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YBX2 and cancer testis antigen
45 contribute to stemness,
chemoresistance and a high
degree of malignancy in human
endometrial cancer

Izumi Suzuki®%7, Sachiko Yoshida?’, Kouichi Tabu?, Soshi Kusunoki', Yumiko Matsumura?,
Hiroto Izumi*, Kazuo Asanoma?, HiroshiYagi?, Ichiro Onoyama?, Kenzo Sonoda®,
Kimitoshi Kohno®, Tetsuya Taga?, Atsuo Itakura’, Satoru Takeda® & Kiyoko Kato?**

Y-box binding protein 2 (YBX2) has been associated with the properties of both germ cells and cancer
cells. We hypothesized that YBX2 might contribute to the characteristics of cancer stem cells (CSCs). In
this study, we clarified the function of YBX2 in endometrial cancer stem cells. We established a human
YBX2-expressing Ishikawa (IK) cell line (IK-YBX2 cells). We analyzed gene expression associated with
stemness and isolated SP cells from IK-YBX2 cells. The SP population of IK-YBX2 cells, the expression
of ALDH1 and serial sphere-forming capacity were associated with levels of YBX2 expression. IK-YBX2
cells were resistant to anti-cancer drugs. In gene expression analysis, a gene for cancer testis antigen,
CT45, was generally overexpressed in IK-YBX2 cells. YBX2-mediated CT45 expression was associated
with increased levels of self-renewal capacity and paclitaxel resistance. The level of CT45 expression
was enhanced in high-grade and/or advanced stages of human endometrial cancer tissues. We
conclude that expression of YBX2 is essential for the stem cell-like phenotype. CT45 contributes to
stemness associated with YBX2 and might be related to the progression of endometrial cancer.

Endometrial cancer is the most common gynecological cancer for women in high-income countries and inci-
dences are increasing"?. Whereas prognoses of patients with low-grade and early-stage endometrial cancer
are good, the outcomes of those with high-grade and metastatic or recurrent cancer remain poor with current
diagnostic methods and treatments, like poor stratification into treatment regimens and lack of targeted therapy
approach’®. To eliminate cancer in patients with poor prognoses, we need to achieve more knowledge on resist-
ance mechanisms and develop better markers and treatment strategies to combat this.

CSCs constitute a small subpopulation of cells within tumors with the capacity for self-renewal and multi-
potential differentiation*’. Recent studies have suggested that CSCs are present in several types of malignant
tumors, such as leukemia®’, breast cancer® and brain tumors’. CSCs have properties such as quiescence, high
activity of several ATP-binding cassette transporters (ABC transporters), an active DNA-repair capacity and
anti-apoptosis activity. Therefore, they are often resistant to chemotherapy and are able to facilitate the regrowth
of tumors'.

There are several methods that can be used to identify CSCs. CD133, CD44 and aldehyde dehydrogenase
1 (ALDH1) are enriched in CSCs and are used for their identification'!. Side-population (SP) cells, a stem
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«Figure 1. The expression of YBX2 contributed to the characteristics of cancer-stem cells. (a) YBX2-
overexpressing Ishikawa (IK) cell lines were established by transfection with the pcDNA3 vector containing
YBX2 cDNA. YBX2 protein expression in three established IK-YBX2 cells was confirmed by Western blotting.
Full length blots are shown in Supplementary Fig. S5a online. (b) SP cells were isolated from two IK-YBX cell
lines (C1 and C2) and mock cells. SP cells from IK-YBX2 CI cells were cultured for two weeks and re-analyzed
by flow cytometry. Similar results were obtained from independent experiments on another clones. (c) The
expression of ALDH1 in all three IK-YBX2 cells (each clone: C1, C2, C3) and mock cells was investigated by
real-time PCR. GAPDH level was used as internal standards. Relative ratios are represented as the means+SD
from three independent experiments (C1 p=0.072, C2 p=0.119, C3 p=0.066). (d) The serial spheres formation
assays were performed using IK-YBX2 C1 cells and IK-mock cells. Sphere formation was counted at passage (P)
1 to 5. The serial sphere forming capacity, was enhanced in IK-YBX2 CI cells compared with in IK-mock cells.
(P3: **p<0.01, P4, P5: *p<0.05).

cell-enriched subpopulation, are identified by flow cytometry based upon their ability to pump out intracellular
Hoechst 33342'"12, Elevated expression of ABCG2/BCRP1, the ABC transporter protein, is associated with the
SP phenotype'®. Established malignant cell lines retain SP cells as a minor subpopulation even after long-term
culture'®. We have isolated SP cells from a human endometrial cancer cell line (Hec-1 cells) and rat endometrial
cells expressing oncogenic human K-Ras protein (RK12V cells). We have previously showed that SP cells of
endometrial cancer show CSC characteristics'>'®.

Y-box-binding proteins belong to the human cold-shock domain protein superfamily. They include dbpC/Y-
box-binding protein 2 (YBX2), Y-box binding protein 3 (YBX3), and dbpB/YB-1. Y-box-binding proteins play
arole in a variety of environmental stress reactions such as responses to low temperatures. Cold shock proteins
(CSP), which are induced by low temperatures, control transcriptional and translational processes. These proteins
act as a basic defense system'”. YBX2 is a germ cell-specific Y-box-binding protein. It is expressed in the germ
cells of adult testes and in developing fetal testes and ovaries, but not in any other normal tissues'®'®. The func-
tion of YBX2 includes the storage and translation of mRNAs in germ cells. The YBX2 gene is expressed in early
embryogenesis. However, little is known about its function. Kohno et al. reported that YBX2 is expressed in the
placenta, in germ cell tumors and various human carcinomas'’. Its restricted pattern of expression suggests that
it might be associated with cancer/testis antigens (CTAs).

CTAs are human tumor antigens. CTAs are expressed in various types of human cancer, whereas they
are restricted to normal germ cells?®. Therefore, CTAs are markers for diagnoses and targets for therapies in
cancer?'. Moreover, several CTAs are expressed at high levels in CSC-like populations isolated from various
tumor types®>*. Because the restricted expression pattern of YBX2 is similar to CTAs associated with the CSC
phenotype, we hypothesized that YBX2 might contribute to the characteristics of CSCs. Here, we have analyzed
YBX2 function and YBX2-induced genes.

Results
YBX2 was expressed focally in human endometrial cancer tissues: expression levels were ele-
vated in SP cells. The characteristics of patients in the present study are shown in Supplementary Table S1
online. Endometrioid carcinomas were defined as follows: well-differentiated, grade 1; moderately differentiated,
grade 2; poorly differentiated grade 3. First, we confirmed YBX2 protein expression in human endometrial can-
cer tissues. The entire slide was evaluated with the Allred scoring system in 2 categories (stain intensity and stain
pattern) (Supplementary Table S2 online). YBX2 was expressed focally (Supplementary Fig. Sla online) and the
number of positive cases with the Allred scoring system was higher in grade 3 than grade 1 (Supplementary
Table S3 online). These results demonstrated that YBX2 was expressed in a higher proportion of cancer tissues
in high grade cases than low grade cases.

Next, to confirm the contribution of YBX2 gene expression in SP cells, we investigated YBX2 expression levels
in Hecl SP cells and non-SP (NSP) cells by real-time PCR. The level of YBX2 gene expression was enhanced in
Hecl SP cells compared with that in Hecl NSP cells (Supplementary Fig. S1b online).

Forced expression of YBX2 contributed to increases in the stem-like cell population. IK cell
populations include few SP cells. To confirm the effect of YBX2 expression on the frequency of SP cells, we
established IK cells that overexpressed YBX2 (IK-YBX2 cells) as described in “Methods” Three different clones
were established (Fig. 1a). We analyzed the proportion of SP cells in two IK-YBX2 cell lines (C1 and C2) and in
mock cells. The populations of SP cells were larger in both clones of IK-YBX2 cells compared with mock cells
(C1, 0.69%, C2, 0.59% and mock 0.048%) (Fig. 1b). Then, SP cells and NSP cells from IK-YBX2 C1 cells were
cultured. SP cells from the IK- YBX2 cells (IK-YBX2 SP cells) grew for at least 8 weeks. In contrast, NSP cells
from the cultures stopped growing within 2 weeks (data not shown). These results were consistent with our
previous data with Hec1-SP cells and -NSP cells'®. Next, SP cells were isolated from IK-YBX2 cells that had been
cultured for two weeks and then re-analyzed again by flow cytometry. Intriguingly, the proportion of SP cells was
remarkably enhanced (25%) (Fig. 1b).

The level of ALDH]I, which is a marker for both normal stem cells and cancer stem cells?*, was investigated
by real-time PCR. The levels of ALDHI expression were increased in all 3 IK-YBX2 clones compared with that
in mock cells, however the differences were not significant (C1 p=0.072, C2 p=0.119, C3 p=0.066) (Fig. 1c).
Next, we performed serial sphere formation assays, which shows self-renewal potential®. We used IK-YBX2 C1
cells and IK-mock cells. Sphere formation was counted at passages (P) 1 to 5. The serial sphere forming capacity
was enhanced in IK-YBX2 cells compared with IK-mock cells (Fig. 1d).
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The knockdown of YBX2 reduced SP cells and ALDH1. Next, we knocked down YBX2 gene expres-
sion in IK-YBX2 C1 cells using 3 different types of YBX2-siRNAs described in “Methods”. The levels of YBX2
protein and gene expression were investigated by Western blotting and real-time PCR. Two types of siRNA (No.
1 and No. 3) reduced the expression of YBX2 protein (Fig. 2a). The level of YBX2 expression was significantly
decreased in IK-YBX2 C1 siRNA No. 3 cells (p<0.05) (Fig. 2b). Downregulation of YBX2 using both siRNAs
(No. 1 and No. 3) decreased the population of SP cells compared with that using control siRNA (siRNA No. 1,
0%, siRNA No. 3; 0.003%, control siRNA 0.76%) (representative data Fig. 2c). The percentage of SP cells in IK-
YBX2 C1 cells was lower than that in YBX2 in 3 independent experiments (p <0.05) (Fig. 2d). Moreover, the
levels of ALDH1 expression were significantly decreased in cells treated with IK-YBX2 C1 siRNA No. 1 and No.
3 compared with IK-YBX2 C1 control siRNA cells (p <0.05) (Fig. 2e).

YBX2 suppressed cell growth in vivo, and kept the cell cycle at the GO/G1 phase transi-
tion. Stem cells show a slow growing phenotype®. We subcutaneously injected IK-YBX2 C1 and C3 cells or
mock cells into the dorsal hypodermis of nude mice. We found that the tumor sizes from IK-YBX2 was smaller
than those generated by mock cells (Supplementary Fig. S2a online). To clarify the mechanism of lower growth
rate, we performed cell cycle analysis. Flow cytometric analyses revealed that the ratio of the IK-YBX2 C1 cell
population in the S phase and G2/M phase did not change until 12 h of culture. On the other hand, the ratio of
the IK mock cell population in S phase was significantly increased after 6 h of culture. Furthermore, the frac-
tion of the IK mock cell population in the G2/M phase was also significantly increased at 6 and 12 h (p<0.05)
(Supplementary Fig. S2b online). These results demonstrated that YBX2 expression decreased the GO/G1 phase
transition of cell cycle, resulting in slow- cycling, which is one of the characteristics of stem cells.

YBX2 induced CT45A5 expression in endometrial cancer cells. Next, to identify the genes that
contributed to increased stemness by YBX2 expression, we analyzed enhanced gene expression of IK-YBX2 cells
and mock cells using microarray analysis. We identified 751 genes that were upregulated more than twofold in
IK-YBX2 C1 cells compared with those in IK-mock cells. CT45A5 was the most upregulated gene in IK-YBX2
C1 cells, compared with mock cells (Supplementary Table S4 online), and the same result was obtained in IK-
YBX2 C3 cells and IK-YBX2 C1 SP cells, compared with mock cells.

CT45, a cancer testis antigen, was initially identified using massively parallel signature sequencing (MPSS)
in 2005, The CT45 family is comprised of six very similar genes (CT45A1 to CT45A6) that are clustered in
tandem on Xq26.3.

By using real-time PCR, we assessed the level of CT45A5 mRNA. CT45A5 expression in IK-YBX2 cells (C1
and C3) was increased more than 900-fold compared with that in mock cells (C1, C3: p<0.01) (Fig. 3a). Next,
we investigated YBX2 protein expression. We monitored co-expression of YBX2 and CT45 in IK-YBX2 cells by
immunofluorescence staining using an antibody detecting CT45. We observed co-expression of YBX2 and CT45
in the cytoplasm of IK-YBX2 C1 cells (Fig. 3b). Finally, we stained for an antibody detecting CT45A5. Western
blotting analysis showed that the expression of CT45A5 was markedly increased in IK-YBX2 C1 cells compared
with that in mock cells (Fig. 3¢).

CT45A5 expression was critical for an increase of self-renewal capacity in IK-YBX2 cells. In
order to analyze the function of CT45A5, we knocked down CT45A5, which was overexpressed in IK-YBX2
cells, using 3 untranslated region (3-UTR) shRNAs as described in Supporting information (Supplementary
Table S5 online). To exclude off-target effects of sShRNA, we also established cells which were rescued for CT45
by introducing CT45 cDNA without 3-UTR into CT45 knockdown cells (Fig. 4a). Suppression was achieved
with a ShRNA technique as described in “Methods” We performed serial sphere forming assays. Representative
IK-YBX2-shCT45 and sh control spheres generated from a single cell after 14 days in non-adherent culture are
shown (Fig. 4b, scale bar 150 pm). Sh control cells produced typical nonadherent spheres, while shCT45 cells
had reduced sphere-forming ability that was less than sh control cells (Fig. 4b). The number of tumorspheres/
32 wells was counted in 5 consecutive passages. Upon serial passage from P1-P5, sphere formation efficiency
gradually increased in sh control cells. Conversely, shCT45 generated few tumorspheres during passage (Fig. 4c).
Although similar results were obtained from CT45-rescued C1 and C3, no significant difference was shown in
C1. It is not certain whether there are off-target effects in CT45sh (Fig. 4d). These results suggested CT45 con-
tributed to self-renewal and that it was related to YBX2 expression.

The expression of YBX2 and CT45 increased cells’ resistance to paclitaxel, but not cisplatin
or carboplatin. CSCs possess elevated chemo-resistance due to their ability to expel drugs through ABC
transporters, the activities of which define the side population phenotype?. Furthermore, Rahadiani et al. dem-
onstrated that ALDH1-high expressing cells were more resistant to anti-cancer agents than ALDH1-low express-
ing cells in endometrial cancers®. Therefore, we performed chemosensitivity assays with IK-YBX2 cells and IK
mock cells. Doxorubicin plus cisplatin is the standard postoperative adjuvant chemotherapy regimen for endo-
metrial cancer at a high risk of progression. However, in many countries, a combination of paclitaxel and car-
boplatin therapy (TC therapy) is an alternative postoperative adjuvant regimen for endometrial cancer because
of efficacy and tolerability?. Therefore, we investigated chemosensitivity of paclitaxel, carboplatin and cisplatin.
In the presence of paclitaxel, the number of IK-mock cells decreased over time. In contrast, during treatment
with paclitaxel, the number of IK-YBX2 C1 cells was not changed for the first 6 days and actually increased after
8 days. On days 6 and day 8, there was a significant difference in viable cell numbers between the 2 cell groups
(day 6: p<0.05; day 8: p<0.01) (Fig. 5a). Thus, the expression of YBX2 elevated the cells’ resistance to paclitaxel.
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Figure 2. The effect of the knockdown of YBX2. (a) The level of YBX2 protein expression was investigated

by Western blotting. Full length blots are shown in Supplementary Fig. S5b online. (b) The level of YBX2

gene expression using two siRNAs (No.1 or No.3) was investigated by real-time PCR. GAPDH level was used

as internal standards. Relative ratios are represented as the means + SD from three independent experiments
(*p<0.05). (c) Downregulation of YBX2 protein using two siRNAs led to significant decreases in the population
of SP cells compared with that using control siRNA. (d) The percentage of SP cells was decreased in IK-YBX2
C1 siRNAs cells compared with IK YBX2 C1 control siRNA cell from three independent experiments (*p <0.05).
(e) The level of ALDH]I expression was decreased in IK-YBX2 C1 siRNAs No.1 and No.3 compared with
IK-YBX2 C1 control siRNA cell. HPRT level was used as internal standards (*p <0.05).

Scientific Reports | (2021) 11:4220 | https://doi.org/10.1038/s41598-021-83200-5 nature portfolio



www.nature.com/scientificreports/

%k

d c [ {

S 1200 -

a —_

¢ 1000

o

3 800

wn

5 600

5 400

g 200

= 0 ‘ ;

= IK-YBX2 C1  IK-YBX2 C3 IK-mock
b | mvexo/ mcras/ moap)

YBX2 CT45 DAPI merge

IK-mock
NC

IK-YBX2 C1
NC

IK-mock

IK-YBX2 C1

IK-YBX C1 IK-mock

YBX2 50 wmm

CT4A5A5 25 =mm

GAPDH 37 wmm

-

Figure 3. The levels of CT45A5 gene and protein expression were significantly increased in IK-YBX2 cells
compared with those in mock cells. (a) The level of CT45A5 expressed in IK-YBX2 cells (C1 and C3) was
increased more than 900-fold compared with that in mock cells. GAPDH was used as internal control. Data
represent the means+ SD from three independent experiments. (**p <0.01). (b) YBX2 and CT45 expression
levels in IK-YBX2 C1 cells were detected by fluorescence microscopy. Co-expression of YBX2 and CT45 in the
cytoplasm of IK-YBX2 C1 cells was observed. Scale bars: 10 pm. (c) The levels of both proteins of YBX2 and
CT45 were markedly increased in IK-YBX2 C1 cells and compared with that in mock cells. Full length blots are
shown in Supplementary Fig. S5¢ online.

Next, to investigate the contribution of CT45 to the chemo-resistance of IK-YBX2 cells, we used 2 different
clones of IK-YBX2-shCT45 and IK-YBX2-sh control cells in the same assay. Although the number of IK-YBX2-sh
control cells increased, the number of IK-YBX2-shCT45 cells did not change over time. There were significant
differences in the viable cell number between IK-YBX2-shCT45 and IK-YBX2-sh control cells at day 6 (p <0.05)
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Figure 4. Effects of CT45 expression on self-renewal in endometrial cancer cell lines. To investigate of CT45
expression, stable knockdown of CT45 of IK-YBX2 cells and CT45 gene-rescued cells of them were established.
(a) The level of CT45 expression of established cells was investigated by Western blotting. shRNAs significantly
reduced the expression of CT45 (lane 3, 4 vs lane 5, 6), and the proteins were rescued using relevant gene
expression (lane 7, 8 vs lane 9, 10). Full length blots are shown in Supplementary Fig. S5d online. (b) The serial
spheres formation assays were performed using two different clones of IK-YBX2-shCT45 and IK-YBX2-sh
control cells respectively. Representative spheres generated from a single cell after 14 days in non-adherent
culture were shown (scale bar 150 pm). (c) Sphere formation was counted at passage (P) 1 to 5. The serial
sphere forming capacity, was reduced in IK-YBX2-shCT45 cells compared with in IK-YBX2-sh control cells
(*p<0.01, *p<0.05). (d) To exclude off target effect of sShRNA, we also established cells which were rescued
CT45 expression by introduction of CT45 cDNA into each clone of CT45 knocked down cells. Upon serial
passage from P1-P4, IK-YBX2-shCT45-mock cells generated few tumorsphere during passages. Conversely,
sphere formation efficiency was increased in IK-YBX2-shCT45-CT45 rescued cells and a significant increase
was observed in of IK-YBX2 C3-shCT45-CT45 rescued cells (*p <0.05). Data represent the means+ SD from
three independent experiments.
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Figure 5. The expression of YBX2 and CT45 caused resistance to paclitaxel. (a) Chemosensitivity assay with
IK-YBX2 C1 cells and IK mock cells. The number of IK-mock cells decreased over time after treatment with
paclitaxel, while that of IK-YBX2 CI1 cells was not changed. There were significant differences in the viable cell
number at day 6 (*p <0.05), and day 8 (**p<0.01). (b) Chemosensitivity assay with IK-YBX2 C1 and C3-shCT45
cells and sh control cells was performed. The number of sh control cells increased over time. In contrast, the
number of IK-YBX2-shCT45 cells decreased. There were significant differences in the viable cell number at day6
and day8 (*p<0.05, **p<0.01). (c) Chemosensitivity assay with IK-YBX2-shCT45-CT45 rescued cells and mock
cells. Similar to IK-YBX2 cells, CT45-rescued cells displayed the stronger resistance to paclitaxel. There were
significant differences in the viable cell number at day6 and day8 (*p <0.05). Data represent the means + SD from
three independent experiments.

and day 8 (p<0.01) (Fig. 5b). Furthermore, CT45-rescued IK-YBX2-shCT45 cells displayed greater resistance
to paclitaxel. There were significant differences in the viable cell number at days 6 and 8 (p <0.05) (Fig. 5¢). We
performed the same assay using cisplatin and carboplatin. The results obtained with the clones were different,
and the data did not show an association between CT45 levels and platinum-resistance (Supplementary Fig. S3
online). These results suggested that the expression YBX2 and CT45 increased cells’ resistance to paclitaxel, but
not cisplatin or carboplatin.

CT45A5 was overexpressed in high grade endometrial cancer. Finally, we used immunohisto-
chemistry to investigate the expression of CT45A5 in endometrial cancer tissue. The characteristics of patients
used in this study are shown in Supplementary Table S6 online. Samples of endometrial cancer tissue showed

Scientific Reports|  (2021) 11:4220 | https://doi.org/10.1038/s41598-021-83200-5 nature portfolio



www.nature.com/scientificreports/

Grading Positive | Negative | Positive/total (%)
Gl 28 34 45.1

QG2 11 11 50.0

G3 17 5 77.2(%)

Clear 10 2 83.3(%)

Serous 11 1 91.6(*)

Staging Positive | Negative | Positive/total(%)
I 51 46 52.5

1I 4 4 50.0

I 21 1 95.4(*)

v 1 2 333

Death cases |8 1 88.8

Table 1. Expression pattern of CT45A5 in endometrial cancer tissue. Expression of CT45A5 in endometrial
cancer tissues was investigated by immunohistochemistry. Patient characteristics are shown in Supplementary
Table S6 online. The entire slide was evaluated by the Allred scoring system in which two categories (stain
intensity and stain pattern) were evaluated as described in Supplementary Table S2. The positive level of
CT45A5 in undifferentiated cancer cells involved in G3/serous/clear was significantly higher than that in the
G1 group. The level of CT45A5 in advanced cases was significantly higher than that in stage I (*p <0.05).

several patterns of staining: strong to moderate, partial staining and negative staining (Supplementary Fig. S4
online). The entire slide was evaluated with the Allred scoring system in 2 categories (stain intensity and stain
pattern) (Supplementary Table S2 online). Normal endometrium did not express CT45A5. We analyzed the cor-
relation between the expression level of CT45A5 and the histological staging and grade (Table 1). The positive
level of CT45A5 in undifferentiated cancer cells in grade 3 (including serous and clear cell histology) was signifi-
cantly higher than that in the grade 1 group. The level of CT45A5 in advanced cases was significantly higher than
that in stage . Because the number of cases in Stage IV was very low, there was no significant difference between
Stage I and Stage IV along with the level of CT45A5. However, 9 of 10 postmortem samples tended to be positive
for CT45A5. We conducted a prognosis analysis, and detected significant differences in progression-free survival
and overall survival (Fig. 6a, 6b, p=0.0206 and p =0.0145 respectively). These data suggested that the expression
of CT45A5 was correlated with high tumor grade and stage.

Discussion

In previous reports, the expression of YBX2 has been well described, but little is known about its function. The
pattern of YBX2 expression is similar to that of CTAs, and several CTAs are expressed in CSC-like populations?*?*.
Therefore, we hypothesized that YBX2 might contribute to the unique characteristics of stem cells. Because few
studies have focused on the relationship between YBX2 and cancer stem cells, we examined how YBX2 contrib-
uted to the characteristics of CSCs.

First, we showed that the proportion of SP cells was enhanced in both Hec-1 cells and IK cells that overex-
pressed YBX2 compared with mock cells. This is the first report demonstrating that the introduction of a single
gene increased the proportion of SP cells in an endometrial cancer cell line. Furthermore, the levels of ALDH1
expression and serial sphere forming activity were enhanced in IK-YBX2 cells compared with IK-mock cells,
thereby demonstrating that YBX2 expression is related to stemness.

The proportion of endometrial cancer SP cells was inherently quite small (0.05% in parental IK cells). Thus,
it was difficult to identify CSC-specific markers. However, the introduction of YBX2 enhanced the proportion
of SP cells, and we were able to perform microarray analysis to identify genes overexpressed in IK-YBX2 cells.
We found that the CT45A5 gene, which is one of the CTAs, was overexpressed in IK-YBX2 cells. CTAs were
initially identified as immunogenic tumor antigens®. They are normally expressed in the germ cells of adult
testis and developing fetal testis and ovary, but not in any other normal tissue?™*!. They are also expressed in
about 40% of human cancers, such as lung cancer, breast cancer, ovarian cancer, melanoma and urinary bladder
carcinoma. Thus far, more than 200 cancer testis antigens have been identified. CT45 is one of the CTAs and 6
types have been identified (CT45A1 to CT45A6)%.

In the present study, microarray analysis showed that CT45A5, but not other types of CT45, was upregulated.
CT45 is dynamically expressed during embryonic development and is silenced after birth, but is reactivated in
various cancer cell types in a favored tumor microenvironment. CT45 expression has been detected in human
cancers, such as lung cancer, ovarian cancer, classical Hodgkin’s lymphoma and diffuse large B-cell lymphoma.
In contrast, no evidence of CT45 protein expression has been seen in any non-testicular normal tissue®.

In addition, we demonstrated that CT45 was associated with self-renewal ability and anticancer drug-resist-
ance. Shang et al. proposed that overexpression of CT45A1 activated the transcription of multiple oncogenic
and metastatic genes, promoted EMT and increased breast cancer cell stemness and invasion®?. These results
suggested that CT45 supports characteristics of CSCs.

CT45 expression is reportedly associated with poor prognosis®'—**. We demonstrated that CT45 expression
was increased in undifferentiated cancer cells and higher clinical stage in endometrial cancer cases. Several
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Figure 6. Prognosis analysis of CT45A5 in endometrial cancer tissue was evaluated by the Allred scoring
system in which two categories (stain intensity and stain pattern) were evaluated as described in Supplementary
Table S2. (a) Progression-free survival curves were plotted using the Kaplan-Meier method and compared using
the log-rank test. (p=0.0206). (b) Overall survival curves were plotted using the Kaplan-Meier method and
compared using the long-rank test. (p=0.0145).

CTAs are considered to be targets for cancer immunotherapy because CTAs are expressed in various cancer
types whereas their expression is restricted in normal tissues. Cancer vaccine trials based on several CTAs are
currently ongoing®. CT 45 might be an ideal target in cancer immunotherapy, in particular, for CSCs.

In summary, our study demonstrated that the expression of YBX2 contributed to the stem cell-like phenotype
in endometrial cancer stem cells. Moreover, YBX2 induced the expression of cancer testis antigen, CT45, which
has the potential for maintaining the stemness of such cells.

Methods

Patients and samples. Endometrial cancer patients (130 total: 100 from Juntendo University and 30 from
Kyushu University) constituted the participants in the study. All patients underwent surgical resection between
1994 and 2008 and subsequently received radiation therapy and chemotherapy. This study was approved by
the bioethics committee of Juntendo University (project number: 21043) and the ethical committee of Kyushu
University (project number: 622). This study complied with the guidelines of both universities. All patients gave
written informed consent. For death cases Informed consent obtained from a parent and/or legal guardian.

Immunohistochemistry. Paraffin sections were deparaffinized, and rehydrated. Slides were washed in
PBS, and immune-labeled with primary antibodies against CT45 and YBX2 overnight at 4 °C after incuba-
tion with Protein Block Serum Free (Dako, Carpentaria, CA) to eliminate nonspecific binding. The slides were
then rinsed with PBS and incubated with anti-rabbit secondary antibody (DAKO Envision + Dual Link System
HRP; Dako) at room temperature for 1 h. Visualization of the immunoreaction was carried out by incubation
with 3,3-diaminobenzidine (DAB). Finally, sections were counterstained with hematoxylin. The antibodies used
with dilution and providers are listed in Supplementary Table S7 online. Immunohistochemistry staining was
detected under the BZ-X710 microscope (Keyence, Osaka, Japan). The entire slide was evaluated with the All-
red scoring system®®: two categories (stain intensity and stain pattern) were evaluated (Supplementary Table S2
online).

Plasmids. The pcDNA3vector was purchased from Invitrogen (Carlsbad, CA). The pEGF-YBX2 expression
vector was a gift from Dr. Kimitoshi Kohno. We cut the fragment containing YBX2 from the pEGF-YBX2 expres-
sion vector with EcoRI and ligated it into the EcoRI site of the pcDNA3 vector.
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Cell lines and cell culture. Two endometrial cancer cell lines, Ishikawa (IK) and Hec-1 were used in this
study. IK cells were purchased from Sigma-Aldrich (St. Louis, MO). The Hec-1 cell line was established by Kura-
moto et al. from a human endometrial adenocarcinoma explant®’, and were purchased from the JCRB Cell Bank.
Cells were grown in DMEM supplemented with 10% fetal bovine serum, penicillin, and streptomycin.

IK cells and Hec-1 cells harboring YBX2 were established by transfection with the pcDNA3 vector containing
YBX2 cDNA. Transfection was performed with the Amaxa Cell Line Nucleofector Kit L (Lonza, Basel, Switzer-
land) according to the manufacturer’s protocol as performed before in our study®®. The cells were transfected
by using program T-020 and the sample was transferred to six-well plates. Stably transfected cells were selected
and isolated in growth medium containing 400 pg/mL of G418 (Invitrogen).

Isolation of SP cells. SP cells were isolated as previously described!*!°. Cell suspensions (10° cells/mL)
were labeled with 2.5 ug/mL Hoechst 33,342 dye (Molecular Probes, Eugene, OR) in DMEM at 37 °C for 90 min
with or without 50 uM verapamil (Sigma-Aldrich). To detect dead cells, we counterstained with 1.25 ug/mL
propidium iodide. The cells were then analyzed with a FACS Vantage fluorescence-activated cell sorter (Becton
Dickinson, Franklin Lakes, NJ) using dual wavelength analysis (blue, 424-444 nm; red, 675 nm long pass) after
excitation with 350 nm UV light.

Total RNA extraction. Total RNA was extracted from cells using the RNeasy Plus Mini Kit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions for QIAshredder (Qiagen). cDNA was generated by
reverse transcription using ReverTra Ace a (Toyobo, Osaka, Japan).

Real-time quantitative PCR analysis. Real-time PCR was carried out using a 7500 Real-Time PCR
System with SDS RQ Study software ver. 2.0.6 (Applied Biosystems, Foster city, CA). cDNA templates were com-
bined with SYBER Green premix with ROX (Takara, Shiga, Japan) to perform quantitative-PCR reactions. Each
gene’s expression level was then compared relative to GAPDH or HPRT levels as internal standards. The primers
are listed in Supplementary Table S8 online.

Western blotting. Cellular proteins were extracted with lysis buffer (CelLytic M Cell Lysis Reagent; Sigma-
Aldrich) with protease inhibitors (Protease Inhibitor Cocktail; Sigma-Aldrich). Equal amounts of proteins were
loaded per lane, separated by SDS-PAGE and transferred to a nitrocellulose or polyvinylidene difluoride mem-
brane. The membranes were incubated with diluted primary antibodies overnight at 4 °C, and then were incu-
bated with horseradish peroxidase-linked secondary antibody. The blots were visualized by ECL using Chemi-
Doc XRS + System (Bio-Rad, Hercules, CA)*. The antibody dilutions and providers are listed in Supplementary
Table S7 online.

Sphere formation assay. Cells (1 x 10) were plated in DMEM/F12 (Gibco, Waltham, MA) supplemented
with B27 (Invitrogen), 20 ng/mL epidermal growth factor (EGF: Peprotech) and 20 ng/mL basic fibroblast
growth factor (bFGF: Reprocell, Japan) on a low attachment 6-well plate (Corning, Kennebunk, ME). After
14 days, cells formed non-adherent spheres (P0). For serial passage, spheres were dissociated in Accutase (Inno-
vative Cell Technologies Inc, San Diego, CA) and attained a single-cell suspension through a cell strainer with
40-um nylon mesh. A single cell was plated in the above medium in each of 32 wells using 96-well, ultra-low
attachment plates (Corning) and cultured for 2 weeks. Spheres were counted from the first through the fifth
generation (P1-P5) under a microscope*®*!. Spheres with diameters>50 pm were counted.

YBX2 siRNA experiment. YBX2 siRNAs and negative control siRNA, which does not target any known
cellular mRNA, were purchased from Invitrogen as follows: primer set YBX2, Human 2 Invitrogen, YBX2 stealth
select RNAi 1 (YBX-HSS-181856), 2 (YBX-HSS-5192556), 3 (YBX-HSS-147268) and negative control (YBX-
HSS-12935300). Transfection was performed with the Amaxa Cell Line Nucleofector Kit L (Lonza). After 24, 48
or 72 h, the cells were used for analyses.

In vivo tumor formation assay. To initiate tumor formation, 1x10° cells in 100 uL 1:1 DMEM and
Matrigel (BD Matrigel Basement Membrane Matrix High Concentration; Becton Dickinson) solution were
injected into the subcutaneous connective tissue of five-week-old nude mice (Balb/c nu/nu). The size of each
tumor was measured every week. Tumor volume was calculated according to the following formula: tumor vol-
ume (mm?)=0.5 x (major diameter) x (minor diameter)?. All mouse experiments were approved by the animal
ethics committee of Kyusyu University (project number: A30-220) and complied with the guidelines of animal
care of Kyusyu University. The study was carried out in compliance with the ARRIVE guidelines.

Cell cycle analysis by flow cytometry. Cells were seeded into 6-well plates with 2 mL of culture medium.
One day after seeding, the medium was replaced with 2 mL of serum-free culture medium. After 48 h, cells were
refed with serum-containing culture medium. After 6, 12, 24, 36 and 48 h of culture, cells were collected and
fixed in cold 70% ethanol. Then, cells were centrifuged (1500x g, —4 °C), washed with PBS and stained with
propidium iodide solution (Sigma-Aldrich) containing RNase A (100 mg/mL, Qiagen). The cells were then used
for flow cytometric analyses (BD FACSCalibur, Becton Dickinson) using ModFit LT analysis software ver. 3.3.11
(Verity Software House, Inc., Topsham, ME).
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Microarray. Microarray analysis was performed by CERI customer service (Saitama, Japan) in accordance
with the instructions for One-Color Microarray-Based Gene Expression Analysis, ver 6.0. The integrity of the
RNA was checked using an RNA 6000 Nano kit and 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA)
as performed previously in our study*’. Hybridization and washing were performed in accordance with the
instructions of the manufacturer. Whole human Genome Array (4 x 44 K) ver. 2.0 (G4845A) (Agilent Technolo-
gies) was used to assess upregulated genes in a set of IK-YBX2 cells compared with that in mock cells. After
washing, slides were scanned with an Agilent Microarray Scanner, and data were converted to gene expression
data with Agilent Feature Extraction software ver. 10.7.1.1 Data were normalized by Agilent GeneSpring GX
11.5.1 software. Genes that were differentially expressed at least two-fold were considered significant.

The data associated with this paper is registered in GEO (study No GSE97511) at http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE97511.

Study No GSE97511.

Immunocytochemistry. Cells (5% 10°) were seeded in 8-well chamber slides. After 48 h, cells were fixed
with 4% paraformaldehyde in PBS for 10 min. Cells were rinsed with PBS and incubated with PBS containing
0.25% Triton X-100 for 10 min to achieve permeabilization. Cells were incubated in Protein Block Serum Free
(Dako) for 20 min. Cells were incubated with diluted primary antibodies for 90 min and then incubated with
fluorescent-dye conjugated secondary antibodies for 30 min. Finally, cells were counterstained and mounted
with ProLong Gold antifade reagent with DAPI (Invitrogen). All immunostaining steps were performed at room
temperature. The antibodies used with dilution and provider are listed in Supplementary Table S7 online. Immu-
nocytochemistry staining was detected under the BZ-X710 microscope (Keyence, Osaka, Japan), and images
were merged using the Keyence BZ-X Analyzer software ver. 1.3.0.3 (Keyence).

CT45 silencing by shRNA and CT45 rescuing.  We established IK-YBX2 cells with the lentivirus system
for stable knockdown of CT45. Small hairpin RNA (shRNA) targeted to CT45 was delivered by transducing
the cells with lentivirus carrying shRNA-encoding pLKO.1-puro vectors (Addgene, Cambridge, MA). We used
puromycin (2 pg/mL) for selection of stable transduced cells. We constructed 5 kinds of shRNA for CT45A5.
shCT45 sequences were designed using the 3'- untranslated region (3-’'UTR). We established CT45 gene-rescued
cells with the pLESIP sfi lentivector (EF1 promotor)-based production to explore gene functions. CT45 cDNA
was purchased from OriGene (Rockville, MD). shRNA target sites and sequences are indicated in Supplemen-
tary Table S5 online.

Chemosensitivity assay. Cells were seeded into 24-well plates at 2x 10* per well with 1 mL of culture
medium. One day after seeding, the medium was replaced with 1 mL of medium. The following day, the medium
was replaced with 1 mL of medium containing paclitaxel (Sigma-Aldrich), cisplatin (Bristol-Myers Squibb, New
York, NY) or carboplatin (Wako, Osaka, Japan). Drugs were dissolved with dimethyl sulfoxide (Wako) before
using. Cultured cells were counted 2, 4, 6 and 8 days after addition of drug. This assay was performed in triplicate.

Statistical analysis. Data are represented as the means+SD and were analyzed with Student’s ¢-test or
with Fisher’s exact test. P-values for the one-sided test of less than 0.05 were considered statistically significant.

Data availability
All data generated or analyzed during this study are included in this article (and its supplementary information
files).
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