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Background: RASSF6 is a proapoptotic protein related to the Hippo pathway.

Results: RASSF6 interacts with MDM?2 and stabilizes p53.

Conclusion: RASSF6 induces apoptosis and cell cycle arrest via p53.
Significance: Our work supports the importance of the C-terminal RASSF-MDM2-p53 axis.

Ras association domain family (RASSF) 6 is a member of the
C-terminal RASSF proteins such as RASSF1A and RASSF3.
RASSF6 is involved in apoptosis in various cells under miscella-
neous conditions, but it remains to be clarified how RASSF6
exerts tumor-suppressive roles. We reported previously that
RASSF3 facilitates the degradation of MDM2, a major E3 ligase
of p53, and stabilizes p53 to function as a tumor suppressor. In
this study, we demonstrate that RASSF6 overexpression induces
G, /S arrest in p53-positive cells. Its depletion prevents UV- and
VP-16-induced apoptosis and G, /S arrestin HCT116 and U20S
cells. RASSF6-induced apoptosis partially depends on p53.
RASSF6 binds MDM2 and facilitates its ubiquitination. RASSF6
depletion blocks the increase of p53 in response to UV exposure
and up-regulation of p53 target genes. RASSF6 depletion delays
DNA repair in UV- and VP-16-treated cells and increases poly-
ploid cells after VP-16 treatment. These findings indicate that
RASSF6 stabilizes p53, regulates apoptosis and the cell cycle, and
functions as a tumor suppressor. Together with the previous
reports regarding RASSF1A and RASSF3, the stabilization of p53
may be the common function of the C-terminal RASSF proteins.

RASSF? proteins comprise 10 members (RASSF1 to RASSF10)
(1-4). RASSF1 to RASSF6 harbor Ras association (RA)
domains and Salvador/RASSF/Hippo domains in the C-termi-
nal region. RASSF1A, a splicing variant of RASSF1, is a well
established tumor suppressor. RASSF6 expression is lost in var-
ious human cancers (5). It is epigenetically inactivated in child-
hood acute lymphocytic leukemia, and its decreased expression
is proposed to be a prognostic marker of a worse outcome in
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gastric cancers (6, 7). These findings suggest that RASSF6 func-
tions as a tumor suppressor in human cancers. However, our
understanding, at the mechanistic level, of the tumor suppres-
sive role of RASSF6 is limited. When RASSF6 is exogenously
expressed, it induces apoptosis in various cells in caspase-de-
pendent and caspase-independent manners (5, 8, 9). RASSF6 is
implicated in tumor necrosis factor a-induced apoptosis in
HeLa cells, in okadaic acid-induced apoptosis in rat hepato-
cytes, and in sorbitol-induced apoptosis in human renal proxi-
mal tubular epithelial cells. Considering its proapoptotic prop-
erty, it is speculated that RASSF6 may kill cells with oncogenic
gene mutations and contribute to the eradication of cancer
cells. However, the molecular mechanism for RASSF6 to cause
apoptosis is not fully clarified. The Hippo pathway is a tumor-
suppressive signaling pathway that comprises mammalian
Ste20-like (MST) 1 and 2 kinases and large tumor suppressor
(LATS) 1 and 2 kinases (10—-12). When the Hippo pathway is
activated, LATS1 and 2 kinases phosphorylate Yes-associated
protein (YAP) and transcriptional co-activator with PDZ-bind-
ing motif (TAZ). The phosphorylated YAP and TAZ are
recruited from the nucleus to the cytoplasm so that YAP- and
TAZ-mediated gene transcriptions are shut down. RASSF6
interacts with MST kinases but induces apoptosis independ-
ently of the Hippo pathway (13). The implication of modulator
of apoptosis (MOAP) 1, which activates Bax, is demonstrated,
but MOAP1 depletion does not completely block RASSF6-in-
duced apoptosis, suggesting that other molecules also work
downstream of RASSF6.

The previous studies demonstrate that p53 plays a role in cell
cycle regulation by RASSF1A and RASSF5 (also called Norel)
(14, 15). We reported that RASSF3 induces apoptosis and reg-
ulates the cell cycle via p53 (16). RASSF1A loss enhances p53-
mediated tumor predisposition (17). Restricted activation of
p53 because of RASSF1A mutation at the ataxia telangiectasia
mutated kinase phosphorylation site exacerbates soft tissue sar-
coma (18). Our study also indicates that RASSF3 function
depends on p53, although it also plays a tumor suppressive role
in p53-compromised cells (16). Here we address the question
whether and how p53 is involved in the tumor-suppressive role
of RASSF6. In a previous study, RASSF6 suppressed the growth
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of p53-positive A549 cells but not of p53-defective H1299 cells
(5). This finding is supportive of the fact that p53 is required for
RASSF6 functions, but it is not yet conclusive. In this study, we
examined whether RASSF6 regulates the cell cycle as other
RASSF proteins do, whether p53 is indispensable for the tumor-
suppressive role of RASSF6, and how RASSF6 suppression
potentially leads to oncogenesis at the cell level.

EXPERIMENTAL PROCEDURES

Construction of Expression Vectors—pClneoFH-RASSF6b,
pClneoMyc-RASSE6b, pClneoGFP-RASSF6b, pClneoFLAG-
MDM?2, pCGN HA-ubiquitin (Ubc), pClneoFH, pClneoGFP,
and pBudCE2 have been described previously (13, 16). Nhel/
EcoRI fragments from pEGFPC2 (Clontech) and pClneoFH
were subcloned into the same sites of pBudCE2 to generate
pBudCGFP and pBudCFLAG. pBudCGFP-SUMO-1 and
pBudCFLAG-CIN85 were constructed using pBudCGFP
and pBudCFLAG. pClneomCherry was constructed by
inserting mCherry into the Nhel/EcoRI sites of pClneo.
pClneomCherry-MDM2, pClneoGFP-p53, and pClneoFLAG-
p53 were generated by using pClneomCherry, pClneoGFP, and
pClneoFLAG.

Antibodies and Reagents—Rabbit anti-RASSF6 antibody has
been described previously (9, 13). The other antibodies and
reagents were obtained from commercial sources as follows:
mouse anti-Myc (9E10, ATCC); mouse anti-FLAG M2 (catalog
no. F3165), mouse anti-a-tubulin (catalog no. T9026), Hoechst
33342, thymidine, and propidium iodide (PI) (Sigma-Aldrich);
mouse anti-GFP (catalog no. sc-9996) and mouse anti-MDM?2
(catalog no. sc-965) (Santa Cruz Biotechnology); mouse
anti-HA (Roche); mouse anti-p53 (clone DO-1) (Leica); mouse
anti-cytochrome c (clone 6H2.B4), mouse anti-cytochrome c
(clone 7H8.2C12) (BD Biosciences); rabbit anti-acetyl-p53
(Lys-373) (catalog no. 06-916), mouse anti-actin (clone C4),
and donkey fluorescein-isothiocyanate-conjugated and donkey
rhodamine-conjugated secondary antibody (Millipore); rabbit
anti-mCherry (catalog no. 5993-100) (BioVision); peroxidase-
conjugated secondary antibodies (ICN Cappel); etoposide
(VP-16) and doxorubicin hydrochloride (Wako Chemicals);
tetramethylrhodamine methyl ester perchlorate (Molecular
Probes); mouse anti-voltage-dependent anion channel (cat-
alog no. 529532), mouse anti-phosphorylated histone
v-H2AX (JBW301), and MG132 (Calbiochem); and Nutlin-3
(Cayman Chemical Co.).

Cell Cultures, Transfection, and RNA Interferences—
HEK293FT, H1299, U2S, TIG3, HCT116 p53*/*, and p53 '/~
cells were cultured in DMEM containing 10% FBS, 10 mm
Hepes-NaOH (pH 7.4), 100 units/ml of penicillin, and 100
mg/liter of streptomycin under 5% CO, at 37 °C. HCT116
p53*/" and p53 ™/ cells were gifts from Dr. Bert Vogelstein.
DNA and siRNA transfections were performed using Lipo-
fectamine 2000 (Invitrogen) and Lipofectamine RNAIMAX
(Invitrogen). dsRNAs were purchased from Thermo Fisher Sci-
entific and Ambion. p53 (catalog no. 7157) and p73 (catalog no.
7161) were purchased from Dharmacon. Human MOAP1 (cat-
alog no. 130306) was purchased from Ambion. Human RASSF6
(catalog nos. 217240 #1, S46640 #2, and S46639 #3) and human
MDM2 (catalog no. s8629) were from Ambion. siGENOME
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non-targeting siRNA pool #1 (Thermo Fisher Scientific) and
Silencer Select negative control no.2 (Ambion) were used as
negative controls.

Quantitative RT-PCR—Quantitative RT-PCR analysis was
performed using SYBR Green (Roche) and the DNA Engine
Opticon system (Bio-Rad) as described previously (13). The
primers for RASSF6, MOAP-1, p53, MDM2, PUMA, p21, and
actin have been described previously (13, 16). The primers for p73,
Bax, and Btg2 were as follows: human p73, 5'-cccaccactttgaggt-
cact-3' and 5'-ggcgatctggcagtagagtt-3'; human Bax, 5'-atgttttct-
gacggcaacttc-3' and 5’'-atcagttccggeaccttg-3’; and human Btg2,
5'-gcgagcagaggcttaaggt-3' and 5'-gggaaaccagtggtgtttgta-3'.

Senescence—Senescence was evaluated using a senescence
B-galactosidase staining kit (Cell Signaling Technology).

Immunofluorescence—Immunofluorescence was performed
as described previously (8).

Immunoprecipitation—Myc-RASSF6 and FLAG-MDM?2
were expressed in HEK293FT cells. Immunoprecipitation was
performed as described previously (13). To detect the interac-
tion of endogenous RASSF6 with MDM2, Wistar rat (male, 8
weeks old) liver was lysed in buffer (25 mm Tris-HCI (pH 7.4),
100 mm NaCl, 1% (w/v) Triton X-100, 1 mg/liter 4-amidinophe-
nylmethanesulfonyl fluoride, 10 mg/1 leupeptin, 10 mg/l pep-
statin A, 10 um MG132, and 1 mm EDTA). The lysates were
centrifuged at 20,000 X g for 15 min at 4 °C. The supernatant
was incubated with RASSF6 antibody or MDM2 antibody fixed
on protein G-Sepharose 4 fast-flow beads (GE Healthcare). The
beads were washed three times with buffer (25 mm Tris-HCI
(pH 7.4), 100 mMm NaCl, and 1% (w/v) Triton X-100). The pre-
cipitates were analyzed by SDS-PAGE and immunoblotting.

Ultraviolet Light Exposure—Cells were exposed to ultraviolet
light using the UV cross-linker CL-100 (UVP, an Analytik Jena
Co.).

Apoptosis Detection Assays—Cell survival and cell death were
analyzed as described previously (8, 13, 16). In brief, control
GFP or GFP-RASSF6 was expressed in U20S, HCT116 p53*/™,
and HCT116 p53~ /" cells. GFP-positive cells were gated and
analyzed by flow cytometry (FACSCalibur, BD Biosciences).
Mitochondrial membrane permeability was measured by 200 nm
TMRM. DNA content was determined by PI staining to analyze
sub-G; population. FACS data were analyzed by CellQuest soft-
ware (BD Biosciences).

Subcellular Fractionation—Cells were grown at 4 X 10°in a
100-mm plate and irradiated with 25 J/m? UV light. 24 h later,
cells were washed with PBS, harvested by scraping on ice, and
pelleted by centrifugation at 2,000 X g for 2 min. Cell pellets
were resuspended in 200 ul of buffer A (20 mm HEPES-KOH
(pH7.5), 10 mm KCl, 1.5 mm MgCl,, 1 mm sodium EDTA, 1 mm
sodium EGTA, 1 mm dithiothreitol, and 250 mM sucrose) with a
mixture of protease inhibitors (1 mg/liter 4-amidinophenyl-
methanesulfonyl fluoride, 10 mg/liter leupeptin, and 10 mg/li-
ter pepstatin A). Cell suspensions were passed through a 26-gauge
needle eight times. Unbroken cells, large plasma membrane
pieces, and nuclei were removed by centrifugation at 1,000 X g for
10 min at 4°C. The resulting supernatant was centrifuged at
10,000 X g for 20 min at 4 °C. The pellet fraction (mitochondria)
was washed with buffer A and then solubilized and boiled in 50 ul
of SDS sample buffer. The supernatant was centrifuged at
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FIGURE 1. RASSF6 is involved in UV light-induced and VP-16-induced apoptosis in HCT116 cells. A-D, HCT116 cells were transfected with control (siCont)
or RASSF6-targeted (siRASSF6#1) dsRNA. 72 h later, the cells were exposed to 25 J/m? UV light and cultured for 12 h. A, representative phase contrast images.
Scale bar = 100 wm. B, validation of three dsRNAs for RASSF6. The validities of knockdowns of RASSF6 (Ambion 217240 (#1), Ambion S46640 (#2), and Ambion
S46639 (#3)) were confirmed by quantitative RT-PCR in HCT116 or U20S cells. Error bars indicate S.D. of three independent experiments. **, p < 0.01. C, cells
were stained with Pl, and DNA contents were analyzed using FACS. RASSF6 knockdown reduced the sub-G, population. Error bars indicate S.D. of three
independent experiments. **, p < 0.01. D, in control cells, UV light exposure induced cytochrome c release (white arrows) and nuclear condensation (white
arrowheads). Scale bar = 20 um. E, HCT116 cells were transfected with control dsRNA or RASSF6 dsRNA (siRASSF6#2). 72 h after transfection, the cells were
exposed to 10 uM VP-16 and cultured for 24 h. The cells were stained with PI, and DNA contents were analyzed with FACS. The histogram demonstrates
the summary of three independent experiments. F, HCT116 cells were transfected with control dsRNA or RASSF6 dsRNA (siRASSF6#2). 72 h after transfection,
the cells were exposed to 25 J/m? UV light. The subcellular fractionation was performed 24 h later. Voltage-dependent anion channel (VDAC) and a-tubulin
were used as markers for the mitochondrial and the cytosolic fractions, respectively. UV exposure induced the cytochrome release to the cytosolic fraction
(white arrow), but RASSF6 knockdown reduced it (black arrow).

100,000 X g for 1 h at 4 °C. The second supernatant was mixed
with 5X volume of acetone, stored at —80 °C overnight, and cen-
trifuged at 10,000 X g for 20 min at 4 °C. The pellet fraction (cyto-
sol) was solubilized and boiled in 50 ul of SDS sample buffer.
Cell Cycle Analysis—HCT116 p53™/* and U20S cells were
transfected with control pBudGFP-SUMO-1 or pClneoGFP-
RASSF6. To evaluate the effect of GFP-RASSF6, 6 h after trans-
fection, a thymidine block was started by culturing cells in
DMEM containing 10% FBS and 2 mm thymidine. 20 h later,
cells were washed, incubated in fresh DMEM containing 10%
FBS, and fixed at the indicated time points. GFP-positive cells
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were gated and analyzed. For the FACS analysis, the cells were
washed with PBS, fixed with 70% (v/v) ethanol in PBS overnight
at —20 °C, washed with PBS, and stained for 15 min with 10
mg/liter PIin PBS containing 100 mg/liter RNaseA. Each time,
at least 5 X 10> GFP-positive cells were analyzed. For the
knockdown experiments, the cells were transfected with con-
trol dsSRNA or RASSF6 dsRNA, cultured in serum-free medium
for 48 h to block the cell cycle, exposed to 10 J/m> UV light, and
released from serum starvation.

Ubiquitination Assay—Various tagged RASSF6 and MDM?2
were expressed with HA-Ubc in HEK293FT cells. The cells
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FIGURE 2. RASSF6 is involved in UV light-induced G, /S arrest in HCT116 cells, and GFP-RASSF6 expression induces G,/S arrest in HCT116 and U20S
cells. A, HCT116 cells were transfected with control dsRNA (siCont) or RASSF6 dsRNA (siRASSF6#2). The cells were cultured in serum-free medium for 48 h to
block the cell cycle, exposed to 10 J/m? UV light, and released from serum starvation. UV lightinduced G, /S arrest (white arrow). RASSF6 depletion overrode this
arrest (black arrow). B,HCT116 cells and U20S cells were transfected with pBudCGFP-SUMO1 (GFP cont) or pCIneoGFP-RASSF6 (GFP-RASSF6). A single thymidine
block was performed. GFP-positive cells were gated and analyzed. GFP-RASSF6 induced G,/S arrest (arrows).

were treated with 10 um MG132 for 6 h, and immunoprecipi-
tation was performed as described above.

Statistical Analysis—Statistical analyses were performed
with Student’s ¢ test for comparison between two samples and
analysis of variance with Bonferroni’s post hoc test for multiple
comparisons using GraphPad Prism software (GraphPad Soft-
ware). Data expressed as percentages were subjected to arcsine
square root transformation before analysis of variance.

RESULTS

RASSF6 Is Involved in UV light- and VP-16-induced Apopto-
sis and UV light-induced G /S Arrest—W e first tested whether
RASSF6is involved in UV light-induced apoptosis and cell cycle
arrest in HCT116 cells. The exposure to 25 J/m* of UV light
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induced cell death and cytochrome c release and increased the
sub-G; population in HCT116 cells (Fig. 1, A, C, and D, No
treatment and 25 J/m? UV). In this study, we used three dsRNAs
to knock down human RASSF6 for U20S cells and HCT116
cells. All of them effectively suppressed RASSF6 (Fig. 1B).
RASSF6 knockdown blocked cytochrome c release and attenu-
ated the increase of the sub-G, population (Fig. 1, 4, C, and D,
siCont and siRASSF6). We confirmed the decrease of the
sub-G; population by RASSF6 knockdown using additional
dsRNAs (dsRNA#2 and #3) (data not shown). RASSF6 knock-
down decreased the VP-16-induced sub-G, population (Fig.
1E). We also evaluated UV light-induced cytochrome c release
in the subcellular fractionation (Fig. 1F, white and black
arrows). The exposure to 10 J/m* UV light caused G, /S arrest in
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HCT116 cells (Fig. 2A, a white arrow). RASSF6 knockdown
overrode UV light-induced cell cycle arrest (Fig. 24, black
arrow). RASSF6 knockdown by the different dsSRNA showed a
similar effect (data not shown). However, when HCT116 cells
were exposed to 25 J/m* UV light, RASSF6 knockdown had no
effect on G,/S arrest (data not shown). When we exogenously
overexpressed RASSF6 in HCT116 and U20S cells, it caused
G,/S arrest (Fig. 2B, black arrows). These data suggest that
overexpressed RASSF6 induces not only apoptosis but also cell
cycle arrest and that RASSF6 at the endogenous level is neces-
sary for UV light- and VP-16-induced apoptosis and UV light-
induced G, /S arrest.

RASSF6 Knockdown Has No Effect on H,O,-induced and
Low-dose Doxorubicin-induced Senescence—We also tested
whether or not RASSF6 plays a role in senescence. The treat-
ment of 150 um H,O, and 1 um doxorubicin induced senes-
cence in human fibroblast TIG3 cells (Fig. 3). RASSF6
knockdown had no remarkable effect on senescence in both

cases.
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RASSF6. At the indicated time points, the cells were fixed and stained. 48 h later, HCT116 p53 /™ cells exhibited nuclear condensation (arrows). HCT116 p53 ™/~ cells
expressing FLAG-RASSF6 remained viable (arrowheads). Scale bars = 10 um. We observed 50 FLAG-CIN85- or FLAG-RASSF6-expressing cells from HCT116 p53*/* and
P53/~ cells,and the ratios of the cells with the nuclear condensation were evaluated. The data were obtained from three independent preparations. Band C, control
GFP or GFP-RASSF6 was expressed in HCT116 p53™/* and p53 /™ cells. The cells were stained with Pl to determine DNA content (B) or loaded with TMRM to evaluate
mitochondrial membrane permeability (C). GFP-positive cells were gated and analyzed. Error bars indicate S.D. of three independent experiments. **, p < 0.01.
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RT-PCR, whereas those of p53 (catalog no. 7157, Dharmacon) and MDM2 (catalog no. $8629, Ambion) were evaluated by immunoblotting. **, p < 0.01. C-E, the
sub-G, population and mitochondrial permeability were analyzed in cells expressing control GFP or GFP-RASSF6. p73 knockdown had no effect. MOAP1

knockdown did not reduce apoptosis in HCT116 p53 /" cells.

RASSF6-induced Apoptosis Is p53-dependent—p53 is involved
in cell cycle regulation by RASSF1A and NorelA (14, 15). We
reported that RASSF3 regulates apoptosis and the cell cycle via p53
(16). We wanted to know whether p53 is also involved in RASSF6-
induced apoptosis. Consistent with a previous report (5), we
observed that p53-deficient H1299 cells expressing RASSF6
remain viable (data not shown). To further confirm the require-
ment of p53 for RASSF6-induced apoptosis, we expressed
RASSF6 in isogenic HCT116 p53*/" and p53 /" cells. 48 h
after transfection, HCT116 p53*/" cells expressing FLAG-
RASSF6 exhibited nuclear condensation (Fig. 4A, arrows),
whereas HCT116 p53~/~ cells with FLAG-RASSF6 did not
(arrowheads). The quantitative studies of DNA content and
mitochondrial membrane permeability using FACS indicated
that RASSF6 induced apoptosis even in HCT116 p53 ™/ cells
(Fig. 4, Band C, gray columns) but that RASSF6 caused apopto-
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sis more efficiently in HCT116 p53™/" cells (white columns).
These findings support the fact that p53 is involved in RASSF6-
induced apoptosis but that RASSF6-induced apoptosis does not
solely depend on p53. Because p73 functions downstream of
RASSF1A (19), we suppressed p73 in HCT116 cells, but p73
knockdown did not affect RASSF6-induced apoptosis in con-
trast to p53 knockdown (Fig. 5, A—D). We reported previously
that MOAP1 knockdown suppresses RASSF6-induced apopto-
sis in HeLa cells (13). Because p53 is compromised in HeLa
cells, we hypothesized that MOAP1 may function indepen-
dently of p53. However, MOAP1 knockdown in HCT116
p53~/" cells did not reduce apoptosis (Fig. 5E). This result
implies that the MOAP1 pathway functions in the same path-
way as p53.

RASSF6 Is Necessary for UV-induced Stabilization of p53—
RASSF1A and RASSF3 both interact with MDM2 and facilitate
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FIGURE 6. RASSF6 depletion blocks UV light-induced p53 increase via MDM2. HCT116 cells were transfected with control dsRNA (siCont) or RASSF6 dsRNA
(siRASSF6#1). A, B, and C, 72 h after transfection, cells were irradiated with 25 J/m? UV light and harvested at the indicated time points. A, RASSF6 depletion
blocked p53increaseat4,8,and 12 h./B,immunoblot. B, cells were treated with 10 wM MG132. C, MDM2 was additionally knocked down. MG132 treatment and
MDM2 depletion recovered the UV light-induced p53 increase under RASSF6 depletion (white and black arrows). D and E, HCT116 cells were transfected with
control dsRNA or RASSF6 dsRNA (siRASSF6#2). D, 72 h after transfection, the cells were treated with 50 ug/ml cycloheximide. The cells were harvested at the
indicated time points. The cell lysates were immunoblotted with anti-MDM2, anti-p53, and anti-a-tubulin antibodies. RASSF6 knockdown facilitated the deg-
radation of p53. £, 72 h after transfection, cells were treated with (+) or without (—) 10 wM Nutrin-3 for 18 h. Cells were treated with 50 wg/ml cycloheximide
for 4 h. Cell lysates were immunoblotted with anti-p53 and anti-a-tubulin antibodies. F, RASSF6 coexpression enhanced p53 expression. HCT116 cells were
transfected with pClneoGFP-p53 alone or with pCineoFH-RASSF6. Cell lysates were immunoblotted with anti-GFP, anti-FLAG, and anti-a-tubulin antibodies.

a-Tubulin was used as a loading control.

self-ubiquitination and the subsequent degradation, resulting
in the stabilization of p53 (14, 16). We hypothesized that
RASSF6 drives apoptosis via p53 through a similar mechanism.
RASSF6 knockdown did not reduce the basal expression of p53
in HCT116 cells (Fig. 64, 0 h). However, RASSF6 knockdown
blocked the UV light-induced increase of p53 (Fig. 64, UV, 4 h
to 12 h). MDM2 expression was enhanced in RASSF6-depleted
cells (Fig. 64, top panel). MG132 treatment and the additional
knockdown of MDM2 cancelled the effect of RASSF6 knock-
down (Fig. 6, B and C, white and black arrows). RASSF6 knock-
down facilitated the degradation of endogenous p53 in cyclo-
heximide-treated HCT116 cells (Fig. 6D, center panel). MDM2
decrease was slightly slacked in RASSF6-depleted cells (Fig.
6D, top panel, arrowhead). Nutlin-3 treatment remarkably
enhanced p53 expression in cycloheximide-treated HCT116
cells (Fig. 6E, third lane). RASSF6 knockdown did not decrease
p53 expression under this condition (Fig. 6E, fourth lane). As a
reverse experiment, we expressed FLAG-RASSF6 and GFP-p53
in HCT116 cells. The expression of GFP-p53 was enhanced by
coexpression of RASSF6 (Fig. 6F).

RASSF6 Interacts with MDM2 and Augments Self-ubiq-
uitination—The above findings suggest that p53 undergoes
degradation by MDM2 in RASSF6-depleted cells. An immuno-
precipitation experiment using rat liver indicated that RASSF6
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and MDM2 interact with each other (Fig. 7A). The interaction
was confirmed in heterologous HEK293FT cells (Fig. 7B).
MDM?2 ubiquitination was remarkably enhanced in the pres-
ence of RASSF6 (Fig. 7C). Conversely, MDM2 reduced expres-
sion of RASSF6 (Fig. 7D). These data indicate that RASSF6, like
RASSF1A and RASSF3, interacts with MDM2 to facilitate its
degradation and to stabilize p53 and that MDM2 reciprocally
suppresses RASSF6 expression. p53 is acetylated at seven lysine
residues in the carboxyl-terminal region and one lysine in the
DNA-binding domain. The acetylation stabilizes p53. We
examined the acetylation at lysine 373 as a representative one,
but could not detect change by coexpression of RASSF6 (data
not shown).

RASSF6 Regulates p53 Target Genes—W e next evaluated p53
target gene transcriptions in quantitative RT-PCR. 10 J/m* UV
light exposure increased the mRNA of Bax, PUMA, p21, and
Btg2 in HCT116 cells (Fig. 8, siCont). RASSF6 depletion
decreased all of these gene transcriptions (Fig. 8, siRASSF6). As
described above, RASSF6 knockdown did not affect G,/S
arrest in cells exposed to 25 J/m* UV light. Consistently,
RASSF6 depletion reduced Bax and PUMA transcriptions in
25 J/m? UV light-exposed HCT116 cells, whereas it had no
effect on p21 and Btg2 transcriptions (data not shown). It
suggests that the RASSF6-independent mechanism more
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FIGURE 7. RASSF6 interacts with MDM2 and enhances its ubiquitination.
A, coimmunoprecipitation of RASSF6 and MDM2 from rat liver. RASSF6 (left
panel) or MDM2 (right panel) was immunoprecipitated (/P) from rat liver. The
immunoprecipitates were immunoblotted (/B) with anti-MDM2 and anti-
RASSF6 antibodies. Cont, control. B, Myc-RASSF6 was coimmunoprecipitated
with FLAG-MDM2 by anti-FLAG-M2 affinity gel from MG132-treated
HEK293FT cells. The immunoprecipitates were immunoblotted with anti-Myc
and anti-FLAG antibodies. C, FLAG-MDM2 and HA-Ubc were expressed with
control GFP or GFP-RASSF6 in MG132-treated HEK293FT cells. The immuno-
precipitation was done with anti-FLAG M2 affinity gel. The input and the
immunoprecipitate were immunoblotted with anti-FLAG, anti-GFP, and
anti-HA antibodies as indicated. RASSF6 enhanced the ubiquitination of
MDM2. D, MDM2 coexpression reduces RASSF6 expression. HCT116 cells
were transfected with pClneoFH-RASSF6 alone or with the indicated
amounts of pClIneomCherry-MDM2. The cell lysates were immunoblotted
with anti-FLAG, anti-mCherry, and anti-a-tubulin antibodies. a-Tubulin
was used as a loading control. RASSF6 (arrowhead) decreased as MDM2
increased (arrow).

significantly contributes to p21 and Btg2 up-regulation
under this condition.

Depletion of RASSF6 Gives Birth to Polyploid Cells—In the
final set of experiments, we tested whether and how RASSF6
exerts tumor-suppressive roles under DNA damage. The expo-
sure to 25 J/m> UV light and to 50 um of VP-16-generated
y-H2A-positive cells (Fig. 9). In control cells, y-H2AX signals
significantly decreased after 6 h. However, the signals remained
in RASSF6-depleted cells at 24 h. RASSF6 depletion itself did
not increase polyploid cells but increased polyploid cells after
VP-16 treatment (Fig. 10). These findings support the fact that
RASSF6 functions as a tumor suppressor.
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pendent experiments. ¥, p < 0.05; **, p < 0.01; n.s., not significant.

DISCUSSION

Mammals have six C-terminal RASSFs (RASSF1 to RASSF6)
(1-4). They have the RA domain in the middle region and the
Salvador/RASSF/Hippo domain in the C-terminal region.
RASSF1A is the one studied most extensively. RASSF1A is fre-
quently suppressed in human cancers. The knockout mice are
susceptible to oncogenesis. On the basis of these findings,
RASSF1A is regarded as a tumor suppressor. The molecular
mechanism underlying the tumor-suppressive function of
RASSF1A is well studied. RASSF1A regulates the cell cycle and
is involved in Ras-induced and ataxia telangiectasia mutated
kinase-related apoptosis (20—23). Other C-terminal RASSFs
are also epigenetically inactivated in human cancers. By analogy
with RASSF1A, these RASSFs are considered to be tumor sup-
pressors and reported to regulate the cell cycle and apoptosis.
Although these RASSFs have many common characters, they
also diverge in several points. First, the subcellular localizations
are different. Because of the limitation of available antibodies,
the subcellular localizations of endogenous RASSF proteins are
not conclusively determined, but when expressed exogenously,
RASSF1A is associated with microtubules but RASSF3 or
RASSF6 is not. Second, RASSF1A and RASSF2 activate MST2
to induce apoptosis through the Hippo pathway, whereas
RASSF6 inhibits MST1/2 and induces apoptosis independently
of the Hippo pathway (13, 24—27). Third, although all RASSF
proteins have the Ras association domain, each RASSF protein
has a different affinity for Ras proteins (28). Because more than
one RASSF protein is expressed in the same cell, RASSF pro-
teins may cooperate to function as tumor suppressors. It is
important to characterize each RASSF protein and to know
whether and how they compensate each other when some
RASSF proteins are suppressed.

In this study, we demonstrated that RASSF6 is involved in
UV light- and VP-16-induced apoptosis and that p53 knock-
down attenuates RASSF6-induced apoptosis. RASSF6 induces
apoptosis more remarkably in HCT116 p53™/* cells than in
HCT116 p53~ /" cells. However, p53 knockdown does not
completely abolish RASSF6-induced apoptosis, and RASSF6
induces apoptosis in HCT116 p53 '~ cells to some extent.
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FIGURE 9. RASSF6 knockdown impairs DNA repair in UV light-exposed
and VP-16-treated HCT116 cells. HCT116 cells were transfected with con-
trol dsRNA (siCont) or RASSF6 dsRNA (siRASSF6#2). 72 h after transfection, the
cells were exposed to 25 J/m? UV light (A) or to 50 uM VP-16 for 3 h (B). The
cells were fixed immediately or cultured for 3, 6, or 24 h. y-H2AX was immu-
nostained. The signals were detected at 3 h in both control cells and RASSF6-
depleted cells. In control cells, the signals disappeared at 24 h, whereas the
signals remained detectable in RASSF6-depleted cells. NT, no treatment.

These findings suggest that RASSF6-induced apoptosis does
not depend solely on p53. Although p73 is implicated in
RASSF1A-induced apoptosis, p73 knockdown had no effect on
RASSF6-induced apoptosis. We reported previously that
MOAP1 is involved in RASSF6-induced apoptosis in HeLa
cells. Because p53 is compromised in HeLa cells, we tested the
idea that MOAP1 plays a role in RASSF6-induced apoptosis
independently of p53. Contrary to our expectations, MOAP1
knockdown does not decrease apoptosis in HCT116 p53~/~
cells. This finding implicates that MOAP1 functions in the
same pathway as p53 in the context of RASSF6-induced apo-
ptosis. We need to clarify in a future study how RASSF6 induces
apoptosis independently of p53.

We have also shown that RASSF6 is involved in p53-mediated
G, /S arrest. Mechanistically, RASSF6 interacts with MDM2 and
promotes its self-ubiquitination. Conversely, RASSF6 under-
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FIGURE 10. RASSF6 depletion increases polyploid cells after VP-16 treat-
ment. U20S cells were transfected with control dsRNA (siCont) or RASSF6
dsRNA (siRASSF6#2). The cells were replated at 4 x 10° /100-mm plate 48 h
later, cultured overnight, treated with 50 uM VP-16 for 3 h, and washed with
fresh medium. The cells were cultured for 48 and 96 h before flow cytometric
profiling. Three independent experiments were performed. A, representative
flow cytometric profiles. B, quantitative analysis. Error bars indicate S.D. of
three independent experiments. **, p < 0.01; n.s., not significant. White col-
umns, no treatment. Gray columns, VP-16 treatment. NT, no treatment.

goes degradation by MDM2. UV light exposure reduces MDM2
expression in the presence of RASSF6 and increases p53
expression. These findings suggest some mechanism that
determines whether RASSF6 or MDM2 is more readily
degraded and that DNA damage shifts the balance between
RASSF6 and MDM2. In RASSF6-depleted cells, MDM2 expres-
sion is maintained even after UV light exposure, and p53
expression is not up-regulated. Therefore, it is predicted that
the G, /S checkpoint does not work properly. Indeed, RASSF6
depletion impairs DNA repair in UV light-exposed or VP-16-

VOLUME 288 +NUMBER 42+-OCTOBER 18, 2013



RASSF6-MDM2-p53 Axis Regulates Apoptosis and Cell Cycle

treated cells and eventually increases polyploid cells. All of
these findings support that RASSF6 functions as a tumor sup-
pressor through MDM2 and p53. RASSF1A and RASSF3 also
interact with MDM2, facilitate its protein degradation, and sta-
bilize p53 (14, 16). Although further studies of other RASSF
proteins are necessary, the interaction with MDM2 and the
stabilization of p53 under DNA damage may be the common
feature for the C-terminal RASSF proteins.
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