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ABSTRACT RASSF6, a member of the tumor suppressor Ras-association domain family
(RASSF) proteins, regulates cell cycle arrest and apoptosis via p53 and plays a tumor
suppressor role. We previously reported that RASSF6 blocks MDM2-mediated p53 degrada-
tion and enhances p53 expression. In this study, we demonstrated that RASSF6 has nuclear
localization and nuclear export signals and that DNA damage triggers the nuclear accumu-
lation of RASSF6. We found that RASSF6 directly binds to BAF53, the component of
SWI/SNF complex. DNA damage induces CDK9-mediated phosphorylation of BAF53,
which enhances the interaction with RASSF6 and increases the amount of RASSF6 in
the nucleus. Subsequently, RASSF6 augments the interaction between BAF53 and BAF60a,
another component of the SWI/SNF complex, and further promotes the interaction
of BAF53 and BAF60a with p53. BAF53 silencing or BAF60a silencing attenuates RASSF6-
mediated p53 target gene transcription and apoptosis. Thus, RASSF6 is involved in the
regulation of DNA damage-induced complex formation, including BAF53, BAF60a, and
p53.

KEYWORDS apoptosis, BAF53, BAF60a, CDK9, p53, RASSF6, signal transduction, tumor
suppressor

as-association domain family 6 (RASSF6) is a member of the RASSF proteins (1-3).

RASSF6 is epigenetically silenced in various human cancers, and its low expression is
associated with poor prognosis (4-13). RASSF6, when exogenously expressed, induces ap-
optosis and cell cycle arrest in various cells (1, 2, 14, 15). Conversely, RASSF6 depletion
blocks DNA damage-induced cell cycle arrest and apoptosis, compromises DNA
repair, and generates polyploid cells (16). Hence, RASSF6 is thought to be a tumor
suppressor.

The most important mechanism underlying the tumor suppressor role of RASSF6
is p53 activation (16). DNA damage induced by VP-16 treatment or UV exposure and
oncogenic stress caused by oncogenic RAS trigger p53-mediated gene transcription.
Mechanistically, RASSF6 binds MDM2, blocks MDM2-mediated degradation, and
increases p53 protein expression (16, 17). However, whether RASSF6 interacts with
MDM2 in the cytoplasm or in the nucleus is not clear. In HEK293FT cells, exogenously
expressed RASSF6 is mainly recovered in the nuclear fraction (16). In other cells, such
as HCT116 cells, RASSF6 is detected mostly in the cytoplasm, while pRb recruits
RASSF6 into the nucleus (18, 19). Notably, in p53-null H1299 cells, RASSF6 is localized
in the cytoplasm and oncogenic RAS recruits MDM2 to the cytoplasm via RASSF6 (18).
These findings prompted us to hypothesize that RASSF6 shuttles between the cytoplasm
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and the nucleus and that a certain mechanism determines the balance in the subcellular
distribution of RASSF6.

In this study, we first revealed that RASSF6 harbors a nuclear localization signal
(NLS) and two nuclear export signals (NES). DNA damage increases the nuclear RASSF®6.
We found that RASSF6 interacts with the nuclear proteins, BAF53 and BAF60a. DNA
damage enhances the interaction of RASSF6 with BAF53 and BAF60a. Therefore, we
speculate that RASSF6 is trapped in the nucleus in response to DNA damage through
the binding to BAF53 and BAF60a. We revealed that RASSF6 directly binds to BAF53
and that this interaction is enhanced by CDK9. Preceding studies reported that both
BAF53 and BAF60a form a complex with p53 and regulate p53-mediated gene tran-
scription (20-22). RASSF6 enhances the interaction of p53 with BAF53 and BAF60a,
while BAF53 silencing or BAF60a silencing attenuates RASSF6-induced p53 activation.
These findings support the model that DNA damage activates p53 through RASSF6-
BAF53-BAF60a axis, which is regulated by CDK9.

RESULTS

DNA damage induces the nuclear accumulation of RASSF6. We expressed green
fluorescent protein (GFP)-RASSF6 in human colon cancer HCT116 cells and treated the
cells with 50 uM VP-16. In the immunofluorescence, after 180 min, GFP-RASSF6 was
accumulated in the nucleus (Fig. 1A). The increase of the nuclear RASSF6 was con-
firmed in the subcellular fractionation (Fig. 1B). We obtained similar results in human
lung cancer H1299 cells (Fig. 1C and D). The nuclear accumulation of endogenous
RASSF6 was observed in VP-16-treated SW480 cells (Fig. 1E and F). The exposure to UV
also induced nuclear accumulation of RASSF6 (Fig. 1G and H). To determine which
region of RASSF6 is involved in nuclear accumulation, we expressed GFP-tagged
RASSF6 deletion constructs (Fig. 2A). VP-16 treatment induced the nuclear accumula-
tion of GFP-RASSF6-N but not of GFP-RASSF6-del-N (Fig. 2B). RASSF6 harbors a putative
NLS (LVRKRMKPL; single letters stand for amino acid residues) in the N-terminal region
(Fig. 2A). An RASSF6 NLS mutant, in which RKR in NLS was mutated to AAA, did not
enter the nucleus in response to DNA damage (Fig. 2C). RASSF6 also harbors two puta-
tive NES in the C-terminal region (NES1, LLESIL; NES2, [ILKCL) (Fig. 2A). The RASSF6
NES1 mutant (LLESIL to RSESTL), NES2 mutant (IILKCL to TTRKCR), and NES1/2 mutant
were distributed mostly in the nucleus even without VP-16 treatment (Fig. 2D). We also
evaluated the effect of RASSF6 mutants on EdU incorporation. RASSF6 NES mutants,
which were accumulated in the nucleus, blocked EdU incorporation, while the RASSF6-
del-N or RASSF6 NLS mutant did not, which suggests that the nuclear RASSF6 induces
cell cycle arrest, whereas the cytoplasmic RASSF6 does not (Fig. 3). Moreover, it is likely
that RASSF6 shuttles between the cytoplasm and the nucleus and that DNA damage
may increase the nuclear incorporation or decrease the nuclear export of RASSF6.

ATM or ATR is not involved in the DNA damage-induced nuclear accumulation
of RASSF6. We attempted to identify the molecular mechanism underlying the DNA
damage-induced nuclear accumulation of RASSF6. As DNA damage triggers the nu-
clear accumulation, we speculated that ATM, ATR, DNA-PK, or JNK may herein play a
role. Therefore, we examined the effect of kinase inhibitors, 10 uM KU-55933 and
10 uM AZ20. Although the inhibition of ATM or ATR itself may compromise DNA repair
and induce cell cycle defect, KU-55933 or AZ20 did not block the nuclear accumulation
of RASSF6 (data not shown). Likewise, neither 10 uM NU7441 nor 10 uM SP600125
had any effect. We also tested imatinib, T uM saracatinib, 50 uM BAPTA-AM, 0.5 uM
latrunculin A, 0.1 M cytochalasin D, and 10 uM Y27632, none of which showed any effect
(data not shown).

BAF60a is involved in the DNA damage-induced nuclear accumulation of
RASSF6. We next hypothesized that RASSF6 may be trapped in the nucleus through
interacting with certain nuclear proteins in response to DNA damage. As RASSF6
directly binds to MDM2 and indirectly interacts with p53, we first examined whether
MDM?2 or p53 is required for the nuclear accumulation of RASSF6. VP-16 treatment
induced the nuclear accumulation of RASSF6 even after MDM2 silencing or TP53
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FIG 1 DNA damage induces the nuclear accumulation of RASSF6. (A, C, G, H) GFP-RASSF6 was expressed in
human colon cancer HCT116 or human lung cancer H1299 cells. Twenty-four hours after transfection, cells
were exposed to 50 uM VP-16 for 180 min in panels A and C and to 25 J/m? of UV radiation in panels G and
H. The cells were fixed 180 min later. Nuclei were visualized with Hoechst 33342. Scale bars, 25 um. The
distributions of RASSF6 in the nucleus and the cytoplasm were measured by ArrayScan in 50 cells. ***
P < 0.001. (B, D) Subcellular fractionation was performed. The samples were immunoblotted with indicated
antibodies. PARP and a-tubulin were used as nuclear and cytoplasmic markers. The signals were measured by
ImagelJ. The values for the cytoplasmic fraction were set at 1.00. (E, F) SW480 cells were treated with VP-16.
Subcellular fractionation was performed. Endogenous RASSF6 was detected with anti-RASSF6 antibody. All of

the experiments were repeated three times.

silencing (data not shown). The finding that RASSF6 is accumulated in the nucleus in
p53-negative H1299 cells also supports that p53 is not required. BAF60a, a component
of SWI/SNF chromatin remodeling complex, has the SWIB domain, which is homolo-
gous to the p53-binding domain of MDM2 (22). Therefore, we speculated that RASSF6
may interact with BAF60a. We immunoprecipitated endogenous RASSF6 from SW480
cells and found that endogenous BAF60a was coimmunoprecipitated (Fig. 4A). Importantly,
VP-16 treatment enhanced the interaction between RASSF6 and BAF60a (Fig. 4A, arrow-
head). VP-16 treatment also augmented the interaction between exogenously expressed
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FIG 2 RASSF6 harbors a nuclear localization signal in the N-terminal region. (A) Schematic of RASSF6
constructs. RA, SARAH, NLS, and NES stand for Ras-association domain, Salvador/RASSF/Hippo domain, nuclear
localization signal, and nuclear export signal, respectively. Numbers indicate the numbers of amino acid
residues. (B, C, D) GFP-RASSF6, RASSSF6-N, and RASSF6-delN were expressed in H1299 cells in panel B. GFP-
RASSF6 NLS mutant, RASSF6 NES1 mutant, RASSF6 NES2 mutant, and RASSF6 NES1/2 mutant were expressed
in HCT116 cells in panels C and D. The cells were treated, and the distributions of GFP signals were evaluated
in the same way as in Fig. 1A. Scale bars, 25 um. ns., not significant; ***, P < 0.001. The experiments were
repeated three times.
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FIG 3 The effect of RASSF6 on EdU incorporation. HCT116 cells were transfected with various pClneoGFP
constructs. EJU incorporation assay was performed as described in Materials and Methods. The nuclei were
visualized with Hoechst 33342. Fifty GFP-positive cells were observed for each point. The ratio of the cells
incorporating EdU was calculated. Five independent points were taken for each sample. **, P < 0.01. Scale
bars, 25 um.

RASSF6 and BAF60a (Fig. 4B, arrowhead). BAF60a silencing abolished the DNA dam-
age-induced nuclear accumulation of RASSF6 in HCT116 (Fig. 4C) and H1299 cells (data
not shown).

BAF53 is involved in the DNA damage-induced nuclear accumulation of RASSF6.
We previously studied a Caenorhabditis elegans homologue of RASSF6 (RSF-1) and
observed that an rsf-1 deletion mutant exhibits the actin disorganization (23). The SWI/
SNF complex contains BAF53 (also called ACTL6A), which is an actin-like protein (24).
Therefore, we further presumed that BAF53 may also bind to RASSF6. Indeed, BAF53
was coimmunoprecipitated with RASSF6 from SW480 cells (Fig. 4D). The interaction
was enhanced by VP-16 treatment (Fig. 4D and E, arrowheads). Furthermore, BAF53
silencing blocked the DNA damage-induced nuclear accumulation of RASSF6 in HCT116
(Fig. 4F) and H1299 cells (data not shown).

RASSF6 strengthens the interaction of BAF60a and BAF53 with p53. We next
examined the effect of RASSF6 on the interaction of p53 with BAF53 and BAF60a. At
the basal condition, the interaction of p53 with BAF53 or BAF60a was hardly observed
(Fig. 5A and B, second lanes), while it became detectable with the coexpression of
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FIG 4 BAF60a and BAF53 interact with RASSF6 and are involved in the nuclear accumulation of RASSF6. (A, D) SW480 cells were treated with either
dimethyl sulfoxide (DMSO) or 50 uM VP-16 for 180 min, and RASSF6 was immunoprecipitated. The inputs and immunoprecipitates were immunoblotted with the
indicated antibodies. The numbers indicate the relative intensities of signals measured by ImagelJ. In two additional experiments, RASSF6 enhanced the signals by

(Continued on next page)
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RASSF6 (Fig. 5A and B, third lanes). VP-16 treatment further enhanced the interaction
between BAF53 and p53 in the presence of RASSF6 (Fig. 5A, fourth lane), while the
additional effect was not remarkable for the interaction between BAF60a and p53 (Fig.
5B, fourth lane). We confirmed these observations in Lumier assay (Fig. 5C and D).
Conversely, RASSF6 silencing attenuated VP-16 treatment-induced enhancement of the
binding of p53 to BAF53 or BAF60a (Fig. 5E and F).

RASSF6 directly binds to BAF53, and BAF53 silencing attenuates the interaction
between RASSF6 and BAF60a, while BAF60a silencing has no effect on the interaction
between RASSF6 and BAF53. We further examined how RASSF6, BAF60a, and BAF53
interact with each other. VP-16 treatment enhanced the interaction between BAF53
and BAF60a (Fig. 6A, arrowheads). RASSF6 silencing abolished this effect of VP-16
treatment on the interaction between BAF53 and BAF60a (Fig. 6A, siRASSF6). The
interaction between RASSF6 and BAF53 was still enhanced by VP-16 treatment after
BAF60a silencing (Fig. 6B). In contrast, VP-16 failed to enhance the interaction
between RASSF6 and BAF60a in BAF53-depeleted cells (Fig. 6C, siBAF53). Together
with the observation that the interaction between RASSF6 and BAF53 is more re-
markable than that between RASSF6 and BAF60a, we suspected that DNA damage
triggers primarily the interaction between RASSF6 and BAF53. With this speculation,
we used purified recombinant proteins and detected the direct interaction between
RASSF6 and BAF53 (Fig. 6D).

DNA damage induces CDK9-mediated phosphorylation of BAF53, which
enhances the binding of BAF53 to RASSF6. We hypothesized that DNA damage
induces the molecular modification of BAF53, which enhances the binding of BAF53 to
RASSF6. We examined whether DNA damage would induce the phosphorylation of
BAF53 and found that VP-16 treatment triggered the mobility shift of BAF53 in Phos-
tag gels (Fig. 7A, arrowhead). A previous study revealed that BAF53 is phosphorylated
by CDK9 (25). As expected, LDC000067, CDK9 inhibitor, blocked VP-16 treatment-induced
phosphorylation of BAF53 (Fig. 7A, third lane). LDC000067 abolished VP-16 treatment-
induced enhancement of the interaction between BAF53 and RASSF6 (Fig. 7B). VP-16
treatment did not enhance the binding of RASSF6 to BAF53 mutant, in which three puta-
tive phosphorylation sites (serine 86, serine 195, and serine 233) were mutated to alanine
(Fig. 7Q). In the pulldown assay, MBP-RASSF6 more efficiently trapped BAF53 from VP-16-
treated cells but not from CDK9 inhibitor- and VP-16-treated cells (Fig. 7D). LDCO00067
blocked VP-16 treatment-induced nuclear accumulation of RASSF6 in HCT116 and H1299
cells (Fig. 7E and F).

BAF53 and BAF60a are involved in RASSF6-induced TP53 target gene transcription.
These findings prompted us to hypothesize that DNA damage induces the nuclear
accumulation of RASSF6 and promotes the complex formation of BAF53 and BAF60a in
the vicinity of p53 target genes. First, we confirmed the previously reported find-
ings that BAF60a and BAF53 are involved in p53 target gene transcriptions (20, 21).
Doxorubicin treatment enhanced the expression of BAX, BTG2, and CDKN1A, while
BAF53 silencing and BAF60a silencing partially attenuated the enhancement (Fig.
8A and B). We previously reported that enforced expression of RASSF6 mimics DNA
damage-induced p53 target gene transcription (16). Therefore, we examined the
effect of BAF53 silencing and BAF60a silencing on RASSF6-induced p53 target gene
transcription. Both BAF53 silencing and BAF60a silencing compromised RASSF6-
induced p53 target gene transcription in HCT116 cells (Fig. 8C and D).

FIG 4 Legend (Continued)

Molecular and Cellular Biology

2.32 and 2.21 for BAF60a and 3.36 and 2.41 for BAF53. (B, E) HEK293FT cells were transfected with pCIneoGFP-RASSF6 and pClneoFHF-BAF60a in panel B and with
pClneoFHF-RASSF6 and pClneomCherry-BAF53 in panel E and 24 h later treated with either DMSO or 50 uM VP-16 for 180 min. The immunoprecipitation was

performed with anti-DYKDDDDK-tag beads. VP-16 treatment enhances the interaction between RASSF6 and BAF60a (arrowheads). (C,

F) HCT116 cells were

transfected with control, BAF60a#1, BAF60a#2, BAF53#1, or BAF53#2 siRNA. Twenty-four hours later, the cells were transfected with pClneoGFP-RASSF6. Twenty-four
hours later, the cells were treated with either DMSO or 50 uM VP-16 for 180 min. The distribution of GFP-RASSF6 was evaluated as in Fig. 1A. Due to the limitation
of space, for BAF60a#2 siRNA and BAF53#2 siRNA, only the quantified results are shown. n.s., not significant; ***, P < 0.001. Scale bars, 25 um. The experiments

were repeated three times.
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FIG 5 RASSF6 is involved in DNA damage-induced interaction of p53 with BAF53 and BAF60a. (A, B) HEK293FT cells were transfected with
pClneoFHF-p53, pCineoHAHA-BAF53, and pClnoeMyc-RASSF6 in panel A and pClneoFHF-BAF60a, pClneoMyc-p53, and pClneomCherry-
RASSF6 in panel B. Forty-eight hours later, the cells were treated with DMSO or 50 ©M VP-16, and the immunoprecipitation was performed
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BAF53 and BAF60a are involved in RASSF6-induced apoptosis. Enforced RASSF6
expression induces apoptosis in various cells (1, 2, 14-16). p53 is the most impor-
tant factor in RASSF6-induced apoptosis. As BAF53 and BAF60a are involved in
RASSF6-induced p53 target gene transcription, we next examined the effect of
BAF53 silencing and BAF60a silencing on RASSF6-induced apoptosis. BAF53 silenc-
ing reduced RASSF6-induced cytochrome c release, apoptosis-inducing factor (AIF)
release, and nuclear condensation in HCT116 cells (Fig. 9). BAF60a silencing also
showed a similar effect (Fig. 10). We also evaluated RASSF6-induced apoptosis by
detecting caspase-3 cleavage and confirmed the effect of BAF53 silencing and BAF60a-
silencing (Fig. 11).

DISCUSSION

There are 10 RASSF genes in the human genome (26-29). Among them, RASSF1 to
RASSF6 encode proteins with a RAS-association domain and a SARAH/RASSF/Hippo
(SARAH) domain. All of these genes are silenced in human cancers, and their low
expression is associated with poor clinical outcome. Thus, these genes are regarded
as tumor suppressor genes, although RASSF1C, a variant of RASSF1, is oncogenic
(30, 31).

We originally identified RASSF6 as a protein interacting with PDZ domain-contain-
ing membrane-associated proteins (2). Thereafter, we revealed that RASSF6 interacts
with various molecules, including mammalian Ste20-like kinases, RAS proteins, MDM2,
BCL-XL, pRb, BMI1, and UNC119 (14, 16, 19, 32, 33). These studies prompted us to ques-
tion whether RASSF6 interacts with each partner in the cytoplasm or in the nucleus.
For instance, as UNC119 is a cytoplasmic protein, the interaction between RASSF6 and
UNC119 should occur in the cytoplasm. However, pRb recruits RASSF6 into the nucleus
(19). As pRb is a nuclear protein, RASSF6 must be in the nucleus to be trapped by pRb.
Oncogenic KRAS recruits MDM2 via RASSF6 from the nucleus to the cytoplasm in
H1299 cells, which suggests that RASSF6 once enters the nucleus, binds MDM2, and
then exits the nucleus together with MDM2 (18). These findings imply that RASSF6
shuttles between the cytoplasm and the nucleus and that the subcellular distribution
is regulated in the cellular context-dependent manner.

RASSF6 has a typical NLS signal in the N-terminal region. RASSF6 mutant, in which
this signal is mutated, is distributed exclusively in the cytoplasm. Hence, we can con-
clude that this NLS is essential for RASSF6 to enter the nucleus. In contrast, the molecu-
lar determinant of the nuclear export is ambiguous. There are two NES candidates, and
when one of them is mutated, RASSF6 is accumulated in the nucleus, which suggests
that both of them are necessary for RASSF6 to be exported from the nucleus. However,
as these two sites reside in the SARAH domain, we could not exclude the possibility
that the mutations nonspecifically disturb the structure of this coiled-coil region and
disturb the subcellular distribution of RASSF6.

Importantly, DNA damage triggers the nuclear accumulation of RASSF6. We found
that DNA damage induces CDK9-mediated phosphorylation of BAF53 and that CDK9

FIG 5 Legend (Continued)

with anti-DYKDDDDK-tag beads. VP-16 augmented the binding of BAF53 to p53 in the presence of RASSF6 (arrowhead). The numbers
indicate the relative intensities of signals measured by ImagelJ. In two additional experiments, VP-16 enhanced the signals by 3.16 and 2.01
for BAF53 and p53 and 1.48 and 1.60 for BAF60a and p53 under the coexpression of RASSF6. (C, D) HEK293FT cells were transfected with
pCineoLuc-BAF53 and pClneoFHF-p53 in panel C and pClneoLuc-p53 and pClneoFHF-BAF60a in panel D without or with pCineomCherry-
RASSF6 and 24 h later treated with either DMSO or 50 uM VP-16 for 180 min. The immunoprecipitation was performed with anti-
DYKDDDDK-tag beads. Luciferase activity in the immunoprecipitates were measured by PicaGene as a substrate. n.s., not significant; ***,
P < 0.001. (E, F) HEK293FT cells were transfected with control siRNA, RASSF6#1 siRNA, or RASSF6#2 siRNA. Twenty-four hours later, the cells
were transfected with pCIneoHAHA-BAF53 and pClneoFHF-p53 in panel E and pClneoFHF-p53 and pClneoMYC-BAF60a in panel F. Twenty-
four hours later, the cells were treated with either DMSO or 50 uM VP-16 for 180 min. The immunoprecipitation was performed with anti-
DYKDDDDK-tag beads. The experiments were repeated three times. The validation of RASSF6 silencing was performed by quantitative
reverse transcriptase PCR (qRT-PCR). We confirmed the similar results using two RASSF6 siRNAs. Due to the space limitation, the results for
RASSF6#2 siRNA are not shown. Arrowheads indicate the enhanced interaction of p53 with BAF53 or BAF60a, which is not detected after
RASSF6 silencing. ***, P < 0.001.
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inhibitor blocks the nuclear accumulation of RASSF6. Therefore, we propose the model
that DNA damage activates CDK9 to phosphorylate BAF53 and that phosphorylated
BAF53 traps RASSF6 in the nucleus and subsequently promotes the formation of
BAF53-BAF60a-p53 complex. Thus, in the presence of RASSF6, BAF53, and BAF60a,
the components of SWI/SNF chromatin remodeling complex more tightly bind to
p53 and activate p53 target gene transcription (Fig. 12). CDK9 is identified as a com-
ponent of the replication stress response (34). CDK9 interacts with ATR kinase and
checkpoint signaling proteins. Therefore, it is comprehensible that CDK9 is activated
in response to DNA damage caused by VP-16 treatment and UV exposure. However,
in our study, the ATR kinase inhibitor did not block the nuclear accumulation of
RASSF6, which implies that CDK9 is activated independent of ATR. Further studies
will be necessary to elucidate such an unidentified regulatory pathway. Moreover, as
we previously reported, RASSF6 forms a complex with mammalian Ste20-like (MST)
kinases in basal condition and MST blocks RASSF6-induced apoptosis (14). As MST ki-
nases are mainly localized in the cytoplasm, it is reasoned that MST kinases block the
nuclear accumulation of RASSF6. It will be interesting to examine whether and how
MST kinases affect the interaction between RASSF6 and BAF53 in basal condition and
after DNA damage.

MATERIALS AND METHODS

DNA construction. pCineoGFP-RASSF6, pClneoFHF-RASSF6, pCIneoGFP-RASSF6-N, pCineoRASSF6-
delN, pCineoMy-p53, pClneoFHF-p53, pClneoLuc, pCineomCherry, and pMal-RASSF6 were described
previously (16-18). The pCIneoGFP-RASSF6 NLS mutant, NEST mutant, NES2 mutant, and NES1/2 mutant
were generated by using the primers listed in Table S1 in the supplemental material. Human BAF53 and
BAF60a cDNAs were obtained by PCR using the primers listed in Table S1 and human kidney and lung
cDNA libraries. PCR products were digested with Mlul and Sall and ligated into pClneoFHF, pCIneomCherry,
pClneoHAHA, and pClneolLuc to generate pClneoFHF-BAF53, pCineoHAHA-BAF53, pCineomCherry-BAF53,
pCineoFHF-BAF60a, pCineomCherry-BAF60a, and pClneoLuc-BAF53. The EcoRl/Sall fragment from
pClneoFHF-p53 was ligated into the same sites of pCineoLuc to generate pClneoLuc-p53. The pri-
mers used for the construction of pET42a-BAF53 were also listed in Table S1. BAF53 mutants were
generated by PCR using the primers listed in Table S1.

Antibodies and reagents. The antibodies and the reagents were obtained from commercial sources
as follows: rabbit anti-GFP (598), rabbit a-tubulin (PM054), and rabbit Myc (562) (Medical and
Biological Laboratories Co. Ltd., Nagoya, Japan); rat anti-HA (3F10), pepstatin A (P5318), Y27632
(Y0503), and Hoechst 33342 (Sigma-Aldrich, Dallas, TX, USA); anti-DYKDDDDK-tag (014-22383), anti-
DYKDDDDK-tag beads (016-22784), latrunculin A (125-04363), and leupeptin (334-40414) (Wako
Pure Chemical Industries, Osaka, Japan); MG-132 (Nacalai Tesque, Tokyo, Japan); rabbit anti-RASSF6
(11921-1-AP) (Proteintech, Rosemond, USA); protein G-Sepharose 4 fast flow (GE Healthcare, Little
Chalfont, United Kingdom); mouse anti-cytochrome ¢ (6H2 B4) (556432) (BD Biosciences, San Jose,
CA, USA); mouse anti-Myc (9E10) (American Type Culture Collection, Manassas, VA, USA); mouse
PARP (sc-74470), etoposide (VP-16) (sc-3512), mouse BAF60a (sc-135843), mouse BAF53 (sc-137062),
and mouse AIF (sc-13116) (Santa Cruz Biotechnology, Dallas, TX, USA); mouse Alexa 488 (A11029)
(Life Technologies, Carlsbad, CA, USA); rabbit mCherry (GTX59788) (GeneTex, Irvine, CA, USA); rabbit
anti-cleaved caspase 3 (Asp175) (9661) (Cell Signaling Technology); KU-55933 (16336), AZ20 (17589),
NU7441 (14881), cytochalasin D (11330), Saracatinib (11497), SP 600125 (10010466), and LDC000067
(29419) (Cayman Chemical, Ann Arbor, MI, USA); and BAPTA-AM (B035) (Dojindo, Kumamoto, Japan).

Cell cultures, transfection, and infection. HEK293FT, HCT116, SW480, and H1299 cells were cul-
tured in Dulbecco’s modified Eagle medium containing 10% (vol/vol) fetal bovine serum and 10 mM
HEPES-NaOH (pH 7.4) under 5% CO, at 37°C. Transfection was performed with Lipofectamine 2000
(Thermo Fisher Scientific, Waltham, MA, USA).

Immunoprecipitation of RASSF6 from SW480 cells. SW480 cells, which were plated at 50 to 60%
confluence in one 100-mm dish, were suspended in 1 mL of the lysis buffer (25 mM Tris-HCI [pH 7.4],
100 mM NaCl, T mM EDTA, 1 mM EGTA, 0.5% [wt/vol] sodium deoxycholate, 1% [vol/vol] TritonX-
100, 10% glycerol, 50 uM 4-Amidinophenylmethanesulfonyl fluoride [APMSF], 3 mg/L pepstatin A,

FIG 6 Legend (Continued)

panel A, pCineoFHF-RASSF6 and pCineoHAHA-BAF53 in panel B, and pClineoFHF-RASSF6 and pClneomCherry-BAF60a
in panel C. Twenty-four hours later, the cells were treated with either DMSO or 50 uM VP-16 for 180 min. The
immunoprecipitation was performed with anti-DYKDDDDK-tag beads. The experiments were repeated three times. The
validation of RASSF6 silencing, BAF60a silencing, and BAF53 silencing was performed by qRT-PCR. The experiments
were repeated three times. (D) Purified His-tagged BAF53 was incubated with either control maltose-binding protein
(MBP) or MBP-fused RASSF6 fixed on amylose beads in vitro. After washing, the beads were stained with Coomassie

blue or immunoblotted with anti-BAF53 antibody.
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10 mg/L leupeptin, and 10 uM MG-132), and centrifuged at 20,000 x g for 10 min. The supernatant
was incubated with 1 ug of rabbit anti-RASSF6 antibody or control rabbit IgG overnight at 4°C and
was incubated with protein G-Sepharose 4 fast-flow beads (GE Healthcare, Chicago, IL, USA) for 2 h
at 4°C. The beads were washed four times with the lysis buffer.

Coimmunoprecipitation for exogenously expressed proteins. HEK293FT cells were plated at
1 x 10° cells/well in a 6-well plate. Twenty-four hours later, transfection was performed with
Lipofectamine 2000. Twenty-four hours later, the cells were harvested and lysed in 500 uL of the lysis
buffer (25 mM Tris-HCI [pH 7.4], 100 mM NaCl, T mM EDTA, 1 mM EGTA, 0.5% [wt/vol] sodium deoxycho-
late, 1% [vol/vol] TritonX-100, 10% glycerol, 50 uM APMSF, 3 mg/L pepstatin A, 10 mg/L leupeptin, and
10 uM MG-132), and centrifuged at 20,000 x g for 10 min. The supernatant (the input) was incubated
with 5 ulL of anti-DYKDDDDK-tag beads. The beads were washed with the lysis buffer. The proteins in
the inputs and the immunoprecipitates were detected with appropriate antibodies.

In vitro pulldown assay. Control MBP and MBP-RASSF6 were expressed in Rosetta DE3 pLysS
(Merck) and purified by amylose resin (New England BioLabs, Ipswich, MA, USA). pET42a-BAF53 was also
expressed in Rosetta DE3 pLysS. Escherichia coli was lysed in 50 mM Tris-HCl [pH 8.0], 0.3 M NaCl, and 6
M urea by sonication. The lysates were centrifuged at 16,000 x g for 10 min to collect the supernatant,
which was incubated with NiNTA beads (Qiagen, Hilden, Germany). After the beads were washed with
10 mM Tris-HCI (pH 8.0), 40 mM imidazole, and 0.5% (vol/vol) Triton X-100, His-tagged BAF53 was eluted
with 10 mM Tris-HCI (pH 8.0) and 250 mM imidazole. A total of 120 pmol of His-tagged BAF53 was incu-
bated with control MBP or MBP-RASSF6-fixed amylose resin in the buffer (10 mM Tris-HCl [pH 8.0], 2 mM
MgCl,, 50 mM APMSF, 3 mg/L pepstatin, and 10 mg/L leupeptin) for 2 h. The resin was washed with the
same buffer four times, and the precipitates were stained with Coomassie brilliant blue and immuno-
blotted with anti-BAF53 or anti-RASSF6 antibody.

Lumier assay. Luciferase-fused proteins were coexpressed with FLAG-tagged proteins in HEK293FT
cells. Immunoprecipitation was performed with anti-DYKDDDDK-tag beads. The luciferase activity in the
immunoprecipitates was assayed using PicaGene (Toyo Ink) as a substrate.

EdU incorporation assay. HCT116 cells were plated at plated at 5 x 10* cells/well in a 12-well plate.
Twenty-four hours later, the cells were transfected with control pCineoGFP or various pCineoGFP-
RASSF6 vectors. 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 uM EdU
for 1 h, fixed, and immunostained with anti-EdU antibody.

Immunofluorescence. HCT116 cells were fixed with 3.7% (wt/vol) formaldehyde in phosphate-buf-
fered saline (PBS) at room temperature for 15 min and quenched with 50 mM glycine/PBS. After incubat-
ing with 0.2% (vol/vol) Triton X-100 in PBS for another 15 min, the samples were permeabilized with PBS
containing 1% (wt/vol) bovine serum albumin (BSA) and 0.1% (vol/vol) Triton X-100 and then incubated
with various primary and secondary antibodies. Nuclei were visualized with Hoechst 33342 (Sigma-
Aldrich). The images were obtained with a Leica TCS SP8 (Leica Biosystems, Wetzlar, Germany).

The analysis of RASSF6 distribution. GFP fluorescence intensity in H1299 and HCT116 cells
expressing GFP-RASSF6 was measured with ArrayScan VTI (Cellomics) using an algorithm for data acqui-
sition designed by VHCS Scan software. Briefly, each cell stained with Hoechst 33342 was identified
within the field. The area 2 pixels inside the nuclear boundary was defined as the nuclear area to mini-
mize the cytoplasmic contamination. The ring with the width of 5 pixels around the nuclear boundary
was defined as the cytoplasmic area. GFP fluorescence intensity was averaged over the measured area.
The ratio of the nuclear GFP over the cytoplasmic GFP was calculated by using BioApplication
Compartment Analysis V4 (Thermo Fisher Scientific) in 30 to 150 cells for each sample. The images were
obtained with a Leica TCS SP8 (Leica Biosystems, Wetzlar, Germany).

Subcellular fractionation. Cells, which were plated at 70 to 80% confluence in 60-mm dishes, were
washed with ice-cold PBS, harvested in PBS by scraping, collected by centrifugation at 4°C, and resus-
pended with 200 ul of the hypotonic buffer (10 mM HEPES-NaOH [pH 7.5], 10 mM KCl, 1.5 mM MgCl,,
0.34 M sucrose, 10% [vol/vol] glycerol, 0.05% [vol/vol] Nonidet P-40, 50 mM APMSF, 10 mg/L leupeptin,
3 mg/L pepstatin, 50 mM NaF, 2 mM Na,VO,, and 25 mM B-glycerophosphate). After being kept at 4°C
for 5 min, cells were gently resuspended by pipetting. A total of 66.6 wl of the mixture was saved as the
whole cell lysate. The remaining samples were centrifuged at 800 x g at 4°C for 5 min. The supernatant
was centrifuged at 20,000 x g for 10 min at 4°C. Ninety microliters of the supernatant was saved as the
cytosolic fraction. The pellet was washed twice with the hypotonic buffer, suspended with 133.3 ul of
the hypotonic buffer, and saved as the nuclear fraction.

FIG 7 Legend (Continued)
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the presence of 50 uM LDC000067 for 180 min. The cell lysates were run on Phos-tag gels and immunoblotted with anti-FLAG antibody. VP-16
induced the shift of BAF53 (arrowhead). (B) HEK293FT cells were transfected with pClIneomCherry-BAF53 and pClneoFHF-RASSF6. Twenty-four
hours later, the cells were treated with either DMSO or 50 uM VP-16 in the presence of 50 wM LDC000067 for 180 min. The
immunoprecipitation was performed with anti-DYKDDDDK-tag beads. The experiments were repeated three times. (C) The same experiment as in
panel B was performed using the pClneomCherry-BAF53 mutant, in which three CDK9-phosphorylation sites are mutated to alanine. (D) HEK293
cells were transfected with pClneFHF-BAF53 and treated with DMSO, VP-16, or VP-16/LDC000067. The cell lysates were incubated with either
control MBP or MBP-RASSF6 fixed on amylose resin. FLAG-tagged BAF53a attached to the beads was detected with anti-DYKDDDDK antibody.
The intensities of the signals were measured by ImageJ. The value of the signal for the basal condition was set at 1.0. (E, F) HCT116 and H1299
cells expressing GFP-RASSF6 were pretreated with 50 M LDC000067 for 30 min and then exposed to 50 M VP-16 for 180 min. The distribution

of GFP-RASSF6 was evaluated as in Fig. 1A. ***, P < 0.001. Scale bars, 25 um.
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FIG 8 BAF53 and BAF60a are involved in doxorubicin-induced and RASSF6-mediated p53 target gene transcription. (A, B) HCT116
cells were transfected with control siRNA, BAF53#1 siRNA, or BAF60a#1 siRNA. Twenty-four hours later, the cells were treated with
either DMSO or 50 uM doxorubicin for 180 min. Twenty-four hours later, mRNAs were collected, and qRT-PCR was performed. (C, D)
HCT116 cells were transfected with control siRNA, BAF53#1 siRNA, or BAF60a#1 siRNA. Twenty-four hours later, the cells were
transfected with control pClneoGFP or pClneoGFP-RASSF6. Twenty-four hours later, mRNAs were collected, and gRT-PCR was
performed in quadruplicates for each sample. The validation of BAF53 silencing and BAF60a silencing was performed by gRT-PCR. The

experiments were repeated three times. **, P < 0.01; ***, P < 0.001.
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FIG 9 BAF53 is involved in RASSF6-induced cytochrome c release, AIF release, and nuclear condensation. HCT116 cells were transfected with
control siRNA, BAF53#1 siRNA in panel A, and BAF53#2 siRNA in panel B. Twenty-four hours later, the cells were transfected with control
pCIneoGFP or pCineoGFP-RASSF6. Twenty-four hours later, the cells were immunostained with anti-cytochrome ¢ or anti-AlF antibody. Nuclei
were visualized with Hoechst 33342. The ratios of cells exhibiting cytochrome c¢ release, AlIF release, and nuclear condensation were evaluated
in 50 GFP-positive cells in each point, and three points were taken for each sample. Scale bars, 25 um. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 10 BAF60a is involved in RASSF6-induced cytochrome c release, AIF release, and nuclear condensation. HCT116 cells were transfected with
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FIG 11 BAF53 and BAF60a are involved in RASSF6-induced caspase-3 cleavage. The same experiments as described
in Fig. 9 and 10 were performed. Apoptosis was evaluated with caspase 3 cleavage. The validation of BAF53 silencing
and BAF60a silencing was performed by qRT-PCR. Scale bars, 25 um. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 12 The putative molecular mechanism, by which RASSF6 promotes the formation of BAF53-BAF60a-p53
complex in response to DNA damage and activates p53 target gene transcription. RASSF6 shuttles between the
cytoplasm and the nucleus (I). DNA damage activates CDK9 (Il), which phosphorylates BAF53 (lll). Phosphorylated
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BAF53 traps RASSF6 in the nucleus (IV). RASSF6 promotes the formation of the BAF53-BAF60a-p53 complex (V).

Evaluation of apoptosis. HCT116 cells were transfected with control pCineoGFP or pCineoGFP-
RASSF6. Twenty-four hours later, the cells were immunostained with anti-cytochrome ¢ or anti-AlF anti-
body and then nuclei visualized with Hoechst 33342. Cytochrome c release, AIF release, cleavage of cas-
pase-3, or the nuclear condensation was evaluated in 50 GFP-positive cells.

RNA interference. Small interfering RNAs (siRNAs) were transfected by Lipofectamine RNAIMAX
(Thermo Fisher Scientific). siRNAs were as follows: Silencer Select negative control no. 2 (4390846),
human RASSF6#1 (s46640), human RASSF6#2 (s46639), human MDM_?2 (s8629), human TP53 (s605), human
BAF53#2 (s962), and human BAF60a#2 (s13151) (Thermo Fisher Scientific); and human BAF53#1 (sc-
60239) and human BAF60a#1 (sc-72597) (Santa Cruz Biotechnology).

Quantitative RT-PCR. SYBR green (Roche) and ABI7500 real-time PCR system (Applied Biosystem)
were used for Quantitative reverse transcriptase PCR (RT-PCR) using the primers listed in Table S2 in the
supplemental material.

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 GraphPad Prism software (GraphPad Software).
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