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RASSF6, a member of RASSF tumour suppressor
proteins, binds to mammalian Ste20-like kinases
(MST1/2), core kinases of the proapoptotic Hippo
pathway and cooperates with the Hippo pathway to
induce apoptosis. We originally identified RASSF6 as
a putative interactor of membrane-associated guanylate
kinase inverted (MAGI)-1 by the yeast two-hybrid
screening. We used human kidney cDNA library for
the screening. MAGI-1 is abundantly expressed in
kidney and is a core component of the slit diaphragm.
These findings suggest that RASSF6 is expressed in
kidney. However, the function of RASSF6 in kidney
is not yet studied. We performed this study to confirm
the interaction of RASSF6 with MAGI-1, to analyse
the expression of RASSF6 in kidney and to gain insight
into the function of RASSF6 in kidney. RASSF6 binds
to PDZ domains of MAGI-1 through its C-terminal
PDZ-binding motif and is coimmunoprecipitated
with MAGI-1 from rat liver. RASSF6 is localized in
normal kidney glomerulus but disappears when the slit
diaphragm is disrupted in nephrotic kidney. RASSF6 is
also localized on apical membranes in renal proximal
tubular epithelial cells. We demonstrated that RASSF6
as well as the Hippo pathway are involved in the
sorbitol-induced apoptosis in immortalized human
proximal renal tubular epithelial HK-2 cells.
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Abbreviations: DMEM, Dulbecco’s Modified Eagle
Medium; GST, glutathione S-transferase; LATS,
large tumour suppressor; MAGI-1, membrane-
associated guanylate kinase inverted-1; MBP,
maltose-binding protein; MST, mammalian Ste20-like

kinase; PAN, puromycin aminonucleoside; RA,
Ras-association; SARAH, Salvador/RASSF/Hippo;
TUNEL, terminal deoxynucleotidyl transferase dUTP
nick-end labelling.

Human RASSF family is composed of 10 members,
RASSF1 to RASSF10 (1�4). RASSF1 to RASSF6
have the Ras-association (RA) domain in the middle
region and the Salvador/RASSF/Hippo (SARAH)
domain in the C-terminal region. RASSF7 to
RASSF10 have the RA domain in the N-terminal
region and lack the SARAH domain. The expression
of RASSF1A, a splicing variant of RASSF1, is
frequently down-regulated in human tumours, and
mice lacking RASSF1A are susceptible to
carcinogen-induced tumorigenesis. RASSF1A regu-
lates cell cycle and apoptosis. These findings estab-
lished RASSF1A as a tumour suppressor. RASSF2
to RASSF6 are also regarded as tumour suppressors.

The Hippo pathway regulates cell proliferation and
apoptosis (5�8). Drosophila C-terminal RASSF,
dRASSF, interacts with Hippo kinase and suppresses
the Hippo pathway (9). In mammalian cells,
RASSF1A and RASSF5 interact with and inhibit
Hippo homolog, mammalian Ste20-like kinase (MST)
1, but the coexpression of Ras enhances MST1 activity
(10, 11). RASSF1A interacts with MST2 to release it
from Raf1-mediated inhibition and enhances MST2
activity to mediate apoptosis through the Hippo
pathway (12, 13). RASSF2 and RASSF5 are also
reported to activate MST kinases (11, 14, 15). In con-
trast, RASSF6 inhibits MST1/2 and induces apoptosis
independently of the Hippo pathway, and MST
kinases reciprocally inhibit RASSF6-mediated
apoptosis (16). Based on these findings, we previously
proposed the model that RASSF6 and MST1/2 form a
complex under the basal condition to inhibit each
other and that upon the activation of the Hippo
pathway, the complex is dissociated, so that the
Hippo pathway and RASSF6-mediated apoptosis are
simultaneously activated. As RASSF6 is highly proa-
poptotic, it is suspected, although not yet examined,
that RASSF6 is involved in various pathological
conditions (17, 18).

In this study, we demonstrated that endogenous
RASSF6 is coimmunoprecipitated with membrane-
associated guanylate kinase inverted (MAGI)-1.
MAGI-1 is abundant in kidney, directly binds nephrin
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and is one of core components of the slit diaphragm
(19). MAGI-1 is also localized at tight junctions
in polarized epithelial cells (20). We confirmed in
immunofluorescence that RASSF6 is expressed in
kidney glomeruli but disappears when the slit dia-
phragm is disrupted as MAGI-1 does. RASSF6 is
also detected on apical membranes in proximal tubular
epithelial cells. We used immortalized human proximal
renal tubular epithelial HK-2 cells to show that
RASSF6 and the Hippo pathway play a role in
osmotic stress-induced apoptosis in these cells.

Materials and Methods

Construction of expression vectors and recombinant proteins
pBTM116 KM MAGI-1, various pGex4T-1 MAGI-1, pClneoGFP-
RASSF6 and pMal RASSF6 were described (16, 19, 21).
pLenti-EF-ires-blast vector was described (22). pClneoFH-MST2,
pClneoFH-NDR1 and pClneoFH-large tumour suppressor
(LATS) 2 were digested with NheI/SalI and the isolated fragments
were ligated into SpeI and SalI sites of pLenti-EF-ires-blast to gen-
erate lentivirus vectors for MST2, NDR1 and LATS2. pClneoHA
Rab4, pClneoHA Rab5a, pCMV3xFLAG Rab7 and pClneoHA
Rab11 were described previously (23�25).

Antibodies
Rabbit anti-MAGI-1, rabbit phospho-specific NDR1/2, rabbit
phospho-specific LATS1/2 and mouse monoclonal anti-RASSF6
(4C2) antibodies were described (17, 20, 26). Rabbit polyclonal
anti-RASSF6 antibody was raised against the C-terminal peptide
of RASSF6 and affinity-purified. Antibodies and reagents used in
this study were obtained from the following sources: mouse
anti-Myc 9E10 (American Type Culture Collection); mouse and
rabbit anti-FLAG, mouse acetylated-tubulin and mouse anti-HA
(Sigma-Aldrich); mouse anti-cytochrome C (BD Pharmingen);
mouse anti-GFP (Santa Cruz); rabbit anti-phospho-PAK1 (Cell
Signaling) and fluorescein-isothiocyanate, rhodamine- and
Cy5-conjugated secondary antibodies (Chemicon International).
Phospho-PAK1 (Thr423) antibody cross-reacts with phospho-
MST1 (Thr183) and phospho-MST2 (Thr180).

Yeast two-hybrid screening
Yeast two-hybrid screening was performed using a human kidney
cDNA library (Clontech), yeast strain L40 and pBTM116KM
MAGI-1 (19).

Cell culture, transfection and lentivirus production
HK-2 were grown in Dulbecco’s Modified Eagle Medium (DMEM)/
F12 supplemented with 10% fetal bovine serum, 100 U/ml of peni-
cillin and 100 mg/ml of streptomycin under 5% CO2 at 37�C, while
for HEK293FT cells DMEM was used instead of DMEM/F12.
Transfection was performed with Lipofectamine 2000 reagent
(Invitrogen). HEK293FT cells were transfected with various
pLenti-EF-ires-blast vectors and packaging vectors. Lentivirus was
collected from the medium. HK-2 cells were infected with lentivirus
and cultured in the medium containing 2mg/l blasticidin to establish
stable transformants.

RNA interference
HK-2 cells were transfected with 21-nucleotide oligomers (Applied
Biosytem) using Lipofectamine RNAiMAX (Invitrogen) to knock-
down RASSF6, MST1, MST2, NDR1, NDR2, LATS1 and LATS2.
Silencer Negative Control No. 2 (Applied Biosystem) was used as a
control. The validity of the knockdown was confirmed by quantita-
tive RT-PCR as described (16). The 21-nucleotide oligomers and the
primers for RT-PCR used in this study were described in a previous
article (16).

Apoptosis assays
Terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay was performed using the In Situ Cell Death
detection kit (Roche). Caspase-3 activity was measured using

DEVD-MCA (Peptide Institute) as a substrate, and the released
MCA was measured (excitation 355 nm and emission 460 nm).

In vitro interaction assay
Proteins were expressed in HEK293FT cells. Cells from 3.5 cm plates
were homogenized in 400ml of lysis buffer A (25mM Tris-HCl
(pH 7.4), 1mg/l of 4-amidinophenylmethanesulphonyl fluoride,
1mg/l of leupeptin, 1mg/l of pepstatin A and 1mg/l of aprotinin)
containing 100mM NaCl and 1% (w/v) Triton X-100 and centri-
fuged at 100,000�g for 15min at 4�C. The supernatant was incu-
bated with anti-FLAG M2 agarose gel (Sigma-Aldrich). The beads
were washed three times with 25mM Tris-HCl (pH 7.4), 100mM
NaCl and 0.33% (w/v) Triton X-100, analysed by SDS-PAGE
and immunoblotted with anti-FLAG or anti-Myc antibody.

RT-PCR for RASSF messages
mRNA was isolated from HK-2 cells using QuickPrep Micro
mRNA purification kit (GE Healthcare). Reverse transcription
was performed to generate the first-strand cDNA using ImProm-II
Reverse Transcription System (Promega). PCR was performed
using ExTaq polymerase (Takara). Primers were as follows.
RASSF1, 50-acaagggcacgtgaagtcat-30 and 50-ccttcaggacaaagctcagg-
30; RASSF2, 50-tgccttgtacgtggtccata-30 and 50-ttcccgatcttcttcctcct-30;
RASSF3, 50-acaggcagaagctggaagaa-30 and 50-agaaaggcgaagaccctagc-
30; RASSF4, 50-accgtgaggaagaagggact-30 and 50-cctttagagggcagc
taggc-30; RASSF5 50-gacagctacaacacgcgaga-30 and 50-aggggcagg
tagaaggatgt-30; and RASSF6, acgtcttctccagcaaagga-30 and 50-cag
agctgcttcactcatgg-30.

Immunoprecipitation
Rat tissues were homogenized in buffer B (25mM Tris-HCl
(pH 8.0), 100mM NaCl, 1% (w/v) Triton X-100, 10mg/l
4-amidinophenylmethanesulphonyl fluoride, 10mg/l leupeptin,
10mg/l pepstatin A and 10mg/l aprotinin). The lysates were centri-
fuged at 100,000�g for 15min at 4�C. The supernatant was
incubated with rabbit anti-MAGI-1 or anti-RASSF6 antibody on
10 ml of protein G Sepharose 4 fast-flow beads (GE Healthcare
Bio-Sciences). The beads were washed three times with 25mM
Tris-HCl (pH 8.0), 100mM NaCl and 0.5% (w/v) Triton X-100.
The precipitates were analysed by SDS-PAGE and immunoblotted
with mouse anti-RASSF6 or anti-MAGI-1 antibody.

Pull-down assays
Fifty picomoles of maltose-binding protein (MBP)-RASSF6 was
incubated with 10 pmol of glutathione S-transferase (GST)-fusion
proteins fixed on glutathione-Sepharose 4B beads (GE Healthcare
Bio-Sciences) in 500ml of the buffer B. The precipitates were
analysed by SDS-PAGE and immunoblotted with anti-MBP
antibody.

Puromycin aminonucleoside nephropathy
All procedures related to the care and treatment of animals were in
accordance with Juntendo University guideline. Young male rats
(150 g) were injected intraperitoneally with 10mg/100 g body
weight of puromycin aminonucleoside (PAN; Sigma-Aldrich).
Animals were killed on day 11 for immunofluorescence study.

Immunofluorescence microscopy
Immunofluorescence studies were performed as described (19).

Statistical analysis
Statistical analyses were performed using ANOVA with Bonferroni
post hoc test for multiple comparisons by GraphPad Prism software
(GraphPad Software). Data expressed as percentages were subjected
to arcsine square root transformation before Student’s t-test or
ANOVA.

Results

RASSF6 interacts with MAGI-1
Allen et al. (18) reported that the message of RASSF6
is abundant in colon, kidney, placenta and thymus.
To evaluate RASSF6 protein expression, we raised a
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rabbit antibody against the C-terminus of RASSF6.
We first immunoprecipitated RASSF6 from rat tissues
with this rabbit antiserum to enrich RASSF6 and then
immunoblotted the precipitates with mouse monoclo-
nal antibody. RASSF6 protein was detected in lung,
liver, kidney, stomach, thymus and spleen (Fig. 1A).
We originally obtained RASSF6 as a candidate
MAGI-1-interacting protein through the yeast
two-hybrid screening using human kidney cDNA
library. To confirm the coimmunoprecipitation of
endogenous RASSF6 and MAGI-1, we used rat liver
lysates, because RASSF6 is abundant in liver and
MAGI-1 is resistant to the solubilization from rat
kidney (19). RASSF6 was coimmunoprecipitated
with MAGI-1 (Fig. 1B). In heterologous HEK293FT
cells, the full-length RASSF6 was coimmunoprecipi-
tated with MAGI-1, whereas the deletion mutant
lacking the C-terminal PDZ-binding motif was not
(Fig. 1C). MAGI-1 harbours five typical PDZ domains
(PDZ1 to PDZ5) in addition to the N-terminal
PDZ-like domain (PDZ0). MBP-RASSF6 bound
GST proteins harbouring the third and the fourth
PDZ domains (PDZ2 and PDZ3) (Fig. 1D). All these
findings support the RASSF6 directly binds to the
PDZ domains of MAGI-1.

RASSF6 is detected in the kidney glomerulus
and in proximal tubular epithelial cells
We immunostained rat kidney with the purified rabbit
RASSF6 antibody. RASSF6 was detected in the

glomerulus and was overlapped with ZO-1 (Fig. 2A,
the upper panel and arrow heads). In PAN-treated
nephrotic kidney, RASSF6 signals in the glomerulus
decreased, but ZO-1 signals remained (Fig. 2B, the
upper panel). This finding suggests that RASSF6 is
associated with the slit diaphragm like MAGI-1.
RASSF6 was also detected in the proximal tubular
epithelial cells (Fig. 2A, the lower panel). RASSF6
was concentrated on apical membranes, where it was
colocalized with megalin signal (arrows), but was also
diffusely detected in cytoplasm. In PAN-treated
kidney, RASSF6 translocated to the endocytotic
vacuoles in the proximal tubular epithelial cells
(Fig. 2B, the lower panel and arrows).

The messages of RASSF1 to RASSF6 are detected
in HK-2 cells
RASSF6 is involved in apoptosis in various cells,
although the underlying molecular mechanism is
unclear (16�18). The high expression of RASSF6 in
renal proximal tubular epithelial cells prompted us to
examine whether RASSF6 plays a role in apoptosis in
these cells. To test this idea, we used immortalized
human proximal tubular epithelial HK-2 cells, because
we knew that human RASSF6 is well suppressed by
our knockdowns. We first confirmed the expression of
RASSF6 in these cells. As our anti-RASSF6 antibody
does not recognize human RASSF6 efficiently, we
performed RT-PCR for the C-terminal RASSF

Fig. 1 Interaction between RASSF6 and MAGI-1. (A) RASSF6 was immunoprecipitated from lysates (total protein of 1mg) of rat tissues
with rabbit anti-RASSF6 antiserum. The immunoprecipitates were immunoblotted with mouse anti-RASSF6 antibody. (B) MAGI-1 was
immunoprecipitated from rat liver lysates. The immunoprecipitates were immunoblotted with anti-RASSF6 and anti-MAGI-1 antibodies.
(C) HA-MAGI-1 was expressed with Myc-RASSF6 or Myc-RASSF6 mutant lacking the C-terminal PDZ-binding motif
(Myc-RASSF6-�PDZ). The immunoprecipitation was performed with control serum or anti-MAGI-1 antibody. The immunoprecipitates were
immunoblotted with anti-HA or anti-Myc antibody. (D) 50 pmol of purified MBP-RASSF6 was pulled down with 10 pmol of either control GST
or GST-MAGI-1 proteins covering indicated PDZ domains.
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proteins. The messages of all the C-terminal RASSFs
were detected in HK-2 cells (Fig. 3).

Sorbitol treatment induces apoptosis in HK-2 cells
RASSF6 interacts with MST1/2 and is closely related
with the Hippo pathway. We proposed that the Hippo
pathway and RASSF6 simultaneously but independ-
ently mediate apoptosis in HeLa cells and rat hepato-
cytes (16). Therefore, we examined whether not only

RASSF6 but also the Hippo pathway are involved in
apoptosis in HK-2 cells. It is not yet clarified whether
MST1/2 are activated by osmotic stress, but other
Ste20-like kinases are reported to be activated by
osmotic shock (27). Therefore, we attempted to
induce apoptosis in HK-2 cells with the high osmolar-
ity. When exposed to 500mM sorbitol, HK-2 cells
exhibited nuclear condensation (Fig. 4A). TUNEL-
positive cells increased (Fig. 4B). Caspase-3 cleavage

Fig. 2 RASSF6 in rat kidney. (A) RASSF6 in intact rat kidney. RASSF6 is detected in the glomerulus (the upper panel) and on apical
membranes in renal proximal tubular epithelial cells (the lower panel, arrows). The inset shows the marked area at higher magnification.
(B) RASSF6 in PAN-induced nephrotic kidney. RASSF6 signals disappear from the glomerulus, whereas ZO-1 signals remain (the upper panel).
RASSF6 is accumulated to vacuole-like structures in proximal tubular epithelial cells (the lower panel). The inset shows the marked area at
higher magnification. Arrows show the accumulation of RASSF6 to the vacuole-like structures. Bar, 100 mm. Bar in the inset, 20 mm.
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was detected (Fig. 4C). These findings indicate that
the sorbitol treatment induces apoptosis in HK-2 cells.

Sorbitol treatment activates the Hippo pathway
We subsequently examined whether the sorbitol
treatment activates the Hippo pathway in HK-2 cells.
The phosphorylations of MST2 and LATS2 are the
hallmarks of the activation of the pathway. NDR1
is also activated by MST2. However, the antibodies
against the phosphorylated-MST2, -NDR1 and
-LATS2 are not sensitive enough to detect the
phosphorylation of endogenous kinases. Hence, we
generated HK-2 cells stably expressing MST2, NDR1
or LATS2 and treated these cells with 500mM sorbitol
to use for the evaluation of the Hippo pathway
activation. The sorbitol treatment induced the phos-
phorylation of all these kinases, supporting the
activation of the Hippo pathway (Fig. 5A).

The Hippo pathway and RASSF6 are both involved
in the sorbitol-induced apoptosis of HK-2 cells
We next suppressed NDR1/2 and LATS1/2 in HK-2
cells with RNA interference. LATS1/2 knockdown
decreased the number of TUNEL-positive cells and
the caspase-3 activation, but NDR1/2 knockdown
had no effect (Fig. 5B). The data suggest that although
NDR1 and NDR2 are involved in Fas-promoted
apoptosis in HeLa cells, they are not important for
the sorbitol-induced apoptosis in HK-2 cells (28).
According to our previous study, when the Hippo
pathway is activated, RASSF6 should induce apop-
tosis in the Hippo pathway-independent manner.
Consistently, the knockdown of RASSF6 partially
but significantly suppressed the increase of
TUNEL-positive cells and the caspase-3 activation
(Fig. 5B and C). In contrast, the knockdown of
MST1/2 had no effect on apoptosis. This paradoxical
observation is consistent with that MST1/2 inhibits
RASSF6-induced apoptosis and that RASSF6 makes
more contributions to apoptosis than the Hippo
pathway itself.

Fig. 4 Apoptosis in the sorbitol-treated HK-2 cells. HK-2 cells were
exposed to 500mM sorbitol. The nuclear condensation (A) and
TUNEL assay-positive cells (B) were evaluated. P.C. phase contrast
the cells in five fields (more than 50 cells) were analysed for each
experiment. The data represent three independent experiments. (C)
The cells were immunostained with anti-cleaved caspase-3 antibody.
The cells in five independent fields (20�30 cells) were analysed for
quantification. Bars 50 mm in (A) and (C); and 100 mm in (B).

Fig. 3 The messages of the C-terminal RASSF proteins in

immortalized human renal proximal tubular epithelial cells. mRNA
was isolated from HK-2 cells and RT-PCR was performed with (the
upper panel, þRT) or without (the lower panel, �RT) the reverse
transcriptase to detect the messages of RASSF1 to RASSF6 in HK-2
cells.
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RASSF6 is accumulated to the Rab11-positive
compartment in response to the sorbitol treatment
During this study, we found that RASSF6 changes its
subcellular localization in HK-2 cells in response to the
sorbitol treatment. GFP-RASSF6 formed clusters at
30min after the exposure to 500mM sorbitol and
was subsequently accumulated to the perinuclear
regions (Fig. 6A). To identify the compartment

where RASS6 was accumulated, we coexpressed
GFP-RASSF6 with various Rab proteins as markers.
GFP-RASSF6 was not colocalized with Rab5a or
Rab7 (Fig. 6B). RASSF6 was partially overlapped
with Rab4, and the perinuclear RASSF6 remarkably
colocalized to Rab11 (Fig. 6B). We also circumstanti-
ally observed the localization of GFP-RASSF6 to the
basal portion of the primary cilia (Fig. 6C).

Fig. 5 Implication of RASSF6 and the Hippo pathway in the sorbitol-induced apoptosis in HK-2 cells. (A) HK-2 cells expressing FLAG-MST2
(FH-MST2), -LATS2 (FH-LATS2), and -NDR1 (FH-NDR1) were exposed to 500mM sorbitol. The cells were harvested at 0 and 30min, and
were immunoblotted with either the phosphorylation-specific antibodies (the upper panels) or anti-FLAG-antibody (the lower panels). In (B)
and (C) RASS6, MST1/2, LATS1/2 and NDR1/2 were knocked down in HK-2 cells before the exposure to 500mM sorbitol. (B) Apoptosis was
evaluated with the TUNEL assay as described for Fig. 3. (C) Caspase-3 activity was measured using DEVD-MCA as a substrate. Error
bars indicate SD of three independent experiments. *P50.05. n.s., not significant.
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Discussion

We obtained RASSF6 as a putative MAGI-1-
interactor in the yeast two-hybrid screening.
Endogenous RASSF6 and MAGI-1 are coimmuno-
precipitated from rat liver. RASSF6 binds to PDZ
domains of MAGI-1 through its C-terminal PDZ-
binding motif in heterologous cells. RASSF6 is
detected in the glomerulus in rat kidney, but
disappears in PAN-treated kidney in a similar
manner to core components of the slit diaphragm
such as MAGI-1 and nephrin (19). ZO-1 is accumu-
lated in the occluding type junctions and is detectable
even in PAN-induced nephrotic glomerulus. These
findings suggest that RASSF6 behaves more similarly
to MAGI-1 than to ZO-1 and that the localization of
RASSF6 in the glomerulus is closely related to the slit
diaphragm. RASSF6 is additionally detected on apical
membranes in proximal renal tubular epithelial cells
and is colocalized with megalin. We previously
reported that MAGI-1 is detected at tight junctions,
but not on apical membranes, in the polarized epithe-
lial cells such as intestinal epithelial and Madin-Darby
canine kidney II cells (20). According to our previous
report, it follows that RASSF6 is not colocalized with
MAGI-1 in the proximal renal tubular epithelial cells.
However, we need to consider that MAGI-1 has
splicing variants and that our antibody reacts with
the N-terminal region of MAGI-1 (29). A previous
article reports that MAGI-1 interacts with megalin
(30). As megalin is localized on apical membranes,
some MAGI-1 variant may be localized on apical
membranes and interacts with RASSF6. If this is the
case, as megalin binds to PDZ5 of MAGI-1, which is
different from RASSF6-binidng PDZ domains,
MAGI-1 may function as a scaffold to link megalin
and RASSF6.

It has been reported that MAGI-1 is cleaved by cas-
pases in Fas-treated 3T3 A31 cells and UV-irradiated
HaCaT cells and that this cleavage is important
for apoptosis (31). It is tempting to speculate that
RASSF6 is implicated in this MAGI-1-mediated apop-
tosis. We tested the effect of MAGI-1 on RASSF6-
induced apoptosis using HeLa cells. Contrary to our
expectations, neither overexpression nor knockdown
of MAGI-1 showed any effect (data not shown).
It may be necessary using other cells, e.g. 3T3 A31
cells, HaCaT cells or podocytes, to examine whether
MAGI-1-induced apoptosis and RASSF6-induced
apoptosis are related to each other.

Although the underlying molecular mechanism is
not yet fully clear, RASSF6 mediates apoptosis.
RASSF6 expression induces apoptosis in various cells
in caspase-dependent and -independent manners (17,
18). Its depletion blocks tumour necrosis factor-a-
and okadaic acid-induced apoptosis in HeLa cells
and rat hepatocytes. As RASSF6 is highly expressed
in proximal tubular epithelial cells in rat kidney, we
hypothesized that RASSF6 plays a role in apoptosis
in these cells. Based on our previous findings that
RASSF6 and the Hippo pathway cooperate to
induce apoptosis, we speculated that the Hippo
pathway is as well involved in apoptosis in these

cells. To test this idea, we used HK-2 cells and exposed
the cells to the high concentration of sorbitol, because
it is reported for Ste20-like kinases other than MST1/2
to be activated by osmotic shock (27). As expected,
MST2, NDR1 and LATS2 were activated in
sorbitol-treated HK-2 cells. The knockdown of

Fig. 6 The subcellular localization of GFP-RASSF6 in HK-2 cells.

(A) HK-2 cells transiently expressing GFP-RASSF6 was exposed
to 500mM sorbitol. The cells were fixed and immunostained at
the indicated time points. (B) HK-2 cells were transfected with
pClneoGFP RASSF6 and various Rab constructs (HA-Rab4,
HA-Rab5a, FLAG-Rab7 and HA-Rab11) and exposed to 500mM
sorbitol. The cells were fixed and immunostained at the indicated
time points. (C) HK-2 cells expressing GFP-RASSF6 were grown to
confluency, cultured with the serum-starved medium for 48 h and
immunostained with anti-acetylated tubulin antibody to detect the
primary cilia.
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LATS1/2 suppressed the sorbitol-induced apoptosis,
indicating that the Hippo pathway contributes to
apoptosis. Importantly, these observations indicate
that osmotic stress activates MST1/2 as well as other
Ste20-like kinases and eventually the Hippo pathway.
RASSF6 depletion partially but significantly attenu-
ated sorbitol-induced apoptosis. As MST1/2 are key
activators of LATS1/2, their knockdown should
block apoptosis, but had no effect. We obtained a
similar paradoxical result from okadaic acid-treated
rat hepatocytes (16). In those cells, MST1/2 depletion
rather enhanced apoptosis, whereas RASSF6 depletion
reduced it. These findings are comprehensible, taking
into consideration the bidirectional effect of MST1/2,
which mediate the proapoptotic Hippo pathway
through the activation of LATS1/2 and inhibit the
Hippo-independent RASSF6-induced apoptosis.

During this study, we incidentally found that in
HK-2 cells, RASSF6 changes its subcellular localiza-
tion in response to the sorbitol treatment. The coloca-
lization of RASSF6 with Rab4 and Rab11 suggests the
implication of RASSF6 in the specific plasma mem-
brane recycling events, which both Rab4 and Rab11
are involved in (32). Rab11 is also required for cell
division and is involved in the activation of Rab8,
which is essential for the cilia formation (33, 34).
Therefore, given the localization of GFP-RASSF6 to
the basal portion of the primary cilia, RASSF6 may
play some role in the primary cilia. The meanings of
the characteristic subcellular localization of RASSF6
need to be clarified in the future studies.

We launched this study to confirm the interaction of
RASSF6 with MAGI-1, to analyse the expression
of RASSF6 in kidney and to gain insight into the
function of RASSF6 in kidney. In conclusion, we
confirmed that RASS6 is a bona fide interactor with
MAGI-1. We revealed the association of RASSF6
with the slit diaphragm and its expression in renal
proximal tubular epithelial cells. We also demon-
strated that RASSF6 and the Hippo pathway play
roles in the sorbitol-induced apoptosis in HK-2 cells.
All these findings suggest that RASSF6 and the Hippo
pathway are implicated in the pathological conditions,
such as contrast-induced nephropathy, under which
proximal tubular epithelial cells are exposed to high
osmolarity.
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