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Background: The present study aimed to investigate the clinicopathological significance
and biological roles of RASSF6 in human bladder cancers.

Materials and methods: Immunohistochemistry and Western blots were used to examine
the protein expression of RASSF6 in bladder cancer tissues. Biological roles of RASSF6
were examined using MTT, colony formation assay, Matrigel invasion assay, cell cycle
analysis, AnnexinV/PI staining and JC-1 staining. Western blot analysis was used to examine
the potential mechanism.

Results: We found that RASSF6 was downregulated in 73 of 138 bladder cancer specimens,
which correlated with advanced stages. RASSF6 overexpression decreased the cell growth rate
and inhibited invasion ability in T24 cell line. Downregulation of RASSF6 using siRNA
increased the cell proliferation rate and promoted invasion in 5637 cell line. Cell cycle studies
showed that RASSF6 overexpression suppressed the process of cell cycle progression.
RASSF6 overexpression also increased the cellular response to doxorubicin (DOX) treatment.
AnnexinV/PI staining showed that RASSF6 overexpression promoted DOX-induced apoptosis
with increased cytochrome ¢ and cleavage of caspase-3 and caspase-9. We also showed that
RASSF6 overexpression downregulated the mitochondrial membrane potential, while RASSF6
depletion showed the opposite effect. Western blot analysis demonstrated that RASSF6 over-
expression repressed p-Rb and Bcl-xL while upregulating p21 expression. In addition, we
found that RASSF6 overexpression affected the Hippo signaling pathway by downregulating
YAP. Depletion of YAP downregulated Bcl-xL expression and abolished the effect of RASSF6
on Bcl-xL. Depletion of YAP also upregulated the level of apoptosis and downregulated
mitochondrial membrane potential. YAP siRNA abolished the effects of RASSF6 on
DOX-induced apoptosis and loss of mitochondrial membrane potential.

Conclusion: Taken together, our results showed that RASSF6 was downregulated in
bladder cancers. RASSF6 inhibited cell proliferation and invasion, as well as the progression
of cancer, by regulating DOX sensitivity and mitochondrial membrane potential, possibly via
the Hippo signaling pathway.
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Introduction

Bladder cancer is a common malignancy affecting the urinary tract, and it is one of
the leading causes of death worldwide." Although the combination of surgery and
chemotherapy has achieved a significant progress, the prognosis of advanced stage
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bladder cancer remains poor. The development of che-
moresistance is one of the most important causes.
Therefore, it is necessary to seek and identify more effec-
tive targets involved in chemo-resistance that can serve as
molecular markers to predict the risk of bladder cancer.

RASSF6 belongs to the RASSF family with a Ras
association domain, which has been reported to be
involved in the Hippo signaling pathway. RASSFs are
frequently inactivated through loss of function mutations
or promoter methylation. Like other RASSF family pro-
teins, downregulation of RASSF6 has been reported in
childhood leukemias.> Decreased RASSF6 was also
reported as an independent prognostic marker in gastric
cancer patients® and RASSF6 also shows frequent DNA
methylation in neuroblastoma.” In metastatic melanoma,
hypermethylation was found in the RASSF6 promoter.
However, the clinical significance and biological role of
RASSF6 in human bladder cancer remain unknown.

To address the above questions, we evaluated RASSF6
protein expression in bladder cancer tissues and analyzed
its clinical significance. We also examined whether
RASSF6 could influence the biological behavior and
investigated the possible mechanism in bladder cancer
cells.

Materials And Methods

Patient And Specimen

The present study protocol was approved by the institu-
tional reviewer board of Shengjing Hospital. Bladder can-
cer specimens and adjacent normal bladder tissues were
obtained from patients who underwent surgical resection
between 2012 and 2017. Written informed consent was
provided by the patients and this was conducted in accor-
dance with the Declaration of Helsinki. Clinical data
including histopathological diagnosis and tumor grade
were extracted from medical records. Ten cases of fresh
specimens including both tumor tissue and corresponding
normal tissue were stored at —80°C after resection for
further protein extraction.

Immunohistochemistry

Tissue sections (4-um thick) were prepared and were
deparaffinized using xylene. Graded alcohol (100%,
10 mins; 90%, 2 mins; 80%, 2 mins; and 70%, 2 mins)
was utilized for rehydration. Citrate buffer (pH 6.0) was
used for antigen retrieval in an autoclave. A 3% solution
of H,O, solution was used for blocking the endogenous

peroxidase. Sections were incubated with normal goat
serum to reduce nonspecific binding. Then, sections were
incubated with RASSF6 antibody (1:200; Proteintech,
USA) overnight at 4°C. Immunohistochemistry was per-
formed using the Elivision Plus kit purchased from Maixin
(MaiXin, Fuzhou, People’s Republic of China). The sec-
tions were stained with DAB+ kit (Maixin) and counter-
stained with hematoxylin.

Two pathologists randomly examined all tumor slides.
Immunostaining of RASSF6 was scored following a semi-
quantitative scale by evaluating in representative tumor
areas for the intensities and percentages of tumor cells.
Cytoplasmic localization was interpreted as positive stain-
ing. Staining intensity was scored as 0 (no/weak staining),
1 (moderate staining), 2 (strong staining). Percentage
scores were classified into 1: 1-25%, 2: 26-50% 3: 51—
75% and 4: 76-100%. These scores were multiplied to
obtain the final score. The tumors were finally determined
as RASSF6 low expression (RASSF6 downregulation)
when the score was <4, and RASSF6 high expression
when the tumor score was >4.

Cell Culture And Transfection

BIU-87, 5637 and T24 cell lines were purchased from the
Shanghai Cell Bank of the Chinese Academy of Sciences
(Shanghai, People’s Republic of China). The cells were
maintained in PRMI-1640 (Invitrogen, Carlsbad, CA,
USA) with 10% FBS (Invitrogen, USA).

RASSF6 plasmid was
(Origene, Rockville, USA) and transfected into cells using
Lipofectamine 3000 (Invitrogen, USA). RASSF6 siRNA
GACCCAGAUUCCUAUGUCU.
Dharmafect] reagent (Dharmacon, USA) was used for
siRNA knockdown transfection.

purchased from Origene

target sequence was:

Quantitative Real-Time PCR (SYBR

Green Method)

RNA was extracted using RNAiso plus reagent (TaKaRa,
Dalian, People’s Republic of China). Reverse transcription
was performed using a TaKaRa RT kit (TaKaRa, Dalian,
People’s Republic of China). Real-time PCR was per-
formed using SYBR Green master mix (TaKaRa, Dalian,
People’s Republic of China). PCR was performed using
Analytik-jena qTOWER PCR System (Jena, Germany).
B-actin was used as endogenous control. The change of
gene amplification was calculated using the 2 24¢

method.
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Western Blotting

Protein samples were extracted from cells using lysis
buffer and were separated by SDS-PAGE. Then, proteins
were then transferred to a polyvinylidene fluoride mem-
branes and incubated with primary antibodies against
RASSF6 (1:800; Porteintech), p21, MMP2, Bcl-xL, cyto-
chrome c, caspase-3, cleaved caspase-3, caspase-9,
cleaved caspase-9 and YAP (1:1000, Cell Signaling
Technology, USA) and GAPDH (1:2000; Cell Signaling
Technology, USA). After incubation with horseradish-per-
oxidase (HRP)-coupled secondary antibody (1:2000, Santa
Cruz, USA). The bands were visualized with HRP sub-
strate (Pierce) and recorded using a DNR Bio-Imaging
System (DNR, Jerusalem, Israel).

Colony Formation Assay And The MTT

Assay

Cells (1000) were seeded in 6-well plates and then cul-
tured for about approximately 2 weeks. The plates were
washed with PBS, fixed with paraformaldehyde, and
stained with Giemsa. The number of colonies with more
than 50 cells was counted.

For MTT assays, 24 hrs after transfection, the cells
were seeded in a 96-well plates at a concentration of
approximately 2000 cells per well. To evaluate cell viabi-
lity, 5 mg/mL MTT solution (20 pL) was added to each
well for 4 hrs in a CO2 incubator. Culture medium was
then removed and 150 uL. of DMSO was added to the well
and mixed gently. The plate was measured at a wavelength

of 490 nm using a plate reader.

Cell Cycle Analysis

Cell cycle analysis was conducted 48 hrs after transfec-
tion. The transfected cells were fixed with paraformalde-
hyde at 4°C overnight and then washed with PBS buffer.
The cells were stained with propidium iodide (PI, 5 mg/
mL, 30 mins) at room temperature. Flow cytometry was
performed using the ACEA flow cytometer (ACEA
Biosciences, San Diego, CA, USA).

Annexin V/Pl Apoptosis Assay

The percentage of apoptotic cells was determined using
the Annexin V/PI staining assay. Early and late apoptotic
cells were determined via flow cytometry using the ACEA

flow cytometer.

Matrigel Invasion Assay

The cell invasion assay was performed using a Transwell
chamber coated with 18 pLL Matrigel from BD Bioscience
(dilution, 1:4). The cells were suspended and 100 pL of
serum-free medium and transferred to the upper chamber
and incubated for 20 hrs. The noninvading cells in the
upper chambers were removed. The cells passing through
the filter were fixed with paraformaldehyde (room tem-
perature, 10 mins), stained with hematoxylin (room tem-
perature, 5 mins) and counted under a light microscope.

Mitochondrial Membrane Potential

The JC-1 staining method was used for examination of the
mitochondrial membrane potential (Aym). Briefly, cells
were washed with PBS buffer and then incubated with
JC-1 fluorescent dyes (5 pM) for 30 mins in an incubator.
The cells were washed with PBS buffer and applied to
ACEA flow cytometer (ACEA, USA) for analysis.
Novoexpress software (ACEA, USA) was used for data
analysis.

Statistical Analysis

We used SPSS statistical software for Windows, version
16 software (SPSS, Chicago, IL, USA) for statistical ana-
lyses. The correlations between RASSF6 levels and clin-
icopathological factors were analyzed according to the y2
test. Differences between transfection/control groups were
analyzed using Student’s f-test. A value of p<0.05 was
considered as statistically significant.

Results
The Clinical Significance Of RASSF6 In

Bladder Cancer Tissues

Strong cytoplasmic RASSF6 expression was found in nor-
mal urothelial transitional epithelial tissue (Figure 1A).
According to the immunohistochemical (IHC) scoring sys-
tem, we stratified all cases into 2 groups: low RASSF6
expression (scores 0—4) and high RASSF6 expression
(scores 4-8). Of the 138 cases examined, 65 (47.1%)
showed high RASSF6 expression and 73 (52.9%) showed
low RASSF6 expression (Figure 1B-D). As shown in
Table 1, statistical significance was found between
RASSF6 downregulation and local invasion status (Ta-T1
vs T2-T4, p=0.0014). The percentage of RASSF6 protein
downregulation (65.3%) in muscle invasion bladder can-
cers was higher than that (38.1%) in non-muscle invasion
bladder cancers, suggesting RASSF6 downregulation was
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Figure | Expression pattern of RASSF6 in bladder cancer tissues. (A) Strong
cytoplasmic staining of RASSF6 was observed in normal bladder epithelial tissue.
(B) Strong RASSF6 staining in non-muscle invasive bladder cancer tissue. (C)
Moderate RASSF6 staining in muscle invasive bladder cancer. (D) Weak/negative
staining of RASSF6 in muscle invasive bladder cancer (400x; bars indicate 50pm).
(E) RASSF6 protein was examined in 10 paired cancer (C) and adjacent normal
(N) tissues by Western blot. RASSF6 downregulation was found in six of ten of
these paired tissues (indicated by *). (F) Overall survival curve of bladder cancer
patients with high and low RASSFé expression (TCGA dataset, log-rank test,
p=0.05). (G) RASSF6 mRNA in bladder cancers (TCGA). RASSF6 mRNA nega-
tively correlated with metastasis (p=0.0093). (H) RASSF6 mRNA negatively
correlated with pathological stage (TCGA dataset, p=0.0032). (I) RASSFé
mRNA negatively correlated with lymph node metastasis (TCGA dataset,
p=0.0109).

an indicator of malignant progression. The associations of
RASSF6 downregulation with age, sex and tumor grade
were not significant. To validate the IHC results, we also
examined RASSF6 protein status in ten bladder cancer
tissues and paired adjacent normal tissues using Western
blot analyses. The results showed significant RASSF6
downregulation in six of ten of paired cases (Figure 1E).
The Cancer Genome Atlas (TCGA) bladder cancer
cohort revealed that the overall survival of patients with
low RASSF6 expression was worse than those with high
RASSF6 expression (log-rank test, p=0.05, Figure 1F).
TCGA dataset also showed that expression of RASSF6
was significantly lower in bladder cancers with metas-
tasis (Mann—Whitney test, p=0.0093, Figure 1G), higher
(Kruskal-Wallis p=0.0032,
Figure 1H) and more lymph node metastasis (Kruskal—-
Wallis test, p=0.0109, Figure 1I). Collectively, these
data indicated that RASSF6 was downregulated in
human bladder cancers and correlated with malignant

pathological stage test,

features.

RASSF6 Inhibits Cell Proliferation And

Invasion

We analyzed RASSF6 protein and mRNA levels in a
panel of bladder cancer cell lines (including BIU-87,
5637 and T24). We found relative weak expression of
RASSF6 in the T24 cell line compared with the 5637
cell line (Figure 2A). We used T24 cell line for
RASSF6 plasmid transfection and 5637 cell line for
siRNA transfection. The efficiency of RASSF6 trans-
fection and knockdown were confirmed by PCR and
Western blotting, respectively (Figure 2B). Colony for-
mation assay and MTT assays were used to investigate
the influence of RASSF6 on proliferation. Colony for-
mation assay showed that the ectopic expression of
RASSF6 reduced colony numbers while siRNA treat-
ment enhanced colony numbers (Figure 2C). MTT
results showed that RASSF6 transfection inhibited pro-
RASSF6 siRNA
increased proliferation (Figure 2D). In addition, the

liferation rate, while treatment
role of RASSF6 on cell invasion was investigated
using the Matrigel invasion assay. RASSF6 transfec-
tion increased the invasion ability of bladder cancer

cells while siRNA decreased this ability (Figure 3B).
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Table | Distribution Of RASSF6 In Bladder Cancer According To Clinicopathological Characteristics

Characteristics Number Of Patients RASSF6 Low Expression RASSFé6 High Expression P

Age
<60 55 30 25 0.7524
260 83 43 40

Gender
Female 41 22 19 0.9074
Male 97 51 46

Local invasion (T)
Ta-TI 63 24 39 0.0014
T2-T4 75 49 26

Tumor grade
Gl 68 35 33 0.7405
G2 and G3 70 38 32

RASSF6 Inhibits Cell Cycle Progression

And Enhances Doxorubicin Sensitivity
Cell cycle analysis showed that the S phase percentage
was decreased after RASSF6 overexpression. The S phase
percentage was increased after RASSF6 knockdown
(Figure 3A) indicating that RASSF6 inhibited cell prolif-
eration possibly through cell cycle control.

We then investigated the effect of RASSF6 on chemo-
sensitivity. A solution of 1pM doxorubicin (DOX) was
used to treat bladder cancer cells and MTT assay was
used to determine the inhibition rate of DOX on cell
viability. As shown in Figure 4A, RASSF6 overexpression
increased the inhibition percentage after treatment with
1uM DOX, while RASSF6 siRNA induced DOX resis-
tance by downregulating the inhibition percentage
(Figure 4A). Annexin V/PI was utilized for examination
of apoptosis level. RASSF6 transfection significantly
increased apoptosis rate in bladder cancer cells after
DOX (1uM) treatment for 24 hrs, while siRNA depletion
downregulated apoptosis rate (Figure 4B). Together, these
results showed that RASSF6 inhibited DOX resistance in
bladder cancer.

To further validate the effect of RASSF6 on DOX-
induced apoptosis, we examined the expressions of apop-
tosis proteins. RASSF6 overexpression upregulated the
levels of cytochrome c, cleaved caspase-3 and cleaved
caspase-9. In contrast, RASSF6 knockdown decreased
cytochrome c, cleaved caspase-3 and cleaved caspase-9
in 5637 cell line treated with DOX (Figure 4C). We also
examined the change of RASSF6 protein after DOX treat-
ment. As shown in Supplementary Figure 1, DOX

treatment slightly upregulated RASSF6 protein in T24
cell line. There was no change of RASSF6 protein in
5637 cell line treated with DOX (data not shown). These
data supported the fact that RASSF6 could enhance DOX
sensitivity.

RASSF6 Regulates Mitochondrial

Membrane Potential

Mitochondrial function is often closely associated with
drug resistance. The maintenance of normal mitochondrial
membrane potential is crucial for cell survival. We there-
fore determined whether RASSF6 could regulate mito-
chondrial membrane potential (Aym).

In normal cells with high Aym, JC-1 is known to
exhibit intense red fluorescence. However, in cells with
low Aym, JC-1 remains in a monomeric form, and exhi-
bits green fluorescence. As shown in Figure 5, in T24 and
5637 cells treated with DOX, RASSF6 overexpression
increased the percentage of green fluorescence, suggesting
that RASSF6 downregulated Aym in DOX-treated cells.
RASSF6 siRNA treatment showed the opposite effect in
both cell lines.

RASSF6 Regulates Hippo Pathway

To identify the potential mechanism, we measured the
levels of several related proteins. Our results revealed
that RASSF6 downregulated the expression of Bcl-xL,
and MMP2 while upregulating p21 (Figure 6). It has
been reported that the RASSF family proteins could reg-
ulate the activity of Hippo signaling. We therefore exam-
ined YAP, an important Hippo effector, to determine
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whether it was altered in RASSF6 overexpressed and
depleted cells. RASSF6 overexpression downregulated
the protein level of YAP in T24 cell line, while RASSF6
depletion upregulated YAP expression in 5637 cell lines.
These results demonstrated that RASSF6 overexpression
downregulated the expression of YAP in bladder cancer
cells.

RASSF6 Regulates Apoptosis Through
Hippo Signaling

Next, we determined if Hippo signaling was responsible
for the change of chemosensitivity. We knocked down
endogenous YAP in 5637 cells and tested the effect of
RASSF6 depletion. Western blotting confirmed that YAP
siRNA efficiently decreased YAP protein levels. As shown
in Figure 7A, YAP depletion significantly downregulated
Bcel-xL expression. There was amelioration of RASSF6
siRNA-induced Bcl-xL upregulation, implying that the
effect of RASSF6 upon Bcl-xL was dependent upon
YAP, at least in part (Figure 7A). MTT assay showed
that in YAP depleted 5637 cells, the effect of RASSF6
knockdown on viability was significantly reduced
(Figure 7B). Annexin V/PI staining showed that YAP
siRNA upregulated the level of DOX-induced apoptosis.
In YAP depleted cells, the effects of RASSF6 siRNA on
apoptosis were not significant (Figure 7C). In addition,
YAP siRNA decreased Aym and abolished the protecting
effect of RASSF6 knockdown (Figure 7D). Together, these
data suggested that YAP played a central role during the
RASSF6-induced increase of chemosensitivity in bladder
cancer cells.

Discussion
Identification of novel biomarkers, especially those can
control chemosensitivity, is an urgent task for the
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development of novel therapies for bladder cancer
patients. The RASSF family proteins have received much
attention due to the tumor suppressing effects. RASSFs are
frequently inactivated in various human cancers. There
have been several studies reporting decreased RASSF6
expression in childhood leukemia,” gastric cancer’ and
neuroblastoma.* However, there are no reports regarding
its expression pattern and biological roles in bladder can-
cer. Although some of the RASSF proteins display redun-
dant activities, they seem to perform different tasks inside
cells. Thus, it is important to identify the uniqueness of the
RASSF6 with bladder carcinogenesis. Here, we showed
that RASSF6 was downregulated in bladder cancer tissues,
which correlated with the local invasion. In addition, our

results were supported by RNA-seq data from TCGA.
Collectively, our results emphasized that RASSF6 loss is
a potential biomarker for bladder cancer.

Based on the MTT and colony formation assay results
we observed that RASSF6 overexpression suppressed cell
proliferation, while its depletion showed the opposite
effects. Cell cycle analysis demonstrated that RASSF6
overexpression decreased the percentage of S phase cells.
The decrease in S phase after RASSF6 overexpression is
likely due to the observed increase in G1 (so an G1/S cell
cycle arrest), which correlates with the observed upregula-
tion of p21, whereas the opposite seems to be true after
RASSF6 knockdown. Because p21 is an inhibitor of cell
cycle loss indicated uncontrolled

progression, its
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growth.> It has been reported that RASSF6 promoted p21
dependent cell cycle arrest in renal cell carcinoma.’

These results indicated that RASSF6 inhibited bladder
cancer growth by blocking cell cycle progression. In addi-
tional, Transwell assay showed that RASSF6 reduced
invading cell numbers while its depletion promoted cell
invasion. Thus, RASSF6 is an inhibitor of both prolifera-
tion and invasion.

The effect of RASSF6 upon chemosensitivity has not
yet been investigated in bladder cancer. Our current find-
ings revealed the role of RASSF6 as a positive regulator of
chemosensitivity. It has been reported that mitochondria
are involved in apoptosis, and chemotherapeutic drugs
induce  apoptosis  through  mitochondria-dependent
pathways.® '® The JC-1 staining assay was first performed
to examine Aym to characterize the role of RASSF6 on
mitochondrial function. We found that RASSF6 overex-
pression reduced Aym while RASSF6 depletion main-
tained Aym when cells were treated with DOX. Loss of
Aym resulted in increased membrane permeability, which
caused the release of cytochrome ¢ and triggered mito-
chondria-dependent apoptosis pathway.!' Our finding
therefore indicated that RASSF6 facilitated DOX-induced
apoptosis through downregulation of Aym.

To determine the potential molecular mechanism, we
screened several proteins and found that RASSF6 nega-
tively regulated Bcl-xL expression. Bel-xL is a member of
the pro-survival Bcl-2 family of proteins, which is more
functional than Bcl-2 when induced by chemotherapy drugs
such as DOX.'>!"® Bel-xL specifically binds to cytochrome
¢ and prevent apoptosis. It was reported that Bel-xL could
prevent decreases in Aym and ROS production.'* Thus,
RASSF6 may inhibit Aym through downregulation of
Bcel-xL. A recent report showed that Bel-xL could bind
and antagonize RASSF6 function.'® This indicated a posi-
tive feedback loop between RASSF6 and Bcel-xL function.
Our results provide mechanistic insight into interplay
between RASSF6 and anti-apoptotic proteins.

The Hippo signaling pathway plays an important role
in maintaining tissue growth balance, mainly through inhi-
biting cell proliferation and inducing apoptosis.
Dysregulation of Hippo signaling during the development
of human cancers has been reported. The RASSF family
proteins are involved in Hippo regulation. We found that
RASSF6 overexpression downregulated YAP protein
while it promoted phosphorylation of LATS1/2. YAP is a
transcriptional co-activator which is upregulated in a range

of human cancers including bladder cancer.'® YAP has

been reported to regulate proliferation, invasion, migration
and chemoresistance in cancer cells.'”'® The RASSF
family protein has been reported as a positive regulator
of LATS phosphorylation,'’
regulate YAP protein. Furthermore, Bcl-xL has been
reported as a YAP target.’® We further validated the cor-
relation by checking the effect of RASSF6 knockdown in
YAP-depleted cells. The results confirmed that YAP was
required in the regulation of RASSF6 on Bcl-xL and
apoptosis. Together, these results showed that RASSF6
regulated DOX resistance through YAP/Bcl-xL in bladder

cancer cells.

which could in turn down-

RASSF family proteins contain 10 members (namely
RASSF1 to 10), all of which contain Ras association
domain. RASSF1-6 also contains a SARAH (Sav/
RASSF/Hpo) domain, which could mediate protein inter-
actions crucial in the growth pathways, including Hippo
pathway. RASSF1-6 has been reported as tumor suppres-
sor in various cancers.”! The roles of RASSF7-10 in
cancers were still controversial. Thus, these RASSF family
proteins seem to perform different tasks inside cancer
cells. Some of them display redundant activities. In blad-
der cancers, only RASSF1A has been reported as a tumor
suppressor and tumor biomarker.>>** The mechanisms of
RASSF1A and RASSF6 seem different in bladder carci-
RASSF1A  was
E-cadherin and beta-catenin, which inhibited bladder can-
cer invasion.’> To date, RASSF6 was the only RASSF

family protein which could regulate Hippo signaling in

nogenesis. reported to upregulate

bladder cancer cells. Further research is needed to char-
acterize the roles of other RASSF members in bladder
cancer.

Collectively, our current data revealed that RASSF6
was downregulated in bladder cancers. RASSF6 inhibited
proliferation and invasion, and facilitated DOX-induced
apoptosis, potentially via downregulation of YAP/Bcl-xL

signaling.
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