 1.599; 95% CI, 1.030-2.578; P=0.0359) (Table IV). These
results, along with the results for colon cancer, suggest that
SASS6 overexpression is an independent predictor of a poor
survival outcome in patients with some types of cancers.

Low incidence of somatic SASS6 mutations in human cancer.
Finally, the presence of a somatic SASS6 mutation, another
type of cancer-specific genetic alteration, was examined in
12 cancer types including colon cancer using TCGA data.
The incidence of somatic nonsynonymous mutations of the
SASS6 gene was 0 to 3.2% among the cancers; if all the cancer
cases were combined, the incidence was 0.7% (29 out of 4,025
analyzed cases) (Table V). These results indicate that the influ-
ence of somatic mutations on SASS6 activation or inactivation
is extemely limited.
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Figure 5. Upregulation of SASS6 mRNA expression in diverse human cancers. A box-plot analysis was performed for SASS6 mRNA expression data (RSEM
data) from the following 11 cancer types: BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; HNSC, head and neck squamous cell carci-
noma; KICH, kidney chromophobe renal cell carcinoma; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LUAD, lung
adenocarcinoma; LUSC, lung squamous cell carcinoma; PRAD, prostate adenocarcinoma; THCA, thyroid carcinoma; and UCEC, uterine corpus endometrial
carcinoma. A Mann-Whitney U test was used to perform the statistical analysis and a P-value was provided if the upregulation of SASS6 expression was

detected in the tumor.
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Figure 6. Association of SASS6 overexpression with a poor survival outcome in patients with kidney renal clear cell carcinoma or lung adenocarcinoma.
Impact of SASS6 overexpression on overall patient survival in (A) kidney renal clear cell carcinoma (n=503) and (B) lung adenocarcinoma (n=440) using data
from TCGA database. The survival curves were generated using the Kaplan-Meier method. A cut-off value of 1.5-fold the mean SASS6 expression value in
non-cancerous kidney or lung tissue was used and the patients were divided into a low SASS6 expression group and a high SASS6 expression group.

Discussion

colonic cells, we established DLD-1 colon cancer cells induc-
ibly expressing SASS6; using this cell system, we then showed

In the present study, the SASS6 mRNA and protein expres-  that SASS6 overexpression induced centrosome amplification,
sion levels were shown to be upregulated in ~60% of primary  mitotic abnormalities such as chromosomal misalignment and
CRCs. To clarify the effect of SASS6 overexpression on  lagging chromosome and CIN. In primary CRCs, moreover,
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Table III. Cox proportional hazard analysis of potential predictors of a poor prognosis in kidney renal clear cell carcinoma
patients (n=503) using data from the TCGA database.

Univariate analysis

Multivariate analysis

Variable HR (95% CI)* P-value HR (95% CI) P-value
Gender
Male 0.926 (0.673-1.287) 0.6444
Female 1
Years
>60 1.800 (1.294-2.538) 0.0004 1.536 (1.101-2.170) 0.0112
<60 1
Stage
I, IV 4.194 (3.012-5.919) <0.0001 3.824 (2.733-5.423) <0.0001
IL1I 1 1
SASS6 expression®
High 1.805 (1.245-2.561) 0.0022 1.515 (1.039-2.162) 0.0316
Low 1 1

"HR, hazard ratio; CI, confidence interval. *A cut-off value of 1.5-fold the mean SASS6 expression value in non-cancerous kidney tissue was

used.

Table I'V. Cox proportional hazard analysis of potential predictors of a poor prognosis in lung adenocarcinoma patients (n=440)
using data from the TCGA database.

Variable

Univariate analysis

HR (95% CI)* P-value

Multivariate analysis

HR (95% CI) P-value

Gender
Male
Female

Years
=60
<60
Stage
1L, v
LI
SASS6 expression®
High
Low

0.954 (0.652-1.387) 0.8040
1

0.989 (0.655-1.533) 0.9596
1

2.712 (1.835-3.974) <0.0001
1

1.698 (1.097-2.732) 0.0167
1

2.640 (1.783-3.873) <0.0001
1

1.599 (1.030-2.578) 0.0359
1

HR, hazard ratio; CI, confidence interval. *A cut-off value of 1.5-fold the mean SASS6 expression value in non-cancerous lung tissue was used.

SASS6 overexpression was shown to be associated with an
increase in anaphase bridge formation. SASS6 upregulation
in colon cancer was also revealed using TCGA data and was
associated with a relatively poor survival outcome in analyses
using both the TCGA and GEO data. Finally, SASS6 expres-
sion was shown to be upregulated in a modest manner not only
in colon cancer, but also in 8 other distinct cancer types and
SASSG6 upregulation was also associated with a relatively poor
survival outcome in patients with two cancer types other than

colon cancer. These results suggest that SASS6 overexpres-
sion may be involved in the pathogenesis of CRC through the
induction of centrosome amplification, mitotic abnormalities
and CIN and SASS6 overexpression may be a predictor of
a poor survival outcome in patients with colon cancer. The
TCGA data also suggested that SASS6 overexpression is a
phenomenon that is relatively common in human cancer. These
findings may partly explain the earlier observation of a high
prevalence of centrosome amplification and CIN in human



736

SHINMURA et al: SASS6 OVEREXPRESSION IN COLORECTAL CANCER

Table V. Incidence of somatic nonsynonymous mutations of the SASS6 gene in human cancers using data from the TCGA

database.
No. of cases
TCGA No. of cases with nonsynonymous Incidence

Cancer type ID analyzed mutations (%)
Bladder urothelial carcinoma BLCA 130 0 00
Breast invasive carcinoma BRCA 991 4 04
Colon adenocarcinoma COAD 269 7 2.6
Head and neck squamous cell carcinoma HNSC 509 1 02
Kidney chromophobe renal cell carcinoma KICH 66 0 0.0
Kidney renal clear cell carcinoma KIRC 235 1 04
Kidney renal papillary cell carcinoma KIRP 171 1 0.6
Lung adenocarcinoma LUAD 561 5 09
Lung squamous cell carcinoma LUSC 178 2 1.1
Prostate adenocarcinoma PRAD 261 0 0.0
Thyroid carcinoma THCA 406 0 0.0
Uterine corpus endometrial carcinoma UCEC 248 8 32
Total 4,025 29 0.7

cancers. According to our knowledge, the present study is the
first study to describe aberrant SASS6 expression in human
cancer.

In the present study, SASS6 overexpression was observed
in primary CRCs from both our patient series and the TCGA
dataset. As demonstrated in our analysis, centrosome ampli-
fication, mitotic chromosome abnormalities, and CIN were
induced by SASS6 overexpression in colonic cells, and the
frequent appearance of centrosome and chromosome abnor-
malities in CRC has been previously reported (3,5,29,30). Thus,
SASS6 overexpression may contribute to the development of
CRC via the induction of centrosome and chromosome abnor-
malities. Notably, SASS6 overexpression was also observed
in 8 other cancer types including cancers of the urinary
bladder, breast, uterus, head and neck, kidney, liver, lung and
prostate, indicating that SASS6 upregulation is a relatively
common genetic abnormality in human cancer. At present, the
mechanism underlying the upregulation of SASS6 expression
remains uncertain. However, some possibilities, such as the
cancer-specific abnormal expression of miRNAs controlling
the level of SASS6 mRNA transcripts or transcription factors
regulating SASS6 expression or cancer-specific SASS6 gene
amplification, can be suggested in view of previous studies
regarding gene overexpression in cancer (31-33). Future
studies examining these points should help to clarify the cause
of SASS6 upregulation.

Our demonstration of the induction of centrosome amplifi-
cation by SASS6 overexpression in colonic cells was consistent
with the results of previous studies describing the induction of
centrosome amplification by the ectopic expression of SASS6
in U20S osteosarcoma cells (11,12,15,16). As possible mecha-
nisms linking centrosome amplification to CIN, centrosome
amplification has been suggested to result in abnormal mitotic
spindle formation and merotelic kinetochore-microtubule
attachment errors leading to the formation of lagging chro-

mosomes and these mitotic abnormalities evoke chromosome
missegregation, such as the occurrence of chromosomal
numerical changes (6-10,34,35). Thus, centrosome amplifi-
cation as a result of SASS6 overexpression was believed to
have induced CIN in the colonic cells in the present study. In
our analysis of the incidence of anaphase bridges in primary
CRC, a higher incidence of anaphase bridges was associated
with SASS6 overexpression. To date, several causative events
leading to anaphase bridge formation are known, including
centrosome amplification as a result of the expression of
oncogenic MET, the expression of human papilloma virus-16
E6 and E7 oncoprotein, the mutation of genes involved in the
function of the BAF complex, replication stress, and chromo-
some breakage (36-40). Thus, centrosome amplification as a
result of SASS6 overexpression may be related to anaphase
bridge formation in primary CRC. However, we cannot
completely deny the possibility that some unknown event that
co-occurs with SASS6 overexpression may be responsible for
anaphase bridge formation.

In the present study, SASS6 overexpression was clearly
shown to be an independent predictor of a poor survival
outcome among patients with cancer of the colon, kidney,
and lung. In all the analyses, the disease stage was identi-
fied as an independent predictor of a poor survival outcome,
suggesting that the presently performed analyses were valid.
Since previous studies have shown that CIN is associated with
a poor patient prognosis (3,5) and an association between
SASS6 overexpression and CIN was shown in the present
study, CIN may be involved in the relationship between
SASS6 overexpression and the poor prognosis of patients
with the above-mentioned cancers. Additionally, since centro-
some amplification has recently been shown to be capable
of mimicking and strengthening the effects of oncogenes in
triggering cellular invasion (41), this phenotype arising from
centrosome amplification induced by SASS6 overexpression
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may also be involved in the relationship between SASS6 over-
expression and a poor prognosis.

In contrast to SASS6 overexpression, the incidence of
somatic SASS6 nonsynonymous mutations was extremely low
across the 12 human cancers that were examined in this study.
An activating BRAF p.V60OE mutation is known to be common
in cancer and to cause centrosome amplification and CIN (42)
and an inactivating BUB1B mutation noted in premature
chromatid separation (PCS) syndrome is also known to cause
centrosome amplification (43). Nevertheless, the low incidence
of SASS6 mutations observed in our investigation suggests that
a similar activating or inactivating mutation in the SASS6 gene
is either rare or non-existent in human cancer. In conjunction
with the SASS6 expression data, the above findings suggest
that SASS6 overexpression, but not SASS6 mutation, is likely
to be frequently involved in the pathogenesis of human cancer.

In conclusion, we demonstrated that SASS6 expression is
upregulated in primary CRC and that SASS6 overexpression
induces centrosome amplification, mitotic abnormalities, and
CIN in colonic cells and is thus a predictor of a poor survival
outcome among patients with colon cancer. We also demon-
strated that SASS6 overexpression is common in diverse
human cancers and is associated with a poor prognosis in two
more cancers. These findings suggest that SASS6 overexpres-
sion may be involved in the pathogenesis of diverse human
cancers, particularly CRC.
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