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PFTK1 is a Cdc2-related protein kinase that is frequently upregulated in human hepatocellular carcinoma
(HCC) where it correlates with metastatic features and motile phenotypes. To understand the modulated
pathway underlining the PFTK1 action, here we show a physical interaction between PFTK1 and cyclin Y
(CCNY) in promoting noncanonical Wnt signaling. In HCC cells, we found PFTK1 forms a direct complex
with CCNY, and together readily upregulate key components of Wnt signaling (Dvl2 and Naked1). Exog-
enous expression of PFTK1 and CCNY activated Rho GTPases, which are known targets of the noncanon-
ical path. In line with Rho GTPases activation, we also found marked actin polymerizations in cells with
PFTK1–CCNY co-expressions. Our findings highlight a PFTK1–CCNY complex in activating noncanonical
Wnt signaling in HCC cells.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Wnt protein is a family of secreted glycoproteins that could
trigger intracellular signalings through binding with the receptor
Frizzled family and other Wnt ligands on cell membrane. The
Wnt pathway functions in multiple cellular biological processes
and is involved in various human diseases including cancer
[1–4]. The complex Wnt signalings are divided into two branches:
the canonical b-catenin-dependent pathway and the noncanonical
planar cell polarity (PCP) and Wnt/Ca2+ pathways. Canonical Wnt
signals activate target genes through stabilization and nuclear
translocation of b-catenin, controlling cell proliferation and cell
fate determination; while noncanonical Wnt signals involve
activation of Rho family of small GTPases and an increase of intra-
cellular Ca2+, thereby regulating cell polarity and motility [5].

PFTK1, also named PFTAIRE1, is a member of Cdc2-related
serine/threonine protein kinases which share a highly conserved
motif PSTAIRE and are crucial regulators of cyclins and cell cycle
[6]. Human PFTK1 is highly expressed in the brain, pancreas,
kidney, heart, testis and ovary, but low in placenta, lung and the
liver [6]. The function of PFTK1 is recently reported as a cyclin-
dependent kinase (CDK) regulating cell cycle progression and cell
proliferation by specifically interacting with members of cyclin
proteins such as cyclin D3 (CCND3) and cyclin Y (CCNY) [7,8].
Interestingly, the interaction of PFTK1 with CCNY, a cyclin protein
with key functions in Drosophila embryogenesis [9], is reported to
corporately mediate phosphorylation of low-density-lipoprotein
receptor-related protein 6 (LRP6) in Drosophila [8–10]. It is well
known that phosphorylation of transmembrane receptor LRP6
represents an important event and an initial step of the canonical
Wnt signaling cascade [11–13], suggesting a potential role of
PFTK1–CCNY complex in controlling the Wnt pathway. However
whether this PFTK1–CCNY protein interaction also exists in cancer
and its effect on the Wnt pathway in tumor cells remain to be
explored.

Hepatocellular Carcinoma (HCC) is the fifth most common
cancer and ranks third among causes of cancer-related deaths in
men worldwide [14]. It is highly fatal since survival patients from
diagnosis is often less than six months and only 5–9% of patients
survive over five years [14]. High incidence of recurrence and
metastasis is the principal causes of poor prognosis after hepatic
resection in individuals with HCC [15]. The elucidation of
molecular basis and biological mechanisms by which HCC cells
disseminate hence hold much importance in understanding HCC
metastasis. Previously our group reported regional chr. 7q21-q22
gain is closely associated with advanced metastatic HCC [16].
PFTK1 was further defined as a target proto-oncogene from this
aberrant region [17]. We found common overexpression of PFTK1
in HCC tumor tissue compared to adjacent non-tumoral liver, and
more interestingly upregulation of PFTK1 was more profound in
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cases with microvascular invasion and associated with poorly dif-
ferentiated tumors [17,18]. Functionally, PFTK1 could confer cell
invasive potentials and cell motilities through actin cytoskeletal
polymerization as evident by both ectopic expression and knock-
down investigations in HCC cells [17].

Given that HCC is one of the most common cancer type that
shows activation of Wnt pathway [19], we thus hypothesis that
PFTK1 might control the Wnt signaling pathway in HCC cells via
interacting with cyclin Y.
2. Materials and methods

2.1. Cell culture

HCC cell lines, HKCI-3 and HKCI-C3, were established from
patients who underwent curative surgery for HCC at Prince of
Wales Hospital, Hong Kong [20]. These cell lines were cultured in
AIM-V medium supplemented with 10% fetal bovine serum, 1�
L-glutamine and 1� NEAA (Life Technologies, Carlsbad, CA).

2.2. Transfection

Full length cDNA of PFTK1 and CCNY were cloned to pEF6/V5-
His and pCMV-Flag-3A vectors, respectively. The authenticity of
both constructs was verified by DNA sequencing. PFTK1-pEF6/
V5-His and CCNY-pCMV-Flag-3A constructs were allowed to form
complexes with Lipofectamine 2000 (Life Technologies) according
to the manufacturer’s recommendations and then incubated with
HKCI-3 and HKCI-C3 cells. The overexpression of PFTK1 and CCNY
in cells was confirmed by Western blot analysis using anti-V5 and
anti-Flag antibodies, respectively.

2.3. Western blot analysis

The cells were washed thrice with ice-cold PBS and lysed in
RIPA lysis buffer supplemented with 1� protease inhibitor cocktail
and 1� PhosStop (Roche Diagnostics, Indianapolis, IN). The
proteins were separated on SDS-polyacrylamide gels and electro-
phoretically transferred to PVDF membranes (Roche Diagnostics).
The membranes were incubated with primary antibodies against
Flag (#F3165; Sigma, St. Louis, MO), V5 (#46-0705, Life Technolo-
gies), LRP6 (#2560; Cell Signaling, Danvers, MA), phospho-LRP6
(Ser1490) (#2568, Cell Signaling), Axin 1 (#2087, Cell Signaling),
b-catenin (#610153; BD, Franklin Lakes, NJ), active b-catenin
(#05-665; Millipore, Billerica, MA), GSK-3b (#9315, Cell Signaling),
Phospho-GSK-3b (Ser9) (#5558, Cell Signaling), Naked1 (#2201,
Cell Signaling), Dvl2 (#3224, Cell Signaling), Dvl3 (#3218, Cell
Signaling) or GAPDH (#MAB374, Millipore) for overnight followed
by appropriate horseradish peroxidase-conjugated secondary anti-
bodies at 1:10,000 dilution (Santa Cruz Biotechnology, Santa Cruz,
CA) for 2 h at room temperature. Signals were developed by using
ECL chemiluminescence detection reagents (Thermo Scientific,
Franklin, MA) and visualized on X-ray film (Fuji Photo Film, Tokyo,
Japan).

2.4. Immunoprecipitation

Cells were seeded in 100 mm plates and each plate was trans-
fected with V5, PFTK1-V5, Flag or CCNY-Flag, respectively. After
48 h, cells were washed twice using ice cold PBS and lysed in RIPA
lysis buffer containing 1� protease inhibitor cocktail and 1�
PhosStop (Roche Diagnostics). The cell lysate was incubated on
ice for 30 min and centrifuged at 14,000 rpm at 4 �C for 10 min.
Protein concentrations were measured by the Bradford assay
(Bio-Rad Laboratories, Hercules, CA) at an absorbance of 595 nm.
Two milligram protein lysates were pre-cleared with 40 ll of
rec-Protein G-Sepharose resin slurry (#101242, Life Technologies)
at 4 �C for 1 h to eliminate non-specific protein bindings. The
precleared supernatants were incubated with 1 lg anti-V5 or
anti-Flag antibodies at 4 �C for overnight with agitation. Immuno-
complexes were collected using 50 ll of rec-Protein G-Sepharose
resin slurry at 4 �C for 4 h with agitation. The resin was washed
with lysis buffer four times and the immunocomplexes were
recovered by heating at 100 �C for 2 min in 2� SDS Laemmli
sample buffer. The recovered immunocomplexes were subjected
to Western blot analysis using anti-Flag and digoxigenin-labeled
anti-V5 as primary antibodies and anti-mouse IgG HRP (Santa Cruz
Biotechnology) and anti-digoxigenin-POD (Roche Diagnostics) as
secondary antibodies, respectively. Signals were developed by
using ECL chemiluminescence detection reagents (Thermo
Scientific) and visualized on X-ray film (Fuji Photo Film).

2.5. GTPase activity assays

HKCI-3 and HKCI-C3 cells were transiently transfected with V5
tagged PFTK1 and/or Flag tagged CCNY for 48 h and subjected to
Rho Activation Assay or Rac1/Cdc42 Activation Assay (Millipore).
In brief, cells were washed twice with 1� PBS and then lysed in
Mg2+ lysis buffer supplemented with 10% glycerol, 1� protease
inhibitor cocktail and 1� PhosStop (Roche Diagnostics). The lysed
cells were collected, incubated on ice for 30 min and centrifuged
14,000g at 4 �C for 5 min. The lysates were incubated with 15 ll
slurry of Rho Assay Reagent (Rhotekin Rho binding domain) or
10 ll slurry of Rac1/Cdc42 assay reagent (PAK-1 PBD, agarose) at
4 �C for 1 h. The agarose beads were washed thrice with Mg2+ lysis
buffer supplemented with 10% glycerol and collected by centrifu-
gation at 14,000g. The agarose beads were resuspended in 2�
Laemmli reducing sample buffer and boiled for 5 min prior to
resolution on SDS–PAGE. Western blots were performed using
primary antibodies against RhoA (#2117, Cell Signaling), Rac1
(#2467, Cell Signaling) and Cdc42 (#2466, Cell Signaling).

2.6. TOP/FOPflash reporter assay

Luciferase activities were measured in HKCI-3 and HKCI-C3
following transiently transfection with PFTK1 and/or CCNY con-
structs. Five hundred nanograms of pTOPflash or pFOPflash with
20 ng Renilla plasmid were co-transfected. At 24 h and 48 h after
transfection, the activities of firefly and Renilla luciferases were
detected using Dual-Luciferase� Reporter Assay System (Promega,
Madison, WI). Relative luciferase activities were calculated by nor-
malizing the ratios of TOP/FOP with Renilla luciferase activities.

2.7. Immunofluorescence staining

Transfected HKCI-3 and HKCI-C3 cells with PFTK1 and/or CCNY
were seeded onto glass coverslips and cultured in complete
medium for 24 h. Cells fixed in 4% paraformaldehyde were perme-
abilized with 0.5% Triton X-100. Filamentous actin was stained
with tetramethylrhodamine B isothiocyanate (TRITC)-labeled phal-
loidin (Sigma). Finally, cells were counterstained with DAPI and
examined by confocal microscopy (LSM5 PASCAL; Carl Zeiss, Got-
tingen, Germany).

2.8. Statistical analysis

All values were presented as the mean ± S.E.M. from at least 3
independent experiments. Student’s t test was used to compare
differences of experimental data obtained between groups. P-value
less than 0.05 was considered a statistically significant difference.
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Fig. 1. PFTK1 interacts with cyclin Y (CCNY) in hepatocellular carcinoma (HCC) cells. HCC cells HKCI-3 and HKCI-C3 were transfected with PFTK1-V5 and CCNY-Flag plasmids
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protein complex pulled down by anti-V5 antibody. Co-immunoprecipitation was repeated using anti-Flag antibody reversely.
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3. Results

3.1. Protein interaction between PFTK1 and CCNY in HCC cells

We first determined the physical association of PFTK1 and
cyclin Y (CCNY) in two HCC cell lines. Full length PFTK1 and cyclin
Y were cloned into V5-pEF6 and Flag-pCMV vectors respectively,
and cotransfected into HKCI-3 and HKCI-C3 cells both of which
express low levels of PFTK1. Forced expression of PFTK1 and CCNY
in total lysates was first verified by Western blot using anti-V5 and
anti-Flag antibodies, respectively (Fig. 1). Coimmunoprecipitation
was then applied to investigate the protein interaction between
ectopic expressed PFTK1 and CCNY in the two cell lines. Western
blot showed that in both HKCI-3 and HKCI-C3 cells PFTK1 could
be identified in the immunocomplex pull-down by anti-Flag
(CCNY) antibody in the co-transfected cells; whereas no PFTK1
was detected in control samples without PFTK1 transfection
(Fig. 1). Inverse immunoprecipitation was repeated using anti-V5
(PFTK1) antibody and CCNY was also detectable in co-transfected
A
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Fig. 2. PFTK1 and cyclin Y (CCNY) do not activate Wnt/b-catenin signaling. (A) HKCI-3 and
catenin signaling (LRP, pLRP, Axin1, b-catenin, active b-catenin, GSK-3b and pGSK-3b) w
significant changes after HKCI-3 and HKCI-C3 cells transfected with PFTK1 and CCNY
experiments were shown.
cells. The result confirmed a direct physical interaction between
PFTK1 and cyclin Y in HCC cells.
3.2. Interaction of PFTK1 with CCNY did not alter canonical Wnt
pathway

To delineate the effect of PFTK1–CCNY complex on the canonical
b-catenin-dependent Wnt signaling, we examined the expression of
several key Wnt components by Western blot. In cells coexpressing
PFTK1 and CCNY, results showed that neither PFTK1 nor CCNY alone
or in combination could affect the phosophorylation of LRP6 at Ser-
1490 when compared with total LRP6 levels (Fig. 2A). This suggested
that PFTK1 and CCNY might not cooperate to induce the activity of
LRP6 in HKCI-3 and HKCI-C3. Furthermore, PFTK1 and/or CCNY
overexpression has no effect on the protein levels of Axin1, GSK-
3b, phosphorylated GSK-3b at Ser-9, b-catenin and active b-catenin
in both HKCI-3 and HKCI-C3 (Fig. 2A), indicating PFTK1 and CCNY
might not play a role in canonical Wnt/b-catenin signaling.
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Fig. 3. PFTK1 and cyclin Y (CCNY) activates noncanonical Wnt signaling. (A) Key components in noncanonical Wnt signaling (Naked1, Dvl2 and Dvl3) were analyzed by
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RhoA and Cdc42, activated (GTP-) and total Rac1, RhoA and Cdc42 were analyzed by Western blotting. (D) Immunofluorescence microscopy for phalloidin staining showed
the degree of actin polymerization in PFTK1 and/or CCNY transfected cells. Scale bar = 20 lm (HKCI-3). Scale bar = 10 lm (HKCI-C3). Representative Western blotting and
immunofluorescence staining images from three independent experiments were shown.
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We further affirmed Western analysis by TOP/FOPflash lucifer-
ase reporter assay. In concordance with unaffected active b-catenin
protein levels by PFTK1 and CCNY, we did not find a significant
increase in TOPflash luciferase activities at both 24 h and 48 h after
of PFTK1 and CCNY cotransfection in HKCI-3 and HKCI-C3 cells
(Fig. 2B and C).

3.3. PFTK1 and CCNY complex activates noncanonical Wnt pathway

Given that the noncanonical Wnt signaling are involved in cyto-
skeletal movement and cell motility that are closely related to cell
migration and cancer metastasis, we continued to elucidate the
effect of PFTK1 and CCNY on the expression of key molecules in
the b-catenin-independent noncanonical Wnt pathways. In both
HKCI-3 and HKCI-C3 cells cotransfected with PFTK1 and CCNY,
marked induction in the level of Dvl2 and increase in Naked1
was readily shown from Western blot (Fig. 3A and B). We also
noticed that PFTK1 or CCNY alone could induce expression of
Dvl2, and Naked1 level was slightly induced by PFTK1 alone.

To further determine whether overexpression of PFTK1 and
CCNY could affect the activity of downstream molecules in nonca-
nonical Wnt signaling, the GTP/GDP binding status of RhoA, Rac1
and Cdc42 was investigated. By Rhotekin Rho binding domain
(RBD) and PAK p21 binding domain (PBD) pull-down assays, the
amounts of GTP-bound RhoA, Rac1 and Cdc42 were found to be
significantly increased upon PFTK1 and CCNY cotransfections,
while total protein levels of RhoA, Rac1 and Cdc42 remained
unchanged (Fig. 3C). In HKCI-C3, PFTK1 alone also increased the
active form of Rac1 and Cdc42; and active RhoA levels were
induced by PFTK1 or CCNY alone in both cells. Collectively, the
results suggested that PFTK1–CCNY complex likely activates the
Dvl2 and Naked1 in noncanonical Wnt pathway and the down-
stream cascade that involves the Rho GTPases.

3.4. PFTK1 and CCNY regulate actin polymerization in HCC cells

Actin stress fibers assembly is a well-known process that is
regulated by Rho GTPase family in modulating cell motility
[21–23]. We therefore further examined the effect of PFTK1 and
CCNY on filamentous actin organization. Immunofluorescence
analysis using phalloidin staining revealed marked polymerization
of actin stress fibers in PFTK1 and/or CCNY transfected cells
(Fig. 3D), suggesting that PFTK1 and CCNY activation of the nonca-
nonical Wnt signaling could result in the active formation of actin
stress fibers in HCC cells.

4. Discussion

In this study, we demonstrated the presence of protein interac-
tion between PFTK1 and cyclin Y in HCC cells. The PFTK1–CCNY
complex activates the b-catenin-independent noncanonical Wnt
pathway but keeps the canonical Wnt/b-catenin intact. The subse-
quent activation of Rho GTPases (RhoA, Rac1 and Cdc42) in the
noncanonical Wnt pathways further leads to actin polymerization
and stress fibers formation.

Previously Jiang and co-workers identified cyclin Y as a PFTK1
interacting protein by yeast two-hybrid screening [8]. Although
the interaction was further confirmed in mouse brain endoge-
nously and 293T cells with exogenous expression of CCNY and
PFTK1 [8], whether the two proteins interact with each other in
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other tissue types and cancer remain unknown. Here, we report in
HCC cells there also exists the physical interaction between these
two proteins, suggesting that PFTK1 interacting with cyclin Y
may be universal and of great significance in cell activities. Never-
theless, different from the findings that PFTK1 and cyclin Y interact
and cooperate to phosphorylate LRP6 in Drosophila [10], we
observe an intact canonical Wnt/b-catenin signaling including
unchanged LRP6 phosphorylation in HCC cells. It is thus reasonable
to presume that the functions and downstream targets consequen-
tial to the activation of PFTK1–CCNY complex vary depending on
cell contexts.

It is well-known that canonical Wnt/b-catenin pathway plays
an important role in human tumorigenesis [24,25]. Nevertheless,
increasing evidence has emerged to indicate components of the
noncanonical Wnt pathways are also commonly overexpressed in
breast, colon, lung and gastric cancers [26–29]. We observed acti-
vation of the noncanonical Wnt pathways in HCC cells with PFTK1
and cyclin Y co-expression, while maintaining a quiescent canoni-
cal Wnt pathway. The expression of dishevelled segment polarity
protein 2 (Dvl2) was markedly up-regulated in cells co-transfected
with PFTK1 and CCNY. Although Dvl2 is able to activate both the
noncanonical pathway and the canonical b-catenin pathway [30],
we further found the protein expression level of naked cuticle
homolog 1 (Naked1) was also up-regulated. Naked1 inhibits the
canonical Wnt/b-catenin signaling by directing the protein activity
of Dvl towards the noncanonical pathway upon binding with Dvl
[31,32].

The noncanonical Wnt pathways consist of the planar cell
polarity (PCP) pathway and the calcium signaling pathway [1,33],
both of which lead to the activation of Rho family of small GTPases
(RhoA, Rac1 and Cdc42) and actin polymerization (Fig. 4). Our data
verified the activation of the noncanonical Wnt pathway by dem-
onstrating the increased activated form of RhoA, Rac1 and Cdc42
and marked polymerization of filamentous actin in PFTK1 and
CCNY co-transfected cells. Because Rho GTPases regulate the
processes of cytoskeletal dynamics and formation of lamellipodia,
filopodia and actin stress fibers, it is conceivable these features
are important in the dissemination of primary cancer cells
[34–36]. Our findings may be interpreted as PFTK1 promotes
HCC metastasis through interacting with cyclin Y and activating
the noncanonical Wnt pathway. Interestingly, we found a portion
of the noncanonical Wnt pathway molecules was activated follow-
ing transfection of PFTK1 only (Fig. 3A Naked1&Dvl2, Fig. 3C Cdc42
in HKCI-C3). It is probable that ectopic expressed PFTK1 may inter-
act with endogenous CCNY in specific cell line. Given that the effect
of PFTK1 alone on GTP-Cdc42 is less strong than that of PFTK1 and
CCNY co-transfection (Fig. 3C HKCI-C3), another possibility is
PFTK1 itself may be able to induce Rho GTPases through an
alternate mechanism, which requires further investigation.

To date, HCC is still a high malignant human tumor that is
associated with high mortality rate due to frequent metastasis. In
this study, we continue to delineate the role of PFTK1 in HCC.
Our work outlined a molecule pathway in HCC cells that PFTK1
binds with cyclin Y in activating the Rho GTPases in the noncanon-
ical Wnt pathways which result in the actin polymerization that
underlies cell motility and migration. The identification of signal-
ing cascade might provide understandings on HCC metastasis
and novel information for development of new drugs and regimen.
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