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LIM-domain protein AJUBA suppresses malignant mesothelioma
cell proliferation via Hippo signaling cascade

| Tanaka'?*®, H Osada'3, M Fujii', A Fukatsu'?, T Hida®, Y Horio®, Y Kondo', A Sato®, Y Hasegawa?, T Tsujimura® and Y Sekido'?

Malignant mesothelioma (MM) is one of the most aggressive neoplasms usually associated with asbestos exposure and is highly
refractory to current therapeutic modalities. MMs show frequent activation of a transcriptional coactivator Yes-associated protein
(YAP), which is attributed to the neurofibromatosis type 2 (NF2)-Hippo pathway dysfunction, leading to deregulated cell
proliferation and acquisition of a malignant phenotype. However, the whole mechanism of disordered YAP activation in MMs has
not yet been well clarified. In the present study, we investigated various components of the NF2-Hippo pathway, and eventually
found that MM cells frequently showed downregulation of LIM-domain protein AJUBA, a binding partner of large tumor suppressor
type 2 (LATS2), which is one of the last-step kinases of the NF2-Hippo pathway. Although loss of AJUBA expression was
independent of the alteration status of other Hippo pathway components, MM cell lines with AJUBA inactivation showed a more
dephosphorylated (activated) level of YAP. Immunohistochemical analysis showed frequent downregulation of AJUBA in primary
MMs, which was associated with YAP constitutive activation. We found that AJUBA transduction into MM cells significantly
suppressed promoter activities of YAP-target genes, and the suppression of YAP activity by AJUBA was remarkably canceled by
knockdown of LATS2. In connection with these results, transduction of AJUBA-expressing lentivirus significantly inhibited the
proliferation and anchorage-independent growth of the MM cells that harbored ordinary LATS family expression. Taken together,
our findings indicate that AJUBA negatively regulates YAP activity through the LATS family, and inactivation of AJUBA is a novel key

mechanism in MM cell proliferation,

Oncogene advance online publication, 16 December 2013; doi:10.1038/0nc.2013.528
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INTRODUCTION

Malignant mesothelioma (MM), which arises from mesothelial
cells, is a highly aggressive human malignancy.”? Global
mesothelioma deaths were reported to be about 100000 in 83
countries by the World Health Organization between 1994 and
2008.3 MM mortality rates are estimated to increase by 5-10% per
year in most industrialized countries until about 2020.* Despite
intensive treatment with chemotherapy, radiation therapy or
surgery, the disease carries a poor prognosis. The median survival
fime of patients after diagnosis is only 7-12 months.>7 MM is
usually caused by asbestos exposure, and the latency period after
initial exposure is typically longer than 30 years,® which connotes
accumulation of multiple genetic and epigenetic alterations for
MM development.’ However, the exact molecular pathological
process of the development and progression of MM remains
obscure.

Around 50% of MM tumors have a genetic mutation of the
neurofibromatosis type 2 (NF2) tumor suppressor gene.'®"" NF2
encodes merlin, a member of the ezrin/radixin/moesin protein
family. Merlin is an upstream regulator of the Hippo signalin%
cascade, which is conserved from Drosophila to mammalians.’*’
The Hippo signaling pathway controls organ size through the
regulation of cell cycle, proliferation and apoptosis.'*'®
The mammalian components of this pathway include WW

domain-containing protein 1 (WWC1, also called KIBRA), Serine/
threonine protein kinase 3 and 4 (STK3 and 4, also called MST2
and 1, orthologs of Drosophila Hippo), SAV1, and serine/threonine
kinase large tumor suppressor 1 and 2 (LATS1 and 2). Activation of
the NF2-Hippo pathway induces the activation of LATS1/2, which
phosphorylates and inactivates a transcriptional coactivator, Yes-
associated protein (YAP), by translocating YAP from the nucleus to
the cytoplasm. The dysfunction of the Hippo pathway, which leads
to increased YAP activity with an underphosphorylated form in
the nucleus, induces oncogenic transformation owing to activa-
tion of transcription factors including TEAD family members.'®
Several target genes of the YAP/TEAD transcriptional compiex,
including connective tissue growth factor (CTGF) and CCND1
genes, have been shown to be responsible for tumor
progression.'>'”'®  We previously reported frequent YAP
activation (underphosphorylation) in more than 70% of primary
MMs and its pro-oncogenic role in MM cells.'®?® Besides NF2
mutation, we also found that a subset of MM tumors harbors
inactivating mutations of LATS2 and SAV1.%° Nevertheless, some
MM cases without any of these gene alterations still displayed YAP
activation, leading us to hypothesize that the other components
related to the Hippo pathway might be altered in these cases.
AJUBA family proteins (AJUBA, LIMD1 and WTIP) belong to
the Zyxin/AJUBA family, which are components of both
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AJUBA suppresses mesothelioma cell proliferation
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integrin-mediated and cell-cell junction adhesive complexes in
the capacity of adaptor or scaffold protein.*' These adaptor or
scaffold proteins are known to be crucial regulators of many key
signaling pathways, which are involved in cell-cell adhesion, actin
cytoskeleton modulation, mitosis, repression of gene transcription,
cell differentiation, proliferation and migration.”*** Although the
mechanisms have not yet been strictly defined, the regulation of
their signal pathways is known to be executed by assisting proper
localization of signaling components, which include interacting
and/or binding with multiple members of signaling pathways,
tethering them into complexes.*?* In this regard, AJUBA family
proteins have been identified to be a binding partner of the LATS
family, and the LATS2-AJUBA complex regulates y-tubulin
recruitments involved in mitosis.?® Recently, Jub (Drosophila
ortholog of AJUBA family proteins) was shown to activate
yorki (Drosophila ortholog of YAP) through suppression of the
Hippo pathway, and AJUBA family proteins were also found to
inhibit YAP phosphorylation in HEK293 and MDCK cells.?’ AJUBA
family proteins are thought to be involved in distinct signaling
cascades as a multifunctional protein. These studies lead us to
hypothesize that AJUBA family proteins might be one of the
crucial factors involved in the dysregulation of the Hippo signaling
pathway in MM cells.

In this study, using MM cell lines and primary tumors we found
that MMs have frequent downregulation of AJUBA, besides the
NF2, LATS2 and/or SAV1 inactivation shown in our previous
report?® We also found that AJUBA negatively regulates YAP
activity through LATS1/2 in MM cells.

RESULTS
Frequent reduction of AJUBA expression in MM cell lines

In our previous study, we reported that most MM cell lines harbored
either one or two of the NF2, LATS2 and/or SAVT gene mutations,
which encode major components of the Hippo signaling pathway.?°
The inactivation of these genes leads to the aberrant activation of
YAP through decreased phosphorylation of YAP (S127) and more
malignant phenotypes of cells.”® However, there were several MM
cell lines that showed YAP activation (underphosphorylation)
despite the absence of any of these gene mutations. To
determine whether the Hippo signaling pathway inactivation can
be caused by alteration of other components, we expanded the
analysis of the Hippo signaling pathway including other members
in this cascade. Using a panel of 19 of 24 MM cell lines that we
previously described®® and 5 newly established cell lines, we
examined the expression status of seven proteins including AJUBA,
LIMD1, WTIP, MST1, MST2, LATS1 and KIBRA, which were not
characterized in our previous study (Figure 1a and Supplementary
Figure Sta). We also reanalyzed the expressions of Merlin, SAV1,
LATS2 and YAP, and the phosphorylation status of YAP (5127)
(Figure 1a and Supplementary Figure Sia), and confirmed our
previous data.'®?° Although the phosphorylation status of YAP
(S127) was different in several cell lines from the previous study,
possibly because of the different culture conditions, the overall
underphosphorylation status of YAP was consistent, with 21 (85%)
of 24 MM cell lines showing YAP activation (Figure 1b).
Interestingly, the expression of AJUBA was significantly reduced
in 18 of 24 (75%) MM cell lines (Figure 1a). All six cell lines with
intact NF2, SAVT and LATS1/2, including NCI-H28, -H2452, Y-MESO-
29, -48, -72 and ACC-MESO-4, showed the downregulation of
AJUBA, and four of the six cell lines showed activation (under-
phosphorylation) of YAP (Supplementary Table 1). Meanwhile, low
expression of AJUBA was also observed in 11 of 15 MM cell lines
with NF2 inactivation, and the YAP phosphorylation levels tended
to be more reduced in 11 cell lines with AJUBA downregulation
(Supplementary Figures S1b and Sic, black columns) compared
with four cell lines that retained AJUBA expression (white
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columns), although the difference was not statistically significant
(P=10.057). These results suggested that AJUBA might modulate
Hippo signaling while affecting YAP phosphorylation status, and
that the alteration of AJUBA expression might be involved in the
tumorigenic process of MM. On the other hand, the expression
levels of MST1/2 were not decreased in all MM cell lines, and
LIMD1, LATS1 and KIBRA were markedly reduced in only three,
four and two cell lines, respectively (Figure 1a and Supplementary
Figure S1a).

To determine whether AJUBA reduction was caused at the
transcriptional level, we carried out real-time reverse transcription—
PCR analysis of AJUBA together with WTIP, MSTT and LATS1
(Supplementary Figure S2). Several cell lines with low AJUBA
protein expression, including Y-MESO-8D and Y-MESO-29, displayed
low AJUBA mRNA expressions. However, other low AJUBA protein-
expressing cell lines such as ACC-MESO-4 and Y-MESO-9 did not
show AJUBA mRNA downregulation. These results suggested that
the reduction of AJUBA in MM cells is induced either at the
transcriptional or at the post-transcriptional levels.

Regarding WTIP, several cell lines showed relatively weak WTIP
expression in western blot analysis, but, due to a possible low
specificity of the antibody (discussed below in Supplementary
Figure S3), we also conducted real-time reverse transcription-PCR
analysis and found several cell lines with low expressers of WTIP
(Supplementary Figure S2).

AJUBA is associated with increased YAP phosphorylation in

MM cells

To determine whether AJUBA downregulation is involved in the
Hippo signaling dysregulation in MM cells, we studied three MM
cell lines with low AJUBA expression, including NCI-H290, Y-MESO-
8D and NCI-H28 (Supplementary Table 1, indicated in pink in the
cell line names). NCI-H290 and Y-MESO-8D cell lines with NF2
mutation showed YAP activation (underphosphorylation), whereas
the other components of the Hippo pathway were intact. NCI-H28
had intact NF2 and the Hippo pathways, but YAP phosphorylation
was moderately activated.

Using these cell lines with low AJUBA expression, we
transduced AJUBA-expressing lentivirus and studied the changes
in YAP phosphorylation status. Surprisingly, we found that
exogenous AJUBA markedly led to an increase in YAP phosphor-
ylation levels in all three cell lines (Figures 2a and b), which
seemed to be contrary to the result in the previous report on
Drosophila—that is, dJub dephosphorylates Yorkie.”” To exclude a
possibility that ectopically expressed AJUBA was too abundant
and caused this unexpected result, we also compared AJUBA
overexpression levels in the three AJUBA-transduced cell lines
with endogenous AJUBA expression levels in MeT-5A, and in two
AJUBA-unsuppressed MM cell lines, MSTO-211H and Y-MESO-43
(Supplementary Figures S2b and S2c). We found that the
transduced AJUBA expression levels were about threefold higher
than the endogenous basal levels, which seemed to be acceptable
levels for in vitro functional assays.

To confirm whether or not YAP phosphorylation induced by
AJUBA transduction affects the expression of transcriptional targets
of YAP, we studied CCNDT, one of the YAP-target genes, and found
a decrease in CCDN1 protein expression in all three cell lines
(Figure 2a). Furthermore, dual-luciferase assay using the promoter
reporters of the CCND1 and CTGF genes, the latter being another
known YAP target,'® clearly demonstrated that exogenous AJUBA
markedly suppressed both promoter activities (Figures 2c and d).
Conversely, RNA interference-mediated silencing of endogenous
AJUBA led to the decrease in YAP phosphorylation levels in MeT-5A
and Y-MESO-43 cells with ordinary expression of all three AJUBA
family proteins (Supplementary Figures S3a and S3b). Likewise,
AJUBA small interfering RNA transduction in MeT-5A cells increased
both CCND1 and CTGF promoter activities, indicating that

© 2013 Macmillan Publishers Limited
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Figure 1.

Expression analysis of the Hippo pathway components in MM cell lines. (a) Western blot analysis of AJUBA, LIMD1, WTIP, MST1,

MST2, LATS1, Merlin, YAP and phospho-YAP Ser127 (p-YAP). AJUBA expression was undetectable in 15 and significantly low in 3 of 24 MM cell
lines compared with an immortalized normal mesothelial cell line MeT-5A (also see Supplementary Table 1). Expression levels of LIMD1 or
LATS1 were significantly reduced in 3 or 4 MM cell lines, respectively. No reduction of MST1 and MST2 was observed in any MM cell line.
Merlin (NF2 gene product) expression was undetectable in 14 and significantly low in one of 24 MM cell lines, compared with MeT-5A cells.
YAP phosphorylation level was remarkably reduced in 21 of 24 MM cell lines compared with MeT-5A. Expression of B-actin was used as the
control. (b) p-YAP and YAP signals shown in a were measured and the intensity ratios were shown with a bar graph with reference to MeT-5A.

Lower p-YAP/YAP value indicates higher YAP activation status.

endogenous AJUBA also regulates YAP-target gene transcription
(Supplementary Figure S3c). In contrast, silencing of endogenous
WTIP increased YAP phosphorylation levels in both MeT-5A and
Y-MESO-43 cells (Supplementary Figures S3a and S3b). Expression
of WTIP small interfering RNA was also assessed at the mRNA level,
because western blot analysis did not sufficiently confirm the effect
of small interfering RNA knockdown (Supplementary Figure S3d).

AJUBA indirectly induces YAP phosphorylation via the LATS family
To determine whether YAP phosphorylation induced by AJUBA
transduction is dependent on the Hippo signaling cascade, we
transduced AJUBA into two MM cell lines, Y-MESO-14 and
Y-MESO-27, which harbored LATS2 homozygous deletion.® As
YAP is directly phosphorylated by LATS1 or LATS2, and these two
cell lines showed different LATS1 status (Y-MESO-14 had it, but

© 2013 Macmillan Publishers Limited

Y-MESO-27 had lost LATS1 expression), we considered that these
cell lines were useful for vigorous examination of a possible LATS
family effect on AJUBA (Figure 3a).

After AJUBA transduction, the YAP phosphorylation level was
slightly increased in Y-MESO-14 cells with LATS1 expression,
whereas Y-MESO-27 cells without LATS1 expression did not show
any change in the YAP phosphorylation level (Figures 3a and b). The
dual-luciferase reporter assay also confirmed that AJUBA transduc-
tion suppressed neither the activity of CCNDT nor that of the CTGF
promoter in Y-MESO-27 cells (Figure 3c). These results indicated that
AJUBA induces YAP phosphorylation via LATS1/2 in MM cells.

To further confirm these results, we conducted knockdown of
LATS1 or LATS2 in NCI-H290 and Y-MESO-8D cell lines, both having
intact LATS1/2, after infection of AJUBA-expressing lentivirus.
Interestingly, LATS2 knockdown significantly suppressed YAP
phosphorylation induced by exogenous AJUBA in both cell lines,
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Figure 2. AJUBA is associated with an increased YAP phosphorylation level. (a) Western blot analyses. NCI-H290, Y-MESO-8D and NCI-H28 cells
were infected with AJUBA-expressing or empty lentivirus. AJUBA transduction led to a marked increase in YAP phosphorylation levels and to a
decrease in CCND1 expression levels in these three cell lines. Ectopically expressed AJUBA and subsequent effects on YAP and CCDN1 were
compared with the patterns in another three cell lines.Y-MESO-28, another representative AJUBA-low cell line, showed a phospho-YAP-low
and CCND1-high pattern, whereas MeT-5A expressing ordinary level of AJUBA showed a phospho-YAP-high and CCND1-low pattern; these
patterns were similar to the results of empty and AJUBA transduction in the three cell lines. Meanwhile, MSTO-211H also expressed AJUBA as
abundantly as MeT-5A, but showed high-CCND1 expression compared with MeT-5A, because of its LATS2 deletion and low-LATS1 expression.
(b) p-YAP and YAP signals shown in a were measured, and the intensity ratios were indicated with a bar graph. (¢) CCNDT promoter reporter
assay. CCND1 promoter reporter construct was transfected into NCI-H290 cells together with an AJUBA-expressing vector, pcDNA3-AJUBA, or
empty vector. AJUBA markedly suppressed the CCNDT promoter activity. (d) CTGF promoter reporter assay. CTGF promoter reporter construct
was transfected into NCI-H290 and Y-MESO-8D cells together with pcDNA3-AJUBA, or empty vector. AJUBA significantly suppressed the CTGF
promoter activity in both cell lines. Average and s.d. of triplicated experiments are demonstrated in ¢ and d. *P <0.05 versus empty vector
control. del., deletion; exp., expression.

whereas LATS1 knockdown showed only moderate suppression
(Figures 3d and e). Furthermore, dual-luciferase assays showed
that LATS2 knockdown in NCI-H290 cells effectively recovered the
CCND1 promoter activity that was suppressed by AJUBA (Figure 3f).
Similarly, LATS2 knockdown effectively recovered the CTGF
promoter activity that was attenuated by AJUBA, whereas
LATS1 knockdown showed only a marginal effect (Figure 3g
and Supplementary Figure S3e). These results indicated that
AJUBA led to increased YAP phosphorylation and inhibited the
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transcriptional coactivity of YAP through the LATS family, and
that its effect seemed to be relatively more dependent on LATS2
than on LATS1.

AJUBA mainly localizes in the MM cell cytoplasm and translocates
YAP

YAP, when phosphorylated, is known to translocate from the
nucleus to the cytoplasm.?® To investigate whether AJUBA is also
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Figure 3. AJUBA indirectly increases YAP phosphorylation level through LATS family. (@) Y-MESO-14 and Y-MESO-27 cells harboring LATS2
homozygous deletion were infected with Myc-tagged AJUBA-expressing or empty lentivirus. Western blot analysis demonstrated that
exogenous AJUBA led to a slight increase in the YAP phosphorylation level in Y-MESO-14 cells with ordinary LATS1 expression, but not in
Y-MESO-27 cells, which had simultaneous downregulation of LATS1. (b) p-YAP and YAP signals presented in a were measured and indicated
with a bar graph as p-YAP/YAP ratio. (c) Promoter reporter assays. CCND1 or CTGF promoter reporter construct was transfected into Y-MESO-27
cells with both LATS1 and LATS2 inactivation. AJUBA co-transduction did not affect either of the two promoter activities. (d) After infection of
AJUBA-expressing or empty lentivirus, small interfering RNA-induced knockdown of LATS1 or LATS2 was conducted using NCI-H290 and
Y-MESO-8D cells. LATS2 knockdown effectively, but LATST knockdown only slightly, suppressed phospho-YAP levels, despite AJUBA
transduction. (e) p-YAP and YAP signals shown in d are indicated with a bar graph of p-YAP/YAP ratio. (f) CCND1 promoter reporter assay using
NCI-H290 cells. After transfection of the CCNDT promoter reporter together with AJUBA-expressing vector (or empty vector), small interfering
RNA against LATS2 was transfected, and then dual-luciferase reporter assay was conducted. Suppression of CCNDT promoter activity by AJUBA
was canceled by LATS2 knockdown. (g) CTGF promoter reporter assay. After transfection of the CTGF promoter reporter with AJUBA-
expressing vector (or empty vector) into Y-MESO-8D cells, the small interfering RNA against LATS1 or LATS2 was transfected, and then dual-
luciferase reporter assay was conducted. AJUBA markedly suppressed the activity of CTGF promoter, and LATS2 knockdown effectively, but
LATS1 knockdown only marginally, attenuated the suppression of CTGF promoter activity by AJUBA. Average and s.d. of triplicated
experiments are demonstrated in ¢, f and g. ¥*P<0.05 versus small interfering RNA control.

associated with YAP translocation in MM cells, we performed a cell
fractionation experiment using two MM cell lines after AJUBA
transduction. Western blot analysis of nuclear and cytoplasmic
fractions of the transfectants showed that exogenous AJUBA was
mainly expressed in the cytoplasmic fraction and that YAP and
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phospho-YAP (Ser127) levels were significantly increased in the
cytoplasm in both cell lines (Figures 4a and b).

Next, we performed immunofiuorescent analysis to confirm the
subcellular localization for exogenously expressed AJUBA in Y-MESO-
8D cells and for endogenous AJUBA in MeT-5A cells. The results
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showed that both exogenous and endogenous AJUBA were mainly
localized in the cytoplasm (Figure 4c and Supplementary Figure S3f).
AJUBA transduction led to a clear increase in the YAP phosphoryla-
tion level in Y-MESO-8D cells, which was associated with an
increased YAP expression level in the cytoplasm (Figure 4c). These
results suggested that AJUBA suppressed YAP activity through
phosphorylation and its cytoplasmic translocation in MM cells.

AJUBA inhibits cell growth of MM cell lines dependent on LATS
status

To verify whether AJUBA has a growth-suppressive activity against
MM cells, we carried out a cell proliferation assay. As expected,

AJUBA transduction significantly inhibited cell proliferation of all
three MM cell lines, NCI-H28, NCI-H290 and Y-MESO-8D, which
retained both LATST and LATS2 expression (Figure 5a). In contrast,
such significant suppression of cell proliferation was not observed in
two MM cell lines, Y-MESO-14 and Y-MESO-27, which harbored
LATS2 deletion (Supplementary Figure S4a). However, there still
appeared to be a difference in the proliferation curves between the
latter two cell lines; AJUBA still induced a weak suppression of
Y-MESO-14 cells, which retained LATS1, but not of Y-MESO-27
without LATS1 expression (Supplementary Figure S4a). The suppres-
sion levels in each MM cell line were well consistent with the YAP
phosphorylation status induced by AJUBA (Figures 2a and 4a).

a NCLH290 Y-MESO-8D b
AJUBA
YAP N/C ratio
g Empty Vector
48 Az AJUBA Vector
AJUBA
202
30
YAP
80
p-YAP 0
80 -
Lamin B { ; 19
58 _ [T
g-tubulin o 2.0 T
" . NCI-H290 Y-MESO-8D
p-actin ‘} o
c Empty Vector AJUBA Vector

f

Figure 4. Subcellular localization of AJUBA and YAP. (a) Western blot analysis. NCI-H290 and Y-MESO-8D cells were infected with AJUBA-
expressing or empty lentivirus and fractionated into nuclear and cytoplasmic fractions. AJUBA was mainly localized in the cytoplasm, and
AJUBA induced a significant increase in YAP and phospho-YAP (Ser127) levels in the cytoplasm. (b) Nucleus/cytoplasm ratio (N/C ratio) of YAP
shown in a is indicated with a bar graph. () Immunofluorescent microscopic analysis of Y-MESO-8D cells. Exogenous AJUBA was mainly
localized in the cytoplasm of Y-MESO-8D cells infected with AJUBA-expressing lentivirus. Exogenous AJUBA induced a marked increase in

total YAP and YAP phosphorylation in the cytoplasm.
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Figure 5. AJUBA inhibits cell proliferation of MM cell lines. (a) Cell proliferation assays. After infection with AJUBA-expressing or empty
lentivirus, calorimetric assays were performed at each point. AJUBA transduction significantly inhibited the cell proliferation of NCI-H28 and
NCI-H290 cells in the low-serum condition with 1% FCS and of Y-MESO-8D cells in the usual condition at 5% FCS. (b) Flow cytometric analyses.
AJUBA transduction significantly increased cell population of G1 phase and decreased the population of S phase in NCI-H28 and NCI-H290
cells, indicating G1 arrest as an early response. Y-MESO-8D cells exhibited remarkably increased cell population of G2 phase and decreased
population of S-phase, indicating G2 arrest. Average and s.d. of triplicated experiments are demonstrated in a.

Furthermore, we studied cell cycle profiles to elucidate the
possible suppressive mechanisms of MM cell proliferation
by AJUBA. Flow cytometric analyses demonstrated that the
cell population of G1 phase increased, whereas that of S
phase decreased, in NCI-H28 and NCI-H290 cells after infection
of AJUBA-expressing lentivirus (Figure 5b). These results indicated
that G1 cell cycle arrest was induced in both cell lines by
exogenous AJUBA, which was consistent with the result of YAP
knockdown in our previous report.'® In contrast, Y-MESO-8D
cells displayed decreased S phase and clearly increased G2
phase-cell population, suggesting that exogenous AJUBA
induced G2 cell cycle arrest in this cell line. Thus, it was
considered that AJUBA can induce cell cycle arrest in either
G1 or G2 phase in MM cells with intact LATS1/2. Consistent
with these data, LATS1 or LATS2 knockdown led to the recovery
of cell proliferation in NCI-H290 cells transfected with
AJUBA-expressing vector (Supplementary Figures S4c and S4d).
Meanwhile, Y-MESO-14 and Y-MESO-27 cells with LATS2 deletion
showed little or no change in cell populations in each cell cycle,
which well accorded with marginal or no suppression of cell
proliferation of these cell lines after AJUBA transduction
(Supplementary Figure S4b).

We also carried out a soft agar colony formation assay. AJUBA
transduction caused marked reduction in the number and size of
colonies of NCI-H290 and Y-MESO-8D cells, indicating that AJUBA
significantly decreased anchorage-independent growth in the
presence of the LATS family (Figures 6a and b). On the other hand,
similar to the results of the cell proliferation assay, AJUBA
transduction induced weak or no effect on Y-MESO-14 and
Y-MESO-27 cell lines, respectively.

© 2013 Macmillan Publishers Limited

immunohistochemical analysis of AJUBA and YAP in primary MMs

To examine whether the frequent inactivation of AJUBA detected
in MM cell lines is observed also in primary MM specimens, we
carried out immunohistochemical analysis with an anti-AJUBA
antibody. Among 20 cases, 5 (25%) showed negative (0) and 11
(55%) showed weak (1 + ) staining of AJUBA, whereas only 4 cases
showed strong (2 +) staining, indicating that AJUBA expression
was frequently and consistently reduced in both MM cell lines and
primary MM specimens (16 (80%); negative or weak) (Figure 7a
and Supplementary Table 2). Consistent with the above results,
immunohistochemical analysis also confirmed that AJUBA was
mainly localized in the cytoplasm in all AJUBA-positive cases
(Figure 7b).

To determine whether AJUBA downregulation is associated
with YAP activation in primary MMs, we next performed
immunohistochemical analysis of YAP. Among 20 cases, 13
(65%) showed that YAP was stained more strongly in the nucleus
than in the cytoplasm, indicating constitutive activation of YAP
(Figures 7a and b). Quite consistent with the in vitro results, all five
cases of AJUBA-negative cases (Figure 7a and indicated in blue in
Supplementary Table 2) exhibited nuclear localization of YAP,
suggesting the association of AJUBA inactivation with YAP
activation in primary MMs (Figures 7a and b).

DISCUSSION

In the present study, we found that AJUBA is frequently
downregulated in MM cells and acts as a tumor suppressor by
inducing YAP phosphorylation in a LATS family-dependent
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AJUBA suppresses anchorage-independent colony formation in MM cells. (a) Soft agar colony formation assays with AJUBA

transduction. After 12-day incubation, colonies were stained with 0.03% crystal violet. Low (top), medium (middle) and high magnification
(bottom) photos show that anchorage-independent growth was significantly suppressed in NCI-H290 and Y-MESO-8D cell lines. The size and
number of colonies in the Y-MESO-14 cell line with lost LATS2 expression were moderately reduced, but not at all in the Y-MESO-27 cell line,
which harbored LATS2 deletion and low-LATS1 expression. (b) A graphic presentation of the soft agar colony formation assays of a. Average
and s.d. of triplicated experiments are demonstrated in b. *P<0.05 versus empty lentivirus control.

manner. Although the components of the Hippo pathway
between Drosophila and mammals are highly conserved, our
study demonstrates that AJUBA attenuates YAP activity in human
MM cell lines, which contradicts its possible pro-oncogenic
function in Drosophila, HEK293 cells and canine kidney MDCK
cells.®” In this regard, it is worth noting that RAS association
domain family (RASSF) members, which are also known to be
involved in the Hippo signaling pathway, regulate this pathway in
opposite ways between Drosophila and mammals.*?
Furthermore, in preimplantation embryos, the Hippo signaling
pathway was also shown to control cell differentiation,®' although
the Hippo pathway regulates cell proliferation by contact
inhibition in cultured cells. Therefore, the tumor-suppressive
function of AJUBA that we found in this study might be
attributable to the evolutionary distance of gene functions and/
or to the difference in cell lineage or germ layer for example, the
mesothelium originates from the mesoderm.

We previously reported that the frequencies of alterations of
NF2 and LATS2 expression in MM cell lines were about 50% and
20%, respectively.?® However, there were several MM cell lines
with YAP activation regardless of the absence of NF2 or LATS2
alteration. The present study revealed that all six cell lines without
NF2 or LATS1/2 alterations showed the downregulation of AJUBA
(Supplementary Table 1), suggesting that AJUBA inactivation is
involved in the regulation of Hippo signaling activity. In total, 21 of
24 cell lines with YAP activation showed at least one alteration
among NF2, LATS1/2 and AJUBA. Individual cell lines showed
obvious single or multiple alterations of Hippo components. The
difference in the target molecules also seemed to influence the
levels of YAP activity. For instance, MM cells with only NF2
inactivation showed relatively modest YAP  activation
(Supplementary Table 1 and Suppiementary Figure Sib). This
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may suggest that NF2 inactivation may not be sufficient to fully
activate YAP, and thus NF2-defective MM cell lines frequently
acquire additional alterations of other molecules such as SAVI,
KIBRA, LATS1/2 or AJUBA that lead to the enhancement of YAP
activation (Supplementary Figures S1b and S1c). In contrast, the
LATS1/2 alteration completely disrupts the last step of the Hippo
signaling cascade, resulting in significant reduction of YAP
phosphorylation. Indeed, three MM cell lines with LATS1/2
inactivation but without NF2 mutation had most activated
(underphosphorylated) YAP (Supplementary Figure Sib, red
columns).

Our study indicates the difference between LATS1 and LATS2 in
the regulation of YAP under exogenous AJUBA transduction.
Compared with three cell lines with intact LATS1/2 (Figure 2a),
AJUBA transduction induced only a modest effect on YAP
phosphorylation in the Y-MESO-14 cells with LATS2 deletion and
no effect in the Y-MESO-27 cells with both LATS1 and LATS2
inactivation (Figure 3a). These results were well consistent with
the weaker suppression of cell proliferation and colony formation
by AJUBA transduction in these cell lines (Figure 6 and
Supplementary Figure S4a). Furthermore, in the MM cell lines
with intact LATS1/2 that were transfected with AJUBA-expressing
vector, LATS2 knockdown decreased a phosphorylated form of
YAP more than did LATS1 knockdown, suggesting that LATS2 may
have a more significant role. However, the effect of LATS1
knockdown could be underestimated, because silencing LATS1
resulted in increased LATS2 protein, which might enhance the
difference in the effects between knockdown of LATS1 and LATS2
(Figure 3d). Thus, the possible association and stimulation
mechanism between AJUBA, LATS1/2 and YAP need to be more
vigorously investigated in a future study to elucidate the exact
role of LATS1 on the Hippo signaling regulation. Finally, as the MM
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Figure 7. Immunohistochemical analyses of AJUBA and YAP in 20
primary MMs. (a) Twenty primary MM specimens were stained with
anti-AJUBA and anti-YAP antibodies and were classified according to
the YAP localization pattern (N>C or N=C) and the staining
intensity of AJUBA (negative (0), weak (1-+) or strong (2+)). All 5
AJUBA-negative cases showed the nuclear localization pattern
(N>C) of YAP protein. N, nucleus; C, cytoplasm. (b) AJUBA and
YAP staining patterns.of two representative cases are demonstrated.
Specimen-02 showed.no AJUBA expression (0) and strong nuclear
staining of YAP (3 +, N>C). Meanwhile, Specimen-19 had strong
AJUBA expression (2+) and YAP staining in both the nucleus and
the cytoplasm (2+, N=C).

cells with both LATS1 and LATS2 inactivation showed the most
underphosphorylated YAP, the alteration of both LATS1 and
LATS2 may be a crucial event apart from the NF2 loss in the
development of MM.

We studied the effects of AJUBA family proteins on YAP
activation using the small interfering RNAs against AJUBA, LIMD1
and WTIP in the MeT-5A and Y-MESO-43 cell lines (Supplementary
Figures S3a and S3b). We found that AJUBA knockdown reduced
the YAP phosphorylation level, whereas LIMD1- or WTIP-
knockdown led to an increase in the YAP phosphorylation level,
suggesting that LIMD1 and WTIP might negatively regulate the
Hippo signaling pathway, which was consistent with the
previous report.?’ Moreover, in the Y-MESO-43 cell line, LIMD1-
or WTIP- knockdown caused a decrease in the AJUBA expression
level, by which a reduction in YAP phosphorylation levels
could have been expected. However, despite the subsequent
AJUBA downregulation, the YAP phosphorylation level was
instead increased in this LIMD1- or WTIP-knockdown cell line.
These data possibly suggest contrasting effects among
AJUBA family proteins—that is, LIMD1/WTIP might counteract
AJUBA and activate YAP in the MM cells. However, further
studies are definitely needed to clarify the functional interactions
among AJUBA family proteins on the Hippo signaling pathway in
MM cells.

We found that overexpressed AJUBA induces either G1/S or G2/
M arrest in MM cells. We previously reported that FOXMT was one
of the target genes of YAP/TEAD and that YAP knockdown induces
downregulation of FOXM1.'® As FOXM1 is known to regulate the

© 2013 Macmillan Publishers Limited

AJUBA suppresses mesothelioma cell proliferation
| Tanaka et al

transcription of cell cycle-specific genes that are responsible in
both G1/S and/or G2/M transition,**’ the cell cycle arrest
induced by AJUBA might be due to FOXM1 downregulation.
Interestingly, Y-MESO-8D cells predominantly presented G2 arrest
induced by AJUBA. This result was consistent with a finding that
the dual-luciferase reporter assay did not show a reduction of
CCND1 promoter activity in the Y-MESO-8D cell line (data not
shown), suggesting that Y-MESO-8D cells have low dependency
on CCND1 in G1/S progression. In addition, AJUBA has been
shown to interact with multiple factors such as Aurora A, Aurora B
and BUBR1.%* This indicates that G2 arrest in this cell line was
related to the involvement of AJUBA at the G2/M checkpoint with
binding Aurora A384°

Recently, the activity of Hippo-YAP has been shown to be
regulated by various factors—for example, protease-activated
receptors and  G-protein-coupled receptor signaling.*"*?
Mechanical signals, for example, cytoskeleton organization, cell
attachment, intercellular junction and cell morphology, have also
been suggested to be involved in the Hippo-YAP regulation.**™*®
in this regard, AJUBA was shown to directly interact with both
a-catenin and F-actin, which were recruited at an adherent
junction.*” Thus, AJUBA might be involved in the signal
transduction from mechanical signals to YAP activity, and might
modulate the proliferation status of cells.

In this study, we found frequent inactivation of AJUBA in MM as
well as its tumor-suppressive role that is associated with the Hippo
signaling pathway. Although most MM cells show the
Hippo pathway inactivation leading to constitutive activation of
YAP, new treatment strategies to target this pathway may well be
developed to cure patients with this highly aggressive
malignancy.

MATERIALS AND METHODS
Cell lines

Eighteen Japanese MM cell lines including ACC-MESO-1, -4, Y-MESO-8D, -9,
-12, -14, -22, -25, -26B, -27, -28, -29, -30, -37, -43, -45, -48 and -72 were
established in our laboratory, and cells at 10-15 passages were used for
each assay. Four MM cell lines including NCI-H28, NCI-H2052, NCI-H2373
and MSTO-211H, and one immortalized mesothelial cell line, MeT-5A, were
purchased from the American Type Culture Collection (Rockville, MD, USA),
and then used at 3-5 passages after reception. Two MM cell lines, NCI-
H290 and NCI-H2452, were the kind gift of Dr Adi F Gazdar. All MM cell
lines and MeT-5A were cultured in RPMI-1640 medium supplemented with
10% fetal calf serum (FCS) and 1 x antibiotic-antimycotic Invitrogen
(Carlsbad, CA, USA) at 37 °C in a humidified incubator with 5% CO..

Expression constructs and reagents

AJUBA-expressing plasmid and lentiviral vectors were constructed with
pcDNA3 with Myc-tag vector (Invitrogen) or CSII-CMV-MCS-IRES2-Blastici-
din vector (provided by Dr H Miyoshi, RIKEN BioResource Center). The wild-
type AJUBA was amplified with cDNA synthesized from MeT-5A RNA, by
reverse transcription-PCR using Pfu-Turbo DNA polymerase (Agilent
Technologies, Tokyo, Japan) or PrimeSTAR Max DNA polymerase (Takara
Bio, Otsu, Japan). Oligonucleotides were designed within the AJUBA open
reading frame (AJUBA, 5'-ATGGAGCGGTTAGGAGAGAAAGC-3' and 5'-
TCAGATATAGTTGGCAGGGGGTTGT-3'). For luciferase reporter plasmids,
CCND1 and CTGF were amplified and cloned into pGL3 basic luciferase
reporter vector (Promega, Madison, W1, USA) as described previously.'®?
Rabbit anti-YAP antibody (EP1674Y) was purchased from Abcam (Tokyo,
Japan). Rabbit anti-phospho-YAP (S127) antibody (#4911), anti-LATS1
antibody (#9153), anti-MST1 antibody (#3682), anti-MST2 antibody (#3952),
anti-Merlin antibody (#6995), anti-AJUBA antibody (#4897) and mouse anti-
CCND1 antibody (#2926) were from Cell Signaling Technology (Danvers,
MA, USA). Mouse anti-AJUBA antibody (sc-374610) and anti-c-Myc
antibody (sc-40), anti-a-tubulin antibody (sc-5286), goat anti-LIMD1
antibody (sc-55845) and anti-WTIP antibody (sc-24173) were from Santa
Cruz (Santa Cruz, CA, USA). Mouse anti-LATS2 antibody (MAB0O19) was
from Abnova Corporation (Taipei, Taiwan). Rabbit anti-WWC1 (KIBRA)
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antibody (HPA038016) and mouse anti-f-actin (A5441) were from Sigma
(St Louis, MO, USA).

Transfection of siRNA

AJUBA, LIMD1, WTIP, LATS1, LATS2 and control small interfering RNAs (ON-
TARGETplus SMARTpool siRNA reagent, Thermo Fisher Scientific, Lafayette,
CO, USA) were introduced into cells by transient transfection with RNAI
MAX (Invitrogen) in accordance with the manufacturer’s instructions.

Cell proliferation assay

MM cells (1 x 10%) were seeded on flat-bottomed 24-well plates. After 24 h,
cells were transduced with lentiviral vectors, and then incubated for an
additional 48h. Cells were incubated to grow for an additional 5 days
under Blasticidin (InvivoGen, San Diego, CA, USA) selection. The medium
was then changed with fresh RPMI-1640 medium with 1% FCS as
described previously.'® As an exceptional case, Y-MESO-8D cells were
cultured in fresh RPMI-1640 medium with 5% FCS because this cell line
hardly grew in the 1% FCS medium. After an additional 24 h incubation,
calorimetric assays were performed by adding 30l of Tetra Color One
(Seikagaku, Tokyo, Japan) containing 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfo

phenyl)-2H-tetrazolium, monosodium salt and 1-methoxy-5-methylphena
zinium methylsulfate as electron carrier in each well and incubated at 37 “C
for 1h. Absorbance was measured at 450 nm using a multiplate reader.
Cell proliferation was shown as a relative ratio to control cells.

Anchorage-independent growth in soft agar

Bottom agar was made of 1.5ml of 0.5% agar supplemented with 10%
FCS and RPMI-1640 medium, plated in 35mm plates. Cells (3.0 x 10%
were mixed with 1.0ml of 0.35% agar supplemented with 10% FCS
and RPMI-1640 medium, and then added onto the bottom agar.
Cells were incubated to grow and form colonies for 12 days. Colonies
were stained with 0.03% crystal violet, and the numbers of colonies
were counted.
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Ovarian cancer is the most lethal gynecologic malignancy, and clear cell adenocarcinoma of the ovary (OCCA), in particular,
has a relatively poor prognosis among the ovarian cancer subtypes because of its high chemoresistance. Chromobox (CBX) 7
is a polycomb repressive complex 1 component that prolongs the lifespan of normal human cells by downregulating the
INK4a/ARF expression which promotes cell-cycle progression. However, recent reports studying the relationship between CBX7
expression and patient survival have differed regarding the tumor cell origins, and the precise role of CBX7 in human carcino-
mas remains obscure. In this study, we analyzed CBX7 expression by immunohistochemistry in 81 OCCA patients and eval-
uated its association with their clinical outcomes. Both the overall and progression-free survival rates of the CBX7-positive
patients were significantly shorter than those of the CBX7-negative patients (p < 0.05). CBX7 knockdown experiments using
two OCCA cell lines, TOV21G and KOC-7C, revealed that cell viability was significantly reduced compared to the control cells
(p < 0.001). Expression microarray analysis revealed that apoptosis-related genes, particularly tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL), were significantly upregulated in CBX7 knockdown cells (p < 0.01). We further confirmed
that CBX7 knockdown resulted in TRAIL-induced apoptosis in the OCCA cells. Thus, in this study, we showed for the first time
that CBX7 was associated with a decreased OCCA prognosis. We also successfully demonstrated that the TRAIL pathway is a
novel target for CBX7 expression modulation in these cells, and therapeutic agents utilizing the TRAIL pathway may be partic-

ularly effective for targeted OCCA therapy.

Ovarian cancer is the most lethal gynecologic malignancy.
There is no effective screening method, and most women are
diagnosed with advanced-stage disease. In Japan, ovarian
clear cell adenocarcinoma (OCCA) accounts for ~25% of all
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epithelial ovarian cancer (EOC) cases,! whereas in North
America and Europe, OCCA accounts for only 1-12% of
cases.” OCCA has been considered to be distinct from high-
grade serous adenocarcinoma because of its clinical and bio-
logical characteristics. OCCA has been known to be associ-
ated with endometriosis,™ and recent studies have suggested
that oxidative stress caused by excess iron leads to carcino-
genesis in the ovary.™® Advanced stage is associated with
poor prognosis in OCCA,” and the survival rates in the stages
are poorer than those for patients with serous adenocarci-
noma,” most likely because of OCCA resistance to standard
platinum-based chemotherapy.® Therefore, it is important to
find new therapeutic targets for OCCA.

Chromobox 7 (CBX7) is a member of the polycomb
group (PcG) of proteins and is a component of polycomb
repressive complex 1 (PRC1). PRCI can silence the genes
that are related to stem cell renewal, differentiation and can-
cer in conjunction with PRC2° PcG proteins have been
reported to be overexpressed and associated with tumorigene-
sis in a variety of human cancers, mostly by downregulating
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Ovarian cancer is the most lethal gynecologic malignancy, with clear celladenocarcinoma of the ovary (OCCA) having a particu-
larly poor prognosis due to high chemoresistance. Chromobox homolog 7 (CBX7) is a polycomb group transcriptional

repressor whose role in human cancer remains controversial. Here, the authors showed for the first time that CBX7 expression
is related to worse prognosis in OCCA. Furthermore, knockdown of CBX7 in vitro induced apoptosis in OCCA cell lines, possibly
via regulation of the TRAIL-pathway. The findings thus indicate CBX7 as a good prognostic marker, andthe TRAIL-pathway as a

potential target for OCCA diagnosis and therapy.

the tumor suppressor genes.'” CBX7 has been reported to
extend the cellular life span by directly repressing the INK4a/
ARF locus.!' Additionally, CBX7 is an oncogene in several
human tumors, including follicular lymphoma, prostate and
gastric cancers."*' In follicular lymphoma, CBX7 also coop-
erates with MYC to produce highly aggressive B-cell lym-
phoma and can initiate T-cell lymphomagenesis by
repressing the INK4a/ARF locus."? Recently, it has been
reported that CDKN2B-AS (ANRIL), a long noncoding RNA
also encoded in the INK4a/ARF locus, acts together with
CBX7 to repress INK4a/ARF locus genes, such as CDKN2A
(p16; pl6INK4a) and ARF (pl4 ARF) in prostate cancer
cells."> Furthermore, a genome-wide association study com-
paring Japanese-women with endometriosis to healthy con-
trols revealed that a single nucleotide polymorphism that
showed the strongest association with endometriosis was
located in the intron of the ANRIL gene.'® As OCCA is
known to have strong association with endometriosis,"® we
speculated that CBX7 and ANRIL may play some important
roles in the OCCA tumorigenesis. However, in clear contrast,
the loss of CBX7 expression has been reported in association
with poorer prognoses and more aggressive behaviors of pan-
creatic, colorectal, and lung cancers."’ ™™ It has been shown
that CBX7 represses CDHI (E-cadherin) expression and
CCNEL1 (cyclin E1) expression in pancreatic and lung can-
cers, respectively.’”?! Therefore, the role of CBX7 in cancer
still remains controversial. In this study, we attempted to
clarify the role of CBX7 in ovarian cancer, specifically
OCCA.

Material and Methods

Patients and tissue samples

The ethics committee (Internal Review Board) of the Nagoya
University Graduate School of Medicine approved the experi-
ments. The human samples were obtained after each patient
provided written informed consent. Formalin-fixed, paraffin-
embedded tumor samples from 81 primary OCCA were
obtained from the patients who underwent surgical treatment
at Nagoya University Hospital from 1986 to 2009 and had
clinical follow-up information available. Tumor staging was
based on the International Federation of Gynecology and
Obstetrics (FIGO) classifications, and reviewed by two expert
gynecologists (H.K. and F.K.) for this study. All patients were
primarily treated with optimally debulking surgery by skilled

Int. J. Cancer: 135, 308-318 (2014) © 2013 UICC

surgeons in gynecologic oncology. Thereafter, 75 (93%) of
the 81 patients received adjuvant chemotherapy. Beginning in
1997, most of the patients received platinum- and taxane-
based agents or CPT-11 chemotherapy. Before 1997, various
cisplatin-based chemotherapies were administered. The fol-
lowing chemotherapy regimens were followed: 7% cyclophos-
phamide 500 mg/m? adriamycin 50 mg/m? and cisplatin 50
mg/m2 (CAP), 8% cisplatin and carboplatin (PP), 5% cispla-
tin, vinblastine, and bleomycin (PVB), 62% paclitaxel 175
mg/m’, carboplatin AUC5 (TC), 3% docetaxel 70 mg/m>,
carboplatin AUC5 (DC), 4% CPT-11 180 mg/m>, cisplatin 60
mg/m2 (CPT-P), 2% other, and 9% unknown. Tumor recur-
rence or progression was determined by clinical, radiologic,
or histologic diagnosis. All histologic diagnoses were specifi-
cally reviewed by experts in gynecological pathology (Y.Y.
and T.N.) for this study. Endometriosis was defined histologi-
cally as the presence of endometrial glands and stromal tis-
sues other than the endometrium or within onethird depth
of the uterine myometrium. We also excluded ovarian endo-
metrial cysts lacking epithelium without any atypia for the
diagnosis of endometriosis.

Cell culture and cell lines

The human OCCA cell line TOV-21G and a prostate cancer
PC3 line were obtained from the American Type Culture Col-
lection (ATCC, Manassas, VA), and the KOC7C line was a
generous gift from Dr. Junzo Kigawa (Tottori University, Tot-
tori, Japan). These cells were cultured in an RPMI-1640
medium (Sigma-Aldrich, St Louis, MO) containing 10% fetal
bovine serum at 37°C under a 5% CO, atmosphere and were
tested and authenticated using the short tandem repeat (STR)
method.?*> Human OCCA cell lines JHOC-5, 7, 8, 9 were
recently (2009-) obtained from Riken BRC (Tsukuba, Japan)
and cultured using Dulbecco’s Modified Eagle’s Medium/
Nutrient F-12 Ham (DMEM:F12) medium (Sigma-Aldrich)
with similar conditions. Human endometrial epithelial cells
were obtained from normal endometrium of a patient under-
going hysterectomy, and after collagenase treatment, cells
were cultured using DMEM:F12 and then infected first with a
lentivirus encoding HPV16 E6 and E7 followed by a retrovirus
encoding human telomerase similar to previous studies.”>**
Establishment procedure for the cells (hEEC-N1) was done
with written permission, and established cells were confirmed
as endometrial epithelial origin by immunohistochemical
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analyses for detection of both keratin and vimentin using sim-
ilar methods as a previous study.*

Immunohistochemistry and RNA fluorescence in situ
hybridization (RNA-FISH)

For immunohistochemistry (IHC), we used anti-CBX7
(ab21873, Abcam, Cambridge, MA) as the primary antibody.
DNA probes for RNA-FISH were prepared by PCR amplify-
ing cDNA templates to obtain ~500 bp sized-PCR products
using primers 5'-GAATTTGGGAATGAGGAGCA-3' and 5'-
AAGCTGCAAAGGCCTCAATA-3' for ANRIL and 5'-TCAG
AAGGATTCCTATGTGG-3' and 5-TCTCCTTAATGTCAC
GCACG-3' for human PB-actin, and then labeled with Spec-
trumOrange using Vysis Nick Translation Kit (Abbott,
Abbott Park, IL). For fluorescence IHC and RNA fluores-
cence in situ hybridization (RNA-FISH), cells were grown on
a chamber slide, and fixed with 4% paraformaldehyde. For
RNA-FISH, after permeabilization using cytoskeletal buffer,
slides were hybridized with the labeled probes. For fluores-
cence THC, cells were visualized with Alexa Fluor labeled sec-
ondary antibody (Life Technologies, Carlsbad, CA). Finally,
cells were counterstained with DAPI and then visualized with
a fluorescence microscope.

For formalin-fixed, paraffin-embedded ovarian tumor sec-
tions, we used polymer-based methods with the EnVision
System (DAKO, Glostrup, Denmark). CBX7 staining was
interpreted by three independent pathologists (Y.Y., T.N,
and S.T.) blinded to clinical data. Because interobserver vari-
ability was rather large in samples with 10-50% nuclear
staining, we defined the samples that contained nuclear stain-
ing >10% of cancer cells as positive, and the others negative.

Small interference RNA (siRNA) transfection

To knockdown CBX7, we used two individual siRNAs: One
was an endoribonuclease-prepared siRNA (esiRNA) against
CBX7 (EHUO035461, Sigma-Aldrich), and the other was
designed using the sense sequence 5'-GCATTTGCCCATC
TGCCTT-3'; we named these siRNAs siCBX7-1 and siCBX7-
2, respectively. We used MISSION siRNA Universal Negative
Control (SIC-001, Sigma-Aldrich) as the negative control
KOC7C and TOV21G were transfected with the siRNAs
using the Lipofectamine RNAIMAX reagent (Invitrogen,
Carlsbad, CA) at a final concentration of 10 nM, according
to the manufacturer’s instructions. Analyses were performed
48 hr after transfection.

Quantitative reverse transcriptase-PCR

Total RNA was extracted from the cell lines using the
RNeasy Plus Mini Kit (QIAGEN, Hilden, Germany) accord-
ing to the manufacturer’s instructions. Then, cDNA was syn-
thesized from 500 ng total RNA using the Superscript III
First-Strand Synthesis System for RT-PCR (Life Technolo-
gies), and quantitative PCR was performed as previously
described.®® The sequences of primers were as follows: CBX7,
forward 5-GGATGGCCCCCAAAGTACAG-3' and reverse

CBX7 expression in OCCA

5 TATACCCCGATGCTCGGTCTC-3'; ANRIL, forward 5'-
CAACATCCACCACTGGATCTTAACA-3 and reverse 5'-AG
CTTCGTATCCCCAATGAGATACA-3; CDKN2A, forward
5'-CATAGATGCCGCGGAAGGT-3' and reverse 5-CCCGA
GGTTTCTCAGAGCCT-3; TNESF104, forward 5'-C CTCA
GAGAGTAGCAGCTCACA-3' and reverse 5-GCCCA GAG
CCTTTTCATTC-3'; for P-actin, forward 5-CGGGAC CT
GACTGACTA-3" and reverse 5-GAAGGAAGGCTGGA AG
AGT-3; and TNFSF10, forward 5-CCTCAGAGAGTAG CA
GCTCACA-3" and reverse 5'-GCCCAGAGCCTTTTCAT TC-
3'. The data from the PCR reaction were normalized against
the B-actin expression using the comparative Ct method. The
transcripts were quantified in duplicates.

Western blot analysis

Whole-cell or tissue lysates were prepared similarly as previ-
ously described®® from cell lines and primary tumor tissues
from four OCCA patients. Twenty-microgram proteins were
separated using sodium dodecyl sulfate polyacrylamide gel
electrophoresis and blotted on Immobilon P filters (Millipore,
Billerica, MA). The following antibodies were used: anti-Cbx7
(1:1,000) (ab21873, Abcam), anti-B-actin (1:2,000) (A5316,
Sigma-Aldrich) and anti-PARP (1:1,000) (#9542, Cell Signal-
ing Technology, Beverly, MA). ImmunoStar LD (Wako,
Osaka, Japan) was used for chemiluminescence detection.

Cell viability assay

A total of 4,000 cells were transfected with siRNAs in 96-well
plates and incubated under 5% CO, at 37°C. After 24, 48,
72, and 96 hr, cell viability was assayed by MTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium] assay using the CellTiter 96 Aque-
ous One Solution Cell Proliferation Assay kit (Promega,
Madison, WI), according to the manufacturer’s instructions.

Migration and invasion assay

The assays were performed using 6.5 mm Transwell plates
with 8.0 pm pore polycarbonate membrane inserts (Corning
Coaster, Rochester, NY). For the invasion assay, the upper
surfaces of the filters were coated with 50 pl of matrigel (Bec-
ton and Dickenson, Franklin Lakes, NJ). Next, 1 X 10° cells
were seeded in the upper chamber in the culture medium
without FBS, and the lower chamber contained 10% FBS.
The cells were incubated for 24 hr at 37°C in 5% CO,. After
removing the noninvaded or nonmigrated cells, the remain-
ing cells were stained with Giemsa.

Cell cycle analysis

A total of 5 X 10° cells were washed with PBS, fixed with
70% ethanol at —20°C for at least 30 min, washed again with
PBS, and incubated with 0.1 mg/ml RNase A solution (QIA-
GEN) at 37°C for 20 min. The cells were centrifuged, washed
again with PBS, and then incubated with 50 pg/ml of propi-
dium iodide (Sigma-Aldrich) on ice for 20 min. The cell
cycle profiles were determined using a FACS Calibur
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