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The Hippo signaling pathway suppresses cell proliferation
and tumorigenesis. In the canonical Hippo pathway, large
tumor suppressor kinases 1/2 (LATS1/2) phosphorylate the
transcriptional coactivator yes-associated protein (YAP) and
thereby suppress its nuclear localization and co-transcriptional
activity. Nuclear Dbf2-related kinases 1/2 (NDR1/2), which are
closely related to LATS1/2, also phosphorylate and inactivate
YAP by suppressing its nuclear localization. Furry (FRY) is a
cytoplasmic protein that associates with NDR1/2 and activates
them, but its role in the nuclear/cytoplasmic localization of YAP
remains unknown. Here, we constructed FRY-knockout cell
lines to examine the role of FRY in YAP’s cytoplasmic localiza-
tion. FRY depletion markedly increased YAP nuclear localiza-
tion and decreased NDR1/2 kinase activity and YAP phosphor-
ylation levels, but did not affect LATS1/2 kinase activity. This
indicated that FRY suppresses YAP’s nuclear localization by
promoting its phosphorylation via NDR1/2 activation. NDR1/2
depletion also promoted YAP nuclear localization, but deple-
tion of both FRY and NDR1/2 increased the number of cells with
YAP nuclear localization more strongly than did depletion of
NDR1/2 alone, suggesting that FRY suppresses YAP nuclear
localization by a mechanism in addition to NDR1/2 activation.
Co-precipitation assays revealed that Fry uses its N-terminal
1–2400-amino-acid-long region to bind to YAP. Expression of
full-length FRY or its 1–2400 N-terminal fragment restored
YAP cytoplasmic localization in FRY-knockout cells. Taken
together, these results suggest that FRY plays a crucial role in
YAP cytoplasmic retention by promoting YAP phosphorylation
via NDR1/2 kinase activation and by binding to YAP, leading to
its cytoplasmic sequestration.

The Hippo signaling pathway plays a key role in controlling
organ size control, tissue homeostasis, and tumorigenesis by
regulating cell proliferation and survival (1–3). This pathway

was originally identified in Drosophila with the major compo-
nents of the pathway being evolutionarily conserved in mam-
mals (1–3). The core components of the canonical Hippo path-
way in mammalian cells are a kinase cascade, composed of
mammalian STE20-like kinase 1 and 2 (MST1 and MST2),2
which are orthologs of Drosophila Hippo, large tumor suppres-
sor 1 and 2 (LATS1 and LATS2), which are orthologs of Dro-
sophila Warts, and the transcriptional coactivators yes-associ-
ated protein (YAP) and transcriptional coactivator with
PDZ-binding motif (TAZ), which are orthologs of Drosophila
Yorkie. MST1/2 kinases phosphorylate and activate LATS1/2
kinases, which in turn phosphorylate YAP/TAZ, resulting in
their cytoplasmic sequestration by 14-3-3 proteins or their pro-
teasomal degradation, thereby inhibiting their co-transcrip-
tional activity for cell proliferation and survival (1–3). When
the Hippo pathway is inactivated, YAP/TAZ preferentially
localize to the nucleus and promote cell proliferation by stim-
ulating transcription factors, such as the TEA domain tran-
scription factor (TEAD), which is an ortholog of Drosophila
Scalloped (2, 3). Overexpression or hyperactivation of YAP/
TAZ often results in organ overgrowth and tumor develop-
ment; thus, the precise control of the nuclear/cytoplasmic
localization and activity of YAP/TAZ is important for tissue
homeostasis and tumor suppression (4, 5).

The Hippo pathway and its effector YAP are regulated by a
wide range of molecules that have roles in cell-cell and cell-
substrate adhesions, cell morphology, and cell polarity (3, 6 –8).
Mechanical stresses and changes in actin cytoskeletal dynamics
also affect the nuclear/cytoplasmic localization of YAP (9 –11).
Whereas the crucial role of LATS1/2 kinases in YAP regulation
is well-known, several studies have shown that LATS1/2 are
occasionally dispensable for YAP phosphorylation and inacti-
vation (11–15), suggesting that other protein kinase(s) may be
involved in YAP regulation. Nuclear Dbf2-related (NDR)
kinases, consisting of NDR1 and NDR2 in mammals, are the
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closest homologs of LATS1/2 in the AGC family of serine/thre-
onine kinases (16, 17). A recent study demonstrated that
NDR1/2 kinases also phosphorylate YAP and inhibit its nuclear
localization (18). The loss of NDR1/2 in the murine intestinal
epithelium causes decreased YAP phosphorylation and pro-
motes chemically induced colon carcinogenesis (18), indicating
that NDR1/2 kinases serve as tumor suppressors by phosphor-
ylating YAP and inhibiting its nuclear localization.

The kinase activity of NDR is regulated by several mecha-
nisms, including the binding of MOB proteins to the N-termi-
nal MOB-binding domain, trans-phosphorylation of the C-ter-
minal hydrophobic motif by upstream MST kinases, and
autophosphorylation of the activation segment in the kinase
catalytic domain (16). NDR is also activated by Furry (FRY)
(19 –21), although little is known regarding the molecular
mechanism of FRY activating NDR kinase activity.

FRY is an evolutionarily conserved large cytoplasmic protein
in eukaryotes (22). In model organisms, FRY orthologs geneti-
cally and physically interact with NDR orthologs (19 –22). For
instance, FRY and NDR orthologs cooperatively function to
control polarized cell growth and morphogenesis in yeast, neu-
rite outgrowth in nematodes, and epidermal morphogenesis
and dendritic tiling in fruit flies (19, 20, 22–26). In mammalian
cells, we previously showed that FRY physically associates with
NDR1 and activates its kinase activity and that FRY, through
NDR1 activation, is crucial for mitotic chromosome alignment
in cultured cells (21). Because NDR1/2 kinases are shown to be
involved in the cytoplasmic sequestration of YAP (18), we
hypothesized that FRY plays a role in the nuclear/cytoplasmic
localization of YAP.

In the current study, we constructed FRY-knockout cell lines
and examined the role of FRY in the nuclear/cytoplasmic local-
ization of YAP. We show that the depletion of FRY significantly
promotes YAP nuclear localization and that the expression of
FRY restores YAP cytoplasmic localization in FRY-knockout
cells. We also provide evidence that FRY promotes the cyto-
plasmic sequestration of YAP by increasing the kinase activity
of NDR1/2 and by associating with YAP.

Results

FRY depletion promotes nuclear localization of YAP and TAZ

Previous studies using cells cultured under serum-supple-
mented conditions have shown that at low cell density, YAP
predominantly localizes to the nucleus, but at high cell density,
it primarily localizes to the cytoplasm (9, 15, 27). To examine
whether FRY is involved in the nuclear/cytoplasmic localiza-
tion of YAP, we generated FRY-knockout (FRY-KO) HEK293A
cell lines using the CRISPR/Cas9 system and analyzed the
effects of FRY depletion on YAP nuclear/cytoplasmic localiza-
tion. Immunoblot analyses revealed that FRY protein was
depleted in each of two independently generated FRY-KO cell
lines (Fig. 1A). The parental HEK293A cells and the two
FRY-KO cell lines were cultured at low (1.6 � 104 cells/cm2)
and high (8.0 � 104 cells/cm2) cell densities in medium contain-
ing 10% serum, and YAP localization was analyzed by immuno-
staining with an anti-YAP antibody. The nuclei were stained
with 4�,6-diamidino-2-phenylindole (DAPI).

As previously reported for other cells (9, 15, 27), YAP almost
completely localized to the nucleus at low cell density but local-
ized preferentially to the cytoplasm at high cell density in the
parental HEK293A cells (Fig. 1B). In contrast, whereas the pre-
dominant localization of YAP in the nucleus was not affected by
FRY depletion in cells cultured at low density, YAP preferen-
tially localized to the nucleus in the two FRY-KO cell lines cul-
tured at high density (Fig. 1B). Quantitative analyses showed
that under conditions of high cell density, FRY depletion signif-
icantly increased the percentage of cells with nuclear YAP
localization (Fig. 1C). More than 70% of the FRY-KO cells
exhibited YAP localization in the nucleus, whereas only 23% of
the parental cells exhibited YAP localization in the nucleus.
These results suggest that FRY is involved in the cytoplasmic
sequestration of YAP in cells cultured at high density.

The nuclear/cytoplasmic localization of YAP was further
examined by subcellular fractionation analysis. The lysates of
the parental and FRY-KO cells were fractionated into the
nuclear and cytoplasmic fractions and analyzed by immuno-
blotting with an anti-YAP antibody. YAP was mostly detected
in the nuclear fraction in both the parental and FRY-KO cells
cultured at low density (Fig. 1D). In contrast, at high density,
YAP was predominantly detected in the cytoplasmic fraction in
the parental cells, but the level of YAP in the nuclear fraction
was increased in the FRY-KO cells (Fig. 1D). These results fur-
ther support the role of FRY in YAP cytoplasmic retention at
high cell density.

We also examined the effect of FRY knockout on the nuclear/
cytoplasmic localization of TAZ, a paralogue of YAP. Similar to
the effect on YAP localization, knockout of FRY significantly
increased the population of cells with nucleus-localized TAZ at
high cell density (Fig. 1, E and F).

We also analyzed the effect of FRY knockout on the co-tran-
scriptional activity of YAP/TAZ by luciferase reporter assays
using a YAP/TAZ-responsive reporter (8xGTIIC-luciferase),
which contains eight TEAD-binding sites (11, 13). The reporter
assays revealed that depletion of FRY increased the YAP/TAZ
reporter activity (Fig. S1).

FRY depletion decreases NDR1/2 kinase activities and YAP
phosphorylation levels

A previous study using intestinal epithelial cells demon-
strated that NDR1/2 kinases promote the cytoplasmic localiza-
tion of YAP via its phosphorylation at Ser-127 (18). Because
FRY genetically and physically interacts with NDR kinases and
promotes their kinase activities (22), we hypothesized that FRY
is involved in the cytoplasmic localization of YAP by promoting
YAP phosphorylation through NDR1/2 kinase activation. To
address this possibility, we examined the effects of FRY deple-
tion on the kinase activities of NDR1 and NDR2 and the level of
YAP phosphorylation. To measure NDR1 and NDR2 kinase
activity, lysates of the parental and FRY-KO cells were immu-
noprecipitated with an anti-NDR1 or an anti-NDR2 antibody,
and the precipitates were subjected to in vitro kinase assays,
using GSH S-transferase (GST)-YAP as a substrate. The YAP-
phosphorylating activities of NDR1 and NDR2 were suppressed
in the FRY-KO cells, compared with those in the parental cells
(Fig. 2A). Similarly, the kinase activity of NDR1 toward histone
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was also suppressed in the FRY-KO cells (Fig. S2A). These
results indicate that FRY has the function to promote the kinase
activities of NDR1/2 in cells. Fry bound to YAP (see below) but
not to histone (Fig. S2B), indicating that FRY promotes NDR
kinase activities, irrespective of its ability to bind to the sub-
strate proteins. Additionally, co-precipitation assays showed
the NDR1 interacts with YAP (Fig. S2C).

We also examined the effects of FRY knockout on the kinase
activities of LATS1 and LATS2. In contrast to the effects on
NDR1/2, FRY depletion had no apparent effect on the kinase
activities of LATS1 and LATS2 (Fig. 2B), suggesting a specific
role for FRY in NDR1/2 kinase activation.

We next examined the effect of FRY knockout on the level of
YAP phosphorylation in cells. Lysates of the parental and
FRY-KO cells were analyzed by immunoblotting with an anti-
YAP antibody and an anti-phospho-Ser-127-YAP (pS127-YAP)
antibody that specifically recognizes the Ser-127–phosphory-

lated form of YAP. The level of pS127-YAP was decreased in the
FRY-KO cells, compared with that in the parental cells (Fig.
2C). Quantitative analysis showed that the level of YAP phos-
phorylation, as measured by the ratio of pS127-YAP to total
YAP, was significantly decreased in the FRY-KO cells (Fig. 2D).
These results suggest that FRY depletion promotes the nuclear
localization of YAP, at least in part by decreasing NDR1 and
NDR2 kinase activities, which leads to reduced levels of YAP
phosphorylation.

Knockdown of NDR1/2 kinases decreases YAP
phosphorylation in cells

To examine the role of NDR kinases in the cytoplasmic local-
ization of YAP, we analyzed the effects of NDR1/2 double
knockdown on the levels of YAP phosphorylation and on YAP
nuclear localization. HEK293A cells were treated with a mix-
ture of NDR1- and NDR2-targeting siRNAs (NDR1/2 siRNAs).

Figure 1. FRY depletion promotes YAP nuclear localization. A, validation of FRY KO in HEK293A cells. Lysates of parental cells (PC) and two independently
derived FRY-KO cell lines (#1 and #2) were immunoprecipitated (IP) and immunoblotted (IB) using an anti-FRY antibody. Cell lysates were analyzed by
immunoblotting with an anti-�-tubulin antibody. B, effects of FRY depletion on the nuclear/cytoplasmic localization of YAP. The parental and FRY-KO cells were
cultured at low (1.6 � 104 cells/cm2) and high (8.0 � 104 cells/cm2) cell densities under serum-supplemented conditions and stained using an anti-YAP
antibody (green) and DAPI (blue). Scale bar, 20 �m. C, quantification of the effects of FRY depletion on YAP nuclear localization. The number of cells with YAP
localization in the nucleus (preferentially in the nucleus or equally in the nucleus and cytoplasm) were counted, and the percentages were calculated. D,
subcellular fractionation of YAP. The parental and FRY-KO cells were cultured at low and high cell densities and separated into the cytosolic (C) and nuclear (N)
fractions. Equal aliquots of each fraction and total cell lysates (T) were analyzed by immunoblotting with anti-YAP and anti-histone H3 antibodies. E, effects of
FRY depletion on the nuclear/cytoplasmic localization of TAZ. The parental and FRY-KO cells were cultured at low and high cell densities and stained using an
anti-YAP antibody (green) and DAPI (blue), as in B. Scale bar, 20 �m. F, quantification of the effects of FRY depletion on TAZ nuclear localization. The percentage
of cells with YAP localization in the nucleus was determined as described in C. In C and F, data are the means � S.D. (error bars) from three independent
experiments with more than 100 cells evaluated for each experiment. Statistical analysis included one-way ANOVA followed by Dunnett’s test. **, p � 0.01; N.S.,
not significant.
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Immunoblot analyses revealed that treatments of HEK293A
cells with NDR1/2 siRNAs suppressed the levels of both NDR1
and NDR2 proteins (Fig. 3A). Immunoblot analysis of lysates
from HEK293A cells treated with NDR1/2 siRNAs with anti-
pS127-YAP and anti-YAP antibodies revealed that the level of
YAP phosphorylation was significantly decreased in NDR1/2
double knockdown cells, compared with that in control cells
(Fig. 3, B and C). This indicates that NDR1/2 kinases are
involved, at least in part, in YAP phosphorylation in
HEK293A cells. The degree of the decrease in YAP phosphor-
ylation in the NDR1/2-double-knockdown cells was similar
to that in the FRY-KO cells, suggesting that FRY deple-
tion decreases the level of YAP phosphorylation through
NDR1/2 inactivation.

Effects of NDR1/2 knockdown on YAP nuclear localization in
parental and FRY-knockout cells

We next analyzed the effects of NDR1/2 double knockdown
on the nuclear/cytoplasmic localization of YAP in HEK293A
parental cells and FRY-KO cells. In the parental cells, double
knockdown of NDR1/2 significantly increased the number of
cells with nucleus-localized YAP, indicating that NDR1/2

kinases are involved in the cytoplasmic localization of YAP (Fig.
3, D and E). In contrast, double knockdown of NDR1/2 in
FRY-KO cells had no significant effect on the number of the
cells with nucleus-localized YAP, compared with control
siRNA transfection (Fig. 3, D and E). These results support
the notion that FRY depletion causes the nuclear localization
of YAP through NDR1/2 inactivation. Intriguingly, the pro-
portion of the cells with nuclear YAP localization in NDR1/2
siRNA-treated FRY-KO cells was higher than that in
NDR1/2 siRNA-treated parental cells (Fig. 3E, compare lane
2 versus lane 5 and lane 3 versus lane 6). These results sug-
gest that FRY is involved in the cytoplasmic localization of
YAP by a mechanism(s) in addition to the activation of
NDR1/2 kinases.

Effects of LATS1/2 knockdown on YAP phosphorylation and
YAP nuclear localization

We also examined the effects of LATS1/2 double knockdown
on the levels of YAP phosphorylation and on YAP nuclear local-
ization in HEK293A cells. The level of pS127-YAP was mark-
edly decreased by LATS1/2 double knockdown in the parental
cells (Fig. S3A), indicating that LATS1/2 kinases play a crucial

Figure 2. FRY depletion decreases NDR1/2 kinase activities and YAP phosphorylation. A, effects of FRY depletion on kinase activities of NDR1 and NDR2.
The parental or FRY-KO HEK293A cells were cultured at high density under serum-supplemented conditions. NDR1 and NDR2 were immunoprecipitated (IP)
from cell lysates and subjected to in vitro kinase assays using GST-YAP as a substrate. IgG HC, immunoglobulin heavy chain. B, effects of FRY depletion on kinase
activities of LATS1 and LATS2. LATS1 and LATS2 were immunoprecipitated and subjected to in vitro kinase assays, as in A. C, effects of FRY depletion on the level
of YAP phosphorylation in cells. The parental or FRY-KO cells were cultured at high density under serum-supplemented conditions. Cell lysates were analyzed
by immunoblotting (IB) using anti-pS127-YAP, anti-YAP, and anti-�-tubulin antibodies. D, quantification of the ratio of pS127-YAP to total YAP. The relative
ratios of pS127-YAP/YAP were determined by densitometric analysis of the immunoblotting data. Data are the means � S.D. (error bars) from three indepen-
dent experiments. Statistical analysis included one-way ANOVA followed by Dunnett’s test. **, p � 0.01.
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role in YAP phosphorylation. The level of pS127-YAP was also
decreased by LATS1/2 double knockdown in the FRY-KO cells,
suggesting that LATS1/2 kinases are involved in YAP phosphor-
ylation, independently of the action of FRY. Immunostaining
analyses also showed that double knockdown of LATS1/2
increased the population of cells with nucleus-localized YAP in
both the parental and FRY-KO cells (Fig. S3, B and C). These
results suggest that LATS1/2 kinases play crucial roles in YAP
phosphorylation and its cytoplasmic retention in HEK293A
cells, independently of FRY.

YAP binds to FRY

To investigate the additional mechanism by which FRY pro-
motes the cytoplasmic localization of YAP, we examined the
possibility that FRY binds to YAP, leading to it being seques-
tered in the cytoplasm. We analyzed the YAP-binding ability of
FRY using co-immunoprecipitation assays. When GFP-tagged
YAP and (Myc�His)-tagged FRY were co-expressed in
HEK293T cells and the cell lysates were immunoprecipitated
with an anti-GFP antibody, FRY-(Myc�His) was co-precipi-

Figure 3. Effects of NDR1/2 knockdown on YAP phosphorylation and YAP nuclear localization in parental and FRY-KO cells. A, effects of NDR1/2-
targeting siRNAs on the expression of NDR1 and NDR2. HEK293A cells were transfected with control siRNA (siCtrl), a mixture of NDR1 siRNA #1 and NDR2 siRNA
#1 (siNDR1/2 #1), or a mixture of NDR1 siRNA #2 and NDR2 siRNA #2 (siNDR1/2 #2) and then cultured for 48 h. For detection of NDR1, cell lysates were analyzed
by immunoblotting using an anti-NDR1 antibody. For detection of NDR2, cell lysates were immunoprecipitated (IP) and immunoblotted (IB) using an anti-NDR2
antibody. Cell lysates were also analyzed by immunoblotting using an anti-�-tubulin antibody. IgG HC, immunoglobulin heavy chain. B, effects of NDR1/2
knockdown on YAP phosphorylation in cells. HEK293A cells were transfected with control siRNA (siCtrl) or a mixture of NDR1 and NDR2 siRNAs (siNDR1/2), and
the cell lysates were subjected to immunoblotting using anti-pS127-YAP, anti-YAP, and anti-�-tubulin antibodies. C, quantification of the ratio of pS127-YAP
to YAP. Data are the means � S.D. (error bars) from three independent experiments. Statistical analysis included one-way ANOVA followed by Dunnett’s test.
*, p � 0.05; **, p � 0.01. D, effects of NDR1/2 knockdown on the nuclear/cytoplasmic localization of YAP in parental and FRY-KO cells. The parental and FRY-KO
cells were transfected with control siRNA (siCtrl) or a mixture of NDR1 and NDR2 siRNAs (siNDR1/2) and then cultured for 48 h at a high cell density under
serum-supplemented conditions. The cells were stained with an anti-YAP antibody (green) and DAPI (blue). Scale bar, 20 �m. E, quantification of the effects of
NDR1/2 knockdown on YAP localization in parental and FRY-KO cells. The percentage of cells with YAP localization in the nucleus was determined as described
in the legend to Fig. 1C. Data are the means � S.D. from three independent experiments with more than 100 cells evaluated for each experiment. Statistical
analysis included one-way ANOVA followed by Tukey’s test. *, p � 0.05; **, p � 0.01; N.S., not significant.
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tated with GFP-YAP (Fig. 4A). We also analyzed the interaction
between endogenous FRY and YAP using co-precipitation assays.
HEK293A cell lysates were immunoprecipitated with an anti-FRY
antibody or control IgG, and the precipitates were analyzed by
immunoblotting with anti-FRY and anti-YAP antibodies. Endog-
enous YAP was co-precipitated with the endogenous FRY (Fig.
4B). These results indicate that FRY binds to YAP in cells.

To explore the YAP-binding region of FRY, we first analyzed
the YAP-binding ability of the N- and C-terminal fragments of
FRY, FRY-N-(1–2400) and FRY-C-(1560 –3020), respectively
(Fig. 4C). The N-terminal (residues 1–2400) region is highly
conserved in FRY in various species (22). GFP-YAP and
(Myc�His)-tagged FRY fragments were co-expressed in
HEK293T cells, and the cell lysates were immunoprecipitated
with an anti-GFP antibody. Blotting results revealed that FRY-
N-(1–2400), but not FRY-C-(1560 –3020), was co-precipitated

with GFP-YAP (Fig. 4D). To further define the YAP-binding
region of FRY, we analyzed the YAP-binding ability of two addi-
tional FRY fragments, N-(1–730) and M-(718–1575) (Fig. 4C).
Co-precipitation assays revealed that FRY-M-(718–1575), but not
FRY-N-(1–730), was bound to YAP (Fig. 4E). These results indi-
cate that FRY binds to YAP through its M-(718–1575) region.

The cytoplasmic localization of YAP is promoted by its phos-
phorylation and subsequent binding of 14-3-3 proteins, which
specifically bind to the phosphorylated YAP for cytoplasmic
sequestration. To determine whether the interaction between
YAP and FRY is affected by YAP phosphorylation, we con-
structed YAP-5SA, a nonphosphorylatable mutant in which all
five serine residues (Ser-61, -109, -127, -164, and -397) match-
ing the LATS/NDR target consensus motif (HXRXXS) were
replaced by alanine (28). YAP-5SA was then analyzed for its
ability to bind to FRY. When GFP-tagged WT YAP and its 5SA

Figure 4. Co-precipitation assays of YAP with FRY or its fragments. A, FRY binds to YAP. HEK293T cells were co-transfected with GFP-YAP and FRY-
(Myc�His). Cell lysates were immunoprecipitated (IP) using an anti-GFP antibody, and the precipitates were immunoblotted (IB) using anti-GFP and anti-Myc
antibodies. B, interaction between endogenous FRY and YAP. Lysates of HEK293A cells were immunoprecipitated using an anti-FRY antibody or nonimmune
IgG, and the precipitates were analyzed by immunoblotting using anti-YAP and anti-FRY antibodies. C, schematic structures of FRY and its fragments. The
numbers indicate the amino acid residues for the N-terminal (N), medial (M), and C-terminal (C) fragments. D and E, the interaction between YAP and FRY
fragments. HEK293T cells were co-transfected with GFP-YAP and (Myc�His)-tagged FRY fragments. Cell lysates were immunoprecipitated using an anti-GFP
antibody, and the precipitates were analyzed by immunoblotting using anti-GFP and anti-Myc antibodies. F, FRY binds to a nonphosphorylated 5SA mutant of
YAP. HEK293T cells were co-transfected with GFP-YAP (WT or 5SA) and FRY-(Myc�His). Cell lysates were immunoprecipitated using an anti-GFP antibody, and
the precipitates were immunoblotted using anti-GFP and anti-Myc antibodies.
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mutant were co-expressed with (Myc�His)-tagged FRY in
HEK293T cells and immunoprecipitated with an anti-GFP
antibody, similar amounts of FRY-(Myc�His) were co-precip-
itated with GFP-YAP-WT and GFP-YAP-5SA (Fig. 4F). This
indicates that in contrast to 14-3-3 proteins, FRY binds to YAP,
irrespectively of the phosphorylation state of YAP. Taken
together, these results suggest that FRY has the potential to
bind to YAP through the medial 718 –1575 region, indepen-
dently of YAP phosphorylation.

Expression of FRY or its N-terminal (residues 1–2400) fragment
restores YAP cytoplasmic localization in FRY-knockout cells

We performed knockout/rescue experiments to confirm the
functional role of FRY in the cytoplasmic localization of YAP, as
well as to examine the correlation between YAP cytoplasmic

localization and the YAP-binding ability of FRY. FRY-KO cells
were transfected with expression plasmids encoding control
GFP, (Myc�His)-tagged full-length (FL) FRY, or its fragments.
The transfected cells were cultured at a high cell density, fixed,
and then stained with an anti-YAP antibody (Fig. 5 (A and C)
and Fig. S4). Expression of GFP and (Myc�His)-tagged FRY
were visualized with GFP fluorescence imaging and anti-Myc
immunostaining, respectively. Immunostaining with an anti-
Myc antibody revealed that FRY-FL and its N-(1–2400),
C-(1560–3020), and N-(1–730) fragments predominantly lo-
calized in the cytoplasm, but FRY-M-(718–1575) diffusely distrib-
uted in both the nucleus and the cytoplasm (Fig. 5, A and C).

The effects of the expression of GFP, FRY-FL, or its deletion
mutants on YAP localization were analyzed by determining the

Figure 5. Expression of FRY or its N(1–2400) fragment recovers YAP cytoplasmic localization in FRY-KO cells. A and C, effects of expression of FL FRY or
its fragments on YAP nuclear localization in FRY-KO cells. Parental (PC) or FRY-KO HEK293A cells were transfected with control GFP, (Myc�His)-tagged FRY-FL,
or its fragments and then fixed and stained using an anti-YAP antibody (red). In the first and second rows, cells were imaged for GFP fluorescence (green). In the
third to fifth rows, cells were stained with an anti-Myc antibody (green). DNA was stained using DAPI (blue). Arrows indicate the GFP- or Myc-positive cells. Scale
bar, 20 �m. B and D, quantification of the effects of expression of GFP, FRY, or its fragments on YAP nuclear localization in the parental and FRY-KO cells. The
percentage of cells with nuclear localization of YAP was determined as described in the legend to Fig. 1C. Data are the means � S.D. (error bars) from three
independent experiments with more than 30 cells evaluated for each experiment. Statistical analysis included one-way ANOVA followed by Tukey’s test. *, p �
0.05; **, p � 0.01; N.S., not significant.
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percentage of the cells with nucleus-localized YAP in GFP- or
Myc-positive cells. The proportion of cells with nucleus-local-
ized YAP was significantly greater in FRY-KO cells transfected
with control GFP than that in parental cells transfected with
GFP (Fig. 5B). Compared with that in the GFP transfection
controls, transfection of FRY-KO cells with FRY-FL or FRY-N-
(1–2400) resulted in a significantly lower percentage of cells
with nucleus-localized YAP, similar to the level observed in
GFP-transfected parental cells (Fig. 5, A and B). In contrast,
transfection of FRY-KO cells with FRY-C-(1560 –3020) did not
affect the nuclear localization of YAP (Fig. 5, A and B). In addi-
tion, expression of FRY fragments, N-(1–730) and M-(718 –
1575), had no apparent effect on the nuclear localization of YAP
in FRY-KO cells (Fig. 5, C and D). These results suggest that the
N-terminal (residues 1–2400) region of FRY is required for its
function in promoting YAP cytoplasmic localization. FRY-M-
(718 –1575) had the ability to bind to YAP but did not rescue
YAP cytoplasmic localization in FRY-KO cells, indicating that
the YAP-binding ability alone is not sufficient for FRY to pro-
mote YAP localization to the cytoplasm.

Discussion

In this study, we showed that FRY depletion markedly
induces nuclear localization of YAP, indicating that FRY plays a
crucial role in sequestering YAP in the cytoplasm. Consistent
with earlier studies showing that FRY activates NDR kinases
and that NDR kinases phosphorylate YAP (18, 21), depletion of
FRY resulted in decreased NDR1/2 kinase activities and
decreased YAP phosphorylation. However, FRY depletion did
not affect LATS1/2 kinase activities, indicating that FRY has a
specific role in the activation of NDR1/2, but not in the activa-
tion of LATS1/2, and that FRY increases YAP phosphorylation
through the activation of NDR1/2. Depletion of NDR1/2 also
decreased YAP phosphorylation and promoted the nuclear
localization of YAP. However, the extent of YAP nuclear local-
ization in NDR1/2-depleted FRY-KO cells was significantly
higher than that in NDR1/2-depleted parental cells, which sug-
gests that FRY suppresses YAP nuclear localization through
both NDR-dependent and NDR-independent mechanisms.
With respect to this, we showed that FRY binds to YAP via the
N-terminal (residues 1–2400) region. Both full-length FRY and
its N-terminal (residues 1–2400) fragment restored YAP cyto-
plasmic localization in FRY-KO cells. This was in contrast to
the C-terminal (residues 1560 –3020) fragment of FRY, which
did not exhibit YAP-binding ability and failed to restore YAP
cytoplasmic localization. Taken together, these results suggest
that FRY plays a crucial role in the cytoplasmic retention of
YAP by two mechanisms, the enhancement of YAP phosphor-
ylation through NDR1/2 kinase activation and the direct bind-
ing to YAP, which leads to YAP sequestration in the cytoplasm.
NDR1/2-mediated YAP phosphorylation probably causes YAP
sequestration in the cytoplasm by promoting its association
with 14-3-3 proteins (18, 27).

Further analysis of the YAP-binding region of FRY revealed
that FRY-M-(718 –1575), but not FRY-N-(1–730), binds to
YAP. FRY-M-(718 –1575) had the YAP-binding ability but did
not rescue the cytoplasmic localization of YAP in FRY-KO cells.
This result indicates that the YAP-binding ability is not suffi-

cient for FRY to exhibit its function to promote the cytoplasmic
retention of YAP. Because FRY binds to NDR1 via its N-termi-
nal (residues 1–730) region (21), it is likely that the M-(718 –
1575) fragment fails to activate NDR kinases and fails to
promote YAP phosphorylation and cytoplasmic retention.
Additionally, because this fragment localized diffusely in the
cytoplasm and the nucleus, it is likely that the additional
sequence is required to sequester YAP in the cytoplasm.

Previous studies have shown that NDR kinases are activated
by several mechanisms, including the binding of MOB proteins
to the N-terminal MOB-binding domain, the trans-phosphor-
ylation of the C-terminal hydrophobic motif by upstream MST
kinases, and the autophosphorylation of the activation segment
in the kinase catalytic domain (16, 17). FRY is genetically linked
to NDR kinases in most model organisms, including yeast,
nematodes, and fruit flies, suggesting a role of FRY as an acti-
vator of NDR kinases (22). We previously showed that in mam-
mals, FRY binds to and promotes NDR1 kinase activity upon
treatment with okadaic acid, an inhibitor of protein phospha-
tase PP2A (21). In the current study, we showed that the kinase
activities of NDR1/2 decreased in FRY-KO cells, which further
confirmed the role of endogenous FRY in NDR1/2 kinase
activation. A recent crystallographic study demonstrated
that an atypically long activation segment in the kinase
domain of NDR1 covers the kinase catalytic surface and
serves an autoinhibitory role (29). That report also showed
that the deletion of the activation segment and okadaic acid
treatment enhanced the kinase activity of NDR1 and its asso-
ciation with FRY (29). These results suggest that the NDR1-
binding and NDR1-activating abilities of FRY are enhanced
by phosphorylation and the detachment of the autoinhibi-
tory segment from the kinase catalytic site. However, little is
actually known regarding the mechanism by which FRY reg-
ulates NDR kinase activity. Further studies are required to
define the precise molecular mechanisms underlying FRY-
mediated NDR kinase activation.

In mammalian cells, NDR1/2 kinases are involved in centro-
some duplication, chromosome alignment, apoptosis, and pro-
liferation (21, 30–32). Although a crucial role of FRY in NDR1
kinase activation for the fidelity of mitotic chromosomal align-
ment has been shown (21), it remains unknown whether FRY is
involved in other cellular processes. It will be intriguing to
explore whether FRY collaborates with NDR kinases to regulate
these processes. A previous study showed that the ablation of
NDR1 predisposes mice to the development of T cell lym-
phoma (31). In addition, another recent report showed that the
conditional knockout of NDR1/2 in intestinal epithelia results
in hyperplasia of colon epithelia and facilitates the development
of chemically induced colon carcinoma (18). The latter report
demonstrated that NDR1/2 kinases phosphorylate YAP and
sequester it in the cytoplasm of cells in the intestinal epithe-
lium. These results suggest that NDR kinases function as tumor
suppressors by inhibiting the nuclear localization of YAP.
Because FRY suppresses the nuclear localization of YAP
through NDR1/2 kinase activation, it is conceivable that FRY
also functions as a tumor suppressor by suppressing YAP
nuclear localization. With respect to this, a recent report sug-
gested that Fry is a candidate mammary carcinoma susceptibil-
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ity gene in rats and showed that the levels of Fry mRNA and
FRY protein are reduced in human breast cancer cell lines com-
pared with those in nontumorigenic cell lines (33). A recent
report also showed that the ectopic expression of FRY sup-
presses the proliferation of breast cancer cells (34). These
results are consistent with the possibility that FRY has a tumor-
suppressive role. It will be important to determine the effects of
FRY knockout on tumorigenesis in model animals.

FRY and NDR orthologs (Sax-2 and Sax-1 in Caenorhabditis
elegans and Furry and Trc in Drosophila, respectively) cooper-
atively function in the dendritic branching and tiling (22, 24,
26). In humans, the Fry gene has been identified as one of the
candidate genes involved in intellectual disability (35); how-
ever, the precise roles of FRY and NDR in the mammalian
nervous system remain unknown. Furthermore, it remains
unknown whether FRY and NDR orthologs in model organisms
modulate neurite morphology and development by regulating
YAP activity. Future studies using model animals will help us to
better understand the roles of the FRY-NDR-YAP pathway in
tumorigenesis and neural development.

Experimental procedures

Reagents and antibodies

Rabbit polyclonal antibodies against FRY, NDR1, and
NDR2 were raised against their partial peptide sequences,
TTFLPDSSVSGTSL, TARGAIPSYMKAAK, and SDILQPVP-
NTTEPDYKS, respectively, as reported previously (21, 36).
Rabbit polyclonal antibodies against LATS1 (#9153, Cell Sig-
naling Technology), LATS2 (GTX87529, Gene Tex), c-Myc
(562; Medical and Biological Laboratories), and GFP (A6455,
Molecular Probes) were purchased from the specified suppli-
ers. Rabbit monoclonal antibodies against Ser-127–phosphor-
ylated YAP (pS127-YAP) (#130008) and histone H3 (#9715S)
were purchased from Cell Signaling Technology. Mouse mono-
clonal antibodies against c-Myc (9E10, Roche Applied Science),
c-Myc (PL14, Medical and Biological Laboratories), YAP (sc-
101199, Santa Cruz Biotechnology, Inc.), TAZ (#560235, BD
Pharmingen), and �-tubulin (B-5-1-2, Sigma) were purchased
from the specified suppliers. Secondary antibodies conjugated
with horseradish peroxidase against mouse IgG (NA931, GE
Healthcare) and rabbit IgG (NA934, GE Healthcare) were pur-
chased from the suppliers indicated. Secondary antibodies con-
jugated with Alexa Fluor 488 against mouse IgG (A11029) and
rabbit IgG (A11034) and those with Alexa Fluor 568 against
mouse IgG (A11031) were purchased from Life Technologies,
Inc.

Plasmid construction

Complementary DNA (cDNA) coding for human YAP
isoform 1 (NM_001130145.2) was PCR-amplified from a
MegaMan human transcriptome library (Agilent). The cDNA
was subcloned into GFPk and pGEX expression vectors (Invit-
rogen). The cDNA plasmid encoding YAP(5SA), in which five
serine residues (Ser-61, -109, -127, -164, and -397) were
replaced with alanine (28), was constructed using a site-di-
rected mutagenesis kit (Agilent). The cDNA for isoform 2 of
mouse FRY (E9Q8I9-2 in the UniProt database) was PCR-am-
plified from the mouse brain cDNA library and subcloned into

a pcDNA3.1/Myc�His expression vector (Invitrogen), as
described previously (21). In this study, we used the cDNA
encoding isoform 1 of mouse FRY (E9Q8I9-1 in UniProt) con-
sisting of 3020 amino acids, after deleting the inserted
sequences (ELQ at 2481–2483 and MESLAQ at 2835–2840)
from the isoform 2 (37). The cDNA plasmids encoding FRY
deletion mutants were constructed by PCR amplification, as
reported previously (37).

Cell culture and transfection

HEK293T and HEK293A cells were cultured in Dulbecco’s
modified Eagle’s medium (Wako Pure Chemical Industries)
supplemented with 10% FBS (Biosera). Transfections were per-
formed using RNAi MAX (Invitrogen), Fugene HD (Promega),
or jetPEI (Polyplus), according to the manufacturer’s protocols.
Cells were harvested at 40 h post-transfection for immunoblot
analyses.

Gene knockout of HEK293A cells using the CRISPR/Cas9
system

The guide sequences were designed using the CRISPR design
tool at https://crispr.dbcls.jp3 (41) or the archived guide
sequences from a genome-scale CRISPR knockout (GeCKO2)
library (38). The sequences of guide RNAs used for human FRY
knockout were as follows: #1, 5�-ACG CAA GAT TCG TAT
CAT TA-3�; #2, 5�-CAC AGA ATT CAG TCG GAA CG-3�.
The guide sequences were cloned into a Cas9 expression plas-
mid (PX459; Addgene plasmid no. 62988). HEK293A cells were
transfected with the Cas9 plasmids, selected with puromycin,
and cloned by limited dilution as described previously (39).
Knockout clones were selected by immunoblot analyses using
an anti-FRY antibody.

RNAi

The Stealth siRNAs and silencer siRNAs were purchased
from Thermo Fisher Scientific. The targeting sequences were
as follows: siNDR1#1, 5�-GGC AGA CAG UUU GUG GGU
UGU GAA A-3�; siNDR1#2, 5�-GCA AUG AAA AUA CUC
CGU ATT-3�; siNDR2#1, 5�-GGC CAG CAG CAA UCC CUA
UAG AAA U-3�; siNDR2#2, 5�-GGU UUG AAG GGU UGA
CUC ATT-3�; siLATS1#1, 5�-CCU CCA UAC GAG UCA AUC
ATT-3�; siLATS1#2, 5�-GGA GUG AUG AUA ACG AGG
ATT-3�; siLATS2#1, 5�-GUU CGG ACC UUA UCA
GAA ATT-3�; and siLATS2#2, 5�-GCA UUU UAC GAA UUC
ACC UTT-3�. A mixture of siNDR1#1 and siNDR2#1 (siNDR1/
2#1), siNDR1#2 and siNDR2#2 (siNDR1/2#2), siLATS1#1 and
siLATS2#1 (siLATS1/2#1), or siLATS1#2 and siLATS2#2
(siLATS1/2#2) was used for double knockdown of NDR1 and
NDR2 or of LATS1 and LATS2. A Stealth RNAi negative
control (Thermo Fisher Scientific) was used as the control
siRNA.

Immunoprecipitation assay

For preparation of cell lysates, cells were washed once with
PBS and lysed with lysis buffer (50 mM Tris-HCl (pH 7.5), 1%

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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(v/v) Triton X-100, 150 mM NaCl, 5% (v/v) glycerol, 1 mM

EGTA, 50 mM sodium fluoride, 1 mM sodium vanadate, 1 mM

phenylmethylsulfonyl fluoride, 1 mM DTT, 10 �g/ml leupeptin,
and 3 �g/ml pepstatin A). The lysates were cleared by centrif-
ugation at 15,000 rpm for 10 min at 4 °C. For the immunopre-
cipitation assays, cell lysates were precleared with nProtein
A–Sepharose Fast Flow (GE Healthcare), and the superna-
tants were incubated with the indicated antibodies for 4 h at
4 °C. After centrifugation, the beads were washed four times
with wash buffer (500 mM NaCl, 50 mM Tris-HCl, 1% Triton
X-100, 5% glycerol, and 1 mM DTT), and the precipitates
were boiled in SDS sample buffer (62.5 mM Tris-HCl (pH
6.8), 2% SDS, 5% 2-mercaptoethanol, 5% sucrose, and 0.005%
bromphenol blue) for 5 min at 97 °C, subjected to SDS-
PAGE, and analyzed by immunoblotting using the indicated
antibodies.

Immunoblotting

Samples were separated by SDS-PAGE and transferred onto
Immobilon-P polyvinylidene difluoride membranes (Milli-
pore). The membranes were blocked with 5% nonfat dry milk in
0.05% Tween 20 – containing PBS (PBS-T) or with Blocking
One P (Nakalai Tesque) for 1 h. The membranes were incu-
bated with the primary antibodies for 1.5 h at room tempera-
ture or overnight at 4 °C. After washing the membranes three
times with PBS-T or 0.05% Tween 20 – containing Tris-buff-
ered saline (TBS-T), they were incubated with horseradish
peroxidase– conjugated secondary antibody for 1.5 h. After
washing, the membranes were reacted with Immobilon West-
ern (Millipore), and the immunoreactive protein bands were
visualized using a LAS-4000 bioimaging analyzer (GE Health-
care) or ChemiDoc Touch imaging system (Bio-Rad). Images
were analyzed using ImageJ.

Immunostaining and fluorescence microscopy

Cells were fixed with 4% paraformaldehyde at room temper-
ature for 30 min, washed twice with PBS for 5 min, and then
permeabilized by treatment with 0.1% Triton X-100 in PBS for
5 min at room temperature. After two washes with PBS, the
cells were blocked with 2% FBS in PBS for 30 min at room
temperature and incubated with the appropriate primary anti-
bodies overnight at 4 °C. After washing with PBS three times,
the cells were incubated with Alexa 488 – or Alexa 568 –
conjugated secondary antibodies in PBS containing 2% FBS or
Can Get Signal immunostain solution A (Toyobo) for 1.5 h.
Nuclear DNA was stained with DAPI. Fluorescence images
were obtained using a fluorescence microscopy (DMi8, Leica
Microsystems), equipped with a PL Apo �63 oil immersion
objective lens (numerical aperture 1.3) and a CMOS camera
(C13440-20CU; Hamamatsu Photonics) driven by LAS AF
Imaging Software (Leica Microsystems). Images were analyzed
using ImageJ.

In vitro kinase assay

Cells were washed with PBS and lysed with lysis buffer (50
mM Tris-HCl (pH 7.5), 1% (v/v) Triton X-100, 150 mM NaCl, 5%
(v/v) glycerol, 1 mM sodium vanadate, 1 mM DTT, 10 �g/ml
leupeptin, and 3 �g/ml pepstatin A). Lysates were clarified by

centrifugation at 15,000 rpm for 10 min at 4 °C. The cell lysates
were then precleared with nProtein A–Sepharose Fast Flow
(GE Healthcare), and the supernatants were incubated with
antibodies against NDR1/2 or LATS1/2 for 4 h at 4 °C. After
centrifugation, the beads were washed three times with wash
buffer (500 mM NaCl, 50 mM Tris-HCl, 1% Triton X-100, 5%
glycerol, and 1 mM DTT) and then washed twice with kinase
buffer (20 mM Tris-HCl (pH 7.5), 10 mM MgCl2, and 1 mM

DTT). Kinase reactions were conducted in 20 �l of kinase
buffer containing 50 �M ATP, 5 �Ci of [�-32P]ATP, and 1 �g of
GST-YAP or whole histone for 1 h at 30 °C. GST-YAP was
expressed in BL21 Escherichia coli and purified using GSH-
Sepharose. The reaction mixture was separated by SDS-
PAGE and analyzed by autoradiography to quantitate the
32P-labeled protein and by immunoblotting with anti-YAP
and anti-NDR1/2 or LATS1/2 antibodies to detect the tar-
geted proteins.

Subcellular fractionation

The nuclear/cytoplasmic fractionation was performed es-
sentially as described (40). All of the buffers used were kept on
ice, and centrifugations were done at 4 °C with soft braking.
HEK293A cells were grown on a 10-cm culture dish at low
density (1.6 � 104/cm2) or high density (8.0 � 104/cm2) for
24 h. After a single wash with PBS, cells were scraped with PBS
and harvested by centrifugation at 1000 � g for 15 min. The cell
pellet was gently resuspended with 5 times the volume of pellet
with buffer A (10 mM HEPES, pH 7.4, 1.5 mM MgCl2, 10 mM

KCl, and 0.5 mM DTT) and incubated on ice for 15 min, fol-
lowed by homogenization (Wheaton) for 10 strokes. The cell
lysates were centrifuged at 1000 � g for 5 min to collect the
pellet as the nuclear fraction and the supernatant as the cyto-
plasmic fraction. The nuclear fraction was washed by centrifu-
gation two times with buffer A (1000 � g for 5 min each), resus-
pended with buffer A to a similar volume as the cytoplasmic
fraction, and sonicated. Both fractions were boiled with sample
buffer, keeping an identical final volume, and subjected to SDS-
PAGE. Each fraction was immunoblotted using anti-YAP and
anti-histone H3 antibodies.

Luciferase assay

For luciferase assay, cells were plated on 6-well plates and
transfected with a combination of 500 ng of YAP/TAZ-respon-
sive reporter 8xGTIIC-luciferase (34615, Addgene, Cambridge,
MA) and 0.5 ng of control pcDNA-hRluc (Renilla luciferase)
using jetPEI and cultured for 36 h. Cell lysates were generated,
and luciferase reactions were performed following the manufa-
cturer’s instructions, described in the Dual-Luciferase Reporter
Assay System (Promega, Madison, WI).

Statistical analysis

Statistical analysis included one-way analysis of variance
(ANOVA) followed by Dunnett’s test or Tukey’s test for com-
parison of multiple data sets and was performed using Prism
software version 6.0 c (GraphPad Software). Data represent the
means of the indicated number of independent experiments.
Error bars indicate the S.D. Statistical significance was set at
p � 0.05.
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