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ABSTRACT RASSF6 is a member of the tumor suppressor Ras association domain
family (RASSF) proteins. RASSF6 is frequently suppressed in human cancers, and its
low expression level is associated with poor prognosis. RASSF6 regulates cell cycle
arrest and apoptosis and plays a tumor suppressor role. Mechanistically, RASSF6
blocks MDM2-mediated p53 degradation and enhances p53 expression. However,
RASSF6 also induces cell cycle arrest and apoptosis in a p53-negative background,
which implies that the tumor suppressor function of RASSF6 does not depend solely
on p53. In this study, we revealed that RASSF6 mediates cell cycle arrest and apop-
tosis via pRb. RASSF6 enhances the interaction between pRb and protein phospha-
tase. RASSF6 also enhances P16INK4A and P14ARF expression by suppressing BMI1.
In this way, RASSF6 increases unphosphorylated pRb and augments the interaction
between pRb and E2F1. Moreover, RASSF6 induces TP73 target genes via pRb and
E2F1 in a p53-negative background. Finally, we confirmed that RASSF6 depletion in-
duces polyploid cells in p53-negative HCT116 cells. In conclusion, RASSF6 behaves as
a tumor suppressor in cancers with loss of function of p53, and pRb is implicated in
this function of RASSF6.
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Ras association domain family 6 (RASSF6) is a member of the RASSF proteins (1–3).
RASSF6 is epigenetically silenced in acute lymphocytic leukemia, chronic lympho-

cytic leukemia, neuroblastoma, metastatic melanoma, and gastric cardia adenocarci-
noma (4–8). RASSF6 suppression is more frequently observed in gastric cancer, pan-
creatic ductal adenocarcinoma, and gastric cardia adenocarcinoma at the advanced
stage (8–10). These findings support the tumor-suppressive role of RASSF6.

Exogenously expressed RASSF6 induces apoptosis in caspase-dependent and
caspase-independent manners in various cells (11). Conversely, RASSF6 depletion
blocks tumor necrosis factor �-induced apoptosis in HeLa cells, okadaic acid-induced
apoptosis in rat hepatocytes, and sorbitol-induced apoptosis in human renal proximal
tubular epithelial cells (11–13). RASSF6 also causes G1/S arrest and is implicated in
UV-induced cell cycle arrest (14).

The Hippo pathway is a tumor-suppressive signaling pathway that comprises mam-
malian Ste20-like 1 and 2 (MST1/MST2) kinases and large tumor suppressor 1 and 2
(LATS1/LATS2) kinases (15–17). RASSF6 interacts with the MST1/MST2 kinases and
inhibits kinase activity (12). Reciprocally MST1/MST2 suppress RASSF6-induced apop-
tosis. When cells are exposed to okadaic acid, which activates the Hippo pathway,
RASSF6 and MST1/MST2 are dissociated. Consequently, RASSF6 induces apoptosis. In
this manner, RASSF6 cooperates with the Hippo pathway to function as a tumor
suppressor.
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RASSF6 binds to MDM2 and blocks p53 degradation by MDM2 (14). UV enhances
p53 expression and triggers the transcription of p53 target genes that are implicated in
apoptosis and cell cycle regulation. RASSF6 depletion attenuates UV-triggered increase
of p53 expression and blocks the induction of p53 target genes. MDM2-p53 is instru-
mental in the tumor-suppressive role of RASSF6. Nevertheless, RASSF6 induces apop-
tosis even in p53-compromised HeLa cells and p53-negative HCT116 (HCT116 p53�/�)
cells, suggesting that RASSF6 controls apoptosis via a specific molecule other than p53.
Modulator of apoptosis 1 (MOAP1), the activator of Bax, binds to RASSF6 (12, 18, 19).
MOAP1 depletion attenuates RASSF6-induced apoptosis. The double knockdown of
MOAP1 and p53, however, does not exhibit additional effects on RASSF6-induced
apoptosis (14). This means that MOAP1 is located in the same pathway as p53.

Retinoblastoma protein (pRb) and p53 are thought to be the two major tumor
suppressors (20–23). RB1, which encodes pRb, is mutated in familial retinoblastoma.
Unphosphorylated pRb forms a complex with E2F1 and inhibits E2F1-mediated tran-
scription (24, 25). The phosphorylation of pRb by cyclin-dependent kinases (CDKs)
releases E2F1 from pRb and promotes the cell cycle. In this study, we examined the
implication of pRb in the tumor-suppressive role of RASSF6. We demonstrate that
RASSF6 reduces the phosphorylation of pRb to enhance the interaction of pRb and
E2F1. Furthermore, in the presence of RASSF6, E2F1 mediates transcription of proapo-
ptotic TP73 and CASP7 in HCT116 p53�/� cells. Consistent with this, the suppression of
RB1 and E2F1 decreases RASSF6-mediated apoptosis.

RESULTS
Depletion of RB1 overrides RASSF6-induced cell cycle arrest. We tested the

effect of RASSF6 on the cell cycle in a p53-negative background. Exogenously ex-
pressed RASSF6 blocked EdU incorporation in HCT116-p53�/� cells (Fig. 1A, siCont.,
arrowheads). However, when RB1 was knocked down (Fig. 1C), EdU was incorporated
in RASSF6-expressing cells (Fig. 1A, siRB1#1 and siRB1#2, arrows). In the quantification,
almost 80% of control cells incorporated EdU, whether RB1 was knocked down or not
(Fig. 1B, black bars). RASSF6 reduced the incorporation of EdU to 10% (Fig. 1B, siCont.,
gray bar), but RB1 silencing recovered it to about 40% (Fig. 1B, siRB1#1 and siRB1#2,
gray bars).

RASSF6 blocks the phosphorylation of pRb and enhances the interaction
between pRb and E2F1. The interaction between pRb and E2F1 is regulated by the
phosphorylation of pRb by CDKs (20, 26, 27). Phosphorylation at threonine 821 induces
the intramolecular binding of the C-terminal domain to the pocket domain and blocks
the interaction between pRb and E2F1 (24, 27). Phosphorylation at serine 608 also
inhibits the interaction between pRb and E2F1 (28). RASSF6 remarkably reduced the
phosphorylation at serine 608 and slightly attenuated the phosphorylation at threonine
821 (Fig. 2A). Conversely RASSF6 silencing augmented the phosphorylation at these
sites (Fig. 2B). Serine 807/811 are phosphorylated by CDK4 and are reported to be
required for phosphorylation at other sites (24, 29–31). Serine 807 phosphorylation is
also considered to play a role in G0/G1 transition and binding to Bax (32, 33). RASSF6
decreased phosphorylation at serine 807/811, while RASSF6 silencing augmented it (Fig.
2A and B). To further confirm the effect of RASSF6, we examined the phosphorylation
states of pRb in the cytoplasmic and nuclear fractions. Cytoplasmic pRb was not
detected by the antibody specific for unphosphorylated pRb, which does not recognize
phosphorylated pRb (Fig. 2C, third gel from top). To more clearly separate phosphor-
ylated and unphosphorylated pRb, we used Phos-tag gels, in which phosphorylated
proteins migrate slowly. The analysis with Phos-tag gels revealed that the major part of
the cytoplasmic pRb was phosphorylated while most of the nuclear pRb was unphos-
phorylated, but phosphorylated pRb was also detected in the nucleus (Fig. 2C, top,
arrow). However, the coexpression of RASSF6 reduced the nuclear phosphorylated pRb
(Fig. 2C, top, arrowhead). All these findings indicate that RASSF6 reduces the phos-
phorylation of pRb. In a coimmunoprecipitation experiment using HEK293FT cells,
RASSF6 augmented the interaction between E2F1 and pRb, which is consistent with the
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decreased phosphorylation at serine 608 and threonine 821 (Fig. 2D, arrow). Further-
more, RASSF6 suppressed the E2F1 promoter reporter (Fig. 2E, siCont.), but RB1
silencing abrogated this inhibition, supporting the notion that RASSF6 inhibits E2F1 via
pRb (Fig. 2E, siRB1#1). Consistently, RASSF6 silencing enhanced the E2F1 promoter
reporter (Fig, 2F). It has been reported that LATS2 is implicated in the assembly of
DREAM, which represses E2F1 target gene transcription (34). Considering that RASSF6
cross talks with the Hippo pathway, we silenced LATS1 and LATS2. However, RASSF6
suppressed the E2F1 promoter reporter even in the LATS1-LATS2-negative background
(Fig. 2G). Moreover, the depletion of LIN52, which is a component of the DREAM
complex (29), did not affect RASSF6-mediated suppression of the E2F1 promoter
reporter (Fig. 2H). These findings suggest that RASSF6 functions independently of the
DREAM complex.

RASSF6 promotes the interaction between pRb and protein phosphatases. pRb
phosphorylation is regulated by protein phosphatases (PP1A and PP2A) (35). In Dro-
sophila melanogaster, dRASSF, a fly homologue of RASSF, interacts with fly homologues
of components of the striatin-interacting protein phosphatases and kinases (STRIPAK)
complexes (36). STRIPAK is a complex of PP2A that interacts with Ste20-like kinases (37).
In mammals, although direct interaction between RASSF and the STRIPAK complex has

FIG 1 RASSF6 suppresses EdU incorporation via pRb. (A) HCT116 p53�/� cells were transfected with control siRNA or RB1
siRNAs; 48 h later, the cells were replated at 5 � 104 cells/well in a 12-well plate and transfected with pCIneoFHF-RASSF6
(FLAG-RASSF6). Six hours after transfection, the cells were treated with 2 mM thymidine, cultured for 18 h, and then
released from the thymidine block. Two hours later, the cells were treated with 10 �M EdU for 1 h, fixed, and
immunostained with anti-FLAG and anti-EdU antibodies. The nuclei were visualized with Hoechst 33342. (Top row) The
arrowheads indicate that FLAG-RASSF6-expressing cells did not incorporate EdU. (Middle and bottom rows) The arrows
indicate FLAG-RASSF6-expressing cells that incorporated EdU. Bars, 10 �m. (B) One hundred fifty FLAG-positive and
-negative cells were observed. The ratio of the cells incorporating EdU was calculated. Three independent samples were
evaluated. The data indicate means with standard deviations (SD). ***, P � 0.001. (C) Validation of RB1, RASSF6, and E2F1
silencing in HCT116 p53�/� cells. HCT116 p53�/� cells were transfected with control, two RB1, two RASSF6, and E2F1
siRNAs; 96 h later, mRNAs were extracted and quantitative RT-PCR was performed. ***, P � 0.001; ****, P � 0.0001.
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FIG 2 RASSF6 suppresses pRb phosphorylation and enhances interaction between pRb and E2F1. (A) The cell
lysates of parental HCT116 p53�/� cells transfected with control pCIneoFHF (FLAG) or pCIneoFHF-RASSF6 (FLAG-
RASSF6) were immunoblotted with the indicated antibodies to detect endogenous pRb and to evaluate phos-
phorylation. (B) HCT116 p53�/� cells were transfected with control siRNA (siCont.) or RASSF6 siRNA (siRASSF6#1);
72 h later, the cell lysates were immunoblotted with the indicated antibodies. (C) V5-pRb (pLX304-pRb-V5) was
expressed alone or with FLAG-RASSF6 in HCT116 p53�/� cells; 24 h later, the cells were harvested, and subcellular
fractionation was performed. Comparable amounts of whole-cell lysates (W), the cytoplasmic fraction (C), and the
nuclear fraction (N) were analyzed by SDS-PAGE for immunoblotting with anti-FLAG, anti-V5, anti-unphospho-
rylated-Rb, anti-poly(ADP-ribose) polymerase (PARP), and anti-�-tubulin antibodies or on a Phos-tag gel for
immunoblotting with anti-V5 antibody to evaluate phosphorylated and unphosphorylated pRb. PARP and
�-tubulin were used as nuclear and cytoplasmic markers. The arrow indicates the phosphorylated pRb in the
nuclear fraction. As indicated by the arrowhead, RASSF6 reduced the phosphorylated pRb in the nuclear fraction.
(D) HEK293FT cells were transfected with various combinations of pLX304-pRb-V5, pClneoFH-E2F1, and
pClneoMyc-RASSF6. Immunoprecipitation was performed with anti-DYKDDDDK (1E6) antibody beads. The inputs
and immunoprecipitates were immunoblotted with the indicated antibodies. In the presence of RASSF6, the

(Continued on next page)
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not been reported, RASSF proteins have been detected in the interactome of MST
kinases and the STRIPAK complex (38). We hypothesized that RASSF6, as a scaffold,
promotes the interaction between pRb and protein phosphatases and facilitates de-
phosphorylation of pRb. We immunoprecipitated RASSF6 from human colon cancer
SW480 cells and detected pRb that was coimmunoprecipitated with RASSF6 (Fig. 3A,
arrow). To further confirm the interaction, we exogenously expressed RASSF6 and pRb
in HEK293FT cells and performed a coimmunoprecipitation experiment. When FLAG-
RASSF6 was immunoprecipitated, V5-pRb was coimmunoprecipitated (Fig. 3B, left). In
the reverse experiment, FLAG-RASSF6 was coimmunoprecipitated with V5-pRb (Fig. 3B,
right). In the experiment shown in Fig. 2C, we noted that RASSF6, when coexpressed
with pRb, was recovered not only in the cytoplasm but also in the nucleus (Fig. 2C,
second gel from top). This observation prompted us to ask whether pRb affects the
subcellular localization of RASSF6. We expressed FLAG-RASSF6 with or without V5-pRb
in HeLa cells and evaluated the subcellular localization in the immunofluorescence and
in the subcellular fractionation (Fig. 3C and D). FLAG-RASSF6 was distributed mainly in
the cytoplasm (Fig. 3C, top, and D). However, when coexpressed with V5-pRb, FLAG-
RASSF6 was detected in the nucleus (Fig. 3C, bottom). The subcellular fractionation also
supported the notion that pRb increased nuclear RASSF6 (Fig. 3D, arrow). We next
examined the effect of RASSF6 on the interaction between protein phosphatases and
pRb. We expressed luciferase-fused PP1A and PP2A with V5-pRb in HEK293FT cells and
immunoprecipitated V5-pRb. The luciferase activity in the immunoprecipitates was
measured to evaluate the coimmunoprecipitation of PP1A and PP2A with pRb. RASSF6
increased luciferase-PP1A and -PP2A coimmunoprecipitated with pRb (Fig. 3D). These
findings are consistent with the assumption that RASSF6 promotes the interaction of
pRb with protein phosphatases, allowing pRb to remain unphosphorylated. RASSF5
promotes dephosphorylation of pRb (39). RASSF1A blocks dephosphorylation of mam-
malian Ste20-like kinases (MST1 and -2) (40). As RASSF1A and RASSF5 can interact with
RASSF6 (41), it is possible that RASSF6 regulates the phosphorylation state of pRb and
the interaction of pRb with E2F1 through RASSF1A and RASSF5. However, neither
RASSF1 silencing nor RASSF5 silencing had an effect on the RASSF6-mediated suppres-
sion of the E2F1 promoter reporter, which means that RASSF6 regulates pRb indepen-
dently of RASSF1A and RASSF5 (see Fig. S1 in the supplemental material). As pRb and
MDM2 interact with each other (42), we examined whether and how pRb affects the
interaction between RASSF6 and MDM2. However, pRb did not show any effect (see Fig.
S2 in the supplemental material).

RASSF6 induces CDKN2A independently of p53. Another explanation of the
reduced phosphorylation of pRb is the inhibition of CDKs. As RASSF6 enhances p53
expression, we reasoned that RASSF6 upregulates CDKN1A (cyclin-dependent kinase
inhibitor 1A) mRNA via p53 and inhibits the CDK2/CDK4-mediated phosphorylation of
pRb via CDKN1A. However, in this study, we wanted to know how RASSF6 functions as
a tumor suppressor in a p53-negative background. We therefore examined whether
RASSF6 regulates CDKN1A and CDKN2A in HCT116 p53�/� cells. Treatment with doxo-
rubicin enhanced P16INK4A and P14ARF, both of which are included in the CDKN2A
locus at the mRNA level (Fig. 4A, siCont.). RASSF6 depletion abolished the enhancement
of P16INK4A and P14ARF (Fig. 4A, siRASSF6#1). Doxorubicin, although to a lesser extent,

FIG 2 Legend (Continued)
amount of coimmunoprecipitated pRb was increased (arrow). The asterisk indicates the immunoglobulin heavy
chain. (E) HEK293FT cells were transfected with control siRNA or RB1 siRNA#1; 48 h later, the cells were transfected
with E2F1-Luc (�242) reporter and pCMV alkaline phosphatase. E2F1 (pCIneoFH-E2F1) and/or RASSF6 (pCIneoMyc-
RASSF6) was coexpressed, and 24 h later, a luciferase assay was conducted with Picagene as a substrate. RASSF6
suppressed E2F1-mediated enhancement of luciferase activity (siCont., second and third bars), but RB1 knockdown
abolished the effect of RASSF6. **, P � 0.01; n.s., not significant. (F) HEK293FT cells were transfected with control
siRNA or RASSF6 siRNA (#1 or #2), The reporter assay was performed as described for panel E. ***, P � 0.001. (G)
HEK293FT cells were transfected with LATS1 and LATS2 siRNAs. The reporter assay was performed as described for
panel E. The validation of LATS1-LATS2 silencing is shown on the right. ***, P � 0.001. (H) HEK293FT cells were
transfected with LIN52 siRNA. The reporter assay was performed as described for panel E. The validation of LIN52
silencing is shown on the right. ***, P � 0.001.
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enhanced CDKN1A in HCT116 p53�/� cells, but RASSF6 silencing had no effect on the
enhancement of CDKN1A (Fig. 4A, CDKN1A). This implies that RASSF6 upregulates
P16INK4A and P14ARF in the p53-negative background, inhibits CDK4 via the p16
protein, and eventually prevents the phosphorylation of pRb. Moreover, it also suggests
that CDKN1A is regulated independently of RASSF6 in a p53-negative background.

RASSF6 antagonizes BMI1. The next question was the mechanism by which
RASSF6 enhances P16INK4A and P14ARF. As the Polycomb complex protein BMI1 is well
known to downregulate P16INK4A and P14ARF expression, we suspected that BMI1 was
implicated (43). We examined whether BMI1 silencing antagonized RASSF6 silencing. As

FIG 3 RASSF6 mediates the interaction between pRb and protein phosphatases. (A) RASSF6 was immunoprecipi-
tated (IP) from SW480 cells. The inputs and the immunoprecipitates were immunoblotted with the indicated
antibodies. The arrow indicates the coimmunoprecipitated pRb, (B) HEK293FT cells were transfected with pLX304-
pRb-V5 and either control pCIneoFHF (FLAG) or pCIneoFHF-RASSF6 (FLAG-RASSF6). Immunoprecipitation was
performed with anti-DYKDDDDK (1E6) antibody (left) or anti-V5 antibody (right) beads. The inputs and immuno-
precipitates were immunoblotted with the indicated antibodies. The asterisks indicate the immunoglobulin heavy
chain. (C and D) FLAG-RASSF6 (pCIneoFHF-RASSF6) was expressed alone or with V5-pRb (pLX304-pRb-V5) in HeLa
cells. (C) FLAG-RASSF6 was distributed in the cytoplasm when expressed alone but was detected in the nucleus
when coexpressed with V5-pRb. Bars, 10 �m. (D) Subcellular fractionation was performed. Nuclear RASSF6 was
increased when coexpressed with V5-pRb (arrow). (E) HEK293FT cells were transfected with various combinations
of pClneoLuc-PP1A, pCIneoLuc-PP2A, pLX304-pRb-V5, control pCIneoFHF, and pCIneoFHF-RASSF6. Immunopre-
cipitation was performed with anti-V5 antibody beads. The immunoprecipitated V5-pRb is shown below the
graphs. Luciferase activities in the inputs and immunoprecipitates were measured by use of Picagene as a
substrate. ***, P � 0.001. The error bars indicate SD.
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FIG 4 RASSF6 antagonizes BMI1 and is implicated in P16INK4A and P14ARF expression in a p53-negative
background. (A) HCT116 p53�/� cells were transfected with the indicated siRNAs; 24 h later, the cells were
exposed to 1 mg/liter doxorubicin for 1 h and then washed. The cells were further cultured and harvested
to isolate mRNAs. CDKN2A and P14ARF were examined after 5-day culture, while CDKN1A was evaluated
after 2-day culture, with quantitative RT-PCR. RPS18 was used as a reference. Doxorubicin enhanced
P16INK4A and P14ARF expression. Doxorubicin also enhanced CDKN1A expression, but to a lesser extent.
RASSF6 knockdown abolished the effect of doxorubicin. However, additional BMI1 silencing recovered
doxorubicin-induced enhancement of P16INK4A and P14ARF. ***, P � 0.001; n.s., not significant. The

(Continued on next page)
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expected, the additional knockdown of BMI1 recovered the enhancement of P16INK4A
and P14ARF in RASSF6-depleted cells (Fig. 4A, siRASSF6#1�siBMI1). This observation
supports the notion that RASSF6 antagonizes BMI1 in the regulation of P16INK4A and
P14ARF. RASSF6 expression did not affect BMI1 mRNA expression (data not shown). We
next tested whether and how RASSF6 affects BMI1 at the protein level. First, we tested
the interaction between RASSF6 and BMI1. BMI1 was coimmunoprecipitated with
RASSF6 from SW480 cells (Fig. 4B, arrow). We could also detect the interaction between
exogenously expressed RASSF6 and BMI1 (Fig. 4C, right and left). We next examined the
effect of RASSF6 on the stability of BMI1. We first confirmed that cycloheximide
treatment induced a mobility shift of BMI1, as previously reported (Fig. 4D, left) (44).
RASSF6 silencing increased the upward-shifted band (Fig. 4D, arrow). Treatment with
�-phosphatase abolished this shift (Fig. 4D, far-right lane). These findings support the
notion that cycloheximide induces the phosphorylation of BMI1 and that RASSF6
silencing increases it. We next evaluated BMI1 degradation in the presence of RASSF6
(Fig. 4E). Green fluorescent protein (GFP)-RASSF6 slightly reduced BMI1 protein expres-
sion (Fig. 4E, 0 h). More remarkably, RASSF6 decreased the upward-shifted BMI1 (Fig. 4E,
3 h to 12 h). �TrCP regulates BMI1 ubiquitination and degradation (44). We next
examined the effect of RASSF6 silencing on BMI1 stability in the presence of �TrCP.
RASSF6 silencing increased the upward-shifted BMI1 and delayed its degradation (Fig.
4F, right). Moreover, RASSF6 silencing reduced BMI1 polyubiquitination (Fig. 4G). We
also examined the subcellular distribution of RASSF6 and BMI1 (see Fig. S3 in the
supplemental material). RASSF6 did not affect the subcellular localization but reduced
BMI1 expression. BMI1 also did not affect the subcellular localization of RASSF6. All
these findings support the notion that RASSF6 promotes the degradation of BMI1,
which may contribute to the enhancement of P16INK4A and P14ARF.

pRb is involved in RASSF6-induced apoptosis. Under certain circumstances, pRb
is involved in apoptosis (45). For instance, in prostate cancer cells, cell detachment
increases unphosphorylated pRb and induces apoptosis (46). Moreover, under DNA
damage, pRb is dephosphorylated at CDK-mediated phosphorylation sites but phos-
phorylated by checkpoint kinases (47). Phosphorylated pRb binds to E2F1 and en-
hances proapoptotic genes (47). We first raised the question of whether pRb is involved
in RASSF6-induced apoptosis. We expressed GFP-RASSF6 in HCT116 p53�/� cells.
GFP-RASSF6 caused nuclear condensation and induced cytochrome c release (Fig. 5A,
siCont., GFP-RASSF6, arrows). RB1 silencing decreased nuclear condensation and cyto-
chrome c release (Fig. 5A, siRB1#1 and siRB1#2, GFP-RASSF6, arrowheads). In DNA
content analysis by flow cytometry, GFP-RASSF6 increased the sub-G1 population (Fig.
5B, siCont., GFP and GFP-RASSF6). RB1 silencing, however, reduced the sub-G1 popu-
lation in RASSF6-expressing cells (Fig. 5B, siCont and siRB1#1, GFP-RASSF6). These

FIG 4 Legend (Continued)
validation of BMI1 silencing was performed by qRT-PCR. (B) RASSF6 was immunoprecipitated from SW480
cells. The inputs and immunoprecipitates were immunoblotted with the indicated antibodies. The arrow
indicates the coimmunoprecipitated BMI1. (C) HEK293FT cells were transfected with control pCIneoFHF
(FLAG), pCIneoFHF-RASSF6 (FLAG-RASSF6), control pCIneoGFP (GFP), and pCIneoGFP-BMI1 (GFP-BMI1), as
indicated. The immunoprecipitation was performed with either anti-DYKDDDDK (1E6) antibody beads
(right) or anti-GFP antibody fixed on protein G-Sepharose 4 Fast Flow beads (left). The asterisk indicates the
immunoglobulin heavy chain. (D) HCT116 p53�/� cells were transfected with control siRNA (siCont.) or
RASSF6 siRNA (siRASSF6#2); 72 h later, the cells were treated with 50 mg/liter cycloheximide for 3 h.
Treatment with lambda phosphatase abolished the upper band. The samples were immunoblotted with the
indicated antibodies, and endogenous BMI1 was detected. (E) HCT116 p53�/� cells were transfected with
pCIneoGFP-RASSF6; 24 h later, the cells were treated with 50 mg/liter cycloheximide and collected at the
indicated time points. Endogenous BMI1 was immunoblotted. RASSF6 reduced phosphorylated BMI1 and
facilitated BMI degradation. (F) HCT116 p53�/� cells were transfected with control siRNA (siCont.) or RASSF6
siRNA (siRASSF6#1); 24 h later, the cells were transfected with pcDNA3-myc3-�TrCP, and 48 h later, BMI1
degradation was evaluated as described for panel E. RASSF6 silencing increased phosphorylated BMI1 and
delayed BMI1 degradation. (G) HEK293FT cells were transfected with control siRNA or RASSF6 siRNAs (#1
and #2); 24 h later, the cells were transfected with pCIneFH-BMI1 and pCGN-HA-UBC, and 48 h later, the
cells were treated with 30 �M MG-132 for 6 h and then lysed with the buffer containing guanidine
hydrochloride. FH-BMI1 was isolated with Ni-NTA beads and immunoblotted with anti-HA antibody. RASSF6
silencing reduced BMI1 ubiquitination.
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findings support the notion that pRb is involved in RASSF6-induced apoptosis in the
p53-negative background.

E2F1 is involved in RASSF6-induced apoptosis. E2F1 regulates a wide variety of
genes involved in not only proliferation but also apoptosis (48). For instance, E2F1
regulates apoptosis-related genes, such as APAF1 and CASPs (49, 50). pRb recruits
histone deacetylases to repress classic E2F1 target genes, such as CCNA2, but in cells
exposed to DNA damage, pRb forms a transcriptionally active complex, including E2F1

FIG 5 pRb is implicated in RASSF6-induced apoptosis in HCT116 p53�/� cells. HCT116 p53�/� cells were transfected with
control siRNA or RB1 siRNAs; 48 h later, the cells were replated on coverslips and transfected with control pCIneoGFP (GFP)
or pCIneoGFP-RASSF6 (GFP-RASSF6). (A) Twenty-four hours later, the cells were immunostained with anti-cytochrome c
antibodies. The nuclei were visualized with Hoechst 33342. Fifty GFP-positive cells were observed, and the ratios of the cells
with nuclear condensation and cytochrome c release were calculated. GFP-RASSF6 induced nuclear condensation (arrows),
but RB1 silencing blocked it (arrowheads). The data are means with SD. ***, P � 0.001. Scale bars, 10 �m. (B) The cells were
fixed in ice-cold 70% (vol/vol) ethanol, washed with PBS, and resuspended in PBS containing 10 mg/liter propidium iodide
and 1 g/liter RNase A. The sub-G1 population was evaluated with a FACSCalibur (BD Biosciences). The data were analyzed
by use of BD CellQuest Pro Software. The data are means with SD. *, P � 0.05; **, P � 0.01.
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and P/CAF, to promote transcription of proapoptotic genes, such as TP73 and CASP7
(47, 51, 52). To determine whether E2F1 is involved in RASSF6-induced apoptosis, we
examined the effect of E2F1 silencing. E2F1 silencing attenuated RASSF6-induced
nuclear condensation and cytochrome c release in RASSF6-expressing HCT116 p53�/�

cells (Fig. 6A). To more directly confirm that RASSF6 plays a role in pRb/E2F1-mediated
transcription of proapoptotic genes, we quantified mRNAs of TP73, CASP7, and BAX.
RASSF6 increased proapoptotic TP73, CASP7, and BAX but had no effect on CCNA2 (Fig.
6B, siCont). However, RB1 silencing and E2F1 silencing abolished the effect of RASSF6
(Fig. 6B, siRB1#1 and siE2F1). These findings support the notion that E2F1 is involved in
RASSF6-induced apoptosis. Although YAP1, a target of the Hippo pathway, cooperates
with p73, YAP1 silencing had no effect on RASSF6-mediated apoptosis in HCT116
p53�/� cells (see Fig. S4 in the supplemental material). BMI1 silencing also did not
augment RASSF6-induced apoptosis (see Fig. S5 in the supplemental material).

RASSF6 depletion impairs DNA repair and causes genomic instability. In the
previous study, we demonstrated that RASSF6 depletion impairs DNA repair in HCT116
cells and results in the generation of polyploid cells (14). To evaluate the significance

FIG 6 E2F1 is implicated in RASSF6-induced apoptosis in HCT116 p53�/� cells. (A) HCT116 p53�/� cells were transfected
with control siRNA or E2F1 siRNA; 48 h later, the cells were replated on coverslips and transfected with control pCIneoGFP
(GFP) or pCIneoGFP-RASSF6 (GFP-RASSF6). Apoptosis was evaluated as described for Fig. 5A. The data are means with SD.
Arrows and arrowheads show induction and blockage of nuclear condensation and cytochrome c release as described for
Fig. 5A. ***, P � 0.001. Scale bars, 10 �m. (B) HCT116 p53�/� cells were transfected with control siRNA, RB1 siRNA#1, or
E2F1 siRNA; 48 h later, the cells were transfected with control pCIneoGFP or pCIneoGFP-RASSF6, and 24 h later, the cells
were harvested and mRNAs were collected. qRT-PCR was performed with glyceraldehyde-3-phosphate dehydrogenase as
a reference. The value for the cells expressing control GFP was set at 1.0. The data are means with SD for the triplicate
samples. TP73, CASP7, and BAX genes were upregulated by RASSF6. RB1 or E2F1 knockdown abolished the effect of RASSF6.
The CCNA2 gene was not enhanced by RASSF6. ***, P � 0.001; n.s., not significant.
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of RASSF6 as a tumor suppressor in a p53-negative background, we examined the
effect of RASSF6 depletion on DNA repair in HCT116 p53�/� cells. After 3 h of treatment
with VP-16, �H2A.X signals appeared (Fig. 7A, HCT116 p53�/�, 0 h) but disappeared
within 3 h after the removal of VP-16 in HCT116 p53�/� cells (Fig. 7A, HCT116 p53�/�,
3 h). However, in HCT116 p53�/� cells, the signals remained for up to 9 h (Fig. 7A,
HCT116 p53�/�, siCont, 9 h). This means that DNA repair is delayed in HCT116 p53�/�

FIG 7 RASSF6 depletion delays DNA repair and increases polyploid cells in a p53-negative background. HCT116 p53�/�

cells were exposed to 50 �M VP-16 for 3 h, and then VP-16 was removed. The cells were harvested at the indicated times,
and �H2A.X was immunostained. A scheme of the protocol is shown at the top of panel A. (A and B) HCT116 p53�/� cells
were transfected with control siRNA or RASSF6 siRNA (#1 [A] or #1 and #2 [B]); 48 h later, the cells were exposed to 50 �M
VP-16 for 3 h, and then, VP-16 was removed. (A) Thereafter, �H2A.X was immunostained at the indicated times (0 h means
immediately after 3-h treatment with VP-16), and �H2A.X was immunostained. Five hundred cells were observed for each
sample, and �H2A.X-positive cells were counted. The bar graphs are summaries of the results of three independent
experiments. The data are means with SD. ***, P � 0.001. Scale bars, 20 �m. (B) Cells were cultured for 96 h after removal
of VP-16, and DNA contents were evaluated by FACS. VP-16 treatment induced polyploid cells, and RASSF6 depletion
further increased them.
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cells. Even so, �H2A.X signals decreased in a time-dependent manner and became
barely detectable 21 h later (Fig. 7A, HCT116 p53�/�, siCont, 21 h). However, when
RASSF6 was suppressed, �H2A.X signals were still visible at 21 h (Fig. 7A, HCT116
p53�/�, siRASSF6#1, 21 h). These findings support the notion that RASSF6 is necessary
for DNA repair in a p53-negative background. We cultured VP-16-treated HCT116
p53�/� cells for 96 h and analyzed the DNA content by fluorescence-activated cell
sorting (FACS). The polyploid cells were increased by the treatment with VP-16 (Fig. 7B,
siCont, 1.64% versus 13.03%). RASSF6 depletion further increased the polyploid cells
(Fig. 7B, VP-16, siRASSF6#1 and siRASSF6#2). All these findings support the possibility
that RASSF6 plays a tumor suppressor role in cancer cells with dysregulated p53.

DISCUSSION

RASSF6 is one of the classical RASSF proteins, which have Ras association domains
in the C-terminal region, and cooperates with the well-conserved tumor suppressor
Hippo pathway (41). The low expression of RASSF6 is observed in human cancers and
correlates with shortened disease-free survival, which corroborates the notion that
RASSF6 plays a tumor-suppressive role in humans. Forced expression of RASSF6
induces apoptosis and cell cycle arrest in various cells (11, 12). p53 depletion attenuates
RASSF6-induced apoptosis and overcomes RASSF6-induced cell cycle arrest, which
supports the notion that p53 functions downstream of RASSF6 (14). In fact, RASSF6
interacts with MDM2 and blocks MDM2-mediated degradation of p53. RASSF6 deple-
tion suppresses UV exposure-induced p53 target gene expression. KRAS strengthens
the interaction between RASSF6 and MDM2 and causes apoptosis by enhancing p53
expression (19). In this respect, MDM2-p53 is important for the tumor suppressor role
of RASSF6. However, p53 depletion does not completely abolish RASSF6-mediated
apoptosis (14). Moreover, RASSF6 induces apoptosis in p53-negative HCT116 cells.
These findings imply that RASSF6 causes apoptosis independently of p53. This obser-
vation is important, because it means that RASSF6 works as a tumor suppressor in
cancers with p53 mutations. In this line, we have studied the molecular mechanism
underlying the p53-independent tumor suppressor role of RASSF6.

RB1 is the first identified tumor suppressor gene, and its defects cause many human
cancers (23). A recent report has revealed that Nore1A (a splicing variant of RASSF5)
forms a complex composed of protein phosphatase 1A and pRb to promote pRb
dephosphorylation and to mediate Ras-induced senescence (39). Based on these data,
we examined the relations of RASSF6 and pRb. To accentuate the role of pRb, we used
HCT116 p53�/� cells in this study. First, we confirmed that RB1 silencing attenuates
RASSF6-induced cell cycle arrest (Fig. 1).

Unphosphorylated pRb binds and inhibits the E2F family transcription factors (20,
26). When pRb is phosphorylated by CDKs, it fails to bind the E2F proteins, so that cells
proceed from G1 to enter S. From M to G1, pRb is dephosphorylated by protein
phosphatases and returns to the unphosphorylated form (35). As RASSF6 blocks DNA
synthesis depending on pRb (Fig. 1) and Nore1A promotes pRb dephosphorylation (39),
we suspected that RASSF6, as well, suppresses the phosphorylation of pRb. As ex-
pected, RASSF6 reduces phosphorylation at serine 608 and at threonine 821, both of
which destabilize the interaction between pRb and E2F (Fig. 2). Accordingly, RASSF6
strengthens the binding of pRb to E2F1 and suppresses the E2F1 promoter reporter,
depending on pRb (Fig. 2D and E). Conversely, RASSF6 silencing enhanced the E2F1
promoter reporter (Fig. 2F). A kinase short hairpin RNA (shRNA) screening revealed that
LATS2 promotes the assembly of the DREAM repressor complex and suppresses E2F
target genes (34). As RASSF6 cross talks with the Hippo pathway, it is reasonable to ask
whether LATS2 is implicated in RASSF6-mediated suppression of E2F1 reporter activity.
However, LATS1-LATS2 silencing had no effect (Fig. 2G). Moreover, LIN52 silencing also
did not affect RASSF6-mediated repression (Fig. 2H). These findings suggest that
RASSF6 represses E2F1-mediated transcription independently of the DREAM repressor
complex. Likewise, YAP1 silencing did not show any effect on RASSF6-mediated apop-
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tosis (see Fig. S4 in the supplemental material). This result is comprehensible, because
RASSF6 plays a tumor suppressor role independently of the Hippo pathway (12).

As reported for Nore1A, RASSF6 increases the interaction between pRb and protein
phosphatases. RASSF6 and pRb were coimmunoprecipitated (Fig. 3A and B), and pRb
recruited RASSF6 into the nucleus (Fig. 3C and D). These findings support the notion
that RASSF6 and pRb interact with each other. Considering that proteomic analysis
revealed RASSF proteins in the interactome of MST kinases and the STRIPAK complex,
we speculated that RASSF6 may link protein phosphatases to pRb. Indeed, RASSF6
promoted the binding of PP1A and PP2A to pRb (Fig. 3E). RASSF6 interacts with other
RASSF proteins (41), and RASSF5 promotes dephosphorylation of pRb via PP1A (39).
Conversely, RASSF1A blocks PP1- and PP2A-mediated dephosphorylation of mamma-
lian Ste20-like kinases 1 and 2 (40). Therefore, it is possible that RASSF6 modulates the
phosphorylation of pRb via RASSF1A and RASSF5. However, RASSF1 silencing or RASSF5
silencing did not affect the inhibitory effect of RASSF6 on the E1F1 promoter reporter,
which indicates that RASSF6 regulates pRb independently of RASSF1 or RASSF5 (see
Fig. S1 in the supplemental material).

We also found that RASSF6 increases P16INK4A and P14ARF expression in a p53-
negative background. RASSF6 promotes the degradation of BMI1, which suppresses
P16INK4A and P14ARF. Serine 110 phosphorylation is known to stabilize BMI1 (53).
RASSF6 is considered to promote the dephosphorylation of BMI1 and to destabilize it.
We also observed that CDKN1A expression was enhanced by doxorubicin in HCT116
p53�/� cells, which is consistent with a previous report (54), but that RASSF6 silencing
had no effect on CDKN1A. In that paper, the researchers demonstrated that p63 was
implicated. Thus, the induction of CDKN1A by doxorubicin in HCT116 p53�/� cells may
be independent of RASSF6. In short, RASSF6 reduces the phosphorylation of pRb in two
ways: through the promotion of dephosphorylation and the inhibition of phosphory-
lation by CDKs (Fig. 8).

In cells exposed to DNA damage, such as doxorubicin treatment, phosphorylated
pRb forms a complex with E2F1 (47). DNA damage triggers the binding of histone
acetyltransferase to E2F1 and the acetylation of E2F1 and promotes the association of
E2F1 with the promoters of proapoptotic genes. Therefore, we examined whether pRb
and E2F1 are implicated in RASSF6-induced apoptosis. The silencing of RB1 or E2F1
suppresses RASSF6-induced apoptosis (Fig. 5 and 6). RASSF6 expression enhances
proapoptotic genes, including TP73, CASP7, and BAX, while the silencing of RB1 or E2F1
blocks the effect of RASSF6 (Fig. 6). We previously observed that TP73 silencing did not
attenuate RASSF6-induced apoptosis in HCT116 p53�/� cells (14). Therefore, the en-
hancement of TP73 by RASSF6 was unexpected. However, it has been reported that p73

FIG 8 Mechanism by which RASSF6 keeps pRb unphosphorylated. RASSF6 links protein phosphatases to
pRb and promotes dephosphorylation of pRb. RASSF6 also reduces the phosphorylated form of BMI1,
which is resistant to �TrCP-mediated degradation, eventually destabilizes BMI1, and increases P16INK4A,
which in turn inhibits CDK4.
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functionally replaces p53 in p53-deficient cells (55). As we used HCT116 p53�/� cells in
this study, we speculate that the transcriptional regulatory networks may be changed
by p53 depletion in these cells.

In the final set of experiments, we showed that RASSF6 depletion impairs DNA repair
in p53-negative cells (Fig. 7). RASSF6 depletion also increases the generation of
polyploid cells. These findings suggest that RASSF6 is a significant tumor suppressor in
p53-compromised cells. Of note, RB1 silencing did not completely abolish RASSF6-
induced apoptosis in p53-negative cells (Fig. 5). RASSF6 induces apoptosis and sup-
presses proliferation in Saos-2 cells, which have TP53 mutation and RB1 mutation (data
not shown). These findings mean that there should be a specific mechanism by which
RASSF6 works as a tumor suppressor independently of both p53 and pRb. The dissec-
tion of such a mechanism will be the subject of future research.

MATERIALS AND METHODS
DNA construction and virus production. pCIneoGFP, pCIneoFH, pCIneoMyc, pCIneoFHF-RASSF6,

pCIneoMyc-RASSF6, pCIneoGFP-RASSF6, pCIneoLuc-PP1A, pCIneoLuc-PP2A, pLenti-EF-ires-blast, and
pCIneoHAHA-MDM2 have been described previously (11, 12, 14, 56). pLX304-pRb-V5 was derived from
the CCSB-Broad Lentiviral Expression Library (GE Healthcare Dharmacon Inc.). An NheI/SalI fragment from
pCIneoFHF-RASSF6 was ligated into the SpeI/XhoI sites of pLenti-EF-ires-blast to generate pLenti-EF-
FHF-RASSF6-ires-blast. pcDNA E2F1 was a gift from Masa-Aki Ikeda (Tokyo Medical and Dental University).
PCR was performed with primers H3086 (5=-GAATTCATGGCCTTGGCCGGGGCC-3=) and H3087 (5=-GATA
TCAGAAATCCAGGGGGGTGAG-3=) on pcDNA E2F1, and the product was digested with EcoRI/EcoRV and
ligated into the EcoRI/SmaI sites of pCIneoFH to generate pCIneoFH-E2F1. pCGN-HA-Ubc was a gift from
Akira Kikuchi (Osaka University). Human BMI1 cDNA was obtained by PCR using the primers H-2539
(5=-ACGCGTATGCATCGAACAACGAGAAT-3=) and H-2540 (5=-GTCGACTCAACCAGAAGAAGTTGCTG-3=) and
human lung and kidney cDNA libraries as the template. The PCR product was cloned into the MluI/Sall
sites of pCIneoGFP to generate pCIneoGFP-BMI1. pcDNA3-myc3-�TrCP was a gift from Yue Xiong
(Addgene; plasmid number 20718) (57).

Antibodies and reagents. The following antibodies and reagents were obtained from commercial
sources: rabbit anti-GFP (598) and rat antihemagglutinin (anti-HA) (561; Medical and Biological Labora-
tories Co. Ltd., Nagoya, Japan); mouse anti-�-actin (A1978), pepstatin A (P5318), doxorubicin (D-1515),
and Hoechst 33342 (Sigma-Aldrich, St. Louis, MO); anti-DYKDDDDK tag (014-22383), anti-DYKDDDDK tag
beads (016-22784), anti-V5 tag beads (016-24381), Phos-tag acrylamide, and leupeptin (334-40414)
(Wako Pure Chemical Industries, Osaka, Japan); MG-132 (Nakalai Tesque, Tokyo, Japan); VP-16 (E0675)
(Tokyo Medical Industry, Tokyo, Japan); lambda phosphatase (sc-200312; Santa Cruz Biotechnology,
Dallas, TX); Picagene (Toyo Ink); rabbit polyclonal anti-V5 tag (PM003; Medical & Biological Laboratories
Co. Ltd., Nagoya, Japan); rabbit anti-RASSF6 (11921-1-AP; Proteintech, Rosemond, IL); protein
G-Sepharose 4 Fast Flow (GE Healthcare, Little Chalfont, United Kingdom); mouse anti-cytochrome c (6H2
B4) (556432), mouse anti-human Rb (554136), and mouse anti-underphosphorylated-Rb (554164) (BD
Biosciences, San Jose, CA); mouse anti-Myc (9E10; American Type Culture Collection, Manassas, VA);
rabbit polyclonal anti-phospho-Rb (Ser608) (2181) and rabbit polyclonal anti-phospho-Rb (Ser807/811)
(9308) (Cell Signaling Technology, Danvers, MA); mouse monoclonal anti-Bmi-1 (05-637) and anti-
phospho-histone H2A.X (Ser139) (JBW341) (Merck, Kenilworth, NJ); and rabbit polyclonal anti-
phospho-Rb (Thr821) (44-582G; Thermo Fisher Scientific, Waltham, MA).

Cell cultures, transfection, and infection. HEK293FT, HCT116, HCT116 p53�/�, and HeLa cells were
cultured in Dulbecco’s modified Eagle medium containing 10% (vol/vol) fetal bovine serum and 10 mM
HEPES-NaOH, pH 7.4, under 5% CO2 at 37°C. Transfection was performed with Lipofectamine 2000
(Thermo Fisher Scientific, Waltham, MA). HEK293FT cells were transfected with pLenti-EF-FHF-RASSF6
and packaging plasmids to generate the lentivirus vector.

Immunoprecipitation of RASSF6 from SW480 cells. SW480 cells at 50 to 60% confluence in two
100-mm dishes were suspended in 1 ml of phosphate-buffered saline (PBS) supplemented with 50
�M p-(amidinophenyl)methanesulfonyl fluoride (APMSF), 10 mg/liter leupeptin, 3 mg/liter pepstatin A
and lysed by sonication at high power 3 times for 10 s each time, with 1-min intervals. The lysates were
centrifuged at 20,000 � g for 10 min at 4°C. The supernatant was incubated with 1 �g of rabbit
anti-RASSF6 antibody or control rabbit IgG overnight at 4°C and further incubated with protein
G-Sepharose 4 Fast Flow beads (GE Healthcare) for 2 h at 4°C. The beads were washed four times with
PBS, and the precipitates were analyzed by SDS-PAGE and immunoblotting.

Coimmunoprecipitation for exogenously expressed proteins. HEK293FT cells were plated at 1 �
106 cells/well in a 6-well plate; 24 h later, the indicated plasmids were transfected with Lipofectamine
2000. Forty-eight hours later, the cells were treated with either 10 �M epoxomicin or 10 �M MG-132 for
6 h and then harvested. The cells were lysed in 500 �l of lysis buffer (25 mM Tris-HCl, pH 7.4, 100 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% [wt/vol] sodium deoxycholate, 1% [vol/vol] Triton X-100, 50 �M
APMSF, 3 mg/liter pepstatin A, 10 mg/liter leupeptin, 50 mM NaF, 2 mM Na3VO4, and 10 �M MG-132) and
centrifuged at 20,000 � g for 10 min. The supernatant (input) was incubated with 5 �l of anti-DYKDDDDK
tag beads, anti-V5 tag beads, or anti-GFP antibody fixed on protein G-Sepharose 4 Fast Flow beads. The
beads were washed with the lysis buffer. The proteins in the inputs and in the immunoprecipitates were
detected with antibodies. For the Lumier assay, we used luciferase-fused proteins and measured
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luciferase activity in the immunoprecipitates by the use of Picagene (Toyo INK, Tokyo, Japan) as a
substrate (56).

Subcellular fractionation. Cells at 70 to 80% confluence in 60-mm dishes were washed with ice-cold
PBS and harvested by scraping. The cells were collected by centrifugation at 4°C, resuspended with 200
�l of hypotonic buffer (10 mM HEPES-NaOH, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10%
[vol/vol] glycerol, 0.05% [vol/vol] Nonidet P-40, 50 mM APMSF, 10 mg/liter leupeptin, 3 mg/liter
pepstatin, 50 mM NaF, 2 mM Na3VO4, and 25 mM �-glycerophosphate), and kept at 4°C for 5 min. The
cells were then resuspended by pipetting. After 66.6 �l of the mixture was saved as the whole-cell lysate,
the remaining samples were centrifuged at 800 � g at 4°C for 5 min. The supernatant was centrifuged

TABLE 1 Primers for qRT-PCR

Primer Orientationa Sequence

RB1 F GAACATCGAATCATGGAATCCCT
R AGAGGACCAGCAGATTCAAGGTGAT

E2F1 F ATGTTTTCCTGTGCCCTGAG
R ATCTGTGGTGAGGGATGAGG

RASSF6 F ACGTCTTCTCCAGCAAAGGA
R CAGAGCTGCTTCACTCATGG

CDKN1A F GGCAGACCAGCATGACAGATT
R GCGGATTAGGGCTTCCTCTT

P16INK4A F AACGCACCGAATAGTTACGGT
R CTGCCCATCATCATGACCT

P14ARF F AGGGTTTTCGTGGTTCACAT
R CTGCCCATCATCATGACCT

TP73 F CCCACCACTTTGAGGTCACT
R GGCGATCTGGCAGTAGAGTT

CASP7 F GCAGTGGGATTTGTGCTTCT
R CCCTAAAGTGGGCTGTCAAA

BAX F ATGTTTTTCTGACGGCAACTTC
R ATCAGTTCCGGCAACCTTG

CCNA2 F TCCATGTCAGTGCTGAGAGGA
R GAAGGTCCATGAGACAAGGC

GAPDH F CCACTCCTCCACCTTTGAC
R ACCCTGTTGCTGTAGCCA

BMI1 F GGCTCTAATGAAGATAGAGGAG
R TCACAGTCATTGCTGCTGGGCA

RPS18 F TTTGCGAGTACTCAACACCAA
R GCATATCTTCGGCCCACA

RASSF1A F GACTCTGGGGAGGTGAACTG
R GGAGTACTTCTGCAGGATCTGG

RASSF5 F GACAGCTACAACACGCGAGA
R AGGGGCAGGTAGAAGGATGT

LATS1 F GTCCTTCGTGTGGGCTACAT
R CGAGGATCTTCGGTTGACAT

LATS2 F TTCATCCACCGAGACATCAA
R CTCCATGCTGTCCTGTCTGA

YAP1 F CAGCACAGCAAATTCTCCAA
R TGGATTTTGAGTCCCACCAT

LIN52 F CGAGGCCTACAGAACCTAGC
R ATTTCCCCCGTGTCATCTC

aF, forward; R, reverse.
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again at 20,000 � g for 10 min at 4°C, and 90 �l of the supernatant was collected as the cytosolic fraction.
The pellet was washed twice with hypotonic buffer, suspended with 133.3 �l of the same buffer, and
used as the nuclear fraction.

Monitoring active DNA synthesis. Active DNA synthesis was evaluated by use of a Click-iT Edu
Alexa Fluor 488 imaging kit (C10337; Thermo Fisher Scientific) according to the manufacturer’s protocol.

Apoptosis. GFP-RASSF6 proteins were expressed in HCT116 p53�/� cells. The cells were immuno-
stained with anti-cytochrome c antibody, and the nuclei were visualized with Hoechst 33342. The
cytochrome c release and nuclear condensation were evaluated. Detection of the sub-G1 population was
performed by FACS, as described previously (14).

RNA interference. RNA interference was performed by use of Lipofectamine RNAiMax (Thermo
Fisher Scientific). The following small interfering RNAs (siRNAs) were obtained from Thermo Fisher
Scientific: Silencer Select negative control no.2, human RASSF6 no. 1 (s46640) and no. 2 (s46639), human
E2F1 (s4405), human RB1 no. 1 (s523) and no. 2 (s522), human BMI1 (s2015), human LATS1 (s17392),
human LATS2 (s25505), human RASSF1 (s22088), human RASSF5 (s38021), and human YAP1 no. 1
(s20366) and no. 2 (s20367). Human LIN52 (sc-92126) was obtained from Santa Cruz Biotechnology.

Quantitative RT-PCR. Quantitative reverse transcription (qRT)-PCR was performed in HCT116 p53�/�

cells as described previously (14). The primers are listed in Table 1.
Reporter assay. For the E2F1 reporter assay, HEK293FT cells were transfected with the E2F1-Luc

(�242) reporter (a gift from Masa-Aki Ikeda, Tokyo Medical and Dental University) and pCMV alkaline
phosphatase (a gift from Sumiko Watanabe, the University of Tokyo). Luciferase activity was assayed as
described previously (58).

Treatment with lambda phosphatase. HCT116 p53�/� cells were plated at 4 � 105 cells in a 60-mm
dish and transfected with control siRNA or RASSF6 siRNA; 72 h later, the cells were treated with 50
mg/liter cycloheximide for 3 h. Then, the cells were collected and lysed in 200 �l of the above-described
lysis buffer. The lysates were centrifuged at 20,000 � g for 10 min, and 200 units (0.5 ml) of lambda
protein phosphatase, 5 ml of 10� lambda phosphatase buffer (500 mM HEPES-NaOH [pH 7.5], 1 mM
EGTA, 50 mM dithiothreitol, and 0.1% Brij 35), and 5 ml of 20 mM MnCl2 were added to 39.5 ml of the
supernatant, and the mixture was incubated for 30 min at 30°C.

Ubiquitination of BMI1. HEK293FT cells were transfected with either control siRNA or RASSF6-
targeted siRNA; 24 h later, the cells were further transfected with pCIneoFH-BMI1 and pCGN-HA-UBC.
Forty-eight hours later, the cells were treated with 30 �M MG-132 for 6 h, harvested, and lysed in
denaturing buffer A (6 M guanidinium hydrochloride, 100 mM Na2HPO4/NaH2PO4, pH 8.0, 10 mM
Tris-HCl, pH 8.0, and 10 mM �-mercaptoethanol) by sonication. FH-BMI1 was isolated with Ni-
nitrilotriacetic acid (Ni-NTA)–agarose beads (Qiagen, Vento, Netherlands). The beads were washed with
buffer B (8 M urea, 100 mM Na2HPO4/NaH2PO4, pH 8.0, 10 mM Tris-HCl, pH 8.0, and 10 mM
�-mercaptoethanol), and FLAG-His6-tagged BM1 was eluted with buffer C (200 mM imidazole, 10 mM
Tris-HCl, pH 6.7, 0.72 M �-mercaptoethanol, 5% [wt/vol] SDS, and 30% glycerol). The eluents were
analyzed by immunoblotting with anti-HA and anti-FLAG antibodies.

Statistical analysis. Statistical analyses were performed with Student’s t test for comparison
between two samples and analysis of variance with Bonferroni’s post hoc test for multiple comparisons
using Prism software (GraphPad Software).
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