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Abbreviations

DAPI: 4',6-diamidino-2- phenylindole
DMEM: Dulbecco’s modified Eagle’s medium
DTT: dithiothreitol

FBS: fetal bovine serum

FOP: FGFR10P

FRY: Furry

GFP: green fluorescent protein

GST: glutathione S-transferase

HEK: human embryonic kidney

HRP: horseradish peroxidase

IFT: intraflagellar transport

IB: immunoblot

IP: immunoprecipitation

IPTG: isopropyl b-D-thiogalactopyranoside
JBTS: Joubert syndrome

KO: knockout

LATS: large tumor suppressor

MCS: mammary caricinoma susceptibility
MDCK: Madin-Darby canine kidney

MKS: Meckel syndrome

MOB: Mps one binder

MST kinase: mammalian STE20-like kinase
NDR kinase: nuclear Dbf2-related kinase
NPHP: nephronophthisis

OA: okadaic acid

PBS: phosphate-buffered saline

PC: parental cell

PFA: paraformaldehyde

PVDF: polyvinylidene difluoride

RPEIl: the telomerase-immortalized retinal pigment

epithelial cell line
SD: standard deviation
S.E.M: standard error of the mean

PAGE: polyacrylamide gel electrophoresis

TAZ: transcriptional co-activator PDZ-binding motif

TBS: Tris-buffered saline

TEAD: TEA domain transcription factor

Trc: tricornered

TTBK2: tau-tubulin kinase 2

TUBEs: Tandem-repeated ubiquitin-binding entities
WT: wild type

YAP: Yes-associated protein



Preface

Cell-cell communication is critical for making multicellular organisms and maintaining their biological
functions and homeostasis. Cell-cell communication is regulated by the signal transmission from signal-producing
cells to signal-receiving cells. In response to extracellular signals, the signal-receiving cells change their states by
intracellular signaling pathways. For example, growth factors interact their receptors present in cell surface and trigger
the modulation of gene expression for cell proliferation; adhesion receptors transmit the mechanical and chemical
signals from the neighboring cells and extracellular matrix. The complexity of cell-cell communication has been
investigated for long decades, but further studies are required for elucidating the molecular mechanisms of cell-cell
communication and intracellular signaling systems. In this thesis, I investigated the mechanisms of two signaling

processes, the Hippo pathway and the growth-arrest-induced ciliogenesis”.

The organ size in multicellular organisms is well controlled by the balance of cell proliferation, apoptosis,
stem cell self-renewal and differentiation. Intracellular and extracellular factors tightly regulate these processes, which
are essential for normal embryonic development, organogenesis and tissue homeostasis. The aberrations of these
regulation systems cause developmental disorder, tumorigenesis and several human diseases.

The Hippo pathway has been established as a signaling pathway that restricts cell proliferation and organ size. This
pathway was firstly identified in Drosophila, and the components of this pathway are evolutionarily conserved from
yeast to human. The core components of this pathway in mammalian cells are MST1/2 kinases, SAV, LATS1/2 kinases
YAP and TAZ. When the cells sense the growth arrest signals, MST1/2 kinases bind to their adaptor protein SAV and
phosphorylate and activate downstream kinases, NDR1/2 and LATS1/2. LATS1/2 kinases directly interact with and
phosphorylate transcriptional co-activators, YAP and TAZ, to promote their cytoplasmic retention or degradation,
resulting in the inhibition of their interactions with TEAD and TEAD-mediated transcriptional activation and thereby
the suppression of cell proliferation. Whereas the crucial role of LATS1/2 kinases in YAP inactivation is well known,
several studies have shown that LATS1/2 are occasionally dispensable for YAP phosphorylation and inactivation,
suggesting that other protein kinase(s) is involved in YAP inactivation. A recent study demonstrated that NDR1/2 also
phosphorylate and inactivate YAP. However, the mechanisms regulating YAP phosphorylation is not fully understood.

In chapter I of this thesis, I provide evidence that FRY, a novel YAP-binding protein, is crucial for the

regulation of YAP localization and phosphorylation. I also demonstrate that FRY promotes the cytoplasmic

sequestration of YAP by two mechanisms, increasing the kinase activity of NDR1/2 and associating with YAP.



Primary cilia are antenna-like structures that protrude from the cell surface and are present in most

vertebrate cell types. Numerous ion channels and receptors for various signaling are enriched in primary cilia. Primary
cilia are essential for development, such as the formation of brain and limb. The defects in the formation and function
of cilia result in serious developmental disorders, called ciliopathies.
Primary cilia consist of microtubule-based axoneme, transition-zone, and basal body derived from the mother centriole.
Uponr the growth arrest signaling, primary cilia assemble through series of rapid and well-orchestrated events. CP110
and CEP97 proteins are the key negative-regulators for cilia formation. The CP110 and CEP97 complex normally
forms a cap at the distal end of the centrioles to prevent microtubule growth in proliferating cells. Upon serum
starvation, the CP110-CEP97 complex is specifically released from the mother centriole. A recent study in my
laboratory showed that CEP97 is degraded upon serum starvation by the ubiquitin-proteasome system. This study
identified the CUL3-RBX1-KCTD10 complex as the E3 ubiquitin ligase complex required for CEP97 ubiquitination
and degradation in quiescent cells. However, the mechanism of CEP97 degradation upon serum starvation remains to
be solved.

In chapter II of this thesis, I analyzed the KCTDI10-binding proteins that are involved in CEP97
ubiquitination during the cilium formation. I show that 14-3-3 proteins interact with KCTD10 and CEP97 and provide
evidence that 14-3-3 proteins are involved in CEP97 ubiquitination and its removal from the mother centriole during

ciliogenesis.



Chapter I

Involvements of Furry in YAP inactivation



Abstract

The Hippo signaling pathway negatively regulates cell proliferation and tumorigenesis. In the canonical Hippo
pathway, LATS1/2 kinases phosphorylate the transcriptional coactivator YAP and thereby suppress its nuclear
localization and co-transcriptional activity. A recent study showed that NDR1/2, the kinases 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 their kinase activities, but its role in the nuclear/cytoplasmic localization of YAP
remains unknown. In this study, I constructed FRY knockout cell lines and examined the role of FRY in Y AP localization.
Depletion of FRY markedly promoted Y AP nuclear localization. FRY depletion decreased the kinase activity of NDR1/2
and the levels of YAP phosphorylation, but did not affect LATS1/2 kinase activity. This indicated that FRY suppressed
YAP nuclear localization by promoting YAP phosphorylation via activation of NDR1/2. Depletion of NDR1/2 also
promoted YAP nuclear localization, but depletion of both FRY and NDR1/2 more prominently increased the number of
cells with YAP nuclear localization compared with depletion of NDR1/2 alone, suggesting that FRY suppressed YAP
nuclear localization by a mechanism in addition to NDR1/2 activation. Co-precipitation assays revealed that FRY bound
to YAP through the N-terminal region. 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

Y AP cytoplasmic retention via NDR 1/2 kinase activation and by binding to YAP, leading to its cytoplasmic sequestration.



Introduction

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 components of the pathway being evolutionarily conserved in mammals (1-3). The core components of
the canonical Hippo pathway in mammalian cells are a kinase cascade, composed of mammalian STE20-like kinase 1
and 2 (MST1 and MST2), which are orthologs of Drosophila Hippo, large tumor suppressor 1 and 2 (LATS1 and LATS2),
which are orthologs of Drosophila Warts, and the transcriptional coactivators Yes-associated 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 its cytoplasmic
sequestration by 14-3-3 proteins or its proteasomal degradation, thereby inhibiting their co-transcriptional 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 stimulating transcription factors, such as the TEA domain transcription factor (TEAD),
which is an ortholog of Drosophila Scalloped (2, 3). Overexpression or hyperactivation of YAP often results in organ
overgrowth and tumor development, thus the precise control of the nuclear/cytoplasmic localization and activity of YAP
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 inactivation (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 closest homologs
of LATS1/2 in the AGC family of serine/threonine 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 promotes chemically induced colon carcinogenesis (18), indicating that
NDR1/2 kinases serve as tumor suppressors by phosphorylating YAP and inhibiting its nuclear localization.

The kinase activity of NDR is regulated by several mechanisms, including the binding of MOB proteins to the
N-terminal MOB-binding domain, trans-phosphorylation of the C-terminal hydrophobic motif by upstream MST kinases,
and auto-phosphorylation 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
genetically 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, neurite outgrowth in nematodes, and epidermal
morphogenesis and dendritic tiling in fruit flies (19, 20, 22-26). In mammalian cells, I previously showed that FRY
physically associates with NDR1 and activates its kinase activity and that FRY, through NDRI1 activation, is crucial for
mitotic chromosome alignment in cultured cells (21). Since NDR1/2 kinases are shown to be involved in the cytoplasmic
sequestration of YAP (18), I hypothesized that FRY plays a role in the nuclear/cytoplasmic localization of YAP.

In the current study, I constructed FRY knockout cell lines and examined the role of FRY in the
nuclear/cytoplasmic localization of YAP. I 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. I also provide evidence that
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FRY promotes the cytoplasmic 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-supplemented 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 localization of YAP, I generated FRY-knockout (FRY-KO)
HEK293A cell lines using the CRISPR/Cas9 system and analyzed the effects of FRY depletion on YAP
nuclear/cytoplasmic localization. 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 x 10* cells/cm?) and high (8.0 x 10* cells/cm?) cell densities in medium containing 10% serum and
YAP localization was analyzed by immunostaining 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 localized preferentially to the cytoplasm at high cell density in the parental HEK293A cells (Fig. 1B). In
contrast, whereas the predominant localization of YAP in the nucleus was not affected by FRY depletion in cells cultured
at low density, YAP preferentially localized to the nucleus in the two FRY-KO cell lines cultured at high density (Fig. 1B).
Quantitative analyses showed that under conditions of high cell density, FRY depletion significantly 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
immunoblotting with an anti-YAP antibody, YAP was mostly detected in the nuclear fraction in both of 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 parental cells but it was detected in both the nuclear and cytoplasmic fractions in FRY-KO
cells(Fig. 1D). These results further support the role of FRY in the cytoplasmic retention of YAP at high cell density.

I 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
nuclear localized TAZ at high cell density (Fig. 1E, F).

I also analyzed the effect of FRY knockout on the co-transcriptional 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. 1G).

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

A previous study using intestinal epithelial cells demonstrated that NDR1/2 kinases promote the cytoplasmic
localization of YAP via its phosphorylation at Ser-127 (18). Since FRY genetically and physically interacts with NDR
kinases and promotes their kinase activities (22), I hypothesized that FRY is involved in the cytoplasmic localization of
YAP by promoting NDR1/2 kinase activities and YAP phosphorylation. To address this possibility, I examined the effects
of FRY depletion 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 HEK293A cells were immunoprecipitated with an anti-
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NDRI1 or an anti-NDR2 antibody and the precipitates were subjected to in vitro kinase assays, using glutathione S-
transferase (GST)-YAP as a substrate. The YAP phosphorylating activities of NDR1 and NDR2 were suppressed in the
FRY-KO cells, compared to those in the parental cells (Fig. 2A). I also examined the effects of FRY knockout on the level
of the kinase activities of LATS1 and LATS2. In contrast to the effects of 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.

I next examined the effect of FRY knockout on the level of YAP phosphorylation in the 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-phosphorylated form of YAP. The level of YAP
phosphorylation was decreased in the FRY-KO cells, compared to that in the parental cells (Fig. 2C). Quantitative analysis
showed that the level of YAP phosphorylation, 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

To examine the role of NDR kinases in the cytoplasmic localization of YAP, I analyzed the effects of NDR1/2
double knockdown on the levels of YAP phosphorylation and on YAP nuclear/cytoplasmic localization. HEK293A cells
were treated with a mixture of NDR1- and NDR2-targeting small interfering RNAs (NDR1/2 siRNAs). Immunoblot
analyses revealed that treatments of HEK293 A 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 to that in control cells (Fig. 3B, 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 phosphorylation in the
NDR1/2-double-knockdown cells was similar to that in the FRY-KO cells, suggesting that FRY depletion decreases the
level of YAP phosphorylation through NDR1/2 inactivation.

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

I then analyzed the effects of NDR1/2 double knockdown on the nuclear/cytoplasmic localization of YAP in
HEK?293 parental cells and FRY-KO cells. In the parental cells, double knockdown of NDR1/2 increased the number of
cells with nuclear localized YAP, indicating that NDR 1/2 kinases are involved in the cytoplasmic localization of YAP (Fig.
3D, E). In contrast, double knockdown of NDR1/2 in FRY-KO cells had no significant effect on the number of the cells
with nuclear localized YAP (Fig. 3D, E). These results support the notion that FRY depletion causes the nuclear
localization of YAP through NDR1/2 inactivation. Intriguingly, the proportion 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. 3D, E).
These results suggest 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
I also examined the effects of LATS1/2 knockdown on the levels of YAP phosphorylation and on YAP
nuclear/cytoplasmic localization. The level of YAP phosphorylation was markedly decreased by LATS1/2 double
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knockdown in both parental and FRY-KO cells (Fig. 3F). The residual pS127-YAP in the FRY-KO cells was further
decreased by LATS1/2 double knockdown (Fig. 3F), indicating that LATS1/2 kinases are involved in YAP
phosphorylation in HEK293A cells, independently of FRY. Immunostaining showed that double knockdown of LATS1/2
increased the population of the cells with nuclear localized YAP in both parental and FRY-KO cells, and the effects of
FRY knockout and LATS1/2 knockdown on YAP nuclear localization were additive (Fig. 3G, H). These results suggest
that LATS1/2 kinases play crucial role in YAP phosphorylation and its cytoplasmic localization, but its action is
independent of FRY.

YAP binds to FRY

To investigate the additional mechanism, by which FRY promotes the cytoplasmic localization of YAP, 1
examined the possibility that FRY binds to YAP leading to it being sequestered in the cytoplasm. I analyzed the YAP-
binding ability of FRY using co-immunoprecipitation assays. When green fluorescent protein (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-precipitated with GFP-YAP (Fig. 4A). I also analyzed the interaction between
endogenous FRY and YAP using co-precipitation assays. HEK293A cell lysates were immunoprecipitated with an anti-
FRY antibody and the precipitates were analyzed by immunoblotting with anti-FRY and anti-YAP antibodies. Endogenous
YAP was co-precipitated with the endogenous FRY (Fig. 4B). These results indicate that FRY binds to YAP in cells.

I then constructed the N- and C-terminal fragments of FRY, FRY-N-(1-2400) and FRY-C- (1550-3020),
respectively (Fig. 4C) and analyzed their abilities to bind YAP. 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-(1550-3020), was co-precipitated with GFP-YAP (Fig. 4D). This indicates
that FRY binds to YAP through its N-terminal (1-2400) region. To further define the YAP-binding region of FRY, I
constructed two additional FRY fragments, N-(1-730) and M~(718-1575) (Fig. 4C) and analyzed their YAP-binding
abilities. Co-precipitation assays revealed that FRY-M-(718-1575), but not FRY-N-(1-730), was bound to YAP (Fig. 4E).

The cytoplasmic localization of YAP is promoted by phosphorylation and subsequent binding of 14-3-3
proteins, which sequester YAP in the cytoplasm. To determine whether the interaction between YAP and FRY is affected
by YAP phosphorylation, I constructed YAP-5SA, a non-phosphorylatable mutant in which all five serine residues (S61,
S109, S127, S164, and S394) matching 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 wild-type (WT) YAP and its 5SA 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- precipitated 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 and thereby promotes its cytoplasmic retention.

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

I 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 FRY, or its N- or C-

terminal fragments. The transfected cells were cultured at a high cell density, fixed, and then stained with an anti-YAP
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antibody (Fig. 5A). Expression of GFP and (Myc+His)-tagged FRY were visualized with GFP fluorescence imaging and
anti-Myc immunostaining, respectively. The cell nuclei were stained with DAPI. The effects of the expression of these
proteins on YAP localization were analyzed by determining the percentage of the cells with nuclear localized YAP in
GFP- or Myc-positive cells. The proportion of cells with nuclear localized YAP was significantly greater in FRY-KO cells
transfected with control GFP than that in parental cells transfected with GFP (Fig. SA, B). Compared with that in the GFP
transfection controls, transfection of FRY-KO cells with full-length FRY or FRY-N-(1-2400) resulted in a significantly
lower percentage of cells with nuclear localized YAP, similar to the level observed in GFP-transfected parental cells (Fig.
5A, B). In contrast, transfection of FRY-KO cells with FRY-C-(1550-3020) did not affect the nuclear localization of YAP
(Fig. 5A, B). These results suggest that the N-terminal (1-2400) region of FRY is crucial for its function in promoting
YAP cytoplasmic localization.

I also examined the effects of expression of FRY fragments, N-(1-730) and M-(718-1575), on YAP nuclear
localization in FRY-KO cells. Knockout/rescue experiments showed that these two fragments had no apparent effect on
the nuclear localization of YAP in FRY-KO cells (Fig. 5C, D). FRY-M-(718-1575) has the potential to bind to YAP, but
did not rescue the suppressive effect of FRY knockout on YAP cytoplasmic localization, indicating that the YAP-binding

ability alone is not sufficient for FRY to promote YAP localization to the cytoplasm.
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Discussion

In this study, I 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 activation 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 localization in
NDR1/2-depleted FRY- KO cells was significantly higher than that in NDR1/2-depleted parental cells, which suggests
that FRY suppresses YAP nuclear localization through both NDR-dependent and NDR- independent mechanisms. With
respect to this, I showed that FRY binds to YAP via the N- terminal (1-2400) region. Both full-length FRY and its N-
terminal (1-2400) fragment restored YAP cytoplasmic localization in FRY-KO cells. This was in contrast to the C-terminal
(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 phosphorylation through NDR1/2 kinase activation and the direct binding to
YAP, which leads to YAP sequestration in the cytoplasm. NDR 1/2-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 sufficient for FRY to exhibit its function to promote
the cytoplasmic retention of YAP. Because It is likely that the M-(718-1575) fragment failed to activate NDR kinases,
because FRY binds to NDR1 via its N-terminal (1-730) region (21). Moreover, this fragment appears to lose the ability
of its own localization to 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- phosphorylation of the C-terminal hydrophobic motif
by upstream MST kinases, and the auto- phosphorylation 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 being an activator of NDR kinases (22). Our group previously showed that in mammals, FRY
binds to and promotes NDR1 kinase activity upon treatment with okadaic acid, an inhibitor of protein phosphatase PP2A
(21). In the current study, I 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
auto-inhibitory 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 association with FRY (29). These results suggest that the NDR 1-binding
and NDR1-activating abilities of FRY are enhanced by phosphorylation and the detachment of the auto-inhibitory segment
from the kinase catalytic site. However, only little is actually known regarding the mechanism by which FRY regulates
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 centrosome duplication, chromosome alignment,

apoptosis, and proliferation (21, 30-32). While a crucial role of FRY in NDR1 kinase activation for the fidelity of mitotic
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chromosomal alignment 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 lymphoma (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 epithelium. These results
suggest that NDR kinases function as tumor suppressors by inhibiting the nuclear localization of YAP. Since 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 of this, a recent report suggested that Fry is
a candidate mammary carcinoma susceptibility gene in rats and showed that the levels of Fry mRNA and Fry protein are
reduced in human breast cancer cell lines compared with those in non-tumorigenic cell lines (33). These results are
consistent with the possibility that FRY has a tumor suppressive role. A quite recent report showed that ectopic expression
of FRY suppresses the growth and proliferation in cancer cells (34). They showed that FRY is required for mammary
gland development. 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 C. elegans, and Furry and Trc in Drosophila, respectively)
cooperatively function in the dendritic branching and tiling (22, 24, 26). In human, the Fry gene has been identified as
one of the candidate genes involved in intellectual disability (35),; however, the precise roles of FRY and NDR in the
mammalian nervous system remains 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.
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Materials and Methods

Reagents and antibodies

Rabbit polyclonal antibodies against FRY, NDR 1 and NDR2 were raised against their partial peptide sequences,
TTFLPDSSVSGTSL, TARGAIPSYMKAAK, and SDILQPVPNTTEPDYKS, respectively, as previously reported (21,
36). Rabbit polyclonal antibodies against LATS1 (#9153, Cell Signaling Technology), LATS2 (GTX87529, Gene Tex),
c- Myc (562; Medical and Biological Laboratories), and GFP (A6455, Molecular Probes) were purchased from the
specified suppliers. Rabbit monoclonal antibodies against Ser-127- phosphorylated YAP (pS127-YAP) (#130008), and
histone H3 antibody (#9715S), were purchased from Cell Signaling Technology. Mouse monoclonal antibodies against
c-Myc (9E10, Roche), c-Myc (PL14, Medical and Biological Laboratories), YAP (sc-101199, Santa Cruz), TAZ
(Cat:560235, BD Pharmingen) and o-tubulin (B-5-1-2, Sigma) were purchased from the specified suppliers. Secondary
antibodies conjugated with horseradish peroxidase (HRP) against mouse IgG (NA931, GE Healthcare) and rabbit IgG
(NA934, GE Healthcare) were purchased from the suppliers indicated. Secondary antibodies conjugated 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.

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
(Invitrogen). The cDNA plasmid encoding YAP(5SA), in which five serine residues (S61, S109, S127, S164, and S397)
were replaced with alanine (28), was constructed using a site-directional mutagenesis kit (Agilent). The cDNA for mouse
FRY was PCR-amplified from mouse brain cDNA library and subcloned into a pcDNA3.1/Myc+His expression vector
(Invitrogen), as described previously (21). The cDNA plasmids encoding FRY deletion mutants were constructed by PCR

amplification, as previously reported (37).

Cell culture and transfection

HEK?293T and HEK293A cells were cultured in Dulbecco’s modified Eagle’s medium (Wako Pure Chemical
Industries) supplemented with 10% fetal bovine serum (FBS, Biosera). Transfections were performed using RNAi MAX
(Invitrogen), Fugene HD (Promega), or jet PEI (Polyplus), according to manufactures' 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.jp/ 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' and #2, 5'-CAC AGA ATT CAG
TCG GAA CG-3'. The guide sequences were cloned into a Cas9 expression plasmid (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.

RNA interference
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The Stealth siRNAs and silencer siRNAs were purchased from Thermo Fisher Sciences. 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'; and 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, or siLATS1#2 and siLATS2#2 was used for double knockdown
of NDR1 and NDR2, or LATS1 and LATS2. A Stealth RN A1 negative control (Thermo Fisher Sciences) was used as the
control siRNA.

Immunoprecipitation assay

For preparation of cell lysates, cells were washed once with phosphate-buffered saline (PBS) and lysed with
lysis buffer (50 mM Tris- HCI (pH 7.5), 1% (v/v) Triton X-100, 150 mM NaCl, 5% (v/v) glycerol, 1 mM EGTA, 50 mM
sodium fluoride, 1 mM sodium vanadate, | mM PMSF, 1 mM dithiothreitol (DTT), 10 pg/ml leupeptin, and 3 pg/ml
pepstatin A). The lysates were cleared by centrifugation at 15,000 rpm for 10 min at 4°C. For the immunoprecipitation
assays, cell lysates were pre-cleared with nProtein A Sepharose Fast Flow (GE Healthcare) and the supernatants 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-HCI, 1% Triton X-100, 5% glycerol, and 1 mM DTT) and the precipitates were boiled
in SDS sample buffer (62.5 mM Tris-HCI (pH 6.8), 2% SDS, 5% 2-mercaptoethanol, 5% sucrose, and 0.005%
bromophenol 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 (Millipore). The membranes were blocked with 5% non-fat dry milk in 0.05% Tween 20-containing PBS
(PBS- T) or with Blocking One P (Nakalai Tesque) for 1 h. The membranes were incubated with the primary antibodies
for 1.5 h at room temperature or overnight at 4°C. After washing the membranes three times with PBS-T or 0.05% Tween
20-containing Tris-buffered saline (TBS- T), they were incubated with HRP-conjugated secondary antibody for 1.5 h.
After washing, the membranes were reacted with Immobilon Western (Millipore) and the immunoreactive protein bands
were visualized using a LAS-4000 Bioimaging Analyzer (GE Healthcare) or ChemiDoc Touch Imaging System (Bio-

Rad). Images were analyzed by using ImageJ.

Immunostaining and fluorescence microscopy

Cells were cultured at low density (1.6 x 10*/cm?) or high density (8.0 x 10%*/cm?) for 24 hours. Cells were fixed
with 4% paraformaldehyde at room temperature 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 antibodies
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

16



Microsystems), equipped with a PL Apo 63x oil immersion objective lens (NA 1.3) and a CMOS camera (C13440-20CU;
Hamamatsu Photonics) driven by LAS AF Imaging Software (Leica Microsystems). Images were analyzed by using

Imagel.

In vitro kinase assay

Cells were washed with PBS and lysed with lysis buffer (50 mM Tris-HCI (pH7.5), 1% (v/v) Triton X-100,
150 mM NaCl, 5% (v/v) glycerol, I mM sodium vanadate, ]| mM DTT, 10 pg/ml leupeptin, and 3 pg/ml pepstatin A).
Lysates were clarified by centrifugation at 15,000 rpm for 10 min at 4°C. The cell lysates were then pre-cleared 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-
HCI (pH 7.5), 10 mM MgClz, and 1 mM DTT). Kinase reactions were conducted in 20 pl of kinase buffer containing 50
uM ATP, 5 uCi [g-32P] ATP, and 1 pg of GST- YAP for 1 h at 30°C. GST-YAP was expressed in BL21 Escherichia coli
and purified using glutathione-Sepharose. The reaction mixture was separated by SDS-PAGE and analyzed by
autoradiography to quantitate the 3?P-labeled protein and by immunoblotting with anti-YAP and anti-NDR1/2 or LATS1/2

antibodies to detect the targeted proteins.

Subcellular fractionation

The nuclear/cytoplasmic fractionation was performed essentially according to (40). All the buffers used were
kept on ice and centrifugations were done at 4°C with soft braking. HEK293A cells were grown on 10 cm culture dish at
low density (1.6 x 10%cm?) or high density (8.0 x 10*cm?) for 24 h. After a single wash with PBS, cells were scraped
with PBS and harvested by centrifugation at 1000 x g for 15 min. The cell pellet was gently resuspended with five times
the volume of pellet with buffer-A (10 mM HEPES, pH 7.4, 1.5 mM MgClz, 10 mM KClI, and 0.5 mM DTT) and incubated
on ice for 15 min, followed by homogenization (Wheaton) for 10 strokes. The cell lysates were centrifuged at 1000 x g
for 5 min to collect the pellet as the nuclear fraction and the supernatant as the cytoplasmic fraction. The nuclear fraction
was washed by centrifugation two times with buffer-A (1000 x g for 5 min each), resuspended 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 for 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-responsive reporter 8xGTIIC-luciferase (34615, Addgene, Cambridge, MA) and 0.5 ng of control pcDNA-
hRluc (referred to as Renilla luciferase) using jet PEI and cultured for 36 h. Cell lysates were generated and luciferase
reactions were performed following the manufacturer's instruction, 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 comparison of multiple data sets and was performed using Prism software version 6.0 ¢ (GraphPad Software). Data

represent the means of the indicated number of independent experiments. Error bars indicate the. standard deviation (SD)
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Statistical significance was set at p < 0.05.
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Figure legends

Figure 1. FRY depletion promotes YAP nuclear localization.

(A) Validation of FRY knockout (KO) in HEK293A cells. Lysates of parental cells (PC) and two independently derived
FRY-KO cell lines (#1 and #2) were immunoprecipitated and immunoblotted using an anti-FRY antibody. Cell lysates
were analyzed by immunoblotting with an anti-a-tubulin antibody.

(B) Effects of FRY depletion on the nuclear/cytoplasmic localization of YAP. Cells were cultured at low density (1.6 x
10%cm?) or high density (8.0 x 10*cm?) for 24 hours. The parental and FRY-KO cells were cultured at low and high cell
densities under serum-supplemented conditions and stained using an anti-YAP antibody (green) and DAPI (blue). Scale
bar, 20 pm.

(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
calculated. Data are the means = SD. 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.
(D) FRY KO 293A cells were transfected with an 8xGTIIC-luciferase YAP-dependent promoter plasmid and a plasmid
with the SV40 promoter driving Renilla luciferase for 36 hours. Cell extracts were made, and luciferase activity was
measured for each sample. The levels of firefly luciferase (YAP activity) were normalized to the level of Renilla luciferase
in each sample. Error bars indicate the SD among four independent experiments. Brackets on top of bars represent
statistical significance (Dunnet’s test, *p < 0.05, **p <0.01).

(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 under serum-supplemented conditions and stained using an anti-TAZ antibody
(green) and DAPI (blue). Scale bar, 20 pm.

(F) Quantification of the effects of FRY depletion on TAZ nuclear localization. The number of cells with TAZ localization
in the nucleus (preferentially in the nucleus or equally in the nucleus and cytoplasm) were counted and the percentages
calculated. Data are the means = SD. 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.

Figure 2. FRY depletion decreases NDR1/2 kinase activities and YAP phosphorylation.

(A) Effects of FRY depletion on kinase activities of NDR1 and NDR2. Parental or FRY-KO HEK293A cells were cultured
at high density under serum-supplemented conditions. NDR1 and NDR2 were immunoprecipitated from cell lysates and
subjected to in vitro kinase assays using GST-YAP as a substrate. I[gG 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. The parental or FRY-KO HEK293A cells were cultured
at high density under serum-supplemented conditions. Cell lysates were analyzed by immunoblotting using anti-pS127-
YAP (phospho-Ser-127), anti-YAP, and anti-a-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 immunoblot data. Data are the means + SD from three independent experiments. Statistical

analysis included one-way ANOVA followed by Dunnett’s test. **p < 0.01.
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Figure 3. Knockdown of NDR1/2 decreases YAP phosphorylation and promotes YAP nuclear localization.

(A) Effects of NDR1/2-targeting siRNAs on the expression of NDR1 and NDR2. HEK293 A 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 and
immunoblotted using an anti-NDR2 antibody. Cell lysates were also analyzed by immunoblotting using an anti-a-tubulin
antibody. IgG HC, immunoglobulin heavy chain.

(B) Effects of NDR1/2 knockdown on YAP phosphorylation. HEK293 A 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-a-tubulin antibodies.

(C) Quantification of the ratio of pS127-YAP to YAP. Data are the means + SD from three independent experiments.
Statistical analysis included one-way ANOVA followed by Dunnett’s test. *p < 0.05, **p <0.01.

(D) Effects of LATS1/2-targeting siRNAs on the expression of LATS1 and LATS2. HEK293A cells were transfected with
control siRNA (siCtrl), a mixture of LATS1 siRNA #1 and LATS2 siRNA #1 (siLATS1/2 #1), or a mixture of LATSI
siRNA #2 and LATS2 siRNA #2 (siLATS1/2 #2) and then cultured for 48 h.

(E) Effects of NDR1/2 knockdown on the nuclear/cytoplasmic localization of YAP in parental and FRY-KO HEK293A
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 um.

(F) Quantification of the effects of NDR1/2 knockdown on YAP localization. The percentage of cells with YAP
localization in the nucleus was determined as described in Fig. 1C. Data are the means + SD 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.

(G) Effects of LATS1/2 knockdown on the nuclear/cytoplasmic localization of YAP in parental and FRY-KO HEK293A
cells. Scale bar, 20 um. C, quantification of the effects LATS1/2 knockdown on the nuclear/cytoplasmic localization of
YAP in parental and FRY-KO HEK293A cells. The percentage of cells with nuclear localization of YAP was determined
as described in Fig. 1C. Data are the means = SD 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.

Figure 4. FRY binds to YAP through the N-terminal region.

(A) FRY binds to YAP. HEK293T cells were co-transfected with GFP-YAP 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.

(B) Interaction between endogenous FRY and YAP. Lysates of HEK293A cells were immunoprecipitated using an anti-
FRY antibody 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),
middle region (M), and C-terminal (C) fragments.

(D) 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
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were analyzed by immunoblotting using anti-GFP and anti-Myc antibodies.

(E) FRY interacts with YAP through the middle region.

(F) FRY binds to a non- phosphorylated SSA mutant of YAP. HEK293T cells were 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.

Figure 5. Expression of FRY or its N-terminal fragment recovers YAP cytoplasmic localization in FRY-KO cells.
(A) Effects of expression of FRY or its fragments on YAP nuclear localization in FRY-KO cells. Parental or FRY-KO
HEK293A cells were transfected with control GFP, (Myc+His)-tagged full- length (FL) FRY, 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 pum.

(B) Quantification of the effects of expression of FRY or its fragments on YAP nuclear localization. The percentage of
cells with nuclear localization of YAP was determined as described in Fig. 1C. Data are the means = SD 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.

(C) Effects of expression of FRY fragments on YAP nuclear localization in FRY-KO cells. Scale bar, 20 um.

(D) Quantification of the effects of expression of FRY or its fragments on YAP nuclear localization. The percentage of
cells with nuclear localization of YAP was determined as described in Fig. 1C. Data are the means + SD. 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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Chapter 11

Involvements of 14-3-3 proteins in CEP97 degradation
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Abstract

Primary cilia are microtubule-based antenna-like structures that transmit various extracellular signals. Primary
cilia play critical roles in the development and homeostasis of many tissues, and dysfunctions of primary cilia are
associated with many human diseases. Centriolar protein CP110 and its interactor CEP97 localize to the distal end of the
mother centriole and suppress inappropriate ciliogenesis by blocking axonemal microtubule assembly; therefore, removal
of the CP110-CEP97 complex from the mother centriole is required for initiating axoneme extension and ciliogenesis. A
previous study in our laboratory showed that CEP97 is degraded upon serum starvation by the ubiquitin-proteasome
system and that the CUL3-RBX1-KCTD10 complex acts as the E3 ubiquitin ligase responsible for CEP97 ubiquitination
and degradation, in which KCTD10 links CEP97 to CUL3-RBX1 complex. To understand the mechanism regulating the
serum-starvation-induced CEP97 degradation, I searched for KCTD10-binding proteins and identified 14-3-3 proteins as
the KCTDI10 interactor. I also showed that 14-3-3-f binds to CEP97. Treatment with lambda protein phosphatase
suppressed these interactions, indicating that 14-3-3-f binds to KCTD10 and CEP97 in a phosphorylation-dependent
manner. [ also showed that CEP97-KCTD10 interaction is increased by the inhibitor of protein phosphatases and blocked
by a dominant-negative form of 14-3-3-3, suggesting that 14-3-3 proteins serve as a linker to stimulate the interaction
between CEP97 and KCTD10, dependent on their phosphorylation. The level of the phosphorylated CEP97 was increased
by the treatment with MG-132, an inhibitor of proteasome, in serum-starved cells, suggesting that CEP97 phosphorylation
is involved in its degradation. I showed that the amount of CEP97 bound to 14-3-3-[3 was increased upon serum starvation
and that the overexpression of a dominant-negative form of 14-3-3-f3 suppressed CEP97 ubiquitination, suggesting that
CEP97 binding to 14-3-3 proteins is involved in the serum-starvation-induced CEP97 ubiquitination and degradation.
Furthermore, overexpression of a dominant-negative form of 14-3-3-f suppressed CEP97 removal from the mother
centriole and ciliogenesis. Taken together, these results suggest that 14-3-3 proteins play crucial roles in CEP97 removal
from the mother centriole and consequent ciliogenesis by promoting the CEP97-KCTDI10 interaction and CEP97

ubiquitination and degradation.
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Introduction

Primary cilia are antenna-like protrusions that extend from the cell surface and are present in most vertebrate
cell type. Numerous ion channels and receptors, such as those for hedgehog and PDGF signaling, are enriched in the
membrane of primary cilia (1). Primary cilia sense fluid flow and extracellular signals and transduce these signals to
regulate various physiological processes, including left-right patterning, calcium flux in kidney cells and and osteogenic
differentiation in mesenchymal stem cells. Primary cilia are essential for development, such as formation of brain and
limb. The defects in the formation and function of cilia result in serious developmental disorders, called ciliopathies,
including nephronophthisis (NPHP), Joubert syndrome (JBTS), and Meckel syndrome (MKS) (2).

Primary cilia extend a microtubule-based axoneme from the basal body derived from the mother centriole. The
mother centriole, but not the daughter centriole, contains the distal and sub-distal appendages. These centrioles duplicate
once per cell cycle in most cell types. Two centrioles and the pericentriolar matrix form the centrosome, which functions
as a microtubule-organizing center in interphase cells and a major organizer of spindle microtubules in mitotic cells.
Primary cilia typically form at G1/GO phase of cell cycle by ordered sequence of steps and disassemble during re-entry
to cell cycle (3, 4). Upon serum starvation, ciliary vesicles derived from the Golgi apparatus and recycling endosomes
accumulate to the vicinity of distal appendages of the mother centriole, and dock at the centriole to initiate transition from
the mother centriole to the basal body (5). After fusion with the plasma membrane, the basal body nucleates axoneme
microtubules, in a manner dependent on intraflagellar transport (IFT) (6). IFT transport is bi-directional, anterograde
(from the base to the tip of the cilium via kinesin-2) and retrograde (from the tip to the base of the cilium via dynein-2),
which is dependent on the IFT-B and IFT-A complex, respectively. The IFT complexes are involved in the molecular
transport in cilium (6).

CP110 and its interactor CEP97 are the key negative-regulators for cilium formation (7, 8). The CP110-CEP97
complex normally forms a cap at the distal end of centrioles to prevent microtubule growth in proliferating cells. Upon
serum starvation, the CP110-CEP97 complex is specifically released from the mother centriole. Loss of either CEP97 or
CP110 induces cilium formation even in serum-fed cells, whereas the overexpression of these proteins inhibits cilium
formation in serum-starved cells (7).Primary cilia were never formed in T lymphocytes, but CP110 knockdown can
produce the primary cilia (9). The specific removal of CP110-CEP97 from the mother centriole is crucial for cilium
formation. Recent studies identified several proteins that are involved in this step. Tau tubulin kinase 2 (TTBK?2) is a
member of the casein kinase family and localizes to the tip of microtubules (10, 11). TTBK2 mutations cause the
neurodegenerative disorder spinocerebellar ataxia type 11 (SCA11) and these mutants inhibit CP110 removal from the
mother centriole and IFT recruitment to this site (12). After the formation of ciliary vesicles, TTBK2 accumulates to
mother centriole through CEP164, C2CD3, and CEP350, and this accumulation triggers CP110 removal and IFT
recruitment (12—16). Besides TTBK2, MARK4 is required for CP110 removal. Depletion of MARK4 induces mis-
localization of ODF2 (MARK4 interactor) and inhibits CP110 removal from the mother centriole (17). MPP9 was
identified as an interacting protein of CEP97 by proximity-dependent biotinylation (BioID) analysis of centrosome-cilium
interface (18). Similar to CP110 and CEP97, MPP9 disappears from the distal end of the mother centriole upon serum
starvation. In serum-depleted cells, MPP9 is phosphorylated by TTBK2 and degraded through ubiquitin-proteasome
system on the mother centriole (19). CEP97 cooperatively inhibits cilium formation with CP110 and is thought to be a
chaperon for CP110 stabilization (5). CEP97 specifically disappears from the mother centriole in quiescent cells similar

to CP110. However, the mechanisms of CEP97 removal from the mother centriole and its function in CP110 removal and
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cilium formation have not fully understood. Recently, Nagai et al. in our laboratory showed that CEP97 is degraded upon
serum starvation by the ubiquitin-proteasome system (20). They identified the CUL3-RBX1-KCTD10 complex as the E3
ligase complex required for CEP97 ubiquitination and degradation in quiescent cells (20). The level of the phosphorylated
form of CEP97 was increased by the treatment of MG-132, an inhibitor of proteasome, in serum-starved cells, suggesting
that CEP97 phosphorylation is involved in its degradation (20). However, the mechanism regulating CEP97 degradation
upon serum starvation remains elusive.

In this study, I identified 14-3-3 proteins as the KCTD10-binding proteins and showed that 14-3-3 proteins also
bind to CEP97. As shown in most case, 14-3-3 protein bind to KCTD10 and CEP97 in a phosphorylation-dependent
manner. [ also showed that CEP97-KCTD10 interaction is increased by the inhibitor of protein phosphatase and blocked
by dominant-negative form of 14-3-3-f, suggesting that 14-3-3 proteins serve as a linker to stimulate the interaction
between CEP97 and KCTD10, dependent on their phosphorylation. The amount of CEP97 bound to 14-3-3- was
increased upon serum starvation. Furthermore, overexpression of a dominant-negative form of 14-3-3-f suppressed
CEP97 ubiquitination, removal of CEP97 from the mother centriole, and ciliogenesis. These results strongly suggest that
14-3-3 proteins play a crucial role in CEP97 ubiquitination and degradation and consequent ciliogenesis by promoting its

binding to KCTD10.
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Results

Identification of 14-3-3 proteins as the KCTD10-binding proteins

To examine the mechanisms regulating KCTD10 localization and activity and CEP97 ubiquitination under
serum-starved conditions, I searched the KCTD10-binding proteins by proteomic analysis using mass spectrometry in
collaboration with Dr. S. Kanno (Tohoku University). HEK293T cell lines stably expressing FLAG-tagged KCTD10 were
established, and the cell lysates of the cells cultured under serum-fed and -starved conditions were immunoprecipitated
with anti-FLAG antibody. The co-precipitated proteins were eluted by FLAG peptide, separated by SDS-PAGE, and
analyzed by silver staining (Fig. 1A). The protein bands that were predominantly detected in the serum-starved sample
were digested and analyzed by mass spectrometry. Among them, several isoforms (B, C, 6) of 14-3-3 proteins were
identified as the KCTD10-binding proteins (Fig. 1A).

To investigate the region of KCTD10 required for 14-3-3-f binding, HEK293T cells were transfected with
YFP-tagged KCTD10 or its N- or C-terminal fragments (Fig. 1B), and cell lysates were subjected to pull-down assays
with GST-14-3-3-B-conjugated beads. Immunoblot analyses with anti-GFP antibody revealed that the C-terminal
fragment of KCTD10 binds to 14-3-3-3, but the binding of N-terminal fragment was barely detected (Fig. 1C), indicating
that KCTD10 binds to 14-3-3-p through its C-terminal region.

CEP97 binds to 14-3-3-

KCTDI10 interacts with various centrosomal proteins, including CEP97, CEP76, and B9D1. To examine
whether 14-3-3 proteins bind to these KCTD10-interactors, I analyzed their interactions by co-immunoprecipitation
assays. HEK 293T cells were co-transfected with Myc-tagged wild-type (WT) 14-3-3-B and mCherry-tagged CEP97,
CEP76 or B9DI1. Cell lysates were immunoprecipitated with anti-mCherry nanobody beads and precipitates were
analyzed by immunoblotting with anti-Myc and anti-mCherry antibodies. This analysis showed that CEP97, but neither
CEP76 nor B9D1, strongly binds to 14-3-3-8 (Fig. 2A).

CEP97 and KCTD10 bind to 14-3-3-f3, dependent on their phosphorylation

It is well-known that 14-3-3 proteins associate with the proteins in a manner dependent on the phosphorylation
of target proteins. The RA mutant of 14-3-3-f3, in which Arg-48 and Arg-52 are replaced by alanine, can form a dimer
with 14-3-3-B-WT, but cannot bind to the phosphorylated substrates and thereby act as a dominant negative form (Fig.
2B) (21). Co-precipitation assays showed that CEP97 binds to 14-3-3-B-WT but not to 14-3-3-B-RA, suggesting that
CEP97 binds to 14-3-3-f in a manner dependent on CEP97 phosphorylation (Fig. 2A). To confirm this, I examined the
effect of lambda protein phosphatase treatment on the 14-3-3-B-binding ability of CEP97. RPE1 cells were cultured for
48 hours and then treated with 0.3 uM MG-132, an inhibitor of proteasome, under serum-starved conditions for 24 h. Cell
lysates were treated with lambda phosphatase for 1 h and then subjected to GST-14-3-3-3 pull down assays. CEP97 was
pulled-down with GST-14-3-3-3 without lambda phosphatase treatment but it was not pulled down after treatment with
lambda phosphatase (Fig. 2C), indicating that CEP97 binds 14-3-3-f to in a phosphorylation-dependent manner. Similarly,
the amount of KCTD10 that was pulled-down with GST-14-3-3-3 was dramatically reduced after treatment with lambda
phosphatase, suggesting that KCTD10 also bind to 14-3-3-8 in a phosphorylation-dependent manner.

CEP97 ubiquitination is promoted by phosphorylation
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As previously reported (20), the level of CEP97 protein was decreased upon serum starvation and the level of
phosphorylated CEP97 increased after the treatment with MG-132 under serum-starved conditions (Fig. 3A). These
results suggest that CEP97 phosphorylation is involved in its ubiquitination and degradation. To examine the role of
CEP97 phosphorylation in its ubiquitination, I analyzed the effect of inhibitors of protein kinases and phosphatases on
CEP97 ubiquitination. RPE1 cells were cultured for 48 h and treated with 0.3 uM MG-132 for 24 h under serum-starved
conditions in the presence or absence of the inhibitors of protein kinases or phosphatase. To collect ubiquitinated CEP97
proteins, I used GST-tagged tandem-repeated ubiquitin-binding entities (TUBESs) that consist of four ubiquitin-associated
domains and effectively bind to poly-ubiquitinated proteins (22). Cell lysates were pulled-down with GST-tagged TUBEs-
conjugated beads and the precipitates were subjected to SDS-PAGE and analyzed by immunoblotting with anti-CEP97
and anti-ubiquitin antibodies. The level of ubiquitinated CEP97 was decreased by the treatment with staurosporine, a
general inhibitor of protein kinases but increased by the treatment with okadaic acid (OA), an inhibitor of protein
phosphatase PP2A, in serum-starved cells (Fig. 3B and 3C). These results indicate that CEP97 ubiquitination is promoted
by its phosphorylation.

The CEP97-KCTD10 interaction depends on phosphorylation

To investigate whether the interaction between CEP97 and KCTD10 depends on phosphorylation, I examined
the effect of OA treatment on their interaction. RPE1 cells stably expressing YFP-tagged KCTD10 were treated with 0.3
uM MG-132 for 24 h under serum-starved conditions in the presence or absence of OA, and cell lysates were
immunoprecipitated with anti-GFP nanobody beads. The co-precipitates were analyzed by immunoblotting with anti-
CEP97 and anti-GFP antibodies. Treatment with OA markedly increased the amount of CEP97 that was bound to
KCTD10 (Fig. 3D), indicating that the CEP97-KCTD10 interaction is promoted by the phosphorylation of CEP97 and/or
KCTD10. Additionally, OA treatment increased the amount of CUL3 that was bound to KCTD10 in serum-starved and
MG-132-treated RPEI cells (Fig. 3D), indicating that the interaction between KCTD10 and CUL3 also depends on the
phosphorylation state of KCTD10 and/or CUL3.

Serum starvation promotes the interaction between CEP97 and 14-3-3-8

Next, I examined whether the interaction between CEP97 and 14-3-3-f3 is regulated by serum starvation by
GST-14-3-3-B pull-down assay. RPE1 cells were cultured for 48 h and then treated with 0.3 uM MG-132 in the presence
or absence of serum for 24 h. Cell lysates were pulled-down with GST-tagged 14-3-3- and the precipitates were analyzed
by immunoblotting with anti-CEP97 antibody. This assay showed that the amount of CEP97 that was bound to 14-3-3-
was increased under serum-starved conditions, compared to that under serum-supplemented conditions (Fig. 3E). These

results suggest that serum starvation induces the binding of CEP97 to 14-3-3-f.

Dominant-negative 14-3-3-8 blocks the CEP97-KCTD10 interaction and CEP97 ubiquitination

14-3-3 isoforms form homo- and hetero- dimers with each isoform. In terms of 14-3-3-3, 14-3-3-f3 can bind to
B and y (23). To confirm this, I examine the interaction between 14-3-3- and each isoform. HEK293T cells were
transfected with Myc-tagged GFP or 14-3-3 isoforms. Cell lysates were pulled-down with GST-14-3-3-B conjugated
beads and the precipitates were analyzed by immunoblotting with an anti-Myc antibody. Pull-down assay revealed that
each of 14-3-3 isoforms interacts with 14-3-3-B (Fig. S1). To investigate the role of 14-3-3-B in the CEP97-KCTD10

interaction, I next analyzed that the effect of overexpression of the dominant-negative form of 14-3-3-f3 (14-3-3-3-RA)
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on the CEP97-KCTDI10 interaction. HEK293T cells were co-transfected with Myc-tagged 14-3-3-B-(WT or -RA),
mCherry-tagged CEP97, and FLAG-tagged KCTD10. Cell lysates were immunoprecipitated with anti-mCherry
nanobody conjugated beads and the precipitates were analyzed by immunoblotting with anti-FLAG and anti-mCherry
antibodies. Co-precipitation assays revealed that KCTD10 was co-precipitated with CEP97 (Fig. 4A), as reported (20).
Intriguingly, co-expression of 14-3-3-B-RA markedly suppressed the binding of CEP97 to KCTD10, whereas co-
expression of 14-3-3-B-WT had no apparent effect on their interaction between CEP97 and KCTD10 (Fig. 4A). These
results indicate that 14-3-3-f is involved in the interaction between CEP97 and KCTDI10.

To investigate the role of 14-3-3-f in serum-starved-induced CEP97 ubiquitination, I analyzed the effect of
overexpression of 14-3-3-B-RA on the level of CEP97 ubiquitination. HEK293T cells were co-transfected with mCherry-
tagged CEP97 and Myc-tagged 14-3-3-B-(WT or -RA) and cultured for 24 h in serum-starved medium with 0.3 uM MG-
132. Cell lysates were pulled-down with GST-TUBE:s to collect ubiquitinated proteins, and precipitates were analyzed by
immunoblotting with anti-mCherry antibody to detect ubiquitinated CEP97-mCherry. This analysis showed that co-
expression of dominant-negative 14-3-3-3-RA substantially reduced the level of CEP97 ubiquitination in serum-starved
cells (Fig. 4B). These results suggest that 14-3-3-3 plays a crucial role in CEP97 ubiquitination in serum-starved cells,
probably through promoting the binding of CEP97 to KCTD10.

I also examined the effects of expression of 14-3-3-B-(WT or -RA) on the ubiquitination of the centrosomal
proteins CEP76 and MPP9. MPP9 is known to be ubiquitinated upon serum starvation (19). In contrast to the effect on
CEP97 ubiquitination, overexpression of 14-3-3-3-RA had no apparent effect on the ubiquitination of CEP76 or MPP9
(Fig. 4C).

Expression of dominant-negative 14-3-3-f impairs CEP97 removal and ciliogenesis

Next, I analyzed the effects of overexpression of 14-3-3-B-(WT or -RA) on serum-starvation-induced
ciliogenesis. RPEI cells were transfected with GFP or GFP-tagged 14-3-3-B-(WT or -RA), serum-starved for 48 h, and
stained with antibodies against anti-g-tubulin (as a marker of the centrosome), and acetylated-tubulin (as a marker of
ciliary axoneme) (Fig. 5A). Whereas primary cilia were formed in 57% of control GFP cells, overexpression of 14-3-3-
B-RA significantly reduced the percentages of ciliated cells to 16% (Fig. 5A and 5B). Overexpression of 14-3-3-B-WT
slightly reduced the percentages of ciliated cells to 39% (Fig. SA and 5B), and it might be due to the effect that the
overexpression of 14-3-3-b promotes proliferation as previously reported (24). These results suggest that 14-3-3-f3 plays
a crucial role in ciliogenesis.

CEP97 is removed from the mother centriole upon serum starvation but remains localization to the daughter
centriole in ciliated cells (7). I next examined the effect of overexpression of 14-3-3-B-(WT or -RA) on CEP97 removal
from the mother centriole after serum starvation. RPE1 cells were transfected with GFP or GFP-tagged 14-3-3-B-(WT or
-RA), serum-starved for 48 h, and stained with antibodies against anti-FOP (as a marker of the centrioles), and CEP170
(as a marker of mother centriole) (Fig. 5C). In most of control GFP-expressing cells, CEP97 was localized to a single
centriole, indicating that CEP97 had been removed from the mother centriole upon serum starvation (Fig. 5C and 5D).
Overexpression of 14-3-3-3-RA decreased the population of cells with CEP97 localized to a single centriole and inversely
increased the population of cells with CEP97 localized to two centrioles (Fig. 5C and 5D). Quantitative analyses showed
that the population of cells with CEP97 localized to one centriole was 80% in control GFP-expressing cells, but it was
decreased to 28% by overexpression of 14-3-3-3-RA (Fig. 5D). Overexpression of 14-3-3-B-WT modestly reduced the
population of cells with CEP97 localized to a single centriole (Fig. 5C and 5D). These results suggest that expression of
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dominant-negative form of 14-3-3-f3 severely suppresses the removal of CEP97 from the mother centriole and that 14-3-

3-f plays a critical role in serum-starvation-induced CEP97 removal from the mother centriole for initiating ciliogenesis.
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Discussion

The CP110-CEP97 complex cooperatively inhibits abnormal ciliogenesis in cycling cells (7). CP110 and
CEP97 are specifically removed from the mother centriole in quiescent cells and this removal initiates axoneme
elongation and ciliogenesis. Our group recently showed that CEP97 is degraded in quiescent cells by the ubiquitin-
proteasome system using the KCTD10-RBX1-CUL3 complex as the E3 ubiquitin ligase, but the precise mechanism of
the serum-starvation-induced CEP97 degradation remains to be solved. In this study, I identified 14-3-3 proteins as the
KCTD10-ineteractors. 14-3-3 proteins also interact with CEP97 in a phosphorylation-dependent manner. The amount of
CEP97 that was bound to 14-3-3-f was increased upon serum starvation. My results in this study strongly suggest that
the phosphorylation of CEP97 and its binding to 14-3-3 proteins play crucial roles in CEP97 removal from the mother
centriole and degradation upon serum starvation (Fig. 6).

Previous studies have shown that several isoforms of 14-3-3 proteins are localized to the centrosome and
removed from the centrosome upon serum-starvation (25). This observation is consistent with CEP97 removal from the
mother centriole. The ubiquitination assays using TUBEs showed that 14-3-3-B-WT, but not its RA mutant, is
ubiquitinated in serum-starved cells. These results suggest that 14-3-3-f bound to CEP97 is ubiquitinated and removed
from the mother centriole, together with CEP97. Another report showed that 14-3-3-n localizes to the cell junctions and
primary cilia and depletion of 14-3-3-n suppresses ciliogenesis in MDCK cells, co-operatively with two cell polarity
complex, the aPKC/Par complex and the CRB3/PATJ1/PALS complex (26). This observation is also consistent with my
observation that the overexpression of the dominant-negative form of 14-3-3-f blocked CEP97 removal from the mother
centriole and ciliogenesis. Furthermore, depletion of some 14-3-3 isoforms in mice caused hydrocephalus and reduction
of cilium formation in ependymal cells (personal communication from Dr. S. Ohata, Musashino University). These results
further support the crucial role of 14-3-3 proteins in ciliogenesis. Analyses of CEP97 localization and the effects of CEP97
knockdown on cilium formation in 14-3-3 KO cells, will further clarify the importance of 14-3-3-CEP97 interaction in
ciliogenesis.

14-3-3 proteins form homo- or hetero-dimers and engage the phosphorylation-dependent interactions between
a wide range of client proteins. Binding of 14-3-3 proteins promotes and inhibits specific protein—protein interactions,
dependent on the situations, resulting in modulation of enzymatic activity and sequestration of binding partners away
from their normal sites of action (27). In fact, this study showed that CEP97 interacts with 14-3-3 protein in a
phosphorylation-dependent manner and this interaction promotes the association of CEP97 with KCTD10. Previous
studies showed that 14-3-3 proteins bind to target proteins through the consensus motif, R-X-X-S(P), where S(P) is the
phosphorylated serine residue (28). CEP97 has no such sequence motif. KCTD10 has the sequence of RTTS in the N-
terminal region (amino acids 20-23), but S23A mutant of KCTD10 also binds to 14-3-3-f (data not shown). Further
studies are required to identify the residues responsible for the phosphorylation-dependent binding to 14-3-3 proteins.

CP110 and MPP9 interacts with CEP97 and these three proteins are co-operatively removed from the mother
centriole during ciliogenesis through the ubiquitin-proteasome system (19, 20, 29). Overexpression of 14-3-3-3-RA had
no apparent effect on the ubiquitination of CP110 and MPP9 in quiescent cells, suggesting that 14-3-3 proteins are
specifically involved in the ubiquitination of CEP97 during cilium formation. In this research, I found that CEP97
phosphorylation is involved in its ubiquitination. However, the protein kinases that are involved in the phosphorylation
of CEP97 in serum-starved cells remain unknown. MPP9 is removed from the mother centriole by TTBK2-mediated

phosphorylation and subsequent ubiquitination and degradation (19). MARK4 accumulates at the basal body and is
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required for CP110 removal (17). Preliminary studies showed that TTBK2 has the ability to phosphorylate CEP97 in vitro
kinase assays but depletion of TTBK2 has no apparent effect on CEP97 phosphorylation in serum-starved cells (15) (data
not shown), indicating that the protein kinases other than TTBK2 is involved in the serum-starvation-induced CEP97
phosphorylation.

I also showed that KCTD10 interacts with 14-3-3-3 in a phosphorylation-dependent manner. Although the role
of KCTD10 phosphorylation remains unclear, the OA treatment promoted the binding of KCTD10 to CEP97 and CUL3,
indicating that these interactions are increased by KCTD10 phosphorylation. A previous study showed that the activities
of some of the E3 ubiquitin ligases are increased by their phosphorylation (30). Future studies will reveal the role of the

phosphorylation of KCTD10 in CEP97 degradation and cilium formation.
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Materials and Methods

Cell culture

Human telomerase reverse transcriptase-immortalized retinal pigmented epithelial (RPE)-1 cells were provided
by Hiroyuki Nakanishi (Kumamoto University). Cells had recently been authenticated and tested for contamination.
RPE1 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s F-12 (042-30555; Wako Pure
Chemical) supplemented with 10% fetal bovine serum (FBS; Biosera). HEK293T cells were obtained from ATCC (No.
CRL-3216) were cultured in DMEM (044-29765; Wako Pure Chemical) supplemented with 10% FCS. Both cell lines
were tested for mycoplasma contamination and found to be negative. RPE1 cells were transiently transfected with plasmid
DNA using Lipofectamine LTX with PLUS reagent (Thermo Fisher Scientific). HEK293T cells were transfected
with plasmid DNA using JetPEI (PolyPlus).

Reagents and antibodies

MG-132 (C2211; Millipore Sigma), 4',6-diamidino-2- phenylindole (DAPI) (09224; Polysciences), Okadaic
acid (10011490, Cayman Chemical Company) were purchased from indicated suppliers. Rabbit polyclonal antibodies
against CEP97 (NBP1-83591, Novus Biologicals), KCTD10 (Novus Biologicals), CUL3 (27598, Cell signaling), c- Myc
(562; Medical and Biological Laboratories), mCherry (GTX128508, Gene Tex) and GFP (A6455, Molecular Probes) were
purchased from the specified suppliers. Mouse monoclonal antibodies against c-Myc (PL14, Medical and Biological
Laboratories), FLAG (F1804, Millipore Sigma), Ubiquitin FK2 (BML-PW8810, Enzo), a-tubulin (T6074, Millipore
Sigma) , y-tubulin (T5326, Millipore Sigma), acetylated (Ac)-tubulin (T6793, Millipore Sigma), FOP (H00011116-MO1,
Abnova), and CEP170 (72-413-1, Thermo Fisher Scientific) were purchased from the specified suppliers. Secondary
antibodies conjugated with horseradish peroxidase (HRP) against mouse IgG (NA931, GE Healthcare) and rabbit IgG
(NA934, GE Healthcare) were purchased from the suppliers indicated. Secondary antibodies conjugated with Alexa Fluor
488 against mouse IgG (A11029) and rabbit IgG (A11034), those with Alexa Fluor 568 against mouse IgG (A11031),
Alexa Fluor 350 against mouse IgG2b (A21140), Alexa Fluor 647 against mouse IgG1 (A21240), and Alexa Fluor 633
against mouse IgG (A21052) were purchased from Life Technologies.

Plasmid construction

Human ¢cDNAs for CEP97 and CP110 were provided by Tetsuo Kobayashi (Nara Institute of Science and
Technology) and Brian D. Dynlacht (New York University). Human ¢cDNAs for KCTD10 was provided by Naoki
Goshima (National Institute of Advanced Industrial Science and Technology). Human cDNAs for 14-3-3 isoforms were
PCR-amplified from a megaman human transcriptome library (Agilent) and subcloned into pcDNA-Myc+His vector.
Fragments of KCTD10 and CEP97 were constructed by site-directed PCR. Human cDNA for CEP76, MPP9, and BO9D1

were PCR-amplified from a megaman human transcriptome library (Agilent).

Immunoprecipitation and nanoLC/MS/MS

The HEK293 cells stably expressing Flag-KCTD10 by Flip-in T-Rex system (1 ml) and the control cells
( induced pcDNAS/FRT/TO vector only) (1 ml) were homogenized in SHE buffer (10 mM HEPES (pH 7.4), 0.21 M
mannitol, 0.07 M sucrose, 0.1 M EDTA, 0.1 M EGTA, 0.15 mM spermine, 0.75 mM spermidine) and centrifuged for 10

min at 3000 rpm. The pellets were rinsed with SHE buffer and centrifuged once more. The pellets were then extracted in
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1 ml of extraction buffer (50mM HEPES pH 7.4, 0.3M NacCl, 0.2% NP-40) by sonication and the extracts were clarified
by centrifugation at 12 000 rpm. for 30 min at 4°C.The nuclear extracts were incubated with anti-flag antibody M2 beads
for 4 h in the presence of RNase A (10mg/ml) and DNase I (10mg/ml) at 4°C, After washing three times with washing
buffer ( 0.15M NaCl. 0.1% NP-40, 50 mM HEPES pH 7.4) and once with PBS, the binding proteins were eluted by 4001
of 0.1M glycine buffer pH 3.0. The elutes were neutralized by 1M Tris-HCI buffer pH 9.5 and suspended in SDS-PAGE
sample buffer. The samples were boiled for Smin and were resolved by SDS-PAGE. The gel was stained using a Wako
Mass silver stain kit. Gel slippage was reduced by 100 mM of DTT and alkylated by 100 mM idoacetamide. After washing,
the gels were incubated with trypsin overnight at 30°C. Recovered peptides were desalted by Ziptip c18 (Millipore).
Samples were analyzed by nanoLC/MS/MS systems (DiNa HPLC system KYA TECH Corporation/QSTAR XL Applied

Biosystems). Mass data acquisitions were piloted by Mascot software.

Conjugation of GST-fusion proteins to glutathione-Sepharose beads

GST-fusion proteins (GST-anti-GFP nanobody, GST-anti-mCherry nanobody, GST-TUBEs, and GST-14-3-3-
) were expressed in Escherichia coli (E.coli) BL-21 cells. Cells were cultured in 5 ml of ampicillin-containing 2xYT
medium for overnight at 37°C and transferred to 200 ml of 2x YT medium. After culturing cells for 1 h at 37°C, isopropyl
[B-D-thiogalactopyranoside (IPTG) was added to the culture and incubated for overnight at 18°C. Cells were lysed with
lysis buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% TritonX-100, 5% glycerol, 1 mM dithiothreitol (DTT), 1 mM
PMSF, and 1 mM EGTA). Cell lysates were incubated with glutathione-Sepharose 4B (GE Healthcare).

Immunoprecipitation and pull-down assay

Cells were lysed with lysis buffer (150 mM NaCl, 20 mM HEPES-KOH, pH 7.4, 1% Triton X-100, 5% glycerol,
1 mM Na3;VOs, 10 pg/mL leupeptin, 3 pg/mL pepstatin, and 1 mM DTT) and centrifuged. Lysates were pre-cleared with
Protein A-Sepharose (GE Healthcare) for 1 h at 4°C, and the supernatants were incubated with GST-anti-mCherry-
nanobody, GST-anti-GFP-nanobody, or GST-14-3-3-3 pre-bound to glutathione-Sepharose beads for 4 h or overnight at
4°C. To examine whether CEP97 phosphorylation is involved in 14-3-3-§ interaction, MG-132- treated cell lysates were
incubated with 0.25 U/ul of A-phosphatase (New England BioLabs) for 2 hours prior to pull-down assay. After

centrifugation, precipitates were washed three times and used for the immunoblot analyses.

Collection of ubiquitinated protein

Cells were lysed with lysis buffer (150 mM NaCl, 20 mM HEPES-KOH, pH 7.4, 1% Triton X-100, 5% glycerol,
20 mM N-ethylmaleimide, 1 mM Na3;VOs, 10 pg/mL leupeptin, 3 pg/mL pepstatin, and 1 mM DTT) and centrifuged.
Lysates were pre-cleared with Protein A-Sepharose (GE Healthcare) for 1 h at 4°C, and the supernatants were incubated
with GST-TR-TUBE pre-bound to glutathione-Sepharose beads (GE Healthcare) for overnight at 4°C. After

centrifugation, precipitates were washed three times and used for the immunoblot analysis.

Immunoblotting

Samples were separated by SDS-PAGE and transferred onto Immobilon-P polyvinylidene difluoride
membranes (Millipore). The membranes were blocked with 5% non-fat dry milk in PBS- T. The membranes were
incubated with the primary antibodies for 1.5 h at room temperature or overnight at 4°C. After washing the membranes

three times with PBS-T, they were incubated with HRP-conjugated secondary antibody for 1.5 h. After washing, the
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membranes were reacted with Immobilon Western (Millipore) and the immunoreactive protein bands were visualized

using a ChemiDoc Touch Imaging System (Bio-Rad). Images were analyzed by using ImageJ.

Immunostaining and fluorescence microscopy

Cells were fixed with 4% paraformaldehyde at room temperature for 30 min, washed twice with PBS for 5 min,
and then permeabilized by treatment with methanol for 10 min at -20°C. 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 antibodies
overnight at 4°C. After washing with PBS three times, the cells were incubated with Alexa-568-, Alexa-633-conjugated
secondary antibodies in PBS containing 2% FBS for 1.5 h. Nuclear DNA was stained with DAPI. Fluorescence images
were obtained using a fluorescence microscopy (DMi8, Leica Microsystems), equipped with a 100x oil immersion
objective lens (NA 1.3) and a CMOS camera (C13440-20CU; Hamamatsu Photonics) driven by LAS AF Imaging

Software (Leica Microsystems). Images were analyzed by using Image].

Statistical analyses

Statistical analysis included one-way analysis of variance (ANOVA) followed by Dunnett’s test for comparison
of multiple data sets and was performed using Prism software version 6.0 ¢ (GraphPad Software). Data represent the
means of the indicated number of independent experiments. Error bars indicate the standard error of the mean (S.E.M.).

Statistical significance was set at p < 0.05.
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Figure Legends

Fig. 1. Identification of 14-3-3 proteins as the KCTD10 interactors.

(A) Identification of KCTD10-binding proteins. HEK293T cell lines stably expressing FLAG-KCTD10 were established.
cells were cultured under serum-fed or -starved conditions, and cell lysates were immunoprecipitated with anti-FLAG
antibody. The precipitated proteins were eluted with FLAG peptide, separated by SDS-PAGE and stained by silver. The
proteins were identified by mass spectrometric analyses.

(B) Schematic structures of full-length (FL) KCTD10 and its N- and C-terminal fragments.

(C) Pull-down assays using GST-14-3-3-. HEK293T cells were transfected with YFP-tagged KCTD10-FL or its deletion
mutants and cell lysates pulled-down with GST or GST-14-3-3-B. Precipitates and cell lysates were analyzed by
immunoblotting with anti-GFP antibody. GST and GST-14-3-3-3 were analyzed by amido black staining.

Fig.2 CEP97 interacts with 14-3-3-f3 in a phosphorylation-dependent manner.

(A) CEP97 binds to 14-3-3-3. HEK293T cells were co-transfected with Myc-14-3-3- and mCherry-tagged CEP97,
CEP76 or B9DI1. Cell lysates were immunoprecipitated with anti-mCherry nanobody beads. Beads and lysates were
analyzed by immunoblotting with anti-Myc and anti-mCherry antibodies.

(B) Illustration of 14-3-3-B-WT and its dominant-negative RA mutant, in which Arg-48 and Arg-52 were replaced by
alanine. The RA mutant can form a dimer with 14-3-3-B-WT but cannot bind to the phosphorylated proteins, and thereby
it acts as a dominant-negative form.

(C) CEP97 and KCTDI10 interact with 14-3-3-f in a phosphorylation-dependent manner. RPE1 cells were serum-starved
in the presence of 0.3 uM MG-132. Cell lysates were treated with lambda protein phosphatase (APP) or untreated and
then subjected to pull-down assays with GST-14-3-3-f3, as in Fig. 1C.

Fig. 3. CEP97 interacts with 14-3-3-f upon serum starvation.

(A) Changes in the levels of CEP97 upon serum starvation and effect of MG-132 treatment. RPE1 cells were serum-
starved for 24 h and then treated with DMSO or 0.3 puM MG-132 in the 0.2% serum-containing medium for 24 h. Cell
lysates were analyzed by immunoblotting with anti-CEP97 and anti-a.-tubulin antibodies.

(B) Effect of staurosporine on CEP97 ubiquitination under serum-starved conditions. RPE1 cells were serum-starved with
0.3 uM MG-132 and 2 uM staurosporine for 24 hours. Ubiquitinated proteins were collected using GST-TUBEs
conjugated beads from cell lysates. Samples were analyzed by immunoblotting using anti-CEP97 and anti-ubiquitin
antibodies.

(C) Effect of okadaic acid (OA) on CEP97 ubiquitination. RPE1 cells were serum-starved with 0.3 uM MG-132 for 24
hours and treated with 100 nM OA in the medium containing 0.2% FBS and 0.3 uM MG-132 for 1 hour. Ubiquitinated
proteins were collected using GST-TUBE conjugated beads from cell lysates. Samples were analyzed by immunoblotting
using anti-CEP97 and anti-ubiquitin antibodies.

(D) OA promotes KCTD10-CEP97 interaction and KCTD10-CUL3 interaction. YFP tagged KCTD10 stably expressing
RPEI1 cells were serum-starved with 0.3 uM MG-132 for 24 h and treated with 100 nM OA in the medium containing
0.2% FBS and 0.3 uM MG-132 for 1 hour. Cell lysates were immunoprecipitated with anti-GFP nanobody conjugated
beads and precipitates were immunoblotted using anti-CUL3, anti-CEP97, and anti-GFP antibodies.

(E) 14-3-3-f strongly binds to CEP97 during serum starvation. RPE1 cells were cultured with or without serum for 24 h.
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Cell lysates were pulled-down with GST-14-3-3-f3 conjugated beads and samples were analyzed by immunoblotting using

anti-CEP97 antibody.

Fig.4 Dominant-negative 14-3-3-8 inhibits CEP97 ubiquitination.

(A) Dominant-negative 14-3-3-f inhibits KCTD10-CEP97 interaction. Cell lysates from HEK293T cells expressing
mCherry-CEP97, FLAG-KCTD10 and Myc-14-3-3-B WT/RA (dominant negative) were pulled-down with anti-mCherry
nanobody and subjected to immunoblotting.

(B) Dominant-negative 14-3-3-f inhibits CEP97 ubiquitination during serum starvation. Cells were treated with 0.3 uM
MG-132 in 0.2% FBS containing medium for 24 hours. Cell lysates were pull-downed with TUBEs conjugated beads.
(C) Dominant-negative 14-3-3 does not inhibit the ubiquitination of CEP76 and MPP9 during serum starvation. HEK293T
cells expressing with Myc-tagged 14-3-3-B-(WT/-RA) and mCherry-tagged CEP76/MPP9 were treated with 0.3 puM MG-
132 in 0.2% FBS containing medium for 24 hours. Cell lysates were pull-downed with TUBEs conjugated beads.

Fig.5 Dominant negative 14-3-3-f inhibits ciliogenesis and CEP97 removal.

(A) Overexpression of 14-3-3-B-RA blocks ciliogenesis in serum-starved cells. RPE1 cells were transfected with GFP or
GFP-14-3-3-B-(WT/-RA) and serum-starved for 48 h. Cells were fixed and stained with anti-Ac-tubulin and anti-y-tubulin
(magenta) antibodies. Cells were also imaged by GFP fluorescence (green). Right panels show magnified images of the
white boxes. Scale bars: 20 pm.

(B) Quantification of the percentage of ciliated cells based on staining with Ac-tubulin.

(C) Overexpression of 14-3-3-B-RA causes retention of CEP97 on the mother centrosome in serum-starved cells. RPE1
cells were transfected with GFP or GFP-14-3-3-B-(WT/-RA) and serum-starved for 48 h. Cells were fixed and stained
with anti-CEP97 (green), anti-FOP (magenta) and anti-CEP170 (red) antibodies. Cells were also imaged by GFP
fluorescence (blue). Right panels show magnified images of the white boxes. Arrow heads indicate the place of the mother
centriole. Scale bars: 20 pum.

(D) Quantification of the percentage of cells categorized into one dot (CEP97 localization on one centriole) and two dots
(CEP97 localization on two centriole). Data in (B) and (D) are presented as the meants.e.m. from three independent
experiments with >100 cells per experiment. Statistical significance was calculated using ordinary one-way ANOVAs

with Dunnett’s test. n.s., not significant; *P<0.05; ***P<0.001.

Fig.6 A proposed model of the role of 14-3-3-f in CEP97 degradation.

Upon serum starvation, 14-3-3 proteins interact with phosphorylated CEP97 and KCTD10 and promotes their interaction.
Then, CEP97 is ubiquitinated by the CUL3-RBX1-KCTD10 E3 ubiquitin ligase complex and degraded by ubiquitin-
proteasome system. CEP97 degradation leads to CP110 destabilization and removal from the mother centriole and,
thereby, induces axoneme extension to form the primary cilium. 97 and 110 indicate CEP97 and CP110, respectively. Ub,

ubiquitin.
Fig. S1 14-3-3-f interacts with all of each isoform

Cell lysates from HEK293T cells expressing Myc-tagged GFP or 14-3-3 isoforms were pulled-down with GST-14-3-3-3

conjugated beads and subjected to immunoblotting.
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